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 Acronyms iii 

Acronyms 
AIBN (2,2?-Azobis(2-methylpropionitrile)) 

ABL Active buffer layer  

ABMR Advanced Battery Materials Research 

AC Alternating current 

ACPA 4,4'-Azobis(4-cyanopentanoic acid) 

ACS American Chemical Society 

AEM Advanced Electrolyte Model 

AER All-electric range 

AFLB "Anode-free" lithium battery 

AFM Atomic force microscopy 

AFSE Fluorinated saturated electrolyte (FSE) with 0.1% wt additive 

AI Artificial Intelligence 

AIMD Ab initio molecular dynamics 

AIR Areal interfacial resistance  

ALD Atomic layer deposition 

ALS Advanced Light Source  

AMD Applied Materials Division (at ANL) 

AMO Advanced Manufacturing Office 

AMR Annual Merit Review 

ANL Argonne National Laboratory 

AOM Amphipathic organic molecules  

APL Applied Physics Laboratory 

APR Annual progress report 

APS Advanced Photon Source (laboratory) 

AQ Anthraquinone 

AQC Anthraquinone-2-carboxylic acid 

AQT Soluble-type 1,5-bis(2-(2-(2-methoxyethoxy) ethoxy) ethoxy) anthra-9,10-quinon 

ARL Army Research Laboratory 

ASI Area-specific impedance 

ASLSB All solid lithium-sulfur battery 

ASR Area-specific resistance 

ASSB All solid-state battery 

ASSLB All solid-state Li metal batteries  

ASSLMB All-solid-state Li metal battery 

ATIR Attenuated total reflectance (spectroscopy) 

B500 Battery500 (Consortium) 

BAM Battery active materials 

BCC Body-centered cubic 

BET Brunauer, Emmett, and Teller (surface area analysis) 

BEV Battery electric vehicle 

BIL Bipartisan Infrastructure Law 

BLI Beyond Lithium-ion 
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BM Black mass 

BMF Battery manufacturing facility 

BMP Black mass purification (at NREL) 

BMR (Advanced) Battery Materials Research (program) 

BMS Battery management system 

BNL Brookhaven National Laboratory 

BOL Beginning of life 

BOM Bill of materials  

BTC Battery Technology Center 

BTFE Bis(2,2,2-trifluoroethyl) ether 

BTMS Behind-the-Meter-Storage 

CAD Computer-aided design 

CAFE Corporate Average Fuel Economy 

CAM Cathode active materials  

CAMP Cell analysis, modeling, and prototyping (facility) 

CB Carbon black 

CBD Conductive binder domain 

CBSE Cluster-based solid electrolytes  

CCA Carbon conductive additive  

CCC Cell cooling coefficient 

CC-CV Constant current constant voltage (charging protocol) 

CCD Critical current density 

CD Current density 

CE Coulombic efficiency 

CEI Cathode electrolyte interfaces 

CFM Carbon-based framework materials  

CLP Cycle life projection 

CM Co-melting (synthesis method) 

CMC Carboxymethyl cellulose 

CNEB Climbing image nudged elastic band  

CNM Center for Nanoscale Materials (at ANL) 

CNS Carbon nano structures  

CNT Carbon nano-tubes 

COA Certificates of analysis  

CP Co-precipitation 

CPE Constant phase element 

CPI Composite polymer introduction (layer)  

CSM Continuous symmetry measure 

CSTR Continuous stirred tank reactor 

CV Cyclic voltammetry 

CY Calendar year 

DAC Dry aerosol calcination  

DBU Diazabicycloundecane  

DCIR Direct current inner resistance 

DCM Dichloromethane (solvent) 
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DCR Direct current resistance 

DCT Diffraction contrast tomography  

DEB Double-end binding (sites) 

DEGDME Diethylene glycol dimethyl ether  

DEMS Differential electrochemical mass spectrometry 

DEPP Diethyl phenylphosphonite  

DFEC Bis(trifluoroethyl) carbonate (DFEC) 

DFOB (Lithium) difluoro(oxalate)borate 

DFT Density function theory 

DL Deep-learning (algorithm) 

DLE Direct lithium extraction  

DLP Double-layer pouch (cell) 

DMC Dimethyl carbonate 

DME Dimethyl ether 

DMF Dimethylformamide  

DMSO Dimethylsulfoxide 

DOD Depth-of-discharge 

DOE Department of Energy 

DOL Dioxolane 

DOS Density of state 

DPA Destructive physical analysis 

DPDMS Diphenyldimethoxysilane  

DRS Disordered rock-salt  

DRT Distribution of relaxation times (analysis) 

DRX Disordered (rocksalt) transition metal oxides 

DS Double-sided 

DSC Differential scanning calorimetry 

DST Dynamic stress test 

DTG Derivative Thermo-Gravimetric (technique) 

EADL Electrochemical Analysis and Diagnostic Laboratory (at ANL) 

EB Electron beam 

EBSD Electron back-scattering diffraction 

EBSD/EDS Electron backscatter diffraction - energy dispersive X-ray spectrometry  

EC Ethylene carbonate 

EC/DEC Ethylene carbonate/diethyl carbonate (electrolyte) 

EC/DMC Ethylene carbonate/dimethyl carbonate (electrolyte) 

EC/EMC/DEC Ethylene carbonate/ethyl methyl carbonate/diethyl carbonate (electrolyte) 

EC-AFM Electrochemical atomic force microscopy 

EC-EMC Ethylene carbonate –ethyl methyl carbonate electrolytes 

ECMF Electrocatalyst modified framework material 

ECS Electrochemical Society 

EDS Energy dispersive spectroscopy 

EDTA Electric Drive Transportation Association 

EDV Electric Drive Vehicle 

EDX Energy-dispersive x-ray (spectroscopy) 
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EEL Electron Energy Loss (Spectroscopy) 

EELS Electron energy loss spectroscopy 

EERE Energy Efficiency and Renewable Energy (DOE Office) 

EIA Energy Information Administration 

EIS Electrochemical impedance spectroscopy 

EMC Ethylmethyl carbonate 

EMN Energy Materials Network 

EMS Energy management system  

EMT Effective medium theory (calculation) 

EO Ethylene oxide  

EODV Voltage at the end of discharge  

EOL End of life 

EPA Environmental Protection agency 

EPD Electrophoretic deposition 

EPR Electron Paramagnetic Resonance 

ESS Energy storage system 

EV Electric vehicle 

EXAFS Extended X-ray absorption fine structure 

FAMU Florida A&M University 

FASP Flame-assisted spray pyrolysis synthesis  

FC Fast-charge 

FCC Face-centered cubic (structure) 

FCG Full concentration-gradient 

FDES Fluorinated deep eutectic solvent  

FEC Fluoro ethylene carbonate 

FEMC Fluoroethyl methyl carbonate 

FFT Fast Fourier-transform 

FIB Focused ion beam 

FMMB Mono-methyl-2,2,3,3-tetrafluorobutandiol  

FOA Federal opportunity anouncement 

FRS Filtered Rayleigh Scattering 

FSE Fluorinated saturated electrolyte  

FSI (Lithium) bis(trifluoromethanesulfonyl)imide 

FSP Flame spray pyrolysis 

FSP-DP Flame spray pyrolysis - droplet-to-particle mode  

FSP-GP Flame spray pyrolysis - gas-to-particle mode  

FTC Freeze tape casting  (technique) 

FTIR Fourier transform infrared spectroscopy 

FWHM Full width at half maximum 

FY Fiscal year 

GC “generation/collection” (mode) 

GCMA Glycerol carbonate methacrylate 

GDL (Carbon paper) gas diffusion layer  

GDOES Glow discharge optical emission spectrometry 

GED Gravimetric energy density  
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GEIS Galvanostatic electrochemical impedance spectroscopy  

GEMT (McLachlan) generalized effective medium theory 

GGA Generalized gradient approximation 

GHG Green-house gases 

GITT Galvanostatic intermittent titration 

GIXRD Grazing incidence X-ray diffraction 

GMU George Mason University  

GN Glutaronitrile 

GOS Grain orientation spread  

GPA Geometric phase analysis  

GPC Gel permeation chromatography  

GREET Greenhouse gas regulated energy and emissions and transpiration 

GROD Grain reference orientation deviation 

GSAS General structure analysis systems  

GSE Glassy solid electrolyte 

HAADF High-angle annular dark-field 

HATN Hexaazatrinaphthylene  

HAWCS Hybrid Alternative Wet-Chemical Synthesis 

HAXPES High energy x-ray photoelectron spectroscopy 

HBL Homogeneous baseline (coating design) 

HEV Hybrid electric vehicle 

HEXRD High-energy XRD 

HF Hydrofluoric acid 

HFB Hexafluorobenzene  

HFE Hydrocarbon vs. fluoroether 

HFTO Hydrogen and Fuel Cell Technologies Office  

HG Hand-grinding (mixing strategy) 

HOMO Highest occupied molecular orbital (energy level) 

HOMO/LUMO Highest occupied molecular orbital/lowest unoccupied molecular orbital (energy level) 

HP Hot-pressed (sample) 

HPC Highly porous carbon 

HPLC High-performance liquid chromatography 

HPPC Hybrid pulse power characterization 

HRTEM High-resolution transmission electron microscopy 

HV High viscosity (slurry) 

HVM High volume manufacturing  

IC Incremental capacity 

ICE Internal combustion engine 

ICP Inductively coupled plasma 

IEA International Energy Agency 

INL Idaho National Laboratory 

IOFM Inorganic-organic framework materials  

IPA Isopropanol  

IPF Inverse pole figure  

IR Infra-red 
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IRCL Irreversible capacity loss  

IZ Isoxazole  

KIC Plane strain fracture toughness 

KMC Kinetic Monte Carlo (simulations) 

KPFM Kelvin Probe Force Microscopy 

LAADF Low-angle annular dark-field 

LAGP Li1.5Al0.5Ge1.5(PO4)3  

LAM Loss of active materials 

LAMMPS Large-scale atomic/molecular massively parallel simulator 

LAMNE Loss of active materials at the negative electrode 

LAMPE Loss of active materials at the positive electrode 

LANL Los Alamos National Laboratory 

LATP Li1.17Al0.17Ti1.83(PO4)3 

LBNL Lawrence Berkeley National Laboratory 

LBS Lithium thioborates  

LCA Life cycle analysis 

LCE Lithium-carbonate equivalent 

LCFC Low-cost fast charge (battery) 

LCI Life-cycle inventory  

LCO Lithium cobalt oxide 

LCOE Levelized cost of electricity  

LCRC Laboratory Computing Resource Center (at ANL) 

LDV Light-duty vehicles 

LE Liquid electrolyte  

LEDC Lithium ethylene dicarbonate 

LFP Li-iron phosphate 

LGPS Li10GeP2S12 

LHCE Localized high concentration electrolyte 

LHS Left hand-side 

LIBRA Lithium Ion Battery Recycling Analysis 

LIC Lithium-ion conducting 

LLI Loss of lithium inventory  

LLNL Lawrence Livermore National Laboratory 

LLS Layered-layered spinel 

LLZ Li7La3Zr2O12 

LLZO Lithium lanthanum zirconate 

LLZTO Li6.75La3Zr1.75Ta0.25O12 

LMA Lithium metal anode 

LMB Lithium metal battery 

LMNOF Li-Mn-Nb-O-F 

LMO Lithium manganese oxide 

LMR Lithium manganese rich (cathode) 

LMSSB Li metal solid-state battery 

LMTO Li1.2Mn0.4Ti0.4O2 (cathode) 

LMTOF Li-Mn-Ti-O-F 
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LNMO LiNi0.5Mn0.5O2 

LNMTO LiNi0.5Mn1.2TiO0.3O4 

LNO Lithium-nickel oxide 

LNTMOF Li1.15Ni0.45Ti0.3Mo0.1O1.85F0.15 

LPBSI Li7P2S8Br0.5I0.5 

LPC Large particle cathodes  

LPF Li/LiFePO4 (half-cell) 

LPO Li3PO4 

LPS Li3PS4 

LPSBI Li7P2S8Br0.5I0.5 

LPSIB Li7P2S8I0.5Br0.5 

LPSX Li7-yPS6-yXy 

LSCE Locally-superconcentrated electrolyte  

LSE Localized saturated electrolyte  

LSV Linear scanning voltammetry 

LT Low-temperature 

LTAP Li1.3Al0.3Ti1.7(PO4)3 

LTMO Li1.2Mn0.4Ti0.4O2 

LTO Lithium titanate, Li4Ti5O12 

LUMO Lowest unoccupied molecular orbital (energy level) 

LV Low viscosity 

LYB Li3YBr6  

LYC Li3YCl6 

MAS Magic angle spinning 

MC Monte Carlo (method) 

MCA Multicomponent alloy 

MCF Methyl chloroformate  

MERF Materials Engineering Research Facility 

MFA Material flow analysis  

MGF Mixed glass former (glassy film) 

MIC Molecular ionic composites  

ML Machine learning  

MLFF Machine learning-based force field  

MLMD Machine learning-based molecular dynamic (simulation) 

MLPC Multi-layer pouch cell 

MMB Monomethyl butanediol 

MOF Metal Organic Framework 

MOSN Mixed oxy-sulfide-nitride (glass) 

MP Methyl propionate  

MPFPC Methyl (pentafluoropropyl)carbonate 

MRS Materials Research Society 

MS Mass spectroscopy 

MSD Mean square displacements 

MSR Material-stress reduction (protocol) 

MTFPC Methyl (tetrafluoropropyl)carbonate 
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NASICON (Na) Super Ionic CONductor 

NATM Naturally abundant material 

NBR Nitrile butadiene rubber  

NCA LiNi0.8Co0.15Al0.05O2 

NCM Li1+w[NixCoyMnz]1-wO2 

NEB Nudged elastic band (method) 

NETL National Energy Technology Laboratory 

NEXAFS Near-edge X-ray absorption fine structure (measurements) 

NF Nanoflakes 

NG Natural graphite (anode) 

NHTSA National Highway Transportation Safety Administration 

NIB Sodium (Na)-ion battery 

NIR Near-infrared (emission) 

NKB Nitrogen doped integrated Ketjen Black (particles) 

NMA LiNi0.9Mn0.05Al0.05O2 

NMC Nickel manganese cobalt (oxide) 

NMCA Nickel-manganese-cobalt-aluminium oxide (cathode) 

NMFCN NaMnFeCoNiO2  

NMP N-methylpyrrolidone 

NMR Nuclear magnetic resonance 

NP Nanoparticles 

NPDF Neutron PDF 

NR Neutron reflectometry 

NREL National Renewable Energy Laboratory 

NTO (Lithium manganese) nickel titanium oxide 

NVP Na||Na3V2(PO4)3 (cathode) 

NVT Canonical ensemble (N, V, T conditions) 

OCV Open circuit voltage 

OEM Original equipment manufacturer 

OER Oxygen evolution reactions 

OES Optical Emission Spectroscopy 

OMSH Ordered macroporous sulfur host  

OPLS Optimized potentials for liquid simulations  

ORNL Oak Ridge National Laboratory 

ORR Oxygen reduction reaction 

OSE Optical spectroscopic ellipsometry  

OSU Oregon State University  

P&E Processing Science & Engineering  

P&ID Piping and instrumentation duagram 

PAA Polyacrylic Acid 

PAD Polymer Assisted Deposition 

PAN Polyacrylonitrile  

PAQ 9,10-phenanthrenequinone 

PAW Projected augmented wave 

PBDT Poly-2,2´-disulfonyl-4,4´-benzidine ter-ephthalamide 
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PBE Perdew, Burke, and Ernzerholf (parameters) 

PBLM Parallel brick layer model 

PC Propylene carbonate 

PCC Project completion cell  

PDF Pair density function 

PE Polyethylene 

PECVD Plasma-enhanced chemical vapor deposition 

PEEK Polyetheretherketone 

PEGDA Poly(ethylene glycol) diacrylate 

PEGDGE Poly(ethylene glycol) diglycidyl ether 

PEGDMA Polyethylene glycol dimethacrylate 

PEI Polyethylenimine  

PEM Poly(ethylene malonate) 

PEO Polyethyleneoxide 

PES Prop-1-ene-1,3-sultone 

PET Polyethylene terephthalate 

PEV Plug-in electric vehicle 

PEY Partial electron yield 

PFE Pentafluoroethane 

PFIB-SEM Plasma focused ion beam scanning electron microscopy 

PFM Poly (9,9-dioctylfluorene-co-fluorenone-comethylbenzoic ester 

PFPE Perfluoropolyether  

PFY Partial fluorescence yield  

PHEV Plug-in hybrid electric vehicle 

PHM Poly(hexylene malonate) 

PI Principal investigator 

PITT Potentiostatic intermittent titration technique 

PL Photoluminescence  

PLD Pulsed laser deposition 

PLIF Planar Laser Induced Fluorescence 

PMF Poly(melamine-co-formaldehyde) methylated 

PMS Power management system  

PMTH Dipentamethylenethiuram hexasulfide 

PNCM Phosphate-affected NCM cathode  

PNNL Pacific Northwest National Laboratory 

PPM Poly(pentylene malonate) 

PPO Polyphenylene oxide 

PSD Particle size distribution 

PSU Pennsylvania State University 

PTF Post-Test Facility 

PTFE Poly(tetrafluoroethylene) (cathode) 

PTM Poly(trimethylene malonate) 

PTO Pyrene-4,5,9,10-tetraone 

PTSI p-toluenesulfonyl isocyanate 

PVDF Poly(vinylidenefluoride) 
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PVP Poly(vinylpolypyrrolidone) 

PXRD Powder X-ray diffraction 

QC Quantum chemistry  

R&D Research and Development 

RAFT Reversible addition fragmentation chain-transfer 

RAM Resonant acoustic mixer  

RCT Rate capability test  

RE Reference electrode 

RHS Right hand-side 

RIM Reflection interference microscope  

RIXS Resonant inelastic x-ray scattering 

RM Redox mediator  

RMD Reactive molecular dynamics  

RME Relative molal enthalpy 

RNGC Realizing Next Generation Cathodes 

RNMC Reaction network-based Monte Carlo  

ROI Return on investment 

RPM Revolutions per minute 

RPT Reference performance test 

RR Reduced-repulsion (channel) 

RRDE Rotating ring disk electrode 

RST Reactive Spray Technology 

RT Room temperature 

RTMS Reciprocal ternary molten salts 

SAED Selected area electrode diffraction 

SAXS Small angle X-Ray scattering 

SBC Soluble base content  

SBIR Small Business Innovation Research 

SCA Supply chain analysis  

SCN Li6PS5 

SCP Sulfur containing polymer 

SDS Safety data sheet 

SE Solid electrolyte 

SECM Scanning electrochemical microscope 

SEI Solid electrolyte interphase 

SEM Scanning electron microscopy 

SLAC Stanford acceleration laboratory 

SNL Sandia National Laboratories 

SOA State of the art 

SOC State of charge 

SOW Statement of work 

SPAN Sulfurized Polyacrylonitrile  

SPC Small particle cathodes  

SPE Solid polymer electrolyte  

SPLE Single-particle-layer electrode 
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SPM Scanning probe microscopy  

SRL Synchrotron Radiation Lightsource  

SRO Short-range order 

SSB Solid-state battery 

SSE Solid-state electrolyte 

SSE-A Anode-side solid secondary electrolytes  

SSLMB Solid-state Li-metal battery 

SSR Supersaturation ratio  

SSRL Stanford Synchrotron Radiation Lightsource  

SSS Stainless steel spacers  

STEM Scanning transmission electron microscopy 

STEM-

HAADF 

Scanning transmission electron microscopy- high-angle annular dark-field 

STTR Small Business Technology Transfer Program 

SXRD Surface X-ray diffraction 

TAC Technical Advisory Committee 

TARDEC (U.S. Army) Tank Automotive Research, Development and Engineering Center 

TCP Technology Collaboration Program 

TEA Technoeconomic analysis  

TEGDME Tetraethyleneglycoldimethyl 

TEM Transmission electron microscopy 

TES Tender-energy x-ray absorption spectroscopy 

TEY Total electron yield 

TFE Trifluoroethanol  

TFP Tris(2,2,2-trifluoroethyl) phosphate 

TFSI Bistriflimide (anion) 

TGA Thermal gravimetric analysis 

TGC Titration gas chromatography  

THF Tetrahydrofuran 

TMA Trimethylaluminum  

TMB Trimethylboroxine  

TMDC Transition metal dichalcogenide  

TMO Transition metal oxide 

TMP Trimethyl phosphate 

TMPMA Trimethylolpropane methacrylate 

TOF-SIMS Time-of-flight secondary ion mass spectrometry 

TPP Triphenylphosphate  

TRL Technology Readiness Level 

TR-XAS TR-XRD and absorption 

TR-XRD Time-resolved x-ray diffraction  

TTE Tetrafluoropropyl ether  

TTT Time-temperature-transition  

TVR Taylor Vortex Reactor 

TXM Transmission X-ray microscopy 

UAH University of Alabama at Huntsville 

UCB University of Valifornia, Berkeley 
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UCI University of California, Irvine 

UCSD University of California, San Diego 

UCV Upper cutoff voltage 

UF Ultra-Fine (concentrator) 

UHE Ultra-high energy (cathode) 

UHV Ultrahigh vacuum  (system) 

UIC University of Illinois at Chicago 

UM University of Michigan 

UMD University of Maryland 

UNC University of North Carolina  

UNCC University of North Carolina-Charlotte 

URI University of Rhode Island  

USABC United States Advanced Battery Consortium 

USCAR United States Council for Automotive Research 

USDRIVE U.S. Driving Research and Innovation for Vehicle efficiency and Energy sustainability 

USGS United States Geological Survey 

VC Vinylene carbonate 

VCU Virginia Commonwealth University 

VED Volumetric energy density  

VNCM Virgin NCM cathode 

VOC Volatile organic compounds  

VR Voltage ramp 

VSP Voucher Service Provider 

VTO Vehicle Technologies Office 

WAXS Wide-angle X-ray scattering 

WT-EXAFS Wavelet-transformed EXAFS 

XANES X-ray absorption near edge structure 

XAS X-ray absorption spectroscopy 

XCEL EXtreme Fast Charge Cell Evaluation of Lithium-ion Batteries 

XFC Extreme fast charging 

XPD X-ray powder diffraction 

XPEEM X-ray photoemission electron microscopy 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

XRF X-ray fluorescence (microscopy) 

XRR X-ray reflectivity 

XRS X-ray Raman Spectroscopy 

XSEDE Extreme Science and Engineering Discovery Environment 
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Executive Summary 
Introduction 

The U.S. Department of Energy's (DOE) Vehicle Technologies Office (VTO) funds research, deveopment, 

demonstration, and deployment of new, efficient, and clean mobility options that are affordable for all 

Americans. Technologies supported by VTO include electric drive components such as advanced energy 

storage devices (primarily batteries); power electronics and electric drive motors; advanced structural 

materials; energy efficient mobility systems; innovative powertrains to reduce greenhouse gas and criteria 

emissions from hard-to-decarbonize off-road, maritime, rail, and aviation sectors; and fuels. One of the major 

VTO objectives is to enable U.S. innovators to rapidly develop the next generation of technologies that achieve 

the cost, range, and charging infrastructure necessary for the widespread adoption of plug-in electric vehicles 

(PEVs). An important prerequisite for the electrification of the nation’s light duty transportation sector is 

development of more cost-effective, longer lasting, and more abuse-tolerant PEV batteries. One of the ultimate 

goals of this research, consistent with the current vehicle electrification trend, is an EV which can provide the 

full driving performance, convenience, and price of an internal combustion engine (ICE) vehicle. To achieve 

this, VTO has established the following overarching goal (Source: FY2023 Congressional Budget Request1): 

… reducing electric vehicle (EV) battery cell cost by 50 percent to $60/kWh by 2030 to achieve EV 

cost parity with internal combustion engine vehicles; eliminating dependence on critical materials 
such as cobalt, nickel, and graphite, reducing battery supply chain vulnerabilities by 2030; and 

establishing a lithium battery recycling ecosystem to recover 90 percent of spent lithium batteries and 

re-introducing 90 percent of key materials into the battery supply chain by 2030. 

VTO works with key U.S. automakers through the United States Council for Automotive Research (USCAR) 

– an umbrella organization for collaborative research consisting of Stellantis N.V., the Ford Motor Company, 

and General Motors. Collaboration with automakers through the partnership known as U.S. Driving Research 

and Innovation for Vehicle Efficiency and Energy Sustainability (U.S. DRIVE) attempts to enhance the 

relevance and the success potential of its research portfolio. VTO competitively selects projects for funding 

through funding opportunity announcements (FOAs). Directly‐funded work at the national laboratories are 

awarded competitively through a lab-call process. Stakeholders for VTO R&D include universities, national 

laboratories, other government agencies and industry (including automakers, battery manufacturers, material 

suppliers, component developers, private research firms, and small businesses). 

This document summarizes the progress of VTO battery R&D projects supported during the fiscal year 2022 

(FY 2022).   In FY 2022, the DOE VTO battery R&D funding was approximately $129 million. Its R&D focus 

was on the development of high-energy batteries for PEVs. The electrochemical energy storage roadmap (which 

can be found at the EERE Roadmap web page2) describes ongoing and planned efforts to develop 

electrochemical storage technologies for EVs. To advance battery technology, which can in turn improve market 

penetration of PEVs, the program investigates various battery chemistries to overcome specific technical barriers, 

e.g., battery cost, performance, life (both the calendar life and the cycle life), its tolerance to abusive conditions, 

and its recyclability/sustainability. VTO R&D has had considerable success, lowering the cost of EV battery 

packs to $130/kWh in 2022, based on useable energy (representing a nearly 90% reduction since 2008) yet even 

further cost reduction is necessary for EVs to achieve head-to-head cost competitiveness with internal 

combustion engines (without Federal subsidies). In addition, today’s batteries also need improvements in such 

areas as their ability to accept charging at a high rate, referred to as extreme fast charging (XFC) (15 minute 

charge) – to provide a “refueling” convenience similar to ICEs, and the ability to operate adequately at low 

 

1 https://www.energy.gov/sites/default/files/2022-04/doe-fy2023-budget-volume-4.pdf, FY 2023 Congressional 

Budget Request, Volume 4, Part 1, Page 9. 
2 http://energy.gov/eere/vehicles/downloads/us-drive-electrochemical-energy-storage-technical-team-roadmap.  

https://www.energy.gov/sites/default/files/2022-04/doe-fy2023-budget-volume-4.pdf
http://energy.gov/eere/vehicles/downloads/us-drive-electrochemical-energy-storage-technical-team-roadmap
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temperatures. Research into “next-gen lithium-ion” batteries which would provide such functionalities is one of 

the R&D focus areas. VTO is funding research on both “next gen” chemistries (which employ an alloy anode 

and/or a high voltage cathode) and beyond lithium-ion (BLI) chemistries (which can, for example, employ a 

lithium metal anode). Current cycle and calendar lives of next gen and BLI chemistries are well short of goals set 

for EVs. To quantify the improvements needed to accelerate large-scale adoption of PEVs and HEVs, certain 

performance and cost targets have been established. Some sample performance and cost targets for EV batteries, 

both at cell level and at system (pack) level, are shown in Table ES- 1. 

Table ES- 1: Subset of EV Requirements for Batteries and Cells 

Energy Storage Goals (by 

characteristic) 
Pack Level Cell Level 

Cost @ 100k units/year (kWh = 

useable energy) 
$100/kWh* $75/kWh* 

Peak specific discharge power 

(30s) 
470 W/kg 700 W/kg 

Peak specific regen power (10s) 200 W/kg 300 W/kg 

Useable specific energy (C/3) 235 Wh/kg* 350 Wh/kg* 

Calendar life 15 years 15 years 

Deep discharge cycle life 1000 cycles 1000 cycles 

Low temperature performance 
>70% useable energy @C/3 

discharge at -20°C 

>70% useable energy @C/3 discharge 

at -20°C 

 *Current commercial cells and packs not meeting the goal 

The batteries R&D effort includes multiple activities, ranging from focused fundamental materials research to 

prototype battery cell development and testing. It includes, as mentioned above, R&D on “next-gen” and BLI 

materials and cell components, as well as on synthesis and design, recycling, and cost reduction. Those 

activities are organized into mainly two program elements:  

• Advanced Battery and Cell R&D 

• Advanced Materials R&D. 

A short overview of each of those program elements is given below.  

 Advanced Battery and Cell R&D 

The Advanced Battery and Cell R&D activity focuses on the development of robust battery cells and modules 

to significantly reduce battery cost, increase life, and improve performance. This work mainly spans the 

following general areas: 

• United States Advanced Battery Consortium (USABC)-supported battery development & materials 

R&D (11 projects) 

• Processing science and engineering (11 projects) 

• Recycling and sustainability (five projects) 

• Extreme fast-charging (multiple projects organized into three “thrust areas”) 

• Beyond batteries (a single comprehensive project) 

• Testing, Analysis, High-Performance Computing, Lab-I4 (eight projects) 

• Small business innovative research (SBIR) (multiple Phase I and Phase II projects). 

Chapters I through VII of this report describe projects under the Advanced Battery and Cell R&D activity. This 

effort involves close partnership with the automotive industry, through a USABC cooperative agreement.  In 

FY 2022, VTO supported 11 USABC cost-shared contracts with developers to further the development of 
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advanced automotive batteries and battery components. The estimated DOE share of those USABC contracts 

(over the life of the contracts) is approximately $39M. These include fast-charge and low-cost lithium ion 

batteries for electric vehicle applications (Zenlabs Energy), low-cost, high safety fast charge automotive cells 

(Microvast, Inc.), high energy and power density lithium-ion battery based on neocarbonixtm polymer binder-

free electrode technology for EV applications (Nanoramic), evaluation of advanced Li-ion cell architectures 

for extreme fast charging (XFC) batteries for EVs (EnPower, Inc.), solvent-free electrode manufacturing for 

low cost/fast charging batteries (Worcester Polytechnic Institute), low-cost, fast-charge EV: system -Ni-rich 

NCM cathode, coated anode, fluorinated solvents (Farasis), pre-lithiation of silicon-containing anodes for 

high-performance EV batteries (Applied Materials), high performance electrolyte for LNMO/LTO batteries 

(Gotion), integrated, zero discharge process train, no tipping model (ABMC), silicon-based EV cells meeting 

cost, calendar life and power (Ionblox), and low cost, fast-charging silicon nanowire cell technology 

(Amprius). 

In addition to the USABC projects listed above, VTO also supports eleven processing science and engineering 

projects at the national labs. Most strategies for increasing the performance (and reducing cost) of lithium-ion 

batteries focus on novel battery chemistries, material loading modifications, and increasing electrode thickness. 

The latter approach is generally considered useful for increasing energy density (and in turn, the overall cell 

capacity). However, practical thicknesses are constrained by ionic transport limitations (which limit cell 

power) and processing issues. Project participants in this area include ANL, BNL, LBNL, and ORNL. The 

estimated value of those advanced processing projects (over project lifetime) is approximately $35M. 

The Recycling and Sustainability activity involves studies of the full life-cycle impacts and costs of lithium-ion 

battery production/use; cost assessments and impacts of various recycling technologies; and the available 

material and cost impacts of recycling and secondary use. The participants include ANL, NREL, Farasis 

Energy, and Worcester Polytechnic Institute and the associated budget is approximately $10M. 

To become truly competitive with the internal combustion engine vehicle (ICEV) refueling experience, EV 

charging times must also be significantly shorter than at present.  A research project to understand/enable 

extreme fast charging (XFC) in enhanced lithium-ion systems – charging an EV at power rates of up to 400 

kW, began back in FY 2017. Projects on three “thrust areas”: anode & electrolyte thrust, electrode and cell 

design thrust, and electrochemical and thermal performance thrust. Team members include LBNL, INL, ANL, 

ORNL, NREL, and SLAC. In addition, a “behind the meter” storage project is taking place by a team which 

includes NREL, and SNL. This area focuses on novel battery technologies to facilitate the integration of high-

rate EV charging, solar power generation technologies, and energy-efficient buildings while minimizing both 

cost and grid impacts. 

The battery testing, analysis, and high-performance computing activity develops requirements and test 

procedures for batteries (to evaluate battery performance, battery life and abuse tolerance). Battery technologies 

are evaluated according to USABC-stipulated battery test procedures. The battery testing activity includes 

performance, life and safety testing, and thermal analysis and characterization. It currently includes four projects 

based at ANL, INL, SNL, and NREL. The testing activity also supports cell analysis, modeling, and prototyping 

(CAMP) projects at ANL, which include benchmarking and post-test analysis of lithium-ion battery materials at 

three labs (ANL, ORNL, and SNL). Projects include testing (for performance, life and abuse tolerance) of cells 

(for contract, laboratory-developed and university-developed cells), and benchmarking systems from industry; 

thermal analysis, thermal testing, and modeling; cost modeling; and other battery use and life studies. Cost 

assessments and requirements analysis includes an ANL project on developing the performance and cost model 

BatPaC. This rigorously peer-reviewed model developed at ANL is used to design automotive lithium-ion 

batteries to meet the specifications for a given vehicle, and estimate its cost of manufacture.  

VTO also supports several small business innovation research (SBIR) contracts. These SBIR projects focus on 

development of new battery materials and components and provide a source of new ideas and concepts. The 

section on SBIR projects includes a short list of recent Phase I and Phase II projects awarded during FY 2022. 
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Advanced Materials R&D 

The Advanced materials research & development activity (covered in Chapters VIII to Chapter XX of this 

report) addresses fundamental issues of materials and electrochemical interactions associated with 

rechargeable automotive batteries. It develops new/promising materials and makes use of advanced material 

models to discover them, utilizing scientific diagnostic tools and techniques to gain insight into their failure 

modes and processes. It is conducted by various national labs, universities, and industry partners. The work is 

divided into two general areas –“next gen” chemistries (which can, for example, employ an alloy anode and/or 

a high voltage cathode) and beyond lithium-ion (BLI) chemistries (which can, for example, employ a lithium 

metal anode). The projects are distributed as follows: 

• Next generation (next-gen) lithium-ion battery technologies (24 projects) 

o Advanced anodes (17 projects) 

o Advanced cathodes (six projects) 

o Frontier science at interfaces (five projects) 

o No-cobalt/Low-cobalt cathodes (six projects) 

o Diagnostics (four projects) 

o Modeling of advanced material (four projects) 

o Low temperature electrolytes (three projects). 

• Beyond lithium-ion battery technologies 

o Metallic lithium (four projects) 

o Solid-state batteries (32 projects) 

o Lithium sulfur (eight projects) 

o Lithium-air Batteries (three projects) 

o Sodium-ion batteries (four projects) 

o Battery500 Consortium (several keystone and seedling projects). 

The next generation lithium-ion battery R&D area’s goal is to advance material performances, designs, and 

processes to significantly improve performance and reduce the cost of lithium-ion batteries using an alloy or 

intermetallic anode and/or high voltage cathode. Specific areas of investigation include high-energy anodes 

(e.g., those containing silicon or tin), high voltage cathodes, high voltage and non-flammable electrolytes, 

novel processing technologies, high-energy and low-cost electrode designs, and certain other areas. This work 

spans a range of U.S. DRIVE activities. 

• Advanced anodes R&D includes 17 multi-lab collaborative projects – based in national laboratory 

consortiums (NREL, PNNL, ANL, ORNL, and LBNL), in industry (Applied Materials, Enovix, 

Group-14 Technology, Sila Nano, and Solid Power), and at universities (Stonybrook University, 

University of Delaware, and University of Maryland). 

• Advanced cathodes R&D includes six projects based at five national labs (ANL, ORNL, LBNL, 

NREL, and PNNL) and a university (UC, Santa Barbara). In addition, there are six low-cobalt/no-

cobalt cathode projects based at two industry partners (Cabot and Nexersis), one national lab (ORNL), 

and four universities (UCSD, UC Irvine, UTA, and PSU). 

• Frontier science at interfaces R&D includes five projects, including those on molecular-level 

understanding of cathode-electrolyte interfaces (SLAC and NREL), interfacial studies of emerging 

cathode materials (LBNL), high-energy cathodes and their interfaces with electrolytes for next-

generation Li-ion batteries (PNNL), fluorinated deep eutectic solvent (FDES)-based electrolytes 

(ANL), and in situ microscopies for the model cathode/electrolyte interface (NREL). 
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• Diagnostics R&D includes four projects ranging from interfacial processes to in situ diagnostic 

techniques and advanced microscopy, thermal diagnostics, and synthesis and characterization. The 

various researchers for these projects are based at LBNL, BNL, and PNNL.  

• There are four modeling projects: electrode materials design and failure prediction (ANL), model-system 

synthesis and advanced characterization (LBNL), design of high-energy, high-voltage lithium batteries 

through first-principles modeling (LBNL), and characterization and modeling of Li-metal batteries: 

modeling and design of amorphous solid-state Li conductors (LBNL). 

• There are three low-temperature electrolyte projects: ethylene carbonate-lean electrolytes (LBNL), 

fluorinated solvent-based electrolytes (ANL), and synthesis, screening and characterization of low 

temperature electrolyte (BNL). 

R&D on beyond lithium-ion battery technologies includes solid-state technology, lithium metal systems, lithium 

sulfur, lithium air, and sodium-ion. The main areas of focus include new methods to understand/stabilize lithium 

metal anodes; lithium polysulfides to enable the use of sulfur cathodes; and developing electrolytes for lithium air 

and lithium sulfur cells. These systems offer further increases in energy and potentially reduced cost compared to the 

next-gen lithium-ion batteries. However, they also require additional breakthroughs in materials (often at a 

fundamental level) before commercial use. VTO is investigating the issues and potential solutions associated with 

cycling metal anodes.  The main research topics include: coatings, novel oxide and sulfide-based glassy electrolytes, 

and in situ diagnostics approaches to characterize and understand Li metal behavior during electrochemical cycling.    

• Metallic lithium R&D includes four projects based at three national laboratories (LLNL, PNNL, and 

SLAC). 

• Solid state batteries R&D includes 32 projects. These are based at multiple national laboratories 

(ANL, PNNL, LBNL, NREL, LLNL, ORNL, BNL, SLAC), universities (University of California, 

University of Maryland, College Park, Iowa State University of Science and Technology, University 

of Michigan, Virginia Polytechnic Institute and State University, Penn State University Park, 

University of Wisconsin-Milwaukee, University of Houston, Virginia Commonwealth University, and 

University of Louisville), and industry members (Solid Power, Inc, and General Motors LLC). 

• Lithium sulfur R&D includes eight projects – four of them based at national laboratories (ANL, 

LBNL, and PNNL) and the other four at universities (the University of Wisconsin Milwaukee, 

University of California, San Diego, University of Pittsburgh, and Penn State University).  

• Additional beyond lithium-ion projects include three on Lithium-Air batteries (two at ANL and one at 

the University of Illinois) and four on Sodium-ion batteries (based at ANL, BNL, LBNL, and PNNL). 

The Battery500 Innovation Center is a combined effort by a team of four national labs (PNNL, BNL, INL, and 

SLAC) and five universities (University of Texas-Austin, Stanford University, Binghamton University, 

University of Washington, and University of California, San Diego) with the goal to develop commercially 

viable lithium battery technologies with a cell level specific energy of 500 Wh/kg while simultaneously 

achieving 1,000 deep-discharge cycles.  The consortium keystone projects focus on innovative electrode and 

cell designs that enable maximizing the capacity from advanced electrode materials. The consortium works 

closely with the R&D community, battery/materials manufacturers and end-users/OEMs to ensure that these 

technologies align well with industry needs and can be transitioned to production. 

Recent Highlights 

LiNiO2 Enabled by Optimized Synthesis Conditions (ANL) 

The LiNiO2 (LNO) cathode has been of interest for many years because of its high energy and lack of 

expensive cobalt. However, it has never achieved commercial success due, in part, to cycling instabilities 

(presumed inherent to the material) at high states of charge. However, due to the sensitivity of LNO to 
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synthesis conditions such as precursor control, temperature, and atmosphere, virtually all LNO cathodes 

studied to date contain defects. Work at ANL has shown that near ideal, ‘defect-free’ LNO can be synthesized 

through better control of synthesis. ANL’s ‘defect-free’ LNO cycles at high capacities (>220 mAh/g) over 

many cycles without dopants, coatings, or electrolyte additives. Such high performance, including very low 

initial irreversible capacity (~96%), has never been reported for LNO. Key to achieving such results was 

precise control of synthesis parameters including novel precursor preparation, calcination conditions that 

facilitate minimum local defects (Li+/Ni2+ mixing, O2 vacancies, stacking faults), optimized primary and 

secondary particle morphologies, and a higher resistance to secondary particle cracking. Surprisingly, synthesis 

of ‘defect-free’ LNO could be enabled within a wide range of O2 partial pressures, even as low as 0.2 atm. 

Full-cell tests with graphite anodes and Gen 2 electrolyte (1.2 M LiPF6 in EC:EMC (3:7 by weight)) showed 

performance on par with LiNi0.9Mn0.05Co0.05O2, when cycled over similar states of charge, Figure ES- 1. Note 

that three hour holds at the top of every charge were used to push stability limits.  

 

Figure ES- 1. Full cell performance comparison of optimized LNO vs. LiNi0.9Mn0.05C0.05O2 

Developing low-cost rechargeable lithium-sulfur batteries (Battery500 Consortium)  

The Battery500 Consortium has advanced the performance of a lithium-sulfur (Li-S) battery through 

innovation in battery electrolytes and improved understanding of a polymer-derived sulfur cathode. A 2 Ah 

pouch cell with an energy density of 250Wh/kg (which is competitive with current lithium-ion EV cells) has 

been demonstrated.  

Sulfurized PolyAcryloNitrile (SPAN) is a low-cost material containing no critical materials and is readily 

made by heating sulfur with PAN, an industrial product, at 300-500oC. Unlike elemental sulfur-based 

cathodes, SPAN appears to avoid the generation of soluble polysulfide species, which lead to capacity fade and 

is very sensitive to electrolyte amounts. To enable a long-life Li-SPAN battery, electrolytes need to be stable at 

both the Li anode and the SPAN cathode. The Consortium has developed a localized concentrated electrolyte 

consisting of 1.8 M lithium bis(fluorosulfonyl)imide (LiFSI) in diethyl ether (DEE) and Bis(2,2,2-

trifluoroethyl) ether (BTFE). This electrolyte forms a protection layer on the SPAN surface that prevents loss 

of sulfur to the electrolyte. In addition, Li cycles stably due to the formation of a LiF-rich SEI. Both Li and 

SPAN show around 1000 stable cycles in coin cells using this new electrolyte. 

To further improve the capacity and reversibility of SPAN, it is essential to understand its molecular structure 

and working mechanism. Using chemical analysis, electron microscopy, and surface analysis, we established 

that SPAN undergoes an irreversible transformation during the 1st cycle that reduces its residual hydrogen 
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content and produces a more extended conjugated molecular structure. As a result, its electronic conductivity 

increases by > 100x and raises the working potential. This structural feature will serve as a blueprint for design 

of next generation materials. Electrolyte innovation and electrode engineering have allowed the fabrication of a 

first generation 2 Ah Li-SPAN battery with an energy density of 250 Wh/kg, Figure ES- 2. Cycling ended 

when the Li metal anode caused an internal short. Work is in progress to further increase the capacity of SPAN 

and formulate new electrolytes that will extend the cycle life of Li-SPAN batteries. Team members are now 

scaling up SPAN cathode materials to enable more pouch cell manufacturing and testing. 

 

Figure ES- 2. Progress of developing a low-cost Li-S battery by the Battery500 Consortium. The sulfur cathode is sulfurized 

polyacrylonitrile (SPAN). (a) and (b), Stable cycling of Li and SPAN in a localized concentrated electrolyte, respectively. (c) 

Demonstration of a 1st Generation Li-SPAN pouch cell of 2 Ah with an energy density of 250 Wh/kg 

High-Performance Low-Cobalt Cathode Materials for Li-ion Batteries - (Pennsylvania State University, 

Pacific Northwest National Laboratory, and Oak Ridge National Laboratory) 

Li[NixCoyMn1-x-y]O2 (NCM) cathode materials are a common choice for electric vehicles (EV) batteries due to 

their high energy density and good cycling. However, the increased price of cobalt (Co) over the past few 

years has increased the cost of the NMC. Therefore, developing cathode materials with low or no Co while still 

achieving high energy density and low cost is essential. Unfortunately, the cycling stability of many low-Co 

NMC cathodes is compromised by structural instability, non-uniform strain during cycling, and parasitic 

reactions between the cathode and electrolyte. The coating methods developed in this project are an effective 

strategy for alleviating these issues. 

Specifically, we achieved a LiFePO4 (LFP) coated NCM811 cathode (LFP/NCM811) via a dry coating 

approach, where the nanosized LFP is uniformly coated at the surface of NCM811 particles. Then, 2.5 Ah 

pouch cells were assembled using 10 wt% LFP coated NCM811 cathode and graphite anode. The cathode 

loading is 17.5 mg/cm2, the N/P ratio = 1.1, and the cell achieved 450 Wh/L and 200 Wh/kg. Figure ES- 3 

demonstrates that the pouch cells can cycle stably at room temperature (RT), with capacity retention of 76.7% 

after 2413 cycles. Moreover, the cell could still achieve 67.3% capacity retention after 1609 cycles at 40°C.  

In summary, LiFePO4 coating significantly improves the cycling performance of pouch cells with low-Co 

layered structured cathode. The team continues to investigate more effective coating materials for 

Li[NixCoyMn1-x-y]O2 cathode materials with a cobalt content ≤ 0.04.  
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Figure ES- 3. Capacity retention pouch cells during C/3 cycling at RT and 40°C 

Rational electrolyte solvent molecule tuning for high-performance lithium metal and anode free 

batteries (Stanford University and SLAC National Accelerator Laboratory)   

Lithium (Li) metal batteries offer improved energy density compared to current Li-ion batteries but are held 

back by relatively poor cycle life. Conventional electrolytes fall short when paired with Li metal anodes, let 

alone anode-free batteries. To enable practical Li metal and anode-free batteries, several requirements should 

be fulfilled: 1) high Coulombic efficiency (CE) including initial cycles, i.e. fast activation of Li anode; 2) 

anodic stability to avoid cathode corrosion; 3) practical conditions such as lean electrolyte and limited Li 

inventory; 4) high ionic conductivity for realistic cycling rates; 5) moderate Li salt concentration for low cost; 

6) high boiling point and the absence of gassing to ensure processability and safety. 

In 2022, researchers at Stanford University and SLAC investigated a family of fluorinated 1,2-diethoxyethanes 

(fluorinated-DEEs) as electrolyte solvents. Selected positions on DEEs are functionalized with various 

numbers of fluorine (F) atoms through iterative tuning, to reach a balance between CE, oxidative stability, and 

ionic conduction. Paired with 1.2 M LiFSI salt, we found that a partially fluorinated, locally polar –CHF2 

group results in higher ionic conduction than fully fluorinated –CF3 while still maintaining excellent electrode 

stability. Specifically, the best-performing F4DEE and F5DEE both contain –CHF2 group. In addition to high 

ionic conductivity and low and stable overpotential, they achieve roughly 99.9% Li CE with ±0.1% fluctuation 

(Figure ES- 4a) as well as fast activation, i.e. the CEs of the Li||Cu half cells reach >99.3% from the second 

cycle (Figure ES- 4b). Aluminum corrosion is also suppressed due to the oxidative stability that originates 

from fluorination. These features enable roughly 270 cycles in thin-Li||high-loading-

LiNi0.8Mn0.1Co0.1O2 (NMC811) full batteries (Figure ES- 4c) and >140 cycles in fast-cycling anode-free 

Cu||LiFePO₄ (LFP) pouch cells (Figure ES- 4d), both of which are state-of-the-art performances. 

The above solvents can be readily scaled up with low cost. Their high boiling point, high flash point, non-

flammability and absence of gassing issue during battery cycling are desirable features.  
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Figure ES- 4. Cycling performance of Li||Cu half cells, practical Li metal batteries and industrial anode-free pouch cells using 

NMC811 and LFP cathodes 

Collaborative Activities 

In addition to the above, VTO has in place extensive and comprehensive ongoing coordination efforts in 

energy storage R&D across all of DOE and with other government agencies. It coordinates efforts on energy 

storage R&D with both the Office of Science and the Office of Electricity. Coordination and collaboration 

efforts also include program reviews and technical meetings sponsored by other government agencies and 

inviting participation of representatives from other government agencies to contract and program reviews of 

DOE-sponsored efforts. DOE coordinates such activities with the Army’s Advanced Vehicle Power 

Technology Alliance, the Department of Transportation/National Highway Traffic Safety Administration 

(DOT/NHTSA), the Environmental Protection Agency (EPA), and the United Nations Working Group on 

Battery Shipment Requirements. Additional international collaboration occurs through the International 

Energy Agency’s (IEA’s) Hybrid Electric Vehicles Technology Collaboration Program (HEV TCP); and 

bilateral agreements between the U.S. and China.  

Organization of this Report 

This report covers all the FY 2022 projects which are part of the advanced battery R&D program in VTO. We 

are pleased with the progress made during the year and look forward to continued cooperation with our 

industrial, government, and scientific partners to overcome the remaining challenges to delivering advanced 

energy storage systems for vehicle applications. 
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Vehicle Technologies Office Overview  
Vehicles move our national economy. Annually, vehicles transport 18 billion tons of freight—about $55 

billion worth of goods each day3—and move people more than 3 trillion vehicle-miles.4 Growing our economy 

requires transportation, and transportation requires energy. The transportation sector accounts for 

approximately 30% of total U.S. energy needs5 and the average U.S. household spends over 15% of its total 

family expenditures on transportation,6 making it, as a percentage of spending, the most costly personal 

expenditure after housing. Transportation is critical to the overall economy, from the movement of goods to 

providing access to jobs, education, and healthcare. 

The transportation sector has historically relied heavily on petroleum, which supports over 90% of the sector’s 

energy needs today,7 and, as a result, surpassed electricity generation to become the largest source of CO2 

emissions in the country.8 The Vehicle Technologies Office (VTO) will play a leading role to decarbonize the 

transportation sector and address the climate crisis by driving innovation within and deployment of clean 

transportation technologies. 

VTO funds research, development, demonstration, and deployment (RDD&D) of new, efficient, and clean 

mobility options that are affordable for all Americans. VTO leverages the unique capabilities and world-class 

expertise of the National Laboratory system to develop new innovations in vehicle technologies, including:  

advanced battery technologies; advanced materials for lighter-weight vehicle structures and better powertrains; 

energy-efficient mobility technologies and systems (including automated and connected vehicles as well as 

innovations in connected infrastructure for significant systems-level energy efficiency improvement); 

combustion engines to reduce greenhouse gas and criteria emissions; and technology integration that helps 

demonstrate and deploy new technology at the community level. Across these technology areas and in 

partnership with industry, VTO has established aggressive technology targets to focus RDD&D efforts and 

ensure there are pathways for technology transfer of federally supported innovations into commercial 

applications.  

VTO is uniquely positioned to accelerate sustainable transportation technologies due to strategic public–

private research partnerships with industry (e.g., U.S. DRIVE, 21st Century Truck Partnership) that leverage 

relevant expertise. These partnerships prevent duplication of effort, focus DOE research on critical RDD&D 

barriers, and accelerate progress. VTO advances technologies that assure affordable, reliable mobility solutions 

for people and goods across all economic and social groups; enable and support competitiveness for industry 

and the economy/workforce; and address local air quality and use of water, land, and domestic resources. 

Annual Progress Report 
As shown in the organization chart (below), VTO is organized by technology area: Batteries R&D; 

Electrification R&D; Materials Technology R&D; Decarbonization of Offroad, Rail, Marine, and Aviation; 

Energy Efficient Mobility Systems; and Technology Integration. Each year, VTO’s technology areas prepare 

an Annual Progress Report (APR) that details progress and accomplishments during the fiscal year. VTO is 

pleased to submit this APR for Fiscal Year (FY) 2022. The APR presents descriptions of each active project in 

FY 2022, including funding, objectives, approach, results, and conclusions.  

 

3 Bureau of Transportation Statistics, DOT, Transportation Statistics Annual Report 2020, Table 4-1, https://www.bts.gov/tsar. 
4 Davis, Stacy C., and Robert G. Boundy. Transportation Energy Data Book: Edition 39. Oak Ridge National Laboratory, 2021, https://doi.org/10.2172/1767864. 

Table 3.8 Shares of Highway Vehicle-Miles Traveled by Vehicle Type, 1970-2018.  
5 Ibid. Table 2.2 U.S. Consumption of Total Energy by End-use Sector, 1950-2018. 
6 Ibid. Table 11.1 Average Annual Expenditures of Households by Income, 2019. 
7 Ibid. Table 2.3 Distribution of Energy Consumption by Source and Sector, 1973 and 2019. 
8 Environmental Protection Agency, Draft U.S. Inventory of Greenhouse Gas Emissions and Sinks, 1990-2019, Table 2-11. Electric Power-Related Greenhouse Gas 

Emissions and Table 2-13. Transportation-Related Greenhouse Gas Emissions.  

https://www.bts.gov/tsar
https://doi.org/10.2172/1767864
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Batteries Program Overview 

Introduction 
During the fiscal year 2022 (FY 2022), the Vehicle Technologies Office (VTO) battery program continued 

research and development (R&D) support of battery technologies for plug-in electric vehicles (PEVs), e.g., 

plug-in hybrids, extended range electric vehicles, and all-electric vehicles. One objective of this support is to 

enable U.S. innovators to rapidly develop next generation of technologies that achieve the cost, range, and 

charging infrastructure necessary for the widespread adoption of PEVs. Stakeholders involved in VTO R&D 

activities include universities, national laboratories, other government agencies and industry partners – 

including automakers, battery manufacturers, material suppliers, component developers, private research firms, 

and small businesses. VTO works with key U.S. automakers through the United States Council for Automotive 

Research (USCAR) – an umbrella organization for collaborative research consisting of Stellantis N.V., the 

Ford Motor Company, and the General Motors Company. Collaboration with automakers through the U.S. 

DRIVE (Driving Research and Innovation for Vehicle Efficiency and Energy Sustainability) partnership 

enhances the relevance and the success potential of the research platform. An important prerequisite for the 

electrification of the nation’s light duty transportation sector is the development of more cost-effective, longer 

lasting, and more abuse-tolerant PEV batteries and accordingly, VTO battery R&D is focused on the 

development of high-energy batteries for PEVs. 

Goals 
The goal of this research is to address barriers to EVs reaching the full driving performance, convenience, and 

price of an internal combustion engine (ICE) vehicle. EVs have the advantage of a very high efficiency 

compared to other vehicle types, a simplified drivetrain, and a flexible primary energy source (i.e., the 

electricity needed to charge an EV can come from coal, natural gas, wind turbines, hydroelectric, solar energy, 

nuclear, or any other resource). Another current focus is the 12V start/stop (S/S) micro-hybrid architecture, in 

which the engine is shut down whenever a vehicle stops. Vehicles with the S/S functionality are being 

deployed worldwide. Table 1 shows a subset of the targets for high-performance EVs set by U.S. DRIVE9. 

Table 1: Subset of Requirements for Advanced High-Performance EV Batteries and Cells 

(Cost and Low Temperature Performance are Critical Requirements) 

Energy Storage Goals (by characteristic) System Level Cell Level 

Cost @ 100k units/year (kWh = useable 

energy) 
$125/kWh* $100/kWh 

Peak specific discharge power (30s) 470 W/kg 700 W/kg 

Peak specific regen power (10s) 200 W/kg 300 W/kg 

Useable specific energy (C/3) 235 Wh/kg* 350 Wh/kg 

Calendar life 15 years 15 years 

Deep discharge cycle life 1000 cycles 1000 cycles 

Low temperature performance 
>70% useable energy @C/3 

discharge at -20°C 

>70% useable energy @C/3 

discharge at -20°C 

  

State of the Art  
Battery R&D attempts to advance battery technology to help improve the market penetration of PEVs by 

overcoming the current barriers. To accomplish this, it focuses on: (1) a significantly reduced battery cost, (2) 

increased battery performance, e.g., extreme fast charge (XFC) and low temperature performance for enhanced 

 

9 https://uscar.org/download/246/energy-storage-system-goals/12837/goals-for-advanced-high-performance-

batteries-for-electric-vehicle-ev-applications.pdf 

https://uscar.org/download/246/energy-storage-system-goals/12837/goals-for-advanced-high-performance-batteries-for-electric-vehicle-ev-applications.pdf
https://uscar.org/download/246/energy-storage-system-goals/12837/goals-for-advanced-high-performance-batteries-for-electric-vehicle-ev-applications.pdf
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lithium-ion, (3) improved life advanced chemistry cells, (4) increased tolerance to abusive conditions; and (5) 

more cost-effective recycling and sustainability. 

The current status of the broad battery chemistry types (current lithium-ion, next gen, and BLI) is summarized 

in Figure 1. Battery R&D spans mainly three areas: 

• Current technology (enhanced lithium-ion): including cells with current materials (graphite 

anode/transition metal oxide cathode) and features like XFC compatibility, low temperature 

performance and improved abuse tolerance.  

• Next-gen lithium-ion: Cells containing an alloy anode, usually silicon-based, and/or a high voltage 

(>4.5 V) cathode. 

• Beyond lithium-ion (BLI): Cells containing Li metal anodes. 

Over the past 12 years, PEVs have become more commercially viable, with battery costs dropping almost 90% 

since 2010. Further cost reductions in high-energy batteries for PEVs are always desirable. In addition, 

although today’s batteries approach very attractive cost numbers, they still need the ability to accept extreme 

fast charging (XFC) and to perform better in low-temperature operations to compete with ICEs in all-weather 

performance and “refueling” convenience. Research into “enhanced lithium-ion” batteries (which would 

providing these functionalities) is one of the R&D focus areas. For further gains in energy density and cost 

reduction, research is needed in both “next gen” chemistries (which employ an alloy anode and/or a high 

voltage cathode) and BLI chemistries (see Figure 1). Cycle and calendar lives of next-gen and BLI chemistries 

fall well short of EV goals. Most cells employing a significant amount of silicon provide around 1,000 deep-

discharge cycles but with less than five years of calendar life; BLI cells typically provide much less of a cycle 

life (400 cycles or less). In addition, the requisite low temperature performance and extreme fast charge 

capability are lacking in all chemistries.  

 

Figure 1. Chemistry classes, status, and R&D needs 

Because of the large variation in different battery technologies, battery research also includes multiple 

activities focused to address remaining high cost areas within the entire battery supply chain.  
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Battery Technology Barriers  
The major remaining challenges to commercializing batteries for PEVs are as follows:  

A. Cost. The current cost of high-energy lithium-ion batteries is approximately $150 – $200/kWh (on usable 

energy basis), a factor of two-three times too high from where it needs to be. The main cost drivers are the high 

cost of raw materials, costs associated with materials processing, the cell and module packaging, and 

manufacturing.  

B. Performance. Historically, a higher energy density was needed to reduce the weight and volume of PEV 

batteries, but those weight and volume issues have been to a large degree been addressed. The use of higher 

energy materials is still an effective way to reduce costs further and extend driving range, but cell chemistries 

that provide higher energy have life and performance issues. Also, existing chemistries (e.g., graphite anodes 

paired with transition metal oxide cathodes) need improvement in XFC and low temperature performance to 

compete favorably with gas-powered vehicles in the areas of performance and customer convenience. 

C. Life. The life issue for mature lithium-ion technologies has mainly been mostly addressed. However, both 

next-gen and BLI cell technologies still suffer major cycle and calendar life issues.  

D. Abuse Tolerance. Many lithium-ion batteries are not intrinsically tolerant to abusive conditions; however, 

full packs have been engineered by automotive OEMs to mitigate much of the risk. The reactivity of high 

nickel cathodes and flammability of current lithium-ion electrolytes are areas for possible improvement. The 

characteristics of next-gen and BLI chemistries to abusive conditions are not well-understood. However, 

silicon anode cells show very high temperatures during thermal runaway and lithium metal-based batteries 

have a long history of problematic dendrite growth which can lead to internal shorts and thermal runaway. 

Thus, research into enhanced abuse tolerance strategies will continue. 

E. Recycling and Sustainability. Currently, automotive OEMs pay a relatively large cost (5-15% of the 

battery cost) to recycle end of life PEV batteries. The various chemistries used in lithium-ion cells results in 

variable backend value. Alternatively, unless they get recycled, lithium-ion batteries could lead to a shortage of 

key materials (lithium, cobalt, and nickel) vital to the technology. Finding ways to decrease the cost of 

recycling could thus significantly reduce the life cycle cost of PEV batteries, avoid material shortages, lessen 

the environmental impact of new material production, and potentially provide low-cost active materials for 

new PEV battery manufacturing. 

Program Organization Matrix  
VTO’s energy storage effort includes multiple activities, ranging from focused fundamental materials research 

to prototype battery cell development and testing. The R&D activities can involve either shorter-term pre-

competitive research by commercial developers or exploratory materials research generally spearheaded by 

national laboratories and universities. The program elements are organized as shown in Figure 2. Battery R&D 

activities are organized into the following program elements: Advanced Batteries and Cells R&D, Battery 

Materials R&D, and the current focus. 
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Figure 2. Battery R&D Program Structure 

Advanced Cell and Battery Research and Development activity. This activity focuses on the development 

of robust battery cells to significantly reduce battery cost, increase life, and improve performance. Part of this 

effort takes place in close partnership with the automotive industry, through a cooperative agreement with the 

United States Advanced Battery Consortium (USABC). In FY 2022, the USABC supported eleven cost-shared 

contracts with developers to further the development of batteries and battery components for PEVs. In addition 

to the USABC projects, DOE supports battery and material suppliers via contracts administered by the 

National Energy Technology Laboratory (NETL). Other projects in this area include performance, life and 

abuse testing of contract deliverables, laboratory- and university-developed cells, and benchmarking new 

technologies from industry; thermal analysis, thermal testing and modeling; cost modeling; secondary usage 

and life studies; and recycling studies for core materials. The processing science & engineering activity 

supports the development and scale-up of manufacturing technologies needed to enable market entry of next-

generation battery materials and cell components – emphasizing disruptive materials and electrode production 

technologies that could significantly reduce cost and environmental impact while increasing yield and process 

control relative to existing production technologies. Several small business innovation research (SBIR) 

projects, also supported by VTO, are focused on the development of new battery materials/components and are 

the source of new ideas and concepts and are covered in that chapter. 

Advanced Materials Research activity. This activity addresses fundamental issues of materials and 

electrochemical interactions associated with rechargeable automotive batteries. It develops new/promising 

materials and uses advanced material models to discover them and their failure modes, as well as scientific 

diagnostic tools and techniques to gain insight into why they fail. This work is carried out by researchers at 

national labs, at universities, and at commercial facilities.  It includes the next generation lithium-ion research 

activity focused on the optimization of next generation, high-energy lithium-ion electro-chemistries that 

incorporate new battery materials. It emphasizes identifying, diagnosing, and mitigating issues that impact the 

performance and lifetime of cells constituted of advanced materials. Research continues in the six areas of 

advanced anodes, advanced cathodes, advanced electrolytes, electrode issues, interfaces, diagnostics, and 

modeling. The beyond lithium-ion (BLI) Technology activity addresses fundamental issues associated with 

lithium metal batteries, develops new/promising materials and uses advanced material models to discover such 

materials using scientific diagnostic tools/techniques. It includes solid-state battery technologies, lithium 
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metal, lithium sulfur, lithium air, and sodium-ion systems. The VTO Battery500 projects are also managed in 

conjunction with this program element. 

Special Focus. The current focus targets three areas of battery research. The first area is concerned with 

enabling extreme fast charging (XFC) in enhanced lithium-ion systems. It started with a 2017 research project 

to understand XFC, followed by a set of XFC awards (listed in the last year’s report). In the second area, 

recognizing the issues of price volatility and supply reliability with cobalt, DOE started several projects to 

develop and optimize low cobalt cathode materials. The third area consists of a set of recycling and 

sustainability projects, which involve studies of full life-cycle impacts and costs of battery production and use; 

cost assessments and impacts of various battery recycling technologies; and the material availability for 

recycling and secondary usage and their cost impacts.  

As a further resource, the Electrochemical Energy Storage Roadmap describes ongoing and planned efforts to 

develop battery technologies for PEVs and can be found at the EERE Roadmap page 

http://energy.gov/eere/vehicles/downloads/us-drive-electrochemical-energy-storage-technical-team-roadmap. 

VTO also has extensive ongoing collaboration efforts in batteries R&D across the DOE and with other 

government agencies. It coordinates efforts on energy storage with the DOE Office of Science, and the DOE 

Office of Electricity. Coordination and collaboration efforts include membership and participation in program 

reviews and technical meetings by other government agencies, and the participation of representatives from 

other government agencies in the contract and program reviews of DOE-sponsored efforts. DOE also 

coordinates with the Department of Army’s Advanced Vehicle Power Technology Alliance, the Department of 

Transportation/National Highway Traffic Safety Administration (DOT/NHTSA), the Environmental Protection 

Agency (EPA), and the United Nations Working Group on Battery Shipment Requirements. Additional 

international collaboration occurs through a variety of programs and initiatives. These include: the 

International Energy Agency’s (IEA’s) Hybrid Electric Vehicles Technology Collaboration Program (HEV 

TCP); and the G8 Energy Ministerial’s Electric Vehicle Initiative (EVI); as well as bilateral agreements 

between the U.S. and China. 

Battery Highlights from FY 2022  
The following are some of the highlights associated with battery R&D funded by VTO (including highlights 

related to market developments, R&D breakthroughs, and commercial applications). 

Electrolytes for Li-metal Anodes via Solvation-Protection Strategy (ANL)  

The development of a stable electrolyte system is crucial to the use of Li metal batteries (LMBs).  Researchers 

at ANL have developed a new “solvation-protection” strategy to stabilize Li metal anodes. Fluoroethylene 

carbonate (FEC) was introduced into the difluoroethylene carbonate/fluoroethyl methyl carbonate 

(DFEC/FEMC) electrolyte system to serve as a solvation protection agent. Although DFEC enables stable 

cycling of a Li metal anode, a Li||NMC811 cell with DFEC/FEMC electrolyte (and no FEC) displays inferior 

cycling performance because of Li complexes solvated solely by FEMC. Owing to the relatively high solvating 

power of FEC, the solution structures of Li complexes can be altered. The FEC/DFEC/FEMC electrolyte not 

only maintains the beneficial effect of DFEC in forming a robust SEI on the Li, but also confers outstanding 

anodic stability provided by FEMC, evidenced by the stable cycling of Li||NMC cells (Figure 3). 

http://energy.gov/eere/vehicles/downloads/us-drive-electrochemical-energy-storage-technical-team-roadmap
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Figure 3. Cycling performance of Li||NMC811 cells using 1.2M LiPF6-FEC/DFEC/FEMC in different ratios. 

LiNiO2 Enabled by Optimized Synthesis Conditions (ANL) 

The LiNiO2 (LNO) cathode has been of interest for many years because of its high energy and lack of 

expensive cobalt. However, it has never achieved commercial success due, in part, to cycling instabilities 

(presumed inherent to the material) at high states of charge. However, due to the sensitivity of LNO to 

synthesis conditions such as precursor control, temperature, and atmosphere, virtually all LNO cathodes 

studied to date contain defects. Work at ANL has shown that near ideal, ‘defect-free’ LNO can be synthesized 

through better control of synthesis. ANL’s ‘defect-free’ LNO cycles at high capacities (>220 mAh/g) over 

many cycles without dopants, coatings, or electrolyte additives. Such high performance, including very low 

initial irreversible capacity (~96%), has never been reported for LNO. Key to achieving such results was 

precise control of synthesis parameters including novel precursor preparation, calcination conditions that 

facilitate minimum local defects (Li+/Ni2+ mixing, O2 vacancies, stacking faults), optimized primary and 

secondary particle morphologies, and a higher resistance to secondary particle cracking. Surprisingly, synthesis 

of ‘defect-free’ LNO could be enabled within a wide range of O2 partial pressures, even as low as 0.2 atm. 

Full-cell tests with graphite anodes and Gen 2 electrolyte (1.2 M LiPF6 in EC:EMC (3:7 by weight)) showed 

performance on par with LiNi0.9Mn0.05Co0.05O2, when cycled over similar states of charge, Figure 4. Note that 

three hour holds at the top of every charge were used to push stability limits.  

 

Figure 4. Full cell performance comparison of optimized LNO vs. LiNi0.9Mn0.05C0.05O2 
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Use of synthetic data and deep learning enable rapid identification of failure modes (INL)  

Early identification of battery aging modes/mechanisms can enable accurate forecasting of battery life and 

possibly shorten the research and development cycle for new battery designs. An INL team developed a deep-

learning (DL) algorithm for rapidly classifying and quantifying battery aging modes. The DL framework 

classifies and quantifies the dominant aging modes upon training with synthetic data and was used to classify 

the dominant aging modes in less than 100 fast charge cycles of graphite/ LiNi0.5Mn0.3Co0.2O2 (NMC532) 

cells. Upon classification, the framework tracked the evolution of the aging modes through 600 cycles at 

different charging rates (1C–9C) (Figure 5). The method has been used for NMC532, NMC811 and 

Li4Ti5O12/LiMn2O4 cells to show its applicability.  

 

Figure 5. Flow of synthetic–data-based DL modeling framework to classify and quantify the dominant aging modes 

Cyclable All-Solid-State Cell Chemistries with High Energy Densities (LBNL)  

All-solid-state batteries (ASSBs) with Li metal anodes are capable of delivering higher energy densities and 

better abuse tolerance than current Li ion cells. The development of practical ASSBs, however, has met 

challenges such as Li dendrites, cathode instabilities due to oxidative degradation of the solid electrolyte (SE), 

and loss of mechanical integrity. In this work, we report novel solutions with the following features: 1) 

conductive halide SEs with high oxidative stability to enable use of 4 V CAM and 2) single-crystal CAM 

particles to eliminate intergranular cracking associated with volume changes. Results obtained on ASSB cells 

with a single-crystal LiNi0.8Mn0.1Co0.1O2 (SC-NMC) CAM with 9.04 mg/cm2 loading, a 300 um thick Li3YCl6 

(LYC) SE, and a Li-In alloy anode are shown in Figure 6, along with data for an equivalent ASSB cells with a 

commercial polycrystalline NMC811 (PC-NMC). Much improved cycling performance was obtained in the 

SC-NMC cell. At C/2 rate, the discharge capacity decreased from ∼105 to 80 mAh/g after 830 cycles in the 

PC-NMC cell and ∼140 to 125 mAh/g after 1000 cycles in the SC-NMC cell, a capacity retention of ∼76% 

and 89%, respectively. Post-mortem analysis reveals superior mechanical stability of the SC-NMC cathode 

whereas large morphological changes were observed on the cycled PC-NMC counterparts, including cracking 

within the NMC particles and disconnections between the LYC and NMC. The design principle described here 

is general and it can be expanded to ASSB cells with other types of halide SEs and CAM materials. 
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Figure 6. a-b) Voltage profiles of PC-NMC and SC-NMC ASSB cells, respectively. c-d) Discharge capacity and energy density 

retentions of the ASSB cells, respectively. e-f) Cross-sectional SEM images showing better mechanical stability of SC-NMC cathode 

composite upon cycling. All cells were cycled at room temperature at C/2 rate for 200 cycles followed by 3 cycles at C/5. This 

sequence was repeated throughout the testing. The performance fluctuation shown in c) and d) is due to room temperature 

variation in the laboratory, which ranged from 255oC during the test 

Polymer catholyte for solid state batteries enhanced with residual solvent (LBNL)  

All-solid state batteries (ASSB) promise high energy density via the use of a Li metal anode, and improved 

safety due to the absence of a flammable liquid electrolyte. Favorable cathode performance and durability are 

challenging to achieve, however, when restricting the choice of electrolyte materials to only solids. Here, we 

show that retained residual solvent improves the performance of a cathode containing solid polymer binder. 

The very small amount of solvent retained in the polymer/Li-salt composite plasticizes the polymer, increasing 

Li-ion conductivity. The cathode was combined with a solid sintered ceramic separator and Li metal anode 

(Figure 7), demonstrating a pathway to a viable ASSB.  Drying the cathode to different extents greatly impacts 

conductivity of the composite and therefore total cathode performance (Figure 8). By optimizing the amount of 

residual solvent and polymer/Li-salt ratio, promising performance and capacity retention was achieved (Figure 

8). The positive effect of residual solvent was observed over a very wide temperature range from -10°C to 

60°C. Multiple solvents produced a similar effect, providing flexibility to select the solvent based on cost, 

safety, reactivity, and manufacturing considerations. The cycling data were obtained using a 

LiNi1/3Mn1/3Co1/3O2 cathode (2mg/cm2 loading), Li metal anode, and a 300-micron thick Li6.25Al0.25La3 Zr2O12 

electrolyte. It was found that, without the residual solvent, the cell impedance was too high to cycle the cell.   
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Figure 7. Cross-section image of the separator/cathode structure. The separator is an oxide ceramic and the cathode is a solid 

composite of NMC active material, carbon, polymer catholyte, and trace residual solvent 

 

Figure 8. Capacity retention of a cell with residual solvent cycled at 25°C and 20 hour full charge/discharge cycle. Right most 

figure shows the conductivity of the polymer/Li-salt composite with and without residual solvent 

Machine Learning Enhances Battery Life Prediction (NREL) 

Accurate lifetime predictions are crucial for optimizing battery system design and use.  Examples include 

maximizing battery revenue, extending battery life, establishing fast-charge control policies, and maintenance. 

But identifying accurate battery lifetime models is challenging because degradation rates are sensitive to many 

factors including temperature, state-of-charge, depth-of-discharge, and dis/charging current rates.  Thus battery 

life-predictive models may require six to nine months of test data. NREL researchers developed the 

‘Autonomous Identification of Battery Lifetime Models’ toolkit, AI-Batt, which uses machine-learning (ML) 

to autonomously identify high-performing models from tens of millions of possibilities, resulting in models 

that have roughly twice the accuracy of models identified by humans (Figure 9) (Gasper et al, 2021, J. Echem. 

Soc. 168 020502). After training life models to fit accelerated aging data, lifetime predictions can then be 

made for real-world applications with dynamic loads or varying use (Figure 10) (Gasper et al, 2022, J. Echem. 

Soc. 169 080518).  Battery life models identified via ML are used for a variety of applications, such as 

electric-vehicle battery life prediction (Smith et al, 2021, J. Echem. Soc. 168 100530), health prediction 

(Gasper et al, 2022, Cell Rpts. Phys. Sci., 101184), and for stationary energy storage optimization. NREL has 

incorporated battery lifetime models into several open-source technoeconomic energy system simulation tools, 

such as REOpt ® and System Advisor Model. Presently, NREL is merging ML-based lifetime prediction with 

physics-based electrochemical models. This physics/ML hybrid method promises to improve accuracy across a 

wide variety of use cases, such as during extreme fast charge. It also enables early life prediction by requiring 

less test data, as well as provides transferrable learnings across cell designs and chemistries.   



Batteries 

12 Batteries Program Overview 

 

Figure 9. Calendar degradation of lithium-ion battery predicted by human-expert and ML models with 90% confidence intervals. 

ML models fit aging data with half of the error of human-expert models and have better confidence 

 

 

Figure 10. Validation of ML lithium-ion battery life model on dynamic aging test with monthly variation of cycling and storage. Total 

degradation is the sum of three aging modes identified from accelerated aging test data and fit using ML 

A New Hydrothermal Manufacturing Process for Lithium-Ion Cathodes (ORNL)  

As demand for electric cars increases, so does the need for sustainable production of battery components, 

including cathodes. But a variety of problems are associated with traditional cathodes and the methods of 

processing them. The first obstacle is a reliance on cobalt, a rare metal mined and refined abroad, which poses 

risks to American manufacturing supply chains. The balance of other metals common in cathodes can also 

make the manufacturing process longer and more hazardous. For example, high nickel concentration has led to 

the widespread use of a chemical mixing method for cathode production that requires large quantities of 

ammonia for corrosive reactions. Using the toxic chemical increases costs, heightens health and environmental 

concerns, and wastes large amounts of water to reduce acidity. 

Researchers at ORNL recently developed a new, ammonia free, hydrothermal synthesis process for producing 

Li-ion cathodes, including a cobalt-free cathode material, LiNi0.9Mn0.05Al0.05O2, termed NMA9055 (Figure 

11a). This novel process offers the key advantage of moving the cathode industry to cleaner and more cost-

competitive production while putting less burden on our environment.  The developed material has properties 

like the conventional Co-based cathodes and thus can be seamlessly manufactured and integrated into current 

industrial scale manufacturing techniques. 
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Figure 11. Development of Co-free cathode materials for next generation Li-ion batteries 

Developing low-cost rechargeable lithium-sulfur batteries (Battery500 Consortium)  

The Battery500 Consortium has advanced the performance of a lithium-sulfur (Li-S) battery through 

innovation in battery electrolytes and improved understanding of a polymer-derived sulfur cathode. A 2 Ah 

pouch cell with an energy density of 250Wh/kg (which is competitive with current lithium-ion EV cells) has 

been demonstrated.  

Sulfurized PolyAcryloNitrile (SPAN) is a low-cost material containing no critical materials and is readily 

made by heating sulfur with PAN, an industrial product, at 300-500oC. Unlike elemental sulfur-based 

cathodes, SPAN appears to avoid the generation of soluble polysulfide species, which lead to capacity fade and 

is very sensitive to electrolyte amounts. To enable a long-life Li-SPAN battery, electrolytes need to be stable at 

both the Li anode and the SPAN cathode. The Consortium has developed a localized concentrated electrolyte 

consisting of 1.8 M lithium bis(fluorosulfonyl)imide (LiFSI) in diethyl ether (DEE) and Bis(2,2,2-

trifluoroethyl) ether (BTFE). This electrolyte forms a protection layer on the SPAN surface that prevents loss 

of sulfur to the electrolyte. In addition, Li cycles stably due to the formation of a LiF-rich SEI. Both Li and 

SPAN show around 1000 stable cycles in coin cells using this new electrolyte. 

To further improve the capacity and reversibility of SPAN, it is essential to understand its molecular structure 

and working mechanism. Using chemical analysis, electron microscopy, and surface analysis, we established 

that SPAN undergoes an irreversible transformation during the 1st cycle that reduces its residual hydrogen 

content and produces a more extended conjugated molecular structure. As a result, its electronic conductivity 

increases by > 100x and raises the working potential. This structural feature will serve as a blueprint for design 

of next generation materials. Electrolyte innovation and electrode engineering have allowed the fabrication of a 

first generation 2 Ah Li-SPAN battery with an energy density of 250 Wh/kg, Figure 12. Cycling ended when 

the Li metal anode caused an internal short. Work is in progress to further increase the capacity of SPAN and 

formulate new electrolytes that will extend the cycle life of Li-SPAN batteries. Team members are now scaling 

up SPAN cathode materials to enable more pouch cell manufacturing and testing. 
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Figure 12. Progress of developing a low-cost Li-S battery by the Battery500 Consortium. The sulfur cathode is sulfurized 

polyacrylonitrile (SPAN). (a) and (b), Stable cycling of Li and SPAN in a localized concentrated electrolyte, respectively. (c) 

Demonstration of a 1st Generation Li-SPAN pouch cell of 2 Ah with an energy density of 250 Wh/kg 

High-Performance Low-Cobalt Cathode Materials for Li-ion Batteries (Pennsylvania State University, 

Pacific Northwest National Laboratory, and Oak Ridge National Laboratory) 

Li[NixCoyMn1-x-y]O2 (NCM) cathode materials are a common choice for electric vehicles (EV) batteries due to 

their high energy density and good cycling. However, the increased price of cobalt (Co) over the past few 

years has increased the cost of the NMC. Therefore, developing cathode materials with low or no Co while still 

achieving high energy density and low cost is essential. Unfortunately, the cycling stability of many low-Co 

NMC cathodes is compromised by structural instability, non-uniform strain during cycling, and parasitic 

reactions between the cathode and electrolyte. The coating methods developed in this project are an effective 

strategy for alleviating these issues. 

Specifically, we achieved a LiFePO4 (LFP) coated NCM811 cathode (LFP/NCM811) via a dry coating 

approach, where the nanosized LFP is uniformly coated at the surface of NCM811 particles. Then, 2.5 Ah 

pouch cells were assembled using 10 wt% LFP coated NCM811 cathode and graphite anode. The cathode 

loading is 17.5 mg/cm2, the N/P ratio = 1.1, and the cell achieved 450 Wh/L and 200 Wh/kg. Figure 13 

demonstrates that the pouch cells can cycle stably at room temperature (RT), with capacity retention of 76.7% 

after 2413 cycles. Moreover, the cell could still achieve 67.3% capacity retention after 1609 cycles at 40°C.  

In summary, LiFePO4 coating significantly improves the cycling performance of pouch cells with low-Co 

layered structured cathode. The team continues to investigate more effective coating materials for 

Li[NixCoyMn1-x-y]O2 cathode materials with a cobalt content ≤ 0.04.  
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Figure 13. Capacity retention pouch cells during C/3 cycling at RT and 40°C 
 
Rational electrolyte solvent molecule tuning for high-performance lithium metal and anode free 

batteries (Stanford University and SLAC National Accelerator Laboratory)   

Lithium (Li) metal batteries offer improved energy density compared to current Li-ion batteries but are held 

back by relatively poor cycle life. Conventional electrolytes fall short when paired with Li metal anodes, let 

alone anode-free batteries. To enable practical Li metal and anode-free batteries, several requirements should 

be fulfilled: 1) high Coulombic efficiency (CE) including initial cycles, i.e. fast activation of Li anode; 2) 

anodic stability to avoid cathode corrosion; 3) practical conditions such as lean electrolyte and limited Li 

inventory; 4) high ionic conductivity for realistic cycling rates; 5) moderate Li salt concentration for low cost; 

6) high boiling point and the absence of gassing to ensure processability and safety. 

In 2022, researchers at Stanford University and SLAC investigated a family of fluorinated 1,2-diethoxyethanes 

(fluorinated-DEEs) as electrolyte solvents. Selected positions on DEEs are functionalized with various 

numbers of fluorine (F) atoms through iterative tuning, to reach a balance between CE, oxidative stability, and 

ionic conduction. Paired with 1.2 M LiFSI salt, we found that a partially fluorinated, locally polar –CHF2 

group results in higher ionic conduction than fully fluorinated –CF3 while still maintaining excellent electrode 

stability. Specifically, the best-performing F4DEE and F5DEE both contain –CHF2 group. In addition to high 

ionic conductivity and low and stable overpotential, they achieve roughly 99.9% Li CE with ±0.1% fluctuation 

(Figure 14a) as well as fast activation, i.e. the CEs of the Li||Cu half cells reach >99.3% from the second cycle 

(Figure 14b). Aluminum corrosion is also suppressed due to the oxidative stability that originates from 

fluorination. These features enable roughly 270 cycles in thin-Li||high-loading-LiNi0.8Mn0.1Co0.1O2 (NMC811) 

full batteries (Figure 14c) and >140 cycles in fast-cycling anode-free Cu||LiFePO₄ (LFP) pouch cells (Figure 

14d), both of which are state-of-the-art performances. 

The above solvents can be readily scaled up with low cost. Their high boiling point, high flash point, non-

flammability and absence of gassing issue during battery cycling are desirable features.  
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Figure 14. Cycling performance of Li||Cu half cells, practical Li metal batteries and industrial anode-free pouch cells using 

NMC811 and LFP cathodes 

Explainable machine-learning model for battery aging and lifetime prediction (SLAC National 

Accelerator Laboratory & Stanford University)  

The long lifetime and diverse operating conditions of EV Li-ion batteries is a key bottleneck in the R&D cycle. 

Even under accelerated testing conditions, hundreds to thousands of batteries must be aged for one or more 

years to fully assess the performance and degradation modes, even for just one battery chemistry/cell design. 

As such, accelerating battery testing represents a substantial opportunity to speed up the adoption of new 

battery chemistry and cell design. SLAC National Accelerator Laboratory and Stanford University have 

established the Battery Informatics Lab to harness the power of artificial intelligence and machine learning to 

predict battery performance using minimal experimental data. The goal is this work is three-fold: (1) use early 

aging data to predict battery performance such as cycle life, calendar aging, resistance growth and probability 

of lithium plating; (2) estimate and identify battery degradation modes across a diverse set of operating 

conditions, including real vehicle driving cycles; (3) predict battery aging modes to accelerate materials and 

cell design via rational and actionable feedback.  

We have experimentally demonstrated early prediction of cycle life on both lithium iron phosphate/graphite 

and nickel-cobalt-aluminum/Silicon-graphite cylindrical cells, generating a dataset totaling more than 600 cells 

cycled over four years. The cycling conditions included extreme fast charging conditions (10 minutes to 80% 
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state-of-charge). Using the first 5 to 100 cycles, we successfully predict the cycle life of cells spanning 

hundreds to thousands of cycles, Figure 15. Beyond cycle life, our machine learning model also predicts 

resistance/power fade and other cell characteristics relevant to EVs. Beyond performance predictions, our 

machine learning models are also interpretable, mapping the aging behavior to both cycling conditions (such as 

charging and discharging rates, depth of discharge, and cutoff voltages) to internal cell conditions (such as 

anode and cathode state-of-lithiation).  We expect this artificial intelligence/machine learning approach for 

predicting battery aging and lifetime to dramatically shorten the R&D cycle, from years to month, enabling 

more rapid materials and cell design innovations.   

 

Figure 15.  Early prediction of LFP/graphite cycle life under extreme fast charging conditions using data from the 10th and 100th 

discharge cycle. Reproduced from Severson et al. Nature Energy 4, 383 (2019) 

Zero-cobalt, zero-strain, high-rate cathodes with improved thermal stability (University of California, 

Irvine)  

Cobalt (Co) is considered the highest material supply chain risk for electric vehicle (EV) batteries. However, 

eliminating Co from LiNixMnyCozO2 (NMC) cathodes can exacerbate thermal and chemomechanical 

instabilities due to high-nickel (Ni) concentrations sometimes used, particularly at the material surface where it 

is exposed to reactive electrolyte. In addition, the volume change in high-Ni cathode materials can cause both 

structural degradations and mechanical failures. Another drawback is that nearly all high-Ni cathodes, 

irrespective of Co-level, suffer from intrinsically poor thermal tolerance in the charged (delithiated) state, 

owing to the combination of the strong oxidizability of Ni4+ and oxygen release. Although high-Ni cathodes 

enable higher capacities, it inevitably results poorer stability and abuse tolerance particularly at elevated 

voltages.  

To address these issues, the team at UC Irvine has developed a new class of concentration-complex 

stoichiometric layered oxides3,4 that have 1) zero cobalt content, 2) zero strain (<1% relative volume change) 

between 2.5V – 4.3V window, and 3) high thermal stability. At the same time, they can deliver equal or higher 

capacity, energy density, and rate capability as their NMC counterparts with the same Ni content. They have 

demonstrated two zero-cobalt chemistries. The first has high Ni content (Ni content = 80%, HE-N80) targeting 

high-power and long-range EV applications aiming to displace NMC-811.  Differential scanning calorimetry 

(DSC), capacity, rate capability, and cycling data for HE-N80 is shown in Figure 16 and demonstrates the 

advantage of this material compared to NMC811.  A second cathode with lower Ni content (Ni content = 50%, 

HE-N50), targeting medium-range EV applications, is comparable in energy to NMC-532. Both cathodes have 

excellent cycle life due to the combined effect of zero strain, high oxygen retention, suppressed phase 

transformation and reduced transition metal (TM) dissolution. The manufacturing process of these cathodes are 

the same as NMC-811 and NMC-532 respectively allowing them to be quickly scaled up in domestic 

manufacturing facilities. 
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Figure 16. The electrochemical and thermal stability performance of UCI’s HE-N80 cathode. (a) DSC measurements of charged 

cathodes. (b) Comparison of HE-N80 and NMC-811. (c) Rate capability. (d) Cycle life in a single layer Li-ion pouch cell.   

Enabling Long Cycle Life in High Voltage Co-Free Spinel Oxide Cathode (University of California San 

Diego)  

LiNi0.5Mn1.5O4 (LNMO) is a promising cathode for next generation lithium ion batteries due to its high 

operation voltage (~4.7V) and cobalt-free nature. However, it is still facing challenges such as poor cycling 

stability and low electronic conductivity. In this work, researchers at UCSD developed a dry electrode 

fabrication method to enable high areal loading LNMO (up to 9.5 mAh/cm2, over two times that of current 

electric vehicle battery cells) as shown in Figure 17A. Compared to 3 mAh/cm2 loading, the cell performance 

at this high loading is unaffected. This fabrication method is also a solvent-free process, rendering this method 

environmentally benign. Researchers also used plasma focused ion beam scanning electron microscopy (PFIB-

SEM) to investigate phase uniformity. The results (Figure 17B) show that active materials and conductive 

carbon are uniformly distributed, which allows fast electron transport. 

Assisted with computation at different facets of the material, researchers found that fluoroethylene carbonate 

(FEC) molecules have the highest energy barrier which allows stronger oxidation stability at high voltage 

(Figure 17C). Together with novel all-fluorinated electrolyte, the cycling stability the LNMO/graphite full cell 

is also significantly enhanced (Figure 17D). This developed dry electrode methodology can be applied to other 

cathode materials operating with voltages higher than 4.5 V. 
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Figure 17. (A) Electrochemical performance of both low and high loading LNMO and the SEM cross-sections. (B) PFIB-SEM of dry-

LNMO. Purple represents LNMO, green represent carbon and yellow represents porosity. (C) A three-component framework for the 

computational screening of electrolyte/cathode interface materials (D) Long-term cycling of LNMO full cell. 

Low and no cobalt containing high energy cathodes, (University of Texas at Austin)  

Despite the success of lithium (Li)-ion technology, energy and cost requirements remain extremely stringent, 

especially for electric vehicles (EV). University of Texas at Austin researchers are working to advance Li-ion 

cathodes with no- and low-cobalt high-nickel cathodes produced using industrially scalable methods. The team 

developed a cathode with 85% nickel-content and only 5% cobalt (LiNi0.85Co0.05Mn0.075Al0.02Mg0.005O2, 

NMCAM-85). The cathode achieved over 1,000 cycles in 2Ah pouch cells (1M LiPF6 in EC/EMC (3:7 wt.) + 

2% VC electrolyte), with cathode-level energy densities above 650 Wh/kg (Figure 18). 

Recently, they developed a completely cobalt-free cathode (LiNi0.90Mn0.05Al0.05O2, NMA-90) which delivers 

performance similar to the cobalt-containing NMCAM-85. NMA-90 achieves 500 cycles with 88% capacity 

retention in 200 mAh pouch full cells using the same electrolyte as in the NCAM-85 cells (Figure 19).   

In addition, the team has worked to scale-up cathode synthesis. Cathode production in kilogram quantities 

introduces additional challenges typically overlooked at lab scale. Of critical importance are homogeneous 

dispersion of lithium sources and oxygen diffusion within the precursor bed. The team found that calcination 

crucibles have a critical packing depth, above which the material receives insufficient oxygen. Furthermore, 

heavy crucible loadings caused lithium congregation at the bottom of the crucible. These problems may be 

circumvented by stacking multiple half-filled crucibles inside the furnace, and by remixing the reagents after a 

brief initial heating to redistribute lithium. In doing so, the team produced multiple kilograms of high-

performance cathode material for large-format pouch cells.   
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Figure 18. NMCAM-85 large-format pouch cells (2 Ah) achieve 1,000 cycles with greater than 80% capacity retention, cycled 

between 2.5 – 4.2 V 

 

 

Figure 19. Tailored electrolyte stabilizes cathode performance, allowing cobalt-free NMA-90 to achieve 500 cycles with 88% 

capacity retention 
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I USABC Battery Development & Materials R&D 
The United States Advanced Battery Consortium (USABC) is a subsidiary of USCAR and a cooperative 

agreement with the DOE.  The USABC mission is to develop electrochemical energy storage technologies that 

advance commercialization of next generation EV applications through funding precompetitive development 

contracts. The consortium, comprised of General Motors, Ford, and Stellantis, competitively awards battery 

and material development contracts, for which the recipient contributes a 50% cost share. USABC issues 

requests for proposal information, evaluates submitted proposals, and manages the resulting development 

contracts. The USABC working structure consists of a technical advisory committee (TAC) which makes 

technical recommendations to the USABC management committee (MC).  

USABC has developed mid- and long-term battery goals for EV applications, plug-in hybrid vehicle 

applications, separators, 12V start-stop batteries, and other vehicular applications. In addition, it developed 

standard test procedures to evaluate performance of batteries and progress towards goals.  The goals and test 

procedures can be found at https://uscar.org/usabc/. Table I.0.1 and Table I.0.2 show some of the goals.   

In 2022, the USABC continued to fund and manage multiple contracts in the areas of low cost and fast charge 

EV batteries, beyond Li-ion batteries (i.e. cells using a Li metal anode), high voltage electrolytes, novel 

recycling technology, and prelithiation technology.   

Table I.1 USABC Goals for low-cost/fast-charge advanced batteries for EVs (CY 2023) 

End of Life Parameter Units Value 

Peak Discharge Power Density, 30 s  W/l 1400 

Peak Specific Discharge Power, 30 s  W/kg 700 

Usable Energy Density  Wh/l 550 

Specific Usable Energy (defined at power target) Wh/lg 275 

Calendar Life Years 10 

Cycle Life (25% FC) Cycles 1000 

Cost (@ 250k annual volume)  $/kWh 75 

Normal Recharge Time Hours <7 

Fast Rate Charge Minutes 8 Minutes 80% UE in 15 minutes 

 

Table I.2 USABC Goals for non fast-charge batteries for EVs (CY 2023) 

End of Life Parameter Units Value 

Peak Discharge Power Density, 30 s  W/l 1500 

Peak Specific Discharge Power, 30 s  W/kg 700 

Usable Energy Density  Wh/l 750 

Specific Usable Energy (defined at power target) Wh/lg 350 

Calendar Life Years 15 

Cycle Life (25% FC) Cycles 1000 

Cost (@ 250k annual volume)  $/kWh 100 

Normal Recharge Time Hours <7 

 

https://uscar.org/usabc/
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The rest of this chapter contains detailed reports on the status of the following individual projects. 

• Fast-Charge and Low-Cost Lithium Ion Batteries for Electric Vehicle Applications (Ionblox) 

• Low-Cost, High Safety Fast Charge Automotive Cells (Microvast, Inc.) 

• Low-Cost and Fast-charging Lithium-ion Battery based on Neocarbonixtm NMP/PVDF-binder Free 

Electrode Processing for EV Applications (Nanoramic) 

• Evaluation of Advanced Li-ion Cell Architectures for Extreme Fast Charging (XFC) Batteries for 

Electric Vehicles (EnPower, Inc.) 

• Solvent-free Electrode Manufacturing for Low Cost/Fast Charging Batteries (Worcester Polytechnic 

Institute) 

• Development of Advanced Low-Cost / Fast-Charge (LC/FC) Batteries for EV Applications (Farasis 

Energy USA) 

• Pre-lithiation of Silicon-containing Anodes for High-Performance EV Batteries (Applied Materials, 

Inc.) 

• Electrolyte Development: High Performance Electrolyte for High Voltage Batteries (Gotion) 

• Strategic Collaboration for the Development of a Self-Sustaining Model for the Recycling of Large-

Format Lithium-Ion Batteries (American Battery Technology Company) 

• Silicon-based EV Cells Meeting Cost, Calendar Life and Power (Ionblox, Inc.) 

• Low-cost, Fast-charging Silicon Nanowire Cell Technology (Amprius).  
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I.1 Fast-Charge and Low-Cost Lithium Ion Batteries for Electric 
Vehicle Applications (Ionblox) 

Herman Lopez, Principal Investigator 

Ionblox Inc. 

3390 Gateway Blvd. 

Fremont, CA 94538 

E-mail: herman@ionblox.com  

Brian Cunningham, DOE Technology Development Manager 

U.S. Department of Energy 

E-mail: brian.cunningham@ee.doe.gov  

Start Date: February 1, 2019 End Date: June 30, 2022  

Project Funding: $1,245,738  DOE share: $622,869 Non-DOE share: $622,869 
 

Project Introduction 

To reduce our dependence on fossil fuels and decrease greenhouse gas emissions, electric vehicles (EVs) have 

received intense attention as a possible solution.  Electrification of automobiles is gaining momentum with the 

main barrier preventing widespread adoption being the lack of available low cost, high energy, fast-charging 

and safe energy storage solutions.  Lithium-ion batteries (LIBs) are presently the best energy storage solution 

used in current and upcoming EVs.  Further improvements to the performance of LIBs by integrating high-

capacity active materials, novel passive components and unique cell designs will be critical for the success and 

mass adoption of EVs. 

This project has been based on developing novel electrolyte formulations, optimized cell designs and a 

scalable pre-lithiation solution that enables the use of high-capacity silicon oxide anodes that would result in 

lithium-ion batteries capable of meeting the Low-Cost and Fast-Charge (LC/FC) USABC goals for advanced 

EV batteries in CY 2023.  High specific capacity anodes containing high amounts of active silicon (>50%), 

Nickle-rich Ni-Co-Mn (NCM) cathodes and uniquely tailored electrolyte formulations have been integrated in 

large capacity (10-50 Ah) pouch cells targeting Fast-Charge and Low-Cost energy solutions.  During this 

program, Ionblox has demonstrated Fast-Charge and Low-Cost LIBs maintaining other performance 

requirements of EV cells, including energy, power, cycle life, calendar life, and safety. 

Objectives  

The key objectives in this program are: 

 

• Develop unique electrolyte formulations integrating commercially available organic solvents, salts and 

additives that will improve performance with Silicon anodes and Ni-rich NCM cathodes. 

• Evaluate and support the development of a pre-lithiation solution for high capacity and high percent 

active silicon anodes addressing manufacturability, reproducibility, cost, and safety. 

• Develop optimized cell designs to build and deliver cells that will meet the USABC EV battery goals for 

commercialization in calendar year 2023. 

• Evaluate and integrate cost effective and high performing active and passive materials, processing steps 

and cell designs to meet the Low-Cost and Fast-Charge targets. 

• Build, deliver and test large format (10 Ah - 50 Ah capacity) pouch cells integrating optimized high-

capacity silicon-based anode, NCM cathode, electrolyte, separator and pre-lithiation to meet the USABC 

EV goals of fast-charge, low cost, energy, power, cycle life, calendar life, safety, and temperature. 

mailto:herman@ionblox.com
mailto:brian.cunningham@ee.doe.gov
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Approach 

Ionblox has utilized a system-level approach to screen, develop and optimize the critical cell components 

(cathode, anode, electrolyte, separator), pre-lithiation process (process, dose), cell design (N/P ratio, electrode 

design) and cell formation and testing protocols that would enable meeting the USABC EV cell level goals for 

the year 2023.  The development was based on integrating pre-lithiated silicon-based high-capacity anodes, 

high-capacity Ni-rich NCM cathodes, high voltage electrolytes and composite separators into large capacity 

(10-50 Ah) pouch cells.  The developed cells were optimized to meet the Low-Cost and Fast-Charge targets 

along with high energy density and power, good cycle life and calendar life, safety, and low and high 

temperature performance.  During the program, Ionblox used three cell build iterations to meet the program 

targets and deliver cells to the National Laboratories for independent testing.  Cells have been tested both at 

Ionblox and independently by three National Laboratories: Idaho National Laboratory (INL), Sandia National 

Laboratory (SNL) and National Renewable Energy Laboratory (NREL). 

During the program, Ionblox leveraged its material, processing and cell design and development expertise to 

screen, engineer and optimize various electrolyte formulations, pre-lithiation approaches and cell design 

solutions addressing the challenges associated with meeting the USABC Low-Cost and Fast-Charge cell 

targets.  Ionblox identified development areas that have been addressed and improved during the program.  

Significant material and cell development in the areas of electrolyte engineering, pre-lithiation development 

and cell design engineering have been implemented.  Material and cell development typically started at the 

coin-cell level where initial screening, testing and optimization took place.  Ionblox has extensive experience 

working with coin-cells ensuring that identical electrode formulations, specifications, cell designs, 

components, formation, etc. are identical to what is used in the pouch cell designs and therefore ensuring 

similar results are obtained.  Once the critical parameters were optimized at the coin-cell level, results were 

validated and fine-tuned at the pouch cell level typically in 12 Ah capacity pouch cells. 

Ionblox has shown a path for their silicon-dominant cell technology to meet the USABC program EV cell cost 

target of 75 $/kWh.  The path to reach the target cell cost is achieved by several approaches.  First, the high 

energy density of the cells increases the kWh of a given system, which reduce the $/kWh ratio and cost target 

gap.  In addition, by utilizing a high-capacity silicon-based anode, the quantity of active material reduced, and 

cost decreased.  While the current costs for silicon oxide and pre-lithiation are higher compared to graphite-

based cells, Ionblox continues to evaluate and qualify cost effective options and believes that the cost of these 

important components and processes will continue to decrease significantly as existing suppliers scale 

production and additional suppliers come online.  Ionblox has identified and qualified cost-effective silicon 

suppliers that are projecting similar costs to graphite once manufacturing production levels continue to scale.  

Ionblox has also partnered with a cell manufacturing partner and equipment vendors to build pre-lithiation 

equipment capable of meeting the Low-Cost and manufacturing program targets. 

During the duration of this program, Ionblox met the majority of the USABC Low-Cost and Fast-Charge cell 

specifications by integrating silicon-dominant anodes, unique electrolyte formulations and cell designs that 

have improved fast charging, cycle life and calendar life.  The final cell build of the program is anticipated to 

further improve the calendar life and cost of the cells by integrating an optimized electrolyte formulation and a 

lower cost pre-lithiation solution, respectively. 

The program consists of 3 cell builds that include a baseline cell build at the beginning of the program (CB#1), 

a second cell build (CB#2) midpoint in the program and a final cell build (CB#3) at the conclusion of the 

program.  The cell builds were structured in a way that as the program progressed, the cell targets increased 

with respect to specific energy, energy density, and cycle life and lowered with respect to cell cost. 

Figure I.1.1 shows the projected usable BOL (beginning of life) and EOL (end of life) cycle life (a), cell cost 

(b), specific energy (c) and energy density (d) for the three cell builds.  The measured cell paraments and 

calculated cost for the baseline cells (CB#1), CB#2 and final CB#3 cells are shown in the figure.  Cycle life at 

100% fast charge (4C rate - 15-minute) from CB#1 is already nearing the target 1,000 cycles and Zenlabs 
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anticipates CB#2 and CB#3 to exceed the cycle life target.  Cell cost for CB#2 is identical to CB#1 and higher 

than anticipated because CB#2 continued to use the costlier pre-lithiation process.  CB#3 was intended to use a 

cost effective pre-lithiation solution that would greatly reduce the cell cost.  There are two cost calculations for 

CB#3, the first uses a costlier lithium metal powder Pre-Li process and the second uses a more cost-effective 

Li-doped SiOx material that eliminates the need for Pre-Li.  CB#1, CB#2 and CB#3 are on track with the 

anticipated specific energy, energy density and cost targets. 

 

 

Figure I.1.1 Projected & measured cell performance progression throughout the program CB#1, CB#2, & CB#3 

Results  

Development during 2022 focused on delivery and testing of the final program Cell Build #3 (CB#3) cells both 

at Ionblox and at the National Labs (INL, NREL, SNL).  This USABC program was completed on June 30, 

2022, with the successful completion of the final cell deliverable (CB#3) to the National Labs and submission 

of the final USABC program report. 

For the final CB#3 cell deliverable of the program, cathode #19 and electrolyte #50 were down-selected based 

on capacity retention, resistance growth, cycle life, gassing, and fast charge rate performance.  CB#3 used two 

different approaches to compensate for the high irreversible capacity loss (IRCL) of the SiOx anodes.  The first 

approach used lithium metal powder as the pre-lithiation source and the second used Li-doped SiOx anode 

with low IRCL.  As shown in Figure I.1.2, two different cell formats were prepared and delivered to the 

National Labs as the final CB#3 cell deliverable.  39 cells of 12 Ah capacity footprint and 5 cells of 50 Ah 

capacity footprint lithiated by lithium metal powder were delivered to the National Labs for independent 

testing. 6 additional cells of 12 Ah capacity footprint prepared by Li-doped SiOx were also delivered to Idaho 

National Laboratory. 
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Figure I.1.2 Footprints for 12 Ah and 50 Ah pouch cells that were prepared for CB#3 

CB#3 Pouch Cells Performance Measurements at Ionblox 

Cell performance measurements are ongoing at Ionblox in parallel with the testing at the National Labs.  The 

testing status of the CB#3 cells at Ionblox is ongoing and are summarized in Figure I.1.3.  Testing results will 

continue to be presented in future USABC reports as part of the new USABC program. 

 

 

Figure I.1.3 Status of ongoing performance testing on baseline pouch cells 

CB#3 Pouch Cells- 12 Ah Footprint 

The 70 cells that were built as part of CB#3 showed consistent capacity, energy, OCV, weight and thickness.  

The summary of these measurements is shown in Figure I.1.4.  The cell results are consistent across the cells 

with standard deviations < +/- 1% across the measured capacity, average voltage, thickness, and energy. 

The capacity and energy measurement during charge and discharge on eight 12 Ah cells are shown in Figure 

I.1.5.  The identical measurements confirm consistent charge and discharge curves for both energy and 

capacity. 

The power and resistance measurements in Figure I.1.6 show that the CB#3 cells at RPT-0 are meeting the 

discharge and Regen power requirements of the USABC program.  Additionally, these measurements confirm 

consistent power and resistance results for eight cells. 
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Figure I.1.4  Measurements (Capacity, Average Voltage, Thickness, Weight, Energy) on CB#3 cells after formation for 12 Ah cells. 

 
 

 

Figure I.1.5 Capacity and energy measurement versus voltage during charge and discharge for 12 Ah pouch cells. 

 

 
 

Figure I.1.6 Power and resistance measurement versus depth of discharge for 12 Ah pouch cells 
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CB#3 Pouch Cells- 50 Ah Footprint 

The capacity, OCV, resistance, average voltage, weight, thickness and energy measurements from 50 Ah 

footprint cells are summarized in Figure I.1.7. The measurements confirmed the consistency in cell production 

standard deviations of < +/-1%. 

 

Figure I.1.7 Measurements (Capacity, OCV, Resistance, Average Voltage, Weight, Thickness and Energy) after formation on 50 Ah 

footprint cells 

 

CB#3 Pouch Cells- Cycling Data 

During 2022, the CC-CV cycling tests of two CB#3 cells completed.  The CC-CV cycling results at standard 

1C/1C rate and fast charge (4C/1C rate) are shown in Figure I.1.8.  The measurements show the cycling data of 

~850 cycles before the cells reach 80% capacity retention cycled at room temperature under a 1C/1C charge 

and discharge rate at the voltage window of 4.2V to 2.5V.  The cycle life results under a 4C/1C rate CC-CV 

cycling protocol (4.2V to 2.5V) show ~450 cycle before reaching 80% capacity retention. 

 
 

Figure I.1.8 Cycling of two 12 Ah cells (CB#3) prepared with lithium metal powder at 1C/1C rate (left) and 4C/1C rate (right) at 

room temperature. 
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The summary of the measured performance vs USABC requirements and the Gap Chart of the CB#1, CB#2, 

and CB#3 cells are shown in Figure I.1.9.  The table shows the data for CB#1 (DST cycling at 0% fast charge, 

DST cycling under 100% fast charge, and Calendar life at 30˚C), CB#2 and CB3 BOL and estimated EOL.  

The EOL values for CB2 & CB3 are estimated because the testing is ongoing.  As the program progressed, the 

goals for the different cell builds increased with respect to cycle life, specific energy, energy density, and 

decreased for cell cost.  The cell cost for CB#2 did not decrease as anticipated.  Reduction in cell cost ($/kWh) 

for the final cell build of the program took place by integrating a lower cost lithiation method using Li-doped 

SiOx.  CB#3 consists of two types of cells integrating lithium metal powder pre-lithiation and Li-doped SiOx.  

The cost for CB#3 cells using lithium doped SiOx is lower because there is no additional pre-lithiation cost 

that is required.  Ionblox leveraged its learning from previous USABC programs and focused on all aspects of 

the cell to enhance the fast-charge capability and decrease cost while meeting the various USABC cell 

performance metrics (capacity, energy, power, cycle life, calendar life, safety, and high and low temperature 

performance).  The cell specifications for CB#1 exceeded the cycle life and energy goals at the beginning of 

the program with cell cost being above the target.  Energy specifications for CB#2 and CB#3 at the beginning 

of life also meet the anticipated program targets.  Cycle life and calendar life testing for CB#2 and CB#3 are 

ongoing at INL and at Ionblox.   

 

Figure I.1.9 Gap chart showing the USABC Targets versus data for CB#1, CB#2 & CB#3. 
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Conclusions   

The program focused on meeting the USABC low-cost and fast-charge USABC EV cell targets by developing 

novel electrolyte formulations, a scalable pre-lithiation solution that enabled the use of high-capacity silicon 

oxide anodes, and optimized cell designs.  In addition to the low-cost and fast-charge specifications, the cells 

also needed to meet the energy, power, rate, temperature, and safety metrics associated with the USABC EV 

cell targets.  At the conclusion of the program, the extensive materials, processing, and design development 

culminated in multiple cells builds (CB#1, CB#2, & CB#3) that were delivered to the National Labs for 

independent validation of performance.  From the data collected from CB#1 by the National Labs, the cells 

showed high energy density (>320 Wh/kg), high specific energy (>800 Wh/L), high discharge and Regen 

power (>1500 W/kg), fast charging capabilities (80% of the C/3 capacity in a 10-minute charge), long cycle 

life at a 3hr charge (1456 DST cycles), long cycle life at a 15-minute charge (920 DST cycles), long calendar 

life at 30˚C storage (> 2 years with >90% capacity retention) and low cost (projected < $100/kWh).  Cell 

testing of CB#2 and CB#3 continue, and results will be updated in future reports. 

Testing results from both CB#2 and CB#3 will continue to be updated during the new Ionblox Fast-Charge and 

Low-Cost USABC program.  The new USABC program continues to focus on meeting all USABC EV cell 

specifications with special attention to meeting Calendar life, minimizing impedance growth and meeting the 

cell cost targets.   
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I.2 Low-Cost, High Safety Fast Charge Automotive Cells 
(Microvast, Inc.) 

Wenjuan Mattis, PhD 

Microvast, Inc. 
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Orlando, FL 32826 
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Project Introduction 

Automakers worldwide have announced plans to begin transitioning from gasoline powered vehicles to ones 

driven via electricity. To make these bold adoption plans a reality the lithium-ion battery must continue to 

improve so electric drive trains can become competitive in cost and convenience to a traditional gasoline 

powered vehicle. 

Making the battery cost less is quite challenging, specifically for higher energy or higher power cells, as raw 

materials make up a significant portion of the batteries cost; meaning the most significant cost benefits must 

arise from lowering the material prices. Metals such as Li, Cu, Co, Ni, and Al are heavily used in today’s 

battery cells with cobalt being the most expensive and least sustainable, historically. Therefore, one of the most 

immediate challenges facing the Li-ion battery community today is how to eliminate the use of cobalt while 

still having a high-performance material, especially if cost parity to internal combustion engine vehicles is to 

be achieved.  

Fast charge creates additional technical complications that must be overcome, mostly in high energy cells. It is 

well-documented that Li plating and dendrite formation can occur, potentially leading to performance or safety 

issues as the cells continue to age.   

Objectives 

This project is designed to develop low-cost (i.e., approaching 75 $/kWh when manufactured at significant 

scale), high energy (> 310 Wh/kg), fast charge (< 15-minutes) Li-ion battery cells for use in electric vehicles. 

These three terms have historically not been possible in one cell system, so careful engineering is necessary to 

prepare a cell capable of meeting the power, energy and cost goals. In addition, the designed cell must consider 

effects from temperature (hot and cold conditions), as well as safety, for the technologies under development 

to be practically applied in a mainstream product. 

Approach 

In order to develop a high energy, low-cost, fast charging, and safe battery cell for automotive applications, 

every aspect of the cell's components must be considered. A Li-ion cell is a complex system, and, as such, each 

component within the cell can influence the cell’s eventual specifications.  

One of the most important aspects of this project is to lower the cobalt content in the cathode while 

simultaneously providing high capacity and durability. Eliminating cobalt is a significant technical challenge, 

primarily because its use in the cathode does provide positive impact to material performance on matters such 

as capacity, stability and rate. So, to reduce cobalt without sacrificing performance, the project will employ full 

concentration gradient (FCG) cathode technology. FCG, as a designer cathode, will allow cobalt to be 
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minimized and selectively delivered spatially within the cathode material to maximize its utility within the 

powder particle.  

Another unique material approach being explored in this project is the use of a fast charge electrolyte additive 

that provides dual passivation to the SEI and CEI. A stable interface is important to slow resistance growth; 

however, it hinders fast charge. The project will develop a new synthesis process for this compound which is 

intended to lower the cost of production.  

The project cell will also integrate a graphite/silicon composite based anode blend to help provide energy 

density for the cell. In addition, it will incorporate Microvast’s specialty aramid separator that aids in cell 

safety, as it is significantly more stable thermally than traditional polymer or polymer ceramic coated materials 

used in automotive cells today. Through the combination of these advanced materials, the project goals for a 

low-cost, fast charge cell will be attained.  

Results  

To evaluate the cell performance, USABC requested three testing conditions be considered: 0% fast charge 

cycles, 25% fast charge cycles or 100% fast charge cycles with a dynamic stress test (DST) discharge in all 

cases. The cells delivered at the end of year 1 (260 Wh/kg, graphite anode) were removed from testing after 

2,000 cycles this past year to clear channel space. One interesting trial was the impact of using a C/3 charge 

after fast charge to return the battery to 100% state of charge (SOC) before the DST occurs (Figure I.2.1). By 

topping off the SOC before the energy metered DST, the cycle life more than doubled on a battery undergoing 

only fast charging under the prescribed test conditions.  

 

Figure I.2.1 Discharge capacity at RPT of year 1 deliverable cells undergoing DST cycling 

The main effort in the past year has been to increase the energy density of the project batteries in order to reach 

the goal while still maintaining fast charge performance. A set of cells with ~300 Wh/kg was delivered to 

USABC for testing validation. The performance is still under test, but some progress is shown in Figure I.2.2. 

These higher energy cells do show lower cycle life under 100% fast charge testing, but the 25% fast charge 

retention shows good promise. These cells can reach high energy density because the cathode is higher in Ni 

content, and the anode charge storage was improved by more than 25%. The cell, despite being near 300 

Wh/kg, shows very little thermal change during the 3C fast charge with recorded temperature rise never going 

beyond 10 0C at the anode tab when multiple cells were evaluated at beginning of life.  
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Figure I.2.2 Discharge capacity at RPT of year 2 deliverable cells undergoing DST cycling 

The cells delivered were also tested at Microvast for some basic safety performance (overcharge, short circuit, 

thermal stability and crush). Using an international standard as the testing condition, all cells were found to 

pass the safety testing. Developing a battery that is safe is of key importance. The fact that our cell is showing 

tolerance to abuse testing is very encouraging. The changes in value from year 1 to year 2 are presented in 

Table I.2.1. 

 

Table I.2.1 Percent change in cell values between year 1 and year 2 deliverable cells 

Characteristics at 30°C (BOL) Units Improvement 

Available Energy Density 
Wh/L 19% 

Specific Available Energy 
Wh/kg 17% 

Usable Energy Density 
Wh/L 20% 

Specific Usable Energy (defined at power target) 
Wh/kg 15% 

Fast Charge DST Depth 
Minutes 33% 

Fast Charge Rate 
C 36% 

30s Discharge Power @ UET 
W/kg -17% 

10s Regen Power @ 20%DOD 
W/kg -24% 

 

In the past year a prototype cell has also reached the > 310 Wh/kg energy density goal that the project set for 

fast charge cells. The 55 Ah cells show very similar performance to date compared to cells built > 290 Wh/kg, 

which saw many cells able to cycle over 900 times under the 100%FC conditions. The prototypes meeting the 

energy density require further evaluation and improvement to meet all the USABC project objectives, but it is 
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encouraging that the energy density and fast charge cycle life are on track to meet project goals by the project 

end.  

Conclusions    

The project is showing good progress in developing a 310 Wh/kg fast charge Li-ion battery. After year one's 

focus on materials (cathode & electrolyte additive), this year centered on developing the cell to reach the target 

energy density goals while still providing fast charge. There is some power loss as the cell grows in energy 

density, but overall, most performance metrics are increased from year 1 to year 2. In addition, it appears very 

feasible to reach > 1,000 cycles with our cell designs when cycling against the USABC protocols.  

Acknowledgements  

Microvast would like to thank Vijay Saharan, our USABC program manager, and all the members of the 

USABC work group for their advice and support during the project.  

 

 
 

  



FY 2022 Annual Progress Report 

 USABC Battery Development & Materials R&D 35 
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Project Introduction  

Nanoramic has re-invented the way electrodes are manufactured by completely removing high molecular 

weight polymers such as PVDF and the toxic NMP solvent from the active material layer. This dramatically 

improves LiB performance while decreasing the cost of manufacturing and the capital expenditures related to 

mixing, coating, and drying, NMP solvent recovery, and calendering. In the Neocarbonix™ (NX) electrodes, a 

3D nanoscopic carbon matrix works as a mechanical scaffold for the electrode active material and mimics the 

polymer chain entanglement. Chemical bonds are also present between the surface of the carbon, the active 

materials, and the current collector promoting adhesion and cohesion. As opposed to polymers, however, the 

3D nanoscopic carbon matrix is very electrically conductive, which enables very high power (high C-rates). 

This scaffold structure is also more suitable for producing thick electrode active material, which is a powerful 

way to increase the energy density of LiB cells. 

Objectives  

• Nanoramic aims to advance the Li-ion battery energy storage devices ("pouch cells") by combining 

Ni-rich NMC/NCMA (or other new types) Neocarbonix cathodes and Si-dominant (Si element 

weight% ≥50%) Neocarbonix anodes.  

• The R&D objectives of this LCFC EV battery project include (see Table I.3.1): 

1. LCFC-EV battery cell capacity ≥ 9-10 Ah at BOL (with some 65 Ah large cells). 

2. LCFC-EV battery energy density: ≥ 330 Wh/kg, ≥ 850 Wh/L at BOL. 

3. LCFC-EV battery fast-charging: 80%SOC in 15 mins. 

4. LCFC-EV battery DST cycle life with C/3 charge at 30⁰C: 1000 cycles with C/3 capacity 

retention ≥ 80%. 

5. LCFC-EV battery DST cycle life with ≥3.5C 15 mins fast-charge (25%FC) at 30⁰C: 1000 cycles 

with C/3 capacity retention ≥ 80%. 

6. LCFC-EV battery cost ≤ $79/kWh at BOL. 

• Timeframe: 30 months 

• Budget and Cost Share: Total project budget ~$3.6M, 50% cost share. 

• PI: Dr. Ben Cao (Program Manager and Technical Lead) 

• Co-PI: Dr. Ji Chen (Electrode Engineering Lead). 
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Table I.3.1 LCFC-EV Neocarbonix Battery Parameters 

LCFC-EV Neocarbonix Battery Parameters at BOL Descriptions 

Cell Capacity ≥65 Ah 

Specific Energy ≥330 Wh/kg 

Energy Density ≥850 Wh/L 

Fast-charging 15 mins ≥80%SOC 

DST Cycle Life with C/3 Charge at 30⁰C ≥1000 cycles with 80% capacity retention 

DST Cycle Life with ≥3.5C 15 mins Fast-Charging 

(25%FC) at 30⁰C 

≥1000 cycles with 80% capacity retention 

Cost ≤ $79/kWh 

Approach 

Nanoramic has accomplished several sub-tasks proposed in the Statement of Work (SOW).  The milestones are 

shown below. 

• Neocarbonix (NX) Ni-Rich NMC/NCMA Electrode Development 

• Neocarbonix (NX) Low-Cost Silicon Anode Electrode Development 

• Neocarbonix (NX) 14 Ah Battery Cell Development & Performance 

• Neocarbonix (NX) Si-C Anode Electrode Pre-Lithiation (40-50 wt.% Si Element Content) 

• Low-Cost Micro-Si Dominant Anode Electrode Development (Higher Si element wt.%≥80%) 

Progress 

• Neocarbonix (NX) Si Anode Electrolyte Development (Higher Si Element wt.%≥80%) 

• Neocarbonix (NX) NCM91||Si 4.5Ah Battery Prototype Cell Development (Based on current USABC 

developed NX electrodes) 

• Neocarbonix (NX) Ni-Rich NCM||Si ~4Ah Battery Prototype Cell Safety Test Performance (3rd Party 

Validation Results). 

Figure I.3.1 shows the SOW plans for budget periods in 2022 and 2023. 
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Figure I.3.1 SOW Plans for Budget Periods for 2022 and 2023 

Results 

Neocarbonix (NX) Ni-Rich NMC/NCMA Electrode Development 

In this quarter, next generation Ni-rich NMC/NCMA (Ni%≥90%), high specific capacity, low-cost cathode 

active material (CAM) has been evaluated to decide which CAM will be utilized in the final LCFC-EV battery 

design. The decision of which CAM to be used is still pending to wait for more evaluation results from cell 

testing.  Results for this task are shown in the figures below (Figure I.3.2 to Figure I.3.5). 
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Figure I.3.2 Results for Neocarbonix (NX) Ni-Rich NMC/NCMA Electrode Development 
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Figure I.3.3 Results for Neocarbonix (NX) Ni-Rich NMC/NCMA Electrode Development (continued) 
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Figure I.3.4 Results for Neocarbonix (NX) Ni-Rich NMC/NCMA Electrode Development (continued) 
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Figure I.3.5 Results for Neocarbonix (NX) Ni-Rich NMC/NCMA Electrode Development (continued) 

Nanoramic has demonstrated >3x faster coating speed (60m/min) in R2R coating during the manufacturing 

process of the NX NCM91#1 Cathode Electrode compared to the conventional NMP method (~12-15 m/min) 

using the same oven size (18m). 

Neocarbonix (NX) Low-Cost Silicon Anode Electrode Development 

In this quarter, Nanoramic has developed NX Si-dominant anode electrode with lower-cost micro-size Si-C 

anode active material (AAM).  Results for this task are shown in the figures below (Figure I.3.6 to Figure 

I.3.13). 
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Figure I.3.6 Results for Neocarbonix (NX) Low-Cost Silicon Anode Electrode Development 
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Figure I.3.7 Results for Neocarbonix (NX) Low-Cost Silicon Anode Electrode Development (continued) 
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Figure I.3.8 Results for Neocarbonix (NX) Low-Cost Silicon Anode Electrode Development (continued) 

 

• Neocarbonix LC Si-C#2 anode material based NX various formulations. 

o Micro-Size Si-C#1 Control (Same as TAP)  

o Low-Cost (LC) Micro-Size Si-C#2 Test Group (50% cost in $/kg of Si-C#1 control): LC Si-

C#2   

o NX NCM91 cathode loading: ~5.8 mAh/cm2 with 3.65 g/cm3 press density 

• Initial HPPC DCIR check shows that LC Si-C#2 best formula-1 still has higher resistance compared 

with NX Si-C#1 control old formulas.   
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Figure I.3.9 Results for Neocarbonix (NX) Low-Cost Silicon Anode Electrode Development (continued) 

 

• For NX LC Si-C#2 AAM with various new NX formulations, the New Fomula-1 performs the best on 

Crate discharge tests in average.  (See adjacent figure.) 

• Comparing the NX LC Si-C#2 new formula-1 with NX Si-C#1 control two old formulas; it achieves 

similar Crate performance as the control-old-formula-1 but still show worse performance compared 

with control-old-formula-2 in average. 

 

 

Figure I.3.10 Results for Neocarbonix (NX) Low-Cost Silicon Anode Electrode Development (continued) 

 

• When the C/3 capacity retention % is compared before and after Crate discharge cycling, after 30 

cycles, the New Formula-3 shows the highest retention % (~94.1%) which is ~0.4% higher than New 

Formula-1 (best Crate mAh/cm2 performance formula) (~93.7%). (See the adjacent figure.) 
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Figure I.3.11 Results for Neocarbonix (NX) Low-Cost Silicon Anode Electrode Development (continued) 

 

• After 30 cycles various Crate tests, NX LC Si-C#2 New Formula-1 shows the highest C/3 capacity 

retention % (~93.7%) compared with the control groups. (See the adjacent figure.) 

 

 

Figure I.3.12 Results for Neocarbonix (NX) Low-Cost Silicon Anode Electrode Development (continued) 

• After 250 cycles of 1C1C cycling, NX LC Si-C#2 New Formula-1 shows the highest capacity 

retention % ~88.0% and a Delta V increase of 13.50% compared with the control groups of ~84.6% 

Capacity Retention and 23.13% increase in Delta V. (See the adjacent figure.) 
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Figure I.3.13 Results for Neocarbonix (NX) Low-Cost Silicon Anode Electrode Development (continued) 

 

Neocarbonix (NX) 14 Ah Battery Cell Development & Performance 

The results for Neocarbonix (NX) 14 Ah Battery Cell Development & Performance are summarized in the 

figures below. Results are shown in the figures below (Figure I.3.14 to Figure I.3.19). 

 

Figure I.3.14 Results for Neocarbonix (NX) 14 Ah Battery Cell Development & Performance 
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Figure I.3.15 Results for Neocarbonix (NX) 14 Ah Battery Cell Development & Performance (continued) 
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Figure I.3.16 Results for Neocarbonix (NX) 14 Ah Battery Cell Development & Performance (continued) 
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Figure I.3.17 Results for Neocarbonix (NX) 14 Ah Battery Cell Development & Performance (continued) 
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Figure I.3.18 Results for Neocarbonix (NX) 14 Ah Battery Cell Development & Performance (continued) 

 

UPDATE NOTE: Previous data for LIB Cycling performance shown was for 300 cycles with a ~92.3% 

Capacity retention.  
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Figure I.3.19 Results for Neocarbonix (NX) 14 Ah Battery Cell Development & Performance (continued) 

UPDATE NOTE: Previous data for LIB Cycling performance shown was for 98 cycles with a ~96.2% 

Capacity retention.  

Nx si-c anode electrode pre-lithiation (40-50 wt.% si element content) 

The results for NX Si-C ANODE ELECTRODE PRE-LITHIATION (40-50 wt.% Si Element Content) are 

shown below. Results for this task are shown in the figures below (Figure I.3.20 to Figure I.3.27). 

 

 

 

Figure I.3.20 Results for NX Si-C ANODE ELECTRODE PRE-LITHIATION (40-50 wt.% Si Element Content) 

 



FY 2022 Annual Progress Report 

 USABC Battery Development & Materials R&D 53 

Various prelithiated NX Si-C#2 anodic half cells were tested with 0.2-0.7 mAh/cm2 of prelithiation. 

Test Protocol (Control and Prelithiated Anodic Half-Cell) 

• Formation (2x) 

o CC Charge (C/10) to 5 mV + CV at 5 mV to C/20 

o CC Discharge (C/10) to 1.0V. 

• Cycling  

o C/5 (2x) 

o C/3 (20x) 

o C/2 (20x). 

Physical observations of electrode post lithiation: 

• Electrode remains flat with no curling 

• No discoloration 

• No edge delamination. 

Full Cell Formation and Cycling 

Prelithiated bicell capacity retention at 75 cycles improved by ~3.5% under 4.3-2.75 V higher voltage cutoff 

C/3 cycling test. (See adjacent figure.) 

 

Figure I.3.21 Results for NX Si-C ANODE ELECTRODE PRE-LITHIATION (40-50 wt.% Si Element Content) (continued) 
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Test Protocol (Control and Prelithiated Full Cell: 2-layers cathode +1-layer anode bicells) 

1. Conditions 24 hr. soak at 45⁰C: 

• Formation and Cycling at 26.5⁰C 

• Clamp pressure:  60 psi. 

2. Formation (2x): 

• CC Charge (C/10) to 4.3V + CV at 4.3V to C/20 

• CC Discharge (C/10) to 2.75V. 

3. Cycling:  

• C/5 (x2) 

• C/3 (ongoing cycles). 

 

Prelithiated bicell shows higher average CE% during cycling under 4.3-2.75 V higher voltage cutoff C/3 

charge-discharge test. (See adjacent figure.) 

 

Figure I.3.22 Results for NX Si-C ANODE ELECTRODE PRE-LITHIATION (40-50 wt.% Si Element Content) (continued) 

Prelithiated bicell shows ~9% improvement in specific energy at cycle#75 during cycling under 4.3-2.75 V 

higher voltage cutoff C/3 charge-discharge test. 

The specific energy density was calculated based on active electrode weight (cathode + anode electrode 

weight) for both Control cells and Prelithiated (PL) cells. 
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Figure I.3.23 Results for NX Si-C ANODE ELECTRODE PRE-LITHIATION (40-50 wt.% Si Element Content) (continued) 

Nx Si-C Anode Electrode Pre-Lithiation (40-50 wt.% Si Element Content) Conclusions 

By cycle 75 under 4.30-2.75 V C/3 cycling, prelithiated full cells demonstrate the following gains relative to 

controls: 

• >3.5% Improvement in Capacity Retention 

• Obvious Improvement of Coulombic Efficiency (CE) % during C/3 Cycling 

• ~9% Increase in Specific Energy based on Active Electrode Total Weight. 

Next steps: pre-lithiation cost model analysis will be conducted to see the impact on $/kWh while it improves 

the energy density (Wh/kg) and cycling performance. 

Prelithiation Mass Production Cost-Benefit Model 

Cost-benefit model incorporates energy, capacity, and cycle life benefits of prelithiation to any specific cell 

design, as well as including primary prelithiation operating costs, formation, and related costs savings. 

The cost model is based extensive preliminary engineering such as raw materials, labor, preliminary estimate 

of capital deprecation, and US energy, labor, and water rates. (See adjacent figure.) 
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Example Prelithiation Design Line: 

 

Figure I.3.24 Results for NX Si-C ANODE ELECTRODE PRE-LITHIATION (40-50 wt.% Si Element Content) (continued) 

• 700mm anode 

• Planned 7x24 operations 

• Modular design – scalable production. 

 

• Example Throughput: 

o 6 modules: annual throughput of 0.9 GWh/line for 0.45 mAh/cm2 dosage 

o Single pass design – simultaneous prelithiation across both sides. 

 

• Environmentally beneficial  

o Benign process 

o Output – prelithiated cells have lower carbon footprint. 
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Summary of Benefits of Prelithiation Coating Line 

 

Figure I.3.25 Results for NX Si-C ANODE ELECTRODE PRE-LITHIATION (40-50 wt.% Si Element Content) (continued) 

• Prelithiated cell is compared to a conventional cell with the same materials. 

• Energy and cycle life improvements are taken directly from cell balance calculations. 

• Cell Cost/kWh-cycle considers the initial cell cost reduction/kWh and the cycle life improvement. 

• Carbon footprint impact is underestimated - it considers the energy and cycle life improvements, but 

not the formation energy savings. 
 

Conventional vs Prelithiated Cell Cost Comparison 

Conventional cell cost @ $100/kWh -- note that value is not critical; this is just used to calculate the 

comparison. Anode costs account for the higher N:P of a prelithiated cell versus a conventional cell, assuming 

anode powder = $50.00/kg. Furthermore, a summary of key cost assumptions for other various components of 

the model are summarized below: 

 

Figure I.3.26 Results for NX Si-C ANODE ELECTRODE PRE-LITHIATION (40-50 wt.% Si Element Content) (continued) 
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Figure I.3.27 Results for NX Si-C ANODE ELECTRODE PRE-LITHIATION (40-50 wt.% Si Element Content) (continued) 

• Capacity gain of 5.9% from prelithiation is taken directly from the cell balance calculations, which 

also show 6.1% cycle life improvement. 

• Estimated formation savings of 60%. 

The results for prelithiation show great performance and cost savings, however, Nanoramic decides to not use 

pre-lithiation for now to achieve the good performance battery cells during this project for the final battery cell 

delivery; Nanoramic wants to focus on Neocarbonix electrode technology. 

Low-Cost Micro-Si Dominant Anode Electrode Development (Higher Si element wt.%≥80%)  

Results for this task are shown in the figures below (Figure I.3.28 to Figure I.3.31). 

Low-Cost Micro-Si (Μsi) Aam Powder Sem Images 

 

Figure I.3.28 Results for Low-Cost Micro-Si Dominant Anode Electrode Development (Higher Si element wt.%≥80%) 
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Small 3-electrode bicells 1c/1c cycling tests Low-cost micro-si (μSi) ≥80%Si Element Electrode 

Development 

 

Figure I.3.29 Results for Low-Cost Micro-Si Dominant Anode Electrode Development (Higher Si element wt.%≥80%) (continued) 

 



Batteries 

60 USABC Battery Development & Materials R&D 

 

Figure I.3.30 Results for Low-Cost Micro-Si Dominant Anode Electrode Development (Higher Si element wt.%≥80%) (continued) 
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Figure I.3.31 Results for Low-Cost Micro-Si Dominant Anode Electrode Development (Higher Si element wt.%≥80%) (continued) 

Low-cost micro-si dominant anode electrode development (higher si element wt.%≥80%) progress 

conclusions 

• µSi#2 is the best performance without pre-lithiation 

• Pre-lithiation ~600 mAh/g can improve the cycling performance to 180 cycles 

• However, we need to do more development work to further improve the cycle life of 80%micro-Si 

anode electrodes. 

Nx Si Anode Electrolyte Development (Higher Si Element wt.%≥80%) 

Results for this task are shown in the figures below (Figure I.3.32 to Figure I.3.36). 

For the Si anode electrolyte development, 10 electrolytes were compared using the following cell build: 

• NX Ni-Rich NMC811 || NX μSi (~80%Si) Small Bicells Build: one cathode + two anode layers  

• NX Cathode NMC811: 26-27 mg/cm2, ~3.65 g/cc, ~5.5 mAh/cm2 loading. 
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• NX Anode μSi (~80%Si): 3.8-4.0 mg/cm2 

• Electrolyte Amount: 5 mL/Ah 

• Nominal Capacity: 150-160 mAh, 1C1C cycle life from 4.2-2.8 V at 25⁰C. 

 

Figure I.3.32 Results for Low-Cost Micro-Si Dominant Anode Electrode Development (Higher Si element wt.%≥80%) (continued) 

The C/3 RPT capacity check at every 50 cycles was measured to understand cell SOH degradation. 

Elyte#1: Baseline 

  

Elyte#2: Organosilicon-1 additive 

 

Figure I.3.33 Results for Low-Cost Micro-Si Dominant Anode Electrode Development (Higher Si element wt.%≥80%) (continued) 
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Elyte#3: Phosphite-based additive 

 

Elyte#4: Carbonitrile-based additive 

 

Elyte#5: Phophazine-based additive 

 

Elyte#6: Organosilicon-2 additive 

 

Figure I.3.34 Results for Low-Cost Micro-Si Dominant Anode Electrode Development (Higher Si element wt.%≥80%) (continued) 
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Elyte#7: Cyclic Sulfate-1 additive 

 

Elyte#8: Cyclic Sulfate-2 additive 

 

Elyte#9: Lower amount of organosilicon-2 additive 

 

Elyte#10: Commercial electrolyte 

 

Figure I.3.35 Results for Low-Cost Micro-Si Dominant Anode Electrode Development (Higher Si element wt.%≥80%) (continued) 

The absolute and relative discharge capacities of Electrolyte 8 (cyclic sulfate-2 additive) was one of the 

highest, together with Electrolyte 6 (with organosilicon-based additive). 
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Figure I.3.36 Results for Low-Cost Micro-Si Dominant Anode Electrode Development (Higher Si element wt.%≥80%) (continued) 

Elyte#6 and #8 cells were able to retain a SOH of 90% after 100 cycles and overcoming the baseline Elyte#1. 

These above results can also be applied to NX Si-C (40-50%Si) anode cell system, not only Micro-Si 

(~80%Si). Next step will be that both above two best Elyte#6 & #8 will be tested in multi-layer cells with NX 

Si-C (40-50%Si) anode electrodes. 

NX NCM91||Si 4.5Ah Battery Prototype Cell Development (Based On Current Usabc Developed Nx 

Electrodes)  

Results for this task are shown in the figures below (Figure I.3.37 to Figure I.3.40). 

 

Figure I.3.37 Results for Low-Cost Micro-Si Dominant Anode Electrode Development (Higher Si element wt.%≥80%) (continued) 
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Figure I.3.38 Results for Low-Cost Micro-Si Dominant Anode Electrode Development (Higher Si element wt.%≥80%) (continued) 

• Combined developed NX NCM91#1 cathode electrodes with NX Si-C#1 anode electrodes vs. NX LC 

Si-C#2 anode electrodes 

• Both NX NCM91#1 cathode electrode loading: ~5.8 mAh/cm2 with press density of ~3.6 g/cm3, 

NCM91 CAM%: 98.75% in electrode active layers 

• Same other cell components for both cell designs  

 

Figure I.3.39 Results for Low-Cost Micro-Si Dominant Anode Electrode Development (Higher Si element wt.%≥80%) (continued) 

• Initial charge-discharge curves show very typical Ni-rich NMC cathode combined with high Si% 

anode electrodes. 
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Figure I.3.40 Results for Low-Cost Micro-Si Dominant Anode Electrode Development (Higher Si element wt.%≥80%) (continued) 

 

NX NCM91#1 || NX Si-C#1 - 4.5 Ah Cells 

Results for this task are shown in the figures below (Figure I.3.41 to Figure I.3.51). 

 

Figure I.3.41 Results for NX NCM91#1 || NX Si-C#1 - 4.5 Ah Cells 

• Cycle Life C/3 (left) from 4.2-2.8 V (SOC100-SOC5) achieves 400 cycles with ~91% capacity 

retention 

• Cycle Life 1.0C/1.0C (right) from 4.2-2.5 V (SOC100-SOC0) achieves 400 cycles with ~84.5% 

capacity retention 
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Figure I.3.42 Results for NX NCM91#1 || NX Si-C#1 - 4.5 Ah Cells (continued) 

• Discharge C-rate cycling test shows stable trends for all the C/3, C/2, 1C, 2C, 3C, and 4C 

• Discharge 4C-rate capacity and retention to first 3 cycles of C/3 discharge is ~60% even with high 

loading electrodes ≥ 5.8 mAh/cm2. 

 

Figure I.3.43 Results for NX NCM91#1 || NX Si-C#1 - 4.5 Ah Cells (continued) 

 

 

Figure I.3.44 Results for NX NCM91#1 || NX Si-C#1 - 4.5 Ah Cells (continued) 

• Charge C-rate cycling test shows stable trends for all the C/3, C/2, 1C, 2C, 3C, and 3.5C CC-region 

capacity.  
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Figure I.3.45 Results for NX NCM91#1 || NX Si-C#1 - 4.5 Ah Cells (continued) 

• C-rate charge curves show stable trends for all the C/3, C/2, 1C, 2C, 3C, and 3.5C: CC-region Charge 

3.5C-rate capacity and retention to first 3 cycles of C/3 discharge is ~56%. 

 

 

Figure I.3.46 Results for NX NCM91#1 || NX Si-C#1 - 4.5 Ah Cells (continued) 

• Under 3.5C-Rate fast-charge, SOC80 can be achieved at ~15 mins even with such high loading NX 

battery electrodes ≥ 5.8 mAh/cm2. 

• All NX NCM91#1||LC Si-C#2 cells’ electrochemical tests are in progress 

• Will share more data when tests completed. 
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Nx Ni-Rich Ncm||Si ~4ah Battery Prototype Cell Safety Test Performance (3rd Party Validation Results) 

Third Party testing was completed at a reputable testing facility using the NX 4.5 Ah pouch cells from section 

g.  The following test were performed: 

 

Figure I.3.47 Results for NX NCM91#1 || NX Si-C#1 - 4.5 Ah Cells (continued) 

 

Overcharge to SOC200 

 

Figure I.3.48 Results for NX NCM91#1 || NX Si-C#1 - 4.5 Ah Cells (continued) 

• No thermal runaway observed 

• Cell Peak Temp: ~91⁰C. 
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Figure I.3.49 Slight gassing observed after the 200% SOC overcharge.  

 

Short Circuit 1 mΩ & 10 mΩ  

The 1 mΩ & 10 mΩ short circuit tests were both performed with a calibrated 0.1039mΩ shunt with different 

length test leads. 

 

Figure I.3.50 Results for NX NCM91#1 || NX Si-C#1 - 4.5 Ah Cells (continued) 

• No thermal runaway 

• Cell Peak Temp 1 mΩ-SC: ~106⁰C 

• Cell Peak Temp 10 mΩ-SC: ~113⁰C. 
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Thermal Ramp   

 

Figure I.3.51 Results for NX NCM91#1 || NX Si-C#1 - 4.5 Ah Cells (continued) 

• No thermal runaway at 130⁰C-170⁰C hold 

• Most conventional battery cells will have thermal runaway between 150⁰C-170⁰C hold. 

• Thermal runaway at ~2 mins into 200⁰C hold. 

Conclusions  

The widespread applications of lithium-ion batteries have prompted significant investment in research of 

electrode and cell designs and further optimization for scale-up manufacturing of the said designs. Drastic 

improvement in both the battery performance and manufacturing processing would enable greater use of 

lithium-ion patties in sustainable applications, particularly in electric vehicles, while at the same time reducing 

the economic and environment impacts of the use of such energy storage systems. 

The technology, Neocarbonix, as described in this project would enable such aforementioned improvements. 

Significantly higher gravimetric and volumetric energy density as well as high power density can be achieved 

through increase in mass loading of electrochemically active materials on an electrode-level. Concurrently, 

lower production costs in terms of $/kWh can be achieved using scalable and industrially proven aqueous 

and/or other low boiling point based solution processing methods and elimination of toxic solvent from 

manufacturing.   

Successful demonstration and optimization of the described technology concepts in this project would achieve 

the following: 

1. Develop further NX battery electrodes for both cathode and anode based on various types of CAMs & 

AAMs to achieve higher performance LCFC EV battery cells. 

2. Achieve cell-level higher volumetric energy density (25%-30% improvement in energy density in 

Wh/L)—thereby significantly increasing projected range of electrical vehicles using such battery 

designs. 

3. Pre-lithiation: C/3 Cycling improvements in Capacity retention (>3.5%), CE%, and Increase in 

Specific Energy based on Active Electrode Total Weight (~9%) 

a. Prelithiation mass production cost-benefit model demonstrates: 

• Cost savings of large scale, modular designed prelithiation lines with example 

throughputs shows improvements with a reduced cell cost/kWh-cycle of 11.1% 

and -10.91% in carbon footprint. 

• Capacity gain of 5.9% from prelithiation and 6.1% cycle life improvements with 

assumption of current cell cost at $100/kWh and $50.00/kg for anode powder 
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• 60% cost savings in formation. 

4. Generate 14 Ah battery cell electrochemical performance results and more life test performance are 

updated. 

5. Demonstrated >3X NX NCM91#1 R2R coating speeds compared to conventional NMP electrodes: 60 

m/min vs ~12-15 m/min in an 18m oven 

6. Elyte #6 (VC w/ organosilicon-based additive) & #8 (VC w/ cyclic sulfate-2 additive) both retained 

90% SOH after 100 cycles compared to the baseline Elyte #1 (VC w/ no additive) in NX Si Anode 

development.  

7. NX NCM91#1 || NX Si-C#1 - 4.5 Ah Cells 

a. C/3 & 1C Cycle Life achieves ~91/84.5% capacity retention, respectively, after 400 cycles 

b. Discharge C-rate stability up to the tested 4C rate with ~60% capacity retention 

c. Charge C-rate stability up to the tested 3.5C rate with ~56% CC capacity retention 

d. 3.5C-Rate fast-charge, SOC80 can be achieved at ~15 mins even with such high loading NX 

battery electrodes ≥ 5.8 mAh/cm2. 

8. NX NCM91#1 || NX Si-C#2 - 4.5 Ah Cells and full comparison study with NX NCM91#1 || NX Si-

C#1 - 4.5 Ah Cells 

a. Initial HPPC DCIR check shows that LC Si-C#2 best formula-1 still has higher resistance 

compared with NX Si-C#1 control old formulas.   

b. For NX LC Si-C#2 AAM with various new NX formulations, the New Fomula-1 performs 

the best on Crate discharge tests in average.  

c. Comparing the NX LC Si-C#2 new formula-1 with NX Si-C#1 control two old formulas; it 

achieves similar Crate performance as the control-old-formula-1 but still show worse 

performance compared with control-old-formula-2 in average.  

d. When the C/3 capacity retention % is compared before and after Crate discharge cycling, 

after 30 cycles, the New Formula-3 shows the highest retention % (~94.1%) which is ~0.4% 

higher than New Formula-1 (best Crate mAh/cm2 performance formula) (~93.7%). 

e. After 30 cycles various Crate tests, NX LC Si-C#2 New Formula-1 shows the highest C/3 

capacity retention % (~93.7%) compared with the control groups  

f. After 250 cycles of 1C1C cycling, NX LC Si-C#2 New Formula-1 shows the highest 

capacity retention % ~88.0% and a Delta V increase of 13.50%  compared with the control 

groups of ~84.6% Capacity Retention and 23.13% increase in Delta V. 

9. Safety Testing 

a. No thermal runway after 200% SOC Overcharge 

b. No thermal runaway after 1mΩ and 10 mΩ Short Circuit 

c. No thermal runaway between 130°C -170°C Thermal Ramp; thermal runaway at 200°C. 

Future Work 

1. Continue work with coating speeds in NX Si Anode 

2. Test Elyte#6 & #8 in multi-layer cells with NX Si-C (40-50%Si) anode electrodes. 

3. NX NCMA (~90%Ni) new CAM based electrode R2R process development and performance tests: 

still waiting for the new CAM to be delivered.  

4. NX low-Cost SiGr anode electrode formulation optimizations for longer cycle life and tested in multi-

layer ~4.5 Ah & >=10Ah pouch cells. 

5. NX Si anode new additive-based electrolyte formulation tests in multi-layer pouch cells: ~4.5Ah cells. 

6. Start the NX battery cell ~50Ah Ni-Rich||SiGr A-sample cell design and modeling work.  
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I.4 Evaluation of Advanced Li-ion Cell Architectures for Extreme 
Fast Charging (XFC) Batteries for Electric Vehicles (EnPower, 
Inc.) 

Adrian Yao, Principal Investigator 

EnPower, Inc. 

8740 Hague Rd 

Indianapolis IN 46256 

E-mail: adrian@enpowerinc.com 

Brian Cunningham, DOE Technology Development Manager 

U.S. Department of Energy 

E-mail: brian.cunningham@ee.doe.gov 

Start Date: February 22, 2021 End Date: May 22, 2022  

Project Funding: $367,799 DOE share: $183,899 Non-DOE share: $183,899 
 

Project Introduction  

As Battery Electric Vehicle (BEV) adoption increases to serve the needs of mainstream consumers, it is ever 

more critical for battery cell technology to be low-cost with fast-charging capability, all while maintaining a 

minimum required vehicular range to be practical. However, an inherent tradeoff between energy (range) and 

power (fast-charge) exists for all Li-ion cells, and current battery cell technology is unable to satisfy both 

requirements. EnPower addresses this fundamental energy-power tradeoff with its unique and proprietary 

multilayer electrode architectures that increase the rate capability of thick, high energy density electrodes. By 

using simultaneous multilayer slot-die coating, EnPower is also able to keep costs low with no detriment to 

throughput and yield. In this Technology Assessment Program (TAP), EnPower will iterate through multiple 

designs of multilayer graphite anodes and multilayer NMC811 cathodes to arrive at a semi-optimized cell 

design. 4.2 Ah Pouch cells incorporating both multilayer anodes and cathodes will be shipped to Idaho 

National Laboratory (INL) for final testing upon completion of the TAP. 

Objectives  

The objective of the project is to demonstrate the feasibility of EnPower’s multilayer electrode technology in 

commercially relevant pouch cell form factors. Cell performance targets include: 

• ≥250 Wh/kg (in 4.2Ah pouch cell form factor) 

• 80% ∆SOC fast-charge in < 20-mins 

Approach  

In this TAP, EnPower first iterated through approximately (6) multilayer graphite anode designs all paired with 

an identical NMC622 cathode pair to downselect a best-performing design. Subsequently, EnPower iterated 

through approximately (6) multilayer NMC811 cathode designs all paired with the previously downselected 

multilayer anode, again identifying a best-performing architecture. Using this semi-optimized multilayer 

anode-cathode pair, EnPower also iterated through several electrolyte formulations tailored for fast-charging 

capability while keeping component costs in mind. Internal testing compared cells with multilayer electrode 

architectures against cells having “homogeneous baseline” electrodes that are chemically- and dimensionally 

identical references of their multilayer counterparts. These homogeneous baseline electrodes represent state-of-

art conventional electrode architectures. Once a cell stack design (anode, cathode, electrolyte) was selected, 

final 4.2 Ah pouch cells were shipped to INL for third-party testing and validation.  

  

mailto:adrian@enpowerinc.com
https://d.docs.live.net/cde7ed7fc6b9428d/Desktop/VTO%20Integrated/brian.cunningham@ee.doe.gov
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Results  

During the first half of this project, the work progressed well, showing improvements as previously reported 

(see the 2021 APR). EnPower developed using testing at 40°C. When tested at 30°C, the cells showed 

noticeably lower rate performance. 

Work begun on electrolyte formulation improvements provided some means to enhance the rate capability at 

this lower temperature, at the expense of some other performance metrics. The long-term cycling with the best 

rate capability electrolyte formulation turned out to yield lower capacity retention than with EnPower’s 

standard electrolyte formulation comprised of typical solvents, salt concentration, and additive. Therefore, the 

standard formulation was used in the final deliverable build. 

Also, upon reaching the time of building the cells to be delivered to INL, EnPower encountered a production 

issue surrounding the making of the multilayer cathode. The single crystal NMC811 material was in poor 

condition (causing slurries to gel up) that was not caught during receipt months prior. For expediency, because 

replacement material was not procurable in a short time frame, a typical polycrystalline single layer cathode 

was substituted in the cell design. 

Successful and encouraging results were found in the comparison between the multilayer (ML) design and the 

homogeneous baseline (HBL) coating design. The HBL is the comparison by which EnPower demonstrates the 

benefit of multilayer over the conventional single layer-coated electrode comprised of the same materials, 

composition, loading, and calender density. Figure I.4.1 shows the improved fast charge time by arranging the 

same materials in the HBL electrode into the ML architecture. For these two cells, faster charging times led to 

lithium plating as evidenced by characteristics in the voltage profiles, which are confirmed by selected cell 

openings. 

 

Figure I.4.1 Comparison of the multilayer graphite anode / NMC811 cell’s fast charge capability with that of a cell built with a 

homogeneous baseline anode comprised of the same graphite composition and density 
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The final cell deliverable exhibited lower fast charge capability. Initial results from the INL testing 

demonstrated the final cell design’s failure to meet the <20 min. fast charge and for cycling at either the 25% 

or 100% FC condition. Contributing factors include the testing by EnPower to ~80% SOC and discharging the 

capacity to low SOC instead of charging to the maximum operating voltage and discharging only 80% of the 

usable energy, thereby starting the fast charging protocol at a higher SOC condition than that used in 

development. 

Otherwise, the cell performs well on all other metrics, including peak discharge power density, and was of 

consistent manufacturing quality. Figure I.4.2 shows results from the Hybrid Pulse Power Characterization 

(HPPC) test results of the deliverable cell. The specific energy as determined using the development pouch cell 

format employed by EnPower (4.2 Ah) scaled to a ≥13 Ah cell size meets the ≥250 Wh/kg objective. 

 
 

Figure I.4.2 Hybrid Pulse Power Characterization (HPPC) for the EnPower multilayer anode / NMC811 cell 

Ways in which EnPower is addressing these multiple production and development challenges include 

qualifying new suppliers, expanding incoming quality control procedures, and committing more testing time to 

verify long-term performance in addition to the quick screening tests for assessing improvements and short-

term performance metrics. Primarily, the predominant factor leading to the ultimate poor FC cycling 

performance in the INL testing is the different testing conditions during development – test temperature and 

SOC range. EnPower is focusing development testing toward the higher SOC conditions to address the more 

aggressive charging conditions. 

Conclusions  

EnPower has successfully validated the feasibility of the multilayer electrode technology, demonstrating its 

ability to significantly enhance cell performance at >30°C, especially with respect to fast-charge cycling. 

EnPower is now focused on tuning its technology to perform at lower temperatures and under higher states of 

charge conditions for which the USABC/INL testing emphasizes. 

Using only graphite-based anode active materials in this drop-in technology enables a low-cost cell based on 

both the materials and scalability in existing manufacturing infrastructure. The combined performance and cost 

benefits favor an accelerated adoption in mass-market BEVs. 
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Project Introduction 

In conventional lithium ion batteries, a slurry made of active materials, conductive additive and polymeric 

binder is cast onto the current collector. The coated electrodes are subsequently dried and calendared. In the 

slurry casting method, organic solvent (NMP) is used to make the slurry, which contributes significantly to the 

total cost of lithium ion battery manufacturing (the solvent itself, solvent drying and recovery). In efforts to 

lower the battery cost associated with the NMP solvent, different approaches have been investigated. Finding a 

less expensive solvent to replace NMP has been the subject of much research. Water based approaches have 

been studied and found to compare favorably to organic solvent based approaches [1-3]. This approach has 

achieved significant success on the anode side of Li-ion batteries, and aqueous slurries using Styrene 

Butadiene Rubber (SBR) as the binder have already been commercialized for graphitic anodes. However, the 

costly time-consuming and energy-intensive drying step following coating remains part of the fabrication 

process. In addition, NMP is still being used to dissolve PVDF binder on the cathode side, since binders 

dissolved in aqueous systems are not chemically or electrochemically stable at the high voltages seen at the 

positive electrode.  

Complete elimination of the solvent is a promising approach to lower both the cost and manufacturing time of 

Li-ion batteries. Michael Wixom (previously at A123 Systems) at Navitas Systems, who collaborate with 

Maxwell Technologies,  has proposed and developed a solvent-free electrode manufacturing process [4]. Telsa 

acquired Maxwell to commercialize the technology in 2019. In the manufacturing process, the active material, 

conductive carbon and Polytetrafluoroethylene (PTFE) binder were pressed onto current collector directly to 

fabricate the electrode, as a viable approach to fabricate supercapacitors. However, to make Li-ion battery 

electrodes, the following additional challenges have been identified: (1) PTFE is not electrochemically stable 

in a lithium battery anode; (2) it is difficult to fabricate thin electrodes, which are essential to provide sufficient 

power for Li-ion batteries; (3) the electrode is stiff, which complicates or precludes winding for cylindrical 

cells/prismatic wound cell formats.  

Structured electrodes have been demonstrated to improve battery charging rates. For example, experiments [5, 

6] reveal that electrolytic transport becomes a major source of cell polarization at conditions of high current 

and/or large electrode thicknesses, both of which are the case for high rate charging of EV batteries. To enable 

fast charge, different structured electrodes have been developed [7, 8]. However, previous methods often 

utilize complex manufacturing processes and are difficult to scale up.  

 

mailto:yanwang@wpi.edu
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Objectives  

The project’s objective is to develop low cost batteries capable of fast charging for EV applications according 

to the USABC targets. In order to achieve the goal, the team will further develop a solvent-free manufacturing 

method for hetero-structured electrodes in order to achieve fast charging capability and low cost batteries. The 

hetero-structure enables fast charging and solvent-free manufacturing allows low cost. It is inherently 

challenging to fabricate hetero-structured electrodes using the traditional slurry casting method due to the 

complicated solvent drying process. In this project, the team will fabricate advanced electrodes with NMC622 

and graphite as the cathode and anode materials, respectively.  

Approach  

Our proposed solvent-free manufacturing could potentially achieve low cost and fast charge concurrently. In 

this project, solvent-free manufacturing is used to fabricate electrodes with layered structures, whereby layers 

have varying porosities strategically tuned to enable fast charge batteries. During electrode fabrication, dry 

mixed powder is directly sprayed onto the current collector. Subsequent hot rolling results in melting of the 

binder and formation of a strong bond between particles and current collector. In order to enable high rate, 

electrodes with a multi-porosity hetero-structure will be fabricated. Compared to other methods, such as co-

extrusion, to fabricate multi-porosity hetero-structured electrodes, the proposed method does not involve any 

solvent or complicated hardware and can be easily scaled up. Due to the elimination of solvent, the solvent-

free manufactured layered electrodes allow for fast charge (structured electrode), low cost (no solvent and 

drying), and fast production (no drying step) when compared to the conventional wet processed electrodes.  

Table I.5.1 is a comparison of our technology to current slurry casting technology to fabricate battery 

electrodes. 

Table I.5.1 Comparison of Our Technology to Current Slurry Casting Technology 

 Current technology Our proposed technology 

Material mixing Wet mixing with solvent Dry mixing without solvent 

Coating Slurry casting Dry printing 

Dry Dry step needs No drying 

Solvent recovery Organic solvent needs to be recovered No recovery step 

Electrode Uniform porosity electrode Porosity graded electrode (proposed 

work) 

 

Results 

Modeling 

We re-calibrated the model by using the new tortuosity data measured by WPI. The new model was used to 

compare the CCCV charging capacities of high-loading slurry-casted electrodes and dry-printed 2-layer 

electrode configurations (NMC: 30 mg/cm2, graphite: 20 mg/cm2). For nC CCCV charging, the CC charging 

step stops when cell voltage reaches 4.2 V and the duration of the CV step is set to keep the total charging time 

at 60/n minutes. The followings are observed from the calculations (see Figure I.5.1):  

• The 2-layer dry electrodes outperform the slurry-casted electrodes during both CC and CV charging 

steps. 

• The charging capacity in the CV step accounts for the majority of the charging capacity (>60%) at 4C.  

• Using 2-layer NMC cathode does not bring notable increase to the charging capacity compared to 

uniform NMC cathode. A combination of 2-layer graphite anode and uniform NMC cathode should be 

the targeted configuration for manufacturing.  
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Figure I.5.1 CC (solid lines) and CCCV (dashed lines) charging capacity of different types of NMC/graphite cells. Symbols: WC-WA – 

slurry-casted cathode and anode; DC_DA_DL – uniform dry NMC cathode and 2-layer dry graphite anode; DC_DL_DA_DL – 2-layer 

dry NMC cathode and 2-layer dry graphite anode. The tortuosity function τ(ϵ) has the form of 1.5ϵγ in (a) and ϵγ in (b). 

The effect of changing electrolyte from 1M LiPF6 in EC:EMC:DEC = 26:52:22 (w:w:w) to 1M LiPF6 in 

EC:DMC 1:1 (w:w) on the charging rate performance was evaluated by modeling. As shown in Figure I.5.2, 

EC:DMC 1:1 (w:w) is predicted to deliver 10% higher charging capacity at 3C than EC:EMC = 3:7 (w:w) in 

dry-printed NMC half cells. Guided by the prediction, similar comparison was also performed experimentally 

and an even larger improvement was observed, see Figure I.5.2b. It indicates that DMC-based electrolytes may 

have good wetting properties with dry-printed electrodes, which also contributes to the better charging 

performance. 

 

Figure I.5.2 (a) Rate performance of dry-printed (DE) NMC cathode half cells using EC:EMC=3:7 (w:w) vs EC:DMC 1:1 (w:w) 

predicted by battery simulation. (b) Measured rate capability of dry-printed (DE) and slurry-cast (MV) NMC cathode half cells using 

EC:EMC=3:7 (w:w) vs EC:DMC 1:1 (w:w) (LP57). 

We employed the refined model to optimize the 2-layer electrode designs for the dry-printing process. As 

shown in Table I.5.2, the suggested designs pair a 2-layer graphite anode with either a uniform or 2-layer NMC 

cathode. For both anode and cathode, the two layers have an equal loading. The layer next to the separator has 

a high porosity of 45% and the layer next to the current collector has a low porosity of 25%, which leads to an 

average porosity of 36%. The reason for proposing two different designs is that the (2-layer cathode + 2 layer 

anode) configuration offers modestly higher charging performance, but the (uniform cathode + 2 layer anode) 

configuration is more convenient to manufacture.  
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Table I.5.2 Proposed 2-layer Electrode Design for High Loading Cells 

 

Figure I.5.3 compares the charging performance of the proposed 2-layer dry-printed electrode designs vs. the 

baseline (slurry-cast uniform electrodes) by model predictions. 4C CCCV charging with an overall charging 

time of 15 minute was considered. Using EC:EMC 3:7 or EC:DMC 1:1 electrolyte, the (uniform cathode+2 

layer anode) design delivers 20-21% higher capacity than the baseline. Part of the improvement comes from 

the lower tortuosity of the dry-printed electrode structure than the slurry-cast counterpart, and part is due to the 

enhanced electrolyte transport facilitated by the 2-layer electrode configuration. Replacing the uniform NMC 

cathode with the 2-layer configuration of the same average porosity further increases the CCCV charging 

capacity by ~5%. Our study also shows that EC:DMC electrolyte is more advantageous than the EC:EMC 

electrolyte for high-rate charging/discharging applications because the former has c.a. 10% high ionic 

conductivity at 1M LPF6. For 15 min CCCV charging, EC:DMC enables 7 – 8.5% higher capacity in the 

suggested electrode designs.    

 

 

Figure I.5.3 Comparison of the charging performance of the proposed 2-layer dry electrode designs against the uniform 

NMC/graphite full cells fabricated by the slurry-casting method (baseline) and dry-printing technique. 

Electrochemical measurements at WPI reveal that the dry-printed cathodes and anodes have lower tortuosity 

than the slurry-cast counterparts, which is especially pronounced at the cathode side. To understand the 

structure origin of such difference, we performed nanotomography measurement of dry-printed and slurry-cast 

NMC cathodes to reconstruct the electrode structure digitally. The reconstructed 3D electrode structures are 

shown in Figure I.5.4a and b. Tortuosity of the two types of cathodes were calculated from the digitized 

electrode structures through random walk simulation, Figure I.5.4c and d. Because carbon and PVDF are 

transparent to the X-ray energy (8.4 keV) used in tomography characterization, only NMC particles are 

visualized in the tomographic images, and the computed tortuosity does not include the blocking effect of 

carbon and PVDF binder. The tortuosity in the electrode depth direction is 1.325 and 1.48 for the dry and 

slurry-cast cathodes, respectively. These values are much lower than the electrochemical impedance 

measurements and do not exhibit large difference between each other. Notably, the calculated tortuosity values 

are in very good agreement with estimates based on the Bruggeman relation τ = ϵ−0.5, where ϵ is porosity 

(Table I.5.3). Combined with the SEM characterization of the cross sections of the dry and slurry-cast cathode 

samples, we conclude that the carbon and binder domain (CBD) in the electrodes significantly increases the 

electrode tortuosity and causes it to deviate from the Bruggeman behavior. The lower tortuosity of the dry 
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cathode originates from the more preferential distribution of the carbon and binder domain in its pore space, 

which retains a larger portion of open pores and facilitates the ionic transport across the electrode. This is 

reasonable because the organic solvent used in the slurry casting process causes the binder polymer chains to 

swell and occupy a larger volume of the pore space than in the solvent-free dry printing process.  

 

 

Figure I.5.4 3D structures of the dry (a) and slurry-cast (b) NMC cathodes reconstructed from nanotomography. Scale bar is 10 

μm. (c), (d) Mean square displacement of random walkers vs time in random walk simulations performed in the digitized dry (c) 

and slurry-cast (d) NMC cathode structures. Electrode tortuosity is proportional to the slope of the curve. 

Table I.5.3 Comparison of Dry vs Slurry-cast NMC Cathode Tortuosity Calculated from Nanotomography 

and Electrochemical Measurement 

 

 

 

 

 

 

 

 

 
Tomography Calculation Electrochemical Measurement 

Cathode Dry Slurry Dry Slurry 

Porosity 57.1% 

(including 

CBD) 

46.5% 

(including 

CBD) 

35% 35% 

Tortuosity 1.332 1.479 1.9 3.4 

Bruggeman relation 

𝝉 = 𝝐−𝟎.𝟓 

1.32 1.47 1.69 1.69 
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Electrode fabrication  

Firstly, the mixing has been scaled-up and 2-sided coating has been demonstrated. The mixing process was 

scaled-up to ~1kg per batch. The active material was also increased from 90% to >95%. The mixing 

parameters were selected such that the carbon and binders are distributed on the surface of active material 

particles. The powder mixing is optimal as indicated by >200kPa bonding strength measured by pulling test. A 

roll-to-roll system to achieve 2-sided coating electrodes was developed. Briefly, current collector was fed 

through the coating system two times to coat on the two sides followed by thermal annealing at 200°C for ~10 

seconds. Next, Cathode layer of 30mg/cm2 was sprayed on top of the PVDF followed by heating (250℃ for 

10mins), rolling to ~40% porosity and winding step. The foil roll was connected back to the unwinder to spray 

the backside with 30mg/cm2 Cathode materials and rolling to ~40% porosity. Lastly, the sample undergoes 

final rolling to ~35% porosity (Figure I.5.5).  

 

Figure I.5.5 2-side coated cathode with 30mg/cm2 on each side. 

Secondly, large electrode with uniformity of material loading ~5% have been demonstrated. Single sided coin 

cell electrodes were punched from the large electrode and used to evaluate uniformity (Figure I.5.6). The coin 

cell electrodes have also been sent to WPI for testing.        

 

Figure I.5.6 5Ah cell electrode preparation for testing at WPI and Microvast. 

Thirdly, processes were then optimized to manufacture cathodes and anodes. Dry cathodes were manufactured 

for optimization of high loading (30mg/cm2 and 35% porosity) 96:2:2 composition. To control the quality and 
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consistency of the manufactured cathodes, bonding strength and electrical resistance measurements were done 

for different types of carbon black and tested at WPI/Microvast for electrochemical performance. First, 

Acetylene Carbon (NMC: PVDF: Acetylene Carbon as 96:2:2) was used to premix dry powder at different 

mixing speeds and manufacture cathodes for comparison. The electrical resistance measurements of these 

electrodes show large variation in measured resistances for each mixing speed. Replacing the Acetylene 

Carbon with C65 gives more consistent measurements and lower resistance values. Additionally, it was 

observed that lower porosity (~28%) of dry cathodes gives higher bonding strength than ~35% porosity dry 

cathodes. By this comparison study, it was concluded that dry cathodes manufactured with C65 give consistent 

electrical conductivity and using this finding, certain mixing parameters were finalized for optimum bonding 

strength and conductivity for 30mg/cm2 loading and 35% porosity cathodes. For the high-loading dry 

manufactured anode of 15 mg/cm2 and 96:2:2 composition, the bonding strength has been optimized by 

changing the dry mixing and calendaring processes. Various relationships between bonding strength and 

porosity were obtained (Figure I.5.7). Each relationship between bonding strength and porosity was obtained 

by one set of mixing and calendaring parameters. Two sets of parameters were selected to fabricate anodes 

with mechanical strength ~150 kPa at porosity of ~40%, and mechanical strength ~150kPa at porosity of 35%. 

The electrical conductivities have been measured for both dry and slurry manufactured anodes, the 

conductivity for dry anode (105 mS/cm) is comparable with that of Microvast casted anode (91 mS/cm).  

 

Figure I.5.7 Relationship between bonding strength and porosity for anodes (15mg/cm2 loading, Gr:C65:PVDF = 96:2:2). 

Finally, various designs (total of 23 batches) of electrodes were manufactured for testing to determine the 

optimal manufacturing parameter and design for deliverables (Table I.5.4 and Table I.5.5). The composition is 

NMC:PVDF:C (96:2:2) for cathode and graphite:PVDF:C (96:2:2) for anode. Cathode is fixed at single layer 

(35% porosity) for all the designs and only the design of anode is varied. In each batch, four pairs of cathode 

and anode were fabricated. In Batch 1-3, single-layer anode (35% porosity) is fabricated to establish the 

baseline of single-layer electrodes. It was found C65 (Batch 3) shows much less variation in electrode 

conductivity compared with acetylene carbon black. Therefore, C65 is selected as the conductive carbon for 

the rest of the batches and Batch 3 is the baseline for single-layer electrodes. In Batch 4, anode higher porosity 

(41%) was fabricated with hot rolling (roller temperature 110°C). In Batch 5, two-layer anode with top 

porosity at 50% and bottom porosity at 30% was fabricated. PVDF layer is necessary to ensure bonding 

between the two layers. Batch 6 and 7 have the same design parameters as Batch 4 and 5 except that the rolling 

was performed at room temperature. Batch 8 and 9 are two-layer anodes with less porosity difference between 

the two layers. Due to the less porosity difference, PVDF layer can be removed. Batch 10 has slightly larger 

porosity difference as compared with Batch 8 and 9. The above electrodes (Batch 4-10) have been tested at 
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Microvast. However, significantly variation was observed within each batch and from batch to batch for these 

electrodes. It was determined the glove box used to handle the materials was contaminated during the period of 

preparing these electrodes. The glove box was cleaned thoroughly and contaminants were completely 

removed. Batch 11 (replicate of Batch 9) was then fabricated and normal condition was resumed. Batch 13 and 

14 were fabricated with greater difference in porosity between the two layers. The design for the deliverable is 

likely to be selected from Batch 11, 13 and 14. In addition, Batch 12 with single layer design was fabricated to 

test the cycling performance.  

Table I.5.4 Summary of Electrodes Fabricated (Batch 1-14). 

   

Batch 15-23 were manufactured for testing to determine the optimal mixing parameters and design to improve 

the cycling performance by increasing the bonding strength of cathodes and anodes. The baseline composition 

is NMC:PVDF:C (96:2:2) for cathode and graphite:PVDF:C (96:2:2) for anode. The optimization in this 

quarter involves mixing sequence optimization and composition optimization. Batch 15 was the design from 

the previous quarter which needs to be improved in terms of cycling performance. To improve cathode of 

Batch 15, a sequential mixing recipe was developed and implemented in batch 16-17 and 18-1. In the 

sequential mixing, PVDF was introduced to the mixer and mixed for 10 mins before carbon was introduced 

and mixed for 10 mins. The sequential mixing improves bonding strength without affecting the electrical 

conductivity of cathode. A revised sequential mixing recipe (sequential mixing-1) was developed by 

introducing carbon earlier to the mixing process (batch 20-1). It was found both bonding strength and electrical 

conductivity were improved. In addition, attempts were made to improve the bonding strength of cathodes by 

increasing the binder content (increase PVDF to 3% from 2%, batch 20-2). Although bonding strength was 

improved, increase in resistance is noticeable. Similarly, bonding strength of anodes were also improved by 

adjusting the binder and carbon content (batch 21-1, 21-2). By increasing binder and reducing carbon contents, 

significant improvement in bonding strength was obtained. However, resistance was found to increase 

noticeably. Batch 21-2 design was chosen for deliverables. 
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Table I.5.5 Summary of Electrodes Fabricated (Batch 15-23). 

 

Electrode testing  

The 20mg/cm2 (10mg/cm2 for the anode) 90:5:5 electrode cross-section was prepared by ion-polishing. The 

slurry cast cathode cross-section in Figure I.5.8a shows that the CBD (carbon binder domain) phase fills in 

most of the space between the AM (active materials) particles with few open pores, which is also proved by 

the carbon mapping. In the dry-printed electrode (Figure I.5.8b), The C65 and PVDF form clusters, which can 

bridge the AM particles and leave more open pores to benefit the electrolyte diffusion. Similar microstructure 

differences could be observed from the ion-polished anode cross-section SEM images in Figure I.5.8c and 

Figure I.5.8d. More open pores could be observed between the graphite particles in the dry-printed anode than 

in the slurry-cast anode.  

 

Figure I.5.8 Cross-section SEM images and EDX mapping of (a) slurry cast cathode, (b) dry printed cathode, (c) slurry cast anode, 

(d) dry printed anode.  

To further improve the electrode’s energy density, the ratio of the active material has been increased to 96% 

(2% C65 and 2% PVDF). Higher loading is achieved with 30mg/cm2 for the cathode and 15mg/cm2 for the 

anode. The preliminary coin cells have been tested for rate performance comparison. The WPI and Microvast 

slurry-cast high-loading electrodes were selected as the control group for rate performance testing. Figure 

I.5.9a shows that the DE cathodes slightly outperform the slurry cast electrodes at 0.5C. In Figure I.1.9b, the 

DE anodes exhibit higher capacity at 0.2 and 0.5 C than the control group. 
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Figure I.5.9 High loading electrode rate performance (a) cathode electrodes, (b) anode electrodes. 

Table I.5.6 shows the tortuosity of the 30mg/cm2 (15mg/cm2 anode) 96:2:2 electrodes. Both dry-printed 

cathode and anode have significantly lower tortuosity values than the Microvast slurry cast electrodes. The 

tortuosity of all 96:2:2 ratio electrodes decreases compared to the 90:5:5 electrodes. The reason is the porous 

CBD phase has much higher tortuosity than the bulk AM matrix. Reducing the CBD ratio could lead to a 

significant tortuosity drop.    

Table I.5.6 Average Porosity and Tortuosity of the High-loading Dry Printed and Slurry Cast Electrodes. 

Cathode Dry Printed Electrode Slurry Cast Electrode 

Average Porosity 31.86% 33.70% 

τ 1.94 3.42 

Anode Dry Printed Electrode Slurry Cast Electrode 

Average Porosity 30.95% 37.70% 

τ 1.96 2.68 
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Cell fabrication and testing  

To evaluate the dry electrodes single layer pouch cells are made and compared to single layer pouch cells 

using traditional wet coating electrodes. This year the electrode loading for anode and cathode was increased, 

resulting in ~55% higher areal capacity. The electrodes were also adjusted to have more active material, less 

carbon and binder compared to 1st year where 90:5:5 was used. Not surprisingly, initially the wet casted 

electrode - done on a pilot scale equipment line – showed much better performance to 3C fast charging at this 

new loading & electrode consistency when compared to the cells made from dry electrodes. Since wet 

electrode manufacture is a mature technology, this is not surprising. As the team worked to optimize the dry 

electrode, manufacture the fast charge capacity ratio and consistency of electrode batch steadily improved, as 

seen in Figure I.5.10. The dry electrode now is comparable to wet electrode manufacture under this new, 

higher loading. 

 

Figure I.5.10 15 min-capped 3C charging ratio between wet and dry electrode 

Interestingly, fast discharge is much improved in the dry electrode system compared to the wet cast electrode. 

The present hypothesis is the cathode electrode when prepared thru dry manufacturing has more open pore 

structure, which allows better diffusion of incoming Li-ions to the active material.  Also, it should be noted 

that the discharge 3C test is just a constant current procedure, while for fast charge a CCCV protocol that ends 

after 15-minutes of total charge time is used. This procedure difference is one reason it appears there is 

asymmetric performance on charge vs discharge capacity retention.  

Conclusions  

In summary, thick electrodes with high loading have been modeled, designed and fabricated. Different batches 

of electrodes were fabricated in order to improve the rate performance. The fast charging of dry electrode now 

is comparable to wet electrode manufacture under this new, higher loading. Interesting, fast discharge is much 

improved in the dry electrode system compared to the wet cast electrode. 
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Project Introduction  

The goal of this project is to develop a low cost/ fast charge lithium-ion cell technology that meets the USABC 

goals for Advanced Low-Cost/Fast-Charge (LC/FC) batteries for EV’s applications. Farasis headed the 

development effort which will bring together technical contributions from many leaders in the Li-ion 

technology industry including Umicore, BASF, Talga, Imerys, Celgard, Zeon and Solvay, etc. The 36-month 

development effort will be iterative, with an intermediate Go/No Go Milestone based on cell performance 

goals and progress tracked against the USABC goals for Advanced Low-Cost/Fast-Charge (LC/FC) Batteries. 

The major objective of this project is to develop cell technology capable of providing 275 Wh/kg after 1000 

cycles at a cost target of $75/kWh and with having charge time of 15 min for the 80 % of the capacity. Key 

technologies that be developed and integrated into cells include a low-cost cathode, high surface area anode, 

and electrolyte additives, etc. As a large volume battery manufacturer, a major goal of the project will be to 

help accelerate production and enable the commercialization of several novel cell component technologies 

(including low cobalt NCM, Mn-rich NCM, electrolytes, coated graphite as well as high surface area natural 

graphite) by supporting scale-up and providing a commercialization path. Deliverables will include large 

pouch cells produced at our manufacturing facility in China/Europe/US with parallel performance and safety 

testing done at Farasis, cost models associated with the deliverable technology, and a production roadmap to 

commercialization comprising all components of the cell. The project's total budget will be ~ $4.06 M with 

Farasis covering 50 % of the cost. 

The key barriers for this project include fast charging without Li plating, low cost, and energy density. Fast 

charging is a crucial enabler of the mainstream adoption of electric vehicles (EVs) to make them competitive 

to the IC engine cars. None of today’s EVs can withstand fast charging due to the risk of lithium plating. 

Efforts to enable fast charging hampered by the trade-off nature of a lithium-ion battery. The implementation 

of the fast charge can lead to sacrificing cell durability. Compromise is required between fast charge capability 

and cell durability, especially for energy-dense cells. To achieve the target of energy density of the cells, high-

voltage and high-capacity cathodes are desired. However, the selection of such cathodes will be limited by the 

cost target.  

Objectives  

• Develop an EV cell technology of providing 275 Wh/kg after 1000 cycles at a cost target of $0.075/Wh. 

• Develop a fast charge cell having charge time of 15 min for the 80 % of the capacity. 

• Develop low-cost, high-capacity cathodes such as Mn-rich, Ni-rich cathodes or their blended composite 

cathode. 

• Develop high surface area graphite anodes with fast charge capability. 

mailto:mthakur@farasis.com
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• Develop and optimize electrolytes and conductive additives to stabilize Mn-rich / Ni-rich cathodes and 

improve the safety. 

• Optimize the negative/positive electrode formulation for maximum energy density and cycle life, and 

fast charging capability. 

Approach  

Phase I of the project, which lasted for approximately 15 months, will be focused on the development and 

characterization of materials and the development of negative/positive electrode technology. Initial sets of 

single-layer pouch (SLP) or double-layer pouch (DLP) cells (ca. 0.1-0.5 Ah) were used to evaluate different 

positive/negative electrode composites and material combinations in an iterative manner. The specific plan 

includes: (1) to evaluate the capacity and first-cycle efficiency of different low-cost cathode materials using 

coin cell builds, (2) to identify a graphite candidate with excellent fast charge capability as the anode material, 

and (3) to down-select low-cost, high-capacity cathodes while having good cycling stability. Several types of 

graphite materials with different size, surface area and morphology were evaluated using SLP or DLP cell 

builds. Three criteria including cell resistance, discharge rate capability and fast charge capability were used 

for the screening of graphite anode materials. The cathode materials were down-selected using SLP or DLP 

cell builds among a wide range of materials including Ni-rich NCM, stabilized Mn-rich cathode materials, 

zero-Co cathode materials, and their blended composites. Three criteria including cell resistance, discharge 

rate capability and cycling stability were also used for the screening of low-cost high-capacity cathode 

materials. A second iteration leads to narrow down the range of electrode designs, introduce materials 

improvements. The electrolyte development effort was conducted in parallel with the cell optimization work. 

The electrolyte work will focus on evaluating and optimizing electrolyte formula with additives to meet the 

requirement of the graphite anodes and the down-selected low-cost, high-capacity cathodes. A combination of 

device-level testing and fundamental electrochemical measurements will be used to guide the development of 

large form factor cells for Phase II of the project. In the middle of Phase I, baseline cells with a capacity of ca. 

73 Ah using Farasis “next-generation” cell chemistry have been built and delivered to national labs for 

evaluation and testing. 

Phase II of the project is scheduled for approximately 17 months and shifts to manufacturing and testing of 

larger format pouch cells using a refined subset of cell chemistries developed in Phase I. Some ongoing 

chemistry developments will continue at this stage to address specific issues identified in Phase I builds and to 

pursue further optimization of cell-level performance. To achieve the targeted energy density of 300 Wh/kg we 

need to evaluate the Mn-rich and the Ni-rich cathode with a capacity between 210-240 mAh/g. Other cell 

components such as foil, separators, electrolyte, conductive additives, and pouch materials is also get evaluated 

for fast charge cell development. This will occur in two iterations starting with ca. 75 Ah form factor cells 

(Gen1 cells) for the intermediate evaluation and progressing to the final deliverable cells (Gen 2 cells) based 

on a larger pouch cell form factor, which will be ca. 87 Ah using the optimized high-energy cell chemistry 

with achieving a cost target of $0.075/Wh and a charge time of 15 min for the 80 % of the capacity. Phase II of 

the program will also include testing to guide system development in future applications; these tests will 

characterize cells in small groups to efficiently evaluate their behavior on a large scale where thermal 

management, cycling-induced gradients, and failure isolation become important. 

Results  

Cathode materials evaluation: Farasis has evaluated the capacity, first-cycle efficiency and cycling stability of 

2 Mn-rich, 3 Ni-rich, 1 high-voltage NCM (HV-NCM) cathode materials and 3 blended cathode materials 

consisting of Mn-rich and Ni-rich cathode materials with different compositions. Based on compromising the 

C/3 capacity, cost and cycling stability of the cathode materials evaluated, the cathode materials have been 

down selected. 1 stabilized Mn-rich (C2), 1 high-voltage NCM (HV-NCM) (C5) and their blended cathode 

materials (C5C2) have been selected as candidates for further optimization for the project. Table I.6.1shows a 

comparison in first-cycle efficiency, C/20 and C/3 capacities among several cathode materials using half coin 

cell builds. We found pilot-line coated (P-coated) C2 Mn-rich cathode materials show slightly higher C/20, 

and significantly higher C/3 capacity than lab-coated (L-coated) ones, showing that improving coating quality 
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can significantly improve rate performance of C2 Mn-rich cathodes. P-coated C5 HV-NCM cathode materials 

also show slightly higher C/20, and higher C/3 capacity than L-coated ones. Moreover, C/3 capacity of C2 Mn-

rich cathode materials at charge cut-off voltage (Vmax) of 4.5 V strongly depends on the activation Vmax 

(4.5-4.7 V) during the first formation cycle. In addition, at the same Vmax (for example, 4.5 V), P-coated C2 

Mn-rich cathode materials show slightly higher C/20 and C/3 capacity than P-coated C5 HV-NCM. 

Table I.6.1 A comparison in first-cycle efficiency, C/20 and C/3 capacities among different cathode 

materials using half coin cells 

Cathode Materials 
Loading 

(mg/cm2) 

First-cycle efficiency 

(%) 

C/20 capacity 

(1st cycle) (mAh/g) 

C/3 capacity  

(3rd cycle) (mAh/g) 

Mn-rich (C2)  

Lab-coated 
13.0 89.9 261 (2.0-4.7 V) 207 (2.0-4.5 V) 

High-voltage NCM (C5) 

Lab-coated 
13.0 89.6   198 (2.75-4.5 V)   183 (2.75-4.5 V) 

Mn-rich (C2)  

Pilot-line coated 
14.5 

95.1 

94.5 

93.6 

203 (2.0-4.5 V) 

258 (2.0-4.6 V) 

270 (2.0-4.7 V) 

194 (2.0-4.5 V) 

222 (2.0-4.5 V) 

225 (2.0-4.5 V) 

High-voltage NCM (C5) 

Pilot-line coated 
18.0 90.9   200 (2.75-4.5 V)   186 (2.75-4.5 V) 

Positive electrode development 

A set of single-layer pouch (SLP) cells have been built and evaluated with a fixed L-coated graphite anode and 

different L-coated cathodes. The cathode materials vary with different phase structures and compositions. 

Several criteria were used to narrow the cathode materials for future cell builds: C/3 capacity, initial cathode-

specific energy density, DCR, and cycling stability. Table I.6.2 shows a comparison in C/3 capacity, DCR, 

discharge rate capability, fast charge capability, and initial cathode-specific energy density of SLP cells among 

different cathodes. The cells with C3 Ni-rich cathodes show high initial cathode-specific capacity, relatively 

low DCR, good discharge rate performance, and excellent fast charge capability, but their high materials cost 

due to high Ni and Co amount limit their use in this project. Although C6 Ni-rich cathode materials have very 

low materials cost, their use is excluded for further optimization in this project due to low C3 capacity, low 

initial cathode-specific energy density, and high DCR of the cells with C6 Ni-rich cathodes. Therefore, C2 

Mn-rich, C5 HV-NCM, and their blended composites (C5C2-blend 1 and C5C2-blend 2) will be selected for 

cathode materials used for further optimization and future low-cost, fast-charge cell development. 

Besides the cathode-specific energy density and materials cost, cycling stability is another important factor for 

screening cathode materials and cathode development in this project. Figure I.6.1 shows a comparison of the 

cycling stability of SLP cells among different types of L-coated cathodes. Among these cathodes, the cell with 

L-coated C2 Mn-rich cathodes shows poor cycling stability, low average discharge voltage, and high voltage 

fade. However, due to the extremely low materials cost and potentially high specific capacity (depending on 

activation Vmax and operating Vmax) of Mn-rich cathode materials, it is worthy to further optimize and 

develop the Mn-rich cathodes for low-cost, fast charge cell development in this project. The cells with C3 Ni-

rich cathodes show long cycle life, stable average discharge voltage with cycling, and high initial cathode-

specific energy density, but the high material cost of C3 Ni-rich cathode restricts their use for low-cost, fast-

charge cell development. The cells with low-cost C6 Ni-rich cathodes show long cycle life, and stable average 

discharge voltage with cycling, but low initial cathode-specific energy density, which limit their use in this 

project. The cells with relatively low-cost C5 HV-NCM cathodes show good cycle life, stable average 

discharge voltage with cycling, and high initial cathode-specific energy density. Therefore, C5 HV-NCM 

cathode material is considered one of the good candidates for low-cost, fast-charge cell development. To 

reduce the materials cost of C5 HV-NCM cathode while maintaining high cathode-specific energy density and 

good cycling stability, a blended cathode consisting of C5 HV-NCM and C2 Mn-rich is also considered as 

another candidate. We found that the cells with blended C5C2 cathodes show a comparable cycle life with the 
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cells with C5 HV-NCM cathodes, much less voltage fade than the cells with C2 Mn-rich cathodes, and 

relatively high cathode-specific energy density. 

Table I.6.2 A comparison in C/3 capacity, DCR, discharge rate capability, fast charge capability and 

initial cathode-specific energy density of single-layer pouch cells among different cathodes 

Cathode 

C/20 capacity  

@ 1st cycle 

(mAh/g) 

C/3 capacity  

@ 4.4 V 

(mAh/g) 

DCR_discharge 

@ 50% DoD 

(ohm) 

Rate_discharge 

(ratio of  

3C to C/5) 

Fast charge 

capability 

(max SoC**) 

Initial cathode-

specific energy 

density (Wh/kg) 

C3:  

Ni-rich NCM 
188 

(@ 4.3 V) 
182* 

(@ 4.3 V) 
0.576-0.710 

84.7-89.0 % 

(ave. 87.4 %) 
> 80.0 % ~ 679 

C2:  

Mn-rich 

199 
(activated @ 4.5 V) 

180 0.610-0.674 71.1-76.0 % N/A ~ 619-666 

171 
(activated @ 4.4 V) 

165 0.769-0.807 77.7-80.9 % N/A ~ 617 

C5:  

HV-NCM 
191 

(@ 4.4 V) 
183 0.585-0.594 

77.0-81.2 % 

(ave. 78.3 %) 
> 75.6 % ~ 676 

C5C2 Blended: 

Blend 1 

190 
(activated @ 4.5 V) 

186 

0.534-0.563 
84.2-87.1 % 

(ave. 85.8 %) 

 ~ 682 

181 
(activated @ 4.4 V) 

180 > 74.6 % ~ 673 

C5C2 Blended: 

Blend 2 

185 
(activated @ 4.5 V) 

181 0.566-0.613 
78.3-81.8 % 

(ave. 79.6 %) 
 ~ 659-678 

174 
(activated @ 4.4 V) 

171 0.596-0.608 
79.1-86.3 % 

(ave. 82.9 %) 
> 78.8 % ~ 636-651 

C6:  

Ni Rich 
182 

(@ 4.4 V) 
173 0.640-0.698 

73.0-79.0 % 

(ave. 75.3 %) 
> 75.6 % ~ 642-649 

     * For C3 cathode, C/3 capacity is measured at 4.3 V; for other cathodes, C/3 capacity is measured at 4.4 V. 

     ** Maximum SoC for being charged to at 3C rate while there is no Li plating during fast charge. 

 

 

Figure I.6.1 Comparison in the cycling stability (a) capacity retention, (b) average discharge voltage and (c) cathode-specific energy 

density of single-layer pouch cells among with different types of lab-coated cathodes.  
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Figure I.6.2 Comparison in the cycling stability (a) capacity retention, (b) average discharge voltage and (c) cathode-specific energy 

density of pouch cells with Mn-rich (C2) cathodes among different coating (P-coated: pilot-line coated vs. L-coated: lab-coated), 

activation Vmax (ACT-4.5 V vs. ACT-4.4 V) and amount of A2 electrolyte additive (1 % vs. 2 %).  

Figure I.6.2 shows a comparison in the cycling stability of single/double-layer pouch cells with Mn-rich (C2) 

cathodes among different coating, activation Vmax and amount of A2 electrolyte additive. Compared with the 

cells with L-coated Mn-rich cathodes, the cells with P-coated C2 Mn-rich cathodes show about 2.6 times 

improvement in cycle life at a capacity retention of 80 % in the case of being both activated and operated at 4.4 

V. The cells with P-coated C2 cathodes can achieve > 600 and > 700 cycles at a capacity retention of 80 % in 

the case of being activated and operated at 4.4 V for the cells with low anode loading anodes, and in the case 

of being activated at 4.5 V and operated at 4.4 V for the cells with a little bit high anode loading anodes, 

respectively. Moreover, activation at high Vmax (such as 4.5 V) can increase the specific capacity of Mn-rich 

cathode materials and thus initial cathode-specific energy density, while leads to low average discharge voltage 

and severe voltage fade. We also found that increasing the amount of A2 electrolyte additive from 1 % to 2 the 

% doesn’t improve the cycling stability of the cells with C2 Mn-rich cathodes, as well as doesn’t suppress the 

voltage fade. To improve the cycling stability and suppress voltage fade of Mn-rich cathodes, new electrolyte 

additives need to be explored in the future. 

Fast charge cell development 

Figure I.6.3 shows fast charge (15 min charge to 80 % SoC) cycling behavior of a single-layer pouch (SLP) 

cell with a graphite (A1) anode and a high-voltage (HV) NCM (C5) cathode. Please note that 80 % SoC is 

based on the actual cell capacity of aged cells. The cell with C5 HV-NCM cathode can achieve ~100 fast 

charge cycles at a capacity retention of 83.5 %. Figure I.6.4 shows a comparison in cycling stability of SLP 

cells with graphite (A1) anodes and blended (C5C2-blend 2) cathodes between 0 % (all regular C/2-rate) and 

25 % fast charge (25 % fast charge + 75 % regular C/2-rate) cycling. In the initial and medium stages, there is 

a similar decay rate in the capacity retention for the cells with C5C2 blended cathodes between 0 % and 25 % 

of total cycles as fast charge, showing that fast charge doesn’t cause Li plating or cause little Li plating. 

However, in the final stage, due to possible Li plating, the cell being cycled in the case of 25 % of total cycles 
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as fast charge shows a higher decay rate in the capacity retention than that in the case of all regular C/2-rate 

cycling. Farasis will continue fast charge cell development and improve fast charge cycling performance of 

single/double-layer pouch cells with optimal low-cost and high-capacity cathodes. 

 

 

Figure I.6.3 Fast charge cycling behavior of a single-layer pouch cell with a graphite (A1) anode and a high-voltage (HV) NCM (C5) 

cathode 

 

Figure I.6.4 Comparison in cycling stability of single-layer pouch cells with graphite (A1) anodes and blended cathodes (C5C2-

blend 2) between 0 % (all regular C/2-rate) and 25 % fast charge (25 % fast charge + 75 % regular C/2-rate) cycling 

Conclusions  

Farasis has shown > 600 and ~700 cycles in a double-layer pouch cell with a lab-coated graphite anode and a 

pilot-line coated Mn-rich cathode before reaching 80 % capacity retention. Farasis has identified 2-3 

candidates with excellent cycling stability as low cost and high-capacity cathode materials from several types 

of cathode materials. Farasis has built ~ 75 Ah capacity Gen 1 cells with optimized chemistry with an energy 

density of ~270 Wh/kg and a charge time of 18 min for the 80 % of the capacity. The Gen 1 cells have been 

delivered to national labs for related performance evaluation and tests. Next year, Farasis will finalize graphite 

anode material with excellent fast charge capability and low-cost cathode material with good cycling stability 

as optimized chemistry for Gen 2 cells. Farasis will build ~ 87 Ah capacity Gen 2 cells with optimized 

chemistry with an energy density of ~300 Wh/kg and a charge time of 15 min for the 80 % of the capacity. The 

Gen 2 cells will be also delivered to national labs for related performance evaluation and tests. 
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Project Introduction  

The increasing energy density (Wh/kg and Wh/L) of the Li-ion cell is needed to improve EV cell performance 

and decrease the cost ($/kWh). In the last decade, significant attention has been focused on enabling high-

capacity cathode materials and thinner, better separators to increase cell capacity from the cathode side. More 

recently, Cell Manufacturers are also exploring improved anode performance with the use of silicon-blended 

graphite anodes. Si/SiOx blended with graphite can significantly improve the anode capacity and enables fast-

charge EV cells. These gains, however, are offset by a first-cycle irreversible loss of lithium which can 

degrade performance by 30% or more. Additionally, only some of the lithium that enters the Si/SiOx-Gr anode 

is active. Some of the lithium is consumed during the solid electrolyte interface (SEI) cell formation cycle. The 

continual buildup of SEI layers upon subsequent cell cycling further decreases energy density causing gradual 

cell degradation. Cell manufacturers are “pre-lithiating” the Si/SiOx-Gr anode to counter the first-cycle 

irreversible lithium loss. Pre-lithiation provides additional lithium to the anode to compensate for the loss 

during the first cycle and SEI formation, and therefore, increases energy density by >10-30% over equivalent 

graphite-based cells. Applied Materials high volume manufacturing (HVM) tools and technology innovation 

can provide benefits that none of the existing approaches for prelithiation can meet, including ease of 

integration with existing Li-ion battery process flows, uniform, defect-free lithium films, scalable thickness, 

and to industry-standard widths, all at low cost/performance, in a safe environment.   

Objectives  

The objective of this program is to develop and validate a prelithiation process for high volume manufacturing 

specifically targeted for the requirements of an EV battery and battery manufacturing and demonstrate that 

silicon-graphite anode-based cells can meet USABC’s EV CY2020 goals for specific energy and other 

performance, cost targets. The key end of program goals are listed in Table I.7.1. 

Approach  

With funding support from USABC and working closely with partners, we will use a production-proven 

platform combined with a PVD deposition source to pre-lithiate Si/SiOx graphite anode and specifically 

address 1st cycle irreversible loss of such anodes. Si-based anodes are necessary to increase cell energy density 

and fast charge capability to meet USABC goals. Cells will be made with varying weight fractions of 

silicon/silicon suboxide with graphite blended in the anode formulation and different thicknesses of lithium 

deposited on the silicon anodes to bridge the 1st cycle irreversible loss.  

In Budget Period-1 (BP-1), Applied Materials engaged with SpectraPower (subcontractor) and Farasis Energy 

(subcontractor, manufacturing partner) extensively to review and provide guidance in alignment with the 

project scope of work (SoW) to provide pre-lithiated anode samples and testing in  R&D type coin and pouch 

cells in the first phase of the program. SpectraPower will initially focus on screening for high silicon content 

mailto:Subra_Herle@amat.com
mailto:Brian.Cunninham@ee.goe.gov
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SiOx-C materials coupled with NMC532 and NMC 811 cathodes. These studies will allowed us to identify 

optimal anode compositions and understand the required processing conditions and baseline for the 2Ah 

multilayer pouch cells, while giving us visibility into potential integration issues to help devise solutions (2Ah 

cells vs. baseline). Learnings from this work will lead to the final delevery of 2 Ah cell pre-lithiated cells and 

corresponding control baseline cells to Idaho National laboratory for independent testing and evaluation.  In 

Budget Period 1, Applied Materials prelithiation task used a Sheet-to-Sheet (S2S) deposition tool before 

switching to the Roll-to-Toll (R2R) lithium deposition system based on Applied’s production-proven 

SmartWebTM platform. Li-coated anodes were shared with project partners for integration into cells for testing 

and characterization. The Li deposition and cell fabrication processes will be optimized towards volume 

manufacturing performance targets while meeting the battery performance targets, as validated by the project 

collaborators. 

Table I.7.1 Budget period 1 summary and status updates of key performance deliverables 

Program Cell Performance Goals   

Parameter 
Pouch Cells (Pre-lithiated Silicon Anodes), 2Ah 

Year-1 

Pouch Cells (Pre-

lithiated Silicon 

Anodes), >29 Ah 

Year-2 (End of 

Program) 

Gravimetric Energy 

Density 
≥200 Wh/kg ≥349 Wh/kg 

Cycle Life (DST) 500 Cycles ≥1000 Cycles 

Calendar Life N/A ≥ 3 Years (Est.) 

Peak Power 

Performance 
N/A 

 >Current Li-ion 

Baseline 

Fast Charge >Current Li-ion Baseline 
>Current Li-ion 

Baseline 

Status update (BP1) 

Completed BP1 deliverables 

1. SpectraPower Completed 2 Ah Cell build (~205 

Wh/kg)  

2. 17 cells of 2 Ah capacity pre-lithiated & 8 cells of 

2 Ah control cells delivered to INL;  Testing in 

progress 

Ongoing  

Results  

Results are summaqrized in Figure I.7.1 to Figure I.7.4. Based on prior experiments and testing BTR NCM811 

was selected as the cathode material and 25% BTR SiOx for the anode material.  In addition, the experiments 

with different levels of lithiation indicated that ~6µm of Li is the optimal for prelithiation of the baseline 

anode.  The multilayer cell builds (with and without pre-lithiation) have been completed.  It has been shown 

that the full multilayer pre-lithiated cell build versions improve performance in capacity, coulombic efficiency, 

and cycle life over non-prelithiated baseline cells as shown in Figure I.7.3.  Throughout Year 1, the areal 

capacities have been increased, starting with ~3-3.5 mAh/cm2, with the final cell build ending at the project 

goal of 4.5 mAh/cm2. 
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Table I.7.2 Below captures all the proposed milestone and corresponding status updates All Budget 

Period-1 milestones were completed and preparations started towards meeting Budget Period-2 

objectives, as summarized below: 

M.S. Milestone Description Status as of 10/14/2022 

 Budget Period - 1 Completed 

1 

Confirm Cell Baseline Cathode Loading 

NMC 532 and 811 cathode loading: 

detailed studies conducted  

 NMC 811 chosen over NMC 532 for baseline cells 

2 

Anode Loading and Lithium Thickness: 

Several anode manufacturers tested 

and optimized. This was followed by 

optimum pre-Li thickness for 

performance   

 BTR Silicon Oxide (25 %) selected 

 Optimum Pre-Li loading studies completed 

 Pre-Li thickness of 6 um was down selected for SiOX- Gr anode 

3 

Pre-treatment and post-treatment 

(Passivation) 

CO2 passivation analysis  

 

 Pretreatment: Optimized drying conditions -Completed 

 Particle removal- Not required  

 Post treatment: Optimized CO2 surface passivation–  

 Packaging & Shipping Pre-Li Anode Protocol- Completed  

 

 

 

4 

2Ah Cell Performance Verification 

Go/No-Go condition: 2Ah pre-lithiated 

cells show improvement over non-pre-

lithiated baseline. 

 Demonstrated 2 Ah cell with prelithiation 

 →10 % improvement in capacity vs. baseline cells 

 →>10 % Coulombic Efficiency Improvement 

 

5 

Delivery of 2Ah Cell to INL for 

Verification 

Delivery of 17 prelithiated cells along 

with 8 baseline cells 

Data package for Go/No go decision End of July → Completed 

 

2 Ah Cell Delivered to INL for testing →Testing in progress 

 Budget Period - 2  In Progress 

 

During the first part of the BP1, a Sheet-to-sheet (S2S) pre-lithiation tool was utilized to generate samples. The 

sample size for pre-lithiation was 180 mm x 210 mm. Several batches of pre-lithiated anode were generated 

using SpectraPower provided anode. The anode sheets were pre-dried before process development. The pre-

lithiated anodes were vacuum sealed in Aluminum pouch and shipped to SpectraPower for further cell building 

and testing. 

SpectraPower built coin cells and single layer pouch cells to screening of cathode and anode materials. Based 

on this study NMC 811 cathode powder and 25wt% SiOx anode were chosen for the program. The binder, 

carbon additive and electrolyte formulations were recommended by Applied Materials in alignment with 

Farasis Energy. 

The electrode slurry composition and target electrode loading were also provided. SpectraPower did initial 

electrochemical characterization to determine appropriate pre-Li dosage. Based on these studies 2 Ah budget 

period 1 deliverable specifications were determined. SpectraPower completed building and shipping of 2 Ah 

capacity cells to INL.  Table I.7.2 summarizes the status of BP1 deliverables. 
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Figure I.7.1 (a & b) Examples of silicon (SiOx) anode showing transfer of Li to anode.  (C) Cell sizes and dimension for final BP-1 

deliverable, and (d) Pouch cell assembly process - Cells in fixtures going through formation and cycling before shipment 

 

Figure I.7.2 SpectraPower: Summary of cell voltage vs. Capacity data for (A) eight control and (B) seventeen pre-Li anode from 

formation cycle (first cycle charge/discharge), showing good consistency and reproducibility. These cells were delivered to INL for 

further cycling. C and D shows the summary of cell parameters Energy density and Coulombic efficiency improvements of pre-

lithiated anode vs. control for the same set of cells 

Idaho National Laboratory (INL) provided the initial status updates for  budget period 1 (Interim Cells) as a 

part of year 1 deliverables. 2 Ah pre-Lithiated Cells (17) and 2 Ah non- prelithiated control cells (8) shipped to 

INL. Initial results are summarized below. All the 2 Ah cells delivered met the initial specifications needed for 

further testing and characterization. Further, beginning of life (BOL) Specific Energy 207Wh/kg, Energy 

Density 380 Wh/L for the Pre-Li cells meets the 2 Ah target specifications.  
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Figure I.7.3 Idaho National Lab summary of cell performance indicating (a) mass variation (b) open circuit voltage (c) AC 

impedance at 1 kHz and (d) Static capacity for all the final BP-1 cells delivered. All cells achieved target capacity and Impedance 

values are in the acceptable range for further DST cycle testing. 

 

Figure I.7.4 Example image of Applied Materials pre-lithiated anodes generated in S2S tool as a part of the deliverable 1. 

Program (schedule) Update 

A four month extention to BP1 was requested and approved by USABC. Delays were a result of supply chain 

logistics issues caused by Covid pandemic. The cascading effect of the shift in timeline  will be reflected in the 

year 2 program status and delieverables. We continue to work with SpectraPower and Farasis Energy to meet 

the program deliverables. 

a b 

c d 
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Conclusions  

In 2022, the Applied Materials-led team consisting of SpectraPower and Farasis completed all Year-1 

milestones and deliverables and started work towards Year-2 objectives.  
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Project Introduction 

As the automotive industry continues to expand into electromobility with electric vehicles to meet emission 

requirements and driving performance, the need for advanced materials to meet standards for safety, energy 

density, and cost demand technical advances in battery systems and materials. High voltage spinel 

(LiNi0.5Mn1.5O4 or LNMO or HVS) cathode electrode material has the potential to meet or even exceed these 

targets given the large voltage range, carbon anode pairing, and cobalt free structure. The factors impeding its 

commercialization high temperature gas generating reactions and incompatible electrolyte at the 4.8-5.0V 

upper cutoff potential. By resolving the gas generation issues of the material and developing electrolyte 

formulations utilizing novel additives and solvent systems, the advances in electromobility commercialization 

can be realized at a cost that is significant over other advanced materials currently on the market. 

Objectives  

The primary objective of this project is to develop electrolyte formulations and novel electrolyte additives to 

reduce the gas generation, transition metal dissolution, and improve the performance of the LNMO cathode 

system while being stable at high voltage. The electrolytes and additives developed for these electrode 

materials are targeted to have minimal gas generation, high cycle life, high power charge/discharge 

capabilities, wide operating temperature, and competitive cost. In addition to this primary objective, the 

analysis of the interactions of the electrolyte with these materials leading to the understanding of gassing and 

failure mechanisms is also being targeted.  

Approach  

The approach to this project has been updated this past year and can be classified into 4 task categories that are 

defined as follows: 

• Focus Area 1: Novel additive design, synthesis, screening, and scale up.  

• Focus Area 2: Development and optimization in 2 Ah HV-LNMO v. Carbon Anode pouch cells. 

• Focus Area 3: Scale up to 10 Ah HV-LNMO v. carbon anode pouch cell with continued evaluation 

and optimization. 

• Focus Area 4: Supplier evaluation and selection of HV-LNMO cathode material. 

Focus area 1 works to develop novel additives that are targeted for solid electrolyte interface (SEI) formation, 

cathode electrolyte interface (CEI) formation, and manganese dissolution prevention. Additives are 

synthesized and screened in coin cells before testing small batches of the best candidates in pouch cells in 

subsequent focus areas. In addition, surface analyses that aid in development and understanding of additives 

with the electrode materials are also conducted. The impact the additives have on the electrolyte properties 
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such as vapor pressure, flashpoint, conductivity, electrochemical stability, and other important areas are also 

investigated to track any notable trends that could be useful in further development. Most promising candidates 

are then scaled up for large batch production and selected for patent protection.  

Focus area 2 utilizes the additives developed during work in focus area 1 along with other unique but 

commercially available additives, uncommon and/or novel solvent and lithium salt formulations, and 

adjustments to testing protocols to maximize the functionality of the electrolyte in 2 Ah multi-layer pouch cell 

(MLPC) test vehicles using HV-LNMO as the cathode paired with a carbon anode. Testing includes but is not 

limited to cycling at various temperatures, storage testing, electrochemical stability testing, impedance growth 

evaluation, and gas analysis. Surface analysis or further electrolyte property measurements that give 

information toward failure mechanisms, gas generation mechanisms, or additive and electrolyte mechanisms 

can also be carried out. While focus area 1 is aimed at compound development, focus area 2 aims to put those 

compounds to use to improve performance and reduce gas generation. Focus area 3 continues the work of 

focus area 2 but in a larger test vehicle that is a more accurate representation of a commercial product.  

Focus area 4 is conducted in tandem with the previous focus areas. Developing a successful high voltage 

electrolyte for HV-LNMO cathode material and creating a MLPC requires material that is of good quality, 

appropriate pricing, and good stability. During the launch of this project, a consistent supplier was more 

difficult to come by than originally projected so alternates were evaluated comparing particle size, 

morphology, reactivity, composition, and stability. It is important to note that this focus area is designed to 

evaluate materials that are the best fit for this project specifically and does not claim to identify the best 

material(s) on the market for commercial applications.  

Results  

This project initially underwent some delays result from the COVID-19 pandemic and the impact on the 

supply chain; however, in the past year, the largest impact has been indirect, residual influence on the supply 

chain. The progress of the program has been forward moving, but with limitations in raw materials for novel 

compounds, it has been a slower recovery than anticipated.   

The 12 novel additives that were developed for this program were narrowed down to five for scale up with two 

selected for patent application. The five selected compounds were synthesized in larger quantities, but due to 

the slow patent process further development stopped. Patents for two of the compounds have been submitted 

and are moving through the patent process. Improvements to impedance and cycling were monitored and 

noted, but improvements to gas generation specifically with two of the compounds focused on in the project 

was the desired outcome. In addition to the 12 synthesized compounds, 5 novel compounds were evaluated 

with excellent results for not only gas reduction, but also high temperature performance. The final formulation 

that was delivered included 3 novel additives and two commercially accepted compounds. The publication of 

the other novel compounds identified is being reviewed as part of the closing of the project.  

The majority of the work done resided focus area 2 in order to manage supply chain. By delaying scale up, 

quantities could be better controlled and therefore more data generated. In order to meet targets, the novel 

compounds HV-P, HV-02, HV-09 were considered the main additive pack. HV-P provides CEI and SEI 

formation, HV-02 significantly reduces gassing, and HV-09 improves capacity and long-term performance. 

This additive pack in the baseline, which is referred to as D2, was used to evaluate the formation and testing 

procedures in order to ensure best SEI formation and stability. The areas of focuses included upper cut-off 

voltage evaluations, rate of testing evaluations, and charging procedures variances. The findings showed that 

the procedure greatly impacts the gas generation in a cell. While capacity and cycling retention showed some 

benefits to certain procedures, the impact on gas generation was far greater. Procedure 1 (P1) and procedure 4 

(P4) showed excessive gassing to the point volume data could not be gathered. In contrast, procedure 2 (P2) 

showed some of the lowest gas generation measured during cycling up to this point. The gas generation 

comparison can be seen in Figure I.8.1. 
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Figure I.8.1 Gas generation measured in 2Ah MLPC containing HV-LNMO/C material after cycling for 120 cycles at 45°C under 

various procedures (P) that alter charging methods, upper cutoff voltage, and current rates. The data shared all has the same 

formulation showing the impact that procedure has on gas generation in addition to electrolyte formulation.  

In addition to understand the impact of different testing procedures and identifying procedures that effectively 

limit gas generation and maintain or improve performance, additional formulations were evaluated. Other 

additives investigated were common additives such as fluoroethylene carbonate (FEC) and succinic anhydride. 

Fluorinated compounds and acid scavengers were screened extensively as part of this final stage of 

optimization, but careful attention to synergistic combinations allowed for improvement in high temperature 

cycling and high temperature storage. In Figure I.8.2 and Figure I.8.3, the impact of some of the additive 

combinations is apparent with improvements in retention over the black baseline, L6-4. Not only is retention 

performance improved, but the gas generation was also greatly improved over the excessive gassing of the 

baseline. Figure I.8.4 shows images of the improvements in gas generation compared to the baseline. Photos 

are taken after cycling to be able to still evaluate impact on gas generation and swelling when volume 

measurements are not possible. With the additive pack added to the L6-4 baseline in formulation L6-4-167, we 

were able to greatly improve the capacity retention while keeping the gas generation very low. 
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Figure I.8.2 High temperature cycling performance in 2Ah MLPC containing HV-LNMO/C material showing additive packs 

improving retention over the baseline significantly at high temperatures. Formulation L6-4-C167 shows 8.4% retention 

improvement over the baseline. 

 

Figure I.8.3 Gas generation after the cycling from Figure I.8.2 which went through high temperature cycling performance in 2Ah 

MLPC containing HV-LNMO/C material. Not only did these formulations greatly improve retention in high temperature cycling, but 

it also reduced gassing compared to the baseline.  
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Figure I.8.4 Photos of 2Ah MLPC containing HV-LNMO/C material after 120 cycles of 45°C cycling. The top photo shows the 

baseline gas generation while the bottom photo shows gas generation with L6-4-C167 optimized formulation and an optimized 

testing protocol. Significant improvement in swelling able to be seen. 

In the final quarter of the year, scale up from the 2Ah MLPC optimization work into 10Ah MLPC cells was 

completed. Many of the additive packs had to have concentration adjustments and the procedures were also 

evaluated to ensure optimized testing. Even with the scale up, our additives showed strong performance. 

Figure I.8.5 shows the 1-week, 45°C, 100% state of charge (SOC) results which show improved remaining and 

recovered capacity over the baseline. In addition to stabilized storage performance, Figure I.8.6 shows the 

improvement to gas generation. The additive pack utilizing HV-P, HV-02, and HV-09 showed a 92% 

reduction in gas generated during storage testing in 10 Ah MLPC. Scale up was not able to be completed to the 

extent originally planned, but progress was able to be made to further move this material towards commercial 

viability in high energy density lithium batteries at low cost.  
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Figure I.8.5 Photos of 2Ah MLPC containing HV-LNMO/C material after 120 cycles of 45°C cycling. The top photo shows the 

baseline gas generation while the bottom photo shows gas generation with L6-4-C167 optimized formulation and an optimized 

testing protocol. Significant improvement in swelling able to be seen. 

 

Figure I.8.6 Photos of 2Ah MLPC containing HV-LNMO/C material after 120 cycles of 45°C cycling. The top photo shows the 

baseline gas generation while the bottom photo shows gas generation with L6-4-C167 optimized formulation and an optimized 

testing protocol. Significant improvement in swelling able to be seen. 



Batteries 

108 USABC Battery Development & Materials R&D 

Conclusions   

The project concluded with understanding the impact of optimizing procedures on reducing the gas generation, 

identifying novel additives that work synergistically to improve performance and reduce gassing, and then 

taking those findings to scale up in a more commercial adjacent test vehicle. While much of the publication 

work is still pending, deliverables for the project were met and are undergoing further testing as well. This 

project has now concluded.  
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Project Introduction 

As vehicle-related research and development in advanced battery technology continues to progress, the market 

competitiveness and penetration of EVs, PHEVs, and HEVs have been steadily increasing.  However, the total 

life cycle costs of the associated large format batteries still present an obstacle to further adoption, and a major 

potential avenue to decrease these costs is to increase the residual value of these batteries at their end of lives.  

Unfortunately, many currently available operations for the recycling of large format lithium-ion batteries 

require a tipping-fee to be paid in order for these batteries to be processed, actually further increasing their life 

cycle costs. This recycling business model is unsustainable, as it prohibitively adds life cycle costs and 

discourages end users from returning their batteries to the market at end-of-life. 

This project team has developed an integrated processing train for the recycling of large format lithium-ion 

batteries that substantially reduces both upfront capital and operating costs, while refining the battery metals to 

the specialty chemical specifications defined by leading cathode manufacturers in order to extract additional 

revenue and establish a true closed-loop circular economy.  Through these enhancements, this integrated 

process is able to operate economically while providing high residual value to end-of-life material owners, 

which provides an economic incentive for current holders and stockpilers of feedstock to return their materials 

to the market to enable the closed-loop supply chain to operate. 

Objectives  

The objective of this project is to demonstrate that the existing business model of the lithium-ion battery 

recycling industry can be challenged, and that a sustainable recycling system can be operated that can result in 

the manufacturing of cells from recycled battery metals that have equal performance to otherwise identical 

cells from virgin-sourced material, while also being produced at lower cost, with lower environmental 

footprint, and from domestic US-based resources. 

The primary USABC targets addressed in this program are those of cell cost, maximum percentage of active 

cathode manufactured from recycled materials, and the percentage of battery metals that are sourced from the 

domestic US.  In addition to these metrics, it is critical to demonstrate that both active cathode powders and 

full multilayer test cells that are manufactured from these recycled metals can achieve the same performance as 

otherwise identical components that are manufactured from virgin metals.  As a result, the performance metrics 

of standalone active cathode powder and of full multilayer pouch test cells need to be achieved in order for the 

above USABC performance targets to be validated.  The active cathode powder and cell level test procedures 

for this project will follow the guidelines set forth in the “United States Advanced Battery Consortium Battery 

Test Manual for Electric Vehicles” as detailed by the US DOE VTO. 
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Approach 

In order to validate the commercial performance of these recycled battery metal products, an approach has 

been established that consists of three major tasks spread across two budget periods. 

• Budget Period 1 (10/1/21 - 9/30/22): 

o Task 1 

▪ Bench scale recovery and purification of battery metals from recycled sources, analytical 

characterization of recycled metals to ensure all product specifications ar being achieved 

▪ Synthesizing of high-energy density active cathode material from control group virgin-

sourced battery metals, in order to prepare material for test cell development 

▪ Cell development and balancing of half-cell, single-layer pouch cells, and multi-layer 

pouch cells using control group virgin-sourced battery metals 

▪ Performance testing of multi-layer pouch cells from control group virgin-sourced active 

cathode material to establish benchmarks 

• Budget Period 2 (10/1/22 - 3/31/24): 

o Task 2 
▪ Large scale recycling of large format automotive cells, recovery and purification of 

battery metals, and analytical characterization of products 
▪ Synthesis of high energy density active cathode material from various blends of recycled 

and virgin sourced battery metals 
▪ Fabrication of multi-layer pouch cells from each blend of recycled and virgin sourced 

battery metals active cathode material 
▪ Performance testing of test cells, and comparison of cell performance against control 

group cells    
o Task 3 
▪ Analysis of life cycle operations with cost, performance, and environmental impact 

metrics 

In order to ensure that industry relevant high energy density active cathode materials are utilized in this 

evaluation, ABTC has formed a strategic collaboration for this project team with BASF, one the largest 

manufacturers of high-energy density automotive cathode material in North America.  Through this strategic 

collaboration, during this project BASF is receiving recycled battery cathode grade metal feedstocks (Nickel, 

Cobalt, and Manganese Sulfates, as well as Lithium Hydroxide) from ABTC’s battery recycling processes, and 

is using these metal feedstocks to synthesize its high energy density active cathode material.  Multiple batches 

of this active cathode material are being manufactured using various blends of virgin-sourced and recycled-

sourced battery metal feedstocks, and BASF will characterize the performance of these active cathode material 

batches in order to quantify the impact on performance of virgin versus recycled battery metal feedstocks. 

In addition to synthesizing active cathode material from recycled battery metals, this project is taken a step 

further and an additional strategic collaboration has been formed with C4V.  C4V is a battery R&D and 

manufacturing company that operates out of the Northeast Center for Chemical Energy Storage (NECCES), a 

US DOE Center of Excellence Energy Frontier Research Center, at Binghamton University.  This center has 

world class facilities for the fabrication and testing of all types of form factors and chemistries of high energy 

density lithium-ion batteries.  During this project, C4V is receiving the batches of virgin-sourced and recycled-

sourced active cathode material from BASF and is fabricating large format automotive test cells in order to 

quantify the performance of these various batches of active cathode material at the cell level.  These cells will 

be tested through individual characterizations, cycle life, and calendar life procedures and the impact on virgin 

vs recycled battery metal feedstocks for each batch will be quantified. 

These strategic collaborations between battery recyclers, cathode manufacturers, and cell manufacturers in 

North America will enable the demonstration of the full closed-loop circular manufacturing supply chain of 
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large format lithium-ion battery cells. The program includes battery module and cell recycling, battery metal 

recovery and purification, active cathode synthesis, large format cell manufacturing, and rigorous testing of 

these cells side-by-side with otherwise identical cells manufactured from virgin sourced battery metals. (See 

Figure I.9.1.) 

 

Figure I.9.1 Demonstration of closed-loop North American lithium-ion battery supply chain 

Results 

The project team has completed all activities within Budget Period 1, including the generation of bench scale 

samples of recycled lithium hydroxide and transition metal sulfates, the characterization of these products by 

both ABTC and BASF to confirm they meet all required product specifications, the synthesis of control group 

active cathode material from virgin sourced metals, the cell development and fabrication of cells from this 

control group active cathode material, and the performance testing of these control group cells. 

The testing and performance benchmarking of the control group cells were performed throughout Q3 and Q4 

2022, and the initial results were presented to the USABC team.  The data to date demonstrates that the 

performance of the tested cells are aligned with industry metrics, and that these control group cells will serve 

as successful baselines for the sensitivity studies to be performed during the second year of this project.  

Further details around results are outlined below; 

1) All 4 bench scale battery metal samples (nickel sulfate, cobalt sulfate, manganese sulfate, and 

crystallized lithium hydroxide monohydrate powders) have been generated, and have undergone 

analytical characterization and have had certificates of analysis (COA) issued by ABTC 

2) The purities of these battery metal samples were evaluated by BASF, and were confirmed to achieve 

all required specifications to be manufactured into high energy density cathode precursor and active 

cathode material 

3) The initial production batch of cathode precursor material was synthesized and converted into active 

cathode material by BASF, and delivered to the C4V team for initial cell development 

4) All non-cathode materials have been procured for fabrication of control group pouch cells by C4V 
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5) Initial coin cells were fabricated from control group active cathode material for initial cell 

development 

6) Single and multi-layer control group cells have been fabricated and tested, and final cell balancing 

was performed to finalize the cell-level design specifications 

7) Multi-layer pouch cells were fabricated and have undergone initial performance testing to set baseline 

metrics for subsequent sensitivity studies 

The project team is now in the process of recycling batches of large format automotive lithium-ion batteries, 

recovering and purifying the elemental battery metals, and generating large batches of battery metal products 

in order to enable to the large scale synthesis of blended batches of active cathode materials. 

Conclusions 

In conclusion, the industry for the recycling of large-format automotive lithium-ion batteries is still nascent, 

with no commercial scale operations within North America and only a handful of pilot and demonstration 

facilities currently operating.  These initial facilities generally operate in a manner that allow for end-of-life 

batteries to be processed into non-hazardous materials, however the current paradigm does not allow for 

extracted battery metals to be manufactured at significantly lower costs or environmental impact than 

comparable virgin-sourced battery metals from mining operations.  Furthermore, these recycled battery metals 

are generally blended with virgin-sourced battery metals in the manufacturing of new large-format automotive 

battery cells, and the industry requests the demonstration and validation that cells made from a substantial 

quantity of recycled metals can achieve the same performance as cells made from virgin-sourced battery 

metals.  

In order to demonstrate this wide breadth of operations within the battery manufacturing supply chain, a 

strategic collaboration has been formed to bring together each of the necessary skillsets and facilities to 

address this scope of work. Through this combined effort, an integrated recycling system is being 

demonstrated that processes commercial quantities of battery feedstock, the constituent battery metals are 

being extracted and purified to battery grade specifications, active cathode material is being manufactured 

from these recycled battery metals, large-format battery cells are being fabricated from these recycled 

materials, and then these automotive cells will be tested against otherwise identical cells manufactured with 

virgin-sourced battery metals.  

At the end of this demonstration process, the recorded operational data will be used to calculate the total cost 

of production of these recycled battery metals versus comparable virgin-sourced battery metals, the relative 

environmental impact of these operations compared to baseline processes, and the performance of these battery 

cells versus stated USABC project goals. 
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Project Introduction 

It is well known that silicon-based anodes suffer from continuous growth of the solid electrolyte interphase 

(SEI) which increases the cell resistance, consumes lithium, and decreases the capacity, power, and energy of 

the cell. The continuous growth of the SEI is driven by the large volume expansion of the silicon anodes 

combined with an unstable SEI that promotes electrolyte decomposition.  

Ionblox has been able to achieve several USABC cell targets such as power, energy, fast charge, and cycle life. 

This project will continue the research and development that started during the first USABC LC/FC1 project 

and focuses on meeting the calendar life, resistance, and cell cost targets. This program will focus on 

electrolyte and active material development to properly passivate and form stable protective layers on the 

anode (SEI) and cathode (cathode electrolyte interphase - CEI) surfaces. 

Objectives 

The key goals of this project are: 1) reaching the USABC calendar life and resistance cell targets via surface 

passivation, anode and cathode material development and electrolyte engineering; and 2) meeting the USABC 

cell cost target by optimizing the lithiation process of the silicon anode. 

Approach 

A unique aspect of the current LC/FC2 program is that it will continue building on the success of the previous 

LC/FC1 program. The LC/FC2 program will start on solid footing with cells already performing well with 

respect to cycle life, energy, fast charge, rate capability, and safety. Ionblox understands the last remaining 

challenges needing development to qualify and commercialize the technology and therefore will primarily 

focus on improving the calendar life, reducing resistance growth (as a function of storage and cycling) and 

meeting the cell cost targets. Additional cell specifications with respect to fast charging, high energy, high 

power, low temperature performance, safety and manufacturability will also be met during this program. 

The proposed program will focus on electrolyte and active material development to properly passivate and 

form stable protective layers on the active anode (SEI) and cathode (CEI) surfaces. Novel electrolyte 

formulations will minimize unwanted surface electrolyte reactions, while maintaining low temperature 

performance, high-rate capability, long cycle life, low cost, and ability to pass the safety requirements for EVs. 

Active material development will focus on surface passivation to minimize unwanted side reactions and 

improve calendar life. Regarding the USABC cost target, Ionblox key approach will be based on Li-doped 

SiOx material/process development to reduce cost and improve the overall performance of the cells. Tradeoffs 

in cell cost and performance between pre-lithiation of the anode and Li-doped SiOx will be made. The 

summary of Ionblox approach in this program is shown in Figure I.10.1. 
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Figure I.10.1 Ionblox approach to reach the USABC calendar life and cell cost targets 

Results 

In this section the progress on electrolyte development, cathode structure engineering, and surface passivation 

has been presented.  

Electrolyte Development: 

During 2022, eight electrolyte formulations (summarized in Figure I.10.2) were designed to evaluate the effect 

of additives, solvents, salts, and localized high concentration approaches on calendar life (CL) and resistance 

growth (RG). The electrolytes were designed with the objectives of SEI/CEI stabilization, anti-gassing, 

thermal stability, and HF-scavenging. The evaluations started on coin cells with identical anodes and cathodes. 

The charge rate performance tests showed that all electrolytes either matched or exceeded the baseline rate 

performance within a margin of error. The cycle life study (1C/1C) on coin cells showed that the majority of 

the electrolytes were in-line or exceeded the baseline. The resistance growth during cycling (measured via 

HPPC pulses every 100 cycles) showed that dual salt formulations (E5, E6) exhibited faster resistance growth 

while E2 and E4 have lower overall resistances. The calendar life measurements started for E0, E1, and E2. 

During RPT0, the electrolyte formulations showed very similar performance. The CL testing of E0, E1, and E2 

will continue in Q3. Additionally, the CL testing of promising formulations (E3 to E6) will begin. 

The localized high concentration electrolyte (LHCE) cells showed poor rate capability performance. L1 

formulation was not able to perform beyond 1C/1C. Ionblox will continue to explore other LHCE 

formulations, however, any further testing on L1 and L2 will not continue. 
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Figure I.10.2 Ionblox electrolyte designs that were studied in 2022. 

Active Material: Cathode Structure Engineering 

The cathode chemistry, crystallinity, morphology, and surface properties can affect the stability of the CEI and 

SEI layers. During 2022, the coin cell evaluation of eight NCM-based cathodes or their mixtures (summarized 

in Figure I.10.3) was started. Charge rate studies showed higher specific capacities for cathodes with 

increasing Ni content. Additionally, both single crystal (SC) and poly crystalline (PC) cathodes showed similar 

rate performances. High temperature (45°C) cycling measurements showed that Cathodes #2, #3, #7, and #8 

showed similar performance. Additional cycling measurements will continue in 2023. The CL studies started 

with RPT-0 completed. The CL measurement will continue in 2023. While continuing the evaluation of 

Cathodes #1 to #8, Ionblox in planning to start the evaluation of Cathode #9 (in-house mixture of cathode #3 

and #5). 

 

Figure I.10.3 Cathodes and their properties studied by Ionblox in 2022. 

Active Material: Surface Passivation/Engineering 

One of the key approaches to increase the calendar life and control the resistance growth is the surface 

passivation via polymeric coatings. During 2022, Ionblox started the coating process optimization for Polymer 

#1 to passivate the cathode and evaluate the CEI stabilization. The results are summarized in Figure I.10.4. The 

high and medium concentration of Polymer #1 resulted in thick surface coatings which resulted in failing of 

the coin cell performance during rate studies. Ionblox will continue optimizing the coating process parameters 

with a focus on coating thickness which is controlled by coating time. Additionally, the coating process 

optimization of Polymer #2 (conducting polymer) has started and will be reported in future reports. 
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Figure I.10.4 Ionblox cathode surface passivation test plan for Polymer #1. 

Baseline Pouch Cells Performance Measurement 

The last cell-build from the previous program (LC/FC1-CB#3) will be used as a baseline for this program. The 

cell performance measurements are ongoing at Ionblox in parallel with similar testing at the National Labs. 

The tests and status of ongoing measurements on pouch cells are summarized in Figure I.10.5. 

 

 

Figure I.10.5 Status of ongoing performance testing on baseline pouch cells 

The summary of the measured performance vs USABC requirements and the Gap Chart of the baseline pouch 

cells is shown in Figure I.10.6. While the tests are still ongoing, up to this point the data show that the baseline 

cells are meeting the USABC cell target except for the cost. The cost will be one of the key objectives of the 

LC/FC2 program and Ionblox is targeting the USABC goal of $75 per kWh for Final-Build cells (deliverable 

on Q8 of this program). 
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Figure I.10.6 Cell targets and gap chart of baseline pouch cells 

Additionally, the pouch cells that were built as the baseline for this program showed consistent capacity, 

energy, OCV, weight and thickness. The summary of the measurements on the 70 baseline cells is shown in 

Figure I.10.7. The capacity and energy measurement versus voltage for the baseline pouch cells is shown in 

Figure I.10.8. The measurement on eight cells showed consistent charge and discharge curves as well as 

energy and capacity. 

The power and resistance measurements in Figure I.10.9 show that the baseline cells at RPT-0 are meeting the 

discharge and regen power requirements of the USABC program. Additionally, consistent results were 

obtained for eight cells. 

 

Figure I.10.7 Measurements on baseline cells after formation. 
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Figure I.10.8 Capacity and energy measurement versus voltage during charge and discharge for baseline pouch cells. 

 

Figure I.10.9 Power and resistance measurement versus depth of discharge for baseline pouch cells. 

Conclusions  

During 2022, the testing of baseline pouch cells started at Ionblox and the National Labs. The measurements 

will continue in 2023. The measurements show that Ionblox baseline cells are meeting the majority of the 

USABC target cell requirements. The cell cost and calendar life will be key areas of focus for this program. 

The electrolyte design, cathode selection, surface passivation approaches to improve the calendar life and 

resistance growth has started, and the measurements are ongoing. More information on the impact of each of 

these approaches will become available in 2023. 
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Project Introduction 

Amprius’ differentiating technology – an anode made of silicon nanowires – is potentially capable of meeting 

the USABC performance and commercialization criteria. Silicon offers significantly higher energy capacity 

than graphite but expands during lithiation.  As a result, conventional approaches to silicon anodes have not 

enabled the long cycle life required for electric vehicle applications. Amprius grows pure silicon nanowires 

directly on the current collector, without binders or conductive additives. Nanowires do not rely on particle-to-

particle contact and thus enable longer cycle life than particle-based approaches as well as higher rate and 

power.  

In a previous USABC contract that ended in 2018, Amprius cells with silicon nanowire anode and NMC721 

cathode met or exceeded most USABC 2020 goals for EV applications and has reduced the gap in Cycle and 

Calendar Life. Silicon anodes have much lower thickness than graphite anodes and a voltage that is at least 100 

mV higher, which enables fast charging and prevents lithium plating. Amprius cells can charge to 80% SOC in 

15 minutes. Test results were confirmed by tests at Idaho National Laboratory in both 3 Ah and 10 Ah cell 

form factors. 

The main gaps remaining toward commercialization are the cost of production for the silicon nanowire anode, 

as well as cycle and calendar life performance. The silicon nanowire anode is a direct replacement for graphite 

anode, and the rest of the cell components and assembly process are largely similar or identical to those used in 

graphite cells. Due to the importance of scale-up and cost reduction direction for Amprius’ business, activities 

related to scale-up have already started with Amprius funding and will not be sought here. However, a 

description of these activities and timely updates of the results and cost model will be proposed instead. Most 

of the work proposed here for funding will address the other two main remaining gaps, cycle and calendar life, 

with additional tasks on cell development for EV applications. 

Amprius proposes a program with a 2.5 years duration, to develop and demonstrate EV cell technology that, at 

the minimum, meets all UASBC goals for fast charge cells. Silicon composition and surface modifications, 

based on latest insights into material changes during cycling, coupled with electrolyte development, should 

close the performance gap in cycle and calendar life. Cell design activities for larger form factors will seek to 

preserve and enhance the intrinsic fast charge capabilities of smaller cells with size silicon nanowire anodes. 

At program’s end, Amprius will deliver cells with energy densities greater than 1,000 Wh/L and specific 

energy of 400 Wh/kg, capable to reach at least 80% SOC during 15 minutes of fast charging. 

mailto:ionel@amprius.com
mailto:Brian.Cunninham@ee.goe.gov
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Objectives 

The objective of the two and a half-year program is to develop a material structure and composition for the 

silicon nanowire anode which, based on preliminary results, will significantly strengthen the material and, 

thereby, extend cycle life and calendar life. The material change relies on dopants introduced in the silicon 

structure during fabrication, which reduce silicon domain sizes and, thus, stress induced cracking. Coupled 

with electrolyte development, material changes should reduce and eliminate the performance gap in cycle and 

calendar life. A parallel effort will include a plasma deposition technology development that targets increases 

in silane utilization during anode fabrication, a key performance parameter for reducing the cost of the 

fabricated anode, to meet USABC targets. At the end of the program, Amprius expects to meet all end of life 

requirements in the EV Gap Chart, while exceeding the requirements by more than 20% at the beginning of 

life for most parameters (se Table I.11.1). 

Table I.11.1 End of Program Cell Performance Objectives. 

End of Life Characteristics at 30°C Units Cell Level Goals Amprius Targets for 

program at BOL, 30°C 

Peak Discharge Power Density,  

30 s Pulse 

W/L 1400 3000 

Peak Specific Discharge Power,  

30 s Pulse 

W/kg 700 1200 

Peak Specific Regen Power,  

10 s Pulse 

W/kg 300 400 

Usable Energy Density Wh/L 550 1000 

Specific Usable Energy (defined at power 

target) 

Wh/kg 275 400 

Calendar Life Years 10 >10 

Cycle Life (25% FC) Cycles 1000 >1000 

Cost (@ 250k annual value) $/kWh 75 <75 

Normal Recharge Time Hours < 7 Hours, J1772 <7 

Fast Rate Charge Minutes 80% U.E. Target in 15 min >80% U.E. in 10 min 

Minimum Operating Voltage V >0.55 Vmax >0.55 Vmax 

Unassisted Operating Temperature Range Wh/kg 70% Specific Useable 

Energy at -20°C 

70% Specific Useable 

Energy at -20°C 

Survival Temperature Range, 24 h °C -40 to +66 -40 to +66 

Maximum Self-discharge %/month <1 <0.5 

Approach 

Amprius’ silicon nanowire anode cells already meet most of the criteria, as discussed in the previous section. 

The most significant performance gaps are in cycle life and calendar life, and cost is a major gap related to the 

scale-up of the technology toward large volume manufacturing. Calendar life was significantly improved in the 

previous USABC project by electrolyte development by improving SEI and CEI formation, and the work 

proposed here will continue and build upon that experience. The cycle life gap mitigation is the major focus of 

the project and preliminary experiments suggest that the material modification direction is the most 

constructive toward that goal. 
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The project tasks have objectives that target the USABC goals. In particular, the silicon material and 

electrolyte properties will be optimized toward the USABC goals. A short list of the main objectives is 

described below: 

1. Find Si doping or alloying compositions that improve targeted metrics 

2. Find material density and electrode loading levels that improve targeted metrics 

3. Optimize electrolyte composition to improve targeted metrics 

4. Optimize cell design and anode/electrolyte/cathode matching to improve targeted metrics 

5. Deliver cells for external evaluation and verification of progress. 

The main tasks cover four main work directions, with relatively independent task objectives, although 

targeting the same goals. 

The first three tasks cover the bulk of the research and, although they mainly address the same barriers (cycle 

life and calendar life barriers), they do it by relatively independent approaches. The first task addresses the 

intrinsic problem of silicon surface cracking by modifications in silicon density and composition (doping and 

alloying), in the nanowire volume and at the surface. This task is scheduled to last 18 months, and will test at 

least three dopant elements (nitrogen, oxygen and carbon). 

The second task addresses the same barriers by changes to the electrolyte composition development. This task 

is scheduled to last 24 months, developing electrolyte formulation for different anode compositions, as well as 

for different cathode types (Ni-content, coatings). 

The third task includes the development of a larger form factor cell for EV applications and improves 

performance by optimization to cycling parameters (voltage, N/P ratio), which directly affect or interact with 

the anode material. Results from this task use optimized anode and electrolyte materials from Tasks 1 and 2 

and give feedback to the respective development by evaluating the cells in USABC matrix of tests. This task is 

scheduled to last for 27 months, with three rounds of cell evaluation starting at 9 months intervals. 

The last two tasks have testing, verification and reporting as objectives. Three sets of 30 cells are scheduled to 

be delivered, including the baseline cell (~3Ah, 4.5x50x56mm small form factor) at 6 months into the 

program, interim cell (~10Ah, 9x54x66mm) at 18 months, and the optimized cell (target 80Ah, 8x99x300mm) 

at the end of the project. 

Results 

Dopant type 1 reduced impedance increase during cycling, with small overall effect on cycle life 

In FY2022, Amprius evaluated the first dopant element of the three proposed for evaluation during the project. 

The dopant was introduced in the silicon material during the silicon deposition process by mixing dopant gas 

with the silane precursor gas. Single and multi-layer cells were assembled with the anodes produced for 

evaluation of the electrochemical properties, and on cycle life in particular. Although a strong effect on 

stabilizing the impedance increase was observed, the increase in cycle life was relatively modest. A 

comparison of cycling data is shown in Figure I.11.1. The dopant level corresponds to increasing flow level of 

dopant gas, with 1 being the reference level (no dopant gas). 
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Figure I.11.1 Single layer Si/NMC811 cell cycling at 1C//1C rates from 2.75-4.25V 
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Tests are continuing with the other two proposed dopant materials in FY2023. 

Amprius reduced the main gap in performance, cycle life, by identifying electrolyte additives that improve 

Solid Electrolyte Interphase (SEI) stability. 

The electrolyte solution formulation was optimized with new solvents, additives and salts, as well as with new 

formulation strategies, such as super-concentrated electrolytes, localized high concentration electrolytes, and 

gel electrolyte forming additives. The formulation development used materials compatible with pure 
silicon anodes that were available at the start of the project. 

Both new solvents and additive sets have resulted in improved calendar life, the most consequential result 

expected from electrolyte development. For example, in Figure I.11.2., the new electrolyte formulation 1179 

results in no power degradation after 2 months of storage at 45°C. Power degradation is usually the most 

deleterious effect observed at high temperature and the first few month results are very promising. Tests are 

continuing in FY2023. 

 
 

Figure I.11.2 Peak specific discharge power in 3.7Ah Si/NMC811 cells with improved lectrolyte formulations. Formulation #1045 

is the baseline formulation at the start of the program. 

Amprius performed the baseline evaluation of the silicon nanowire technology at the start of the program 

Preliminary round of testing on baseline battery cells shows promising results. The cells meet the targets for 

capacity, available energy, power, and thermal performance. 

Below are the cell and test parameters used during the preliminary round of testing: 

• Target cell’s capacity at beginning of life = 3.7 Ah 

• Target cell’s energy at beginning of life = 13.0 Wh 

• Available energy at end of life = 10.4 Wh 

• Vmax,100 = Vmaxop = 4.25 V 

• Vmin,0 = 2.50 V 

• Vmin,op = 3.2 V 

• Vmin,pulse = 2.25 V 

• Vmax,pulse = 4.35 V 

• IMAX = 2C. 

The baseline test results are summarized in Table I.11.2. The DST cycle life and calendar life tests are 

continuing in FY2023. 
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Table I.11.2 Baseline cell technology gap analysis table 

End of Life 
Characteristics at 30°C 

Units Cell Level Goals Baseline Q3 

Peak Discharge Power 
Density, 30 s Pulse 

W/L 1400 >2800 

Peak Specific Discharge 
Power, 30 s Pulse 

W/kg 700 >1300 

Peak Specific Regen 
Power, 10 s Pulse 

W/kg 300 >810 

Usable Energy Density Wh/L 550 >900 

Specific Usable Energy 
(defined at power target) 

Wh/kg 275 >400 

Calendar Life Years 10 TBD 

Cycle Life (25% FC) Cycles 1000 >200 

Cost (@ 250k annual 
volue) 

$/kWh 75 TBD 

Normal Recharge Time Hours < 7 Hours, J1772 <7 

Fast Rate Charge Minutes 
80% U.E. Target in 

15mins 
~90% 

Minimum Operating 
Voltage 

V >0.55 Vmax 0.59 Vmax 

Unassisted Operating 
Temperature Range 

Wh/kg 
70% Specific Useable 

Energy at -20°C   
82% Specific Useable 

Energy at -20°C   

Survival Temperature 
Range, 24 Hr 

°C -40 to +66 -40 to +66 

Maximum Self-discharge %/month <1 <0.5 

 

The Si/NMC811 baseline cells exceed power and energy goals by more than 50%, as expected based on the 

performance at the start of the program. The rest of the performance metrics, measured for the first time for 

this chemistry, also indicated very good performance. Highlights of the baseline performance evaluation 

include a fast charge of 90% of usable energy in 15 minutes, a loss of less than 20% of usable energy at -20°C, 

and a self-discharge rate of <0.5% per month. As shown in Figure I.11.3, the baseline cells met the 30°C peak 

discharge power target of 700 W/kg even at -10°C. 
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Figure I.11.3 Peak specific discharge power at different discharge temperatures for baseline cell chemistry 

Amprius performed cell parameter optimization using design-of-experiment methodology 

For performance optimization, a design-of-experiment which included 5 input factors with 3 levels each 

resulted in a reduction of tests from 120 combinations to 18 combinations, using 5 replicates for each. The five 

factors optimized simultaneously included anode loading, cathode loading, upper cutoff voltage, lower cutoff 

voltage, and anode prelithiation capacity. The primary response variable metric was the number of cycles to 

80% retained capacity.   

The resulting model was used to create profiler charts, one of which is presented below in Figure I.11.4. Such a 

factor response profile can be used to evaluate the impact of changing the value of any of the input factors. The 

analysis of the main factor analysis indicate that cutoff voltages have the largest effect on cycle life, with the 

lower cutoff voltage having the highest impact. These findings are applied to future test protocols. Further 

optimization using the same methodology will address a wider window of factor levels. 
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Figure I.11.4 Model predictors for cell capacity retention generated from the data from the DOE cells at end of life. 

Conclusions 

During the project’s first year, Amprius started the task work to reduce the gaps in cycle life and calendar life. 

These tasks included silicon nanowire anode material structure, loading, and composition optimization, 

electrolyte development, and cell parameters optimization. Silicon doping showed relatively small effects with 

the first dopant element, but anode structure and loading, as well as cycling parameters increased cycle life 

more than 500 cycles in single layer cells. 

 

The baseline cell chemistry (Si/NMC811) was evaluated using USABC test protocols in the first year. The 

3.7Ah cells exceed energy and power goal targets by at least 50%, and the chemistry showed very good low 

temperature performance, power density and storage loss. Calendar and cycle life tests are continuing in 

FY2023. During FY2022, Amprius built and delivered 21 baseline cells with a capacity of 3.7Ah to Idaho 

National Laboratory for baseline performance evaluation. 

 

During FY2023, Amprius will continue to increase cycle life and calendar by optimizing anode structure and 

exploring advanced components, extend cell cycle life by tuning anode structure and testing new electrolyte 

formulations, and finish the design and assembly of the interim cells with capacities ≥ 10 Ah. 
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II Processing Science & Engineering 
The processing science & engineering activity supports the development and scale-up of manufacturing 

technologies needed to enable market entry of next-generation battery materials and cell components that 

could significantly reduce cost and environmental impact while increasing yield and process control relative to 

existing production technologies. The research portfolio spans material discovery, scale-scale up, slurry 

formulation, electrode engineering, and cell prototyping. 

Material discovery scale-up address several related barriers to manufacturing cost and material performance 

for novel battery materials. These seek to develop new advanced manufacturing processes that reduce cost and 

provide advanced new materials for evaluation. The industry-relevant continuous processes are developed for 

scalable production of cathode materials, precursors and electrolytes, such as continuous flow, co-

precipitation, supercritical fluid synthesis and flame spray pyrolysis. In situ experimentation and multiscale 

modeling are applied to designing new processes for improving battery performance and reducing processing 

cost.  

Slurry formulation 

LBNL investigated the effect of the ratio between carbon black and binder on slurry properties (i.e., viscosity) 

and electrode properties (i.e., adhesion and cohesion strength). There appears to be an ideal solvent content 

with regard to mixing and casting that correlates linearly with the surface area of carbon additives. LBNL also 

built and tested early iterations of a miniature automated coating/drying line, which can observe electrode 

coating production process. 

Material screening and prototyping 

ANL screened two electrolytes, free-standing polymer electrolyte and sulfide based (Li6PS5Cl) electrolyte, for 

all solid-state batteries. Promising results have been demonstrated. Particularly, the sulfide based all-solid-state 

batteries with NMC811 and silicon electrodes demonstrated 70% capacity retention after 1000 cycles. 

Additionally, ANL installed a multifunctional coater which provides many new capabilities to the CAMP 

Facility including interchangeable coating heads, corona treatment and an IR drying zone. Volume evolution 

during lithium plating and stripping was also evaluated using operando energy dispersive X-ray diffraction 

(EDXRD).  

Electrode engineering and prototyping 

ORNL has developed a two-layer electrode architecture with a denser energy layer at bottom and a more 

porous power layer on top, which showed improved capacity with high areal capacity (6 mAh/cm2) compared 

to the conventional structure and can be applied for fast charging application. In addition, Li+ dynamics in 

hybrid polymer electrolytes based on PEO electrolyte, Al-LLZO filler and LiTFSI or LiFSI salt were evaluated 

via experiment and simulation. ORNL also continues developing an electron beam curing process for electrode 

manufacturing, which could enable solventless processing high throughput (i.e., >300 m/min line speed) and 

significant processing energy saving. A new green radiation curable resin from domestic supplier was 

evaluated and is compatible with both NMC and graphite and graphite/silicon materials. This technology was 

licensed to Ateios Systems and won an R&D 100 Award and a 2022 FLC Technology Transfer Award in 

2022. 

The rest of this chapter contains detailed reports on the status of the following individual projects. 

• Processing Next Generation Li-ion Battery Cathode Materials (ANL) 

• Novel Processing Approaches for LLZO (ANL) 

• Supercritical Fluid Processing of Battery Cathode Materials (ANL) 

• Process R&D and Scale-up of Critical Battery Materials (ANL) 

• Structure-Activity Relationships in the Optimizing Electrode Processing Streams for LiBs (LBNL) 

• Fabricate and Test Solid-state Ceramic Electrolytes and Electrolyte/Cathode Laminates (LBNL) 
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• Higher Energy Density via Inactive Components and Processing Conditions (LBNL) 

• Minimizing Side Reactions in Next-Generation Lithium-Ion Battery Cathodes Through Structure-

Morphology Optimization (ANL) 

• In Situ Spectroscopies of Processing Next-Generation Cathode Materials (ANL, BNL) 

• Towards Solventless Processing of Thick Electron-Beam (EB) Cured LIB Cathodes (ORNL) 

• Performance Effects of Electrode Processing for High-Energy Lithium-Ion Batteries (ORNL). 
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Project Introduction 

The multifaceted objective of the program is to provide the research community with materials that they design 

and want to investigate and therefore ascertain the key missing link between discovery of advanced active 

battery materials, evaluation of these materials, and ultimately high-volume manufacturing of the selected 

targets to reduce the risk associated with their commercialization. We perform systematic process and material 

engineering research to develop cost-effective customized synthesis and to produce sufficient quantities of 

high-quality target materials by optimizing process parameters tailored to specific material compositions, 

evaluating material purity profiles, and applying emerging manufacturing technologies to address challenges 

associated with manufacturing of advanced materials. The technical targets of this program are the 

development of customized synthesis processes for each material selected, scaling up to multi-kilogram 

quantities with reproducibility under rigorous quality control, and evaluation of emerging manufacturing 

technologies to assist fundamental research and to reduce the commercialization risk of newly invented active 

battery materials. 

Objectives 

The multifaceted objective of the program is to provide the research community with materials that they design 

and want to investigate and therefore ascertain the key missing link between discovery of advanced active 

battery materials, evaluation of these materials, and ultimately high-volume manufacturing of the selected 

targets to reduce the risk associated with their commercialization. We perform systematic process and material 

engineering research to develop cost-effective customized synthesis and to produce sufficient quantities of 

high-quality target materials by optimizing process parameters tailored to specific material compositions, 

evaluating material purity profiles, and applying emerging manufacturing technologies to address challenges 

associated with manufacturing of advanced materials. The technical targets of this program are the 

development of customized synthesis processes for each material selected, scaling up to multi-kilogram 

quantities with reproducibility under rigorous quality control, and evaluation of emerging manufacturing 

technologies to assist fundamental research and to reduce the commercialization risk of newly invented active 

battery materials. 

Approach  

Over the past four years, the advantages of utilizing an emerging synthesis technology, the Taylor Vortex 

Reactor (TVR), for the production of cathode precursors for lithium-ion batteries, were demonstrated. This 

innovative reactor has a cylindrical rotor and tremendous Taylor vortices in the annulus. It produces 

homogenous micro-mixing with high mass and heat transfer, enabling a high degree of uniform super-

saturation thus eliminating local concentration and temperature gradient. This results in faster kinetics and 

denser particles with minimal optimization. The TVR continuously produces spherical precursor particles with 

https://d.docs.live.net/cde7ed7fc6b9428d/Desktop/VTO%20Integrated/okahvecioglu@anl.gov
mailto:haiyan.croft@ee.doe.gov
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a narrow particle size distribution, which is critical to achieve high-quality battery materials, and is now the 

preferred platform for rapid production of new chemistries that are not commercially available. Within the 

scope of the project, the calcination scale-up challenges were studied through the comparison of commercial 

box furnaces (up to ~70 g/batch) and benchtop tube furnaces (5-25g/batch). Differences in both heating system 

were identified; such as, heating homogeneity and temperature gradient, gas flow pattern, partial pressure, 

surface-to-volume changes as the load goes up, and etc. These findings led to new designs/prototypes for 

efficient gas flow inside the commercial box furnaces, which resulted in similar calcination efficiency with 

benchtop tube furnaces. The project team continued supporting the researchers across the Nation by providing 

a wide-range of different commercially non-available chemistries, morphologies and/or particle sizes.   

Results  

Low/No Cobalt Nickel-based Cathode Materials 

The project team continued studying on fundamental understanding of calcination challenges for the LNO-

based materials. Previous studies showed that lithium kinetics are strongly dependent on the hydroxide 

precursor’s physical properties (e.g.; porosity, particle size & distribution, density, morphology) for the same 

composition within. One of MERF’s responsibilities is to consistently provide high quality, hydroxide 

precursors with a wide range of chemistries while keeping all physical properties similar as the composition 

changes. This would allow the basic R&D scientists to compare the materials solely based on ranging Ni, Mn, 

and Co ratios. For fair comparison of the calcined oxide cathode materials, each Ni-rich hydroxide chemistry 

was synthesized at larger quantities (up to 2.0 kg) to eliminate the batch-to-batch variability.  These materials 

were then calcined using the same calcination conditions using two different heating system: to compare both 

small scale vs large scale calcinations, as well as scalable box furnaces vs lab-type tube furnaces.   

Comparison of calcination furnaces and scales: Ni-based cathode materials 

Ni-based compositions are sensitive to synthesis and powder-handling conditions, so large quantities of high 

quality materials are critical for apple-to-apple comparison. The project team studied the optimization of 

Ni0.95Mn0.05(OH)2 material that was previously introduced into the low/no cobalt Deep-Dive program in FY21. 

In FY22, the team designed two prototypes for efficient O2 gas flow inside the scalable commercial box 

furnaces to enable larger calcination quantities (up to 120g) without compromising the performance quality 

that was achieved at <10g scale calcinations in benchtop tube furnaces.  The calcination parameters were 

applied at the same conditions, except the scale, for both furnace types where the optimal calcination 

temperature applied was 740°C under pure oxygen gas flow. Figure I.11.4 displays comparable performances 

for the cathode materials synthesized using different furnace types, even when the scale is larger for 

commercial box furnaces. All cathode electrodes showed similar capacity-increasing trend during the first 3-

formation cycles, where the cathodes obtained from tube furnace application showed > 5mAh/g capacity or 

more on the formation cycles. This was immediately tapered out to the same levels or lower compared to 

commercial furnace product for the following cycles. The small scale tube furnace calcination product 

achieved 85.8% capacity retention over 50 cycles compared to 87.0% for large scale commercial box furnace 

calcination product. 
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Figure II.1.1 Cycle life comparison of LiNi0.95Mn0.05O2 obtained at different furnace applications. (Red spheres represent the tube 

furnace application. P1 and P2 stand for Prototype -1 and Prototype -2) 

  

With the insights gained through the applications of different calcination furnace types, the project team 

further studied the calcination scale up of LNO material in modified commercial box furnaces using two 

prototypes (P1 and P2). Initially, the electrochemical performances of cathodes synthesized in a standard 

unmodified box furnace was compared to the modified versions of the same furnace at the same calcination 

scale (see Figure II.1.2). Later in the study, a new and improved prototype design was developed and tested, 

showing a higher capacity retention (89% over 100 cycles) when the interior gas flow pattern was improved in 

the box furnaces. These modifications were also tested at ~65 g scale calcinations in different batches for 

reproducibility check, where the cathode electrodes achieved more than 85% capacity retention over 100 

cycles as displayed in Figure II.1.2 (left). Also, each cathode material from different batches showed ≥ 240 

mAh/g discharge capacity in the first 3 formation cycles. The capacity values for larger scale were slightly 

higher than that of smaller scale calcinations which was mainly due to increased O2 gas flow. The box furnace 

with prototype-2 modification (multi direction gas flow attachment) allowed better controlled O2 gas 

distribution thus enabling greater surface area coverage of each batch during calcination which is critical for 

the lithiation of the Ni-rich cathodes.  

 

Figure II.1.2 Cycle life comparison of  LiNiO2 cathode electrode: obtained from standard and modified calcination box furnaces at 

small scales  (left) and reproducibility check using modified prototype- 2 at slightly larger scale (right) {Fixed calcination 

parameters: calcination temperature = 650°C; Dwell time = 12 h; under 100% O2 gas flow}  

No Cobalt Low Nickel, Manganese-based Cathode Materials 

Majority of our activities were concentrated around the new cobalt free and manganese rich composition. We 

apply a carbonate based co-precipitation route to synthesize Mn0.65Ni0.35CO3, via continuous operation using 

Taylor Vortex Reactors. We adopted a small batch type synthesis route from our collaborators and converted it 

to a continuous co-precipitation route using TVRs. Figure II.1.3 (a-c) shows general morphologies obtained 

from the preliminary studies of co-precipitated, pretreated and calcined products, where the particle size 

distribution is bi-modal leading the larger particle to crack during pretreatment and calcination processes. 

Regardless of the calcination process conditions, the tap densities were increased while the surface area 

decreased. However, the particles went through severe cracking which was more obvious when the lithium to 

transition mol ratio also increased. This was initially attributed to the unstable particle construction in the co-
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precipitation process which may have led to cracking in calcination process. Extensive co-precipitation studies 

were done, including lowering reactant molarities, decreasing residence time (τ), temperature (T), TM/NH3 

mol ratios, varying co-precipitating agents (Na2CO3, Li2CO3), varying pH, different pH probe-types, P&ID 

control vs manual operations, and etc. These operations all showed that continuous carbonate co-precipitation 

process had inherent process flaws where the steady-state conditions are diminished after some certain time 

passes (2 × and 4 × residence times, τ, for slow and fast reactions, respectively). Further optimization studies 

will be done with an engineering control by applying equivalent flow rates for both transition metal solution 

and sodium carbonate solution and bypassing P&ID control to eliminate false feedback occurring between the 

pH controller and pH pump during the continuous operation. We also started the continuous hydroxide co-

precipitation process for this material to compare the efficiency of both synthetic route.  

 
 

Figure II.1.3 (Top row) Cross section SEMs of Co-free Mn-based cathode carbonate precursor particles showing a dense interior 

(left); bulk and cross-sectional morphologies of pretreated carbonate precursor  (right) showing an onion peel-like structure. 

(Middle row) Morphologies of cathode active materials that are calcined directly at 900°C with varying Li/TM mol ratios (1.30 and 

1.34 from left to right) showing rough surfaces with ranging levels of particle cracking particularly for the larger particles. (Bottom 

row) Morphologies of cathode active materials that are calcined at 900°C with prior 600°C hold with varying Li/TM mol ratios 

(1.30 and 1.34 from left to right)  showing severe cracking. 

Fast Reaction: Reducing Residence Time (τ) in Continuous Co-precipitation 

Over the past year, during the carbonate co-precipitation optimization studies, we also investigated the particle 

formation in a continuous operation via reducing residence time using a 10L TVR. Figure II.1.4 shows the 

morphologies of the particles sampled from the initial hours towards the end of the reaction. This particular 

experiment was done using a 10L TVR applying a very short residence time (1 hour) when considering the 

scale of the reactor. To compare, the typical residence time for CSTRs at 4L scale ranges from 8-12 h. Also 

note that, as a common practice; in continous operations, the steady state conditions are typically achieved 

after 4-6 × the residence time. Also as mentioned above, the carbonate route intrinsically had process flaws 

which the steady state conditions were disturbed after 4 × the residence time for fast reaction as in this case, 

which could be easily seen via the particle shape/size differences. Initially, the particles formed nodular 

structures as early as within the 30th minute of the operation (the SEM image is not shown) which then became 

more spherical after the 4th residence time. This observation encouraged the team that fast reactions can be 

applicable with the TVRs  even if the scale is relatively larger than that of CSTRs. Advantages of using a large 
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scale TVR with substaintailly reduced residence time resulted in a production rate of 200g/h starting from the 

4th hour of the continuous operation. Yet, due to the pH fluctuation after 4th hour (also the 4th residence time), 

this process required a detailed optimization studies for a succesfull operation. Electrochemical performance 

comparisons were made for these non-optimal materials produced at fast (τ = 1 h) and slow (τ = 4 h) co-

precipitation reactions followed by high temperature calcination, displayed promising feature for fast reaction 

product (Figure II.1.4, bottom row). However, these materials weren’t optimized and therefore until an 

optimal/target particle specification is achieved, the true performance of these materials are subject to change. 

 

Figure II.1.4 SEM images of particle morphologies formed in a continuous operation using 10L TVR (top two rows). Voltage profile 

(bottom row) comparison of materials obtained through fast and slow co-precipitation reaction (coin half cell: First formation cycle 

at C/20 (1C = 175 mA/g) between 2.0 V – 4.7 V at 30°C) 

Preliminary Hydroxide Co-precipitation Synthesis for Mn0.65Ni0.35(OH)2 

Achieving and preserving steady state condition in a continuous co-precipitation operation is a complex 

process, involving strict engineering controls to eliminate overseen events to ensure the process operates 

properly and continuously [1]. The project team developed an expertise on successfully synthesizing high 

quality NMC-based hydroxide precursors in continuous mode over the past 7 years using the TVRs. Adopting 

this knowledge and translating it for the synthesis of Mn-based hydroxide precursors is the logical route for the 

quick observation of particle formation; yet it is a non-trivial task. Initial hydroxide co-precipitation route was 

applied for this composition in a high pH environment (pH = 11.6) using the similar continuous co-

precipitation conditions for Ni-based hydroxides (e.g.; mol ratio of TM:NH3 = 1; pH control with P&ID; T = 

50±0.2°C: 800rpm), except with reduced residence time (τ = 1h). Application of higher pH condition resulted 

dispersed particle formation showing ~ 1µm size platelets with ~100nm wall thicknesses, as seen in Figure 

II.1.5. The particles remained consistent in size and morphology throughout the whole operation. Based on the 

preliminary synthesis results, optimization studies will be done screening lower pH conditions along with 



Batteries 

134 Processing Science & Engineering 

varying mol ratios of both TM:NH3 and NaOH:NH3 in the continuous operation. This particular synthesis 

produced ~240 g/h of consistent product till the end of the reaction. The preliminary product was calcined into 

final cathode oxide material and the first cycle profiles of both fast carbonate vs hydroxide synthesis reaction 

product were compared. The materials from both synthesis routes weren’t optimized. However, the product 

calcined from hydroxide co-precipitation route delivered ≥250 mAh/g first discharge capacity (see Figure 

II.1.5, bottom row), which was comparable to an optimal benchtop carbonate-based product (not shown here). 

 

Figure II.1.5 Particle formation under high pH conditions in a fast-continuous operation displays flaky, platelets with ≤ 1µm platelet 

size having ~100nm wall thickness (top rows). Voltage profile (bottom row) comparison of materials obtained through fast 

carbonate vs fast hydroxide co-precipitation reaction (coin half cell: First formation cycle at C/20 (1C = 175 mA/g) between 2.0 V 

– 4.7 V at 30°C) 

Materials in Support of Battery R&D Community 

In FY22, we continued supporting researchers at the Northwestern University by providing Ni-rich chemistries 

for the research of enabling ambient storage of LNO materials via carbon-based coatings. Over the past year, 

MERF also provided LiNi0.6Co0.2Mn0.2O2 batches with a larger D50 and more controlled particle distribution 

for AMO project DE-EE00009112. This project is developing an acoustic additive manufacturing process for 

fabricating thick, fine feature 3D Lithium-ion battery electrodes. Preliminary testing with MERF NMC-622 

shows promise for improving the quality of 3D electrodes fabricated relative to commercially available NMC. 

MERF have continued collaborating with Brookhaven National Laboratory (BNL) under the Process Science 

and Engineering Program focusing on “synthesis by design” (BAT183). In the past year, MERF has provided 

new materials as needed, such as Ni-based hydroxides (Ni = 90% or more) with the collaborators at BNL for 

the structural and morphological evolution studies during the sintering process for both chemistries. Last year, 

MERF also initiated a collaboration with Prof. Feng Lin in Virginia Tech and provided 13 different cathode 
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precursors at a total of 1.1 kg scale (Low/No cobalt, Ni-rich hydroxide; Cobalt free manganese based 

carbonates and etc.). This work will use MERF-made precursors to synthesize layered cathodes with different 

grain sizes and orientations in secondary particles, which will then become platform materials to investigate 

how the charge propagations are regulated by grain properties under operating conditions. MERF also 

provided Ni(OH)2 materials for the ReCell program participants for upcycling the spent battery cathode 

materials. This work required more than 400 g material which was made available to the collaborators. 

Conclusions   

MERF's experimental active cathode materials process R&D and scale-up program assists the battery research 

community, allows for a comprehensive evaluation of new materials by industrial laboratories, and supports 

basic research. In fiscal year 2022 the program provided several new and/or reproduced, not commercially 

available materials. Samples of uniform, high-quality materials were distributed for further evaluation and 

research. Different cathode active material compositions have been synthesized using 1L TVR, and some of 

the material with higher quantity demand were scaled up in 10L TVR. Scalability of TVR technology was also 

studied for faster reaction with substantially reduced residence time. All the materials produced at MERF were 

shared with the collaborators either in the form of precursor or active cathode material, ranging from 100 to 

1,000 g per sample. 
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Project Introduction 

Aerosol manufacturing technology holds the potential of commodity scale production of energy storage 

materials in powder form. Reduced liquid chemical waste and suitability for continuous operation are 

advantages of aerosol processing has competing liquid based synthesis.  Aerosol synthesis of powders falls 

broadly into several categories: (a) spray drying, (b) spray pyrolysis, (c) flame spray pyrolysis and (d) gas 

combustion synthesis where (a)-(c) are droplet based and (d) is gas phase entirely. At the Argonne’s MERF 

aerosol synthesis facility modalities (a)-(c) are pursued for materials research into energy storage materials. 

Flame spray pyrolysis (FSP) is a materials synthesis technique that uses solutions of organic and/or inorganic 

metal salts in flammable liquids. In the gas-to-particle mode (FSP-GP), the liquid solution is atomized using 

oxygen and combusted to atomic species from which particles condense and are collected in the exhaust filters. 

If the available combustion enthalpy is insufficient, particle formation follows the droplet-to-particle modality 

(FSP-DP) and the produced solids retain some history of the spray droplets. 

Spray pyrolysis (SP) starts as in FSP by producing liquid droplets of metal salt solutions but not using 

combustible solvents.  Droplet solvent is removed by evaporation in a tube furnace followed by solid-state 

reaction of the dried particle to produce the desired solid materials. Optional addition of enthalpic components 

such as ethylene glycol or organic acids allows for exothermic support of the solid-state reactions. 

In Spray Drying (SD) the drying of the droplets and subsequent solid-state reactions that characterize Spray 

Pyrolysis are decoupled and only the dried particles are collected to be separately solid state reacted in 

calcination furnaces. This technique allows for the exclusion of the spray solvent and/or combustion gases in 

the calcination steep and enable controlled atmosphere calcination such as inert gas or pure oxygen.  

At Argonne’s MERF facility, we use these three modalities synergistically to produce the same target material 

and thus gain greater understanding of the material apart from the process. In, general FSP-GP produces nano- 

sized powder, while FSP-DP produces micron-sized agglomerates of nano-sized primary particles. SP 

produces micron sized secondary particles consisting of sub-micron primary particles. SD produces micron 

particles of the constituent metal salts which following a separate calcination retain their particle 

characteristics. For the FSP and SP techniques, we seek to optimize the process to produce ready to use 

particles in the proper phase purity. However, the gaseous environment in the processing reactors requiring 

separate calcination and or powder refinement can thermodynamically prohibit this. In the industrial setting 

even these additional steps are amenable to continuous processing following continuous aerosol powder 

production. 

Objectives 

Develop Aerosol Manufacturing Technology as a manufacturing option for Li-ion battery active cathode phase 

and for solid electrolyte powder for use in conventional and solid-state Li-ion batteries for the automotive 

sector. Obtain economically competitive protocols and recipes using the lowest cost precursor and solvent 
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options. Produce optimized LLZO for separator and catholyte applications.  Leverage the advantages of the 

atomically mixed nano-powder produced by FSP to access otherwise difficult to produce materials. 

Approach  

Solid-state electrolyte (a) garnets such as aluminum doped lithium lanthanum zirconium oxide Al-LLZO and 

energy storage materials (b) high Ni cathode active phases are the focus of development using multiple aerosol 

technologies. Aerosol synthesis is co-optimized with downstream calcination, powder refinement, and 

validation in battery test cells.  The research focuses on the lowest cost precursors available in commodity 

scales, typically nitrates salts of the metals.  Advanced concepts are explored that utilize unique powder 

morphology and phases accessible only by aerosol processing. 

The ANL MERF FSP reactor has features that allow for convenient and high throughput sample production. A 

glovebox design filter box allows for collection of nanomaterials and restoration of the filter media within 15 

minutes of a run completion allowing for up to 6 generated and collected samples per workday.  Material that 

deposits on the walls of the reactor does not significantly cross-contaminate from sample to sample. On a day 

to day basis, a clean-in-place brushing fixture allows for the combustion tube to be cleaned of wall deposits for 

changeover to new material systems further assuring no cross contamination between runs. This year, a scale 

up by 10x was facilitated by the addition of a baghouse to enable a nominal production rate of 500 g/hour. 

The ANL FSP facility has been designed to produce powder materials in an industrially relevant way using 

liquid spray (droplet) combustion, which can produce materials at the highest possible rate compared to 

ultrasonic atomization or gas-fed precursor introduction.  In order to best navigate the complexities of spray 

combustion, the ANL FSP facility has a suite of in-situ advanced diagnostics. These include (a) laser 

diagnostic system for Filtered Rayleigh Scattering (FRS) and Planar Laser Induced Fluorescence (PLIF) 

imaging of temperature and species distribution respectively, (b) Optical Emission Spectroscopy (OES) of the 

flame zone, (c) In-situ Raman spectroscopy and (d) particle size analysis using Scanning Mobility Particle 

Sizing (SMPS).  Ex-situ diagnostics are also applied including (a) XRD and temperature programmed XRD, 

(b) BET-SA, (c) DSC-IR/MS, (d) electrochemical testing and electron microscopy (SEM and TEM). 

Several years of research at ANL has exposed two major challenges in producing some Li-containing metal 

oxides directly in one-step. (a) While the obtained green powders can be successfully calcined into the target 

layered phase, as the formulations tend toward high-Ni, sintering behavior becomes predominant and complete 

loss of green powder particle morphology occurs necessitating post-processing, erasing much of the advantage 

of aerosol synthesis. (b) Direct conversion to the target phase is in competition with the impurity phases 

Li2CO3 and LiOH, which readily occur in SP or FSP, but become greater challenges in high-Ni target 

formulations. In order overcome these challenges, a new overall processing scheme is proposed where some or 

all of the calcination is performed in the aerosol phase while retaining the principle advantages of continuous 

processing and short overall processing time. The scheme is shown schematically in Figure II.2.1. Baghouse 

separation is an inexpensive and in mature industrial technology. In the first baghouse, we are essentially 

performing a gas/solid separation where the solid is fed continuously to the next step of dry aerosol calcination 

with a new gas stream more amenable to the target phase formation. This process of gas/solid separation can 

be repeated gain if necessary depending on the sensitivity of the phase formation to the activities of the outgas 

products such as H2O and/or CO2. 
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Figure II.2.1 Particle Production with Dry Aerosol Calcination Concept 

Results  

Identifying the need for DAC 

There appears to be direct relationship between the lithium ion conductivity of a target Li-metal oxide and the 

sensitivity to hydroxide/carbonate competition with the target phase. Thus, the materials LLZO and NCM9055 

are not obtained in a single step using either SP or FSP given the high H2O or CO2 in the synthesis 

environment. However, both of these materials readily form the target phases in post-calcination operations 

where the activity of H2O and CO2 are kept low in the calcination environment. However, both of these 

materials also exhibit extensive sintering that seems to be related the fluxing by unreacted lithium carbonate 

when T>700 deg C. This sintering necessitates milling and sieving to produce powders meeting application 

specifications. With both LLZO and NCM9055, milling operations produce a large fraction of undesirable 

fines and an overall surface area >2 m2/g. For both of these materials, their very high moisture sensitivity 

makes this very problematic.  However, for NCM9055, we found that very long calcination times including a 

slow ramp from 525 to 725 deg. C avoided sintering altogether and preserved the starting particle morphology. 

It is worth noting that the reason for needing very high temperature for NCM9055 is the relatively high amount 

of rock salt structure in green powders formed in SP and FSP processing. Conversion of rock salt to layered-

phase is kinetically difficult so higher temperatures or longer time is required. So in order to avoid long 

calcination times it is important to react the majority of carbonate in a contact-less sintering environment such 

as provided by dry aerosol calcination. 

Dry Aerosol Calcination 

Dry aerosol calcination (DAC) requires powder to be entrained/fluidized in a carrier gas and transported 

through a calcination furnace. While many technologies exist at large scale, a convenient research unit in the 

form a venturi-type entrainment aerosolizer was deployed in the ANL FSP system. The TOPAS SAG410 unit 

was adapted to the FSP by substituting for the burner assembly and otherwise maintaining the closed system 

gas control and furnace arrangement. The unit is capable processing 2-325 g powder/m3 of gas. In general, 

DAC is able to process ~10x more powder mass/unit gas volume than either the SP or FSP synthesis steps so 

that the calcination DAC equipment required in a production setting will able to service multiple synthesis 

units. For evaluating the feasibility, DAC at the ANL facility is performed by batch-wise processing of 

previously generated powder by SP or FSP. An example of DAC performance is shown in Figure II.2.2. Green 

powder with an NCA target composition generated in the SP system was used to compare DAC with typical 

muffle furnace calcination protocol. The muffle furnace calcination consisted of 12 hours calcination at 650 

deg C. Surface area measurements were performed to reveal the degree of sintering where the green powder 

surface area was SA=6.3m2/g. From Figure II.2.3 we see that one pass of the powder using DAC at 850 or 950 

deg C reduced the surface area of the powder to less than 12 hours at 650 deg. C in the muffle furnace. This 

example demonstrates the equivalence of very short time DAC calcination with long duration muffle furnace 

treatment. Importantly, the green powder particle morphology is preserved using DAC even at 950 deg C 

whereas in the muffle furnace, heavy sintering occurs for T>700 C. 
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Figure II.2.2 DAC trials using NCA green powder 

 

Figure II.2.3 SP synthesis of AL- and Mg-doped LNO 

LNO Synthesis using Spray Pyrolysis  

Mg- and AL-doped LNO was synthesized by SP using aqueous nitrate solutions. All atoms Li, Al or Mg and 

Ni were present in the starting spray solution so that the green powder was obtained in one simple step. 

Calcination followed the protocol described above for NCM9055, which preserves the starting particle 

morphology. The quality of the layered phase was evaluated using the ratio of the [003] and [104] XRD 

reflections. This ratio was optimized at 730 deg C calcination temperature. Samples of Al- and Mg-doped 

LNO calcined at 700 or 730 deg C were used to make half-cells for electrochemical evaluation. Although the 

730 samples provided a better ratio, the 700 deg C samples showed better initial capacity and retention than the 

730 deg C samples. 
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Scale-Up of Flame Spray Pyrolysis  

The original design of the ANL FSP unit was for a 1x production rate of nominally 50g/hour which is limited 

by the collection rate capability and exhaust handling blower. However, the current burner can accommodate a 

10x production rate and collection at 10x can be accomplished by the addition of a baghouse. A unit was 

purchased and installed into a support frame that includes engineering control enclosures for the maintenance 

of the unit and collection of the generated nanopowders. It was desired to maintain the lower 1x original 

production rate while allowing for configurability to accommodate 10x production for short periods when 

larger samples are requested and to test the sensitivity of material properties to production rate. In order to 

allow for both scenarios, a rework of the exhaust handling strategies for the two configurations was made that 

allows for switching between the two in 1-2 days. Figure II.2.4 shows the configuration for 10x production.  

 

Figure II.2.4 FSP configuration for 500 g/hour production 

COVIID-19 Impact  

Impact of the coviid-19 pandemic was limited to delivery of the baghouse unit which was delayed by 6 months 

by backorders following emergence from coviid-19 restrictions by the manufacturer. Commissioning of the 

scaled FSP system was planned for FY22 but has been delayed to FY23. 

Conclusions   

A limitation of Spray Pyrolysis and Flame Spray Pyrolysis that prevents direct synthesis of certain important 

Li-containing phases was identified. A potential solution to this limitation is Dry Aerosol Calcination that can 

be used as a continuous post-synthesis processing step, which preserves the important feature of continuous 

production in aerosol technology.  A aerosolizer unit was purchased and retrofitted to the existing FSP 

processing unit that allows for the evaluation of the DAC concept for materials produced in either the SP or 

FSP synthesis units. These evaluation data will determine the feasibility of continuous powder production with 

the desired target phase properties. The concept was demonstrated for NCA and showed that despite the very 

short residence time, an equivalent outcome to that of long duration muffle furnace calcination is possible.  

Mg- and Al-doped Lithium nickel oxide cathode was synthesized by Spray Pyrolysis.  FSP production at 500 

g/hour was enabled by the addition of a baghouse to the ANL FSP facility. 
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Project Introduction 

The development of advanced, rapid, reproducible manufacturing processes for cathode materials is essential 

for improving performance, increasing lifespan, ensuring safety, and reducing prices of lithium-ion batteries. 

Polycrystalline cathode particles currently used in lithium-ion batteries, produced via conventional co-

precipitation process, are intrinsically vulnerable to grain-boundary fracture (by the anisotropic volume change 

during lithium extraction/insertion) inside particles that lead to rapid impedance growth and capacity decay. 

An emerging supercritical fluids technology, under process development and scale-up as one of the main goals 

of this program, can provide advanced materials with high electrode density due to a robust single crystal 

particle structure without internal void fraction, improved rate capability due to submicron particle size, 

cycling stability due to suppressed particle crack and resistance layer, and facet-controlled particle 

morphology, thus enabling consequent mass production of high-performance battery cathode materials. These 

material properties are the result of a higher degree of supersaturation and the instant formation of mono-

crystalline oxide particles because of the dramatically reduced solubility of metal ions under supercritical 

hydrothermal reaction condition. The supercritical hydrothermal reaction is a practical and scalable synthesis 

process for the production of mono-crystalline cathode materials mitigating the intrinsic and structural 

problems of conventional polycrystalline cathode materials. 

Objectives 

The aim of the project is to establish a flexible R&D capability of supercritical fluid reaction as an emerging 

manufacturing process for active battery materials. This process is one of the emerging manufacturing 

technologies with the goal of reducing the risks associated with the discovery of advanced active battery 

materials, market evaluation of these materials, and their commercialization with mass production. The 

production and delivery of advanced mono-crystalline battery materials with the desired particle size, 

composition distribution, and shape are also essential roles of this program to support fundamental research 

groups. We perform systematic engineering research to develop a cost-effective supercritical fluids process 

and to produce sufficient quantities of target materials with high quality by optimizing the synthesis 

parameters and material composition. These advanced battery materials, which are not yet commercially 

available and not achievable by traditional co-precipitation techniques, are produced and distributed to 

research groups and industrial partners to get their feedback to further optimize the synthesis process. Our 

effort deepens fundamental understandings of the structure-property relationship of battery cathode materials 

and ultimately can contribute to selecting the customized material composition before the material would be 

deemed suitable and desirable for large scale manufacturing. 
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Approach  

Single-crystal cathode particles mitigating rapid impedance growth and capacity decay (these are typical 

drawbacks of current polycrystalline cathode particles due to the intergranular fracture during cycling) are 

developed and produced. The morphology of single-crystal cathode particles can be customized by changing 

reactants, solvents, reaction pressure, and reaction temperature of the hydrothermal process. The advanced 

single-crystal active battery materials with tunable particle size, morphology, and composition distribution are 

synthesized by the installed batch supercritical hydrothermal reaction system. The synthesis condition is 

optimized and then customized material is produced in quantities suitable for distribution for a comprehensive 

investigation. The mechanical and electrochemical characterization of the produced cathode materials is 

carried out in collaboration with research groups and industrial partners. The battery cathode materials selected 

for FY22 are single-crystal nickel-rich NMC and LFP cathode materials. In collaboration with various research 

groups, material characterization such as Bragg coherent X-ray diffraction imaging, nano-indentation, 

HRTEM, XPS, XRD, and electrochemical performance of the synthesized cathode materials is performed to 

support fundamental research and to improve the synthesis process based on feedback. To further improve the 

electrochemical performance of produced materials, collaboration research such as ALD surface treatment and 

customized electrolyte selection for single-crystal composition is conducted.   

Results  

The characteristics of Ni-rich single-crystal cathode material produced using the installed batch hydrothermal 

reactor system were compared with the polycrystalline cathode material produced via the conventional co-

precipitation process (Figure II.3.1). This single-crystal cathode materials have many advantages and potential 

in terms of robust material structure, improved electrochemical performance, high electrode density without 

internal void fractions, reduced surface area mitigating side reactions, facet-controlled morphology for faster 

Li transport, improved surface coating effects, and so on. Through various comparative evaluations, the 

advantages of single-crystal cathodes were confirmed, and based on these results, the demand for the process 

development and scale-up of a continuous-flow supercritical hydrothermal process toward mass production has 

been grounded. 

 

 

Figure II.3.1 Synthesis of polycrystalline and single-crystal NMC96-2-2 cathode materials 

Figure II.3.2 shows the result of tap density increase by mixing polycrystalline and single-crystal cathode 

powders. By mixing 11 µm-sized polycrystalline cathode with 3 µm-sized single-crystal cathode at a ratio of 

0.74:0.26, a 22% tap density increase was obtained. This 22% tap density increase improves the cathode 

loading of the electrode, resulting in an increase of the volumetric energy density of the battery.     
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Figure II.3.2 Tap density increase by mixing polycrystalline and single-crystal NMC 96-2-2 cathodes 

By nano-indentation study to investigate the particle breaking force (Figure II.3.3), single-crystal particle 

exhibits five times the particle strength of polycrystalline particle. This demonstrates that the single-crystal 

material synthesized by the hydrothermal method has significantly better mechanical strength than the 

polycrystalline material synthesized by the coprecipitation method.  

 

 

Figure II.3.3 Particle crack analysis by nano-indentation 

Due to these material properties, the capacity retention of single-crystal material is remarkably improved 

compared to polycrystalline material. The capacity retention of single-crystal NMC 96-2-2 is ∼72% after 100 

cycles and ∼60% after 200 cycles, which is remarkably improved compared to that of polycrystal NMC 96-2-2 

(Figure II.3.4). 
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Figure II.3.4 Cycling performance of polycrystalline and single-crystal NMC 96-2-2 cathodes 

The capacity retention and high-voltage stability of single-crystal material are significantly improved 

compared to polycrystalline materials when new types of electrolytes are used such as DMC-based LHCE and 

TMP-based LHCE (Figure II.3.5). TMP-based LHCE behaves better because TMP (a phosphate solvent) may 

form a good passivation on cathode surface to prevent further O release. More characterizations are planned to 

find the detail mechanism of this improvement. 

 

 

Figure II.3.5 Improved cyclability of single-crystal NMC 96-2-2 cathode by selected electrolytes) 

To further improve the performance of Ni-rich single-crystal material, 0.1%, 0.2%, 0.3%, and 0.4% Al-doped 

single-crystal particles were prepared and evaluated (Figure II.3.6) and thus Al-doped single-crystal material 

shows more improved rate performance. 
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Figure II.3.6 Synthesis of Al-doped single-crystal NMC 96-2-2 cathode 

 

Additional carbon-coating to protect the surface of Al-doped SC NMC96-2-2 was applied. By XPS analysis, it 

was revealed that peak intensity for carbonate in C1s region is lower with carbon-coated and 0.4% Al-

doped/carbon-coated single-crystal NMC 96-2-2 after air storage for 5 days (Figure II.3.7). 

 

 

Figure II.3.7 Surface protection of single-crystal NMC 96-2-2 cathode 

 

 

The recent price increase of cobalt and nickel is causing concern about the application of lithium-ion batteries. 

For this reason, we synthesized lithium iron phosphate by the installed hydrothermal process. The target is to 

maximize the fast-charge capability of LFP material. To approach this goal, 200 nm-sized and carbon-layered 

single-crystal LFP was produced and evaluated (Figure II.3.8).  
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Figure II.3.8 Synthesis of nano-sized carbon-layered single-crystal LFP cathode 

Figure II.3.9 shows XRD results of carbon-layered grain-free single-crystal LFP material before annealing and 

after annealing. TGA/DSC analysis indicates the existence of carbon together with single-crystal LFP particles 

(Figure II.3.10). The single-crystal LFP particles synthesized by hydrothermal reaction are 12 times smaller 

and 42% less surface area than solid-state LFP particles (Figure II.3.11) which results in improved rate 

performance and longer life. Due to the high crystallinity, smaller particle size, and lower surface area of 

single-crystal LFP, high C-rate performance and C/10 cyclability are improved (Figure II.3.12). 

 

Figure II.3.9 XRD of nano-sized carbon-layered single-crystal LFP cathode 
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Figure II.3.10 TGA/DSC of nano-sized carbon-layered single-crystal LFP cathode 

 

Figure II.3.11 Physical properties of hydrothermal single-crystal LFP compared to solid-state LFP 

 

Figure II.3.12 Electrochemical performance of hydrothermal single-crystal LFP and solid-state LFP 

The prepared single-crystal LFP particles by hydrothermal reaction do not have void fraction, grain, and defect 

inside particles. BCDI demonstrates relatively unstrained simple coherent x-ray diffraction patterns of single-

crystal LFP particle (Figure II.3.13). We will study further the correlation between the strain of single-crystal 

cathode and its performance.  
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Figure II.3.13 BCDI analysis of single-crystal LFP 

We further investigated ALD Al2O3-coating on the granulated secondary LFP particles and this improve the 

rate capability and cycle life significantly (Figure II.3.14). 

 

 

Figure II.3.14 Electrochemical performance of ALD Al2O3-coated granulated single-crystal LFP 

Conclusions   

The supercritical fluid system is a material synthesis platform that is able to produce single-crystal cathode 

materials with a solid structure and unique mechanical/electrochemical properties. This supercritical 

hydrothermal process is a powerful manufacturing technology for advanced single-crystal battery materials 

with the desired particle size, composition distribution, and morphology which are not commercially available 

and difficult to produce using other conventional technologies. Various advantages and potentials of single-
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crystal cathode compared to polycrystalline cathode were revealed through various analyses and evaluations. 

Based on these relatively superior physical and electrochemical properties of the single-crystal cathode, the 

need for the process development and scale-up of a continuous-flow supercritical hydrothermal process toward 

mass production of single-crystal cathode materials is generated. We will conduct the development of an 

advanced continuous-flow supercritical hydrothermal process, process scale-up, and production of high-

performance single-crystal battery materials to support fundamental research groups and industry partners. 
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Project Introduction 

New experimental materials are constantly invented to improve the safety, energy density, cycle life, and 

calendar life of lithium ion batteries for EV. These materials are typically synthesized in discovery laboratories 

in small batches providing amounts sufficient only for limited basic evaluation but not in quantities required 

for full scale validation and prototyping. In addition, bench-scale processes are often un-optimized, not 

validated, and generate materials with inconsistent purity and yield. This project aims to assist the advanced 

battery research community by enabling access to larger quantities of high quality innovative materials. 

New electrolyte formulations and new electrolyte materials will be required for recently emphasized cathode 

materials based on earth abundant elements (Mn-rich layered oxides and disordered rock salts). We are using 

continuous flow reaction technology to speed up process optimization and lower production cost that allows 

for faster production and easier scale up. 

Objectives 

The objective of this project is to conduct research toward scaling up production of advanced materials for Li-

ion batteries originally created in small quantities by discovery scientists at various research organizations. 

Scaling up the original route used by discovery scientists often requires an extensive modification of the 

bench-scale chemistry and systematic, science-based process research and development to allow for 1) safe 

and cost effective production, 2) development of an engineering flow diagram, 3) design of a mini-scale 

system layout, 4) construction of the experimental system, and 5) validation of the optimized process, all of 

which are needed for full industrial implementation. The experimental system will be assembled and the 

materials will be manufactured in quantities sufficient for full scale industrial evaluation and to support further 

research. The materials produced by the program will be fully characterized to confirm chemical identity and 

purity. Analytical methods will be developed for quality control. The electrochemical performance of the 

materials will be validated to confirm that these properties match the original data generated by the discovery 

scientist. Sample of the materials produced by the project will be available to the advanced lithium ion battery 

research community to support basic development and large scale performance validation. 

Approach  

New materials for experimental electrolyte formulations often have complex molecular structure that translates 

frequently into increased synthesis difficulties and cost. Argonne’s Applied Materials Division’s Process R&D 

group, operated in the newly expanded Materials Engineering Research Facility (MERF) is evaluating 

emerging production technologies to address the challenges. A comprehensive, systematic approach to scale-

up of advanced battery materials has been defined. This approach starts with analyzing of the original route the 

new material was first made in the discovery lab and initial electrochemical evaluation. This determines if the 

material is to be added to the inventory database, ranked, prioritized and selected for scale up. The Applied 

mailto:kpupek@anl.gov
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Materials Division’s Process R&D group at Argonne consults with the DOE technology manager to prioritize 

new materials based on level of interest, validated performance and scale up feasibility. The new candidate 

materials for scale up are discuss with DOE for final approval. The Process R&D group evaluates several 

approaches, including non-standard manufacturing technologies, to determine the best route to scale up of each 

particular material. One such technology is a Continuous Flow Chemical Reactor that enables the continuous 

synthesis of materials from discovery through process development and production scale. Continuous flow 

reactor technology can be used for rapid screening of reaction conditions to better understand the fundamentals 

of process kinetics and thermodynamics. The technology offers a cost-effective and safer alternative to 

traditional batch processes by improving material and energy usage and minimize the environmental impact of 

the manufacturing operation. At this point, the scale-up process begins with a feasibility study, followed by 

proof of concept testing, first stage scale-up and, as needed, further scale-up cycles. Several Go/No Go 

decisions are located after feasibility determination and electrochemical validation testing. For each material, 

we will develop a scalable manufacturing process, analytical methods and quality control procedures. We also 

prepare a “technology transfer package” which includes detailed procedures of the revised process for material 

synthesis, materials balance, analytical methods and results (Specification Sheet) and the SDS for the material. 

The detailed process description allows for preliminary estimates of production cost, an important factor for 

decision making in industry. We apply the newly developed process to manufacture kilogram quantities of the 

material. We fully chemically characterize each material and make samples available for industrial evaluation 

and to the research community. We also provide feedback to discovery chemists helping to guide future 

research.    

Results  

Last year, we reported on the synthesis of methyl (tetrafluoropropyl)carbonate (MTFPC) scaled up to the 100g 

level (Figure II.4.1), made by the reaction of methyl chloroformate with 2,2,3,3-tetrafluoropropan-1-ol, with an 

emphasis on flow-chemistry amenable conditions. The optimization work for this initially determined that 

acetonitrile and diazabicycloundecane (DBU) were the preferred solvent and base. A second more detailed 

optimization showed that 1.2eq of methyl chloroformate (MCF) was the optimal amount of reagent (Figure 

II.4.2), and that the amount of DBU had to be at least 1.1 molar equivalents. The amount of acetonitrile solvent 

did not have a large effect on the reaction. Simple distillation after an aqueous work-up provided clean 

material by NMR (Figure II.4.3). 

 

 

Figure II.4.1 Reaction to form MTFPC 
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Figure II.4.2 Screening study GC results for synthesis of MPFPC 

 

Figure II.4.3 1H and 19F NMR spectra of MTFPC 

Additional work to extend this reaction procedure to the analogous methyl (pentafluoropropyl)carbonate 

(MPFPC, Figure II.4.4) initially succeeded. However, the workup for this reaction was far more difficult. 

MPFPC, unlike the tetrafluoro analog, co-distills with both water and DBU, making an aqueous workup 

unfeasible. Several attempts were made to dry the distillate using molecular sieves, resins, and additional 

azeotropic distillations. These did not succeed in reducing the water level of the product.  

 

Figure II.4.4 Synthesis of MPFPC 

New reaction conditions were required for this material to overcome the separation and purification challenges 

posed by the unexpected water affinity. Although not amenable to flow synthesis, anhydrous inorganic bases 

were examined, with the intent that the base and byproducts could be removed with a simple filtration and thus 

avoid any aqueous workup. Using 1.1 equivalents of MCF, 1.0 equivalents of K2CO3, and acetone as a reaction 

solvent lead to good conversion in the reaction. After filtration, simple distillations gave material in 60% yield, 

with a relatively low water content by Karl Fischer (KF) water titration. The NMR spectra for this material 

show no impurities, and GC/MS analysis shows high purity (99.6%). (See Figure II.4.5.) 
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Figure II.4.5 Select analytical spectra for MPFPC 

Based on a recent paper, we began to explore the chemistry and electrochemistry of 2,2,3,3-

tetrafluorobutanediol ethers1-3. These authors report that 2,2,3,3-tetrafluorobutanediol, dimethyl ether (FDMB) 

is an effective battery solvent with lithium bis(fluorosulfonylimide) (Li-FSI) as a salt, exhibiting high voltage 

stability and compatibility with lithium metal anodes. This system is also reported to form a very thin (6nm) 

SEI layer.  

We initially repeated the synthesis of FDMB to run different electrochemistry experiments on a small scale; 

however, the reported use of sodium hydride (NaH) as the deprotonation reagent was deemed to hazardous. 

We developed safer reaction conditions based on a mixed phase system of sodium hydroxide in water and 

tetrahydrofuran with a phase transfer reagent: tetrabutylammonium bromide. These conditions replicated the 

reported experimental results and matched the reported NMR spectra. Our analysis by GC/MS indicated 

>99.5% purity. (See Figure II.4.6.) 

 

Figure II.4.6 Analytical Data for FDMB 

GC/MS 

1
H NMR 

19
F NMR 
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We have noted one discrepancy with the literature reporting. One of the claims is that LiFSI forms a complex 

with the FDMB to form a dark solution. In our initial tests, LiFSI dissolved cleanly to a clear colorless solution 

that appears stable over time. This was repeated with several batches- only one showed a darkening upon 

LiFSI dissolution. Careful examination of that particular batch suggested that it was a slight impurity that was 

responsible for the color. 

Our major focus was to develop new materials based on the FDMB molecule. Many different solvents based 

off of butanediol ethers were synthesized (Table II.4.1), and are all fully characterized by 1H NMR, 13C NMR, 

and 19F NMR in addition to GC/MS. These are currently or planned to be under evaluation in coin cell tests 

with LiFSI.  

Table II.4.1 Summary of FDMB- based materials. 

Compound Linear formula GC/MS purity 

FDMB CH3-O-CH2-CF2-CF2-CH2-O-CH3 >99.5 

DMB CH3-O-CH2-CH2-CH2-CH2-O-CH3 >99.5 

F-DTEB CF3-CH2-O-CH2-CF2-CF2-CH2-O-CH2-CF3 99.52 

F-DAB CH2=CH-CH2-O-CH2-CF2-CF2-CH2-O-CH2-CH=CH2 99.53 

DTEB CF3-CH2-O-CH2-CH2-CH2-CH2-O-CH2-CF3 99.77 

TFEG CH3-O-CH2-CH2-O-CH2-CF2-CF2-CH2-O-CH2-CH2-O-CH3 99.63 

FDMBC CH3-O-C(O)-O-CH2-CF2-CF2-CH2-O-C(O)-O-CH3 99.46 

DMBC CH3-O-C(O)-O-CH2-CH2-CH2-CH2-O-C(O)-O-CH3 99.11 

 

However, several of these compounds showed limited solubility of lithium salts. Making a comparison to the 

fluorinate alkyl carbonates, where non-symmetric structures showed better solubilizing properties, we turned 

to the synthesis of non-symmetric fluorinated butandiol ethers.  

 

To accomplish this, we first wanted to synthesize mono-methyl-2,2,3,3-tetrafluorobutandiol (FMMB, CH3-O-

CH2-CF2-CF2-CH2-OH). The planned synthesis was to use the same reaction, but limit reagents to 1 equivalent 

each of base and methyl iodide. It proved very difficult to control the selectivity between mono- and di-

methylated materials and gave a very low yield (21%) of desired product, in part due to the difficulty in 

separating the two products. This lead to development of a flow chemistry process for the material, where 

much better selectivity could be expected. A quick design of experiments (DoE) study was run using the Syrris 

Asia flow reactor system to look at optimization of the selectivity and conversion by variation of the 

concentrations, time and temperature (Figure II.4.7). Due to the longer reaction time needed, a flow coil of 

16ml volume was set up and used. The DoE parameters and results are shown in Table II.4.2. 
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Figure II.4.7 Syrris ASIA flow chemistry system 

 

Table II.4.2 DoE variables used to determine optimized monoalkylation reaction conditions 

 [MeI] in THF Equiv TFBD/NaOH Equiv MeI Time (hrs) 

Selectivity 

(%) 

Conversion 

(%) 

Equiv 

MeI 

1 0.3 1 1 97.42 89.01 1 

0.5 0.3 1 2 94.95 94.03 1 

1 1 0.3 1 99.99 24.86 0.3 

1 1 1 2 99.99 65.58 1 

0.5 1 0.3 2 99.99 28.83 0.3 

0.5 1 1 1 99.99 72.64 1 

Model 0.75 0.69 1.14 1.5 >99.99 76.46 0.69 

 

The data were used to develop a model. The model conditions were then run (blue entry in Table II.4.2), 

resulting in good conversion and excellent selectivity. This was designed to facilitate isolation of pure mono-

methyl product. As seen by the GC data (Figure II.4.8), the mono- and di-methyl materials are very similar in 

boiling point, as determined by close GC peak retention times. The starting diol is readily separated from both, 

as seen by the noticeably longer retention time from both methylated materials. Thus, selectivity is more 

important to the process than conversion in product purification and isolation. 
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Figure II.4.8 GC/MS spectra of the three component mixture from FMMB synthesis. 

With a ready supply of monomethyl 2,2,3,3-butanediol (FMMB), a new set of derivatives was synthesized. A 

select few materials have also been synthesized from commercial monomethyl butanediol (MMB). These new 

materials (Table II.4.3) are under investigation in coin cells.  

 

Table II.4.3 New materials based on monomethyl-tetrafluorobutanediol  

Compound Linear formula GC/MS purity 

FMMB CH3-O-CH2-CF2-CF2-CH2-O-H  >99.5 

F-DMBEE CH3-O-CH2-CF2-CF2-CH2-O-CH2-CH2-O-CH3 >99.7 

FMMB-Tos CH3-O-CH2-CF2-CF2-CH2-O-SO2-C6H4-CH3   99.92 

FMDFEB CH3-O-CH2-CF2-CF2-CH2-O-CH2-CHF2   >99.5 

FMDFTB CH3-O-CH2-CF2-CF2-CH2-O-CH2-CF2-CHF2  >99.5 

FMBMC CH3-O-CH2-CF2-CF2-CH2-O-C(O)-O-CH3 >99.5 

DMBEE CH3-O-CH2-CH2-CH2-CH2-O-CH2-CH2-O-CH3 >99.5 

TMMB CH3-O-CH2-CH2-CH2-CH2-O-CH2-CF3 99.86 

MBMC CH3-O-CH2-CH2-CH2-CH2-O-C(O)-O-CH3 99.47 

 

An example analysis is shown below in Figure II.4.9 for the compound FMDFEB (formula in Table II.4.3). 

Due to the unsymmetric structure, each CF2 group has a separate signal in the 19F spectrum. The middle CF2 

groups each appear as triplets due to proton coupling. The terminal CHF2 group appears as a large doublet 

(1JCF) split into a smaller triplet (3JCF). In the 1H spectrum, the CHF2 signal is easily seen as a triplet of triplets 

pattern centered at about 6 ppm. The remaining CH2 protons overlap significantly at this field strength 

(80MHz).  
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Figure II.4.9 NMR data for FMDFEB 

We have continued to develop lithium tricyanoimidazole (Li-TCI) synthesis procedures, this year developing a 

full flow synthesis and separation. This year we moved to using HPLC pumps for continuous delivery of 

solutions to the flow reactor (Figure II.4.10). In addition, a membrane separator was added post-reaction to 

separate the aqueous stream from the product-containing organic phase.  

 

 

Figure II.4.10 Flow chemistry reaction for Li-TCI. 
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2-Amino-4,5-dicyanoimidazole is reacted with tert-butyl nitrite to form a diazonium intermediate in the flow 

reactor coil (Figure II.4.10, Figure II.4.11). As this material is explosive, flow chemistry is the only technology 

available to produce even medium scale amounts of this material. The chemical inventory of the system is kept 

very low, as the material is quenched in the tube reactor immediately upon exiting the flow reactor coil. In 

Figure II.4.10, this is seen in the expanded views. The light yellow coil reactor (left expanded box) allows 

sufficient time for the starting 2-amino-4,5-dicyanoimidazole to fully react with tert-butyl nitrite in a mixed 

acetonitrile/dimethyl sulfoxide/water system containing the 2-amino-4,5-dicyanoimidazole; tert-butyl nitrite is 

dissolved in butyl acetate. At this point, the reaction is homogenous. As this exits the coil, it is mixed with an 

aqueous solution of potassium cyanide, copper (I) cyanide, and potassium carbonate. This immediately forms 

an orange triphasic (gas, aqueous, organic layers) solution (top expanded box) and generates nitrogen gas 

bubbles. The gas evolution caused extensive problems in previous reactor designs. The bubbles caused plug 

flow and/or made for variable retention times. Here, the reactor tube design allows the bubbles for form and 

exit the tube reactor without interfering with the liquid flow rate. Upon exiting the tube reactor, the reaction 

eluent is collected into a flask. This allows the gas/liquid separation. The aqueous and organic layers are then 

separated with a continuous membrane separator (lower expanded box), with the darker aqueous (copper 

byproducts) being rejected by the membrane, and the product-containing orange organic phase permeating 

through the membrane. 

 
 

Figure II.4.11 Chemical structures for the synthesis of Li-TCI 

Finally, we have initiated corrosion suppression studies to mitigate the effect of LiFSI on the aluminum current 

collector at high voltages (Figure II.4.12 and Figure II.4.13). We use “Cathode-free” CR2032 coin cells with 

an aluminum-clad stainless steel coin cells casing assembled as follows: “Al-clad cap – Al foil – separator – 

separator – Li metal – spacer – spacer – spring – s. s. cap”. Cells were charged from 3.5 V to 5.0 V in 0.05 V 

steps and held 1 h at each step to monitor for any current increase. Al-clad case is essential to prevent stainless 

steel corrosion by LiFSI-bearing electrolyte. Figure II.4.12 clearly shows the “corrosion current” generated in a 

simple Li-FSI (lithium bis(fluorosulfonyl)imide) solutions Added salts have a positive, but limited effect.  
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Figure II.4.12 Current response to stepped voltage 

 

Figure II.4.13 Current response to stepped voltage 

Figure II.4.13 shows the current suppression effect by three electrolyte formulations: 0.7M LiBOB in EC-

EMC, 1.2M LiDFOB in EC-EMC, and 1.2M Li-TDI in EC-EMC. [LiBOB = lithium bis(oxalatoborate); EC= 

ethylene carbonate, EMC = ethyl methyl carbonate, LiDFOB = lithium difluoro(oxalate)borate, Li-TDI = 

lithium 2-trifluoromethyl, 4-5-dicyanoimidazole].  

These results from these two figures are encouraging, but more work needs to be done. Clearly Li-FSI and to 

some extent Li-TFSI are not stable to aluminum at the higher voltages (ca. 4.05 for FSI and 4.25 for TFSI), 

that are needed for high energy cells. Li-FSI is the most likely replacement for LiPF6, as Li-FSI is significantly 

more stable to heat and hydrolysis. What is still needed is a methodology to use this material (Li-FSI) at a 

higher voltage- possibly by using blended salt mixtures or additives to help prevent electrochemical reaction of 
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the aluminum components. In initial screening tests, we have demonstrated that other materials (LiBOB, 

LiDFOB, Li-TDI) are stable at these voltages and do not show any currant “leakage” in these tests. 

We continue to test these and other additives and design new materials to act as “corrosion inhibitors” in Li-

FSI cells.  

The project has been affected by the COVID-19 pandemic, mostly this has been expressed as delays in 

procurement of lab supplies, chemicals and equipment. In particular, component parts for existing equipment 

has taken a long time to procure. Certain vendors have either gone out of business or offer limited supplier- 

this has delayed the coin cell testing whilst we find and evaluate new vendors for aluminum-clad coin cell 

components needed for the corrosion testing. Common stainless steel parts cannot be used in this test. 

Conclusions   

The Process group’s experimental materials scale-up program assists the battery research community and 

allows for a comprehensive evaluation of new materials by industrial laboratories as well as supports basic 

research. In FY22 the program provided several new, not commercially available materials. Samples of high, 

uniform quality materials were distributed for further evaluation and research. Over 250 samples, ranging from 

grams to hundreds of grams of experimental battery materials have been provided to researchers since the 

program inception. 

Evaluation of emerging manufacturing technologies such as continuous flow reactors, microwave assisted 

reactions, acoustic mixing or reactive distillations to improve product quality while lowering manufacturing 

costs are all under consideration. We utilize our recently acquired, customized Syrris ASIA320 and Corning 

Advanced-Flow™ continuous flow chemical reactors to develop expedient manufacturing processes for new 

electrolyte solvents, salts and additives by improving safety, minimize waste stream and lower material and 

energy costs. 

The large emphasis placed on new cathode materials, especially disordered rock salts and manganese-rich 

layered oxides, will require new electrolytes to fully meet the potential of these novel materials. New classes of 

electrolyte solvents (fluorinated butandiol ethers) have started to be developed. New imidazole-based 

structures have been synthesized and will be investigated for aluminum passivation for use in high voltage 

LiFSI-based cells. Flow chemistry and flow reactions have proven invaluable in these projects – there is no 

other practical route to manufacture these materials. 

New materials are initially available only in small amounts, if at all. Because manufacturers minimally require 

kilo amounts for validation and advanced development, this drastically slows the development of the 

technology. This program is uniquely positioned to deliver experimental materials in sufficient quantity to 

enable thorough investigation and validation by the broad, independent research community. 

Key Publications   

Patents and Patent Applications 

1. Dzwiniel, Trevor; Pupek, Krzysztof; “Continuous method for preparing carbonate esters.” U.S. Patent 

11,028,065, June 8, 2021. 

2. Liao, Chen; Dzwiniel, Trevor L.; Liu, Kewei; “Borate salts, polymers and composites.” U.S. Patent 

Application US20210071000 A1 March 3, 2021. 

Papers 

1. Liu, Kewei; Xie, Yingying; Yang, Zhenzhen; Kim, Hong-Keun; Dzwiniel, Trevor L.; Yang, 

Jianzhong; Xiong, Hui; Liao, Chen; “Design of a single-ion conducting polymer electrolyte for 

sodium-ion batteries.” Journal of the Electrochemical Society (2021), 168(12), 120543. 
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2. Liu, Kewei; Li, Xiang; Cai, Jiyu; Yang, Zhenzhen; Chen, Zonghai ; Key, Baris ; Zhang, Zhengcheng; 

Dzwiniel, Trevor L.; Liao, Chen; “Design of High-Voltage Stable Hybrid Electrolyte with an 

Ultrahigh Li Transference Number.” ACS Energy Letters (2021), 6(4), 1315-1323. 

3. Yang, Jianzhong ; Liu, Qian; Pupek, Krzysztof Z.; Dzwiniel, Trevor L.; Dietz Rago, Nancy L.; Cao, 

Jiayu; Dandu, Naveen; Curtiss, Larry; Liu, Kewei; Liao, Chen; Zhang, Zhengcheng; “Molecular 

Engineering to Enable High-Voltage Lithium-Ion Battery: From Propylene Carbonate to 

Trifluoropropylene Carbonate.” ACS Energy Letters (2021), 6(2), 371-378. 
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Project Introduction 

Conventional porous electrodes for Li-ion and other batteries are produced by mixing slurries containing 

solvents, active material, conductive additive, and binder, and casting these onto foil current collectors on 

which the coatings dry and consolidate. It is well-known that final product performance can be highly 

dependent on the fabrication processes, in which each step involves a wide range of potential design decisions. 

For instance, with a single simple IR heater, one might vary the construction of the heater, heater position, 

heating power, and exposure time, all of which might be characterized by continuous variables, making the 

process design space extremely large even in this simple case. Unfortunately, it is difficult to understand 

connections among process choices and outcomes due to the difficulty of observing these processes, 

particularly in industrially-relevant settings, making it difficult to construct accurate models. For this reason, it 

is typical to optimize processes through trial-and-error, which tends to be time-consuming and costly. Our 

interest in this project is in reducing these costs as processes are moved from the lab scale to industrial scale. 

Objectives 

Our objectives in this project are to understand the mechanisms by which process choices influence product 

outcomes for battery electrodes and to make this information useful to electrode manufacturers and 

researchers. 

Approach  

Our initial approach in this project is to make industrially-relevant electrode fabrication processes more 

observable. We are creating experimental setups that will mimic industrially-relevant conditions, and are using 

these setups in combination with various instruments in order to probe fabrication processes. As our 

understanding of these processes grows, we will summarize our findings as mathematical models implemented 

as open-source software, facilitating use by electrode manufacturers and researchers. 

Results  

Our initial approach in this project is to make industrially-relevant electrode fabrication processes more 

observable. We are creating experimental setups that will mimic industrially-relevant conditions, and are using 

these setups in combination with various instruments in order to probe fabrication processes. As our 

understanding of these processes grows, we will summarize our findings as mathematical models implemented 

as open-source software, facilitating use by electrode manufacturers and researchers. 

Conclusions   

Jointly with Advanced Manufacturing Office (AMO) and Hydrogen and Fuel Cell Technologies Office 

(HFTO) funding, we completed the first iteration of our custom automated miniature coating/drying line with 

infrared (IR) heating capability. We designed this apparatus to interoperate with both a confocal microscope 
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system in our laboratory, as well as with the hard X-ray microtomography beamline at the Advanced Light 

Source (ALS). We have also begun constructing a custom convective heating unit which we will integrate for 

later studies.  

To enable convenient remote control of the miniature coating/drying line in closed beamline hutches, we 

additionally developed a general-purpose networked control platform, initially based on an inexpensive, 

commercially-available single-board computer. This platform uses open protocols and can be readily 

customized for new applications, and developers can choose from a wide range of programming languages 

when implementing new controllers. The platform was designed with security as a priority: network 

communications are encrypted, and safety limits are enforced when responding to instructions. Our platform 

will be considered for later open-source release.  

We additionally developed “just-in-time” slurry production procedures, with the goal of being able to 

continuously supply consistent samples for immediate use in multi-day X-ray beamline experiments. 

Switching from a high-shear mixer to a planetary ball mill was key to rapidly producing well-mixed samples 

with minimal trapped air bubbles, as determined from a series of trial coating experiments. Samples consisted 

of silica active material, carbon black, and polyacrylic acid (PAA) [unmodified or with Li or Cs substitutions], 

suspended in a mixture of water and isopropyl alcohol, as well as nickel manganese cobalt oxide (NMC), 

polyvinylidene fluoride (PVDF), and carbon black in N-methyl-2-pyrrolidone (NMP). 

We secured beamtime allotments at the hard X-ray tomography beamline (beamline 8.3.2) at the ALS. Over 

two sessions, we developed procedures for quickly installing and aligning the miniature automated 

coating/drying line robot in the 8.3.2 beamline hutch and performing microradiography experiments, with 

approximately two days of beamline experiments in total. Radiography images were collected every 5 seconds 

during experiments, the longest of which lasted for over an hour. We varied sample composition and IR 

heating power. Most of our experiments involved the water/alcohol-based slurries, although we also examined 

the more conventional NMP-based slurries in several experiments.  

After the first beamtime session, which was severely shortened due to ALS maintenance, we modified the 

apparatus to simplify and hasten the process of aligning the sample platform with the X-ray beam. Previously, 

this required adjustment of all four feet of the apparatus, and with the modification, only adjustment of a single 

micrometer head is needed.  

We developed an automated image analysis pipeline to rapidly and consistently process the image sequences 

collected in the radiography experiments. The electrode coatings in these images were distinguishable from the 

surrounding material, and density variations within the coatings were observable (for an example, see the 

labeled radiography profile sample in Figure II.5.1). The image analysis pipeline automatically detects 

interfaces, corrects for platform tilt in the casting direction, and aligns images (as we observed significant 

vertical platform movement throughout these experiments, largely attributable to thermal expansion). From 

these analyses, we first detected that sample alignment with the X-ray beam worsens prior to or early in each 

experiment, presumably due to flow of lubricant in the complicated tilt-correction joint, which complicates 

image analysis and which we will address later through additional upgrades to the miniature coating/drying 

line.  

Despite these complications, we were able to observe some surprising phenomena that we have sought to 

explain qualitatively, including heating-driven coating stratification (see Figure II.5.2) and prolonged fluid 

flow for coatings produced from less viscous slurry samples. Based on our explanations, some of these 

phenomena are likely to be specific to manually-intensive lab-scale fabrication, and some are more general. 

Our findings should be immediately relevant to anyone preparing electrodes at the laboratory scale and seeking 

a better understanding of relationships to industrial electrode production. We will investigate these phenomena 

further in future experiments using these and other tools, and we are presently documenting our findings in a 

manuscript that will be submitted for review shortly. 
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Figure II.5.1 Example radiography image of electrode coating, taken in profile, with detected interfaces artificially highlighted in 

red. (LBNL) 

 

Figure II.5.2 Example radiography image showing heating-driven stratification of electrode coating. (LBNL) 
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Project Introduction 

Ceramic solid state battery technology is limited by processing constraints such as Li loss during sintering, 

reaction between active materials and electrolyte during processing, and non-ideal microstructure and 

electrochemical/mechanical properties of layers fabricated via conventional processing routes. This project 

addresses these limitations by elucidating behavior of the key materials during processing, including sintering 

behavior, reactivity, and phase stability. Of particular importance is the fabrication of thin, completely dense 

electrolyte and thick, highly porous cathode scaffold layers using high-volume, low-cost fabrication processes. 

The project focuses on Li6.25Al0.25La3Zr2O12 (LLZO). 

Objectives 

The project objectives are: to determine processing methods and conditions that enable high-volume, low-cost 

production of solid state battery ceramic electrolyte, electrolyte-cathode bilayer structures, and solid state 

batteries based on these structures; and, demonstrate improved electrochemical and mechanical performance 

for these structures. 

Approach  

The impact of processing conditions and precursor properties on layer structure, electrochemical performance, 

and mechanical properties will be determined. Commercially-available LLZO and cathode powders are used 

for all experiments to eliminate batch variations and ensure experimentally observed processing improvements 

are not due to variation of powder properties. Phased development efforts focus independently on LLZO 

sintering, porous scaffold and bilayer fabrication, and cathode materials and deposition. The results are used to 

inform the holistic fabrication of a complete cell.  

Results  

Creating and maintaining good interfacial contact between LLZO and cathode material is expected to be one of 

the more difficult challenges to producing practical solid-state batteries. In order to overcome this issue an 

ionically conductive polymer is used as part of a composite cathode to act as a flexible, high-contact-area 

interfacial catholyte material between the LLZO and cathode active material. The viability of the composite 

cathode strategy was assessed by assembling planar model cells with LLZO pellets or the tape cast LLZO 

sheets developed in the previous reporting period. It was demonstrated that residual N-Methylpyrrolidone 

(NMP) solvent remaining in a PVDF/LiTFSI solid polymer catholyte after incomplete drying can dramatically 

lower the interfacial resistance between LLZO electrolyte and LiNi1/3Mn1/3Co1/3O2 (NMC111) cathode active 

material. All-solid-state batteries were assembled with LLZO dense/porous bi-layer structures. The cathode 

slurry, composed of 80% coated single crystal LiNi0.8Mn0.1Co0.1O2 (NMC811), 10% carbon black and 10% 

PVDF, was infiltrated into the porous structures under vacuum. An alternative organic cathode (OC) was also 
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explored, and LLZO electrolyte dramatically improves initial capacity and capacity retention compared to a 

cell with Celgard separator and liquid electrolyte by preventing crossover of the organic cathode to the anode. 

NMC111 Battery Cells 

Dense and stable LLZO electrolyte pellets were prepared by sintering in Ar atmosphere, followed by removal 

of the Li-deficient surface layer by polishing. No dendrite growth was detected for a Li/LLZO/Li symmetric 

cell cycled at 0.35 mA cm-2 over 100 cycles. ASSB cells were prepared with Li metal anode and NMC cathode 

with PVDF/LiTFSI catholyte. It was found that residual NMP in the cathode has a large impact on cell 

performance, and incomplete drying therefore reduces the interfacial impedance initially. The amount of 

residual NMP solvent in the cathode was optimized and the smallest interfacial resistance was obtained with 

8.6% NMP. A model study of free-standing PVDF-LiTFSI film suggests that the primary effect of residual 

NMP is on the catholyte conductivity via solvent absorption and plasticizing the PVDF. Also, LiTFSI content 

was optimized to 8.5%. Full cells were cycled at 60°C, 25°C and -10°C and the highest retention was obtained 

at -10°C, showing the temperature-dependence of the capacity fade. A typical charge-discharge curve at -10°C 

with a rate of 0.1 C is shown in Figure II.6.1 with a discharge capacity of 117 mAh/g. The cell shows no 

degradation in the first 50 cycles but starts degrading after that. The total capacity retention is more than 70% 

after 100 cycles, a lower fade rate than at 25°C. 

 

Figure II.6.1 Planar cell with NMC cathode and residual NMP. (a) Charge/discharge curves at -10°C with rate of 0.1 C; (b) 

Discharge capacity and coulombic efficiency versus cycle number at -10°C. 

The solvent residue in the polymer catholyte plays a critical role on the cell performance and cells with DMSO 

residue in the cathode show better performance. The cell with DMSO as the solvent has improved capacity 

retention and coulombic efficiency, compared to the cells with NMP or DMF as the solvent. (Figure II.6.2) 

  

Figure II.6.2 Planar cell with NMC cathode and various residual solvents. (a) Charge/discharge curves and (b) coulombic efficiency 

versus cycle number at 25°C with rate of 0.1 C. 
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Organic Cathode 

Solid state organic cathode (OC) cells were fabricated with LLZO electrolyte separator and liquid catholyte. 

LLZO can serve as an enabling material for production of lithium batteries with high capacity small molecule 

organic cathode materials. The OC used here has a theoretical capacity of 307 mAh/g. By preventing crossover 

of the organic cathode to the anode, the solid separator dramatically improves initial capacity and capacity 

retention relative to a cell with Celgard separator and liquid electrolyte (Figure II.6.3a). With the liquid 

electrolyte, visible discoloration and reaction products are apparent on the Li-alloy anode after cycling. 

Consumption of cathode material via crossover was not observed with the LLZO separator, but relatively rapid 

capacity fade still occurred. Multiple cells with LLZO separator were cycled with various upper and lower 

voltage cutoffs to determine if the capacity fade was associated with an oxidative or reductive side reaction. 

Increasing the lower voltage cutoff from 1.6V to 2.0V or higher dramatically increased capacity retention 

(Figure II.6.3b). This result suggests that a reduction side reaction at low cell voltage consumes cathode active 

material. Increasing the lower cutoff voltage mitigates capacity fade, but reduces the total available capacity. 

Further work should focus on identifying the side reaction mechanism and products. If the entire capacity of 

the organic cathode can be utilized, then the energy density can be competitive despite the relatively low 

average discharge voltage. 

  

 Figure II.6.3 Performance of cells with organic cathode including (a) comparison of capacity fade with liquid and solid LLZO 

separators, and (b) the impact of lower-voltage-cutoff with an upper-voltage-cutoff of 2.8V for a cell with LLZO separator and liquid 

catholyte. 

Porous Scaffold and Bilayer Structure Processing 

LLZO bi-layer structures were prepared with the recipe developed in the previous reporting period. The dense 

layer is ~50 μm and the porous layer is ~150 μm with a porosity of ~70%. Cathode suspension was infiltrated 

into the porous structure after Li anode was prepared. The cell was dried at 100°C overnight. The all-solid-

state battery was tested in a Ar-filled glove box without sealing at room temperature with a rate of 0.02 C. The 

discharge capacity is a little over 30 mAh/g and is stable for 4 cycles (cycling ongoing) (Figure II.6.4). This is 

a first proof of concept, and future work will focus on improving cathode loading in the porous substrate and 

utilization of the cathode active material.  
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Figure II.6.4 Full ASSB cell. (left) Bilayer cell with cathode infiltrated into pores. (right) Charge/discharge curves at room 

temperature with a rate of 0.02 C for a LLZO bi-layer structure cell. 

Conclusions   

This project aims to prepare LLZO-based electrolyte and electrolyte/cathode scaffold structures using scalable 

processing techniques such as tape casting and furnace sintering. Work in this project period focused on planar 

structures for NMC111 and organic cathodes and bi-layer structures for single crystal NMC811. A catholyte, 

consisting of PVDF, LiTFSI and a small amount of solvent residue which can mitigate the interfacial 

resistance between cathode with LLZO electrolytes, is developed. LLZO thin separators dramatically improve 

initial capacity and capacity retention with an organic cathode. In addition, all-solid-state batteries are 

assembled with LLZO dense/porous bi-layer structures, although the discharge capacity is still low. 
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Project Introduction 

The problems in electrode fabrication we are addressing in this project are two-fold 1) that high loading 

electrodes can be made much thinner if the conductive additive and polymer binder fractions can be 

minimized, but there is no guidance on what properties of the active material, carbon, and binder dictate how 

low can we reduce the inactives before there is an impact on power or cycle life, and 2) what is the correct 

amount of solvent to use for mixing and casting the slurry. 

Objectives 

For the problem of understanding what properties dictate the lower limits of binder and carbon content, we will 

figure out how little binder is needed to make a cohesive laminate and how little carbon is needed to make the 

electrode electronically conductive, while investigating several forms of conductive additve.  We will also 

investigate if the additives support each other or work against each other when all three components are 

combined. For the problem of getting the solvent composition correct, we will bring understanding to the role 

the solvent is playing in mixing and drying and how one optimizes between the two. 

Approach  

Our general approach to addressing these problems is to break the problem down into fewer components.  To 

determine the minimum amounts of additives required to provide cohesion and conductivity, we studied the 

properties of two component systems to provide insights in constructing the three-component system.  For 

example, we investigate the properties of laminates consisting of simply carbon and binder.  By properties, we 

mean we measure adhesion, cohesion, porosity, and electronic conductivity to identify ratios of carbon and 

binder that lead to an overall optimum.  We will investigate different combinations of mixtures of carbon and 

active material to determine the minimum carbon content required to achieve percolation and transform the 

powder mixture from a semi-conductor or insulator to a conductor.  We will also investigate the properties of a 

cast layer of active material and binder to determine the laminates properties, like cohesion and adhesion, as a 

function of the ratio of the two.  From these basics, we will start investigating the impact of a third component 

starting from a low level and working our way up.  Ultimately, our goal is to be able to determine, a priori, the 

best combination of materials by measuring the properties of each individual component and pairwise 

combination of components, how much is needed of each to fabricate an electrode of minimum carbon and 

binder that results in an electrode of high energy density and good enough power density to meet the USABC 

pulse discharge and charge metrics. 

The amount of solvent clearly impacts the viscosity.  The viscosity plays several roles: it needs to be high 

enough to transmit energy throughout the mixture for good mixing, low enough to allow for intimate mixing of 

the two components, high enough to keep the slurry from running off the substrate and low enough to prevent 
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rippling of the cast slurry.  We plan multiple rheological experiments at several concentrations and 

temperatures to fully understand how to arrive at the optimum concentration and drying conditions. 

Results  

The effort this year focused on understanding how the ratio of the binder and carbon and how the total amount 

of solvent in the initial slurry impact key mechanical and performance metrics of a cathode.  

Carbon to binder ratio 

In an effort to reduce the overall carbon and binder content of the electrode, we wanted to understand the 

impact of varying the two relative each other.  Therefore, we made a series of laminates of different ratios of 

carbon and binder, specifically carbon fractions of 20, 30, 35, 40, 45, 50, 55, 70, and 80 % were cast and 

evaluated.   

One measurement we made of the laminate was the force needed to peel the laminate from the current 

collector at an angle of 180 o (essentially pulling it back over itself.) As the data shows in Figure II.7.1, there is 

a peak in the adhesion between 35 and 50% carbon.  Surprisingly, at least initially, was that films with carbon 

contents of 35% or lower showed very little adhesive properties.  It is also not worthy that films of carbon 

content of 50% or greater also showed poor adhesion.  

 

 
 

Figure II.7.1 Adhesion force per width of laminate from a 180o peel test for laminates consisting solely of different ratios of carbon 

and binder. 

For the same laminates, we also measured the degree of cohesion using the same instrument.  Here (Figure 

II.7.2) we find that the cohesion drops precipitously with increase in carbon content falling to around half of its 

initial value (measured at a carbon fraction of 20 %) at a carbon fraction of 40%. We also measured the 

electronic conductivity of the films as a function of carbon content, that data is provided in Figure II.7.3.  Here 

we see that the electronic conductivity with carbon content starts to climb at 35% carbon and peaks around 

45% carbon.   
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Figure II.7.2 Cohesion of films removed from the current collector at carbon to binder ratios from 0.2:0.8 to 0.8:0.2. 

Finally, we measure the open porosity of the films as a function of carbon content.  We see in Figure II.7.4 that 

the porosity starts to increase at 35% which is also where the adhesion and the conductivity start to increase.  

The porosity continues to climb as successively more carbon is added and begins to level off near 70% carbon.   

 

Figure II.7.3 Electronic conductivity of carbon/binder films with varying carbon to binder ratios. 

 

Figure II.7.4 Open porosity of carbon/binder films with varying carbon to binder ratios. 

We assume that the porosity is playing a significant role in what is happening to the other properties.  At low 

carbon content, the porosity is low and remains low with the addition of carbon.  This indicates that as the 

solvent leaves the cast slurry, the polymer is collapsing and shrinking to maintain a compact formation with 
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little porosity.  The shrinking of the film during drying implies that the polymer is changing from an extended 

formation when dissolved in the solvent to a contracted form as the solvent leaves. During this time of polymer 

contraction the polymer loses contact points with the current collector foil.  By the end of the drying, the 

polymer is fully collapsed and the dry film literally falls off of the foil.  At around 35% carbon content we start 

to measure void porosity in the dried film which we believe means that there is enough carbon in the film to 

provide structure to the film and limit polymer contraction.  The more carbon is added, the less contraction 

there is, and the greater is the porosity, adhesion, and conductivity.  The cohesion appears to be inversely 

related to the porosity.  As the porosity continues to increase, the cohesion continuously decreases as there is 

just less polymer per cross section which makes the film weaker.  We also see that the adhesion and the 

conductivity reach a maximum value before falling.  We believe this is because an increase in carbon brings an 

increase in surface area to be covered by the polymer, and that too much surface area overwhelms the polymer 

and the polymer can no longer from a continuous coating.  This leads to an incoherent film that is a poor 

electronic conductor and with few connections to the foil that severely reduces adhesion.  The upshot of this is 

that one should prepare laminates with this polymer and carbon black at a ratio between 2:3 and 9:11. This will 

need to be adjusted down when considering the additional surface area contributed by the active material.  

We also investigated mixing in solvent, combinations of active material and carbon at ratios of 92.8:3.2, 

94.6:2.4, 98:0.88, and 99:0.44.  Here we measured the particle size distribution at the end of mixing and found 

that for mixtures with less than 0.88 % binder, the maximum particle size began to decrease after just twenty 

minutes of mixing. This was supported by confocal microscope imagery provided in Figure II.7.5.a and Figure 

II.7.5.b. where one can see that the active material powder with significant carbon was larger than the powder

with a deficient level of carbon.

Figure II.7.5 Confocal microscope images of active material and carbon mixed with a. sufficient carbon and b. insufficient carbon. 

Solvent content 

Finally, we investigated the amount of solvent that is added to the slurry during the mixing steps and compared 

it to the quality of the coating and the cycling performance.  The results of this experiment are reflected in the 

graph of Figure II.7.6 where the results of good performing electrodes are plotted in blue and the poor 

performing electrodes are filled in as red. A fit of the blue data suggests a linear relationship between liquid 

added to the slurry and total carbon black surface area. 

a b 
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Figure II.7.6 Plot of total solvent amount versus total carbon surface area of several slurries.  The slurries that resulted in good 

performing laminates are labeled with blue circles.  A line of achieved through a regression analysis indicates a linear relationship 

between total solvent content and carbon black surface area in the slurry. 

We initially assumed that the correct amount of solvent to add to a slurry was such that the viscosity at a low 

shear rate was constant.  A plot of viscosity of the slurry versus active material content of the solid components 

is provided in Figure II.7.7 for the laminates that performed well.  We see here that the viscosity of the best 

electrodes is not constant but declines as the amount of active material increases (amount of carbon additive 

decreases.) Thus, the viscosity of the slurry is not as important as the ratio of solvent to carbon.  Apparently, 

controlling the slurry to carbon content, which to a large extent controls the viscosity is more important than 

holding it to a single value. 

 

Figure II.7.7 Slurry viscosity versus active material content for  

Conclusions   

From this year’s work we arrived at the following conclusions.  The carbon additive does more than provide 

conductivity to the laminate, it is also responsible for the open porosity of the laminate.  The porosity limits the 

contraction of the binder which promotes adherence to the current collector. The carbon structure also leads to 

long range conductivity in the laminate.  The increase in carbon does reduce the cohesiveness of the laminate 

but as long as the ratio to binder is less than 55:45, there should be enough cohesiveness to keep the laminate 

together.   Overall, for Denka Black (an acetylene black) the carbon to binder ratio should be somewhere 

between 2:3 and 11:9 when not considering the active material.  The addition of active material will likely 

reduce this range.  It appears for NMC 333 that carbon should first be mixed with this, at least at a ratio of 

98:0.8 to prevent particle breakdown during mixing.  There appears to be an ideal solvent content with regard 

to mixing and casting that correlates linearly with the surface area of carbon additive. 
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Project Introduction 

Lithium ion batteries are finding application in almost all the sectors, starting from electronics and electric 

vehicles, which extends towards the marine as well as aviation industries. However, such widespread adoption 

of lithium ion based energy storage technologies calls for further enhancement in the performance metrics 

demonstrated by the present day battery chemistries, such as, increase in energy density, enhanced cycle life, 

etc. In order to satisfy the ever increasing demand of the market, new lithium ion chemistries need to be 

discovered, and synthesized at scale, for successful implementation in the commercially available lithium ion 

batteries. It is evident that along with finding better battery materials, it is necessary to understand how those 

materials are made. It does not add much value to discover an excellent material with superior performance if 

it cannot be synthesized in a cost effective fashion and at large scales. Accordingly, it is necessary to study the 

“science behind the synthesis” of conventional, as well as novel, materials with potential application in lithium 

ion batteries. A thorough understanding of the synthesis mechanism can eventually help to devise strategies for 

making the same material in a cheaper fashion, or can possibly enable the fabrication using easily scalable 

routes.  

In the present research, synthesis of cathode materials used in lithium ion battery is being investigated, while 

some effort is also being devoted to understanding their performance. Conventional cathode synthesis routes 

involve two steps, where at first the transition metal hydroxide (TM(OH)2) or transition metal carbonate 

(TMCO3) based cathode precursors are coprecipitated in water based reactors. In the second step, these 

precursor powders are calcined at high temperatures with lithium salt to oxidize and lithiate them, which 

finally leads to the formation of the cathode active particles. Note that further surface treatment on top of the 

as-calcined cathode particles may be needed before incorporation into a real battery electrode, which is not 

being studied as part of the present effort. It is worth noting that the final cathode particles are obtained after 

the calcination process where both oxidation and lithiation of the cathode particles occur, which leads to 

substantial changes in its lattice structure as well as particle morphology. However, elucidating only the 

calcination step is not sufficient for deciphering the science behind the cathode synthesis. To understand and 

successfully control the final structure (lattice structure) and morphology (particle size, size distribution, 

porosity, tap density) of the cathodes, it is necessary to properly elucidate both the coprecipitation and 

calcination steps of the cathode synthesis process.  

Conventional lithium ion battery cathodes demonstrate layered lattice structure where the lithium and 

transition metals exist in different layers. Majority of the cathode precursors as well as final calcined particles 

are several microns in diameter, and possess a spherical shape. Each of these secondary particles consist of 

multiple smaller primary particles, for which the size can range from several tens to hundreds of nanometers. 

mailto:vsrinivasan@anl.gov
mailto:haiyan.croft@hq.doe.gov
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Size of these primary particles differ substantially between the precursors and the final cathodes. Even though 

the final cathode particles are determined by the calcination process conducted at an elevated temperature (~ 

700C to 1000C), the coprecipitation step substantially influences various attributes of these cathode particles. 

For example, size of the secondary particles obtained from the coprecipitation step does not change 

significantly even after calcination, rate of the oxidation and lithiation reaction that occur during calcination 

depends heavily on the size of the primary particles achieved after coprecipitation, distribution of the transition 

metals within the cathode particles (for example, gradient cathodes) is again defined by how the 

coprecipitation is conducted.  

Competition between different thermodynamic and kinetic aspects, that impacts the formation of the final 

cathode particles, will be investigated in the present study. During coprecipitation, competition between the 

rate of precipitation, minimization of surface energy, and transport of mass through the reacting solution 

dictates the growth mechanism as well as the morphology, along with surface roughness, of the final 

precipitates. Similarly, during calcination, interplay between the reaction rate constant, mass transport, and 

sintering of particles dictate the quality and microstructure of the final cathodes. Competition between these 

driving forces will be elucidated using appropriate experimental characterization and multiscale computational 

schemes.  

Regarding estimation of cathode performance, this research work explores the link between morphology and 

performance of lithium manganese rich NMC (LMR-NMC) cathodes. The LMR-NMC material exhibits low 

diffusion, particularly at low state of charge and performs poorly at high C-rates. Adapting the morphology to 

obtain smaller diffusion lengths would improve the performance. The LMR-NMC cathode particle (referred to 

as secondary particle) is agglomeration of nano sized primary particles. There are two different diffusion 

characteristics associated with the porous secondary particle, first, the size of the primary particle, and second, 

the nature of agglomeration. Presence of clustering, formation of chains of primary particles or intra-

agglomeration closed pores will increase the agglomerate diffusion length. Smaller primary and agglomerate 

diffusion length is desirable for improved performance. Tailoring the morphology to achieve desired diffusion 

characteristics is a promising avenue for better performance. 

Objectives 

In the present effort, three major aspects are investigated: i) Coprecipitation of transition metal carbonate 

cathode precursors, ii) Calcination of Ni-rich cathodes, and iii) Performance estimation of LMR-NMC cathode 

particles. Regarding coprecipitation, impact of different transition metals on the morphology of the precipitated 

carbonate based cathode precursors will be investigated. Changing the transition metal type can modify the 

supersaturation ratio, which provides the driving force for the precipitation process. Understanding the 

competition between the reaction rate constant and mass transport processes, that helps in determining the final 

morphology of the precipitated cathode precursors, is one major objective of this project. Calcination of the 

Ni-rich NMC cathodes has always been a challenge due to the difficulties associated with oxidizing Ni2+ to 

Ni3+ state. Importance of the presence of oxygen in oxidizing Ni, and successfully reacting with the lithium 

salt, will be elucidated here. Along the same direction, understanding the intermediate phase adopted by the 

Ni-rich cathode precursors during the calcination process is also an objective of the present research. The final 

goal of the project is to connect the synthesis conditions to the overall performance of the cathode particles. 

Accordingly, estimation of voltage vs. capacity performance experienced by the cathode particles must be 

conducted. Deciphering the influence of the structure and morphology of the cathode particles on the overall 

capacity is another major objective of the present effort. 

Approach  

For proper elucidation of the synthesis of cathode particles and estimating their performance, both 

experimental and computational approaches are adopted as part of this project. Coprecipitation experiments are 

conducted in batch mode and the precipitated particles are characterized using scanning electron microscopy 

(SEM), transmission electron microscopy (TEM) and energy dispersive X-ray (EDX) mapping techniques. 

Regarding calcination, cathode precursors are reacted with lithium salt under elevated temperatures, which is 
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characterized in situ using X-ray diffraction (XRD) techniques. On the computational side, density functional 

theory (DFT) and ab-initio molecular dynamics (AIMD) based calculations are conducted to understand the 

variation in lattice structure occurring at the atomic scale. At the mesoscale level, interaction between different 

particles is captured using the Monte Carlo and phase field based computational methodologies. Some detailed 

of each of the procedures will be briefly discussed below.  

For proper elucidation of the coprecipitation step, various transition metal carbonates (MnCO3, NiCO3, CoCO3 

and NMC111CO3) are precipitated in a batch reactor, and the morphology as well as chemical composition of 

the final precipitates are investigated using appropriate characterization techniques. Concentration of the 

transition metal sulfates (TMSO4) are maintained at around 4.5 mM, while the concentration of the 

precipitating agent, ammonium bicarbonate (NH4HCO3) in the present case, is estimated to maximize the 

supersaturation ratio of the transition metal carbonates (TMCO3) within the reacting solution. Morphology of 

the precipitates are characterized using the SEM and TEM imaging techniques, where SEM provides 

information regarding the secondary particle morphology (length scale ~ 10 µm) and TEM provides 

information regarding the morphology of the primary particles (length scale ~ 100 nm). Impact of different 

transition metals on the size of the primary and secondary particles, along with their surface roughness, are 

characterized using these imaging schemes.  

Regarding calcination, NMC111(OH)2 and NMC811(OH)2 are calcined with LiOH under a temperature ramp 

of 5C/min from room temperature to a maximum temperature of 800C, and the evolution of different phases 

are visualized in situ using the XRD technique. Depending on the amount of Ni present within the cathode 

precursor, different intermediate phases are observed, which substantially controls the reaction of lithium with 

the cathode precursors, and finally impacts the evolution of the desired layered phase.  

The atomistic calculations are carried out using spin-polarized Density Functional Theory (DFT) as 

implemented in the Vienna Ab Initio Simulation Package (VASP). The exchange-correlation potentials are 

treated by the generalized gradient approximation (GGA) and the interaction between valence electrons and 

ion cores is described by the projected augmented wave (PAW) method. Moreover, the GGA+U scheme is 

used for applying the on-site correlation effects among 3d electrons of the transition metal. 

At the mesoscale level, fundamental mass balance relations are satisfied for determining the equilibrium 

concentration of different cations and anions within the batch reactor. Various equilibrium relations available 

in the literature are adopted for conducting the analysis. A Monte Carlo based approach is adopted to capture 

the evolution of the particle morphology, which considers the competition between the rate of reaction and 

transport of reactants within the solution while determining the final morphology of the cathode precursors. A 

phase field based methodology is developed for understanding the calcination of NMC cathodes, which 

involves the chemical reactions and mass transport processes associated with the removal of water, 

incorporation of oxygen within the lattice structure, addition of lithium within the cathode through reaction 

with lithium salt, and surface diffusion mediated sintering of the cathode primary particles. Interplay between 

the different reaction mechanisms observed in NMC811 and NMC111 in lithiating the cathode precursors, will 

be explored in the subsequent sections.  

Finally, regarding the computational estimation of the performance of the cathode particles, there are two parts 

to the overall methodology, the first being generating and characterizing computational microstructure, and the 

second one is electrochemical modeling to solve for concentration and potential fields in electrode and 

electrolyte particle. 

Computational microstructure 

The aim of the computationally generated microstructure is to mimic the key features of cathode particles seen 

in experiments, the spherical shape of primary and secondary particles, the size of primary particles and the 

BET specific area as seen in Figure II.8.1(a) to Figure II.8.1(d). An important requirement of microstructure is 

maintaining connectivity of electrode and electrolyte phases. Two distinct microstructures are realized, ideal 
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microstructure and microstructure with intra-agglomerate closed pores shown in Figure II.8.1(e) and Figure 

II.8.1(f). The ideal microstructure has open arrangement of primary particles and has largest interface area for 

a given primary particle size. Introduction of intra-agglomerate closed pores in computational microstructure 

reduces the interface area and correlates well with experimental values. It also increases the agglomerate 

diffusion length. To obtain the diffusion characteristics, the distribution of length of line segments inside the 

solid electrode (the origin and termination of line segments is the electrode/electrolyte interface) is generated. 

To distinguish between the diffusion corresponding to primary particle and the effect of agglomeration, this 

distribution in diffusion length is divided in two domains, corresponding to primary particle length scale (𝐿𝑃
̅̅ ̅) 

and the agglomeration length scale (𝐿𝐴
̅̅ ̅). Microstructures generated using same primary particles have similar 

values of 𝐿𝑃
̅̅ ̅ but different values of 𝐿𝐴

̅̅ ̅.  reflecting the manner of agglomeration. The closed pores that are 

evenly distributed throughout the secondary particle have smaller value of 𝐿𝐴
̅̅ ̅, while larger closed pores or 

adjoining closed pores result in large values of 𝐿𝐴
̅̅ ̅. 

 

Figure II.8.1 Microstructure of LMR-NMC secondary cathode particles. (a)-(d) show the SEM images of cathode particles with 

increasing primary particle size as the sintering temperature increases from 925°𝐶 to 1000°𝐶. The mean primary particles size is 

100 nm, 200 nm, 400 nm, and 800 nm respectively from (a) to (d). The inset figures show magnified region to focus on the 

primary particles. (a1) to (d1) show the cross-section of a secondary particle with reference to particles seen in (a) to (d). The BET 

specific area decreases from 3.8 m2/g to 1.0 m2/g from (a) to (d) as the size of the primary particle increases from 100 nm to 

800 nm. The average secondary particle size is same in (a) to (d). Two-dimensional computational microstructure is generated to 

match the average characteristics of experimental cathode particle, the primary particle size and shape and the specific interface 

area. (e) Ideal microstructure with open network of primary particles accessible to electrolyte. The specific interface area is larger 

than measured in experiments. (f) Microstructure with intra-agglomerate closed pores match the observed experimental specific 

interface area. The primary particle size is same in (e) and (f). (g) Computational domain for electrochemical model. The potential 

and concentration field are solved in the electrode and electrolyte. Electrode is shown in gray while electrolyte is shown in blue. 



FY 2022 Annual Progress Report 

 Processing Science & Engineering 181 

Electrochemical model 

The partial differential equations for mass and charge conservation in electrode and electrolyte is solved using 

finite volume method in MATLAB. The electrochemical reaction at the interface is modeled using Butler-

Volmer kinetics. The computational domain is shown in Figure II.8.1(g) featuring a single secondary particle. 

The ionic flux enters at the left domain boundary while the electronic flux enters at the current collector 

boundary shown in red.  

Results  

Since the present project has three major objectives, the results section will also be divided into three parts, 

where the first one will cover the results associated with the coprecipitation process, the second section will 

discuss about the calcination mechanism, and finally the third section will delve into analyzing the performance 

of the cathode particles.  

Coprecipitation of TMCO3 cathode precursors 

The working principle of the coprecipitation process is to create an extremely high driving force for 

precipitating the desired compound, which demonstrates negligible solubility in water, by using other salts that 

is heavily water soluble. In the present case TMCO3 (with low solubility in water) is precipitated by mixing 

water soluble TMSO4 and NH4HCO3. Dissociation of the bicarbonates (HCO3
-) to carbonates (CO3

2-) provides 

the anions necessary for the coprecipitation to occur. Equilibrium concentration of the various ions within the 

reacting solution is estimated using the mass balance relations, while taking into consideration the possibility 

of metal ammonia complex formation. The major driving force for the precipitation process is provided by the 

supersaturation ratio (SSR), which is defined as the ratio between concentration of the reactants (TM2+, CO3
2-) 

over the solubility product of the transition metal carbonate being investigated (KSP,TMCO3). Depending on the 

concertation of the reactants and the type of the transition metal carbonate being precipitated, it is possible to 

have SSR in the range of 104 – 106 (for example, MnCO3), where others might demonstrate SSR values around 

10 (for example, NiCO3). This variation in SSR can substantially affect their rate of precipitation, which will 

be investigated in the subsequent paragraphs.  

 

Figure II.8.2 (a) Change in surface energy of the transition metal carbonate precipitates as compared to their growth rate. MnCO3 

demonstrates high reaction rate constants and extremely high supersaturation ratios, which results in very fast growth of the 

particles. On the other hand, Ni and Co containing NiCO3, CoCO3, and NMC111CO3 demonstrates slower reaction rate constant, 

which leads to slower growth of the primary particles through direct precipitation and the individual primary crystallites for these Ni 

and Co containing precursors is extremely small. Due to the smaller primary particle size of these Ni and Co containing 

precipitates, they demonstrate higher surface energies, which enhances their propensity to agglomerate during the formation of 

the secondary particles. (b) Demonstration of the two physical phenomena, namely “nucleation” and “growth”, that contributes to 

the formation of the cathode precursors. Growth of the transition metal carbonate precipitates can occur through three 

mechanisms, direct precipitation, surface nucleation, and agglomeration, all of which will be briefly studied as part of the present 

project.  

Precipitation of the transition metal carbonate (TMCO3) from the reacting solution is favorable because it leads 

to a decrease in the overall Gibbs free energy of the solution. As already mentioned earlier, supersaturation 

ratio (SSR) dictates the driving force for the precipitation reaction to occur. Rate of reaction depends on the 

reaction rate constant (kreac) as well as the SSR of the compound being precipitated. Tendency of the 



Batteries 

182 Processing Science & Engineering 

precipitates to agglomerate with others depends on their surface energy, which is inversely proportional to the 

size of the precipitating particles. The surface energy and growth rate experiences by the different TMCO3 

precipitates are demonstrated in Figure II.8.2(a). Due to its higher reaction rate constant and larger magnitudes 

of SSR, precipitation of MnCO3 occurs extremely quickly, which leads to larger size of the single crystalline 

particles, and very small surface energies that discourages the aggregation phenomena. On the other hand, Ni 

and Co containing precipitates demonstrate smaller magnitudes of reaction rate constant, which leads to slower 

growth of the particles. Smaller particle sizes higher surface energy and encourages growth of the particles 

through surface nucleation and/or agglomeration mechanism. Note that the SSR of NiCO3 is small, in the 

range of 10. However, the SSR for CoCO3 and NMC111CO3 is in the same range as that of MnCO3. This 

combination of smaller reaction rate constant with higher SSR influences the roughness of the precipitated 

particles, which will be discussed later. 

At this point it is worth revisiting the precipitation mechanisms at play during the coprecipitation process. It is 

schematically demonstrated in Figure II.8.2(b) that precipitation of TMCO3 involve two major steps; the first 

one being nucleation, where multiple small nanometer sized nuclei of the precipitates are formed from the 

heavily supersaturated solution, and in the second step growth of these nuclei occurs to minimize the free 

energy of the reacting solution. Depending on the reaction rate constant (kreac) and supersaturation ratio, 

growth of these nuclei can occur through different routes, for example, direct precipitation, surface nucleation 

and growth, and agglomeration of multiple small sized particles. All these mechanisms are possible during this 

precipitation of the TMCO3, where a wide range of kreac and SSR are possible. 

It is evident from Figure II.8.2 that due to the smaller reaction rate constant for the Ni and Co containing 

carbonate precipitates, they demonstrate extremely small sized primary particles, which grow through a 

heterogeneous nucleation mediated surface growth mechanism and/or agglomeration process. However, even 

for the surface growth mechanism, precipitation of these transition metal carbonate precursors are governed by 

two different driving forces; (i) Driving force for precipitation, which is dictated by the extent of 

supersaturation ratio, and (ii) Driving force for surface energy minimization, which most probably occurs 

through diffusion in the reacting solution (see Figure II.8.3(a)). Morphology of the experimentally precipitated 

Ni and Co containing transition metal carbonates are characterized using the high resolution TEM technique. 

Morphology of the CoCO3 precipitates is shown in Figure II.8.3(b), which demonstrated higher magnitudes of 

SSR and resulted in a rough surface. High resolution images of NiCO3 precipitates are depicted in Figure 

II.8.3(c), where the SSR during reaction is maintained at a lower level and the final particles demonstrate 

smooth surface. Finally, morphology of the NMC111CO3 precipitates, as extracted using high resolution 

imaging techniques, are shown in Figure II.8.3(d), surface of which appear to be extremely rough in nature. As 

shown in Figure II.8.3(e) and II.10.3(g), CoCO3 and NMC111CO3 demonstrates higher supersaturation ratios 

(SSR ~ 104), which leads to larger driving force of precipitation without much room for the surface energy 

minimization mechanism to kick in. This results in a rougher precipitate morphology for CoCO3 and 

NMC111CO3. On the contrary, as shown in Figure II.8.3(f), precipitation of NiCO3 occurs under much lower 

supersaturation ratios (SSR ~ 10), which minimizes the driving force for precipitation, and allows for diffusion 

to play a role in minimizing the surface energies. Hence, experimentally observed (see Figure II.8.3(c)) and 

computationally predicted (see Figure II.8.3(f)) precipitates of NiCO3 demonstrate smooth surface. Thus, 

competition between various mass transport and reaction rates help to understand the morphology of the 

precipitated TMCO3. 
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Figure II.8.3 (a) Schematic representation of the two competing driving forces, the first one being tendency to precipitate, and the 

second one is minimization of surface energy, that contributes to the determination of the surface morphology of the TMCO3 

precipitates. (b – d) High resolution transmission electron microscopy (HR-TEM) image of the aggregated primary particles for 

different transition metal carbonates. (b) Primary particles of CoCO3 (precipitated under CoSO4 ~ 4.5 mM and [NH4+]/[Co2+] ~ 40). 

(c) Primary particle morphology of NiCO3 (precipitated under NiSO4 ~ 4.5 mM and [NH4+]/[Ni2+] ~ 15). (d) Primary particle 

microstructures of NMC111CO3 (precipitated under (NiSO4+MnSO4+CoSO4) ~ 4.5 mM and [NH4+]/[Ni2++Mn2++Co2+] ~ 40). (e – g) 

Simulated primary particle microstructures of CoCO3, NiCO3 and NMC111CO3 using Monte Carlo based computational 

frameworks. Competition between the driving forces for precipitation and surface energy minimization are taken into 

consideration in this computational analysis.  

 



Batteries 

184 Processing Science & Engineering 

Calcination of Ni-rich NMC cathodes 

 

Figure II.8.4 Stacked PXRD plots for the calcination process of high and low nickel content precursors show the evolution of 

phases (left).  Snapshots of the in situ diffraction study highlighting the difference in the PXRD patterns for the two intermediate 

phases (top right) and the NMC layered phases (bottom right). 

The influence of transition metal ratios on the NMC calcination process and rate of lithiation are being 

explored using in situ powder diffraction (see Figure II.8.4). The diffraction analysis shows that different 

intermediates form during calcination using LiOH. For high nickel content precursors (NMC811), a rocksalt 

intermediate is observed with the loss of the 003 peak typical for a spinel or layered material. A spinel 

intermediate forms for the low nickel content precursors. Lithiation of the two intermediates is predicted to 

differ with a faster reaction with the lithium salt for low nickel content precursors (spinel) thus enhancing 

formation of the layered phase in NMC111 than NMC811. 

To better understand the effect of pre-treatment on the lithiation of the rocksalt intermediate and to understand 

how the close-packed rocksalt lattice transforms to the layered cathode, Ab-initio molecular dynamic (AIMD) 

simulations were used on a model NiO lattice in contact with molten LiOH simulated at T = 1200 K to 

accelerate the reaction. Figure II.8.5 shows the evolution of the radial distribution functions (RDFs) and the 

corresponding ball and stick models with time. Initially, there is a narrow distribution of Ni–O nearest 

neighbor distances at 2 Å, with some larger bonds associated with surface sites (see Figure II.8.5(a)). 

Critically, when oxygen is adsorbed at the surface of the NiO slab, lithiation begins within 18 ps from the start 

of the simulation (see Figure II.8.5(b)), whereas simulations without oxygen termination result in no reaction 

over 30 ps at the NiO/LiOH interface. 
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Figure II.8.5 Snapshots of NiO lithiation AIMD (1200 K) radial distribution function and schematic (ball and stick) representation of 

the simulation for a) t = 0 ps, b) t = 18 ps, c) t = 298 ps with 10 H2O molecules taken off the cell, d) t = 1100 ps with all the water 

molecules taken off the cell. Red spheres represent O, silver spheres represent Ni, green spheres represent Li, and the small 

white spheres represent H. 

Surface oxygen leads to Ni3+ sites in the next layer and a broadening of the 3 Å Ni–Ni peak in the RDF. As 

seen in Figure II.8.5(b), metal vacancies within the polar surface of the NiO are quickly filled by the Ni3+ 

surface migration and adsorption of Li+ from the hydroxide melt. Subsequent oxygen sorption and further Ni 

surface migration leads to bulk metal vacancies that are readily filled by lithium, leading to a disordered 

lithiated rocksalt structure. The accumulation of water molecules in the simulation box impedes further 

conversion. In a real system, water would evaporate and move away from the interface, maintaining a 

favorable driving force for the completion of the overall lithiation reaction. To mimic a real system, water 

molecules were removed from the system once formed, as shown in Figure II.8.5(c) and Figure II.8.5(d). The 

system is hence equilibrated at a new chemical potential and the reaction cycle continues.  

The next step is the formation of the final layered structure from the disordered LixNi1-xO2. After lithiation of 

NiO, the AIMD simulation was continued for a cumulative total of several nanoseconds. At this point, signs of 

layered ordering begin to manifest, particularly in the surface layers. However, despite the complete layering 

of LiNiO2 being thermodynamically favorable, the simulation did not reach this stage within a reasonable time 

(several months of elapsed real time). The time scale needed to reach a fully layered material is therefore not 

suitable for AIMD, since it may be on the order of tens of nanoseconds or more, and a cooling procedure 

would be required to reduce entropy contributions.  
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Figure II.8.6 AIMD (1200 K) simulation cell snapshot showing the LiNiO2 layers gliding between perfect and defective layered 

structures. 

To better understand the connection between layered and disordered rock salt structures, a new simulation was 

conducted at 1200 K starting with the ideal layered material with a surface 104 facet to match the 100-oriented 

rocksalt lattice discussed above. At the beginning of the simulation, adjacent layers within the LiNiO2 break 

and glide into a new equivalent equilibrium position. Each layer is stoichiometric, and the surface is non-polar, 

making each layer intrinsically stable. The layered phase initially forms in several small domains, eventually 

merging to form larger corrugated domains with respect to the 104 surface. The final structure contains layers 

oriented in two different crystallographic directions, producing extended defects (Figure II.8.6). This 

configuration is similar to the configuration obtained after lithiation of NiO (AIMD Figure II.8.5, right panel). 

This result shows that the AIMD lithiation of NiO at 1200 K has reached a stable configuration and a complete 

layering would not be possible even if the simulation were allowed to run indefinitely. The formation of 

different orientations of the layers is a consequence of fluctuations and symmetry, combined with a low defect 

formation energy at the boundary between the two layered domains.  

 

Figure II.8.7 Ab initio molecular dynamic (1400K-1800K) simulation cell representing an interface between LiNiO2 and NiO. The 

arrows are pointing to blue spheres representing the initial and final position of the Ni vacancy in the NiO region. 

A final simulation cell was set up to understand the Li diffusion from a Li-rich region (lithiated surface layers) 

into a NiO region with a Ni vacancy near the interface (Figure II.8.7). The cell depicts the LiNiO2/Ni1-O 

interface, where ε represents the concentration of Ni vacancies. The cell was set up with one Ni atom vacancy 

for every 64 Ni sites in the NiO region, equivalent to 1.6% (mole/mole). The vacancy was set close to the 

interface and next to one Li ion in the LiNiO2 region. Contrary to expectations, Li ions do not immediately fill 

the Ni vacancy. Instead, the vacancy diffuses to the center of the NiO region, four-layers away from the 
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interface. The Ni ions in the NiO region around the vacancy fill the vacancy faster than Li can hop into it. 

When the Ni vacancy forms, two Ni ions oxidize to Ni3+, compared to all Ni2+ in a perfect NiO lattice. 

However, there are still four Ni2+ ions surrounding the vacancy. One of these surrounding Ni2+ moves to the 

vacant site, leaving a vacancy behind. The process repeats until the vacancy reaches the center of the NiO 

region. In contrast, all the Ni ions in the LiNiO2 region are Ni3+ and do not change sites during the simulation, 

nor do the Li ions in LiNiO2. Hence, whenever the degree of lithiation in a disordered NiO rocksalt region 

reaches the full LiNiO2 stoichiometry, the diffusion of Li into the material’s core region (NiO) slows down or 

stops entirely. Consequently, the extent of lithiation of a NiO particle is size dependent and there may be a 

critical size where the lithiation becomes very slow. 

 

Figure II.8.8 Computational simulation of the calcination of NMC111 and NMC8111 cathode precursors with LiOH conducted at 

the mesoscale level using phase field based methodologies. (a) Initial microstructure of the NMC cathode precursors. (b) 

Computationally predicted particle microstructure of NMC111 after 2 hours of calcination. Particles appear to be less sintered 

than NMC811. (c) Computationally predicted microstructure of NMC811 after calcination for 2 hours. Particles are more sintered 

than NMC111. (d) Removal of water from the NMC111 and NMC811 at the beginning of the calcination process. (e) Increase in 

lithium concentration in the NMC111 and NMC811 cathodes during the calcination process. Due to the faster reaction with Li-

salt, NMC111 demonstrates earlier lithiation than NMC811. (f) Evolution in primary particle size experienced by the NMC111 and 

NMC811 cathodes during calcination. Due to greater extent of lithiation, NMC111 demonstrates larger particle size than the 

NMC811. 

Following the experimental investigation of the calcination of NMC111 and NMC811 cathodes (as shown in 

Figure II.8.4), computational simulation of the calcination process is conducted at the mesoscale level for 

similar NMC based cathode precursors with LiOH as the source of lithium. The initial microstructure of the 

cathode precursors is shown in Figure II.8.8(a). The LiOH particles are not simulated separately, rather it is 

assumed that they exist around the cathode particles, and any open surface of the precursor can react with the 

lithium salt. Microstructure of the NMC111 and NMC811 cathode precursors after calcining for 2 hours is 

demonstrated in Figure II.8.8(b) and II.10.8(c), respectively. NMC111 appears to be less sintered than 

NMC811. According to the observations in the calcination experiments (see Figure II.8.4), NMC111 goes 

through a spinel intermediate, which experiences faster lithiation with LiOH. On the other hand, NMC811 

experiences a rocksalt intermediate during the calcination process, which tends to lithiate slowly and 

experiences faster sintering of the rocksalt intermediate. At the beginning to the calcination process, both the 

NMC111 and NMC811 hydroxide based precursors release water before converting to the intermediate step. 

Figure II.8.8(d) captures the removal of water for the two types of precursors, which almost overlaps on top of 

each other. Due to the ease of oxidation and lithiation experienced by the spinel intermediates, lithium enters 

the NMC111 structure more quickly than NMC811, which exists in an intermediate rocksalt phase (see Figure 
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II.8.8(e)). In general, Ni2+ existing in a rocksalt phase is more difficult to oxidize as well as lithiate, and would 

require special surface treatments to enhance the oxygen concentration that can help to make the reaction with 

lithium salt faster (see Figure II.8.5). Finally, the evolution in particle size during calcination experienced by 

the NMC111 and NMC811 cathodes are shown in Figure II.8.8(f). Despite the enhanced sintering experienced 

by the NMC811 particles, the overall particle size is not much different from NMC111. Also, the final particle 

size at the end of calcination is larger for NMC111 than NMC811. Note that NMC111 experiences enhanced 

lithiation than NMC811 (see Figure II.8.8(e)), which leads to larger amount of lithiation induced particle 

growth for the former. Overall, the developed computational methodology at the mesoscale level is successful 

in capturing the differences associated with the calcination of different cathode precursors.  

Performance estimation of Li-Mn-rich NMC cathode particles 

 

Figure II.8.9 Performance of LMR-NMC cathode (a) Voltage discharge profile for three microstructures, (i) Ideal microstructure with 

primary particle size of 100 nm (ii) Microstructure with intra-agglomerate closed pores with primary particle size of 100 nm (iii) 

Ideal microstructure with primary particle size of 800 nm. The discharge capacity depends on the primary diffusion length as well 

as the agglomerate diffusion length. The inset figures show the contour of lithium concentration normalized with maximum lithium 

concentration for the three microstructures. The color scale ranges from 0.7 to 1. (b) Capacity described by primary diffusion 

length and ratio of agglomerate and primary diffusion length. The applied C-rate is 1. 

Figure II.8.9 captures the performance of cathode particle with different morphology and diffusion 

characteristics. Figure II.10.9(a) shows the discharge profile for three different microstructure which differ in 

primary particle size (microstructure (i) and (iii)) or agglomerate diffusion length (microstructure (i) and (ii)). 

The largest capacity is obtained for ideal microstructure with 100 nm primary particle size while smallest 

capacity is for microstructure with 800 nm primary particle. Even though, (i) and (ii) have same 𝐿𝑃
̅̅ ̅, 

microstructure (ii) with larger 𝐿𝐴
̅̅ ̅ has smaller capacity. The contours of normalized lithium concentration show 

uniform distribution for microstructure (i), regions of low lithium concentration for microstructure (ii) and 

sharp gradient at the interface and low lithium concentration for microstructure (iii). This figure points to the 

relevance of the two diffusion lengths in predicting the capacity. Diffusion limitation is observed if either 

primary, 𝐿𝑃
̅̅ ̅, or agglomerate diffusion length, 𝐿𝐴

̅̅ ̅, becomes large.  

Figure II.8.9(b) summarizes the interplay between primary and ratio of agglomerate and primary diffusion 

length on capacity. Microstructures with larger values of 𝐿𝑃
̅̅ ̅ or 𝐿𝐴

̅̅ ̅/𝐿𝑃
̅̅ ̅ have smaller capacity due to diffusion 

limitation. The desired microstructures have small 𝐿𝑃
̅̅ ̅ and 𝐿𝐴

̅̅ ̅/𝐿𝑃
̅̅ ̅ ratio corresponding to the lower triangle as 

seen in Figure II.8.9(b). 

Conclusions   

Detailed experimental and computational analysis of the cathode synthesis process is conducted at different 

length and time scales using appropriate techniques. Transition metal carbonate cathode precursors are 
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coprecipitated in batch reactors, and their chemical composition as well as particle morphologies are 

characterized using various high resolution imaging techniques (SEM, TM, EDX). Computational 

methodologies are developed that is capable of deciphering the competition between the rate of precipitation 

and mass transport mechanisms that leads to certain morphologies of the cathode precursors. It is concluded 

that transition metals with high supersaturation ratio, but smaller reaction rate constants, lead to the formation 

of extremely small sized primary particles. An aggregate of this small primaries provides the secondary 

particles, which is observed for every Ni and Co containing cathode precursors. Presence of these smaller 

primary particles should impact their calcination mechanism in some fashion.  

Calcination of NMC111 and NMC811 hydroxide cathode precursors are conducted with LiOH. It is observed 

experimentally that NMC111 calcines through a spinel intermediate, whereas the NMC811 demonstrates a 

rocksalt intermediate, which has large influence on the overall lithiation and layering mechanism. Atomistic 

simulations reveal that presence of oxygen is a necessity for successfully lithiating the Ni-rich cathode 

precursors, which prefers to form the rocksalt intermediate. Even, diffusion of lithium within the rocksalt 

intermediate phase can be a challenge, which further worsens the extent of lithiation possible within Ni-rich 

cathodes. Continuum analysis at the mesoscale level reveals that the different intermediates (spinel for 

NMC111 vs rocksalt for NMC811) not only experience different amount of lithiation, but also their sintering 

behavior differ from each other, which results in a difference in the primary particle sizes within the final 

calcined cathodes.   

Finally, computational analysis of the electrochemical response of the sintered cathode particles provides 

information regarding the modifications needed in the cathode morphology that can successfully enhance 

cathode capacity. The performance of diffusion limited LMR-NMC cathode can be improved by tailoring the 

morphology of secondary particles. Two diffusion lengths, primary and agglomerate diffusion lengths, are 

required to characterize the secondary particle. Improvement in capacity is seen with smaller values of  𝐿𝑃
̅̅ ̅ and  

𝐿𝑃
̅̅ ̅/𝐿𝐴

̅̅ ̅. For a diffusion limited material, using smaller primary particles to get better performance is intuitive, 

but introducing closed pores and relating the two diffusion lengths to performance, points in a new direction 

for optimization of the morphology. 
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Project Introduction 

Lithium-ion battery technology provides critical energy-storage needs for society, ranging from everyday 

electronics to electrified transportation and power grids. The demand for lighter devices and longer-duration 

storage continues to fuel the need for energy-denser batteries. This need, in turn, requires designing new 

battery materials, understanding how they function and, ultimately, making them through scalable synthesis 

and processing – namely, manufacturing at scale. Technical advances in characterization and computation in 

the past decade have greatly facilitated the discovery and design of battery materials, but how to make them 

with the required capacity, power, lifespan, and safety is another layer of complexity and may become the real 

hurdle to their practical use – very often we know what we want, but don’t know how to make them. The 

difficulty largely lies in the knowledge gap in understanding the processes of materials synthesis and 

processing, wherein reactions often proceed via kinetic pathways under non-equilibrium conditions, so making 

it hard to be predicted by theories or computations. As there are a variety of processing parameters (precursor 

concentration, temperature, pressure, pH value, reaction time, …), materials processing for optimal 

performance mostly relies on trial and error.  

Under this project, in situ spectroscopic techniques are developed deliberately for studying the synthesis and 

processing of next-generation commercially viable cathode active materials (CAMs), enabling synthesis and 

processing by design. This project involves broad collaborations across national laboratories, universities and 

industries. A long-term synergistic collaboration was established between Argonne National Laboratory 

(ANL) and Brookhaven National Lab (BNL) under the Processing Science & Engineering (P&E) program. 

The team has been working closely to develop fundamental processing science and processing technologies by 

leveraging the unique capabilities and expertise at ANL and BNL, particularly in in situ characterization, 

precursor development, multiscale modeling and scale-up. The tools and techniques under this project are also 

used to support other projects funded under the P&E and other programs by the Vehicle Technology Office 

(VTO), such as Battery 500 program (in collaboration with Binghamton University) and deep-dive programs 

(in collaboration with Lawrence Berkeley National Lab (LBNL) and ANL). 

mailto:fengwang@anl.gov
mailto:jmbai@bnl.gov
mailto:haiyan.croft@ee.doe.gov
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The material focus of this project is on nickel (Ni)-based low cobalt (Co) layered oxides, currently the most 

intensely pursued CAMs owing to their high capacity and low cost. To enable commercial application of high-

Ni cathodes, strategies are needed to manage the competing factors of high Ni loading. High output capacity 

requires high Ni content; but as Ni content increases, Ni sitting at octahedra tends to go to Li sites in the crystal 

lattice, resulting in reduced electrochemical activity. Cathodes are generally charged to high voltages (above 

4.2 V) to achieve high energy density, meanwhile introducing a number of mechanical issues such as cracking 

due to lattice collapse, gas release, structural reconstruction (or surface densification). Such undesired 

phenomena may happen concomitantly and, consequently, lead to poor cyclability and voltage decay, which 

has been a main obstacle to the realization of high-Ni CAMs with true commercial potential. Eventually, 

addressing such issues relies on synthesis and processing, in obtaining the materials with controlled structure 

morphology and surface properties. 

Objectives 

This project is part of the P&E program, aiming at developing processing science and technologies for scaling 

up production of next-generation CAMs, with a current focus on Ni-based low-Co cathodes. Specifically: 

• Developing a fundamental understanding of calcination and other scalable processes for processing 

Ni-based cathode materials. 

• Designing scalable processes for surface-stabilization of Ni-based cathodes. 

Approach  

One unique approach taken in this project is to develop mechanistic understanding of materials processing 

through in situ studies using the world-leading facilities at Brookhaven, Argonne and other national 

laboratories. Synchrotron X-ray based in situ techniques are developed for real-time probing of the 

intermediate phases and their structural evolution as the materials are being synthesized/processed. This allows 

access to the details of the processes, elucidating how the processing parameters affect the kinetic reaction 

pathways and, consequently, the target material phases and their properties. Such studies, with the insights into 

the reaction process and the involved intermediates under real conditions, provide a basis for materials 

synthesis/processing by design – rationally selecting synthesis/processing parameters to improve performance 

and reduce cost. 

Since most of battery materials are in the polycrystalline form, powder diffraction is commonly employed for 

monitoring the structural evolution during synthesis/processing. Among various scattering and spectroscopy 

techniques, X-ray diffraction (XRD) is arguably the most powerful tool for in situ characterization of synthesis 

and processing reactions. Advanced synchrotron facilities provide powerful powder diffraction capability that 

allows following the reactions and processes with high precision and in short time. Over the years, various in 

situ techniques have been developed for studying synthesis/processing reactions. With the special design of 

sample configuration and environment, one same sample may be loaded into different beamlines/facilities for 

complementary characterization using multiple in situ techniques, such as x-ray fluorescence imaging, X-ray 

absorption spectroscopy (XAS), XRD, and X-ray total scattering coupled with pair distribution function (PDF) 

analysis. This capability enables both bulk measurements with a large volume of materials being sampled and 

local probing of structural/chemical evolution in heterogeneous materials and at surfaces/interfaces. By 

coupling with electrochemical characterization of the final products, such studies shed light on the processing-

structure-property relationship, thereby providing a science basis for designing scalable processes suited to 

commercial production of next-generation cathode materials.   

Results  

In FY22, this project focused on in situ spectroscopies of the calcination processing of Ni-based low-Co 

CAMs. Unique spectroscopic techniques were developed for studies of lithiation-driven structural and 

morphological changes in Ni-based CAMs, including correlated in situ XRD/PDF for probing crystallization, 

X-ray spectromicroscopy for probing local structural and chemical evolution and in situ scanning calorimetry 

analysis (DSC) performed simultaneously with XRD on the correlation between crystallographic and thermal 

changes during calcination of CAMs. Through in situ studies using those unique techniques, new insights into 
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the processes and reactions in calcination of Ni-based CAMs were obtained, including the kinetic and 

thermodynamic limits to the lithiation-driven crystallization of LiNiO2 (LNO) and LiNi0.8Mn0.1Co0.1O2 

(NMC811), impact of Mn on structural ordering and crystallization and impact of the Nb coating both to the 

surface and bulk. Those insights were further applied to developing protocols for stabilizing Ni-based CAMs, 

such as controlling the constituent components and their phase morphology, lithium stoichiometry control. In 

addition, efforts were made on studying surface coating of high-Ni CAMs in collaboration with Binghamton 

University and fluorination of disordered rocksalts (DRX) in collaboration with LBNL. 

Lithiation-driven crystallization during calcination of Ni-based CAMs 

Ni-based CAMs, with 80% or higher Ni concentration, are among the most promising low-cost, high-energy-

density cathodes for next-generation LIBs. They are generally synthesized through a two-step process, namely, 

Co-precipitation to obtain the transition metals hydroxides and then calcination, with the mixture of transition 

metal and lithium hydroxides. Control of the calcination conditions has been found crucial to obtaining high-

performance CAMs, wherein structural ordering and morphology of the final products needs to be finely tuned 

to maximize capacity while minimizing surface areas exposed to the electrolyte. However, the calcination 

process is complicated, involving phase transformation accompanied with non-equilibrium crystallization of 

intermediates prior to forming the layered oxides, posing challenges to making desired phases and properties.  

In this work, a collaborative study was made on the calcination of LiNi0.8Mn0.1Co0.1O2 (NMC811) and the 

archetypal LiNiO2 (LNO), involving joint efforts of in situ characterization (under this project), precursor 

fabrication (under the BAT #167) and multiscale modeling (under BAT # 402). The hydroxide precursors of 

Ni(OH)2 and Ni0.8Mn0.1Co0.1(OH)2 were synthesized via a modified co-precipitation method in a continuously 

stirred tank reactor (CSTR). Correlated in situ synchrotron X-ray diffraction (XRD) and pair distribution 

function (PDF) was applied to tracking the calcination process. The typical contour plot of the in situ XRD 

obtained during calcination of NMC811 is given in Figure II.9.1 (a), showing the overall trend of the phase 

transformation. Through quantitative Rietveld refinement, the phase fractions of all the involved phases and 

their evolution as a function of temperature were obtained (Figure II.9.1(b)). 

 

 

Figure II.9.1 (a) Contour plots of in-situ temperature-resolved synchrotron X-ray diffraction (XRD) data, showing the phase 

progression during the calcination process in the synthesis of NMC811. (b) Normalized fraction of the major phases quantified by 

Rietveld refinement of the in-situ XRD. 
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To better understand the nucleation and growth mechanisms of the layered phase, correlated in situ PDF 

measurements were conducted simultaneously with in situ XRD for a complete picture of the structural 

information including both crystalline and amorphous phases. Using XRD alone, the disordered phases and 

those at interfaces cannot be accounted for due to the nature of short-range ordering, especially in the early 

stage of phase nucleation and growth. Therefore, the local synchrotron X-ray probing technique, total 

scattering coupled with PDF analysis, was applied here to gain details about local structural evolution. Figure 

II.9.2 (a) shows the typical contour plot of the in situ PDF pattern obtained from the Fourier transform of the 

total scattering data, with which, the length of the local structure ordering in each stage is visualized. 

Quantitative analysis of the domain sizes of the layered phase both in NMC811 and LNO was obtained by 

fitting to the PDF patterns, with the main results presented in Figure II.9.2 (b). The two systems exhibit an 

overall similar process, but there is subtle difference. Particularly, NMC811 exhibits continuous crystal growth 

while LNO shows 3 distinct stages of the crystallization, starting with the early nucleation, followed with slow, 

quasi-static growth and then fast growth at high temperatures. Results from the correlated in situ XRD/PDF 

studies indicates that the phase transformation and crystallization processes are overall similar in the two 

systems (NMC811 and LNO), both going via intermediate rocksalt and the final layered phases. However, 

slower kinetics of the transformation to the low-Li-containing rocksalt and distorted layered phases was 

observed in LNO compared to the Mn/Co containing NMC811. On the other hand, the crystal growth in 

NMC811 is surprisingly slower than that in LNO, indicating the high energy barrier of TM ion migration in 

the presence of Mn and Co. The role of Mn/Co in hindering particle growth was further studied through 

correlated multiscale modeling under the BAT # 402). The obtained into the crystallization thermodynamics 

and kinetics from this study may guide the design of calcination of Ni-based cathode materials, i.e., 

intentionally controlling their structure and morphology for improved electrochemical performance. 

 

Figure II.9.2 (a) In situ PDF analysis of the solid-state synthesis of NMC811 and LNO. (a) Representative PDF pattern solving the 

crystal nucleation and growth in LNO. (b) Comparison of the domain size of the crystals formed in LNO (blue) and NMC811 (red), 

obtained through the fitting to the PDF pattern. 

Synthesis of composite cathodes for high-voltage operation 

Guided by in situ synchrotron XRD studies and quantitative analysis, a new type of lithium nickel oxide was 

synthesized for use as CAM for Li-ion batteries. This compound is a composition of two crystallographic 

components: a major stoichiometric layer-structured phase (LNO) and a minor Li-containing disordered rock-

salt (DRS) phase embedded in the same cubic close-packed oxygen lattice. The contour plot of the in situ XRD 

data was provided in Figure II.9.3 (a), showing the overall phase transformation process, which can be 

differentiated into four stages: I (room temperature to 176°C), II (176°C -329°C), III (329°C -654°C) and IV 

(above 654°C). As illustrated in the phase evolution diagram (Figure II.9.3(b)), the structure of the precursors, 

i.e., Ni and Li hydroxides, is maintained in stage A drastic phase transformation occurs in stage II, featuring 

the fast growth of a Li-containing DRS phase under the consumption of the hydroxides. In stage III, the two 

nickel-containing phases, namely the DRS and the layered LNO, coexist, with the latter gradually catching up 

with the former. Finally, in stage IV, the fast-growing layered phase becomes dominant. From stages II to IV, 
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residual lithium carbonate and hydroxide occur as minor components. The composite cathodes, containing 

layered and Li-containing disordered rock-salt phases (as illustrated in Figure II.9.3(c)), exhibited high cycling 

stability, of 85.5% after 300 cycles at 2 C when charged up to 4.8 V (not shown here). The exceptional cycling 

capability is attributed to a synergistic effect on suppressing the abrupt H2-H3 phase transition. The findings 

provide a guideline for developing high-energy-density cobalt-free Ni-based cathodes. 

 

Figure II.9.3 Phase progression during the solid-state synthesis of LiNiO2(LNO). a, Contour plot showing multi-stage(labelled as I, II, 

III and IV) phase transformations, tracked in situ using temperature resolved synchrotron X-ray diffraction. b, Normalized fraction 

of the major phases quantified by the Rietveld refinement of in situ XRD patterns. c, Schematics illustrating the structure/atomic 

configuration of the involved phases and their correlations. A dual-phase composite of a stoichiometric LiNiO2 and a Li-containing 

disordered rock-salt forms at moderate temperatures from Li and Ni hydroxide precursors (P) and eventually transforms to a 

single phase layered LNO structure (L) with cation mixing at higher temperatures. 

Lithiation-driven morphology evolution through correlated characterization and modeling 

Besides the structural evolution, significant changes in particle morphology occur during calcination of high-

Ni layered oxides from the hydroxide counterparts, which was studied through correlated characterization and 

modeling with NMC71515 as a model system. As shown by the scanning electron microscopy (SEM) images 

(in Figure II.9.4 (a)), the primary particles initially exhibited a platelet-like morphology in precursors, and after 

heat treatment at 500°C (typically done as the first step of calcination), the platelet-like look was largely lost, 

and particles became smaller as a result of the phase transformation from the initial hydroxides to the 

intermediate rocksalt with reduced long-range ordering. In contrast to the abundance of open space (or voids) 

between primary particles in precursors and intermediates, the particles in the final product became densely 
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packed, with limited open space being seen. The primary particles grew significantly, from the thin platelet 

particles to large spherical particles (up to a few hundred nanometers), indicating that crystal growth mostly 

occurred at high temperatures. In order to understand the particle growth process, simulations at the mesoscale 

level were conducted (in collaboration under BAT # 402), showing that an increase in primary particle size is 

possible due to lithiation-induced volume expansion as well as sintering-induced growth of the larger particles 

at the expense of the smaller ones (Figure II.9.4 (b)). 

 

 
 

Figure II.9.4 Crystal growth during the calcination of NMC71515. (a) Morphology evolution of primary particles, shown by the SEM 

images taken from samples at different calcining statuses: pretreated at 500°C (10 h), calcined at 800°C (20 h), 850°C (10 h) 

and 900°C (10 h), from left to right. (b) Computationally simulated images of the particles at the corresponding calcining statuses. 

Both lithiation and sintering of the particles are considered in the simulations. (c) Comparison between the experimentally 

observed (symbols) and computationally predicted (solid lines) evolution in particle size at different temperatures, showing the 

lithiation-driven particle swelling and the growth of larger particles at the expense of smaller ones. 

A comparison between the experimentally observed and computationally predicted cathode primary particle 

size during the high temperature calcination process is shown in Figure II.9.4 (c), where the computational 

predictions are denoted by the solid lines and the experimental observations are shown by the symbols. It is 

evident from Figure II.9.4 (b, c) that increasing the calcination temperature results in larger primary particles, 

which is consistent with experimental observations on other high-Ni cathodes. It is also interesting to note that 

calcining cathodes at lower temperatures should ensure smaller primary particles irrespective of the calcination 

time, which can be beneficial from the standpoint of performance as well as long term cycle life. Development 

of such comprehensive computational schemes for predicting the calcination of cathode particles can 

substantially accelerate the optimization of cathode microstructures required for the development of high-Ni 

cathodes for next-generation applications. 

Structural and morphological tuning of Ni-based Co-free CAMs 

Eliminating Co from Ni-based cathodes is desirable for the practical battery applications, but synthetic 

optimization of the structural/morphological properties and the electrochemical performance has yet to be 

realized. In this work, we investigated how Li stoichiometry plays the role in tuning the structure and 

morphology for optimization of LixNi0.95Mn0.05O2 (NM9505). Precursor powder of Ni0.95Mn0.05(OH)2 was 

synthesized via co-precipitation method using a Taylor Vortex Reactor (under BAT #167). By varying Li 

content in a wide range (0.85 ≤ x ≤ 1.1) during calcination, layered-structured particles were obtained at Li-

excess conditions and nanostructured while the composites consisting of layered and rocksalt phases were 

obtained at Li deficient condition. High performance was demonstrated in the Li-deficient NM9505 

composites, offering 90% 1st-cycle efficiency, close-to-zero voltage fade, and 90% capacity retention for 100 

deep cycles up to 4.4 V against Li metal – over-performing those Li-excess and near-stoichiometric 

counterparts. 



FY 2022 Annual Progress Report 

 Processing Science & Engineering 197 

Further studies were made on the calcination process through correlated structural analysis and multiscale 

modeling (in collaboration under BAT # 402). Li-stoichiometry was shown to play a crucial role in 

determining the kinetic pathways of structural ordering and crystal growth. During the calcination process, the 

liquid-phase sintering occurs with the presence of excess Li, leading to large-sized stochiometric CAMs as 

commonly reported in the literature. With deficient Li, small-sized particles consisting of intergrown rocksalt 

and layered phases are formed. These findings demonstrate the efficient route to structural and morphological 

tuning via Li stoichiometry for stabilizing Ni-based Co-free cathodes in practical applications. 

Synchrotron XRD analysis on the role of Nb substitution in LixNi0.90Mn0.05 Co0.05O2 (NMC9055) 

This is a collaboration with Binghamton University (with Whittingham Group). Ex situ XRD studies were 

made on the synthesized Nb-substituted NMC9055, showing that all of diffraction peaks can be indexed by a 

hexagonal α-NaFeO2 structure (R-3m space group; Figure II.9.5). With the increasing of Nb concentration, 

some extra peaks appeared (Figure II.9.5 (b)), and they belong to the Li3NbO4 phase. The enlarged XRD 

patterns in Figure II.9.5(c, d)) shows the diffraction peaks gradually and slightly shifted toward lower angles. 

The slightly expanded lattice parameters indicated that Nb has been successfully participated into NMC 9055 

hexagonal structure by considering the larger radius of Nb5+ than Ni3+, Co3+, and Mn4+. The results helped to 

explain the role of Nb in stabilizing NMC9055 during long cycling. Further studies through in situ XRD on the 

Nb-coated NMC9055(OH)2 precursors were carried out for better understanding the role of Nb on tuning the 

structure and morphology of NMC9055 during the calcination. The results will be reported in the future. 

 

 

Figure II.9.5 (a) Synchrotron XRD patterns of 0, 0.7, 1.4 and 2.1% Nb-coated/substituted NMC 9055 heated at 725°C. (b–d) 

Enlarged view in 2θ (deg): (b) 4.5°–8.0°, ⧫ is Li3NbO4; (c) position shifts of the (003) and (104) peaks; (d) normalized (003) and 

(104) peaks, showing the variations of their intensity ratios. 

In situ XRD on the fluorination in disordered rocksalt cathodes  

This is a collaboration with LBNL (with Ceder group under the DRX deep dive project), in evaluating 

synthesis routes targeting Li1.2Mn0.4Ti0.4O1.6F0.4 and in the process clarify the specific reaction pathways that 

make high F uptake so challenging. In situ XRD was applied to monitoring the structural evolution of the 

intermediate during synthesis. Figure II.9.6 (a) showed the in situ XRD patterns measured during the synthesis 

trial based on 2LiMnO2, 3Li2TiO3, LiF, MnF2, and C. Synchrotron XRD was used to monitor this route in situ, 

allowing many patterns to be captured with fine temperature resolution. The heatmap with high (low) 
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diffraction intensities being represented by bright (dark) coloring was used to pinpoint reaction temperatures 

and estimate the relative amounts of all intermediate phases. In Figure II.9.6 (b), the corresponding mole 

fractions are plotted as a function of time, and Figure II.9.6 (d) illustrates the relationship between time and 

temperature by showing the heating profile used during the synthesis. From refinement, the non-linear lattice 

contraction in LiMnO2 was obtained as shown in Figure II.9.6 (c), which was further correlated with the 

evolution in MnF2 and LiF for tracking the lithiation and fluorination process. In particular, the LiMnO2|MnF2 

reaction mechanism was clarified, suggesting that all F ions were trapped in LiF, therefore limiting the 

fluorination in the final DRX product. 

 

 

Figure II.9.6 (a) In situ synchrotron XRD measurements (converted to Cu Kα) captured during the synthesis trial of 

Li1.2Mn0.4Ti0.4O1.6F0.4 using precursors (MnF2, LiF, LiMnO2, Li2TiO3, and C). (b) Refined mole fractions of all crystalline phases are 

plotted as a function of time, neglecting any molten or amorphous phases. (c) The out-of-plane LiMnO2 lattice constant is refined 

as a function of temperature, showing a non-linear contraction associated with Li+ extraction. (d) Heating profile used during the 

synthesis procedure. 

Conclusions   

In FY22, progress was made in the development and application of in situ spectroscopic techniques for 

fundamental understanding and rational process design for calcination processing of Ni-based low-Co cathode 

materials, as briefly summarized here. 

▪ In situ spectroscopy techniques and processing reactors were developed and applied to studies of 

processing Ni-based CAMs and other types of low Co cathode materials. 

▪ New insights into the processes and reactions in calcination of Ni-based CAMs were obtained, 

including: i) Kinetic and thermodynamic limits to the lithiation-driven crystallization; ii) Impact of Mn 

on structural ordering and crystallization; iii) Impact of the Nb coating both to the surface and bulk 

▪ With insights from in situ studies, protocols were developed for stabilizing Ni-based CAMs: i) 

Controlling the constituent components and their phase morphology; ii) Li-stoichiometry control.  

▪ Additional efforts were made on understanding of the limitations to the fluorination in DRX cathode 

materials.  
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In FY23, this project will continue the efforts on processing Ni-based and other types of low Co/Co-free 

CAMs. New research activities have already been initiated, including studies of the impacts of lithium 

stoichiometry, surface coating/doping on particle morphology during processing of Ni-based Co-free CAMs, 

and the process design for surface-conditioning of Ni-based cathode materials. Such studies may also be 

extended to other low-Co/Co-free cathodes, such as Mn-based earth-abundant layered oxides and disordered 

rocksalts. 
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Project Introduction 

There are a variety of technical attributes to electron beam (EB) curing of LIB binders.  EB curing uses 

solvent-free compositions that have low emissions (VOCs, etc.) and are recognized by federal, state and local 

governments as being a more desirable technology.  Solvent or water-based processing requires high drying 

energy and results in significant CO2 emissions.  EB curing offers significant process energy savings, is ultra-

high speed, and utilizes much more compact equipment than conventional drying ovens (much less plant floor 

space required).  Furthermore, it is compatible with heat-sensitive substrates.  Conventional thermal drying of 

LIB electrodes is typically conducted using multiple temperature stages; however, EB can be conducted in a 

single step.  Solvent-free electrode compositions are rated as non-flammable, which translates into lower 

insurance costs, less stringent storage requirements and, a reduction in handling hazards. 

EB treatment is a fast, robust materials processing technology that commonly delivers low cost and excellent 

performance for high-volume materials production. Based on decades of development and commercial 

deployment, self-shielded machines routinely operate with high reliability and low maintenance in industrial 

roll-to-roll production environments. ORNL is developing, demonstrating, and transitioning technology for 

high-speed roll-to-roll EB processing of LIB electrodes (i.e. coating formation and binder curing).  Further 

specific advantages of this processing route for LIBs are: 

Unmatched throughput – We estimate ≥ 600 m2/min throughput can be achieved based on ≥300 m/min line 

speed for roll widths up to 2 m ($1.5-2.0M installed with machine footprint ~10 m2). 

Thicker electrodes (synergy with Task 1) – Up to 150 microns can be achieved at the throughput rate 

mentioned above. Coatings of several hundred microns could be processed at higher capital cost per unit 

throughput, modest reduction in energy efficiency, and larger equipment footprint. 

Excellent energy efficiency – Electrical efficiencies ≥60% are possible, including voltage transformer losses 

(i.e., ≥60% of electrical line energy is converted to productive EB energy). 

Environmentally friendly – EB processing requires no solvent and no initiator and has low emissions. 

mailto:duz1@ornl.gov
mailto:lij4@ornl.gov
mailto:haiyan.croft@ee.doe.gov
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Objectives 

• Significant process energy savings 

• Ultra-high electrode processing speed 

• Utilize much more compact equipment than conventional drying ovens.  

Approach  

ORNL is working on a multiphase approach to develop, demonstrate, and transition EB processing of roll-to-

roll battery materials. 

• Phase 1 – Demonstrate key differentiating attributes of high throughput and thick layer processing. 

• Phase 2 – Address the key challenges of EB curing parameters and resulting material performance; 

develop coating methods requiring little or no solvent. 

• Phase 3 – Demonstrate an optimized curing system in conjunction with a high-speed coating line 

together with a key equipment partner and battery manufacturer.   

Results  

To evaluate some new emerging green resins (such as BPA free), the cross-linking has been confirmed by 

FTIR before curing and after curing at a dose of 120 kGy as shown in Figure II.10.1a. The characteristic 

absorption peak for the C=C bond in the acrylate group from the resin is around 810 cm−1 and its intensity 

corresponds to the concentration of unreacted acrylate groups. The decrease in absorption intensity after curing 

indicates that most of the acrylated groups have been cross-linked.  

The samples have been evaluated in the cyclic voltammetry (CV) to test the stability after EB curing in Li half 

cells as shown in Figure II.10.1b. The resin was coated onto Al foil and cured under EB. The consecutive 

nature of the CV curve is quite stable within the scanning voltage window and the faradaic current response is 

rather low (at µA/cm2 level) implying that EB cured polymers are electrochemically inert at the potentials for 

cathode materials intercalation/de-intercalation. Figure II.10.1c and d show the morphology of the electrodes 

after EB curing process. NMC particles used in this study were composed of tiny primary particles (0.2–1 μm) 

agglomerated into larger secondary particles (3–8 μm). The NMC particles and carbon black are uniformly 

dispersed in both electrodes without any appreciable defects such as agglomeration or cracks. EDX in Figure 

II.10.1e shows the distribution of elements across the electrode with C from carbon black and Ni/Mn/Co/O 

from NMC. The NMC particles are well distributed throughout the carbon network. Figure II.10.1f shows the 

cycling performance for EB cured NMC electrodes with green resin. The NMC electrodes shows excellent 

cycling stability with 150 mAh/g capacity maintained after 55 cycles. This demonstrates that using the EB-

cured green resin as the binder can achieve good cycling life.  
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Figure II.10.1 (a) FTIR spectra of green resin before and after EB curing. (b) CV of green resin coated Al foils after EB curing. 

Scanning speed is 0.1 mV/s within 2.0–4.5 V. (c) and (d) SEM images of NMC811 cathode after EB curing process. (e) EDX of 

NMC cathode. (f) cycling performance of NMC cathode with green resin. 

To explore the possible processing of radiation curing for Si containing graphite anodes, two different resins 

(denoted here as CPA and 2-CA) were used in the slurry formulation. 15% of amorphous Si was used with 

graphite as the active materials. Both formulations resulted in electrodes with good quality as shown in the 

Figure II.10.2. Li half coin cells were assembled and cycled under C/3 between 5 mV and 1.0 V. Differential 

capacity curve shows the features of broad peaks from amorphous Si and sharp peaks from graphite, 

corresponding to the alloying reaction of xLi+a-Si↔a-LixSi and intercalation reaction of Li+C6↔LiC6. 

Different cycling performance is shown in the figure. The formulation with 2-CA shows a rapid capacity fade 

at the very first few cycles. The formulation with CPA shows better cycling performance with 50% capacity 

retention after 100 cycles. Further study will be conducted to optimize the formulation of Si-graphite electrode 

for ebeam curing process. 
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Figure II.10.2 (a) Differential capacity curve of 15% Si containing graphite anode (inset are electrodes casted and EB cured). (b) 

cycling performance of Si-graphite electrode with two different resins (CPA and 2-CA respectively). 

To explore the possibility of EB curing in the manufacturing of cathode composite in Li metal battery, Li ion 

conducting polymer was formulated with NMC particles, carbon black into slurry, casted and EB cured as 

shown in Figure II.10.3. The Li ion conducting polymer precursor is formulated with acrylated polymer and 

LiTFSI as the salt. The curing of the acrylated polymer electrolyte in cathode is performed at 90 kGy. A 

similar polymer electrolyte membrane was prepared with similar precursor formulation and cured under UV 

light with photoinitiator. Then full cells were assembled with composite cathode, polymer electrolyte 

membrane and Li metal electrode. Figure II.10.3 also shows the voltage profiles of the cells. The curve shows 

sloping charging/discharging characteristics which is typical for NMC cathode materials. The cell also shows 

good cycling performance in the first 9 cycles (300+ hours). Then the voltage shows some failure mechanism 

at high voltage. 

Figure II.10.4 shows the comparison of the result from nail penetration of an NMC/graphite Li-ion cell with 

Gen2 liquid electrolyte and the a NMC/Li metal cell with the same setup in Figure II.10.3 but in a pouch cell. 

Both cells have similar capacity and were charged to 90% state of charge. In the Li-ion cell, the temperature on 

the nail tip can rise as high as 20°C while the Li metal polymer cell shows only minimal temperature rise. This 

might be due to the safety feature of the polymer electrolyte or the huge internal resistance of the Li metal 

polymer cell. 
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Figure II.10.3 Slurry formulation, coating, EB curing, coin cell configuration and cell performance of Li cells with NMC/PEO 

composite cathode. 

 

Figure II.10.4 Polymer electrolyte Li cell shows significantly less T rise in nail penetration. 

To better understand if the ebeam irradiation has effect on the microstructures of materials, neutron diffraction 

was conducted on NMC622 and graphite powders before and after EB radiation as shown in Figure II.10.5 

Unlike the experiments conducted previously on electrode with carbon black and binder, only neat active 

materials powders were placed under EB curing. Both lithium transition metal oxide cathode and graphite 

show no change before and after EB. Therefore, EB curing process can be used without interfering the crystal 

structure of active materials. 
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Figure II.10.5 Neutron diffraction patterns of NMC622 and graphite before and after EB radiation. 

Conclusions   

• A new green radiation curable resin from US supplier was evaluated and is compatible with EB 

process for Li ion electrode.  

• EB radiation has no effect on both cathode and anode active material microstructures. 

• More R&D work is needed for the EB curing process and its application for graphite and Si/graphite 

electrodes. 

• Initial evaluation of EB process and application in Li metal polymer cells were carried out and will be 

tested in LFP for better voltage compatibility. 
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Project Introduction 

This project at the DOE Battery Manufacturing R&D Facility (BMF) at ORNL builds on past research 

successes in the areas of battery electrode process development and optimization, cost reduction, cell energy 

density improvements, and manufacturability advancements, which support the Vehicle Technologies Office 

(VTO) and Electrochemical Energy Storage Tech Team ultimate targets of $60/kWh system cost, 500 Wh/kg 

cell energy density, 800 W/kg cell power density, and 10-15 min extreme fast charging times. Our goal is to 

perform the science needed to reduce high-risk, high-payoff technologies to lower risk levels, such that U.S. 

industry will consider their integration in future products. Once a new material, process, or concept has 

demonstrated feasibility for integration and scaling, the BMF will work to make it a viable processing 

methodology (preferably with industry partners) with validated performance in a full pouch cell design. While 

doing so, the BMF will leverage a large array of complimentary projects and sponsors that will provide 

additional experience and a fast, efficient methodology for solving problems faced by the domestic lithium-ion 

battery (LIB) industry. 

Objectives 

To improve cell energy and power density and reduce battery pack cost by manufacturing thick electrodes with 

tailored electrode architecture via advanced processing and high-energy, high-voltage cathode materials: 

• Fabricate thick (6-8 mAh/cm2) and crack-free cathodes via aqueous processing 

• Evaluate compatibility of high Ni-NMC with aqueous processing 

• Develop bilayer electrodes via freeze tape casting for improved rate performance 

• Develop polymer electrolyte for solid-state batteries 

• Understand the conduction mechanism in polymer electrolyte and optimize the formulation 

• Demonstrate a solid-state battery with an energy density ≥300 Wh/kg (cell level). 

Approach  

• Fabricate crack-free NMC622 cathodes with high areal loading (4-8 mAh/cm2) via aqueous 

processing.  

• Develop bilayer electrode architecture via freeze tape casting 

• Develop composite polymer electrolyte 

• Characterize the electrochemical performance of the composite electrolytes 

• Investigate the electrolyte-cathode interface 

• Evaluate rate performance and long term cyclability. 

mailto:lij4@ornl.gov
mailto:haiyan.croft@ee.doe.gov
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Results  

Develop tailored electrode architecture via freeze tape cast. 

Freeze tape casting (FTC) techniques were employed to tailor the architecture of structured cathode electrodes. 

The structured electrodes were based on a double-layer configuration. A bottom dense layer was utilized to 

enhance the energy density whereas a top porous layer with vertically aligned walls was utilized to enhance the 

power density. The porous structure of the power layer was achieved by ice templating this layer on top of the 

densified energy layer of the cathode. The aim of this configuration is to address challenges that are associated 

with the manufacturing of thick and crack-free electrodes and address mass transport limitations in thick 

electrodes by enabling low-tortuosity and speed up the Li+ ion dynamics in the aligned cathode architectures.  

 

Figure II.11.1 Schematic illustration of the structured cathode electrodes using (FTC) techniques. 

Crack-free electrodes with high areal loading (4-8 mAh/cm2) were fabricated, their microstructure was 

characterized, and their performance was evaluated. A schematic illustration of the developed structures is 

shown in Figure II.11.1. Three processing variables were optimized to tailor the architecture of the cathodes. 

The solid to water content in the slurry formulation determines the thickness and the density of the structured 

cathode walls; the freezing temperature or freezing temperature sequence is associated with the size of water 

crystals and controls the wall distance as well; and the wet gap thickness of the slot-die applicator determines 

the thickness and therefore the active material loading of the cathode. To optimize the processing parameters 

of the FTC cathodes two experimental setups were used, a small-scale benchtop configuration and an 

industrial-scale roll-to-roll configuration. Both experimental setups are shown in Figure II.11.2. The benchtop 

setup was used for the initial coating configurations whereas, the large-scale configuration provided a more 

precise control of the FTC parameters (i.e., temperature). The freeze bed temperature can be varied to -50°C. A 

slot-die applicator and a two-zone freeze bed are available (Figure II.11.2c, d). Aqueous slurry formulations 

based on standard Ni-rich layer oxides (NMC 622), carbon black (CB) and cellulose binder (90, 5, 5 wt%, 

respectively) were used. To lower the pH of the slurry and mitigate the corrosion of the aluminum current 

collector, phosphoric acid (1.5 wt% with respect to the solid content) was added in the slurry according to our 

previous studies [1]. Optical microscope images of the FTC cathode electrodes at several solid to water 

contents are shown in Figure II.11.3. The optimal freezing temperature was -9°C. All coatings are structured, 

and the density of the coating features is increasing when the solid content is increasing. Electrode 

architectures like those shown in Figure II.11.3a and b can be infiltrated with solid electrolytes and be utilized 

in solid state battery applications. A representative scanning microscope image of an infiltrated cathode with 

polyethylene oxide and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt is shown in Figure II.11.4. 

The architecture of the pristine cathode (unfilled) is like that shown in Figure II.11.3a and b. The filled with 

polymer electrolyte cathode is shown in Figure II.11.4b. Such structures can be utilized in cathodes for solid 

state batteries. These FTC cathodes have shown significant advantages in the electrochemical cycling and 

interfacial resistance of solid-state cathodes compared to the non-structured cathodes according to our recent 

work [2]. The performance improvements were found to be associated with the low-tortuosity and speed up of 

the Li ion transport mechanism due to the formation of aligned conductive paths and the better utilization of 

the electrolyte/active material interface. 

Denser electrode structures like those in Figure II.11.3g and h were utilized in conventional Li+ ion batteries. 

The denser scaffold configuration resulted in robust electrode structures that do not need to be infiltrated with a 

solid phase in order to retain their structure. 
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Figure II.11.2 The experimental setups that were used for the FTC cathodes. (a) benchtop configuration, (b-d) scale up 

configuration. 

 

Figure II.11.3 Optical microscope images of FTC cathodes electrodes at several solid to water contents indicated on the figure. 

Solid to water weight ratio 1:1 (a,b), 2:1 (c,d), 4:1 (e,f), 10:1 (g,h). The freezing temperature was -9 OC. 

 

Figure II.11.4 SEM images of the (a) unfilled FTC cathode and (b) filled with PEO and LiTFSI. 

We investigated two-layer electrode configurations. A bottom dense layer was utilized to enhance the energy 

density whereas a top porous layer with vertically aligned walls was utilized to enhance the power density. 

This configuration is anticipated to enhance the performance of the Li+ ion batteries at high active material 
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loadings and high cycling rates due to the limitation of the Li+ ion diffusion in the bulk structure of the thick 

cathode. Initially, conventional single layer cathodes at several areal capacities (mAh/cm2) were tested to 

obtain baseline values and evaluate the performance degradation at high capacity and cycling rates. The 

cathodes were based on standard formulations (90 wt.% NMC622, 5 wt.% carbon black, 5 wt.% binder) and 

cells were assembled using Li metal for the anode. The charge and discharge values at several C-rates are 

shown in Figure II.11.5 for 2, 3, 4, and 6 mAh/cm2. A noticeable degradation in the FTC cathodes with 

capacity values comparable to those in Figure II.11.5 were also cycled using the same testing capacity of the 

cells is shown in Figure II.11.5d for the 6 mAh/cm2 at charge and discharge rate higher than 0.5C. protocols. 

For areal capacity values 4 mAh/cm2 or lower, the structured and non-structured cathodes showed comparable 

charge and discharge values. The cycling of the structured cathode at 6 mAh/cm2 is shown in Figure II.11.6. At 

0.5C rate and higher rates the capacity values start to become higher compared to the non-structured cathode. 

The cycled cathode was based on a 4 mAh/cm2 bottom dense layer and a 2 mAh/cm2 top structured layer. This 

is an ongoing study. Cathodes with higher than 6 mAh/cm2 as well as different areal capacity ratios for the 

bottom and top structured layer are under investigation to optimize the FTC cathodes and maximize the 

cycling improvement against the conventional single layer cathode architecture. 

 

Figure II.11.5 Charge and discharge values of the single layer cathodes at several cycling rates. (a) 2 mAh/cm2, (b) 3 mAh/cm2, (c) 

4 mAh/cm2, (d) 6 mAh/cm2. Significant capacity fading is shown at C-rates higher than 0.5 (green circle). 

 

Figure II.11.6 Charge and discharge values at several cycling rates of a structured cathode with areal capacity 6 mAh/cm2. 

Development of polymer electrolytes for FTC cathodes 

The Li+ ion conductivity mechanism was investigated in hybrid polymer electrolytes filled with scaffold 

structures of electrospun aluminum–substituted lithium lanthanum zirconate Li7La3Zr2O12 (Al-LLZO). Such 
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composite electrolytes can be utilized as separators and/or catholytes in composite structured cathodes like 

those shown in Figure II.11.3. The objectives of this study are: 

i) Delineate the Li+ ion conductivity mechanism at the Al-LLZO interface and in the polymer matrix. 

ii) Correlate the conductivity mechanism with the dendrite formation and the electrochemical performance. 

iii) Determine the electrochemical stability of the two most comonnly used Li salts: lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) and lithium bis(fluorosulfonyl)imide. 

Polyethylene oxide (PEO) was used for the polymer matrix.The structure of the composite electrolyte films is 

shown in Figure II.11.7. The platelet Al-LLZO fillers were synthesized using electrospinning techniques 

[3].The planar geometry of the fillers results in a good adsorption of the polymer electrolyte and therefore to a 

more robust polymer-filler interface. The planar geometry of the fillers is anticipated to provide better 

screening against dendrite formation (Figure II.11.7c). X-ray diffraction patterns (XRD) confirmed that the 

synthesized Al-LLZO is in the cubic phase (Figure II.11.7e) that is more conductive. 

 

Figure II.11.7 Hybrid polymer electrolytes filled with platelet Al-LLZO. (a) electrolyte films, (b) cross-sectional SEM image, (c) 

schematic of the Li+ dendrite suppression due to the platelet geometry of the Al-LLZO fillers, (d) SEM image of the Al-LLZO fillers, 

(e) XRD pattern of the Al-LLZO fillers. 

Direlectric relaxation spectroscopy was employed to measure the conductivity and relaxation mechanisms of 

the composites over broad temperature (25 to 120°C) and frequency (10-2 to 107 Hz) ranges. The summarized 

plot for the conductivity of the pristine and composite electrolytes with LiTFSi and LiFSI salts is shown in 

Figure II.11.8. The composite electrolytes are more conductive than the pristine electrolytes. In both systems 

(LiTFSI and LiFSI) the 7wt% composite is more conductive and the LiFSI electrolytes are more conductive 

compared to the respective LiTFSi electrolytes. The correlation between the Al-LLZO fillers and the Li+ ion 

diffusion in the electrolyte was investigated by analyzing the dielectric losses spectra associated with the Li+ 

ion polarization peaks. The spectra analysis for the LiTFSI composites at 60°C is shown in Figure II.11.9. A 

bimodal relaxation associated with the LiTFSI coordination sites is present only in the PEO/LiTFSI 

electrolyte. The low frequency relaxation corresponds to strongly bound ions whereas, the high frequency 

relaxation to more mobile ions.  
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Figure II.11.8 Summarized conductivity plot for the pristine and composite polymer electrolytes. 

 

Figure II.11.9 Dielectric loss spectra analysis of the Li+ ion conductivity mechanism at 60°C. 

The Al-LLZO speeds-up the Li ion dynamics due to a possible conduction mechanism through the Al-

LLZO/PEO interface. The ratio of the dielectric strengths (Δ) of the mechanisms is correlated to the 
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improvements in the conductivity values. The polymer-filler interface can enhance the Li+ ion tranport 

mechanism in the polymer matrix. Molecular dynamics (MD) computer simulation studies were performed to 

better understand this intefacial process. Moreover, according to the fitting analysis results in Figure II.11.8, 

the conductivity mechanism in the LiTFSI and LiFSI based electrolytes is different. To better understnd the 

dependance of the Li+ ion conduction on the chemical structure of the Li salts, MD simulations and small angle 

x-ray (SAXS) measurements were carried out. Representative snapshot images and scattering spectra analysis 

are shown in Figure II.11.10. According to the MD simulation results in the LiFSI electrolytes the Li+ ions are 

more decorrelated from the PEO matrix; whereas, in the LiTFSI electrolytes are characterized by more coupled 

dynamics. Plots of the radial distribution function showed larger number of Li+ ion clusters in the LiFSI 

electrolytes. The SAXS measurements are in excellent agreement with the MD results. The LiFSI electrolytes 

are characherized by more pronounced ionic clusters compared to the LiTFSI electrolytes. In the LiTFSI 

electrolytes the Li+ ions are more uniformly distributed the polymer phase (Figure II.11.10b-e). In the LiFSI 

electrolytes the Li+ ion conduction process occurs predominantly through ionic clusters and therefore the 

conductivity values are higher; however, the cluster formation of the Li+ ions has dentrimental efeects on the 

electrochemocal performance of the electrolyte. Long-term galvanostatic cycling measurements at current 

density 50 A/cm2 are shown in Figure II.11.11. The composite electrolyte has lower overpotential than the 

pristine electrolyte due to the dentrite suppression of the platelet fillers. The planar geometry of the Al-LLZO 

filler resulted in improvements that are comparable to those in composite electrolytes with 50-70 wt% ceramic 

electrolyte. The LiTFSI based composite electrolyte has significantly longer life than the respective LiFSI 

electrolyte due to the more uniform Li+ ion distribution. 

 

Figure II.11.10 (a) MD snapshots of the polymer electrolyte with LiTFSi and LiFSI. SAXS measurements and fitting analysis of the 

polymer electrolyte at 25 and 60°C. (b,c) PEO with LiFSI, (d,e) PEO with LiTFSI. 
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Figure II.11.11 Comparison plots of long-term stripping plating at 50 A/cm2 of (a) LiTFSI electrolyte versus composite Al-

LLZO/LiTFSI electrolyte. (b) composite LiTFSI versus composite LiFSI electrolyte. 

Conclusions   

The drying conditions of the freeze tape cast coatings were optimized to avoid collapse of the structures, and 

formation of defects and cracks. Thick and crack-free NMC622 cathodes were synthesized. Dense structures 

were achieved by reducing the water content of the slurry to Solids:H2O = 10:1. The optimal bed freeze 

temperature was -9°C. The resulted structures were characterized by more robust interface between the bottom 

and the structured layer. Two-layer FTC and single layer conventional cathodes with several areal capacities 

were cycled. For areal capacity values 4 mAh/cm2 or lower, the structured and non-structured cathodes showed 

comparable charge and discharge values. The cycling of the structured cathode at 6 mAh/cm2 at 0.5C or higher 

rates showed improved capacity values compared to the non-structured cathode. 

Hybrid polymer electrolytes based on Al-LLZO platelet fillers and LiTFSI or LiFSI salt were investigated. The 

platelet geometry of the Al-LZO fillers resulted in substantial improvement of the stripping/platting 

performance. The composite electrolytes are more conductive than the pristine electrolytes (with the 7wt% 

composite having the highest conductivity). The Li+ ion dynamics in the PEO/LiTFSI electrolyte were 

characterized by a bimodal mechanism due to strongly and loosely coordinated ions. The Al-LLZO fillers 

significantly change the conductivity mechanism. The Li+ ion dynamics become faster, and the conductivity 

increases due to a possible interfacial conductivity mechanism. The LiFSI based electrolytes are more 

conductive than the LiTFSI based electrolytes. However, the more uniform Li+ ion distribution in the LiTFSI 

electrolytes resulted in improved long-term galvanostatic cycling performance. Tailoring the first principles 

that govern the conductivity mechanism in hybrid polymer electrolytes will provide the tools for the predictive 

design of advanved electrolytes and catholytes that will be used in FTC cathodes. 
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III Recycling and Sustainability 
Lithium-ion batteries are used for a range of applications – from smartphones and laptops to electric vehicles 

and other applications. Recycling techniques for these batteries exist, but it is necessary to ensure their cost 

effectiveness before large-scale adoption. Improving this cost-effectiveness will help users turn them in for 

recycling instead of discarding them. This will lead to lower raw material costs and make batteries more 

affordable. In addition, it will also reduce the consumption of substantial amounts of critical materials (e.g., 

cobalt) which are both expensive and often dependent on foreign sources. 

To address the currently limited infrastructure for collection, storing, and transporting discarded lithium ion 

batteries for eventual recycling, a Battery Recycling Prize was established by the Vehicle Technologies Office 

(VTO) to be directed and administered by the National Renewable Energy Laboratory (NREL).  This effort is 

complements early-stage laboratory, university, and industry research to develop low-cobalt (or no cobalt) 

active cathode materials for next-generation Li-ion batteries and the Lithium Battery R&D Recycling Center 

with the aim of developing closed-loop cost-effective recycling processes to recover critical lithium battery 

materials. Researchers are using less energy-intensive processing methods and capturing more valuable forms 

of materials for “direct recycling”— the recovery, regeneration, and reuse of battery components directly 

without breaking down the chemical structure. ReCell is mainly based at Argonne, but on the whole the center 

is a collaboration between the lab, the National Renewable Energy Laboratory, Oak Ridge National 

Laboratory, Michigan Technological University, the University of California at San Diego, and Worcester 

Polytechnic Institute. 

The rest of this chapter contains detailed reports on the status of the following individual projects. 

• Battery and Critical Materials Life Cycle Analysis (ANL) 

• Lithium-ion Battery Recycling Prize Support (NREL) 

• Battery ReCell Center (ANL) 

• Development of Lithium Electrode Based Cell and Manufacturing for Automotive Traction 

Applications (Farasis Energy). 
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Project Introduction 

This project examines automotive batteries and the critical materials used in them, spanning raw material 

extraction, their processing into usable chemical forms and/or battery components, their subsequent assembly 

into batteries, and end-of-life. This is accomplished using multiple analytical techniques, including life-cycle 

analysis (LCA), material flow analysis (MFA), and supply chain analysis (SCA). These techniques enable the 

identification of hot spots along the supply chains of critical materials and batteries for energy use, greenhouse 

gas (GHG) emissions, and other environmental burdens. We consider battery materials produced for current 

batteries, along with battery assembly and use in battery electric vehicles (BEVs).  

Understanding material production using LCA is essential to determine the energy and environmental burdens 

of battery production, as embodied emissions of battery materials comprise a significant share of their life-

cycle burdens. Additionally, regional aspects of material extraction and processing can influence the 

environmental effects of battery production. Such aspects include the ore types used to extract materials, 

technologies used for material extraction and processing (energy and material inputs), transportation distances 

and modes used, and local energy input parameters. We study multiple battery materials for their energy and 

environmental burdens, based on their respective supply chain in the U.S. battery mix.  

This project updated Argonne’s Greenhouse gases, Regulated Emissions and Energy use in Technologies 

(GREET®) model with: (a) Important material and energy input data (life-cycle inventory or LCI data) for the 

production of battery materials (lithium from brine and ore, nickel from sulfide ores with varying ore grades, 

cobalt, and titanium); and (b) Material composition and energy/power density of automotive batteries (lithium-

ion batteries or LIBs) for light-, medium-, and heavy-duty vehicles across hybrid, plug-in hybrid, electric, and 

fuel-cell powertrains. We also investigated ongoing initiatives for commercial-scale domestic production of 

battery-grade lithium (Li) chemicals (lithium carbonate/Li2CO3 and lithium hydroxide/LiOH) from geothermal 

mailto:jkelly@anl.gov
mailto:lgaines@anl.gov
mailto:mqwang@anl.gov
mailto:Brian.Cunningham@ee.doe.gov
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and chemical brines, and their likely environmental burdens via a preliminary LCA. These updates serve as 

vital resources to the LCA community and to researchers interested in understanding the environmental 

burdens of current supply chains and comparing them with the burdens of alternative supply chain routes. We 

also conducted studies to understand existing supply chains of titanium and phosphates for the U.S. and the 

likely prospects of domestic phosphate production in the future. This project also facilitates engagement within 

the International Energy Agency (IEA) Hybrid and Electric Vehicle (HEV) Technology Collaboration 

Programme (TCP) Task 40 and Task 46 projects, which are associated respectively with critical raw materials 

for electric vehicles, and the electrification of two-wheelers, and medium-duty and heavy-duty vehicles.  

Objectives 

• Battery Life Cycle Analysis with Expanded GREET Model  

o Battery LCA Expansion and Update  

▪ Characterize, update, and release the lithium-ion battery (LIB) bill-of-material (BOM) and 

energy/power density of all vehicles in Argonne’s GREET LCA model to provide up-to-date 

information for computing LIB energy and environmental burdens  

▪ Characterize, update, and release state-of-knowledge on nickel (Ni) production within the 

GREET model to provide up-to-date information on its environmental burden for various 

ore grades 

▪ Identify potential, horizon battery technologies as substitutes to automotive LIBs  

o Investigate the prospects for domestic production of battery-grade Li-chemicals from brines and 

advance understanding of the likely processes used and resultant environmental impacts  

o Characterize, implement/update, and release state-of-knowledge on LIB anode production 

(graphite – natural and synthetic; silicon) within the GREET model to provide up-to-date 

information for LCA  

o IEA HEV TCP Task 46 support for the study of medium- and heavy-duty vehicle LCA. 

• Battery Critical Materials Assessment  

o Characterize, implement, and release state-of-knowledge data on titanium (Ti) production and 

supply chain within the GREET model to provide up-to-date information on its environmental 

burden  

o Characterize, implement, and release state-of-knowledge data on titanium on phosphorous and 

phosphates through literature review and material flow analysis. 

o IEA HEV TCP Task 40 support for the study of critical materials. 

Approach 

Argonne has developed and updated the GREET LCA module for battery materials and batteries, based on 

industrial insights, relevant supply chains (for U.S. battery use), and market changes. In FY22, we made 

research efforts to collect LCI data related to batteries and critical materials. Argonne updated the LCI for the 

production of nickel (Ni), titanium (Ti), and LIB anodes, accounting for their corresponding supply chains 

(domestic production and imports) in meeting the U.S. demand for these materials. For Ni, we focused on the 

variation in material and energy inputs for its production from sulfide ores as a function of ore grade. For Ti, 

we leveraged production inventory information in literature for its sponge metal, ingot, and powder forms. For 

LIB anodes, we updated the inventory for synthetic graphite (SG) and silicon (Si) anodes and provided a new 

inventory for natural graphite (NG) anodes. Argonne also investigated the current efforts aimed at the domestic 

production of battery-grade Li-chemicals and provided a preliminary LCI for their domestic production from 

geothermal brines. We also explore next-generation batteries that could be important alternatives to LIBs for 

automotive applications (and others), as well as study the sources and supply of phosphorous for LIBs. 

Additionally, Argonne updated the BOM and energy/power density of LIBs for light-, medium-, and heavy-

duty vehicles in the GREET model across hybrid, plug-in hybrid, electric, and fuel-cell powertrains.  

We have maintained close interactions with stakeholders for technological developments associated with LIB 

production and performance, and to maintain Argonne’s position as the world’s leader in battery and critical 
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materials LCA. During FY22, Argonne staff: 1) gave invited talks and presentations to government, industry, 

and academia; 2) interacted with international groups such as the IEA to coordinate research; 3) improved the 

understanding of environmental impacts of battery materials production; and 4) responded to numerous 

requests for information. 

Results  

In FY22, Argonne updated its life-cycle inventory (LCI) within GREET for nickel, titanium, and LIB anodes, 

as well as BOM and energy/power density of LIBs for all vehicles spanning different powertrains. For Ni, we 

developed a detailed production pathway for Class I Ni metal production from sulfide ores and updated its LCI 

as a function of ore grade (with a default ore grade related to global production). For Ti, we introduced a new 

pathway for its production in sponge metal and powder forms and provided their respective LCI. For two LIB 

anodes (silicon and synthetic graphite), we updated their respective LCI to consider their recent industrial-scale 

production. Additionally, we introduced a new pathway for the production of natural graphite anode (a 

substitute for synthetic graphite anode in LIBs) and developed its LCI. All LCIs consider the supply chain of 

these materials for meeting their respective demand in the United States (both production and imports). 

Further, we used the latest version of Argonne’s Battery Performance and Cost (BatPaC) model (BatPaC 5.0) 

to update the LIB BOM and energy/power density of light-duty, medium-duty, and heavy-duty vehicles with 

hybrid, plug-in hybrid, battery electric, and fuel-cell powertrains. Also, we have provided a tentative LCI of 

lithium (Li)-chemical production (meant for battery production) from geothermal brines, as an addition to our 

investigation of commercial initiatives for this production within the US and North America. All these efforts 

(including the aforementioned LCIs) are documented in publicly available technical reports. We have 

additionally investigated phosphorous as a potentially important battery material given the expansion of the 

LFP (lithium iron phosphate) cathode chemistry.   

Nickel (Ni), a vital constituent of key LIB cathode chemistries like NMC and NCA, is produced from sulfide 

and laterite ores that are located in different countries and show a wide variation in ore grade. Previously, 

Argonne provided a single LCI for Ni production, averaged across these various ore locations, ore types, and 

ore grades. The continued mining of sulfidic Ni ores – the dominant Ni source – to meet the metal’s ever-

increasing demand, including the rapidly growing LIB demand, has caused a major temporal decline in ore 

grade, and thereby, an increase in environmental burdens from Ni production [1], [2]. This decline has also 

increased Ni production from laterite ores, despite its relatively lower ore grade and higher energy- and GHG-

intensity of Ni production over sulfide ores [1], [3]. 

In FY22, Argonne provided separate, independent production pathways and corresponding LCIs for sulfide 

and laterite ore-based Ni production. Seven ore grades were chosen for sulfide ores (0.5% to 3.0% in steps of 

0.5%, plus a default ore grade of 2.05% per literature), while a single ore grade (1.6%) was used for laterite 

ores due to limited data. The U.S. is near-entirely dependent on imports to meet its Ni demand, with data also 

showing significant differences in shares of various nations for Ni mining versus for its subsequent processing 

of sulfide ores (Figure III.1.1), reflecting the globalized nature of the metal’s supply chain. For sulfide ores, 

ore grade influences material and energy inputs for only the mining and beneficiation steps, but not the other 

stages (pyrometallurgical treatment and refining). We only updated energy inputs to vary with ore grade due to 

a lack of similar variation data on material inputs. Even with this limitation, the change in ore grade (3.0% to 

0.5%) causes over a 100% increase in the GHG burden of sulfidic Ni production, with the combined share of 

mining and beneficiation steps increasing from 31% to 70% of total Ni GHG emissions (Figure III.1.2). 

Lateritic Ni production is more energy intense, as expected. Its GHG burden is found to be more than twice 

that of sulfidic Ni at 0.5% ore grade (Figure III.1.2). The findings reinforce the need for alternative, less 

energy-intensive technologies for Ni production, judicious management of Ni reserves (especially sulfide ores) 

to prolong their lifetime, and large-scale adoption of appropriate techniques for Ni recycling.  
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Figure III.1.1 The share of different nations in amount of Ni produced differs at the level of (a) mining (including beneficiation) and 

(b) processing (pyrometallurgy + refining) for its production from sulfide ores. 

 

Figure III.1.2 GHG burden of Ni production from sulfide ores depends on ore grade, with mining and beneficiation playing a critical 

role at lower ore grades, while laterite ore-based Ni production causes higher GHG emissions than that from sulfide ores. 

In FY20 and FY21, Argonne updated the LCI for producing battery-grade Li-chemicals (Li2CO3 and LiOH) 

from Chile’s Salar brines and Australia’s spodumene reserves. The lack of these reserves makes the U.S. 

import-dependent for its demand for these chemicals. To address this gap, the federal government has 

promoted multiple ongoing efforts to domestically produce Li-chemicals from existing chemical and 

geothermal brines. These brines are treated using direct lithium extraction (DLE) – a group of technologies that 

selectively remove Li from brines, leaving behind the residual brine for other purposes (e.g., electricity 

generation in the case of geothermal brines). In FY22, we investigated these ongoing initiatives for domestic 

Li-chemical production. Our findings are reported in a technical report [4], detailing the prominent DLE 

technologies and major brines of focus (Table III.1.1). Successful completion of all projects in Table III.1.1 

will result in 0.5 million metric tons of annual Li2CO3 production. This can transform the U.S. into the global 

leader in the more sustainable production of these chemicals, given that global demand is expected to be 3-4 

million metric tons of Li2CO3 by 2030. DLE-based production is also touted as more environmentally friendly 

than Salar brine-based Li-chemical production on several counts, including lower land use, suitability for co-

production of brines with lower Li-content, and residual brine transfer to reserve (which avoids issues related 
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to brine evaporation in Salar brines). Since this merits a comparison of environmental burdens from DLE and 

other modes of Li-chemical production, we also provided a preliminary LCI of domestic Li-chemical 

production from geothermal brines in the Salton Sea, based on an existing study [5]. Our results, albeit 

tentative, indicate lower GHG burdens for DLE-based production over that from all sources except for Li2CO3 

production from Chilean Salar brines. However, the production pathway provided in GREET is preliminary, 

and more work is needed to develop these DLE pathways and the associated LCIs to understand the 

corresponding environmental burdens for Li-chemical production for comparison with existing pathways. 

Table III.1.1 Major details on Li-based brines in the U.S. and North America 

Company Location Brine 

type 

Resource potential 

(LCE, in million metric 

tons) 

Projected annual 

production (LCE, kilo 

metric tons) 

EnergySource 

Minerals 

Imperial, CA (Salton Sea) G  13 

Controlled Thermal 

Resources 

 G 15 300 

BHE Renewables  G  90 

Compass Minerals Ogden, UT (Great Salt 

Lake) 

I 2.4 20-25 

US Magnesium  I  10 

Standard Lithium El Dorado, AK (LANXESS 

plant, Smackover 

Arkansas) 

I (O 

earlier) 

3.14 21 

 25 miles of Smackover 

(Lafayette County, AK) 

O 1.195 19.5 

 San Bernardino, CA 

(Bristol Lake) 

I   

E3 Metals 

Corporation 

Alberta, Canada O 7 13 

Schlumberger Clayton Valley, NV N.A.  65.3 metric tons 

a Brine types: G - Geothermal; I - Industrial; O - Oil; LCE: Lithium-carbonate equivalent 

 

Apart from cathodes, anodes are also critical for optimal LIB performance. While graphite (natural and 

synthetic forms) is the conventional anode choice, alternatives like silicon (Si) and Li anodes are being 

evaluated to benefit from their higher battery energy capacity [6]. Previous GREET versions provided LCIs for 

synthetic graphite (SG), Si, and Li anodes, but no LCI for natural graphite (NG) anodes that are good 

substitutes for SG due to their lower cost and higher capacity. Other limitations include using energy inputs for 

the SG LCI from thermodynamics-related calculations and the variation in supply chains of anodes used in 

these versions with those per USGS data (e.g., China-based SG instead of domestic SG). In FY22, Argonne (a) 

updated the production pathway and LCI for SG and Si anodes, and (b) incorporated a new production 

pathway and LCI for NG anode production. Our supply chain data considers complete import dependence of 

NG and Si anodes from China while considering SG production to be entirely domestic – as data indicated in 

[7]. Our modified SG production pathway considers calcination (conversion of green coke to needle coke), 

which shows its significant influence on SG’s GHG burden due to substantial methane process emissions 

(Figure III.1.3). The results also confirm that NG anodes have a lower GHG burden than their SG counterpart, 

despite the production of NG anodes in an electric grid dominated by coal (China: Figure III.1.3). This GHG 

gap between NG and SG is expected to only widen upon including material and energy inputs for 

spheronization, purification, and coating steps for SG production when data is available. 
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Figure III.1.3 SG anode production causes higher GHG burden than NG anode production. 

Apart from LIB anodes, we investigated the state-of-literature on alternative batteries that can replace LIBs in 

automotive applications in the near-future. We identified three potential candidates: lithium-sulfur (Li-S), 

lithium-air (Li-A), and solid-state batteries (SSBs). Both Li-S and Li-A batteries require Li anodes, while SSBs 

can use similar cathodes as LIBs, making them the most attractive among the three alternatives. SSBs also 

offer higher safety, longer cycle life, higher energy density (solid electrolyte reduces empty space between 

cells), and fewer requirements for packaging and state-of-charge monitoring. Li-S batteries also exhibit high 

energy density, low cost, low toxicity, and flexibility for use in diverse applications. However, they are also 

known for several limitations, including performance deterioration over time due to component degradation, 

active material loss that increases internal battery resistance, and cathode corrosion caused by the diffusion of 

shorter polysulfides from sulfur anodes. Li-A batteries are known for long storage life, high operating voltage 

and specific energy, and recyclable components. However, challenges like the need for cathode protection 

from water and CO2, Li anode corrosion due to moisture, and dendrite formation hinder the commercialization 

prospects of Li-A batteries. More details are provided in our technical report [8].  

Titanium (Ti) is an important material for several existing and upcoming applications due to its high-

temperature stability and excellent corrosion resistance. These qualities are especially relevant for DLE-based 

Li-chemical production, where the equipment needs protection from the corrosive nature of geothermal and 

industrial brines. Similar to Li-chemicals and Ni, the U.S. is highly dependent on imports to meet its Ti 

demand of sponge metal and for subsequent production of other Ti forms (ingot, forged ingot, and powders) 

(Figure III.1.4). Also, Ti’s environmental burdens are not well understood, with only a handful of studies 

available on this subject [9], [10]. In FY22, Argonne leveraged literature [9] to incorporate a detailed 

production pathway and associated LCI for Ti production in all four forms within GREET, coupling it with 

supply-chain related information (Figure III.1.4). Multiple stages account for significant contributions to GHG 

burdens of Ti production in different forms due to its considerable use of material and energy inputs (Figure 

III.1.5), making the GHG burdens comparable to that from platinum in GREET (57,386 g CO2-eq/lb). This 

highlights the need for either suitably modifying Kroll’s process to lower its energy intensity and enable 

replacing fossil fuels with renewable-based electricity, or developing alternative technologies that can achieve 

these objectives to lower environmental burdens of Ti production. 
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Figure III.1.4 The share (%) of different nations in Ti supply depends on the Ti form produced. 

 

Figure III.1.5 GHG emissions of Ti production. 

Embodied emissions from battery materials have a significant influence on the environmental burdens of 

batteries. This use is a function of battery material composition (or BOM) and its energy/ power density. In 

FY22, Argonne updated both these parameters for LIBs used in various powertrains of all vehicles 

(light/medium/heavy-duty) in the GREET model, based on Argonne’s Battery Performance and Cost (BatPaC 

5.0) model. The prominent change vis-à-vis previous GREET versions was on the choice of steel for battery 

module and pack enclosures – shifting from the earlier practice of using aluminum for these enclosures in 

previous GREET versions. Further, BatPaC 5.0 model also fine-tunes the operational parameters of LIBs to 

reflect their actual performance for various vehicles, further modifying their respective energy/power densities 

for the concerned automotive application. These changes are also considered in computing energy use and 

environmental burdens of LIBs for different vehicles and powertrains in the GREET model.  

Among the alternatives to replace or supplement cobalt and nickel for cathode production, phosphates (e.g., 

lithium iron phosphate or LFP) have several advantages. Although current LFP designs result in lower energy 

density, solid-state batteries or designs similar to the BYD Blade could enable a battery with an LFP cathode 

to have sufficient energy density for mass-market electric cars. In addition, LFP may find wide use in medium- 

and heavy-duty vehicles. It is already making rapid inroads in US market (see Figure III.1.6). Also, LFP could 

be recycled economically by direct recycling, and PNE’s commercial plant has just been funded, so there will 

be recycling capacity available when these batteries go out of service.  A key consideration is that LFP could 
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actually be made via an entirely domestic supply chain. Therefore, it is appropriate to verify sufficient 

phosphorus availability for battery production.  The domestic supply chain for iron has not been examined yet, 

but is believed to be quite sufficient. 

 

Figure III.1.6 Projection of US cathode chemistry types courtesy of Circular Energy Storage, London. 

The U.S. has significant resources and is a major player in the world phosphorus market (see Table III.1.2), 

with most of the product going to agriculture as fertilizer. There is also a smaller market for higher-value 

agricultural chemicals like herbicides and pesticides, via established U.S. production of phosphoric acid, which 

is an intermediate in production of LFP. Battery demand could utilize existing capacity, eventually becoming a 

major competitor. Globally by 2050, LFP batteries could require >3 Mt/y of phosphorous, compared to the 

current industrial market of about 1 Mt/y. 

Table III.1.2 Mine production and reserves of phosphates across different supply sources  

(USGS Phosphate Rock Data [1000 metric tons]. Contained phosphorous is about 10 times lower.) 

Country Mine Production (2021) Reserves 

United States 22,000 1,000,000 

China 85,000 3,200,000 

Morocco 38,000 50,000,000 

Russia 14,000 600,000 

Total 220,000 71,000,000 

There is LFP production capacity being developed in North America (Quebec) by First Phosphate. In addition, 

the US has reserves of vivianite, a crystalline form of iron phosphate that could serve as a ready-made 

precursor for LFP. 

Phosphorus is unusual among industrial chemicals because so much of it is lost to the environment. There is 

significant potential for both increasing supply of phosphorus and abating a major water pollution problem by 

recovery and treatment of agricultural runoff and human waste streams. Many of these streams are not usable 

back to agriculture because they contain iron; this should not be an issue for reuse in LFP production. 
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Finally, related to IEA activities, the IEA HEV TCP Task 46 for medium- and heavy-duty vehicle LCA kicked 

off in 2022 with several organizational meetings to finalize membership, plan for specific work tasks, and to 

layout the plan for future meetings and expert workshops. In October 2022, Task 46 hosted its first expert 

workshop which engaged numerous LCA practitioners, and medium- and heavy-duty vehicle stakeholders in 

discussion related to LCA of those vehicles. Discussion further helped provided cohesion for the desired 

outcomes of the Task 46 activities. In the near term, Task 46 will conduct several LCAs of medium- and 

heavy-duty vehicles subject to specific global conditions with harmonization of components to the extent that 

they are representative of the operating vehicles in those locales. 

The IEA HEV TCP Task 40, Critical Materials for Electric Vehicles, has been completed. Its main results were 

summaries of projected global critical material requirements, without consideration of material origins or 

processing locations. The group also considered alternatives. The main US contribution was putting the 

potential contribution to supply from recycling into perspective. Although recycling will be crucial in an 

eventual circular economy, rapid growth and long product lifetimes mean that large quantities of virgin 

material will still be required for several decades. These results will be summarized at the December 2022 

Critical Minerals Coordination Group meeting. Excessive material needs imply the necessity to consider 

options with lower material demands. One example is battery swapping, which has significant potential to 

reduce material demand under certain limited conditions. Therefore, Argonne plans to continue IEA effort 

under the new Task 48, Battery Swapping. 

Conclusions   

Amidst the continuing advancements in battery technologies and shifts in the supply chain of critical materials, 

Argonne continues to examine their respective environmental burdens. With research of extensive literature 

review and active engagement with researchers and industry, Argonne has improved its modeling capabilities 

for both batteries and battery-related critical materials. Argonne has also studied the potential for domestic Li 

production from brine reserves of varying nature and presented a preliminary analysis of its resultant 

environmental burden. The U.S. has been a player in this arena, and with growing need for Li in the future, it 

has the potential to become a global champion in the Li metal industry and control its entire Li chemical (and 

even possibly Li metal) supply chain. Argonne has also updated the material composition and performance 

characteristics of automotive LIBs to better reflect their modern-day functioning and resultant environmental 

burdens.  
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Project Introduction 

Lithium-ion (Li-ion) batteries have become the primary choice for portable electronics (smartphones, tablets, 

and laptops), power tools, and electric vehicles (EV) for personal, commercial, industrial, and military 

applications. The demand for Li-ion batteries for EVs is expected to grow as manufacturing and materials costs 

are reduced while performance improves. The U.S. Energy Information Administration (EIA) projects that 

U.S. light-duty battery EV sales will reach 1.3 million by 2025, and others project even higher sales growth. 

Global EV sales are expected to reach 30 million by 2030, up from 1.1 million in 2017. This growth in EV 

sales and increased demand for consumer and stationary uses are expected to double the demand for Li-ion 

batteries by 2025 and quadruple the demand by 2030.  

Demand for the global production of battery materials, such as lithium, cobalt, manganese, nickel, and 

graphite, will grow at similar rates depending on the future changes in the composition. The growth in demand 

for Li-ion batteries for EVs is expected to establish EVs as the largest end-user of cobalt and lithium, and 

could create a particularly high supply risk for cobalt as it could be expensive, and its availability depends on 

foreign sources for production. To address this potential risk, the DOE Vehicle Technologies Office (VTO), 

within the Office of Energy Efficiency and Renewable Energy (EERE), developed a Research Plan to Reduce, 

Recycle, and Recover Critical Materials in Li-ion Batteries. A goal identified in the Plan is to reduce the cost 

of electric vehicle battery packs to less than $150/kWh with technologies that significantly reduce or eliminate 

the dependency on critical materials (such as cobalt) and utilize recycled material feedstocks. However, Li-ion 

batteries are only recycled at a rate of about 5% currently. Analysis has shown that recycled material could 

potentially provide one-third of United States cathode material needs for Li-ion batteries by 2030. The current 

recycling supply chain for collecting, sorting, safe storing, and transporting Li-ion batteries and recovering 

valuable materials is limited, particularly for larger batteries used in EVs and industrial applications. 

Preventing the Li-ion batteries from ending up at landfills, particularly consumer electronics (as some have 

caused fires), is important not for the recovery of key materials but for the economy and the environment.  

To achieve the above goal and address potential critical materials issues, VTO initiated three key areas of 

R&D (Figure III.2.1):  

mailto:lauren.lynch@nrel.gov
mailto:sandra.loi@nrel.gov
mailto:brian.cunningham@ee.doe.gov
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1. supporting laboratory, university, and industry research to develop low-cobalt (or no cobalt) active 

cathode materials for next-generation Li-ion batteries,  

2. establishing the ReCell Lithium Battery Recycling R&D Center focused on cost-effective recycling 

processes to recover lithium battery critical materials, and  

3. launching the Lithium-Ion Battery Recycling Prize to incentivize American entrepreneurs to find 

innovative solutions to solve current challenges associated with collecting, sorting, storing, and 

transporting discarded Li-ion batteries safely and economically for the eventual recovery of valuable 

materials for re-introduction to the battery production supply chain. 

 

Figure III.2.1 The Critical Materials Research Plan with three major research areas to address critical materials issues for Li-ion 

batteries and recovery of materials for re-introduction into the supply chain.  

While the first two initiatives focus on creating next-generation cobalt-free Li-ion batteries and conduct 

research into the recovery of critical materials and re-introduction of these materials in recycled batteries, the 

$5.5-million Lithium-Ion Battery Recycling Prize (whose logo is shown in Figure III.2.2) leverages innovative 

ideas from American entrepreneurs to develop and demonstrate a supply chain that safely transitions spent 

batteries to specialized battery recycling facilities. The prize is a collaboration between VTO and DOE’s 

Advanced Manufacturing Office (AMO) with $4.5M funding support from VTO and $1M from AMO.   

 

Figure III.2.2 Logo of the Lithium-Ion Battery Recycling Prize.   
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The $5.5-million prize was designed to be implemented in three progressive phases for approximately four 

years to bring ideas from concept, to prototype and partnering, through pilot validation. In each phase, expert 

reviewers will evaluate submissions and a federal consensus panel for recommendation to the DOE selection 

officials. DOE assigned the administration and execution of the Lithium-Ion Battery Recycling Prize to 

National Renewable Energy Laboratory (NREL) to use an already-established framework for American-Made 

Challenges. Figure III.2.3 provides an overview of the three phases of the contest, the amount awarded, and the 

number of awards available in each phase. 

 

Figure III.2.3 The Lithium-ion Battery Recycling Prize consists of three progressive phases from concept through pilot validation for 

about three years. 

On November 15, 2021, President Joseph R. Biden, Jr. signed the Infrastructure Investment and Jobs Act, also 

commonly known as the Bipartisan Infrastructure Law (BIL). The BIL is a once-in-a-generation investment in 

infrastructure, designed to modernize and upgrade American infrastructure to enhance U.S. competitiveness, 

drive the creation of good-paying union jobs, tackle the climate crisis, and ensure stronger access to economic, 

environmental, and other benefits for disadvantaged communities. As part of this effort, the BIL authorizes 

appropriations of $200 million for the research, development, and deployment of technologies to collect, 

transport, sort, and process (recycle) end-of-life LIBs and for the potential use of LIBs in second use 

application. There is an additional $135M appropriated to cover battery end-of-life (EOL) areas to accelerate 

and increase battery recycling rates. Section 40207(e) of the BIL titled Lithium-Ion Battery Recycling Prize 

defines the continuation of the Lithium-Ion Battery Recycling Prize for additional rounds after completion of 

Phase III. 

 

This progress report provides a summary of activities of the prize for the fourth year and Phase III “Pilot 

Validation,” which awarded a $2M cash prize distributed equally among the Phase III winners. 

Objectives 

The purpose of the Lithium-Ion Battery Recycling Prize is to incentivize American entrepreneurs to develop 

and demonstrate processes that, when scaled, have the potential to capture 90% of ALL spent or discarded 

lithium-based battery technologies in the U.S.— including consumer electronics, stationary, and transportation 

applications— for eventual recycling and materials recovery. This 90% recycling rate of lithium-based 

batteries would be a significant achievement compared to the 5% recycling rate demonstrated at the beginning 

of the prize. It is the goal of this prize to find innovative solutions to current challenges in safe and economic 

collecting, sorting, storing, and transporting discarded (or end-of-life) Li-ion batteries.  

In Phase III of the prize, participants were asked to substantially advance their end-to-end solutions from 

proof-of-prototype to a refined pilot of the technology. The Phase III Final Submissions included 
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demonstration and analysis to validate a small-scale pilot prototype focusing on solutions under real-world 

applications and scenarios for one or multiple applications (consumer electronics, electric vehicles, and 

stationary storage). The participating teams also demonstrated their ability to recover Li-ion batteries and 

verify the commercial feasibility of achieving the end-to-end solution’s projected impact when fully scaled. 

The proposed solutions may or may not include an intermediate step for secondary use.  

Approach  

In FY22, NREL Prize Administrators successfully guided the DOE Lithium-Ion Battery Recycling Prize to the 

conclusion of Phase III. Six finalist teams participated in Phase III of the prize, which focused on pilot 

validation of their proposed concept solutions.  

Continued Outreach and Support in Phase III 

Throughout Phase III, the NREL Prize Administrator provided ongoing support and resources for the 

participating teams in the ongoing pilot validation of their concept solutions. To prepare the teams for success 

in their final submission, the administrator coordinated a voluntary networking event with the Suppliers 

Partnership for the Environment Responsible Battery Work Group on December 7, 2021. Five teams joined 

this virtual event to present their concept solutions and receive feedback from industry experts. In addition, the 

NREL Prize Administrator partnered with NAATBatt International to support the NAATBatt Annual 

Conference on February 7-10, 2022. This collaboration covered registration fees for two team members to 

present and share a poster during a prize-focused session at the event.  

In addition to cash prizes, winners of the Phase II contest received vouchers to consult expertise outside of 

their own organization. Phase III participants worked alongside pre-approved Voucher Service Providers 

(VSPs) within the American-Made Network to support the validation of their concept solution. Throughout 

Phase III, the NREL Prize Administrators oversaw the voucher work progress, voucher payment process, and 

necessary support to successfully facilitate this collaboration. In total, Phase III participating teams spent 

$667,000 in voucher funds at five different VSP facilities.  

Virtual Site Visits for Phase III Participating Teams 

On March 8–11, 2022, the NREL Prize Administrator organized and hosted virtual “site visits” for the six 

Phase III participating teams. These visits allowed teams to demonstrate their proposed solution on location, 

while reviewing aspects of their pilot validation approach. The NREL Prize Administrator developed detailed 

site visit expectations and a draft agenda to guide teams through introductions, progress updates, voucher 

work, and the live site tour. These site visits included up to two hours of multimedia presentations and 

discussions between teams, supporting partners, and prize judges from NREL, DOE, the Department of 

Transportation, and the Environmental Protection Agency.  

Phase III Final Submission, Presentations, and Judging 

Phase III submissions to the prize were due on April 8, 2022. The NREL Prize Administrator provided 

ongoing communication, submission templates, and technical support to participating teams leading up to the 

final submission. Following the final submission, teams were required to attend Phase III virtual Participants 

Day to demonstrate how their proposal meets the goals of the prize on April 27–28, 2022. This event included 

30-minute presentations from participating teams, followed by a Q&A session with Phase III prize judges from 

NREL, DOE, the Department of Transportation, and the Environmental Protection Agency. After each 

presentation, the NREL Prize Administrators met with judges to review feedback and take notes to inform the 

final scoring.  

 

After the conclusion of Phase III, NREL Prize Administrators combined this feedback, alongside key 

information metrics and results from the participating teams to present winner recommendations to VTO. This 

summarized information was used to determine the Phase III winning teams. 
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Phase III Winner Announcement 

Once the four Phase III winning teams were identified, NREL Prize Administrators developed the promotion 

plan to announce the winners publicly. The winner announcement (Figure III.2.4) included a press release and 

e-blast from VTO, an update on the HeroX website, graphic design, and social media. This announcement took 

place June 21, 2022. In addition to this announcement, NREL Prize Administrators developed a media kit and 

recommended guidance to help teams celebrate their wins. After the conclusion of the prize, NREL continued 

to support with ongoing opportunity announcements for future funding. 

 

Figure III.2.4 The Lithium-ion Battery Recycling Prize Phase III winner announcement.  

Results  

As part of the Lithium-Ion Battery Recycling Prize, Phase III participating teams reported investing 

$4,300,371 in the development of their proposed recycling solutions (Figure III.2.5). In addition, Phase III 

participating teams spent $667,000 in voucher funds at five different VSP facilities. As a result of their Phase 

III pilot validation, these teams successfully delivered over 87,000 of battery cells and modules to recyclers 

(see Table III.2.1). Multiple teams also included solutions for second-use applications as part of their Phase III 

final submission. 

 

Figure III.2.5 Graph illustrating the documented cost from each Phase III participating team.   
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Table III.2.1 Total Impact of Proposed Solutions 

Battery Use 

Number of batteries projected to be 

delivered to recyclers by your pilot 

validation project as defined in Phase II 

Actual number of batteries 

delivered to recyclers as result of 

pilot validation in Phase III 

Consumer Electronics 75,500 46,181 

Electric Vehicles 2,500 811 

Stationary storage and/or 

other large industrial uses 
27,102 41,683 

 

Phase III Winning Teams 

Of the six participating teams, four winners (Li Industries, Renewance, Smartville, and Titan Advanced 

Energy Solutions) were selected to share the $2 million cash prize evenly (Figure III.2.6). These winners 

included: 

 

• Li Industries: Li Industries developed a machine learning-based, automated Smart Battery Sorting 

System capable of accurately and efficiently sorting and separating batteries by several characteristics, 

including chemical composition, size, weight, and packaging type.  

• Renewance: The Renewance Connect digital platform tracks and manages Li-ion batteries throughout 

their full life cycle by improving access to and utilizing existing infrastructure for decommissioning, 

collection, warehousing, sorting, transportation, and recycling services. 

• Smartville: Smartville deployed distributed heterogeneous unifying battery (HUB) facilities to fully 

balance conditions and certify Li-ion batteries to reduce costs and create value in the reverse logistics 

supply chain.  

• Titan Advanced Energy Solutions: Battago is Titan’s Battery Market Intelligence platform built to 

generate, aggregate, and connect battery data to create a transparent marketplace and bridge the gap 

between battery owners, integrators, and end of life recyclers. 

 

 

Figure III.2.6 Map of the four Lithium-ion Battery Recycling Prize Phase III winning teams.  
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Project Introduction 

The use of lithium-ion batteries has steeply risen in recent years, starting with electronics and expanding into 

many applications, including the growing electric vehicle (EV) and grid storage industries. But the 

technologies to optimize recycling of these batteries have not kept pace. 

The ReCell Center, U.S. Department of Energy’s (DOE) first advanced battery recycling center, will help the 

United States grow a globally-competitive recycling industry and reduce our reliance on foreign sources of 

battery materials. 

Objectives 

DOE sees an opportunity to economically recycle lithium-ion and future batteries and accelerate the growth of a 

profitable recycling market for spent EV, electronics, and stationary storage batteries.  This can be done by 

developing novel recycling techniques to make lithium-ion recycling cost-effective by using less energy-intensive 

processing methods and capturing more metals and other high-value materials in forms that make reuse easier. 

A profit-driven battery recycling infrastructure will help meet the Vehicle Technology Office’s goal of lowering 

the cost of new batteries and increasing the use of domestic recycled battery materials. 

Approach  

ReCell is a collaboration of researchers from academia and national laboratories that are working together with 

industry to develop new recycling processes and battery designs that will enable greater material recovery at 

end of life. The most promising processes and designs will be demonstrated at pilot scale at the ReCell 

laboratory facilities based at Argonne. Validated processes and designs will be licensed to industry for 

commercialization. 

Toward the end of this year BIL FOA awards were determined and the ReCell team is excited to help many of 

the recipients.  The vision of the national labs helping industry succeed and continue to improve the recycling 

industry is front and center. 

Direct recycling has been a major focus area for ReCell with the hope that enough barriers are removed or 

better understood through the team’s work that industry would start looking closer at it and eventually start to 

take the lead in further development and ultimately commercialization.  We are happy to learn the industry has 

really stepped up their interest in the technology and similarly, more companies both start-up and established 

are working in their own capacity to explore this technology.  This is a rewarding feeling for the ReCell team 

and hope to help continue the momentum. 

mailto:jspangenberger@anl.gov
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Relithiation is a key step in the direct recycling process, and ReCell currently has five potential techniques 

under investigation: solid state, hydrothermal, ionothermal, electrochemical, and redox mediated.  Each 

technique was provided an identical sample to process, and the products are being compared to determine the 

optimum path forward for the relithiation work.  We have completed a comparison of the effectiveness of each 

of these techniques to process end-of-life cathode materials.  This report is being assembled now and will be 

available shortly.  

Work has been underway to demonstrate the feasibility of recycling manufacturing scrap using direct 

recycling.  This represents an early point-of-entry for the technology. The benefits of recycling can be realized 

with fewer steps than needed for end-of-life material recycling.  The ReCell team has collected manufacturing 

scraps and subject it to the processes required to feed the recycled material back into the cell fabrication 

process.  Successful deployment of this concept could enable significant savings on the production of new 

cells.  This year’s work in this area has been focused on creating a robust process that can effectively 

delaminate the active material from the foils.  There will be continued work on this task and we are hopeful 

that a pilot system will be completed for demonstration. 

FY22 included more funding for ReCell over the previous years.  This funding was focused on procuring 

equipment for the pilot plant.  In addition, Argonne is preparing an additional 12,000 square feet of high bay 

research space that the pilot plant will be installed in along with other battery recycling equipment for research.  

This new space is expected to be complete in January of 2024. 

As we enter FY23 the scope of ReCell expands.  Figure III.3.1 shows the slightly revised focus areas.  The 

main changes result in the move of all direct recycling related projects moving into the Direct Recycling of 

Materials focus area.  Advance Resource Recovery represents projects that work to recover materials that may 

not be directly recycled.  This focus area also allows the ReCell team to work on hydro and pyro based issues.  

This let’s us work with industry on challenges that are more closely related to where they are focused.  The 

focus of Modeling and Analysis has not changed much, but we will be working on second life projects in our 

Design for Sustainability focus area.  Below are quick descriptions of our updated focus areas. 

• Direct Recycling of Materials: Recycling materials back to their original purpose without destroying 

their chemical structure 

• Advanced Resource Recovery: Recapturing materials for reuse in batteries or other applications 

through chemical conversion 

• Design for Sustainability: Working toward more sustainable batteries by improving material choice, 

battery design, and second life opportunities 

• Modeling and Analysis: Developing tools to provide a deep materials/process understanding, and 

evaluate economic and environmental impacts 
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Figure III.3.1 Basic processing steps associated with direct recycling 

Results  

Direct Recycling Projects 

Thermal Binder Removal 

Once cathode materials are separated to be recycled, the poly(vinylidene difluoride) (PVDF) binder needs to 

be removed to allow for further processing. This can be done using a large quantity of n-methyl-2-pyrrolidone 

(NMP) or other solvents, but this may not be cost effective for battery recycling. As an alternative to solvent 

based methods, thermal decomposition can be used to eliminate the binder. This has the advantage of no liquid 

waste, and can be performed at temperatures as low as 500 ºC. We have previously shown that this can lead to 

performance similar to the pristine materials if any lithium loss is compensated for by the addition of lithium. 

We had found that these processes work best with good air contact and that a thick bed depth will lead to 

worse performance. This led us to using a rotary kiln for this process due to the improved air contact over fixed 

bed furnaces and the scalability with continuous operation that a rotary kiln provides. In testing this process 

showed improved performance of the cathode material as compared to using a muffle furnace. This year, this 

process was incorporated into a complete recycling process going from shredded batteries to new cells. 

The goal of the project is to remove the PVDF binder from various materials without effecting their 

electrochemical performance. This process can be used to delaminate the electrode materials from the current 

collectors. It also can be used on powdered materials such as black mass just to remove the PVDF and carbon 

black. Once a method is found, we plan to scale this process up to kilogram and higher scales to fully 

demonstrate that the process can work in a commercial operation. 

The initial approach was to determine what needed to be done to maintain the performance of NMC cathodes 

during the thermal binder removal process. This included adding various additives to act as fluorine getters. 

After determining that LiOH was an effective additive we worked to scale that process up to find if there were 

issues with the scale up process. These issues led to a design of a scaled-up process. Once we determined the 

binder removal process, we integrated this process into a recycling process to see if it can be used to 
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successfully recycle cathode materials. In addition, we will then explore thermal binder removal options for 

other materials including graphite and LiFePO4 

This year we integrated the rotary kiln process into a complete recycling process to demonstrate the viability of 

the process. In particular, an end-of-life commercial 63 Ah pouch cell was shredded to a size suitable for 

separations. These shreds were then rinsed to remove electrolyte and dried. Then a combination of separation 

processes were utilized to get a relatively pure fraction of cathode material on the aluminum current collector. 

These electrode pieces were then fed into the rotary kiln at 500°C with a residence time of approximately 1 hr. 

This removed the PVDF and carbon black from the cathode material allowing it to simply be sieved from the 

aluminum foil. This cathode material had a composition of Li0.92Ni0.608Co0.196Mn0.196O2
 based on inductively 

coupled plasma mass spectrometry (ICP-MS) results. Based on this composition ground LiOH was added to 

the material to both compensate for the Li deficiency and to compensate for the lithium loss due to formation 

of LiF on the surface. This material was then heat treated in a muffle furnace at 750°C followed by a rinsing 

step to remove excess Li from the surfaces and a reanneal. The resulting material was tested in both half cells 

and full cells to determine the electrochemical performance as shown in Figure III.3.2. The rate performance of 

the material was very similar to a pristine NMC 622. In full cells the recycled NMC 622 performed just 

slightly worse as compared to the commercial material (cycling for the pristine is still ongoing).  

 

Figure III.3.2 a) Rate performance in half cells and b) cycle life in full cells of NMC 622 cathode recycled from an end-of-life cell via 

scalable processes versus a commercial NMC 622 baseline.  

For both scalability and the potential to improve the cyclability we are attempting to shift processing steps 

from muffle furnaces to a rotary kiln process. The resulting cycling is shown in Figure III.3.3, which shows 

that as we move to the rotary kiln the capacity seems to be reduced, but cyclability improves. We believe that 

with further optimization that similar initial capacity can be achieved and more work on this front will be 

ongoing.  
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Figure III.3.3 Comparison of cycling of recycled NMC 622 depending on which steps were done in a rotary kiln.  

In addition to the work on NMC cathodes we are also extending this work to other cathode and anode materials 

including graphite and LiFePO4. Electrochemical cycling data for the recovered electrodes after thermal 

treatment are shown in Figure III.3.4. The cycling is reasonably comparable to pristine materials indicating 

that this could be a good method for delamination and binder removal. We are still working on determining the 

remaining binder quantity and what happens during the thermal process. 

 

 

Figure III.3.4 Half cell rate study and cycling for a) graphite recovered from manufacturing scrap and b) LiFePO4 from artificially 

created black mass (3 wt.% PVDF). 

Binder Removal via Soxhlet Extraction 

In the recycling process of end-of-life (EOL) LIBs, most recent research focuses on the cathode materials. 

Remaining components, such as anodes and poly(vinylidene difluoride (PVDF) binder can be removed by 

thermal treatment at the high temperature. However, harmful gases generated from the combustion are a threat 

to the environment safety.  Considering the potentially huge amount of EOL battery cell (10,000 MT/yr) 

waste, the actual amount of PVDF is not negligible.   The scope of this project is to develop the Soxhlet 

extraction method to remove the polymer binder (e.g. PVDF) from End-of-Life (EoL) battery cathodes and to 

recover PVDF. The electrodes in Li-ion batteries have polymer binders to hold active materials and conductive 

carbon additives. However, when it comes to recycle EoL battery cathode, it is necessary to remove and/or 

separate the polymer binder from the electrode to recycle cathode materials such as LCO and NMC. In the 

ReCell center, thermal decomposition of PVDF has been studied as an option, but a solution method hasn’t 

been investigated. It is mainly because the previous method to dissolve PVDF involves a large amount of toxic 

and high-boiling-point solvents (e.g. NMP). Toxic waste production is inevitable, and it cannot be considered 
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as a feasible way to remove PVDF. It is necessary to minimize the use of organic solvent and environmental 

impact. In the Soxhlet method, samples are repeatedly extracted with solvent regenerated by distillation 

through a periodic siphoning process. Therefore, a minimal amount of solvent is required, and fresh solvent is 

fed via distillation into the sample container every time. It can be also scaled up to a manufacturing scale. In 

FY21, the aim of this project is to develop and demonstrate the Soxhlet extraction method for PVDF removal 

and recovery. 

The project ended in the Q3 period. This report mainly summarizes the main activities in this project. 

Soxhlet Extraction Process Design 

The conventional Soxhlet extractor contains three main components: a percolator, a thimble and a siphon 

mechanism (Figure III.3.5). The percolator is used to circulate the solvent. A distillation flask with solvent is 

placed on the bottom and heated by a heater and a reflux condenser filled with condensed solvent is on the top 

of main chamber of the Soxhlet extractor. A thimble made of filter paper is placed into the main chamber and 

used to hold the material which is needed to be extracted (here it is cathode material of A-C021). Through the 

siphon mechanism, the thimble can be emptied in a cyclic fashion.  

 

 

Figure III.3.5 Conventional Soxhlet extractor design 

Prior to designing a real Sono-Soxhlet extractor, we made a batch-scale simulated Sono-Soxhlet extractor to 

evaluate the feasibility of introducing sonication to the Soxhlet process. The ultrasonic source was a handheld 

ultrasonic homogenizer (Type: UP200Ht from Hielscher Ultrasound Technology). 10 ml solvent with several 

pieces of cathodes was placed into 30 ml glass vial.  With the success of this batch-scale model, a Sono-

Soxhlet imitation reactor was designed and custom glassware was ordered so we could combine Soxhlet 

extraction with sonication to facilitate material release from the current collector as well as more rapid reaction 

times. Table III.3.1 is summary of the comparison between different Soxhlet extraction designs that were 

utilized during the course of this project. 
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Table III.3.1 Comparison of different Soxhlet extractors. 

Reactor # Reactor Description Reactor Photo Pros Cons 

1 Conventional 

Soxhlet Extractor 

 

Minimal solvent 

needed 

Slow reaction time, 

difficult to remove 

recycled cathode 

material from 

paper filter 

2 Sono-Soxhlet 

Extractor (Batch 

Scale) 

 

Useful for 

evaluating the 

feasibility of Sono-

soxhlet imitation 

extraction 

Disabled the 

solvent reuse 

functionality 

3 Sono-Soxhlet 

imitation extractor 

 

High efficiency, 

short reaction 

time, minimal 

solvent 

Required custom 

glassware 

We also developed and tested a cryovap solvent transfer method to recover PVDF and solvent from a PVDF 

binder solution. We examined a conventional rotovap technique to evaporate solvent Y from ORNL, but its 

high boiling point (b.p.) made it difficult to recover the solvent from the solution. To address this issue, we 

chose a lower b.p. solvent for PVDF. Dimethylformamide (DMF) is a good PVDF solvent and has a b.p. of 

152~154°C. Other well-known PVDF solvents are NMP and DMSO, and their b.p.s are 202~204 and 189°C, 

respectively. Therefore, there is a clear advantage to use DMF for the solvent recovery process. Figure III.3.6  
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Figure III.3.6 PVDF binder and cryovap solvent transfer apparatus 

shows a cryovap solvent transfer apparatus. A flask filled with PVDF solution was placed in a water bath and 

connected to a solvent transfer manifold. The manifold was connected to a liquid nitrogen solvent trap to 

collect solvent and also connected to a Schlenk line to evacuate the whole apparatus. The starting solution in 

the flask had 5 wt.% PVDF in it. We could use either static or dynamic vacuum for the solvent transfer, and we 

used a dynamic vacuum by leaving the vacuum valve open to minimize the total process time. First, we started 

the reaction at room temperature, but it took a long time to notice any changes in the solution level. Therefore, 

we increased the water bath temperature gradually. After it reached ~50 ºC, the solvent transfer rate was 

notably increased, and the transfer reaction was finished within 1 hour. The volume of the recovered DMF 

solvent was measured and the apparent volume recovery is ~93%.   

Once we addressed rapid reaction time through sonication and chose the optimal solvent recovery process with 

the cryovap solvent transfer apparatus, the last hurdle was finding the optimal thimble, or mesh filter, to collect 

the NMC particles.  Previously, we had tested two types of thimbles for Soxhlet process: (1) cellulose thimble 

and (2) porous polypropylene thimble. However, neither of them was promising because of pore-clogging and 

slow solvent draining problems. Thus, we tested a new custom-made thimble in order to address these 

problems made of a stainless-steel mesh filters with smooth surface, mono-layer structure and small pore size 

(Average pore size of 43µm, 15µm and 5µm). Prior to applying the filters to the Soxhlet experiment, we 

performed filtering tests using those stainless-steel mesh screens.  Based on filtering tests we conducted with 

DMF solvent and NMC 111 particles, the 5µm stainless-steel mesh filter was chosen and used as thimble in 

the following Soxhlet process. 

Results and Characterization 

Once we completed the work above to design the optimal Soxhlet extraction process, we tested the sono-

Soxhlet extraction successfully using stainless-steel mesh filters. We characterized recovered NMC 811 

powder from ‘vacuum-assisted sono-Soxhlet extraction’ and recovered solvent from the ‘vacuum-assisted 

cryovap process’.  XRD patterns and SEM images of both electrode scrap and recovered powder were taken to 

confirm that the Soxhlet process had no effect on the crystal structure and morphology of recovered cathode 

material.  After vacuum-assisted sono-Soxhlet process, NMC811 secondary particles are exposed well and no 

distinct carbon black/PVDF are detected. A large amount of carbon and fluorine are revealed in the electrode 

scrap (Figure III.3.7), while the signal of fluorine in the recovered NMC811 powder reduces significantly. 

Even though fluorine was  
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Figure III.3.7 EDS mapping of NMC 811 electrode scrap 

not removed completely, the obvious decrease of the fluorine content confirmed the efficient removal of PVDF 

through the vacuum-assisted sono-Soxhlet extraction process. To minimize solvent usage, the vacuum-assisted 

cryovap process was introduced to recover and recycle DMF which was used in the sono-Soxhlet process. The 

recovered DMF was examined by FTIR and compared with fresh DMF, as shown in Figure III.3.8. All peaks  

 

 

Figure III.3.8 FTIR spectra of fresh DMF and recovered DMF from vacuum-assisted cryovap process. Inset digital photo shows 

recovered DMF.  

of the recovered DMF were indexed to those of the fresh DMF without any impurities. The recovery yield of 

DMF in the lab-scale experiment was 90.7%, which should be higher in any future scaled-up experiments. The 

inset photo in Figure III.3.8 shows the recovered DMF was transparent and visibly the same as fresh DMF 

solvent. Recovered DMF potentially could be reused as fresh extractant in the continuous sono-Soxhlet 

extraction to reduce the cost and relieve environmental burden. 

Cathode/Cathode Separation 

Most direct recycle operations will involve the collection of “black mass” which is a mixture of anode and 

cathode powders recovered from size reduced cells. Even if cells are presorted before processing, it is still 

highly likely that some mismatch of battery types, and ultimately cathode materials, will occur. Additionally 



Batteries 

242 Recycling and Sustainability 

some manufacturers utilize a mixture of different chemistries for the cathode, such as lithium manganese oxide 

(LMO) and lithium nickel manganese cobalt oxide (NMC). While the LMO is less likely to be reused, the 

NMC could be used in a modern cell. Direct recycling of lithium-ion batteries will require the ability to 

effectively separate different cathode chemistries. Recovering and separating complex mixtures of cycled 

cathode powders will make recycled material more usable in the battery market. This work focuses on scale-up 

of proven techniques as well as the separation and recovery of complex mixtures of cycled cathode powders. 

In FY22, cathode/cathode separation was accomplished by froth flotation and a mechanical separation process, 

referred to as “Process A” and detailed in previous anode/cathode separation quarterly reports (FY21 Q2, Q3, 

and Q4). Froth flotation was used to separate mixtures of cathode powders while different cathode electrodes 

were separated using Process A. The objective is to achieve high separation efficiency using each process 

where cathode fractions with purities ≥95% can be generated. 

Laboratory-scale Denver cell experiments at Michigan Technological University demonstrated efficient 

separation of NMC111 and LMO by froth flotation. Argonne translated the process to a froth column and 

scaled the process to achieve good separation. A 10 L froth flotation column was used to separate pristine 

NMC111 (Toda) and LMO (Targray). Argonne The feed was prepared as a 14 L slurry (2.5 wt.% solids) to 

provide sufficient material for 2nd stage NMC111 and LMO purification. Four different 2-stage froth flotation 

experiments were conducted. Tests 1 – 3 were conducted without tailings solution recirculation and used DI 

water as the froth washing solution. Additional frother was added to the feed to compensate for the dilution of 

frother in the column. Test 4 was conducted with tailings solution recirculation. Solution from the tailings 

outlet was pumped back into the column through the wash water supply line. The frother concentration in the 

column was controlled to be consistent during operation. Operation conditions were similar to the “Base test” 

applied for the 1st stage. Operation conditions were optimized for 2nd stage NMC111 and LMO purification 

where the effect of frother/collector concentration and wash water flow rate were investigated. Detailed 

operation conditions are described in the FY22 Q1 Milestone report. 

The milestone for FY22 Q1 was to optimize the pilot froth flotation process to achieve ≥95% purity LMO and 

NMC cathode fractions after multi-stage separation. Froth flotation of pristine LMO and NMC111 in the 10 L 

pilot-scale froth column was conducted at Argonne (Figure III.3.9). From our experimental results in FY21, it 

was determined that a multi-stage froth flotation operation would be necessary to achieve ≥95% purity LMO 

and NMC111. 2-stage froth flotation was imitated by conducting series of batch column operations. The froth 

and tailings from the first batch operation (first-stage), whose main components are NMC111 and LMO, 

respectively, were sent to another batch operation (second-stage) separately to further improve NMC111 and 

LMO grades (Figure III.3.10). 2-stage froth flotation experiments achieved above 95% NMC111 in the 

recovered froth. However, the LMO grade of the recovered tailings reached approximately 92% after three 

different 2-stage flotation experiments. Using these conditions, it was determined that a third stage would be 

necessary to achieve > 95% LMO (Figure III.3.11). We conducted smaller scale Denver cell tests (3rd stage of 

purification) on the 2nd stage froth and tailings from Test 4 which improved NMC111 and LMO grades to 

97.6% and 98.7%, respectively, which allowed us to achieve our FY22 Q1 milestone. 

In Q2, we began cathode/cathode separation experiments using Process A. First, preliminary experiments by 

Process A were conducted to examine how to adjust operating parameters to separate different cathode 

chemistries. Single-side coated cathode laminates of NMC532, NCA, LFP, LCO and LMO cut into 1-1.5cm 

pieces were used for experiments. The preliminary experiments suggested that these cathode chemistries could 

be separated by adjusting operating parameters of Process A. Based on the results, cathode/cathode separation 

were capable for a binary mixtures including LCO/NCA, NCA/NMC532 and NMC532/LFP.  
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Figure III.3.9 Froth flotation column set-up at Argonne National Laboratory 

 

Figure III.3.10 Schematic of optimized froth flotation process to separate NMC111 and LMO 

We investigated multi-step operation of Process A using 20 grams of 1:1 mass ratio binary mixtures 

(NMC532/NCA, LFP/NMC532, NCA/LCO) to achieve ≥ 95% purity for recovered cathode materials (Figure 

III.3.12). Cathode pieces used for these experiments were single-side coated electrodes with pristine active 

materials with sizes ranging between 0.5-1.5 cm. Materials were continuously fed to Process A using a 

relatively slow feed rate to prevent material build up. In order to improve purity, collected fractions were fed 

through Process A several times. A NMC532/NCA mixture was fed through Process A four times to achieve 

94% purity NMC532 (43% recovery) and 96% purity NCA (30% recovery). A LFP/NMC532 mixture required 

3 steps to achieve 96% purity LFP (47% recovery) and 95% purity NMC532 (61% recovery) while a 

NCA/LCO mixture required only 2 steps to achieve 94% NCA purity (88% recovery) and 99% purity LCO 

(86% purity). These results demonstrate that different cathode chemistries can be purified to near 95% after 

multi-step operation of Process A. 
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Figure III.3.11 Purity of NMC111 and LMO cathode materials achieved after a 2-step froth flotation process 

In Q4, we focused on the separation of LFP and NMC111 electrodes with pristine active materials coated on 

both sides of the aluminum current collector foil. Pristine cathode electrodes coated on both sides of the 

current collector (i.e., double-side coated) are representative of cathode electrodes obtained from commercials 

cells and the Process A separation performance was expected to be similar between them. The main goal was 

to see if increased loadings of active material influenced material separation. 

Before conducting cathode/cathode separation from a mixture, differences in Process A performance between 

single-side and double-side coated pristine LFP electrodes was investigated using the same operating 

conditions. LFP electrodes were continuously fed to Process A at a relatively slow feed rate that would prevent 

materials build-up. After a 1-step operation, the recovery of LFP electrodes collected was measured. When 

compared at the same operating condition, the recovery of double-side coated LFP was higher than that of 

single-side coated LFP, indicating that the loading of active cathode materials on foil affects Process A 

performance. 

We conducted Process A experiments with unmixed LFP or NMC111 electrodes to verify the operating 

condition at which the highest percentage of LFP and NMC111 would be collected in the opposite fractions. 

This condition was used for the separation of binary mixture of double-side coated pristine LFP and NMC111 

in a 1:1 mass ratio. Collected fractions from Process A were fed through multiple times (i.e., in a series of 
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steps) to improve the purities of LFP and NMC111 (Figure III.3.13). The same process conditions were used 

for separation steps 1-4.  After the 3rd separation step, NMC111 purity reached 98% with 45% recovery from 

the original feed, while LFP purity was 85% with 73% recovery. After the 4th and final separation step, 

purities of both cathode materials were reduced. These results suggested that other operating conditions would 

be required to improve the LFP purity to above 90% without compromising recovery. 

 

Figure III.3.12 Separation of binary cathode mixtures using Process A 
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Figure III.3.13 Separation of double-side coated laminates by Process A 

Cathode/Cathode Separation via Froth Flotation 

The overall objective of this project is to separate mixed cathode compositions using froth flotation process for 

direct recycling of the recycled cathode active materials. Separation of mixed pristine NMC111/LMO and 

NCA/LMO materials by froth flotation process has been demonstrated. Prior results demonstrated that froth 

flotation process achieved a good separation without any significant impacts on functional integrity of the 

recycled materials during the recycling process. A demonstration of cathode/cathode separation from spent Li-

ion batteries has not been accomplished yet. 

The objective of this project for FY22 is to investigate the performance of froth flotation in separating mixed 

cathode compositions from spent battery materials, scrap battery materials, and commercial black mass. 

Various new collectors and surface treatment methods have also been examined. 

Multiple sources of Li-ion batteries were used including spent Li-ion battery pouch cells, spent cylindrical 

cells from consumer electronics, as well as black mass samples from commercial vendors. In Q1, separation 

performance with various flotation collector chemicals were used for spent cathode materials. In Q2, the focus 

was to evaluate the impact of various PVDF removal processes on the froth flotation performance of mixed 

cathode materials. In Q3 and Q4, froth flotation separation process was employed to separate mixed cathode 

active materials recovered from both wet and dry EV cells. 

Separation of electrode active materials from spent Li-ion batteries was first investigated. In the first set of 

experiments, commercial black mass samples were received from ANL, and they were supplied from a 

commercial recycler. Two samples were used. The first one is the black mass as received; the second sample is 

the black mass after a thermal pyrolysis treatment. The thermal treatment removes carbonaceous materials 
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including carbon additives and PVDF binders. Bench-scale froth flotation experiments were performed with 

Denver cells using various flotation chemicals. Results showed that with a thermal pyrolysis treatment, the 

flotation performance was inferior compared to the pristine materials, suggesting that a certain degree of 

surface modification occurred during the thermal treatment process.   

The effect of PVDF removal methods on froth flotation separation of mixed cathode materials was 

investigated. Two methods were investigated including a thermal treatment and a mechanical de-

agglomeration method. Two collectors were evaluated. Flotation studies with single material showed that the 

recovery of cathode materials after a thermal treatment at 500 ºC was significantly reduced compared to that 

without the thermal treatment. In addition, collector A was found to be stronger than the other two collectors 

surveyed. The recovery of NMC materials dropped from 80% using collector A to less than 50% after a 

thermal treatment process. The results confirmed that the pyrolysis treatment changed the surface chemistry of 

recycled cathode active materials, which in turn impact the cathode/cathode separation via froth flotation 

process. (See Figure III.3.14 and Figure III.3.15.) 

 

Figure III.3.14 SEM-EDS of recovered cathode materials from cylindrical and pouch cell. 

 

Figure III.3.15 Effects of PVDF removal processes on froth flotation recovery using two collectors (A and B). 

Separation of spent NMC111 and pristine LMO by froth flotation method was performed. The goal was to 

determine if the recycled cathode active materials had similar flotation performance as the pristine materials. 

The recycled NMC materials were recovered from an EV battery cell, while the pristine LMO materials were 

used. A mechanical delamination and separation process was applied to obtain individual recycled NMC 
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materials from spent Li-ion batteries. The results showed that the froth flotation process was able to separate 

NMC111 from a mixture of cathode materials. The percentage of NMC in the froth product reached 95%+, 

and the percentage of LMO in the sink product reached 99%. This result confirmed that the froth flotation 

process can be applied to separate mixed cathode materials from battery scraps and spent battery cathode. 

Further experiments are needed with spent LMO materials.  

To further investigate the changes in both bulk and surface properties of recycled cathode materials after a 

thermal treatment, XRD analysis was performed with both thermally treated and mechanically recovered 

cathode materials. The XRD results indicated that the pyrolysis of the recycled cathode active materials caused 

a phase change, and a Co2.25Ni0.75O4 phase was formed after a thermal treatment. This phase change was likely 

associated with the decomposition of PVDF at a temperature of 400 ºC and a possible thermal reduction of 

cathode active materials. (See Figure III.3.16, Figure III.3.17, and Table III.3.2.) 

 

 Figure III.3.16 SEM images of froth and sink products after a NMC/LMO separation by froth flotation.  

 

Figure III.3.17 XRD curve showing peak change in burnt cathode material 

Froth - NMC Tailing - LMO 
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Table III.3.2 XRD data showing details of phase change in recycled cathode material. 

Phases Recycled NMC Burnt NMC 

*NMC111(Lix) 95.4 91.2 

Co2.25Ni0.75O4 0.0 7.1 

C (Graphite) 4.6 1.8 

To increase the separation efficiency of other cathode mixtures, such as LCO/LMO mixture, we investigated 

various surface treatment methods to improve the froth flotation performance. Results obtained with a new 

pre-treatment method showed that the recovery rate of NMC622 after a surface treatment was improved from 

12% to 90% with 922 collectors. Likewise, the recovery rate of NMC811 was increased from 21% to 60% 

after the surface treatment. The present result demonstrates that this new pre-treatment method improves the 

separation performance of cathode mixture. Detailed mechanism on surface adsorption and particle 

characterization will be performed in the next quarter to better understand the adsorption mechanism. (See 

Figure III.3.18.) 

 

Figure III.3.18 Effect of surface treatment on different cathode chemistries 

Solvent-Based Gravity Separation 

Direct recycling involves recycling of cathode active materials from Li-ion batteries in the solid phase and 

reuse in new battery manufacturing after functional repairs as necessary. It is necessary that the recycling 

process concentrates, purifies, and yields 99% purity of electrode active materials from Li-ion batteries. Froth 

flotation process was the only method to separate anode and cathode materials from the black mass. Prior to 

the froth flotation separation experiments, a removal of PVDF binder from both the cathode and anode 

composite materials is needed. Both the water chemistry in separation processes and the pre-treatment process 

impact the electrochemistry of recycled anode and cathode materials from Li-ion batteries.  

The aim of this project is to develop a recycling process that separates anode and cathode active materials 

while preserving their functional integrity. This separation process is based on centrifugal gravity separation 

process and can potentially be operated in non-aqueous liquid that preserves the functional integrity of 

electrode active materials. For FY22, the objective of this project focuses on separation of electrode active 

materials from Li-ion batteries and developing strategies to increase both the recovery and grade of cathode 

active materials in the concentrate product.  

The NMC111 powders have density of ~4.8 g/cm3, while graphite powders have density of ~2.266 g/cm3. 

Separation between the two materials can be achieved due to the difference in specific densities in a liquid 

medium. In this study, separation of mixed fine powders was conducted using a Falcon L40 enhanced gravity 

NMC 622 Preteated NMC 622 NMC 811 Pretreated NMC 811

0

20

40

60

80

100

R
e

c
o

v
e

ry
 (

%
)

Cathode Sample
LCO Preteated LCO LMO Preteated LMO

0

20

40

60

80

100
R

e
c

o
v
e
ry

 (
%

)

Cathode

922 

New  

collector 



Batteries 

250 Recycling and Sustainability 

concentrator with an Ultra-Fine (UF) concentrator. Figure III.3.19 shows a schematic drawing of the UF 

concentrator. Black mass was mixed with DI water or other liquids to prepare a slurry. An overhead agitator 

(Caframo) was used to stir the slurry for a few minutes to ensure the slurry was properly mixed. In each trial, 

the slurry was slowly fed into a central tube of the Falcon L40 concentrator at a flow rate of approximately 2 

L/min. The concentrator bowl rotated at a speed of 1,000 – 3,000 RPM, at which particles in the slurry within 

the rotating bowl were subject to a centrifugal force of up to 50-300 G. The UF concentrator consists of two 

sections including 1) a migration zone and 2) a retention zone. At the migration zone, under the centrifugal 

force, particles preferentially concentrate along the wall of the rotating bowl, creating strong interlayer shears. 

Due to the difference in particle settling velocities enhanced by centrifugal force, fine heavy particles arrive at 

the wall prior to coarse light ones. As the slurry continues to feed into the bowl, more particles compact along 

the wall of the rotating bowl. Smaller, denser particles move across the interlayers, then into its inner wall, 

pushing coarser and lighter particles out of the bed. These lighter and coarser particles are flushed with the 

overflow stream. Particle beds within the concentrator bowl are collected manually in a laboratory setting or by 

flushing with water in commercial operations. 

 

 

Figure III.3.19 a) a schematic drawing of a centrifugal ultrafine (UF) gravity separation concentrator.  

A direct recycling route for spent Li-ion batteries was developed. Li-ion batteries are first dismantled, 

shredded, and crushed. In this study, large-format Li-ion battery pouch cells were used. They were discharged 

to 2.7 V at a C/5 rate and held at 2.7 V for at least 48 hours prior to its opening in the fume hood. The 

electrode sheets were manually recovered, soaked in isopropanol alcohol (IPA) to remove remaining 

electrolyte, and dried under the fume hood. The active materials from electrode sheets were delaminated from 

current collectors by a mechanical delamination process in water. The delaminated anode active materials 

contained graphite and 3-6% of binders, while cathode active materials contained 5-10% of PVDF binders and 

carbon additives. The mixture of delaminated anode active materials and cathode active materials were 

processed in a muffle furnace (Thermolyne, Thermo Fisher) at temperatures of 200-500 ºC for two hours in the 

open environment. The black mass after a pyrolysis treatment at 400-500 ºC was free of PVDF binders and 

carbon additives. Separation experiments of PVDF-free anode and cathode materials were performed. 

Chemical Relithiation 

Among the first steps of a recycling effort focused on end of life lithium-ion cells is the need to ascertain the 

lithium content of the recovered materials and develop the process to restore that active lithium content.   This 

loss of lithium over time, seen as gradual cycle-to-cycle loss of active lithium is caused by the lithium ion 

trapping outside the circuit in a variety of irreversible processes (SEI formation, corrosion, and electronic 

isolation of particles).  At approximately 20% loss, various issues including electrode cell balancing, voltage 

drift, and impedance changes, make the cathodes performance more difficult to predict and the user observes 

loss of performance. The recovered material’s structure is a lithium-deficient version of the starting materials, 

with further observable structural changes related to the temperature of operation, initial stoichiometry, or 
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processing conditions. Typical structural changes include site mixing of lithium and nickel, surface oxygen 

loss, and surface structure degradation (crossover, metal dissolution).  The relithiation section focuses on a 

variety of methods to achieve and evaluate relithiation including performance, ease of use, costs, and waste 

generated to achieve a stoichiometric material.  For the solid-state methods, we have focused this past year on 

reducing costs and waste materials by going to a significantly decreasing the amount of carrier solvent (to 

solvent-free) method in association with calculations completed by the EverBatt team led by Qiang Dai 

(ANL).  The lowest cost method used a dry coating of the lithium source (hydroxide) followed by a short 

duration RAM mixing to homogenize the sample.  The best process was a two-tier anneal stage that allowed 

the lithium precursor to decompose to active lithia in a temperature window before the temperature ramp 

decomposed the lattice by oxygen loss. Annealing under an oxygen atmosphere was found to beneficial to the 

electrochemical performance of the final product. A review of the processes for NMC622 relithiation, led by 

the NREL team, has been undertaken. 

The objective is to develop a near solvent-free to solvent free, low cost relithiation process for lithium-

deficient NMC622 (supplied by ORNL) based on a two-stage thermal relithiation process.  

During FY22, the solid-state relithiation effort focused on completing a test run of the scale up process in 

association with CAMP and MERF.  Determining the role of multi-stage annealing, establishing needed 

protocol steps for washing the scaled up samples, and establishing the new protocols for NMC622. 

During FY22, the NMC333 solid-state relithiation effort focused on completing a test run of the scale up 

process in association with CAMP and MERF. While initial scaling indicated recovered performance, most of 

the experimental methods use a high temperature anneal.  This step created issues with particle growth and 

sintering that effected the electrode creation process. Subsequent runs sieving the powders did not change 

performance but resulted in better electrode loadings (see Figure III.3.20).  

Once the NMC relithiation section completed our efforts on the more thermally stable NMC333 baseline 

materials (MERF/ANL) that reflected the common cathodes in use from approximately 8y ago. To reflect 

more currently used cathode systems, the section moved to evaluate these processes for NMC622, a Ni-rich 

cathode that is more commercially used for the past 5y.  Samples were provided to the re-lithiation teams by 

ORNL after a program wide relithiation benchmarking exercise that indicated the best electrochemical 

performance (from powder isolated from the electrode) was from materials supplied by the ORNL solvent Y 

process.  The properties (XRD, TGA) of the scaled-up Solvent Y batch were verified to be consistent with the 

previous results.   

The solid-state relithiation process developed for NMC333 process was utilized for the subsequent NMC622 

materials.  Overall minor modifications were evaluated to the annealing temperatures to reflect the lower 

thermal stability of delithiated NMC622.  The new materials were tested by mixing the delithiated cathode 

with LiOH with or without an ethanol carrier solution and using the resonant acoustic mixer (RAM).  The 

mixed powder was then annealed at 720°C.  Figure III.3.21 shows an overlay of XRD data for a relithiated 

product with the pristine and solvent Y process powder.  The peaks for the relithiated product align with those 

of the pristine NMC, exhibiting a decreased separation between the 108 and 110 peaks observed in the solvent 

Y processed sample.   
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Figure III.3.20 SEM image of (a) pristine NMC333, (b) delithiated NMC333, (c) 1-step relithiated NMC333, and (d) 2-step 

relithiated NMC333 

GDOES compositional analysis of the relithiated NMCs are shown in Table III.3.3.  The Li contents recovered 

for the ethanol and RAM mixed products were consistent with each other.  The amount of LiOH used in the 50 

g scale-up was increased slightly and was reflected in the final Li content of the product being near 1.05.   

 

Figure III.3.21 XRD of pristine NMC622, Solvent Y processed, and relithiated cathode powder 
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Table III.3.3 Elemental composition for relithiated NMCs  

 [Li] [Ni] [Mn] [Co] 

Ethanol mix 0.992 0.657 0.190 0.153 

RAM mix 0.992 0.647 0.202 0.151 

RAM mix (50 g) 1.053 0.660 0.187 0.153 

 

Table III.3.4 Half-cell data for relithiated cathodes from solvent Y process 

 Ethanol mix RAM mix RAM mix (50 g) 

1
st

 Cycle Charge (mAh/g) 201.2 202.5 197.8 

1
st

 Cycle Discharge (mAh/g) 167.1 169.8 163.1 

4
th

  Cycle Charge (mAh/g) 168.2 170.2 167.5 

4
th

  Cycle Discharge (mAh/g) 167.0 170.0 165.2 

Half-cell testing data for the relithiated cathode powders are shown in Table III.3.4.  The capacity values for 

the relithiated cathode using RAM mixing were slightly higher than those from the ethanol mixing.  Because 

of this, RAM mixing was used for the scale-up relithiation.  These changes to the relithiation process have 

been updated into the EverBatt model and should result in lower costs associated with the solid-state process.   

For these studies, it was noted during processing that a small difference in performance was seen for most of 

the samples relithiated samples.  Initial analysis by XRD indicated no bulk sample impurities; however a more 

detailed analysis indicated that the surface contained LiF, probably from electrolyte salt decomposition. 

Addition of washing step was found to restore the anticipated capacities.  Some possible evidence for proton 

insertion on air exposure washing due to ion exchange was noted, we have initiated a collaborative study with 

Fulya Dogan and Sohyun Park to use MAS-NMR, a tool that can be specific to lattice protons, as a methods to 

evaluate any proton concentration.  Protons carried thru the process can interact and decompose the electrolyte 

salts in the reconstructed cells making HF and/or water.  

Ionothermal Relithiation 

Lithium-ion batteries (LIBs) with high energy density make a significant contribution to solving energy 

storage issues but simultaneously cause serious environmental issues due to their hazardous materials, such as 

carcinogenic heavy metals and toxic electrolytes.[1] With the rapidly increasing use of LIBs in our highly 

electrified society, proper handling of end-of-life (EOL) LIBs has become an urgent and promising task, in 

which the regeneration of highly valuable cathode materials such as lithium metal oxides is the primary and 

motivated objective at present.[2] The objective of this project is to develop a cost-effective ionothermal 

lithiation process that entails ionic liquids (ILs) or reciprocal ternary molten salts (RTMS) to relithiate and/or 

upgrade spent cathodes at ambient pressure and low temperature. ILs are a family of non-conventional molten 

salts that offer many advantages, such as negligible vapor pressures, negligible flammability, wide liquidus 
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ranges, good thermal stability, and much synthesis flexibility. The unique solvation environment of these ILs 

and RTMS provides new reaction or reactive flux media for controlling the formation of solid-state materials 

with a minimum perturbation of morphologies. In addition, ILs and RTMS can be readily recycled and reused 

after the ionothermal lithiation. During first 3 years of this project, ionothermal relithiation of chemically 

delithiated NMC111(D-NMC111) was extensively investigated under different reaction conditions. The effect 

of lithium precursor, the type of ionic liquid, different temperatures, and reaction time were studied. The 

recovered materials were analyzed by various characterization techniques including TGA, XRD, SEM, and 

ICP-OES, which demonstrate that our ionothermal approaches towards restoring Li into D-NMC111 for direct 

regeneration of cathode materials are promising and feasible.[3] Large scale lithiation experiments (50 g) have 

been successfully performed. Preliminary results show no significant difference in thermal stability, 

morphology, and electrochemical performance for the restored NMC111 in small or large scale ionothermal 

relithiations using either fresh IL and spent IL. During the project’s year 4, the ionothermal relithiation of spent 

NMC622 (SolveY_ORNL) in RTMS has been investigated at different experiment conditions providing 

promising and interesting results. The technoeconomic analysis has been performed using EverBatt model for 

the ionothermal relithiation process based on RTMS for spent NMC622 (SolveY_ORNL). EverBatt model 

indicates that this process for spent NMC622 (SolveY_ORNL) is around $19.21/kg, which is lower than those 

of conventional hydro recycling technologies ($25.22/kg), pyro recycling technologies ($30.11/kg), and virgin 

powder ($29.25/kg). 

The objective is to develop a flux relithiation method based on ionic liquids (ILs) or molten salts (MS) fluxes 

to relithiate the EOL LIBs cathode materials such as spent NMC 622 (SolveY_ORNL).  

During FY22, the ionothermal relithiation of spent NMC622 (SolveY_ORNL) in RTMS has been further 

investigated and scaled up. RTMS systems (LiCl/NaNO3) have been formulated with low eutectic point and 

moderate oxidation activity in order to relithiate spent NMC 622 (SolveY_ORNL). The ratio of molten salts to 

spent NMC 622 has been optimized to achieve large scale relithiation. The reuse of RTMS has been 

investigated to lower the cost of the ionothermal relithiation process. 

A high-temperature flux relithiation method based on reciprocal ternary molten salts (RTMS) fluxes to 

relithiate spent NMC622 (SolveY_ORNL) has been optimized (Figure III.3.22). The ratios of SolveY_ORNL 

to RTMS from 1:1 to 1:4 have been investigated. The XRD patterns of relithiated samples exhibited narrower 

peak splitting around 65°C compared to that of SolveY_ORNL, which is identical to that of pristine NMC 622. 

No changes in XRD patterns of relithiated samples were observed by varying mass ratio of SolveY_ORNL to 

RTMS (Figure III.3.23).  

 

Figure III.3.22 Schematic illustration of ionothermal relithiation process. 
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Figure III.3.23 XRD patterns of relithiated products under different mass ratios of SolveY_ORNL to RTMS. 

All the relithiated samples were used as active materials in cathodes, and paired with Li foil to evaluate their 

half-cell electrochemical performance. As shown in Figure III.3.24A, all the relithiated samples exhibited 

much higher capacities than that of SolveY_ORNL. Among relithiated samples, ReLi_NMC 622 (1:2) 

exhibited the highest capacities at 0.1 C for the first 4 cycles, which were identical to those of pristine NMC 

622. Except for ReLi_NMC 622 (1:1) all other relithiated samples exhibited better cycling performance than 

pristine NMC 622, because of their higher charge capacities at the 100th cycle (Figure I.1.24B). Best cycling 

performance was obtained at the mass ratio of SolveY_ORNL to RTMS 1:2. 

  

Figure III.3.24 Half-cell cycling performance (A) and the 100th half-cell charge capacities (B) of relithiated products under different 

mass ratios of SolveY_ORNL to RTMS. 

The ionothermal relithiation of SolveY_ORNL was scaled up to 50 g. Two batches of 50 g have been sent to 

ANL_CAMP for the full cell performance tests. For scale up synthesis, the mass ratio of SolveY_ORNL to 

RTMS is 1:2. The half-cell tests for ReLi-NMC 622 were performed before shipping out to ANL. As shown in 

Figure III.3.25A, ReLi-NMC 622 exhibited a high first charge capacity of 207 mAh/g at 0.1 C. The reversible 

charge and discharge capacities at 0.1 C were 170 and 169 mAh/g. During 120 charge/discharge cycles at 1 C, 

ReLi-NMC 622 exhibited better cycling performance than pristine NMC 622 (Figure III.3.25B). According to 

the feedback from CAMP, the relithiated samples through ionothermal process shows the best stability 

performance among different direct recycling methods. The assembled pouch cells are cycled at C/2 for 500 

cycles, which show comparable capacities with the pristine NMC 622. 
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Figure III.3.25 The first 4 charge-discharge curves(A) and cycling performance (B) of large scale ReLi_NMC 622 for half-cell tests. 

The technoeconomic analysis of ionothermal relithiation based on RTMS was performed by EverBatt model. 

As shown in Figure III.3.26A, the cathode regeneration cost by ionothermal relithiation is around $19.21/kg, 

which is lower than those of conventional hydro recycling technologies ($25.22/kg), pyro recycling 

technologies ($30.11/kg), and virgin powder ($29.25/kg). To further reduce cathode regeneration cost, the 

RTMS was collected after relithiation process. By optimizing the heating process, up to 90% of RTMS can be 

recovered for the second round of ionothermal relithiation. The XRD pattern reveals sharp peaks 

corresponding to NaCl, NaNO3, and LiNO3, which are consistent with the composition of fresh RTMS 

(Figure III.3.26B). The photo of recycled salts shows white powder, suggesting the absence of transition metal 

ions. By reusing 90% of RTMS for once, the cathode regeneration cost decreases from $19.21/kg to $14.88/kg, 

which is much lower than those of conventional recycling technologies. 

 

Figure III.3.26 (A) Costs of cathode regeneration by different methods analyzed by EverBatt model and (B) XRD pattern and photo 

of recycled RTMS. 

 



FY 2022 Annual Progress Report 

 Recycling and Sustainability 257 

Hydrothermal Relithiation 

The direct regeneration method based on hydrothermal relithiation with a subsequent short annealing step 

developed by UCSD team can successfully resolve the compositional and structural defects of chemically 

delithiated NCM111 (D-NCM111). It also recovers the electrochemical performance to the same level as the 

pristine Toda NCM111 (T-NCM111).1,2 The process parameters involved in the hydrothermal and annealing 

steps, such as temperature, time and the Li-bearing precursor composition, have been extensively explored and 

optimized. The life cycle analysis indicates the optimized direct recycling method is significantly 

advantageous in terms of operation cost, greenhouse gas emissions, and energy consumption compared with 

currently commercialized pyrometallurgical and hydrometallurgical recycling routes. Moreover, the underlying 

relithiation mechanism has been thoroughly studied with advanced characterizations and density functional 

theory calculation, which is favorable for designing rational routes to directly recycle a diverse range of 

cathode materials, such as NCM622. In order to validate the process for practical adoption, the possibility of 

achieving a larger-scale regeneration should be also explored. Extensive characterization and electrochemical 

testing have been performed to demonstrate the scalability of the hydrothermal relithiation process. 

This project is to validate the hydrothermal relithiation process for spent NCM cathode materials such as 

NCM111 and NCM622, the process parameters involved in the hydrothermal relithiation, washing and 

annealing steps have been explored, including the possibility of achieving a reasonably large-scale (e.g., > 

100g per batch) regeneration for NCM111 and NCM622 in a more economical way. 

The feasibility and scalability of hydrothermal relithiation for spent, delithiated NCM111 and NCM622 will be 

evaluated through extensive characterization, electrochemical testing as well as the life cycle analysis. 

In the past four quarters, we validated our direct regeneration process for high Ni materials (cycled NCM622 

or C-NCM622) through coin cell test with 4 M LiOH at 220°C followed by annealing at 850°C and scaled up 

the process from 1 g to 50 g with two different batches (HS-NCM622-50g-Round 1 and HS-NCM622-50g-

Round 2). Both of them show capacity retention of ~92% at C/3 after 50 cycles in half cell, achieving same 

level of the capacity of pristine NCM622 (T-NCM622) as shown in Figure III.3.27. This indicates the cycled 

NCM622 can be recovered effectively at scale of 50g using our hydrothermal treatment method. 

 

Figure III.3.27 Voltage profiles (a) and cycling stability (b) of the cycled NCM622, the pristine NCM622 and NCM622 regenerated 

at 220oC at 50g scale followed by annealing at 850°C in two batches (C-NCM622, T-NCM622, HS-NCM622-50g-Round 1, HS-

NCM622-50g-Round 2). 

We also validated that in our direct regeneration process for C-NCM622, the 4M LiOH solution can be 

replaced by 2M LiOH with 2M KOH (HS-NCM622-2M LiOH&2M KOH) or 3M LiOH with 1M KOH (HS-

NCM622-3M LiOH&1M KOH) mixture solutions while maintaining the same effectiveness of relithiation 

(capacity retention of ~92% at C/3 after 50 cycles in half cell), which can effectively reduce the overall 

regeneration costs3 as shown in Figure III.3.28. 
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Figure III.3.28 Voltage profiles (a) and cycling stability (b) of samples treated by the mixture solution of 0.1M LiOH with 3.9M KOH, 

1M LiOH with 3M KOH, 2M LiOH with 2M KOH, 3M LiOH with 1M KOH, and 4M LiOH as well as the control samples (C-NCM622 

and T-NCM622). 

We also worked on further scaling up the regeneration process from 50 g to 100 g for D-NCM111 with two 

approaches: optimizing washing steps or applying a scavenge agent to remove alkaline residues on the surface 

of NCM111 after hydrothermal reaction. After optimizing washing steps, these results indicate that the ratio of 

around 40ml water (HS-NCM111-100g-40ml/g wash) among the test range to wash 1g HT-NCM111 can be 

effectively to regenerate D-NCM111 at scale of 100g using our hydrothermal treatment method. Inadequate 

washing (HS-NCM111-100g-20ml/g wash) will cause relative lower capacity retention which may be caused 

by the increased charge transfer resistance at the electrode/electrolyte interface from excessive alkaline 

residues on the NCM111 surface. On the other hand, the relative lower capacity retention could also be caused 

by proton exchange from excessive washing, ratio of 60ml (HS-NCM111-100g-60ml/g wash) or 80ml (HS-

NCM111-100g-80ml/g wash) water. However, requiring 40ml of washing water per gram of cathode material 

would mean that, 40L (10.5669 gallons) of water is needed to recycle 1kg spent NCM111 in washing steps 

only, which is not promising for further scale up process. (See Figure III.3.29.) 

 

 

Figure III.3.29 Voltage profiles (a) and cycling stability (b) of the pristine NCM111, the delithiated NCM111 regenerated at 220oC 

at 100g scale, use the ratio of 20ml, 40ml, 60ml, 80ml water respectively to wash 1g HT-NCM111, followed by annealing at 

850°C (T-NCM111, HS-NCM111-100g-20ml/g wash, HS-NCM111-100g-40ml/g wash, HS-NCM111-100g-60ml/g wash, HS-

NCM111-100g-80ml/g wash). 

To mitigate these washing issues, we also tried removing lithium residues via a scavenge agent. The relithiated 

NCM111 was washed using the ratio of 1.6ml water, followed by annealing at 850 ºC (denoted as ‘HS-

NCM111-100g-1.6ml/g wash’). After the scavenging agent was applied (denoted as ‘HS-NCM111-100g-

1.6ml/g wash + scavenge agent’), the initial capacity was up to 153.9 mAh/g at C/3, and it could achieve the 

capacity retention of 93.2%, achieving the same level of capacity retention as the T-NCM111 (93.2%). This 

indicates the effectiveness of using a scavenging agent to remove alkaline residues on the surface of 
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regenerated NCM111 that can be recovered effectively at scale of 100g using our hydrothermal treatment 

method. (See Figure III.3.30 

 

Figure III.3.30 Voltage profiles (a) and cycling stability (b) of the pristine NCM111, the delithiated NCM111 regenerated at 220oC 

at 100g scale, use the ratio of 1.6ml water to wash 1g HT-NCM111, followed by annealing at 850°C, and the delithiated NCM111 

regenerated at 220oC at 100g scale, use the ratio of 1.6ml water to wash 1g NCM111 after hydrothermal reaction, followed by 

annealing at 850°C, and then apply scavenge agent on the surface of NCM111 (T-NCM111, HS-NCM111-100g-1.6ml/g wash, 

HS-NCM111-100g-1.6ml/g wash + scavenge agent). 

Relithiation via Redox Chemistry 

Direct recycling of lithium-ion battery (LIB) material is gaining momentum to keep up with the electric 

vehicles (EVs) consumer demand.1 Recycling of LIBs is motivated by environmental regulation2 and material 

constraints.3 The speed, cost, and scale of direct recycling of LIBs will determine how quickly it gets adopted 

widely.2,3,4 Under ReCell Center led by Argonne National Laboratory (ANL), relithiation of spent cathode 

materials are explored using hydrothermal, ionothermal, solid state, and relithiation via redox mediators.5  

Relithiation via redox mediators uses quinones (redox mediators) to restore lithium content in recovered spent 

cathode material.5,6 The project uses redox mediators to directly recycle End-of-Life (EOL) cathode material 

using redox mediator chemistry approach. The redox mediators shuttle charges between EOL cathode material 

and a lithium source such as Li metal or lithium salts (i.e., LiOH, LiCl, Li2CO3, etc.).6 The process inserts 

lithium ions into the EOL material without damaging the structure. The project demonstrates a path to scale up 

process for directly recycling cathode materials. The developed approach is rapid, cheap, operates at relatively 

low temperature, and the degree of lithium deficiency of the starting EOL cathode is not required to design the 

redox relithiation reaction.6 

In FY20 and FY21, this relithiation process was successfully used in direct recycling of chemically delithiated 

NMC111.6 Seven redox mediators were first screened to determine which one had the most compatible 

reduction potential against lithium and the fastest charge shuttling kinetics. DTBQ redox mediator was selected 

to carry out relithiation reaction of delithiated NMC111.6 Materials were successfully relithiated to a first 

charge capacity of 182.5 mAh/g, which is comparable to the first charge capacity of the pristine cathode 

material (184 mAh/g).6  

In FY22, the redox relithiation approach was used to explore the relithiation of commercial EOL NMC622. 

However, due to the high cost of the DTBQ redox mediator and the high temperature required to remove it 

during annealing, an alternative redox mediator was required to optimize the relithiation reaction and reduce 

cost. The new redox mediator needs to be cheap to reduce the cost of the process, soluble in DME to form 

lithium rich solvent, and stable during relithiation of EOL NMC622 material. 

The initial objective for FY22 was focused on optimizing the redox reaction and reducing cost of the process 

by introducing a new redox mediator. Different quinones were obtained and screened. A cheap, soluble in 

DME, and stable redox mediator was selected. This new redox mediator was used to address the next objective 

which was to transition from relithiating chemically delithiated materials to relithiating commercial EOL 
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NMC622 materials that had been cycled to 20% capacity loss. Additionally, we were given the objective of 

scaling up relithiation of EOL materials to 50g batches. The relithiated EOL NMC622 materials were 

characterized using XRD, ICP, and SEM. The performance was characterized using electrochemical analysis. 

In FY22, six new redox mediators were screened to obtain the replacement for DTBQ redox mediator. The 

new redox mediator was used to relithiate solvent Y EOL NMC622 material provided by Oak Ridge National 

Laboratory (ORNL) and ANL. The solvent Y EOL NMC622 and the relithiated solvent Y EOL materials were 

characterized using XRD to study the structure, SEM to study the morphology, and ICP-OES to determine the 

lithium content. The redox mediator is dissolved in DME to make 0.5M concentration of redox mediator 

solvent. The redox mediator solvent is reduced when lithium metal is added into the solvent and stirred 

overnight. Then at 60°C the oxidation reaction takes place when EOL NMC622 is added into the lithium-rich 

solvent, and the solution is stirred for 2hrs during the reaction. This new redox mediator is unique because it 

does not need additional lithium source. In the previous work, lithium chip enclosed in a Celgard separator was 

used during the reaction, however, this is not required for the new process.  The relithiated material is filtered 

and rinsed 3 times with fresh DME before annealing at 720°C for 4hrs. In FY22, both the relithiation reaction 

and cost of the process were optimized.  

In FY21, the redox mediator was determined to be the most expensive component of direct recycling through 

relithiation via redox mediators by cost modelling using EverBatt. Therefore, cost optimization was explored 

in FY22. Seven different redox mediators with different chemistries were explored to optimize the redox 

chemistry relithiation reaction are listed in Table III.3.5.  

Table III.3.5 Redox mediator cost and capacities 

Redox Mediators 

 

Redox mediator 

symbol 

Cost ($) Based on 

Concentrations 
Capacity (mAh/g) 

0.5M 1M charge discharge 

1,4-Naphthoquinone NQ 0.73 1.13 173.83 99.44 

anthraquinone AQ 0.83 1.13 175.09 123.59 

2,5-di-tert-butylhydroquinone DTBHQ 1.21 1.50 170.85 130.55 

9,10-phenanthrenequinone PAQ 7.44 7.55 - - 

2-tert-butyl-1,4-benzoquinone TBBQ 8.55 8.94 129.40 127.75 

2,6-di-tert-butyl-1,4-

benzoquinone 
DTBBQ 13.81 14.10 135.31 99.14 

3,5-di-tert-butyl-o-benzoquinone DTBQ 15.49 15.78 - - 

The factors considered during the selection process were cost, solubility, and redox reaction potential and 

kinetics for each redox mediator. First, the cost of the redox mediator was determined using their purchase cost 

from Sigma Aldrich and were compared based on 0.5M and 1M concentrations of the redox mediator. The new 

redox mediator needed to be cheaper than DTBQ. The calculated cost for 0.5M and 1M concentrations is 

shown in Table III.3.5. The redox mediators have varying costs with 3,5-di-tert-butyl-o-benzoquinone (DTBQ) 

being the most expensive and 1,4-Naphthoquinone being the cheapest.  Since all the new redox mediators were 

lower in cost than DTBQ, they all made it through to the next stage of the selection process. 
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The next step of the selection process was verifying that each redox mediator was soluble in DME which is 

required to make the lithium rich solvent to carry out relithiation. To test the solubility of each redox mediator, 

0.5M and 1M concentrations of the different redox mediators were prepared using 8mL DME and calculated 

masses. The redox mediators were added into 8mL DME and stirred overnight. As shown in Figure III.3.31, all  

 

Figure III.3.31 Redox mediator solubility in 1,2-dimethoxyethane (DME). 

the redox mediators dissolved in DME except 9,10-phenanthrenequinone (PAQ) and anthraquinone had a 

partial solubility. Even though anthraquinone is among the cheapest quinone on the list, due to insolubility, it 

was eliminated along with PAQ. 

Finally, the remaining redox mediators were evaluated based on their redox potential against lithium and rapid 

reaction kinetics while fully relithiating EOL NMC622 material.  To determine the most compatible redox 

mediator with EOL NMC622 material, the 0.5M and 1M concentration redox mediators in DME were used as 

electrolyte in half type-coin cells. The solvent Y EOL NMC622 was used as a cathode and the lithium metal 

was used as an anode. Then the coin cells sat at open circuit voltage for 4000 minutes without applied current 

and the potential of the cell was monitored. All redox mediators had completed the lithiation reaction at 1500 

minutes except 9,10-phenanthrenequinone as shown by the potential drops in Figure III.3.32a. Then the coin 

cells were disassembled. The cathodes were rinsed using fresh DME and then reassembled using 1.2M LiPF6 

EMC:EC 50:50 (v/v) (Gen 2) electrolyte.  The reassembled coin cells were then cycled at C/10. Then the 

capacities were compared.  DTBHQ showed the highest discharge capacity of 130.55 mAh/g as shown in 

Table III.3.5 and Figure III.3.32b, so it was chosen as the new redox mediator for the rest of the results shown 

for this fiscal year. The structure and morphology of pristine, EOL NMC 622 and relithiated EOL NMC622 

material using DTBHQ was compared to evaluate the success of the new redox mediator.  The XRD patterns 

showed no extra peaks for impurities and shifting of the c-axis indicative of lithium reinsertion as shown in 

Figure III.3.33a. The redox mediator burnt off at 350°C as shown in Figure III.3.33b. Thermogravimetric 

Analysis (TGA) and Derivative Thermo-Gravimetric (DTG) techniques were used to determine the kinetic 

parameters of the redox mediator. At around 350°C there is an 89.8% weight loss change in the redox mediator 

and the rate of change of weight of the redox mediator occurs at 10.2%. Therefore, the heat treatment at 720°C 

to anneal the relithiated NMC 622 should remove all the redox mediator in the relithiated NMC622 material. 

The SEM morphology shows similar structure with all the material as shown in Figure III.3.33c. The material 

structure is well-preserved after relithiation, and no damage is observed after annealing.  
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Figure III.3.32 Redox mediator screening (a) open circuit voltage, (b) charge and discharge capacity of the relithiated material 

 

Figure III.3.33 (a) XRD patterns of pristine NMC622, solvent Y EOL NMC622, and relithiated NMC622 materials. (b) 

decomposition kinetics of redox mediator. (c) morphology images of pristine NMC622, solvent Y EOL NMC622, and relithiated 

NMC622. 

The performance of the relithiated material from redox mediators DTBQ and DTBHQ were also compared. 

The relithiation of 5g of EOL cathode material using 0.5M concentration of lithium rich DTBHQ and DTBQ 

redox mediators was carried out. The materials from relithiation using DTBHQ redox mediator showed better 

C/10 cycling performance compared to materials from relithiation using DTBQ redox mediator from previous 

work as shown in Figure III.3.34 and Table III.3.6.  
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Figure III.3.34 Capacity for materials relithiated using the new and old redox mediators. 

Table III.3.6 Capacities for materials relithiated using new and old redox mediators. 

 New Redox Mediator (DTBHQ) Old Redox Mediator (DTBQ) 

Cycle  Charge (mAh/g) 
Discharge 

(mAh/g) 
Charge (mAh/g) 

Discharge 

(mAh/g) 

1 212.30 186.36 198.61 157.79 

2 186.58 186.24 158.26 157.21 

3 187.03 186.30 157.70 156.60 

 

ICP-OES data was used to determine the lithium content in the powder after relithiation. The lithium ratio is 

restored from 0.844 to 1.094 for solvent Y EOL NMC622. The restored lithium content is close to the lithium 

ratio 1.055 of Targray pristine NMC622. To demonstrate the scalability of this process, 50g of EOL NMC 622 

material was relithiated using a 1M DTBHQ solution. The relithiated NMC622 material from the scale up 

process had lower reversible capacities of around 130 mAh/g compared to the 5g batches shown above. The 

cause of this drop in capacity for the 50g scale up relithiated NMC622 material is a focus for ongoing research 

in this project and we are optimistic it can be addressed in the next fiscal year.  Potential factors that could be 

leading to this drop in capacity could include annealing temperature, redox mediator concentration, EOL 

NMC622 material mass to redox mediator solution ratio or changes in pH of the redox mediator solution at 

higher volumes. 

Electrochemical Relithiation 

The scope of this project was to develop a direct recycling method that utilizes electrochemical relithiation for 

EoL (End of Life) battery cathodes. The electrochemical relithiation protocol developed by this project was 

optimized for application to large scale direct recycling such as roll to roll processes.  This means that the 

electrochemical relithiation was optimized for rapid relithiation to reduce cost by minimizing the amount of 

time the EoL cathodes must be in an electrochemical bath during lithiation.  Scanning voltage discharge 

protocols at elevated temperatures have been identified as promising candidates for rapid relithiation of EoL 

NMC 111 cathodes that were electrochemically aged in coin cells.   
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In FY22, the aim of this project was to continue to optimize electrochemical relithiation protocols by 

incorporating model-driven process parameters and applying them a wider range of commercial cathode 

compositions cycle aged in large format cells.  In Q2, this project had a milestone to develop a rapid 

electrochemical relithiation protocol for end-of-life NMC 622 cathode materials that achieves >95% capacity 

recovery compared to virgin NMC 622 cathode materials. 

Over the course of this project, a novel model-driven technique was developed to design optimal rapid 

electrochemical relithiation protocols.  The EoL material that needed to be relithiated would first be analyzed 

to determine overall lithium loss and to determine if any surface degradation had occurred that would lead to 

increased impedance to relithiation.  Once the material had been characterized, a novel continuum scale model 

was utilized for rapid screening of relithiation protocols including multi-step constant current (CC), constant 

voltage (CV) and scanning voltage options.  The model was validated to replicate initial experimental data 

followed by full parametric variation including varying current rates, scanning voltage step thresholds, scan 

rates and temperature.  Utilizing this model-driven approach was an efficient and reliable way to reduce the 

time taken to find the optimal relithiation protocol for a given material. 

For the FY22 Q2 milestone, a commercial cycled NMC 622 cathode material was provided to test the 

electrochemical relithiation technique.  The available NMC 622 material was cycled at higher temperatures 

and to a greater degree of capacity loss than our previous NMC 111 materials that were used to validate our 

electrochemical relithiation technique.  The key differences between these two materials affecting the 

performance of our electrochemical relithiation technique are shown by comparing the exchange current 

density and diffusivity of the two materials in Figure III.3.35.  Both diffusivity and exchange current density of 

the cycle aged commercial NMC 622 cathode are much lower compared to the NMC 111 material.  From this 

we can conclude that the NMC 622 material has a much higher impedance to relithiation.  The previous 

relithiation protocol developed for the cycled NMC 111 material was used for the EoL NMC 622 material.  

The protocol involved a high constant current of 2.5C until the voltage reached 3.3V followed by a scanning 

voltage step to 2.8V.  Figure III.3.36a and b show that the high impedance to relithiation causes the potential to 

drop almost immediately to 3.3V followed by less than 10 mAh/g of capacity restored during the scanning 

voltage step.  After continued model validation of the new commercial NMC 622 material parameters, the new 

suggested protocol was determined to be a constant current step to 2.8V at C/25 followed by a scanning 

voltage step from 2.8V to 2.5V at 0.1 mV/s at 60°C.  This protocol took about 3 hours which was the 

minimum time the model predicted for relithiating the commercial NMC 622 material without resorting to 

higher temperatures requiring more thermally tolerant electrolyte.  Reducing the relithiation rate and increasing 

the temperature for electrochemical relithiation allowed us to restore the first charge capacity of the material to 

183 mAh/g at a C/10 rate followed by a reversible charge and discharge capacity of 145 mAh/g.  These values 

show that the electrochemical relithiation technique does not sufficiently restore the material to 95% of the 

pristine NMC 622 performance. 



FY 2022 Annual Progress Report 

 Recycling and Sustainability 265 

 

Figure III.3.35 Exchange current density and diffusivity of cycled aged NMC111 and cycle aged commercial NMC 622 cathode 

materials with respect to lithium content 

 

 

Figure III.3.36 a) Capacity restored to commercial NMC 622 and b) relithiation time for rapid relithation protocol 

Since the electrochemical relithiation method was successful for the cycle degraded NMC 111, but not as 

successful at restoring the performance of the cycle degraded commercial NMC 622, it was important to 

understand what the determining factors are for electrochemical relithiation to be successfully applied to an 

end of life (EoL) cathode material.  We chose to characterize the degradation characteristics of the commercial 

NMC 622 and to apply some potential mitigation techniques to help understand the limitations for the 

electrochemical relithiation technique when material degradation occurs.  Possible sources of degradation in 

this EoL NMC cathode materials are lithium loss through SEI formation, mechanical degradation, impedance 

from surface impurities and surface deconstruction.  The first degradation mode that we investigated was 

mechanical degradation of the NMC 622 particles themselves.  We checked specifically for excessive 

interparticle cracking within the primary particles of the NMC 622 using SEM imaging as shown in Figure 

III.3.37. 
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Figure III.3.37 SEM imaging of EoL commercial NMC 622 prior to any rinsing or relithiation 

The SEM images reveal that the NMC 622 particles have some minor intergranular cracking that can most 

probably be attributed to calendaring of the electrodes and is unlikely to be the main cause of the differences in 

performance between these materials and the NMC 111 electrodes since both underwent calendaring steps. 

The next degradation mode we investigated and hoped to mitigate was surface species on the cathode material 

surface causing impedance to relithiation.  The EoL commercial NMC 622 cathode was delaminated using 

ORNL’s solvent y procedure and sent to NREL in powder form.  Previous work within the consortium had 

identified that the electrochemical relithiation process was one of the few processes that had LiF remaining on 

the surface of these materials after the process was complete.  We attempted to remove the LiF and any other 

blocking species by using an additional solvent washing step before recasting the EoL powder material.  The 

powder was immersed in 10mL of either acetone or water and sonicated for 10 minutes or the material 

underwent NREL’s black mass purification (BMP) that utilizes an alkaline solution.  Figure III.3.38 shows the 

surface species remaining after each of these procedures as characterized by XPS.  The EoL commercial NMC 

622 material prior to any additional solvent washing has some LiPF6 species that were removed by BMP.  

 

Figure III.3.38 XPS analysis of surface species on treated and untreated EoL commercial NMC 622 

Samples that underwent solvent y delamination were shown to have LixPOyFz species post-treatment.  Both 

the additional acetone rinse and water rinse did not remove these LixPOyFz species that appeared after 

delamination with solvent y.  However, some C-O species appeared to be removed by either rinsing step which 

appear to be coordinated with an increase in the LiF peak.  It could be that rinsing in these solvents removes 

mostly C-O species and reveals the LiF layer underneath.  The rinsed samples were recast on copper foil with 

90:5:5 wt% active material, PVDF binder and carbon conductive additive to test how the rinsing steps affected 

the cycling performance of the EoL commercial NMC 622. Figure III.3.39 shows the capacity achieved for the 

first four charge/discharge cycles at C/10 for these recast electrodes. Neither solvent appeared to have a 
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significant effect on the cycling performance. These results indicate that the underlying issue preventing 

electrochemical relithiation from successfully fully relithiating these EoL commercial NMC 622 material is not 

addressed with the usual solvent rinsing steps we attempted here. 

 

Figure III.3.39 C/10 cycle performance of EoL commercial NMC 622 after additional rinsing step 

XRD data was also taken for the EoL electrode material before and after the delamination step and with the 

previously listed rinsing steps attempted at NREL in order to analyze bulk structural changes. Figure III.3.40 

shows the bulk structure of the EoL commercial NMC 622 is not drastically altered after delamination or after 

any rinsing step other than c-axis shifting inherent in delithiated material.  While no rietveld refinement has 

been done on this set of data at NREL, work from ReCell consortium partners has shown evidence of possible 

cation exchange in the structure of the NMC 622 material. 

 

Figure III.3.40 XRD analysis of structure of treated and untreated EoL commercial NMC 622 

Solid State Cathode Upcycling 

Battery upcycling is a process used to recover materials from previous generations of energy storage materials, 

reverse the effects of degradation and impurity build-up, and alter the stoichiometry to supply new materials to 

the market and lower the overall costs of energy storage.  A significant issue in this growing market is that 

batteries supplied to recyclers reflect chemistries from 5-10 years ago, while current cathodes have moved to 

more nickel-rich, incorporated new dopants, and added coatings to acheive higher energy density and longer-

lived materials compositions. As these changes in chemistry and cell design continue to evolve, the materials 

recovered for recycling are less likely to match with those needed in the current marketplace.  In addition to the 

available materials stream, materials from non-transportation sectors may also play a role in adding anomalous 
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materials to the waste stream, for instance LiCoO2 from consumer electronics.  We are designing and evaluating 

methods to upcycle the metal ratios of recovered cathode materials to convert them to more current cathode 

formulations that are more relevant to the marketplace.  Our focus is upcycling our bassline cathode NMC333 

(LiNi0.33Mn0.33Co0.33O2) system to NMC622 and NMC811.  Moving towards NMC811 is more than a 

stoichiometric extension from NMC622 due to small differences in cation ordering and electronic structure that 

make NMC811 more similar to a stabilized LiNiO2 type cathode. For upcycling, additional details related to the 

NMC811 cation diffusion and oxide stability will be investigated. We are working with cross-cutting teams led 

by Fulya Dogan and Tim Fister to employ additional characterization methods that probe the structural changes 

in the upcycled material.  

The objective is to develop a thermally driven coating-based method that utilizes methods similar to initial 

CSTR-type synthesis methods to upcycle the stoichiometries of NMC333 to NMC622 and eventually 

NMC811. 

Utilizing a CAMP-supplied NMC333, we have been investigating the role of materials coatings and methods 

in the upcycling to NMC622.  In our previous work we have examined the role of metal salts (nickel, 

manganese, cobalt, or lithium) deposition in creating a viable stoichiometric coating method, atmosphere, 

oxidation state of the nickel, complex hydroxide formation, annealing protocols, and the role of time at 

temperature to produce a quality NMC622 product.  In this past year we have improved our material cycling 

performance significantly by improving the coating and annealing process, and achieving a homogenous cation 

distribution (by XAS-based and EBSD data)  however we have not achieved full expected NMC622 

performance. Efforts with the new characterization resources available to the teams are being utilized to 

investigate non-bulk sources of impedance, interfacial phases, and small level impurities. 

The work this past year focused on re-evaluating the 1) annealing processes with a goal to improve 

performance, 2) investigating various routes to control samples particle size, and 3) work with Tim Fister at 

APS to examine the role of cation diffusion at temperatures and the metastable nature of the initial surface 

phases formed.   

Several products that were originally prepared from 690°C -820°C were mixed with additional LiOH and re-

annealed to 850°C under oxygen atmosphere.  Figure III.3.41 shows the XRD data for a sample originally 

prepared at 700°C and the 850°C re-anneal.  In the XRD, notable differences appear at higher angles, where 

the re-annealed product shows improved separation between the 108 and 110 peaks, with elimination of an 

intermediate peak seen in this region.  Similar changes were also observed for the other re-annealed products. 

The morphology changes upon re-annealing were evaluated using SEM (Figure III.3.42).  Following 

annealing, the primary particles at the surface appeared to be better defined and are larger in size.  Compared 

to the overall particle growth from the starting NMC, there was not further overall particle growth as a result of 

the second annealing step.   
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Figure III.3.41 XRD of an upcycling product before and after re-annealing to 850°C (left) and expanded view of higher angle peaks 

(right) 

 

Figure III.3.42 SEM images of (a) upcycling products annealed at 720°C and (b) re-annealed at 850°C. 

Elemental composition for upcycling products was evaluated using GDOES and EDS (Table III.3.7).  The 

GDOES compositions show lithium contents slightly higher than target values.  The amount of lithium added 

during the re-anneal can be reduced in order to maintain the target content.  The transition metal composition 

remained consistent with the high nickel content from the original annealing.  Compared to previous results, 

there is better agreement in the transition metal contents measure from GDOES and EDS.  This may indicate a 

more uniform elemental distribution than was observed previously. Half cell testing data for the re-annealed 

upcycling products are are shown in Table III.3.8 and Figure III.3.43.  The re-anneal of the product originally 

prepared at 710°C in air had the highest capacity out of these samples.   
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Table III.3.7 Elemental composition for re-annealed upcycled products measured using GDOES and EDS 

(values in parentheses) 

Original 

Temperature 
[Li] [Ni] [Mn] [Co] 

690°C 1.134 
0.622 

(0.630) 

0.176 

(0.185) 

0.201 

(0.186) 

690°C 1.051 
0.597 

(0.624) 

0.211 

(0.193) 

0.192 

(0.184) 

710°C 1.130 
0.623 

(0.625) 

0.174 

(0.179) 

0.203 

(0.196) 

710°C 1.123 
0.597 

(0.597) 

0.205 

(0.219) 

0.199 

(0.184) 

715°C 1.098 
0.539 

(0.613) 

0.236 

(0.198) 

0.225 

(0.189) 

820°C 1.146 
0.617 

(0.632) 

0.184 

(0.188) 

0.199 

(0.180) 

 

Table III.3.8 Half-cell data for upcycled products 

Original 

Temperature 690 C air 690 C O
2
 700 C air 700 C O

2
 710 C air 800 C O

2
 820 C air 

1
st

 Cycle 

Charge 

(mAh/g) 
173.30 163.84 168.22 177.36 179.39 153.58 165.19 

1
st

 Cycle 

Discharge 

(mAh/g) 
141.38 129.20 129.25 139.55 149.88 121.16 137.06 

4
th

 Cycle 

Charge 

(mAh/g) 
139.30 122.70 110.23 136.99 146.84 121.65 137.29 

4
th

  Cycle 

Discharge 

(mAh/g) 
138.33 121.27 108.48 133.91 145.44 120.91 136.35 
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Figure III.3.43 Half-cell rate performance for re-annealed upcycling products   

In addition to controlling the stoichiometry of these new samples, we continue to be aware that that possible 

end-users are typically concerned with the average particle size of the products purchased.  In previous years 

we were able to show that the upcycling of NMC333 to NMC622 using these thermally driven coating 

methods typically resulted in an average particle size increase from 12-15 um to 16-18 um. In response to 

previous comments, we initiated a particle size reduction study of these materials and evaluated mainly 

methods to controllably dissolve the surface, once the particles have achieved a homogenous stoichiometry.   

Specifically we have used common mineral acids to control the particle size, taking advantage of a relatively 

straightforward dissolution process.  In these studies the performance of the materials was found to have been 

damaged by the process.  Based on TGA data we were able to infer some ion exchange occurs, as expected 

with acid exposure, and re-lithiation is required.  To better understand this particle reduction process we have 

enlisted Fulya Dogan (CSE/ANL) as our local-environment MAS-NMR expert to evaluate the role of ion-

exchange. These tools are useful to ascertain the amount, depth, and environment of inserted protons and will 

give us a new tool to identify pathways to a less surface destructive process if particle size reduction is deemed 

an essential component of the ReCell effort. 

In support of our upcycling effort, we have initiated a new APS collaboration with Tim Fister to investigate the 

role of reaction kinetics in forming a viable Li-Ni-O coating on the surface of the NMC333 to drive the 

product to NMC622.  Initial studies indicate that a critical but poorly crystalline phase forms at the interface 

over a narrow temperature window and that acts to nucleate the desired NMC phase. In addition, related to the 

coating synthesis, we have seen that the best process appears to limit the amount of excess lithium with sulfate 

salts as coating precursors. Early data shows that while high temperature XRD shows clean patterns, on 

cooling residual surface sulfate appears to combine with available lithium to form crystalline Li2SO4. In a 

situation similar the results seen in the relithiation studies, the materials synthesis and processing needs to be 

modified to add a wash step to clean the surface to slightly improve the electrochemical performance. 
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Ionothermal Upcycling 

The direct recycling can hardly sustain the fast development of cathode materials because the recycling of 

End- of -Life lithium batteries (EOL LIBs) generally happen years later after production.[1] Beyond the direct 

recycling, the direct upcycling is to upcycle spent cathodes to the next-generation cathodes, which is of great 

significance to maximize the value of spent materials and to sustain the fast development of LIBs. [1] The key 

process of upcycling technology is to heal the compositional and structural defects of degraded Li-deficient 

cathode particles, which can retain the highly added value of cathode particles to the maximum extent. Unlike 

the slight weight change during the relithiation process,[2] a significant weight change of NMC will happen 

during the upcycling process because of the insertion of Li, Ni, and O, which requires a high temperature to 

construct layered structure. Besides, the sufficient oxidation of inserted Ni2+ to Ni3+ is required to minimize 

lattice oxygen vacancies and Li/Ni antisite defects in Ni-rich NMC. Reciprocal ternary molten salts (RTMS) 

are those molten salts containing two cation species and two anion species that offer many advantages, such as 

negligible vapor pressures, negligible flammability, wide liquidus ranges, good thermal stability, and much 

synthesis flexibility.[3] The objective of this project is to develop a cost-effective ionothermal process to 

upcycle chemically delithiated NMC111(D-NMC111) to NMC 622 in reciprocal ternary molten salts (RTMS) 

at ambient pressure. 

The objective is to develop an ionothermal flux method based on reciprocal ternary molten salts (RTMS) to 

upcycle D-NMC 111 to Ni-rich NMCs (e.g. NMC622 and NMC811).   

In FY22, ionothermal upcycling experiments of D-NMC111 to NMC622 has been extensively investigated 

under different reaction conditions. The effect of lithium and nickel precursors in RTMS, different 

temperatures, and reaction time have been studied. The upcycled materials have been analyzed by various 

characterization techniques including TGA, XRD, SEM, and ICP-OES, which validated our feasible 

ionothermal approaches for not only restoring Li into D-NMC111 but also upcycling D-NMC111 to NMC622. 

Systematic lab-scale experiments have been performed and investigated. The scale-up experiments (50 g) have 

been performed for the full cell tests at ANL_CAMP. The ionothermal upcycling of D-NMC 111 to NMC 811 

has been initially investigated.  

A high-temperature flux method based on reciprocal ternary molten salts (RTMS) fluxes for upcycling  D-

NMC111 to NMC622 (Up-NMC622) has been optimized (Figure III.3.44).  

 

Figure III.3.44 Schematic illustration of ionothermal upcycling process. 

Compared to D-NMC111, NMC622 has a narrower peak splitting between (108) and (110) in XRD pattern 

due to its higher Ni content (Figure III.3.45). The XRD patterns of Up-NMC622 and Pristine NMC622 reveal 

same features that the split between (108) and (110) in XRD pattern of Up-NMC622 is similar to that of P-

NMC622 (0.56° vs 0.55°). D-NMC 111 had a chemical composition of Li0.93Ni0.33Co0.33Mn0.33O2 calculated 

from inductively coupled-plasma optical emission spectroscopy (ICP-OES) results. The chemical composition 
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of Up-NMC622 is Li1.08Ni0.63Co0.19Mn0.18O2, almost coincides with that of Pristine NMC622 

(Li1.05Ni0.62Co0.19Mn0.20O2), suggesting the successful upcycling in chemical composition (Figure III.3.46).  

  

Figure III.3.45 XRD patterns showing survey spectrum and zoom-in peaks of D-NMC111, Pristine NMC622, and Up-NMC622. 

 

Figure III.3.46 Metal molar ratios of D-NMC 111, Pristine NMC622, and Up-NMC622 based on ICP results. 

All the NMC samples were used as active materials in cathodes and paired with Li foil to evaluate their half-

cell electrochemical performance. As shown in Figure III.3.47A, the first charge capacity of Up-NMC622 is 

195.4 mAh/g, close to that of pristine NMC622 (197.3 mAh/g), much higher than that of D-NMC 111 (140.5 

mAh/g). In addition, the charge-discharge capacities of Up-NMC622 are close to those of Pristine NMC622 

(Figure III.3.47C), and much larger than that of D-NMC111 during 100 cycles, validate the sustainable 

superior performance of Up-NMC622 in half-cell tests. In full cell tests, Up-NMC 622 exhibited similar 

capacities to pristine NMC622, and higher capacities than D-NMC 111 over 100 cycles at a higher specific 

current of 200 mA/g. Therefore, the RTMS flux method is effective for the upcycling of D-NMC111 to Up-

NMC622. The ionothermal upcycling was scaled up to 50 g. 50 g of Up-NMC622 has been sent to 

ANL_CAMP for full pouch cell tests.  

The upcycling of D-NMC111 to Up-NMC811 was also investigated by RTMS flux method. After upcycling, 

the chemical composition of Up-NMC811 is Li1.08Ni0.79Co0.11Mn0.10O2, which coincides with that of P-NMC 

811 (Li1.07Ni0.76Co0.12Mn0.12O2), suggesting the successful upcycling of chemical composition. The XRD 

patterns of Up-NMC811 and Pristine NMC811 reveal same features that the split between (108) and (110) in 

XRD pattern of Up-NMC811 is similar to that of P-NMC811 (0.40° vs 0.46°). In half-cell tests, the first charge 

capacity of Up-NMC811 is almost the same as that of Pristine NMC811 (215.2 vs 216.2 mAh/g). However, 

the coulombic efficiency of Up-NMC811 is lower than that of Pristine NMC811, resulting in a low discharge 

capacity (153.7 mAh/g). Though Up-NMC811 is not as good as Pristine NMC811 in battery performance, Up-

NMC811 still has upgraded charge-discharge capacities compared to D-NMC111. Further optimization of 

upcycling conditions for NMC811 will be done in the next year. 
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Figure III.3.47 (A) The first cycle charge/discharge curves of NMCs for half-cell tests. (B) The second cycle charge/discharge curves 

of NMCs for half-cell tests. (C) Cycle performance of NMCs for half-cell tests. 

Hydrothermal Upcycling 

Battery industry is advancing to new cell chemistries to improve the energy density and reduce the cell cost. 

Therefore, the last generation of cells which used NCM111 (or other low-Ni chemistry) as the cathode material 

may not be utilized in large scales in future batteries. Therefore, it is crucial to develop upcycling technology 

that can convert NCM111 (or low-Ni) cathodes into other materials such as high-Ni cathodes to provide 

comparable performance and cost to the most advanced cathode materials. The direct regeneration method 

combining hydrothermal relithiation with subsequent short annealing developed by UCSD team can 

successfully resolve the compositional and structural defects of chemically delithiated NCM111 (D-NCM111). 

It also recovers the electrochemical performance to the same level as pristine Toda NCM111 (T-NCM111).1,2 

Besides direct recycling of degraded NCM111, this material will be exploited as a feedstock to produce other 

cathodes with high Ni content (e.g., NCM433, NCM622, NCM811), for upcycling, which can potentially 

deliver much higher energy density and are more relevant to today’s market. This effort will focus on 

establishing effective direct upcycling method of D-NCM111 into NCM433 or other high-performance 

cathodes via hydrothermal method. In addition, for high-nickel NCM-based materials, several shortcomings 

such as poor thermal stability, unstable surface structure, too high surface alkali content, and fast degradation 

during storage in air have been identified in previous reports.3,4 Therefore, further improving the performance 

of polycrystal NCM-based materials, for upcycling, which delivers higher energy density and superior stability 

is also necessary. 

 

Degraded NCM111 was utilized as a feedstock to produce other cathodes with high Ni content (e.g., NCM433, 

NCM622, NCM811) to upgrade capacity or to further improve the performance of polycrystal NCM-based 

materials, for upcycling, which can deliver higher energy density and superior stability and can meet the 

dramatic expansion of requirements in today’s market.  

 

Two approaches were focused on: 1) exploring new processing steps to convert polycrystalline particles to 

single crystalline particles by increasing Ni content and tuning morphology and 2) exploring surface coating to 

suppress the side reactions between the cathode and electrolyte as well as enhancing the structural stability of 

the particles in order to improve the performance of regenerated high-Ni NCM-based materials.  
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In the past FY, we upcycled D-NCM111 and doped with Ni via hydrothermal (HT-upcycle-Ni doped) and post 

annealing method (HS-upcycle-Ni doped). As for the SEM of upcycled D-NCM111 doped with Ni shown in 

Figure III.3.48, there are some small particle aggregates on the surface of upcycled NCM111. These small 

particle depositions may be caused by the small amount of doped Ni that only grew on the NCM111 surface, 

will increase the charge transfer resistance at the electrode/electrolyte interface. From cycling stability data, we 

can also observe that upcycled NCM111 with Ni doped via hydrothermal method reveals superior 

electrochemical performance compared with delithiated NCM111, but still shows worse discharge capacity 

than that of pristine NCM111 due to some small particles aggregates on the surface of the upcycled NCM111. 

Considering these and previous results, phase separation issues remain a major concern with hydrothermal 

upcycling process. We believe a more “aggressive” process is needed for upcycling, since it is difficult for the 

oxidation reaction to occur in aqueous solution for D-NCM111, but easier to proceed during sintering process. 

 

Figure III.3.48 (a) SEM of upcycled D-NCM111 with Ni doped via hydrothermal and post annealing method (HS-upcycle-Ni doped). 

(b) Cycling stability of HS-upcycle-Ni doped, the pristine NCM111 and delithiated NCM111. 

In a parallel effort, we successfully upgraded polycrystalline delithiated NCM111 (D-NCM111) into single 

crystalline NCM433, NCM 622 and NCM811. As shown in Figure III.3.49, the upcycling single crystal 

NCM622 (Upcycling-NCM622) has the better cycling retention under C/3 long cycling due to its integrity of 

single crystal. In addition, the upcycling NCM811 (Upcycling-NCM811) has the similar discharge capacity, on 

par with the pristine NCM811 at 0.1C. As the result of the micro-sized single crystal particles obtained during 

the upcycling process, the rate performance of high nickel cathodes is significantly improved. 

 

Figure III.3.49 (a) Cycling stability of upcycling NCM622 (Upcycling-NCM622) and pristine NCM622. (b) Rate performance of 

upcycling NCM811(Upcycling-NCM811) and pristine NCM811. 
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To improve the performance of high-nickel NCM-based materials, in the past quarters, we have also been 

working on using coating materials to suppress the side reactions between the cathode and electrolyte as well 

as enhancing the structural stability of the particles. We demonstrated a facile, dry-coating strategy to apply B 

coating on the hydrothermal regenerated high-Ni NCM-based material (NCM622). The cycling performance of 

the regenerated NCM622 with different amount of B coating applied (HS-NCM622-B1 and HS-NCM622-B2) 

was enhanced compared with the uncoated regenerated NCM622 sample (HS-NCM622). The regenerated 

NCM622 sample with B coating also shows enhanced air stability compared with the uncoated pristine sample 

via half-cell test. The existence of surface impurities (Li2CO3) can be obviously observed on the surface of 

aged pristine NCM622 (Aged T-NCM622) and aged regenerated NCM622 (Aged HS-NCM622) samples after 

they were stored in the moist air for 7 days. The FT-IR spectra shown in Figure III.3.50 display the absorption 

peaks at 1496, 1425, and 861 cm−1 that correspond to the vibration of the CO3
2− group.4 This further confirms 

the existence of surface impurities on the stored materials. However, with B coating, even after being stored in 

moist air for 7 days, no obvious peaks corresponding to Li2CO3 or LiOH for the aged, regenerated NCM622 

coated by B (Aged HS-NCM622-B coating) can be observed. This may be due to B coating behaving as an 

inert layer to suppress undesired side reactions.  

 

Figure III.3.50 (a) Cycling stability of the cycled NCM622, regenerated NCM622 and regenerated NCM622 coated by B (HS-

NCM622, HS-NCM622-B1 and HS-NCM622-B2) as well as the pristine NCM622. (b) FT-IR spectra of aged pristine NCM622, aged 

regenerated NCM622 samples, aged regenerated NCM622 coated by B (Aged T-NCM622, Aged HS-NCM622, Aged HS-NCM622-

B coating). 

Single Crystal Cathode Production 

Lithium-ion batteries, especially cathode materials, are very dynamic. The cathode materials in spent lithium-

ion batteries may not find a market even if high quality materials can be recovered.  For example, NMC111 is 

one of the common cathode materials for EV batteries, however, the industry is moving to high-nickel NMC to 

increase the energy density and lower the cost. Single-crystal cathode materials hold the promise of better 

performance in terms of cycle life and rate performance. Conventional cathode materials are secondary 

particles that include numerous primary particles, which can be potential single-crystal particles. In this 

project, the team will develop methods to upgrade NMC polycrystal materials to single crystal NMC particles.   

We have successfully upcycled polycrystalline LiNi1/3Mn1/3Co1/3O2 (NMC111) and LiNi0.6Mn0.2Co0.2O2 

(NMC622) into single crystal structure on a bench scale. Both upcycled single crystal NMC111 and NMC622 

(SC-NMC111, SC-NMC622) showed comparable or better rate and cycle performance than polycrystalline 

NMC111 and NMC622. However, in the scaled-up experiment of NMC111, upcycled SC-NMC111 exhibited 

a worse cycle performance. Furthermore, we found it had a different phenomenon when applied to 

LiNi0.8Mn0.1Co0.1O2 (NMC811). Therefore, in FY22, we will improve the cycle performance of SC-NMC111 

in the scaled-up experiment and further understand the mechanism of the different phenomenon in NMC811 to 

produce SC-NMC811 with promised performance.  
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In FY22, we etched another batch of NMC111 for scale up experiment. More Li salt was added to ensure 

enough Li in the single crystal cathode powder. The morphology, structure and composition were confirmed 

by SEM, XRD and ICP-MS. Then, the electrochemical performance of scaled up SC-NMC111 was tested by 

coin cells. To understand the different phenomenon in NMC811, XRD is applied to understand the structure 

change. And XPS and Raman are used to investigate the surface composition and chemical state change. In 

addition, the overview composition change is monitored by ICP-MS. At last, the electrochemical performance 

of SC-NMC811 is evaluated by coin cells. 

To scale up the process, we enlarged the equipment as Figure III.3.51a shows. We etched 100g commercial 

NMC111 and successfully converted it to single crystal morphology with good layered structure (Figure 

III.3.51b and c). In Table III.3.9, the content of transition metals kept the ratio of 1:1:1. And the Li content was 

restored to 1.10 after sintering.  

 

 

Figure III.3.51 (a) equipment for scale up experiment; (b) morphology of SC-NMC111-100g; (c) XRD pattern of SC-NMC111-100g. 

Table III.3.9 ICP-MS results of SC-NMC111-100g. 

ICP Li Ni Mn Co 

SC-NMC111-100g 1.10 0.34 0.33 0.34 

Then, the SC-NMC111-100g was used to build coin cells to confirm the electrochemical performance. In 

Figure III.3.52a and b show the rate and cycle performance comparison of SC-NMC111-100g and ANL-100g-

Baseline. The discharge capacity of SC-NMC111-100g is slightly higher than ANL-100g-Baseline under most 

current density. And after 100 cycles, the capacity retention of SC-NMC111-100g is also better than ANL-

100g-Baseline.  

 

Figure III.3.52 (a) rate performance comparison of SC-NMC111-100g and ANL-100g-Baseline; (b) cycle performance comparison 

between SC-NMC111-100g and ANL-100g-Baseline. 

Then, the upcycling process was applied to NMC811. We noticed that there is a different phenomenon for 

NMC811 during etching. The dissolving percentage of lithium and transition metals were recorded by ICP-

MS. At first 5 hours, the content of Li and NMC dissolved in the sulfuric acid increased with time. However, 
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after 5 hours, the dissolving percentage of Mn decreased with time, indicating the precipitation of Mn during 

the etching process.1 

To investigate surface conditions, Raman and XPS were employed. Figure III.3.53a shows the Raman spectra. 

SC811-25hrs sample shows two different types of peaks, which means that the precipitation of Mn may be not 

uniform. All main peaks shift to 600 cm-1, indicating the increasing Mn content and decreasing Ni content.2 

XPS survey peaks are shown in Figure III.3.53b. The overall intensity of Etched-NMC811-25hrs is lower than 

the other two samples, due to the formation of manganese oxide covered on the surface of particles. All 

transition metal peaks of Etched-NMC811-2hrs are the strongest, indicating that more transition metals are 

exposed by etching process. Figure III.3.53c exhibits the Mn 2p spectra of all samples and the composition of 

Mn3+ and Mn4+ is calculated.3 The Etched-NMC811-25HRS has a strong Mn 2p spectra compared to 

Control811 and Etched-NMC811-2hrs indicating the possibility of manganese-rich on the particle surface. 

And for 2 hours etching, Mn reduces to lower valance state because of O oxidation and Li+/H+ exchange. 

Then, prolonging the etching time, the higher valance state of Mn presents. This may be attributed to the 

formation of Mn-rich oxide coating on the surface. To compensate for the charge differences, the overall 

valance state increase on the surface. Due to the increase amount of Mn4+ and combined with Raman data, the 

small quantity of spinel phase possibly presented is MnO2. 

 

Figure III.3.53 (a) Raman Spectra of Control811, SC811-5hrs, and SC811-25hrs; (b) XPS survey peaks of Etched-NMC811-25hrs, 

Etched-NMC811-2hrs, and Control811; (c) Mn2p spectra of Control811, Etched-NMC811-2hrs, and Etched-NMC811-25hrs. 

To further reduce the cost of the upcycling process, we tried to reduce the amount of sulfuric acid. Two 

different concentrations of H2SO4 were used in the etching process. One is 0.5M, which keeps the same 

concentration as previous experiments. Another is 1M, which keeps the same concentration of H+ as in 

previous experiments. In Figure III.3.54, polycrystal NMC111 was successfully converted to single crystal 

NMC111 in both sulfuric acids with good layered structure. Then, the elements composition in the solution 

and powder was studied by ICP-MS in Table III.3.10. In both etching solutions, the amount of dissolved 

elements is significantly decreased, resulting in a higher yield. Besides, in 0.5M H2SO4 etched powder, the Li 

content is close to 1, leading to fewer Li sources required for restoring it back to 1. However, in the 1M H2SO4 

etched powder, the Li content is similar to previous experiments, because of the same concentration of H+.  
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Table III.3.10 ICP-MS results for etched solution and etched powder. 

 Li Ni Mn Co 

0.5M EC solution (%) 9.3 3.6 3.7 3.5 

0.5M EC powder (molar ratio) 0.98 0.33 0.33 0.34 

1M EC solution (%) 17.2 7.0 7.2 7.6 

1M EC powder (molar ratio) 0.62 0.33 0.33 0.34 

  

Figure III.3.54 Morphology and structure results for NMC111 etched in 0.5M H2SO4 and 1M H2SO4. 

Role of Impurities in Recycled Cathodes 

The hydrometallurgical method has become a major approach in lithium-ion battery recycling industry, due to 

its high productivity, low cost, wide applicability as well as ideal recovery efficiency.1 In order to improve its 

design and control over manufacturing process to enable a stable and high-quality output, a lot of resources 

have been invested in related research fields. The most important step within hydrometallurgy recycling stream 

is to synthesize precursor materials via chemical co-precipitation reaction. Specifically, metal sulfate solution 

is pumped into a continuous stirred-tank reactor (CSTR) to precipitate out M(OH)2 (M = transition metal 

complex) in alkaline environment. Precursor M(OH)2 is then sintered with lithium source to obtain final 

LiMO2 cathode. 

In real practice, spent lithium-ion batteries (LIBs) are firstly shredded, followed by a series of separation, acid 

leaching and purification procedures. The resulting solution, MSO4, contains all key elements in NCM 

cathodes (Ni, Co and Mn) that are intended to be recovered. However, a variety of impurities could be 

introduced into the metal sulfate solution during the process which may impact on properties of the final 

cathode product. The main challenge for hydro recycling is to ensure the properties of recovered materials are 

as good as those of virgin ones. Therefore, to understand the impacts on recovered NCM cathodes from 

different impurities is essential for hydrometallurgy recycling. 

The project objective is to determine the impacts of different impurities on the recovered NCM622 precursor 

and cathode materials via hydrometallurgy method. The possible impurities in metal sulfate solution can be 

categorized into three groups: cations, insoluble particles, and anions. It is expected that different types of 

impurities may affect the material properties in different ways. To have a thorough understanding of the 

possible impacts brought by different impurities on the recovered materials can offer a guidance for 

hydrometallurgy recycling in real industrial practice. In this case, we could avoid the adverse outcomes and 

select the favorable ones. More importantly, the hydro recycling process can be altered in advance to optimize 

the output and to reduce the unnecessary losses. 
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To fully understand the impacts of impurity on recovered materials in hydrometallurgy recycling, we started 

this contamination study to investigate the possible changes between virgin materials and impurity-affected 

materials that were synthesized via hydrometallurgy method with relevant impurity involved during process. 

Metal sulfate solution (Ni:Co:Mn = 6:2:2) was used in co-precipitation reaction to get virgin precursor then 

followed by sintering with Li2CO3 to obtain virgin NCM622 cathode as the baseline. Then the impurity-

affected materials were obtained by adding relevant impurity substances into the metal sulfate solution. After 

the same production process, both virgin and impurity-affected materials were carefully analyzed and 

compared against each other to reveal the differences then discover the reasons behind it. In the year of 2022, 

we have studied the phosphate impurity (PO4
3-) under this project. The anion impurity PO4

3- usually comes 

from the hydrolysis of lithium salt (LiPF6) or the acid dissolution of LiFePO4 cathode.2 The virgin cathode 

(VNCM) and phosphate-affected cathode (PNCM) were successfully synthesized via co-precipitation. And the 

subsequent characterization and analysis were completed. 

 

According to the SEM data shown in Figure III.3.55, both as-prepared precursor and cathode particles quickly 

lose spherical shape and shrink rapidly with the impurity concentration rises. In particular, the particle 

morphology becomes quite irregular and derives from the spherical appearance under 5 at% phosphate level. It 

indicates that PO4
3- ions have a negative impact on the nucleation and growth process of the M(OH)2 during 

co-precipitation, with the effecting being concentration dependent. 

 

The XRD patterns in Figure III.3.56a show that all cathode materials have a good crystallinity up to 5 at% 

phosphate impurity. However, three additional peaks are detected in the range of 21 deg to 35 deg in 5PNCM, 

which are associated with Li3PO4 (LPO) extra phase. The existence of the impurity phase LPO in PNCM 

cathode materials is further confirmed by the technique XPS and TEM. It is found that PO4
3- ions are 

embedded in precursor after co-precipitation synthesis. They react with Li+ ions during sintering to form 

segregated LPO impurity phases, which eventually remain distributed throughout the cathode particles. 

 

Figure III.3.55 SEM images of 0.2PNCM (a1, a2), 1PNCM (b1, b2) and 5PNCM (c1, c2) with precursors shown in row 1 and 

cathodes in row 2. (Insets: images at higher magnification). 

The detailed crystallographic parameters are calculated by Rietveld refinement given in Table III.3.11. Both a 

and c axis are intended to expand under the influence of phosphate impurity. The most obvious change is the 

increase of the cation mixing degree from VNCM to 5PNCM. In particular, 5PNCM exhibits a cation mixing 

degree of 8.2%, more than double of the VNCM. The abnormal increase in cation mixing may result from 

incomplete lithiation of the Ni-rich component of the cathode. It is hypothesized that some lithium reacts 

preferentially with the phosphate ions to form the Li3PO4 impurity phase. This would result in a slight lithium 
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deficiency in cathode lattice, which could increase the degree of cation mixing during sintering and finally 

deteriorate the material properties. 

According to the electrochemical testing results as illustrated in Figure III.3.56, it is found that the discharge 

capacity goes down rapidly with the increase of impurity involved for all cases. In 1/3C test, the virgin cathode 

delivers the best capacity of 157 mAh/g after 100 cycles. 

 

Figure III.3.56 XRD patterns of (a) cathodes and (b) impurity phase region in cathodes. (c-f) Refinement results of VNCM, 

0.2PNCM, 1PNCM, and 5PNCM cathodes. 

Table III.3.11 Rietveld refinement results of the prepared NCM622 cathodes 

Sample a (Å) c (Å) V (Å3) NiLi (%) Chi2 

VNCM 2.867 14.222 101.23 3.52 2.92 

0.2PNCM 2.867 14.226 101.30 4.32 2.99 

1PNCM 2.868 14.229 101.35 4.92 2.84 

5PNCM 2.873 14.231 101.72 8.22 2.67 

 

Figure III.3.57 Electrochemical performance of as-prepared samples. (a) cycle at 0.33C, (b) cycle at 5C, (c) rate to 5C. 
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And the discharge capacity drops to 147 mAh/g for 1PNCM, then it further declines to 91 mAh/g for 5PNCM. 

A same phenomenon is also observed in 5C cycling test as shown in Figure III.3.57b. For the rate 

performance, it is clear that all impurity-based samples have worse results compared to the virgin counterpart. 

Besides, the specific discharge capacity degrades fast as the impurity level increases. 

Hence, it is evident that the electrochemical properties of the recovered cathodes could be seriously damaged 

by the presence of phosphate impurity. The deterioration of particle morphology, the increase of cation mixing, 

and the presence of secondary phases are believed to be responsible for the observed performance degradation. 

Recovery of Other Materials 

Cell Preprocessing 

Pre-processing cells is a critical step in ReCell’s direct recycling model. The configuration of battery packs, 

modules, and cells varies between different electric vehicle models and presents significant challenges for 

disassembly and material liberation. As a consequence, current commercial methods for battery size reduction 

used by recyclers have been determined to create a large amount of contamination. This type of contamination 

is an issue of great importance when direct recycling is the preferred route of recycling. A clean black mass 

needs to be generated for recycling to be economically and technically viable. In addition, pre-processing 

techniques must not adversely affect separation processes further down the line (e.g., we may not want to shred 

with water because it will cause problems for the recovery of electrolyte salts).  

The Cell Pre-Processing project in ReCell aims to determine scalable technologies that can safely and cost 

effectively size reduce batteries or manufacturing scrap. The overarching goal is to produce contaminant-free 

black mass or electrodes that can be used as feedstock for the ReCell Center’s direct recycling processes. In 

addition, after a battery is broken down via shredding/crushing/milling, the casing (pouch/can) material, 

separator, current collector foils, etc. must be separated. Technologies to separate some of the battery 

components are also being evaluated under Cell Pre-Processing. 

In FY22, a custom built dual-shaft shredder was installed at Argonne National Laboratory. The system is 

sealed to allow for shredding batteries under an atmosphere of inert, flowing gas and also gives us the 

capability to shred batteries under liquid (Figure III.3.58). The performance of the shredder was first 

demonstrated with manufacturing scrap (i.e., dry pouch cells with no electrolyte). We then determined safe 

conditions for shredding discharged end-of-life (EOL) pouch cells from a commercial vendor. For safety 

during shredding, EOL cells were discharged to 2.8-3.0 V (commercial 40 Ah pouch cells containing NMC 

cathode), the shredding system was flooded with inert purge gas, and one cell was fed at a time. Various 

methods have been used for liberation of materials and component separation and are discussed in the results 

section. 

In the beginning of FY22 Q1, a custom-built, inert-atmosphere shredder was safety approved at Argonne to 

shred manufacturing scrap and discharged, end-of-life (EOL) cells (Figure III.3.58). During FY22 Q2, dry 

manufacturing scrap pouch cells were shredded to produce ~2.5 kg of material. This material was processed to 

compare to our previous results where the same pouch cells were shredded by our industry partner in a similar 

commercial system. The shredder at Argonne produced shreds with 95% of material measuring > 2.8 mm. 

These results are similar to shreds provided from our industry partner where ~94% of material was > 2.8 mm 

in size. The fines (material < 500 µm) produced were about 1.5% and 2.2% for the Argonne and commercial 

shredders, respectively. Overall, these results show that the dual shaft shredder at Argonne performs similarly 

to the commercial unit that we tested previously (Figure III.3.59). During FY22 Q1, discharged end-of-life 

pouch cells were also shredded under flowing Argon gas. The end-of-life shredded battery material was used 

for liberation experiments in diethyl carbonate and put into other direct recycling processes established at 

Argonne. See Figure III.3.60 for an example of a process flow we use to process and separate materials after 

shredding. 
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To address the clumps (i.e., layers of pouch cell battery stuck together after shredding) generated after 

shredding, we have been investigating ways to liberate these clumps and make material more accessible for 

downstream recycling processes. Liberation experiments of EOL shredded material was conducted in FY22 

Q1 using diethyl carbonate. The amount of clumps observed from EOL cells was about 30% lower than what 

was observed in shredded manufacturing scrap. We achieved 80.5% liberation of a clump fraction after 3 min. 

stirring at 1800 RPM. We have previously used aspiration for removing separator and other light materials 

from shreds as a post-processing technique and recently found that it is also effective for liberating clumps. In 

FY22 Q2, we investigated aspiration as a dry, simple method for liberating clumps and were able to liberate 

about 20% of clump material. Aspiration is a dry, simple process that separates light from heavy material using 

controlled air flow (Figure III.3.61). A sample of shreds (> 5.6 mm) was fed through aspirator and we found 

that approximately 65% of the sample was made up of thin or thick layers of clumps (heavy fraction) while the 

remaining 35% was made up of plastics and electrodes (light fraction). By taking the heavy fraction (i.e., 

clumps) and feeding it through the aspirator 5 times, we were able to liberate nearly 20% more material. The 

remaining clumps are tightly bound and require more aggressive methods to be liberated. In Q3, a rotor beater 

mill and a mandoline slicer were evaluated for clump liberation. The rotor beater mill liberated all the clumps, 

however, generate a significant amount of powder during operation (~35% of material was <500 µm after 

processing). The mandoline slicer liberated 39% clumps by weight, but led to single layer pieces being 

squashed/compacted and collected with remaining clumps after aspiration 

After installing the shredding in Q1, pouch cells were the only type of battery shredded in the system. During 

Q2, cycled 18650 cylindrical cells were obtained as another cell format to test. The cells were received in the 

discharged state and shredded under inert atmosphere. The 18650 cylindrical cells were shredded under two 

conditions: at room temperature or were frozen in liquid nitrogen immediately prior to shredding. Freezing in 

liquid nitrogen can be an effective method for mitigating thermal runaway in cycled cells – please refer to 

NREL’s low temperature work conducted as part of ReCell. Overall, good liberation of material from the steel 

cell casing of the cylindrical cells was observed and few clumps were identified in the shredded material 

(Figure III.3.62). Cells frozen in liquid nitrogen appeared to be more brittle during shredding, the separator 

was torn to a greater extent, and more cathode material fell off of the current collector. The shreds from both 

room temperature and liquid nitrogen frozen 18650 cells have been washed are being further analyzed outside 

of the glovebox. 

In Q4, we installed a thermal imaging camera on the shredder to monitor the thermal behavior of discharged 

cells while they are being shredded. We discharged a 40 Ah pouch cell to 3.0 V and monitored the thermal 

activity of the cell as it went through the blades of the shredder under inert atmosphere. The cell showed no 

significant activity when fully discharged. See Figure III.3.63 for a snapshot of the cell going through the 

blades, the temperature stayed below 30°C during the shredding process. 
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Figure III.3.58 Custom built dual-shaft shredder with mailbox-style feed hopper, inert gas inlet, blades situated along two rotating 

shafts, and a sealed collection tank 

 

Figure III.3.59 Comparison of ANL manufacturing scrap shreds vs. the same manufacturing scrap shredded by an industry partner 

using a similarly sized system 
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Figure III.3.60 An example of a process flow for shredding and separating components 

 

Figure III.3.61 Set-up of an aspiration system used for liberating clumps and removing light from heavy materials 
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Figure III.3.62 Shredding cycled 18650 cylindrical cells under inert atmosphere at room temperature (top) and after freezing in 

liquid nitrogen (bottom) 

 

 

Figure III.3.63 Shredding of a discharged pouch cell under inert atmosphere using two types of cameras to monitor thermal 

behavior 

Solvent-based Electrode Recovery 

Electrode materials are tightly bonded to their respective metal current collectors through polymeric binders. 

To recover electrode materials, especially cathode materials that represent the most recoverable value, an 
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efficient and damage-free separation process needs to be developed to isolate electrode materials from metal 

foils like aluminum (the cathode current collector) and copper (the anode current collector). Both 

hydrometallurgical and direct recycling strategies require the separation of active electrode material from metal 

foil, which is an enabling yet challenging task in the pre-processing step. Traditional separation processes 

involve the use of highly toxic solvents like NMP and DMF, which severely limit their industrial applications. 

In the present project, the team will utilize several green solvents to recover both electrode materials and metal 

foils from spent electrodes as well as from manufacturing scraps. 

The objective of this project is to develop efficient recovery processes for the separation of black mass from 

current collectors. The separation processes involve the use of green solvents that are inexpensive, nontoxic 

and do not cause water and/or air pollution, and do not incur a penalty in terms of damages to active materials 

and current collectors. The recovery of cathodes and anodes also have high peeling-off efficiency and are cost 

effective, scalable, energy efficient and environmentally friendly. The work plan is based on a wet-chemical 

recovery approach for separating the black mass from metal foils by either solvating the PVDF binder or 

weakening its binding with laminates. Three types of green solvents-based separation processes have been 

developed to efficiently recover both electrode materials and metal foils. In FY22, this project will continue to 

optimize the SolveX and Y processes to further reduce the cost. It will also determine separation conditions, 

evaluate full cell electrochemical performance, and provide cost analysis for the direct recycling and 

remanufacturing of PVDF-based anode scraps via SolveZ process. 

In FY22, the SolveX process was optimized to recover commercial NMC cathode scraps by tuning reaction 

temperature and time. The SolveY process was used to recover a large quantity of spent cathode powder for 

the relithiation teams. In addition to the existing SolveX and SolveY processes that were developed in FY20 

and FY21, we demonstrated a new solvent-based process (SolveZ) to separate anode materials from copper 

foils to directly recycle anode scraps and remanufacture into new anode.  

In FY22, the SolveX process was optimized for the separation and reprocessing of industrial NMC cathode 

scraps. Different reaction temperatures (198°C, 160°C, and 120°C) with or without the addition of LiOH or 

KOH were investigated. The recovered cathode films were characterized by XRD, XPS, and ICP-OES. In 

addition, the electrochemical performance of those reprocessed NMC cathode were also studied. It is found 

that adding LiOH reduced the delamination temperature from 198°C to 120°C with similar reaction time. Also, 

adding LiOH could help maintain both the crystal structure and the electrochemical performance of the 

reprocessed cathode. 

The SolveY process was used to recover spent cathode powder (>800 g) from commercial spent cathode. 

Those reclaimed spent cathode powder was distributed to the relithiation team members for regeneration 

studies. Furthermore, we demonstrated that increasing the solid/solvent ratio from 1/5 to 1/4 could help reduce 

the cost by ~16% without reducing the recovering efficiency. 

Anode scrap that comprises critical materials such as graphite and valuable Cu should be recycled and 

reintegrated into the battery supply chain. In FY22, we demonstrated a simple yet efficient water-based 

recovery process (SolveZ) for delaminating anode films from Cu foils through the intercalation of water 

between the hydrophilic Cu foil and hydrophobic anode coating. By simply immersing the anode coatings in 

only water, the anode films were completely delaminated from Cu foils without damaging any components, 

which was confirmed by XRD, XPS, and SEM. Thus, the anode films consisting of graphite, carbon black, and 

PVDF binder were separated and recovered without changing their composition because none of the 

components dissolve in water. Because of the absence of harsh chemicals, the recovered anode films and Cu 

foils are battery grade and free of damage in terms of physical and chemical properties. Those anode films 

were reprocessed into slurry by simply adding NMP solvent to dissolve the PVDF binder. A new anode was 

then fabricated by recasting the slurry onto Cu foil and then dried and calendered. The electrochemical 

performance of the recoated anode was evaluated in both half coin cells and full coin cells and compared with 

that of the baseline anode under galvanostatic cycling. The reversible discharge capacities at C/10 are 353 
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mAh/g for the recoated anode and 357 mAh/g for the baseline anode, suggesting that the water-based 

separation process has no apparent effect on the electrochemical performance of the recycled graphite anode. 

Additionally, no capacity fading is observed for both recoated and baseline anodes after 50 cycles at C/3 

charge/discharge rates, further emphasizing the damage-free characteristic of the water-based recovery 

process. 

The cost and revenue of the SolveZ process were analyzed by the EverBatt model. The total cost to process 1 

kg of anode scraps was estimated to be only $0.81, most of which arises from capital investments, and the 

operating cost, including the costs for labor ($0.05), materials (i.e., DI water, $0.11), and utilities ($0.03), 

accounts for 23.5% of the total cost. Because the recovered graphite and copper are battery grade, this water-

based process can generate a high revenue of $8.75/kg of anode scraps processed. This environmentally 

friendly and cost-effective separation technique allows battery manufacturers to directly recycle and reuse their 

electrode scraps safely and effectively on-site. 

Solvent-based Dual Process  

Within the loop of Direct Recycling, separation and subsequent direct regeneration of active cathode materials 

are of great importance as cathode represents one of the most valuable components in a lithium-ion cell. 

Cathode materials are tightly bonded to Al foil through the organic PVDF binder, making them challenge to be 

separated. In addition, the separated cathode materials are lithium deficient, further requiring a relithiation 

process to convert those delithiated cathode particles to a stoichiometric material. Current strategy involves 

several isolated separation and regeneration processes that make recycling complicated and expensive. It is 

thus desirable to develop a process with dual functionality that can separate and simultaneously restore lithium 

in the same solvent system. In this project, the team will develop a solvent-based dual process to separate as 

well as regenerate the cathode active materials. 

The objective of this project is to accomplish both separation and regeneration of cathode materials through a 

one-pot solvent-based dual process. This process utilizes a greener solvent that will not only delaminate the 

spent cathode films from aluminum foils but also restore the lithium back to stoichiometry. This process 

avoids complicated processes, making recycling scalable and more profitable. Furthermore, the process is 

completed in a greener solvent at a relatively low temperature and ambient pressure, which will both reduce 

energy consumption and alleviate environmental impact.  

In FY22, this project will further the optimization of relithiation conditions (e.g., lithium precursor 

concentration, temperature, and time) for both separating and relithiating spent NMC cathode from the 

industrial cells. It will also identify the optimal annealing conditions to regenerate cathode materials with 

desirable electrochemical performance. The process will be scaled up to produce 25 to 50 g of regenerated 

cathode powder.  

Direct regeneration of chemically delithiated NMC111 was successfully demonstrated in FY21. In FY22, we 

focused on the relithiation of real spent NMC cathode from industrial cells. Spent cathode powder was 

obtained by removing the PVDF binder using the SolveY process. In contrast to chemically delithiated 

NMC111, the regeneration of real spent cathode required different relithiation conditions such as reaction 

temperature, reaction time, and LiOH concentration. We were able to successfully regenerate the industrial 

spent cathode powder, which was confirmed by characterizations like XRD and ICP-OES. Both half-cell and 

full-cell tests for the regenerated NMC cathode showed similar capacities and cycle performance as the 

baseline cathode.  

Techno-economic analysis using EverBatt modeling was performed to evaluate both cost and environmental 

impact of this relithiation process. It was found that the cost of regenerated NMC111 is 20% less than the 

virgin NMC111, while the GHG emission is much lower than both virgin material production and other 

recycling methods. To reduce the processing cost, we increased the LiOH concentration so that less polyol 

solvent would be required. More optimizations are under work. 
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Aqueous Sequential Separation 

In a typical recycling process, the spent cells are discharged and shredded, followed by electrolyte recovery 

and component separation to remove/reclaim components like plastics, pouch material, and steel casing. As a 

result, a feedstock of anode and cathode on their current collectors is generated. This feedstock contains the 

most valuable components in a lithium-ion cell, including black mass (e.g., active cathode materials and 

graphite), Cu foils, and Al foils. To reclaim active cathode materials with high purity for direct regeneration, 

separation of electrode materials and their current collector as well as of anodes and cathodes is required. 

Current techniques require a complex set of separation processes to produce clean streams of material, 

resulting in lower recovery rates and higher costs. It is thus extremely important to develop a simple and cost-

effective separation process to efficiently recover high-purity cathode materials as well as other materials so 

that different concentrated feedstocks are provided for further direct regeneration and recovery processes. In 

this project, the team will investigate an aqueous process to recover both electrode materials and current 

collectors using buffer solutions and surfactant additives in a single pot. 

The objective of this project is to develop an aqueous separation process to sequentially separate 

anode/cathode and electrode/current collectors to recover cathode films, anode films and metal foils. This 

process utilizes a buffer solution to first peel off anode films from copper foils, followed by adding a surfactant 

to facilitate the delamination of cathode films. The designed water solution does not damage the active cathode 

materials nor corrode the metal foils. In addition, this process enables room temperature separation in a low-

priced water solution, reducing energy consumption and processing costs.  

In FY22, this project will provide cost analysis, yield, and efficiency for both anode/cathode and cathode/Al 

separation via the sequential separation process. This process will also be explored to separate and recover 

materials from industrial spent cells.  

In FY22, the process was scaled up to separate and recover materials from a 2 Ah pouch cell made of 

NMC622/graphite. A nearly 100% peeling-off efficiency has been observed for both delamination of anode 

films from copper foil and cathode films from aluminum foils. The separated materials were characterized by 

XRD and ICP-OES. Furthermore, the lithium in the spent anode was dissolved in water and recovered in the 

form of Li2CO3 by heating up the solution and adding Na2CO3. In addition to the separation of lab-made 

pouch cells, two types of industrial cathodes were investigated for delamination in the surfactant/buffer 

solution under various separation conditions. One of them was delaminated easily to produce cathode films 

and aluminum foils, while the other one was hard to be delaminated under separation conditions like 

sonication and heating.  

Besides the separation process, we also removed the PVDF binder in the recovered anode films after 

delamination in the buffer solution via the SolveY process Characterizations such as XRD, TGA, and XPS 

were used to analyze the SolveY recovered graphite. For example, the TGA results indicate the removal of 

binder when compared with the delaminated anode films. The SolveY recovered graphite showed high 

reversible capacities with 335 mAh/g at C/10. It also exhibited good cycle performance, where it maintained 

317 mAh/g at C/3 after 50 cycles. 

Cost analysis for this process was evaluated by EverBatt model. According to preliminary modeling results, it 

took $2.49 to process 1 kg spent battery. Since the process is to be combined with other processes for complete 

materials recovery, we did not assign a value for recovered cathode/anode films. It is worth to mention that 

cost of materials (e.g., surfactant, buffer salts) account for ~50% of the total cost, indicating the necessity of 

process optimization to reduce cost.  

Anode/Cathode Separation and Purification 

After battery shredding, electrolyte recovery, and component separation (i.e. plastics, cell casing, magnetic 

ferrous-based metals) we are left with electrode fragments that include anode/copper foil and 

cathode/aluminum foil. Separation of the anode and cathode is a critical step in the direct recycling process to 
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purify black mass. Being able to efficiently produce multiple clean streams of material (cathode, anode, and 

Al/Cu foil) will make direct battery recycling more profitable. The separation of anode, cathode, and metals 

can be achieved in a couple different ways. First, delamination and binder removal (i.e., via thermal binder 

removal or a solvent-based delamination and binder removal process) must be performed on the anode/cathode 

mixture to yield two product streams consisting of mixed Al/Cu foils sieved from combined anode/cathode 

powders. The mixed anode/cathode powders and metals would each have to undergo separation processes. The 

second method will produce more clean streams of product by separating the electrode laminates while 

attached to foils prior to delamination and binder removal. At this point, you would have one batch that 

contains cathode and Al foil while the other is anode and Cu foil. Binder removal would be performed on the 

two batches to produce separate streams of Al foil, Cu foil, anode powder, and cathode powder. The presence 

of four separate product streams after a simple anode/cathode separation would reduce black mass complexity 

and significantly streamline subsequent steps in the direct recycling process. 

The ReCell Center has successfully established several anode/cathode separation processes that yield high 

purity materials. These processes include froth flotation and gravity separation. Argonne National Lab has 

been working toward developing a mechanical separation process, referred to as “Process A”, since FY21. 

Process A has been used to separate anode and cathode while active materials are still attached to foils (i.e., 

electrodes). Experiments in FY21 demonstrated that Process A could effectively separate manufacturing scrap, 

which is made up of a mixture of anode and cathode electrodes. In FY22, Process A is being investigated to 

separate anode and cathode electrodes from a mixture of shredded battery materials. The objective is to 

optimize various operating parameters of Process A to effectively separate anode and cathode in shredded 

battery materials. This fiscal year we are initially targeting ≥95% purity for recovered anode and cathode 

fractions. The end goal of this project is to fully optimize Process A to separate shredded battery materials (i.e., 

from dry manufacturing scrap cells or end-of-life cells) to achieve battery grade anode and cathode materials 

with purities above 99%. 

In FY22 Q1, the custom built dual-shaft shredder installed at Argonne National Laboratory was used to shred 

dry, pouch cells. The shreds were processed in a couple of different ways to determine the impact of impurities 

(e.g., clumps, separator, pouch materials) on separation efficiency and purity of separated products. The goal 

was to start with a simple mixture and progressively add in different components (e.g., clumps, separator, and 

pouch material) to increase the complexity of material being separated. See Figure III.3.64 for a list of the 

different compositions that were created for separation by Process A. 

In FY22 Q1, equipment for Process A was received. We had to build and install guarding to comply with 

Argonne’s safety standards and make the equipment safe for use in the laboratory. The guarded system was 

fully safety approved and used for anode/cathode separation experiments. Samples were prepared (see 

Approach section) for separation experiments. Anode/cathode separation by Process A was conducted on 

shredded battery materials from dry manufacturing scrap pouch cells. Experimental results indicated that 

plastic separator present in the feed reduced the separation efficiency of anode and cathode electrodes. During 

Q2, the impact of impurities in the feed (i.e., component layer clumps from shredding, separator, and pouch 

material) on anode/cathode separation and purity of recovered products was investigated.  

Experiments were conducted on shredded manufacturing scrap pouch cells at a lower feed rate compared to 

previous experiments. At a lower feed rate, anode and cathode were separated effectively by a single-step 

operation of Process A – see Figure III.3.65 for a summary of the results. While a majority of the anode from 

the feed (~99%) was collected in the anode fraction, thick (> 3 mm) clumps, most of the separator, and a 

majority of the pouch material was also collected in this fraction leading to an anode fraction with significantly 

reduce purity. These experiments also showed that thinner clumps (i.e., layers of pouch cell battery stuck 

together after shredding) were collected in both anode and cathode fractions. It was determined that adjusting 

the parameters of Process A can be effective for selectively removing clumps, with different thickness and 

bound components, from the anode and cathode electrodes of interest. For comparison, shredded feed material 

without clumps was prepared two ways: with separator and pouch material or only containing pouch material. 
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The purity of single-layer cathode electrode pieces in the cathode fraction achieved ≥ 98% (99% recovery) 

using a single-step operation regardless of whether the feed contained separator and/or pouch material. 

However, plastics were still collected in the anode fraction during these Process A separation experiments. 

This led to anode electrode purities of 88% with separator and pouch present (99% recovery) and 92% with 

pouch present (99% recovery). As a result, the anode fraction requires further processing or passes through 

Process A to remove plastics and obtain high purity material. 

In Q3 and Q4, we worked toward increasing the feed rate of materials and optimizing the conditions to achieve 

good separation. Samples used for these experiments included a 1:1 mixture of anode and cathode, shredded 

manufacturing scrap, and material from an end-of-life battery. During a 2-step separation experiment, a feed 

rate of > 6 kg/hr was used for the 1st step and > 3 kg/hr feed rate was used for the second purification step. 

First, the operating conditions were optimized for a 2-step Process A operation to separate anode and cathode 

electrodes from 200 grams of representative anode/cathode mixture (i.e., mixture of anode and cathode 

electrodes manually collected from the manufacturing scrap shreds). Collected fractions from the first step 

were fed again to Process A to improve anode and cathode purities in both fractions. Different operating 

conditions were applied for the first and second steps to optimize the separation efficiency. Operating at a feed 

rate of 6.9 kg/hr in the first step and 3.4-3.8 kg/hr in the second step, >99% purities of both anode and cathode 

electrodes with >90% recovery was achieved. (See Figure III.3.66.) 

The operating conditions applied to the separation of representative anode/cathode mixture were applied to the 

separation of manufacturing scrap shreds. The majority of separators and clumps in the manufacturing scrap 

shreds were removed by aspiration prior to the 2-step Process A operation. The feed rates of the manufacturing 

scrap shreds were similar to the anode/cathode mixture (i.e., 7 kg/hr in the first step and 3.2-3.9 kg/hr for the 

second step). Due to the small quantities of impurities (i.e., separators, pouch materials and thin clumps), the 

purities of single-layer cathode and anode electrodes after the 2-step Process A operation were 90% and 93%, 

respectively. However, recoveries of single-layer cathode and anode electrodes were >90%, and majority of 

separator-attached cathode electrodes were collected in the cathode fraction. (See Figure III.3.67.) 

In addition to manufacturing scrap, we have also applied this separation technique to end-of-life (EOL) battery 

shreds to separate anode and cathode electrodes. A single operation of Process A was conducted for the shreds 

of EOL battery cells that were manufactured by the same vendor as the manufacturing scrap used in previous 

experiments. EOL battery shreds were after a majority of the separator was removed by aspiration, while 

clumps were still left in the shreds. Due to their high density, clumps contained in the shreds slightly increased 

the feed rate to 7.4 kg/hr. Although the recovery of single-layer cathode and anode electrodes were >90% after 

the single operation, remaining clumps significantly reduced the purities of both fractions (i.e., 68% and 46% 

purity of single-layer cathode and anode electrodes, respectively). Similar to the previous results, the majority 

of thick clumps were collected in the anode fraction while thin clumps were collected in both fractions. 

Optimized operating condition are required to concentrate impurities in the anode fraction and improve the 

purity of cathode fraction.  
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Figure III.3.64 Composition of sample types (e.g., blue and green) used for separation experiments 

 

Figure III.3.65 Summary of separation results for three different types of feed materials which shows that separation is affected 

with increasing material complexity 
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Figure III.3.66 Results from a 2-step separation of 200 grams of a 1:1 mass ratio anode/cathode electrode mixture achieved 

>99% purity anode and cathode with >90% recovery 

 

Figure III.3.67 Results from 2-step separation of commercial batteries shredded at Argonne National Laboratory 

Purification of Black Mass 

Successful implementation of direct recycling at scale is contingent on the ability to produce high-purity 

material outputs. The presence of metallic impurities within recycled cathode materials both reduces purity 

metrics – a critical factor to industrial acceptance of the recycled product – and adversely impacts cell 

performance. In particular, mechanical shredding (the predominant preprocessing technique utilized in direct 

recycling) introduces trace levels of Al and Cu from the electrode current collector. These contaminants are 

particularly challenging to remove from the fine shredded fraction, where the contaminants are on the same 

order of size magnitude as the target cathode particles and traditional separation approaches (optical sorting, 

magnetic separation, froth floatation, etc.) are unviable. Without appropriate purification, this fine fraction 

cannot be directly recycled. 

To date, few strategies exist to selectively remove metallic impurities from mixtures of shredded end-of-life 

material (black mass; BM) while concurrently achieving the target goal of direct recycling: i.e., recovering the 

active material in maximally intact form. Hydrometallurgical purification strategies typically employ 

conditions under which all metals (including target cathode active materials such as Li, Ni, Co, and Mn) are 

converted to ionic form via chemical leaching. These leaching techniques – typically acidic solution-based 

processes – are highly effective to ionize impurity metals, but also promote the breakdown of the cathode’s 

physicochemical structure. Thus, existing hydrometallurgical approaches are problematic in the context of 

direct recycling, and new methods are warranted to enable the selective ionization of contaminants while 

retaining the active material intact. Alkaline aqueous conditions are reported to be nondestructive to metal 

oxides, and also enable effective ionization of Al0 and Cu0. However, matrix and process parameters must be 
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optimized to enable rapid and complete ionization of these metals without inducing damage to the cathode 

active material. 

Thus, in the present work, we are optimizing an aqueous dissolution process to ionize solid Al and Cu so that 

the target cathode active material can be recovered in the solid phase via physical filtration. This “black mass 

purification” (BMP) approach will ultimately operate in conjunction with a reversible and tunable adsorbent 

filter to recover ionized metals from solution. The BMP process enables effective purification of trace-level 

contaminants from shredded BM, and improves the circularity of the overall process line by (1) enabling direct 

recycling of an otherwise-unusable BM feedstock; (2) enhancing overall component recovery by enabling the 

selective recapture of metallic contaminants in purified form.  

The primary objective for the BMP task in FY22 was continued development of optimized methods for Al and 

Cu corrosion. Success is measured by the ability to fully and rapidly ionize the target metals while avoiding 

structural, chemical, and electrochemical damage to the cathode active material (NMC). This FY, emphasis 

was placed on applying the BMP process to practical samples of shredded black mass, which represent a 

considerably more complex matrix than the idealized systems tested in FY21. Scale-up from bench scale (1g) 

to pilot scale (≥50 g) was initially targeted for this FY, but supply chain delays in reactor acquisition resulted 

in a greater emphasis being placed on continued process development at smaller scale. In particular, project 

goals were adjusted to focus on tuning process and post-process conditions to improve the full-cell behavior of 

the recovered cathode material from practical shredded BM. The final objective for this task – synthesis and 

optimization of a functionalized adsorbent material to selectively bind ionized Al and Cu for high-purity 

recovery – is complementary to the primary objective, and work on this task will continue to be pursued at a 

lower priority level in FY23. 

Parameter optimization for BMP treatment and post-treatment conditions was evaluated through a rational 

experimental framework. We have applied the matrix conditions iteratively developed in FY21 for the rapid 

solubilization of Al and Cu to samples of both simulated BM (i.e. pristine NMC powder spiked with known 

concentrations of contaminants) and practical shredded end-of-life material, obtained from the CAMP facility 

(both before and after thermal treatment) and directly from industrial suppliers. We have also evaluated the 

impact of BMP treatment on graphite. All testing this FY was conducted using the bench-scale CSTR-type 

reactor with sonication developed in FY21. We have evaluated the efficacy of purification by quantifying 

residual contamination in these samples, and have evaluated impacts on NMC by structural (XRD), chemical 

(ICP, SEM/EDS), and electrochemical analysis. 

A critical focus of this FY has been identifying matrix and process condition improvements to enhance the 

practical full-cell behavior of material following BMP treatment. To accomplish this, robust electrochemical 

analysis was first conducted to identify the source and root cause of capacity loss in full cells prepared with 

treated material. The results of this analysis informed iterative process improvements associated with the 

filtration step and post-treatment rinse step, with optimization of the latter still ongoing. Experimental 

validation of process improvements was conducted using electrochemical analysis coupled with XPS and 

SEM/EDS. 

Efforts towards scale-up have been initiated via the purchase of a custom-designed 1L reactor (Pope Inc.) and 

associated balance-of-plant supplies. With delays associated with component supply chain constraints, the 

reactor is scheduled for delivery by the end of Q1 FY23. Additionally, a framework for technoeconomic 

analysis (TEA) has been developed through collaboration with the EverBatt team at Argonne National 

Laboratory (ANL). Specifically, the TEA was tailored to more accurately represent the value provided by the 

BMP process, which includes the ability to directly recycle an input stream that would otherwise be unusable. 

This FY, effort was also made to increase visibility of this research. This included presenting at an 

international conference (US/UK Workshop Series in Electrochemical Energy Storage Research – London, 

UK, July 2022); engaging in discussions with several industry representatives; and preparing and submitting a 

manuscript highlighting the accomplishments of the project to date.  
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In FY22, the idealized conditions identified in FY21 for the rapid ionization of Al and Cu in alkaline solution 

were further refined to improve at-scale processability and practical viability. This initially involved 

identifying the minimum solvent volume /maximum contaminant concentration required to achieve full 

corrosion of Cu, the limiting contaminant species (~0.75 g-Cu/L-solution under the present bench-scale 

design). This parameter was used to inform the design of the pilot-scale reactor, which has been specified to 

process ~50 g of black mass with an expected total contaminant concentration of 1-2%. Further, diffusion 

limitations were identified as a constraint for the extent of Cu corrosion, prompting the inclusion of baffling 

and an axial impeller in the pilot-scale reactor to ensure optimal mixing and avoid the presence of “dead 

zones”. 

 

Figure III.3.68 (a) Half-cell and (b) full-cell perrformance of BMP-treated NMC-111 vs pristine NMC-111; shaded region reflects 

capacity variation between sample replicates. 

As discussed in the Background section above, optimal conditions for the purification of black mass must 

simultaneously maximize the corrosion rate/extent of the undesired contaminants (Al0, Cu0) while avoiding 

adverse impacts to the properties and performance of the cathode active material. The BMP process does not 

adversely impact the bulk structural properties of NMC (see FY21 reporting), and half-cell performance of 

treated NMC-111 is equivalent to that of pristine NMC-111 (FY21 reporting and Figure III.3.68a). However, 

early-FY22 tests of the treated material in practical full cells (NMC vs graphite) revealed evidence of 

electrochemical variability and more substantial capacity loss (Figure III.3.68b). It should be emphasized that, 

in the context of practical implementation in a direct recycling line, the “no-treatment” condition is objectively 

the worst outcome: as noted previously, the fine fraction of the black mass is unviable for direct recycling 

when even low levels of Al0 and Cu0 contamination are present. But given that the ultimate target for a 

successful BMP process is to induce no measurable effect on the active NMC, and it is imperative to identify, 

report on, and improve on any disparities between pristine and treated material such that iterative adjustments 

can be made and the highest quality material produced.  

With this end goal in mind, comprehensive electrochemical analysis and several complementary analytical 

techniques (XPS, SEM, EDS) were employed across two sample types (pristine NMC and practical BM) to 

fully probe the origin of this behavior and drive associated process improvements. These analyses revealed 

both an incomplete removal of ionized contaminant species (in the case of practical BM) and changes to the 

surface properties of the treated NMC. Both of these behaviors can be directly tied to our post-treatment 

filtration and rinsing steps, rather than the treatment process itself.  
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Figure III.3.69 Selected XPS spectra for (a) O1s and (b) Ni2p3 showing surface modification of treated practical BM (yellow curves) 

as compared to as-received EoL material (orange curves) and pristine material (blue curves). Preliminary species assignements 

are overlaid at the respective binding energies for reference.  

In FY21 and early FY22, our post-treatment protocol involved centrifugation of the treatment solution at room 

temperature, decanting the supernatant solution (containing ionized contaminants and residual solvent), and 

subsequently briefly (~10 sec) rinsing with deionized water to remove residual KOH. XPS analysis – 

conducted this FY on practical end-of-life BM through a collaboration with the Electrochemical Relithiation 

task –suggested that the [BMP + post-treatment] process may be inducing elevated Ni reduction (Ni3+ → Ni2+) 

and higher surface oxygen content (Figure III.3.69); further, EDS (Figure III.3.70) reveals the presence of 

dispersed Al and K contamination, which appear as flake-like crystallites in treated samples. Impedance 

analysis reveals a higher resistance in treated materials relative to pristine, and differential capacity analysis 

shows substantial reactivity outside the voltage range of “standard” reversible NMC electrochemistry (Figure 

III.3.71). Taken together, these findings imply both that the ionized contaminants (e.g., Al) and the treatment 

solvent (KOH) has not been sufficiently removed during the post-treatment step, and may be intercalating into 

the graphite counter-electrode in full cells. These analyses further suggest an adverse role of the water-rinsing 

step in inducing Li/H+ exchange, which could drive the observed Ni3+/Ni2+ reduction and result in near-surface 

structural rearrangement (spinel, rock salt)1 as well as the evolution of surface-resistive species such as LiOH, 

Li2CO3, LiHCO3, etc.2 

 

Figure III.3.70 SEM analysis of practical BM following BMP treatment, revealing the presence of flake-like crystallites which are 

confirmed by EDS to contain Al (likely as Al(OH)3) and K (likely as KOH). 
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Figure III.3.71 Evolution of full-cell differential capacity over 25 C/10 cycles following formation: (a) Pristine NMC-111; (b) NMC-

111 after undergoing BMP + post-treatment rinse with deionized water; (c) Normalized differential discharge capacity for the 

condition shown in (b), with normalization calculated as the value from the treated cell minus the first-cycle value from a 

representative pristine cell. In (c), vertical dashed lines at 3.43 V and 3.8 V denote the low, middle, and high voltage regions of the 

plot, separating the expected graphite (~3.5 V) and NMC (~3.7 V) peaks from the side reactions occurring at low and high 

voltages. In all plots (a-c), line colors indicate the cycle number (increasing from dark to light tones) and a single representative cell 

replicate is shown; in (b), the first-cycle differential capacity behavior of the pristine cell is overlaid in black for reference.  

A series of studies was conducted in FY22 to identify promising candidates for post-treatment solvents and 

determine whether changes to the post-treatment protocol could result in improved full-cell performance of 

BMP-treated material. For these studies, a sample of practical BM was processed using the optimized BMP 

treatment parameters (i.e., sonication and stirring at 60°C for 2.5 hr under ambient atmospheric oxygen); to 

reduce the possibility of solubility-driven reprecipitation of Al(OH)3, samples were vacuum-filtered 

immediately after treatment (while the solution was still hot). Following room-temperature vacuum-drying, all 

samples were then rinsed with a supplemental aliquot (75 mL) of 0.1 M KOH. After another round of room-

temperature vacuum drying, samples were manually shaken for a 30-second period with 40 mL of one of four 

organic solvents. Samples were then vacuum-dried again at room temperature prior to electrode fabrication. 

The solvents utilized were selected based on ability to solvate Al(OH)3 and K+; further, these solvents reflected 

a range of dielectric constants and steric hindrance. Room-temperature vacuum-drying was employed to avoid 

surface reconstruction to M3O4 (spinel)- or MO (rock salt)-type structures, which has been reported for high-Ni 

NMCs following higher-temperature drying.1 SEM/EDS conducted on the post-treated samples confirmed 

elimination of the flake-like crystallites observed in (Figure III.3.70), and full-cell electrochemical cycling data 

(Figure III.3.72) suggests that treatment with any of the solvents studied is superior in terms of both 

performance and cell resistance to the baseline condition (i.e., a single rinse with KOH). For this sample set, a 

direct comparison with the original post-treatment protocol (deionized water) was not conducted, but the 

impact of changing the cpost-treatment solvent identity is clearly evident. It is anticipated that optimizing the 

post-treatment conditions will eliminate the surface irregularities previously observed in treated material, 

creating a truly “purified” BM that is optimized for downstream direct recycling processes (e.g., relithiation). 

Finalizing an optimized post-treatment protocol is the focus of early FY23 efforts, and will be the final bench-

scale tuning required to fully define the BMP process for scale-up.  
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Figure III.3.72 (a) Full-cell performance and (b) impedance analysis of BMP-treated practical end-of-life material to evaluate the 

variable impacts of post-treatment solvent on subsequent performance. In (a), shaded region reflects capacity variation between 

sample replicates; in (b); curves with the same marker style and color reflect sample relicates. 

The TEA framework established in collaboration with the EverBatt team in FY22 is being iteratively employed 

with efforts to identify an optimal post-treatment rinse solvent. Without conclusively knowing the nature of 

this solvent and its ability to be reused, it is difficult to accurately quantify the value offered by the BMP 

process; however, the EverBatt model will continue to be refined as the BMP method parameters are finalized 

in early FY23. 

Finally, a custom-designed 1L pilot-scale reactor and all associated balance-of-plant supplies have been 

purchased. Initial safety reviews have been initiated, and installation is planned for Q2 FY23. This will enable 

the optimized BMP process parameters (both treatment and post-treatment steps) reported herein to be applied 

to larger batches of industrial BM, in line with overall scale-up goals outlined by the ReCell consortium. 

Electrolyte Component Removal and Recovery 

During the battery recycling process, electrolyte needs to be removed from the materials to allow for further 

processing to recover other materials. This can be done in several ways, including supercritical CO2, thermal 

drying, water washing and solvent extraction. Of these, only supercritical CO2 with added co-solvent or 

solvent extraction can recover the LiPF6, which is the most valuable component of the electrolyte. We have 

demonstrated that the electrolyte can be extracted by diethyl carbonate (DEC), and then reconstituted with 

better cycling than 1.2 M LiPF6 in 3:7 ethylene carbonate to ethyl methyl carbonate (EC:EMC) electrolyte. 

This process was demonstrated at 0.5 L scale and the materials washed are being utilized for many other 

projects across ReCell. We previously have tried different methods for purification, but none of the 

purification methods really provide sufficient benefit. During this year we are working on the scale up of the 

process and purchasing equipment to wash at large scales. 

The objective of this project is primarily to remove the electrolyte from electrode shreds to prevent 

downstream contamination. In addition, we want to determine if the electrolyte can be reused in batteries to 

prevent it from becoming waste. These goals need to be demonstrated at scale for both production of materials 

for the rest of the ReCell center as well as to demonstrate the potential effectiveness in commercial 

applications. 

In this project, we initially explored a wide range of solvents and other techniques for removing electrolyte. 

After this initial exploration, using carbonate solvents to recover the salt was chosen as the main option as it 

can provide very clean cathode material for direct recycling. This type of process produces a dilute rinsate that 

needs to be recycled. This project has approached this by using vacuum distillation to concentrate the LiPF6. 

This concentrate is then reconstituted into a new electrolyte that can work well in full cells. 
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This year, the focus of this project was on scaling the rinsing and concentration process. In particular, we 

started to look at whether electrolytes can survive short air exposure going from the shredder to the glovebox. 

Then further onto utilizing a rotary evaporator to concentrate the electrolytes, which in the current apparatus 

requires an additional air exposure. We utilized diethyl carbonate (DEC) to extract electrolytes from end-of-

life cells shredded in inert atmosphere. This requires air exposure as the materials are collected from the 

shredder and transported to a glovebox for rinsing. The rinsate was then concentrated in a vacuum oven at 

80°C to provide a concentrate. After this process there was not any significant degradation of the LiPF6 as 

determined by NMR. After concentration, the composition was determined by NMR and this allows for the 

correct additions to make 1 M LiPF6 in 1:1 EC:DEC. Then this electrolyte was used to make recycled NMC 

622/graphite full cells. The resulting cycling is shown in Figure III.3.73. The recycled electrolyte performs 

similarly to the pristine gen 2 electrolyte. There is a slightly reduced initial capacity, but improved cyclability.  

 

Figure III.3.73 Full cell cycling for recycled NMC 622 with gen 2 (1.2 M LiPF6 in 3:7 EC:EMC) electrolyte and recycled electrolyte (1 

M LiPF6 in 1:1 EC:DEC) along with a commercial NMC 622 with gen 2 electrolyte. 

We then worked to scale up the concentration process using a rotary evaporator. In our current set up this 

requires additional air exposure, which leads to questions over whether we can still reuse such an electrolyte. 

In order to make a successful electrolyte, the solvent needs to be very clean and the entire process needs to 

occur in a relatively short period of time. The initial full cell coin cell cycling data for such a recycled 

electrolyte is shown in Figure III.3.74. In this case the recycled electrolyte very slightly outperforms the gen 2 

baseline electrolyte. 
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Figure III.3.74 NMC 111/graphite full cell cycling using electrolyte recycled using a rotary evaporator for the concentration step 

versus gen 2 baseline electrolyte. 

Graphite to Graphene 

Maximizing the generated revenue from recycling all components of Li-ion batteries can greatly improve the 

profitability of Li-ion battery recycling. Currently it is a challenge to recycle the graphite anode because the 

product doesn’t have enough value. It has been previously published that cycled anode graphite can be more 

easily exfoliated into graphene than other graphite sources. If this process can be scaled the graphene produced 

would have a much higher selling price than graphite, resulting in substantial revenue gains. The challenge in 

scaling this process has two parts. The first is finding a process to simply create the needed graphite feedstocks 

for this process. The second is finding the best exfoliation method, additives, and conditioning steps to 

improve yield and throughput. We will be testing traditional and innovative processes to determine the optimal 

conditions and then determine the costs and environmental impacts for these processes using the EverBatt 

model. 

The objective of this project is to find a process that can recover graphite and exfoliate it into graphene in a 

scalable way at minimal cost. Then to further demonstrate this process by producing sufficient graphene for 

evaluation in various applications by commercial partners. 

The first step in this process is to harvest graphite from spent cells. It was previously determined that graphite 

can be removed from copper by simply placing the electrode in water. Other projects have demonstrated 

techniques that can recover graphite on copper foil from a spent cell. For this project, graphite has been mostly 

obtained from hand sorted electrodes to minimize the amount of material that needs to be processed. We then 

looked at a couple of possible methods to exfoliate graphene and chose high shear mixing due to its low cost 

and scalability. With the method chosen we are determining the best possible exfoliation process using a 

combination of additives and shear mixing conditions. In addition, we have explored differences in the 

manufacturer on the quality of the graphene produced. 

During this year we attempted to gain a better understanding of the effects of materials type and processing 

conditions on the quality of graphene produced. In particular, we analyzed the effect of manufacturer and 

stirring speed on the quality of the graphene. This was done in conjunction with Xiaodong Li’s group at the 

University of Virginia who performed extensive atomic force microscopy (AFM) analysis of the samples. The 

resulting histograms for the thickness and edge length are shown in Figure III.3.75. It is clear from this data 

that graphites from different manufacturers have very different exfoliation behavior. This is likely due to 
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differences in crystallite size and degree of ordering in the graphite. This implies that commercially some 

manufacturers of cells will be more amenable to be turned into graphene than others. 

 

Figure III.3.75 Histograms generated for thickness and edge length from AFM images of the graphene prepared at 3krpm from a) 

and c) manufacturer A and b) and d) from manufacturer B.  

In addition, we explored how the stirring speed will affect the graphene production. Using manufacturer A 

material we tested three speeds to look how the exfoliated graphene changes. The results in Figure III.3.76 

show that at higher stirring speed the thickness is reduced as anticipated. For this material, it requires at least 7 

krpm to achieve even few layer graphene and higher shear would be needed to generate single layer graphene. 

This type of understanding is needed to correctly optimize the exfoliation process and determine its energy 

usage. 
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Figure III.3.76 Histograms generated for thickness from AFM images of the graphene from manufacturer A at different shear 

mixing stirring speeds.  

To further understand the potential commercial possibilities of this process we worked to generate a model for 

commercial production of graphene in EverBatt. This model assumes a 10% yield for graphene production and 

all of the graphite from a 10,000 ton per year battery recycling plant goes through this process. The total cost 

came to $2.63/kg of graphite processed, or equivalently $26.30/kg of graphene produced. The remaining 

graphite could also be potentially sold to another application further increasing the potential revenue. An 

analysis of the cost breakdown indicates that electricity is likely the greatest expense for the graphene 

production. This may be somewhat reduced in commercial applications due to higher efficiency mixing 

system, but in this model we assumed the same electrical usage per kg graphene production at the small scale. 

In any case, if this model prediction is correct, this would still be a major reduction in the cost of graphene, 

which could enable new high volume applications such as composite materials to be produced. (See Figure 

III.3.77.) 
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Figure III.3.77 EverBatt cost analysis of the recycling of graphite into graphene from graphite on copper foil. Cost is in $/kg of 

graphite recycled.  

Modeling and Analysis 

EverBatt 

Recycling has the potential to reduce the cost and environmental footprint of lithium-ion batteries (LIBs). 

Argonne has developed the EverBatt model to estimate the cost and environmental impacts associated with 

closed-loop recycling of LIBs, and we have been using the model to help inform and direct R&D efforts at the 

ReCell Center. Specifically, in FY22 we have been expanding EverBatt to include unit processes proposed for 

direct cathode recycling and recovery of other battery components; updating existing unit processes in 

EverBatt based on new process information; and evaluating promising configurations of direct recycling 

processes in EverBatt to identify cost/environmental hotspots and barriers to commercialization. 

The objective of the project is to enhance the understanding of the cost and environmental impacts of different 

battery recycling technologies, particularly direct recycling, and to inform battery recycling R&D. 

To model ReCell unit processes in EverBatt, we meet with individual PIs to collect information on the 

equipment used and reagents consumed, together with the emissions generated and materials recovered for 

their process. We then build the process in EverBatt based on collected information, adding new materials 

and/or equipment to the model as needed. Since most of the ReCell processes are under-development and will 

continue to evolve, we also set up key experimental parameters as inputs in the EverBatt model for each 

ReCell process, so that the PIs can easily run scenario analyses or update the results as they explore new 

process designs. If possible, we also combine the unit process of interest with appropriate upstream and 

downstream processes to form a complete direct recycling design.  

Once we have a working EverBatt model for the unit process of interest, we will meet with the PIs again to 

demonstrate how to modify the model inputs and how to interpret the model results, and we will continue to 

update the model as new information becomes available. With an EverBatt model for their process, the PIs can 

pinpoint cost and environmental hotspots and thus identify opportunities for improvement. 

In FY22, we added 5 processes to EverBatt, and updated the modeling of 4 processes based on new 

information, as summarized in Table III.3.12. 
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Table III.3.12 EverBatt Modeling of ReCell Processes in FY22 

] Q1 Q2 Q3 Q4 

Added Processes Solvent-based dual 

process 

Aequeous 

sequential 

separation;  

RE roll 

Graphite to 

graphene; 

Balck mass 

purification 

N/A 

Updated Processes Solid state 

relithiation 

Ionothermal 

relithiation 

Redox relithiation RE roll 

 

Analyses of these processes show that materials separation does not incur substantial costs, while achieving 

good yields and product purity levels are key to the success of direct recycling. For most of the processes we 

have analyzed in FY22, materials consumption is a significant cost contributor. Recycle and reuse leftover 

reagents and solvents therefore represent an opportunity for cost reduction and should be explored in process 

optimization and scale-up. For processes that use water and/or other solvents, the quantities and compositions 

of the waste streams are still not well understood and should be further investigated to enable the modeling of 

waste treatment. In addtion, for processes that use deionized (DI) water, we plan to examine the economics of 

on-site DI water production, since its use can be a notable cost contributor.  

 

Figure III.3.78 Cost and revenue comparison for hydro recycling ($/kg cell recycled) 

To inform R&D at ReCell, we also examine the prospect of lithium recycling from end-of-life (EOL) batteries 

and manufacturing scrap. We show that the Li content in EOL cells is comparable to that in concentrated 

spodumene ore (3-4 wt%), while the Li content in manufacturing scrap is comparable to that in concentrated Li 

brine (~6 wt%). Both therefore can be valuable Li resources. Since among all Li materials, metallic Li is the 

most valuable on per kg Li content basis, we conclude that Li recovery as metallic Li looks promising, 

although research on feasible technologies is still needed. Lastly, we refine our cost modeling for Li recovery 

from EOL batteries via hydrometallurgical (hydro) recycling, to provide a baseline for future Li recovery 

technologies. The results are shown in Figure III.3.78. 

LIBRA 

NREL is analyzing the material and component supply chain for lithium-ion battery (LIB) manufacturing and 

recycling to determine the dynamic factors driving the economic viability of this nascent industry.  Material 

availability, supply shocks, and technology adoption all impact the continued operation of this supply chain, 

which in turn enables the rapid electrification of the transportation sector that has been identified as a 
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cornerstone of the global strategy to mitigate greenhouse gas emissions. NREL conducts many types of 

analyses for the LIB supply chain, including trade flow analyses, global resource assessments and projections 

of regional industry growth patterns. For this report, we will focus on NREL’s systems dynamics model, 

Lithium-ion Battery Resources Assessment (LIBRA). The LIBRA Model identifies and explores the critical 

factors for the successful buildout of LIB manufacturing and recycling capacity both domestically and 

globally. LIBRA tracks the flows and stocks of battery materials, financing, and industrial maturity leading to 

more efficient plant operations through 2050 under varying policy scenarios and LIB demand conditions. The 

model has been used to evaluate the material circularity of the LIB industry with a particular focus on how that 

can lead to the achievement of established climate goals and benchmark projections. The various modules 

included in LIBRA are shown in Figure III.3.79. 

 

Figure III.3.79 LIBRA model top level modular structure 

The objectives of this project are to evaluate the most impactful barriers and drivers of the LIB supply chain in 

the United States and globally. More specifically, these modeling efforts are designed to answer questions 

similar to those below. While the questions below are illustrative of the types of questions LIBRA can be used 

to answer, they are not exhaustive.  

Sample key questions 

• To what extent can LIB recycling contribute to the domestic battery industry development? 

• What are the top hurdles for economic development of the domestic battery manufacturing and 

recycling industries? 

• How can we work with partner countries to enhance the domestic supply chain? 

• What aspect of the supply chain exerts the most leverage on the development of the domestic 

industry’s development? 
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• What impact would investment and external market shocks have on the growth of the industry? 

• How might evolving chemistries impact recycling and the evolution of the recycling industry? 

• How do variations in demand for LIBs impact the development of battery manufacturing and 

recycling capacities in the United States and globally? 

• How do various factors such as policy decisions, plant financing, material constraints, or market shifts 

impact the potential circularity of the LIB supply chain? 

 

The LIBRA team uses sensitivity analysis and informative scenarios to evaluate ranges of outcomes under 

different conditions over time with projections extending to 2050. An example sensitivity analysis is shown 

below where we ran five projections of electric light-duty vehicle adoption from different sources to see how 

they impact results. With projections extending out multiple decades, uncertainty in the inputs can be high and 

lead to significant variation in modeled outcomes. Sensitivity analysis is useful for evaluating the range and 

extent of these variations and determining which inputs are the most important. 

NREL relies upon a number of sources for predictions of how battery demand will change over time with 

adoption of EVs and electrification of the grid. Sources we’ve found to be adequately documented and 

regularly updated include Bloomberg New Energy Finance (BNEF) (BNEF 2022), Wood-Mackenzie (Wood 

Mackenzie 2021), and the International Energy Agency (IEA) (IEA 2022). Most of our runs as defined from 

our “base case” are derived from the BNEF projection because of the specificity in its projections which 

delineate between a wider variety of vehicle types. Variations among these three sources provide a bounded set 

that allows us to assess the impact of deployment on the development of the domestic battery manufacturing 

and recycling industries. These projections (Figure III.3.80) range from the IEA STEPS scenario which 

continues existing EV adoption policies with a comparatively conservative level of EV adoption up to the 

BNEF Net Zero scenario showing the resulting EV adoption from policies targeting a net-zero emission fleet 

by 2050.  

 

Figure III.3.80 Five projections of electric LDV sales in the United States in terms of the battery energy demanded each year 

The key metrics shown below (and others like them) are used to evaluate system-level questions including 

those described in the objectives section that can help inform large-scale decision-making and planning. These 

metrics can be used as indicators of the viability of these new industries that are integral to the maintenance of 

the LIB supply chain. The metrics used to evaluate these outcomes are characterized by significant feedback in 

the model and sensitivity to a wide range of inputs. 
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Sample Key Metrics 

• Share of mineral demand for new batteries manufactured in the U.S. for the U.S. market that can be 

met by recycling 

o Metric = Recycled Minerals Recovered / Minerals Demanded for Domestic Manufacturing 

• Tonnes of batteries recycled per year 

• MWh of cathodes/batteries manufactured per year to meet exogenous domestic demand projection 

The impact of materials recovered from recycling depends on numerous factors, including earlier sales of 

batteries (shown in Figure III.3.80), battery chemistries at the end-of-life, recycling economics, virgin material 

prices, collection rates, and battery sorting. The domestic share of demand for cobalt and nickel that can be met 

by recycling given the various EV deployment projections, are shown in Figure III.3.81 and Figure III.3.82, 

respectively. It is again important to note that these results reflect a particular scenario for the other input 

parameters. Other scenarios can be run in LIBRA that vary different subsets of inputs using parametric 

sensitivity analysis or broader multivariate analyses. 

 

 

Figure III.3.81 Share of cobalt required for new LIB demand that can be met by cobalt recovered through recycled LIBs 
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Figure III.3.82 Share of nickel required for new LIB demand that can be met by nickel recovered through recycled LIBs 

The Net Zero BNEF scenario has the most rapid escalation of EV adoption among the five cases shown but 

also has one of the lowest shares of cobalt and nickel recovered. While there may be more resources available 

to be recycled with higher EV adoption in the long run, the demand for new batteries increases much faster 

than those recycled resources become available. In contrast, the IEA STEPS scenario has the lowest level of 

EV adoption, and a higher share of new battery demand can be met. With a shorter battery lifetime, recycled 

consumer electronics materials are able to meet a higher share of new demand with a lower rate of EV 

adoption- the demand for electronics and stationary storage do not vary across these five scenarios. The 

relative order of the five scenarios is similar for both cobalt and nickel.  

The share of demand met by recycling before 2035 does not change significantly for either metal as both the 

availability of recycled materials (the denominator of the metric shown in Figure III.3.81 and Figure III.3.82) 

and the demand for those materials for new batteries (the numerator of the metric) are increasing over time. 

However, the rate of increase in EV sales slows after 2035, resulting in a general upward trend to 2050. The 

shape of these figures is driven by many parameters, but one significant impact is related to the transition in 

battery chemistries used over time, moving away from cobalt-rich chemistries and toward nickel-rich 

chemistries.  

Modeling and Analysis 

CAMP Support 

Numerous recycled battery materials are created in the ReCell Center that need to be validated in prototype 

electrodes and pouch cells. Validating the electrochemical performance of recycled battery materials is critical 

to establishing their market viability. The Cell Analysis, Modeling, and Prototyping (CAMP) Facility at 

Argonne validates these materials (active cathode powders, graphite, electrolytes, etc.) in prototype electrodes 

and pouch cells and compares their electrochemical performance to baseline electrodes (and electrolyte). Two 

areas of particular interest this year were in relithiation of harvested spent NMC622 cathode powder and 

upcycling of baseline NMC111 polycrystalline powder to single-crystal powder. 

The objective of this crosscutting activity is to validate the electrochemical performance of the candidate 

recycled cathode powders in commercial quality electrodes and single-layer pouch cells.  
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The CAMP Facility uses pristine NMC111 or NMC622 cathode materials and SLC1520P graphite as the 

baseline materials in capacity-matched electrodes and cells. All recycled or upcycled cathode or graphite 

materials are compared against these baseline materials in terms of electrochemical performance data. Other 

recycled battery materials, such as electrolyte or binder, are also evaluated in electrodes and cells and 

compared against their pristine version. All electrodes are first tested in coin cells for initial validation and then 

tested in single-layer pouch cells for rate performance, HPPC impedance, and cycle life, if warranted. Results 

from the coin or pouch cell studies are provided to the relithiation teams to aid them in their optimization 

efforts. Fully-optimized materials that do not perform as well as the baseline material have little market 

viability. Recycled materials that do perform as well as the baseline have to pass the next hurdle of cost 

competitiveness. 

Relithiation of harvested spent NMC622 cathode powder 

The CAMP Facility received four relithiated NMC622 powders from four relithiation teams (Hydrothermal, 

Ionothermal, Solid State, and Redox) near the end of FY21. The initial NMC622 powder was recovered by 

ORNL’s Solvent Y process applied to electrodes harvested from industrial End-of-Life (EOL) cells from an 

industrial collaborator.  All four relithiated powders were coated, but the coating quality was marginal, yet still 

useable. The poor quality of the electrodes was attributed to the higher pH of the powders caused by the 

relithiation processing and to the presence of large hard agglomerates (that may have formed during sintering). 

A fifth relithiation process was also validated in which a portion of the Solvent Y recovered NMC622 was 

retained by the CAMP Facility and made into an electrode and then sent to NREL for electrochemical 

relithiation of the electrode (eChem). Both the pristine NMC622 powder and Solvent Y recovered NMC622 

powder blended well in the slurry process and yielded good quality electrodes. All six NMC622 powders were 

coated by the CAMP Facility to match an anode (A005B, SLC1520P graphite) from the Electrode Library. 

Electrodes were punched from these electrodes and made into single layer pouch cells in the xx3450 format 

with at least four duplicate cells per electrode set. These cells are referred to as “Baseline” for the pristine 

NMC622 and “first generation” for the five relithiated NMC622 powders in Figure III.3.83.  

The coating observations and initial results of the first generation cells were relayed back to the relithiation 

teams. They decided to further optimize their process to provide a second generation of harvested and 

relithiated NMC622 powder, except for the eChem team, which did not affect the electrode quality. The 

second generation of powders were received from the hydrothermal, solid-state, ionothermal, and redox 

process teams near the middle of Q2. These powders were coated using the same composition, slurry process, 

and drying conditions as the first generation. The quality of all four electrodes were much better than the first 

generation of powders. Single-layer pouch cells using these four NMC622 electrodes were made like the first 

generation cells and put on formation and then life cycle protocol testing at 30°C.  

In the third quarter, the first generation of pouch cells finished the 2nd life cycle protocol with a total of 517 

cycles, at which time only the ionothermal and baseline pouch cells were restarted – these cells went on to 

complete 1026 life cycles with 85% and 83% capacity retention – end of test. The second generation of pouch 

cells have all completed 517 cycles. Only the ionothermal pouch cells were restarted after 517 cycles, which 

were at 710 life cycles with 86% capacity retention at the end of FY22. Results summarized in Figure III.3.83. 
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Figure III.3.83 Summary of the capacity retention for first generation (v1) and second generation (v2) relithiated NMC622 powders 

versus Baseline NMC622 powder evaluated in single-layer pouch cells with Gen2 electrolyte at 30°C. 

Upcycling of pristine NMC111 to single-crystal cathode powder 

In the third quarter, the CAMP Facility received 50 grams of up-cycled single-crystal NMC111 from WPI. It 

was then coated to match the SLC1520P graphite electrode in the Electrode Library and then tested in half-

cells to determine capacity, voltage profile and rate capability. The half-cell data looked promising, so single-

layer pouch cells were made and are undergoing testing at the end of FY22. Preliminary results were sent to 

WPI for their Q4 milestone see Figure III.3.84.  
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Figure III.3.84 Summary of upcycled single crystal NMC111 versus baseline NMC111 in single-layer pouch cells using Gen2 or 

Gen2+FEC electrolytes at 30°C. 

Post Test Support 

The Post Test Facility (PTF) at Argonne National Laboratory provides expert materials characterization in 

support of the ReCell Program. We process recycled materials, powders, electrodes, and cells. The facility 

combines microscopy, spectroscopy and chromatography within a controlled-atmosphere glove box to gain a 

deep understanding of component interactions as well as chemical and structural changes during battery 

operation. We provide characterization data that helps elucidate differences between baseline and recycled 

samples. These results will help us identify issues in the recycled materials, such as how well does a given 

recycling process separate an initial mixture of cathode, anode, supporting foils and casing materials? 

The objective of the PTF is to provide expert analyses of physical, spectroscopic, metallographic and 

electrochemical evaluation of materials for all facets of the ReCell Program. These analyses lead to a better 

utilization, upcycling, and recycling of materials investigated in the project.  

The PTF is unique in that all its work, from dismantling the cell to harvesting and analyzing its components, 

can be performed in a glove box. This keeps the air-sensitive battery materials pristine and intact, yielding 

more information about what’s really going on with recycled battery materials in the lithium-ion batteries 

(LIBs). The techniques at PTF are used in a systematic fashion enabling comprehensive determinations on 

functionalities of recycled materials in the LIBs. 

Impurities detection of the recycled materials. 

Any possible impurities remained on the powder materials after binder removal process was investigated. 

Figure III.3.85 shows the X-ray photoelectron spectroscopy (XPS) results of Li(Ni0.6Mn0.2Co0.2)O2 (NMC622) 

after binder removal process using solvent Y. Two different types of solvent Y were used and labeled as new 

and original. As PVDF ((CF2CH2)n) binder shows characteristic XPS peaks (CF2) in C1s (at ~292 eV) and F1s 

(at ~688 eV) regions, those regions were mainly observed. First of all, no PVDF related peaks were observed 

from XPS spectra in C1s and F1s regions meaning that PVDF binder were well removed with solvent Y. 

However, there are still XPS peaks observed in F1s and P2p regions. Those peaks were regarded as some 

remaining impurities on the surface after binder removal process. Possible compositions for those impurities 

are LiF and LixPyFz, which are assumed to be originated from cathode electrolyte interface (CEI) layer. 
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Figure III.3.85 XPS results of C1s, F1s and P2p regions from NMC622 after binder removal process using solvent Y. 

Recycled electrolyte.   

Aged electrolyte was collected by research group in Argonne (Albert Limpson) and re-used to for the battery 

testing. After cycle tests, the cathode electrolyte interface (CEI)/ solid electrolyte interface (SEI) of 

NMC/graphite cells cycled with fresh electrolyte and recycled electrolyte were investigated to consider the 

reliability of the recycled electrolyte. The cell with recycled electrolyte showed lower cycle retention than the 

cell with fresh electrolyte. Cells were transferred to the PTF for further analysis to understand the reason of 

lower cycle retention. First, XPS analysis was performed on the graphite surface (SEI) and NMC surface (CEI) 

of both samples. As shown in Figure III.3.86 and Figure III.3.87, XPS analysis did not reveal noticeable 

differences of surface chemistries in SEI and CEI. 

 

 

Figure III.3.86 CEI investigation using XPS. 

 

 

Figure III.3.87 SEI investigation using XPS. 

 

However, metal plating on the graphite anode was only observed from the cell cycled with recycled 

electrolyte. Raman mapping analysis was further performed and confirmed this is lithium metal plating. 

(Figure III.3.88) It was assumed that the lithium metal plating occurred because of lower ionic conductivity of 

recycled electrolyte. The electrolyte with low conductivity could result in lithium-ion reduction to metal on the 

surface instead of lithium intercalation into the graphite. As the lithium plating is known to be irreversible, this 
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could be the reason for lower capacity retention of the cell with the recycled electrolyte. This study suggests 

conducting the conductivity test prior to battery test to reduce the time for evaluation of recycled electrolyte.  

 

Figure III.3.88 Raman mapping analysis on the lithium plating. 

SEI investigation. 

It has been well known that how SEI on the graphite forms in the aged cells, but its relationships to the 

recycling process have not been systemically explored yet. In this regard, two aged graphite anodes (received 

from NREL) were investigated first with Fourier transform infrared (FTIR) and results are shown in Figure 

III.3.89. There is no known information such as electrochemical performances or cycle history of these two 

samples. The results show that lithium carbonate, polyethylene carbonate, LEDC and lithium oxide are main 

components of SEI layer. In FTIR analysis, the most difference between samples can be found in intensity for 

Li-O stretch peak observed in ~550 cm-1. This could be from either ROLi or Li2O. Stronger Li-O peak 

intensity from sample B could be related to the white residues observed in optical images.   

 

Figure III.3.89 FTIR analysis on aged graphite electrodes. 
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Figure III.3.90 XRD and GIXRD analysis on the aged graphite anode. 

In addition, Grazing Incidence X-ray Diffraction (GIXRD) was applied on the sample B to achieve crystalline 

structure information on the surface of graphite anodes. A GIXRD has the same operating principles as XRD, 

but it can manipulate X-ray incident angle to lower angle to focus more on the crystal structure of surface film 

instead of bulk.  The results revealed that ratio of peaks intensity from SEI components over graphite was 

highly increased. However, Li-O related peaks were not detected. This could be either quantity of Li-O 

component is not sufficient to be detected via XRD or Li-O forms amorphous phase on the graphite anode 

surface. (See Figure III.3.90.) 

More aged graphite anodes are planned to be investigated by using the same experimental scheme and the team 

at NREL is planning to investigate the relationship between SEI properties and recycling process in coming 

fiscal year. 

Diagnostics of Ages Materials 

Over the past several years, we have developed and optimized a streamlined advanced characterization method 

coupling electron backscatter diffraction (EBSD) with electron dispersive spectroscopy (EDS). The 

combination of EBSD and EDS is particularly powerful, as it yields simultaneous structural (EBSD) and 

chemical (EDS) signatures. Our EBSD and associated data processing methods enable statistical quantification 

of both grain size and intra-grain misorientation, which serves as a proxy for material strain. High data quality 

and spatial resolution across multiple length scales – from sub-grain to electrode – has been achieved. As a 

crosscutting technique, this analysis method may be utilized both to analyze degraded material and to assess 

particle-scale changes resulting from a diverse set of recycling methods. EBSD/EDS data collected at a 

statistical scale can inform metrics enabling batteries from different life histories to be distinguished in a mixed 

recycling stream. This technique may also be applied to materials undergoing novel recycling processes 

(separation, purification, upcycling, etc.) to track impacts to NMC chemistry and structure. Data from new 

samples analyzed via EBSD/EDS may be compared to our growing database of material parameters. 

The EBSD/EDS diagnostic techniques developed and optimized in FY19 and FY20 have been employed in 

support of multiple subtasks. The objective of this task is to provide on-demand collaboration with the various 

ReCell subtasks, tailoring analysis approach and data collection to productively inform improvements to the 

subtask processing methods.  

To date, the majority of collaborations have involved the relithiation and upcycling subtasks, with our 

analytical approach uniquely tailored to the individual subtask needs. In all cases, electrodes are obtained from 

subtask collaborators and are prepared (mounted, cross-sectioned, ion milled) at NREL prior to analysis. At 

least 10 distinct particles are analyzed per sample to ensure a representative dataset. Typical analysis may 

include: 1) Evaluating median grain reference orientation deviation (GROD) and grain orientation spread 

(GOS; both parameters extracted from EBSD) to assess lattice misorientation; 2) Tracking these parameters 

(GOS, GROD) at the primary and/or secondary particle scale to identify structural core-shell gradients 

resulting from materials processing; 3) Pairing this EBSD analysis with spatially resolved EDS (line scan or 

selective point scan) to identify compositional gradients across primary or secondary particles. 
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In FY22, the following samples were analyzed using tailored EBSD/EDS methods to address specific material 

questions or concerns for each sample: 

1) A polycrystalline upcycled NMC-622 material from UCSD was analyzed using EBSD to track trends 

in misorientation at both the primary particle and secondary particle scale;  

2) An upcycled NMC-622 sample from ORNL was analyzed with both EBSD and line-scan EDS across 

the diameter of the secondary particle to analyze core-shell gradients arising from  upcycling 

conditions;   

3) An upcycled sample from ANL was also analyzed with both EBSD and line-scan EDS across the 

diameter of the secondary particle to analyze core-shell gradients, with the specific aim of evaluating 

processing condition impacts on Ni distribution. 

4) An additional polycrystalline upcycled NMC-622 sample from ORNL was analyzed via EBSD and 

line-scan + point-scan EDS to track improvements made in processing methods, as compared to the 

previous material analyzed. Data has been shared with the individual sub-tasks and details will be 

incorporated into the individual sub-task reporting.  

A highlighted result is the improvement in materials processing parameters achieved by the ORNL upcycling 

team, informed and measured by the present methods. The sample received from ORNL in Q1 showed 

significant compositional gradient across the diameter of the secondary particle; structural heterogeneity was 

also observed at the primary particle scale, with higher lattice misorientation near the primary particle edges. 

As shown in Figure III.3.91 and Table III.3.13 and Table III.3.14, adjustments to ORNL’s methods resulted in 

significant improvements in compositional homogeneity at the secondary particle scale. These improvements 

were also manifest as a more homogeneous distribution of lattice misorientation (and lower average 

misorientation) in the improved material (Figure III.3.92), suggesting greater structural homogeneity and 

reduced strain. 

 

Figure III.3.91 Sampling locations for the point-scan EDS results presented in two prior tables. As shown, compositional analysis 

was conducted across the diameter of the secondary particle, facilitating analysis of secondary-particle-scale gradients in 

composition. 
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Table III.3.13 Spatially resolved compositional data for ORNL upcycled sample received in Q1. Site 

locations refer to positions indicated in Figure I.1.90a. Compositions are reported as a relative atomic 

percent, such that the sum (Ni + Mn + Co) = 1. 

Scan Location, 

Q1 Particle (a) 
Ni (rel. at. %) Mn (rel. at. %) Co (rel. at %) 

Site 2 54.2 19.8 26.1 

Site 3 58.3 18.9 22.9 

Site 4 58.2 19.5 22.3 

Site 5 57.7 19.4 23.0 

Site 6 66.6 15.1 18.3 

Table III.3.14 Spatially resolved compositional data for ORNL upcycled sample received in Q3, showing 

significant improvement in homogeneity as compared to the sample received in Q1 (prior table). Site 

locations refer to positions indicated in Figure I.1.90b. Compositions are reported as a relative atomic 

percent, such that the sum (Ni + Mn + Co) = 1. 

Scan Location, 

Q1 Particle (a) 

Ni (rel. at. %) Mn (rel. at. %) Co (rel. at %) 

Site 1 74.3 14.3 11.4 

Site 2 52.2 24.0 23.8 

Site 3 48.2 25.9 25.9 

Site 4 62.9 18.8 18.3 

 

Figure III.3.92 Representative process for EBSD analysis and datatypes: Band Contrast (left); Inverse Pole Figure (IPF, middle); and 

Grain Reference Orientation Deviation (GROD, right). Sample shown is ORNL’s upcycled material received in Q3, which shows 

improved structural homogeneity (lower average GROD and minimal evidence of primary-particle-scale core-shell gradients) 

relative to the sample received in Q1. 
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Finally, our coupled EBSD/EDS methods continue to support further improvements in ORNL’s processes. The 

sample received in Q3 showed evidence of a primary-particle-scale Ni gradient (Figure III.3.93), suggesting 

that upcycling may not be uniformly upgrading the primary particle composition and may instead be inducing 

a core-shell compositional gradient. This insight has been shared with the ORNL team and will be incorporated 

into their ongoing method development efforts. 

 

Figure III.3.93 EDS mapping results reveal a grain-scale gradient in composition for several elements. This is particularly evident 

for the transition metals, where primary particle edges appear to be enriched in Ni, relative to Co and Mn. This information will be 

used by the ORNL team to further improve upcycling process conditions. 

Low Temperature Cell Processing Analysis 

Cost models predict that transportation of end-of-life (EOL) battery packs will be an expensive component of 

any recycling process, with estimates generally ranging from 35 to 50% of total recycling costs.1,2 As a class 9 

hazardous material, lithium-ion batteries (LIBs) must be transported in accordance with various requirements 

that inflate these costs. For instance, cells must be separated within a package, their terminals must be 

individually taped, and the total mass of cells and their container cannot exceed 30kg.3,4, Although designed in 

the interest of safety, these requirements are difficult to achieve in a cost-effective manner for a hypothetical 

recycling process, as they would necessitate a great deal of individual handling and packaging for the cells 

entering the recycling stream.  

Freezing batteries in liquid nitrogen is known to passivate them, and is currently being employed as a safety 

measure prior to cell shredding in existing recycling plants. While it can be demonstrated in practice that the 

cells are rendered inert at cryogenic temperatures, there exists little quantifiable information about the 

phenomenon. The aim of this project is to better quantify the effects of freezing batteries, and to assess its 

applicability to EOL transportation. If cells could be maintained in an inert state during transportation, it may 

enable the alleviation of packaging requirements and consequently a large cost savings in the overall recycling 

process.  

In FY21, freezing experiments were conducted to evaluate the inherent effects of freezing batteries. Given the 

thin plastic, metal, and ceramic layers within the cell, each with a differing coefficient of thermal expansion, 

such results as delamination/cracking of active materials, or even tearing of the separator leading to a short, 

seemed plausible. However, the results of the freezing experiments suggested that cryogenic freezing is a 

relatively low-risk process for LIBs, imparting no observable damage to any components. These results were 

confirmed in both fresh cells (100% state of health (SOH)) and aged cells (75% SOH) in both fully charged 

and fully discharged states. The focus of the work in FY22 was the evaluation of the abuse response of frozen 

batteries.    

The goal of the low-temperature cell analysis project was to determine the viability of an EOL battery 

transportation process. Having demonstrated in FY21 that freezing cells appears to be a reversible process that 

imparts no observable damage to the cell components, the work in FY22 transitioned to evaluating the safety 

factor afforded at cryogenic temperatures. This was accomplished by inducing cell failure (nail penetration) at 

varying temperatures and monitoring the cell’s temperature and voltage responses. The initial tests were 
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conducted without active cooling, meaning that the cells were thawing via natural convection throughout the 

experiments. Constant-temperature tests were planned for this FY, but were delayed due to lab maintenance 

issues and will instead commence in FY23.  

The experiments conducted in FY22 were accomplished using a custom-built nail penetration apparatus. Cells 

(NMC811/AG pouch cells, 5Ah, 100% SOC) were placed into a pan, equipped with voltage and temperature 

sensors. The pan rested beneath a nail, driven by a linear actuator. The pan was filled with enough liquid 

nitrogen to freeze the cell and ensure a homogeneous temperature throughout. After the nitrogen boiled off and 

the cell thawed to a given setpoint temperature, the linear actuator drove the nail into the cell, where it 

remained for the rest of the experiment. The setpoints tested were: -120°C, -100°C, -80°C, -60°C, -20°C, and 

20°C. Two pristine cells (one cell per experiment, two repeats) were tested at each temperature, and aged cells 

(≈75% SOH) were tested at -100°C and -20°C (one cell at each temperature). Since active cooling was not 

employed, both the initial response to nail penetration and the progression of thermal runaway as the cell 

thawed were evaluated in these experiments. The constant temperature tests, which will proceed in FY23, will 

enable a more refined measurement of the cells’ release of energy, as the contribution of natural convection to 

cell heating will be eliminated.     

The cells that were penetrated at 20°C and -20°C entered into thermal runaway immediately upon nail 

penetration. The cells penetrated at -60°C began to produce heat immediately, but the initial heat release rate 

was slow, leading to a delay in the onset of thermal runaway. The cells penetrated at colder temperatures 

(-80°C and below) did not show any initial response to the nail penetration aside from a brief, miniscule 

temperature increase attributed to conduction from the nail. After this temperature increase, the cells resumed 

thawing via natural convection until achieving an average temperature of approximately -73°C, at which point 

they began to measurably generate heat. They then continued self-heating until the initiation of thermal 

runaway. For this study, the onset of thermal runaway was defined as the temperature at which the heating rate 

of the cell exceeded 1°C/s. (See Figure III.3.94, Table III.3.15.) 

   

 

Figure III.3.94 Enlarged plot showing the characteristic temperature vs time curves of the cells penetrated 

at -120°C, -100°C, -80°C, and -60°C. Curves are offset on the x axis by 100s for visibility (x+100s for -100°C, x+200s for -80°C, 

x+300s for -60°C). Nail penetration did not initiate a continuous heat release at the three coldest temperatures, but is observed 

to do so in the -60°C sample. 
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Table III.3.15 Temperatures of interest from the nail penetration experiments.    

Nail Penetration 

Temperature (°C) 
Onset of self-heating (°C) 

Onset of thermal 

runaway (°C) 
Peak temperature (°C) 

-120 -73.94 -73.8 -21.71 -24.15 523 651 

-100 -72.97 -73.28 -24.53 -20.94 575 531 

-100 aged -75.24 8.53 475 

-80 -72.27 -71.32 -22.95 -24.86 539 508 

-60 -60 -60 -29.64 -24.63 547 531 

-20 -20 -20 -20 -20 517 632 

-20 aged -20 -20 660 

20 20 20 20 20 685 653 

 

The peak temperatures of the cells after thermal runaway did not appear to be greatly influenced by the cell 

temperature at the moment of nail penetration. The baseline cells achieve the highest temperatures, however, 

the variation in peak temperatures between experiments is too great to conclude a dependency between nail 

penetration temperature and severity of thermal runaway. The temperature variation is presumed to result from 

the expansion of the cells as they enter into thermal runaway; cells may expand differently, which will 

influence the temperature measured by the thermocouples depending upon how far removed they are from “hot 

spots” within the cell. However, prior to the onset of thermal runaway, the heating rates within the cells was 

much more consistent. For the samples penetrated at -60°C and below, the onset of thermal runaway occurred 

in a fairly tight grouping, ranging mostly between -20°C and -25°C. One outlier to this trend was a cell 

penetrated at -60°C, which crossed the 1°C/s threshold slightly earlier, at -29.64°C. While the cause of this 

deviation is unknown, it is arguably unremarkable given its small magnitude. The other deviation from the 

trend is the aged cell penetrated at -100°C, which heated very slowly and did not enter thermal runaway until it 

had reached 8.5°C.   

The most probable explanation for the findings of these experiments is that ionic current governed the heating 

rates within the cells. It is well-established in literature that the conductivity of LIB electrolyte increases 

exponentially with temperature. Additionally, it is suggested in literature that for the specific conditions in 

which the cells were prepared for these experiments, the electrolyte freezing point was just under -80°C.5,6 It is 

reasonable to conclude that kinetic constraints began to relax within the cells following the melting point of 

electrolyte, enabling a modicum of ionic current to pass within the cells after further thawing. This current 

became detectable as heat between -71°C and -75°C, and continued to heat the cell, and thus accelerate in a 

positive feedback look until the onset of thermal runaway. In the case of the aged cell penetrated at -100°C, the 

buildup of SEI over the cell’s cycle life presumably increased the internal resistance within the cell, further 

constraining ionic current and the release of heat.  

Conclusions   

Thermal Binder Removal 

Thermal binder removal provides a solvent free approach to both delamination and binder removal. On NMC 

cathodes this process was successfully integrated into a complete recycling. The cycling performance is 

comparable to pristine commercial NMC with perhaps somewhat worse cyclability. Work is ongoing to try to 

improve these processes and scale them up using the rotary kiln. We have also demonstrated the potential to 

use thermal processes to delaminate and potentially remove PVDF from graphite anodes and LiFePO4 cathode 

via some process modifications. 

Binder Removal via Soxhlet Extraction  

During the course of this work we identified an optimal solvent, introduced a vacuum-assisted cryovap process 

and evaluated various Soxhlet designs for low temperature scalable binder removal from end of life NMC 
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cathodes.  However, NMC particle yield even after introducing steel mesh was still relatively low and the 

process does not control against fluorine contamination of the recovered NMC materials.  We are wrapping up 

this task and no extensive experimental work is planned. Should this work ever continue, future activities 

would include attempting to prevent fluorination of the NMC surface and designing a more efficient thimble 

for NMC recovery. 

Cathode/Cathode Separation  

Two processes, froth flotation and Process A, were evaluated in FY22 to separate different cathode 

chemistries. Both processes were capable of producing cathode materials with purities ≥ 95% purity. Further 

optimization must be conducted to further improve purities and recoveries of both fractions of materials. 

Cathode/Cathode Separation via Froth Flotation  

In FY22, cathode/cathode separation using froth flotation was applied on commercial black mass, scrap battery 

cathode, and spent batteries. The present result demonstrated that froth flotation process with spent cathode 

and black mass after a thermal treatment was inferior to that of pristine materials. For instance, recovery of 

NMC111 from a binary NMC/LMO mixture reached 95% with 95% grade in the froth product. The separation 

performance was significantly reduced after the cathode materials were thermally treated. Result obtained with 

XRD analysis confirmed that a heat treatment caused a phase change in the crystal structure as well as a 

change in surface chemistry of the cathode materials. New surface treatment method was investigated. Result 

showed that the new collector exhibited a stronger collecting capacity, but the separation efficiency was 

deteriorated. FY23 will be focusing on scaling up the cathode/cathode separation process for spent batteries 

and understanding the mechanism involved in surfactant adsorption as well as the impact of binder removal 

processes on cathode/cathode separation.  

Solvent-Based Gravity Separation  

Centrifugal gravity separation has been studied to separate anode and cathode materials from spent Li-ion 

batteries. Black mass with and without the PVDF were used as the feed materials for gravity separation 

experiments. Two PVDF removal processes were used including 1) a thermal pyrolysis process and 2) a 

solvent wash process. Results showed that, for untreated black mass, the grade of cathode active materials in 

the final concentrate product after rougher and cleaner circuits reached over 97%, but the recovery was 40-

50%. The presence of PVDF binder lowers the effective density of cathode materials. As a result, the cathode 

agglomerate materials are reported to the tailing stream. Both the thermal pyrolysis method and solvent wash 

method have been studied for binder removal. Treated black masses were fed for gravity separation circuits. 

Final concentrate product has a 99.2% grade of cathode active material at an 85% recovery. Small cathode 

active particles were lost in final tailing product. In addition, the NMP was found to be more effective in 

dissolving PVDF binders compared to DMSO solvents. Follow-up separation result shows a 95% pure of 

cathode active materials were recovered in the concentrate product. However, the recovery was only 32% to 

50%. The low recovery rate is attributed to an incomplete dissolution of PVDF and an incomplete 

segmentation between PVDF and individual electrode active materials.  

Chemical Relithiation  

Relithiation of the cycled commercial cathode powder focused on material recovered using the solvent Y 

process.  Lithium salts addition, with and without ethanol coating, combined with resonant acoustic mixing 

were both used as methods for mixing LiOH with the cathode prior to annealing.  Characterization results and 

electrochemical performance appeared consistent between the two methods.  Using the RAM allows easier 

scalability and reduces waste associated with the relithiation process.  Some issues with surface impurities on 

scale-up were noted and subsequent washing steps appear to have corrected the problem.  

Ionothermal Relithiation  

An ionothermal relithiation method based on RTMS flux has been successfully developed to relithiate spent 

NMC622 (SolveY _ORNL). The ionothermal relithiation of spent NMC 622 has been scaled up to 50 g per 

batch. The relithiated NMC 622 exhibited comparable capacity to pristine NMC 622 in both half-cell and full 
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cell tests.  Up to 90% of RTMS can be reused to lower the recycling cost. By reusing 90% of RTMS for once, 

the cathode regeneration cost is $14.88/kg, much lower than those of conventional recycling technologies 

($25.22~30.11/kg). 

Hydrothermal Relithiation  

In summary, for the past year, the hydrothermal relithiation process has been successfully scaled up to 50g to 

relithiate cycled NCM622 and 100g to relithiate delithiated NCM111 in one pot. After process optimization for 

the hydrothermal relithiation process, 4 M LiOH solution can be replaced by 2 M LiOH with 2 M KOH to 

reduce the regeneration costs for C-NCM622 regeneration. Besides, alkaline impurity removal after 

hydrothermal reaction has shown to affect the regeneration effectiveness especially on large scale regeneration. 

Two approaches (optimize washing steps and use scavenge agents) were used to optimize the scaling up 

process of the hydrothermal direct regeneration process to remove alkaline residue. 

Relithiation via Redox Chemistry  

Solvent Y EOL NMC622 powder that was cycled to 20% capacity loss was used to carry out relithiation in 

FY22. In FY20 and FY21 DTBQ redox mediator was used successfully to relithiated NMC111 to match 

pristine NMC111, however, it is the most expensive component of the redox relithiation process at $15.49 and 

$15.78 for 0.5M and 1M concentration respectively in a volume of 8mL. Therefore, additional redox mediator 

screening to find a cheaper redox mediator was necessary. The screening process comprised of cost, solubility, 

and the ability to relithiate EOL NMC622 material. The redox mediator DTBHQ met all the screening criteria, 

it was cheaper at $1.21 and $1.50 for 0.5M and 1M concentration respectively at 8mL volume. The relithiated 

EOL NMC622 material using DTBHQ performed better than the EOL NMC622 material relithiated using 

DTBQ. The redox chemistry relithiation recovered the lithium content in the EOL cathode powder from 0.844 

to 1.094 that is comparable to lithium ratio of targray pristine NMC622.   The relithiated powder had restored 

capacity during C/10 formation that was close to that of pristine NMC622 material. Ongoing work to facilitate 

scale up of this process includes relithiation of EOL NMC622 at different DTBHQ redox mediator 

concentrations and temperatures. Additionally, improving capacity of the 50g scaled up material and reusing 

the recovered DTBHQ solvent will be explored in FY23. 

Electrochemical Relithiation  

The limiting factor for success of this milestone and electrochemical relithiation as a technique is the level of 

surface reconstruction and potentially blocking surface impurity species which are linked to the degree of 

degradation during cycling for any EoL NMC material.  This technique would likely need to be paired with a 

sophisticated State-of-Health (SoH) screening to be applied to valid materials that would need to be without 

the aforementioned significant surface defects.  Another option for successfully applying the electrochemical 

relithiation technique would be to design it to be in addition to a high temperature annealing step that would 

help mitigate surface deconstruction and possibly help remove surface impurities. 

Solid State Cathode Upcycling  

Previous upcycled cathode samples were re-annealed to higher temperature with the goal of improving 

morphology and homogeneity.  Bulk, EBSD, and surface elemental analysis indicates that the composition is 

more uniform after re-annealing than previous samples were.  The increase in lithium content indicates that 

less additional LiOH is needed to compensate for potential lithium loss at the high temperature re-anneal.  

Additional efforts have been established with characterization teams to account for the data that shows the 

samples are homogeneous NMC622 but the electrochemical data shows a lower than expected performance.   

Ionothermal Upcycling  

The successful upcycling of D-NMC111 to Ni-rich NMC cathodes has been achieved under ambient pressure 

and air atmosphere via an RTMS flux upcycling strategy. The ionothermal upcycling of D-NMC111 to Up-

NMC622 has been scaled up to 50 g per batch. The upcycling D-NMC 111 to Up-NMC 811 has also been 

investigated, further optimization on upcycling conditions will be done during next year to achieve better 

battery performance. 
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Hydrothermal Upcycling  

Two major directions were explored in the upcycling effort: 1) Successfully upgraded Delithiated-NCM111 

into single crystal NCM 811 which demonstrates the comparable discharge capacity at 0.1C as the pristine 

polycrystal NCM 811 and superior rate performance compared with pristine NCM811; 2) After apply a surface 

coating to stabilize the high-Ni cathode, the regenerated NCM622 sample with B coating shows enhanced 

cycling performance and air stability in air compared with the uncoated pristine sample. 

Single Crystal Cathode Production  

In FY22, we successfully improved the electrochemical performance of SC-NMC111 obtained in scale up 

experiment. Both rate and cycle performance of single crystal NMC111 are comparable or even better than that 

of polycrystal NMC111. In the study of upcycling NMC811, the polycrystal NMC811 was successfully 

converted to single crystal NMC811. However, the discharge capacity of single crystal NMC811 is lower than 

polycrystal NMC811, which is possible because of reduced Ni content. And the cycling performance was 

significantly improved by single crystal NMC811. Thus, next, we will focus on how to improve the discharge 

capacity of single crystal NMC811. Finally, in the experiments of reducing the amount of acid, polycrystal 

NMC111 was upcycled to single crystal NMC111 with good morphology, structure, and electrochemical 

performance. Reducing sulfuric acid results in fewer loss of transition metals in the solution and higher yield, 

leading to cost decreasing of upcycling process.  

Role of Impurities in Recycled Cathodes 

This work demonstrates the significant harmful effects of phosphate impurity in regard to hydrometallurgy 

recycling processes for NCM cathodes. Any procedures that may introduce phosphate should be of concern, as 

it is crucial to remove this impurity prior to the recovery process in order to achieve a suitable cathode product. 

Cell Preprocessing  

During FY22, a custom built dual shaft shredder was installed at Argonne National Lab and two different 

styles of cells were shredded (e.g., pouch cells and 18650 cylindrical cells). The shredder was effective at 

shredding both cell designs and shredding discharged cells under inert atmosphere was determined to be a safe 

method for size reducing end-of-life batteries. Different methods have been investigated for separating 

components and liberating clumps generated after shredding. 

Solvent-Based Electrode Recovery  

Table III.3.16 summarizes those three solvent-based processes that have been developed and optimized. 

Depending on the types of the electrodes, one can choose the right solvents to recycle and reuse the active 

electrode materials. In addition, all three processes can be used to directly recycle and reprocess electrode 

scraps. In FY22, the SolveZ process has been mainly studied to determine separation conditions, evaluate half 

and full cell electrochemical performance, and provide cost analysis for the direct recycling and 

remanufacturing of PVDF-based anode scraps. 

 

Table III.3.16 Developed and optimized solvent-based processes 

 
 



FY 2022 Annual Progress Report 

 Recycling and Sustainability 323 

Solvent-Based Dual Process  

In summary, spent cathode from industrial cells has been successfully regenerated using polyol-based 

relithiation process. Cost analysis has also been performed via EverBatt, which was also used to guide the 

optimization of relithiation conditions to further reduce cost.  

Aqueous Sequential Separation  

In summary, an aqueous sequential separation process has been successfully demonstrated to recover anode 

films, cathode films and metal current collectors. Lithium in the spent anode has been recovered in the form of 

lithium carbonate. In addition, cost analysis calculated by EverBatt model showed a processing cost of $2.49 

to recycle 1 kg of spent battery. The importance of this project has been highlighted by 2021 U.S. DRIVE 

Highlight.  

Anode/Cathode Separation and Purification  

During FY22, we have worked toward optimizing Process A conditions for separating shredded battery 

materials. We have been successful in separating a simple mixture of anode and cathode materials with greater 

than 99% purity and more than 90% recovery at high feed rates (> 3 kg/hr). When increasing the complexity of 

the feed material and conducting using similar parameters, we are able to achieve ≥ 90% purity of anode and 

cathode with ≥ 90% recovery. More optimization is required to separate materials directly from the shredder 

and improve purities/recovery.  

Purification of Black Mass  

Significant progress has been made in FY22 towards the practical implementation of an optimized black mass 

purification process. In particular, the optimized treatment parameters identified in FY21 have been applied to 

both simulated (i.e., lab-prepared) and industry-supplied samples of black mass. This FY, evaluation of treated 

material in a practical full-cell configuration revealed electrochemical performance disparities that had not 

been evident solely through half-cell analysis; this prompted a more thorough characterization of the treated 

material from a structural, chemical, and electrochemical perspective. We determined that, although the 

treatment process itself does not appear to impact the NMC, there is evidence that our choice of post-treatment 

solvent (originally deionized water) and our methods for filtration of the ionized contaminants had been 

inducing poor surface properties that led to adverse reactivity and high surface resistance. Iterative 

improvements to the post-treatment process, initiated in Q3 and still ongoing, suggest a promising pathway to 

eliminate these surface-level effects and produce a truly “purified” BM that can be further processed in 

downstream direct recycling methods. Additional accomplishments this FY included the design and 

acquisition of a pilot-scale reactor; completing a framework for TEA in collaboration with the EverBatt team 

to more accurately account for the value that the BMP process brings to a direct recycling line; presentation at 

an international conference; and the preparation and submission of a manuscript to disseminate the project 

results to date. 

Electrolyte Component Removal and Recovery  

We have demonstrated electrolyte recycling using cycled commercial cells. In addition, we have determined 

that the electrolyte can still be viable if exposed to air briefly. This includes transporting the shreds from the 

shredder to an inert atmosphere glovebox and processing the rinsate in a rotary evaporator. The performance of 

the recycled electrolyte is similar to that of baseline electrolyte. Work is ongoing to purchase equipment to 

scale the rinsing and drying process. The concentration process will be scaled using existing equipment 

available at the Materials Engineering Research Facility.  

Graphite to Graphene  

Graphene production from end-of-life anode materials seems to be a viable option that could significantly 

increase revenue for battery recycling. This is particularly true for anode materials that seem to be more 

amenable to the exfoliation process. The cost is predicted to be $26.30/kg, which would enable new 

applications and greater usage for graphene. Currently we are working on scaling this process up to process 

500 g of graphite per batch. This will generate more material that can be used by commercial partners to make 
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composites. In the meantime, we have also been working with other partners to prove out applications 

including coating carbon fiber to improve carbon fiber reinforced plastics, graphene/polymer composites, and 

printed electronics. 

EverBatt 

A better understanding of the costs for both individual processes and direct recycling will help identify 

possible barriers to scale-up. We will continue to model the cost for ReCell unit processes once data become 

available, and will focus on providing cost estimates for promising configurations of direct recycling for EOL 

batteries and manufacturing scrap, respectively. We will also start tracking waste streams generated through 

various recycling processes and refine the modeling of waste treatment/disposal in EverBatt. 

LIBRA 

NREL has developed the LIBRA system dynamics model to create a robust and data-based analysis platform 

to better understand the U.S. and global lithium-ion battery supply chain with a particular focus on the buildout 

of battery manufacturing and recycling capacity. The primary objective of LIBRA is to ask and answer 

questions about the future trajectory of the supply chain under varying circumstances using sensitivity and 

scenario analysis. Areas of analysis from this past year include variations in EV deployment, the future 

distribution of battery chemistries used in LIB applications, the impact of battery sorting, and the value of 

manufacturing scrap to the industry. These systems are dynamic and interconnected- our system dynamics 

framework is designed to capture the feedback between these systems, especially as it develops and evolves 

over time.    

CAMP Support  

Results from life cycle testing of the first and second generation of relithiated NMC622 in single-layer pouch 

cells were summarized in a comparison plot. It was observed that the ionothermal relithiated cathode performs 

very similar to the baseline cathode. These two pouch cell builds reached 1,027 cycles with 85% and 83% 

capacity retention, respectively. Upcycled single-crystal NMC111 is still undergoing life cycle testing. 

Preliminary results indicate that it has similar capacity and capacity retention as the pristine polycrystalline 

NMC111. 

The CAMP Facility actively supports the efforts of the ReCell Center by providing baseline materials, 

fabricating trial electrodes and baseline electrodes, fabricating and testing coin cells, and fabricating single-

layer pouch cells. It should be noted that several of the planned tasks for FY21 were modified or delayed 

because of reduced laboratory time due to the COVID19 pandemic. 

Post Test Support  

The PTF will continue to provide expert materials characterization in support of the ReCell Program. The 

planned, future work includes characterizing recycled materials that were produced as part of this project.  As 

the recycling processes mature, cells will be constructed from the materials. The PTF will continue to be an 

important source of materials characterization for fabricated cells based on materials produced in the ReCell 

Program. 

Diagnostics of Aged Materials 

Optimized EBSD/EDS diagnostic techniques continue to be available in support of all ReCell sub-tasks. These 

diagnostic tools can inform improvements in materials processing to produce high-quality (re/up)cycled 

outputs. The coupled EBSD/EDS techniques developed in FY19/FY20, along with advanced data processing 

techniques, can reveal trends in chemistry and morphology at the primary and secondary particle scales. 

Tailored analysis methods are employed to track chemical uniformity (EDS) and lattice misorientation (proxy 

for strain; EBSD), both of which can inform process improvements and can serve as indicators of material 

quality. To date, this task has been employed for collaborative work with UCSD, ANL, and ORNL.  
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Low Temperature Cell Processing Analysis 

First, the findings of the nail penetration experiments suggest that the heat release from a LIB can be tempered 

by the cell’s internal resistance. This would suggest that if maintained at a sufficiently low temperature, the 

release of energy from a cell could be a slow and benign process that would not lead to thermal runaway. 

Secondly, the initial responses (or lack thereof) of the cells penetrated at or below -80°C suggest that a LIB is 

completely inert while the electrolyte remains frozen. the constant-temperature tests planned for FY23 will 

help to verify this conclusion. Either of these findings could aid in the establishment of parameters governing 

cryogenic LIB transportation.  
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Project Introduction 

This project is to develop lithium (Li) electrode-based cell and manufacturing for automotive traction 

applications. To increase the energy density of the lithium-ion battery beyond 350 Wh/Kg and 850 Wh/L we 

need to use high energy density cathode material with pre-lithiated silicon anode or Li metal anode.  Li metal 

is an ideal electrode for rechargeable batteries due to its extremely high theoretical specific capacity ~3860 

mAh g-1, low density (0.534 g cm-3) and the lowest negative electrochemical potential (-3.040 V vs. the 

standard hydrogen electrode). Unfortunately, uncontrollable dendritic Li growth and limited Coulombic 

efficiency during Li plating/stripping inherent in these batteries have prevented their practical applications over 

the past 40 years. With the emergence of post-Li-ion batteries, safe and efficient operation of Li metal anodes 

has become an enabling technology which may determine the fate of several promising candidates for the next 

generation energy storage systems, including rechargeable Li–air batteries, Li–S batteries, and Li metal 

batteries which utilize intercalation compounds as cathodes.  To implement the Li metal batteries in the electric 

vehicles (EVs) application needs to see the scalability of these technologies. Farasis will work on all the cell 

components of the Li metal batteries such as cathode materials (Ni rich, high voltage NCM or Mn-rich), 

separator, electrolyte, and Li anode (pure Li foil, Li alloy foils etc.). Farasis will optimize the cell design as 

well as selection of the materials. The 24-months of development effort will be iterative, with an intermediate 

Milestone based on cell performance goals and progress tracked against the USABC goals for lithium 

electrode-based cell and manufacturing for the automotive application. Key technologies that are developed 

and integrated into cells include a cathode material (NCM), Li metal anode in a liquid, salt-concentrated 

electrolyte with different additives as well as a coated separator. As a large volume battery manufacturer, a 

major goal of the project will be to accelerate production and enable the commercialization of several novel 

cell component technologies (including Li metal anode) by supporting scale-up and providing a 

commercialization path. Deliverables will include small single- or double-layer or multi-layer pouch cells to 

validate the production capability of this electrode. The project's total budget will be ~ $2.61 M with Farasis 

covering 50% of the cost. 

Objectives 

• Develop a Li metal cell technology of providing Beginning-of-Life (BOL) energy density of ~400-450 

Wh/kg, End-of-Life (EOL) energy density of 375 Wh/kg after 500 cycles at a cost target of ~$50-

60/kWh based on the Li metal price. 

• Develop Lithium anode with Li metal foils, Li alloy foils, Li-X composite and surface coating. 

• Develop electrolyte technology using new solvent, salt components and additives to improve Li 

Coulombic efficiency and SEI formation on the Li metal surface. 

• Develop coated separators to suppress Li dendrite formation/growth and internal shorting. 

mailto:mthakur@farasis.com
mailto:Brian.Cunningham@ee.doe.gov


FY 2022 Annual Progress Report 

 Recycling and Sustainability 331 

Optimize cell design with integration of advanced Li anode, electrolyte, separators and high energy density 

cathode, and deliver 0.4Ah  (Phase 1) and 2Ah (Phase 2) Li metal pouch cells. 

Approach  

• Phase I of the project will last ~12 months, and the focus will be development and characterization of 

different Li anodes with high energy density cathode materials and down-selection of the materials 

targeting the energy density of ~375 Wh/kg in the big cells.  Initial evaluation will be done on the coin 

cells for different Li metal anodes, cathodes, electrolyte and separator studies.  We will use different 

thickness Li foils/Li alloy foils coated on Cu foils as the anodes, and Ni-rich NCM electrodes with a 

loading of ~20 mg/cm2 as the cathodes. The electrolyte used is diluted salt-concentrated electrolytes 

with some additives to stabilize Li metal anodes and NCM cathodes. The cells can achieve a specific 

capacity of 200-220 mAh/g NCM, and a cycle life of 200-250 cycles at C/3 charge and discharge rate.  

Based on the technology demonstrated by coin cells, the large-format pouch cells are expected to 

achieve an energy density of ~350 Wh/kg and a cycle life of 200-250 cycles.  At the end of month 12 

we will deliver 0.4 Ah pouch cells to the National Labs for performance evaluation tests. 

• Phase II of the project is scheduled for 12 months, where the focus will be to achieve high energy 

density with good cycle life. We will focus on the optimization of electrolyte and separator and see the 

impact of different N/P ratios on the cycle life.  We will also optimize the manufacturing process of 

pouch cells. The final deliverable will be 2 Ah pouch cells with target energy density of ~400-450 

Wh/kg and a cycle life of 500 cycles.   

Results  

Li metal electrode technology development: Li Coulombic efficiency has been tested in Li/Cu coin cells to 

evaluate the stability of Li metal anode with electrolyte.  Figure III.4.1 shows that Li Coulombic efficiency at 

C/3 and C/5 in Li/Cu coin cells as a function of cycle number.  Li Coulombic efficiency in conventional Li-ion 

battery electrolyte 1.2M LiPF6 (E0) is low (<85% before violent fluctuation after 30 cycles) and fluctuates 

heavily with cycling, which implies unstable Cu/Li/electrolyte interface. Comparatively, Li Coulombic 

efficiency.in our Li metal battery baseline electrolyte (E1) fluctuates slightly (<2% spread), suggesting stable 

Li metal surface with E1 electrolyte.   Li Coulombic efficiency at C/3 is average 98.93% for cycles 6 to 50 and 

increases to average 99.25% after 50 cycles so far.  Li Coulombic efficiency at C/5 is average 99.03% for 

cycles 6 to 50 and 99.24% after 50 cycles (Table III.4.1).  Lower C-rate (C/5 vs C/3) does not obviously 

increase the Li Coulombic efficiency as expected.  From this Li Coulombic efficiency of 99.25% we have 

achieved, Li metal pouch cells with 40μm thick Li metal anode can achieve ~300 cycles of cycle life.  We will 

improve moisture control in the electrolyte and cell fabrication process, and optimize Li metal anode, separator 

and electrolyte so as to increase Li Coulombic efficiency and enhance the cycle life of Li metal cells. 
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Figure III.4.1 Coulombic efficiency at C/3 and C/5 in Li|Cu coin cells as a function of cycle number (a) in E0 electrolyte and (b) in 

E1 electrolyte. 

Table III.4.1 Average Coulombic Efficiency at C/3 and C/5 with Cycling in E1 Electrolyte 

Cell# 
C/3 C/5 

Cycles 6-50 Cycles 51-199 Cycles 6-50 Cycles 51-122 

1 98.92%  99.21% 98.95% 99.18% 

2 98.95% 99.24% 99.09% 99.20% 

3 98.91% 99.26% 99.05% 99.32% 

4 98.93% 99.29% 99.02% 99.24% 

Average 98.93% 99.25% 99.03% 99.24% 

 

Li metal cell development: We have fabricated 0.2Ah Li metal pouch cells in the dry room.  The pouch cells 

used a double-sided NCM cathode (~4mAh/cm2) and 2 layers of single-sided 18μm thick Li foil on Cu foil as 

anode.  Two initial formation cycles were C/10 charge and discharge between 2.75V and 4.3V.  The 

subsequent cycles were running at C/10 charge and C/3 discharge between 2.75V and 4.3V.  Figure III.4.2(a) 

presents the  charge and discharge curves (Voltage vs. Capacity) with cycling.   Charge curves (@C/10) and 

discharge curves (@C/3) after cycle 4 are overlapped with cycling, indicating little capacity fade with cycling.   

Figure III.4.2(b) shows specific capacity and Coulombic efficiency vs. cycle number.  Cycles 1 and 2 are 

formation cycles; cycles 22 and 42 are capacity check @C/10; their specific capacity is ~230 mAh/g, higher 

than 225 mAh/g - 222 mAh/g for the other cycles @C/3 discharge.   Capacity retention is >98.9% after 57 

cycles.  Coulombic efficiency is stable at ~102% @C/3 discharge, but is ~100% for cycles 2, 22 and 42@C/10 

discharge. 
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Figure III.4.2 (a) Charge and discharge curves (Voltage vs. Capacity) and (b) Specific capacity and Coulombic efficiency vs. cycle 

number for 0.2Ah Li metal pouch cells. 

Conclusions   

Farasis has tested 57 cycles so far in 0.2Ah Li metal pouch cells with 18μm thick Li foil on Cu foil and NCM 

cathode and capacity retention is >98.9%.  Li Coulombic efficiency of 99.25% at C/3 in Li/Cu coin cells has 

been achieved, and in this case Li metal pouch cells with 40μm thick Li metal anode can achieve ~300 cycles 

of cycle life.  Farasis will improve moisture control in the electrolyte and cell fabrication process, and optimize 

Li metal anode, separator and electrolyte so as to increase Li Coulombic efficiency and enhance the cycle life 

of Li metal pouch cells.  Farasis will build 0.4 Ah Phase 1 pouch cells with optimized chemistry, which will be 

delivered to national labs for performance evaluation tests. 
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Project Introduction 

The U.S. Department of Energy (DOE) has established aggressive goals to lower the cost of lithium ion 

batteries for EVs. Therefore, in the Phase III program, the team will target lowering the cathode cost by 30% 

(relative to commercial equivalent) by significantly increasing the amount of recycled materials (>80%) in the 

synthesized cathode materials. In the WPI/BRs recycling process, virgin materials (CoSO4, NiSO4 and 

MnSO4) must be added to the leaching solution in order to reach the target ratio of Ni, Mn and Co. Earlier 

generation spent EV batteries use mostly NMC111 or mixed NMC111 and LMO or NMC622 as the cathode 

materials, and the leaching solution has more Mn than Co and Ni. However, in order to increase the energy 

density and lower the cost, high nickel cathode materials (for example NMC622 or above) are preferred by the 

EV industry. Therefore, in order to transform the Mn-rich leaching solution into a Ni-rich metal sulfate 

solution, supplemental virgin materials CoSO4 and NiSO4 are needed. In the BRs’ cost model, the virgin 

materials currently account for 45% of the bill of materials (BOM) cost, since 0.36 kg of virgin materials are 

added to the leaching solution per kg of NMC622 cathode output. Therefore, in order to further reduce the 

cathode cost by 30%, which will help reach the DOE cost target (less than $100/kWh, ultimately $80/kWh) 

[1], the team will increase the use of recycled materials to >80%.  

In addition, the lithium ion battery (LIB) industry is a dynamic field with ongoing innovations and continually 

evolving materials delivering ever improving performance. It is critical that recycling technologies keep pace 

with state of the art LIB technologies.  LiNixMnyCozAlaO2 (x0.8) has the potential to be used in the next 

generation of lithium ion batteries [2]. The specific capacity of LiNixMnyCozAlaO2 is >200mAh/g. Al can be 

introduced as dopant and/or coating to stabilize the materials. Therefore, it is critical to be able to synthesize 

such high nickel cathode materials from spent lithium ion batteries in order to remain competitive in the 

cathode supplier space.  

Finally, the team will further improve the performance of recovered NMC622 from spent lithium ion batteries. 

Compared to A123 control NMC622, the recycled materials have inferior cycle performance and elevated gas 

generation. The reduced cycle life is likely because the stabilizing alumina coating developed rapidly in Phase 

II cannot fully protect the NMC622. The gas generation is likely because the soluble base content on recovered 

NMC622 is higher than that of control powder. It is expected that the process improvement from this task will 

equally benefit the higher nickel work streams.   

During this 3 year program, >300 coin cells, 40 1Ah cells and 20 10Ah large format cells will be produced 

from recycled automotive lithium ion batteries and 20 1Ah cells and 20 10Ah large format cells from control 

materials will be produced. 36 1Ah cells and 24 10Ah cells will be delivered to Argonne National Laboratory 

mailto:yanwang@wpi.edu
mailto:Brian.Cunninham@ee.goe.gov
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for testing using EV application USABC test methods. The cost of the proposed program is $1,996,180, which 

includes a 50% cost share by WPI, A123 and Battery Resourcers. At the end of program, the team expects to 

be able to lower the cathode cost by 30%, produce high quality NMCA and solve the cycle life and gas 

generation issues observed with the recycled NMC622. Achieving these targets is challenging, but necessary in 

order to offer a product with low cost, high quality and high energy, and to remain aligned with market trends. 

Objectives 

The overall objective of phase III program is: 1) to lower the cathode cost by >30% relative to commercial 

equivalent material through increasing the recycled content of the metal sulfate solution to >80% (<20% virgin 

materials); 2) to develop LiNixMnyCozAlaO2 (x0.8) and other possible doping or coating strategies for Ni-rich 

cathode materials from the spent EV batteries; 3) to improve the performance of the recovered NMC622 (solve 

the gas generation and improve the cycle life) in order to be comparable with commercial material.  

Approach  

High-quality NMC111&NMC622 have been successfully synthesized using WPI’s closed loop recycling 

process for end-of-life xEV Li-ion batteries. Although much knowledge has been gained from this experience, 

technical challenges remain in obtaining additional Ni and Mn from other recycling streams in order to further 

lower the cathode cost, synthesizing NMCA precursor and cathode powder by co-precipitation and solid state 

reaction. In addition, the recovered NMC622 has worse cycle life and gas generation compared to control 

powder, which also need to be addressed.  

Recovering Ni from Ni/MH will be studied in order to reduce the amount of the virgin metal sulfate and lower 

the cost of the recovered cathode materials. In typical Ni/MH batteries, Ni accounts for 17.9wt% [3]. 

According to Inside EVs [4], ~60,000 tons Ni/MH batteries (Toyota Prius HEVs) were sold in 2013. Assuming 

that HEVs with Ni/MH batteries have 8~10 years life, there are 60,000 tons of spent Ni/MH batteries in U.S, 

which have over 10,000 tons of Nickel. In Ni/MH batteries, the cathode is Ni(OH)2 coated on Nickel foam. 

The anode is hydrogen absorbing alloys coated on steel. Although there is a high content of Ni in Ni/MH 

batteries, obtaining high concentration of pure Ni solution can be challenging. Impurities will significantly 

degrade the performance of recovered cathode materials. If the concentration of obtained solution is not high 

enough, a high amount of virgin chemicals will still need to be added in order to reach target concentrations. In 

addition to Ni/MH batteries, the team will also investigate other recycling streams for Ni that can be readily 

incorporated into the existing process. 

High Nickel LiNixMnyCozAlaO2 (x0.8) has the advantages of high capacity and safety and is considered a 

promising  next generation cathode material for lithium ion batteries which could enable a driving range of 300 

miles. However, the ultra-high nickel amount will also increase issues related to capacity fade. Therefore, we 

would expect technical challenges related to the precursor synthesis and cathode sintering steps. Although our 

previous research on NMC111 and NMC622 should provide good guidance, the optimum synthesis conditions 

for NMCA precursor need to be determined. It will thus be necessary to thoroughly investigate the effects of 

various factors on the key properties (eg. morphology, tap density etc.) of resultant precursor, and 

experimentally determine the ideal combination of pH, temperature, reactant concentrations and flowrates, 

residence time, stirring speed, etc.  

The high Ni content also has implications on the preparation of NMCA by high temperature calcination of 

precursor and the Li source. For good electrochemical performances of NMCA, the calcination needs to occur 

in an oxygen environment, unlike static (closed reactor) air atmosphere for NMC111,  and flowing air for 

NMC622. This seems to be attributed to the difficulty of oxidizing Ni2+. Therefore, it is essential to examine 

effects of oxygen partial pressure on resultant cathode properties. Moreover, compared to the calcination 

temperature and calcination time required for NMC111 and NMC622, the temperature and calcination time for 

NMCA are expected to be lower and shorter in order to minimize undesired cation mixing. It is thus critical to 

optimize the calcination temperature and furnace residence time in order to produce high quality NMCA 

cathode powder.  
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Aluminum incorporation in the NMCA needs to be carefully studied. There are the following three possible 

ways to add Al in NMCA. We will study these different approaches separately and a combination of these 

approaches to determine how to improve the cycle life.  

1) During precursor synthesis. Al2(SO4)3 can be added into metal sulfate solution. Then Al3+ will be co-

precipitated with Ni2+, Mn2+ and Co2+ as NiMnCoAl(OH)2 precursor.  

2) During sintering. Al(OH)3 is mixed with NiMnCo(OH)2 precursor and Li source (LiOH) for sintering.  

3) After sintering. Al2O3 can be coated onto LiNiMnCoO2 surface by dry or wet methods.  

Therefore, a detailed study needs to be conducted to determine the best way to dope or coat Al. In addition, the 

amount of Al doping or coating needs to be determined. 

Another technical challenge is to improve the cycle life and reduce the gas generation of recovered NMC622 

developed in the Phase II program. It is expected that improvement strategies found to be effective for this will 

also enhance and inform results for Phase III chemistry.    

Results  

NMC622 

To solve the cycling and gas generation problems in Phase II, WPI re-ran the co-precipitation reaction for 

recycled NMC622 to reduce the SBC. A twelve days reaction was operated in this quarter. And Figure III.5.1 

shows the morphology and tap density of precursors. Except for the 24 hours precursor, all precursors are 

spherical with a tap density of 2.17g/cc, which is comparable to the previous experiment of recycled NMC622. 

Then, the overflow powder was around 9kg, which was washed, resulting in low SBC after the cathode 

sintering process.  
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Figure III.5.1 SEM images of recycled NMC622 precursors. 

After washing, 100g of the precursor was mixed with Li2CO3 and sintered. Figure III.5.2 shows the spherical 

shape and layered structure of 0919NMC622-100g. Then, 0919NMC622-100g was coated with Al2O3, which 

was labeled as 0919NMC622-100g-Al2O3. After coating, the morphology and structure were well kept from 

0919NMC622-100g in Fig. 3. Furthermore, the EDS mapping results in Figure III.5.3 showed the uniform Al 

coating on the surface of the cathode. The content of transition metals, lithium, and Al was tested by ICP-MS. 

As shown in Table III.5.1, all content is consistent with our design.  

Table III.5.1 ICP results of recycled NMC622 cathode materials 

 

mol/L Ni Mn Co Li Al 

0919NMC622-100g 0.60 0.20 0.20 1.05 - 

0919NMC622-100g-Al2O3 0.60 0.20 0.20 1.05 0.351 wt.% 
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Figure III.5.2 The SEM images and XRD pattern for 0919NMC622-100g. 

 

Figure III.5.3 SEM images, XRD pattern, and EDS mapping of 0919NMC622-100g-Al2O3. 

 

Then, the SBC was tested before and after coating and compared to the control. In Table III.5.2, the SBC of 

0919NMC622-100g and 0919NMC622-100g-Al2O3 is close to the control. The free lithium content is only 

0.125wt.% and 0.137wt.% before and after coating. The electrochemical performance of 0919NMC622-100g-

Al2O3 was shown in Figure III.5.4. At C/20, the discharge capacity is 176.8mAh/g and the average initial 

coulombic efficiency is 89.39%, which is comparable to the precious results of control NMC622. 

Table III.5.2 SBC results of the control sample and recycled NMC622. 

Sample Name Residual Lithium Free Lithium 

(ppm) 

Free 

Lithium 

(wt.%) 
Li2CO3 (ppm) LiOH (ppm) Total (ppm) 

Control (Test by WPI) 3284.04 2128.89 5414.93 1233.78 0.123 

Control (Tested by A123) 3511.263 2179.029 5690.292 1291.228 0.129 

0919NMC622-100g 2298.831 2834.083 5132.914 1253.056 0.125 

0919NMC622-100g-Al2O3 1409.402 3800.954 5210.356 1366.152 0.137 
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Figure III.5.4 Electrochemical performance of 0919NMC622-100g-Al2O3. 

High Nickel NMC (83% Ni) 

Last year, we determined the parameters of co-precipitation experiments through experiments with virgin 

materials. This year, WPI synthesized three batches of recycled Ni-rich precursor with recycled solution based 

on the parameters of co-precipitation reactions with virgin materials. The first batch of recycled precursor 

(Figure III.5.5a) was obtained under a wider pH range because the pH controller was not perfect after a long 

time using. Then, we prepared the second batch of recycled precursors with a new pH controller and the pH 

was perfectly controlled at 11. However, cracks were observed on the surface of the precursor (Figure 

III.5.5b). Therefore, to remove the cracks, we reduced the pH from 11 to 10.97, and no cracks were observed 

in the third batch of recycled precursor (Figure III.5.5c).  

 

Figure III.5.5 SEM images of (a) first batch of recycled precursor; (b) second batch of recycled precursor; (c) third batch of recycled 

precursor. 
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Figure III.5.6 Electrochemical performance comparison of recycled cathode materials made by three different batches of recycled 

precursors. 

Then, all three batches of recycled precursors were sintered with LiOH in an oxygen atmosphere to obtain 

cathode materials. In Figure III.5.6, all recycled cathode materials show a spherical shape with a perfect 

layered structure. And the tap density is similar and consistent. Then, the powders were delivered to Farasis for 

electrochemical performance tests. Figure III.5.7 shows the electrochemical performance comparison of all 

three batches of cathode materials. The third batch exhibits the best electrochemical performance. Thus, we 

would use the third batch of recycled precursor to further investigate the coating or doping strategies of Ni-rich 

recycled materials. 

To determine the coating or doping strategies, XPS was employed to investigate the type and position of 

coating or doping elements in the control sample from A123. Figure III.5.7 shows the XPS results of B, Zr, 

and Al at the surface and depth for the control sample from A123. There is no obvious peak for Al, which is 

consistent with our ICP results, indicating no Al coating or doping in the control from A123. The peaks of B 

and Zr at the surface are stronger than that at depth, which means that most B and Zr are distributed at the 

surface of the control from A123. Thus, B and Zr should be coated at the surface of the control from A123. 
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Figure III.5.7 XPS results of the control from A123. 

Figure III.5.8 shows the morphology, structure, and EDS mapping results of the control from Farasis. 

Compared to the control from A123, the control from Farasis is more spherical, but there are some cracks on 

the large particles. Both control samples have a great layered structure. The main difference is that the control 

from Farasis detected Sr and Zr from EDS mapping, which means that the control from Farasis has a different 

coating strategy. To confirm the coating and doping strategy of the control from Farasis, ICP-MS was used to 

study what elements were applied to coating or doping in Table III.5.3. The content of Ni and Co is slightly 

different from the control from A123. The coating/doping elements of the control from Farasis include Zr, B, 

Sr, and Mg. Other elements are less than the coating or doping amount. 

 

Figure III.5.8 SEM images, XRD patter and EDS mapping of the control from Frarsis. 
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Table III.5.3 ICP results of the control from Farasis. 

 Li Ni Mn Co Zr B Sr Mg Ti W La 

Control 1.01 0.82 0.06 0.12 0.19 

mol.% 

1.41 

mol.% 

0.19 

mol.% 

0.49 

mol.% 

0.005 

mol.% 

0.002 

mol.% 

0.03 

mol.% 

Then, because the recycled cathode made by the third batch of precursors exhibits the best electrochemical 

performance, we applied different coating and doping strategies to the third batch of recycled precursors. First 

of all, Al2O3 coating was first investigated. The Al2O3-coated recycled 83Ni was named as 083122-PCAM3-

W-C-Al. Figure III.5.9 shows the morphology, structure, tap density, and composition. The Al2O3 coating 

didn’t change the morphology and structure and the tap density is comparable to the uncoated cathode 

materials. Besides, based on the ICP-MS results, the composition was the same as our expectation.  

 

Figure III.5.9 Physical properties of 083122-PCAM3-W-C-Al. 

Then, 0.2mol.% Zr and 1mol.% B co-coated cathode materials were prepared. The Zr and B co-coated 

recycled 83Ni cathode was labeled as 090722-PCAM3-W-C-Zr/B. In Figure III.5.10, 090722-PCAM3-W-C-

Zr/B shows a spherical shape with a good layered structure. The tap density is 2.68g/c, which is comparable to 

the uncoated cathode materials. However, from the ICP-MS results, the Zr and B content is lower than the 

design, because ZrO2 and B2O5 will form large particles during the heat treatment and the large particles will 

be sieved out. 

 

Figure III.5.10 Physical properties of 090722-PCAM3--W-C-Zr/B. 
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After that, different doping and coating strategies were studied. Zr and B co-doping, Zr doping with B coating, 

and B doping with Zr coating are named 090822-PCAM3-W-D-Zr/B (Figure III.5.11a), 091022-PMCA3-W-

D-Zr-C-B (Figure III.5.11b), and 091222-PCAM3-W-D-B-C-Zr (Figure III.5.11c). All coating or doping 

materials have similar morphology, layered structure, and tap density. In addition, all coating or doping 

elements didn’t reach the designed number. The 091222-PCAM3-W-D-B-C-Zr has the closest number to the 

design amount of Zr and B.  

 

Figure III.5.11 Physical properties of 090822-PCAM3-W-D-Zr/B (a), 091022-PMCA3-W-D-Zr-C-B (b), and 091222-PCAM3-W-D-B-C-

Zr (c). 

We also investigated the different effects of mixing methods on electrochemical performance. We used a speed 

mixer to mix the precursors with dopants and LiOH and obtained Speed mixer-Zr/B-Doping cathode materials. 

In Figure III.5.12, the morphology and layered structure are comparable to other samples. And the content of 

the dopants is the highest in all coating and doping samples. The tap density was not tested because the 

obtained Speed mixer-Zr/B-Doping cathode materials were not enough due to the lab-scale speed mixer. 
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Figure III.5.12 Physical properties of Speed mixer-Zr/B-Doping.  

Finally, the electrochemical performance of cathode materials with different coating and doping was tested in 

Figure III.5.13. In summary, all coated and doped samples have a lower discharge capacity and initial 

coulombic efficiency compared to the control sample from Farasis. Among all coated and doped samples, the 

Al2O3 coated sample has the best electrochemical performance. In addition, the Zr/B co-doped sample using a 

speed mixer has the best performance among Zr/B coated/doped samples, indicating that the mixing method 

has a significant effect on the performance of coated/doped samples. 

 

Figure III.5.13 Electrochemical performance comparison between the control from Farasis and all coated/doped samples. 

Conclusions   

In this USABC Phase III project, the team has successfully lowered SBC of NMC622 powder through washing 

method and the powder has been delivered to Farasis for single layer pouch cell tests. In addition, the 

parameters of co-precipitation have been optimized for recycling materials. Then, the recycled precursors with 

optimized parameters are used to prepare cathode materials and investigate different coating and doping 

strategies.  
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IV Extreme Fast Charging (XFC) 
Over the last ten years, lithium-ion batteries for plug-in electric vehicle applications have reached near high 

volume production levels and, as a result, costs have decreased significantly. Reduced battery costs have 

allowed EV manufacturers to offer a wide variety of vehicles with driving ranges comparable to traditional 

ICE vehicles. The Tesla Model 3 and S, Chevy Bolt, Ford Mustang Mach E, and many others, offer well over 

200 miles of range per charge, and most offer over 300 miles per charge with battery upgrades.  

However, the time needed to recharge these EVs remains a challenge. Gas powered cars can be refueled in 

minutes, whereby a 100kWh EV battery takes anywhere from 30 minutes to overnight to fully recharge which 

limits even broader consumer acceptance of electric vehicles.   

Charging infrastructure is a challenge being addressed through large investments enabled by the Bipartisan 

Infrastructure Law (BIL). However, today’s high energy cells use relatively thick (for high energy density) and 

porous graphite anodes and transition metal cathodes.  These thick electrodes lead to relatively high 

polarization impedance (which makes charging at high rates inherently difficult), and they result in large salt 

concentration gradients which can lead to lithium plating on the anode surface. Lithium plating can cause rapid 

capacity fade and internal shorts leading to potentially catastrophic thermal runaway. 

The “eXtreme fast Charge cell Evaluation of Lithium-ion batteries” (XCEL) program was formed to address 

this fast charge issue.  Specifically, it is working to both identify the issues with and improve the fast charge 

acceptance of graphite/NMC based cells. Silicon containing cells often enable fast charging due to the much 

thinner silicon anode electrode. However, silicon exhibits poor calendar life which has inhibited its use in 

automotive batteries. Thus, this fast charge program is focused exclusively on graphite anode cells.  

The program is led by Argonne National Laboratory, with significant support from Idaho National Laboratory, 

Lawrence Berkeley National Laboratory, National Renewable Energy Laboratory, SLAC National Accelerator 

Laboratory, and several universities. 

The focus areas of the program are electrode and cell design, electrolyte development, electrochemical and 

thermal performance evaluation, and modeling and diagnostics. One of the main conclusions of the XCEL 

program has been that an “all solutions” approach may be required to enable fast charge (10-15 minutes) in 

high energy graphite anode cells. Early results showed the ability of a combination of improved binder, use of 

a more porous separator, and an enhanced electrolyte, worked collaboratively to greatly improve fast charge 

capability, Figure IV.1. 
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Figure IV.1 Energy delivered during a 15-minute fast charge and improvements seen with the incorporation of an improved binder, 

an improved separator, and an improved electrolyte.  

The rest of this chapter contains detailed reports on the status of the following individual projects. 

• Extreme Fast Charge Cell Evaluation (XCEL) Thrust-1: Electrolytes for fast-charging. 

• XCEL Thrust-2: Electrode & Cell Design for Fast Charging. 

• XCEL Thrust 3:  Electrochemical and Thermal Performance. 
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Project Introduction 

Rapid charging of lithium-ion batteries is a crucial step towards electrifying our transportation system and 

reducing harmful greenhouse gas emissions. Electric vehicle (EV) fast charging is primarily limited by the 

deposition of metallic lithium on graphite anodes, or ‘Li plating’, which can cause capacity fade and 

catastrophic cell shorting.  It has now been established that the electrolyte serves an important role in 

controlling battery rate capabilities and battery lifetime, particularly when operating repeatedly under extreme 

conditions (e.g., fast charging rates and low or high temperatures).  The aim of this thrust in the Extreme Fast 

Charging Program (XCEL) is to understand how to design more effective electrolytes that eliminate 

bottlenecks to allow Li-ion batteries to be charged in 10 minutes or less to 80% capacity.  As discussed below, 

three different classes of electrolytes are being pursued, each of which could potentially improve upon current 

state-of-art compositions by improving ion transport or interfacial properties that control charge transfer 

kinetics and longterm stability.  Furthermore, this thrust interfaces with modelling and characterization teams 

in XCEL that allow us to understand thermal and mass transport and interfacial properties of our electrolyte 

systems, which then help guide further development. 

Objectives 

• Discovery of new fast-charge electrolytes that enable high charge acceptance at a 6C charge rate ( 

80% of the 1C capacity basis), demonstrate excellent cycle-life (≤ 20% capacity loss per 1000 cycles 

in CAMP pouch cells), and that exhibit good performance and survivability from 10⁰C to 45⁰C.  

• Develop electrolyte formulations with high Li ion transference number and high ionic conductivity, 

which will significantly increase the Li ion mass transport from cathode to anode during fast charging. 

• Experimentally determine the concentration of lithium-ion complexes in the electrolyte and calculate 

equilibrium constants for Li+ desolvation. 

Approach  

• Examine electrolyte formulations with multiple solvent systems to suppress Li plating during fast 

charging. 

• Explore additives to optimize electrode/electrolyte interface for better long term fast charging cycling. 

mailto:vsrinivasan@anl.gov
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• Electrospray-ionization mass spectrometry (ESI-MS) is used to quantify Li-ion complex concentration 

in electrolytes to understand thermodynamics of ion desolvation.  

Results  

Fluoroethylene carbonate (FEC) additives 

Figure IV.1.1a shows the effect of increasing fluoroethylene carbonate (FEC) content in a standard carbonate-

based electrolyte on capacity fade during fast charging. The FEC weight percent (X) is varied in 1.2 M LiPF6 

electrolyte, resulting in FEC:EC: EMC wt% ratios of X:(30-X):70.  To compare lithium plating behavior 

across electrolyte compositions, a Graphite|LiNi0.5Mn0.3Co0.2O2 (NMC532) cell was cycled 140 times, 

alternating 5 moderate 1C CCCV  charging cycles to 4.2V, holding until C/5 current, with 2 6C CCCV fast 

charging cycles to 4.2V, holding until 80% capacity. Figure IV.1.1a shows that the 5-15% FEC full-cells 

outperform the FEC-free electrolyte, undergoing on average only about 30% of the capacity fade over the 100 

1C cycles, with similar 6C CCCV charge times compared to 0% FEC. The 2% FEC electrolyte, included for 

the common use of FEC as an additive, performed only slightly worse than the higher concentrations. From 

our Li reversibility analysis, the lack of a clear concentration effect on performance may indicate small 

amounts of plating occurring mostly beneath the FEC-derived SEI.  Figure IV.1.1b shows significantly less Li 

titrated during electrode water exposure for the FEC electrolyte cells compared to the 0% FEC cells, as 

anticipated from the electrochemical measurements in (a). There is also a strong correlation between the sum 

of the 6C cycle losses calculated from capacity data and titrated Li. For the 0% FEC electrolyte, the fraction of 

the loss accounted for by titrated Li is about 81%, whereas only 20-40% for the lower FEC concentrations 

(inset). 

 

Figure IV.1.1 Fluoroethylene carbonate additive effect on full-cell performance, and titration dead Li. a) Graphite|NMC532 1C 

discharge capacity normalized to the initial (Cycle 1) value vs. cycle number, with cells undergoing two cycles of 6C CCCV to 4.2V 

charging to 80% SOC after five 1C cycles. The inset emphasizes capacity jumps between groups of 1C cycles due to the 

intermittent 6C cycles that induce Li plating. Error bars depict standard deviations across n cells. b) Titrated Li (Li0 and LixC6)  on 

extracted electrodes vs. the sum of the electrochemical capacity loss mechanisms for all cells tested in (a). The inset shows the 

fraction of the estimated loss accounted for by titrated Li, the position of each point relative to the dotted parity line. 

Dual salt compositions 

Based on prior literature [1], we hypothesized that dual salt electrolytes containing Li difluoro(oxalato)borate 

(LiDFOB) as one of the salts can serve to reduce Li plating irreversibility at graphite anodes. We found that a 

0.1 M (1 wt%) LiDFOB and 1.2 M LiPF6 electrolyte in 3:7 EC:EMC (3 wt% FEC additive) improves charge 

acceptance during 6C fast charging compared to a similar electrolyte without LiDFOB (Figure IV.1.2). 

Specifically, the baseline cells shown in green reach the 4.6 V upper cutoff voltage earlier during charging and, 

as a result, take longer to be charged to the same SOC. 
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Figure IV.1.2 LiDFOB additive’s effect on charge acceptance in Gr|NMC full cells. Total charge time for each cell to reach 80% SOC 

at 6C rate. Baseline is Gen. 2 with 3 wt% FEC. 

LiFSI as a salt 

Figure IV.1.3 shows the long-term cycling performance of pouch cells (NMC622/graphite) with different 

LiFSI concentration in the electrolyte at a charging rate of 4C. The cell with 0.75 M electrolyte shows high 

capacity fade with less than 70% capacity attainable after 200 cycles. The cycling performance is gradually 

improved with the increase of electrolyte concentration. The poor cycling performance associated with low 

electrolyte concentration is probably related to the polarization and Li ion depletion during fast charging. The 

Li ion depletion can lead to metallic Li plating and thus more capacity fading from increased side reactions. 

The cell with 1.50 M electrolyte shows the best performance with the highest attainable capacity and stability 

in 200 cycles. The 1.50 M LiFSI electrolyte also had the best conductivity of all electrolytes studied (10.4 

mS/cm). The cycling performance for 1.75 M and 2.00 M electrolyte are satisfactory except the attainable 

capacity through 200 cycles are lower than observed for the 1.50 M electrolyte. This is likely due to the lower 

ion conductivity and high viscosity observed at high concentrations. The gradual increase of the capacity with 

cycling number for 2.00 M electrolyte might be ascribed to the slow wetting of the cell from the high viscosity 

of the electrolyte. We have also verified that this electrolyte is compatible with NMC811 electrodes from 

Argonne’s CAMP facility. In particular, a prepared NMC811/graphite full cell had 80% capacity retention 

after 500 6C charging cycles. 

 

Figure IV.1.3 Long-term cycling performance of cells employing LiFSI as a salt in a carbonate-based solvent cycled at 4C charging 

rate and discharge at 1C rate 

Highly concentrated electrolyte systems 

Our foundation consists of advanced electrolyte property modeling that identifies and prescreens electrolyte 

candidates (Advanced Electrolyte Model, AEM), laboratory testing of candidates using coin and pouch cells, 

and a key collaboration that provides simulation of cell performance using our electrolytes (NREL, Andrew 



FY 2022 Annual Progress Report 

 Extreme Fast Charging 351 

Colclasure). FY22 focused on moving to highly-concentrated electrolytes (HCE), looking for candidates that 

possess competitive transport properties (conductivity, diffusivity, etc.), while having lowered lithium 

desolvation energies during the charge steps (Figure IV.1.4b).  We have been successful, identifying several 

candidates that have salt concentrations ranging from 2.8 to 3.6 molal salt (Figure IV.1.4a).  A sample of our 

‘HCE16’ was sent to CAMP to incorporate into pouch cells that will be further tested for charge-rate and 

cycle-life capabilities.  On the modeling side, a chemical physics approach was added that predicts the 

important property of electrolyte thermal conductivity, which is obtained through AEM over salt concentration 

and temperature (FFigure IV.1.4c).  This complements other thermophysical terms such as relative enthalpy 

and excess heat capacity that are already obtained through AEM (Figure IV.1.4d).  Through this we can 

determine transport and thermal bottlenecks that occur in a cell during XFC and have identified the cathode 

side as an area of particular concern, but that can be mitigated  with improved electrolytes. 

Electrolyte speciation 

Electrolytes with various lithium salt concentrations (0.012 M, 0.12 M and 1.2 M) were directly injected into a 

electrospray ionization mass spectrometry (ESI-MS) nebulizer at 30°C, 50°C, 100°C and 150°C. The 

concentrations of complexes formed in these electrolytes were determined from mass spectrometry (MS) ion 

currents. Common complexes observed were lithium ethyl carbonate (LiEC), lithium ethyl methyl carbonate 

(LiEMC), Li(EC)2, Li(EC)(EMC), Li(EMC)2 and Li(EC)3. An example of MS data is shown in Figure IV.1.5a 

for an electrolyte with 0.012 M LiPF6. The concentrations of each complex in the electrolyte change with 

carrier gas temperature suggesting those solvation structures in the electrolyte evolve with temperature. The 

equilibrium constant, ln(Keq) for various de-solvation reactions was calculated from the experimentally 

quantified species concentrations. Figure IV.1.4b shows an example of ln(Keq) calculation results for the 

reaction, (EC) + Li(EC)2 ↔ Li(EC)3 from each electrolyte samples. The enthalpy (ΔH) and entropy (ΔS) can 

be estimated from the data in Figure IV.1.1b using a van’t Hoff equation, ln(𝐾𝑒𝑞) = − Δ𝐻
𝑅𝑇⁄ + Δ𝑆

𝑅⁄ .  

 

Figure IV.1.4 (a) charge rate capability of HCE18 as a function of salt molality.  Capacity broken down between constant current 

portion at stated rate and constant voltage hold at 4.1 V. (b) Comparison of salt diffusivity profiles across an XCEL cell during a 6C 

constant current charge. (c) HCE thermal conductivity predictions, and (d) relative molal enthalpy (RME) for selected HCEs using 

the AEM. 
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Figure IV.1.5 ESI-MS results on the model electrolyte system. (a) Concentration of lithium complexes vs. temperature for an 

electrolyte with 0.012M LiPF6. (b) Calculation of equilibrium constant, Keq for EC+Li(EC)2 ↔ Li(EC)3 in the electrolyte with salt 

concentration of 0.012M, 0.12M and 1.2M. 

Conclusions   

We have shown that FEC is a promising electrolyte additive that boosts Li plating reversibility and improves 

fast charging performance. Secondary Li salts, such as LiDFOB, could further facilitate better charge 

acceptance at high C rates. We also found that LiFSI concentration affect fast charging performance and needs 

to be optimized (in the first electrolyte solvent version, 1.5 M LiFSI was found to be optimal). The LiFSI-

based electrolytes were also found to be compatible with NMC811/graphite cells.  Highly concentrated 

electrolytes have now been identified that provide superior transport properties to conventional carbonate-

based electrolytes, thereby resulting in promising fast charging performance in NMC811/graphite cells.  ESI-

MS was found to be an effective method to quantify Li-ion solvation as a function of concentration in LiPF6 

electrolytes.  Equilibrium constants for Li desolvation were calculated from these data, and future work will 

focus on comparisons of desolvation energetics among the various electrolyte classes being studied within the 

XCEL program. 
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Project Introduction 

The XCEL Program in FY 2018-2021 (Phase I) centered on the influence of areal capacity loading on lithium 

plating during extreme fast charging (XFC). Two sets of capacity-matched electrodes were designed and 

fabricated with identical compositions – only the capacity loading was changed. The low loading electrode set 

(Round 1) utilized a 2 mAh/cm² graphite loading and the higher loading set utilized a 3 mAh/cm² graphite 

loading. Numerous pouch cells were fabricated and delivered to the national laboratory and university teams. 

These two cell builds were the early baselines for the XCEL Program. It became clear after extensive testing 

that lithium plating is rare on the Round 1 anodes, but is abundant on the Round 2 anodes during 6C charging. 

In FY 2020, a multi-thrust approach was formed to solve the problems related to XFC, the chief of which is 

lithium plating. One of these thrusts, the XCEL-Electrode & Electrolyte Thrust was directed to determine 

impact of carbon and binder domains in the positive and negative electrodes, and the impact of improved 

electrolyte compositions. The XCEL Program began Phase II at the start of FY 2022 with three main thrusts 

with the singular goal of achieving fast charge cycles (6C rate) with >4 mAh/cm² loading on the anode. This 

report summarizes the activities of one of the thrusts, the Electrode & Cell Design Thrust. 

Objectives 

The goal of the XCEL Electrode & Cell Design Thrust in FY 2022 was to develop higher Ni-content NMC 

(e.g. NMC811) cathodes with low carbon and binder content, new electrode architectures (e.g., dual layer), and 

improved electrolyte compositions. It is anticipated that these combined tasks will result in a cell system with 

over 4 mAh/cm² loading (anode) that can achieve >600 cycles at 6C charge with no lithium-plating.   

Approach  

The Electrode & Cell Design Thrust enlists a multi-prong approach with coordinated efforts between several 

national labs: 

mailto:vsrinivasan@anl.gov
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• NREL’s modeling tools are used to investigate strategies to reduce electrode level limitations to 

extreme fast charging. Novel microstructure tools are used to study the effect of changing carbon 

binder content on both ionic and electronic conductivity. P2D models are used to investigate the effect 

of dual layer electrodes on fast charge acceptance/lithium plating. The models are used to project how 

far electrode loadings can be increased while maintaining high fast charge acceptance/avoiding 

lithium plating with solutions already demonstrated by XCEL team.  

• Electrodes and cells are fabricated by the CAMP Facility (Argonne) that best approximate the 

electrode architectures predicted by modeling effort. Cells will be made with graphite vs. NMC811 

electrodes with anode loadings near 4 mAh/cm². Latest advanced electrolytes from the Electrolyte 

Thrust teams will be utilized in a final cell build each year and compared to baseline.        

• Post-Test Facility (Argonne) conducts post-mortem analysis of cells for presence of lithium plating 

and provides analysis of electrode architecture via SEM, etc. during electrode development.  

• Operando x-ray characterization are conducted to detect lithium plating/stripping during cycling, and 

degradation of cathode material.   

Results  

Model Prediction of Ideal Electrode Architecture (NREL Focus) 

NREL’s macro-homogeneous modeling was used to investigate strategies to enable extreme fast charging of 

cells with EV relevant electrode loadings of 4-5 mAh/cm2. Modeling has shown that no single 

solutions/improvement is likely to enable XFC of high loading cells. Instead, multiple improvements should be 

combined to enhance lithium-ion diffusion/kinetics to enable more uniform intercalation/de-intercalation 

throughout entire electrode thickness. The XCEL consortia has already demonstrated the following solutions 

for improving fast charge acceptance/mitigating lithium plating: 

• Separators with higher porosity/lower tortuosity (Celgard 2500 over 2320) 

• Lowering the amount of carbon/binder domain in cathode 

• Cathodes with higher specific capacity (NMC 811 vs. 532) 

• Dual layer anodes 

• Electrolytes with enhanced ion transport 

• Advanced voltage ramping charge protocol. 

 

The predicted fast charge performance of a graphite-NMC 811 cell having a loading of 4.5 mAh/cm2 (anode of 

5.1 mAh/cm2) and employing previously demonstrated improvements is shown in Figure IV.2.1. Models 

predict almost 80% charge acceptance can be achieved in 15 minutes without plating. Note, simulations are 

run for small format single layer cells operating iso-thermally at 30°C. Large format cells will rapidly warm to 

elevated temperatures of 45°C -50°C during fast charging and likely reducing the amount of required charge 

time.   

Battery performance is strongly correlated with electrode microstructure and weight loading of the electrode 

components. Among them are the carbon-black and binder additives (CBD) that enhance effective electronic 

conductivity and provide mechanical integrity. However, these both reduce effective ionic transport in the 

electrolyte phase and reduce energy density. Therefore, an optimal additive loading is required to maximize 

performance, especially for fast charging where ionic transport is essential. Such optimization analysis is 

however challenging due to the nanoscale imaging limitations that prevent characterizing this additive phase 

and thus quantifying its impact on performance. Herein, an additive-phase generation algorithm has been 

developed [1] to remedy this limitation and identify a percolation threshold used to define a minimal additive 

loading [2]. Improved ionic transport coefficients from reducing additive loading has been quantified through 

homogenization calculation, macroscale model fitting, and experimentally taking electrochemical impedance 

spectroscopy of blocking symmetric cells, with good agreement between the methods (cf. Table IV.2.1). Rate 

capability test demonstrates capacity improvement at fast charge at the beginning of life (BOL) during 6C CC 

charging, in agreement with macroscale model, and attributed to a combination of lower cathode impedance, 

reduced electrode tortuosity and cathode thickness (cf. Figure IV.2.2). 
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Figure IV.2.1 (Macro-homogeneous model predictions for graphite-NMC 811 cell with loading of 4.5 mAh/cm² loading employing 

already demonstrated solutions during 15-minute charge. A.) Current and voltage of cell employing ramp protocol. B.) State of 

charge achieved and lithium plating potential. 

CBD impacts negatively ionic effective diffusion, more than active material for the same volume. Therefore, 

rebalancing loading in favor of the latter proved to be advantageous for fast charge applications. Lower over-

polarization has been achieved for C-rate above 1, and single-layer pouch cell at 6C CC-CV demonstrated 

capacity improvement, from 37% (80%) to 55% (86%), end of CC (CC-CV 10min), from high to low CBD 

content. However, cycling experiments revealed delamination at the anode side; therefore, recommendation is 

to lower additive loading for the cathode (4wt%) but to keep it moderate for the graphite (8wt%). To improve 

anode effective transport properties, other solutions are to be pursued such as dual layer architecture as 

discussed below and/or laser ablated microstructure [3]. 

 

Table IV.2.1 Anode microstructure ionic transport coefficients, experimentally measured with 

electrochemical impedance spectroscopy (EIS), fitted in a macroscale P2D model, and calculated from 

microstructure analysis. 

 EIS P2D fit Microstructure analysis 

 High CBD Low CBD High CBD Low CBD High CBD Low CBD 

Porosity 0.382 0.374 0.33 0.374 0.345 0.375 

Tortuosity factor 4.10–4.12 2.98–3.10 4.23 2.674 4.42 2.932 

Bruggeman exponent 2.466–2.471 2.108–2.150 2.3 2.0 2.39 2.097 

MacMullin number 10.73–10.79 7.97-8.29 12.81 7.150 12.81 7.82 
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Figure IV.2.2 (Left) BOL cell voltage and charge acceptance for pouch cells with different CBD loading (High CBD: 8wt%-10wt% and 

Low CBD: 4wt%-4wt% for anode-cathode). (Right) Custom-made 3-electrode cell EIS plot for cathode [2]. 

 

Figure IV.2.3 (Left) NREL macroscale 6C modeling with cell voltage and potential for lithium plating calculated for baseline round 2 

and graded electrodes, considering porosity and particle size gradations. (Right) SEM cross section of a dual layer anode (dual 

coating) manufactured by ANL CAMP. 

Graded electrode can relax the significant electrolyte concentration gradients induced during fast charging 

operation. These results in non-uniform material utilization and aggravated capacity fade induced by material 

degradation such as lithium plating and excessive cathode cracking. Most significant contributions in the 

literature are from Shodiev [4] and Wood [5], respectively to investigate the impact of porosity and particle 

size gradation on performance. A practical application of the graded electrode concept is a dual layer 

manufactured through dual coating with each layer being functionalized: a power layer (high porosity) near the 

separator and an energy layer (low porosity) near the current collector (cf. Figure IV.2.3 right). Macroscale 

modeling indicates most gains are achieved with a 20% porosity offset between the two layers for both 

electrodes (cf. Figure IV.2.3 left). Combining both graded porosity and particle size provides further 

improvement. A power layer composed of high porosity and small particles results in a reduction in locally 

tortuosity and increased specific surface area improving uniformity of electrode utilization during fast charge 

(cf. Figure IV.2.3 middle). 

High Loading, Low Carbon/Binder Scoping Study  

Industry focuses on high-energy density/ high-loading electrodes for cost effectiveness in EVs.  To help align 

with industry standards, higher loadings than our previous two standards (R1 and R2) were explored in a 
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scoping study using 96% Superior Graphite SLC1506T and 97% NMC811 in coin cells (active material 

content was increased for both anodes and cathodes with aim to further increase energy density). Three sets of 

electrodes with loadings higher than the R2 loading were created and compared to the R2 loading, all of which 

had lower carbon/binder content.  The cells were formed, put on rate study, an initial HPPC, and then cycled 

through a fast 6C cycle life protocol (Figure IV.2.4).   

 
 

Figure IV.2.4 Charge and Discharge capacities of the low carbon/binder-high loading coin cells during the fast charge cycling 

protocol (2x-C/3, 150x-(6C CCCV Charge w-10 min limit, C/2 Discharge). 

Based on an analysis of the data and general observations, it was determined that the NMC811 content should 

be lowered to 96 wt%, and that the anode should have more binder to improve adhesion. It was decided to go 

back to the original formulation of the anode (92 wt% binder).  

Milestone: Produce and Distribute Baseline Anodes (>30m) and Cathodes (>30m) to XCEL Teams 

The CAMP Facility produced 55 meters of NMC811 and 45 meters of SLC1506T graphite monolayer at >3.2 

mAh/cm² as its first quarter milestone. Based on the previous scoping studies, the new R3 baseline electrodes 

were designed to have 96 wt% NMC 811 and the CAMP’s standard 91.83 wt% SLC1506T formulation 

capacity matched at a higher R3 loading (3.6 mAh/cm² anode). Cathode was designed to be capacity matched 

to the anode with an n:p ratio range  between 1.1 and 1.2 (when considering 1st cycle, reversible cycle, 1C, and 

C/10) for a 3-4.1V range (see Figure IV.2.5). These electrodes were then distributed to the various XCEL 

teams. 
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Figure IV.2.5 Electrode composition and design parameters for Round 3-Batch 1. 45 meters of SLC1506T graphite anode 

(LN210035-101-2) and 55 meters of NMC811 cathode (LN210035-167-4) were coated. 

Single layer pouch cells were made using these R3 loading electrodes (NMC811, 14.1 cm², SLC1506T, 14.9 

cm²).  The cells had a reversible C/10 discharge capacity of 170 mAh/g (~40 mAh) and a reversible C/2 

discharge capacity ~160 mAh/g (~37.5 mAh).  The specific discharge capacities agree with the expected 

values based on cells near R2 loadings, as can be seen in Figure IV.2.6. 

 

Figure IV.2.6 Discharge capacity for R3 and an ~>R2 loading (dual layer) vs. NMC811 in xx3450 pouch cells (left); and specific 

discharge capacities of R3 and ~>R2 cathodes being approximately the same (right table). 

New Baseline Electrolyte Scoping Study (Argonne Focus) 

It is generally assumed that commercial cells have electrolyte additives to improve SEI layer formation. The 

CAMP Facility performed a brief additive study using two additives commonly used: FEC and VC (2 wt% 

each added to Gen2 electrolyte).  XCEL-II Baseline Round 3 loading electrodes were assembled into six single 

layer pouch cells with two cells each using the previous baseline (Gen2) electrolyte, Gen2 + 2 wt% FEC, and 

Gen2 + 2wt% VC.  These cells were formed, degassed, and cycled with 6C fast charge cycles and periodic 

HPPC pulses at 30°C. The cells containing the FEC additive showed an increase in capacity utilization, as well 

as a decrease in impedance rise (Figure IV.2.7).  It was decided to make Gen2 + 2wt% FEC the new baseline 

electrolyte. 
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Figure IV.2.7 (a) Fast charge utilization of the single layer pouch cells with the various electrolytes. Solid and dashed lines show 

the two cells for each electrolyte; (b) change of impedance over the course of 1200 cycles.  Solid lines shows the initial HPPC and 

dashed lines show the impedance after 1200 cycles. Arrows to the right indicate the average rise in impedance from cycling. 

Milestone: Fabrication of Final Pouch Cell Build Using R3 Loading Using New Baseline Electrolyte & 

Electrolyte Thrust’s Top 3 Electrolytes (ORNL, INL, UC-Berkeley, Argonne-CAMP) 

CAMP assembled 84 single-layer pouch cells using the capacity-matched R3 baseline electrodes and Celgard 

2500 separator.  Some cells were sent dry (no electrolyte) to electrolyte development teams; while others were 

filled, formed, degassed, impedance tested at 1 kHz, capacity checked, and then shipped for further 

electrochemical testing. See Table IV.2.2 for R3-loading cell distributions. 

Table IV.2.2 Single-layer pouch cells fabricated at the CAMP facility and distributed to teams. 

R3 Loading Cells Made & Distributed in FY22 

# of 

cells 

Build 

Name Electrolyte 

INL - Dry Cells (to INL) 15 CFF-B57 No Electrolyte 

ORNL - Dry Cells (to ORNL) 5 CFF-B57 No Electrolyte 

INL - Formed Baseline Cells (to INL) 30 CFF-B57A Gen2 + 2wt% FEC 

Ford - Formed Baseline Cells (to FORD) 10 CFF-B57A Gen2 + 2wt% FEC 

ORNL Electrolyte Thrust Team – Formed (to INL, Deliverable) 8 CFF-B57B ORNL V2 

INL Electrolyte Thrust Team – Formed (to INL, Deliverable) 8 CFF-B57C INL HCE16 

UC-Berkeley Electrolyte Thrust Team – Formed (to INL, Deliverable) 8 CFF-B57D UCB Dual Salt 

 

(a) (b) 
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The Electrolyte Thrust teams from INL, ORNL, and UC-Berkeley each chose their best electrolyte 

formulations they developed during Q1 to Q3 of FY2022 (INL “HCE16”, ORNL “V2”, & UCB “Dual Salt”).  

They each sent the CAMP Facility their electrolyte components with mixing instructions. The CAMP Facility 

assembled  R3-loading single-layer pouch cells (electrodes described in Figure IV.2.5) with the freshly mixed 

electrolyte from the electrolyte thrust teams, as well as the new baseline electrolyte (Gen2 + 2 wt% FEC).  

These cells were formed, degassed, impedance tested @ 1 kHz, capacity checked, and then shipped to INL for 

electrochemical testing.  

Single-Walled Carbon Nanotubes Scoping Study (Argonne-CAMP) 

Single-walled carbon nanotubes (SWCNT) were developed in industry to improve electrode impedance. The 

CAMP Facility is exploring its impact on fast charge in a small scoping study with NMC811. Two different 

trial cathodes were coated: one with 96 wt% NMC811 and one with 0.05 wt% SWCNT added to NMC811.  

Each cathode chemistry combination was coated for ~R2 and ~R3 loadings.  The electrodes were assembled 

into four different single layer pouch cell sets (14.1 cm² cathodes, 14.9 cm² anodes, Celgard 2500, and Gen2 + 

2 wt% FEC).  These cells were tested, formed, tested for impedance at 1 kHz, and cycled from 3-4.1V with a 

6C fast charge cycle that contained periodic HPPC pulses. Impedance measurements at 1 kHz taken after 

formation showed that the cells containing SWCNT resulted in impedance values that were half of the baseline 

cells.  HPPC impedance was also reduced by 40%. These cells are still under test. 

Mapping the Degradation of NMC Cathodes Cycled Under XFC Conditions (SLAC-Weker Focus) 

The SLAC team studied the degradation of NMC811 cathode under extreme fast charging (XFC, ≤10–15 min 

charging) conditions in a full single-layer graphite pouch cell with NMC811 cathodes. Micro X-ray 

fluorescence (µ-XRF) and micro X-ray absorption near edge structure (µ-XANES) on the full pouch cells are 

being used to elucidate the effects of XFC on the cathode state-of-charge (SOC). µ-XRF provides elemental 

maps of the different transition metals in the batteries. µ-XANES yields information about the oxidation states 

of the transition metals, and therefore can be used to distinguish differences in SOC in regions of interest 

within the cathode. 

Using the SSRL beamline 2-3, preliminary measurements were performed in situ on an XFC cycled cell after 

600 cycles and ex situ on a cathode sheet. The samples were mapped using X-ray micro fluorescence (µ-XRF) 

with an adjustable X-ray beam size of 10 and 50 µm. Figure IV.2.8a shows elemental maps corresponding to 

Ni, Mn and Co taken simultaneously from the NMC cathode inside the XFC cycled cell with a 50-µm focused 

X-ray beam. Additionally, µ-XANES maps were collected at five different energies across the Ni K-edge 

(8343, 8347, 8351.5, 8354, and 8355 eV). Using principle component analysis, we find three principal 

components (C1, C2 and C3; Figure IV.2.8b), which show no change in the state of charge within the imaged 

region. 

For higher energy resolution XANES, µ-XANES was measured with 295 energy points at 32 positions in a 

line along the cycled pouch cell (see Figure IV.2.9). There are no apparent differences between the spectra, 

which agrees with the PCA results and suggests we need to cover a larger portion of the sample to observe the 

expected heterogeneity. These preliminary data demonstrate feasibility of the technique on full cells and 

highlight the need for a larger X-ray beam and larger imaging region. The remainder of the study will be 

conducted on beamline 7-2 at SSRL, another µ-XRF beamline suited for larger samples. The focusing optics 

on beamline 7-2 allow for a larger spot size and therefore increased depth of focus, which will be important for 

imaging the electrode through the aluminized pouch material in situ. Additionally, imaging will be guided by 

full cell maps using XRD previously collected by the Argonne team to identify our regions of interest for each 

technique described. These maps were not available at the time the preliminary data were collected.  
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Figure IV.2.8 (a) µ-XRF maps corresponding to Ni, Co, and Mn at the cycled electrode with the 50 µm focusing optics. (b) Three 

principle components 1, 2 and 3 from PCA multi-energy analysis across the Ni edge.   

 

Figure IV.2.9 XANES spectra taken at 32 different points of a NMC811 cathode inside a pouch cell after 600 cycles under XFC 

conditions. Region of the cycled cell where XANES was taken, starting at the laser spot, and moving vertically downward in 50 µm 

steps. 

Current Density Measurements in Batteries at Rest Using Micro-tomography (LBNL Focus) 

X-ray micro-tomography is a non-invasive technique that can yield spatial information about materials and 

systems in three dimensions (3D). Cells in different states-of-charge are placed between the source and the 

detector. Experiments use a monochromatic beam as the source with energies in the 20 keV range.  Cells are 

rotated through 180 degrees and about 1000 projection images are collected and magnified. The exposure time 

for each image is in the 100-200 ms range.  3D reconstruction algorithms are used to synthesize the projection 

images to produce the morphology of the cell with a resolution of 1-5 µm.  If the same cell is imaged at 

difference states-of-charge, then it is possible to determine local currents by quantifying morphological 

differences between successive tomograms. Digital volume correlation has emerged as a standard tool for 

quantifying these differences. 
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A graphite electrode was studied in a half-cell at rest after 6C fast charging using time-resolved X-ray micro-

tomography [6].  The fast charging step results in plated lithium near the electrode-separator interface (Figure 

IV.2.10a).  When the cell is set to open circuit, a significant fraction of the plated lithium “disappears” from 

the tomograms, while the graphite particles underneath the plated lithium swell.  The time-resolved tomograms 

enable quantifying spatially and temporally current densities at both lithium and graphite phases – the stripping 

current density at the lithium plate and the intercalation current density in the graphite (Figure IV.2.10b and c).  

The average current densities at the two phases are within 15%, and they decrease from about 1.5 to 0.5 mA 

cm² during the first 20 minutes of the resting period (Figure IV.2.11a). The median current density at the 

graphite electrode is 0, suggesting that most of the internal current has ceased by the end of the experiment.  

Surprisingly, the range of stripping current density was independent of time, with outliers above 20 mA cm² 

(Figure IV.2.11d). The persistence of outliers provides a clue as to the origin of catastrophic failure in batteries 

at rest.  

In-situ and Operando Investigation of NMC811-based Cells Subjected to Fast Charge (Argonne-APS 

Focus) 

Enabling the fast charge capabilities in layered oxide-based batteries require deep understanding of 

relationships between active battery components, additives and electrolytes. It was demonstrated previously 

that high-rate-induced anode heterogeneity may lead to uneven material degradation resulting in higher cell-to-

cell variability and potentially leading to lithium plating. Engineered solutions that promote homogenous 

performance were evaluated and tested. Periodical mapping of the equivalent battery cells utilizing different 

electrolytes showed that cell performance and degradation, including lithium plating probability, can be altered 

through modifications to battery components that influence Li transport and/or diffusivity. For example, high 

loading (97%) nickel-rich LiNi0.8Mn0.1Co0.1O2 (NMC811) batteries cycled in the presence of Gen2 electrolyte 

(1M LiPF6 in 3:7 wt% EC:EMC) indicated future plating probability as early as 100 cycles with clear presence 

of lithium metal deposited on the anode within 400 cycles. In contrast, batteries utilizing B26 electrolyte 

(LiPF6 in EC:DMC:DEX:EP:PN (20:40:10:15:15) with 3% VC & 3% FEC) did not show any presence of 

heterogeneity within the anode and no clear evidence of lithium metal was found at the end of the experiment 

~1300 cycles.  (Figure IV.2.12). 

Among the proposed strategies that could mitigate electrode heterogeneities both in plane and through plane is 

to design electrode architectures incorporating microstructural heterogeneity, such as, for example, engineered 

porosity through laser ablation. This could mitigate transport limitations that give rise to the depth-dependent 

heterogeneity, reduce overcharging of the material close to the separator and utilize material close to the 

current collector better and therefore decrease the probability of lithium plating. Operando measurements 

during fast charge conditions however, are often challenging as many techniques require battery containers 

modifications that often hinder performance. Recently enabled high energy X-ray (105 keV) beam focusing at 

11-ID-C station at APS allows studying reaction front operando in unmodified coin-cells with fast charge 

relevant data point density. Currently, the effects of the various electrolytes and laser ablation on the reaction 

front development are being evaluated. Figure IV.2.13. shows the difference in graphite behavior during fast 

charge period between materials close to the separator (left), and current collector (right). 
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Figure IV.2.10 Current density in graphite electrodes at rest after fast charging.  (a) The 3D tomogram of the electrode at the 

beginning of the rest period.  (b) Current density in the plated lithium phase as a function of time.  (c) Current density in the 

graphite phase at the same times.  The range of the maps is reduced to avoid dominance by outliers. 
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Figure IV.2.11 (a) Average current density during rest after 6C charging for the graphite electrode. The turquoise diamonds 

represent the average lithium stripping ionic current density, <iL>. The gray squares represent the average lithiation current 

density into graphite, <iG>. (b-d) Violin plots showing the distribution, median, and interquartile range of iL and iG at (b) t = 6.5 min, 

(c) t = 13.0 min, and (d) t = 19.5 min. For the box plot within each violin plot, the white circle represents the median value, the 

bottom and top of each box represents the 25th and 75th percentile values, and the bottom and top whiskers (solid lines) 

represent the lower and upper adjacent values. The box has zero height at t = 19.5 min for iL. 
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Figure IV.2.12 XRD mapping comparison between Gen2 and B26 electrolytes using pouch cell configuration. Compositional 

characteristics are highlighted via 2D thermal maps respectively. 

 

Figure IV.2.13 Focused beam X-ray diffraction measurements of graphite anode at the separator side (left) and the current 

collector end (right) during the fast charging process. 

Localized Li Detection with Spatially Resolved Differential Pressure Sensing (SR-DPS) (SLAC/Stanford 

Focus) 

The Cui group at Stanford developed an operando Li-plating detection technique that allows identification of 

localized Li-plating behaviors. This project is a continuation of the previous global Li detection project based 

on the differential pressure sensing techniques (DPS). DPS measures the change of cell pressure per unit of 

charge, which has been proven to be an effective and non-intrusive approach to detect Li-plating operando. 

Instead of the DPS technique measuring the global pressure change per unit charge, we introduce a spatially 

resolved differential pressure sensing (SR-DPS), which integrates a 2D pressure sensor map into the stacking 

battery. This SR-DPS sensor can provide spatially resolved pressure data at a refresh rate of up to 500Hz. 

Currently, we have successfully observed localized Li-plating and its growth patterns. We have also explored 

the compatibility of the application program interface (API) of the pressure sensor with that of the battery 

tester. APIs are built-in environments that allow customers to construct custom programs to interface one 
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software with other software. We have confidence in developing an automated battery management system 

(BMS) using DPS measurements. 

 

Figure IV.2.14 The configuration of operando SR-DPS apparatus: the stack containing two vibration-damping foam blocks, 

multilayer pouch cell, and 2D pressure sensor is clamped into a fixed constraint.  

The configuration of the spatially resolved operando DPS system is shown in Figure IV.2.14: the stack 

containing multilayer pouch cell, 2D pressure sensor, and vibration-damping foam blocks are clamped into a 

fixed constraint. The setup can provide a real-time 2D map of the pressures across the pouch cell in a 44x44 

matrix with a spatial resolution of 600 microns (Figure IV.2.15a). Using similar methods as that outlined in 

previous reports, we can obtain the local dP/dQ values and capture the associated plating behaviors by 

comparing the dP/dQ data of each pixel with the established dP/dQ plating threshold surface at low C-rates 

(Figure IV.2.15b). Furthermore, we are able to study the spatial evolution of Li plating. 

 

Figure IV.2.15 (left) Raw output from 2D pressure sensor of 1”×1” NMC811/graphite pouch cell with average initial gauge 

pressure of 80psi. (right) dP/dQ plot of aforementioned pouch cell at the first frame where the plating threshold is exceeded.    

Using SR-DPS, we were able to generate videos of the DPS data and analyze the spatial-temporal evolution of 

Li plating at high C-rates (Figure IV.2.16, Video Link). Interestingly, it was observed that Li preferentially 

plates along high-pressure gradients. The drastic drop in pressure along the edges of the electrode causes the 

ionic conductivity to differ greatly, which encourages Li plating. The symmetrical dP/dQ curve during 

charging and discharging observed in the previous DPS experiments are also confirmed in our SR-DPS 

experiments.  
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Figure IV.2.16 Video: Spatial temporal map of Li intercalation and plating during 3C charging and 0.5C discharging cycle. 90mAh 

pouch cell battery with NMC811/graphite electrodes and LP57 electrolyte. Positive dP/dQ value indicate lithiation or plating; 

negative dP/dQ value indicate de-lithiation or stripping.  

By obtaining the maximum dP/dQ value per frame of the generated video during post analysis, we were 

successful in adjusting the charging protocol to drastically reduce the amount of plated lithium and reducing 

the charging time (Figure IV.2.17). Through post analysis, we determined the optimal cutoff current for the 

constant voltage step for different C-rates. However, since this is not a dynamic process, we still see minor 

plating occurring after adjustments.  

 

Figure IV.2.17 Li-plating drastically reduced with improved cycling parameters. 80mAh pouch cell battery assembled with 

NMC532/graphite electrodes and LP57 electrolyte cycled at 3C charging 0.5C discharging for 3 cycles without SR-DPS 

adjustments (left) and after SR-DPS adjustments (right).  

Conclusions   

The Electrode & Cell Design Thrust of the XCEL Phase II Program successfully coordinated its efforts to 

develop the ideal structured electrode to enable fast charging with minimal lithium plating. In particular: 

• Using already demonstrated XFC solutions, models predict cells with EV relevant loadings can be re-

charged in 15 minutes without lithium plating. Reducing the amount of carbon/binder content in the 

cathode from 10% to 4% significantly improves fast charge performance due to enhanced ionic 

transport. A dual layer anode significantly delays lithium plating onset due to reduced local tortuosity 

near separator. 
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• A third single-layer pouch cell benchmark was developed with a higher loading (R3 loading) and 

higher active material (NMC811) content in the cathode than the previous two benchmarks to better 

match industrial needs for an EV lithium-ion battery. A new baseline electrolyte was selected to be 

“Gen2” + 2 wt% FEC.  

• Single-layer pouch cells were fabricated with the new baseline electrodes and electrolyte, in addition 

to cell builds with three candidate electrolytes from the Electrolyte Thrust teams to meet the FY22 

deliverable.  

• Scoping studies based on utilizing single-walled carbon nanotubes (SWCNT) in the cathode to lower 

the impedance look promising. 

• Degradation of NMC811 cathode under XFC conditions in full single-layer pouch cells were studied 

using micro X-ray fluorescence (µ-XRF) and micro X-ray absorption near edge structure (µ-XANES). 

• X-ray micro-tomography was used to quantify spatially and temporally current densities at both 

lithium and graphite phases. 

• Focused beam X-ray diffraction measurements were made of the graphite anode at the separator side 

and the current collector end during the fast charging process. 
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Project Introduction 

Extreme fast charging (XFC) of Li-ion batteries can create life and safety issues (Ahmed et al. 2017). With 

respect to performance loss one of the key complications is plating of Li metal on the negative electrode during 

fast charging. When this occurs, there is a pronounced loss of Li inventory and subsequent enhanced 

electrolyte degradation due to the reaction of electrolyte molecules with Li metal. Additional degradation 

modes including cathode aging can complicate analysis as new charging protocols are developed. As part of 

this thrust a team consisting of researchers at Idaho National Laboratory (INL), the National Renewable 

Energy Laboratory (NREL), Ford, the Stanford Linear Accelerator (SLAC) and Argonne National Laboratory 

(Argonne) is developing methods to both more clearly understand life and failure mode analysis for cells 

undergoing fast charge and to use understanding of cell design to develop new fast charge protocols.  Using a 

combination of experimental and physics-based models, which incorporate both electrochemical and thermal 

performance, the team was able to develop methods to achieve a 25% increase in charge acceptance in a 10 

min charge and a three-fold improvement in charge acceptance for charging segments that did not include a 

constant voltage component. 

Objectives 

Key objectives during FY22 were to continue to increase knowledge on the limitations of fast charge using 

graphite-based Li-ion batteries and to use that knowledge to improve performance. Overall objectives were to 

increase charge acceptance in cells with a fixed charge time of 10 minutes, identify failure modes and develop 

means to facilitate early identification of failure modes using electrochemical signatures. The team also 

investigated different modes of improving charge acceptance including the use of different temperatures and 

cell design aspects. This thrust also evaluated the performance of solutions developed in the other XCEL 

thrusts including electrolyte and electrode design solutions. 

Approach  

Using existing and expanding knowledge the team developed advanced charging algorithms using both 

experimental work and physics-based models. Both 3-electrode and pseudo-2D (P2D) model outputs provided 

understanding on when issues with Li metal plating or non-uniform thermal distribution could emerge in cells 

undergoing fast charge. Using this knowledge specific protocols were developed that limited Li plating. 

Improved performance was validated using single layer pouch cells. Key failure modes were validated using 

post-test characterization including analysis of the electrolyte, optical imaging and advanced characterization 

using different scientific user facilities.  

Results  

Within the Electrochemical and Thermal Performance Thrust in FY22 several activities were performed 

spanning the development of protocols, development of methods to understand the thermal impacts of fast 

charging, validation of performance and verification of failure modes. 

mailto:eric.dufek@inl.gov
mailto:brian.cunningham@ee.doe.gov
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Charge Protocol Development 

Electrochemical P2D models were used to predict how different protocols impact the probability of Li plating. 

Different protocols were then developed which used either multiple current steps (material stress reduction, 

MSR) or a constant current to a fixed voltage after which point a voltage ramp (VR) was applied for the 

remainder of the 10 minute charge (Mai, Colclasure, and Smith 2020 and Kim et al 2022). These protocols, in 

addition to improvements in electrolyte, electrode/cell design and active material, have shown the ability to 

increase charge acceptance.  An example of these modifications are shown in Figure IV.3.1 where the 

combination of a shift to NMC811, the use of a new electrolyte and the use of advanced charge protocols 

enabled over 90% charge acceptance during a 10-minute charge. This equates to a charge acceptance of 2.7 

mAh/cm2 for the Round 2 (R2) cells. In addition to having high charge acceptance the protocols also 

minimized the time in a constant voltage (CV) portion of the protocol. For the VR during early cycling the 

charge acceptance prior to the CV was 89% while the MSR had a charge acceptance of over 79% prior to 

reaching the CV. Both show considerable improvement from prior work. In addition to high charge acceptance 

the best performing cells had only about 10% capacity fade through the first 600 cycles. 

 

 

Figure IV.3.1 Charge acceptance for single layer pouch cells (R2) using different fast charge solutions including electrolytes, 

cathode material and charge protocol. The best performing solution combinations accepted over 2.7 mAh/cm2 of charge at the 

beginning of life. 

Using methods developed in other programs (Chen et al 2021 and Kim et al 2022) the failure modes of the 

cells were classified. The work shows that in the highest charge acceptance protocols there was no distinct 

evidence of Li plating and there was only minor difference in the extent of loss of lithium inventory for each of 

the different protocols. Indeed, most of the R2 cells exhibited ~10% loss of lithium inventory through 600 fast 

charge cycles.  The methods also shows that the aging patterns of the cells did have some correlation to the 

different electrolytes used as evidenced by the different groupings shown in Figure IV.3.2. 
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Figure IV.3.2 Plot of experimental and synthetic data used to classify the failure modes for cells which underwent different XFC 

charging. The method shows distinction between the two electrolytes used for the evaluation.  

During the second half of the fiscal year work transitioned to Round 3 (R3) cells. NREL’s macro-

homogeneous modeling was used to develop voltage ramping protocols for R3 cell builds having a cathode 

loading of 3.1 mAh/cm2. Compared to R2 cells, these cells use cathodes with low carbon binder content and a 

lower resistance separator. However, the cells employ a traditional Gen2 electrolyte. Instead of the traditional 

constant-current constant-voltage protocol, NREL has developed an advanced voltage ramping protocol that 

maximizes fast charge acceptable while avoiding lithium plating (Mai et al., 2020). Instead of constant voltage 

step, the voltage is ramped at a set rate to keep the anode potential slightly above the onset of lithium plating. 

NREL model predictions for standard CC-CV protocols matched well with experimental measurements 

performed at INL. NREL then used their models to develop a 10-and 15-minute ramp protocol. The 10-minute 

protocol is shown in Figure IV.3.3 and is predicted to achieve 68% capacity in 10 minutes while avoiding 

lithium plating. The protocol consists of an initial current of 6.5C up to 4.08V and then voltage ramping occurs 

at 0.08 mV/s to a max cutoff of 4.13V. A traditional 6C CC-CV protocol is predicted to achieve a similar 

capacity, but with significant amounts of plating. A 15-minute ramping protocol was also developed using a 

5C initial current and predicted to achieve 83% capacity without plating. These suggested ramping protocols 

were shared with INL and have been implemented in electrochemical testing of R3 cell build.   
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Figure IV.3.3 Macrohomogeneous model derived 10-minute voltage ramping protocols for graphite-NMC 811 R3 cells with loading 

of 3.1 mAh/cm2 loading A.) Current and voltage of cell employing ramp protocol. B.) State of charge achieved and lithium plating 

potential. 

Heating/Cooling System Design to Achieve Cost/Life Requirements: Life and cost of battery systems under 

extreme fast charging conditions are strongly impacted by temperature.  The cell cooling coefficient (CCC) is 

an effective metric to compare cooling strategies for fast charge applications. Cell and cooling designs with 

higher CCCs offer better fast charging thermal performance, leading to effective temperature control, reduced 

temperature and associated electrochemical heterogeneities. CCCs can be enhanced by improving cell thermal 

properties and optimizing cell shapes and thermal packaging. Compared to experimental evaluation, 3D 

thermal modeling is more efficient to quantify CCCs. Modeling results suggest prismatic cells with aluminum 

cans have considerably higher CCCs than pouch cells. For typical cold plate and fin cooling, cooling 

performance can be improved by reducing the thermal resistances between cells and cold plates. Significant 

enhancement can be achieved by double-sided cooling, as shown in Figure IV.3.3. As illustrated in Figure 

IV.3.4, higher CCC cell can reduce temperature nonuniformity from ~15°C to 3°C at a heat removal rate of 

~50%. For a cell with sufficient high CCCs, cooling capacity is then determined by the desired charge range 

and maximum allowable temperature, instead of limiting by cell temperature non-uniformity. 

In FY22, the team initiated a review of XFC technologies and their documented benefits. Technologies include 

• Advanced electrolytes 

• Active material architectures 

• Electrode architectures 

• Heat transport enhancements 

• Cell heating 

• Cooling systems 

• Charge protocols 

• Combined strategies. 
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Figure IV.3.4 (Left) CCCs of a pouch cell with different external thermal designs and cooling. (Right) Temperature rise and 

temperature nonuniformities as a function of heat removal rates for baseline (CCC = 1.2 W/K) and optimized baseline (CCC = 8.2 

W/K). 

No complete apples-to-apples comparison can yet be made as several gaps in literature and XCEL team data 

were found that the team is now looking to fill with models and additional experiments. However some 

preliminary conclusions are that XFC technologies should use – or enable the use of – thick electrodes, which 

bring the lowest possible system cost together with the highest possible energy density. Achieving fast charge 

together with long life requires combining multiple strategies, employing advanced electrolytes for fast ion 

transport, cell-internal heating or pre-heating of the cell prior to fast charge, employing advanced 

electrochemical charge protocols such as voltage-ramp, and lowering the tortuosity of electrodes such as 

through laser ablation or dual-layer coatings. Technologies requiring further study include single-crystal 

cathode materials and optimization of cooling systems (expected to be ~7-kW liquid cooling for 90-kWh pack) 

while avoiding exotic thermal solutions (e.g. immersion cooling, or oversized ~20-kW cooling systems). 

Enhanced Scientific Understanding of Degradation: The electrochemical and thermal performance thrust is 

also interested in methods to increase the scientific understanding of cell failure and performance degradation. 

As identified earlier in the XCEL project, during fast chatge, cathode materials can undergo mechanical stress 

which can result in fracturing of the secondary particle and subsequently lead to increased impedance and 

reduced charge acceptance. To capture performance and degradation for arbitrary cathode materials (e.g. 

NMC532, NMC 811), a 3D polycrystalline model of cathode primary/secondary particle architecture was 

created (Allen et al., 2021). The model accepts material transport/mechanical properties for any cathode 

material, as well as their anisotropic grain architecture mapped using FIB-SEM with electron backscattering 

(EBSD). (See Figure IV.3.5.) 

Past simulations investigated how particle geometry affect capacity loss, which found that smaller secondary 

particles with fewer (or single) primary particles had better capacity retention. FY22 focused on adding a 

model for electrolyte infiltration (EI). As the secondary particle cracks along grain boundaries, cracks that are 

connected to the surface are assumed to fill with electrolyte and those surfaces become electrochemically 

active. When EI is enabled, overall damage and the internal resistances of the particle are reduced.  
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Figure IV.3.5 a) How cell voltage changes in an NMC532 cathode particle with radial or random grain orientations, with or without 

damage (dmg), and with or without electrolyte infiltration (EI). b) Lithium concentration distribution within a particle that has 

electrolyte infiltration after charging at 6C for 420 seconds.   

The initial 3D polycrystalline cathode damage model was validated versus capacity fade observed for the 

NMC532 cells aged at varying charge rates, with loss of cathode active material inferred from incremental 

capacity analysis as well as directly measured from half-cells built from full cell teardowns at different cycle 

numbers. Deeper validation is needed to resolve the interaction of cracking with material/capacity loss for 

multiple cathode architectures and NMC blends. In two papers, the XCEL team and University of Ulm 

developed an artificial intelligence (AI) method to segment/quantify cracking observed in SEM images (Furat 

et al., 2021) and applied this automated method to hundreds of SEM images from the XCEL program (Furat et 

al., 2022). Shown in Figure IV.3.6 below, the study found that particle porosity (2D crack area) increases 

monotonically with cycles and C-rate. Electrode-thickness grows roughly proportional to particle porosity. 

Crack magnitude depends on C-rate for first 25 cycles (cracks widen), then cycling throughput thereafter (size 

and length increase). The initial break-in process of the first 25 cycles is well described by the 3D 

polycrystalline model. Additional investigation in FY23, adding physics of electrolyte infiltration and material 

electrical isolation, seeks to capture the slower fatigue processes. 

 

 

 

Figure IV.3.6 a) Image quality of hundreds of SEM images were enhanced and cracks segmented using AI. (b) Average particle 

porosity, the 2D cracked area ratio of a particle, versus charge rate and number of cycles for multiple aged cells torn down at 

different cycle numbers. (c) Whisker/box plot showing average/min/max crack statistics from hundreds of SEM images.   

The second effort to look at impacts to aging induced by particle fracture used nano and micro- X-ray 

computed tomography (CT) to understand how the shape and size distribution of particles changed as cells 

went through different levels of cycling. This study identified that, as cells aged the distribution of particle 
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volume shifted to a bimodal distribution suggesting that particles were fracturing over time and that as cycle 

count increased the number of fractured particles also increased. This occurred irrespective of cycling rate 

though there was a more distinct fracturing trend for cells cycled at 9C for early cycling. However, as cycling 

increased, slower charged cells exhibited more distinct fracturing likely due to higher charge throughput for 

these cells. This result of inversion in aging mirrors electrochemical data showing more distinct aging for cells 

cycled at 1C (Tanim et al. 2022). The work extended analysis to also look at the sphericity of particles. This is 

a general indicator of the degree of particle fracture and if the fractured components are more similar to 

individual or small groups of primary particles vs larger and non-uniformly shaped aggregates of primary 

particles. (See Figure IV.3.7.) 

 

Figure IV.3.7 Estimates of particle density as determined using micro-CT reconstruction. The results suggest that as cycling 

advances particle fragmentation as evidenced by increased bimodal distribution (Preefer et al 2022 accepted). 

Conclusions   

Supporting optimization of electrochemical/thermal solutions for XFC, the team has conducted experiments, 

and is developing electrochemical/thermal models, to identify major degradation processes in graphite/NMC 

cells under XFC. Models, experiments, and prototype builds are employed in a feedback loop to achieve a 

fundamental understanding and advance fast charge design. With advanced design and protocols, models show 

15-minute charging is possible for high energy density batteries. This model guidance will be followed up with 

additional prototype cell builds and tests in FY23. 
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NREL developed advanced voltage ramping protocols for R3 cell builds for charge times of 10 and 15 minutes 

that have been implemented in electrochemical testing by INL.INL also characterized and performed charge 

protocol optimization on R2 cells and used advanced analysis methods to classify and quantify the extents of 

aging for the cells. As more data is captured, the charge profiles will be scaled to understand possible impacts 

to electric vehicle charging infrastructure. 

Degradation processes span many length scales in Li-ion batteries, from materials to 3D large format systems. 

The team is working to integrate relevant physics into a single model framework capable of exploring the 

complete materials-to-systems design space, weighing the cost and benefits of each XFC technology. In FY23, 

the team will develop a prototype of this complete model, expand its XFC technologies scorecard, and draft a 

review article comparing fast-charge technologies.  

The 3D polycrystalline cathode cracking model will be further enhanced with electrical isolation and validated 

versus experiments. Through homogenization, a reduced-order version of this cathode active material loss 

model will be integrated into a pseudo-2D electrochemical model together with previously integrated SEI 

growth and Li plating mechanisms. Electrolyte wetting and dry-out processes are also under investigation. 

These studies complement CT studies performed by SLAC which have provided additional information on 

particle fracture and align with electrochemical analysis.  

A 3D system-level model showed that cell cooling coefficient (CCC) is an effective metric to design thermal 

management for battery fast charging. Cell and cooling designs with higher CCCs offer better fast charging 

thermal performance and allow large heat removal rates without producing unacceptable temperature 

heterogenies. After CCC optimization, active cooling can be delayed to both control cell maximum 

temperature and reduce energy consumption by the cooling system.  
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V Beyond Batteries 
The “Beyond Batteries” initiative, also referred to as the Behind-the-Meter Storage (BTMS), focuses on novel 

critical-materials-free battery technologies to facilitate the integration of EV charging, solar power-generation 

technologies, and energy-efficient buildings while minimizing both costs and grid impacts. For extreme fast 

charging at levels of 650 kW (or higher), novel approaches are required to avoid significant negative cost and 

resiliency impacts. However, it is reasonable to assume that BTMS solutions would be applicable to other 

intermittent renewable energy generation sources or short-duration, high-power-demand electric loads. 

BTMS research is targeted at developing innovative energy-storage technology specifically optimized for 

stationary applications below 10 MWh that will minimize the need for significant grid upgrades. Additionally, 

avoiding excessive high-power draws will eliminate excess demand charges incurred during 350-kW fast 

charging using current technologies. The key to achieving this is to leverage battery-storage solutions that can 

discharge at high power but then recharge at standard lower-power rates, acting as a power reservoir to bridge 

to the grid and other on-site energy-generation technologies such as solar photovoltaics (PV), thereby 

minimizing costs and grid impacts. To succeed, new and innovative integration treatments must be developed 

for seamless interaction between stationary storage, PV generation, building systems, and the electric grid.  

Key components of BTMS address early-stage research into new energy-generation and building-integration 

concepts, critical-materials-free battery energy-storage chemistries, and energy-storage designs with a focus on 

new stationary energy-storage strategies that will balance performance and costs for expanded fast-charging 

networks while minimizing the need for grid improvements. BTMS systems are envisioned to improve grid 

stability and levelized cost of electricity (LCOE) for fast charging of light-, medium-, and heavy-duty EVs as 

they are expected to penetrate the market requiring various levels of charging infrastructure (350 kW to 

1+MW). 

The rest of this chapter contains a single comprehensive report on the status of the BTMS project. 
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Project Introduction 

Behind the meter storage (BTMS) systems are envisioned to improve grid stability and levelized cost of 

electricity (LCOE) for fast charging of light-, medium-, and heavy-duty EVs as they are expected to penetrate 

the market requiring various levels of charging infrastructure (350 kW to 1+MW). With rapid growth in 

research and design of efficient and high-performance chemistries for novel battery cells such as those made 

from lithium ion, battery systems could prove to be the solution that can minimize stability challenges posed 

by high penetration of EVs in the market. However, we need to address the hazards associated with lithium-ion 

batteries used in stationary applications for BTMS to become a reality. 

Objectives 

The main objective is to develop a strategy to enable a fail-safe rack design over a three-year period.  “Fail-

safe” is defined as preventing cell to cell propagation in a best-case scenario and preventing rack to rack 

propagation in a worst-case scenario. 

Approach  

In 2017, Bloomberg estimated that 94MWh of grid storage were affected by lithium-ion battery fires in South 

Korea.  After a thorough review, the Korean Ministry of Trade, Industry and Energy (MOTIE) determined that 

the four primary causes of the fires were:  

1) Insufficient battery protection systems against electric shock - systems were not able to properly 

protect against electrical hazards due to ground faults or short circuits.  Existing fusing for the energy 

storage system (ESS) was not able to interrupt large electrical surges which led to catastrophic failure 

of the contactors. The short circuit current allowed the failures to cascade to the bus bar which 

resulted in fires inside the ESS.  

2) Inadequate management of operating environment - Of the 23 fire incidents that occurred, 18 were 

installed in harsh conditions - the mountains or coastal areas. It was concluded that these 

environments resulted in conditions including large temperature swings, high humidity and elevated 

levels of dust and particulates which ultimately led to failure modes resulting in fires.  

3) Faulty Installations - Human error during installations led to system faults resulting in ESS fires.  

4) ESS System Integration - The integrated protection and management systems were found to be 

insufficient with the ESS installation. The committee indicated that there were gaps in the energy 

management system (EMS), integration of the battery management system (BMS), and power 

management system (PMS) leading to the potential for fires.  

More recently, South Korea experienced five ESS fires in 2019 and MOTIE determined that the fires 

originated due to internal defects within the batteries in combination with high charging rates at high states of 

charge.  The committee attributed the defects to foreign matter in the cathode and lithium plating on the 

mailto:anthony.burrell@nrel.gov
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FY 2022 Annual Progress Report 

 Beyond Batteries 383 

separator and anode after performing a physical analysis of the batteries.  Due to similar concerns associated 

with lithium-ion ESS, the BTMS program is assuming that existing and future quality control measures at 

battery manufacturing facilities will not eliminate all single cell thermal runaway events and that 

improvements are needed to the EMS, BMS, and PMS systems.  Thus, BTMS formed a team, Enabling 

Technologies for Advanced Rack Design, that has developed a four-pronged approach to mitigate the hazards 

associated with BTMS systems:   

• Advanced Cell, Module, and Rack Thermal Design:  Battery thermal management techniques will 

be investigated to regulate battery systems under normal temperature ranges to minimize temperature 

differences and achieve optimum performance and life. These thermal management strategies will 

further be optimized to mitigate/prevent thermal runaway propagation that might occur in a battery 

system.  

• Advanced Battery Management Systems (BMS):  Develop advanced BMS systems capable of cell 

balancing, state of health estimation, regulating temperature gradients between cells, and monitoring 

the health of individual cells and the pack. 

• Advanced Sensors and Controls: Advances in battery management sensing and controls will be 

investigated in the interest of maximizing life, performance, and safety of large battery systems. 

• System Safety:  Reduce, isolate or eliminate the combustible products/potential within the cell and 

system design.  

As expected, there are several standards and certification guidelines available and the Team will be using them 

to inform the “fail-safe” design.  The following specifications in Table V.1.1 will help guide the development 

of technologies engineered under this task.  Even though this is not a comprehensive list, the specifications 

outlined below are commonly used within the grid storage industry. 

Table V.1.1 Design standards certifications to be used for the rack design. Source: NREL 

Safety Description 

UL 9540 Safety for energy storage systems and equipment. 

UL 1973 Batteries for use in light electric rail applications and stationary applications.1 

NFPA 70E Standard for electrical safety in the workplace. 

UL 1642 Standard for lithium batteries.2 

IEC 61508 Functional safety of electrical/electronic/programmable electronic safety-related 

systems.3 
1 Applicable to battery modules and racks only. 
2 Applicable to battery cells only. 
3 Evaluation of battery management system only, in support of UL 1973, UL 9540, and IEC 62619 

certification.   

The technologies contributing to a safe rack design involve a very complicated design space.  To limit the 

number of design considerations, we will only be considering three cathode/anode combinations:  lithium 

manganese oxide (LMO)/lithium titanate oxide (LTO), lithium iron phosphate (LFP)/lithium titanate oxide, 

and lithium iron phosphate/graphite.   The chemistries were chosen due to their lack of critical materials and 

excellent safety record.  It is understood that the specific and volumetric energy densities of these battery 

systems is lower than those used for transportation and consumer electronics, but we are assuming that weight 

and space restrictions will not be as severe for behind-the-meter-storage applications.  Furthermore, our focus 

will be to develop a system primarily focused on the volumetric energy density as this is considered a more 

critical/important parameter.  Figure V.1.1 shows graphically how the specific and volumetric energy densities 

will be affected from the cell to rack level – our target will be developing a rack system with 36% of the cell’s 

specific energy density and 30% of the cell’s volumetric energy density.   
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Figure V.1.1 Decrease in specific and volumetric energy density of ESS from the cell to the rack.  Source:  NREL 

Another important aspect of the study will be to limit the battery discharge capacities to 10 Ah, 50 Ah, and 100 

Ah.  Even though some existing grid storage systems are using cells greater than 250 Ah, cell-to-cell 

propagation is difficult to limit or prevent in larger cells if a cell enters thermal runaway.  As such, part of the 

study will investigate the positives/negatives of various series and parallel connected systems to achieve the 

appropriate fail-safe design and overall energy metrics for the system.  Finally, temperature is critical to the 

lifetime and safety of the system.  Initial, design specifications will be to limit the temperature of the batteries 

to between 20°C and 45°C and limit the temperature spread across the cells in the rack to 3°C.   Table V.1.2 

summarizes the important design parameters for our study.  However, it should be noted each of the four 

efforts under this task will have additional design variables such as overvoltage, undervoltage, overcurrent, 

balancing requirements, etc… and these will be covered in the subsequent sections of this report. 

Table V.1.2 Important design parameters for the advanced rack design.  Source:NREL 

Design Parameter Units  

Rack Specific Energy Density Wh/kg > 36% of Cell Specific Energy Density 

Rack Volumetric Energy Density Wh/liter > 30% of Cell Volumetric Energy Density 

Rack Power Density W/kg > 40% of Cell Power Density 

Rack Design Cost – (Cells, Modules, 

Racks, and BMS) 

$/kWh 210 

Power Conversion Cost (Inverter, Electrical 

BOS) 

$/kW 240 

Maximum Temperature1 °C 45 

Minimum Temperature1 °C 20 

Temperature Delta across Rack °C 3 
1 TBD by cell development team. 

As previously indicated, we envision this effort to occur over the next three years.  A generic timeline of the 

activities is given below. 

• Year 1:  Simulation and Design – the first year’s effort will focus on modeling and designing the  

• Year 2:  Bench scale prototypes/verification 

• Year 3:  System integration and characterization     

Results  

Advanced Battery Management System (BMS) 

Battery management systems (BMS) are essential for the safe operation and longevity of a battery pack. In 

FY22, we developed an active balancing method-based BMS for different cell chemistry structures to be used 
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in behind-the-meter storage (BTMS) applications. The proposed structure utilizes modular isolated dual active 

bridge (DAB) DC/DC converters to actively balance the battery pack through a low voltage (LV) bus. No 

communication is required among the modular DAB converters. Instead, a supervisory controller monitors all 

the cell voltage, current, and state of charge (SOC) values. Detailed modeling and the control approach of the 

modular DAB converters are accomplished in FY22. Moreover, the control strategy of the supervisory control 

is also analyzed. The proposed method and structure can be extended to any combination of the number of 

cells to design the battery pack. Simulation results are provided for a system consisting of three cells in parallel 

to form a cell block and 14 cell blocks in series to form the battery module. Experimental results are provided 

for three modular DAB converters operating with a LiFeMnPO4 prismatic cell with 3.2V, 20Ah rating. 

BMS Design Progress 

In FY21, modular isolated DAB converters are selected to be used for cell balancing and connecting the strings 

to the high voltage DC bus because of advantages such as bidirectionality and galvanic isolation. Supervisory 

control monitors the SOCs of individual cell groups and generate reference currents for these cell groups to 

actively balance their SOCs by transferring charge through a low voltage (LV) bus. The inner or primary 

control of the cell groups is designed to follow the reference current and simultaneously maintain the LV bus 

voltage. In FY22, simulation and initial experimental results are provided to validate the proposed method. 

Overview of the modular battery pack design including the associated BMS is shown in Figure V.1.2. In this 

modular battery pack, each module is constructed by connecting several cells in parallel first and in series 

afterwards. The configuration has a low power DAB converter connected across each cell group in series 

through an LV bus. These converters enable power to transfer between the series-connected cell blocks to 

minimize SOC imbalance. Multiple modules are connected in series to increase the power and energy rating, 

and the string is finally connected to a high voltage (HV) DC bus through another DAB. Since the modular 

strings are decoupled from the HV bus, this allows for strings of different battery chemistries to be integrated 

within the pack. Figure V.1.3 shows the communication structure for the BMS system composed of three 

modular DAB converters.  

 

Figure V.1.2 Modular DC-coupled battery pack for BTMS.  Source:  NREL 
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Figure V.1.3 Overview of the BMS for a modular battery.  Source:  NREL 

The experimental setup of the three modular 50W DAB converters integrated on a single 3.2V, 20 Ah, 

LiFeMnPO4 prismatic cell along with the supervisory control is shown in Figure V.1.4. The output of the 

DAB converters is connected to the LV DC bus through a capacitor. The supervisory control is implemented in 

the dSPACE MicroAutobox. To validate the performance of the single DAB converter, it is operated at a 50W 

discharge mode. Two different experimental test procedures are followed to validate the performance of the 

proposed topology and control approaches. First, fixed reference currents are given as input for the DAB 

converters without implementing supervisory control approach. While providing the reference currents, one of 

the converters is kept in discharging mode while the other two are in charging mode. As shown in Figure 

V.1.5, during the transient period, the LV bus voltage is regulated as 12V while following the reference 

currents for the DAB converters. As the voltage loop control gains are higher, it prioritizes the LV bus voltage 

regulation while still maintaining the reference current. This validates the performance of the proposed 

controller. Then, a supervisory controller is included in the system to validate the overall performance of the 

system. The trajectory of the SOCs for different cell blocks is shown in Figure V.1.6, where the SOCs are 

slowly converging towards a steady-state value which is the average value of the SOCs, and they are becoming 

balanced. The reference currents for the cell blocks, along with the LV bus voltage regulation, are shown in 

Figure V.1.7, where the balancing currents slowly become zero after the SOCs are balanced. While the SOCs 

are getting balanced, and the balancing currents are becoming zero, the LV bus voltage is maintained at 12V, 

which further validates the performance of the proposed structure and the control methodology through 

experimental results. 

 

Figure V.1.4 Experimental setup for the three modular DAB converters.  Source:  NREL 
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Figure V.1.5 DAB converters following a reference current to verify the controller.  Source:  NREL 

 

Figure V.1.6 Experimental results for SOC equalization.  Source:  NREL 

 

Figure V.1.7 DAB converter current and voltage satisfying SOC equalization.   Source:  NREL 

Advanced Cell, Module, and Rack Thermal Design 

Advanced thermal design aims to maintain desired temperature for battery rack operating at target temperature 

ranges, and to prevent cell-to-cell thermal runaway propagation. In FY 22, additional thermal runaway 

propagation modes and mitigation solutions were investigated with 3D thermal model, including heat 

conduction by busbars and mass ejection. Based on modeling analysis and experimental study, silicone-based 

fire-retardant foams were incorporated in the 60 Ah module used for nail penetration testing at Sandia National 

Laboratory (SNL). Additionally, Energy dissipation of neighboring cells/modules to prevent thermal runaway 

propagation was proposed. A multi-objective optimization tool is being developed, which is based on a trade-
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off analysis between passive thermal insulation and dissipation considering both nominal operating and fail-

safe conditions. 

Thermal Design Progress 

Cells at less than 50% SOC produce significantly less amount of thermal runaway heat. As such, thermal 

runaway propagation can be stopped if energy within the neighboring cells can be rapidly dissipated to lower 

their SOCs. The key is the energy dissipation time should be less than thermal runaway propagation intervals. 

LFP and LTO cells can be discharged at high C-rates. For example, 50% DOD can be achieved at 6C in five 

minutes. Recent thermal runaway experiments show propagation interval is about two minutes for NMC/Gr 

prismatic cells. Abuse testing in FY23 will verify whether propagation between LFP/LTO prismatic cells take 

longer time. Preliminary analysis shows this approach may work better to prevent module-to-module thermal 

runaway propagation. This approach is an active approach and compatible with modular battery racking 

systems.    

In FY21, cell-to-cell thermal runaway propagation caused by prismatic cell surface thermal contact was 

studied. In FY22, thermal runaway heat dissipation from the failed cell to neighboring cells through busbar 

heat transfer was investigated using a 3D thermal model. The model estimates busbar heat transfer does not 

likely lead to thermal runaway propagation between LFP cells if cells are only thermally connected with 

busbars. Compared to heat transfer through busbar, surface thermal contact was predicted to be a higher risk. 

Heat transfer through busbar and tab took a significantly longer time to reach a quasi-steady state between the 

failing cell and its neighboring cells. There was no thermal shock produced in neighboring cells. The 

dissipated heat was gradually absorbed by neighboring cells’ active material without large temperature 

gradients.   

Additionally, an ejection model was developed to address potential propagation due to thermal runaway mass 

ejection. Self-heating rate (SHR) is employed to quantify ejection hazards. SHR can be used to distinguish 

thermal runaway hazards for different cell chemistries, SoCs, and abuse trigger conditions. Ejecta temperature 

is identical to instant average temperature of the thermal runaway cell. As shown in Figure V.1.8, the 3D 

model capture temperature distributions within the failure cell, neighboring cells, and the impinged cell. 

Neighboring cells contacting the failed cell may have a higher risk due to direct heat conduction. The model 

was used to compare the difference between slow and fast thermal runaway.  In the simulations, the amount of 

thermal runaway heat releases by the failed cell was constant but SHRs were varied from 1°C/min to 

1000°C/min. The model predicted higher SHR led to hotter ejecta, increasing risk of thermal runaway 

propagation caused by cell ejection. For LFP cells, temperatures of the impinged cell were below the onset 

temperature of rapid thermal runaway (i.e., 150°C).   

To balance thermal designs for cell nominal operations and thermal runaway mitigation, multi-objective 

optimization is required. The multi-objective optimization being developed is illustrated in Figure V.1.9.  In 

FY21 and FY22, single-objective optimizations for nominal condition and fail-safe design have been 

completed. Multi-objective optimization is based on a trade-off analysis between passive thermal insulation 

and dissipation considering both nominal and abusive conditions. 
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Figure V.1.8 Temperature contour and profiles of the maximum temperature in the failure cell, the impinged cell and neighbor 

cells predicted by the ejection model when SHR is 1000°C/min. 

 

 

Figure V.1.9 Flowchart of the multi-objective thermal design and optimization. 
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System Safety Progress 

The BTMS program is currently performing a scoping exercise where a fail-safe rack design will be realized in 

three years.  The program is assuming the risk that a single cell thermal runaway event is unavoidable and to 

limit cell to cell propagation the heat generated from a cell runaway event must be managed.  The results 

discussed herein will outline the abuse testing performed on a representation of a multicell BTMS module. 

To prevent cell to cell propagation in a module the management of the heat generated from a cell thermal 

runway must be managed.  Different strategies on how to effectively do this have been reported on previously.  

The series of tests were intended to probe how to best mitigate the thermal runaway heat source as well as the 

cell discharge heat source in a parallel rack design.  In these tests graphite lithium iron phosphate (LFP) cells 

were chosen because they were determined to be the most exothermic of the low energy density chemistries as 

determined by accelerating rate calorimetry.  As shown in Figure V.1.10, three test cases were assembled to 

probe various thermal management strategies under a 1S3P configuration of 20Ahr LFP cells. 

 

Figure V.1.10 Three different thermal control strategies were used for three 20 Ahr lithium iron phosphate cells connected in 

parallel. 

The Control case contained no thermal mitigations and was used to demonstrate a worst case scenario.  The 

Insulation test case contained a sheet of 2.85” x 6.10” pad of Rogers Corporation PCL-350 3mm foam between 

each cell.  The intent is of this foam was to isolate the heat generated from a runaway event from propagating 

to adjacent cells.  The final test case incorporated insulation along with fuses between the individual cells.  

This test case contained the foam sheets described above as well as AA72AB0 thermal fuse that will open the 

circuit at 72°C and/or 60A (rated for 35A continuous).  The intent of this test case was to not only isolate the 

heat generated from a runaway event, but additionally eliminate the other parallel cells from contributing to the 

heat generation via discharge.  Each test case is designed to determine impact of each heat source and the 

contributions of each heat source was evaluated via thermocouples and thermal imaging. 

Before testing could commence a discussion was held to determine the most appropriate thermal runaway 

initiation method.  Two options were considered utilizing a heating element or nail penetration.  While both 

methods were viable, nail penetration was chosen as it is more representative of an internal short circuit defect.  

The center cell of the module was penetrated with a nail to represent worst case for heat propagation and due 

to the cell construction, the penetration location on the cell was adjusted to the inner quarter on the long side.  

A short time lapse of an abuse case is shown in Figure V.1.11. 
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Figure V.1.11 Nail penetration of the insulation only module. 

The eight images show the video and the corresponding thermal image at the same point in time.  From left to 

right the image steps through initiation of thermal runaway (~2 min), approximately half way through the 

runaway event (~8 min), the highest temperature reached during the event (~12 min), and the final thermal 

equilibrium when the event had finished (~60 min).  The data shown above was further augmented with 

thermocouples.  Each cell had a total of 10 thermocouples to probe the heat flux across the cell.  Results from 

the thermocouples from each test is depicted in Figure V.1.12. 

 

Figure V.1.12 Average temperature of each cell (left, center, right) for the three thermal strategies during nail penetration. 

Results show that in the three tests the insulation test case demonstrated the highest temperatures, while the 

insulation and fuses produced the lowest temperatures.  These results suggest that insulation may not be an 

appropriate strategy for a parallel design.  This is because the heat from both the runaway and the cell 

discharge are sequestered in the center cell and the heat eventually transfers to the adjacent cell.  While the 

adjacent cells did not vent, their temperatures exceeded +140°C.  This further suggest that a heat conduction 

strategy may prove more effective in this use case.  However, when the insulation is paired with fusible links 

the isolation strategy is very effective as the cell discharge heat source has been eliminated.  While the center 

cell reached ~140°C the adjacent cells did not go above 60°C, well within their operational temperature.  It is 

currently unknown what the temperature of the cells would be when only fusible links are used will be a future 

test case.  Results from the rack test show that with the proper controls in place cell to cell propagation can be 

prevented in a rack design.  By understanding the sources of heat present in thermal runaway and rack design 

and placing proper controls in the design a fail-safe design can be achieved. 
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Conclusions   

In FY22, we developed passive thermal management strategies that prevented cell-to-cell propagation within a 

1S3P module.  In FY23, the thermal management strategies will be optimized and applied to a 5 kWh module. 
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VI Testing, Analysis, High-Performance Computing,  

Lab-I4 
The battery testing, analysis, high-performance computing, and Lab-I4 activity develops requirements and test 

procedures for batteries (to evaluate battery performance, battery life and abuse tolerance). Battery technologies 

are evaluated according to USABC-stipulated battery test procedures. Benchmark testing of an emerging 

technology is performed to remain abreast of the latest industry developments. The battery testing activity 

includes performance, life and safety testing, and thermal analysis and characterization. The testing activity also 

supports cell analysis, modeling, and prototyping (CAMP) projects at ANL, which include benchmarking and 

post-test analysis of lithium-ion battery materials at three labs (ANL, ORNL, and SNL). Projects include testing 

(for performance, life and abuse tolerance) of cells (for contract, laboratory-developed and university-developed 

cells), and benchmarking systems from industry; thermal analysis, thermal testing, and modeling; cost modeling; 

and other battery use and life studies. Cost assessments and requirements analysis includes the ANL project on 

developing the performance and cost model BatPaC. This rigorously peer-reviewed model developed at ANL is 

used to design automotive lithium-ion batteries to meet the specifications for a given vehicle and estimate its cost 

of manufacture. An analysis using BatPaC compared the estimated costs of cells and packs for different electrode 

chemistries (Figure VI.1). 

 

Figure VI.1 Estimated costs of cells in automotive battery packs with different combination of electrodes. The packs are rated for 

100 kWhTotal (85 kWhUseable), 300 kW, 315 V, 168 cells, and produced at a plant volume of 100K packs/year 

The rest of this chapter contains detailed reports on the status of the following individual projects. 

• BatPaC Model Development (ANL) 

• Battery Performance and Life Testing (ANL) 

• Battery Abuse Testing (SNL) 

• Battery Thermal Analysis and Characterization Activities (NREL) 

• Cell Analysis, Modeling, and Prototyping (CAMP) Facility Research Activities (ANL) 

• Materials Benchmarking Activities for CAMP Facility (ANL) 

• Electrochemical Performance Testing (INL) 

• Machine Learning for Accelerated Life Prediction and Cell Design (INL, NREL). 
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VI.1 BatPaC Model Development (ANL) 

Shabbir Ahmed, Principal Investigator 

Argonne National Laboratory 

9700 South Cass Avenue  

Lemont, IL 60439 

E-mail: Shabbir.Ahmed@anl.gov 

Brian Cunningham, DOE Technology Development Manager  

U.S. Department of Energy 

E-mail: brian.cunningham@ee.doe.gov  

Start Date: October 1, 2020 End Date: September 30, 2024  

Project Funding (FY22): $900,000 DOE share: $900,000 Non-DOE share: $0 
 

Project Introduction 

A performance and cost model (Knehr et al. 2022) was developed at Argonne to design automotive Li-ion 

batteries that can meet the specification of a given vehicle, and then to estimate the cost of manufacturing such 

batteries. It is the product of long-term research and development at Argonne through sponsorship by the U.S. 

Department of Energy.  

Over a decade, Argonne has developed methods to design Li-ion batteries for electric-drive vehicles based on 

modeling with Microsoft® Office Excel spreadsheets. These design models provided all the data needed to 

estimate the annual materials requirements for manufacturing the batteries being designed. This facilitated the 

next step, which was to include the manufacturing costs of the batteries. 

The BatPaC model has been peer reviewed and is available on the web (https://www.anl.gov/cse/batpac-

model-software). It captures the interplay between design and cost of Li-ion batteries for transportation 

applications. BatPaC helps estimate the impact of R&D advances on the mass, volume, and cost of lithium-ion 

cells and battery packs. Moreover, BatPaC is the basis for the quantification of battery costs in U.S. EPA and 

NHTSA 2017-2025 Light-Duty Vehicle Technical Assessment. This assessment is used to guide the mileage 

(i.e., CAFE) and CO2 emission standards. 

Objectives 

To develop and utilize efficient simulation and design tools for lithium-ion batteries  

• designed to meet energy storage capacity, pulse power, and fast charge specifications 

• to predict mass, dimensions, and volume 

• to estimate the cost and performance characteristics when manufactured in large volume 

o Specific Energy (Wh/kg), Energy Density (Wh/L) 

o Inventory of key materials needed for manufacturing the battery and that available in the final 

product 

o Breakdown of cost contributors. 

Approach  

The battery pack design and cost calculated in BatPaC represent projections for a specified level of annual 

battery production (50 GWH plant capacity). As the goal is to predict the near future (less than 7 years) cost of 

manufacturing batteries, a mature manufacturing process is assumed. The model designs a manufacturing plant 

with the sole purpose of producing the battery being modeled. The assumed battery design and manufacturing 

facility are based on common practice today but also assume some problems have been solved to result in a 

more efficient production process and a more energy dense battery. The proposed solutions do not have to be 

mailto:Shabbir.Ahmed@anl.gov
mailto:brian.cunningham@ee.doe.gov
https://www.anl.gov/cse/batpac-model-software
https://www.anl.gov/cse/batpac-model-software
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the same methods used in the future by industry. It is assumed the leading battery manufacturers, those having 

successful operations in the near future, will reach these ends by some means. 

For a selected battery chemistry, BatPaC solves the governing equations to determine the size of each layer, 

cell, and module that make up the battery pack that can meet the desired requirements for power and energy. 

This allows the calculation of the mass of each material, the volume of the components, and the heat removal 

needed during discharge. The cost of the pack is then estimated based on a predefined manufacturing process.  

Current effort is directed at 

• Improving the design capability by including correlations derived from continuum modeling and 

updating the default material properties to reflect recent experimental and industrial performance data 

• Reducing the uncertainty of model predictions by setting up independent models of the manufacturing 

processes 

• Validating the results through discussions with manufacturers and component developers  

• Updating the default price of materials used in BatPaC calculations. 

Results  

Key Accomplishments 

• Released BatPaC v5 with a manual describing the methods and assumptions 

• Developed a correlation for estimating the electrode thickness limits associated with fast charging 

• Developed a correlation for estimating the area specific impedance (ASI) for extended power pulse 

times 

• Developed an analytical expression for estimating the temperature rise in Li-ion batteries during 

adiabatic operation of long-duration power pulses 

• Studied the influence of temperature on ASI increase and capacity fade during initial cycling 

• Developed baseline pack designs for cylindrical cell. 

Release of BatPaC v5.0 

BatPaC v5.0 was released in February 2022 and was followed by the release of a fully re-written manual in 

July 2022. The new version of BatPaC contains several new features that are presented in the following list: 

Improvements to Calculations 

1) The cell, module, and pack were redesigned to better reflect industry practices (see Figure VI.1.1). 

2) The BatPaC simulated plant was redesigned based on a comprehensive study of a manufacturing 

plant. 

3) A new algorithm for sizing the battery, based on charging requirements of an all-electric vehicle, was 

developed. 

4) The battery management system calculation was updated to better reflect industry practice. 

Additions to User Functionality 

1) An algorithm for designing packs based on non-standard power requirements was included. 

2) The ability to include additive materials in the cells was added. 

3) The operating temperature was included as an input, which modifies the area specific impedance. 

4) The percent utilization of the manufacturing plant capacity was added to evaluate scenarios where the 

production capacity is less than the design capacity. 

5) Scenarios were provided for calculating the pack cost – i.e., all manufacturing done in-house or 

purchasing some components from third parties. The option to calculate pack cost with or with-out 

profits and warranty was also included. 
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Improvements to Inputs 

1) Energy- and power-type cells were created for all default chemistry couples. This expanded the 

number of default options from 9 to 17 and provided defaults for high and low-power applications. 

2) A tool (worksheet) was added to enable new chemistry couples with self-consistent parameters. 

3) Two new worksheets were included for defining  alternate pack configurations. 

4) The costs of raw materials and purchased items were updated. 

Enhancements of User Interface and Results 

1) The ‘Recycle’ worksheet was expanded to track recoverable scrap from the manufacturing floor. 

2) An “Errors and Warnings” section was provided in the ‘Dashboard’ worksheet to guide the user away 

from common pitfalls in battery design. 

3) All worksheets were reformatted and reorganized to make it easier to follow the calculations. 

 

 

Figure VI.1.1 CAD drawings of the re-designed cell, module, and pack in BatPaC v5.0. Packs are made of multiple modules, each 

containing multiple cells. 

Correlations for high pulse power as a function of SOC, duration, and chemistry 

As different vehicles and applications of lithium-ion battery packs are being explored, the use cases change 

e.g., trucks during extended climbs/descents, eVTOL, etc. One major difference between different vehicles is 

the SOC at which the vehicle needs to draw peak power and the duration of that pulse. For BatPaC to handle 

these applications, a correlation was developed using a simulated dataset of a Li-ion cell that was discharged 

under adiabatic conditions across a wide range of operating and design parameters. Initial SOCs ranged from 

20% to 90%. C-rates ranged from 1 to 12C. Electrode loadings ranged from 1 to 4 mAh cm-2. To increase the 

diversity of the dataset, simulations were conducted for fast and sluggish kinetics, representing that of power 

and energy cells respectively. In addition, three lithium-ion chemistry couples were simulated (NMC532-

graphite, LFP-graphite, and LFP-LTO). These chemistry couples varied in their electrode porosities, particle 

sizes, kinetic properties, electrode conductivities, and thermodynamic behavior. (See Figure VI.1.2.) 
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Figure VI.1.2 ASI vs. Pulse time for a dataset with multiple variables. A) All simulations super-imposed on each other, with red 

being the highest C-rate. B) Subset of the database, a NMC532-G battery at fixed loading experiencing different C-rates. 

The dataset was used to develop a correlation for predicting the default electrochemical ASI (ASIechem,0) as a 

function of SOC and pulse duration for the adiabatic set of pulses (isothermal pulse equation not shown). It is 

given as follows:  

 

𝐴𝑆𝐼𝑒𝑐ℎ𝑒𝑚,0 = 𝐴𝑆𝐼2𝑠,𝑆𝑂𝐶 − (1 −
1

2√2
) 𝐴𝑆𝐼𝑖𝑛𝑡𝑓,0 +

4(𝐴𝑆𝐼10𝑠,𝑆𝑂𝐶−𝐴𝑆𝐼2𝑠,𝑆𝑂𝐶+𝐴𝑆𝐼𝑖𝑛𝑡𝑓,0)

10√10
√𝑡 +  𝐴𝑆𝐼10𝑠,𝑆𝑂𝐶𝑒 − 𝐴𝑆𝐼10𝑠,𝑆𝑂𝐶

 (1) 

 

where ASI2s,SOC and ASI10s,SOC refer to the default two- and ten-second ASIs, respectively, at the SOC at the 

start of the pulse. ASIintf,0 is the combined interfacial resistances of the positive (ASIintf,pos,0) and negative 

(ASIintf,neg,0) electrodes at the default case. The following figure (Figure VI.1.3) shows how the simulations 

compare to the correlation in BatPaC, showing larger deviations at the longer pulse durations.  
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Figure VI.1.3 Comparison of the ASI from simulated pulses and the empirical correlation for three pulses from NMC532/graphite 

cells at different initial states of charge (SOC): 90% (red), 50% (blue), and 20% (black). The solid lines represent the simulated 

pulses, and the dashed lines represent the estimated values from the correlation. 

Correlations for electrode thickness required to achieve fast charging  

The growing importance of fast charge necessitated a more rigorous simulation of the fast charge module 

(relative to that in BatPaC 4.0). Using a continuum model previously developed, a dataset was generated by 

exercising the model for the default electrode couples and the range of maximum allowable temperatures 

(Song et al. 2021). This dataset was diverse and included power and energy couples; lithium titanate and 

graphite negative electrodes; and layered oxide and spinel positive electrodes. An analysis of the dataset found 

that the following expression linearized the charge time with respect to the positive electrode (i.e., cathode) 

thickness: 

  

 
𝛿𝑝𝑜𝑠 =

𝛼𝑙𝑛2(𝑡𝑐ℎ𝑔) + 𝛽

𝑄𝜌𝑎𝑐𝑡/𝑒𝑡𝑟𝑜𝑑𝑒
 (2) 

 

where the slope (α) and intercept (β) are functions of the design parameters and need to be fit, and tchg is the 

desired charge time (minutes). The linearization of the data with this expression is demonstrated in Figure 

VI.1.4. 
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Figure VI.1.4 The linearization of cathode (i.e., positive electrode) thickness with respect to charging time per Equation 2 for a 

NMC532-Graphite (Energy) couple at a fixed cell capacity. 

A series of Pearson and Kendall correlations were used to determine the dominant inputs that affect the slope 

(α) and intercept (β) parameters. The functional forms of α and β were determined using data from the 

NMC532-G (energy) couple. Figure VI.1.5 provides an illustration of how the values of α and β depend on the 

cell geometry and maximum allowable temperature. From this analysis, the functional form of the expression 

was found to be: 

𝛼 = 𝛼1𝐿 +  𝛼2𝐿2 +  𝛼3𝑇𝑚𝑎𝑥 (3) 

𝛽 = (𝛽1𝐿 +  𝛽2𝑇𝑚𝑎𝑥𝐿 +  𝛽3𝑇𝑚𝑎𝑥 + 𝛽4𝑇𝑚𝑎𝑥
2)

𝐴𝑆𝐼10𝑠,50%

12.5
(4) 

Equations 3 and 4 highlight that the slope (α) is not a function of chemistry dependent parameters and is 

mainly dictated by operation. However, the intercept (β) does have a dependency on the reference 10s ASI 

value at 50% SOC.  
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Figure VI.1.5 Parameter space for a) α and b) β as a function of cell geometry and maximum allowable temperature. 

Estimating adiabatic temperature rise 

The current version of BatPaC (v5.0) has a feature in the thermal worksheet that calculates the maximum 

adiabatic temperature during the high-power battery pulse resulting from vehicle acceleration. This calculation 

is part of a check done by BatPaC to make sure the pack design does not lead to excessive temperatures. The 

current calculation uses the resistance calculated by BatPaC to determine the rate of heat generation based on 

Joule heating (I2R, where I is the applied current and R is the resistance). Joule heating provides a reasonable 

estimate at short times and low currents, but it is unable to capture the heat generation over long pulses at 

higher rates (see Figure VI.1.6a). These types of pulses are becoming more common as BatPaC is adapted to 

study electric trucks and aerial electric vehicles, where vehicles can experience sustained pulses > 6C for >120 

seconds.  

To address this issue, a thermal-electrochemical modeling study led to a new analytical expression that can be 

used to quickly estimate the temperature rise during a high-power, long-duration pulse. The study produced an 

analytical expression that relies on several cell parameters that are already available in BatPaC: i) the 

thicknesses and porosities of the positive electrodes, negative electrodes, and separator and ii) the resistances at 

two and ten seconds into the power pulse. The expression also relies on two fitted parameters whose values 

were determined in the study: i) a diffusion-like parameter whose value is close to the lithium salt’s diffusion 

coefficient in the electrolyte and ii) an apparent activation energy.  

The accuracy of the new analytical expression is significantly better than the Joule heating equation. Figure 

VI.1.6 compares the two methods for estimating the temperature against a full, validated, thermal-

electrochemical model. Similar results were obtained when comparing the two expressions against 

experimental data in the literature. The new analytical expression greatly reduced the underprediction of the 

temperature. This is important since underprediction can lead to false conclusions about the safety of the pack. 

A manuscript detailing the new expression was recently submitted as a journal publication. The expression will 

be incorporated into the next version of BatPaC. 
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Figure VI.1.6 Absolute error in the predicted temperature at 120 seconds into a pulse a) assuming constant heat generation (I2R) 

or b) using the new analytical expression. The error was determined by comparing the estimated temperature to the temperature 

predicted by a full, validated, thermal-electrochemical model. The constant heat generation used the corrected resistance at ten 

seconds. 

Influence of temperature on initial cycling 

To understand how best to implement cycle lifetime into BatPaC, it is necessary to understand the effect that 

temperature has on the performance of different electrode couples. Our previous study looked at how 

temperature impacts the ASI, with higher temperatures yielding lower resistances during mild cycling (Kubal 

et al. 2022). Figure VI.1.7 summarizes the impact of temperature on energy loss during the mild cycling test 

conducted at a C/3-rate. According to the results, energy decay increases with increasing temperature and is 

most prevalent for the cells with NMC811 cathodes. The capacity loss also shows a slight dependence on 

cathode composition at 40°C with losses of NMC811 >> NCA > NMC622 > NMC532 > NMC111. This 

agrees with observations in the literature, whereby increasing nickel content is known to decrease cycling 

stability. 
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Figure VI.1.7 a) Total change in discharge energy per cycle during 100 cycles at a C/3 rate. b) Contribution to the energy change 

from changes in the ASI. c) Contributions to the energy change from changes in the capacity. d) Average coulombic efficiency of all 

C/3 cycles at all four cells, where the error bars represent the standard error. Data in a), b), and c) reflect the average of four cells 

and the error bars are the maximum and minimum values. Inset in b) is a zoom-in of the data. Inset in c) is the change in specific 

capacity of the cathode. 

Pack design for cylindrical cells 

Up until now BatPaC calculations represent stiff pouch cells. To enable valid comparisons with packs 

incorporating cylindrical cells that are being used by several manufacturers, a sister version of BatPaC is being 

adapted to represent these packs. Creating a comparable pack design between the cylindrical and pouch cells 

will allow valid comparisons. The following commonalities have been incorporated to ensure the designs are 

comparable: 

• The use of laminated busbars, comparable to the interconnect panels in the current version 

• Same material used for module and pack housing 

• Cell terminals are on opposite ends of the cells 

• Cooling panel(s) running along the top and bottom of the pack 

• Inclusion of modules 

 

There are also several differences in the initialization of the pack. In the pouch cell design, the cell sizes are 

adjusted to obtain a fixed, input energy. However, with cylindrical cells, the volume of these cells is fixed, 

meaning the cell capacity/energy is unknown a-priori, as it is a function of the electrode couple. Thus, the 

target pack voltage must be given for the new design, which is then used to calculate the number of cells 

required to meet the target specifications. Figure VI.1.8 shows a schematic of the pack with cylindrical cells 

and a table comparing the stiff pouch design to the cylindrical cell design. 
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Figure VI.1.8 Comparison of pack-level configurations and metrics with layout of layers in a module. 

Conclusions   

• A new version of BatPaC (BatPaC v5.0) was released with improvements to the calculations, 

additions to the user functionality, improvements to the inputs, and enhancements to the user interface. 

• A new correlation was developed and implemented into BatPaC for estimating the area specific 

resistance based on state of charge and length of the power pulse. The correlation expands BatPaC’s 

ability to design packs for new vehicle types with minimal changes to the formulation. 

• A new correlation was developed and implemented into BatPaC for determining the electrode 

thickness which achieves fast charging criteria. The correlation determines the electrode thickness that 

achieves the desired charge time while maintaining the cell temperature below a maximum value. 

• A new analytical expression was developed for accurately estimating the temperature rise during 

adiabatic, high-power, long-duration, power pulses. The expression will improve the accuracy of 

temperature calculations within BatPaC. 

• The influence of temperature and electrode material on cell degradation was studied. It provided 

benchmark information showing that increasing nickel content and temperature increase degradation. 

• A new pack design and initialization strategy were developed for cylindrical cells. These are the first 

steps in the development of a new version of BatPaC for cylindrical cells. 
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Project Introduction 

The development and commercialization of new battery technology for a diverse set of applications is 

important for transportation, communications, and infrastructure advancements. In particular, the Vehicle 

Technologies Office (VTO) supports low cost, secure, and clean energy technologies to transport people and 

goods throughout the United States. Electrified transportation drives research into high energy battery 

chemistries and high power systems (i.e., fast charge). An independent evaluation and assessment of 

performance and lifetime is critical to meaningful establish meaningful technology and scientific 

breakthroughs. The Electrochemical Analysis and Diagnostics Laboratory (EADL) at Argonne National 

Laboratory provides a vast set of capabilities and knowledge to evaluate batteries using standard tests and 

protocols, based on those developed by the U.S. Advanced Battery Consortium (USABC). [1-4] The EADL 

supports VTO and USABC supported battery development projects to guide R&D priorities and an 

independent technology evaluation.  

Objectives 

• Provide DOE, USABC, and battery developers with reliable, independent, and unbiased performance 

and life evaluations of cells, modules, and battery packs. 

• Benchmark battery technologies that were not developed with DOE/USABC funding to ascertain their 

level of maturity. 

Approach  

The EADL is committed to collecting accurate, reproducible, and reliable data sets. The EADL has over 200 

test channels with a range of available sizes from (10 V, 2 A) to (60 V, 250 A) which are routinely calibrated 

for accuracy. All testing is conducted in environmental chambers, which enables evaluation at thermal 

conditions consistent to typical battery usage conditions (i.e., -70°C to 180°C) controled within ±1°C.  

The EADL evaluates batteries using standardized and unbiased protocols, allowing a direct comparison of 

performance within a technology, between developers, and across technologies. Additionally, since the test 

plans and conditions based on these protocols are inputted into a programable test equipment, the EADL 

provides flexibility to partners interesting in simulate a wide range of operation conditions. For those tested 

using the USABC methods, the performance of small cells can be compared to that of larger cells and full-

sized pack by means of a battery scaling factor [1-2]  

Results  

Batteries, which were fabricated during programs with developers, are sent to Argonne for evaluation. Cells 

tested at the EADL under the USABC benchmarking programs were aged and tested against the appropriate 

application target (LCFC-EV, HP-EV, etc) or specific targets developed for battery chemistries under 
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development. Here, the purpose of evaluation is two-fold: to provide confirmation of other test information and 

to provide an independent assessment of the state of the given battery technology, that is, how does it compare 

to the USABC [1-4] and/or project goals. In addition evaluation of cells received from developers, several 

VTO programs are supported by the EADL: Next-Gen Lithium-Ion, Extreme Fast Charging, and Behind-the-

Meter Storage were supported in FY22. A list of program deliverables associated with Argonne during fiscal 

year 2022 is given in Table VI.2.1, along with their status.   

Table VI.2.1 Status of cell testing deliverables in FY2022 

Developer Sponsor Application 
Quantity (nominal 

cell size) 
Status at year end 

WPI USABC Recycle / EV 24 (1 Ah) Complete 

WPI USABC Recycle / EV 24 (10 Ah) On-going 

WPI / Microvast USABC LCFC / EV 18 (0.45 Ah) On-going 

24M USABC LCFC / EV 18 (52 Ah) On-going 

Nanograf USABC Silicon / EV 24 (1 Ah) Complete 

Univ. Michigan DOE XFC / EV 18 (2.9 Ah) Complete 

 Stonybrook DOE XFC / EV 9 (2.1 Ah) Complete 

Group 14 DOE Silicon / EV 15 (0.4 Ah)  On-going 

Enovix DOE Silicon / EV 15 (0.266 Ah) On-going 

Sila Power DOE Silicon / EV 12 (1 Ah) On-going 

Solid Power DOE Silicon / EV 12 (0.25 Ah) On-going 

Next-Gen Lithium-Ion DOE EV various On-going 

Extreme Fast Charging DOE XFC / EV 18 (0.03 Ah) On-going 

Behind-the-Meter Storage DOE BTMS 8 (2 Ah) On-going 

 

The EADL supported numerous applications in development in FY2022. For instance, the technological goal 

of achieving very high charge rates represents a significant scientific and technical challenges. Here, not only 

does the technology have to avoid lithium deposition at the high charge rate, but the technology must also 

avoid life-shortening degradation caused by i2R heating from the high current/power. Solving this challenge is 

critical to increase consumer’s interest in electric vehicles by enabling reduced time to charge a battery to meet 

driver’s expectations relative to refueling at the pump. There are, in principle, many ways to do this, including 

increasing the pack voltage so that the current at high power is relatively low. This is an engineering solution. 

Perhaps, a better way to overcome these issues is to develop or adapt lithium-ion technology to tolerate or 

avoid the problems. 

One such investigation is highlighted in Figure VI.2.1 which compares results for the relative capacity change 

(loss) vs. cycle count for standard and XFC conditions. At 500 cycles, the cell operated under the XFC 

protocol maintained >20% BOL capacity. These results indicate that solutions to the XFC are possible and that 

project goals can be met. Furthermore, the observed decreasing rate of capacity fade with cycling provides 

some insight into the potential mechanisms contributing to the fade, which can be used to guide future R&D 

effort. 
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Figure VI.2.1 Relative capacity change (loss) averaged over several cells vs. cycle count for standard and XFC conditions.  

Conclusions   

We will continue to support DOE’s and the USABC’s cell development efforts by providing unbiased 

evaluation of cell performance. In the case cited above, there appears to successful efforts to to the general 

fast-charging problem and commensurate understanding of the underlying mechanisms.  
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Project Introduction 

Abuse tests are designed with the intention of bounding safe operating limits of EV energy storage devices by 

realizing a worst-case scenario. From these abuse tests, quantitative data on cell\module\pack response is 

obtained, allowing for determination of failure modes and providing guidance to developers toward improved 

materials and designs. Standard abuse tests with defined start and end conditions are performed to provide 

comparison between technologies. Due to the ever-evolving nature of energy storage research and 

implementation, new tests and protocols are developed and evaluated to best simulate real-world failure 

conditions. 

In scaling from the cell to battery level, it is important that safety performance analysis includes a detailed 

understanding of cell interactions. Single point failures from a single cell or group of cells can be initiated by 

several triggers including internal defects, internal short circuit, misuse, abuse, or a component failure at the 

battery or system level. Propagation of that single failure event (regardless of the initiation trigger) through an 

entire battery system or vehicle is an unacceptable outcome to ensure EV safety. As these batteries are scaled 

up in size from Wh to kWh, safety issues are of increasing importance and, by extension, it is necessary to 

reevaluate testing methods to ensure all relevant data is collected. As a result, Sandia National Laboratories 

reviewed and published an updated version of the United States Advanced Battery Consortium (USABC) 

Battery Abuse Testing Manual for Electric and Hybrid Vehicle Applications. 

Abuse testing of advanced high energy materials has also revealed the limits of existing test hardware, 

particularly regarding the maximum temperature observed during thermal runaway. Continuous development 

of capabilities is necessary to ensure necessary data is collected. This development has included the stand up of  

high temperature thermocouples that are able to detect these extreme temperatures and pressure sensors to 

understand the pressure build up prior to, and during battery failure. 

Objectives 

• Provide independent abuse testing support for DOE and USABC 

• Complete abuse testing of all deliverables in accordance with USABC testing procedures 

• Provide battery safety testing support for DOE VTO programs. 

Approach  

Abuse tolerance tests evaluate the response to anticipated abuse conditions. The goals of safety testing include 

a) testing of energy storage devices to failure and documentation of the conditions that resulted in failure, b) 

systematic evaluation of failure modes and abuse conditions using destructive physical analysis (DPA), c) 

provide quantitative measurements of cell/module response, d) document improvements in abuse response, and 

e) develop new abuse test procedures that more accurately determine cell performance under the most probable 

abuse conditions. Electrical (overcharge/overvoltage, short circuit, over discharge/voltage reversal, and partial 
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short circuit), mechanical (controlled crush, penetration, blunt rod, drop, water immersion, laser induced short 

circuit, and mechanical shock and vibration) and thermal abuse (thermal stability, simulated fuel fire, elevated 

temperature storage, rapid charge/discharge, and thermal shock cycling) cover the main categories of possible 

conditions evaluated. These techniques are applied to USABC deliverables, and the results reported to DOE 

and USABC.    

Results  

Accomplishments  

• Completed testing of USABC deliverables and reported results to the USABC Technical Assessment 

Committee (TAC) 

• Provided support to the Behind the Meter Storage Program using tools developed as part of this 

testing program.  

• Provided testing support for the Lithium-ion recycling prize through the DOE voucher program. 

• Published a revised version of the United States Advanced Battery Consortium (USABC) Battery 

Abuse Testing Manual for Electric and Hybrid Vehicle Applications. 

• USCAR 2021 Team Award: USABC Abuse Test Group. 

Testing was performed for USABC development programs, including testing deliverables from Farasis, 

Microvast, Gotion, and Zenlabs. Test results have been reported to the USABC TAC. Sandia continues to 

make functional improvements to battery testing to enable the testing of new high energy materials. Sandia 

also participated in a working group to prepare a revised test manual for USABC battery abuse testing. The test 

procedures used in the new manual were developed by the USABC Abuse test working group and prepared at 

Sandia. The revised manual was published in January 2022. The main changes to the manual are listed in 

Table VI.3.1.  

Table VI.3.1 2022 USABC Battery Abuse Testing Changes  

Test Previous Version 2022 Version 

Nail Penetration Heated blunt nail (50°C) Sharp nail at ambient temperatures 

Mechanical Crush  

Two stage crush; crush to 15% 

deformation, then to 50% 

deformation 

Thermal Ramp Heating rate: 5°C/min Heating rate: 2°C/min 

Overcharge Maximum state of charge: 250% Maximum state of charge: 200% 

External Short Circuit 
Short circuit resistance: 1mOhm, 

and 10mOhm. 

Short circuit resistance: 10mOhm 

(1mOhm as secondary option but 

not required) 

The development and maintenance of Battery Safety and Abuse Testing at Sandia has also allowed support for 

other DOE VTO programs. This has included support of the Behind the Meter Storage (BTMS) program 

performing testing of cells of interest for the program and support of the Lithium-Ion Battery Recycling Prize 

voucher program.   

Conclusions   

Development and testing of higher energy, larger format cells and modules continues for USABC developers 

in hopes to meet the VTO goals. We provide a means to field the most inherently safe chemistries and designs 

to help address the challenges in scaling up lithium-ion technologies of interest. This has required careful 

control and monitoring of tests with the potential of high energy release, as well as standing up a larger facility 

at SNL to support module level testing. Testing preformed at SNL has provided critical information to cell 

developers to aid in the development of increasingly abuse tolerant cell chemistries and module designs. 
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Independent testing is necessary to perform objective evaluations of ever changing cell designs and chemistries 

by the DOE and US automobile manufacturers.  

SNL continues to provide necessary safety testing support to DOE programs. The capabilities developed as 

part of this battery safety testing program currently support work done as part of the Behind the Meter Storage 

program and the Lithium-ion Recycling program.  
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Project Introduction 

While EDVs promise to curb America’s need for imported oil, designing high-performance, cost-effective, 

safe, and affordable energy-storage systems for these cars can present challenges, especially in the critical area 

of battery thermal control. As manufacturers strive to make batteries more compact and powerful, knowing 

how and where heat is generated becomes even more essential to the design of effective thermal-management 

systems. NREL’s thermal characterization activities provide developers, manufacturers, and OEMs with the 

knowledge necessary to assure that batteries are designed to perform strongly, last a long time, and operate at 

maximum efficiency.  

The Vehicle Technologies Office has a goal to reduce the cost of electric vehicle battery packs to less than 

$100/kWh for graphite/NMC (short term), $75/kwh for silicon/NMC (next-gen lithium ion), and $50/kwh for 

Li metal/NMC or Sulfur (long term target) with technologies that significantly reduce or eliminate the 

dependency on critical materials (such as cobalt) and utilize recycled material feedstocks [1]. To meet these 

metrics, the battery packs will need to have higher energy densities resulting in a very compact system. Even if 

the energy efficiency of the next generation of batteries increases, because of the compactness of these 

batteries more heat is being generated per unit volume with less heat transfer area. Thus, more advanced heat 

rejection systems are needed to keep the battery temperatures in the “goldilocks” zone that prevents 

acceleration of the aging mechanisms within the battery.  

The chemistries of advanced energy-storage devices—such as lithium-based batteries—are very sensitive to 

operating temperature. High temperatures degrade batteries faster while low temperatures decrease their power 

and capacity, affecting vehicle range, performance, and cost. Understanding heat generation in battery 

systems—from the individual cells within a module, to the inter-connects between the cells, and across the 

entire battery system—is imperative for designing effective thermal-management systems and battery packs. 

Inadequate or inaccurate knowledge of the thermal characteristics of batteries makes it difficult to design 

effective thermal-control systems. This can negatively affect lifespan, safety, and cost, ultimately resulting in 

negative consumer perception and reduced marketability. In 2012, Nissan had to address problems with the 

battery for its Leaf fully electric vehicle (EV) losing capacity in the hot Arizona climate. Many attributed this 

issue to inadequate battery-thermal management.  

Accurately measuring battery thermal performance under various electrical loads and boundary conditions 

makes it possible for battery-system engineers to design effective thermal-management systems. NREL, with 

the funding from DOE VTO, has developed unique capabilities to measure the thermal properties of cells and 

evaluate thermal performance of active, air, and liquid cooled battery packs. Researchers also use electro-
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thermal finite element models to analyze the thermal performance of battery systems in order to aid battery 

developers with improved thermal designs. In addition, our lumped capacitance multi-node battery-vehicle-

ambient model can predict the temporal temperature of batteries as a function drive cycle, ambient 

temperature, and solar radiation. These one-of-a-kind tools allow NREL to work with the battery 

manufacturers and OEMs to meet stringent EDV life, performance, cost, and safety goals. 

Objectives 

• Thermally characterize battery cells and evaluate thermal performance of battery packs provided by 

USABC developers. 

• Provide technical assistance and modeling support to U.S. DRIVE/USABC and developers to improve 

thermal design and performance of energy storage systems. 

• Evaluate extreme fast charging effects on battery thermal performance. 

• Quantify the impact of temperature and duty-cycle on energy storage system life and cost. 

• Address high energy storage cost due to battery packaging and integration costs 

• Reduce the cost, size, complexity, and energy consumption of thermal management systems 

• Optimize the design of passive/active thermal management systems—explore new cooling strategies 

to extend the life of the battery pack. 

Approach  

NREL has measured the thermal properties of the cells and batteries with many different chemistries (lead 

acid, NiMH, and many versions of lithium cells) through heat generation, heat capacity, and infrared thermal 

imaging; conducted performance thermal testing of battery and ultracapacitor modules and packs; analyzed the 

thermal performance of cells and modules; and developed thermal models. Researchers perform thermal 

testing, analysis, and modeling (1) to assist DOE/USABC battery developers in designing cells/modules/packs 

for improved thermal performance, and (2) to evaluate and validate the thermal performance of 

cell/module/pack deliverables from DOE/USABC battery developers and suppliers. 

NREL’s equipment can benchmark how changing the design of the cell using a different cathode, anode, 

current collector, electrolyte, additive, or separator affects the overall performance of the cell. The information 

garnered from these tests helps battery and advanced vehicle manufacturers improve their designs, while 

providing critical data for the development of thermal management systems that will reduce the life-cycle cost 

of battery systems. Using NREL’s unique R&D 100 Award-winning calorimeters and infrared thermal 

imaging equipment, we obtain thermal characteristics of batteries and ultracapacitors developed by USABC 

battery developers and other industry partners. NREL supports the Energy Storage Technical Team by 

participating in various work groups such as the Zenlabs, Farasis, and USABC Electric Vehicle Cell 

Development and Beyond Lithium Ion Working Groups.    

Results  

Calorimeter Testing 

Figure VI.4.1 shows the efficiency of cells tested in FY22 and prior to FY22 at NREL at a calorimeter 

temperature of 30°C. The lithium-ion cells were fully discharged from 100% SOC to 0% SOC under a C/2, 

C/1, and 2C currents. The cells in this figure have been developed under the LCFC programs within USABC. 

These cells are designed for mainly high energy applications (the LCFC program maintains aggressive energy 

level targets). It should be noted that as the specific energy of these graphite systems increases, the efficiency 

decreases. This is primarily due to the impact of thicker electrodes have on the thermal performance. In 

contrast, the efficiency of the silicon blend cells is increasing due to chemistry optimization. Silicon containing 

cells can maintain high energy content with lower electrode thickness due to the much greater material energy 

density when compared to graphite. The general trend shows that silicon containing systems still need 

improvements to reach the heat efficiency of graphite cells with similar electrode thickness. DOE and USABC 

are investigating both graphite and silicon to improve energy density, power density, cycle life and/or cost 

benefits. NREL’s calorimeters provide the fundamental understanding of whether the inefficiencies shown 

below are due to chemistry or cell design. 
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Figure VI.4.1 Efficiency summary of cells tested in NREL’s calorimeters. Caption Credits/Source: NREL-Aron Saxon 

NREL’s calorimeters were designed to be accurate enough to measure the electrochemical response from 

batteries under test – this capability allows NREL to understand benefits associated with design and chemistry 

changes to the cell. Figure VI.4.2 shows the entropic heat generation rates normalized to the Ah capacity of 

two cells – one cell has a graphite anode and the other has a graphite/Si anode – under a C/10 charge and 

discharge at 30°C. The cells in this figure were cycled over their entire state-of-charge range – minimizing the 

current decreases the joule heating of the cell and allows for the entropic heat signature to be assessed. From 

the figure, we can observe how the entropic response changes with introducing increasing amounts of Si. The 

response flattens out and the magnitude of peaks and valleys prevalent in graphite due to its phase changes are 

reduced. The entropic response in cells has been a historic indicator of understanding material processes 

without deconstructing the full cell and how these processes impact cell performance. 
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Figure VI.4.2 Calorimeter normalized heat rate for graphite and graphite/Si NMC cells under C/10 charge and discharge. Caption 

Credits/Source: NREL-Aron Saxon 

NREL has also been involved with testing cells under fast charge conditions. The USABC test procedure 

consists of a fifteen-minute fast charge with a goal of returning 80% of the cell’s usable capacity into the cell. 

If the maximum operational voltage is reached during the charge, then the current is tapered to complete the 

charge. Figure VI.4.3 illustrates the heat generation results of a cell that was tested at NREL under this 

condition under three different charge rates – (X-n)C, (X)C, and (X+n)C. The results indicate that both the XC 

and (X+n)C cases returned the same amount of usable capacity into the cell. The XC rate however, produced 

the least amount of heat per energy inserted. This case provides evidence that charge algorithm optimization is 

needed in addition to chemistry optimization to provide the most return for fast charge cases. NREL is 

continuing research into charge algorithm optimization and novel thermal management strategies to lessen the 

burden of fast charging on the cells lifetime while minimizing the thermal management system. 
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Figure VI.4.3 Heat response of cell under fast charge. The calorimeter test temperature was 30°C. Caption Credits/Source: NREL-

Aron Saxon 

Infrared Imaging of Cells  

NREL performs infrared (IR) thermal imaging of battery manufacturer’s cells to determine areas of thermal 

concern. We conduct IR thermal imaging under a set of prescribed procedures and environments to minimize 

the error from different sources such as reflective cell surfaces, radiation from surrounding surfaces, and 

cooling from the power cables attached to the cell. NREL combines the IR imaging equipment with a battery 

cycler to place the cells under various drive cycles, such as a US06 charge depleting cycle for a PHEV, to 

understand the temperature differences within the cell. We then make recommendations to the battery 

manufacturers and USABC on how to improve the thermal design of the cell to increase its cycle life and 

safety. 

Figure VI.4.4 shows a lithium battery (High Nickel Content NMC/Graphite) at the end of a high-rate charge. 

Each IR image has a temperature spread associated with it – by decreasing the temperature spread a visual 

reference can be used to determine where the heat is preferentially being generated within the cell. For this 

cell, the heat generation is uniform across the surface of the battery.  The cell’s highest temperature point is in 

the center of the cell. This indicates that there is not a bias towards either the positive or negative tab. When 

the cell temperature is not uniform and consistent or symmetrical, individual cells within modules and packs 

age differently affecting the cycle life of the module. NREL is working with battery developers to understand 

how temperature non-uniformities affect the efficiency and cost of the cell over its life. 
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Figure VI.4.4 Infrared image of lithium battery cell (graphite /high nickel content NMC) at the end of a fast charge. Caption 

Credits/Source: NREL- Aron Saxon 

Conclusions   

NREL has thermally tested cells and modules from Zenlabs and Farasis during FY22 across multiple USABC 

programs. We have provided critical data to the battery manufacturers and OEMs that can be used to improve 

the thermal design of the cell, module, pack, and their respective thermal management systems. The data 

included heat generation of cells under typical profiles for HEV, PHEV, and EV applications, which is 

essential for designing the appropriately sized battery thermal management system. In FY23, NREL will 

continue to thermally characterize cells and modules for USABC, DOE, and USDRIVE but the focus will shift 

to fast charging applications and the heat generation for battery chemistries beyond lithium ion. 

Key Publications   

1. Steven Boyd, Batteries Overview, Annual Merit Review, Washington DC, 2022. 
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Project Introduction 

The “valley of death” is a phrase often used to describe the path a new discovery must traverse to become a 

commercial product. This is especially true for novel battery materials invented in research laboratories around 

the world. Often researchers are resource limited and are only able to make gram quantities of their new 

material. The CAMP Facility is appropriately sized to enable the design, fabrication, and characterization of 

high-quality prototype cells using just a few hundred grams of the latest discoveries involving high energy 

battery materials. Prototype cells made in the CAMP Facility generally have 400-mAh capacity, which 

straddles the gap between coin cells and industrially-sized cells nicely – two orders of magnitude from each 

end point. Thus, a realistic and consistent evaluation of candidate chemistries is enabled in a time-effective 

manner with practical quantities of novel materials in cell formats commonly used in industry.  

The CAMP Facility is an integrated team effort designed to support the production of prototype electrodes and 

cells, and includes activities in materials validation (benchmarking), modeling, and diagnostics. It is not the 

aim of this facility to become a small battery manufacturer, but instead to be a laboratory research facility with 

cell production capabilities that adequately evaluate the merits and limitations of new lithium-ion chemistries 

in a close-to-realistic industrial format. The source of these materials (anodes, cathodes, electrolytes, additives, 

separators, and binders) may originate from DOE Battery Programs, as well as from other R&D organizations 

such as universities, national labs, and industrial vendors. Electrochemical couples with high energy density 

based on earth-abundant elements are given extra priority.  

The CAMP Facility has the capability to make two prototype cell formats in their 150 m² dry room: pouch 

cells (xx3450 format, with capacity around 0.5 Ah; and xx6395, with capacity around 2 Ah). Pouch cells are 

generally easier to assemble and are a useful indicator of gassing problems in a cell during cell aging and 

cycling. Central to this effort is a pilot-scale coating machine that operates with slurry sizes that range from 20 

mL to 2 L. These key features of the CAMP Facility enable a professional evaluation of both novel materials 

(typically limited quantities) and commercial materials for benchmarking. In addition, the Materials 

Engineering Research Facility (MERF) is available for scaling up materials for these prototype cell builds. 

mailto:Jansen@anl.gov
mailto:STrask@anl.gov
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Objectives 

The objective of this core-funded effort is to design, fabricate, and characterize high-quality prototype 

electrodes and cells that are based on the latest discoveries involving high-energy anode and cathode battery 

materials. Using this multi-disciplined facility, analytical diagnostic results can be correlated with the 

electrochemical performance of advanced lithium-ion battery technologies for electric vehicle (EV) 

applications. 

• Link experimental efforts through electrochemical modeling studies. 

• Identify performance limitations and aging mechanisms. 

• Support lithium-ion battery projects within the DOE-EERE-VTO. 

 

In FY22, the CAMP Facility milestone objectives were to: 

• Develop methods to coat electrodes with novel solid-state electrolyte materials that are being 

developed in literature. (efforts described in Section VI.6) 

o Produce 5 meter of cathode electrode with solid-state electrolyte. 

• Develop X-ray methodologies to quantify electrode expansion in NMC/Li cells. 

o Determine expansion-contraction between charged and discharged states for at least one high-Ni 

NMC cathode. 

• Maintain supply of advanced prototype electrodes in Electrode Library. 

o Fabricate >100 meters of needed anode and cathode electrodes to support DOE battery programs. 

• Finish installation and training related to multifunctional coater at Argonne. 

o Coater needs to be able to coat 3 mAh/cm² electrode loadings uniformly at 0.5 m/min. 

Approach  

The general approach used in this effort is to start small and grow large in terms of cell size and amount of 

resources devoted to each novel battery material. At various points in the development process, decisions are 

made to either advance, modify, or terminate studies to maximize utilization of available resources. Coin cells 

(2032 size) are used for materials validation purposes with initial studies performed at 30°C. After formation 

cycles, the coin cells go through rate capability testing, HPPC testing, and limited cycle life testing. Additional 

temperatures and test conditions are employed, if warranted. 

Using the results obtained by the materials validation of promising materials (also refer to Section VI.6), 

single-sided electrodes are fabricated on the larger dry-room coater for diagnostic study. The new cell 

chemistries are studied in detail using advanced electrochemical and analytical techniques, including the 

employment of micro-reference electrode cells. Factors are identified that determine cell performance and 

performance degradation (capacity fade, impedance rise) on storage and on extensive deep-discharge cycling. 

The results of these tests are used to formulate data-driven recommendations to improve the electrochemical 

performance/life of materials and electrodes that will be incorporated in the prototype cells that are later 

fabricated in the dry room. This information also lays the foundation for electrochemical modeling focused on 

correlating the electrochemical and analytical studies, in order to identify performance limitations and aging 

mechanisms. 

If the results from diagnostics and modeling still look promising, full cell builds are conducted using double-

sided electrodes. The electrodes are then punched and assembled into full cells in the dry room using semi-

automated cell assembly equipment. Formation procedures are conducted on the cells to encourage electrolyte 

wetting and uniform solid-electrolyte-interface (SEI) formation. These cells undergo rigorous electrochemical 

evaluation and aging studies under the combined effort of the CAMP Facility team and Argonne’s 

Electrochemical Analysis and Diagnostic Laboratory (EADL). After testing, select cells are destructively 

examined by the Post-Test Facility to elucidate failure mechanisms. This information is then used to further 

improve the new chemistry, as well as future electrode and cell builds.    
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Results  

The CAMP Facility is designed to work closely with materials researchers across the many electrochemical 

energy storage programs throughout the DOE-EERE-VTO. In addition to its own yearly R&D tasks, it actively 

coordinates its efforts to provide support to other national lab team programs such as: Realizing Next 

Generation Cathodes (RNGC), Silicon Consortium Project (SCP), ReCell Advanced Battery Recycling Center, 

eXtreme Fast Charge Cell Evaluation of Lithium-Ion Batteries (XCEL), and Behind-the-Meter-Storage 

(BTMS), and Liquid Electrolyte Projects. The Materials Benchmarking Activities (Section VI.6) is a segment 

of the CAMP Facility. The CAMP Facility also complements the capabilities of other DOE support facilities 

such as: Materials Engineering Research Facility (MERF - Argonne), Post-Test Facility (PTF - Argonne), 

Battery Abuse Testing Lab (BATLab - SNL), and Battery Manufacturing Facility (BMF - ORNL). More 

information about these programs can be found in the relevant chapters and sections of this annual report. The 

remainder of this CAMP Facility section will discuss the results of the CAMP Facility deliverables and related 

topics for FY22. 

Multifunctional Coater Specifications Confirmed during Factory Acceptance Test 

The new multifunctional roll-to-roll coater from Frontier was successfully installed in Argonne’s CAMP 

Facility dry room (Figure VI.5.1). Completion of the ventilation system to remove the ozone generated by the 

corona treater is underway. Once the ventilation system is operational, full training will be provided by 

Frontier to Argonne staff. This coater provides many new capabilities to the CAMP Facility: interchangeable 

coating heads, gravure coating, single-slot die coating, the progressive cavity pump, corona treatment of 

substrates, and an IR drying zone.    

 

Figure VI.5.1 Images of the multifunctional coater installed in the CAMP Facility’s dry room.  

Visualizing Electrode Assembly Movement in Lithium Batteries using operando X-ray Diffraction 

Rechargeable lithium-metal battery cells have returned to the forefront of energy storage because of their 

potential to deliver high specific energy densities. These cells contain a Li metal anode, which has a specific 

capacity of 3,860 mAh/g, more than 10x that of graphite anode. However, there are well-known disadvantages 

for Li-metal cells that have prevented their widespread use in commercial applications. Organic (e.g., 

carbonate) electrolytes are easily reduced on lithium; this reaction causes formation of ionic deposits known as 

the solid electrolyte interphase (SEI) that eventually depletes the electrolyte, increases anode impedance, and 

causes premature cell failure. Other concerns include the large volume changes that result from expansion and 

contraction of the lithium anode during electrochemical cycling. The successful implementation of Li-metal 

batteries depends on addressing these concerns that requires identifying the causes for the detrimental 

behaviors. 
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In this study, electrode assembly displacements in Li-metal cells were examined that occur during lithium 

plating and stripping using operando energy dispersive X-ray diffraction (EDXRD). These experiments were 

conducted on 2032-format coin cells with a LiNi0.8Mn0.1Co0.1O2 (NMC811) oxide cathode, Li-metal anode, a 

trilayer Celgard 2320 separator and a LiPF6-bearing carbonate electrolyte. A cross section radiograph of the 

coin cell shows a spring-loaded electrode assembly, with the cathode, separator, and Li metal sandwiched 

between stainless steel spacers (Figure VI.5.2). By tracking relative displacements of the Al current collector, 

NMC811 edges and polyethylene (PE) separator during electrochemical cycling we determine the reversible 

and irreversible movements of the cathode/separator assembly. 

 

Figure VI.5.2 (a) Cross section radiograph of a coin cell with the electrode assembly sandwiched between the top and bottom 

spacers. The cell is placed on a motorized translation stage that is moved relative to a stationary X-ray beam. The green arrow 

shows the direction z of scanning. 

The movements of the cathode and PE median in the separator are summarized in Figure VI.5.3, which show 

data for three consecutive charge/discharge cycles on a NMC811/Li cell. Each cycle consists of a constant 

current (CC), C/2 rate, capacity-limited charge to 190 mAh/g and discharge at a C/2 rate to 2.5 V followed by 

a constant voltage (CV) hold. During charge, Li+ ions extracted from the cathode traverse through the 

separator and deposit on the Li-metal; the resulting increase of the anode thickness causes the separator and 

cathode to move towards the top spacer (Figure VI.5.3c). On discharge as Li+ ions are stripped from the foil 

and inserted into the cathode, the separator and cathode move in the reverse direction, but they do not return to 

their original locations, indicating an irreversible change in the cell (Figure VI.5.3a). This irreversibility 

progressively increases with continued cycling. The reversible movement of the PE and NMC811 edges, 

quantified in Figure VI.5.3b, is 16 m for a 4.4 mAh capacity exchange (or 3.6 m/mAh). This value is larger 

than that estimated from a uniform Li plating (2.85 m/mAh); the difference is due to the non-uniformity of 

lithium plating and stripping, and to the SEI-forming side reactions that increase material volume in the anode. 

These parasitic reactions and associated SEI build-up on the mossy lithium cause an irreversible drift of the 

cathode/separator assembly, which is 11.3 m/cycle! Note that the relative positions of the NMC811 and PE 

separator layer remain constant during the cycling (Figure VI.5.3b) indicating that the separator is not 

compressed and that there is efficient transduction of the load through the separator.  

In summary, an operando X-ray technique was developed to visualize electrode assembly movement during Li 

plating and stripping in 2032-type coin cells. During charge and discharge, deposition and removal of Li+ ions 

cause expansion or contraction of the Li foil thickness, respectively. The oxide cathode and separator move in 

sync, indicating that there is no separator compression (and pore closures therein) during this process. In this 

cell, this periodic movement is ~3.6 m per mAh of capacity transferred between the electrodes. The 

accumulation of SEI products during this cycling transforms the lithium morphology from planar to mossy 

during each cycle. For a carbonate-based electrolyte, the irreversible expansion is ~11.3 m per cycle. This 

significant expansion points to the need for electrolytes that have better stability against lithium metal. 
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Figure VI.5.3 X-ray dilatometry showing movement of the electrode assembly during cycling of a NMC811/Li cell. Panel a shows 

hard edges of the NMC811 layer (filled circles) and the PE median of the separator (open circles). The spring-loaded spacer is at 

the top, with the Li foil pressed against the bottom of the coin cell through the bottom spacer (panel c). Upon cycling, the separator 

and NMC811 layer move as a single unit. In panel b, the constant drift (dashed lines) is subtracted to show reversibility of the 

periodic variation.  

Support of Activities in MERF 

Argonne’s MERF scaled LFP cathode material using a new synthesis route and provided a batch of this earth-

abundant cathode for validation in pouch cells. MERF also provided a commercial LFP powder to use as the 

baseline. The CAMP Facility coated the powders in electrodes that were capacity matched (~2.6 mAh/cm²) to 

existing Superior Graphite SLC1506T graphite baseline anode, which has a loading near 2.8 mAh/cm². These 

electrodes (cathode area 14.1 cm²) were assembled into 2 sets of xx3450 sized single layer (SL) pouch cells 

with Celgard 2500 separator, ~610 μL of Gen 2 electrolyte; 4 cells per cathode. 

Two tap charges and six formation cycles (3x-C/10, 3x-C/2, from 3.5-3.0V) were carried out on the cells.  

They were then degassed, put onto a capacity check protocol (1.5x-C/10, 2x-C/2, from 3.5-3.0V), and then 

subjected to a rate study. The rate study used 3.5V UCV for the slower rates, and then a 3.6 V UCV for the last 

two faster rates (2x-C/20, 3x-C/10, 3x-C/2, 3x-1C, 3x-2C, 3x-5C; all symmetric charge and discharge rates). 

These results are summarized in Figure VI.5.4.  
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Figure VI.5.4 A Summary of the Formation, Capacity Check, and Rate Study Discharge Capacity Data from all eight cells that were 

cycled at 30°C and 4 psi per cell 

As expected, the deviation starts out large, but then after the formation, degassing, and capacity check, the cell-

to-cell deviations are significantly reduced.  The MERF-made LFP has a little less capacity utilization in the 

slower cycles, but seems to have near same performance at the faster rates. All 8 cells were placed on a cycle 

life protocol that consisted of 1C symmetric charge and discharge rates with a C/20 cycle and HPPC test every 

100 cycles. These pouch cells finished testing in FY22 with 500 cycles where it was observed that the 

commercial baseline cells had better capacity retention, which was not unexpected since the commercial LFP 

is fully optimized. 

Support of Realizing Next Generation Cathodes (RNGC) 

In FY21 the RNGC team provided the CAMP Facility with 200 grams of a promising material, 

Ni0.9Mn0.05Co0.05, to fabricate electrodes and assemble >1.5 Ah pouch cells for further demonstration. Learned 

approaches of controlling the slurry temperature were applied and resulted in minimal/no gelation. The 

absence of the gelation resulted in the ability to achieve a uniform coating. Cell assembly and testing of these 

electrodes were done in FY22:  xx6396 sized (49.1 cm² per side of a graphite anode, 46.3 cm² per side of an 

cathode) multilayer pouch cells (2 SS anodes, 6 DS anodes, and 7 DS cathodes). The electrodes were capacity 

matched for n:p ratio range of 1.10-1.26 (covering 1st cycle, reversible cycle, C/10, and 1C data), with Celgard 

2500 separator, 9.005 mL of 1.0 M LiPF6 + 0.05 M LiDFP in EC/EMC (1/9) electrolyte solution.  All six cells 

were formed the same way at 30°C, resulting in a reversible C/10 capacity of 1.58 Ah.   

The cells were degassed, performed a capacity check at 30°C, and had the best four cells chosen to continue 

with testing.  The four remaining cells were split into two sets of 2 cells. One set of cells were placed in a 45°C 

oven to do life cycle testing on, and the remaining set at 30°C to also do life cycle testing (Figure VI.5.5. The 

life cycle testing protocol included a slow high-resolution cycle of C/25 for dV/dQ analysis, an 18 pulse high 

resolution HPPC protocol (10 sec each pulse), and then 50 cycles from 4.2-3.0 V of C/3 charge & discharge.  

This was looped four times per protocol, and the protocol was restarted until the C/3 discharge retention was 

less than 80%, then an ending slow cycle and HPPC pulses. The 45°C cells had finished their testing in FY22, 

while the 30°C cells will finish their testing in FY23, at which point a full analysis will be done on the cells. 

Capacity Check 

Formation 

Rate Study 
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Figure VI.5.5 C/3 Discharge capacity from the life cycle protocol at 30°C and 45°C of the four chosen xx6395 MLP cells.  The 

C/20 data points (every 51 cycles) were omitted for ease of viewing C/3 capacity. 

Summary of Electrode Library Activities 

Table VI.5.1 highlights the distribution of electrodes from the Electrode Library, which is maintained by the 

CAMP Facility. The Electrode Library serves as a supply of standard electrode samples that are designed to be 

interchangeable with one another (capacity matched). Electrodes can be made with as little as 20 g of 

experimental material and can be made to match an existing counter electrode. From October 1, 2021 to 

September 30, 2022, 1756 sheets of electrode were fabricated and distributed by the CAMP Facility, which is 

>42 square meters of electrodes. These electrodes were supplied by the CAMP Facility in support of DOE’s 

numerous activities in advanced battery R&D (11 labs, 27 universities, and 14 companies). In addition to these 

electrodes, the CAMP Facility fabricated ~310 pouch cells for DOE projects (consisting of many unique 

combinations of electrodes, electrolytes, and separators). 

Table VI.5.1 Summary of Electrode Library Distributions 

Electrodes 

Delivered 

FY19 FY20 FY21 FY22 

Argonne 160 15 % 245 25 % 302 17 % 704 40 % 

Other National Labs 224 21 % 299 30 % 354 20 % 253 14 % 

Universities 296 28 % 333 33 % 426 23 % 243 14 % 

Industry 388 36 % 121 12 % 725 40 % 556 32 % 

Total: 1068  998  1807  1756  

Conclusions   

The new multi-functional coating system from Frontier was installed in Argonne’s dry room, but still awaiting 

installation of ventilation system for ozone. This multi-functional coating system provides two new coating 

methods to the CAMP Facility (i.e., gravure and single-slot die). It also has an IR heating zone and corona 

treatment. It will be fully operational in early FY23.  



Batteries 

424 Testing, Analysis, High-Performance Computing, Lab-I4 

An operando X-ray technique was developed to visualize electrode assembly movement during Li plating and 

stripping, where it was observed that the oxide cathode and separator move in sync, indicating that there is no 

separator compression during this process. 

The CAMP Facility continued its support of numerous DOE programs, much of which was performed through 

the CAMP Facility’s Electrode Library. Numerous prototype electrodes (>100 meters) and pouch cells were 

fabricated and delivered to DOE-EERE programs. 

Several of the planned tasks for FY22 were modified because of reduced laboratory time due to the COVID19 

pandemic. These restrictions were lifted in March of 2022. 

Key Publications   

1. I.A. Shkrob, P. Badami, J.S. Okasinksi, M.-T.F. Rodrigues, S.E. Trask, D.P. Abraham, “Visualizing 

electrode assembly movement and lithiation heterogeneity in lithium-metal batteries using operando 

energy dispersive X-ray diffraction” Journal of Power Sources 553 (2023) 232273. 

2. Additional publications related to the CAMP Facility are listed in section VI.6 and in numerous other 

projects across the DOE and many universities. 
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Project Introduction 

High energy density electrode materials are required to achieve the requirements for electric vehicle (EV) 

application within the weight and volume constraints established by DOE and the USABC. One would need a 

combination of anode and cathode materials that provide 420 mAh/g and 220 mAh/g, respectively, as 

predicted by Argonne’s battery design model (BatPac), if one uses a 20% margin for energy fade over the life 

of the battery assuming an average cell voltage of 3.6 volts.  Therefore, the search for new high energy density 

materials for lithium-ion batteries (LIB) is the focus of this material benchmarking project. In addition to 

electrode materials, other cell components, such as separators, binders, current collectors, etc., are evaluated to 

establish their impact on electrochemical performance, thermal abuse, and cost.  

This benchmarking effort is conducted as part of the Cell Analysis, Modeling, and Prototyping (CAMP) 

Facility (Refer to Chapter VI.5) to identify and support promising new materials and components across the 

“valley of death”, which happens when pushing a new discovery towards a commercial product. The CAMP 

Facility is appropriately sized to enable the design, fabrication, and characterization of high-quality prototype 

cells, which can enable a realistic and consistent evaluation of candidate chemistries in a time-effective 

manner. However, the CAMP Facility is more than an arrangement of equipment, it is an integrated team effort 

designed to support the production of prototypes electrodes and cells. In order to utilize the facility more 

efficiently and economically, cell chemistries are validated internally using coin type cells to determine if they 

warrant further consideration. In addition, the bench marking will advance the fundamental understanding of 

cell materials and facilitate advance the technology development. 

Objectives 

• The primary objective is to identify and evaluate low-cost materials and cell chemistries that can 

simultaneously meet the life, performance, and abuse tolerance goals for batteries used in EV 

applications. 

• The secondary objective is to enhance the understanding of the impact of advanced cell components 

and their processing on the electrochemical performance and safety of lithium-ion batteries. 

• This project also provides the support to the CAMP Facility for prototyping cell and electrode library 

development, and the MERF facility for material scale up. 
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Approach  

Though there are an overwhelming number of materials being marketed by vendors for lithium-ion batteries, 

there are no commercially available high-energy materials that can meet all the requirements for all-electric-

range (AER) vehicle within the weight, volume, cost, and safety constraints established for EVs by DOE and 

the USABC. Identification of new high-energy electrode materials is one of the challenges for this project. 

 

Under materials benchmarking activities, we constantly reach out to, or are approached by, material developers 

to seek opportunities to test their advanced or newly released products. By leveraging Argonne’s expertise in 

electrode design and cell testing, we can provide not only a subjective third opinion to material suppliers, but 

also deeper understanding on their materials, which can aid their material development. This deep 

understanding becomes even more important when the material developers are small companies or new 

players, who often overlook overall requirements of battery materials.  

 

In addition to industrial partners, we also work closely with scientists from various research institutes, such as 

universities and research laboratories. They often come up with novel materials with advanced electrochemical 

performance, but small quantities, which is only enough for validation purpose. These test results help us to 

determine how much effort should be expanded to explore the material potential. 

 

In general, we will validate any potential cell material, which has impact on the cell performance, mainly in 

terms of electrochemical performance, electrode optimization, and thermal stability. The electrochemical 

performance is the centerpiece of the materials benchmarking activities, which will be tested using 2032-sized 

coin-type cells under test protocols derived from USABC PHEV 40 requirements [Battery Test Manual For 

Plug-In Hybrid Electric Vehicles, Idaho National Laboratory]. The freshly made coin cells will undergo three 

formation cycles at a C/10 rate. The cells are then tested for the rate performance. For the rate test, the 

charging rate is typically set at C/5, while the discharge rate varies from C/5, C/3, C/2, 1C to 2C. Three cycles 

are performed for each discharge rate. After the rate test, the cells then undergo cycling test at C/3 rate. During 

the cycling test, we change the current rate to C/10 every 10th cycle to check the rate effect. Also, Hybrid 

Pulse Power Characterization (HPPC) is conducted every 10th cycle, which will be used to calculate the Area 

Specific Impedance (ASI).  

 

This fiscal year, we have investigated various battery materials, such as cathode, anode, conductive additives, 

and solid-state electrolyte. In this report, we will report the progress on solid-state electrolyte, such as (solid 

polymer electrolyte and Li6PS5Cl). Lithium dendrite formation growth with all solid-state batteries (ASSB) 

was also investigated. The report also includes electrode optimization using carbon nanostructures provided by 

Cabot.   

Results  

Organic Solid State Electrolyte Processing Development  

Poly (ethylene glycol) diacrylate (PEGDA) has been used as a cross-linking agent to copolymerize with other 

monomers in the application of solid polymer electrolytes (SPE). Instead of UV curing, PEGDA based SPE 

were prepared through an in-situ thermal polymerization method of a blended precursor solution in liquid 

electrolyte.  

Two approaches were attempted to process SPE thin film, stand-alone thin film (Figure VI.6.1 (left)) and 

direct-casting SPE on electrode fabrication. The polymer electrolyte consists of PEGDA, LiTFSi, 

Glutaronitrile (GN) and 2,2-Azobis(2-methylpropionitrile (AIBN). The detailed composition is listed in Table 

VI.6.1. The impedance of stand-alone polymer electrolyte was tested using electrochemical impedance 

spectroscopy (EIS) at various temperature and the test results are shown in Figure VI.6.1 (right). The room 

temperature ionic conductivity is determined to be 0.14 mS/cm. 
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 Table VI.6.1 PEGDA polymer electrolyte compositions 

 

Figure VI.6.1 Image of free-standing polymer electrolyte (left) and electrochemical impedance spectra of solid polymer electrolyte 

at various temperatures (right) 

The electrochemical performance of the polymer electrolyte was tested using Li/LiFePO4 (LFP) half-cell. Both 

lithium anode and LPF cathode were coated with solid polymer electrolyte. The ASSB was cycled between 2V 

- 4V at 45oC.  As shown in Figure VI.6.2, very typical voltage profile and specific capacity were obtained for 

LFP electrode during formation cycle with C/20 rate. The cell capacity retention is about 86% after 50 cycles.  

 

Figure VI.6.2 Voltage profile (left) and cycle life (right) of Li/SPE/LFP cell 

Sulfide Based Solid State Electrolyte  

Li6PS5Cl was studied by collaborating with Northeastern University [1]. ASSB using Si as anode and 

LiNi0.8Co0.1Mn0.1O2 (NMC811) as cathode was fabricated and tested. Figure VI.6.3A illustrates the 

architecture of Si/SSE/NMC811 full cell. Figure VI.6.3B-E present the SEM image and EDX mapping of a 

cross-section of the full cell with cathode mass loading of 10 mg/cm2. The thickness of the cathode, SE, and 

anode layer are 62, 50, and 32 μm, respectively. Figure VI.6.3F-G presents the voltage profiles and differential 

capacity plot of the full cell at the first two cycles at the rate of C/20. Typical electrochemical characteristics of 

Si and NMC811 was obtained. Figure VI.6.3H shows the rate performance of the full cells with two different 

loadings (10 and 20 mg/cm2). Although the mass loading was doubled, the full cell with higher loading shows 

negligible overpotential increase at high rates. Figure VI.6.3I displays the long-term cycling. Both full cells 

with different loading have similar capacity retention – about 70% after 1000 cycles.  

 

Components PEGDA LiTFSI GN AIBN 

Weight % 40 30 30 0.1 
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Figure VI.6.3 (A) Schematic of the full cell where a thin SE membrane is utilized. (B) SEM image of a cross-section of the full cell. 

EDX element mappings of (C) Ni, (D) S, and (E) Si in the cross section of the full cell. (F) The galvanostatic charge and discharge 

profile of the full cell with cathode mass loading of 10 mg cm-2 at first cycle at the rate of C/20, and (G) the corresponding dQ/dV 

profiles. (H) Rate performance and (I) long-term cycling performance of the full cell with cathode mass loadings of 10 and 20 mg 

cm-2. 

Lithium Dendrites and Cracks in Solid State Electrolyte  

Lithium dendrites and cracks are the two main challenges for ASSB development. Working with University of 

North Carolina-Charlotte (UNCC), we studied these two issues using an electrochemical-mechanical model to 

directly couple dendrite growth and crack propagation from a physics-based perspective at the cell level [2]. 

The promising inorganic solid electrolyte LLZO is selected in this study. To generalize the model and describe 

crack propagation/dendrite growth from the cell level, the SE is modeled as a homogenized domain (Figure 

VI.6.4 left). Li metal and LiCoO2 (LCO) are used as the anode and cathode, respectively. We designate the 

pre-defect at the Li/SE interface to represent the unavoidable interfacial defects, such as voids, impurities, and 

cracks (pre-defects in different dimensions cause similar crack propagation behavior.   
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Figure VI.6.4 Schematics of the established model including geometry, boundary condition, and defect area (left), (a) voltage 

response and detected phase-field variable  at the LCO/LLZO interface at 1C charging rate; (b) dendrite  growth evolution ( = -1 

for dendrite/crack,   = 1 for intact solid electrolyte); (c) von Mises stress evolution Mises.  

With the pre-existing defect and under a 1C charging rate, the Li dendrite grows around the defect from the 

beginning of charge until the short circuit. Figure VI.6.4 summarizes the dendrite growth process using the 

battery model, mechanical model, phase-field model, and short-circuit model. According to the battery model, 

the battery voltage increases during the charging process until 423.8 s, at which point the dendrite leads to the 

short circuit and the voltage drops (Figure VI.6.4a). The phase-field model solves the evolution of crack 

propagation and feeds the phase-field variable  ( =1 for intact/no crack SE,  = -1 for crack/dendrite) to other 

models to affect the effective electrolyte conductivity in the battery model. The cracks initially become large in 

random directions, then transverse mainly in the direction from the anode side towards the cathode side (Figure 

VI.6.4b) (battery model to mechanical model). The cracks provide space for Li dendrite growth (mechanical 

model to phase-field model). In return, the Li dendrite affects the von Mises stress Mises and crack propagation 

(phase-field model to mechanical model). The strong correlation between the mechanical model and the phase-

field model leads to a similar von Mises stress and phase-field distribution within the SE, as shown in Figure 

VI.6.4c. 

Novel Carbon Nano Structures (CNS)  

CNS has been developed by Cabot Corp. It is well accepted that carbon nanotubes (CNT)can provide much 

better electronic conductivity due to its one-dimensional structure, which forms three-dimensional conductive 

networks in electrode. In addition to its superior conductivity, CNT can also improve the mechanical strength 

of battery electrodes, which is very critical to Si electrode to mitigate its volume expansion during cycling. The 

current challenge to apply CNT for battery is its high cost and uniform mixing.   

 

CNS, a branched CNT from Cabot, was used as received. SEM image in Figure VI.6.5 (left) shows its 

nanotube morphology. 1% CNS was blended with Paraclete Si powder and LiPAA binder to made Si 

electrode. As shown in Figure VI.6.5 (middle), very uniform CNS distribution was obtained. In addition, nano 

size Si particles were observed to be embedded in 3-dimensional network. In order to investigate the effect of 

CNS, total three Si electrodes were prepared, including carbon black as baseline. In addition, we also studied 

the binder effort on Si electrode using polyimide (PI). The compositions of three electrodes are listed in Table 

VI.6.2. Electrochemical performance of all three electrodes is shown in Figure VI.6.5 (right). It can be seen 

from 3rd formation cycle that Si electrode with only 1% CNS has higher specific capacity compared to Si 
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electrode with 10% C45 using same LiPAA binder. Even higher specific capacity was obtained for Si electrode 

using 1% CNS and 20% PI binder, which can be attributed to the better binding capability of PI binder. 

 

Figure VI.6.5 SEM images of CNS (left), Si electrodes with 1% CNS, and 10% LiPAA (middle) and electrochemical formation cycles 

of Si electrodes with carbon black, CNS, and polyimide (right).  

Table VI.6.2 Si Electrodes Compositions 

 

 

Conclusions   

We continued the development of all solid-state batteries (ASSB) at the CAMP Facility, focusing on process 

development of electrolyte separator preparation, electrode making, and ASSB fabrication.  

• We successfully fabricated the stand-alone polymer electrolyte film, which was tested in Li/LFP half-

cell.  

• Working with Northeastern University, we fabricated sulfide based ASSB and obtained good cycle 

life. 

• Working with University of North Carolina-Charlotte, we established an electrochemical-mechanical 

model directly coupling dendrite growth and crack propagation from a physics-based perspective at 

the cell level. 

• Carbon nanostructure (CNS) developed at Cabot was used as conductive additive. The CNS has 

potential to improve the electrochemical performance of Si electrode and energy density of lithium ion 

batteries.  
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Project Introduction 

The advancement of battery technologies that can meet the emerging demands for vehicle electrification 

requires in-depth understanding of the performance of early-stage pre-commercial batteries, state-of-the art 

commercial cells and the ability to adapt evaluation methods as mobility needs change. The Battery Test 

Center (BTC) at Idaho National Laboratory (INL) has been supporting the evolution of electrified 

transportation through high-quality, independent testing of electrical energy storage systems for more than 30 

years.  Independent testing provides data for quantitative assessment of the fundamental technology gaps that 

exist in early-stage battery development. Test methods and techniques are continuously improved to offer data 

on relevant metrics as vehicle applications evolve and as new core gaps are identified. Advancing electrified 

powertrain transportation including understanding both high-energy battery chemistries and high power, 

extreme fast charging needs, is a top priority in advancing how people and goods are transported in the United 

States.   As a designated core capability and lead test facility for the Vehicle Technologies Office (VTO), the 

BTC at INL directly supports the US Advanced Battery Consortium (USABC) and other VTO programs by 

providing discrete information on failure modes, mechanisms, and shortfalls in emerging technologies.  Gaps 

in performance relative to targets are used as a metric to guide future R&D priorities. 

The development and deployment of batteries in new, diverse applications requires both that the batteries 

function in the necessary environment as well as a deep understanding of their performance, life and expected 

failure mechanisms.  In the past the primary means to advance knowledge on performance and life was to test 

batteries for extended periods of time under a range of different scenarios. Testing of batteries in this manner 

can take upwards of a year to make reasonable estimations of life and to clearly identify failure modes and 

rates. The need to shorten the design and testing cycle if critical to bringing new battery chemistries and cell 

designs into emerging applications such as in stationary energy storage to support electric vehicle charging 

stations capable of extreme fast charging. 

Objectives 

The activities at the INL BTC are focused on providing high fidelity, science-based performance and life 

testing, analysis, modeling, and reporting. To ensure the alignment with future industry and government needs, 

it is a key objective to update test and analysis procedures as new concepts and design space become 

achievable. Refined procedures help identify promising future research paths and identify key fundamental 

gaps that need to be addressed. 

Approach  

With 20,000 square feet of laboratory space, the INL BTC is equipped with over 800 test channels for 

advanced energy storage testing at the cell-level (e.g., up to 7V, 300A), module-level (e.g., up to 65V, 1200A), 

and pack-level (e.g., 500-1000V, 500A).  Test equipment is programmed to perform distinct test profiles while 
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simultaneously monitoring for compliance with operating limits such as voltage, current and temperature. The 

output from such tests enables principles-based analysis to be performed that can aid in identification of key 

technology gaps.  

To ensure high quality, repeatable and dependable data is used for analysis, batteries and other energy storage 

devices are typically subjected to specific test sequences while housed inside precision thermal chambers.  To 

enhance performance testing across a wide range of thermal conditions, driven by automotive usage scenarios, 

the thermal chambers can be operated across a broad temperature range (e.g., -70°C to 200°C). This 

temperature range enables key information to be extracted by modifying the chemical kinetic degradation rates 

within the evaluated items and enables accelerated aging analysis. 

Successful performance testing and accurate life modeling are highly dependent on the fidelity of the acquired 

test data.  The INL BTC has developed advanced calibration verification and uncertainty analysis 

methodologies to ensure that voltage, current, and temperature measurements are within the tolerance specified 

by the test equipment manufacturer (e.g., 0.02% of the full scale).  These measured test parameters are 

subsequently used in various mathematical combinations to determine performance capability (e.g., resistance, 

energy, power, etc.).  INL has also quantified the error associated with these derived parameters using the 

accuracy and precision of the relevant measured parameter (e.g., voltage) to ensure high-quality and repeatable 

results and meaningful presentation. 

The INL BTC is also equipped with facilities that enable the characterization of batteries in aggressive use 

cases. One such use case is vibration that mimics what would be seen over the life of a battery in a typical 

automotive setting. Analysis of vibration on batteries at INL utilizes a high-capacity vibration table to perform 

non-destructive tests to understand reliability and safety of new cell topologies to mechanical vibration and 

shock. Emerging cell designs that vary from current state of the art cell designs are the focus of mechanical 

vibration and shock testing at INL.  

Adjacent to the vibration table are two fire-rated isolation rooms that can be used for tests that push the known 

limits of battery operation. These aggressive use cases include extreme fast charging, subtle over- or under-

charging, high-temperature thermal characterization for under-hood systems, among many others. The 

isolation rooms allow for safe testing of emerging cell technologies at or near the design limits and help 

characterize future use cases. The rooms also enable identification of key changes in performance fade that 

may emerge in aggressive use cases that can directly inform future rounds of early-stage material and cell 

development activities.  These complimentary non-destructive evaluation capabilities comprise INL’s Non-

Destructive Battery Evaluation Laboratory.   

Results  

The INL BTC continues to test articles of various sizes and configurations using standardized test protocols 

developed by INL with industry partnerships for different electric drive vehicle application.  Table VI.7.1, 

Table VI.7.2, and Table VI.7.3 summarize the testing activities under the USABC, Benchmarking programs 

and Low Cobalt FOA, respectively, for FY-22.  Technologies developed through USABC contracts are aged 

and tested against the appropriate application target (HP-EV, LC/FC-EV, HEV, PHEV, 12V S/S, 48V HEV) 

and, where applicable, they are compared to previous generations of test articles from the same developer. 362 

articles were tested for USABC in FY-22, including 2 modules and 360 cells.  The purpose of the Benchmark 

program is to evaluate device technologies that are of interest to VTO but are not deliverables developed under 

a contract. In some cases, Benchmark devices are used to validate newly developed test procedures and 

analysis methodologies. Benchmark activities also are used to understand which gaps need to be fundamentally 

addressed to improve cell performance. 28 cells were tested for the Benchmark program in FY-22.  A new 

testing program was started in FY-20 to evaluate deliverables from the VTO Low Cobalt FOA programs.  

Testing of the first round of deliverable cells was continued into FY-22, end of program deliverables were 

started in FY22 and are expected to continue into FY23.  The purpose of the program is to find Li-Ion battery 

chemistries that have little to no cobalt content.  84 cells were tested for the Low Cobalt program in FY-22. 
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Analysis was performed for all articles tested, and results were presented regularly at quarterly review 

meetings and USABC Technical Advisory Committee (TAC) meetings to USABC representatives from 

different automotive manufacturers, DOE VTO representatives, developers, and national laboratory staff.  INL 

worked with the USABC test methods committee to develop the methodology and update the manual for 

testing EV batteries. 

Table VI.7.1 Articles Tested for USABC 

Developer Application System 
Number of 

Articles Tested 

Status at Year 

End 

Farasis LC/FC-EV Cell 12 Completed 

Applied Materials HP-EV Cell 25 Ongoing 

Benchmark LC/FC-EV Cell 30 Ongoing 

Enpower LC/FC-EV Cell 24 Ongoing 

Farasis HP-EV Cell 15 Ongoing 

Farasis Recycle Cell 12 Ongoing 

Farasis Recycle Cell 12 Ongoing 

Farasis Recycle Cell 12 Ongoing 

Gotion HP-EV Cell 17 Ongoing 

Microvast LC/FC-EV Cell 24 Ongoing 

Microvast LC/FC-EV Cell 21 Ongoing 

Microvast HP-EV Cell 36 Ongoing 

Microvast HP-EV Module 2 Ongoing 

Nanoramic HP-EV Cell 18 Ongoing 

Saft HEV Cell 13 Ongoing 

Zenlabs LC/FC-EV Cell 23 Ongoing 

Zenlabs LC/FC-EV Cell 27 Ongoing 

Zenlabs LC/FC-EV Cell 28 Ongoing 

Zenlabs LC/FC-EV Cell 5 Ongoing 

Zenlabs LC/FC-EV Cell 6 Ongoing 

 

Table VI.7.2 Articles Tested for Benchmark 

Developer Application System 
Number of 

Articles Tested 

Status at Year 

End 

Applied Materials EV Cell 4 Ongoing 

Daikin EV Cell 24 Ongoing 
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Table VI.7.3 Articles Tested for Low Cobalt 

Developer Application System 
Number of 

Articles Tested 

Status at Year 

End 

Cabot Low Cobalt Cell 12 Completed 

Nextech-Nexceris Low Cobalt Cell 12 Completed 

ORNL Low Cobalt Cell 12 Completed 

UT – Austin Low Cobalt Cell 12 Completed 

Penn State Low Cobalt Cell 12 Ongoing 

Penn State Low Cobalt Cell 12 Ongoing 

UC - Irvine Low Cobalt Cell 12 Ongoing 

 

Collaborative work continued in FY-22 between the 21st Century Truck Partnership (21CTP) and INL.  This 

work has focused on developing battery specifications for commercial trucks with electric drives.  Targets 

were finalized for class-8 line-haul battery electric trucks, class-6 battery electric box truck, and class-4 battery 

electric step vans.  21CTP consists of OEM companies across the commercial vehicle market, DOE-VTO, and 

National Labs.   

Conclusions   

The ability to perform discrete performance and life evaluation of emerging technologies in an independent, 

reliable manner is a direct aid to the identification of key technology gaps. Over the course of FY-22, the INL 

BTC was able to directly support many different endeavors within VTO with a keen focus on advancing 

battery technologies for emerging trends in electrified transportation. As a core capability in performance and 

life analysis for VTO, INL has identified key performance fade modes that exist in cells and has advanced the 

understanding of performance and evaluation protocols for multiple programs funded by VTO and USABC.  A 

total of 474 devices were tested in FY-22. The work also continues to develop the update of the USABC EV 

test manual and the submission/acceptance of 2 peer reviewed manuscripts.  In FY-23, INL plans to continue 

this level of support for multiple programs with broad support for the USABC and Benchmark programs.  INL 

will also continue developing and refining standard test protocols and analysis procedures in collaboration with 

USABC and on providing information on core fundamental performance gaps that need to be addressed across 

VTO programs.  Also, in FY-23, INL will continue to work with the 21st Century Truck Partnership to build 

battery targets for next generation electric commercial vehicles and publication of their electrification roadmap 

for commercial vehicles.  
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Project Introduction 

The development and deployment of batteries in new, diverse applications requires both that the batteries 

function in the necessary environment as well as a deep understanding of their performance, life and expected 

failure mechanisms.  In the past the primary means to advance knowledge on performance and life was to test 

batteries for extended periods of time under a range of different scenarios. Testing of batteries in this manner 

can take upwards of a year to make reasonable estimations of life and to clearly identify failure modes and 

rates. The need to shorten the design and testing cycle is critical to bringing new battery chemistries and cell 

designs into emerging applications such as in stationary energy storage to support electric vehicle charging 

stations capable of extreme fast charging and the use of batteries in an assortment of different emerging areas 

of mobility. Connection of physics-based life models and machine learning (ML) provides the opportunity to 

enable more robust assessment of battery aging, failure mechanism identification and understanding as new 

use case scenarios are proposed. The current project is focused on means to apply ML to enhance the 

estimation of life while also identifying key failure pathways, building knowledge and algorithms transferrable 

to future designs and chemistries. During the first portion of the project existing data sets will be used for both 

training and validation of ML approaches to better characterize expected battery life. The work also looks to 

link ML with existing physics-based life models at INL and NREL.  

Work in this project is focused on clearly aligning physics-based models with experimental data, synthetic data 

as generated from different electrochemical models and advanced data analysis methods. As a combined set of 

efforts, it is envisioned that the time needed for validation of both performance and key failure modes will be 

significantly reduced. The project also aims to develop tools that will help in the design space to more quickly 

align different materials and design considerations with application-specific needs. The combined set of tools 

are targeting a robust experimental-modeling-analysis framework which will provide more discrete 

information to stakeholders and battery developers to enable technology innovation with rapid turn-around.  

Key contributions from this work during FY22 included the ability to expand deep learning and synthetic data 

generation tools to new chemistries, implementation of a protected battery datahub and a comparison of 

different life and failure mode prediction methods. The team also expanded synthetic data generation to 
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include the use of high-fidelity synthetic data which can inform on the condition of a battery on a cycle-by-

cycle basis. 

Objectives 

Key objectives during FY22 were aligned with expanded development of the tool architecture, demonstration 

of the ability to not just predict and validate performance at a fixed point in aging, but also the prediction of 

failure mode and failure mode extent and initiating the creation of a centralized datahub. These outcomes and 

objectives were be achieved through the direct linkage of physics-based life models with electrochemical 

models and targeted experimental characterization. The use of statistical, machine learning and deep learning 

methods complemented the other activities.  

Approach  

To achieve the project objectives the team has taken an approach that blends the use of physical data 

acquisition, synthetic data generation using electrochemical models and battery life models. The bulk of 

activities focused on the use of single layer pouch cells with a graphite/NMC532 or a 

graphite/NMC811chemistry that had undergone different types of fast-charging characterization. Additional 

analysis on LTO/LMO cells was performed. Cells were characterized across different rates with post-test 

analysis for targeted confirmation of failure modes and extent of failure modes. Synthetic data was generated 

using a combination of incremental capacity (IC) models and electrochemical models based on a pseudo-2D 

(p2D) framework. Both sets of models incorporate key elements of the cell design including chemistry and 

electrode details and also aspects of failure modes including loss of lithium inventory (LLI), loss of active 

materials at the positive (LAMPE) and negative (LAMNE) electrodes. The p2D model further included changes 

in transport and kinetic properties with aging for diagnosis of high-rate data. 

Advanced analysis used a combination of techniques including a suite of machine and deep learning 

frameworks, algebraic life models and targeted data extraction were used to analyze critical data for 

predictions. To maintain the link with physicality, analysis focused on using key electrochemical and 

environmental data points that inform both on how and why a cell is performing in a specific manner. For 

more complete details on each of the different tools used please refer to citations (Chen et al., 2021; Gasper et 

al., 2021; Kim et al., 2022; Kunz et al., 2021).  

Results  

During FY22 and in previous years several efforts have been underway to predict life and also develop rapid 

methods which can classify and quantify failure modes. These efforts are seen as being critical for advancing 

the validation of new technologies or to implement existing batteries into new applications. Critical to the 

work has been the advancement of methods to better understand loss of lithium inventory (LLI) and loss of 

active material (LAM). One specific set of tools used during FY22 was a combined approach to evaluate the 

efficacy of different methods to predict both life and failure mode for cells used in different uses and with 

different cell designs. This effort used a combination of sigmoidal rate expressions (SREs), synthetic data 

generation and different machine learning (ML) or deep learning (DL) techniques. As shown in Figure VI.8.1 

the combined methods are effective at predicting capacity for different use cases (in this case different fast 

charge protocols) and across different cell designs and builds. The methods also effectively classified LLI with 

both capacity and LLI predictions having error of less than 2% absolute error with overall error typically below 

3%. For each of the methods predictions were performed using less than three weeks of data. (Kim et al, 2022). 
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Figure VI.8.1 Comparison of prediction capability using three different methods for three different battery packs. The combined 

analysis was across 2 cathode chemistries, 2 different cell designs and multiple charge protocols. Predictions were made using 

either 125 or 225 cycles (Kim et al., 2022). 

Building on classification the team next focused on quantifying both performance predictions and failure 

modes. This required a slight shift in approach due to the sparse experimental data. To account for this 

limitation the team utilized an incremental capacity (IC) model which was used to generated extensive 

synthetic data sets (26,000). Using these and a deep learning approach it was possible to quantify failure mode 
(LLI and LAM) and predict capacity fade across several different conditions and use cases (Figure VI.8.1). 

This use of synthetic data significantly reduced the number of experimental resources needed and allowed both 
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rapid prediction and quantification of failure modes (Kim et al., 2021). Extensions of this work were able to 

additionally predict and quantify failure mode at 400+ cycles using as little as 100 cycles. 

The DL methods and synthetic data generation using incremental capacity (IC) models was also significantly 

expanded in FY22. During FY21 early work had generated data for a single graphite/NMC chemistry (Kim et 

al, 2021). This type of analysis uses models to generate more than 20,000 data sets which can be used to aid in 

the classification of failure modes using limited data. In addition to classification the tool can be used to 

predict and quantify failure using limited numbers of experimental reference performance tests (RPTs). An 

example of the expansion to other chemistries is included in Figure VI.8.2 where synthetic and experimental 

data for two different graphite/NMC cell types are shown in addition to LTO/LMO. Of distinct interest for the 

NMC811 and LTO/LMO data sets is that the DL methods were able to identify different aging pathways and 

groupings of cells based either on electrolyte content or variation in use case. The expansion to new battery 

active materials was to ensure continued support for DOE’s Behind the meter storage (BTMS) and eXtreme 

Fast Charge and Cell Evaluation of Li-ion Batteries (XCEL) projects. 

 

 

Figure VI.8.2 Examples synthetic data used for deep learning models for classification and quantification of aging mode. Three 

different sets of chemistries and multiple cell designs have been considered using this tool over the last 2 years (Kim et al., 

2022). 

The IC-based tools are useful for tracking LLI and LAM, however this quasi-thermodynamic analysis can only 

be applied to low-rate capacity data (~C/20) that is infrequently measured such as the data acquired during 

RPTs. The requirement for low-rate data necessitates that other methods which can apply to higher rate cycling 

or to cycle-by-cycle conditions be developed. To address this need in FY22 pseudo 2-dimensional (p2D) 

battery models were modified and used to generate synthetic data. Expanding on work in late FY21, the p2D 

model incorporated five aging parameters identified from experiments: LAMPE, LLI, τDs PE, Rct, and RΩ. 

LAMPE and LLI were obtained from afore-mentioned incremental capacity analysis. Changes in positive 

electrode diffusivity, attributed to NMC particle fracture, were obtained by fitting an exponential-relaxation 

model—with time constant τDs PE—to cycle-by-cycle end-of-discharge voltage (EODV) data. Charge-transfer 

and ohmic resistance changes, respectively ∆Rct, and ∆RΩ, were obtained from EIS measurements. The 

resulting p2D model compares favorably to voltage response and relaxation for all charge/discharge aging 

cycles throughout life as validated using experimental data.  

The high-fidelity (HF) synthetic data can show dramatic impacts at different charge and discharge rates and 

can predict the voltage response after a charge or discharge when the cell is sitting at rest. This information is 

critical to have as it can be incorporated into different analysis methods including the decision tree frameworks 

developed in FY21 to classify LLI from SEI growth or Li plating. (See Figure VI.8.3.) 
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Figure VI.8.3 Example HF synthetic data for different charge and discharge rates as well as for the voltage response after a charge 

or discharge event. The information from the HF synthetic data can be used in several tools developed over the course of the 

project.   

In FY22, the team continued to support development of predictive battery lifetime models and their integration 

into technoeconomic tools. These reduced-order models forecast battery capacity/power fade for arbitrary 

environments and charge/discharge use profiles. (See Figure VI.8.4.) 

• Using the team’s LFP, NMC, and LTO models, the BTMS-program simulated stationary battery 

lifetimes when employed at corner electric-vehicle fast-charging stations to minimize electric-utility 

demand charges for commercial facilities in several geographic markets (Guittet et al., 2022).  

• Simplified versions of lifetime models were integrated into the ReOpt open-source energy planning 

platform, a mixed-integer linear program that optimizes renewable energy system component sizes 

and dispatch at microgrid sites.  

• A publication documented extension of the AI-Batt lifetime model identification toolset to capture 

cycling fade in a commercial graphite/LFP battery and quantified lifetime uncertainty for several 

simulated use scenarios (Gasper et al., 2022).  

• Based on IC analysis of LTO/LMO aging data, the team developed reduced-order models tracking 

physical degradation mechanisms LAM and LLI. The resulting model predicts open-circuit potential 

and capacity changes for the LTO battery for any arbitrary aging condition. Future work will add 

resistance/polarization growth mechanisms to produce a performance-predictive aging model capable 

of reproducing current/voltage response throughout lifetime, including accelerated capacity fade 

caused by “knee” effects such as shifting electrode stoichiometries and resistance growth. 

 

https://reopt.nrel.gov/
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Figure VI.8.4 Reduced-order predictive models fit to IC analysis of data produces a model that reproduces low-rate open-circuit 

voltage (OCV) for any arbitrary aging scenario 

 

 

Enhancing the types of experimental data available to researchers for tool development has and will continue 

to be a focal point for research within this project. In FY22 there were several efforts to expand knowledge to 

the entire community on data tools. Several members of the team from both NREL and INL participated in a 

training course put on by the Materials Research Society (MRS) in the spring of 2022. The team also 

contributed to other efforts including a commentary on how to appropriately structure calendar life data to 

better enable machine learning tools (Dufek et al, 2022). The importance of considering data structuring was 

critical as the team further refined the vision for a research-focused data hub which has flexible access and 

ability to protect information across projects. Team members collaborated with an international team to outline 

approaches and standards for data sharing, define challenge problems, and create a roadmap for further 

collaboration on open-data and AI tools that can accelerate battery research, development, and deployment 

(Ward et al., 2022). (See Figure VI.8.5.) 
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Figure VI.8.5 A combination of the aspects which researchers need to consider when developing a calendar or cycle life testing 

regime (Dufek, 2022).  

Building on early activity in FY21 the team was able to create a pre-production data hub capable of hosting 

DOE battery R&D data and enabling sharing of datasets amongst DOE researchers and, for selected published 

datasets, the general public. The datahub leverages existing and approved infrastructure currently utilized 

throughout other DOE Energy Materials Network (EMN) and non-EMN data hubs. Importantly, the hub 

supports secure authentication and access mechanisms for users which will protect project-specific information 

and allow users to use tools developed as part of this project. In FY23 some of these tools will be incorporated 

into the data hub at https://batterydata.energy.gov and portions of the datahub will be accessible to an 

identified group of individuals beyond the contributors to this project. 

Conclusions   

Leveraging methods developed earlier in this project the ability to make performance, failure mode and life 

predictions using significantly less data has been demonstrated. Multiple methods have shown the ability to 

predict both performance and failure modes using limited data. Each of the methods demonstrated the ability to 

predict error to less than 3% across different cell chemistries and for different charge protocols. This is critical 

in adapting different ML techniques for emerging use cases.  

The team also expanded capability for synthetic data generation focusing both on high-fidelity synthetic data 

which opens opportunities for cycle-by-cycle analysis and expanding the use of IC-based tools for RPT-based 

analysis with new cell chemistries. The combination of these two advances positions the team to look at 

emerging chemistries and cell designs and to consider how to more rapidly move through performance 

validation and influence cell design.  

The datahub at Batterydata.energy.gov was prepared for internal use and should be in full production during 

fiscal year 2023.  
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VII Small Business Innovation Research (SBIR) 

Simon Thompson, DOE Technology Development Manager 

U.S. Department of Energy 

E-mail: Simon.Thompson@ee.doe.gov 

Project Introduction  

The Batteries R&D program at the Vehicle Technologies Office supports small businesses through the Small 

Business Innovation Research (SBIR) and Small Business Technology Transfer (STTR) programs.  Both were 

established by law and are administered (for all of DOE) by the Small Business Administration Research 

(SBIR) office within the DOE Office of Science.  Grants under these programs are funded by set-aside 

resources from all Extramural R&D budgets; 3.0% of these budgets are allocated for SBIR programs while 

0.45% for STTR grants.  Grants under these programs are awarded in two phases: a 6-9 month Phase I with a 

maximum award of $200,000 and a 2 year Phase II with a maximum award of $1.1M.  Both Phase I and Phase 

II awards are made through a competitive solicitation and review process. 

Objectives  

Use resources available through the Small Business Innovation Research (SBIR) and Small Business 

Technology Transfer (STTR) programs to conduct research and development of benefit to the advanced 

batteries program within the Vehicle Technologies Office. 

Approach 

The advanced batteries team participates in this process by writing a topic which is released as part of the 

general DOE solicitation.  Starting in FY12, the advanced batteries team decided to broaden its applicant pool 

by removing specific subtopics and allowing businesses to apply if their technology could help advance the 

state of the art by improving specific electric drive vehicle platform goals developed by the DOE with close 

collaboration with the United States Advanced Battery Consortium. 

Results 

Phase II Awards Made in FY 2022 

Under the SBIR/STTR process, companies with Phase I awards made in FY 2021 were eligible to apply for a 

Phase II award in FY 2022. The following three Phase II grants were awarded: 

Real-time Electromagnetic Characterization of Thermal Runaway Conditions in Li-ion Modules (Parthian 

Energy LLC, Pasadena, CA) 

A real-time module screening detection technology to reduce increase safety and reduce cost Parthian Energy 

is developing a rapid battery diagnosis product, PES, which can detect internal short circuits in a few minutes, 

either during manufacturing or during use. 

Domestic Halloysite-Derived Silicon as a Low-Cost High-Performance Anode Material for Li-Ion Batteries 

(Applied Minerals Inc, Eureka, UT) 

To enable the widespread adoption of electric vehicles, the cost of lithium-ion battery electrode materials must 

be reduced. This project will enable commercial production of high-performance, low-cost battery electrode 

material through an innovative process derived from a unique domestic mineral resource found in Utah. The 

technology provides a large cost savings on the production of silicon anode material compared to current 

methods for lithium-based batteries providing enhanced range in the transportation sector. 

mailto:Simon.Thompson@ee.doe.gov
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Optimizing the Silicon anode interfacial stability to achieve high energy, fast charge Li-ion EV batteries at 

scale (Graphenix Development Inc, Rochester, NY) 

Graphenix Development Inc (GDI) is developing coatings and optimizing battery electrolyte composition to 

protect the surface of a 100% Si anode, which offers very high energy density while avoiding issues of Si-

graphite composite anodes. Their technology also aims to reduce the pressure required for optimal 

performance in order to meet limitations set by electric vehicle producing companies. 

Phase I Awards Made in FY 2022 

Six Phase I grants were awarded in the summer of FY 2022. 

Next Generation of High Energy Density Batteries at Low Cost (NanoHydroChem, LLC, Amherst, NY) 

This project led by NanoHydroChem, LLC advances the state of the art in less-expensive, longer-range 

lithium-based batteries for transportation based on validation and scale-up of novel silicon anode materials. 

The silicon active material will be integrated into up to 80% Si anode content. Silicon (Si) is considered as one 

of the promising candidates for anode materials to replace graphite in the focused effort to increase the energy 

density of batteries in the transportation sector. This project led by NanoHydroChem, LLC addresses this 

effort through the development of an innovative anode design with up to 80% Si content. By utilizing silicon 

waste from the solar and semiconductor industry, this technology aims to reduce industry waste and to be 

drop-in compatible with current battery manufacturing production lines. 

Robust In Situ-Formed Polymer Electrolytes for Stabilizing High-Silicon Content Anodes (Anthro Energy, 

Inc., San Jose, CA) 

This project led by Anthro Energy, Inc. pushes the limits of state-of-the-art lithium-ion batteries through the 

incorporation of a polymer electrolyte with a silicon-graphite composite anode demonstrating extreme 

mechanical and electrochemical performance. This technology facilitates increased battery competitiveness in 

the transportation sector through cost reduction and longer-range of lithium-based batteries.  

Reliable Fabrication of All-Solid-State Lithium Batteries with High Cell-Level Specific Energy (LiBeyond, 

LLC, Pearland, TX) 

This project led by LiBeyond, LLC advances the state of the art in less-expensive, longer-range lithium-based 

batteries for transportation. manufacturing process for thin, durable electrolyte layers is a step towards 

improved solid-state batteries that will hasten the decarbonization of the transportation sector. Fast charge and 

long-range capabilities are necessary for facilitating the wide-spread adoption of electric vehicles. To address 

this, LiBeyond, LLC is utilizing advanced quantitative analysis techniques to develop improved and thinner 

solid-state electrolytes for lithium metal batteries. Cheaper and more robust solid-state batteries will hasten the 

transportation sector’s push to reduce greenhouse gas emissions. 

High-Energy, High-Power Solid-State Li-ion Battery (SSLiB) Cells Based on High-Voltage 5V Electrode for 

Electric Drive Vehicle Applications  (BioEnno Tech, LLC, Santa Ana, CA) 

BioEnno Tech, LLC has developed a novel class of all-solid-state lithium-ion batteries utilizing a composite 

solid-state electrolyte, high voltage cathode, and high-capacity lithium metal anode. The combination of these 

materials is a significant step towards the decarbonization of the transportation sector by addressing major 

concerns in electric vehicles of battery safety, increased range, and operation in extreme temperature.  

Ultrafast Calcination of Lithium Ion Battery Cathode Materials (Vuronyx Technologies, Arlington, MA) 

One of the major hurdles for the adoption of electric vehicles is the increased cost due to high battery prices. 

Much of this cost is due to a single component of batteries, the cathode. This technology developed by 

Vuronyx Technologies addresses the high cathode cost through a new processing method for cathode active 

materials (CAMs). They utilize a NMC chemistry-agnostic flame-assisted spray pyrolysis synthesis (FASP) 

method to reduce the energy use, water use, emissions, and time of traditional CAM manufacturing methods. 

In particular, this method can reduce the processing time from 10-20 hours to 20-40 minutes. 
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Novel High-Capacity Composite Anodes for the Upcycling of Spent Graphite from End-of-Life Lithium-Ion 

Batteries  (Semplastics EHC, LLC, Oviedo, FL) 

This project led by Semplastics EHC, LLC advances the state of the art in lithium-based battery recycling 

through novel process development. Demonstration of graphite anode upcycling with improved energy density 

will ensure that less used battery materials end up in landfills and decreases the carbon footprint of the battery 

supply chain. Reduction of industry reliance on foreign sources for battery-grade materials is supported 

through recycling/upcycling efforts. The project will accomplish graphite upcycling through transforming 

impure graphite material into a new polymer-derived ceramic anode materials for the next generation of 

lithium-based batteries. 
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VIII Next Generation Lithium-Ion Materials: Advanced 

Anodes R&D 
The growing need to decarbonize the transportation sector with lower cost PEV batteries has led to the search 

for higher energy and lower cost materials. Silicon is an earth-abundant element that provides much higher 

capacity (approximately 10 times that of currently used graphite) and results in cells that are easily fast 

charged.  However, silicon anodes undergo significant volume change (as much as 300% change per cycle), 

which can lead to stress buildup and particle cracking.  In addition, the interface between lithiated silicon and 

most electrolytes appears to be unstable, leading to relatively poor calendar life.  

DOE has funded both applied and fundamental research into silicon anodes for many years and the 

performance of those anodes have improved significantly.  Just a decade ago, moderate energy density cells 

with majority silicon anodes achieved only 100-200 cycles.  Today, some automotive sized cells (10-50 amp-

hours) achieve well over 1000 cycles and over 300Wh/kg, significantly higher than most graphite-based cells. 

Developers and researchers are testing anodes with 100% silicon (such as Amprius and Evonix), and various 

blends of silicon, silicon oxide, or silicon carbide, with graphite (such as Ionblox, Farasis Energy, Nanograf). 

With the higher capacity of silicon, the anode thickness in silicon containing cells is much thinner than that in 

graphite cells of the same energy, leading to improved fast charge performance.  While the cycle life of silicon 

has now improved to meet and even exceed EV targets, the calendar life remains a significant concern, driven 

by the lack of a stable anode/electrolyte interface.  

Improving this unstable solid electrolyte interphase (SEI), is the focus of the SEISTa (Silicon Electrolyte 

Interface Stabilization) program.  This consortium is led by researchers from the National Renewable Energy 

Laboratory, with participation of researchers from Argonne National Laboratory, Lawrence Berkeley National 

Laboratory, Oak Ridge National Laboratory, Sandia National Laboratories, and several universities.  

The work in SEISTa is organized into several thrusts that are investigating: novel silicon materials; electrolyte 

solvents, salts, and additives; novel electrode designs; new and improved binders; advanced diagnostics and 

modeling; and mechanical and thermal analyses. The focus of each group and activity is to understand the root 

cause of the poor calendar life of Si anode containing cells and to improve it significantly. 

The rest of this chapter contains detailed reports on the status of the following individual projects. 

• Silicon Consortium Project (NREL, ANL, PNNL, SNL, ORNL, LBNL) 

• Si-Based Li Ion Batteries with Long Cycle Life and Calendar Life (PNNL) 

• Silicon Anode Seedling Project (ANL) 

• Seedling Project: Two-Dimensional Silicon Nanostructures for Improved Silicon Anode Cycling 

Stability (Brookhaven National Laboratory, Stony Brook University) 

• Integrated Modeling and Machine Learning of Solid-Electrolyte Interface Reactions of the Si Anode 

(LBNL) 

• Advanced Anode Manufacturing through Ultra-Thin Li Deposition (Applied Materials, Inc.) 

• Structurally and Electrochemically Stabilized Si-rich Anodes for EV Applications (Enovix 

Corporation) 

• Rationally Designed Lithium-Ion Batteries Towards Displacing Internal Combustion Engines 

(Group14 Technologies) 

• Ultra-Low Volume Change Silicon-Dominant Nanocomposite Anodes for Long Calendar Life and 

Cycle Life (Sila Nanotechnologies) 

• Solid State Li Ion Batteries Using Si Composite Anodes (Solid Power Inc.) 

• Fully Fluorinated Local High Concentration Electrolytes Enabling High Energy Density Si Anodes 

(Stony Brook University) 
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• Devising mechanically compliant and chemically stable synthetic solid-electrolyte interphases on 

silicon using ex situ electropolymerization for long cycling Si anodes (University of Delaware) 

• Rational Electrolyte Design for Li-ion Batteries with Micro-sized Si Anodes (University of Maryland, 

College Park) 

• Silicon Consortium Project (SCP) (PNNL) 

• Thin-film lithium metal manufacture by room temperature electrodeposition (Albemarle Corporation) 

• Pre-Lithiation of Silicon Anode for High Energy Li Ion Batteries (Stanford University) 

• Free-Energy Driven Approaches to Self-Forming and Self-Terminating SEIs on Si Anodes (LBNL).  
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VIII.1 Silicon Consortium Project (NREL, ANL, PNNL, SNL, ORNL, 
LBNL) 

Anthony K. Burrell, Principal Investigator 

National Renewable Energy Laboratory 

15013 Denver West Parkway 

Golden, CO, 80401 

E-mail: Anthony.Burrell@nrel.gov  

Brian Cunningham, DOE Technology Development Manager  

U.S. Department of Energy 

E-mail: Brian.Cunningham@ee.doe.gov  

Start Date: October 1, 2020 End Date: September 30, 2025  

Project Funding (FY22): $7,500,000 DOE share: $7,500,000 Non-DOE share: $0 
 

Project Introduction 

The current energy storage roadmap for transportation has identified next-generation anodes as key 

components leading to the development of electric vehicle battery packs costing less than $100/kWh by 2028. 

While the cycle life of silicon (Si)-based cells and the overall capacity have improved significantly, calendar 

life achieves only ~10% of the target. Historically, Si anode research has focused on the large crystallographic 

expansion (~320%) that Si experiences upon lithiation to form LixSi. However, it has become clear that other 

failure mechanisms are also present. Specifically, the limited calendar life of Si cells demonstrates that a 

passivating solid-electrolyte interphase (SEI) does not form on the Si anode. This program will remove the 

barriers associated with the development of advanced lithium-ion negative electrodes based upon Si as the 

active material, with a specific focus on understanding the formation and evolution of the SEI on Si to solve 

the calendar life challenge.  

Objectives 

The targets for this project detailed in the lab call require the delivery of >2-Ah full cells, with Si-based 

anodes, that deliver 1,000 cycles at C/3, have useable energy >375 Wh/kg, energy density >750 Wh/L, and a 

calendar life >10 years. Meeting all these requirements in a single cell will require a comprehensive program 

to understand the limits of Si SEI stability and cell design. 

For FY22 the milestones were:  

• Q1: Have established single-layer pouch cell build protocols for the Silicon Consortium Project 

(SCP).  

• Q2: Identify a silicon baseline material source and route to reproducibly scale its production or 

purchase commercially to 600 g for the Q4 build.  

• Q3: Determine whether mechanical perturbation of the SEI impacts calendar life. 

• Q4: Identify active cell components and cell designs to achieve stable calendar life electrode 

performance with a cell build capable of completing 1,000 cycles with <20% capacity fade and >3-

year calendar life, using an NMC 811 cathode. Cells will be on test by the end of Q4, and testing will 

be complete in FY23. 

Approach  

Understanding the Relationship Between Calendar Life and Mechanical Properties of Silicon Electrodes 

Silicon has over 10 times the theoretical capacity of graphite anodes. Problems with large volume change and 

short cycle life have been greatly improved through the use of nanomaterials. Poor calendar life remains a 

hinderance toward the commercialization of high-silicon-loading lithium-ion batteries. An unstable SEI is 

mailto:Anthony.Burrell@nrel.gov
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thought to be at least partially responsible for the rapid decline in cell performance with time. The SEI is 

potentially degraded by both mechanical perturbation during cycling and chemical degradation during calendar 

aging. Standard calendar aging tests include periodic cycling to evaluate the extent of calendar aging. 

Therefore, cycling during calendar aging tests may contribute to calendar aging due to mechanical perturbation 

of the SEI with these cycles. Previous work by the consortium, including microcalorimetry and the comparison 

of calendar aging when Si is cycled on rigid/flexible substrates, provided evidence that SEI passivation may 

“reset” due to mechanical SEI degradation every time it is cycled between rest periods in the calendar aging 

test protocol. Cycles in calendar aging tests are called reference performance tests (RPTs). The work for this 

milestone built off these initial findings to understand if calendar life is affected by both chemical and 

mechanical SEI degradation, or if it is dominated by chemical degradation. 

Isothermal microcalorimetry was used to show that RPT cycles during calendar aging tests cause a spike in 

heat generation that is likely associated with mechanical perturbation of the SEI during cycling. Then, calendar 

aging tests were performed in which the RPT frequency was varied during calendar aging rest periods, but the 

total number of cycles and total time were kept constant, to identify whether RPTs degraded calendar life.  

Results  

Demonstration of Long-Cycle-Life Silicon Anodes in 811 Full Cells 

The SCP is focused on the mitigation of calendar life, but it also has targets that relate to cycle life and energy 

density. In the past year, we have demonstrated multiple silicon materials in full cells that meet the cycling 

requirements in full cells. An example is shown Figure VIII.1.1 using boron-doped silicon prepared using 

plasma-enhanced chemical vapor deposition.  

 

Figure VIII.1.1 Performance of a silicon electrode with gravimetric capacity >1,000 mAh/g at C/3 in an 811 full cell.  

Identification of the Silicon Source and Route to Scale for the 2-Ah Full Cell Build 

One of the challenges the SCP has had to overcome is the utilization of a baseline silicon material. Previous 

efforts have demonstrated commercial suppliers of silicon produced materials that exhibited significant batch-

to-batch reproducibility issues as evident by variations in particle sizes, particle homogeneity, and surface 

chemistry as measured through zeta potential measurements. These batch-to-batch irregularities impacted 

cycling performance through a change in surface chemistry that directly impacted electrode processing and the 

resulting electrode homogeneity. Further, these variations in particle sizes negatively impacted the electrode 

performance by shifting electrochemical diffusion process time domains (longer in larger particles), as well as 

changes in SEI chemistry due to large variations in particle surface areas. 
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For these reasons, the SCP undertook a major effort to synthesize (1) reproducible (particle size, zeta potential) 

and (2) scalable (>500 grams) silicon for the entire consortium to use. The consortium prepared a baseline 

silicon powder through a mechanical milling processes. This material was distributed to the entire consortium 

for use in their studies, as well as to Argonne National Laboratory’s Cell Analysis, Modeling, and Prototyping 

(CAMP) facility for the build of the Q4 cells. Further, material is available to researchers interested in 

baselining their material’s performance by reaching out to Gabriel Veith at Oak Ridge National Laboratory at 

no cost. Finally, while the material used in the Q4 build is considered the SCP baseline material, this baseline 

will shift up as improvements in materials chemistry are implemented. 

For the Q2 milestone, boules of silicon were cleaned in a multistep process involving hot acetone, methanol, 

hot ammonia hydroxide/hydrogen peroxide (3:1), and finally an HF dip (5%) followed by rinsing in 18-MW 

deionized water. The materials were pulverized into powders <18 mesh and then high-energy-milled through a 

combination of planetary and attrition milling. Sacrificial solvents were employed to prevent refusing of 

particles during the energetic milling process. For the Q2 milestone, it was determined that a sacrificial 

additive of PC produced a highly reproducible product. One thousand grams of material were produced and 

shipped to CAMP for the Q4 build. 

Table VIII.1.1 shows representative particle size data as measured by light scattering from several batches of 

materials along with surface zeta potential. Each batch was milled with PC following a preset procedure with 8 

minutes of milling and 20 minutes of rest (repeat 6 times). Note that the reaction in highly exothermic, and 

care should be taken to start with small quantities. The samples were exposed to air and allowed to passivate 

prior to removal and separation. The resulting particle size is about 223 nm with a tight particle size 

distribution. The particles have a zeta potential greater than 35 mV, indicating their stability in solution during 

electrode formation. Other solvents were investigated (NMP, DME, VC, DMC, hexane), but PC was 

determined to form the most reproducible particles. The current hypothesis is the high boiling point of the PC 

(242°C) with the high dielectric strength yields an ideal protective coating on the surface. From X-ray 

spectroscopy, the amount of residual carbon/PC appears to be quite small (<<<1 wt%).  

Table VIII.1.1 Batch-to-Batch Reproducibility of PC-Milled Silicon for SCP Baseline 

Batch Diameter (nm) Diameter Error (nm) Zeta Potential (mV) 

1 233 9  

2 213 15 −49 

3 219 8 −41 

4 240 18 −45 

5 242 27  

6 266 55  

7 228 32  

8 213 11 −42 

9 226 10 −46 

 

Figure VIII.1.2 shows representative cycling data measured at C/10 and C/2 for the milled silicon mixed with 

10 wt % C45 carbon black and 10 wt % P84 polyimide binder. One can see excellent cycling performance 

consistent with metallic-like silicon. This baseline material was used for the Q4 sample build and is available 

to the consortium team members. Further, the milling team continues to make improvements to the surface 

chemistry of the silicon material, which will become the next generation of baseline material. 
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Figure VIII.1.2 Capacity versus cycle number for milled silicon at various weight loadings. 

Understanding the Relationship Between Calendar Life and Mechanical Properties of Silicon Electrodes 

Isothermal microcalorimetry was performed on 80% silicon–LiFePO4 coin cells after formation, after ~3 

weeks of rest, and after three RPT cycles. A heat increase was observed after the RPTs, implying there is an 

increase in instability and poorer passivation of the SEI after cycling. There are other possible sources of heat 

generation, such as lithium diffusion and subsequent relaxation within the silicon; however, due to the 

sustaining increase in heat generation (measured for several days after cycling completed), it seemed more 

likely to result from increased reactivity due to a decrease in SEI passivation. This is corroborated by modeling 

of the current decay during repeated voltage holds performed on similar silicon–LiFePO4 cells. The 

irreversible current for a voltage hold extrapolated from the previous voltage hold was less than the actual 

irreversible current. This could indicate increased parasitic reactions due to SEI perturbation during the cycles 

between voltage holds and contributed to the motivation for calendar life testing with varied RPT frequency. 

To further understand the extent to which mechanical SEI perturbation during RPTs contributes to calendar 

aging, calendar aging tests with varied RPT cycling frequency were performed. The goal of these tests was to 

separate the impact of RPT cycling from calendar aging time. Coin cells containing 80% silicon–NMC622 and 

graphite–NMC622 were fabricated and tested with 1-week, 2-week, 1-month, 2-month, and 3-month rest 

periods between RPTs over a 6-month period. After 6 months, the cells were cycled continuously until all cells 

had approximately the same time since assembly and the same total number of cycles. Figure VIII.1.3 and 

Figure VIII.1.4 show little variation in the capacity fade with varied RPT frequency, which implies that the 

time since assembly is the dominant factor in determining capacity fade. Contrastingly, plots of these same 

data versus cycle number show a much greater variation with capacity fade until the end of the test when the 

number of cycles (and also time) were the same for all data sets. This result implies that the cycle number is 

not the dominant factor in determining capacity fade during calendar aging tests, and the time since assembly 

instead correlates most strongly with capacity fade.  Figure VIII.1.4 shows shorter rest times between RPTs 

than Figure VIII.1.3. RPT frequency has more impact on capacity fade during calendar aging when the aging 

times are shorter. This implies that as rest time increases, SEI perturbation resulting from RPTs impacts 

calendar life less. For shorter rest periods, the interruption of the SEI with cycling is more likely to impact 

calendar life estimates. Despite this trend, time since assembly still correlates more strongly with capacity fade 

than cycle number.  

Surprisingly, graphite–NMC622 cells showed significant capacity fade during calendar aging tests. Graphite–

NMC622 pouch cells were tested as a comparison. Figure VIII.1.5 shows that pouch cells exhibit better cycle 

and calendar life behavior than coin cells, suggesting that pouch cells should be used for calendar aging tests.  
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Figure VIII.1.3 Variable RPT calendar life aging tests with 720, 1,440, and 2,160 hours of rest at open circuit between groups of 

three RPT cycles on graphite (A, B) and 80% silicon (C, D) versus NMC622 in coin cells. 
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Figure VIII.1.4 Variable RPT calendar life aging tests with 168, 336, and 672 hours of rest at open circuit between groups of three 

RPT cycles on graphite (A, B) and 80% silicon (C, D) versus NMC622 in coin cells. 

 

 

Figure VIII.1.5 Graphite–NMC622 pouch cells compared to coin cells for A) calendar life tests with 336 hours of rest at open 

circuit between groups of three RPT cycles and B) constant 0.1C cycling. 

Conclusions   

Demonstration of Long-Cycle-Life Silicon Anodes in 811 Full Cells 

The SCP has demonstrated silicon anodes that can cycle for >1,000 cycles at C/3 against a high-nickel 

cathode. Anodes with this performance will be used to target and mitigate calendar life issues. 



FY 2022 Annual Progress Report 

 Next Generation Lithium-Ion Materials: Advanced Anodes R&D 455 

Identification of the Silicon Source and Route to Scale for the 2-Ah Full Cell Build 

The Q2 milestone was accomplished through mechanochemical milling of silicon boules in sacrificial 

propylene carbonate solvent. Particles were approximately 223 nm in diameter with a high zeta potential and 

could be made at scales in excess of 1 kg. The reproducibility was evaluated over 30 times. 

Understanding the Relationship Between Calendar Life and Mechanical Properties of Silicon Electrodes 

Mechanical perturbation of the SEI does likely impact calendar life, but the impact is shown to be minimal in 

comparison to chemical degradation. Therefore, understanding and mitigating chemical degradation pathways 

should be prioritized. 
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Project Introduction 

Silicon (Si) has been regarded as one of the most promising anode materials for next generation lithium-ion 

batteries (LIBs) because it has 10 times higher theoretical specific capacity (4200 mAh/g) than that of graphite. 

However, severe volume change (~300%) of Si during lithiation and delithiation hinders the practical 

application of Si anode.   In the last decade, significant progresses have been made on the specific energy and 

cycle life of Si based LIBs.  However, calendar-life of these batteries is still less than two years which is far 

less than 10-year target required by DOE. 

Objectives 

In this project, we will investigate the mechanisms of short calendar life of Si based LIBs and extend their 

cycle life using porous Si materials and localized high concentration electrolytes (LHCEs) tailored to improve 

the stability of SEI layer on the surface of Si particles. The scalability of the production process of the porous 

Si materials will also be studied in order to reach the goals required by DOE’s EV program. 

Approach  

• Investigate the mechanisms of short calendar life of Si based LIBs through post-mortem analysis of 

the cathode, Si-based anode, and electrolyte after storage to identify the main factors affecting 

calendar life of Si based LIBs. Detailed characterizations will be carried out to study the structure and 

composition evolution of both cathode and anode after calendar life test, especially the properties of 

SEI/CEI layers. 

• Study crosstalk effect on calendar life in Si based LIBs by storing cathode and anode separately. 

• Tailor localized high concentration electrolytes (LHCEs) to improve the stability of SEI layer on the 

surface of Si particles.  SEI layers formed in LHCEs is rich in inorganic components such as LiF and 

Li2O. These SEIs have a much better mechanical stability and can tolerate large volume expansion of 

Si particle without break down and expose Si directly to electrolyte, therefore largely minimize the 

continuous growth of high impedance SEI layers. 

  

mailto:jiguang.zhang@pnnl.gov
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Results  

1. Investigate the mechanisms of short calendar life of Si based LIBs 

We investigated the failure mechanism responsible for limited calendar life of single layer pouch (SLP) cells 

(~64 mAh, p-Si/C||NMC622) using the USABC calendar life test protocol.  Micron sized porous Si with nano-

pores (named p-Si/C) developed in PNNL was used in this work.  Electrolyte used in this work is a LHCE 

consists of LiFSI-2DMC-0.1EC-0.1FEC-3TTE (by mol.). Both anode and cathode have been evaluated at 

55°C after 120 days. Pristine electrodes were also evaluated as a reference.  Figure VIII.2.1a and b show the 

STEM images of the P-Si/C particles retrieved from the pouch cell after 120 days storage at 55°C.  

A thick SEI layer is found on the outside of the p-Si/C particle (Figure VIII.2.1a). The p-Si/C particle is 

wrapped by a broken shell which is attributed to the SEI layer. The thickness of the SEI layer is estimated to be 

about 100 nm. Figure VIII.2.1b shows the cross-section of a particle.  Other than a rough SEI layer on outside, 

inside of the p-Si/C particle after storage test has similar feature to the pristine p-Si/C (Figure VIII.2.1c). These 

results indicate that the p-Si/C anode did not undergo significant particle level structural change during storage 

and the main change to the p-Si/C particle is the formation of SEI layer on the surface of particles. During the 

calendar life test, the anode is  mainly stored at 100% SOC in expanded state without repeated volume 

expansion/shrinkage, which induced little structure degradation inside of particles.  This is in sharp contrast to 

a similar p-Si/C particle after 450 cycles (cycling time is also about 120 days) coupled with the same NMC622 

cathode at 25 oC as shown in Figure VIII.2.1d.  The p-Si/C particle after long term cycling shows an etched 

surface caused by repeated volume change.    

 

Figure VIII.2.1 (a). STEM images of (a and b) p-Si/C particle after calendar life test (120 days at 55°C), (c) pristine p-Si/C particle 

before testing and (d) p-Si/C particle after 450 cycles at 25°C. 

The composition of the anode has also been studied by EDS. Figure VIII.2.2 shows the EDS mapping of a p-

Si/C particle. O, C, S and F are from the electrolyte used in this study which contains LiFSI as salt and 

oxygen-containing solvent. The contour of Si signals is smaller than those of O, C, S and F, which indicates 

the formation of SEI layer on p-Si/C particle surface. In addition, the Si contour is smooth, showing that bulk 

of Si particle experienced much less structure change as those observed in cycled p-Si/C particles. 
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Figure VIII.2.2 EDS mapping of a p-Si/C particles after calendar life test (120 days at 55°C). 

Figure VIII.2.3 shows the STEM images of the NMC622 particle after 120 days storage at 55°C. Compared to 

pure layered structure of the pristine NMC622 particle (Figure VIII.2.3b), a CEI layer of 2.5-5.5 nm thick and 

a disordered rock salt layer of 5.5-7.5 nm thick are clearly observed on top of layered structure of NMC622 

particle. This structure evolution is similar to those observed on the NMC622 particle after 450 cycles at 25°C 

as shown in Figure VIII.2.3c (cycling time is also about 120 days).  NMC622 particle after long-term cycling 

also exhibits a 5 nm thick rock salt layer (Figure VIII.2.3c).  It is well known that the rock salt layer in 

NMC622 particle can lead to large impedance increase on cathode.  This is consistent with our previous 

finding that EOL cathode retrieved from p-Si/C||NMC622 cell after storage test plays a dominate role on the 

overall impedance increase of EOL cells. 

 

 
 

Figure VIII.2.3 STEM images of (a) NMC622 particle after calendar life test (120 days at 55°C), (b) pristine NMC622 particle 

before testing and (c) NMC622 particle after 450 cycles at 25°C. 

2. Develop new electrolytes to improve the calendar life of Si-based LIBs 

Based on the data above, the impedance growth largely originates from both SEI layer on the Si-based anode 

and CET layer on the NMC cathode. In order to improve the calendar life during high temperature storage, the 

improvement on the interphase stability of both anode and cathode is required. Toward this goal, new 

electrolytes have been explored. These new electrolytes need to be stable at a wide temperature range required 

by USABC’s testing protocol.  Table VIII.2.1 shows the composition of the new electrolytes used to improve 

the high temperature performance of Si-based LIBs.  Full cells consisting of PNNL’s micron sized nano Si/C 

composite anode and NMC622 cathode (3.3 mAh/cm2) were tested in the new localized high concentration 



FY 2022 Annual Progress Report 

 Next Generation Lithium-Ion Materials: Advanced Anodes R&D 459 

electrolytes with LiFSI salt, two different solvents, and two different additives. LiPF6 in EC-PC-EMC (1:3:6 

by wt) + 1 wt% VC + 7 wt% FEC was used as a baseline.  The full cells were cycled at both room temperature 

(25oC) and 45oC for initial evaluation. The voltage range of full cells is 2V - 4.2V with 0.7C charge rate and 

0.5C discharge rate. The cells were tested as prepared without prelithiation or other pretreatments. 

Table VIII.2.1 Electrolyte composition 

Si-baseline 1.2M LiPF6 in EC-PC-EMC (1:3:6 by wt) + 1 wt% VC + 7 wt% FEC 

E1 LiFSI-2DMC-0.2EC-3TTE+1 wt% LiPF6 

E7 LiFSI-2.8DMC-0.2EC-2TTE+1 wt% LiPF6 

E8 LiFSI-2.8DMC-0.2EC-2TTE+1 wt% LiPO2F2 

E9 LiFSI-2.8EP-0.2EC-1TTE+1 wt% LiPF6 

E10 LiFSI-2.8EP-0.2EC-1TTE+1 wt% LiPO2F2 

 

Figure VIII.2.4 show cycling stability and coulombic efficiency of Si||NMC622 cells at room temperature 

(25°C) and 45oC, respectively.  The cells with newly developed E9 and E10 electrolytes demonstrate 

significantly better cycling stability at 45oC. The capacity retention of E9 and E10 is almost 100% after 120 

cycles while a capacity retention of about 70% was obtained using E1. E10 also shows the highest cycling 

coulombic efficiency at 45°C. In addition to improved performance at 45oC, cells with E9 and E10 also show 

better cycling stability than those with E1 at room temperature (25oC). The variation in cycling stability can be 

attributed to the variation in the cell fabrication process. 

 

Figure VIII.2.4 Cycling stability and Columbic efficiency of p-Si/C||NMC622 cells using different electrolytes at (a) room 

temperature and (b) 45°C. 

After evaluation on the high temperature cycling stability of cells with different electrolytes, one of the best 

electrolytes (E10) developed has been used to evaluate its effect on the calendar life of Si||NMC622 cells 

compared to baseline electrolyte. Fresh Si anodes (PNNL’s micron sized p-Si/C composite anode) and fresh 

cathodes were firstly cycled in half cells against Li metal for 10 cycles in different electrolytes using different 

upper voltages. Then the anodes and cathodes were charged to 100% SOC. The cycled electrodes were 

harvested and then re-assembled in symmetric cells (NMC622||NMC622 and Si||Si) which were stored at 55°C 

for 8 days. The use of symmetric cells can mitigate the uncertainty related to Li metal anode typically observed 

in Li||Si half cells, especially at elevated temperature. Impedances of these cells were measured and tracked 

during the storage period. 

As shown in Figure VIII.2.5 when Si-baseline electrolyte was used, upper voltages used during cycling of 

Si||NMC622 cells have a significant impact on the impedance growth of NMC622 during storage.  For the cell 
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charged to 4.2V, no clear increase in the impedance was observed during eight-day storage, However, for the 

cells charged to 4.4 V, rapid increase in the impedance of NMC622||NMC622 symmetric cell were observed. 

In contrast, when E10 (LHCE) electrolyte was used, no significant increases in impedances were observed in 

NMC622||NMC622 symmetric cells no matter whether the cathode was pre-cycled to an upper voltage of 4.2 

or 4.4 V (Figure VIII.2.5b). This finding clearly revealed that 1) NMC622 cathode is very sensitive to the 

cycling voltage when the baseline electrolyte was used, especially at elevated temperature (55C), and 2) E10 

electrolyte can form a stabile CEI at 4.4V even at elevated temperature (55C). 

 

Figure VIII.2.5 Impedance evolution of NMC622||NMC622 symmetric cells consists of NMC622 cathodes charged to 100% SOC 

at different cut-off voltages in the baseline electrolyte (a) and E10 electrolyte (b) at 55°C. 

Figure VIII.2.6 shows the impedance evolution of fully lithiated Si anodes measured in Si||Si symmetric cells. 

The Si anode with the baseline electrolyte exhibits three times impedance growth after 8 days compared to the 

first day while the Si anode with E10 electrolyte shows almost no impedance growth under the same 

conditions. 

 

Figure VIII.2.6 Impedance evolution of symmetric Si||Si cells consist of 100% SOC Si anodes retrieved from cycled Si||NMC622 

cells with different electrolytes at 55°C. 

It is well known that 1) FEC can decompose at high temperatures, which may lead to shorter calendar life of 

batteries and 2) Unlike in the case of Si based LIB, graphite-based LIBs have no serious calendar life issues 
when FEC-free electrolyte was used.  To understand if FEC is the main factor that triggers the impedance 

growth, the graphite anode (from Argonne National Laboratory CAMP facility) was used to study the 
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influence of the Si-baseline electrolyte and FEC-free baseline electrolyte (which is the typical electrolyte used 

in graphite-based LIBs). In the case of FEC-free electrolyte, no impedance growth of the graphite anode was 

observed. However, with the Si-baseline electrolyte that contains FEC, even the graphite anode shows a drastic 

increase of impedance as shown in Figure VIII.2.7. This result provides solid evidence that FEC is the main 

factor that leads to rapid increase of anode impedance at elevated temperature. It also justifies the efforts on 

development of FEC-free electrolytes such as E10 and new additives that can suppress the detrimental effects 

of FEC at elevated temperature. 

 

Figure VIII.2.7 Impedance evolution of graphite||graphite symmetric cells consist of 100% SOC graphite anodes retrieved from 

cycled graphite||NMC622 cells with different electrolytes at 55°C.             

Conclusions   

• The postmortem analysis has been carried out on PNNL’s carbon coated porous Si anode (p-Si/C) and 

NCM622 cathode after calendar life test (120 days at 55°C). It has been found that 1) Si anode 

underwent minimal structural degradation at the particle level except formation of a SEI layer on outer 

surface of particles; 2) cathode suffered both CEI formation and structural degradation as a thick (5-7 

nm) disordered rock salt layer was formed.  

• New electrolytes have been developed to stabilize Si-based LIBs at both room temperature (25oC) and 

elevated temperature (45oC). Compared to the cells with baseline electrolyte, the cells with newly 

developed E9 and E10 electrolytes not only exhibit better cycling stability at room temperature, but 

also demonstrate much better cycling stability at elevated temperature (45oC) with almost 100% 

capacity retention in 120 cycles. 

• It has been found that 1) the increase in the impedance of NMC622 cathode highly depends on its 

voltage (NMC622 cycled at 4.2V shows no impedance growth at 55°C for 8 days, while severe 

impedance growth were observed when cycled at 4.4V; 2) even graphite anodes stored in FEC-

containing carbonate electrolytes show severe impedance growth 55°C while no impedance growth in 

FEC-free carbonate electrolytes; 3) compared to the cells with baseline electrolyte, E10 alleviates the 

impedance growth of both Si anode and NMC622 cathode during high temperature storage. A detailed 

mechanism of FEC decomposition at high temperature and its effects on SEI of anodes will be further 

investigated and the crosstalk between anodes and cathodes will also be investigated.  
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Project Introduction 

Silicon anode has recently attracted substantial attention primarily due to its high specific capacity, 10 times 

higher than the graphitic counterpart. However, the deployment of Silicon anode has been hindered by its 

insufficient calendar life.  Major progress has been made to mitigate the detrimental impact of volumetric 

changes during charge/discharge cycles by size and morphology control.  However, aggressive parasitic 

reactions between lithiated silicon and the non-aqueous electrolytes limits the calendar life of batteries using 

silicon anode. Stabilizing the silicon/electrolyte interface has been one of the top challenges to enable its 

application in high energy density electric vehicle batteries.  Here, we propose to develop an accurate calendar 

life model, based on the high precision leakage current measurement, in order to predict the calendar life of 

silicon-based batteries.  High precision leakage current measurement provides an accurate determination of the 

Si SEI stability for a charged cell hold, and the associated physical characteristics occurring in the battery. 

Objectives 

The objective of this project is two-fold.  The first objective is to establish an accurate model to predict the 

calendar life of electric vehicle batteries using silicon anode from leakage current measurements. The second 

objective is to collaborate with the Si consortium team to support determination of chemical/electrochemical 

phenomena occurring in the Si anode and provide a decoupling mechanism between Li inventory issues versus 

active material electrical isolation.  The resulting model will be used to accelerate the down selection of Si 

anodes, surface coating technologies, and electrolyte additives for long calendar life silicon-based automobile 

batteries. 

Approach  

The fundamental assumption of this project is that the parasitic reaction at the silicone/electrolyte interface is 

the root of the performance loss of the silicone anode, and that the precise measurement of the rate of parasitic 

reaction can provide the fundamental basis for predicting the calendar life of silicon anode containing cells. 

Following are details of the approaches adopted for this project. 

1. Precise measurement of parasitic current 

The quality of the calendar predicting model heavily depends on the availability of high quality 

parasitic current data that mimics the parasitic reactions during the storage of the batteries at high state 

of the charge (SOC). In this project, a home-developed high precision leakage current (HpLC) 

measurement system is deployed for accurately measuring the evolution of leakage current as a 

function of storage time. 

2. Mathematic modeling the parasitic reactions 

mailto:Zonghai.chen@anl.gov
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Mathematic descriptors of parasitic reactions will be developed based on physical model of 

solid/electrolyte interphase (SEI) growing model. The descriptors are then parameterized using the 

high-quality parasitic current data collected using HpLC system.  

3. Assisting development of high-performance silicon-based chemistries 

The ultimate goal of this project is to utilize the knowledge obtained from the calendar life prediction 

to assist the develop of the advanced silicon anode chemistry with extended life. It is also our goal to 

investigate the impact of surface chemistry, binder, as well as electrolyte composition on the parasitic 

current and the life of the silicon anode, and to accelerate the development of long-life silicone-based 

lithium-ion chemistry. 

Results  

In the previous year, the home-built high precision leakage current (HpLC) measurement was utilized to 

precisely measure the rate of parasitic reactions between the lithiated anode materials and the electrolyte. Two 

physical models, a voids filling model and a continuous SEI growth model, were implemented to describe the 

rate of parasitic reactions.  Using graphite and SiO as model anode materials, consistent predictions were 

obtained using both models. It was predicted that the fully lithiated graphite would lose 20% of hosted charged 

in about 4 months while fully lithiated SiO anode would lose 20% of the charge in about 2 months. The 

predicted number is far below the commonly expected calendar life of both graphite and SiO anodes. The 

focus of this year is to fundamentally understand the intrinsic connection between the desired calendar life 

prediction and the voltage hold measuring protocol.  

Figure VIII.3.1 shows a typical data collected for an open-circuit-voltage (OCV) storage experiment, routinely 

used for the calendar life measurement.  In this exercise, multiple electrode materials and multiple cell 

configurations were used. To be consistent from sample to sample, a charging process is referred to the 

removal of lithium from the cathode and/or insertion of lithium into the anode, while discharging represents 

the reverse process. In a typical OCV experiment, a cell, either a full cell or a half cell, is initially cycled with a 

constant current of C/10 for 5 cycles so that a stable SEI or cathode electrolyte interphase (CEI) is formed (see 

Figure VIII.3.1a). Then, the cell is fully charged to 100% state of charge (SOC) using a C/10 rate before OCV 

aging. After aging, the cell is then cycled for another 4 cycles at C/10 rate to evaluate its electrochemical 

performance after the OCV aging (see Figure VIII.3.1b and Figure VIII.3.1c for representative capacity before 

and after OCV aging). Figure VIII.3.1a also schematically shows 4 measured numbers that are of particular 

interest in this exercise. Q1 is referring to the initial reversible capacity measured during the last discharging 

process; Q2 is referring to the hosted charge before the OCV aging; Q3 is the remaining charge hosted in the 

electrode material after the OCV aging, and Q4 is the reversible capacity of the electrode material after the 

OCV aging. Then, both capacity retention and charge retention after the OCV aging can be defined as 

following equations. 

 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 = 𝑄4/𝑄1 ∗ 100%    (VIII.3.1) 

𝐶ℎ𝑎𝑟𝑔𝑒 𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 = 𝑄3/𝑄2 ∗ 100%    (VIII.3.2) 

In above equations, capacity retention is the actual physical measurement to define the calendar life of the cell 

while charge retention is the parameter being modelled in our effort. The physical discrepancy between the 

capacity retention and the charge retention can be the root for under-predicting the calendar life as reported in 

the previous year. 
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Figure VIII.3.1 A typical OCV aging data to define the capacity retention and the charge retention, showing a) the voltage profile of 

the tested cell before and after OCV aging, b) the charge/discharge capacity before the OCV aging, and c) the charge/discharge 

capacity after the OCV aging.  

To obtain the relationship between the capacity retention and the charge retention, the OCV storage 

experiment up to 4 months was conducted for many cell chemistries, including two cathode materials LiFePO4 

(LFP) and LiNi0.5Mn0.3Co0.2O2 (NMC), two anode materials, graphite (Gr) and Si anode provided by Oak 

Radge National Laboratory (Si), and two electrolytes, 1.2 M LiPF6 in ethylene carbonate (EC)/ethyl methyl 

carbonate (EMC) (3:7 by weight) with and without 4 wt% fluorinated ethylene carbonate (FEC) as the 

electrolyte additive. Figure VIII.3.2 shows a clear linear relationship between the capacity retention and the 

charge retention for all cell chemistries investigated. It confirms that it is feasible to predict the calendar life of 

batteries by modelling their charge retention behavior. Figure VIII.3.2 also reveals a critical parameter, the 

slope () between the capacity retention and the charge retention. As shown in Figure VIII.3.2, the slope () 

varies greatly from 0.21 to 1.0 depending on the active material used in the cells. Using Gr/Li cell as an 

extreme example, if the Gr/Li cell was given long enough time to fully age, the parasitic reactions consumed 

all the lithium stored in graphite to reach 0% SOC, the parasitic reactions will theoretically self-terminated 

since no more charge is available to participate into the parasitic reactions. Figure VIII.3.2 theoretically 

predicts that this fully aged Gr/Li cell could be properly charged again and deliver 79% of its initial reversible 

capacity (=0.21) after one full OCV age. In other words, this Gr/Li can barely meet the 80% reversible 

capacity retention target after a very long calendar life aging. On the other extreme, the Si/Li cell has a slope 

() close to 0.89, meaning that the charge consumed during calendar life aging has a stronger contribution to 

the capacity loss after the aging. Making it worse, the rate of parasitic reaction occurring on the surface of 

lithiated Si is much faster than that for lithiated graphite, leading to much shorter calendar life for batteries 

using Si-based anodes.  This also echos the results in open literature that graphite/Si blend can have a better 

calendar life than Si since its slope () can be expected within these two extremes (=0.89 for Si, and =0.21 

for graphite). The second learning from Figure VIII.3.2 is that the performance loss of full cells after calendar 
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aging is not a simple summation between the cathode and the anode. In this exercise, we investigated three 

different set of cell chemistries, Gr/NMC, Si/NMC, and Si/LFP. The experimental data consistently show that 

the slope of the full cells is larger than their corresponding half cells, implying that the charge balance during 

the aging is also crucial for cell design to improve its calendar life.  

 

Figure VIII.3.2 Relationship between the capacity retention and the charge retention for various cell chemistries. 

Conclusions   

The parasitic reactions between the charged electrode materials and the electrolyte are the fundamental root for 

the performance loss of lithium-ion batteries during calendar life aging. Simple modeling of the rate of 

parasitic reactions and predicting the amount of charge consumed by these parasitic reactions generally 

severely under-predicts the calendar life. The accuracy of calendar life prediction can be significantly 

improved by incorporating the slope () between the capacity retention and the charge retention obtained from 

relatively short term OCV aging. 
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Project Introduction 

The progress of next generation portable electronics and widespread adoption of electric vehicles hinges on the 

development of batteries with greater energy density. For this purpose, Si has been the subject of substantial 

research due to its potential as a replacement for graphite as the negative electrode in Li-ion batteries. The high 

capacity (3580 mAh g-1), moderate working potential (~0.4 V vs Li/Li+), low cost, and environmental 

abundance make Si a material of interest. However, large volume expansion during lithiation causes particle 

fracturing and continuous solid electrolyte interphase (SEI) growth. The mechanical degradation experienced 

by Si electrodes during Li (de)alloying reactions require tremendous efforts in material design to mitigate the 

parasitic effects.  

Objectives 

The objective of the project is to design 2-dimensional (2D) silicon-based anode materials that exhibit 

favorable mechanical properties and are capable of buffering the volume change associated with (de)lithitation.  

Approach  

In this work, 2D siloxene nanosheets with controllable size and surface oxidation were synthesized by using a 

facile topotactic reaction followed by ultrasonication as an exfoliation step. Detailed structural and chemical 

characterization via electron microscopy, x-ray photoelectron spectroscopy and Raman spectroscopy was 

conducted to study the morphology, composition, and structure of the siloxene materials and further correlate 
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them with the resulting electrochemistry. The obtained siloxene nanosheets were tested in Li-ion based half 

cells and full cells.   

Results  

1. Successful preparation of 2D siloxene nanosheets with controllable thickness 

The 2D siloxene sheets were synthesized by topochemical reactions[1] under N2 using bulk CaSi2 in HCl 

where Ca was deintercalated from the Si sheet with H2 gas generation. A slow color change from black to 

yellow/green was observed (Figure VIII.4.1 left). The 2D siloxene nanosheets were further exfoliated via 

ultrasonication in ethanol for 1 h. The morphology evolution was characterized by scanning electron 

microscopy (SEM), as shown in Figure VIII.4.1 right. The bulk CaSi2 has a major particle size in the range of 

tens of micrometers and a compact layering stacking structure (Figure VIII.4.1 right A-C). After reaction with 

concentrated HCl, the material transformed to smaller particles with a loose sheet stacking structure and a size 

distribution of 11.0 ± 4.6 μm (Figure VIII.4.1 D-F). After 1 h ultrasonication, smaller individual sheets with 

size a distribution of 6.6 ± 2.4 μm were obtained (Figure VIII.4.1 G-I). The thickness of the siloxene 

nanosheets was measured by atomic force microscopy (AFM). There are some very thin layers with a 

thickness of 3-4 nm corresponding to ~5-7 layers of siloxene, however, the majority of the nanosheets have 

thicknesses ~13 nm, and some show thickness of ~70 nm. 

 

Figure VIII.4.1 (Left) Schematic representation of the topotactic synthesis and (right) scanning electron microscopy images of the 

2D CaSi2 precursors and siloxene products before and after ultrasonication. 

2. Phase purity and surface oxidation of 2D siloxene nanosheets 

The diffraction pattern for CaSi2 is shown in Figure VIII.4.2A. Two noticeable (3R and 6R) reflection patterns 

for CaSi2 are present with the 6R stacking sequence being dominant (70 wt.%). The diffraction peaks of FeSi2 

(7 wt.%). and bulk Si (16 wt.%) impurities appear in the as-received CaSi2 powder. The diffraction pattern of 

the synthesized siloxene nanosheets is shown in Figure VIII.4.2B. The peaks corresponding to CaSi2 mostly 

disappear after the reaction and FeSi2/bulk Si diffraction peaks are present with reduced intensity. Two broad 

peaks at 13.3° and 27.2° correspond to the (001) and (100) planes of the 2D siloxene nanosheets with a 

hexagonal unit cell.  The in-plane hexagonal lattice constant coincides with that of CaSi2, indicating that the 

reaction is topotactic and the two-dimensional Si network of CaSi2 is preserved. The synthesized material 

diffraction pattern was refined using trigonal Si6H6O3 with P3 space group. The interlayer layer spacing for the 

siloxene phase before and after sonication was identified as 6.12 Å and 6.24 Å, respectively. Besides siloxene, 

crystalline Si, CaSi2, and FeSi2, small amounts of other impurities were also present. Post sonication, the 

weight percentage of siloxene in the material increased to ca. 56 wt.%, with ca. 26 wt.%, 9 wt.%, and 9 wt.% 

of bulk Si, CaSi2, and FeSi2, respectively. 
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Figure VIII.4.2 Characterization of as-received CaSi2 and siloxene nanosheets. XRD patterns for (A) as-received CaSi2 and (B) as-

synthesized siloxene nanosheets. Raman spectrum of (C) CaSi2 and (D) siloxene. XPS analysis of the siloxene nanosheets showing 

the (E) Si 2p and (F) O 1s spectra. 

The Raman spectrum of CaSi2 is shown in Figure VIII.4.2C with an intense band at 519 cm-1, which is 

assigned to the 2D-Si network of CaSi2 or bulk Si. The band at 385 cm-1 is attributed to 6R-CaSi2. The Raman 

spectrum of the siloxene is shown in Figure VIII.4.2D. The Raman band at 380 cm-1 is assigned to the 2D-Si 

plane for siloxene. The first-order transverse optical phonon of a 2D Si-based material appears at ∼500 cm−1 

(E2g symmetry). The bands at 649 and 735 cm−1 correspond to the Si-H vibrations after Ca deintercalation. The 

Si 2p and O 1s X-ray photoelectron spectroscopy (XPS) spectra are depicted in Figure VIII.4.2E and F. The 

quantitative ratio of Si-Si and Si-oxide is 85:15, showing much less oxidation than other reports of siloxene 

made by topochemical reactions (Si-Si:Si-oxide = 20:80)[1-3] and commercial nano Si (Si-Si:Si-oxide = 

30:70)[4]. The O 1s signal shows significant peaks at 532.4 and 534.0 eV in the deconvoluted spectrum, which 

correspond to the Si-(OH)x and Si-O  bonds of the 2D Si network, respectively Figure VIII.4.2F. The O/Si ratio 
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in the siloxene is found to be 0.69 from the XPS analysis, which is much lower than previously reported 

siloxene work with O/Si ratios of 1.55[3] or 1.39 [1]. 

3. Impact of ultrasonication and electrolyte additives on electrochemistry 

The ultrasonication process serves as an effective exfoliation step to decrease the thickness of siloxene sheets 

prepared by the topotactic reaction. The thinner and more dispersed nanosheets prepared after sonication 

delivered higher capacities when cycled at a current density of 200 mA g-1 using a 1M LiPF6 in EC:DMC (3:7, 

v/v) electrolyte (Figure VIII.4.3A). The rate capability testing (Figure VIII.4.3B) shows similar performance 

for cells with and without 10% fluoroethylene carbonate (FEC) at discharge rates of 400, 800, 1600, 3200 mA 

g-1 and back to 400 mA g-1 with a constant charge rate at 400 mA g-1 g. A high capacity of 935 mAh g-1 at 

3200 mA g-1 g was obtained as well as high reversibility when the discharge rate was returned to 400 mA/g. 

Due to the strong rate performance, the cycling stability was tested at 1000 mA g-1 for cells with both 

electrolytes. For these high-rate tests, the siloxene was first cycled three times at 200 mA g-1 as a formation 

step. After 200 cycles, the siloxene delivers a capacity of 750 mAh g-1 and capacity retention of 77% with 10% 

FEC versus a capacity of 200 mAh g-1 and capacity retention of 13% without FEC (Figure VIII.4.3C). 

 

Figure VIII.4.3 (A) Cycling capacity of siloxene before and after sonication at a current density of 200 mA g-1. (B) Rate capability test 

and (C) cycling capacity of siloxene in 1M LiPF6 electrolyte with and without FEC additives.  

XPS was also performed on cycled siloxene electrodes in the discharged state tested in electrolyte with and 

without FEC to investigate differences in SEI composition (Figure VIII.4.4). The F 1s spectra for both 

electrodes after discharge show two peaks, one corresponding to LiF at 685 eV and another corresponding to 

fluorophosphates (LixPOyFz, LixPFy) at ≈687 eV. The latter is associated with the decomposition of LiPF6 as 

well as residual LiPF6 salt left behind after washing. LiF is perceived as an SEI stabilizing component, 

especially for Si-based anodes for enhanced cycling stability. Notably, in electrolyte with FEC the discharged 

electrode had a higher concentration of LiF (83.6%) compared to the non-FEC electrolyte (28.7%). The P 2p 
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spectra were evaluated to further confirm the presence of the corresponding fluorophosphate peaks assigned to 

LixPOyFz (≈134 eV) and LixPFy (136.5 eV). In the electrolyte with FEC, the discharged electrode contained a 

higher percentage of LixPOyFz (68.1%) compared to the non-FEC electrolyte (47.6%). Coupling with the F 1s 

spectra, this shows electrodes cycled with FEC electrolyte have a higher concentration of LiF and that 

LixPOyFz was formed in situ on the surface of the electrodes. The formed  LiF/ LixPOyFz SEI layer was 

previously reported to enhance cycling stability [5]. 

 

Figure VIII.4.4 XPS fitting results of F 1s and P 2p spectra of cycle 3 discharged siloxene electrodes cycled in electrolyte with and 

without FEC.  

4. Siloxene/NMC622 Full-Cell Testing 

One of the potential issues with half-cell testing is that the Li electrode provides a practically infinite amount 

of Li+ ions for the working electrode. This is in contrast to the practical limitations of full cells, which have a 

finite amount of Li+. Therefore, to test siloxene in a more practical context, we assembled siloxene/NMC622 

full cells with FEC electrolyte. Formation cycles were performed at C/10 and C/5 followed by long-term 

cycling at C/2. The discharge capacity and voltage profiles for one cell is shown in Figure VIII.4.5. Over 100 

cycles, the cell delivered an average discharge capacity of 100 mAh g–1. These results show that siloxene is 

stable in a full-cell configuration. 
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Figure VIII.4.5 Siloxene/NMC622 full-cell cycling. A) Specific capacity and coulombic efficiency versus cycle number and B) 

selected voltage profiles. Formation cycling was performed with three cycles at C/10 followed by three cycles at C/5. Subsequent 

extended cycling was then performed at C/2. 

Conclusions   

Siloxene was synthesized by a topochemical reaction between concentrated HCl and CaSi2 followed by 

ultrasonication as an exfoliation step. SEM images showed that the exfoliation step effectively separated the 

loosely bonded nanosheets and AFM was used to measure the nanosheet thickness. The 2D siloxene 

nanosheets showed low oxidation with only 15% Si-oxide by XPS. The siloxene nanosheets were tested for 

reversible lithium storage in half cells with a focus on the effects of FEC as an electrode additive. The cells 

exhibited good rate capability with a lithiation capacity of 935 mAh g–1 at 3200 mA g–1 and high coulombic 

efficiency. We found that the addition of 10 wt% FEC to the electrolyte greatly increased the capacity 

retention for the siloxene sheets, especially at a high rate of 1000 mA g–1. Cells with FEC containing 

electrolyte delivered 750 mAh g–1 at cycle 200 with 77% capacity retention compared to 200 mAh g–1 and 

13% capacity retention for cells without FEC. Full cells were constructed with NMC622 cathodes where 100 

cycles at ≈100 mAh g–1 confirmed the stability of the siloxene electrodes. These results compare favorably 

with previous reports of 2D Si-based materials, in many cases displaying superior capacity and capacity 

retention despite the greatly increased simplicity of our method. Ex situ XPS and Raman of the electrodes from 

cells with FEC showed a high concentration of LiF/LixPOyFz in the SEI layer, which likely contributed to the 

enhanced cycling. Future work will further investigate the effects of nanosheet morphology and seek to fully 

understand the (de)lithiation mechanism.  
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Project Introduction 

Lithium-ion batteries (LIB) with silicon (Si) anodes hold great promise for energy storage applications. Given 

the high theoretical capacity of Si electrodes (3500 mAh/g), these batteries are expected to meet the energy 

storage demands of the future. Significant scientific challenges need to be overcome before the widespread use 

of Si-anode LIB. One of the outstanding challenges is understanding the solid electrolyte interphase (SEI), 

which is a critical but poorly understood component of Si-anode LIB. The SEI has been shown to crack due to 

volume changes during battery operation, reducing more electrolytes in the process. This report discusses our 

efforts to model the SEI using a multi-scale approach. We utilize DOE high-performance computing (HPC) 

facilities to perform density functional theory calculations and classical molecular dynamics simulations and 

develop continuum models and predictive machine learning models. The insights generated by our models 

illustrate how the SEI forms on the anode during cycling. The resulting electrolyte stability insights, SEI phase 

evolution, and microstructure analysis will provide valuable data for feedback and close integration with the 

existing DOE Si Consortium program to ultimately advance our understanding of the Si anode reactivity and 

the development of novel Si electrolytes. 

Objectives 

The overall objective is to understand SEI formation and instability on Si-anodes and improve battery cycling 

times. The three teams (LBNL, ORNL and NREL) use a multi-scale modelling approach to focus on different 

length and time scales, using complementary modelling approaches. 

The LBNL team seeks to use a first-principles data-driven approach, leveraging high-throughput workflows 

and machine learning models to construct and analyze massive chemical reaction networks. The reaction 
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networks include thousands of species and millions of reactions that may participate in the SEI formation 

cascade. We aim to identify the most likely reaction paths to form key SEI species with minimal imposed bias. 

The thermodynamics and kinetics of the identified pathways are provided to the ORNL and NREL teams.  

The ORNL team seeks to simulate atomistically the SEI and its growth on a Si anode. By supplementing 

classical molecular dynamics (MD) simulations with the most important reactions identified by the LBNL 

team or via experimental feedback, ORNL aims to capture approximate ab initio reactivity on much longer 

timescales than are tractable for fully ab initio MD while accounting for atomistic interphase growth, SEI 

spatial composition and molecular diffusion to obtain novel atomistic insight into SEI properties. State-of-the-

art techniques are used and developed to extend the explored timescale as much as possible. 

The NREL team develops continuum-level models to assist in 1) optimizing electrode microstructure to 

effectively utilize the Si nano-particles during nominal cycling, 2) providing electrode-design guidelines for 

accommodating extreme solid-electrolyte interface (SEI) growth during calendar-life studies, 3) and upscale 

fundamental (electro-)chemical reaction mechanisms, developed from atomistic-scale models, to length- and 

time-scales relevant for studying battery degradation during cycling and calendar aging.  Three continuum-

level models are developed to meet project goals. Two continuum-level models are developed to explain SEI 

formation and reactivity during calendar-life studies. The atomistically informed, chemically complex 

continuum-level model upscales competing decomposition pathways predicted from the atomistic team 

(LBNL) to length- (order nm) and time- (order hours/months) scales relevant for understanding calendar-life 

issues.  The “intermediate” mechanism continuum-level model provides key insights into how voltage-hold 

irreversible currents are extremely sensitive to the potential-dependent composite SEI electrical conductivity.  

Aside from chemically complex modeling, a finite-strain electrode-level model is developed to determine 

optimal electrode designs considering both maximum stresses (that can result in current-collector shredding or 

electrode delamination) and pore-closure effects from Si-particle expansion. 

Approach  

LBNL 

To construct massive chemical reaction networks that include all possible species and reactions that may 

participate in the SEI formation cascade, we have developed two foundational tools: (1) a reaction network-

based Monte Carlo (RNMC) model to handle a massive number of reactions, and (2) a graph neural network 

machine learning model to leverage unlabeled chemical reaction data for the prediction of reaction kinetics. 

Our RNMC approach uses extensible filters, rather than prescriptive templates, to eliminate reactions based on 

physical or practical criteria without relying heavily on human chemical intuition. By filtering, the massive set 

of all stoichiometrically valid reactions in a chemical space is reduced to a still huge but computationally 

tractable set of chemically reasonable - though potentially unintuitive - reactions. To overcome the scaling 

limitations of graph-based pathfinding, we use a Monte Carlo-based approach, where the reactive space is 

sampled using reaction thermodynamics. 

The RNMC approach is based solely on thermodynamics. To get a complete picture, we need to incorporate 

kinetics (determined by the reaction activation barrier). Due to the size of the reaction space, we cannot afford 

to compute them all via density functional theory. Thus, we aim to build a machine learning model for fast 

estimation of activation barriers and remove pathways that robustly exhibit large activation barriers. Recently, 

we developed the BonDNet graph neural network model (Wen M. , Blau, Spotte-Smith, & Persson, 2021) to 

predict bond dissociation energy which we will adapt to allow changing the training target from bond 

dissociation energies to activation barriers. We note that generating a large enough training set of activation 

barriers is challenging. Thus, we have elected to develop a transfer learning approach for graph neural 

networks instead. We first pre-train the model on several unlabeled reactions without activation barriers using 

self-supervised contrastive learning, then fine-tune the model with a limited supply of labels. This pretraining 

will distil general knowledge of chemical reactions into the model to help it improve on the target task, i.e., 

activation energy prediction. 
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ORNL 

To model the SEI formation at the atomistic level and properly bridge the timescale from femtoseconds (to 

capture atom vibrations in MD simulations) to nano/microseconds (for the SEI growth), we simulate chemical 

reactions in classical molecular dynamics based on a traditional force-field approach. While classical MD 

simulations do not account for reactive events such as bond breaking or bond formation, it is possible to 

modify the atomic potential of each atom in a reactant molecule with the atomic potential of the product by 

identifying if two molecules are in a likely configuration for a pre-defined chemical reaction to occur. To do 

that, each reaction requires the specification of a reactant and product template describing the geometry, 

atomic charges and atomical potential parameters (see illustration in Figure VIII.5.1a). This capability exists as 

bond/react (Gissinger, Jensen, & Wise., 2017) in the open-source molecular dynamics code LAMMPS 

(https://lammps.sandia.gov) used for our simulations. Other parameters to control the reaction such as the 

probability can be tuned in our simulations to favor one reaction over another. In our simulations, we choose 

these reactions rates close to 1, thus much higher than the actual rates, which leads to an accelerate simulation 

of the chemistry happening in the system. In addition, in FY22, we looked at combining this approach with a 

coarse grain model of molecular movements in between reactions to further speedup MD and reach longer 

time-scales. Speculating a fully formed SEI made of LiF only, we also looked at the conductivity of an SEI 

model microstructure. 

 

Figure VIII.5.1 a) Illustration of change in molecular dynamics force-field when a chemical reaction happens based on templates of 

the reactants and products. b) Schematic representation of new MD algorithm combining “coarse grain” (rigid molecules) MD with 

reactions. 

The SEI formation was studied using the above framework in an EC/LiPF6 electrolyte in an all-atom 

simulation. We included a set of reactions and first-principles data for the EC decomposition provided by the 

LBNL team, combined with a PF6
- decomposition reaction found in the liteYrature. All the atomic potential 

parameters (bonded and nonbonded) were obtained from the commonly used optimized potentials for liquid 

simulations (OPLS) force field. Our simulations can model the formation of SEI components by specifying the 

reaction topologies for all the reactions happening near the Si anode. Even though the technique developed 

during the first two years of this project allows the observation of many reactions in the early stage of SEI 

growth, we realized that further acceleration was needed to get to a fully formed SEI. Towards that goal, we 

have been optimizing the algorithm we use as well as the reaction set with the following changes to reduce the 

computational cost: (i) we reduced the frequency check for reaction templates, (ii) we eliminated reactions that 

never happen in practice (iii) we do not consider some coordination as explicit reactions anymore. With these 

optimizations, we now reduced the reaction sets for EC decomposition from eight reactions down to five. We 

also develop a strategy where we “freeze” the geometry of molecules in between reactions to enable longer 

MD steps (4X longer). After each reaction, an all-atoms MD needs to be run for some time to let reaction 

products “relax” their geometry (see Figure VIII.5.1b).  

NREL 

NREL developed three continuum-level models to explain/study failure modes in Si anodes. These models can 

be separated into two categories:  chemically complex particle-level models and chemo-mechanic models. The 

chemically complex models capture SEI formation dynamics at different voltage-holds and during cycling. 

https://lammps.sandia.gov/
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The chemo-mechanic models capture stress/strain dynamics induced by the large Si particle 

expansion/contraction on cycling. 

SEI modeling 

Two models are developed to simulate Si SEI formation and electrolyte decomposition. The “intermediate” 

mechanism model simulates approximately 10 irreversible global reactions informed from literature (Single, 

Horstmann, & Latz, Revealing SEI Morphology: In-Depth Analysis of a Modeling Approach., 2017) (Single, 

Horstmann, & Latz, Dynamics and morphology of solid electrolyte interphase (SEI)., 2016). The intermediate 

mechanism captures SEI dynamics from electrolyte decomposition of ethylene carbonate (EC) and 

fluoroethylene carbonate (FEC). The mechanism also includes solid-solid reactions that produce the expected 

inorganic/organic layered structure. The intermediate mechanism model is calibrated to the voltage-hold 

irreversible current response (Tier 1 protocol for the Si consortium on estimating calendar-life).  The 

intermediate mechanism is used to 1) determine an equivalent SEI electrical conductivity that is required to 

produce such side-reaction currents, and 2) predict the SEI thickness dynamics as a function of hours/days for 

each Si material considered in the consortium. 

Alongside the “intermediate” mechanism model, an “atomistically informed” mechanism model is also 

developed. The atomistically informed reaction mechanism model considers complex (electro-)chemical 

reaction mechanisms produced from atomistic calculations (LBNL).  The atomistically informed reaction 

mechanism includes predominant decomposition pathways for EC and FEC.  The more complex reaction 

model has order 60 electrolyte species, 10 SEI solid-phase species, and 7 gas-phase species. The complex 

reaction mechanism includes order 50 (potentially competing) reactions. The goal for the atomistically 

informed model is to introduce a bridge between fundamental reaction insights (order fs to ps) into models that 

are more apt to calendar-life predictions. In this way, intuition on beneficial additives will ideally move from 

empirically added, to mathematically determined and optimized.   

Both SEI continuum-level models solve conservation equations that resolve heterogeneous electrochemical 

reactions, ion and solvent transport, electronic resistance, and moving-boundary domains.  The reaction 

mechanisms (both intermediate and atomistically informed) are introduced using CANTERA. By writing the 

models in a chemical-agnostic way, the reaction network can be easily extended to include additive species and 

subsequent decomposition pathways. The insights developed on SEI formation will help inform the Si 

consortium on deleterious electrolyte reduction reactions and provide possible mitigation strategies to reduce 

continual SEI formation during calendar aging. 

Chemo-mechanics modeling 

Electrode-level finite-strain chemo-mechanics models are developed to explore Si stress/strain dynamics from 

extreme particle-level expansion/contraction on lithiation/delithiation during cycling. This model was derived 

in previous years under this program (Mai, Colclasure, & Kandler, 2019), and is now being used to provide 

guidance to electrode-level design parameters.  For example, the model can be used to understand the relative 

resistances (e.g., kinetic vs. transport) within the Si-containing cell.  These cell-level resistances dynamically 

change during cycling.  For example, as the Si particles lithiate, they expand, which reduces the electrolyte 

pore-volume and increases the electrolyte tortuosity.  This constriction on Li-ion transport in the electrolyte 

can be a significant resistance that dramatically reduces the cell’s cycling capacity.   

The electrode-level chemo-mechanics model is expanded to include 1) electrode-designs for at least three 

types of Si considered in the consortium (i.e., NREL PECVD Si, Oakridge milled Si, and paraclete), 2) 

incorporation of SEI growth dynamics, and 3) pressure effects.  A major outcome from this model is 

suggestions on the initial porosity and expected stress effects that lead to pouch-level rippling.  The electrode-

level chemo-mechanics model is expected to accelerate high-loading electrode development by considering not 

only electrochemical and transport overpotentials, but also the strongly coupled influences of chemo-

mechanics.  
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Validation 

There are several opportunities for experimental validation within the Si consortium.  For the finite-strain 

chemo-mechanical model, there are renewed efforts to resolve mechanics issues (pouch-cell rippling of Cu 

current-collector).  In the consortium, there is an effort to progress from coin-cell performance evaluation to 

pouch-cells.  Unfortunately, the Si expansion/contraction stresses seem to have a significant influence on 

electrode delamination and Cu rippling in pouch cells.  These mechanics issues seem to be present for 

electrode designs that showed little to no deformation in coin-cells.  The intent for the mechanics modeling is 

to determine stress-relieving designs that alleviate these issues so calendar-life can be studied independently 

from cycling issues.  The mechanics model requires experimentally determined physical parameters and 

validation from stress-relieving designs (i.e., does the Cu fail or not fail under different length-scale cells).  

For the chemically complex models, significant effort has been given to validating based on the voltage-hold 

(Tier 1 protocol) irreversible currents.  Additional (chemically sensitive) experiments are also pursued such as 

X-ray Photoelectron Spectroscopy (XPS), Neutron Reflectometry (NR), and gas-phase detection tests.  These 

experiments provide solid-phase, liquid-phase, and gas-phase validation, respectively.  In the last year, XPS 

was used to validate the intermediate model predictions.  It was found that the model predicted some of the 

relative species trends measured, but did not capture the heterogeneity inherent to the XPS experiment.  In the 

coming year, significant effort will be put forth to validate the atomistically informed reaction model to gas-

phase detection studies under several voltage-hold conditions for the Oakridge milled Si. 

In summary, in FY22, NREL developed two different types of continuum-level models to assist the Si 

consortium on developing a long-lasting, energy-dense Si anode.  The continuum-level models include chemo-

mechanical models that assist in understanding optimal electrode loadings, thicknesses, porosity, and 

chemically complex SEI models that interpret voltage-hold leakage currents, and predict electrode/electrolyte 

decomposition reactions that ultimately result in reduced calendar-life for Si-containing cells.  The 

chemomechanical model will be extended in the next fiscal year to help determine and optimize stress-

relieving strategies that improve pouch-cell cyclability (i.e., more than a few cycles after formation).  The SEI 

models will be extended to include more decomposition pathways (e.g., FEC) and include predominant gas-

phase species measured in these cells. 

Results  

LBNL 

Machine learning activation barriers 

We have been developing machine learning models for the estimation of activation barriers. It is still 

excessively computationally expensive to generate a large enough dataset from first principles to train a 

machine learning model to predict activation barriers accurately. As a result, we seek to develop new 

techniques to train machine learning models with a limited supply of labelled data (i.e., data with computed 

activation barriers).  

 

To minimize the number of required DFT-computed activation barriers, we have developed a transfer learning 

approach based on self-supervised contrastive learning (Wen M. , Blau, Xie, Dwaraknath, & Persson, 2022). 

Our approach involves training the model in two stages. First, we pre-train the model on unlabeled reaction 

data using unsupervised contrastive learning. Second, we fine-tune the model's parameters on a small number 

of labelled reactions. The contrastive pretraining model learns by making the representations of two augmented 

versions of a reaction which are like each other but distinct from other reactions (see Figure VIII.5.2 for a 

schematic of the implemented self-supervised approach). We tested this on a proof-of-concept problem, 

classifying reactions into separate families and found that this pretraining approach can significantly improve 

model performance for small datasets. 
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Figure VIII.5.2 Illustrative overview of the contrastive self-supervised approach. Two augmentations of an input reaction are 

passed through the reaction encoder to get their reaction fingerprints hi and hj and then a projection head to get vector 

representations zi and zj, and the model maximizes the agreement between the two representations of the reaction. 

Micro-kinetic models of the SEI through chemical reaction networks 

We then applied the developed machine learning and reaction network models to study the SEI. We have built 

a massive electrochemical reaction network to capture all possible elementary reactions (Spotte-Smith, et al., 

2022). We have expanded this methodology and created a new method, called reaction network Monte Carlo 

(RNMC), that enables us to analyze a (chemical reaction network) CRN containing over 80 million reactions 

between over 5,000 species to automatically identify reaction pathways to a range of crucial SEI products and 

gaseous byproducts. With rate constants derived from high-throughput transition-state calculations and Marcus 

theory, we perform kinetic Monte Carlo (kMC) simulations to study SEI formation under varying chemical 

and electrochemical conditions. We perform kMC simulations under representative chemical and 

electrochemical conditions to understand how competition between various reaction pathways could change 

over the course of SEI formation cycling (as shown in Figure VIII.5.3). The results of our simulation recover 

the Peled-like separation of the SEI into inorganic and organic domains resulting from rich reactive 

competition. We have also confirmed previously postulated SEI decomposition routes, indicating possible 

opportunities for SEI engineering. 

 

Figure VIII.5.3 Average fractions of SEI products (a, d) and gaseous byproducts (b, e) at the end of kMC simulations as a function 

of applied potential referenced to an Li/Li+ electrode. Simulations were conducted under two conditions reflecting different 

regimes of SEI formation. 
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Mechanistic pathways to understand the electrolyte decomposition  

Finally, we identify elementary reaction mechanisms for LiPF6 decomposition using DFT calculations. We 

focused primarily on hydrolysis (which, despite the rigorous drying performed on Li-ion battery electrolytes, is 

widely reported to be a significant driver of LiPF6 decomposition to form HF, LiF, and other species (Sloop, 

Pugh, Wang, Kerr, & Kinoshita, 2001)) and reactions with additional major electrolyte and interphase species 

(e.g. ethylene carbonate or EC, Li2CO3). In line with previous theoretical studies (Okamoto, 2013), we find 

that the proposed hydrolysis mechanism suffers from high energy barriers. Moreover, every step in the 

mechanism is thermodynamically unfavorable (∆G > 0). While hydrolysis could be potential in proximity to 

the positive electrode at high potentials or elevated temperatures, it should not meaningfully participate in 

early SEI formation. 

 

We propose another mechanism to explain the decomposition of LiPF6. Following an initial elimination step to 

form LiF, PF5 could react rapidly with Li2CO3 (mechanism shown in Figure VIII.5.4). Reactions between 

LiPF6 and inorganic carbonates have been suggested before, but such proposed pathways have been largely 

ignored in the literature. Further, no elementary mechanism for this reaction has yet been reported. In addition 

to having lower barriers than any previously reported LiPF6 decomposition mechanism, the proposed 

mechanism is notable for being entirely chemical in nature. This means that LiPF6 decomposition during early 

SEI formation should have no explicit dependence on applied potential; however, because Li2CO3 forms as a 

result of the electrochemical reduction of EC, an implicit dependence should be expected.  

 

Figure VIII.5.4 Reaction mechanism for the reaction of PF5 with Li2CO3. a) An energy diagram showing three pathways, leading 

either to LiPOF4 (black, pink) or POF3 (red). b) The same pathways, shown as 2D schematics. 

ORNL 

Using our new optimized algorithm, we find that with rigid molecules, the new set of reactions, leads to a 6X 

speedup (time-to-solution) compared to the original scheme. We have been validating this approach by 

comparing with all-atoms MD, and running very long simulations to demonstrate effectiveness of technique 

and SEI formation on longer time-scales. Figure VIII.5.5 shows the diffusion of EC using the all-atoms MD 

versus a rigid molecule approach with a higher temperature T for the thermostat of the EC molecules. A very 

good agreement was reached for T = 320 K. We expect to demonstrate the effectiveness of this new approach 
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in the near future with longer SEI formation studies. The initial attempt to do that was paused while a software 

bug is being address in LAMMPS to enable these simulations to run smoothly for very long times.  

 

Figure VIII.5.5 Diffusion of rigid EC molecules in electrolyte compared to an all-atoms simulations using a higher temperature 

thermostat at 320K for EC. 

Jumping to a fully formed microstructure, we “created” a fully formed SEI made of a few polycrystals of LiF 

as a surrogate model for the whole SEI, and measure Li diffusivity and conductivity in these polycrystals. 

Initial structure was created with the software Atomsk (https://atomsk.univ-lille.fr). After removing spurious 

atoms too close to each other, the system was annealed at 500 K for 250 ps to remove dependencies on initial 

configuration. Self-diffusion data for Li were measured over 20 ns of simulation run, for three different 

systems (see Figure VIII.5.6). Results are consistent with other studies focused on smaller subsystems, and 

show conductivities that (i) happen mostly along the grain boundaries (ii) are much smaller than in the 

electrolyte. 

 

Figure VIII.5.6 Atomistic model of LiF microstructure. a) microstructure with atoms colored according to local ordering. Yellow color 

corresponds to locally disordered arrangement b) atoms colored by their displacement magnitudes over time of simulation. It is 

visually clear that largest displacements responsible for conductivity happen mostly at grain boundaries. c) numerical 

measurements of Li diffusion and conductivities in three different microstructures. Left column indicates the lateral length of the 

computational cells used in these simulations. 

https://atomsk.univ-lille.fr/
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NREL 

Figure VIII.5.7(a-d) shows the schematic of the detailed SEI model domain with reaction pathways upscaled 

from atomistic to the continuum realm and some salient results on model validation with electrochemical data 

(current, capacity) from composite silicon anode voltage hold experiments. The reaction mechanism consists 

of heterogeneous reduction reactions and homogeneous pathways to LEDC and Li2CO3 formation with SEI 

growth occurring through LEDC deposition from the electrolyte phase. The continuum-level physics includes 

complex reaction mechanism implemented via CANTERA, species transport, charge, and lattice site 

conservation. To validate the model, we compare it to experimentally measured leakage current from 180 hr 

voltage hold experiments on composite Si anodes in the half cell configuration. The model captures SEI solid 

phase electron diffusion limited growth and requires potential dependent SEI electronic diffusivity to match 

the leakage current data (see Figure VIII.5.7b and Figure VIII.5.7d). An order of magnitude drop in electron 

diffusivity magnitudes is observed from 100 mV to 250 mV hold. Different salt/solvent decompositions are 

activated at varying potentials resulting in SEI compositional variability with voltage. Consequently, the 

composite SEI electron diffusivity is a function of individual species diffusivity present in the SEI and is likely 

to be the cause of why a potential dependent conductivity in the model is required to match the experimental 

leakage currents. The trend matches electron conduction limited growth with intermediate SEI mechanism also 

showcasing a large solid phase potential gradient across the SEI. Figure VIII.5.7c showcases film thickness 

evolution with time and it follows the square root of time behavior generally observed in literature. Low Si 

voltage hold (100mV) or higher lithiation state of the silicon leads to a stronger driving force for electrolyte 

decomposition producing SEI products at a rapid rate. Consequently, a thicker SEI is observed after the 180 hr 

hold at 100 mV (~9 nm) as compared to the 250 mV hold (~2 nm).  During cyclic aging, the Si anode 

generally experiences potentials varying from 100 to 750 mV; adaptive charging protocols lowering the time 

spent at high states of charge can provide a pathway towards stabilizing Si SEI growth. 

Figure VIII.5.8 illustrates comparison of the SEI solid phase composition between intermediate SEI model and 

experiments. The NREL team performed V-hold experiments at different potentials (10, 100, 350 mV) on Si 

thin film anodes to analyze electrochemical and composition data related to irreversible SEI growth and 

compare with model. Analysis of electrochemical data through capacity deconvolution model reveals insights 

into SEI growth on Si; high SEI parasitic capacity is observed at low voltage (high SOC) for thin film silicon 

as well. Furthermore, X-ray photoelectron spectroscopy (XPS) on EMC rinsed samples provides solid-phase 

composition data (see Figure VIII.5.8b and Figure VIII.5.8d). Measured SEI layer is extremely thin (~5 to 10 

nm), indicating possible exfoliation of organic SEI due to solvent rinse, or rest at delithiated state of 900 mV in 

the last reference performance test cycle causing dissolution of the organic SEI. The compositional profiles do 

not show abrupt interfaces, presumably due to sample roughness and/or lateral inhomogeneities. SEI 

component peaks for compounds like LiF, Li2CO3 are only visible in the first few sputters indicating thin SEI 

layers. Lithium fluorophosphates LixPFyOz are also formed in the SEI. There is significantly more Li 1s signal 

associated with the 350 mV voltage hold likely associated with Li2O while more LiF is observed for the 100 

mV case. Thus, inorganic SEI is rich in LiF and Li2O with more Li2O at high voltage (350 mV) vs more LiF at 

low voltage (100 mV). Figure VIII.5.8(c,d) and Figure VIII.5.8(e,f) showcase the intermediate SEI model 

predictions for solid phase volume fraction and subsequent conversion to elemental atom percentage in the SEI 

at 100 mV and 350 mV respectively. For 100 mV, a bilayer SEI structure is predicted with inorganic rich inner 

SEI. Higher Li percentage in inorganic SEI is seen from model with large contribution coming from Li2O, 

Li2CO3, LiF. The outer layer comprises majorly of organic LEDC with LiF as a minor contributor. At 350 

mV, model predicts that the SEI layer loses its dual-layer nature with uniform composition across the SEI. The 

model matches experimental trend of LiF concentration increase from 350 mV to 100 mV but requires new 

decomposition reaction pathways occurring at higher potentials to see Li2O depletion from 350 mV to 100 

mV. 
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Figure VIII.5.7 (a) Schematic of detailed SEI model with atomistic elementary reaction mechanism involving several solution and 

solid phase species. (b) Model prediction of varying electron diffusivity with voltage to match irreversible currents obtained from 

180 hr voltage hold experiments on composite porous silicon anodes held at potentials from 100 mV to 250 mV. (c) Model 

prediction of SEI thickness variation with time for 180 hrs of voltage hold at varying Si anode potentials from 100 mV to 250 mV. 

(d) Comparison of leakage currents between model and experiments. 
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Figure VIII.5.8 (a) List of reactions in intermediate SEI model. (b) Experimental SEI solid phase composition data in atom 

percentage obtained through XPS on thin film silicon held at 100 mV. (b-c) SEI model prediction of solid phase volume fraction 

and atomic percentage for thin film silicon held at 100 mV. (d) Experimental SEI solid phase composition data in atom percentage 

obtained through XPS on thin film silicon held at 350 mV. (e-f) SEI model prediction of solid phase volume fraction and atomic 

percentage for thin film silicon held at 350 mV. 

Finally, a finite strain chemo-mechanics Si lithiation model is combined with virtual microstructure generation 

and transport homogenization calculations to understand the role of electrolyte transport limitations and its 

variation with Si state of charge. The chemo-mechanics model is used to determine Si particle expansion, 

porosity reduction and anode thickness increase at different states of charge during slow charging (C/100) of a 

5 mAh/cm2 full Si|NMC532 cell from 3.0 to 4.2 V with varying initial nominal porosities of 50% and 25% (see 

Figure VIII.5.9(a,b)). For initial porosities of 50% and 25%, Si anode reaches porosities of 40% and 10% at 

top of charge respectively showcasing large porosity reduction due to Si expansion. Si particle diameter 

increases from 100 nm to 130 nm while anode thickness shows substantial increase as well. These parameters 

are utilized as inputs for artificial microstructure generation of (un)lithiated Si anodes with conductive additive 

and binder (see Figure VIII.5.9c and Figure VIII.5.9d). Figure VIII.5.9e showcases that the (un)lithiated 

artificial microstructures porosity match with the macrohomogeneous model predictions (shown in Figure 

VIII.5.9a) indicating accurate electrode architectural representation. Tortuosity computations on Si 

microstructures with initial porosity 50% reveal that the tortuosity increases from 1.7 to 1.9 showcasing 

miniscule transport limitations. Hence, an initial porosity ~50% is desirable. Tortuosity computations on Si 

microstructures with initial porosity 25% reveal that the tortuosity increases from 6.1 to 259 showcasing 

exacerbated transport limitations due to minimal porosity and limited percolation pathways. The conductive 

binder domain induces a significant degradation of ionic transport in the system. 
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Figure VIII.5.9 (a-b) Finite strain macrohomogeneous model predictions of (a) voltage and Si anode porosity evolution and (b) Si 

particle diameter and Si anode thickness evolution during slow charging (C/100) of a full Si|NMC532 cell from 3.0 to 4.2 V with 

varying initial nominal porosities of 50% and 25%. (c-d) Generated virtual microstructure for (c) unlithiated and (d) lithiated Si 

anode consisting of active Si particles, carbon conductive additive, polyimide P84 binder, pore for tortuosity calculations. (e-f) 

Homogenization calculations based (e) porosity and (f) tortuosity values for Si anodes with initial nominal porosities 50% and 25%. 

Porosity and tortuosity values are shown with and without binder. 

Conclusions   

LBNL  

• We have developed a transfer learning approach based on self-supervised contrastive learning to 

predict activation barriers. We applied this model to a few prototype examples and found that we can 

significantly improve model performance for small datasets. 

• We have built a massive electrochemical reaction network based on graph theory in order to develop a 

micro-kinetic model to understand the SEI. 

• We have performed density functional theory calculations to find a low-barrier mechanism for the 

decomposition of LiPF6 through the chemical reaction of PF5 with Li2CO3. 

ORNL 

• We assembled reactive molecular dynamics simulations of the Si anode and electrolyte, including 

reactions that describe EC and PF6
- decomposition. We continue working with LBNL to add more 

reactive complexity and make our simulations more quantitative kinetics using reaction energy 

barriers. 

• A rigid molecules MD strategy was developed to further speed up time-to-solution in between 

reactions, using timesteps 4X larger than before. After adjusting temperature thermostats for the 

various groups of atoms, diffusion properties were shown to match very well all-atoms simulations. 

Long simulations of SEI growth with rigid molecules are currently on hold due to a software issue. 

• A model microstructure of SEI made of LiF only was build for various grain sizes and enabled the 

computation of microstructure conductivity. The model showed a clear dominance of atomic motions 

through grain boundaries versus bulk in determining overall conductivity. 
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NREL: 

● Developed atomistic, intermediate SEI model and validated with electrochemical and composition 

data from voltage hold experiments to provide strategies for stable SEI growth e.g. hold voltage.  

● In the next fiscal year, the chemically complex SEI models will be further validated with gas-phase 

composition data from gas chromatography–mass spectrometry (GC-MS) experiments on voltage hold 

Si pouch cells. The finite strain model will be used to delineate strategies for alleviating stress-based 

deformation and transport limitations for the Si anode. 

● Developed finite strain models coupled to virtual microstructure generation and homogenization 

calculations to understand electrolyte transport limitations during Si lithiation and provide anode 

design metrics e.g. optimal porosity. 

● In the next fiscal year, the finite strain models will be extended to consider “stress-relief” designs 

(such as laser patterning) to improve pouch cyclability.   
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Project Introduction 

Much of the doubling in Li-ion battery energy density over the past 30 years has been achieved through 

cathode material improvement. Improvements in anode energy density have languished, partly due to 

integration and manufacturing challenges, including the lack of an effective, scalable solution for incorporating 

minimal amounts of lithium for pre-lithiation of Si/SiOx-C and producing ultra-thin lithium metal anodes (1-

20µm) cost-effectively in high volume.  

None of the existing approaches meet high volume manufacturing (HVM) requirements for lithiation and 

prelithiation. In this respect, Applied Materials' current strategy is unique, considering and including ease of 

integration with existing Li-ion battery process flows and production of defect-free lithium films scalable in 

thickness and to industry-standard widths, at a low cost, in a safe environment. 

Objectives 

The project aims to develop and validate a cost-effective ultra-thin Li deposition system for advanced anode 

high-volume manufacturing (HVM) and demonstrate the following.: 

• Objective 1: Advanced batteries with pre-lithiated SiOx-C anodes with energy 
density >337Wh/kg from TRL 5 to TRL 7 (See Table VIII.6.1.) 

• Objective 2: Advanced batteries with Li-metal anode with energy density >375Wh/kg from TRL 4 to 

TRL 6 (See Table VIII.6.2.) 

• Objective 3: Develop a Li deposition system to meet high volume mfg. (HVM) requirements TRL 

4 to TRL 8 (See Table VIII.6.3.) 

Samples generated from Applied Materials ultra-thin Li deposition system are validated for Pre-Lithiation and 

Lithium metal anode:  Current updates on cell performance data are summarised below (see Status description 

later in this section). 

mailto:Subra_Herle@amat.com
mailto:Brian.Cunningham@ee.doe.gov
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Table VIII.6.1 Cell Performance data summary for Pre-lithiated Anodes 

Partners: Ionblox & 

Applied Materials 

Cell Performance for Pre-lithiated Anodes 

(Minimum Manufacturing Goals)  

Parameter 

Pouch Cells (Pre-

lithiated Si-Anodes) (>2 

Ah) BP-1 

Pouch Cells (Pre-lithiated Si-

Anodes) (>10 Ah) BP-2 

Pouch Cells (Pre-lithiated 

Si-Anodes) (>10 Ah) BP-3 

Energy Density ≥300 Wh/kg ≥319 Wh/kg ≥337 Wh/kg 

Cycle Life 600 Cycles 1000 Cycles 1100 Cycles 

Fast Charge N/A 80% in ≤15 minutes 80% in ≤15 minutes 

Status  
Completed (305 

Wh/Kg & 700 cycles  

Cells delivered to INL for 

testing (333 Wh/Kg) 
Ongoing 

 

Table VIII.6.2 Cell Performance data summary for Lithium Metal Anodes 

Partners: SAFT 

America, PNNL & 

Applied Materials 

Cell Performance for Lithium Metal Anodes 

(Minimum Manufacturing Goals)  

Parameter 

Pouch Cells (Lithium 

Metal Anodes) (5-10 

Ah) BP-1 

Pouch Cells (Li Metal 

Anodes) (~10 Ah) BP-2 

Pouch Cells (Pre-lithiated 

Si-Anodes) (>10 Ah) BP-3 

Energy Density ≥300 Wh/kg ≥337 Wh/kg ≥337 Wh/kg 

Cycle Life 200 Cycles 300 Cycles 1100 Cycles 

Fast Charge N/A N/A 80% in ≤15 minutes 

Status  
Completed (300 Wh/Kg 

& 200 cycles PNNL) 

Completed: Cells delivered 

to INL for testing (SAFT, 300 

Wh/Kg & 300 cycles PNNL) 

Ongoing 

Table VIII.6.3 Li Deposition system manufacturing performance  

Li Deposition System Manufacturing Target Performance  

(Measured with respect to established Baseline) 

Parameter 
Measure 

 (Minimum Manufacturing Goals) 

End of Program Performance 

Goals (10 µm Li deposition) 

Mechanical System Throughput, 

Web Speed Increase 
≥100% 

>20m/min 

Substrate Width Increase ≥100% 800 mm 

Uniformity Increase ≥50% +/- 7.5% 

Uptime Increase ≥50% Roll-to-Roll Baseline TBD 

Status 

Line speed & uniformity 

requirements met for 400 mm wide 

substrate 

 

Approach  

With funding support from DoE and working closely with leading U.S. battery makers Ionblox (formerly 

Zenlabs Energy: pre-lithiated SiOx-C anode) and Saft America (Li metal anode) and leveraging advanced 

battery research capabilities of key National Laboratories (PNNL, LBNL, ANL), Applied Materials is 

accelerating the time to market of a high productivity lithiation solution based on physical vapor deposition for 

both SiOx-C anodes and Li-metal anodes. Applied Materials is accelerating the development of its current 

R&D roll-to-roll (R2R) lithium deposition system based on Applied’s production-proven SmartWebTM 
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platform. Li-coated anodes are being fabricated and shared with project partners for integration into cells and 

characterization. As validated by the project collaborators, the deposition equipment and processes will be 

optimized to achieve volume manufacturing performance targets while meeting battery performance and cost 

targets. Ionblox is focusing on high silicon content SiOx-C based batteries and Saft & Pacific Northwest 

National Lab (PNNL) on high energy density Li-metal batteries. Lawrence Berkeley National Laboratory 

(LBNL) will be responsible for investigating prelithiated SiOx-C and lithium metal surface and interface 

properties, stabilization, and providing metrology services for the program. The partners will work with 

Argonne National Laboratory (ANL) to update the techno-economic BatPaC models to incorporate battery 

architectures that use prelithiated Si/SiOx-C and Li metal anode-based batteries. 

Budget Period 1 (BP-1) 

Hardware and Process Baselining and Pathfinding (Completed) 

In Budget Period 1 of the project, the team designed, procured and operationalized hardware for Li 

deposition and surface protection. Hardware and Process baselines were established and deposited 

samples generated for pathfinding and intial cell testing.  

Budget Period 2 (BP-2) 

Roll-to-Roll (R2R) HVM Test Preparations (Completed) 

In Budget Period 2, the team completed scale up design for the Li deposition and protection equipment, 

procured and operationalized scaled up components and continued to optimize hardware and process.  

Cell testing was moved to large format cells to meet or exceed interim performance goals towards high 

volume manufacturing (HVM).   

Budget Period 3 (BP-3) 

R2R HVM Validation (In Progress) 
In Budget Period 3, the team will focus on validating the Li deposition and protection hardware and process to 

meet the equipment and cell performance goals for high volume manufacturing (HVM).  The team will also 

establish a cell and pack level technoeconomic model incorporating these advanced anodes.  

Results  

The project has reached the end of budget period 2 (BP2). In BP2, we completed the scale-up and design for 

the Li deposition and protection equipment. We further made significant efforts to scale up components to 

enhance the performance and continue optimizing hardware and process development for the two deposition 

tools at our facility in Sunnyvale, CA. Cell testing and characterization were carried out for BP2 deliverables 

for both the Silicon anodes and Lithium metal anodes: Studies were directed toward large capacity pouch cell 

formats to meet interim performance goals towards high volume manufacturing (HVM).   

The key outcomes for budget period 2 involved Lithium deposition hardware development in significantly 

improving the deposition rate (3X times). Furthermore, several samples with new chemistries were generated 

using the protection layer equipment to study the surface properties of Lithium. The highlight of this BP2 was 

delivering to Idaho National Laboratory (INL) 1) twenty-three 7 Ah multilayer Lithium metal pouch cells 

(Applied Materials-SAFT-America) 2) and six cells using prelithiated SiOx anode 10 Ah (Applied Materials-

Ionblox). These cells will be further evaluated for performance at INL. Budget Period 3 continuation has been 

authorized. 

Additional Updates 

Applied Materials will pursue in the current phase of the program Substrate Independent Deposition and 

Transfer (SIDT) process. This approach will help us speed up the activities for deliverables. Each Si/SiOx 

anode substrate has many variations in chemistry, coating width, and patterns, variation in anode thickness 

non-uniformity, degree of degassing in our R2R system, web handling characteristics, etc. However, we 

needed an independent approach to characterize our hardware and utilize this opportunity for faster alternate 

pre-lithiation with our partners. Apart from the direct line-of-sight process for the prelithiation of anodes, we 
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have also started working on an alternate strategy for prelithiation. Polyethylene terephthalate (PET) has been 

known as a substrate in the industry for extruded films of Li. We decided to explore PET as a substrate of 

choice considering its stability at higher temperatures, cost-effectiveness and ready availability in the market in 

wide roll formats at various thicknesses and widths. This new Li-transfer approach and learning can 

significantly improve the throughput based on substrate width scalability. Applied Materials R2R platforms 

can handle more than 1-meter-wide PET substrates. 

Table VIII.6.4 below captures all the proposed milestone and corresponding status updates. All Budget Period-

1 and 2 milestones were completed, and preparations started towards meeting Budget Period-3 objectives, as 

summarized below. 

Table VIII.6.4 Proposed milestone and corresponding status updates 

Milestone Type Status as of 10/30/2022 

Complete Gen. 2 source testing on 

test stand.  
Technical 

Met in PQ-5. Gen 2 was installed, tested, and characterized in 

S2S tool. Further testing is in progress on R2R tool. 

Addition of Second Process 

Chamber 
Technical 

Modular design completed and second process chamber 

installed.  

Protection layer material for scale 

up to R2R processing Selected 
Technical 

Met in PQ-5. In-situ R2R CO2 passivation hardware was 

installed, and baseline validated on Li on Cu rolls.   

Design of protection layer 

hardware for R2R testing 

Completed 

Technical 
 In-situ CO2 passivation capability designed, incorporated, and 

experimentally validated in the R2R tool. 

Polymer selected 

 

Go/No Go Decision: 

 

Complete Gen. 2 source testing on 

test stand.  

Addition of Second Process 

Chamber 

Technical 

 LBNL selected poly (9,9-dioctylfluorene-co-fluorenone-

comethylbenzoic ester (PFM) binder for further performance 

evaluation. 

Go/No Go 

Li Metal based cells (SAFT) Delivered to Idaho National Lab 

(INL) BP-2 deliverable completed → Cell testing in progress.  

Pre-Li SiOx-C anode Delivered to INL BP-2 deliverable 

completed → Cell testing in progress.  

R2R system: Gen 2 source on R2R demonstrated double sided 

Li deposition 

 

Technical 
 Met in PQ-5. Gen 2 was installed, tested, and characterized in 

S2S tool. Further testing is in progress on R2R tool  

Technical 

Modular design to enable DS coating configuration concept 

completed. One of the modular chambers is being currently 

installed in the lab.  

 

In the rest of this section, we capture the program's key highlights and learnings, including data from Applied 

Materials and our partners (see Figure VIII.6.1 to Figure VIII.6.9). 
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Figure VIII.6.1 Cell manufacturing steps including pre-lithiation for silicon anodes  

 

 

Figure VIII.6.2 (A) Examples of silicon (SiOx) anode before and after pre-Lithiation and Pouch cell assembly process (Cell build was 

done by Ionblox). 
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Figure VIII.6.3 Ionblox (Zenlabs) Summary of electrochemical data from formation process for the cells showing good consistency 

and reproducibility (~14 um Pre-Li). Summary of cell parameters are shown with Energy density reaching 333 Wh/kg and 811 

Wh/L.  

 

 

Figure VIII.6.4 SAFT America summary of cells with ~ 18 um Li per side: (A) Images of 7Ah pouch cells (B) Pouch cell in testing 

fixture (C) summarizes key parameters of cells delivered to INL for testing (x- axis represents the serial number of the cell). 

 



FY 2022 Annual Progress Report 

 Next Generation Lithium-Ion Materials: Advanced Anodes R&D 493 

 

Figure VIII.6.5 Update on the cycling Performance of 1.5 Ah (300Wh/kg) cells with NMC622 cathode and approx. 18 µm Li Anode 

at PNNL 

 

 

 

Figure VIII.6.6 Progress Summary for PFM binder selection (Lawrence Berkeley National Laboratory (LBNL): LBNL fabricated and 

evaluated high loading SiOx anodes (~4.5 mAh/cm2) for industrial prelithiation and demonstrated PFM binder with Applied 

Materials Pre-Li anodes delivering ~ 35 % capacity improvement  in coin cell study. 
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Figure VIII.6.7 Progress Summary BatPaC Cost Model (Argonne National Laboratory): Results of parametric sensitivity study for 

some key variables on the cost of cell manufacturing where each independent variables was changed by ±10%. 

 

 
Figure VIII.6.8 Summary of Protection layer development (Applied Materials): Different types of protection layers were investigated 

(Type A, B and C), where type C shows best cycling of 160 cycles vs. control showing <120 cycles. 
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Figure VIII.6.9 Applied Materials Process development (Li Deposition): 14 µm Li deposition at different intervals (A-D) from 

beginning to end of the continuous R2R process run indicating stable process.  

Conclusions   

In 2022, the Applied Materials-led team consisting of Ionblox, Saft America, LBNL and PNNL and ANL 

completed all Year-1 and Year-2 milestones and deliverables and started work towards Year-3 objectives. 

Key Publications   

1. Poster summarizing Year-1 results, presented at the 2021 EERE VTO Annual Merit Review, June 

2021 Vehicle Technologies Annual Merit Review, Project ID: BAT 495. 

Acknowledgements   

Ajey M. Joshi, Ph.D. (Ajey_M_Joshi@amat.com) served as the Program Director for this project. The Applied 

Materials team would like to sincerely acknowledge our key partners (Ionblox, Saft America, LBNL, PNNL, 

and ANL) for their expert contributions and consistent efforts in supporting us to enable this technology.  We 

also acknowledge significant contributions from our Applied Materials engineering and process team, who 

have worked tirelessly to make significant progress towards the overall program goals. 

  

mailto:Ajey_M_Joshi@amat.com


Batteries 

496 Next Generation Lithium-Ion Materials: Advanced Anodes R&D 

VIII.7 Structurally and Electrochemically Stabilized Si-rich Anodes 
for EV Applications (Enovix Corporation) 

John Thorne, Principal Investigator 

Enovix Corporation 

3501 W. Warren Avenue 

Fremont, CA, 94538 

E-mail: jthorne@enovix.com  

Andrew Colclasure, Co-Principal Investigator 

National Renewable Energy Laboratory 

Center for Integrated Mobility Sciences 

Golden, CO 80401 

E-mail: andrew.colclasure@nrel.gov   

Brian Cunningham, DOE Technology Development Manager  

U.S. Department of Energy 

E-mail: Brian.Cunningham@ee.doe.gov 

Start Date: October 1, 2020 End Date: September 30, 2023  

Project Funding (FY22): $3,156,600 DOE share: $1,548,878 Non-DOE share: $1,607,722 
 

Project Introduction 

Silicon has long been heralded as the next important anode material in lithium-ion batteries. Silicon anodes can 

theoretically store more than twice as much lithium than the graphite anode used in nearly all lithium-ion 

batteries today (1800mAh/cm3 vs. 800mAh/cm3). However, to successfully commercialize a practical high 

energy silicon anode lithium-ion battery, four significant technical problems need to be solved: 

• Formation expansion: When fully charged, a silicon anode can more than double in thickness, 

resulting in significant swelling that can physically damage the battery, causing failure. 

• Formation efficiency: When first charged, a silicon anode can absorb and permanently trap as much as 

50%-60% of the original lithium in the battery, reducing the battery’s capacity by 50%-60% unless a 

pre-lithiation solution is implemented 

• Cycle swelling. A silicon anode will swell and shrink when the battery is charged and discharged, 

respectively, causing damage to both the package and the silicon particles in the anode, which can 

crack, and further trap lithium on the fresh silicon surfaces exposed by the cracks. 

• Cycle and calendar life. Silicon particles can become electrically disconnected from the electrode 

when the silicon anode is in its shrunken state and can crack when the silicon anode is swollen, both 

of which can lower cycle life. In addition, when silicon particles become disconnected from the 

electrode, they are no longer able to accept lithium and neighboring particles must absorb the excess, 

causing over charging and further opportunities for physical damage. Electrolyte continuously reacts 

with Si surface and unlike graphite does not form a well passivating surface. 

These four problems have limited the practical application of silicon anodes in conventional lithium-ion 

battery cells. Enovix has developed a 3D cell architecture and manufacturing process that uniquely solves 

these four technical problems to enable 100% active silicon anodes. While Enovix technology has been well 

vetted and proven in the consumer space, its significant potential to improve the state of the art in electric 

vehicle (EV) batteries remains largely unexplored. This project is intended to study the effect of Enovix’s 

unique cell architecture against the automotive performance requirements of high energy density (achieved by 

using a silicon anode) coupled with high cycle and calendar life. 

mailto:jthorne@enovix.com
mailto:andrew.colclasure@nrel.gov
mailto:Brian.Cunningham@ee.doe.gov
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Objectives 

The objective of this project is to build and deliver cells using the Enovix architecture with an optimized 

silicon anode, automotive class cathode, and electrolyte formulation that can achieve the following 

performance and long-term stability targets required for EV applications: 

• 750 Wh/L energy density, 

• 350 Wh/kg specific energy, 

• <20% energy fade after 1000 C/3 cycles, and 

• 10-year calendar life. 

Approach  

Enovix 

We continue to work toward accomplishing the above targets by utilizing the cell design and manufacturing 

capabilities of Enovix, the modeling and fundamental understanding of expertise of National Renewable 

Energy Laboratory (NREL) and the electrolyte development know-how of Mitsubishi Chemical Corporation 

(MCC). Baseline cells with automotive cathode were built in Year 1 to demonstrate the current 100% active 

silicon anode capability and performance. Using an iterative approach, several cell designs continue to be 

implemented with various electrode designs, porosities, materials, internal pressures, test protocols, and 

electrolytes to increase volumetric and gravimetric energy density while maintaining the stated cell stability 

requirements. Cells with the best anode material-electrolyte combinations were determined in Year 2, and 

optimized anode-electrolyte-stack pressure will be built and performance tested in Year 3. Cells designs that 

project to  > 750 Wh/L packaged energy density, < 20% energy fade after 1000 C/3 cycles, and 10-year 

calendar life were built in Year 2 using NMC 622.  Additional cell designs will be introduced in Year 3, 

including new cathode electrodes with higher loadings, new cathode material(s), and higher press densities. 

They will be used as a primary driver to step up the core gravimetric energy density. The best performing cell 

design will be implemented in a ~3 Ah format. 

NREL 

NREL is developing continuum-level models to aid electrolyte and electrode design for silicon-based (Si and 

SiOx) anode formulations. A detailed multiphase-multispecies solid electrolyte interphase (SEI) model 

implements ≅5 electrolyte decomposition/ deposition irreversible global reactions informed by the literature 

and provides fundamental insights into associated capacity fade and SEI composition [1,2]. The model 

captures bi-layer (inorganic-organic) SEI features, electronic conduction limited growth and can be leveraged 

to aid electrolyte design. Furthermore, chemo-mechanic models incorporating Si particle expansion, SEI 

growth are developed which capture pore closure and expansion at the electrode level and can provide 

electrode design inputs for optimal transport and stress [3].  These design requirements can include initial 

electrode porosities, particle size, stack pressure, current protocol limits etc.  This model will accelerate high-

loading electrode development by considering not only electrochemical and transport overpotentials, but also 

the strongly coupled influences of chemo-mechanics. 

Results  

Table VIII.7.1 and Table VIII.7.2 show measured values of key cell builds from Budget Period 1 and Budget 

Period 2 in the 300 mAh-class cell format. Corresponding modeled values are shown in Table VIII.7.3. 

Measured values of the Volumetric Energy Density (VED) generally match modeled values to within 1%. 

Measured values of the Gravimetric Energy Density (GED) generally match modeled values to within 2%.  
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Table VIII.7.1 Summary of measured quantities and their standard deviation from key Budget Period 1 

300 mAh-class cell builds using a 3.6 mAh/cm2 NMC622 cathode with 3.2 g/cc electrode density. 

  
Low loading 

Low pressure 

Low loading 

Baseline pressure 

Low loading 

High pressure 

Quantity Unit Value St.dev. Value St.dev. Value St.dev. 

x length mm 29.71 ±0.21 29.76 ±0.24 29.17 ±0.40 

y length mm 16.90 ±0.12 17.07 ±0.06 17.20 ±0.14 

z length mm 3.52 ±0.06 3.45 ±0.06 3.46 ±0.11 

Cell weight g 4.37 ±0.04 4.43 ±0.09 4.45 ±0.05 

Capacity mAh 252.0 ±0.4 265.3 ±0.2 274.6 ±1.6 

Energy Wh 0.878 ±0.012 0.920 ±0.007 0.950 ±0.004 

Core VED Wh/L 850 ±9 887 ±8 921 ±7 

Packaged VED Wh/L 495 ±3 524 ±12 544 ±21 

Packaged GED Wh/kg 201 ±6 207 ±6 213 ±2 

 

Table VIII.7.2 Summary of measured quantities and their standard deviation from key Budget Period 2 

300 mAh-class cell builds using a 5.1 mAh/cm2 NMC 622 cathode with 3.3 g/cc electrode density. 

  
High loading 

Baseline pressure 

High loading 

High pressure 

Quantity Unit 
Measured 

value 
St.dev. 

Measured 

value 

St.dev. 

x length mm 29.83 ±0.16 29.77 ±0.11 

y length mm 17.08 ±0.12 17.10 ±0.04 

z length mm 3.49 ±0.05 3.44 ±0.06 

Cell weight g 4.48 ±0.06 4.58 ±0.03 

Capacity mAh 0.293 ±0.002 0.304 ±0.001 

Energy Wh 1.013 ±0.008 1.050 ±0.002 

Core VED Wh/L 974 ±8 1012 ±6 

Packaged VED Wh/L 567 ±10 598 ±11 

Packaged GED Wh/kg 226 ±3 230 ±2 

 

Inputted values for capacities, cell voltages, active material areas, tend to overestimate the core energy by 1-

4%, which is partly due to reference capacities and energies measured at 25°C in the full cells, compared to 

cycle life measurements and modeled values which target 30°C, and accounts for ~1-2% of the capacity and 

energy. Capacity and energy are also observed to increase by ~2-4% in the first 30-60 cycles in all cell designs, 

and show similar values to modeled values of capacity and energy at C/3 in this cycle range at 30°C. 

Measurement of the packaged VED after 30 cycles demonstrates similar values to measured cycle 1 packaged 

VED despite this increase in the capacity and energy. The methods used to model packaged energy density 

have proven to be an excellent predictor of measured packaged energy density in at least five different NMC-

SiOx cell designs. 
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Table VIII.7.3 Summary of modeled energy density values for key cell builds from Budget Period 1 and 

Budget Period 2. An updated model was used to improve the accuracy of the modeled GED value. 

Quantity Unit 
Low loading 

Low pressure 

Low loading 

Baseline pressure 

Low loading 

High pressure 

High loading 

Baseline pressure 

High Loading 

High pressure 

Modeled Core VED Wh/L 878 916 946 983 1024 

Modeled VED Wh/L 510 528 547 568 594 

Modeled GED Wh/kg 197 204 209 222 230 

 

 

Table VIII.7.4 Summary of modeled energy density values for the high loading, high pressure case, 

showing a projection to 3 Ah and 100 Ah size. Approximately 800 Wh/L and 270 Wh/kg are modeled in 

the 100 Ah cell size. 

High Loading, High Pressure: projection to larger size for conservative 5.1 mAh/cm2 

NMC622/SiOx cell 

Parameter Unit 300 mAh cell 3 Ah cell 100 Ah cell 

Cell dimensions (x*y*z) mm 30*17*3.4 70*38*5.1 325*125*11.5 

Cathode active material - NMC 622 NMC 622 NMC 622 

Anode active material - SiOx SiOx SiOx 

Cathode loading mAh/cm2 5.1 5.1 5.1 

Cathode specific capacity mAh/g 177 177 177 

Cathode density g/cc 3.3 3.3 3.3 

Voltage range V 2.5-4.2 2.5-4.2 2.5-4.2 

Cell capacity Ah 0.293 2.899 109.0 

Volumetric energy density Wh/L 594 722 798 

Gravimetric energy density Wh/kg 230 254 270 

 

Table VIII.7.4 shows a projection to larger sizes for the highest energy design. Based on existing data from key 

cell builds, the highest energy design is expected to meet 3 of 4 program objectives, i.e. > 1000 cycles, > 10 

years calendar life, and > 750 Wh/L. Figure VIII.7.1 shows the cycle life performance of Enovix 3D cells with 

NMC622 described above. The discharge capacity in units of Ah, and the corresponding normalized energy 

and normalized capacity are shown. The low loading, baseline pressure cells from Budget Period 1 exceeded 

1500 cycles to 80% energy. All cell designs had overlapping capacity and energy fade trajectories, despite core 

energy densities ranging from 850 Wh/L to > 1000 Wh/L. Figure VIII.7.2 shows voltage curves at various 

cycles for three cells in the baseline design. 

Figure VIII.7.3 shows the calendar life data stored at the 4.2 V upper cutoff voltage used for cycle life data 

shown in Figure VIII.7.1 for the low loading, baseline pressure design. Recovered capacity exceeds 99% at 

40°C and 30°C after approximately 12 months. Recovered capacity is about 96% after > 11 months at 50°C. 

This data suggests cells exceed 10 years of calendar life at room temperature using 100% active silicon anodes. 

When the top of charge storage voltage is reduced to 4.1 V at each temperature, a significant improvement is 

observed in 50°C, suggesting calendar life can be extended significantly if the top of charge storage voltage is 

reduced. 
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Figure VIII.7.1 Cycle life data of cells described in the adjacent three tables at 30°C. 

 

Figure VIII.7.2 Voltage curves at various cycles between cycle 60 and cycle 1500 for three different baseline loading, baseline 

pressure cells. 
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Figure VIII.7.3 Calendar life data of the low loading, baseline pressure cells stored at 30°C (circle), 40°C (cross), and 50°C 

(square). More than 1 year of storage is shown at 4.2 V (blue), and  more than 7 months of storage is shown at at 4.1 V (orange). 

Table VIII.7.5 shows modeling outputs for a cell identical in design to the high loading, high pressure case that 

was built in Budget Period 2, except the cathode is substituted with an NMC 811-type material that was tested 

in-house. This material had measured 220 mAh/g, with 88% first cycle efficiency. This is a marked increase in 

capacity compared to the NMC 622 material currently in use which has approximately 177 mAh/g and 90% 

first cycle efficiency. For the same cathode areal capacity of 5.12 mAh/cm2, and increased press density of 

3.55 g/cc (achieved in-house and as advertised by the material vendor), the single-sided cathode coating 

thickness excluding the current collector decreases from 91.5 µm to 68.2 µm in the cell design model. This 

enables more electrodes to be incorporated into Enovix fixed volume cells. The prelithiation capacity must be 

adjusted accordingly to maintain the same anode to cathode ratio. Otherwise, all design parameters are 

identical. Volumetric and gravimetric energy density reach 918 Wh/L and 316 Wh/kg respectively in the 100 

Ah cell format, or a > 15% increase purely due to a drop-in higher energy cathode electrode. 

A future cell design is described in Table VIII.7.6 which represents one possible route to achieving the 

volumetric and gravimetric energy density goals defined by the program. This cell design is based on that 

described in Table VIII.7.5, with the following changes: 1. Cathode loading is increased from 5.12 mAh/cm2 

to 6.38 mAh/cm2, which corresponds to 30 mg/cm2. This loading was tested and characterized in the lab with 

the baseline inactive formulation, using experimentally obtained specific capacity obtained for the NMC 811-

type material. 2. A new generation SiOx material was modeled based on numbers extracted from coin cell data 

measured in the lab in preliminary studies, and has significantly higher capacity, which enables reduced anode 

mass loading. 3. Target unlithiated excess anode material was reduced. Measured excess anode is always 

higher than target excess anode by several percentage points in all the experimental cell designs presented. 4. 

Aluminum foil thickness was changed from 15 µm to 12 µm. 5. The prelithiation was not increased 

proportionally to the cathode areal capacity as was done in previous builds where the loading was increased, 

which reduces the anode to cathode ratio. The described changes increase the GED from ~320 Wh/kg to ~350 

Wh/kg, and VED is in excess of 1000 Wh/L. 
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Table VIII.7.5 Summary of modeled energy density values for the high loading, high pressure case, 

where the NMC 622 cathode is directly substituted with input parameters taken from coin cell data, 

tested using high nickel NMC 811-type material, but otherwise uses the same design parameters.  

High Loading, High Pressure: projection to larger size for conservative 5.1 mAh/cm2 NMC811-

type/SiOx cell 

Parameter Unit 300 mAh cell 3 Ah cell 100 Ah cell 

Cell dimensions (x*y*z) mm 30*17*3.4 70*38*5.1 325*125*11.5 

Cathode active material - NMC 811-type NMC 811-type NMC 811-type 

Anode active material - SiOx SiOx SiOx 

Cathode loading mAh/cm2 5.12 5.12 5.12 

Cathode specific capacity mAh/g 220 220 220 

Cathode density g/cc 3.55 3.55 3.55 

Voltage range V 2.5-4.2 2.5-4.2 2.5-4.2 

Cell capacity Ah 0.332 3.349 125.7 

Volumetric energy density Wh/L 673 835 918 

Gravimetric energy density Wh/kg 267 298 316 

 

Table VIII.7.6 Summary of modeled energy density values for a possible future cell design with a 

pathway to hitting the program gravimetric energy density target.  

Aggressive 6.38 mAh/cm2 NMC811-type/SiOx cell 

Parameter Unit 300 mAh cell 3 Ah cell 100 Ah cell 

Cell dimensions (x*y*z) mm 30*17*3.4 70*38*5.1 325*125*11.5 

Cathode active material - NMC 811-type NMC 811-type NMC 811-type 

Anode active material - SiOx SiOx SiOx 

Cathode loading mAh/cm2 6.38 6.38 6.38 

Cathode specific capacity mAh/g 220 220 220 

Cathode density g/cc 3.55 3.55 3.55 

Voltage range V 2.5-4.2 2.5-4.2 2.5-4.2 

Cell capacity Ah 0.373 3.746 141.1 

Volumetric energy density Wh/L 755 933 1033 

Gravimetric energy density Wh/kg 294 326 346 

 

Based on these results, cell designs for Budget Period 3 will target higher loading, higher density, and/or 

higher capacity cathodes. They will be implemented using the anode parameters similar or slightly higher to 

those established in the above summarized cells, and are expected to achieve the stability targets. The 

corresponding volumetric energy density target increases beyond 900 Wh/L in the 100 Ah design based on the 

current experimentally validated anode design, prelithiation, and anode to cathode ratio, and measured values 

are expected to exceed 750 Wh/L in a ~3 Ah cell format, which will be built in Budget Period 3. Future cell 

designs will also target the 350 Wh/kg objective with additional design parameter adjustments. A newer 

iteration of SiOx is currently being tested at Enovix which can contribute to the needed increase the gravimetric 

energy density. Cycle life currently exceeds program targets by significant margin. Therefore, additional 

adjustments include a reduction in prelithiation and reduced anode to cathode ratio, which are necessary to 

achieve the target. 
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NREL built and parametrized the finite strain COMSOL model for cycling based on Enovix’s thickness and 

porosity evolution data for its cell configurations. First charge data with formation and prelithiation is 

available. Validation is ensured through matching of the final anode thickness and porosity outputted by the 

model with the experimental numbers obtained from Enovix preliminary calculations. Figure VIII.7.4(a) 

shows the simulated voltage profiles during charging of the cell during normal cycling. For the high-pressure 

case, Enovix preliminary calculations suggest that the final SiOx end of charge thickness and porosity are 40.2 

microns and 19.1% respectively. The COMSOL model is initialized and charged to 4.2 V such that the model 

matches this final thickness and porosity (see Figure VIII.7.4 (b,c)). At C/10, we see that the anode is lithiated 

throughout its thickness indicating a uniform porosity throughout the anode. The physical properties of interest 

for this match are the Li molar volume in host SiOx and the SEI volume fraction present in the system after the 

formation. A molar volume of 8e-6 m3/mol indicating a final to initial volume ratio of 2.45 for Li3.75SiO vs 

Li0SiO and an SEI volume fraction of 3% after formation provides a good match across the four different 

Enovix cell configurations. It is notable that sufficient end porosity is observed even for the high-pressure case 

which can alleviate transport limitations in this system. 

  

Figure VIII.7.4 Finite strain COMSOL model results for (a) voltage , (b) end of charge porosity and (c) anode thickness evolution 

during normal cycling for charge to 4.2 V. Open circuit potentials of NMC and SiOx are obtained from slow current rate half cell 

data provided by Enovix. Good match is obtained for end of charge porosity and thickness between model and experiments 

showcasing accurate parametrization of the COMSOL model with experiments. 

Conclusions   

300 mAh-class cells have been built with NMC 622 cathodes and 100% active Si anodes, and are in cycling, 

calendar life testing. These cells have achieved the designed volumetric and gravimetric energy densities. 

Baseline cells from budget period 1 have achieved > 1500 cycles to 80% energy after more than one year of 

cycling at 30°C, and achieved approximately 96% capacity after nearly one year of storage at top of charge 

(4.2 V) in a 50°C test chamber. These results indicate viability of using 100% active silicon anodes, projecting 

to > 10 years of calendar life, and exceed the target energy retention and calendar life objectives. NREL has 

provided input and verification of cell designs with cell parameters provided by Enovix. Additional cell 

designs were implemented where measured packaged energy densities range from ~500 Wh/L to ~600 Wh/L 

in the 300 mAh-class format, with modeled gravimetric and volumetric energy density values generally within 

1-2% of measured values, and show similar cycle life stability. The highest energy cell design projects to 800 

Wh/L and 270 Wh/kg in a 100 Ah cell format, and this cell design is expected to achieve 3 of 4 of the program 

objectives. When an NMC 811-type material is substituted in place of the NMC 622 in the highest energy cells 

currently in test, with otherwise identical cell design parameters (i.e. anode loading, anode to cathode ratio), 

cell energy projects to 920 Wh/L and 317 Wh/kg in the 100 Ah cell format. Future cell designs in year 3 will 

increase both volumetric and gravimetric energy densities in attempt to reach the 4th program objective of 350 

Wh/kg. 
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Project Introduction 

Group14 Technologies is leading a word-class team composed of Cabot Corporation, Silatronix, Arkema, 

Pacific Northwest National Laboratory, and Farasis Energy to research, fabricate, test and demonstrate lithium 

ion batteries (LIB) implementing 30% silicon-carbon (Si-C) composite anodes achieving aggressive next 

generation automotive energy targets. The project’s centerpiece technology is Group14’s high performing Si-C 

composite anode material already proven to provide 35% increased energy density at 12% composite blended 

with graphite, >1000 cycle stability, and a projected cell cost of <$125/kWh in conventional LIBs under a 

prior DOE VTO award (DE-EE0001201). This project advances this baseline by taking a holistic approach to 

increase silicon content for higher energy density and to improve calendar and cycle life through the 

optimization and incorporation of carbon additives, surface coatings and binders for the anode along with high 

performance co-solvent electrolyte additives. These anode improvements are being paired with high-nickel, 

low-cobalt, commercially available cathode to achieve the project’s performance targets. 

Objectives 

This three year project will culminate in a 0.4Ah pouch cell which demonstrates targets of >350 Wh/kg, >750 

Wh/L, >1000 cycle stability, and >10 year calendar life. This target will be achieved incrementally each year 

of the project with a LIB build achieving the baseline, interim and final cell targets listed in Table VIII.8.1 

below: 

Table VIII.8.1 Electrochemical Objectives for DOE Project – EE0009187 

Objective Metric Baseline Interim Final 

Useable Specific Energy at 30C and C/3 Wh/kg >340 >350 >350 

Useable Energy Density at 30C and C/3 Wh/L >750 >750 >750 

Calendar Life Years to 20% fade >3 >5 >10 

Cycle Life (C/3 deep discharge to 350 Wh/kg) Cycles to 20% fade 300 600 1000 

Approach  

Our approach is to leverage Group14 Technologies’ carbon and Si-C composite expertise in conjunction with 

our partnering organizations’ expertise to holistically improve the performance of a LIB as measured by our 

yearly electrochemical targets. Within this collaboration, each of our partners contribute a unique approach 

toward improving the battery: 

mailto:rcostantino@group14.technology
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• Group14 Technologies:  Our core technology is to create a composite material that accounts for and 

overcomes the failings of traditional silicon based anode material solutions. The basis for Group14 Si-

C’s superior performance is its rationally designed structure. At its foundation is an amorphous carbon 

scaffold, with its porosity fine-tuned for promoting intra-particle growth of the desired type and size 

of silicon. The resulting Si-C composite includes internal void space to buffer expansion, nano-silicon 

to prevent particle fracture with cycling, and a carbon scaffold to enhance conductivity and particle 

integrity while minimizing exposed silicon surface area. Our approach for this project is to further 

optimize both the carbon scaffold and to modify the resulting Si-C in order to protect the surface from 

adverse interactions that may negatively impact cell performance. 

• Cabot Corporation: Global leader in nanoengineered conductive carbon additives for LIBs. Their 

role in the project is: (1) to assist Group14 in characterization of carbon and resulting Si-C and (2) to 

optimize the carbon additive type and loading to maximize performance. 

• Silatronix: Producers of organosilicon co-solvent additives that improve LIB cycle and calendar 

stability. Silatronix pioneered industrial relevant analytical methods for investigating silicon-

electrolyte interactions, including quantitative gassing analysis and identification of degradation 

mechanisms. Leveraging their expertise, they will produce an optimized electrolyte formulation that 

will synergize with Group14 Si-C to extend battery life by controlling degradation mechanisms. 

• Arkema: A specialty chemicals and advanced materials developer and supplier that successfully 

commercialized several electrode binders and separators coating resins, especially for high-energy, 

high-voltage LIBs. Their role in the project is to develop an optimized binder solution to maximize 

cohesion of Group14’s Si-C composite with other anode components and to promote the long term 

cycling and calendar performance of the battery. 

• Farasis Energy: A leading U.S. developer and supplier of LIBs for EVs. Farasis has designed and 

built its own Li-ion cell and battery system manufacturing plant and has been in high volume 

production since 2010 with fully automated production capability of 4 GWh/y. By leveraging Farasis’ 

battery production research and experience the best design and form factor of LIB will be utilized to 

promote high energy density and increase cycle life. 

• Pacific Northwest National Lab (PNNL): World-renowned experts in energy storage research. 

PNNL lead in mechanistic investigations regarding LIB materials and assure the guidance to the 

project towards success. PNNL provides critical advanced materials characterization support toward 

synergizing the team’s optimization efforts.  

Results  

The primary project objectives for FY22 were: (1) to deliver devices and data for interim LIBs, (2) perform 

screening and down-selection of critical battery components, and (3) deliver optimized carbon scaffold to 

support the final LIB build. As discussed with the Department of Energy (DoE) during the regular quarterly 

project meetings, these objectives have been satisfactorily completed. The project’s current focus is final 

screening of down-selected critical battery components in 0.4Ah pouch cells in order to demonstrate 

performance targets in support of the final battery build. 

In the last annual progress report, we discussed the cycle life data for the baseline build.  For the current 

reporting period, we now have data available for the calendar life. These data are shown in Figure VIII.8.1. 
For this test, the cells were  stored at 30°C and 45°C with 100% state of charge (SoC) for 30 days increments. 

Battery performance was then measured after each 30 day interval at a C/3 rate followed by an HPPC test at 

C/10 rate (1C pulse) and charge-discharge at C/3 to calculate the capacity. As can be seen, there was relatively 

low degradation in performance observed, for example, the capacity loss after 9 months was  4% and 11% at 

30°C and 45°C, respectively.  
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Figure VIII.8.1 Calendar life update for baseline batteries comprising Group14 Si-C. 

The first key milestone and deliverable in FY22 was the design, development, production and delivery of 

interim LIB devices and data. Data are shown in Figure VIII.8.2 for the baseline batteries (gray curve) 

compared to sequential iterations (yellow curve) leading to the interim build battery configuration (blue curve), 

as well as demonstrating the effect of addition of 1% OS3 additives (green curve).  As can be seen, the 

projected cycle stability of the batteries representing the interim build demonstrate >600 cycles, a substantial 

progress from the cycle stability of the baseline batteries. Furthermore, the data show an encouraging trend for 

further cycle stability improvement with the addition of 1% Silatronix OS3 additive in the electrolyte. 

Farasis initiated production of 15 x 0.5Ah cells, Figure VIII.8.3, with the following components: modified Si-

C from Group14 (down-selected from a pool of 13 samples tested by Farasis), baseline electrolyte with OS3 

additive from Silatronix, commercial graphite, commercial binder, commercial carbon additive, and 

commercial cathode. These cells are being tested at both Farasis and Argonne National Lab to serve as a 

benchmark for component screening and the final build. The intent of the interim build was to combine 

Group14’s modified Si-C (SCC55TM) and down-selected battery components to achieve key interim build 

metrics: >340 projected Wh/kg and >600 cycle life stability.  
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Figure VIII.8.2 Cycle stability for batteries comprising Group14 Si-C 

 

 

 

Figure VIII.8.3 Schematic of interim batteries (pouch, ~ 0.4 Ah) 
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The cycling data for the interim cells produced at Farasis are shown in Figure VIII.8.4. The cycling of the 

cells, the data collection, and data analysis were all conducted at Farasis. These data confirm the marked 

improvement in the interim build cell performance compared to the baseline cell performance.  Specifically, 

the current data for the interim cells demonstrate >600 cycle stability, exceeding the minimum target. 

This improved performance reflects the co-optimization of the anode active material with other battery 

components, according to the project plan. To this end, as discussed in the annual report, the interim cells 

comprise the scaled-up carbon scaffold for the interim build, and the type and level of binder, conductive 

additive, and electrolyte down-selected and produced for the interim build. 

Notably, as shown in Figure VIII.8.4, the performance of interim build strategy (Si-C, binder, carbon additive, 

and electrolyte additive) in 0.4 Ah pouch cells has exceeded 800 cycles to <20% energy fade.  

 

Figure VIII.8.4 Interim build battery performance (Farasis cycling data) 

Beyond the annual progress demonstrating the performance improvement from baseline to interim build, the 

key activities and objectives over the last year focused on preparation for the final cell build. To this end, there 

were three key objectives.  The first objective was to select and produce carbon scaffold to support the final 

build. This objective was met, and we currently have substantial inventory and ability to produce commercial-

scale (far exceeding the current project requirement) carbon scaffold with the desired properties at our 

Woodinville, WA Battery Active Materials (BAM) plant. The second objective was to select and produce 

silicon-carbon composite to support the final build. This objective was met, and we currently have substantial 

inventory and ability to produce commercial-scale (far exceeding the current project requirement) of silicon-

carbon composite with the desired properties at our Woodinville BAM plant.  

The third objective was continued screening of the other key battery components (binder, conductive additive, 

electrolyte) in FY22 towards down-selection for the final cell build employed for FY23's final deliverable. For 

the conductive additive, Cabot demonstrated an improvement in recovered capacity through the use of new, 

optimized carbon nano-structures. For the electrolyte, Silatronix evaluated and optimized various organosilicon 

compounds to increase the longevity of LIB devices. To this end, Silatronix screened various electrolyte 

compositions for their ability to minimize gas generation in the presence of the anode at high temperature (data 
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shown in Figure VIII.8.5).  For this test, pouches containing anode and the electrolyte combinations were 
held at 45 C for four weeks, and gassing was determined by volume change. The base electrolyte composition 

was 1.2M LiPF6 in EC/EMC/DEC (1/1/1 v/v/v)+1v% VC. As can be seen, there was a dramatic gas reduction 

for cells with OS3®-containing electrolyte The benefit of OS3® was observed in presence of both 3% and 

10% fluoroethylene carbonate (FEC) 

 

Figure VIII.8.5 Example of electrolyte optimization. 

Conclusions   

Three primary project goals have been accomplished in FY22: (1) deliver devices and data for interim LIBs, 

(2) perform screening and down-selection of critical battery components, and (3) deliver optimized carbon 

scaffold to support the final LIB build. The interim build cells exceed project targets, for example achieving 

>800 cycles to <20% energy fade. Over the course of FY22, Group14, Cabot, Farasis, Arkema, Silatronix and 

PNNL have collaborated towards significant optimization of each of the functional materials that comprise the 

anode. Based on our collaboration, we have down-selected anode active and other battery components towards 

the final cell build. 
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Project Introduction 

Today’s state-of-the-art Li-ion battery cells use a small fraction of silicon in the anode to boost cell energy 

density. Anode silicon content is kept low because higher amounts would cause massive volume change, 

resulting in undesirable electrolyte reactions which have detrimental effects on both calendar and cycle life. 

Batteries for automotive applications have particularly stringent calendar and cycle life requirements, posing a 

challenging problem for high energy density cell development. However, higher energy density cells are able 

to deliver more energy storage per cell and therefore open a path to achieving lower cost.    

Sila’s silicon-dominant anode material technology is manufactured with scalable processes and inputs, and has 

ultra-low volume change, enabling high-capacity anodes to achieve both long calendar and cycle life. Sila 

Nanotechnologies has already begun commercial sales of its silicon anode material for consumer applications, 

starting with wearable electronics, and is scaling up production to enter larger battery markets. This project 

applies Sila’s anode technology to research, develop, fabricate, and validate high energy density silicon- 

dominant Li-ion battery cells meeting automotive cycle life and calendar life requirements. 

Objectives 

The objective is to research, fabricate, and test lithium battery cells that implement ≥ 30% silicon content 

electrodes with commercially available cathode technology and achieve cell performance identified in Table 

VIII.9.1 below. 

Table VIII.9.1 Target cell performance 

Beginning of Life Characteristics at 25°C Cell Level 

Usable Specific Energy @ C/3 >350Wh/kg 

Usable Energy Density @ C/3 >750Wh/L 

Calendar Life @ C/3 >10 Years 

Cycle Life (C/3 deep discharge to 350Wh/kg, <20% energy fade) >1,500 
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Approach  

Sila’s nano-engineered particles enable ultra-low volume change silicon-dominant anodes and are the most 

promising candidate for silicon-based electric vehicle Li-ion batteries. This project utilizes Sila’s proprietary 

particles and know-how for its application in standard Li-ion battery manufacturing processes. Both the bulk 

and surface properties of the particle are engineered for improved performance, and the electrode construction 

process is optimized around the adjustments made to the particle, as are electrolyte formulations. Sila’s state of 

the art analysis techniques are also employed, and new methods are developed to understand how material and 

process changes impact cell performance. 

In addition, Sila has partnered with ARL to simulate electrolyte reaction mechanisms and reveal the causes of 

cell performance differences between formulations with different electrolyte components. Sila has also 

partnered with PNNL to develop Localized High Concentration Electrolytes for higher automotive commercial 

readiness and achieve even better performance with Sila’s anode material. 

Results  

Various improvements were made to Sila’s silicon Li-ion battery chemistry and production process at the 

particle, electrode, and electrolyte levels. Some improvements from early in the grant were incorporated into a 

prototype production line to produce larger format pouch cells for demonstration purposes. 1Ah prototype 

stacked pouch cells were built utilizing Sila’s nano-engineered silicon anode particles (no graphite or other 

non-Si active material present) and a placeholder NCM811 cathode, and were tested for cycle life (Figure 

VIII.9.1) and calendar life (Figure VIII.9.2). Calendar life data in particular far exceeded expectations, 

although the 10+ year projection is based on what data points are available from several months of testing.  

 

Figure VIII.9.1 Mirror Cells testing indicates a VED projection of > 560 Wh/L at 1000x C/3 full discharge cycles. 
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Figure VIII.9.2 Mirror Cell testing indicates calendar life projection of 10+ years to 560 Wh/L 

Conclusions   

Sila has achieved all go/no-go milestones for 2022, with mirror cells identical to those sent for validation 

projected to meet > 560 Wh/L at 1000 cycles (25°C) and 10+ years of calendar life at 30°C. 
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Project Introduction 

Solid Power is teaming with Argonne National Laboratory (Dr. Wenquan Lu) to develop an all-solid-state 

lithium-ion battery (ASSB) that will achieve high energy, long cycle life, and long calendar life. It is based on 

a high-capacity solid-state Si composite anode. The project will enable scalable production of large format all-

solid-state batteries required by the vehicle market. 

Objectives 

The project objective is to develop all-solid-state Li ion batteries that implement high energy silicon anodes for 

EV application. The all solid state battery (ASSB) cell will be able to deliver > 350 Wh/kg specific energy, > 

750 Wh/L energy density, > 1000 cycle life, and > 10 years calendar life. 

Approach  

The project will develop a solid state electrolyte (SSE) for Si anode and synthesize a Si-SSE composite anode. 

The solid state electrolyte system addresses the calendar life challenge of the Si anode batteries by forming 

highly stable SEI. A high-Ni content NMC cathode will be selected to match the Si anode. The all-solid-state 

cell will be assembled by scalable roll-to-roll processes developed by Solid Power. 

Results  

1. Si composite anode development  

The Si composite was synthesized by integrating a Si powder and a Solid Power’s sulfide solid state 

electrolyte (SSE). The Si-SSE composite material was mixed with a binder, a conductive carbon additive and a 

solvent to form an anode slurry. The slurry was then coated to Cu foil to form an electrode. A roll-to-roll 

process has been developed to coat the Si anode. Figure VIII.10.1 shows a Si anode coated by a slot-die coater.  

 

Figure VIII.10.1 A continous Si anode coating 

 

mailto:pu.zhang@solidpowerbattery.com
mailto:Brian.Cunningham@ee.doe.gov


FY 2022 Annual Progress Report 

 Next Generation Lithium-Ion Materials: Advanced Anodes R&D 515 

A high energy Si composite anode has been successfully developed with a reversible capacity of 1500 mAh/g 

at electrode level as a baseline. To further improve the cell specific energy to 350 Wh/kg, an ultra-high energy 

Si anode (with Si content up to 70%) is being developed in this year.  

To verify the new ultra-high energy (UHE) anode capacity, Si-Li coin half cells were built and tested at C/5 – 

C/5, 0.05 – 1.0V and 70°C. Both the baseline anode and the UHE anode were coated at a loading of 3 

mAh/cm2. The UHE Si anode achieves a capacity of 2100 mAh/g at electrode level, 40% higher than the 

baseline. After 100 cycles, the UHE anode cell retains 90% of the initial capacity after 100 cycles while the 

baseline retains 95%. The anode performance results are summarized in Table VIII.10.1 and Figure VIII.10.2. 

The current UHE anode still shows slightly lower cycling stability than the baseline. The UHE anode will be 

further developed with improved cycling stability.   

Table VIII.10.1 Capacity and Cycle Life of the Si Anodes 

Property Baseline Si anode in BP1 New Si anode in BP2 

Reversible Capacity (at Electrode Level) 1500 mAh/g 2100 mAh/g 

Capacity Retention at Cycle 100 95% 90% 

 

 

 

Figure VIII.10.2 Cycle life of the baseline and ultra-high energy (UHE) Si anodes in Li half cells (3 mAh/cm2 loading, C/5 – C/5, 

0.05 – 1.0V): (left) Si anode capacity vs. cycle; (right) capacity retention vs. cycle. The UHE shows a reversible capacity of 2100 

mAh/g and 90% capacity retention after 100 cycles. 

2. Full cell demonstration 

An NMC622 cathode was selected to match the anode to form a full pouch cell. The solid state pouch cell was 

assembled with the NMC cathode, an SSE separator, and the Si composite anode (at 1500 mAh/g). When 

cycled at C/5 – C/5, 100% DOD, and 45°C, the cell shows 90% first cycle efficiency and retains 86% capacity 

after 800 cycles (Figure VIII.10.3).  

 

UHE anode 

Baseline Anode 

Baseline Anode 

UHE Anode 
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Figure VIII.10.3 Cycle life of a Si-NMC full pouch cell (3 mAh/cm2 loading, C/5–C/5, 100% DOD, 45°C). The cell retains 86% of 

initial capacity after 800 cycles. 

Conclusions   

Si-SSE composite materials have been developed with a specific capacity up to 2100 mAh/g (at electrode 

level). A Si anode with the loading of 3 mAh/cm2 was coated by using a roll-to-roll process. All-solid-state 

NMC-Si pouch cells have been assembled and tested. The cycle life of  > 800 at 100% DOD has been 

demonstrated in all-solid-state Si-NMC pouch cells. 
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Project Introduction 

Silicon (Si) is highly desirable as an anode material for next-generation automotive battery cells due to its low 

operating potential and >3500 mAh/g specific capacity, ~10x graphite.  However, during electrochemical 

cycling using conventional Li-ion electrolyte systems, the solid electrolyte interphase (SEI) which forms on Si 

is not stable, consuming electrolyte in each cycle and limiting cycle life.1  The dynamic growth of the SEI is 

further aggravated by the large silicon volume change (>300%) in each (de)lithiation cycle.  Thus, a critical 

need to enable practical Si-based anodes for high energy density is the development of novel electrolytes that 

result in mechanically and chemically stable SEI. 

Objectives 

The objective is to research, fabricate, and test lithium battery cells that implement ≥ 30% silicon content 

electrodes with commercially available cathode technology and have the potential to achieve the potential to 

achieve 1000 cycles with >350 Wh/kg, >750 Wh/L, and <20% energy fade. 

Approach  

The technological approach is to use fluorinated localized high concentration electrolytes (LHCEs), where 

each component of the electrolyte contains at least one fluorine in its structure, to construct a functional SEI on 

Si based anodes. The approach combines the SEI modification strategies of fluorinated carbonate solvents and 

local high concentration electrolytes. The resulting synergy of anion and fluorinated solvent decomposition 

will form a mechanically robust, fluorinated SEI that enables extended cycling with high capacity retention. 

Diluting the LiFSI/fluorinated carbonate concentrated electrolyte with inert hydrofluoroethers will reduce 

viscosity and increase wettability while preserving the coordination environment of the concentrated 

electrolyte.  The strong electron withdrawing fluorine substituents on the solvents will enable high oxidative 

stability, permitting the Si-based anode to be paired with NMC811 cathodes.  

Results  

1. Characterization of LHCE Transport and Stability Properties of Gen2 LHCEs 

Work in this fiscal year was focused on the characterization and testing of Generation 2 (Gen2) LHCEs having 

varied diluent type and concentration.  Gen2 LHCEs were prepared with a 1:2 ratio of fluorinated solvents VI: 

II, at concentrations of 3.0, 3.5 and 4.0 M.  The HCEs were then diluted with new fluorinated hydrofluoroether 

diluents IV and V using solvent:diluent ratios of 1:1, 2:1, and 4:1.  For several formulations, significant 

solution instability occurred where either salt precipitation or solvent immiscibility was observed.  Five stable 

formulations were identified and their compositional details are listed in in Table VIII.11.1. 

mailto:amy.marschilok@stonybrook.edu
mailto:Brian.Cunningham@ee.doe.gov
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Table VIII.11.1 Description of Gen2 LHCEs including molarity of each electrolyte component – LiFSI is 

lithium bis (trifluoromethanesulfonyl) imide salt, VI and II are solvents and IV and V are diluents. 

LHCE ID 

LiFSI 

molarity in 

HCE (M) 

Solvent:diluent 

molar ratio 

Molarity in LHCE (M) 

LiFSI VI II IV V 

Gen2 #1 3.0 2:1 2.04 1.64 3.28 2.46 - 

Gen2 #2 3.0 4:1 2.43 1.95 3.90 1.46 - 

Gen2 #3 3.5 4:1 2.86 1.87 3.73 1.40 - 

Gen2 #4 3.0 4:1 2.38 1.91 3.84 - 1.44 

Gen2 #5 3.5 4:1 2.82 1.84 3.67 - 1.38 

 

Viscosity measurements of the electrolytes and a control carbonate – based electrolyte (1M LiPF6 30:70 

ethylene carbonate : dimethyl carbonate) were measured as a function of temperature (20°C – 50°C) using a 

microviscometer (Figure VIII.11.1). At 20°C, the control electrolyte viscosity was 2.8 mPa s, in good 

agreement with prior literature. 1 The viscosity (ɳ) can be correlated with temperature according to an 

Arrhenius type relationship.  Figure VIII.11.1b depicts the Arrhenius plots of the log of the viscosity (log ɳ) 

versus the inverse of temperature for the control electrolyte and FLHCEs. All samples follow a nearly linear 

relationship (R2 ≥ 0.99), where viscosity decreases as temperature increases.  At 25°C, viscosities of the 

FLHCEs ranged from 7.6 – 35 mPa s. The viscosity of the electrolytes was strongly influenced by the final 

molarity of the LiFSI and the diluent type. Formulations with higher salt concentration had greater viscosity.  

Furthermore, electrolytes utilizing diluent V had greater viscosity than electrolytes utilizing diluent IV at 

similar salt concentrations. 

 

Figure VIII.11.1 Viscosity measurements of Gen2 LHCEs and a control (1M LiPF6 in 3:7 v/v EC:DMC) electrolyte over a 

temperature range of 20°C -50°C. (a) Viscosity vs. temperature. (b) Arrhenius plot. 

 

Contact angle measurements of the Gen2 LHCEs were characterized to understand the wettability on a 

polymeric separator. The measurements are performed by contacting a drop of electrolyte liquid on a needle 

with the polymer substrate. The contact angle is defined as the angle between the substrate surface and the 

tangent line at the point of contact between the droplet and the substrate. The measurements were collected as 

a function of time to account for the time needed for equilibration of the droplet on the substrate, and are 

plotted in Figure VIII.11.2. The LHCEs all had similar contact angle values after 90 s that ranged between 33° 

- 40° and exhibited a slight improvement in wettability compared to the control, which had a contact angle of 

47°. 
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Figure VIII.11.2 (a) Contact angle measurements of Gen2 LHCEs and control (1M LiPF6 in 3:7 v/v EC:DMC) electrolyte on 

polyethylene separator over time.(b) Images of electrolyte droplets on polyethylene separator after 90 seconds of contact. 

 

The electrochemical properties (conductivity, voltage stability) of the Gen2 electrolytes were also 

characterized. Conductivity measurements of the Gen2 LHCEs, and a control carbonate – based electrolyte 

(1M LiPF6 30:70 ethylene carbonate : dimethyl carbonate) were measured as a function of temperature (20°C – 

50°C) using electrochemical impedance spectroscopy (EIS).  EIS was used to obtain the ohmic resistance of 

each electrolyte, which was then used to calculate conductivity.3,4,5 The results are plotted in Figure VIII.11.3. 

At 20°C, the control electrolyte conductivity was 10.7 mS/cm, in good agreement with the prior literature.6   

Figure VIII.11.3b depicts the Arrhenius plots of the log of the conductivity (log σ) versus the inverse of 

temperature for the control electrolyte and FLHCEs. All samples follow a nearly linear relationship (R2 ≥ 

0.99), where viscosity decreases as temperature increases. At 20°C, viscosities of the FLHCEs ranged from 2.2 

– 2.9 mS/cm. These values are within the same range as the Gen1 electrolytes tested previously in Y1 (2.0 – 

3.0 mS/cm), suggesting that the diluent type does not have a strong effect on the electrolyte conductivity.   

 

Figure VIII.11.3 Conductivity measurements of Gen2 LHCEs and a control (1M LiPF6 in 3:7 v/v EC:DMC) electrolyte over a 

temperature range of 20°C -50°C. (a) Conductivity vs. temperature. (b) Arrhenius plot. 

 

The upper voltage stability of the Gen2 LHCEs was assessed in a 3-electrode cell configuration with Pt 

working electrode and Li reference and counter electrodes.  Scans were completed at 20 mV/s starting at 3.0 – 

4.0 V, with the voltage incrementally increased until the current density reached 1x10-4
 A/cm2.  The limiting 

current of 1x10-4 A/cm2 is a conventional value cited in other reports to determine electrochemical stability.7, 8 

The cyclic voltammograms for all the Gen2 LHCEs and the control electrolyte are plotted in Figure VIII.11.4. 

Notably, all electrolytes exhibited high stability, with upper voltage limits above 4.9 V in this test.  It was 

found that electrolytes utilizing diluent IV (Gen2 LHCEs 1-3) had slightly higher voltage stability (5.1 – 5.3 

V) compared to electrolytes utilizing diluent V (4.9 V).  It is noted that these values are comparable to the 

Gen1 LHCEs, which had voltage stability limits between 4.9 – 5.0 V.  
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Figure VIII.11.4 Cyclic voltammograms of (a) control electrolyte (1 M LiPF6 30:70 EC:DMC) and (b-f) Gen2 LCHEs  in in a 3-

electrode cell configuration with Pt working electrode and Li reference and counter electrodes. Scan rate = 20 mV/s. 

 

2. Characterization of Electrochemical Behavior of Gen2 LHCEs 

The Gen2 FLHCEs with compositions specified in Table I.1.1 were subjected to galvanostatic cycling in a half 

cell configuration, at a rate of 0.3 A/g between voltage limits of 0.005 – 1.2 V for 50 cycles (Figure VIII.11.5).  

Data for the Gen1 LHCE with the highest capacity retention (Gen 1 LHCE #2) is included in the plots as a 

comparison. All electrolytes exhibited a capacity retention > 60%, which was significantly above the retention 

of the control electrolyte at 37%. Notably, Gen2 LHCE #1 exhibited an increase in capacity after 100 cycles 

compared to the Gen1 electrolyte (780 mAh/g vs. 720 mAh/g). 

 

 

Figure VIII.11.5 Galvanostatic cycling in half cell configuration for Si/graphite electrodes with 2.5 mg/cm2 loading cycled 50x at 

0.3 A/g  with Gen2 LHCE formulations: (a) Gravimetric capacity, (b) areal capacity, (c) capacity retention. 

 

Further electrochemical characterization of the cells in Si-graphite/NMC622 full cells using a single layer 

pouch cell configuration (20 cm2 cathode area), where active material loading of the Si-graphite and NMC622 

electrodes were 2.5 mg/cm2 and 18.5 mg/cm2 respectively.  Cycling was performed at C/3 rate between 3.0 – 

4.3 V for 100 cycles (Figure VIII.11.6).  All FLHCEs tested exhibited capacity retention values between 60 – 

68%, compared to 20% for the control electrolyte.  Gen2 LHCE #1 exhibited the highest delivered capacity 

after 100 cycles (91 ± 3 mAh/g), which represents a small improvement over the Gen1 LHCE with the highest 

capacity retention (Gen1 LHCE #2, 87 ± 2 mAh/g). 
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Figure VIII.11.6 Galvanostatic cycling of single layer Si-graphite/NMC622 pouch cells at C/3 rate with Gen 2 LHCEs.  Data is 

compared to cells cycled with control electrolyte (1M LiPF6 3/7 EC/DMC). C/3 cycling rate between 3.0 – 4.3 V. (a) Specific 

capacity, (b) capacity retention, (c) coulombic efficiency. (d-f) Voltage profiles at (d) 100 cycles, (e) 50 cycles, (f) 100 cycles. 

 

The electrochemical cycling behavior of Gen2 LHCE #1 was further assessed against fluoroethylene carbonate 

(FEC) containing carbonate electrolytes (1 M LiPF6 30:70 EC:DMC + x wt % FEC, where x = 2.5, 5.0, 10.0) 

in Figure VIII.11.7. The LHCE exhibits similar initial capacity (140 ± 2 mAh/g) as the carbonate based control 

electrolytes but reduced capacity fade over 100 cycles.  The Go/No-go milestone for the Y2 budget period was 

the demonstration of full cells using Gen2 LHCE capable of 100 cycles at C/3 rate with 20% improvement in 

capacity retention compared to cells with control electrolyte.  The Gen2 LHCE demonstrates ≥ 20% 

improvement in capacity retention compared to all control compositions tested (1M LiPF6 EC/DMC, 1M 

LiPF6 EC/DMC + 2.5% FEC, 1M LiPF6 EC/DMC + 5.0% FEC, 1M LiPF6 EC/DMC + 5.0% FEC, 1M LiPF6 

EC/DMC + 10.0% FEC), satisfying the Go/No-go requirement. 

 

 

Figure VIII.11.7 Galvanostatic cycling of duplicate single layer Si-graphite/NMC622 pouch cells at C/3 rate with Gen2 LHCE #1 

and FEC containing carbonate electrolytes (1 M LiPF6 30:70 EC:DMC + x wt % FEC, where x = 0, 2.5, 5.0, 10.0. (a) Gravimetric 

Capacity, (b) Areal Capacity, (c) Capacity Retention. 

3. X-ray Photoelectron Spectroscopy Characterization of SEI Layer 

Post cycling characterization of cycled Si-graphite electrodes from full cells using X-ray photoelectron 

spectroscopy (XPS) to interrogate the composition of the solid electrolyte interphase (SEI) layer. Spectral 

regions including C 1s, F 1s, Si 2p, F 1s, Li 1s, and P 2p were investigated.  Figure VIII.11.8 shows selected 

spectra for electrodes cycled in control (1M LiPF6 3:7 EC:DMC) electrolyte and LHCE. For both electrolyte 

types, the C 1s spectra (Figure VIII.11.8 a, b) are comprised of five distinct peaks, assigned to the following 
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bond types: C-C and C-H (~284.7 eV), C-O (~286 eV), O-C-O, C=O, and O-C=O (288-289 eV), CO3 species 

(~290 eV), and C-Li (283.5 eV).9 The anode cycled with control electrolyte had the higher relative atomic 

concentration of carbonate species as compared to electrodes cycled with the LHCE, indicating a more organic 

rich SEI layer.   F 1s spectra (Figure VIII.11.8 c, d) for both control and LHCE cycled electrodes show peaks 

corresponding to salt complexes (~ 687- 688 eV)10 and LiF (~685 eV)11 before and after sputtering. The 

presence of LiF indicates that the fluorinated components (salt, solvent, and diluent) formed an inorganic 

phase. Electrodes cycled with the LHCE had significantly greater concentrations of LiF in the SEI compared to 

the control electrolyte.   

Significant differences between the control-cycled and LHCE-cycled electrodes were also observed in the Li 

1s spectra (Figure VIII.11.8 e, f).  In both sample types, convolution of LiF and LiCO3 contributions is 

observed at ~55 eV.  However, for the LHCE-cycled electrode, additional signal at ~53 eV - 54 eV is 

observed, assigned to Li2O.12 The concentration of this species increases significantly after sputtering, 

indicating that the inner region of the SEI on Si is rich in Li2O. The LHCE-cycled electrodes also exhibited 

signal in the S 2p region, directly indicating the presence of the FSI- anion and its decomposition products in 

the SEI layer.13  

 

 

Figure VIII.11.8 X-ray photoelectron spectroscopy data in (a,b) C 1s , (c, d) F 1s and (e, f) Li 1s regions collected on Si-graphite 

electrodes recovered from 100x cycled full cells containing (a, c, e) control electrolyte (1M LiPF6 3:7 EC:DMC) and (b, d, f) LHCE. 

Conclusions   

Gen2 fluorinated local high concentration electrolytes were prepared function of hydrofluroether chemistry 

and concentration and the physical properties (viscosity, wettability) and electrochemical properties 

(conductivity, viscosity) of the electrolyte were fully characterized. Electrochemical behavior was evaluated in 

half cell and full cell configurations.  The Gen2 LHCEs exhibited ≥ 20% improvement in capacity retention 

compared to all control compositions tested (1M LiPF6 EC/DMC, 1M LiPF6 EC/DMC + 2.5% FEC, 1M LiPF6 
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EC/DMC + 5.0% FEC, 1M LiPF6 EC/DMC + 5.0% FEC, 1M LiPF6 EC/DMC + 10.0% FEC). XPS analysis 

indicated that the LHCE-derived SEI has higher Li content, including LiF and Li2O species, as well as sulfur 

species associated with decomposition of the FSI- anion.  The modified SEI enables improved capacity 

retention of the Si-graphite electrode over extended cycling. 

Key Publications   

1. Lutz, D. M.;  McCarthy, A. H.;  King, S. T.;  Singh, G.;  Stackhouse, C. A.;  Wang, L.;  Quilty, C. D.;  

Bernardez, E. M.;  Tallman, K. R.;  Tong, X.;  Bai, J.;  Zhong, H.;  Takeuchi, K. J.;  Takeuchi, E. S.;  

Marschilok, A. C.; Bock, D. C., Progress Towards Extended Cycle Life Si-based Anodes: 

Investigation of Fluorinated Local High Concentration Electrolytes. Journal of The Electrochemical 

Society 2022, 169 (9), 090501. 

References 

1. Veith, G. M.;  Doucet, M.;  Sacci, R. L.;  Vacaliuc, B.;  Baldwin, J. K.; Browning, J. F., Determination 

of the Solid Electrolyte Interphase Structure Grown on a Silicon Electrode Using a Fluoroethylene 

Carbonate Additive. Scientific Reports 2017, 7 (1), 6326. 

2. Logan, E. R.; Tonita, E. M.; Gering, K. L.; Li, J.; Ma, X.; Beaulieu, L. Y.; Dahn, J. R., A Study of the 

Physical Properties of Li-Ion Battery Electrolytes Containing Esters. Journal of The Electrochemical 

Society 2018, 165 (2), A21-A30. 

3. Liu, Q.;  Dzwiniel, T. L.;  Pupek, K. Z.; Zhang, Z., Corrosion/Passivation Behavior of Concentrated 

Ionic Liquid Electrolytes and Its Impact on the Li-Ion Battery Performance. Journal of The 

Electrochemical Society 2019, 166 (16), A3959-A3964. 

4. Nilsson, V.;  Bernin, D.;  Brandell, D.;  Edström, K.; Johansson, P., Interactions and Transport in 

Highly Concentrated LiTFSI-based Electrolytes. ChemPhysChem 2020, 21 (11), 1166-1176. 

5. Nilsson, V.;  Kotronia, A.;  Lacey, M.;  Edström, K.; Johansson, P., Highly Concentrated LiTFSI–EC 

Electrolytes for Lithium Metal Batteries. ACS Applied Energy Materials 2020, 3 (1), 200-207. 

6. Xu, K., Nonaqueous Liquid Electrolytes for Lithium-Based Rechargeable Batteries. Chemical 

Reviews 2004, 104 (10)4303-4417. 

7. Yim, T.;  Choi, C. Y.;  Mun, J.;  Oh, S. M.; Kim, Y. G., Synthesis and Properties of Acyclic 

Ammonium-based Ionic Liquids with Allyl Substituents as Electrolytes. Molecules 2009, 14 (5), 

1840-1851. 

8. Di Leo, R. A.;  Marschilok, A. C.;  Takeuchi, K. J.; Takeuchi, E. S., Battery electrolytes based on 

saturated ring ionic liquids: Physical and electrochemical properties. Electrochimica Acta 2013, 109, 

27-32. 

9. Briggs, D.; Beamson, G., Primary and secondary oxygen-induced C1s binding energy shifts in x-ray 

photoelectron spectroscopy of polymers. Analytical Chemistry 1992, 64 (15), 1729-1736. 

10. Kang, S.-J.; Park, K.; Park, S.-H.; Lee, H., Unraveling the role of LiFSI electrolyte in the superior 

performance of graphite anodes for Li-ion batteries. Electrochimica Acta 2018, 259, 949-954. 

11. Hennessy, J.; Nikzad, S., Atomic Layer Deposition of Lithium Fluoride Optical Coatings for the 

Ultraviolet. Inorganics 2018, 6 (2), 46. 

12. Eijima, S.; Sonoki, H.; Matsumoto, M.; Taminato, S.; Mori, D.; Imanishi, N., Solid Electrolyte 

Interphase Film on Lithium Metal Anode in Mixed-Salt System. Journal of The Electrochemical 

Society 2019, 166 (3), A5421-A5429. 

13. Chen, H.; Pei, A.; Lin, D.; Xie, J.; Yang, A.; Xu, J.; Lin, K.; Wang, J.; Wang, H.; Shi, F.; Boyle, D.; 

Cui, Y., Uniform High Ionic Conducting Lithium Sulfide Protection Layer for Stable Lithium Metal 

Anode. Advanced Energy Materials 2019, 9 (22), 1900858. 

Acknowledgements   

The co-PIs for this project include Kenneth J. Takeuchi (Stony Brook University and Brookhaven National 

Laboratory), Amy C. Marschilok (Stony Brook University and Brookhaven National Laboratory), David C. 

Bock (Brookhaven National Laboratory) and Lei Wang (Brookhaven National Laboratory). 



Batteries 

524 Next Generation Lithium-Ion Materials: Advanced Anodes R&D 

VIII.12 Devising mechanically compliant and chemically stable 
synthetic solid-electrolyte interphases on silicon using ex 
situ electropolymerization for long cycling Si anodes 
(University of Delaware) 

Koffi Pierre Yao, Principal Investigator 

University of Delaware 

210 South College Ave.  

Newark, DE, 19716 

E-mail: claver@udel.edu  

Ajay K. Prasad, Co-Principal Investigator 

University of Delaware 

210 South College Ave.  

Newark, DE, 19716 

E-mail: prasad@udel.edu  

Thomas Epps, Co-Principal Investigator 

University of Delaware 

210 South College Ave.  

Newark, DE, 19716 

E-mail: thepps@udel.edu  

Daniel Abraham, Co-Principal Investigator 

Argonne National Laboratory 

9700 S Cass Ave. 

Lemont, IL, 60439 

E-mail: abraham@anl.gov  

Brian Cunningham, DOE Technology Development Manager  

U.S. Department of Energy 

E-mail: Brian.Cunningham@ee.doe.gov 

Start Date: January 1, 2022 End Date: December 31, 2022  

Project Funding: $1,000,000  DOE share: $1,000,000 Non-DOE share: $0 
 

Project Introduction 

Silicon (Si) is capable of ~3500 mAh·g-1 and operates near the lithium potential making it a potential 

replacement for graphite anodes (~372 mAh·g-1) with a tenfold increase in capacity. Nonetheless, the reactive 

surface of silicon and lithium-silicide products combined with the 350% expansion of particles during cycling 

results in instability of the native solid electrolyte interphase (SEI) required to halt cyclical reductive 

degradation of battery electrolytes. Consequently, during operation, loss of lithium inventory, densification of 

the electrode, and loss of electrical contact curtail the cell cycling and calendar life. Cells with silicon anodes 

are typically unable to achieve the DOE target of 350 Wh·kg-1 and 750 Wh·L-1 beyond 1000 cycles and 10 

years calendar life. To solve the cycling and calendar life shortcomings of silicon as an anode, an SEI which is 

(i) resistant to chemical attack from the silicon surface and (ii) mechanically stable over repeated straining is 

needed to retain its function of protecting the electrolyte over extended cycling and/or storage. 
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Objectives 

The program aims to produce cells based on Si anodes paired with existing transition metal oxide cathodes 

capable of achieving greater than 350 Wh·kg-1, 750 Wh·L-1 at the cell level with a target calendar life of 10 years 

and cycle life of 1000 cycles (Table VIII.12.1). 

Table VIII.12.1 Summary of program objectives 

Beginning of Life Characteristics at 30°C Cell Level 

Useable Specific Energy @ C/3  >350 Wh/kg 

Useable Energy Density @ C/3  >750 Wh/L 

Calendar Life (<20% energy fade)  >10 Years 

Cycle Life (C/3 deep discharge to 350Wh/kg, <20% energy fade)  >1,000 

As described in the introduction, a key to enabling long cycling and long calendar life silicon anodes is to 

devise a stable SEI to protect the electrolyte and lithium inventory against cyclical consumption in degradation 

processes. Our project objective is to remedy the continuous electrolyte decomposition on Si surfaces by 

devising a chemically stable polymer synthetic SEI capable of withstanding the expansion of Si particles with 

minimal damage. We aim to achieve this solution using electrodeposition methods to apply a thin elastomeric 

polymer film to function as a synthetic SEI.  

Approach  

 

Figure VIII.12.1 Schematic description of the principles of electrophoretic deposition 

Electrophoretic deposition (EPD) is employed as an electrochemical tool to apply the elastomeric polymer as 

synthetic SEI on silicon electrodes. (See Figure VIII.12.1.) The process consists of dissolving a charged 

polymer to deposit in a precursor electrolyte. Subsequent application of an electric field between parallel 

working (silicon) and counter electrodes drives the charged polymer to coat the working electrode. As the 

deposition is controlled by the electric field, control of the deposition quantity can be achieved through control 

of the electric charge. Externalization of the SEI application process from an operating battery environment 

enables the use of a wider range of precursors to achieve a synthetic SEI with the requisite strain resistance to 

withstand the ~350% expansion/contraction of silicon during electrochemical cycling. Furthermore, as EPD is 

a priori a physical deposition process, the chemistry of electrodeposited polymer is minimally changed. The 
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approach therefore offers the ability to select the chemistry, chain length, conductivity, and stability of the 

synthetic SEI components by choice of the polymer to electrodeposit. Herein, we describe progress achieved 

through EPD of polymeric and ionically conductive chitosan on silicon thin films (for simplified 

characterization) and on porous silicon electrodes (for electrochemical cycling in coin cells).  

Our approach to controlling the chemistry and compounds in the SEI is novel; therefore, we begin with 

electrodeposition of chitosan on silicon thin films followed by characterization by AFM, IR spectroscopy, 

XPS, EIS, and electrochemical cycling. We later translated the EPD procedure as validated on Si thin films to 

pre-apply chitosan as a synthetic SEI onto silicon electrodes. 

The workflow is as follows:  

1) Utilize silicon thin film as model surfaces for polymer EPD procedure tuning.  

2) Spectroscopically characterize and optimize the film growth, quality, chemistry, stability, and 

electrochemical properties. 

3) Translate the validated electrocoating methods to coat elastomeric and ionically conductive SEIs on 

Si-anodes with over 30% Si loading.  

4) Validate the long-term stable cycling and calendar life of cells equipped with our electrocoated Si.  

Results  

Chitosan is a derivative of chitin, the most abundant naturally occurring aminopolysaccharide found in 

crustaceans, insects, and fungi1. Chitosan has found numerous applications in biomedicine and is therefore 

easily sourced commercially. In aqueous solutions at pH less than 6, chitosan dissolves and develops cationic 

charges at the primary amine groups of the chain2. The cationic nature of chitosan after partial protonation in 

water allows its cathodic electrophoretic deposition onto silicon surface as demonstrated in Figure VIII.12.2. 

Silicon thin film was produced by sputter deposition onto a copper foil (Figure VIII.12.2a). EPD was 

performed in a precursor solution of hydrochloric acid in distilled water wherein chitosan is dissolved. The 

precursor solution pH is balanced to 5 using NaOH. The silicon thin film working electrode is connected to the 

negative terminal of a potentiostat while an aluminum foil connected to positive terminal is the counter 

electrode. A reference electrode of Ag/AgCl is used to set the potential at the silicon film electrode. For 

visually inspectable demonstration, chitosan is deposited onto a silicon thin film at -20 V between working and 

counter to obtain a micrometer-thick polymer film (Figure VIII.12.2a, white film at bottom). A microscope 

image of the deposition in Figure VIII.12.2b shows a mostly conformal polymer film; cracks in the film arise 

upon drying at 80 ºC in a vacuum oven prior to imaging and AFM. AFM on a 10 x 10 μm2 area in Figure 

VIII.12.2c confirms the conformal polymer film electrodeposition on the silicon surface. Nano-FTIR taken at 

various locations on the film in Figure VIII.12.2d (color-mapped to locations in Figure VIII.12.2c) ascertain 

the chemistry of the film to be the intended chitosan polymer. After successfully demonstrating the EPD of 

chitosan, the deposition potential is lowered to -3.2 V versus Ag/AgCl in the production of silicon thin films 

pre-coated with a chitosan synthetic SEI for electrochemical cycling investigation. Chitosan deposition was 

again ascertained at the lowered voltage using the investigation pipeline shown in Figure VIII.12.2. 
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Figure VIII.12.2 Demonstration of chitosan electrophoretic deposition on silicon thin film model surface 

 

Figure VIII.12.3 Cyclic voltammograms of uncoated silicon thin film (control), silicon thin film with chitosan EPD coating (Si/Chit), 

and silicon thin film with chitosan EPD coating in presence of 0.03 M Lithium acetate (Si/Chit+LiA).  
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Two precursor solutions of chitosan were prepared for EPD coating of silicon thin films to be investigated 

electrochemically. One precursor contains chitosan-only and the other contains chitosan + 0.03M of lithium 

acetate (CH3COOLi). The impetus for the addition of CH3COOLi was to cap the amine end-groups of 

Chitosan through an amidation reaction with the Carboxyl group of the acetate and thereby mitigate reaction 

with similar carboxyl groups on the activated EC in the battery electrolyte after reductive ring-opening.  The 

effect of the two types of chitosan synthetic SEIs were investigated by performing the EPD using the chitosan 

and the chitosan + CH3COOLi solutions separately on the silicon thin film at -3.2 V vs Ag/AgCl for 5 minutes. 

The washed and dried chitosan-coated silicon thin films were used to make half-cells against lithium with the 

EC:EMC (1M LiPF6) as electrolyte (no FEC additive added). Control cells with the bare silicon thin film are 

assembled in a similar manner to use as reference. 

Electrochemical characteristics of the cells are first examined by Cyclic Voltammetry (CV) between 0.01 and 

2 V vs. Li/Li+ with scanning rate of 2 mV/s (Figure VIII.12.3). The first cycles of each CV are plotted 

separately in Figure VIII.12.3a to assess the difference in redoxes among those the three samples. The redox 

peak at potential ~1.12 V, which is only observed in the chitosan-only and the chitosan+CH3COOLi samples 

in the first cycle, is assigned to the initial lithiation of the pre-applied synthetic chitosan SEIs. Moreover, an 

intense reduction peak at ~375 mV appears when the Si thin film is coated with a chitosan-only layer during 

the first cycle. But this reduction peak is suppressed when with the addition of lithium acetate in the precursor 

solution. This peak at ~ 375 mV is associated with the EC reduction to form the natural SEIs; its suppression 

when CH3COOLi is added to the precursor (compared to without) is an indication of a change in the molecular 

structure of the EPD coated chitosan in presence of CH3COOLi. This chemical modification is revealed by 

XPS (not shown herein for brevity). XPS data indicates successful grafting of carboxyl end groups to the 

amine groups of chitosan in presence of CH3COOLi at EPD which likely did not favor interactions with 

carboxyl-like products from the electrochemical reduction of EC in a battery environment. The cyclic 

voltammograms of the first four cycles for the bare control Si thin film, Si thin film with chitosan, and Si thin 

films with chitosan+CH3COOLi additive are shown in Figure VIII.12.3b, c, and d, respectively. Beyond the 

first reduction sweep, the CVs of the control, silicon/chitosan, and silicon/chitosan+CH3COOLi become 

nominally similar. The lithiation and delithiation of the underlying silicon is the main redox in the range of 0-

1.5 V characterized by two clear reduction peaks on the down-sweep and two oxidation peaks on the up-

sweep.  

Next, the electrochemical impedance (EIS) of films was probed to gauge the potential increase (or decrease) in 

interface resistance to be expected from the chitosan synthetic SEI electrodeposition on the silicon surface. A 

custom fitting algorithm was developed in Python to explore both the space of possible model circuits as well 

as the space of solutions to those models against the data. Several common battery EIS models were tested for 

consistency and minimization of fit residuals. The model which consistently and reasonably (low residuals) 

fitted cells of all three samples (control, Si/Chit, and Si/Chit+CH3COOLi) is shown in Figure VIII.12.4a. The 

circuit as described from left to right is devised to capture the anticipated impedance behaviors of the Li foil 

counter electrode (Rct_Li, Wd_Li|Let, and CLi|Elt), the electrolyte (RElt), the natural and/or synthetic SEI on Si 

(CPEElt|SEI), and finally the Si thin film electrode (Rct_Si, CPESEI|Si). “R” indicates a pure resistor, “C” a pure 

capacitor, and “W” a purely diffusive medium in the form of a Warburg element. Constant phase elements 

(CPE) are flexible in capturing the spectrum of capacitive to diffusive behavior and are chosen to model the 

interfaces electrolyte|SEI and SEI|Si because a mix of capacitive and diffusive behavior is expected from those 

interfaces.  
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Figure VIII.12.4 EIS of uncoated silicon thin film (control), silicon thin film with chitosan EPD coating (Si/Chit), and silicon thin film 

with chitosan EPD coating in presence of 0.03 M Lithium acetate (Si/Chit+LiA). Solid line against the dotted data points in each of 

(b), (c), and (d) show the average of fits (over three cells for each Si sample type) compared to one representative EIS.  

The EIS Nyquist plots of the control, Si/Chit, and Si/Chit+CH3COOLi half-cells obtained after the formation 

cycles along with the fitted profiles (average of three per Si samples) are shown in Figure VIII.12.4b, c, d. All 

spectra show depressed semi-circles that signal the presence of complex mixed electrochemical processes at 

the electrodes other than pure resistance, capacitance, and diffusion phenomena.  

Fitting and averaging across three cells per sample type (a sample type being either Figure VIII.12.4a or b or c) 

shows consistency in the impedance of the Li electrode and the electrolyte among the three kinds of cells as 

ought to be expected. The average values of charge transfer resistance Rct_Li at the lithium electrode were 343, 

302, and 364 Ω·cm2 while the electrolyte resistance RElt were 4.15, 5.33, 5.39 Ω·cm2 for the control, Si/Chit, 

and Si/Chit+CH3COOLi half-cells, respectively. The double-layer region at the Elt|SEI interface is found to be 

mostly capacitive in all the three cases with the phase angle ~73° (αCPE ≈ 0.80). The impedances diverge most 

at the interfaces of Si thin films without and with the synthetic chitosan SEI. Without chitosan SEI, the control 

Si electrode shows a higher charge transfer resistance (Rct_Si) of 1016 Ω·cm2, and the SEI|Si interface appears 

diffusive as the CPESEI|Si has a phase angle of ~39.6° (αCPE ≈ 0.44). On the other hand, cells containing Si with 

a chitosan SEI have 5 times lower Rct_Si value than the control cell. The chitosan coated Si electrode exhibits 

the lowest average resistance of 228 Ω·cm2. A slightly higher resistance of the chitosan+CH3COOLi coated Si 

electrode (276 Ω·cm2) is likely due to higher deposition of the artificial SEI as seen from higher current during 

EPD. In presence of the chitosan layer, the SEI|Si interfaces are found to be more capacitive in nature 

(CPESEI|Si phase angle ≈ 70.2° – 65.7°, αCPE ≈ 0.78 – 0.73) in contrast to the control electrode (CPESEI|Si phase 

angle ≈ 39.6°, αCPE ≈ 0.44). The detailed EIS analysis concludes that the EPD coating of Li+ conductive 

chitosan on Si thin film electrodes reduces the charge transfer resistance by a factor of 5 in agreement with 

previous literature examination of chitosan in electrochemical cells3. 

The cycling performance of the three sets of cells (control, Si/Chi, Si/Chit+CH3COOLi) are shown in Figure 

VIII.12.5a (charge capacity) and Figure VIII.12.5b (discharge capacity). Error bars are obtained from 
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averaging over three repetitions of each type of Si electrodes. Early in the cycling, the capacity output of Si 

electrodes with and without chitosan synthetic SEI are indistinguishable. Divergence in capacity retention is 

most clearly seen past 50 cycles. Beyond 50 cycles, the cycling capacity of the control cell (black line: control) 

continues a steep drop while the rate of decay slows measurably for cells with Si films precoated with chitosan 

synthetic SEIs. After 112 high-rate cycles, cells with chitosan+CH3COOLi SEIs show the highest average 

retained capacity of ~8.3 µAh, twice as much as the ~4.3 µAh of control cells, and 1.4 times greater than the 

~6.1 µAh of Si films with chitosan-only synthetic SEIs. The terminal reference performance test (RPT) at the 

end of cycling shows recovery of capacity from all three types of Si thin films with and without chitosan SEIs; 

however, the trend in capacity retention is maintained. We conclude that chitosan synthetic SEIs achieved by 

EPD not only reduce the charge transfer resistance at the silicon thin film surface but also boosts the capacity 

retention on extended cycling. Furthermore, the improved retention after extended cycling suggests that the 

conformal polymer synthetic SEI devised in this project is promising in achieving the intended objective of 

protecting the electrolyte against continued cyclic reduction, thereby reducing loss of lithium inventory and 

electrolyte in the cell.  

 

Figure VIII.12.5 Cycling performance: a) the average charge, and b) the average discharge capacity (µAh) vs cycle no. of the 

control, Si/Chit and Si/Chit-CH3OOLi cells during long cycling. Each capacity profile is the average of 3 cells, all cells are cycled 

between 0.01 – 2 V vs. Li/Li+ at the current rates of 2.5 µA (4 formation cycles), 8.33 µA (4 high-rate cycles), and 1.25 µA (4 RPT 

cycles). 

The established EPD procedure for applying a synthetic SEI onto silicon surfaces is translated to coating 

practical porous Si electrodes for cell cycling. In Figure VIII.12.6, the capacity retention at C/3 for porous 

electrodes obtained from Argonne National Laboratory Cell Analysis, Modeling, and Prototyping (CAMP) 

Facility are shown with and without chitosan EPD. Half-cells were used for this performance comparison. The 

CAMP silicon electrodes contain 80 wt% silicon, 10 wt% carbon, and 10 wt% polymide cured at 350 ºC. 

Electrodes of untreated Si (p84 Si control) and Si subject to the EPD electrocoating conditions without 

chitosan present (p84 silicon w/o polymer) serve as controls against which the performance gains of electrodes 

with EPD-applied chitosan SEIs (p84 Si w/ chitosan) are compared. As is common for silicon electrodes, rapid 

loss of initial capacity is seen in the first 10 cycles. Cycling capacity settled at a higher value of ~750 mAh·g-1 

compared to ~570 mAh·g-1 in the controls. Over 100 cycles, capacity decay is observed for all three electrode 

types. Terminal capacities after 100 C/3 cycles were 154, 73, and 289 mAh·g-1 for the porous control, control 

subject to blank EPD conditions, and chitosan EPD coated electrodes, respectively. In agreement with results 

obtained from Si thin film cycling in Figure VIII.12.5, the capacity retention of electrodes with EPD-deposited 

chitosan SEI is ~1.88 times greater than that of the control without a synthetic SEI. The approach pursued 

herein to pre-apply a synthetic polymer SEI on the surface of Si electrodes by electrophoretic deposition 

appears effective at boosting the capacity retention over extended cycling of silicon electrodes. 
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Figure VIII.12.6 Comparison of cycling performance of p84 polyimide bound Si electrodes with and without chitosan synthetic SEI 

coating. Note that chitosan+CH3COOLi remain under testing. SEM images are provided as visuals of the pristine porous electrode 

and after the EPD is performed. 

Conclusions   

Major strides have been made to achieving our goal of controlling the chemistry, morphology, and mechanical 

properties of the SEI on silicon electrodes to protect the battery electrolyte against cyclical reductive 

degradation due to the silicon surface reactivity and expansion on cycling. The following achievements signal 

promise for the approach to achieve the project objectives in the long term: 

1) Electrophoretic deposition (EPD) of cationic polymers such as chitosan has been demonstrated on 

silicon surfaces both as thin films and practical porous electrodes. A well-chosen cationic polymer 

such as chitosan is ion-conductive to act as a synthetic SEI which is more mechanically compliant 

than the short chain molecular fragments found in the battery operando-generated SEI. 

2) Electrochemical impedance studies suggest a fivefold reduction in the charge transfer resistance at the 

silicon surface in presence of a chitosan synthetic SEI. 

3) The synthetic SEI and its deposition pattern can be modified by judicious choice of secondary 

additives such as CH3COOLi in the EPD precursor, providing more degrees of freedom to create a 

designer SEI. 

4) Silicon thin films as well as practical porous electrodes with electrodeposited chitosan synthetic SEI 

already achieve twofold the capacity retention of control electrodes without pre-applied SEIs and 

without FEC in the electrolyte. 

Future effort will focus on quantifying gains in capacity retention in full cells and demonstrating enhanced 

calendar life of silicon electrodes in presence of our artificial SEI achieved through electrodeposition.  
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Project Introduction 

The success of micro-sized graphite (10 µm) anodes in carbonate electrolyte for Li-ion batteries is attributed to 

the formation of organic-inorganic solid electrolyte interphase (SEI) through simultaneous reduction of LiPF6 

salt and carbonate solvents at 0.8V (vs. Li/Li+). The organic-inorganic SEI can accommodate the small 

volume change of graphite during lithiation/delithiation without cracking, ensuring a high Coulombic 

efficiency (CE) of >99.98% and a cycle life of >1000. Si anodes are the most promising anode materials for 

next-generation Li-ion batteries (LIBs) due to favorable average potentials (0.3 V vs Li+/Li) and 10 times 

higher capacities than graphite anodes. However, since both Si particles and the SEI undergo larger volume 

changes during cycling, the SEI is more prone to be damaged and cannot effectively prevent the side reactions 

between Si and the electrolyte, resulting in SEI thickening and pulverization of the Si particles. Thus, Si-based 

Li-ion batteries usually demonstrate rapid capacity decay and low coulombic efficiency (CE). Extensive efforts 

have been devoted to suppressing the Si and SEI cracking during charge/discharge cycling, and the battery 

community has reached a consensus that the carbon-coated nano-sized Si and fluoroethylene carbonate (FEC)-

contained electrolytes is the best combination to enable high-capacity Si anodes. However, the technique still 

suffers from high cost, low iCE and low volumetric energy density, which limits the practical applications. 

Objectives 

Large (>10 μm) Si microparticles (μSi) are especially attractive due to their low production cost. The 

objectives of this project are to research, fabricate and test lithium-ion batteries that implement ≥ 30% silicon 

content electrodes with commercially available cathode and have the potential to achieve cell level energy 

density of >350 Wh/Kg (C/3) for 1000 cycle life with < 20% energy fade. The main objective is to screen, 

select and investigate the solvation structures and properties of a variety of electrolytes for the μSi anode. The 

tasks for the first budget period are: (1) screen and select inorganic salts solvents to promote LiF SEI formation 

on Si and LiF CEI on NCA and NCM cathodes; (2) theoretically and experimentally investigate the solvation 

structures and properties of the developed electrolytes. 

 

mailto:cswang@umd.edu
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Approach  

Large (>10 μm) Si microparticles (μSi) are especially attractive due to their low production cost. The 

objectives of this project are to research, fabricate and test lithium-ion batteries that implement ≥ 30% silicon 

content electrodes with commercially available cathode and have the potential to achieve cell level energy 

density of >350 Wh/Kg (C/3) for 1000 cycle life with < 20% energy fade. The main objective is to screen, 

select and investigate the solvation structures and properties of a variety of electrolytes for the μSi anode. The 

tasks for the first budget period are: (1) screen and select inorganic salts solvents to promote LiF SEI formation 

on Si and LiF CEI on NCA and NCM cathodes; (2) theoretically and experimentally investigate the solvation 

structures and properties of the developed electrolytes. 

Results  

1. Electrochemical Performance of Si || Li Cells with Modified All fluorinated Electrolytes  

We screened and modified all fluorinated electrolytes (1.0 M LiPF6 in FEC, FEMC, and HFE by a volume 

ratio of 2:6:2) by replacing the carbonate in the original formula with sulfone (SL-based 262) to accommodate 

the large volume change in the micro-silicon (Si) anode. The proposed sulfone-based electrolyte was proved 

to have high ionic conductivity of 3.93 mS/cm at room temperature (Figure VIII.13.1A), and the anodic 

stability was further pushed to 5.3 V versus Li+/Li, a value high enough to run high voltage layered oxide 

cathodes, like NMC 811 or NCA (Figure VIII.13.1B). We postulated a unique protective SEI layer could be 

responsible for the excellent cycle performance. The SEI composition is examined via X-ray photoelectron 

spectroscopy (XPS) to validate our hypothesis about the formed SEI layer. The XPS with an Ar+ sputtering 

depth profiling (0S, 60S, 120S, 180S, 300S and 600S) was conducted for μSi electrodes after 50 cycles. The 

selected XPS spectra (C, O, F and S) and element ratio on the µSi electrodes after 50 plating/stripping cycles 

in the 2S2 electrolyte was shown in Figure VIII.13.1C and D. The organic species (C content) aggressively 

decreased to negligible amount (~5.2%) along with the O species increasing to a high ratio of 35% after 300 S 

sputtering, manifesting that more Li2O will be noticed in the inner layer of the SEI. In addition, the F-content 

is still abundant throughout the etching process, which confirms that a highly inorganic-rich (Li2O/LiF) bilayer 

SEI layer on SiMPs is obtained for electrodes cycled in the designed electrolyte. 
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Figure VIII.13.1 Ionic conductivity and anodic stability of the 2S2 electrolyte. (A) Comparison of ionic conductivity of different 

electrolytes at room temperature. The ionic conductivities are referenced and calculated to the standard electrolyte. (B) Linear 

scanning voltammetry of mixed THF, all fluorinated 262 and 2S2 electrolytes using aluminum foil as working electrode, scan rate 

= 1 mV /sec. SEI chemical composition by XPS measurement on µSi electrodes after 50 cycles in µSi||Li cells with 2S2 

electrolyte. (C) C1s, O1s, F1s and S2P spectra are displayed in columns, which show the corresponding depth profiling results 

(from up to down, being 0S, 60S, 120S, 180S, 300S and 600S). All of the XPS results were fitted with CasaXPS software. The 

binding energy was calibrated with C1s at 284.8 eV; (D) the quantified atomic composition ratios for all elements of the formed 

SEI at different sputtering times for the proposed 2S2 electrolyte. 

The unique Li2O/LiF thin SEI film formed in the μSi electrodes enables us to construct a practical full-cell 

battery with high loading and improved cycling performance (Figure VIII.13.2) In a full cell (coin cell) of μSi 

(~4.1 mAh/cm2) ǁ NCA (4 mAh/cm2), without any pre-cycling nor pre-lithiation, our designed electrolyte 

enables a stable cycling (200 cycles, 81% capacity retention) and a high CE (approaches 99.9% after the 10th 

cycle) at practical values of high areal capacity loading and N/P ratio (~1.1) (Figure VIII.13.2A). Under the 

full charge/discharge conditions between 2.7-4.3V, the full cell showed an initial CE (iCE) of 80.1%, (Figure 

VIII.13.2B). Besides, the practical 100 mAh punch cell exhibit stable cycling with high iCE of 81.3% and an 

excellent cycle CE (which approaches 99.9% after the fifth cycle) at practical critical parameters such as 

current density (0.2C), cell pressure (0.1MPa), temperature (ambient, uncontrolled ~25°C) and N/P ratio (1.1). 

(Figure VIII.13.2C-D) The practical μSiǁNCA punch full cell retained 83% of its capacity after 150 cycles in 

the designed electrolyte, demonstrating its superior cycle stability in the LIBs with SiMPs as the anode. 
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Figure VIII.13.2 (A) The cell performance of µSi(1-5 μm) || NCA full cells in 2S2 electrolyte between 2.7 and 4.3V; (B) the initial, 

2nd, 5th, 20th and 50th charge-discharge profiles of the proposed electrolyte in the µSi || NCA full cells. The cycle rate is at 1/5 

C, room temperature with the first formation cycle at C/20. (C) μSi full battery performance in large punch cell (areal capacity of 

~4 mAh/cm2 for NCA and ~4.1 mAh/cm2 for μSi, with electrode size ~5 cm by 5 cm) at room temperature. Before cycling at C/5, 

two pre-cycles at C/20 were conducted. The average CE was calculated from the fifth to the final cycle. The dashed pink line 

indicates the capacity retention of 80% at 150 cycles; (D) The charge–discharge profiles of the µSiǁNCA full cells at the 1st, 5th, 

50th, 100th and 150th cycle. The left inset figure illustrates the test conditions of the assembled punch cell under the normal 

pressure of 0.1 MPa, and the right inset shows the actual cell size of 5 cm by 5 cm. 

2. Solvent-free ionic liquid electrolyte 

Another strategy to improve the anodic stability of the electrolyte is to avoid using the reductive THF as an 

electrolyte solvent. We developed an ionic liquid (IL) electrolyte that efficiently forms dense and ceramic-

based SEI on lithium metal. The IL electrolyte demonstrates an ionic conductivity of 4.07 mS/cm, and anodic 

stability of 4.5 V vs. Li+/Li reported last year. The full cell (μSiǁNMC811) using this IL cycled at 0.1 C did not 

demonstrate a noticeable variation of overpotentials (Figure VIII.13.3A). It showed around 88% of capacity 

retention at the 100th cycle (Figure VIII.13.3B, the capacity retention was calculated by normalizing to the 

highest capacity at 0.1 C), corresponding to over 2000 mAh/g Si utilization for the μSi anode. Such, the 

compatibility of the developed electrolyte towards μSi anode and NMC811 cathode was confirmed by the 

stability of full cell under the low C-rate cycling. Further, the structural evolution of the μSi particles was 

monitored using x-ray computed tomography. (Figure VIII.13.3C). The Si electrodes only expand in the first 

few cycles and then become stable in 300 cycles as evidenced by the particle boundaries and electrode 

thickness. This suggests that the LiF-SEI effectively protects the electrolyte penetration into cracked Si 

particles making the volume change reversible. Therefore, the total thickness of the Si anode only experiences 

negligible changes during charge/discharge in 20-300 cycles. 
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Figure VIII.13.3 (A) The charge/discharge curves and (B) The capacity retention of the 5.0 mAh/cm2 μSi || 4.5 mAh/cm2 

NMC811 full cell between 4.2 and 2.7 V in the IL electrolyte. (C) The evolution of the pristine and cycled micro-Si anode and the 

overall thickness of the electrode was measured with X-ray computed tomography. 

3.  Calendar life of micro-sized Si anode with LiF-rich SEI 

We summarized the relationship between calendar life with silicon particle sizes and SEI growth (SEI 

stability), and further explored the mechanism behind it. We summarized the 180h of voltage hold for silicon 

anodes with different particle sizes in different electrolytes. The results show that micro-silicon has 

comparative calendar life with graphite. Because there is no volume expansion during voltage hold, any 

capacity loss (current leakage) during storage is quantified by the Li consumption in SEI (growth and 

dissolution). Therefore, the key to improving calendar life is to reduce the SEI growth rate, reduce the SEI 

dissolution and reduce the contact between the active Si surface and electrolyte. The mechanism was detailed 

and illustrated in Figure VIII.13.4. The calendar life is mostly influenced by Si particle size (surface area 

contact), SEI growth rate, and SEI dissolution. Among them, the SEI growth rate and the SEI dissolution 

determine the SEI stability which is directly related to the Columbia efficiency (CE). Therefore, an anode with 

higher CE could always show a better calendar life when the particle size is at the same level, as is reported 

last year. 
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Figure VIII.13.4 Schematic illustration of mechanism on the capacity loss (current leakage) during voltage hold. 

 

Increasing the particle size could reduce the surface area of Si particles, which explains the huge differences in 

calendar life between nano-silicon anode (0.304 mA/Ah@180h) and micro-silicon anode (0.081 mA/Ah 

@180h) with the same mixTHF electrolyte (Figure VIII.13.5A). The same electrolytes resulted in similar SEI 

components with similar SEI growth rates, but a large surface area largely increases the Li+ consumption 

during SEI growth rate. As is shown in Figure VIII.13.5B, the irreversible capacity loss is about three times 

higher in nano-Si than in micro-Si. This is a more serious problem in the full cells test due to the limited Li 

resources. EIS spectra of Li||Si cells with different sizes of silicon are shown in Figure VIII.13.5C-F. The R1 

represents electrode and electrolyte resistances, CPE stands for the double-layer capacitance of the 

electrolyte/electrode interface, R2 and R3 stand for the SEI on lithium and silicon (SEI on silicon is marked 

with red color), R4 stands for the charge transfer resistance. The resistance increases from 3.191 Ω to 4.622 Ω 

(1.45 times increase) in nano-Si, demonstrating that a large amount Li+ was consumed in SEI growth. In sharp 

contrast, there is no obvious resistance increase in the resistance of micro-Si (an increase from 4.428 to 4.699). 
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Figure VIII.13.5 A,B Current decay versus time (A) and corresponding capacity loss versus time (B) during 180h voltage hold of 

silicon anode (micro-sized silicon and nano-sized silicon) in mixed THF electrolytes C-F. EIS results of Nano So||Li cells (mixed THF 

electrolytes, after 20 cycles) before (C) and after (D) voltage hold, Micro Si||Li cells (mixed THF electrolytes, after 20 cycles) before 

(E) and after (f) voltage hold. The resistance of SEI on silicon is marked with red color.  

For the Si anode with the same size, the electrolyte composition determines the SEI components which 

determine the SEI growth rate. We compared two different electrolytes, mixTHF electrolyte, and 

EC/DEC+10wt%FEC electrolyte. The former could form LiF-rich SEI with better passivation ability (lower 

SEI growth rate), while the carbonate electrolyte always results in organic-rich SEI with a higher SEI growth 

rate. As a result, the mixTHF electrolyte shows a lower leakage current than that of carbonate-based 

electrolytes (0.203 mA/Ah @180h) (Figure VIII.13.6A). In the meantime, the irreversible capacity loss is also 

much higher in the carbonate-based electrolyte (Figure VIII.13.6B). For Si and graphite with similar particle 

sizes, the lithiated Si has higher volume changes than that of lithiated graphite, which requires SEI with the 

least bonding to lithiated Si. The organic-rich SEI formed by carbonate electrolyte strongly bonds to silicon, 

reducing the calendar life of Si. However, the organic-rich SEI that is strongly bonded to graphite anode can 

perfectly accommodate small volume changes of graphite. EIS spectra also suggest the same conclusions with 

no obvious resistance increase on graphite after voltage holding (Figure VIII.13.6C and Figure VIII.13.6D), 

which corresponds to the small leakage current and irreversible capacity loss. However, the resistance of 

organic-rich SEI on Si increase from 4.259 Ω to 5.348 Ω (Figure VIII.13.6E and Figure VIII.13.6F), indicating 

that the organic SEI cannot effectively passivate the highly reactive lithiated Si, and the SEI grows 

tremendously. 
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Figure VIII.13.6 A,B, Current decay versus time (A) and corresponding capacity loss versus time (B) during 180h voltage hold of 

silicon anode  in different electrolytes (mixTHF and carbonate electrolytes) and graphite in carbonate electrolytes. C-F, EIS results 

of Graphite||Li cells (carbonate electrolytes, after 20 cycles) before (C) and after (D) voltage hold, Micro Si||Li cells (carbonate 

electrolytes, after 20 cycles) before (E) and after (F) voltage hold. The resistance of SEI on silicon is marked with red color.  

Conclusions   

In summary, to make a stable Si-NMC 811 cell, we developed electrolytes with high electrochemical windows, 

which can form LiF-rich SEI based on our study on the mixTHF electrolytes. We designed a high voltage-

stable 2S2 electrolyte (SL-based 262) to form inorganic-rich (Li2O/LiF) bilayer SEI layer on SiMPs, which 

enable a μSi ǁ NCA stable cycling (200 cycles, 81% capacity retention). The practical μSiǁNCA punch full cell 

retained 83% of its capacity after 150 cycles in the designed electrolyte, demonstrating the practicability of this 

electrolyte.  In the meantime, we have demonstrated through using solvent-free IL electrolytes to form 

inorganic-SEI, 88% capacity retention at 100th cycle in μSi|| NMC811 full cells can be achieved. Further 

optimization of the electrolytes and cell configuration will be performed in the next fiscal year, targeting high 

cycling life as well as high energy density for the Si-NMC full cell. Calendar aging of the Si anodes was also 

investigated through leakage current, our result shows that larger particle size and low SEI growth rate could 

significantly enhance the calendar life problem of silicon anodes. The solubility of SEI will be investigated to 

refine our proposed mechanism. 
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Project Introduction 

While the cycle life of silicon (Si)-based cells has improved in the past years, calendar life of Li-ion batteries 

containing Si-dominant anode is still not satisfactory. Historically, Si anode research has focused on the 

crystallographic expansion (~320%) that Si experiences upon lithiation with valuable knowledge gathered.1-4 

To be deployed on a broad scale for EVs, calendar life is another critical parameter that needs to be evaluated. 

Specifically, the limited calendar life of Si cells suggests that a “protective” solid electrolyte interphase (SEI) 

does not form on the Si anode. The understanding and mitigation of calendar life will remove the barriers 

associated with the large-scale deployment of advanced lithium-ion batteries utilizing anode with >50% Si.  

Therefore, research is needed with a specific focus on understanding the formation and evolution of the SEI on 

Si to solve the calendar life challenge. 

Objectives 

The ultimate goal of this project is to establish the correlation of the structural and chemical evolution of both 

Si and the SEI layer with battery performance in terms of cycling stability and calendar life. The work will 

attempt to answer the following scientific questions:  

1) How do the passive and active Si electrode components evolve structurally and chemically during 

electrochemical cycling and calendar life aging? 

2) What is the critical factor that controls the calendar life of Si? 

3) What is the correlation between cycling stability and calendar life for anode dominated by Si? 

Approach  

• In-situ, ex-situ and Cryo- Transmission Electron Microscope (TEM) will be utilized to understand the 

structural and chemical evolution of Si (active and passive), and to gain insight into the SEI layer’s 

chemical reactivity, at different scales, at the relevant interfaces and interphases.  

• Energy dispersive X-ray spectroscopy (EDS) captured during the in-situ TEM and ex-situ TEM will 

give direct visualization of spatial distribution and evolution of element with progression of the 

cycling of battery. 

• Electron energy loss spectroscopy captured during in-situ TEM and ex-situ TEM will give electronic 

structural information, which can be correlated to spatial evolution between SEI and Si. 
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Results  

Chemical Transformation of Si during Cycling 

Combination of cryo-STEM and Electron Energy Loss Spectroscopy (EELS) provides a method to 

characterize the morphological and chemical changes of Si anodes during cycling. Cryo-EELS characterization 

of the Si anode in Si-Gr/NMC622 full cells was performed after 0, 1, 10, 20, 50, and 100 cycles. The changes 

in the chemistry of the Si materials at various cycles can be correlated with the capacity retention of the 

electrochemistry data to provide insight into the mechanisms of capacity loss during cycling. High angle 

annular dark field (HAADF) images (shown in the inserts of Figure VIII.14.1a and b) show the structural 

evolution of the Si nanoparticles during cycling. In comparison to the fresh particles (Figure VIII.14.1a), there 

is a clear increase in roughness/porosity for samples after 100 cycles (FFigure VIII.14.1b).  

 

Figure VIII.14.1 Electron energy loss spectroscopy of the Si anodes during cycling. (a-b) HAADF images and EEL spectrums of the 

Si nanoparticles after 0 and 100 cycles. The EELS data shows the Si L2,3 edge with background removed. The changes in the near 

edge fine structure shows that the Si has undergone a chemical transformation. (c-e) are reference EEL spectrums of the Si L2,3 

edge for Si, SiO2, and lithiated-Si standard samples. The reference spectrums for the standard samples are used to identify the 

EEL spectra for the cycled Si anodes. (f) shows an EELS model fit to quantify the various chemical compositions of Si present in 

the highlighted area of the spectral image (shown in the insert). 

The morphological changes in Si could be caused by nanoparticle cracking, pulverization, and void formation 

due to the volume expansion and contraction that occur during cycling. Another potential cause for the Si 

structural evolution is changes in the Si chemical composition. Figure VIII.14.1a-b shows the EELS of a Si-

L2,3 edge for samples after 0 and 100 cycles. The dramatic change in the EELS corresponds to a change in the 
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Si chemical composition. To identify the EELS of the fresh and highly cycled Si, reference samples were used 

to identify the primary chemical composition. A reference spectrum for Si, SiO2, and lithiated-Si are shown in 

Figure VIII.14.1c-e. These reference spectra are consistent with previous studies. Evidently, the EELS data for 

the pristine (0 cycle sample) corresponds to Si, and the spectrum for the 100-cycle sample corresponds to SiO2.  

The fraction of the Si oxidized to SiO2 shows dependence on the cycle number, featuring increased oxidation 

with increased cycling. To quantify the spatial distribution of Si and SiO2, a least squares model fit was 

developed for a spectral image of the sample (where EELS is measured at every point throughout an area of 

the sample). The model uses a linear combination of the Si and SiO2 reference spectrums to determine the local 

chemical compositions present throughout an EEL spectral image. An example of this model is shown for a 

20-cycle sample in Figure VIII.14.1f. By determining the local chemical composition of the Si throughout the 

sample, the model can be used to generate maps of the Si valence state distribution in each of the cycled 

samples. STEM images, EELS Si composition maps, and model fits are shown in Figure VIII.14.2a-r. Before 

cycling, the Si has a thin native oxide on the particle surface. During the cycling process, the Si shows 

increased oxidation from the nanoparticle surface towards the center. The silicon oxidation also appears to be 

correlated with the increase in roughness and porosity for the highly cycled samples. 

 

Figure VIII.14.2 STEM and EELS analysis of the Si-Gr anode after cycling in a carbonate-based electrolyte. (a-f) STEM images after 

0, 1, 10, 20, 50, and 100 cycles. The roughness/porosity of the Si increases upon cycling. By measuring the Si L2,3 edge of Si 

anodes after cycling and comparing the signals to the Si and SiO2 references, it is possible to map the local valence state of Si 

with sub-nanometer resolution. (g-l) Si composition maps after 0, 1, 10, 20, 50, and 100 cycles. As the Si roughness and porosity 

increases with cycling, Si is gradually converted to SiO2. The oxidation of Si could play a major role in capacity loss for high cycled 

Si-based anodes. (m-r) Least-squares models for the quantification of Si and SiO2 present in each spectral image. 

SEI Structural and Chemical Development during Cycling 

Cryo-EDS characterization of the particles is a useful tool to determine the elemental distribution of the 

system, which can be employed to investigate the formation and evolution of the SEI. EDS elemental mapping 

showed that the primary components of the SEI consisted of carbon and oxygen, with small amounts of 

fluorine and phosphorus. Figure VIII.14.3 shows the STEM images and their corresponding EDS maps for the 

sample following 0-100 cycles. Areas with majority Si counts are shown in red, SEI components (C, O, F, and 

P) are shown in blue, and areas with mixed Si/SEI counts are highlighted in green. By comparing the spatial 
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distribution of the Si and the combined SEI components, these maps can be used to show how the Si and SEI 

evolve during the cycling process. From this characterization, several observations can be made: (1) the outer 

SEI layer forms after the first lithiation to create a core shell structure (Figure VIII.14.3g), (2) during 

successive cycling the SEI penetrates the Si rather than growing on the surface (Figure VIII.14.3h-j), and (3) 

extensive cycling creates a Si/SEI composite structure (Figure VIII.14.3k and l). The formation of a Si/SEI 

composite structure at high cycles could cause a loss in specific capacity of the Si or cause a decrease in 

conductivity. These could be additional mechanisms for capacity loss5-7, increased electrode resistances and 

therefore, worsened calendar life in Si-based cells.  

 

Figure VIII.14.3 Scanning transmission electron micrographs (STEM) images and energy-dispersive x-ray spectroscopy (EDS) 

elemental maps Si-Gr anodes after increasing numbers of cycles. (a-f) shows STEM images, and (g-l) shows EDS mapping of Si 

particles after 0, 1, 10, 20, 50, and 100 cycles. The red areas marks Si counts, the blue represents element counts of the SEI 

components (oxygen, carbon, and fluorine), and green highlights areas of mixed Si and SEI counts (45 to 55% Si/SEI). The SEI 

penetrates into the center of the Si particle with cycling eventually leading to a Si/SEI composite structure. 

Conclusions   

The integration of cryo-STEM, EELS, and EDS characterization of silicon anodes provides key insights into 

the chemo-mechanical evolution of Si anodes, which is critical for the design of Si-based anodes with 

enhanced performance and stability during storage. EELS was used to determine the chemical composition of 

Si with sub-nanometer resolution, which unexpectedly shows that cycling causes Si to oxidize from the outer 

surface towards the center. Several mechanisms of Si oxidation are identified and the subject of future work. 

EDS also shows that cycling causes the SEI to penetrate the particle, eventually making a Si/SEI composite 

structure. The gradual oxidation of Si and SEI layer penetration as revealed by EELS and EDS collectively 

contribute to the capacity loss and resistance increase of extensively cycled Si electrodes. It is apparent that 

separation of Si from liquid electrolyte is a critical step for the stable cycling and long-time storage of Si.  To 

reach this goal, the formation of a stable SEI layer will be vital, which is now under further investigation and 

modification. 

Key Publications   
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Project Introduction 

Albemarle Corporation with its partners, Argonne National Laboratory and Solid Power, will develop and 

prototype pilot-scale production of room-temperature electrodeposited lithium (Li) metal films to accelerate 

the adoption of next generation re-chargeable lithium metal batteries. The proposed electrodeposition 

technology has the potential to significantly improve the efficiency and cost of manufacturing ultra-thin 

lithium metal anodes thereby opening up a new pathway to cost-effective lithium metal batteries. This program 

will demonstrate that electrodeposition can be a commercially viable path to low-cost lithium metal anodes. 

Success will motivate further scale-up of U.S.-based lithium metal anode production and encourage the growth 

of a domestic battery industry based on this enabling technology. 

Objectives 

The objective of the project is to research, develop, and establish an economically feasible roll-to-roll 

electrodeposition method to produce ultra-thin (≤20 μm) high-quality lithium (Li) metal anodes from low-cost 

aqueous lithium salts at room temperature. 

Approach  

The approach for the project is as follows: 

1. Optimization of single compartment cell (May 2020 – February 2022) 

This includes selection of the electrolyte (catholyte) chemistry, batch production of lithium anodes at 

high deposition rates (~ μm/min), and validation of produced lithium anodes through coin & pouch 

cell testing. 

2. Optimization of dual compartment cell (May 2020 – February 2022) 

This includes development of water impermeable lithium-ion conductive membrane, development of 

engineering controls to mitigate stray crossover water, batch production of lithium anodes at high 

deposition rates (~ μm/min), and validation of lithium anodes through coin and pouch cell testing. 

3. Process scale up and validation in prototype system (August 2020 – April 2024) 

4. Development of electrodeposition cost model (November 2020 – April 2024). 
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Results  

Deposited high-quality Li metal from proprietary electrolyte in single compartment cell 

 

 

Figure VIII.15.1 Single compartment electrodeposition cell setup with batch produced Li anode on Cu. Cross-sectional & front view 

of Li anode provided. 

We fabricated a single compartment cell that consists of a lithium electrolyte chamber with platinum (Pt) 

anode and copper (Cu) cathode. (See Figure VIII.15.1.) We performed multiple electrodeposition runs to 

down-select the electrolyte (catholyte) chemistry that enables uniform Li deposits at high current densities. 

(See Figure VIII.15.2.)Having selected the best electrolyte (catholyte) chemistry, we batch produced 20 µm Li 

anodes on Cu of size 4.5 cm x 7 cm. Cross-sectional imaging of the anodes shows a kinetically enhanced SEI 

that is known to promote faster charge transfer of lithium ions at the anode interface, thereby stabilizing 

lithium deposition. 

 

Figure VIII.15.2 Cell testing comparison of single  electrodeposited Li anodes against commercial anode. 
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Independent cell testing performed at Argonne National Lab Cell Analysis, Modeling, and Prototyping 

(CAMP) Facility shows that single compartment electrodeposited Li anode achieves 2 times longer cycle life 

than the commercial anode of same thickness. We attribute this longer cycle life to kinetically enhanced SEI of 

the electrodeposited anode.  

Developed new Li-ion selective membrane with proprietary engineering controls to enable dual 

compartment electrodeposition 

 

Figure VIII.15.3 Spray chamber to fabricate robust Gen 3B membrane 

We developed three different generations of membrane chemistries & architectures to reduce water crossover 

into catholyte. The third generation (3B) membrane of 300 µm thickness shows nearly fifteen-fold reduction in 

water crossover compared to earlier generations. We also developed proprietary engineering controls that can 

eliminate crossover water. We were able to limit water crossover to below 300 ppm by combining action of the 

Gen 3B membrane with engineering controls. This water crossover limit enables high-quality deposition of Li 

metal. (See Figure VIII.15.3.) 

Deposited high-quality Li metal from aqueous salt in dual compartment cell 

 

Figure VIII.15.4 Dual compartment electrodeposition cell setup with batch produced Li anode on Cu 
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We fabricated a dual compartment cell that consists of anolyte chamber with Pt anode, a Gen 3B membrane, & 

catholyte chamber with Cu cathode. Proprietary engineering controls were added to the cell to mitigate water 

crossover. Next, we deposited 20 µm Li anode on Cu of size 4 cm x 4 cm with water crossover below 300 

ppm. (See Figure VIII.15.4, and Figure VIII.15.5) 

 

Figure VIII.15.5 Cell testing comparison of single & dual compartment electrodeposited Li anodes against commercial anode. 

Independent cell testing performed at the Argonne National Lab CAMP facility shows that dual compartment 

electrodeposited Li anode achieves 1.6 times longer cycle life than the commercial anode of same thickness.  

Ongoing fabrication of prototype unit to demonstrate roll-to-roll manufacturing of electrodeposited Li 

We evaluated 5 electrodeposition equipment manufacturers and selected a vendor for the design and 

construction of the prototype unit. Next, we performed preliminary process, mechanical, and electrical design 

of the unit. This was followed by a detailed hazard identification and mitigation study that addressed the issue 

of Li as a potential ignition source. We addressed the recommendations and finalized design of the unit. The 

prototype shall be installed in Argonne National Lab by February 2023 followed by validation by September 

2023.  
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Techno-economic analysis shows electrodeposition route of manufacturing Li anodes has potential to be 

cost effective at GWh scale for thicknesses < 8 µm 

 

Figure VIII.15.6 Projected Li anode cost in $/m2 vs. Li anode thickness in µm 

A preliminary techno-economic analysis (TEA) was performed by considering that the lithium anodes 

produced will supply a 25 GWh cell facility producing 18650 cells. The TEA accounts for process, 

engineering, material, and labor costs. The target cost was set from the work of Albertus et al.1  (See Figure 

VIII.15.6.) 

Note: The techno-economic model is not final and is ongoing revisions as we continue prototype scale up.  

Conclusions   

In conclusion, we deposited high-quality lithium metal from aqueous lithium salt in dual compartment cell. We 

achieved this through development of proprietary electrolyte (catholyte) that enables uniform deposition of 

lithium metal and a new generation Li-ion conductive membrane with engineering controls that mitigates 

water crossover. We also made significant progress in fabrication of the prototype unit that will enable us to 

demonstrate roll-to-roll manufacturing of electrodeposited lithium in FY2023. Finally, we performed techno-

economic analysis to estimate that electrodeposition route of manufacturing lithium anodes has potential to be 

cost effective at GWh scale for thicknesses < 8 µm. 

Key Publications   
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Project Introduction 

Lithium-ion Batteries (LIBs) offer superior performance among all rechargeable battery technologies, and are 

the main power sources for portable electronic devices and electric vehicles. Silicon is a high-performance 

anode material for next generation lithium ion batteries, with an order of magnitude higher capacity than 

traditional graphite anode. In our lab, challenges of Si anode materials associated with large volume change 

(>300%) during lithium insertion and extraction are largely addressed by well-designed nanostructures[1]. 

However, the common issue associated with these anode materials is the increased solid electrolyte interphase 

(SEI) formation on high-surface-area nanostructures during the first cycle. The process consumes an 

appreciable amount of lithium, resulting in irreversible loss of capacity and low 1st CE (50-80%)[2], while a 

value of at least 90% is needed for real applications. Such capacity loss is usually compensated by additional 

loading of cathode materials in commercial lithium ion batteries. However, the lithium metal oxide cathodes 

have much lower specific capacity than the anodes. The excessive loading of cathode material causes 

appreciable reduction of battery energy density. It is therefore highly desirable to suppress such loss and 

consequently increase the 1st CE through prelithiation. In addition, pre-storing lithium inside anodes enable 

the opportunity to pair with Li-free cathodes such as sulfur and oxygen cathodes. This project’s success will 

make high-energy-density Li ion batteries for EVs. 

Objectives 

Prelithiation of high-capacity electrode materials is an important means to enable those materials in high-

energy batteries. This study pursues three main directions: (1) developing facile and practical methods to 

increase 1st cycle CE of anodes, (2) synthesizing fully lithiated anode to pair with high-capacity Li free 

cathode materials, and (3) prelithiation from the cathode side. The challenge associated with the anode 

prelithiation is the high chemical reactivity of prelithiation materials, which are hard to survive multiple 

processing steps (exposure to air and solvent, slurry mixing, coating and baking) during battery electrode 

fabrication. A protective coating is therefore needed. Different passivation coatings have been used to increase 

the dry-air and solvent stability of prelithiation reagents. At the end of battery assembly, the coatings are 

activated to ensure quick lithium ions diffusion for prelithiation. The passivation coatings can improve the dry-

air stability of prelithiation materials to a certain extent, but much study is still needed to improve solvent 

stability to better compatible with practical battery fabrication. We plan to explore a new solvent-free dry 

method for anode prelithiation through in situ prelithiation. Prelithiation reagents are added to the battery in the 

assembly step, to avoid the concern of solvent compatibility. We also plan to design prelithiation reagents for 

this solvent-free method, and accurately control the prelithiation amount of anode materials to pair with 

different-capacities cathode materials. 
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Approach  

Three main approaches have been developed for prelithiation: 1) Synthesizing lithium alloying LixM particles 

as novel prelithiation reagents to provide a low-cost and general strategy for prelithiation. The synthesized Li-

rich compounds should be able to mix with various anode or cathode materials during slurry process and serve 

as prelithiation reagents. 2) Developing new prelithiation process based-on pressure-induced prelithiation. By 

direct contact with Li and Si under pressure, heat-free and solvent-free prelithiation can be achieved without 

the concern of solvent compatibility. Also, prelithiation amount is controllable through contact time and 

pressure. 3) Developing new in situ prelithiation process based on shorting-mechanism. A layer of thin lithium 

is inserted above Si anode in cell fabrication to achieve in situ prelithiation during battery resting period. 

Prelithiation reagents need to carefully designed for this approach to control prelithiation amount and avoid 

excessive Li.  Besides prelithiation step, a series of morphological and chemical composition characterizations 

including SEM, TEM, XPS, Raman spectroscopy, XRD, etc. and electrochemical testing are conducted for 

performance characterization. 

Results  

Here, we present an in situ prelithiation method with high efficiency, high compatibility and precise control. 

This prelithiation process takes one step to apply the additive Li onto the Si anode in fabrication, which 

requires no further cell disassembling and reduces electrolyte waste. With the electrolyte addition, prelithiation 

take place spontaneously between contacted Si and Li during the battery resting period based on shorting 

mechanism. Due to no extraction of lithium out of the cell after prelithiation, the inserted Li amount requires to 

be carefully controlled to match the desired prelithiation amount. We design a series of lithium mesh with 

varied porosity as prelithiation reagent. Prelithiation capacity is tuned by Li mesh porosity to precisely control 

the prelithiation degree. This in situ prelithiation demonstrates a dry one-step prelithiation strategy as a 

promising prelithiation design towards practical applications.  

 

 
 

Figure VIII.16.1 Concept of in situ prelithiation. a, Schematic of in situ prelithiation process by applying a layer of the Li mesh on 

silicon anode in  battery fabrication. b, The mechanism of in situ prelithiation reaction based on shorting mechanism. c, Digital 

photos of the Si anode before (upper) and after (bottom) 24-hour in situ prelithiation by lithium mesh. d, SEM images of the Si 

anode before (upper) and after (bottom) 24-hour in situ prelithiation by lithium mesh. 

The in situ prelithiation is achieved by applying a layer of the Li mesh on the Si anode in battery fabrication 

(Figure VIII.16.1a). After assembly, the Li mesh in direct contact with the Si anode is surrounded by 

electrolyte, which creates conditions for shorting reaction between the Si anode and the Li mesh. As illustrated 

in Figure VIII.16.1b, electrons can transport from the Li mesh directly to the Si anode by the Si-Li contact 

points while Li+ ions can flow from Li to Si through electrolyte. Considering that batteries congenitally 
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require a resting period after assembly for electrolyte wetting, our prelithiation approach utilizes this resting 

period to achieve in situ prelithiation during battery resting. The highlight of in situ prelithiation is no need to 

extract the inserted Li foil after prelithiation, and thus it prevents cell reassembly and reduces electrolyte 

waste. However, this strength also requires to insert right amount of Li in cell assembly. Commercially 

available 25-μm thick Li foils provide 5 mAh cm-2 capacity, much beyond the desired prelithiation amount. 

Therefore, we use patterned Li mesh here to provide desired prelithiation amount. Shown in Figure VIII.16.1c, 

lithium mesh inserted is fully consumed after in situ prelithiation, illustrating prelithiation completes after a 

24-hour simultaneous resting and prelithiation period. Scanning electron microscopy (SEM) characterizations 

display Si particles expand and sinter into each other after 24-hour resting, with the porosity of Si electrode 

decreasing from 36.6% to 12.8% (Figure VIII.16.1d). These phenomena indicate silicon lithium alloying and 

demonstrate successful prelithiation. 

 

Figure VIII.16.2 Controllable prelithiation through Li mesh design. a, Digital photos of the designed prelithiation reagents with 

porosity of 80% and 70%, respectively, and their corresponding capacity. b, The initial Coulombic efficiency of Si anode with and 

without prelithiation. 

Along with simplicity, our in situ prelithiation approach also exhibits precise control of prelithiation degree. 

Due to no extraction of lithium out of the cell after in situ prelithiation, the inserted Li amount requires to be 

carefully controlled to match the desired prelithiation amount. However, the presently commercialized Li foils 

have thickness over 25 micron, providing capacities higher than 5 mAh cm-2. This capacity is much higher 

than the initial capacity loss in common battery systems. To avoid excessive Li, we design porous Li meshes 

as prelithiation reagents for in situ prelithiation. As shown in Figure VIII.16.2a, lithium mesh of porosity of 

80% (p-80) and 70% (p-70) are designed and produced. 25 micron Li foils are used to fabricate lithium mesh. 

p-80 and p-70 have capacity around 1 mAh cm-2 and 1.5 mAh cm-2, respectively. We use these two Li meshes 

to prelithiate Si anodes through in situ prelithiation method. Si anodes of capacity around 5 mAh cm-2 are used 

here. Figure VIII.16.2b shows that Si anodes without prelithiation have low initial CE of around 70.16%, 

indicating the initial capacity loss is around 1.5 mAh cm-2. Through prelithiation with p-80 Li meshes (~ 1 

mAh cm-2), the initial capacity loss is partially compensated, and the initial CE is improved to around 94.71%. 

Meanwhile, prelithiation with p-70 Li meshes (1.5 mAh cm-2) fully compensate the initial capacity loss and 

improves the initial CE to nearly ideal 100%. These results suggest through tuning the porosity of Li meshes, 

we are able to achieve controllable prelithiation capacity. By further matching the Li mesh capacity with the 

desired prelithiation capacity of anode materials, we are able to fully compensate the initial capacity loss and 

achieve nearly ideal 100% initial CE. 
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Figure VIII.16.3 Uniformity of in situ prelithiation through Li mesh design. a, Cross-sectional SEM images of Li-mesh prelithiated Si 

anode of three locations, center (m-center), edge (m-edge), and beneath (m-beneath), shown in the inset schematics. b, Si 2p XPS 

spectra of Li-mesh prelithiated Si anode of three different zones, sputtering time = 0.5 minutes. 

Our in situ prelithiation method achieves reasonable uniformity through Li mesh patterning. Uneven 

prelithiation is not ideal because the accompanied irregular volume expansion is likely to cause high local 

stress and thus produce suboptimal electrode performance. To investigate uniformity of our prelithiation 

method, patterned p-70 Li mesh was used as an example prelithiation reagent whose grid structure divided the 

Si anode into 9 zones, among which, one center (m-center), one edge (m-edge) were chosen for SEM and XPS 

characterizations. As shown in Figure VIII.16.3a, the cross-sectional SEM images of Li-mesh prelithiated Si 

anode in three different zones show similar features, indicating morphological homogeneity. Moreover, XPS 

study is conducted to study the chemical uniformity. The high resolution spectra of Si 2p peak in three zones 

of  Li-mesh prelithiation were acquired (Figure VIII.16.3b). The Si 2p peak was deconvoluted into three 

components: LixSi at 98.2 eV, Si at 99.2 eV, and LixSiOy at 102 eV. As shown in Figure VIII.16.3b, Li-mesh 

prelithiated Si anode display similar chemical compositions in the studied three zones. Particularly, the similar 

Si/LixSi ratio indicates Si anodes are prelithiated to similar degree in these three zones, supporting we achieve 

chemically uniform prelithiation through Li mesh design. These studies demonstrate homogeneity at different 

locations in the prelithiated electrodes. The uniformity along the thickness of the electrodes will need further 

studying.   

Li diffusion kinetics within the electrodes is an important yet unanswered question in the prelithiation process. 

Here, we design an in situ optical cell to reveal the Li diffusion process based on the gray-scale of the 

electrodes (Figure VIII.16.4a). We choose a thin Si anode with a thickness of ~3 μm to laterally visualize the 

bulk Li+ diffusion. All the components were placed between a glass substrate and a transparent cover glass 

slide and sealed with epoxy to enable in situ optical observation. An outer circuit with a switch controls 

shorting precisely. Figure VIII.16.4b shows the interfacial Si electrode before shorting with labelled 

components and scales. The snapshots are taken at different shorting time to reveal a gradual color change 

from yellow to black with prelithiation process (Figure VIII.16.4c). This color changes of the electrodes 

towards darker colors after prelithiation have been widely observed and reported, indicating the transformation 

from Si to LixSi. At electrode/electrolyte interface, the color changes happen faster compared to locations 

further away from the interface, revealing a gradual Li diffusion from electrode surface to the bulk. In 

practical, this distance from the interface indicates the thickness of the electrodes. This optical cell study 

provide an insight of Li diffusion process along the thickness of Si electrodes. 
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Figure VIII.16.4 Kinetics studies of the Li diffusion in the prelithiation process. a, The in situ optical cell used to visualize the Li 

diffusion process within Si electrodes. Left: schematic, right: a photo of the device. b, The optical microscopy image of the area of 

interest before shorting (time = 0 min) with labelled components and scales. c, In situ dark-field optical microscopy image 

displaying the prelithiation process within electrodes, scale bar = 100 μm. 

Conclusions   

In the past year, we have developed an in situ prelithiation approach as a new dry prelithiation approach for 

facile and controllable prelithiation. It takes one step to apply a layer of Li mesh onto the Si anode in battery 

fabrication, and prelithiation spontaneously happen in the battery resting period by shorting mechanism. The 

Li mesh design precisely controls prelithiation capacity through porosity tuning. Li mesh with 70% and 80% 

porosity were fabricated, providing prelithiation capacity of 1.5 mAh cm-2 and 1 mAh cm-2, respectively. 

These capacity amounts can appropriately compensate the irreversible capacity loss in the first cycle of carious 

anode materials. By matching the Li mesh capacity with the initial capacity loss, we precisely improve the 

initial CE of Si anodes from ~70% to ~100%. We further study the uniformity of in situ prelithiation. SEM 

characterizations of three different zones of the prelithiated Si anode show the morphological uniformity. 

Further XPS studies show similar Si/LixSi ratio in these three zones, indicating Si anodes are prelithiated to 

similar degree across the electrodes. These results  support we achieve both morphologically and chemically 

uniform prelithiation through Li mesh design. In addition, we design optical cell studies that reveal a gradual 

Li diffusion from electrode surface to the bulk, providing an insight of Li diffusion process within Si 

electrodes. In sum, this work provides new insights for studying and designing prelithiation  strategies towards 

applicable high-energy-density Si anodes.  
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Project Introduction 

Unlike most anodes used in next-generation high energy density batteries, lithiated Si does not form a long-

lasting passivating solid-electrolyte interphase (SEI) during formation or on charge due to SEI delamination, 

reconstruction, or dissolution depending on the electrolyte used. As a result, electrolyte degradation is 

continuous when the battery is charged and results in permanent loss of the Li inventory and shortens the 

battery’s useful life [1–12]. Advanced electrolytes could play an important role in the creation of more stable, 

resilient, and self-terminating SEI, mitigating initial capacity loss on charge and thereafter slowing the fade 

rate. If realized, the pairing of such electrolytes with silicon anodes would further the development of EV 

batteries with useable energy >350 Wh/kg, energy density >700 Wh/L, and a calendar life >10 years. 

Concept 

To address this outstanding problem, we propose to design and develop a new class of localized super-

concentrated fluorinated electrolytes embodied with geminal surfactants (i.e., surfactants with two head-

groups) that spontaneously assemble at the anode–electrolyte interface and in doing so promote the formation 

of an adherent organo–LiF composite SEI that is compliant to volume changes and resistant to dissolution. 

These geminal surfactants are prepared at scale from readily available starting materials and provide access to 

a broad range of property sets to direct their assembly to the interface as well as tailor the chemomechanical 

properties of the composite SEI that is generated during formation; they are also electrochemically stable up to 

4.5 V vs. Li/Li+ and therefore compatible with a broad range of cathode chemistries, such as LFP and NMC. 

Objectives 

In the current reporting period, our seedling project pursued four research objectives, which are listed in turn. 

We aligned these research objectives to be parallel with related efforts in the Silicon Anode Research 

Consortium to enable direct transfer of our findings to that team. 

• Objective 1: Evaluate full cell cycling performance with electrolytes down-selected in Year 1. 

Cathode areal capacity > 1.5 mAh/cm2. Rate = C/3. Temperature = 25 ˚C. Identify at least one 

electrolyte enabling capacity retention >80% after 100 cycles. Develop design space for a second 

round of electrolyte formulation and screens, varying lithium salt, solvent, fluorinated diluent, and 

LiF-generating additive. 

• Objective 2: Benchmark accuracy and reproducibility of liquid handling robot to formulate 

electrolytes in high-throughput; automate analytical capabilities for quantifying electrolyte 

conductivity and voltage stability. Synthesize at least 4 mono and divalent LiF-generating additives. 

• Objective 3: Execute 2nd round of electrolyte screens. Implement the automated screening capabilities 

to downselect at least 10 electrolytes. Using the downselected electrolytes in 3-electrode full cells, 

mailto:bahelms@lbl.gov
mailto:Brian.Cunningham@ee.doe.gov
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galvanostatically lithiate Si to 0.2 V and then drive further lithiation potentiostatically at 0.1 V and 

monitor the leakage current over at least 24 h. For at least three top performing electrolyte 

formulations, quantify the amount of current leakage over at least 120 h.  

• Objective 4: Evaluate full cell cycling performance for at least 200 cycles with downselected 

electrolytes. Cathode areal capacity > 1.5 mAh/cm2. Rate = C/3. Temperature = 25 ˚C. Downselect at 

least three electrolytes for testing in Si anode full cells in Year 3 that satisfy the following criteria: 

conductivity > 6 mS/cm at 25 ˚C; voltage stability at least 4.5 V vs. Li/Li+ by LSV; < 0.05 mAh/cm2 

capacity lost to electrolyte degradation during formation over the last 4 h of observation, showing < 

20% loss of the total Li inventory during formation; shows capacity retention >80% of the maximum 

discharge capacity after 200 cycles in full cells. 

Approach  

To meet the above objectives, we acquired from ORNL, CAMP, and NREL or fabricated electrodes with the 

following specifications. 

Anodes: 

CAMP-Paraclete nSiO: 1.74 mAh/cm2 

NREL Si: 1.20 mAh/cm2 

LBNL Si microparticles (SiMP): 0.88 mg/cm2 

CAMP-ORNL Si: 2.00 mAh/cm2 

Cathodes:  

CAMP-LFP125: 1.25 mAh/cm2 

CAMP-LFP181: 1.81 mAh/cm2  

These electrodes were assembled into a variety of formats, including Si|Li and Si|LFP 2032 coin cells, for 

testing our electrolytes (30 µL per coin cell) as described above. As reference electrolytes, we used Gen2 and 

GenF electrolytes developed by the Silicon Anode Research Consortium.  

To test our hypotheses for SEI, we prepared locally super-concentrated electrolytes comprising various lithium 

salts such as LiPF6, LiBF4, LiTFSI, LiDFOB, LiClO4, LiFSI, and LiOTF alongside DME as the solvent and 

TTE as the fluorinated diluent. As interphase-stabilizing additives, we prepared a library of difunctional 

organic LiF-generating compounds with diverse compositions and end-group structures such as sulfonyl 

fluorides and trifluorovinyl ethers. Using liquid handling robots, we prepared libraries of electrolytes varying 

in composition on the basis of the molar ratios of salt, solvent, diluent, and additive. We evaluated their 

transport properties and performance in silicon anode cells to monitor and track progress toward our objectives 

for this reporting period. These results are discussed below in detail.   

Results  

Electrolytes from Year 1 were prepared according to the strategy defined as Strategy 1 in Figure VIII.17.1. 

Electrolytes from Year 2, the current reporting period introduce interphase-stabilizing additives according to 

the strategy defined as Strategy 2 in Figure VIII.17.1. Use of liquid handling robots aid in the precise 

formulation across a broad spectrum of chemical space, satisfying Objective 2. 
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Figure VIII.17.1 Strategies in Year 1 and Year 2 of the Seedling project for electrolyte development for Si anode. Strategy 1: Locally 

super-concentrated electrolyte formulations comprising a lithium salt (i.e., anions), a solvent, and a fluorinated diluent in different 

molar ratios. Strategy 2: Fluorinated additives are introduced to the locally super-concentrated electrolyte to create 

chemomechanically stable interphase. 

We evaluated full cell cycling performance with electrolytes down-selected in Year 1 (Figure VIII.17.2a–b) 

using CAMP Paraclete nano SiO anode and the CAMP LFP181 cathode with areal capacity of 1.74 mAh/cm2; 

as prescribed, cells were cycled at C/3 rate at T = 25 ˚C. We found that the initial capacity lost on the first 

cycle and the rate of capacity fade thereafter was most highly dependent on the choice of lithium salt in the 

locally-superconcentrated electrolyte (LSCE). Triflate and tetrafluoroborate anions in particular showed 

precipitous losses on both figures of merit for silicon anode full cells, whereas electrolytes featuring LiFSI, 

LiClO4, and LiDFOB were demonstrably superior (Figure VIII.17.2c). Optimized solvent ratios relative to the 

salt were 2:1 (Figure VIII.17.2d). The ratio of solvate electrolyte to diluent was not impactful on capacity loss 

and fade rate (Figure VIII.17.2e). Based on these data, we downselected LSCE where LiFSI : DME : TTE = 1 : 

2 : 2, as it satisfied Objective 1; specifically, with this electrolyte in the relevant cell format tested under the 

requisite cycling protocols, we observed 82% capacity retention after 200 cycles (Figure VIII.17.2f–g). We 

further demonstrated that this electrolyte is superior to the GenF electrolyte standard electrolyte of the 

consortium, validating part of our initial hypothesis that LSCEs have the potential to offer superior 

performance traits to Si anode cells implementing them. 
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Figure VIII.17.2 Year 1 Electrolyte Evaluation and Downselect for Year 2. (a) Electrolyte components where different anions (FSI-, 

ClO4-, DFOB-, TFSI-, BF4-, and OTf-), solvent (i.e., DME), and diluent (i.e., TTE). (b) Molar ratio for electrolyte formulation study 

where molar ratio of lithium salt is fixed as 1, while the ratio of solvent and diluent varies from 0 to 4 (1.2 to 4.0 in case of solvent 

due to the solubility limit of salts). (c) Capacity retention by anion variation while molar ratio of Li salt : DME : TTE is fixed to 1 : 2 : 

2. (d) Capacity retention by DME concentration change while LiFSI and TTE ratios are fixed as 1 : 2. (e) Capacity retention by TTE 

concentration change while LiFSI and DME ratios are fixed as 1 : 2. (f) Voltage profiles and (g) cycling performance of nano SiO / 

LFP full cells with GenF (and LSCE. GenF here is 1.2 M LiPF6 in EC:EMC (3:7 vol) LSCE here is LiFSI : DME : TTE = 1 : 2 : 2 All full 

cells were cycled at C/20 for the first 3 cycles as formation cycles. After that C/3 was applied for both charge and discharge rate.. 

We next turned our attention to the design and screening of difunctional additives with the potential to 

electrochemically transform into a hybrid interphase rich with LiF, a known beneficial SEI component for Si 

anode cells. For these, we considered sulfonyl fluorides and trifluorovinyl ether functionality as preferentially 

reactive over other components in the LSCE (Figure VIII.17.3a–b). To test this hypothesis, we screened the 

additives, with respect to dQ/dV to monitor and track the reactivity of the additives (Figure VIII.17.3c–d). We 

also tracked the influence of additive loading in the electrolyte on the extent of reactivity at the Si anode 

(Figure VIII.17.3e–j). Additives SS and PFS and to a lesser extent PS exhibited the most reactivity, indicating 

the sulfonyl fluoride group is preferentially reactive, with onsets ~2.2 V vs. Li/Li+.  
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Figure VIII.17.3 Year 2 Additive Screen in Year 2. (a) Year 1 baseline electrolyte used for additive study and (b) the library of the 

fluorinated additives in Year 2. (c) Voltage profiles and (d) dQ/dV curves for the 1st charge of different additives with 3 wt% added 

on LSCE. The inset of (c) shows enlarged initial voltage profiles. (e-j) dQ/dV curves with different additive concentrations (1, 3, or 

10 wt% in LSCE) with the additive of (e) SS, (f) PP, (g) PFS, (h) PS, (i) PF, and (j) PFF. 

We were advised to discontinue use of the CAMP Paraclete SiO electrodes to stay aligned with the Si anode 

consortium. Therefore, in our further evaluations of the new additives, we carried out tests in full cells 

assembled with either LBNL’s Si microparticle anodes alongside pre-lithiated nano Si anode cast at NREL 

using Si nanoparticles prepared by Nate Neale; we continued to use the CAMP LFP181 cathode with areal 

capacity of 1.74 mAh/cm2; as prescribed, cells were cycled at C/3 rate at T = 25 ˚C. We observed that for SS, 

PFS, and PS additives, all of which show higher initial rates of incorporation in to the SEI, performance 

advantages over the baseline LSCE were readily evident; however, in each case, the optimum loading of a 

specific additive was with a defined range unrelated to the behaviors of the other additives (Figure VIII.17.4)a. 

For example, SS provided maximum benefits at 3% loading that diminished at both lower and higher loadings. 

However, for PFS, performance gains were seen at low concentrations of additive; and still, for PS, 

performance gains were seen at high concentrations of additive. Despite the complexity of the chemical space 

explored here, we find our screening protocols enabling the additive downselect process for the electrolytes. 
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Figure VIII.17.4 Year 2 Additive Evaluation and Downselect for Year 2. (a) Summary of capacity retention at 50th, 100th and 200th 

cycle with different additives and concentrations. (b) Cycling performance of micro Si / LFP full cells with LSCE+PFS 1wt%, LSCE + 

SS 3wt% and LSCE. (c) Cycling performance of prelithiated nano Si / LFP full cells with LSCE + PFS 3wt%, LSCE, and GenF. 

We further find that the Si anodes from different partners within the Silicon Anode Research Consortium will 

have different preferences for which of the electrolyte additives are most beneficial (Figure VIII.17.4b–c). For 

example, we observed that LBNL Si anodes comprising Si microparticles benefit from both SS and PFS 

additives, whereas pre-lithaited Si nanoparticles fron NREL prefer PFS. We note that PFS-containing additives 

outperform the controls, including the LSCE without additive and GenF.  

To clarify the origins of the beneficial characteristics of our LSCEs and additives, we extracted the electrolyte 

after formation and at different stages in cycling to understand interphase composition and evolution (Figure 

VIII.17.5). We find that the highest capacity accessed and retained are for cells inforporating additives that 

both enrich the SEI with LiF, but also with flexible fluoroethers tethered to those materials through sulfur 

bonds. In this way, we have validated our program’s central hypothesis, that the creation of the hybrid 

interphase is beneficial to cell performance.  
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Figure VIII.17.5 Understanding the impact of SEI on capacity retention. Spectroscopic investigation of SEI layer on Si anode. (a-f) 

Areal capacity at 50th cycle of different 3 wt% additives vs. atomic % of each element in the SEI layer on the cycled Si anode from 

XPS measurement. The slope in the inset was calculated based on capacity change by atomic % variation from XPS data. (g) 

Atomic content of the SEI layer on the Si anode cycled by different electrolytes. (h) Summary of the slopes calculated from (a-f). 

Completing Objective 4, we provide below a full description of the electrolyte transport properties (Table 

VIII.17.1 Ionic Conductivity of LSCEs) and voltage stability (Figure VIII.17.6).  

Table VIII.17.1 Ionic Conductivity of LSCEs 

Formulation  

(LiFSI : DME : TTE) 

Conductivity 

(mS/cm) 

Temperature 

(Celsius) 

1.0 : 2.0 : 0.0 7.166 24.9 

1.0 : 2.0 : 0.4 7.253 25.6 

1.0 : 2.0 : 0.8 7.840 25.5 

1.0 : 2.0 : 1.2 7.231 25.5 

1.0 : 2.0 : 1.6 6.996 25.4 

1.0 : 2.0 : 2.0 6.798 25.4 

1.0 : 2.0 : 2.4 6.476 25.4 

1.0 : 2.0 : 2.8 6.379 25.5 

1.0 : 2.0 : 3.2 5.938 25.4 

1.0 : 2.0 : 0.0 5.592 25.4 
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Figure VIII.17.6 Voltage stability window for LSCEs, passing the design criteria for stability > 4.5 V vs Li/Li+ 

Conclusions   

For our Year 3 downselect, we will move forward with LSCEs containing SS, PFS, PS, and PFF additives, 

recognizing that while we have met our Year 2 targets for keeping initial capacity loss to ~20%, we have only 

satisfied the capacity retention challenge after 200 cycles with the CAMP Paraclete Si anodes and not yet 

others under development in the Si Anode Research Consortium. Notably, our electrolytes remain superior 

than those standards and ours likewise avoid gas generation across the cycle life in pouch cells. We will scale 

the electrolyte in Year 3 and provide it to performers in that program for validation in the larger pouch cell 

formats. 
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IX Next-Gen Lithium-Ion: Advanced Cathodes R&D 
As a sustainable and promising store of renewable energy, lithium-ion batteries have replaced other types of 

batteries for many small-scale consumer devices. However, it has become clear that design and fabrication of 

electrode materials is necessary to meet the growing global demand for energy and the power densities needed 

to make electric vehicles fully commercially viable. To dramatically enhance battery performance, further 

advances in materials chemistry are essential, especially in novel nanomaterials chemistry. The construction of 

nanostructured cathode materials by reducing particle size can boost electrochemical performance. 

• Design, Synthesis, & Characterization of Low-Cobalt Cathodes (ANL, ORNL, LBNL, NREL, PNNL) 

• Diagnostic Testing and Evaluation (ANL, ORNL, NREL, PNNL) 

• Advanced Cathodes Theory and Modeling (ANL, LBNL, PNNL, NREL, ORNL) 

• Design and Synthesis of High Energy, Manganese Rich Oxides for Lithium-Ion Batteries (ANL) 

• Disordered RockSalt Structured Cathode Materials: Electrochemistry and Synthesis (LBNL, ORNL, 

PNNL, UC Santa Barbara) 

• Disordered RockSalt Structured Cathode Materials: Characterization and Modeling (LBNL, ORNL, 

PNNL, UC Santa Barbara). 
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Project Introduction 

State-of the-art Li-ion batteries (LIBs) for transportation applications contain transition metal (TM) oxide 

cathodes consisting of Li1+xNiaCobAlcO2 (NCA) or Li1+xNiaMnbCocO2 (NMC-abc) oxides, where x = ~0-0.05 

and a+b+c = 1. Both oxide chemistries contain Co, which has been recognized over many years of research as 

an important component in terms of structure, stability, and electrochemical performance. Currently, however, 

geopolitical concerns associated with Co mining, availability, and cost have caused the LIB community to 

pursue the development of low- to no-cobalt layered oxides as next-generation cathodes. The goal of this work 

is to show progress towards the realization of low/no-cobalt oxides having acceptable performance 

(energy/power densities), safety, and cycle/calendar life by way of new insights into cathode design and 

synthesis as they pertain to the critical roles of Co in layered oxides.  

Objectives 

• Understanding of local ordering as a function of Co and dopant/substitution content. 

• Synthesis of new, low- to no-cobalt cathodes showing promise with respect to an NMC-622 baseline. 

• Synthesis and understanding of LiNiO2-based oxides with low- to no-cobalt compositions. 

• Atomic-scale characterization, understanding, design, and synthesis of NiMn-based cathodes. 

Approach  

• Advanced characterization of Ni-rich, low- and no-cobalt cathodes including synchrotron techniques, 

solid-state NMR, electron microscopy, and theory/modeling. 

• Advanced characterization of MnNi-based, low- and no-cobalt cathodes including synchrotron 

techniques, solid-state NMR, electron microscopy, and theory/modeling. 

• Development of novel surface modifications for low/no-cobalt oxides 

• Large batch co-precipitation synthesis of model and new compositions for practical evaluation. 

• Synthesis of standardized materials for distribution and study across multiple teams. 

Results  

Previous reports from this program have shown that pure LiNiO2 can cycle at high capacities (>220 mAh/g) 

over many charge/discharge cycles without dopants, coatings, or electrolyte additives. Key to achieving such 

performance was an understanding of the correlated effects of synthesis conditions such as temperature, 

moisture, and the mechanisms of LiOH/Li2CO3 formation and decomposition, on the final cathode primary and 

secondary particles. Such high performance has never been reported for LiNiO2 and the fact that this material 

cycles as well or better (e.g., higher capacity with long cycle life) than most reports of doped LiNiO2, calls into 

question the necessity, or true effect, of modifying compositions. Following a strategy similar to the 

mailto:croy@anl.gov
mailto:Tien.Duong@ee.doe.gov
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optimization of LiNiO2 (previously reported), follow up studies were conducted on LiNi0.95Co0.05O2 and 

LiNi0.95Mn0.05O2 to assess the effects of Co and Mn.  

 

Figure IX.1.1 Cycling data of (a) LiNiO2, (b) LiNi0.95Co0.05O2, and (c) LiNi0.95Mn0.05O2 after calcination at four different temperatures. 

Cells used Li metal anodes, 1.2 M LiPF6 in EC:EMC (3:7, w/w), cycled between 4.3-2.8 V. The first three cycles were at C/10 

(1C=200mA/g)and subsequent ageing cycles were C/10 charge, C/3 discharge. 

Figure IX.1.1 shows the most critical results of the study comparing initial cycling performance. Figure 

IX.1.1(a) shows the extreme sensitivity of pure LiNiO2 to calcination temperature. Here it can be seen that 

capacity retention quickly drops when the calcination temperature increases above 700°C from an initial 

starting temperature of just 680°C, revealing a very narrow range for optimized performance. In contrast to this 

trend, the addition of 5% Co, Figure IX.1.1(b), results in consistent performance over a range of ~40°C, 

roughly double that of the pure LiNiO2. For the LiNi0.95Mn0.05O2 oxides shown in Figure IX.1.1 (c), an 

interesting trend appears where increasing the calcination temperature from 680°C to 740°C also increases the 

capacity. However, all of the 5% Mn samples cycle in a stable manner spanning a calcination range of 60°C. 

High-resolution microscopy images revealed slight differences in primary particle growth/coarsening 

suggesting that small amounts of Mn and/or Co may inhibit particle growth during calcination. While the 

details of these observations are still under investigation, it is clear that the addition of Co and Mn mitigates 

the sensitivity of LiNiO2 to calcination temperature, suggesting that Co/Mn containing samples are easier to 

prepare, revealing one of the major benefits of including them, especially for larger scale calcinations. 

 

Figure IX.1.2 Total heat generation (J/goxide) derived from DSC measurements as a function of state of charge for the three 

compositions shown in the figure above. 

A commonly reported shortcoming of pure LiNiO2 is its thermal instability and Co/Mn containing 

compositions may improve this characteristic to some degree. The optimized samples of Figure IX.1.2 above 

were probed via differential scanning calorimetry at various states of charge (SOCs). 2032 coin-cells were 

disassembled at desired voltages (3.0, 3.7, 3.85, 4.1, and 4.3 V) after 3 formation cycles between 4.3-2.8 V. 

Electrodes consisted of 88% active materials, 6% C-45, and 6% PVDF binder and three cells were measured at 

each data point for reproducibility. At all SOCs up to ~70% delithiation, all compositions showed the same 
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total heat generation. However, above ~70% SOC, both Co and Mn substitution reduced heat generation 

compared to the pure LiNiO2. Therefore, in addition to enabling more controllable synthesis of final cathode 

products, substitution with Co and Mn does influence thermal stability in a positive way. 

In addition to Co and Mn, other dopants are now being explored to study their effects on the high-performing, 

baseline LiNiO2 of this project. For example, Ti, Mg, and Al are commonly reported to enhance the stability of 

LiNiO2, however, as this program has shown, pure LiNiO2 can cycle just as well, or better, than LiNiO2 using 

these dopants. Furthermore, previous reports from this program have shown that the method used for doping 

elements can have an influence on cathode performance. In particular, atomic layer deposition (ALD) as a 

method of doping precursor hydroxides, before calcination/lithiation, was found to be highly effective in 

achieving uniform distribution of Al dopants in Ni-rich compositions. Recently, ALD was used to coat MgO, 

Al2O3, and TiO2 on LiNiO2 at a thickness of ~1 nm. Subsequently, the coated LiNiO2 powders were heat 

treated at 600°C for 5 hours under oxygen to study elemental diffusion into the surface of the oxide. 

 

 

Figure IX.1.3 Chemical and structural characteristics of LiNiO2 modified by ALD coatings of MgO, Al2O3, or TiO2 followed by post-

annealing at 600°C. The dopant concentration profile for (a) Mg, (d) Al and (g) Ti incorporated into LNO primary particles at the 

secondary particle surface as a function of distance from the surface to the particle interior, the presence of the dopants is 

evidenced by the STEM-EDS spectrum in the inset. The distribution of (b) Mg, (e) Al and (h) Ti incorporated into LNO primary 

particles residing inside the secondary particles as a function of distance from the surface to the particle interior, the presence of 

the dopants is also evidenced by the STEM-EDS spectrum in the inset. STEM-HAADF images of (c) MgO-LNO, (f) Al2O3-LNO and (i) 

TiO2-LNO taken at primary particle surfaces. HR-TEM images of cycled MgO-LNO and Al2O3-LNO are also shown in the inset of (c) 

and (f), respectively. 

Figure IX.1.3 (a), (d), and (g), show the distribution of Mg, Al, and Ti, respectively, found at surfaces of 

primary particles that make up the secondary particle surface. Figure IX.1.3(b), (e), and (h), show the 

corresponding distributions measured at surfaces of primary particles that were found within the secondary 

particle. These preliminary results show that Al is the most uniformly distributed of the metals while Mg has 

the lowest amount of bulk incorporation. 27Al nuclear magnetic resonance (NMR) spectroscopy showed that 

upon 600°C annealing of the Al2O3 film, Al begins to diffuse into the structure and form some Al 

environments similar to Al environments in bulk-doped samples. 6Li NMR showed signatures in agreement 
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with this finding, Figure IX.1.4(a), suggesting only limited bulk Al incorporation, preserving core Li 

environments within the LiNiO2. Electrochemical cycling of the Al2O3-coated oxides, as deposited and after 

600°C annealing, is shown in Figure IX.1.4(b). While the pristine LiNiO2 cycles remarkably well, the Al2O3 

treatments had the effect of moderately increasing first cycle charge capacities. Furthermore, the first-cycle 

efficiency was increased slightly from ~97% for the uncoated and as-coated sample to ~98% for the 

Al2O3/600°C sample resulting overall in more cycling capacity for the coated samples, with the Al2O3/600°C 

having a slight advantage. In addition, although the rates of capacity fade appear similar across the samples, 

the Al2O3-treated cathodes may have a long-term advantage with respect to stability. The 600°C treated 

electrode delivers ~220 mAh/g, ~91% capacity retention relative to the first C/3 discharge, after 100 cycles. 

Testing and characterization for this sample set is ongoing. 

 
 

Figure IX.1.4 (a) 6Li NMR of LiNiO2, LiNiO2 as-coated w/Al2O3, and Al2O3-coated and annealed at 600°C. Included is a bulk-doped 

Al-containing LiNiO2 for reference (green). Cells were cycled using Li metal anodes between 4.3-2.8 V, 3 formation cycles at C/10 

(1C=200mA/g), ageing cycles at C/10 charge, C/3 discharge. 

As alternatives to Ni-rich cathodes, this program has also been pursuing lower Ni content cathodes that contain 

more Mn and zero Co. Previous reports have shown that NMC-622 performance can be obtained with layered 

cathodes utilizing just 5% or less Co, ~35% Mn, and ~60% Ni.1 In an effort to eliminate Co and further reduce 

Ni content, a baseline Li- and Mn-rich (LMR) 0.3Li2MnO3•0.7LiMn0.5Ni0.5O2 composite cathode was adopted 

for study. As a first step, an understanding of how to realize good particle morphologies and tap densities using 

hydroxide precursors was initiated. Hydroxides and carbonates are common precursors for cathode active 

materials where hydroxides are often favored. However, a clear understanding of the advantages, 

disadvantages, and control of reaction parameters, for hydroxides vs carbonates, that influence final particles 

architectures is lacking for Mn-rich chemistries. Gaining a deeper understanding of these parameters is critical 

in that primary and secondary particle morphologies can have significant effects on particle and electrode-level 

performance, especially for LMRs.2,3 

Studies have been initiated on hydroxide production through synthesis of Mn0.65Ni0.35(OH)2 precursors by co-

precipitation using a continuous stirred-tank reactor (CSTR). Various parameters are being studied such as pH, 

ammonia content, and temperature, among others. Figure IX.1.5 shows images of precursors under different 

reaction conditions. Calcination/lithiation studies showed that high tap densities (~2.3 g/cc) could be obtained. 

Interestingly, while charge capacities were as expected (~280 mAh/g, 4.6 V vs. Li/Li+, 30°C), discharge 

capacities were low (~225 mAh/g). This is in contrast to what was observed for the same Mn-rich particles 

made from carbonate precursors (not shown, see ref. 3). A detailed study is now ongoing to model and 

characterize fundamental differences in hydroxide vs carbonate co-precipitation of Mn-rich compositions and 

the influence on electrode-level performance. Such detailed understanding will be essential to controlling not 

only morphologies, but also compositions as reaction conditions change (e.g., dopant profiles). 
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Figure IX.1.5 Scanning electron microscopy images of Mn0.65Ni0.35(OH)2 precursors synthesized by co-precipitation using a 

continuous stirred-tank reactor (CSTR), with varying parameters pH, temperature, and NH3:transition metal ratios in solution 

(NTR).   

Related to synthetic control of Mn-rich cathodes is the ability to control, and subsequently understand, the 

effects of dopants placed at specific sites on important properties. For example, Mn sites in the Li/Mn rich, 

Li2MnO3 component of LMRs may play a particularly important role in dopant design. One critical and unique 

property of LMRs that is governed by Li/Mn rich domains is the low-SOC impedance.3 The low SOC 

impedance as well as electronic conductivity are being systematically evaluated as a function of dopant 

selection and site occupancy in the baseline composition noted above. Understanding the dopant local atomic 

and electronic structure is of paramount importance to help develop robust structure-property-function 

relationships.  

As the first system of study, Sn-doped cathode materials with the chemical formula of 0.3Li2[Mn1-

xSnx]O3•0.7LiMn0.5Ni0.5O2 (in composite notation), with x = 0.01 and 0.05 have been prepared and are 

currently being investigated within the consortium. Taking advantage of the element specificity as well as the 

sensitivity of X-ray Absorption Spectroscopy (XAS) to dilute elements, we have investigated the local 

environment of Sn-doped materials. We seek to understand the local structure of Sn dopants in LMRs 

materials and compare it with that seen in the Sn-doped parent phases (Li2[Mn1-xSnx]O3 and Li[Mn1-

xSnx]0.5Ni0.5O2). 

Sn K-edge XAS measurements for the doped materials were carried out using fluorescence mode, and the 

standard Li2SnO3 was measured in transmission mode. Figure IX.1.6 shows the Fourier transform (FT) of the 

EXAFS data and the corresponding fits to the data of Sn in Li2SnO3, Sn-doped Li2MnO3, and Sn-doped 

LiMn0.5Ni0.5O2 materials. The fits performed account for the structural information encoded in the first two 

peaks of the FT, corresponding to the Sn-O and the Sn-metal environment. Structural parameters extracted 

from the fits are summarized in Table IX.1. The local structure of Sn in Li2SnO3 (monoclinic, C2/c space 

group) consists of 6 Sn-O correlations at ~2.07 Å in the first shell and 3 Sn-Sn correlations at ~ 3.06 Å in the 

second shell. The 3 Sn-Li correlations also present in the second shell of the honeycomb layer are not 

perceptible to EXAFS due to the very weak back-scattering amplitude of lithium. To within the accuracy of the 

EXAFS data, all the Sn-doped materials are octahedrally coordinated to oxygen at a correlation distance of 

~2.05 Å. This distance is comparable to the Sn4+-O bond distance seen in the Li2SnO3 standard. The Sn-TM 

(TM: Mn, Ni) correlation distance in the second shell is longer by ~0.10 Å when compared to the TM-TM 

correlation distance found in the host lattices. For instance, the Mn-Mn correlation distance in Li2MnO3 is 

~2.85 Å; however, a significantly expanded Sn-TM correlation distance of ~2.94 Å is seen in the Sn doped 

Li2MnO3. Similarly, the TM-TM distance in LiMn0.5Ni0.5O2 is ~2.89 Å, whilst the corresponding Sn-TM 

correlation distance is expanded to ~2.99 Å in the Sn-doped Li[Mn1-xSnx]0.5Ni0.5O2 material. 
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Figure IX.1.6 Fourier transform of the Sn K-edge EXAFS data for the parent phases of the Sn-doped materials: (a) Li2SnO3; (b) 

Li2[Mn0.99Sn0.01]O3; (c) Li[Mn0.99Sn0.01]0.5Ni0.5O2; (d) Li2[Mn0.95Sn0.05]O3; and (e) Li[Mn0.95Sn0.05]0.5Ni0.5O2, presented as k3-

weighted. The circle, solid line, and dash line in each graph represent the raw data, fit, and range of fit respectively. 

Interestingly, inclusion of Sn-O and Sn-TM scattering paths was found to be sufficient to adequately fit the 

EXAFS of the 1% Sn-doped Li2MnO3 material within R-range of 1 – 3 Å. The presence of ~ 2.6 Sn-Mn 

correlations is consistent with Sn randomly substituting for manganese. However, that was not the case for the 

corresponding 5% counterpart for which the inclusion of an additional Sn-Sn correlation was deemed essential. 

This revised model accurately describes the data of the 5% Sn-doped Li2MnO3 sample, with Sn-Mn and Sn-Sn 

correlations contributing in a 2:1 ratio at 2.93 Å and 3.08 Å, respectively. This finding reveals that when the 

dopant level is increased from 1 to 5%, the Sn doesn’t randomly distribute in manganese sites. There is a clear 

tendency for the formation of Sn-Sn correlations upon increase in the dopant level. We note also that the Sn-Sn 

correlation distance is comparable to that seen in Li2SnO3. In strong contrast to the 5% Sn-doped Li2MnO3 

sample, the Sn EXAFS of the Li[Mn1-xSnx]0.5Ni0.5O2 can be modeled with just Sn-TM correlations, for both 

x=0.01 and 0.05. This shows that the LiMn0.5Ni0.5O2 material can accommodate Sn dopants up to x=0.05, 

without any detectable Sn-Sn local correlations. 

 

 

Figure IX.1.7 Fourier transform of the Sn K-edge EXAFS data for the Sn-doped cathode materials (0.3Li2[Mn1-

xSnx]O3•0.7LiMn0.5Ni0.5O2): (a) x = 0.01 and (b) x = 0.05, presented as k3-weighted. The circle, solid line, and dash line in each 

graph represent the raw data, fit, and range of fit respectively. 
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Figure IX.1.7 shows the FT of the EXAFS data and the corresponding fits to the data of Sn-doped LMR 

cathode materials. The Sn local environment in the 0.3Li2[Mn1-xSnx]O3·0.7LiMn0.5Ni0.5O2 (x=0.01 and x=0.05) 

samples are similar to that of the Li[Mn1-xSnx]0.5Ni0.5O2
 materials – in particular, the second-shell Sn-TM 

correlation distance of ~2.98 Å is similar (Table IX.1.1). Although this value may seem reasonable, a 

coordination number of ~3.5±1 for the Sn-TM is not, especially as the Sn-TM coordination number of the 

layered parent materials were fitted to ~5±1. We attribute the much-lowered coordination number observed to 

excess Li+ ions (available in LMR) to clustering around Sn4+.  

Table IX.1.1 Summary of the EXAFS fitting parameters on the Sn-doped materials. The error in the last 

digit(s) is given in parentheses. CN = coordination number; R = correlation distance; σ2 = disorder 

Sample Correlation CN R [Å] σ2 [10-4 Å2] 

Li2SnO3 
Sn-O 6 (set) 2.07 (1) 29 (7) 

Sn-Sn 3 (set) 3.06 (1) 26 (5) 

Li2[Mn0.99Sn0.01]O3 
Sn-O 5.7 (5) 2.04 (1) 18 (10) 

Sn-Mn 2.6 (10) 2.94 (1) 24 (26) 

Li2[Mn0.95Sn0.05]O3 

Sn-O 6 (set) 2.05 (1) 29 (8) 

Sn-Mn 2.0 (4) 2.93 (2) 30 (16) 

Sn-Sn 1.0 3.08 (3) 30 (16) 

Li[Mn0.99Sn0.01]0.5Ni0.5O2 
Sn-O 5.5 (5) 2.05 (1) 26 (11) 

Sn-Mn/Ni 4.8 (10) 2.99 (1) 42 (15) 

Li[Mn0.95Sn0.05]0.5Ni0.5O2 
Sn-O 5.8 (4) 2.05 (1) 27 (9) 

Sn-Mn/Ni 5.2 (8) 2.99 (1) 34 (11) 

0.3Li2[Mn0.99Sn0.01]O3· 

0.7LiMn0.5Ni0.5O2 

Sn-O 5.6 (4) 2.05 (1) 33 (11) 

Sn-Mn/Ni 3.5 (10) 2.99 (1) 46 (21) 

0.3Li2[Mn0.95Sn0.05]O3· 

0.7LiMn0.5Ni0.5O2 

Sn-O 5.3 (4) 2.04 (1) 26 (9) 

Sn-Mn/Ni 3.4 (8) 2.98 (1) 35 (17) 

 

Conclusions   

Enabled by detailed studies and understanding of synthesis parameters, this program has realized extremely 

high-performing LiNiO2 cathodes. These oxides can deliver over ~220 mAh/g for many cycles and perform 

better than most doped/modified LiNiO2 reported in the literature. As a result, questions around the necessity 

of dopants, and what their true effects may be, have arisen. An initial study was conducted by incorporating 

5% Co (LiNi0.95Co0.05O2) and 5% Mn (LiNi0.95Mn0.05O2) into a high-performing LiNiO2 baseline. The most 

dramatic effect of both Co and Mn was to alleviate the extreme sensitivity of pure LiNiO2 synthesis on 

temperature. Co roughly doubled the temperature range that effective calcination could be carried out while 

Mn allowed better performance at the highest temperatures. However, the addition of Co and Mn did not result 

in noticeably enhanced performance over pure LiNiO2 under the electrochemical cycling conditions tested. 

These results imply that reports of enhanced performance of Co/Mn doped LiNiO2 stem, at least in part, to the 

more facile synthesis (less control required) offered by incorporating these elements. Other elements of interest 

(e.g., Al, Ti, Mg) are also being studied with respect to both dopant and coating applications. 

In addition to Ni-rich cathodes, this program has also studied ‘low Ni’, Co-free oxides with higher Mn 

contents as more sustainable alternatives. These cathodes rely on a high degree of synthetic control and a deep 

understanding of synthesis-property relationships for optimized performance. As such, detailed studies aimed 

at gaining new insights into co-precipitation reaction parameters and their influence on final cathode product 

properties have been initiated and are ongoing.  



Batteries 

574 Next Generation Lithium-Ion Materials: Advanced Cathodes R&D 

 

Likewise, understanding dopant control (i.e., site selectivity) and the associated influence on performance is 

key to advancing Mn-rich cathodes. Synchrotron spectroscopy studies, utilizing element-specific X-ray 

absorption, have revealed that Sn dopants can be incorporated into the lattice sites of Li- and Mn-rich 

materials, with a strong tendency for some of the excess lithium to be clustered around Sn. Additional 

spectroscopic characterization, as well as electrochemical studies, are ongoing to elucidate the influence of Sn 

in these compositions. 
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Project Introduction 

State-of the-art lithium-ion batteries (LIBs) being developed for transportation applications contain a transition 

metal (TM) oxide cathode and a graphite anode; both serve as host-matrices to house lithium ions during 

battery operation. The cathode typically contains Li1+xNiaCobAlcO2 (NCA) or Li1+xNiaMnbCocO2 (NMC) 

oxides, where x ~0-0.05 and a+b+c = 1. Both oxide chemistries contain Co, which is known to preserve the 

layered structure during lithium extraction/insertion reactions. However, the possibility of a global Co shortage 

and soaring costs has galvanized the LIB community to seek explore layered oxides with lower Co contents 

and eventually develop Co-free cathodes, while maintaining cell performance (energy/power densities), safety 

and cycle/calendar life. In past years, we have focused our efforts on nickel-dominant oxides based on LiNiO2, 

with minimal or zero cobalt content. In FY22, however, because of the high-price and volatility of nickel, we 

started examining oxide compositions that have more manganese and less nickel.  These oxides include 

LiNi0.5Mn1.5O4, the high-voltage spinel, which has the potential for delivering reasonably high-energy 

densities, while having a relatively low nickel content and zero cobalt content. 

The goal of the diagnostic testing and evaluation team is to identify constituents and mechanisms responsible 

for cell performance, performance degradation and safety. Various diagnostic tools (electrochemical, 

physicochemical, mechanical, etc.) are used to characterize the behavior of materials (both active and inactive) 

contained in the electrodes and cells; this characterization may be conducted before, during, and after 

electrochemical cycling. Understanding the fundamental mechanisms allows the development of rational 

solutions to minimize performance degradation and thermal instability in the materials and electrodes, leading 

to safer and long-life and battery cells. 

Objectives 

• Explore causes of coating delamination observed in 5V spinel electrode and determine mitigation 

methods 

• Examine capacity fade and impedance rise behavior of 5V spinel electrodes during aging in full cells   

• Using analytical electron microscopy, correlate microstructural evolution in the 5V spinel material with 

the electrochemical changes observed during electrochemical cycling in full cells 

• Identify electrolyte decomposition species associated with the transition metal dissolution in lithium-

ion cells containing various layered oxide, spinel oxide and iron phosphate cathodes 

• Determine sources of performance loss in LiNiO2/graphite cells cycled using a 4.2 V Upper Cutoff 

Voltage 

• Investigate the cathode-electrolyte interfacial region formed during electrochemical cycling of LiNiO2 

and  LiNi0.9Mn0.5Co0.5O2 materials with a Spectro-electrochemical cell designed and built for in-situ 

collection of ATR-FTIR spectra. 

mailto:abraham@anl.gov
mailto:Tien.Duong@ee.doe.gov
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• Correlate (electro)chemical degradation of the electrolyte with gas evolution in lithium-ion cells using 

a combination of in-situ gas chromatography with flame ionization detection and in-situ ATR-FTIR.    

Approach  

The approach pursued to meet the above objectives is summarized in Figure IX.2.1. Promising oxides 

synthesized and evaluated by the cathode team are scaled-up (i.e. produced in larger quantities) at Argonne’s 

MERF. Then oxide electrodes, fabricated at Argonne’s CAMP, are tested in half (vs. Li) and full cell (vs. 

Graphite) configurations using standardized test protocols. Post-test characterization is conducted on 

electrodes harvested from the cycled cells in order to determine the mechanisms that degrade cell performance. 

 

Figure IX.2.1 Diagnostic tests are conducted at various stages of the oxide development process 

Results  

Examining coating delamination issues of the high voltage spinel electrodes: Chen Liao et al. ANL 

The high voltage spinel cathode, LiNi0.5Mn1.5O4 (LNMO), has an average working voltage of 4.7 V, high-rate 

performance, faster diffusion properties, and is viewed as a promising cathode material for high-energy 

lithium-ion batteries. The absence of Co in these materials is also an advantage because of the controversies 

and geopolitical tensions associated with Co mining. However, the high working voltage of LNMO exceeds 

the stability of conventional electrolytes. The redox center in LNMO is Ni, which changes valence from Ni2+ 

to Ni4+, while Mn remains in the 4+ state. Acid leaching at high voltages can cause Mn dissolution from the 

material; the degradation of LNMO//Gr is associated with transition metal dissolution, which cross over to the 

graphite anode and accelerate Li inventory loss. For example, decomposition of ethylene carbonate can lead to 

formation of glycolic acid and difluorophosphoric acid (HPO2F2), which can cause the coating delamination 

observed during cycling of cells with LNMO cathodes. 

To explore the causes of delamination and determine mitigation methods, we conducted soak tests on various 

transition metal oxide (TMO) electrodes. These electrodes include LNMO, LiNi0.4Mn0.2Co0.2O2 (NMC422), 

LiNi0.8Mn0.1Co0.1O2 (NMC811) and 0.3Li2MnO3.0.7LiNi0.5Mn0.5O2 (LMR-NM); the soak tests were conducted 

in Gen2 electrolyte (1.2 M LiPF6 in ethylene carbonate (EC)/ethyl methyl carbonate (EMC), 3/7 w/w). The 

characterizations methods, NMR and SEM, were used to explore the stability of electrolytes, electrodes, and 

interfaces. Additionally, electrolytes formulated with different categories of additives were used in the soaking 

test to test their ability to hinder coating delamination. The molecular structures of these electrolyte additives 

are shown in Figure IX.2.2. The acronyms used are as follows: vinylboronic anhydride pyridine complex 
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(tVCBO), tris(trimethylsilyl) phosphite (TMSPi), lithium difluorooxalato borate (LiDFOB), prop-1-ene-1,3-

sultone (PES), p-toluenesulfonyl isocyanate (PTSI), diethyl phenylphosphonite (DEPP), 

diphenyldimethoxysilane (DPDMS), succinic anhydride (SA), triphenylphosphate (TPP),  and 

trimethylboroxine (TMB). 

 
 

Figure IX.2.2 Molecular Structure of the additive compounds 

A typical soaking experiment procedure, using Gen2 and LNMO as examples, was as follows: two LNMO 

electrodes (each 14 mm dia.) were added to vials with 2 ml Gen2 electrolyte. Two types of vials, glass and 

polyethylene (PE) were used for the electrolyte soaking. To prevent oxygen and moisture contamination, the 

electrolyte samples were prepared in glovebox filled with Ar and kept in sealed mason jars and stored in a 

45°C oven for 3 months. Control experiments were carried out with Gen2 electrolyte in glass and polyethylene 

(PE) vials, in the absence of LNMO electrodes, to determine reactivity of the containers with the electrolyte. 

To prepare the additive-containing electrolytes, 3 wt% of the compounds was added to the Gen2 electrolyte 

and used immediately for the soaking experiments. 

Observation of delamination 

When the LNMO electrode is cycled with an upper cut-off voltage of 4.95 V vs Li using a commercial 

carbonate-based electrolyte, coating delamination issues are observed (Figure IX.2.3). Further examination of 

the delaminated electrode with SEM showed obvious etching dents on the aluminum foil, which were absent 

on the pristine electrode. These dents indicate corrosion of the aluminum current collector foil. 
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Figure IX.2.3 a) LNMO/Li cells cycled between 3.5-4.95 V. 3x formation cycles at C/10 rate, followed by one cycle each at the 

discharge rate of C/20, C/10, C/5, C/2, 1C, 2C, and 3C, after C/10 charge. b) harvested cathode showing partial coating  

delamination. c) and d) SEM of pristine and cycled Al current collector foil. 

Mechanisms of electrolyte decomposition 

The coating delamination apparently results from the formation of acidic electrolyte decomposition products 

that etch the Al current collector. To test this hypothesis, experiments were carried out with only the Gen 2 

electrolyte, TMO electrodes soaked in Gen2 electrolyte, and LNMO electrodes soaked in Gen 2 electrolyte 

containing various additives. Results from the tests are as follows: 

Gen 2 electrolyte stored in glass and polyethylene vials:  Previous research has shown that the conventional 

carbonate electrolytes are not stable in glass vials; specifically, in addition to PF6
- hydrolysis products (OPF3, 

OPF2O(H), OPF(OH)2), secondary products formed through reactions with the carbonate solvents (OPF2OMe, 

OPF(OMe)2, OPFOMeOH, and OPF2(OCH2CH2OMe)), are observed. The secondary products appear late, in 

severely decomposed electrolytes.  Using two different vials (glass and PE), we demonstrated that the Gen2 

electrolyte stored in PE mainly decomposes into OPF2(OH) (Figure IX.2.4 a,b). When Gen2 is stored in a glass 

vial, the electrolyte decomposition products, OPF2(OCH2CH2OMe) and OPF2OMe, are dominant (Figure 

IX.2.4 c,d). In addition, fluoroborate species also appear in the glass vials. Clearly, more side reactions and 

decomposition happens when the electrolyte is stored in glass vials, which is caused by the accelerated 

decomposition in the presence of borosilicate. The 19F NMR peaks at ~ -150 ppm and -155 ppm, assigned to 

OPF2(OH)-BF3, and BF4
-, confirm the participation of borosilicate glass in the side reactions. 
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Figure IX.2.4 a) 1H NMR of Gen2 soaked in PE. b) 19F NMR of Gen2 soaked in PE. c) 1H NMR of Gen2 soaked in Glass. d) 19F NMR 

of Gen2 soaked in Glass. All electrolytes were stored at 45°C for 3 months. 

Transition metal oxide electrodes soaked in Gen 2 electrolyte: Various transition metal oxide (TMO) 

electrodes were soaked in Gen2 electrolyte and the resulting solutions were examined at the end of test period. 

The 1H NMR chemical shift was used as a qualitative measure of the Mn2+ in solution (Figure IX.2.5, green 

line): Mn2+ presence causes significant  downfield shift (towards higher ppm) and broadened peak width. In 

the absence of Mn2+, a mixture of EC/EMC has the following 1H NMR pattern in the 1.4-5 ppm region: 4 

peaks around 4.52 (s, 4H, -CH2 from EC), 4.2 (q, 2H, -CH2- from EMC), 3.8 (s, 3H, -CH3 from EMC), and 1.5 

(s, 3H, -CH3 from EMC). After the soaking experiment, dissolved diamagnetic Mn2+ causes loss of the 

coupling features, significant line broadening, and a downfield shift for all the peaks. For example, in the LMO 

soaked solution (Figure IX.2.5, green line), chemical shifts of the EC/EMC solvent shifted to the region 

between 2 and 7 ppm, with the same 4 peaks now broadened. Figure IX.2.5 provides a measure of electrode 

stability in Gen2 electrolyte. The ranking from least stable to the most stable is as follows: LMO > LNMO > 

NMC442 ≈ LMR ≈NMC811. 

 

Figure IX.2.5 Broadening and shifts of 1H NMR peaks, of electrolyte solutions that were used to soak various electrode laminates 

as indicated in the figure. 

LNMO electrodes soaked in Gen 2 electrolyte containing various additives: Under the soaking conditions 

described above, LNMO coating delamination, as well as the electrolyte color change are shown in Table 

IX.2.1. Of the 10 additives tested shown in Figure IX.2.2, 7 prevented coating delamination during the soaking 
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of LNMO electrodes. Furthermore, as described earlier, we used the 1H NMR shift to qualitatively monitor Mn 

dissolution amount. Both LiDFOB and PTSI appear promising for preventing LNMO delamination issues, 

especially LiDFOB. As shown in Figure IX.2.6, LiDFOB showed the least peak shift and broadening, with no 

transesterification or OPF2(OH) presence. The PTSI electrolyte also showed minimal peak shifts/broadening, 

which corroborates with the observation of  no color change compared to baseline. In contrast, for electrolytes 

containing dissolved Mn2+, for example the TMB (# 10, top line) electrolyte, the 1H NMR spectrum still 

features 4 peaks in the region of 4-7 ppm, but with loss of the coupling feature, significant broadness, and a 

downfield shift of ~ 3 ppm for all the peaks. Figure IX.2.6 shows that, other than LiDFOB and PTSI, all 

remaining 8 additives showed significant peak broadening and downfield chemical shifts.  The following is in 

the order of increasing dissolved Mn2+: 3# LiDFOB < 5# PTSI < 1# tVCBO < 10# TMB < 2# TMSPi < 8# SA 

≈ #7 DPDMS < #4 PES < #9 TPP < #6 DEPP. That is, Mn2+ dissolution is lowest in solutions with LiDFOB 

and highest in solutions with the DEPP additive. 

Table IX.2.1 Soak test results for LNMO electrodes in Gen2 electrolyte solutions with various additives 

Entry Additives Delamination Color 

1 tVCBO Y light brown 

2 TMSPi N light yellow 

3 LiDFOB N clear 

4 PES Y brown 

5 PTSI N clear 

6 DEPP N dark brown 

7 DPDMS N Brown 

8 SA N purple 

9 TPP N dark brown 

10 TMB Y brown 

 

 

Figure IX.2.6 1H NMR profiles of the Gen2 electrolyte plus additive solutions, used to soak LNMO electrodes 
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Electrochemical characteristics of full cells with 5V spinel electrodes  P. Badami et al., ANL  

The 5V spinel oxide (LiMn1.5Ni0.5O4) is a promising positive electrode (cathode) material for lithium-ion cells 

because it can deliver an energy density of ~650 Wh/kg and has the potential for superior rate capability 

because the spinel structure has 3-D ionic channels for Li+ ion diffusion. Furthermore, it is reported to have 

better thermal stability and it is considered more sustainable than the typical NMC oxides because it does not 

contain cobalt. Hence, this spinel oxide was examined, as a Co-free alternative cathode, in a full configuration 

with a graphite negative electrode (anode). 

In our cells, the positive electrode had a 66 m thick coating, containing 90 wt% LiMn1.5Ni0.5O4, 5.7 wt% 

conductive carbon, 0.05 wt% single walled carbon nanotubes (SWCNT) and 4.25 wt% PVdF binder, on a 20 

mm thick Al current collector; the electrode had 40.9% porosity and a spinel loading of 13.7 mg/cm2. The 

negative electrode had a 47 m thick coating, containing ~92 wt% graphite, 2 wt% conductive carbon and 6 

wt% PVdF binder, on a 10 m thick Cu current collector; the electrode had 37.5% porosity and a graphite 

loading of 5.9 mg/cm2. The electrodes were dried at 120°C before the coin cell assembly which was conducted 

in an Argon atmosphere glovebox. In addition to the electrodes, the cells contain Celgard 2320 separator and 

the 5V spinel baseline electrolyte (5VS-BL) which is 1.0 M lithium hexafluorophosphate salt (LiPF6) in a 1:9 

v/v solvent mixture of ethylene carbonate (EC) and ethyl methyl carbonate (EMC).  

Cell testing was conducted with a Maccor cycler, with the cells placed in a constant temperature chamber at 

30°C. The tests were conducted using a standard test protocol (see Figure IX.2.7) in the 3.8 – 4.7 V range.  The 

protocol included five C/10 initial (formation) cycles followed by a series of C/3 aging cycles that included a 

1h hold at the UCV (4.7 V) to accelerate aging. Reference performance tests were conducted after the 

formation cycles and periodically during cell aging; these tests included C/25 cycles to determine cell capacity 

and hybrid pulse power characterization (HPPC) tests to determine cell impedance. Electrochemical 

impedance spectroscopy (EIS) measurements were also conducted after the formation cycles and after the final 

aging cycle to obtain additional information on cell impedance. 

 

Figure IX.2.7 Protocol for electrochemical testing of the 5V/Gr cells 

Representative discharge capacity data and voltage profiles from the 5V/Gr cells are shown in Figure IX.2.8.  

Cell capacity decreased during cycling, from ~118 mAh/g (C/25 rate) after the initial cycles to ~75 mAh/g 

after ~200 cycles, which is a capacity fade of ~36% (when measured at C/25 rate). Note that the capacities 

measured at C/25 and C/3 rates are similar, whereas the C/1 capacities are lower, especially after the 

accelerated aging, which points to impedance increase in the cell. The cell voltage profiles indicate that the 
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length of the upper plateau (at ~4.65 V) decreases after the accelerated aging; this decrease results from the 

electrode voltage shifts (slippage) that are a consequence of lithium inventory loss during aging. 

 

Figure IX.2.8 Representative data from 5V/Gr cells. The left panel shows discharge capacity (left axis) and capacity fade (right 

axis). The right panel shows voltage profiles (C/25 rate) during the second and final cycle. 

The cell impedance increase that occurs during aging is shown in Figure IX.2.9: the left panel contains data 

from HPPC tests and the right panel contains data from EIS measurements. The HPPC data shows that the cell 

ASI at ~4.6 V increases from ~23 ohm-cm2 to ~50 ohm-cm2. The EIS data (right panel) indicates increases in 

both the mid- and high-frequency arcs. The mid-frequency arc likely arises from processes at both the positive 

electrode-electrolyte, and negative electrode-electrolyte interfaces. The high-frequency arc increase likely 

arises at the coating current collector interface of the positive electrode, as we noticed coating delamination 

during cell disassembly. Other experiments have indicated that this coating delamination is the result of Al 

current collector corrosion at the high-operating voltages.  

 

Figure IX.2.9 Impedance data from a 5V/Gr cell. The left panel shows Area Specific impedance (ASI) data as a function of cell 

voltage after the formation cycles, 100 cycles and 200 cycles from HPPC tests. The right panel contains EIS data after the initial 

cycles and after completion of the aging cycles. 

Experiments are underway to delineate the mechanisms of cell performance degradation. These include 

experiments in 3-electrode cells to determine the relative contributions of the electrodes to cell impedance rise. 

We are also conducting detailed analysis of the harvested electrodes to determine the sources of the mid-

frequency impedance rise. The cause of this rise could include the structural changes observed in the positive 
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electrode as shown in this report. We are also examining alternative current collectors to solve the “coating-

delamination” problem.  Results from these experiments will be detailed in subsequent reports. 

Structural evolution of the 5V spinel after accelerated aging:  Chongmin Wang and Peng Zuo, PNNL 

Microstructural evolution in the cathode during electrochemical cycling, such as the formation of 

electrochemically inactive phases or active material loss, directly contributes to capacity loss of the cathode. 

The spinel phase LiNi0.5Mn1.5O4, which is compositionally dominated by the earth abundant element Mn, is 

emerging as a promising cathode used in Li-ion batteries for high-voltage applications. However, the capacity 

fading mechanisms for this cathode is less understood. In order to correlate the microstructural evolution of the 

material with electrochemical cycling, scanning transmission electron microscopy- high-angle annular dark-

field (STEM-HAADF) imaging as well as the affiliated spectroscopy techniques of STEM-X-ray energy 

dispersive spectroscopy (STEM-EDS) were employed to investigate structure changes down to the atomic 

level.  

Upon battery cycling, various microstructural changes have been identified in the cycled LiNi0.5Mn1.5O4, 

including phase transformations at the primary crystal surface, cathode-electrolyte interphase (CEI) formation, 

intra-granular cracking of primary particles, and void formation. These structural evolutions are illustrated in 

Figure IX.2.10,  wherein we compare the microstructure of samples in the pristine (uncycled) state and after 

100-cycles. The pristine sample (Figure IX.2.10a) features a well-formed spinel structure in the bulk, with a 

surface reconstruction region (~1.1 nm thick) showing either a Mn3O4-like or rock-salt-like structure. The 

STEM-HAADF image clearly indicates that the octahedral sites are occupied by the heavy element Ni/Mn, 

while the tetrahedral sites are occupied by Li. The atomic arrangement matches well with the target phase 

LiNi0.5Mn1.5O4.  

After 100 cycles, the surface is reconstructed to a rock-salt structure of 1.4 nm in thickness and a Mn3O4-like 

phase of 4.9 nm in thickness, followed by a region of cation inter-mixing with a thickness of 2.0 nm as 

illustrated in Figure IX.2.10e. The STEM-HAADF image intensity arises from the spinel tetrahedra sites and is 

associated with the replacement of Li by Ni/Mn in the Mn3O4-like structure. It is apparent that the 

development of a thick surface reconstruction layer upon cycling correlates with the capacity fade displayed by 

the cell. A cathode electrolyte interface (CEI) layer containing fluorine and phosphorus, is observed on top of 

the cycled primary particles as shown in Figure IX.2.10f; the CEI is absent for the sample in the pristine state 

(Figure IX.2.10b).  

Another significant structural feature of the cathode upon cycling is the intra-granular cracking as illustrated in 

Figure IX.2.10g, which does not exist in the pristine bulk lattice (Figure IX.2.10c); the true structural nature of 

the intra-granular cracks is not clear at this time. Based on elemental mapping, we notice that the crack tip is 

filled with signature elements of the electrolyte, indicating that during battery cycling, the electrolyte 

penetrates along the crack path. Often, the intra-granular cracking is attributed to mechanical effects, but the 

true origin of such cracking features remains unknown. It is apparent that the intra-granular cracking leads to 

material loss and exposes more surfaces to the electrolyte, both of which could result in capacity loss of the 

spinel cathode. 

Void formation is another feature of the spinel structure as illustrated by the STEM-HAADF images in Figure 

IX.2.10d,h.  Although pre-existing voids are observed in the pristine material, upon electrochemical cycling 

the density of voids increases. For the layered-oxide cathode, it has been reported that void formation is related 

to vacancy condensation, wherein the vacancies are introduced during material synthesis. Similarly, we 

postulate that the increased void density in the cycled spinel could also originate from vacancy condensation, 

where the vacancy is introduced during the material fabrication.  In general, pre-existing vacancies and their 

condensation to form voids will not affect the materials capacity; however, formation of voids through vacancy 

condensation will change Li ion transport characteristics, thereby affecting electrochemical properties of the 

cathode.  
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Our multiscale microscopic study, down to the atomic-scales, reveals general characteristics of the structural 

and chemical evolution of the high-voltage spinel LiNi0.5Mn1.5O4 during electrochemical cycling. These 

characteristics include surface reconstruction, CEI formation, intra-granular cracking and void formation, all of 

which directly correlate with electrochemical properties of the cathode. Detailed work is needed to understand 

the true origin of these observed structural and chemical features. 

 

Figure IX.2.10 Structural evolution of the LiNi0.5Mn1.5O4 cathode upon battery cycling. STEM-HAADF images at the primary particle 

surface of (a) the pristine sample and (e) cycled sample illustrates evolution of the surface reconstruction region into a Li-deficient 

(Mn3O4-like) phase. The STEM-EDS data at the primary particle surface of (b) the pristine and (f) cycled sample indicate the 

formation of P- and F-containing CEI species upon battery cycling. The STEM-HAADF images of the bulk lattice of (c) the pristine 

and (g) cycled sample show intra-granular cracking in the cycled sample. The low-magnification STEM-HAADF images of (d) the 

pristine and (h) cycled sample indicate increased void density upon battery cycling. 

Identifying transition metal containing ion species in the electrolyte: Seoung-Bum Son et al., ANL 

Lithium-ion batteries make use of a variety of cathode materials depending on the application, each with their 

distinct pros and cons. For example, a LFePO4 cathode is suited for high-power uses due to their low operating 

voltage and fast discharge kinetics, whereas LiNixMnyCozO2 cathodes are better suited for energy intensive 

applications. Commonly, cathode materials all are susceptible to transition metal dissolution (or leaching), 

resulting in degraded battery performance and life due to deposition of these elements on the negative 

electrode. Although there have been numerous studies to identify the underlying leaching mechanisms, the 

precise chemistry of the species resulting in metal leaching remains elusive. The main objective of the study is 

to identify electrolyte decomposition species associated with the transition metal dissolution in the lithium-ion 

battery system and contribute to developing advanced lithium-ion battery systems. 

We studied the reaction of various delithiated cathode materials in pure solvent systems (as a static, model 

system), in order to isolate the underlying chemistry relative to LiPF6 and its decomposition products. Our 

cathodes comprised LiFePO4 (LFP), LiCoO2 (LCO), LiMn2O4 (LMO), LiNi0.8Mn0.1Co0.1O2 (NMC811) and 

LiNiO2 (LNO); these were investigated in contact with ethylene carbonate (EC)/ethyl methyl carbonate (EMC) 

solvent using Electrospray Ionization-Mass spectroscopy (ESI-MS) and elemental analysis to elucidate the 

dissolved species present in the solution.   

The cathode materials were chemically delithiated by reaction with NO2BF4 in dry acetonitrile at room 

temperature and under argon (Ar) gas. The post-delithiation elemental composition of the materials was 
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determined by inductively coupled plasma mass spectrometer (ICP-MS). The LFP material was oxidized to 

FePO4, equivalent to 100% state of charge (SOC), whereas the other materials retained 40-50% lithium 

content, representing 90-100% SOC, in a charged cell vs. graphite  at 4.1 V. The LNO material was over-

delithiated compared to what it would be in a practical cell.  100-120 mg of each delithiated material  was 

placed in contact with 2 ml of EC/EMC (3:7, weight ratio) solvent at 50°C for 1 week. The process yielded 

about 1.5 mL of a pale colored liquid which was collected for ESI-MS analysis.  

Our findings from the ESI-MS experiment are summarized in Table IX.2.2. Species such as Li(EC)+ can easily 

be rationalized as the result of a lithium leaching reaction and its subsequent coordination with a molecule of 

EC. The apparent concentration of these species varies with positive electrode material, from Li(EC)+ as the 

major constituent (as with LNO), to electrolyte degradation products as the major positively charged product 

(as with LFP). For some species, more than one proposed formula was found to meet the carbon stoichiometry 

and formula weight restrictions. These are included in Table IX.2.2 for the sake of completeness and to show 

the type of compounds that are possible. Furthermore, in Table IX.2.2, if the number of carbons was calculated 

from more than one observation, the standard deviation; if not, the standard deviation in the number of carbon 

atoms was assumed to be 10% of the reported value. Fewer species were found in the negatively charged ions, 

usually, only two or three. In general, the proposed formulae were solvated forms of simple or complex anions. 

All contained electrolyte compounds or fragments as one would expect from electrolyte degradation, such as 

ethoxy, methoxy, hydroxyl groups, and water.  

Many differences are seen when we compare our results with those in the research literature. The primary 

source of this difference is the leachant used. Most reports in the literature use LiPF6 or some other active 

material as part of the leachant, which can introduce additional reaction pathways, the products of which may 

dominate the ones seen here. The method used for mass spectrometry can affect the observations, as well. In 

publications where liquid chromatography and mass spectrometry were used, the mobile phase can be acidic 

and change the nature of the compounds observed. For example, if something as simple as LiOCH2CH3 were 

present in the analyte, the acidic mobile phase would change it to ethanol or to protonated ethanol 

(H+[HOCH2CH3]). The unprotonated species would not be seen. The protonated species, in theory, would; its 

apparent mass is 47 Da. However, the lower mass limit of the mass spectrometer was set to 50 Da; hence the 

signal due to the species would not be observed. If formic acid were used in the mobile phase, the other 

reaction product, LiO2CH (m/e = 52 Da), would be at the lower end of the mass region of interest. This peak 

may be lost in the other peaks present due to column bleed. In the present work, we used direct injection into 

the nebulizer of the mass spectrometer, eliminating the above artifacts. 

The principles of hydrometallurgy usually include a corrosive agent, such as H+ and OH-, to explain the loss of 

metals from a corroding surface. The reaction system studied in this work did not contain an overt source of H+ 

or OH-.  Examining the chemical species associated with the metals shows that water, hydroxy, and carbonate 

groups are present, presumably from the oxidation of the organic solvent. Since these species are present, it is 

not too hard to conceive of protons being present in the reaction mixture. These nascent protons and hydroxide 

groups are the likely active agents causing leaching of metals from the oxides. No other source of leaching 

agents would be needed. Interestingly, we noted that all transition metal-containing species were negatively 

charged. Given the expected electrolyte oxidation products and the coordinating ability of the metals, this was, 

in part, expected. However, with the evidence on hand, it is impossible to know which positive ion is 

associated with which negative ion. Also, it is not known if all transition metal-containing species were 

identified in the experiment. The mass spectrometer would detect only charged compounds, not neutral ones. 
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Table IX.2.2 Results based on the mass spectra of the liquid products  

Observed 

m/e, 

 Da 

Number 

of 

Carbons 

Empirical 

Formula 

Calculated 

FW 

Relative Amount Based on 

Peak Area* Proposed 

 Linear Formula 
LFP LCO LMO LNO 

NMC

811 

Positive ions 

95.0 3.0±0.6 [LiC3H4O3]+ 95.04 0.33 0.42 0.40 0.58 0.31 [Li(EC)]+ 

111.1 3.6±0.9 [LiC4H8O3]+ 111.10 0.04 0.34 0.47 0.42 0.22 [Li(EMC)]+ 

141.1 7.7 [LiC6H14O3]+ 141.16 0.08     [LiCH3O(CH2CH2O)2 

CH3]+ 

183.1 4.6 [LiC6H8O6]+ 183.01  0.08 0.09   [Li(EC)2]+ 

 

185.1 

7.8±0.7 [LiC6H10O6]+ 

 

[LiC7H14O5]+ 

 

[LiC8H18O4]+ 

185.08 

 

185.13 

 

185.17 

 

 

0.55 

    

 

0.43 

[LiCH3OC(=O)OCH2 

CH2OC(=O)OCH3]+ 

[LiCH3OC(=O)OCH2CH

2OCH2CH2OCH3]+ 

[LiCH3O 

(CH2CH2O)3CH3]+ 

199.1 6.6±1.3 [LiC7H12O6]+ 199.20  0.07 0.07   [Li(EC)(EMC)]+ 

215.1 4.0±3.2 [LiC8H16O6]+ 215.20  0.04   0.02 [Li(EMC)2]+ 

288.3 10.1 [LiC9H14O10]+ 289.14  0.06    ? 

Negative ions  

180 2.3 [LiC2H10O5Co]- 179.97  0.79    [(C2H5O)Li(H2O) 

(OH)3Co(II)]- 

279.8/2

80 

4.0±0.8 [C5H27O12]- 

[LiC4H10 

O10Mn]- 

[LiC4H22O9Ni]- 

[LiC4H22O9Ni]- 

279.26 

279.99 

 

279.85 

279.85 

0.74 

 

 

 

  

0.84 

 

 

 

0.81 

 

 

 

 

 

0.67 

[(CH3O)(EMC)(H2O)8]- 

[MnLi(CO3)(EC)(H2O) 

(OH)2]- 

[NiLi(CH3O)4(H2O)5]- 

[NiLi(C2H5O)2 

(H2O)5(OH)2]- 

566.2- 

566.9 

9.4±1.5 [LiNiC12 

H52O19]- 

[LiMnC10 

H39O15]- 

[C12H39O24]- 

[LiCoC10 

H42O21]- 

566.18 

 

566.40 

 

567.42 

566.30 

 

 

 

 

0.26 

 

 

 

 

 

0.21 

 

 

0.16 

0.19 0.29 [Ni(II)Li(C2H5O)4(EMC) 

(H2O)12]- 

[MnLi(C2H5O)3(EMC)2 

(H2O)8(OH)]- 

[(EMC)4(H2O)11(OH)]- 

[CoLi(CH3O)3(EC)(EMC)

(H2O)11(OH)]- 

863.7 21.9 [NiC24 

H68O28]- 

863.47     0.04 [Ni(III)(OCH3)(OCH2 

CH3)(EC)(EMC)4(H2O)9]- 

Determining performance loss in LiNiO2/Graphite Full cells: Adam Tornheim et al., ANL 

The objective of this work was to evaluate the source of performance loss in LiNiO2/graphite cells cycled 

using a 4.2 V Upper Cutoff Voltage (UCV). The LiNiO2 cathode comprised 90 wt% LiNiO2, 5 wt% C45 

carbons, and 5 wt% PVdF binder. Initial discharge capacities were ~220 mAh/g; this value is limited by the 

loss of lithium inventory to the graphite electrode during the SEI formation process.  Figure IX.2.11a shows 

that the cell capacity decreases continuously during cycling. After two of our 119-cycle accelerated-aging 

protocols, the C/10 capacity decreases by ~60 mAh/g and the “minimum” impedance (as measured by HPPC 

tests) increases by a factor of four, from ~24 Ωcm2 to ~105 Ωcm2 (Figure IX.2.11d); note that the coulombic 

efficiency (CE) remains relatively high (~99.8) during the cycling (Figure IX.2.11b). 

Following one 119 cycle protocol, a cell was disassembled, and the harvested-cathode was combined with a 

fresh lithium anode and fresh electrolyte; this cell was cycled at a low (C/100) rate to evaluate the cathode 

capacity and voltage profile with minimal contributions from impedance.  This ‘aged’ cathode voltage profile 

is compared to that of a cathode taken from a formed (~4 cycles) cell to evaluate the effect of aging on cathode 

capacities (Figure IX.2.12). While the aged cathode shows the same general profile as the formed cathode, the 
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gravimetric capacity has decreased from 249 mAh/g to 222 mAh/g. This loss of cathode capacity makes up 

roughly 2/3 of the capacity lost by the full cell during the test. 

 

Figure IX.2.11 (a) Discharge capacity vs cycle number, (b) Coulombic efficiency vs. cycle number, (c) Voltage profiles vs. cycle 

number, and (d) ASI vs. HPPC number for LiNiO2/graphite cells. 

In addition to the cathode gravimetric capacity, the harvested cathodes can provide information on the lithium 

inventory of the cell.  As cells are cycled, electrolyte reduction reactions at the anode (such as those during the 

initial SEI formation) cause a loss in cyclable lithium inventory, which is one component of a full cell’s lost 

capacity.  The net loss of cyclable lithium inventory can be determined from the initial discharge of the 

extracted cathodes, as these cathode sites are available to be lithiated because the anode lacked sufficient 

lithium inventory to do so during the full cell discharge.  

The initial discharge capacities of the formed and aged cathodes indicated net inventory losses of 16 and 26 

mAh/g, respectively. These data indicate that for the LiNiO2/Graphite cell, the main source of capacity loss is 

active material loss; this conclusion is different from that of many other NMC/Gr cells for which electrolyte 

reduction, and subsequent lithium inventory losses to the SEI, are the major source of capacity loss. The 

stability of the graphite/electrolyte interface with LiNiO2 cathodes is further supported by the high coulombic 

efficiency, which nears 99.87%, even for the C/3 cycles with holds at top-of-charge. 

One additional observation is that our specific protocol used C/3 cycling with 3 h holds at top-of-charge, with 

the CCCV step allowing further delithation than traditional galvanostatic cycling.  From Figure IX.2.12 we can 

see that the voltage profile of the aged cathode is relatively unchanged, yet the C/10 full cell voltage profiles in 

Figure IX.2.11c show substantial shortening of the H2→H3 plateau.  Eventually, the increase in overpotential 
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during charge will cause the full-cell voltage to reach the UCV (4.2 V) before this transition is reached, which 

would cause loss in charging capacity. For cells cycled galvanostatically, the capacity retention would likely be 

worse because of the continuing impedance rise of the cell. 

 

Figure IX.2.12 Voltage profiles from LiNiO2/Li half-cells measured at 2 mA/g.  The cathode from the ‘Formed’ profile was cycled for 

4 C/10 cycles against a graphite anode.  The cathode from the ‘Aged’ profile was subjected to the full 119 cycle protocol before 

aging. 

In-situ multi-modal characterizations of low/no cobalt cathodes: Sang-Don Han et al., NREL 

In prior reports, we have shown how in-situ ATR-FTIR can be used to investigate the cathode-electrolyte 

interfacial region during electrochemical cycling of a LiNi0.6Mn0.2Co0.2O2 (NMC622) and LiNi0.9Mn0.5Co0.5O2 

(NMC9055) cathodes.  We have now extended our studies to understand how the upper cutoff voltage (UCV) 

and the state of charge (SoC) and depth of discharge (DoD) during cycling affects electrode and electrolyte 

aging behaviors in/on the high-Ni cathodes, including LiNiO2 (LNO as a reference) and NMC9055, to better 

understand how the transition metal redox chemistry and corresponding structure changes (e.g., local and long-

range order) and the surface chemistry (e.g., electrode/electrolyte reactivity and transition metal dissolution 

and crosstalk) dictate the electrochemical performance.  For these studies, a custom Spectro-electrochemical 

full cell was designed and built for in-situ collection of ATR-FTIR spectra while enabling reliable 

electrochemical battery cycling.  In addition, using a combination of in-situ gas chromatography with flame 

ionization detection (GC-FID) and in-situ ATR-FTIR, (electro)chemical degradation of the electrolyte is 

correlated with gas evolution in the battery.    

FTIR peak assignment library – transition metal complex formation 

Increasing the cell operating voltage is one of the realistic strategies to extend the energy density, specifically 

for critical material free cathode materials including manganese (Mn)-rich oxides, but it is inevitably 

accompanied by a plethora of electrode degradation mechanisms that lead to rapid performance loss. 

Specifically, transition metal dissolution and crosstalk are detrimental factors causing capacity fade and battery 

failure, but their fundamental mechanisms were not well understood.  We, thus, have explored transition metal 

complex formation on the anode and its effect on solid-electrolyte interphase (SEI) formation and evolution.  

We built upon initial measurements to refine FTIR peak assignment library with a systematic approach using 

simplified model systems.  For example, Mn-based salts (e.g., manganese (ii) hexafluorophosphate and 

manganese (ii or iii) 2,4-pentanedionate (Mn(ii or iii)-PD)) in the solvent mixtures of ethylene carbonate (EC) 

and ethyl methyl carbonate (EMC) or a standard Gen 2 electrolyte [1.2 M lithium hexafluorophosphate (LiPF6) 

in EC:EMC (3:7 wt.%)]) were analyzed to deconvolute the complicated transition metal complex system.  

Focusing on the EC solvent molecule peak (1125-1350 cm-1) shift based on Mn complex formation in the 
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EC/EMC solvent mixture (Figure IX.2.13a), there is not much difference between EC/EMC and 0.001 Mn(iii)-

PD due to measurement challenges at small volumes.  Both 0.001 Mn(ii)-PD and 0.005 Mn(ii)-PD shows 

almost the same peak position, whereas there is an apparent blue shift for 0.005 Mn(iii)-PD due to stretching of 

bond distances that bring about decrease of vibrational frequencies (i.e., lower frequency → high 

wavenumber).  Mn complex formation in the Gen 2 electrolyte and corresponding FTIR spectra change is 

similar to that of EC/EMC solvent mixture (Figure IX.2.13b). 

 

Figure IX.2.13 FTIR spectra changes, focusing on EC solvent molecule peak (1125-1350 cm-1) shift, by Mn complex formation in 

the (a) EC/EMC solvent mixture and (b) Gen 2 electrolyte. 

In the case of Gen 2 electrolyte, we analyzed PF6
- anion peak (800-900 cm-1) as well (Figure IX.2.14).  Similar 

to the change of EC solvent molecule peak, we observed almost the same peak position for 0.001 and 0.005 

Mn(ii)-PD, but there is a red shift for 0.001 Mn(iii)-PD due to shortening of bond distance that bring about 

increase of vibrational frequencies (i.e., higher frequency → lower wavenumber).  

Overall, it is challenging to observe peak shift differences based on Mn salt concentration due to limited 

solubility of Mn salts in both EC/EMC solvent mixture and Gen 2 electrolyte. Apparent peak shifts for the 

mixtures with Mn(iii)-PD may indicate Mn(III) is a preferable oxidation state to form Mn complex in both 

EC/EMC mixture and Gen2 electrolyte.  Computational simulation as a complimentary study will be 

conducted to assign FTIR peak corresponding to a specific coordination of transition metal complexes.  
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Figure IX.2.14 FTIR spectra changes, focusing on PF6- anion peak (800-900 cm-1) shift, by Mn complex formation in the Gen 2 

electrolyte. 

Multi-phase Spectro-electrochemical study of battery electrolyte degradation 

During battery operation, particularly in the first few cycles, electrolyte components react electrochemically 

and form solid products on the surfaces of the electrodes as well as gaseous species that accumulate in the cell.  

Using a combination of in-situ GC-FID and in-situ FTIR, electrochemical degradation of the electrolyte 

solvent is correlated with gas evolution in the cell (LNO/graphite).  In-situ FTIR shows decreasing 

concentration of ethylene carbonate (EC) solvent, as calculated from the integrated FTIR intensity of EC 

vibrational absorption (Figure IX.2.15a).  Ethylene gas is a known by-product of EC electrochemical reduction 

and is produced during SEI formation.  Concurrently, the headspace of an in-situ gas cell was extracted and the 

gas composition analyzed using chromatography.  GC-FID measured increasing amounts of ethylene gas until 

the end the first charging cycle (Figure IX.2.15b).  Quantifying both multiphase reactions occurring during 

battery operation is critical to understanding and mitigating battery degradation pathways. 

 

Figure IX.2.15 (a) Concentration of EC solvent determined from integrated FTIR peak absorption as a function of time during 

battery cycling (at C/10). (b) Gas chromatograms from GC-FID of headspace within a LNO/graphite cell at various points during 

first two cycles (at C/10). Various gas species, including ethylene, ethane, acetylene and propylene, are measured. (a) and (b) 

Increasing signal of ethylene gas evolved in the cell is correlated to the decreasing concentration of EC. Ethylene is a known 

product of EC reduction. 

Conclusions   

• Coating delamination was observed for 5V spinel electrodes cycled in cells with a upper cutoff 

voltage of 4.7 V. Such delamination was also seen for electrodes soaked (not cycled) in the electrolyte 

and stored in glass vials at 45°C.  The delamination is believed to be the result of electrolyte 

decomposition into acidic side products that subsequently etch and pit the aluminum current collector. 
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Various electrolyte additives were examined for their ability to prevent the 5V spinel coating 

delamination during the soak test. The additives, LiDFOB and PTSI, were observed to mitigate such 

delamination. 

• Full cells containing 5V spinel positive electrode and graphite negative electrode show capacity fade 

and impedance rise on accelerated aging.  The capacity fade has contributions from lithium inventory 

losses to the graphite SEI. The major contributions to impedance rise include the coating delamination 

at the spinel-current collector interface, and hindered interfacial processes at the electrode-electrolyte 

interfaces of both electrodes.  

• Analytical electron microscopy studies on the 5V spinel material show the following after aging in full 

cells: retention of the bulk spinel structure; reconstruction at particle surfaces resulting in the presence 

of Mn3O4-like and rock-salt like phases; increase in void density in the particles, which could result 

from vacancy-condensation during cycling; absence of intergranular cracks; and development of 

intragranular cracks that could be the result of lithium and transition metal loss during cycling. 

• Electrolyte decomposition species associated with the transition metals dissolved from the cathodes 

are seen in the Electrospray Ionization-Mass spectroscopy (ESI-MS) data; all the transition metal-

containing complexes are seen as negatively-charged species. 

• For LiNiO2/Graphite cells, the main source of capacity loss is active material loss in the LiNiO2 

electrode; lithium inventory loss to the graphite SEI is a smaller contributor. 

• Multi-modal approaches using various techniques, including in-situ ATR-FTIR and GC-FID, were 

applied to examine to aging behavior of various cells containing layered oxide (low Co or no Co) 

cathodes. Spectral changes, resulting from Mn complex formation at the cathode-electrolyte 

interfaces, were observed. We are refining the FTIR peak assignments with a systematic approach, 

i.e., manganese salts in solvent mixtures, to deconvolute the complicated transition metal complex 

system and will complement these data using information gained from computational simulations. 
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Project Introduction 

Geopolitical concerns over critical resources, and in particular cobalt, as well as market demand have 

instigated new efforts to improve the sustainability of lithium-ion cathode technologies. This project will use 

first-principles modeling applied to prototypical cobalt free cathode oxides including LiNiO2 (LNO), 

LiNi0.5Mn0.5O2, and newly developed derivatives thereof in order to advance cathode design in accord with 

DOE targets for cost, performance, and sustainability. 

Objectives 

• Identify promising surface and bulk dopant elements and provide a fundamental understanding of their 

efficacy in modifying the properties of low/no cobalt oxides with respect to cobalt as a counterpart. 

• Improve cathode design by understanding and elucidating the mechanisms and tendencies of facet-

dependent degradation, stability, and dopant segregation. 

• Narrow the gap in understanding between structure-property relationships by elucidating the effects 

that local phenomena (e.g., cation ordering) have on measured, physical and electrochemical data. 

Approach  

The calculations required to accomplish the project goals were performed within the spin polarized density 

functional theory (DFT) methodology as implemented in the Vienna Ab Initio Simulation Package (VASP) 

[1], [2]. The generalized gradient approximation (GGA) is used to model the exchange-correlation potentials as 

developed by Perdew, Burke, and Ernzerhof (PBE) [3]. The interaction between valence electrons and ion 

cores is described by the projected augmented wave (PAW) method [4]. Furthermore, the GGA+U scheme is 

used for applying the on-site correlation effects among 3d electrons of the transition metals, where the 

parameter of (U−J) is set to 5.96, 5.00, and 4.84 eV for Ni, Co, and Mn, respectively [5]. The magnetization 

was used to assign the oxidation state of the ions. Therefore, in order to get a better representation of the 

electronic structure, a single point calculation with a screened hybrid functional (HSE06) is performed after 

each geometry optimization [6]. Total energy and hyperfine shift calculations were accomplished using the 

Vienna Ab initio Simulation Package (VASP) under the projector augmented wave (PAW) pseudopotentials 

with the generalized gradient approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE) exchange-

correlation function. 

mailto:Iddir@anl.gov
mailto:gchen@lbl.gov
mailto:Tien.Duong@ee.doe.gov
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The distribution of transition metal dopants in layered materials plays a major role in the structural 

characteristics and electrochemical performance of the cathode. We have explored hundreds of configurations 

of several dopant candidates in low Co and Co-free materials. To understand the effect of temperature we have 

calculated the configurational density of states that accounts for the configurational entropy of the system and 

the probability of occurrence, which is equivalent to the mole fraction of a configuration in the material.  

Combining single-crystal model systems with controlled physical properties (composition, size, morphology, 

surface orientation etc.) and single-particle-based diagnostic techniques to enable better understanding of 

composition-structure-property-performance correlations at the intrinsic material’s level.   

Results  

Understanding lithium local environments in LiMn0.5Ni0.5O2 cathodes: a DFT-supported 6Li solid-state 

NMR study 

This year we completed and published our study on local environments in LiMn0.5Ni0.5O2. In this study an in-

depth analysis of DFT calculations is used to understand and interpret experimental structural characterization 

data and its correlation to materials synthesis conditions to focus on characterization assisted material 

development. We combined 6Li NMR with DFT calculations to elucidate the spectral difference observed from 

the 15 hours and 1-week annealed samples. Considering the previously reported TM ordering, including 

zigzag, flower, and row configurations, we generated the NMR spectrum of each configuration to inspect and 

breakdown the experimental NMR spectrum into possible major contributions. These special configurations 

have each unique contribution to the overall NMR spectrum. Inclusion of Ni-Mn disorder and Li/Ni exchange 

into these configurations produces a plethora of configurations all within a very small energy range centered 

around the main peak of the normal distribution. This shows why in general the prepared samples must contain 

a large number of different configurations that will all contribute to the overall broadening of the NMR 

spectra, and we further demonstrated that the Li/Ni mixing is the primary cause of the broadening. We have 

also showed for the first time that NMR shifts near 1400 ppm do not necessarily emanate from Li in the 

transition metal layer but could result from configurations of Li in the Li layer that are well within the 

accessible majority distribution.  

Lastly, we combined the spectrum of each conformation to generate the overall computed spectra, where the 

longer annealed sample exhibits reduced amount of zigzag and flower primarily due to the enough driving 

force supported by the high temperature and long annealing time. We believe DFT-supported experimental 

characterization studies are crucial to understand the effect of synthesis conditions and improve material 

properties. Beyond our previous analysis we computed the effect of temperature in the configuration 

distribution. The top panel in Figure IX.3.1 shows the probability distribution of configurations at different 

temperatures. The high entropy configurations are favored at higher temperatures whereas the lowest total 

energy configurations are favored at room temperature. Hence, synthesis conditions are crucial to fine tune the 

configurational disorder of the material. 
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Figure IX.3.1 Form bottom to top: Configurational energy distribution and probability of occurrence of configuration in 

LiMn0.5Ni0.5O2.    

Pb-based nanocomposite anode for sodium-Ion batteries: comparison of electrochemical reaction 

kinetics with Na and Li    

The Zintl phase as an intermediate during the alloying reaction is a unique property of the Na storage reaction 

of Pb/PbO-C nanocomposite, and it can affect the phase transition and electrochemical performance. The Zintl 

phase typically has high electrical resistivity based on its highly ionic character. This phenomenon was 

influenced by the formation of a NaPb phase, which can be classified as a Zintl phase. The NaPb has 

polyanions of tetrahedral Pb4
4- clusters, created by transferring electrons from Na atoms like an ionic 

compound, reducing the electronic conductivity of the NaPb Zintl phase relative to other NaxPb alloys. We 

suggest that the formation of Zintl phase in the NaPb intermediate on the surface of Pb/PbO nanoparticles 

negates deeper sodiation reactions as a high resistive barrier. This phenomenon lowers the reversible capacity 

by limiting the depth of reaction and contributing capacity loss in SIBs. Meanwhile, most Li-Pb alloys cannot 

follow the Zintl-Klemm rules, except Li17Pb4, which is classified as an extended Zintl-like phase with Li-Pb 

clustering.     

The electronic properties of the cubic and tetrahedral intermediate phases for NaPb and LiPb were evaluated 

by DFT calculations. DFT calculations predict a difference in energy of 0.17eV/f.u. between the cubic and the 

tetragonal phase for LiPb and -0.10eV/f.u. for NaPb. Hence, LiPb prefers to be in the cubic phase, whereas 

NaPb prefers the tetrahedral phase with Pb4 cluster formation. Essentially, the Li atom has a smaller ionic size 

than the Na atom and prefers the cubic phase of LiPb, which is more thermodynamically favored than the 

tetrahedral Zintl phase.  Figure IX.3.2 shows the Density of States (DOS) of the cubic and tetragonal phases 

for LiPb and NaPb. The cubic phases for both LiPb and NaPb present a metallic character (Figure IX.3.2c and 

d) with a large number of electronic states at the Fermi level available to transport current. Nevertheless, the 

tetragonal phases for both LiPb and NaPb show a semiconductor character (Figure IX.3.2d and f) with a small 

band gap and the Fermi level close to the band edge. Since the thermodynamically favored phase of NaPb is 

tetragonal, NaPb has a smaller conductivity compared to LiPb (cubic phase). The Bader analysis for NaPb 

cubic phase assigns 0.74 “excess electrons” to the Pb ions indicating a formal oxidation state of -1 for Pb and 

+1 for Na. The NaPb tetragonal phase present an almost identical electron count per Pb ion (0.75). However, 

the Na ions Bader volume in the cubic phase is 10.53 Å3, whereas in the tetragonal phase the average volume 

is 13.03 Å3. Therefore, the volume of the Pb ions in the tetragonal phase is smaller than in the cubic phase. 

Although the charge per ion is the same for both phases, there is more charge separation in the tetragonal 

phase. Furthermore, the clustered Pb ions in the tetragonal phase exacerbates the separation of the charge in the 

system, hence reducing the electronic conductivity.  
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Figure IX.3.2 APb (A=Na, Li) schematic representation a) cubic structure, b) tetragonal structure. Lattice vector direction are shown 

for each structure and the unit cells are shown as black solid lines. (Na ions are represented by yellow spheres and Pb ions are 

represented by dark grey spheres. Translucent grey planes show polyhedron formed by Pb4 clusters.)  Total density of states DOS 

for NaPb c) cubic phase, d) tetragonal phase and for LiPb e) cubic phase, f) tetragonal phase. The Energy of the Fermi level is 

indicated by a vertical dashed line 

Ni migration across layers at high state of charge in Ni-rich materials 

It has been found that the capacity loss of LiNiO2 is reduced when cycled at voltages higher than 4.3V. A 

possible explanation is the migration of Ni in the Li layer (from defects) back into the transition metal layer, 

hence, “cleaning” the migration path for Li diffusion. Nudge elastic band DFT calculations were performed to 

test the hypothesis. Figure IX.3.3f shows the energy barriers and driving force for migration at different states 

of charge (SOC).  The driving force is larger (thermodynamics) and the activation energy is smaller (kinetics) 

with increase in SOC. Higher states of charge (SOC) promote Ni migration to the TM layer. Once Ni is back in 

the TM layer, the Li/Ni exchange defect formation has a positive energy, confirming the irreversibility of the 

process at high SOC. 
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Figure IX.3.3 (a) – (e) Schematic representation of Li distribution in LiNiO2 layered with one Li/Ni exchange in the simulation cell. 

(f) energy change during Ni migration from the Li layer to the transition metal layer.  

Earth abundant elements distribution and domain structure in Li-rich Mn-rich based cathode materials 

Elemental distribution in lithium manganese rich materials may create distinct domains.  Their distribution 

impacts the cathode electrochemical properties. The excess Li and Mn form Li2MnO3-like regions. These 

domains have LiMn6 clusters in the transition metal layer. Those clusters, and their three-dimensional 

arrangement are characteristic of pure Li2MnO3. They carry the same drawbacks as the original material. 

However, the composite system accommodates other clusters at the domain interfaces, such as LiMn5, LiMn4, 

LiMn3. Any extra disorder forms other clusters, such as LiMn2 and LiMn. The arrangement of transition 

metals in the LiMn0.5Ni0.5O2 domains also influences the total energy. An understanding of the ion distribution 

is essential to explain the electrochemical properties and the effect of synthesis conditions in the performance 

of the material. 

Figure IX.3.4a shows the number of Li-metal pairs and metal-metal pairs in the transition metal layers for each 

tested configuration as a function of the total energy. The composite “ordered” ribbon model, the lowest 

energy configuration is composed of Li-Mn pairs within the Li2MnO3 region and Mn-Ni pairs in the 

LiMn0.5Ni0.5O2 region.  Next in the energy scale are configurations with a few ions swapped between domains. 

The number of Li-Mn and Mn-Ni pairs decreases at the expense of increasing number of Mn-Mn, Ni-Ni, Li-Li 

and Li-Ni pairs. Figure IX.3.4b shows the distribution of LiMnx (x=6,5,4,3,2,1) clusters for each configuration. 

The ordered composite configuration has a larger amount of LiMn6 and LiMn5 clusters. The decrease in the 

number of LiMn6 and LiMn5 clusters correlates with the increase in energy. For the more disordered structures, 

there is no correlation with the cluster content. Honeycomb and zigzag-like regions are evident when Li-Mn 

and Ni-Mn are dominant. Contrary to the high energy range, in the low energy range, the tridimensional 

structure of Li2MnO3 regions is distinguishable.  
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Figure IX.3.4 (a) Number of Li-M and M-M (M=Ni,Mn) pairs in the transition metal layer for each configuration. (b) LiMnx 

(x=6,5,4,3,2,1) clusters in the transition metal layer for each configuration. All configurations are sorted by total energy and 

referred to the lowest energy. 

The DFT predicted low energy configurations are the ground state at 0K. Ground state configurations may be 

good estimations of finite temperature states. However, in multicomponent systems the configurational entropy 

promotes different atomic arrangements at higher temperatures.  Figure IX.3.5 shows the total energy for 

several random configurations, where Li, Mn, and Ni are shuffled within the transition metal layer. The 

energies are sorted with respect to the lowest energy structure we have found so far—the composite ribbon 

model. The spread in energy for all these configurations is about 250 meV/f.u. This widespread in energy 

indicates the sensitivity to the atomic local ordering.  Any departure from the perfect ribbon model incurs a 

minimum energy cost, while configurations where the ribbon feature is absent tends to have similar energies. 

Most of the “random” configurations have an energy in a band centered around 200 meV/f.u. relative to the 

ordered configuration energy. To account for finite temperature effects, a probability of occurrence for each 

tested configuration is calculated (Figure IX.3.5a). The probability of occurrence assists in understanding the 

effect of synthesis temperature on the potential local orderings of the TMs that can be achieved.  

Usually, high temperatures are used during synthesis, low-energy equilibrium configurations, predicted by 

DFT (at 0K), might not be thermodynamically reachable, a mix of configurations is expected. For example: at 

600K the probability of occurrence increases for configurations around 200 meV higher that the ground state, 

at the expense of the “ordered” configurations (see orange circles in Figure IX.3.5a). Hence, a mix of ordered 

regions and disordered regions would be present in the material at 600K. At 900K the disordered structures 

have a higher probability of occurrence than the ordered. Therefore, the whole material would be mostly 

disordered with no defined Li2MnO3 regions. In practice, during the cooling process some of these high energy 

configurations might be trapped within the structure and a composite with mixed local configurations and 

ordering will be formed.  
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Figure IX.3.5 (a) Energy domain distribution on 60%-MN5050/40%-Li2MnO3 and probability of occurrence for each configuration, 

(b) schematic representation of species distribution for select configurations, purple, gray, and green circles represent Mn, Ni and 

Li atoms respectively. 
 
 

Fluorination of Li-rich layered oxide single crystals  

Fluorine has played an important role in the development of lithium-ion battery cathodes. It is often introduced 

into the bulk lattice through anion substitution or onto cathode particle surface through specific modifications 

or coatings. Previous studies have shown significant impact on interfacial chemistry when F-containing species 

are present on the surface. [7] In recent studies, partial F substitution into the oxygen sublattice of a new class 

of cathode materials, cation-disordered Li-excess rocksalts, was found to reduce oxygen loss and impedance 

rise, leading to improved cycling stability. [8-10] Unfortunately, current fluorination methods are largely 

inadequate, and quantitative characterization of F content and its distribution (e.g. in the bulk vs. on the surface 

of cathode particles) face significant challenges. In FY22, we explored alternative fluorination methods and 

synthesis conditions to prepare fluorinated Li-rich layered oxides. Single-crystal model systems were used in 

order to perform better-controlled studies.  

Most fluorination methods use solid-state reactions with LiF as the F source. [11,12] As LiF is 

thermodynamically very stable and F anions are known to prefer environments surrounded by Li instead of 

transition-metals (TM), the method often leads to the segregation of LiF secondary phase during synthesis. 

This is clearly shown in the fluorination of a Li- and Mn-rich oxide, Li1.2Ni0.2Mn0.6O2 (referred to as LNMO 

hereafter). Upon increasing the F level (x) from 0.01 to 0.1 in Li1.2Ni0.2Mn0.6O2-xFx (referred to as F-LNMO 
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hereafter), LiF impurity content increases continuously (Figure IX.3.6a). The results suggest limited F 

incorporation in the layered crystal structure, even in the presence of excessive F source.  Here we adopted a 

modified molten-salt synthesis method to prepare F-LNMO single crystals. In situ fluorination was carried out 

by mixing a selected fluoride salt with the stoichiometric amounts of Li, Ni and Mn precursors in a KCl flux. 

The mixture was annealed at 450°C followed by 900°C for 12 hours. It was found that the chemical nature, 

particularly the fluoroacidity of the F salt, plays a critical role in the phase purity of synthesized F-LNMO 

compounds. Figure IX.3.6b shows the X-ray diffraction (XRD) patterns collected on a Li1.2Ni0.2Mn0.6O2-xFx 

sample (x=0.025, denoted as LNMO-F2.5) synthesized with various F-salts. The phase purity follows the 

following order: LiF–KF > NaF–MgF2 > NaF–CaF2 > LiF–NaF > LiF > LiF–CaF2, which is the exact opposite 

of fluoroacidity of the F salts in the molten state. [13] Note that fluoroacidity defines the ability of a salt in 

giving out F-, with the basic form being F− givers and the acidic form being F− acceptors. Following a similar 

procedure, a series of Li1.2Ni0.2Mn0.6O2-xFx with x=0.01 (denoted as LNMO-F1), 0.025 and 0.05 (denoted as 

LNMO-F5) were prepared using LiF-KF as the F precursor. The laboratory XRD patterns (Figure IX.3.7a) 

show well-defined peaks with high crystallinity and the absence of LiF impurities in all samples. Synchrotron 

XRD patterns collected at BL 11-3 at Stanford Synchrotron Radiation Lightsource (SSRL) are shown in Figure 

IX.3.7b, along with the reference patterns of spinel LiMn2O4 and LiF. Aside from the detection of a small 

amount of LiF impurity in all F-LNMO samples, the presence of a LiMn2O4- type spinel phase is also shown, 

especially in LNMO-F5, suggesting that increasing F content promotes the formation of a spinel secondary 

phase. Our study highlights the challenges in detecting LiF impurities using the laboratory XRD technique.   

 

Figure IX.3.6 XRD patterns of a) Li1.2Ni0.2Mn0.6O2-xFx (x=0, 0.01, 0.025, 0.05 and 0.1) synthesized with LiF as F precursor and b) 

Li1.2Ni0.2Mn0.6O2-xFx (x=0.025) synthesized with various salts as F precursors. 

Figure IX.3.7c-f show the scanning electron microscopy (SEM) images of the Li1.2Ni0.2Mn0.6O2-xFx series. All 

particles adopted the same octahedron shape with an average size of  1 μm. Focused ion beam (FIB) 

lithography combined with STEM were used to analyze the orientation of the surface facets, which were 

determined to be predominantly {012}-family planes of the layered structure (Figure IX.3.7g top). A small 

percentage of (003) planes are also present. The determined angle between (003) and (012) planes for LNMO 

and LNMO-F5 particles are approximately 73o and 72o, respectively, consistent with the theoretical value of 

71o based on the hexagonal lattice of the space group R3̅m (Figure IX.3.7g bottom).  
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Figure IX.3.7 a) Laboratory and b) synchrotron XRD patterns of Li1.2Ni0.2Mn0.6O2-xFx (x=0, 0.01, 0.025 and 0.05) synthesized with 

LiF-KF as F precursor, c-f) SEM images of as-synthesized Li1.2Ni0.2Mn0.6O2-xFx samples, g) facet index of the octahedron particles 

(top) and atomic arrangement of the hexagonal layered structure (bottom). 

Crystal-facet dependent Ni surface segregation in Li1.2Ni0.2Mn0.6O2 and Li1.2Ni0.2Mn0.6O1.95F0.05 

Element segregation is an important factor in determining the final phase formation and eventually affects the 

electrochemical properties for cathode materials. A detailed understanding on the element segregation and the 

resulted phase formation is very important for properly assessing the cathode electrochemical performance. 

However, element segregation has been far less explored for the emerging micron-size single crystals of high-

capacity Li1.2Ni0.2Mn0.6O2 compared to nanoparticles of the same composition. Scanning transmission electron 

microscopy (STEM), X-ray energy dispersive spectroscopy (STEM-EDS) and electron energy loss 

spectroscopy (STEM-EELS) were employed to investigate the element distribution in the micron-size single 

crystals of both Li1.2Ni0.2Mn0.6O2 and Li1.2Ni0.2Mn0.6O1.95F0.05.  

Strong Ni segregation was found at the 102 facets but not at the 003 facets, as a result the bulk composition 

was deviated to a Ni-deficient one from the nominal composition. As shown in the STEM-HAADF image of 

Figure IX.3.8, the 102 facet has a significantly higher intensity compared to the bulk lattice, while the 003 

surface only shows a slightly higher intensity. Since the intensity in the STEM-HAADF imaging is 

composition-related, roughly proportional to Z2 (Z is the atomic number), this observation suggests that more 

heavier ions are accumulated at the 102 facets. In order to understand the STEM-HAADF image intensity 

variation in the crystal, the local composition was investigated by STEM-EDS. A strong Ni segregation at the 

102 facet is revealed by the STEM-EDS Ni-map in Figure IX.3.8(b), in contrast, no such Ni segregation is 

observed at the 003 facet in Figure IX.3.8(a). At the same time, no Mn surface segregation is observed for both 

facets. In comparison to the Ni to Mn ratio of 1:3.2 measured by SEM-EDS on the average level, the 

composition quantification shows that the Ni-segregated 102 facet has a Ni to Mn ratio of 1:0.8. As a result of 

the Ni segregation, the bulk composition is deviated to a Ni-deficient one with Ni:Mn = 1:8.5 while the 003 

facet formed a composition with slightly more Ni of Ni:Mn = 1:5.9. All the elements are quite uniformly 

distributed in the bulk lattice as indicated by the element profiles in Figure IX.3.8. Further compositional 
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inspections on the non-fluorinated sample also shows a Ni-segregation at the 102 facets with a similar Ni to 

Mn ratio of 1:0.7, indicating the Ni-segregation is only facet-dependent but independent on fluorination for the 

micron-size Li1.2Ni0.2Mn0.6O2 single crystals.  

Facet-dependent Ni surface segregation is observed in the micron-size single crystals of Li1.2Ni0.2Mn0.6O2 and 

Li1.2Ni0.2Mn0.6O1.95F0.05, resulting in a composition modification to the bulk lattice. Such segregation is only 

observed at the crystal facet terminated by a mix of cations and anions such as the 102 facet, but not in those 

surfaces terminated only by the transition metal layer, such as the 003 atomic plane. The formation of Li-Ni 

anti-site defects and the Ni diffusion from the bulk to the surface along the Li slab could be the key factors in 

forming the Ni-rich surface. 

 

Figure IX.3.8 STEM-HAADF images and the corresponding STEM-EDS maps of Ni and Mn of the Li1.2Ni0.2Mn0.6O1.95F0.05 single 

crystals at (a) the 003 facet and (b) the 102 facet, together with the corresponding element distribution profile as a function of the 

distance from the crystal surface (0 nm in distance) into the crystal bulk. 

Conclusions   

• The analysis based on a combination of the calculated-NMR and the experimental spectra of 

LiMn0.5Ni0.5O2  cathodes suggests that most configurations contributing to the experimental spectra 

are in fact composed of a blend of configurations higher in energy than the classical well-ordered 

ground state structures. 

• The extended annealing of LiMn0.5Ni0.5O2 slightly enhances Ni/Mn and Li/Mn orderings while 

reducing the Li/Ni mixing ratio. 

• NMR shifts near 1400 ppm, for LiMn0.5Ni0.5O2 cathodes, do not necessarily emanate from Li in the 

transition metal layer but could result from configurations of Li in the Li layer that are well within the 

accessible majority distribution.  

• LiPb prefers to be in the cubic phase, whereas NaPb prefers the tetrahedral phase with Pb4 cluster 

formation 

• The distribution of elements in MN5050-Li2MnO3 materials is temperature dependent, with more 

clusters and disorder promoted at higher temperatures. 

• Facet-dependent Ni surface segregation is observed in the micron-size single crystals of 

Li1.2Ni0.2Mn0.6O2 and Li1.2Ni0.2Mn0.6O1.95F0.05, resulting in a composition modification to the bulk 

lattice. 
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• Alternative synthesis methods were developed to fluorinate the single crystals of a Li-rich layered 

oxide, LNMO. Fluoroacidity, which defines the ability of a salt in giving out F-, with the basic form 

being F− givers and the acidic form being F− acceptors, was found to play a critical role in the phase 

purity of the synthesized F-LNMO compounds.  

• Using the more basic LiF-KF as the F precursor, a series of F-LNMO samples with the octahedron 

particle morphology were prepared. The particles were predominantly enclosed by {012}-family 

planes, along with a small percentage of (003) planes. Facet-dependent behavior was clearly 

demonstrated on the crystal samples, with Ni preferentially segregates to the spinel-like SRL on (012) 

surface, whereas on the (003) surface, a rocksalt-type SRL forms without elemental enrichment. Our 

study highlights the importance of surface engineering in materials properties and behavior.  
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Project Introduction 

Recent concerns over the growing dependence of energy storage technologies on critical materials such as 

cobalt has led to significant efforts in the development of low-cobalt, high-nickel cathode oxides for lithium-

ion batteries, notably for electric vehicle applications. And, while these efforts are proving successful, similar 

concerns are being raised over growing dependence on Ni and the related issues of supply and demand as well 

as sustainability. This project seeks to expand the available portfolio of cathode oxides by utilizing earth-

abundant manganese as the majority component. Successful development of earth-abundant cathodes would 

help to simultaneously address issues related to cost, supply, and sustainability while alleviating the burden 

future markets will likely place on other battery-critical materials such as cobalt and nickel. 

Objectives 

• Develop low-cost, Co-free, Mn-oxide-based cathodes for electric vehicle applications  

• Improve the design, composition, and performance of advanced electrodes with stable architectures 

and surfaces, facilitated by an atomic-scale understanding of electrochemical/degradation processes 

• Research and development of new synthesis and processing methods that can enable a higher degree 

of control over the physiochemical properties of Mn-based oxide cathodes 

• Development of new and novel Mn-rich oxides as lithium-ion cathodes and integrated components. 

Approach  

1. A bottom-up approach to fabricate Mn-rich cathodes with ~50% or more Mn is taken whereby  

o The extent of Li/Mn ordering is limited (i.e., x<0.30) and, therefore, the damaging effects of the 

electrochemical activation process and subsequent cycling 

o Introducing novel spinel-type domains (especially at surfaces) to help improve rate capability, 

stability, and cyclable capacities 

o Detailed exploration of synthesis-structure-property relationships to enable high performance 

2. Explore novel spinel-based materials with unique local structures as a new class of cathodes and as 

stabilizing components of LLS electrode materials – focus for FY22 

3. Explore new materials and processes for stabilization of Mn-rich cathode surfaces under extended 

electrochemical cycling with verification in graphite cells under standardized electrochemical 

protocols. 

Results  

Stoichiometric manganese-based spinel electrodes such as LiMn2O4, LiMn1.5Ni0.5O4 and substituted 

derivatives thereof offer one-half of their theoretical capacity (~140 mAh/g) when charged and discharged 

above 4 V over the compositional range (0<x<1).  The other one-half of capacity is delivered at ~3 V but is 

mailto:croy@anl.gov
mailto:Tien.Duong@ee.doe.gov
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unusable in commercial cells because of crystallographic (Jahn-Teller) distortions that occur in the lithiated 

spinel structure, which limit the reversibility of this reaction.  Furthermore, fully-lithiated spinel Li2Mn2O4 and 

Li2Mn1.5Ni0.5O4 spinel materials are unstable in air and are difficult to synthesize in practice, which also limits 

their viability as cathodes for Li-ion cells. Following the early discovery that lithiated cobalt and nickel 

spinels, LT-Li2M2O4 (M=Co, Ni) could be prepared in air at a relatively low temperature (LT, 400 C)1, recent 

research at Argonne has exposed a variety of cathode structures with lithiated spinel character such as LT-

Li2Co2-xAlxO4 (0<x0.3)2 and LT-Li2MnNiO4
3 that have attractive electrochemical properties. These lithiated-

spinel materials are under investigation as cathodes in their own right, as well as stabilizers for high-capacity 

(>250 mAh/g), lithium- and manganese-rich xLi2MnO3•(1-x)LiMO2 (M=Mn, Ni, Co) cathodes that suffer 

from voltage fade and impedance rise effects.  In this respect, the goal is to design more cost-effective and 

thermally-stable cathode materials to compete with today’s Ni-rich, layered NMC systems. 

In collaboration with Kyojin Ku and Joe Libera of the Applied Materials Division at Argonne National 

Laboratory, a novel composite LT-LiNi1/3Mn1/3Co1/3O2 electrode structure has been synthesized by flame spray 

pyrolysis (FSP) and subsequent annealing between 400 and 650 C. In the FSP method, a solution containing 

lithium and transition metal precursors is sprayed into a flame where the vaporized precursors undergo 

nucleation and growth to yield a homogenously-distributed lithium-metal-oxide product. This technique has a 

potential advantage over conventional solid-state synthesis and ball-milling techniques during which 

decomposition of the precursor materials and long-distance atomic diffusion require significant thermal energy 

and time for the product to reach equilibrium. Attempts to prepare comparable, cubic LT-LiNi1/3Mn1/3Co1/3O2 

products without impurities by other techniques, for example, high energy ball milling, have not yet been 

successful. 

In this study, the rationale for attempting to synthesize a lithiated-spinel LiNi1/3Mn1/3Co1/3O2 structure was 

influenced by three main factors: (1) the cobalt component might aid the formation of a lithiated-spinel 

configuration as it does in LT-LiCoO2;1 (2) the nickel component might suppress layered formation as it does 

in LT-LiCo1-xNixO2 samples (0<x0.2);4 and (3) in both LT- and high-temperature (HT) LiNi1/3Mn1/3Co1/3O2 

structures, the nickel ions are typically divalent, while the manganese ions are tetravalent and would therefore 

act as electrochemically-inactive spectator ions as trivalent aluminum ions do in LiCo1-xAlxO2 electrodes, 

thereby significantly enhancing electrochemical and structural stability.2 The lattice parameter, a, of the cubic 

lithiated spinel phases varies markedly with decreasing cobalt from 8.000 Å in LT-LiCoO2 and LT-

LiCo0.85Al0.15O2 to 8.109 Å in LT-LiNi1/3Mn1/3Co1/3O2 and to 8.217 Å in LT-Li2MnNiO4. These variations are 

attributed to differences in (i) composition, (ii) the ionic radii of the transition metal ions, (iii) the degree of 

disorder and (iv) the consequent binding energy within the lithium-rich and transition-metal-rich layers, (iii) 

and (iv) being dependent on the annealing temperature.  Thus far, the cobalt-free composition LT-Li2MnNiO4, 

described in our previous annual report, has shown the best electrochemical performance.3  

Figure IX.4.1 shows the XRD patterns of the flame-sprayed LT-LiNi1/3Mn1/3Co1/3O2 product when cooled to 

room temperature and thereafter annealed in air at 400, 500, 600, 625 and 650 C. Apart from a slight 

sharpening of the 111 peak at ~18 2 and a slight change in the relative height of the (311) and (222) peaks 

between 36 and 39 2, there is little change to the XRD patterns of samples when annealed below 600 C. At 

625 C and above, a slight broadening of the (440) peak at ~65 2 indicates the onset of a doublet peak and a 

transformation of the structure towards the more ordered, layered configuration of the high temperature 

analogue, HT-LiNi1/3Mn1/3Co1/3O2, which has trigonal (R-3m) symmetry (c/a = 4.97)5 and deviates 

significantly from ideal cubic-close-packing (c/a = 4.90). 
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Figure IX.4.1 XRD patterns of FSP LT-LiNi1/3Mn1/3Co1/3O2 samples before and after annealing at various temperatures. 

Scanning-transmission-electron-microscopy (STEM) and high-angle-annular-dark-field (HAADF) imaging 

techniques were used to probe the structural features of the as-prepared FSP powder at room temperature 

(Figure IX.4.2a), and after annealing at 625 C (Figure IX.4.2b). The images clearly confirm that both products 

are not a single phase but rather an intergrowth of lithiated-spinel- and layered-like components that dominate 

the LT-LiNi1/3Mn1/3Co1/3O2 structure with interspersed regions of more randomly disordered rock salt 

configurations, particularly in the room-temperature product (Figure IX.4.2a). 

 

 

Figure IX.4.2 STEM-HAADF images of a FSP LT-LiNi1/3Mn1/3Co1/3O2 sample viewed down the [110]cubic lithiated-spinel zone axis: 

(a) at room temperature, and (b) after annealing at 625 C. 

The electrochemical charge-discharge profiles of Li/LT-LiNi1/3Mn1/3Co1/3O2 cells annealed at 400, 500 and 

625 C are shown in Figure IX.4.3a.  Cells were cycled between 4.3 and 2.7 V to monitor the cycling stability 

of the electrodes without the complications of possible oxygen participation in the reactions, whether 

electrochemically at higher potentials (>4.5 V) or with the electrolyte, both of which can lead to capacity loss. 

X-ray absorption spectroscopy (XAS) showed that the redox reactions occur predominantly on the cobalt and 

nickel ions, i.e., Co3+  Co4+ and Ni2+  Ni3+, while the tetravalent manganese ions, Mn4+, act mainly as 

spectator ions as they do in layered HT-LiNi1/3Mn1/3Co1/3O2 and spinel HT-LiMn1.5Ni0.5O4 electrodes. The 

electrochemical signature of cells with LT-LiNi1/3Mn1/3Co1/3O2 electrodes is characteristic of a typical single-
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phase reaction adopted by layered and disordered rock salt systems, consistent with the composite character of 

the electrode. Such two-phase to single-phase reaction transitions have also been observed in other spinel-

related cathode materials, e.g., slightly disordered LT-LiCo1–xAlxO2 (0<x<0.3).2 

 
 

Figure IX.4.3 (a) First-cycle voltage profiles of Li/LT-LiNi1/3Mn1/3Co1/3O2 cells with annealed electrodes, (b) capacity retention over 

50 cycles, and (c) rate capability. 

A conventional layered HT-LiNi1/3Co1/3Mn1/3O2 electrode is typically synthesized at 850-900 C; it has a 

theoretical capacity of 278 mAh/g for the complete extraction and reinsertion of lithium. LT-

LiNi1/3Co1/3Mn1/3O2 electrodes annealed at 400 and 500°C provide only ~45% of this capacity on the initial 

discharge from 4.3 V (123 and 126 mAh/g, respectively) at a 0.2C rate (Figure IX.4.3a), which fades rapidly 

on cycling (Figure IX.4.3b). On the other hand, a LT-LiNi1/3Co1/3Mn1/3O2 electrode, annealed at 625 C, 

provides a higher capacity (148 mAh/g, 53% utilization), which approaches the value reported for layered HT-

LiNi1/3Co1/3Mn1/3O2 electrodes in lithium cells (~165 mAh/g, ~60% utilization, C/10 rate, 4.3-3.0 V)5  and 

improved cycling stability (Figure IX.4.3b).  Of particular significance is that ~60 % of the capacity supplied 

by the annealed (625 C) LT-LiNi1/3Co1/3Mn1/3O2 electrode at a 0.2 C rate was delivered at 10 C (Figure 

IX.4.3c). This notable rate capability for such a complex, disordered, and composite electrode structure is 

tentatively attributed to the remarkable structural compatibility between the lithiated-spinel and layered 

components that share an almost perfectly-matched cubic-close-packed oxygen array with interlinked 3-

dimensional and 2-dimensional pathways for Li+-ion transport. 

 

The normalized voltage profiles in Figure IX.4.4 clearly show that an LT-LiNi1/3Co1/3Mn1/3O2 electrode, 

annealed at 625 C substantially reduces the voltage hysteresis during electrochemical cycling. This 

enhancement in performance is attributed to the conversion of the disordered rock salt component to lithiated-

spinel and layered configurations as the annealing temperature is increased. 
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Figure IX.4.4 Normalized-capacity voltage profiles of Li/LT-LiNi1/3Mn1/3Co1/3O2 cells showing smaller hysteresis when higher 

annealing temperatures are used. 

Ex-situ XRD patterns of a LT-LiNi1/3Co1/3Mn1/3O2 cathode that had been annealed at 625 C, were collected at 

various points between 2.7 and 4.3 V on the initial electrochemical cycle of a Li/LT-LiNi1/3Co1/3Mn1/3O2 cell 

(Figure IX.4.5a, b).   The reversible variations in the lattice parameter, a of the cubic unit cell and the I311/I400 

peak intensity ratio are plotted, as a function of the state of charge and discharge during the first cycle, in 

Figure IX.4.5c. The lattice parameter, a = 8.107 Å decreases isotropically by 1.0% to 8.036 Å during lithium 

extraction; the corresponding isotropic volume change of the cubic LT-LiNi1/3Co1/3Mn1/3O2 structure is an 

attractive 2.6%. 

 

Figure IX.4.5 (a) Ex-situ XRD patterns of a LT-LiNi1/3Mn1/3Co1/3O2 (625°C) electrode during the first charge/discharge cycle 

between 2.7 and 4.3 V, (b) points at which XRD data were collected on the voltage profile, and (c) variation of lattice parameter, a 

(top) and I311/I400 ratio (bottom) during the first charge/discharge cycle. 
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Conclusions   

This research project has exposed a new approach to tailor the compositional design of electrode structures and 

the cation distribution therein to optimize electrochemical performance and stability. 

The compositional versatility of lithiated spinel electrode structures, Li2M2O4 (M=Mn, Ni, Co) when 

synthesized at a relatively low temperature (400 – 650 C) has been demonstrated.  For cobalt-rich systems, 

single-phase lithiated spinel materials can be made, whereas the relatively low-cost, manganese-based systems 

yield structurally-compatible intergrowths of disordered rock salt, lithiated spinel and layered components that 

transform at higher temperatures into a predominant layered configuration.  These materials are of interest not 

only as electrode materials for Li-ion batteries in their own right, but also as stabilizing agents for layered, 

high-capacity, manganese-rich electrode structures. 

This project is a work in progress. 
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Project Introduction 

The projected growth of Li-ion battery (LIB) production towards multiple TWh/year will require several 

million tons of Co/Ni combined, which constitutes a very sizeable fraction of the annual production of these 

metals. The recent development of Li-excess cation-disordered rocksalts (DRX) provides an alternative to 

develop high energy density LIB cathodes that use more abundant and less expensive elements, and can 

respond to the industry need for lower cost, less resource intensive cathode materials. DRX materials have 

been shown to deliver energy densities over 1000 Wh/kg, and its cation disordered nature allowing for a wide 

range of chemistry free of Co and/or Ni. The ability to substitute some of the oxygen by fluorine in locally Li-

rich environments provides an extra handle to optimize performance through increasing transition-metal (TM) 

redox capacity. As this class of cathodes are relatively new, further materials design and development are 

needed in order to properly evaluate their promises and challenges towards eventual commercialization. To do 

so, fundamental understanding of what controls DRX performance characteristics, particularly rate capability, 

cycling stability and voltage slope, is critical. This project has assembled necessary research expertise in 

modeling, synthesis, electrochemistry and characterization to tackle these challenges. The current chapter 

reports on the Synthesis and Electrochemistry components of the project and it has a companion report on 

Modeling and Characterization of the materials. 

Objectives 

The goals of this project are as follows:  

• Understand the factors that control DRX cycling stability, particularly to what extent cycle life is 

controlled by impedance growth on the surface and by bulk changes in the material 

• Understand what controls the rate capability of DRX materials, particularly rate limitation posed by 

bulk transport and surface processes 

• Investigate the root of voltage profile slope in DRX  

• Develop Co-free high energy density DRX cathodes. 

Approach  

This project originally focused on three representative baseline systems and their analogues: 1) Mn-redox 

based Li1.2Mn0.625Nb0.175O1.95F0.05 (LMNOF), 2) Ni-redox based Li1.15Ni0.45Ti0.3Mo0.1O1.85F0.15 (LNTMOF), 

and 3) a high F-content Li2Mn1/2Ti1/2O2F (LMTOF-II) that utilizes the 2e- Mn2+/Mn4+redox couple. The team 

operates in six thrust areas representing the challenges and opportunities in DRX materials: 

mailto:GChen@lbl.gov
mailto:Tien.Duong@ee.doe.gov
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1. Characterization of the local and global structures of the bulk material before, during and after 

cycling, including detailed characterization of TM and O redox processes in the bulk and on the 

surface. 

2. Characterization and manipulation of short-range cation ordering (SRO) to enhance rate capability.  

3. Characterization and modeling of the DRX surface chemistry and processes during cycling to high 

voltages 

4. Electrolyte/cathode interface issues and impedance growth due to surface processes 

5. Fluorine solubility limits and synthesis of highly fluorinated compounds with scalable methods 

6. Electrochemistry and testing in coin and pouch cells.    

The current report focuses on items (5-6) whereas items (1-4) are discussed in the report for the next section.. 

Results  

Fluorination of DRX materials 

Partial fluorine substitution for oxygen has been shown to raise the capacity and improve the cyclability of 

DRX oxide cathodes. Yet, their synthesis remains challenging due to the limited solubility of fluoride 

precursors (e.g., LiF) and Li metal oxides. While high-energy ball milling can be used to increase fluorine 

uptake, it requires high energy input and affords poor control over the particle morphology. Therefore, to better 

understand whether traditional solid-state synthesis can be used to prepare DRX oxyfluorides with high 

fluorination levels, we evaluated several different precursor sets targeting a composition of 

Li1.2Mn0.4Ti0.4O1.6F0.4. Characterization was performed in situ to monitor the reaction pathway associated with 

each precursor set. The study revealed that high fluorine content (~ 25%) is achievable in DRX materials, 

excluding later transition metals such as Mn. For example, Li3TiO3F was successfully prepared; however, 

incorporation of Mn into the DRX phase led to loss of fluorine from it. The tradeoff between Mn and F 

contents is illustrated in the observed reaction pathways when heating a precursor mixture of Li2CO3, MnO, 

TiO2, and LiF (Figure IX.5.1). In the left panel, the XRD patterns of the corresponding products synthesized at 

various high temperatures are shown. A highly fluorinated DRX phase was formed at 700°C, as evidenced by 

the absence of LiF impurity, but prominent MnO peaks remained. Upon heating the sample to 1000°C, the 

MnO peaks were reduced while new LiF peaks appeared. These changes were coupled with expansion of the 

DRX lattice constant, suggesting the uptake of larger Mn2+ ions. Interestingly, after holding the sample at 

1000°C for 12 hours, the LiF peaks disappeared completely. Although one may assume that this indicates 

fluorination of the DRX phase, what we found was the evaporation of  LiF instead. This is shown in the 

TGA/DSC measurements (right panel in Figure IX.5.1), which reveals a clear endothermic peak associated 

with LiF melting at 848°C, followed by a rapid mass loss as the molten phase evaporated under the Ar flow.  

 

Figure IX.5.1 The left panel shows XRD patterns collected on a sample with a nominal composition of Li1.2Mn0.4Ti0.4O1.6F0.4 

synthesized with various temperatures and holding times. The right panel displays data from TGA/DSC measurements performed 

on the same sample during heat treatment to 1000°C. 
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To determine whether alternative fluoride precursors could be used for the synthesis of DRX oxyfluorides with 

higher F contents, we performed first principles calculations aiming to identifying precursor sets with a high 

fluorine chemical potential and a large thermodynamic driving force to form the target, Li1.2Mn0.4Ti0.4O1.6F0.4. 

Three of these sets were experimentally evaluated, with each containing MnF2 as a novel fluorinating agent. 

By using in situ XRD, we found that MnF2 consistently reacted with the Li-containing precursor at a low 

temperature (≤ 400°C), well before the DRX phase could form (≥ 700°C). Therefore, although each sample 

started from a high fluorine chemical potential that favored the target phase, early formation of LiF lowered 

the chemical potential and precluded the formation of a highly fluorinated DRX phase. Based on these 

findings, we identified three principal factors that limit fluorine solubility in DRX materials during solid-state 

synthesis. These factors are summarized in Figure IX.5.2. 

 

Figure IX.5.2 Schemics showing the three factors that limit fluorine solubility in DRX oxyfluorides synthesized using a solid-state 

route. 

Alternative DRX synthesis methods 

Considering the challenges in synthesizing highly fluorinated DRX oxyfluorides using the solid-state route, we 

developed an alternative sol-gel process to prepare such materials. Compared to traditional solid-state and 

mechanochemical routes, the sol-gel approach enables atomic-scale mixing of the precursors, which can lead 

to lower energy reaction pathways and facilitate formation of the desired phase during annealing. Sol-gel 

processes can also produce powders with controlled morphology at relatively low temperatures. A total of four 

targeted materials with the nominal compositions of Li1.2Mn0.4Ti0.4O2 (LMTO04), Li1.2Mn0.5Ti0.3O1.9F0.1 

(LMTOF05), Li1.2Mn0.6Ti0.2O1.8F0.2 (LMTOF06), and Li1.2Mn0.7Ti0.1O1.7F0.3 (LMTOF07) were synthesized. 

LMTO04 oxide powders were prepared using a two-step synthesis involving: (i) pyrolysis of a sol-gel 

precursor at 400°C in air followed by (ii) high-temperature annealing under flowing Ar. Ex-situ 

characterization of samples annealed at 750-1000°C was performed to evaluate the synthesis pathway and 

formation of the intermediate phase(s). As shown by the powder XRD patterns (Figure IX.5.3a), a mixture of 

spinel phase(s) [obtained from step (i)] fully reacted to form phase-pure DRX after heating at 1000°C for 1 h. 
7Li solid-state nuclear magnetic resonance (ssNMR) measurements confirmed the presence of a disordered 

cation sublattice in the 1000°C sample, as evidenced by the broad 7Li line shape (Figure IX.5.3b). Notably, the 

materials exhibited short-range cation ordering (SRO) as determined by selected area electron diffraction 

(SAED, Figure IX.5.3c) and neutron total scattering. We note that SRO has a dramatic impact on the material’s 

electrochemical properties, and identifying these structure/function correlations is an ongoing activity within 

the program.  
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Figure IX.5.3 Structural characterization of LMTO04 DRX samples annealed at 750°C, 900°C, and 1000°C for 1 hour under 

flowing Ar. At each temperature, the products are characterized by: (a) X-ray diffraction, (b) 7Li solid-state nuclear magnetic 

resonance spectroscopy, and (c) selected area electron diffraction. Asterisks in panel (b) indicate spinning sidebands due to fast 

rotation of the sample during ssNMR data acquisition. Arrows in panel (c) are used to highlight diffuse scattering patterns that 

arise due to SRO in the cation sublattice. 

The electrochemical performance of LMTO and LMTOF cathodes was evaluated in half cells containing Li 

metal anodes and a standard Li-ion liquid electrolyte (1.2M LiPF6 in EC/EMC). As shown in Figure IX.5.4a, 

all cells exhibited a sloping voltage profile during the first cycle with high reversible capacities of 200 – 250 

mAh/g. After 20 cycles, the Mn-rich materials (LMTOF06 and LMTOF07) developed distinct voltage plateaus 

and higher capacities up to 275 mAh/g (Figure IX.5.4b), owing to a cycling-induced phase transformations. 

Similar structural rearrangements have been reported for Mn-Ti DRX cathodes prepared through the solid-state 

and mechanochemical routes. Overall, the materials exhibited good cycling stability with minimal/no capacity 

fade over 50 cycles (Figure IX.5.4c). These results provide proof of concept for high-performing Mn-rich 

DRX cathodes prepared through a novel sol-gel route.  
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Figure IX.5.4 Electrochemical performance of LMTO04, LMTOF05, LMTOF06, and LMTOF07 DRX cathodes in half cells. (a-b) 

Galvanostatic voltage profiles during the (a) 1st and (b) 20th cycle. (c) Discharge capacity retention over 50 cycles. The cathodes 

were cycled between 1.5 V and 4.8 V vs. Li/Li+ at a specific current of 10 mA g-1 for the first 5 cycles and 20 mA g-1 for subsequent 

cycles.  

The sol-gel method was also extended to prepare a range of Mn-rich and F-doped DRX powders (LMTOF05, 

06, and 07) by reacting the sol-gel oxide precursor with LiF at high temperatures. Notably, such an approach 

yielded lower-than-expected fluorine content. When the dried gel was mixed with LiF and subjected to 

annealing at 1000°C, minimal fluorine uptake was observed. We attribute this result to the volatility of LiF, 

which was not prevented by the use of a gel precursor. Even though the metal and oxygen atoms are mixed 

intimately within the dried gel, they are not mixed as well with the LiF precursor, thus slowing their reaction 

and allowing evaporation of LiF to occur.  Although the approach appears to be largely ineffective in 

synthesizing highly fluorinated compositions, it can be extended to other Co-free DRX cathodes that cover a 

vast compositional landscape.  

Electrode formulation, cell fabrication and cycling protocols 

To prepare DRX electrodes, the active material is often ball milled with a carbon additive in the first step. The 

mixture is then made into a slurry by adding binder (such as PVDF) and additional carbon. During cell cycling, 

using a high charging voltage can increase energy output but it also accelerates electrolyte degradation and 

induces irreversible reactions in DRX itself. Over-lithiation upon discharge to low voltages, on the other hand, 

results in a gradual loss of capacity over time. Optimization of electrode and cell fabrication, as well as 

establishing proper voltage limits and cycling protocols, are therefore critical tasks in achieving DRX capacity 

and cycle life balance. In FY22, we carried out systematic evaluation on a number of parameters influencing 

electrode quality and cyclability. Below we discuss the impact of the following five aspects on the LMTOF06 

DRX cathode material synthesized by a solid-state route: 1) air exposure time, 2) upper cutoff voltage, 3) 

electrolyte composition, 4) additional carbon, and 5) carbon additive type.  
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Air exposure time: 

Li-rich DRX materials have been shown to be sensitive to air exposure which requires careful handling of the 

material throughout each of the processing steps, including slurry preparation, slurry mixing, slurry casting, 

laminate drying, electrode punching, electrode calendering, tab welding, and pouch cell preparation. Since 

many of these steps involve tools that are way too large to fit in a glovebox, allowing some air exposure time 

would therefore greatly simplify cell making efforts.  For this reason, we prepared cathodes using DRX powers 

that were exposed to air for 0, 1, and 24 hours, respectively. After the designated time of air exposure, all 

remaining processing steps in electrode and cell fabrication were conducted in a similar fashion. The first sign 

of the problem with air exposure is often shown during the slurry preparation and mixing steps as the binder is 

sensitive to water content in the solvent. Here we found that the level of DRX air exposure had negligible 

impact on the slurry properties.  Once electrodes were prepared, they were tested in pouch-cell half-cells.  

Figure IX.5.5 compares discharge energy and roundtrip energy efficiency as a function of cycle number. The 

results are very similar for all three samples but the one exposed to air for 24 hours had a slightly lower 

roundtrip energy efficiency. Careful examine of the coulombic and voltage efficiency indicates that the 

difference is a result of slightly worse coulombic efficiency of that sample.  The study suggests that an hour or 

even up to 24 hours of air exposure does not lead to significant damage to electrochemical performance, 

allowing some relaxation in DRX handling.   

 

Figure IX.5.5 Comparison of specific discharge energy density and roundtrip energy efficiency of cells using the DRX materials with 

three different duration of air exposure time: 0, 1, and 24 hr. 

Charging time above 4.7 V: 

To evaluate the effect of time spent above 4.7 V during the charging process, we investigated three different 

charging protocols: 1) charge to 4.7 V and then go to open circuit voltage (OCV), 2) charge to 4.7 and then 

hold the voltage there until the current dropped to C/50, and 3) charge to 4.8 V and then switch to OCV. The 

lower cutoff voltage was kept the same at 1.5 V. Figure IX.5.6 shows the relationship between specific 

discharge energy (based on cathode active material) vs. cycle number. The capacity was the highest for the cell 

held at 4.7 V, surpassing that of the cell charged to 4.8 V. This suggests that the time spent at 4.7 at constant 

voltage results in more charge storage than that from the constant current charging from 4.7 to 4.8 V.  In 

addition, the cell that was held at 4.8 V shows the fastest energy fade, indicating that a voltage hold at 4.7 V is 

better for cell life than charging the cell to 4.8 V. The cell that was only charged to 4.7 V and put to OCV 

started with less capacity than the cell with a voltage hold at 4.7 V.  However, after 100 cycles, the former cell 

delivered more energy than the latter.  Although further work is needed in order to optimize DRX cycling 

protocols, our study clearly shows that limiting upper charging voltage to below 4.8 V is beneficial to cell 

performance.   
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Figure IX.5.6 Specific discharge energy vs. cycle number for three cycling protocols: 4.7 V to OCV, 4.7 then constant voltage hold, 

and 4.8 V then OCV. 

Electrolyte composition: 

The dependence of cell performance as a function of the electrolyte composition was also investigated. 

Specifically, we evaluated DMC as a replacement for EMC and also investigated the effect of LiBOB additive 

by using the following three compositions: 1) 1.2 M LiPF6-EC/EMC (1/2 wt., referred to as Gen2); 2) 1.0 M 

LiPF6-EC/DMC (1/2 wt., referred to as DMC); and 3) 1.0 M LiPF6-EC/DMC (1/2 wt.) + 3 wt.% LiBOB 

(referred to as LiBOB).  Figure IX.5.7 compares the capacity retention of the cells. The DMC cell has 

approximately the same initial discharge capacity as that of the Gen 2 cell, however, after 70 cycles, the 

capacities are at 215 mAh/g and 160 mAh/g for the DMC and Gen2 cells, respectively. The LiBOB cell has a 

slight improvement over the DMC cell initially, but it falls below the DMC cell at the 45th cycle and stays 

below from there. We believe that the superior performance of the DMC cell is partly due to the improved 

coulombic efficiency early on in the cycle life. The study suggests that DMC based electrolytes are better 

suited for cells equipped with a DRX cathode.   

 

Figure IX.5.7 DRX cathode cycled with LiPF6 electrolytes with either EMC or DMC as the solvent. A third cell contains DMC plus 3 

wt.% of LiBOB. 

Additional carbon: 

Due to the low electronic conductivity of DRX, the active material is typically mixed with carbon black prior 

to fabricating composite electrodes. This produces a mass of active material particles with an electronically 

conductive coating, resulting in electrodes with an overall higher carbon content than that in an NMC-based 
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electrode where the active material to carbon ratio is often kept around 94:3. To understand the impact of the 

additional carbon, we fabricated electrodes with carbon-coated DRX in two formulations: 70:20:10 and 

65:34:10 (active material: carbon: binder). Half cells were made and electrochemical impedance spectroscopy 

(EIS) was performed.  Figure IX.5.8 shows the Nyquist plot by subtracting the EIS data of the 65:34:10 cell 

from the 70:20:10 cell, leaving two main semi-circles. The frequency of the peaks of the semi-circles coincide 

with the impedance due to charge transfer and electrolyte transport.  The increase in these two sources 

increases the impedance in this frequency range by 33%, 30% attributed to the increase in charge transfer. We 

believe that the C65 carbon added during slurry making is a high surface area carbon that provides pore 

structure to the electrode.  The porosity created by this type of carbon improves electrolyte transport, not only 

increasing electrolyte diffusion through the electrode but also facilitating ionic transport to the surface.  The 

carbon coating introduced during the initial ball milling step, on the other hand, is not providing these 

functions.  Further examine of the coulombic capacity, coulombic efficiency, the energy on discharge and the 

roundtrip energy efficiency reveals that there is more capacity and energy delivered with the additional carbon, 

that the coulombic efficiency is not changed but the energy efficiency is improved with the additional carbon. 

Again, this indicates that the additional carbon mainly has the effect of reducing impedance in the cell, which 

we attribute to improved electrolyte transport as a result of higher porosity. 

 

Figure IX.5.8 Nyquist plot obtained by subtracting the electrochemical impedance spectroscopy of the 65:34:10 cell from that of 

the 70:20:10 cell.  While the cathode in the former cell only has ball milled carbon, the one in the latter cell has both ball milled 

carbon and a high surface area C65 conductive carbon additive. 

Type of carbon additive: 

With a goal of reducing the carbon content in the DRX electrodes, we compared three different carbon 

additives, C65 carbon black from Timcal (CB), graphitized carbon nano-fibers (GNCF), and carbon nano-

tubes (CNT). All additives were introduced during slurry preparation, along with the electrode active material 

that was previously ball milled with carbon black.  The amount of each carbon added was held constant at 

6.4%.  A plot of the discharge energy and roundtrip energy efficiency vs. cycle number for the three electrodes 

is provided in Figure IX.5.9.  Although the electrode with CNT has slightly less coulombic efficiency than the 

other two, the energy vs. cycle life as well as the round-trip energy efficiency are identical for all three types of 

carbons.  Results from the hybrid pulse power characterization, not shown here, are also identical for the three 

types of  carbons. Further evaluation on cells with reduced total carbon content (currently 25% total carbon 

content by weight is used) is under way, although our preliminary results clearly indicate the limited role of 

carbon type, especially when the variations in surface area are considered as well. 
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Figure IX.5.9 The discharge energy and roundtrip energy efficiency of three cells with different types of conductive carbon 

additives: CB, GCNF, and CNT. 

Conclusions   

In FY22, the Synthesis and Electrochemistry part of the “DRX deep-dive” program focused on increasing 

fluorination levels in DRX, developing alternative synthesis techniques, and determining performance-

controlling factors in electrode formulation, cell fabrication and cycling protocols. Three principal factors were 

found to limit fluorine solubility in DRX materials during solid-state synthesis. An alternative sol-gel process 

was developed to prepare DRX materials. The method produced DRX materials with good cycling stability 

and provided proof-of-concept for its use in synthesizing high-performing Mn-rich DRX cathodes. From the 

electrode fabrication efforts, we found that DRX materials can be exposed to air for at least an hour and 

probably longer without a significant impact on cell performance. Cycle life performance is improved by 

charging to an upper cutoff voltage of 4.7 V instead of 4.8 V, and alternative electrolytes that mainly consist of 

DMC instead of EMC are more compatible for stable DRX cycling. The addition of conductive carbon 

improves the overall electrode performance, likely a result of providing an open porous structure to the 

laminate.  Our preliminary results show limited impact from the type of carbon introduced during the slurry 

making process.  
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Project Introduction 

The projected growth of Li-ion battery (LIB) production towards multiple TWh/year will require several 

million tons of Co/Ni combined, which constitutes a very sizeable fraction of the annual production of these 

metals. The recent development of Li-excess cation-disordered rocksalts (DRX) provides an alternative to 

develop high energy density LIB cathodes that use more abundant and less expensive elements, and can 

respond to the industry need for lower cost, less resource intensive cathode materials. DRX materials have 

been shown to deliver energy densities over 1000 Wh/kg, and its cation disordered nature allowing for a wide 

range of chemistry free of Co and/or Ni. The ability to substitute some of the oxygen by fluorine in locally Li-

rich environments provides an extra handle to optimize performance through increasing transition-metal (TM) 

redox capacity. As this class of cathodes are relatively new, further materials design and development are 

needed in order to properly evaluate their promises and challenges towards eventual commercialization. To do 

so, fundamental understanding of what controls DRX performance characteristics, particularly rate capability, 

cycling stability and voltage slope, is critical. This project has assembled necessary research expertise in 

modeling, synthesis, electrochemistry and characterization to tackle these challenges. The current chapter 

reports on the Modeling and Characterization components of the project and it has a companion report on 

Synthesis and Electrochemistry of the materials. 

Objectives 

The goals of this project are as follows:  

• Understand the factors that control DRX cycling stability, particularly to what extent cycle life is 

controlled by impedance growth on the surface and by bulk changes in the material 

• Understand what controls the rate capability of DRX materials, particularly rate limitation posed by 

bulk transport and surface processes 

• Investigate the root of voltage profile slope in DRX 

• Develop Co-free high energy density DRX cathodes. 

Approach  

This project originally focused on three representative baseline systems and their analogues: 1) Mn-redox 

based Li1.2Mn0.625Nb0.175O1.95F0.05 (LMNOF), 2) Ni-redox based Li1.15Ni0.45Ti0.3Mo0.1O1.85F0.15 (LNTMOF), 

and 3) a high F-content Li2Mn1/2Ti1/2O2F (LMTOF-II) that utilizes the 2e- Mn2+/Mn4+redox couple. The team 

operates in six thrust areas representing the challenges and opportunities in DRX materials: 

1. Characterization of the local and global structures of the bulk material before, during and after cycling, 

including detailed characterization of TM and O redox processes in the bulk and on the surface. 

mailto:gceder@berkeley.edu
mailto:Tien.Duong@ee.doe.gov
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2. Characterization and manipulation of short-range cation ordering (SRO) to enhance rate capability.  

3. Characterization and modeling of the DRX surface chemistry and processes during cycling to high 

voltages 

4. Electrolyte/cathode interface issues and impedance growth due to surface processes 

5. Fluorine solubility limits and synthesis of highly fluorinated compounds with scalable methods 

6. Electrochemistry and testing in coin and pouch cells.  

The current report focuses on items (1-4) whereas items (5-6) are discussed in the report for the prior section.. 

Results  

1) Methodology for quantifying fluorine solubility 

Our findings from the solid-state synthesis experiments targeting highly fluorinated DRX compounds revealed 

that X-ray diffraction (XRD) analysis alone is insufficient to prove (or disprove) the presence of fluorine in 

reaction products. The formation and potential evaporation of LiF, in addition to the possible appearance of 

minor impurities including Li2O and Li2CO3, are difficult to characterize in a quantitative fashion using 

conventional techniques such as XRD. The presence of such phases can have a significant impact on the 

electrochemical performance of DRX cathodes, and therefore it is critical to develop new methodologies for 

their identification. Accordingly, we have outlined and validated a systematic experimental workflow as shown 

in Figure IX.6.1. This procedure is designed to accurately determine the composition of DRX cathode 

materials. It also includes a straightforward water-based washing procedure to remove possible Li-containing 

surface impurities from DRX samples. The new methodology has been applied to various cathode chemistries, 

including Li-Mn2+-Ti4+-O-F-based DRX materials obtained via solid-state: Li1.25Mn0.25Ti0.50O1.75F0.25 (F25) 

and Li1.25Mn0.20Ti0.55O1.85F0.15 (F15), as well as those from high-energy ball-milling such as 

Li1.33Mn0.33Ti0.33O1.33F0.66 (F66). We have also applied the approach to several  Li-Mn3+-Nb5+-O-F-based DRX 

compositions synthesized by solid-state methods, including Li1.2Mn0.6+x/2Nb0.2-x/2O2-xFx with x= {0.1, 0.2, 0.3} 

(denoted as NF10, NF20, and NF30, respectively). With this method, F25 and F66 were found to be 

Li1.21Mn0.267Ti0.525O1.88F0.12 and Li1.32Mn0.34Ti0.33O1.45F0.55, respectively. On the other hand, F15 had a 

stoichiometry of Li1.18Mn0.21Ti0.55O1.88F0.12 which is close to its target value. After washing, the stoichiometry 

of F25 was Li1.21Mn0.265Ti0.525O1.88F0.12. A significant reduction of Li-based impurities was observed, 

concurrent with a 14% increase in discharge capacity (from 159 to 182 mAh/g) after 20 cycles. These results 

highlight a significant discrepancy between the target composition and the actual stoichiometry obtained in 

DRX materials synthesized by conventional solid-state methods, which can be attributed to both LiF volatility 

during the high temperature sintering and the limited solubility of fluorine in DRX materials.  

 

Figure IX.6.1 The left panel outlines a multi-step characterization methodology designed to determine the composition of DRX 

cathode materials and identify potential impurities. In the right panel, we show results from characterization of the F25 sample 

using a) synchrotron XRD, b) 7Li, and c) 19F solid-state nuclear magnetic resonance (NMR). While the XRD pattern shows a pure 

DRX phase with no LiF or Li2O crystalline impurities (indexed with blue and purple reference lines, respectively), 19F NMR analysis 

indicates the presence of LiF impurity and 7Li NMR analysis shows  LiF impurity as well as Li2O and Li2CO3 impurities. 
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2) Effect of fluorine substitution level 

The impact of fluorination level on surface redox processes was investigated on a series of Li1.2Mn(0.6+x)/2Nb(0.2-

x)/2O2-xFx (LMNOFx, x = 0, 0.05, and 0.2) samples, using both scanning transmission electron microscopy 

(STEM) and electron energy loss spectroscopy (EELS) analyses.  In pristine LMNOF0, the average Mn 

oxidation state was found to be trivalent in the particle bulk, but a distinct energy shift of the Mn L3 peaks is 

observed within a thin surface layer (~ 5 nm), indicating that the reduction of Mn valence is present at the 

surface due to oxygen deficiency. On the other hand, in the cycled LMNOF0 particles (Figure IX.6.2), there is 

a much stronger gradient distribution for the energy shifts of the Mn L3 peaks from the bulk to the surface, 

indicating that the Mn valence reduction penetrates much deeper (up to 35 nm into the bulk). Since the Mn 

valence reduction can compensate for oxygen loss, such observed cycling-induced changes of the Mn valence 

distribution indeed suggest oxygen loss during cycling.  

Increasing the F concentration to a high level (x = 0.2) in the DRX composition can improve the structural 

stability drastically, which is confirmed by our characterizations of the LMNOF0.2 cathode particles (Figure 

IX.6.2). The maps of the Mn L3 peak energy shifts show that in both the pristine and cycled LMNOF0.2 

particles, the Mn valence reduction mostly occurs within ~ 5 nm of the surface, corresponding to the local 

oxygen loss only at the very surface. These findings clearly demonstrate the critical role of high-level 

fluorination in the DRX cathode for greatly enhanced structural stability during cycling. 

 

Figure IX.6.2 Scanning transmission electron microscopy - high-angle annular dark field (STEM-HAADF) images and corresponding 

EELS maps of Mn L3 peak energy shifts, showing cycling-induced changes of Mn valence distributions in un-fluorinated (LMNOF0, 

left) and highly fluorinated (LMNOF0.2, right) DRX cathode particles. 

Results from the soft X-ray absorption (sXAS) analysis further validate these observations.  Figure IX.6.3 

displays the surface Mn and O sXAS spectral evolution upon electrochemical cycling of LMNOF0.05 cycled in 

the standard PVDF/LiPF6 binder/salt system, in comparison with F-free binder/electrolyte PE/LiClO4 systems. 

The surface Mn state shows a very reversible redox in standard electrolyte, although the overall oxidation 

states are lower compared with the corresponding bulk state (Figure IX.6.3a). Such behavior is in sharp 

contrast with other Li-rich system with no fluorination based on similar sXAS measurements. This is generally 

consistent with the suppressed oxygen activities in fluorinated electrode materials, indicating a surface 

stabilization effect through fluorination. 

Figure IX.6.3b-c are surface O-K sXAS evolutions during the 1st and 20th cycles. While the spectral variations 

of the standard binder/electrolyte system are dominated by the expected TM changes in the pre-edge range 

(528-533 eV) of the O-K sXAS, F-free system shows a strong cycling of carbonate species on the surface 

across extended cycles, indicating the occurrence of substantial electrolyte degradation. 
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Figure IX.6.3 (a) Surface Mn state evolution of a LMNOF0.05 electrode cycled with a standard binder/electrolyte system 

(PVDF/LiPF6). The oxidation state of surface Mn is clearly lower than that of the bulk, but displays fairly reversible behavior upon 

cycling. Bulk Mn is evaluated by Mn-L mRIXS-iPFY anlysis that is not shown here. (b) Surface O state evolution of LMNOF0.05 in 

standard binder/electrolyte system. A typical pre-edge evolution is observed due to the TM state change, consistent with (a). (c) 

Surface O-K spectra reveal a strong carbonate cycling of LNMOF in F-free PE/LiClO4 system over 20 cycles. 

The above results suggest that either increasing fluorination in DRX bulk material or using an alternative 

electrolyte system are effective in stabilizing DRX electrode surface under high-voltage operations. Mitigating 

the finite amount of F loss in the near surface region and optimizing the binder/electrolyte system, however,  

are not trivial tasks. We are currently investigating chemical oxidation reactions taking place at the cathode of 

Li-ion batteries. By studying the feasibility of these reactions, we will elucidate which decomposition products 

are formed in the cathode-electrolyte interphase of DRX electrodes and the mechanisms responsible for their 

formation. Our approach builds upon the framework recently developed for the solid-electrolyte interphase at 

the anode [1]. We determine likely intermediates by fragmenting initial solvent molecules, such as ethylene 

carbonate (EC) and LiPF6 along with likely gaseous reactants, such as O2 into smaller molecules and atoms. 

These fragments are then recombined to generate potential reaction intermediates. The feasibility of a reaction 

to pass through any given intermediate is determined by constructing chemical reaction networks 

parameterized by free energies from density functional theory (DFT) computations. We have started by 

investigating the oxidation of EC. Through the process of fragmentation and recombination, we determined 

~3000 new reaction intermediates whose free energies are being computed. We have also included proton 

transfer reactions, which have been suggested [2] to cause reactions to occur at less oxidative potentials. We 

will study different electrolytes and salts and compare predicted gaseous products with available experiments. 

We will expand recent work [3] by our group, which describes a mechanism for the decomposition of LiPF6 

through reactions with Li2CO3 to form reaction products such as POF3 and F2PO2H and investigate the 

possibility of this reaction occurring at the cathode. 

To further understand electrolyte degradation, we turn to outgassing measurements in various operating 

voltage windows of the LMNOF0.05. Noting that residual Li2CO3 can contribute to CO2 outgassing, along with 

electrolyte degradation processes, we first use solid-state NMR to understand the phase purity of the LMNOF 

materials.  Our 7Li and 19F solid-state NMR results indicated that the as-prepared DRX cathodes are phase pure 

and that F is well incorporated into the bulk DRX framework. Specifically, no Li-containing diamagnetic 

impurity phase was observed in the 7Li solid-state NMR data, and no residual LiF precursor was observed even 

for highly fluorinated (x=0.6) active materials. The 7Li solid-state NMR results are consistent with the low 

amount of surface carbonate species measured by acid titration.  

To mitigate CO2 outgassing without substantially lowering Mn-DRX cathodes’ capacities, we fine-tuned the 

discharge cut-off voltage between 1.5-2.25 V for cycling LMNOF0.05 in a conventional electrolyte, 1 M LiPF6 

in EC/EMC (3:7 v/v), as shown in Figure IX.6.4. Our DEMS results indicate that uplifting discharge cut-off 

voltage can suppress low-voltage CO2 evolution in the following charge, and we identified 1.85 V as the 

optimal discharge cut-off voltage for LMNOF cathodes. In summary, our DEMS technique identified 
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electrolyte degradation as the dominant source of CO2 evolution, which can be effectively suppressed by fine-

tuning operating voltage windows for Mn-based DRX cathodes. 

 

Figure IX.6.4 DEMS results for Li-Mn-Nb-O-F DRX cathodes cycled within various voltage windows. All cathodes were cycled at 0.1 

Li h–1 (29.4 mA g–1) using 1M LiPF6 in EC/EMC (3:7) as the electrolyte. 

F substitution into the O anionic sublattice lowers the overall anionic valence and enables a higher amount of 

Mn to be incorporated into the DRX material. Following our team’s recently-published study of the Mn-rich 

and F-rich Li1.2Mn0.7Nb0.1O1.8F0.2 cation-disordered rocksalt cathode, revealing bulk structural rearrangements 

during cycling leading to a 125% increase in reversible capacity after 30 cycles, we explored a Mn- and Ti-

based DRX material with a higher Mn content of 0.8. This material also shows bulk changes upon extended 

cycling, as is clearly observed from the changes in the distribution of Li local environments as studied by 7Li 

solid-state NMR (Figure IX.6.5). For example, the 7Li spectrum collected on a discharge sample (sample C) 

after 30 cycles features a broad signal characteristic of Li in the bulk disordered rocksalt cathode, but the 

average resonance frequency of this signal (orange line at 160 ppm in Figure IX.6.6c) is a lot lower than that 

observed for the pristine cathode (grey line at 290 ppm in Figure IX.6.6b). Those bulk structure changes are 

accompanied by a significant evolution of the electrochemical curve, with the development of plateau-like 

features at ~4 V and ~3V, reminiscent of bulk structural changes reported in ordered (layered) Mn-rich oxide 

cathodes. Yet, unlike layered oxide cathodes, the bulk changes occurring in the disordered rocksalt cathode of 

interest are beneficial rather than deleterious, and lead to a very high and stable reversible capacity of 

 320 mAh/g after 30 cycles. Those promising results provide new materials design rules for ultrahigh 

capacity, Mn-based Li-ion cathodes. 
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Figure IX.6.5 7Li solid-state NMR isotropic spectra collected on cathode samples obtained at various states of charge. (a) 

Discharge voltage profile obtained during the 30th cycle and plotted as a function of the depth of discharge (DoD). The recovered 

electrode samples were obtained at A (0% DoD, 4.8 V), A’ (20%, 3.5 V), B (50%, 2.84 V), B’ (65%, 2.7 V), C’ (80%, 2.0 V), and C 

(100%, 1.5 V). (b) 7Li fully isotropic pj-MATPASS spectrum collected on the pristine Li-Mn-Ti-O-F cathode sample (P), with a 

deconvolution of this spectrum using three Gaussian components (grey signals). A Lorentzian component was used to account for 

the Li-based diamagnetic impurities (dark blue signal). The grey line indicates a central chemical shift value of 290 ppm. (c) 7Li 

fully isotropic pj-MATPASS spectra collected on ex situ cathode samples stopped at various stages of discharge during the 30th 

cycle as shown in (a). The blue and orange lines indicate chemical shift values of 580 ppm and 160 ppm, respectively. The sharp 

peak around 0 ppm is attributed to diamagnetic Li environments formed during electrode preparation and electrochemical cycling 

(e.g., due to residual Li-containing precursor phases or to electrolyte degradation). 

3) Carbon coating and characterization 

Carbon coating of cathode particles can effectively increase the electrical conductivity while preventing them 

from direct exposure to electrolyte. To reveal the morphology and structure of carbon coating on DRX 

cathodes, HAADF imaging, energy dispersive spectroscopy (EDS) and EELS was performed on particles that 

were carbon coated using the chemical vapor deposition method.  Specifically, Li1.2Mn0.4Ti0.4O2 (LTMO) 

DRX cathode particles were carbon coated at 600°C in Ar and Ar/H2 environments and C2H2 was used as a 

carbon source. Figure IX.6.6 shows STEM-HAADF images and EDS mapping of cathode particles in pristine 

and carbon coated states. As evident from the Figure IX.6.6a, Ti, Mn and O elements are uniformly distributed 

in LTMO particle in the pristine state.Figure IX.6.6b is the HAADF and EDS images of LTMO particle carbon 

coated in the Ar environment, which reveals the non-uniform (30-60 nm) thickness of the carbon coating. 

Figure IX.6.6c is the HAADF and EDS images of LTMO particle carbon coated in the Ar/H2 environment 

where the thickness of the carbon coating varies from the 20 nm to 150 nm. In both carbon coated samples, the 

active TM and oxygen distribution remain uniform while the carbon thickness appeared to be nonuniform. 

 

Figure IX.6.6 STEM-HAADF images, EDS elemental maps showing carbon spatial distribution, and EELS analysis showing the 

electronic structure of the carbon coating on DRX particles. (a) Pristine LTMOF, (b) LTMOF carbon coated in the Ar environment, (c) 

LTMOF carbon coated in the Ar/H2 environment. Scale bar is 500 nm. STEM-HAADF images of (d) LTMOF carbon coated in the Ar 

environment, (e) LTMOF carbon coated in the Ar/H2 environment showing carbon on the surface and the points from where the 

EELS spectra were taken, and (f) EELS spectra taken at C-K edge for particle (d) (blue) and (e) (red). 



Batteries 

628 Next Generation Lithium-Ion Materials: Advanced Cathodes R&D 

The carbon structure on LTMO particle surface was further studied by STEM-EELS. EELS was taken from the 

surface carbon region where C-K (π*) edge was observed at 284.5 eV as shown in Figure 7d-f. The nature of 

the C-K (σ*) peaks and the relative intensity of C-K (π*) and C-K (σ*) were analyzed which clearly revealed 

the amorphous nature of the carbon on particles coated in both Ar and Ar/H2 environment. The study provides 

guidance on future optimization of carbon coating methods for better electrochemical performance of DRX 

cathodes. 

Conclusions   

In FY22, the Characterization and Modeling part of the “DRX deep-dive” program focused on developing 

fluorine quantification methodologies, understanding the impact of fluorination levels, and establishing 

techniques to characterize carbon coating. The discrepancy between the target composition and the actual 

stoichiometry obtained in DRX materials synthesized by conventional solid-state methods was demonstrated. 

The leading factors for the discrepancy, which include  LiF volatility during the high temperature sintering and 

the intrinsic F solubility limit in DRX materials, revealed. Through the investigation of nanoscale structural 

and chemical changes upon cycling of a series of Mn-based DRX cathodes with varied F concentrations, we 

directly visualized the spatial distribution of Mn oxidation states near the surface, therefore gaining insight on 

the cathode surface oxygen loss upon battery cycling and their dependence on the F concentration. The 

chemical evolution of both the transition metals and CEI species on the surface of DRX electrodes in 

comparative electrolyte systems were also elucidated. We further accurately quantify CO2 gassing rates within 

various voltage windows by using differential electrochemical mass spectrometry. Finally, characterization 

techniques were successfully applied to elucidate the nature of carbon coating on DRX particles.  
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X Next-Gen Lithium-Ion Materials: Frontier Science at 

Interfaces 
In lithium-ion batteries, most electrochemical reactions occur at the electrode-electrolyte interface. The 

interface components, surface structure and property determine battery performance. Thus, numerous efforts 

have been made to form or modify the electrode-electrolyte interface. In current commercial lithium-ion 

batteries, the important interface is the solid-liquid interface – and a non-aqueous liquid organic solvent is 

often the liquid electrolyte, generally made of lithium salt. It provides the lithium-ion transfer channels as the 

ion carrier; isolates the electron conduction, in favor of conductivity in the whole battery as the bridge 

connecting the cathode and anode.  

The interface influences most of the reaction processes and parameters determining the battery performance. 

Furthermore, the side influence usually occurs between the electrode and electrolyte or on the surface of the 

electrode materials. To improve the performance of LIBs, the surface and interface in the battery can be 

efficiently modified and tuned.  

The rest of this chapter contains detailed reports on the status of the following individual projects. 

• Molecular-level Understanding of Cathode-Electrolyte Interfaces (University of Colorado, NREL) 

• Interfacial Studies of Emerging Cathode Materials Lawrence Berkeley National Laboratory (LBNL) 

• Understanding Modification of High-Energy Cathodes and Their Interfaces with Electrolytes for 

Next-Generation Li-ion Batteries (PNNL) 

• Fluorinated Deep Eutectic Solvent (FDES)-Based Electrolytes (ANL) 

• Developing In situ Microscopies for the Model Cathode/ Electrolyte Interface (NREL).  
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Project Introduction 

Understanding the underlying reaction mechanisms accounting for cathode-electrolyte interphase formation is 

crucial to overcome present limitations and to develop stabilization strategies for next-generation lithium-ion 

batteries (NG-LIBs). To tackle this challenge, we combine theoretical modeling with X-ray surface scattering 

and spectroscopic studies along with electrochemical characterization using model thin-film cathode electrodes 

and high purity electrolytes. The collaboration team consists of researchers from SLAC National Accelerator 

Laboratory, U.S. Army Research Laboratory (ARL), the University of Colorado Boulder, and Oregon State 

University (OSU). Molecular-level modeling of cathode-electrolyte reactions are combined with diagnostics of 

cathode interphase evolution. This approach allows in-depth theoretical modeling and experimental probes to 

develop the necessary level of understanding into the interface degradation mechanisms and cathode 

stabilization strategies and it builds on our past success in related interfacial research [1–8]. To achieve our 

goals, we have employed high-voltage epitaxial thin film cathodes and carbonate-based and advanced 

fluorinated electrolytes. We have conducted synchrotron x-ray scattering and spectroscopy along with ion 

spectroscopies to elucidate underlying mechanisms of interfacial degradation of cathode surfaces and 

rationalization of cathode stabilization strategies through electrolyte design. Our approach will provide 

fundamental knowledge about how electrode surface and electrolyte design dictate interfacial reaction 

pathways and will help enable stabilization strategies for cathode interface. 

Objectives 

High-energy NG-LiB electrochemistry requires the utilization of high capacity and high voltage metal-oxide 

cathode materials. Their full potential has to date been hampered by the paucity of understanding the 

underlying chemistry and physics on the cathode-electrolyte reaction and the directed interphase. In particular, 

the practical implementation of NG-LIBs is to a large extent obstructed by the lack of a suitable electrolyte. 

While typical carbonate-based electrolytes have been reliable in commercial LiBs, there is degradation of 

electrolyte at high potentials. In combination with the highly reactive cathode metal oxide surface and surface 

defects, this creates an unstable cathode-electrolyte interface, which results in gas evolution, transition metal 

dissolution, active material consumption, and increased interfacial impedance. This is more problematic at 

elevated temperatures and/or during fast charging. Significant progress in mitigating these issues has been 

reported by using different electrolytes, such as nitriles [9], sulfones [10, 11], ionic liquids, and fluorinated 

carbonates [12]. However, stabilization of high voltage cathode-electrolyte interface (CEI) is unresolved due to 

a lack in mechanistic understanding of the degradation and stabilization strategy [13-14]. Our objective is to 

provide a detailed understanding of the interfacial reaction between the cathode and electrolyte. This includes 

an elucidation of the interphase evolution pathway and the changes on cathode structure and composition. We 

anticipate that our results will fill the gap in current understanding of the underlying chemistry and physics of 

mailto:michael.toney@colorado.edu
mailto:Tien.Duong@ee.doe.gov
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cathode-electrolyte reactions and will be disseminated through impactful publications. This knowledge can be 

utilized to guide the design of advanced electrolytes and the development of cathode stabilization strategies 

and will help to accelerate the development and deployment of NG-LIBs for various applications. 

Approach  

Our approach is to combine density functional theory (DFT) calculations and molecular dynamics (MD) 

simulations with advanced x-ray studies and precision electrochemical characterization using model thin-film 

electrodes. It starts with the purification of electrolytes and the controlled growth of low-Co, transition metal 

oxide thin films by Pulsed Laser Deposition (PLD) and Polymer-assisted Deposition (PAD). The reactivity and 

stability of cathode in electrolytes are probed by synchrotron-based X-ray scattering and spectroscopy studies. 

PLD-derived epitaxial lithium nickel-manganese-cobalt-oxide (NMC) thin-film as well as PAD synthesized 

spinels (LMO, LNMO, etc.) are used as well-defined, high voltage cathode materials. Utilization of epitaxial 

NMC532 thin films as model systems enables high resolution x-ray experiments and well-controlled 

electrochemical experiments that only contain contributions from the cathode rather than the parasitic reactions 

from the conductive additive or binder material. In order to achieve our objectives to identify the key cathode-

electrolyte reactions, we plan a multimodal surface-sensitive probes, involving synchrotron-based x-ray 

scattering techniques (x-ray reflectivity or XRR, grazing incidence X-ray diffraction (GI-XRD) and surface X-

ray diffraction or SXRD, as well as x-ray spectroscopy (x-ray absorption spectroscopy or XAS) measurements. 

XRR, GI-XRD and SXRD will yield information on the structural transformation of NMC and spinels thin 

film cathodes when they react with the electrolyte. XAS will unravel complementary chemical information and 

composition on cathode interphase. The obtained experimental results are compared with the molecular-scale 

modelling on the cathode-electrolyte interfacial reactions. 

Results  

In general, progress was dramatically slowed due to the coivd-19 restrictions and lab-based research and 

access to synchrotron sources. This delayed many experiments at the Advanced Photon Source and the 

Stanford Synchrotron Radiation Lightsource and limited access to labs at SLAC, OSU, CU Boulder and the 

ARL. It was impossible to conduct in situ experiments at either SSRL or APS, as site access was eliminated 

for most user. From the experimental side, we focused on data analysis, some remote experiments and 

planning. 

We first focus on the reactivity and stability of cathode thin-films in carbonate-based electrolyte. Here, 

NMC532 thin films with controlled surface structure and film thickness have been developed through PLD 

growth. Surface X-ray characterization showed that single-crystal 10 nm LiNi0.5Mn0.3Co0.2O2 (NMC532) thin-

films have been successfully deposited on SrTiO3 substrate with 15 nm SrRuO3 as conductive buffer layer 

(Figure X.1.1). Non-specular phi scans confirmed the epitaxial relationship between NMC film and SrTiO3 

substrate (Figure X.1.1B). In order to probe the chemical reaction between cathode and carbonate-based 

electrolyte, the thin-film is subject to the solvent of ethylene carbonate (EC) - ethyl methyl carbonate (EMC) 

and electrolyte LP57 (1 M LiPF6 in EC-EMC) for chemical soaking in glovebox for 2 hours. There are almost 

no changes on the SXRD peak position and profile of NMC films before compared to after chemical soaking 

(Figure X.1.1C), indicating negligible influence of chemical soaking on the out-of-plane structure of the NMC 

thin films. 
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Figure X.1.1 Structural evolution of cathode thin-film with/without carbonate-based electrolyte (A) XRR of 10 nm NMC532 films 

grown on SrTiO3 substrates with 15 nm SrRuO3 buffer layers; (B) Off-specular phi-scans of STO {001}, NMC {104}, and NMC {003} 

of the film; C) SXRD of NMC532 films before and after exposure to EC-EMC solvent and LP57 electrolyte 

Although there are negligible structural transformations of NMC films upon chemical soaking, there are 

significant chemical transformations of NMC thin films. Total-reflection X-ray absorption near edge structure 

(XANES) of NMC thin-films has been utilized as a surface-sensitive probe to study the valence evolution of 

transition metals before and after the exposure to EC-EMC solvent and LP57 electrolyte. Ni K-edge XANES 

showed that compared to the pristine films, there are significant negative shifts of spectra toward lower energy 

after exposure to LP57 electrolyte (Figure X.1.2A). This indicated a dramatic reduction of Ni sites in NMC 

thin films after soaking in carbonate electrolyte. Such reduction phenomena can be also evidenced using EC-

EMC solvent. After EC-EMC solvent soaking, the NMC thin-films showed similar spectra shifts at Ni K-

edges, indicating the main contribution from carbonate solvent for Ni reduction, showing the LiPF6 salt is 

plays a negligible role. Solvent-induced transition metal reduction is further evidenced in Co sites in NMC 

thin-films by the peak shifts after chemical soaking of NMC thin-films in EC-EMC solvent and LP57 

electrolyte, while the peak shifts are smaller than Ni sites, indicating a decreased reduction degree for Co. 

Interestingly, there are negligible changes on the absorption peak position for Mn sites after the exposure to 

LP57 electrolyte and EC-EMC solvent under the same condition. Therefore, this shows the transition-metal-

dependent degradation of NMC thin-films in carbonate-based electrolyte, and the EC-EMC solvent is believed 

to play a dominant role. Observation of different behaviors for transition metal reduction in carbonate-

electrolyte is found to be consistent with the current understanding of the key contribution from Ni redox and 

partial contribution from Co redox in NMC cathode capacity, while Mn sites are believed to play a 

stabilization effect. 
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Figure X.1.2 Transition metal-dependent degradation of NMC cathode in carbonate-based solvent and electrolyte. Total-reflection 

X-ray absorption near edge structure (XANES) of NMC thin-films before and after exposure to EC-EMC solvent and LP57 electrolyte 

at Ni, Co, and Mn K-edges 

To understand the chemical reaction between the cathode and carbonate-based electrolyte, density functional 

theory (DFT) calculations have been conducted using the LixNiO2 model cathode surface at different stages of 

lithiation that mimics different battery state of charge. The LiFSI and LiPF6 salts decomposed on the LiNiO2 

surface forming LiF [15, 16]. Carbonate solvents EC, EMC, fluoroethylene carbonate (FEC), propylene 

carbonate (PC) and additives 3,5-bis(trifluoromethyl)-1H-pyrazole, 1-methyl-3,5-bis(trifluoromethyl)-1H-

pyrazole underwent H-transfer from solvent to the oxygen of LixNiO2 surface [16, 17]. Solvent fluorination, 

complexation of the solvent with a Li+ and increasing lithiation of LixNiO2 cathode surface made this H-

transfer reaction less favorable (Figure X.1.3). Cyclic carbonates undergo ring opening reaction after H-

transfer and evolve CO2. Further DFT calculation showed the possible proton transport pathways in layered 

structure.  

 

Figure X.1.3 Protonation reaction pathway between cathode and carbonate-based electrolyte. A) DFT calculation of EC and LiPF6 

salt decomposition reactions and their reaction activation energy  on standard cathode Li0.5NiO2 surface; B) Illustration of the 

possible proton transfer pathways inside layered structure in cathode; C) Illustration of the interfacial degradation of NMC 

cathodes through surface protonation due to the deprotonation reaction of EC solvent on cathode surface 

Therefore, when NMC thin-films are subject to a carbonate-based electrolyte, there are interfacial protonation 

reactions accounting for the degradation of cathode surface. The deprotonation of EC solvent at cathode can 

produce protons which would be transported in layered cathode, therefore reducing both Ni and Co sites, and 

generating radicals. Such a hypothesis is found to be consistent with our x-ray studies on the chemical 

transformation of NMC thin-films in carbonate-based electrolyte. Due to a fact that the proton is small, there 

are expected to be negligible changes on the out-of-plane structure in layered NMC. However, because of the 

positive charge that proton carries, the charge compensation mechanism will lead to significant reduction of Ni 

and Co sites. Therefore, SXRD showed negligible structural changes after chemical soaking of NMC thin film 

in carbonate electrolyte and solvent, however, significant chemical transformation of both Ni and Co sites have 

been evidenced by XAS. Since Ni and Co reduction origins from proton trapping, an estimation of proton 
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numbers in the NMC thin film has been conducted through a quantification of Ni and Co reduction degree 

(Figure X.1.3). More importantly, our hypothesis on the protonation degradation in NMC is found to be 

consistent with early theoretical prediction on the possibility of layered cathode hydrogenation [18, 19]. 

Such a hypothesis is further supported by a solvent fluorination effect on cathode stabilization. Based on the 

physical chemistry understanding, the fluorination of carbonate solvent leads to advanced solvent and 

electrolyte with enhanced chemical stability, therefore this can suppress the deprotonation reactions. NMC 

thin-film is then subject to carbonate-based solvent (EMC) and electrolyte (LP57), and the fluorinated 

electrolytes 1 M LiPF6 in fluoroethylene carbonate (FEC)-EMC (labeled as 1F electrolyte) and 1 M LiPF6 in 

fluoroethylene carbonate/3,3,3-fluoroethylmethyl carbonate/1,1,2,2-tetrafluoroethyl-2, 2, 2′-trifluoroethyl ether 

(FEC:FEMC:HFE, 2:6:2 by weight, labeled as 3F electrolyte) and HFE solvent. Soft-XAS collected in total 

electron yield with high surface sensitivity has been utilized to study the oxidation state of Ni and electronic 

properties of O when NMC thin-film is subject to different solvent and electrolyte (Figure X.1.4). As 

evidenced in Ni L3-edge XAS, as compared to pristine sample, there is negative shift of spectra toward lower 

energy after NMC is exposed to LP57 electrolyte (1 M LiPF6 in EC-EMC solvent), indicating a Ni reduction 

(Figure X.1.4A). However, such reduction is absent in NMC thin films after soaking in EMC solvent, 

indicating that the main deprotonation source comes from EC solvent. This result is found to be consistent with 

our theoretical modelling on EC deprotonation on cathode surface (Figure X.1.3A). Besides EMC, fluorinated 

solvent (HFE) and electrolytes (1F and 3F) are also found to be able to stabilize Ni sites in NMC, indicating 

the key contribution from solvent fluorination on cathode stabilization. The effect of solvent on cathode 

reactivity is further confirmed by O K-edge soft-XAS (Figure X.1.3B). The pre-edge peaks in O K-edge soft-

XAS are a good indicator of transition metal oxidation states in NMC cathode since this comes from the hybrid 

orbital of transition metal 3d orbital and oxygen 2p orbital. As clearly shown, as compared to NMC films 

exposure to the fully fluorinated electrolyte 3F, there is slightly decreased intensity for pre-edge peak located 

around 530.2 eV for NMC films exposure to half-fluorinated 1F electrolyte, while the carbonate-based 

electrolyte LP57 leads to significant weakening in pre-edge peak intensity. This demonstrates that carbonate-

based electrolyte tended to lead to NMC reduction, while the fluorinated solvents help to stabilize the cathode 

surface. The soft-XAS studies further support our hypothesis on interfacial degradation of NMC cathode by 

EC deprotonation reaction, since a replacement of hydrogen in solvent molecule by fluorine leads to 

fluorinated solvent with enhanced chemical stability toward deprotonation. Therefore, with an absence of 

solvent deprotonation, the stability of NMC cathode in electrolyte is enhanced. 

 

Figure X.1.4 Solvent effect on cathode degradation and stabilization. A) Ni L-edge XAS of NMC thin-film before and after exposure 

to carbonate electrolyte LP57, fluorinated electrolytes 1F and 3F; B) O K-edge XAS of NMC thin-films after exposure to carbonate 

electrolyte LP57 and fluorinated electrolytes 1F and 3F 
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Figure X.1.5 (A) Electrochemical stability window of carbonate-based LP57 electrolyte and fluorinated electrolytes. (B) Voltage drop 

of NMC thin-films after charging to 4.2 V in LP57 electrolyte; (C) The leakage current of the NMC532 thin-films during the potential 

hold at 4.2 V 

We have further investigated the self-discharge properties of the NMC532 thin film electrodes. Figure X.1.5 

shows the stability of the electrolyte (A), the self-discharge, as observed from the potential drop after cathode 

charge to 4.2V (B), and the leakage current flow to the cathode charged to 4.2 V (C). This shows a strong self-

discharge that we hypothesize is related to the deprotonation of the carbonate electrolyte at high potential and 

the proton insertion into the NMC532 metal-oxide cathode.  

To confirm the presence of protons in the transition metal cathodes, we turn toe time-of-flight secondary ion 

mass spectrometry (TOF-SIMS) performed at NREL (Steve Harvey). The electrodes were charged in 

deuterated EC:DMC with 1 M LiPF6. These preliminary and not yet analyzed results are shown in Figure 

X.1.6 for NMC532 thin films cathode for pristine (A), charged to 4.2 V and relaxed to 4.15 V (B) and charged 

to 4.5 V and relaxed to 4.46 V (C). This suggests loss of Li near the surface for higher state of charge. Figure 

X.1.6(D) shows the deuterium signals and suggested more deuterium in the higher charge states, which will be 

confirmed. These compositional results are consistent with our model. Beyond the characterization of 

electrolyte stability with NMC532 electrodes, we are investigating the structural, chemical, and 

electrochemical aspects of the CEI using lithium manganese oxide (LMO). These studies employ the 

electrolyte LP58 (1.2 M LiPF6 in EC: EMC=3:7) as a model electrolyte. 
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Figure X.1.6 Preliminary TOF-SIMS (A) pristine NMC. (B) charged to 4.2 V and relaxed. (C) charged to 4.5 V and relaxed. (D) and (E) 

deuterium TOF-SIMS summary.  

The method for the fabrication of LMO thin film was guided by the work of Di et al [20]. Polymer-assisted 

deposition (PAD) is used to form a 25-50 nm thick continuous layer of LMO on an electrically conductive 

substrate. The substrate is a n-type doped Si wafer (ρ = 5 mΩ-cm) coated with 20 nm of Pt on the polished side 

and 40 nm Au back-coating. A 7-nm-thick layer of Cr improves the adhesion of the Pt and Au layers to Si, as 

shown in the inset of Figure X.1.7(A).  

 

Figure X.1.7 Structural evolution of LMO thin-film during fabrication (A)  LMO films grown on 20 nm Pt substrates with 7 nm Cr 

adhesive layers ; (B) GI-XRD of As-doped Si substrate, Cr coated Si, Pt/Cr coated Si, and LMO thin film on Pt/Cr/Si, respectively. 
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Lithium nitrate (LiNO3), manganese (II) acetate tetrahydrate (Mn [CH3CO2]2·4H2O), polyethylenimine (PEI), 

and ethylenediaminetetraacetic acid (EDTA) were purchased from Sigma-Aldrich. Lithium nitrate and 

manganese acetate tetrahydrate were dissolved in deionized water at 1.1:2 (Li/Mn molar ratio) to prepare the 

metal salt solution. A 10% excess lithium was added to compensate for the evaporation of lithium during 

calcination. EDTA and PEI (50 wt %) were mixed at a 1:2 mass ratio and dissolved in deionized water to 

prepare the polymer solution. The polymer solution and metal salts solution were mixed and stirred until the 

solution was homogeneous to obtain the final LMO precursor solution. The Pt-coated substrate was cut into 

smaller pieces of approximately 1cm×1cm, and then cleaned in acetone, sonicated for 20 min, and then rinsed 

with acetone and deionized water. After drying in air, the substrate was cleaned in an ozone cleaner for 15 min. 

Approximately 50 μL of the LMO precursor solution was spin coated onto the substrate at 3000 rpm for 30 s. 

Eventually, the films were transferred into a single zone tube furnace and calcined from room temperature to 

200°C (1°C/min), held at 200°C for 2h and then to 540°C (2°C/min) and held at 540°C for 1 h in air. 

The crystal structure was measured using grazing incidence X-ray diffraction (GI-XRD) with a Rigaku 

SmartLab diffractometer equipped with a Cu source. LMO has a spinel structure with space group of Fd3m̅. 

The GI-XRD patterns shown in Figure X.1.7(B) reveal a spinel phase of LMO with diffraction peaks that 

closely match the expected structure. Diffraction signatures for platinum, including the (111), (200) and (220) 

reflections are also observed, indicating that a single phase of LMO has been formed. 

To verify that the LMO thin films were electrochemically active, we performed cycle voltammetry (CV) on 

using a customized cone cell.[21] The design of this cell makes it possible for elimiating the impact of SS 

caps, saparators, current collectors, carbon black and binders in commonly seen coin cell tests. Also, it 

mitigates the issue of signal contamination in in-situ/operando X-ray characterization. The cone cell, 

illustrated in Figure X.1.8 (A), is supported by insulating PEEK, while the inner cone is made of highly 

durable and electrochemically inert Teflon. The LMO was placed under the cone and lithium metal wire 

serving as the counter and reference electrode was situated directly above the active area of LMO without 

contact to the LMO or cone. The cone cell was filled with electrolyte until the electrodes were immersed. An 

open-circuit voltage of 3.85 V vs. Li/Li+ was observed for LMO, as shown in the beginning of the first cycle 

(red) in Figure X.1.8. The CV measurement was made within the potential range of 3.5-4.3 V at 1 mV/s by 

scanning first to the upper voltage limit and then back to the lower voltage limit, with this cycle repeated 10 

times. The cylcic voltammagrams in Figure X.1.8 show that the first anodic scan has peaks at 4.05 V and 4.22 

V, which indicates a charge transfer process associated with the phase tranformation of LiMn2O4 first to Li1-

xMn2O4 (0<x<1) and then to λ-MnO2. The cathodic scan shows two peaks at 4.13 V and 3.97 V, which is 

associated with the reversal of this two-step reaction. Starting from the 2nd cycle, that two peaks in the anodic 

scan have shifted to lower voltages, 4.02 V and 4.17 V, respectively, indicating that the energy barrier for the 

reduction of LMO decreases after the first cycle. One plausible hypothesis to explain the reduction of this 

energy barrier is that a CEI layer forms and stabalizes during the first anodic scan, consistent with previous 

work that suggests MnO may form on the top surface (1-2 nm) during the first delithiation of LMO [22]. It is 

possible that MnO is part of the constitient in the CEI. Comparing the 2nd to 10th cycles, it is clear that the 

electrochemistry using LMO films is reversible in CV. and the resulting CEI is representative to those of the 

real battery condition. The total charge of each half-cycle is 0.31±0.04 μAh, which indicates that the thickness 

of LMO film is ~25nm, assuming that all LMO in the active area is lithiated/delithiated during CV. 
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Figure X.1.8 Electrochemistry Tests for PAD-LMO films. (A) Schematic of A Cone Cell for Thin Film Electrochemistry Tests (B) Cycle 

Voltammetry (CV) of PAD-LMO film of the 1st, 2nd, 5th and 10th cycles 

                                

The composition of the CEI layer formed on LMO cathode materials after electrochemical cycling was probed 

using X-ray photoelectron spectroscopy (XPS). The surface compositions of pristine and electrochemically 

cycled LMO thin films were measured in this study. XPS measurements were performed on pristine LMO film 

was measured immediately following deposition. These films were subsequently transferred to an Ar glovebox 

and integrated into the previously describe cone cell. Full CV measurements were made using the same scan 

rate and potential range as decribed above and then rinsed in DMC. The cycled LMO films were then 

transferred into the XPS instrument for analysis. The XPS measurements are carried out with a Kratos AXIS 

Supra+. Transitions including O 1s, F 1s, Mn 2p, and Cr 2p are shown in Figure X.1.9. It is evident that 

fluorine contents increased dramatically after cycling, which suggests that the LiPF6 in the electrolyte has 

decomposed and contributed F in the growth of the CEI. The evolution of the O 1s transition, on the other 

hand, shows a small uplifting shoulder after cycling, while the major peak has shrunk after cycling. This may 

indicate that the amount of a minor O contents has increased, while the major O component may have 

decreased, or covered by newly formed materials (possibly CEI layers) and leads to the attenuation of its O 

signals. The Mn 2p transitions have shifted to lower energy, indicating that the Mn valence gets reduced 

following cycling. This is consistent with the formation of MnO2 from LMO in which the oxidation state of 

Mn reduces to 3+ from 4+.   The intensity of the Mn peaks decreases after cycling, suggesting that the Mn 

concentration at the surface of the cylced film is lower that in the pristine LMO film. This is consistent with 

the formation of a CEI that incorporates organics/inorganics that contains lower Mn concentration. 

A B 
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Figure X.1.9 XPS Results for PAD-LMO films before and after CV The black curve stands for pristine LMO film and red curve for 

cycled LMO film.  

A small amount of Cr can be detected on the top surface of LMO, either in pristine or cycled samples. This 

indicates that either there is Cr contamination in the precursor solution, possibly from Mn salt, or the Cr 

adhesive layer may have undergone some unknown process that leads to the uprising of Cr to the surface. 

Further study is needed to identify the origin of Cr at the surface of pristine and cycled LMO films and to 

evaluate whether the Cr is participating the CEI formation.  

To further understand the constiuents and evolution of CEI, a series of ex situ near-edge X-ray absorption fine 

structure (NEXAFS) measurements were made on LMO films that were cycled under systematically varied 

conditions. The samples are prepared, cycled and sealed in Ar at CU Boulder before being transferred to 

beamline 7-ID-1 of NSLS-II at Brookhaven National Lab. The XAS sample environment was UHV (P = 10-9 

Torr) at room temparature. The total electron yield (TEY), fluorescence yield (FY) and partial electron yield 

(PEY) were simultaneously recorded from each sample.  
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Figure X.1.10 NEXAFS Results for PAD-LMO films at pristine state (black curve), OCV (soaked in electrolyte, orange curve), cut-off 

at 4.3V (red curve) and after 1 full cycle (blue curve). (A) and (C): Manganese L2 and L3 edges, (B) and (D): Oxygen K-edge. 

Figure X.1.10 shows the PEY collected at Mn and O edges for pristine and cycled LMO films in (A) and (B).  

Minimal shift in edge position is observed for Mn L2 and L3 edges, which indicates that the Mn components on 

LMO surface remains largely unchanged during the entire CV cycle. However, the normalized intensity of the 

4.3V cut-off sample (fully delithiated, red curve) and the full sweep sample (fully lithiated blue curve) are 

almost the same and both significantly decreased in intensity in comparison to the pristine sample. This 

indicates that it is possible to have a newly formed layer is covering the LMO surface, as the PEY detection 

mode is very surface sensitive (<5 nm). The result shown in (B) for oxygen K-edge, however, doesn’t seem to 

follow the same trend. Further follow-up experiments and analysis are needed to confirm this result. 

Figure X.1.10 (C) and (D) show XAS at the O and Mn edges for pristine LMO  and OCV state after soaking in 

LP58 electrolyte for 48 hours. The Mn L2 and L3 edges and O K-edge are all shifted in position and have 

profiles that differ significantly. This suggests that a surface reconstruction involving Mn and O results from 

soaking in electrolyte. Mn components on LMO surface are partially reduced to lower oxidation state and the 

oxygen environment has evolved. To understand the chemistry during OCV, further experiments and analysis 

are needed. 
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Conclusions   

In summary, we have combined advanced x-ray surface scattering and x-ray spectroscopy studies with molecular 

modelling, we showed that the protonation reaction is the key to understanding the cathode-electrolyte reaction. 

The degradation of NMC cathode shows transition-metal dependent reduction behaviors in carbonate-based 

electrolyte, where the deprotonation from the solvent EC on cathode surface is believed to play a dominant role. 

We further show the rationalization for advanced electrolyte design to suppress such deprotonation reactions, 

therefore offering molecular-level insights into the degradation mechanisms of cathode in carbonate-based 

electrolytes and providing fundamental understanding for the development of cathode stabilization strategies. 

Understanding the evolution and stabilization of the cathode interphase in electrolyte is of great significance 

for the development of NG-LiBs. In this project, we conducted surface X-ray scattering and spectroscopy 

studies using model epitaxial thin film cathodes in conjunction with theoretical modeling to probe key 

interfacial chemistry between thin-film cathodes and electrolytes. The structural and chemical evolutions of 

NMC cathode thin film in electrolytes has been experimentally and theoretically explored. As revealed by 

surface X-ray scattering and different x-ray spectroscopy probes, NMC thin films show transition metal 

dependent degradation behaviors in carbonate-based electrolyte and solvent, which we attribute to the 

interfacial protonation reaction between cathode and EC solvent. We further provide the molecular-level 

rationalization for advanced electrolyte design to suppress solvent deprotonation on cathode surface. We 

anticipate that our combined x-ray, electrochemistry, and molecular scale modeling approach will provide 

scalable insights into the understanding of the chemical and electrochemical stability of cathode surface in 

electrolyte, therefore promoting the rational design of advanced high-energy batteries. 
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Project Introduction 

Recently, the discovery that reversible or partly reversible oxygen redox processes can occur in a variety of 

structures has opened up a new design space for cathode materials, with the tantalizing possibility of attaining 

capacities well beyond the 280 mAh/g theoretical limit of traditional intercalation layered oxides. Materials of 

interest include Li2MnO3, [1] lithium and manganese rich NMCs (LMR-NMCs) [2] and Co-free analogs , [3] 

other types of lithium-rich layered oxides with structures similar to Li2MnO3 [4] and cation-disordered rock 

salts  (DRX materials) [5].  Many of these materials exhibit capacities of 300 mAh/g or more, but suffer from 

poor rate capability, voltage hysteresis, and capacity fading [6]. In these cases, irreversible oxygen loss, [7] 

morphological [8] and structural changes [9] are to blame for the performance issues. Strategies such as partial 

fluorine substitution for oxygen [10, 11] appear to mitigate irreversible oxygen loss and result in improved 

behavior. For this work, we use an array of surface-sensitive and bulk techniques to understand what gives rise 

to processes that result in their degradation and attempt to mitigate them in selected materials. 

Objectives 

Reports of oxygen redox activity in materials with unusually high capacities are intriguing, but fairly little is 

known about how these materials actually work. There are a number of unanswered questions to which the 

work proposed here is designed to answer. First, how deep into the bulk does oxygen redox occur? Is it 

primarily a surface reaction? When does oxygen release occur, as opposed to reversible redox? Does the 

oxygen redox or oxygen release contribute to the structural instability that is often seen, and can this be 

prevented by, e.g., cationic or anionic substitutions, coatings, or other strategies? How do the surfaces of 

particles of charged or partially charged materials interact with the electrolytic solutions, and how does this 

contribute to capacity fading, rate limitations, and other performance issues? Once these questions are 

answered, strategies such as substitutions, coatings and particle morphology/size engineering can be 

considered to ensure robust cycling. 

Approach  

To answer the above questions, we synthesize materials with differing particle sizes/surface areas, 

compositions, or other properties, and characterize them using conventional laboratory techniques such as X-

ray diffraction (XRD) and scanning electron microscopy (SEM).  We then study their electrochemical   

properties in half-cell configurations, subjecting them to electrochemical charge, discharge, and cycling.  In 

some cases, we may chemically delithiate them for further study. An array of surface and bulk sensitive 

techniques including synchrotron X-ray absorption spectroscopy (XAS), X-ray photoelectron spectroscopy 

(XPS), transmission X-ray microscopy (TXM), X-ray Raman (XRS), resonant inelastic X-ray scattering 

(RIXS) and microscopy are used to study materials at various states-of-charge, either in situ or ex situ.  We 

mailto:mmdoeff@lbl.gov
mailto:Tien.Duong@ee.doe.gov
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collaborate with the McCloskey group to do in situ differential mass spectroscopy (DEMS) experiments to 

understand oxygen loss.  In FY22, we continued work begun in FY21 on Li4Mn2O5 [12].    

Results  

In FY21, we studied synthetic parameters for making Li4Mn2O5 and their effect on the electrochemistry. The 

material is made by reactive ball-milling of a Mn-containing precursor and a lithium source. The initial charge 

capacity is directly related to the degree of lithium excess used during synthesis, but there is little effect on the 

capacity of the subsequent discharge or cycling behavior. XRD on Li4Mn2O5 made with a large excess of 

lithium shows reflections that can be attributed to Li2O.   This is a relatively insensitive technique for detecting 

small amounts of compounds made up of light elements, so is not useful for determining whether this impurity 

is present in samples made with lower levels of lithium excess.  However, peaks due to lithia were also 

observed in the surface sensitive O K-edge XAS and bulk-sensitive X-ray Raman spectra of pristine Li4Mn2O5 

electrodes made with lower lithium excess, and disappeared in the spectra of fully charged electrodes. A signal 

due to lithium carbonate is observed in the electrode charged to 4.8V, suggesting a reaction with the 

electrolytic solution. These results indicate that decomposition of lithia contributes to the first charge capacity, 

but does not fully explain the origin of the large discharge capacities, which exceeds that which is predicted 

from the assumption that all of the trivalent Mn in the pristine material is oxidized to the tetravalent state upon 

extraction of lithium. Both Mn XRS and K-edge XAS on charged electrodes show no evidence of formation of 

pentavalent Mn.  

While capacities over 300 mAh/g are initially obtained when cycling half-cells containing Li4Mn2O5 between 

4.5-1.5V, fading is rapid, hysteresis is evident, and the voltage profile gradually develops several plateaus 

similar to those seen for manganese oxide spinels, suggesting structural change is occurring. Increasing the 

lower voltage limit from 1.5 V to 2.5 V does not improve the capacity retention, implying the cycling behavior 

is sensitive to high-voltage operations. Reducing the upper voltage limit improves the cycling and delays the 

evolution of the voltage profile, but decreases the initial capacities. Of note is the small voltage polarization 

(V, i.e., the difference between average charge and discharge voltage) for these cells operated at high 

voltages, indicating that the cell resistance does not increase substantially and is not the primary cause of the 

rapid capacity fading.  Mn K-edge XAS indicates that the average oxidation state of Mn falls below +3 upon 

cycling to 4.5V at the end of discharge, but is nearly unchanged if an upper voltage limit of 3.5V is used.  Mn 

L-edge XAS data also shows evidence of re-reduction of Mn near the surface in electrodes charged to 4.8V, 

although it is oxidized at earlier stages of charge. While Li4Mn2O4F exhibits a lower initial capacity than 

Li4Mn2O5, the evolution of plateaus in the voltage profile during cycling is less pronounced and capacity 

retention appears to be somewhat improved. Still, it appears that, while fluorination ameliorates the structural 

changes associated with the voltage profile changes, it does not prevent them entirely, nor does it result in 

greatly improved electrochemical characteristics. 

Figure X.2.1 shows depth-profiling laboratory X-ray photoelectron spectra (XPS) of a Li4Mn2O5 electrode 

charged to 4.8V, carried out this year. As etching time is increased, the technique probes deeper into the 

surface. The C1s and O1s XPS spectra show evidence of Li2CO3 and lithium alkyl carbonate formation, 

confirming the O K-edge results from FY21. A signal due to (CH2CH2O)n- is  also present, implying a 

polymerization product. F1s and P2p spectra also show evidence of various decomposition products of LiPF6 

such as LiF, LixPFyOz, and phosphates. Interestingly, some of these reaction products such as Li2CO3 and 

lithium alkyl carbonates were already observed on surfaces of pristine electrodes exposed to electrolytic 

solution, although the polymerization product or decomposition products of LiPF6 were not present (not 

shown). Li2CO3 may derive from reactions of adventitious Li2O with CO2 in air, or the electrolytic solution. 

These results suggest highly reactive active material surfaces and a cascade of side-reactions that take place at 

high potentials. 

In FY22, we attempted a new tactic to ameliorate the various issues associated with cycling Li4Mn2O5. 

Blending two different cathode materials is a common strategy used in Li-ion battery manufacture to overcome 

the shortcomings of each individual component [13]. There are sometimes synergistic effects. For example, 
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certain blends of manganese-containing spinel and NMC showed better storage characteristics than either 

component alone.  By deliberately incorporating LiMn2O4 in with Li4Mn2O5, we hoped to find a composition 

that cycled better without unduly compromising the high capacity that made Li4Mn2O5 so initially promising. 

To that end, we carried out reactive ball-milling for 20 hours with various mixtures of LiMn2O4 and Li4Mn2O5 

(Table X.2.1). The XRD patterns (Figure X.2.2) show that the products are rock salt phases, with no spinel 

detected, clear from the absence of reflections at 2=19o and 59o..  

 
 

Figure X.2.1 XPS spectra on a Li4Mn2O5 electrode charged to 4.5V as a function of etching time. Longer etching times probe 

deeper into the sample. 

 

Table X.2.1 Compositions synthesized for this study 

n(Li4Mn2O5)/n(LiMn2O4) Composition 
Equivalent 

Composition 

Theoretical 

capacity based 

on Mn redox 

(mAh/g) 

Calculated 

average Mn 

oxidation state 

1:0 Li4Mn2O5 Li1.6Mn0.8O2 246 3+ 

8.5:1.5 Li3.55Mn2O4.85 Li1.46Mn0.82O2 233 3.075+ 

8:2 Li3.4Mn2O4.8 Li1.42Mn0.83O2 229 3.1+ 

7.5:2.5 Li3.25Mn2O4.75 Li1.37Mn0.84O2 223 3.125+ 

7:3 Li3.1Mn2O4.7 Li1.32Mn0.85O2 220 3.15+ 

6.5:3.5 Li2.95Mn2O4.65 Li1.27Mn0.86O2 215 3.175+ 

6:4 Li2.8Mn2O4.6 Li1.22Mn0.87O2 211 3.2+ 

 

Incorporation of more LiMn2O4 into the structure should result in lower theoretical capacities calculated from 

the Mn redox capability (Table 1), since more Mn4+ is incorporated in the structure. However, the Mn K-edge 

XAS spectra (Figure X.2.2 center) shows a slight shifting to lower energies of the materials prepared with 
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LiMn2O4, indicating that the average oxidation state is actually slightly lower than that of the parent 

compound. Similarly, the Mn L-edge spectra in TEY mode, which probes about 5 nm into the surface (Figure 

X.2.2 right) indicate a lower oxidation state for surface Mn. This implies that oxygen was lost to varying 

degrees during the reactive ball-milling process of the mixtures.  

 

Figure X.2.2 (Left) XRD patterns of the compounds synthesized for this study. (Middle) Mn K-edge XAS spectra, and (right) Mn L-

edge spectra in TEY mode. 

Figure X.2.3 shows the first five cycles of half-cells containing the LixMnyO2 compositions and capacity as a 

function of cycle number for twenty-two cycles at C/20 rate. As the LiMn2O4 content in the cathode materials 

was raised, the capacity in lithium half cells decreased somewhat, although the effect was less evident for 

materials made with smaller amounts of LiMn2O4. Importantly, the first cycle coulombic efficiency and the 

capacity retention all improved steadily as LiMn2O4 content was increased in the cathode materials. 

Furthermore, the evolution of the voltage profiles upon cycling was less severe. Interestingly, the presence of a 

plateau near 3V similar to that found in manganese oxide spinel structures was already fairly pronounced in the 

first discharge profiles of cells containing the cathode materials made with high LiMn2O4 content. This 

suggests that micro- or nano-domains of spinel are already present in these materials, although microscopy 

needs to be carried out to confirm this. It should be noted that the evolution of the voltage profile towards one 

that resembles that of a spinel appears to depend on rate and voltage limits used, with more voltage fading 

evident at higher current densities and higher upper voltage limits (not shown). 

 

Figure X.2.3 First five cycles of cell containing the materials under study, cycled between 4.8-1.5V at C/20 rate. Upper right panel 

shows capacity retention as a function of cycle number for 22 cycles. 

The best compromise between capacity and other electrochemical properties (first cycle coulombic efficiency, 

capacity and voltage retention) appears to be with the cathode material made in a 6.5 Li4Mn2O5:3.5LiMn2O4 
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ratio (nominal composition Li1.27Mn0.86O2). This electrode delivers approximately 250 mAh/g initially between 

4.8-1.5V, and shows the best cycling behavior both in terms of voltage and capacity retention. From this point 

onward, the report will focus on a comparison between this material and Li4Mn2O5. 

 

Figure X.2.4 Charge and discharge capacity as a function of cycle number between the indicated voltage limits for cells containing 

(upper left) 6.5 Li4Mn2O5:3.5 LiMn2O4 and (upper right) Li4Mn2O5. Bottom panels show a comparison between capacity retention 

of cells containing 6.5 Li4Mn2O5:3.5 LiMn2O4 and Li4Mn2O5 cycled at 1C rate (lower left) or C/20 rate (lower right) between 4.8-

2.0V. 

The improved cycling behavior of the 6.5 Li4Mn2O5:3.5LiMn2O4 compared to Li4Mn2O5 is evident in Figure 

X.2.4. No matter what voltage limits were used or what discharge rate was used, the former always 

outperformed the latter in terms of capacity retention. 

To obtain a better understanding of what leads to the differences in electrochemical behavior, we carried out O 

K-edge mRIXS (m=mapping) experiments on the two types of electrodes (Figure X.2.5). Conventional O K-

edge techniques such as XAS are not able to detect O redox processes in transition metal oxides (rather they 

probe the degree of TM-O covalency), but RIXS can [14].   In charged electrode materials that undergo 

oxygen redox, a telltale feature in the RIXS maps is observed at 523.8 eV emission energy using an excitation 

energy of 531 eV, attributable to oxidized oxygen. For the pristine, charged, and discharged Li4Mn2O5 

electrodes as well as the 6.5 Li4Mn2O5:3.5LiMn2O4 ones, only a strong signal at the emission energy of 525 

eV, characteristic of lattice oxygen, is observed (Figure X.2.5). 
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Figure X.2.5 RIXS maps of pristine, charged, and discharged Li4Mn2O5 (a, b, c, d) and 6.5Li4Mn2O5:3.5LiMn2O4 electrodes (e, f,g). 

The prominent feature at an emission energy of 525 eV can be attributed to lattice oxygen. There is no signal at an emission 

energy of 523.8 eV and excitation energy of 531 eV, which would be characteristic of oxidized oxygen. 

This result is somewhat puzzling, in light of the fact that these electrodes seem to deliver discharge capacities in 

excess of what is expected based solely on Mn redox initially. One possible scenario is that oxygen oxidation 

contributes to the first charge capacity, but is not reversible; rather the oxidized oxygen reacts with electrolyte 

or evolves as molecular oxygen. To test this further, we collaborated with the McCloskey group at U.C. Berkeley 

to do differential electrochemical mass spectroscopy (DEMS) on the two systems (Figure X.2.6 and Table 

X.2.2).  

It is clear from these results that more gases are evolved from the Li4Mn2O5 electrode than from the 

6.5Li4Mn2O5:3.5LiMn2O5 one, close to the top of charge. Substantial amounts of carbon dioxide were detected 

in both types of cells, most likely stemming from decomposition of the electrolytic solution at high potentials 

either by the attack of reactive oxygen species (e.g., superoxide radicals) or electrochemical oxidation. Another 

potential source of CO2 is from electrolytic decomposition of Li2CO3, which was also detected in the pristine 

electrode in the XPS experiment described above. The H2 gassing is caused by the crosstalk between cathode 

and anode; i.e., a protic oxidation species (R-H+) from the electrolytic solution diffusing from the cathode to 

the anode and undergoing reduction there. The larger amounts of these gases detected in the DEMS of the 

Li4Mn2O5 cell on the first cycle compared to the one with 6.5Li4Mn2O5:3.5LiMn2O5, which did not evolve 
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oxygen, suggests that 1) the oxygen release also exacerbates decomposition of electrolytic solution at high 

potentials, perhaps by reacting with it. 2) more oxidized oxygen species is formed in the Li4Mn2O5 cell. While 

more experiments need to be done to understand the exact cause of gassing, one can clearly conclude that 

parasitic reactions are more severe in the cell made with a Li4Mn2O5 electrode. 

 

Figure X.2.6 DEMS results on cells containing 6.5Li4Mn2O5:3.5LiMn2O4 (left) and Li4Mn2O5 (right). 

Table X.2.2 Gases detected during the first and second cycles of DEMS cells shown in adjacent figure 

Material 
Normalized amount of H2 

(umol/mg) 

Normalized amount of 

CO2 (umol/mg) 

Normalized amount of 

O2 (umol/mg) 

 cycle 1 cycle  2 cycle  1 cycle 2 cycle 1 cycle 2 

6.5 Li4Mn2O5:3.5LiMn2O4 0.575 0.457 0.602 0.197 0 0 

Li4Mn2O5 1.88 0.793 1.61 0.336 0.142 0 

 

The cycling of Li4Mn2O5 electrodes also results in a gradual reduction of the average oxidation state of Mn 

below 3+ in the bulk, at the bottom of discharge, as noted earlier. A shift in the edge energies to lower values 

in the Mn K-edge XAS data of discharged electrodes cycled between various voltage limits in Figure X.2.7 is 

consistent with reduction of Mn. This is most likely associated with the loss of oxygen that is observed. The 

high discharge capacity of Li4Mn2O5 over multiple cycles arises not only from the Mn3+/Mn4+ redox and very 

limited amount of anionic redox (if any, not detectable by mRIXS), but also from over- reduction of Mn3+.  In 

fact, theoretical discharge capacities taking in account the over-reduction, based on linear combination analysis 

of XAS data of electrodes discharged to various lower voltage limits, using MnO, Mn2O3, and LiMn2O4 

references, match the observed values seen for Li4Mn2O5 well (not shown). The reduced Mn ions are prone to 

dissolve into the electrolyte, causing loss of active cathode materials and surface reconstruction. The dissolved 

Mn ions can also migrate to and deposit on the anode surface. These phenomena lead to capacity fading. In 

contrast, this Mn over-reduction is much less apparent in the 6.5Li4Mn2O5:3.5LiMn2O5 electrodes, accounting 

for the better cycling stability.  
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Figure X.2.7 Mn K-edge XAS data on (top left) pristine and 6.5Li4Mn2O5:3.5LiMn2O4 or (top right) Li4Mn2O5 electrodes charged to 

4.8V and discharged to 2.5V. Bottom left (6.5Li4Mn2O5:3.5LiMn2O4) and right (Li4Mn2O5) show results for electrodes charged to 

4.8V and discharged to 2.0V for the designated number of cycles. Note that the 6.5Li4Mn2O5:3.5LiMn2O4 electrode on the bottom 

left underwent 114 cycles while the Li4Mn2O5 one on the bottom right underwent only 25. All data obtained on electrodes in the 

fully discharged state. 

These results definitively show that the approach of mixing Li4Mn2O5 with LiMn2O4 results in dramatically 

improved performance.   

Conclusions   

Li4Mn2O5 exhibit anomalously high discharge capacities early in their cycling histories that cannot be 

explained by oxidation to pentavalent Mn or reversible oxygen redox. Capacity and voltage fading occur 

rapidly upon cycling, and oxygen, hydrogen, and carbon dioxide are evolved during the initial cycles. The loss 

of oxygen from the structure causes a gradual decrease in the average Mn oxidation state in the bulk. 

Accounting for the over-reduced Mn explains the excess capacity that is observed for Li4Mn2O5 electrodes. 

Reactive ball-milling of LiMn2O4 with Li4Mn2O5 results in products that show better cycling retention, better 

1st cycle coulombic efficiency, and less voltage fade when tested in half cells, although capacities are 

somewhat lower than that of the parent compound. The best of these materials has a composition of 

6.5Li4Mn2O5:3.5LiMn2O4 and shows drastically better electrochemical behavior, much less gas evolution, and 

less tendency towards Mn reduction upon cycling. 
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Project Introduction 

High-energy Ni-rich NMC (LiNixMnyCo1-x-y O2, x ≥ 0.6)  is one of the most promising cathode materials for 

next-generation high energy Li-ion batteries (LIBs) for electric vehicles. However, challenges exist for large-

scale deployment of Ni-rich NMC. As more Ni is incorporated in the lattice, the material surfaces become 

more active, increasing both electrochemical and chemical reactivities of Ni-rich NMC in contact with 

electrolyte [1].  

In the past few years, we have developed and optimized synthesis of Ni-rich NMC by using molten salt 

approach, which is then used as the model materials to study the interfacial reactions between cathode and 

electrolyte. We proposed mitigating gliding and microcracking of single crystal NMC76 through appropriate 

doping which demonstrated promising stability in full coin cells. This year we update the progress of doped 

single crystal NMC76 tested in 1Ah Li-ion pouch cells. Another challenge that needs to be addressed before 

large-scale development of Ni-rich NMC is gas generation [2], which also initiates from phase boundaries. 

Micron-sized single crystal Ni-rich NMC has a potential to address the common issues that polycrystals have. 

However, a quantifiable understanding of gas generation from single crystals and polycrystals is still lacking. 

In this report, the mechanism of gas generation from single crystal and polycrystalline LiNi0.76Mn0.14Co0.1O2 

(NMC76) are investigated which provides different insights on the gas generation. The information from 

single crystal NMC76 also provides clues from material perspective to enhance the safety attributes of Ni-rich 

NMC cathodes. 

Objectives 

The objective of this project is to advance the fundamental understanding of the interfaces between electrolyte 

and Ni-rich NMC cathode by using high-performance single crystalline NMC76 as a model material. Ni-rich 

NMC single crystals will be doped to enhance cycling stability with a potential to eliminate gliding and 

cracking. By comparing single crystal and polycrystalline NMC76 in functioning electrochemical cells, the 

amounts of different gases generated upon cycling are quantified and compared in both coin and pouch cells to 

understand the impacts of reduced phase boundaries in single crystal NMC76.  

mailto:jie.xiao@pnnl.gov
mailto:%20yujing.bi@pnnl.gov
mailto:Tien.Duong@ee.doe.gov
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Approach  

• Dope single crystal NMC76 to enhance cycling stability with a potential to mitigate crystal gliding 

and cracking 

• Develop a standard procedure of using in situ Differential Electrochemical Mass Spectrometry 

(DEMS) to ensure repeatable measurement results for gas quantification 

• Monitor gas generation from single crystal and polycrystal NMC76. 

Results  

In FY21, we reported that doping can effectively improve the cycling stability of Ni-rich LiNi0.76Mn0.14Co0.1O2 

(NMC76) single crystals in coin cells tests. Considering the different testing conditions in coin cells and pouch 

cells, in FY22, we cross validated the effectiveness of doping in NMC76 single crystals using 1 Ah pouch 

cells. Doped NMC76 single crystals have drum-like morphology (inset of Figure X.3.1a) with an average 

particle size of 3 µm. The particle size distribution of doped crystals seems to be more homogeneous than that 

of undoped NMC76 (data not shown here). The doped single crystals NMC76 are further validated in 1 Ah 

pouch cells cycled between 2.7 and 4.2V. Multi layers of cathodes and anodes alternately stacked together 

inside the 1 Ah pouch cells. On each side of the cathode Al current collector, the mass loading is 18 mg/cm2, 

corresponding to an areal capacity of 3.5 mAh/cm2. N/P ratio is controlled at 1.12 to avoid over lithiation on 

graphite anode. The first charge-discharge curve of the prototype pouch cells is shown in Figure X.3.1a. 

Without pre-lithiation of graphite anode, the first cycle efficiencies of the pouch cells cutoff at 4.2V is 83.62%. 

At C/10 (100mA) rate, the cell delivered 1.08 Ah. After three formation cycles at C/10, the pouch cells are 

further cycled at ~C/3 rate (330 mA). Very stable cycling has been demonstrated from the graphite/single 

crystal NMC76 pouch cell with 89% capacity retention after 400 cycles (Figure X.3.1b). The cycling of the 

pouch cell is still in progress and the morphology of cycled single crystal will be updated later after the 

completion of cycling. 

 

Figure X.3.1 Validation of doped single crystal NMC76 in 1Ah pouch cell using graphite anode. a, The first charge-discharge curve 

of the graphite/NMC76 single crystal pouch cell at C/10 cycled between 2.6-4.2V (vs. Graphite). b, Cycling stability of 1Ah Li-ion 

pouch cells employing as-prepared NMC76 single crystal cathode that demonstrates 89% capacity retention for 400 cycles 

(cycling still in progress).    
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Figure X.3.2 Comparison of gas evolution from polycrystalline and single crystal NMC76 after different numbers of cycling. (a) and 

(c) display ,orphologies of pristine polycrystalline and single NMC76, respectively. (b) and (d) compare the evolution of CO2, H2, and 

O2 at different cycles of polycrystalline and single crystal NMC76 electrodes, respectively. The cells cycled in DEMS are tested 

between 2.7 and 4.5 V. 

This year we continue to study the gas generation mechanism from polycrystal and single crystal NMC76. 

Polycrystalline and single crystal NMC76 used in this project have average particle sizes of ca. 7 µm and 3 

µm, respectively (Figure X.3.2a and c). CO2, H2, and O2 gases detected at different cycles of polycrystalline 

and single crystal NMC76 are compared in Figure X.3.2 b and d. For polycrystalline NMC76, the detected 

amount of CO2 is highest in the first cycle, mainly derived from the decomposition of residual lithium 

carbonate salt on the NMC surface. During the 2nd and 3rd cycle, the corresponding onset potentials of CO2 

generation are 4.26 V and 4.29 V, respectively, which is from chemical reactions between active lattice oxygen 

and electrolyte[3-5]. H2 evolution can be assigned to the reduction of oxidized aprotic solvent (originally 

generated on the cathode side) on the anode. The cells for DEMS in Figure X.3.2b and d are cycled between 

2.7 and 4.5 V, and R-H+ will be generated during the charge process, which is reduced on the anode side to 

produce H2 with a delayed detection. The periodic occurrence of H2 gas throughout the entire 200 cycles also 

suggests that H2 is related to the electrolyte reaction driven by potentials. Compared to polycrystalline 

NMC76, the contents of CO2 and H2 produced from single crystal NMC76 are much less (Figure X.3.2d). 

After 50 and even 200 cycles (Figure X.3.2b), CO2 and H2 gases are still captured from both polycrystalline 

and single crystal NMC76. Only a trace amount of O2 has been detected at 4.5 V during the first charge of 

polycrystalline NMC76, while there is no O2 from single crystal charging throughout the entire 200 cycles. 

After the formation cycle, the complete vanishing O2 signal in polycrystalline NMC76 may be related to the 

fast chemical reaction between highly reactive O with carbonate solvent such as EC, which has been well 

documented in Li-O2 battery study[6-8]. To capture O2 signal in a working electrochemical cell, a more 

significant amount of O released in a short time is needed[3].   
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Figure X.3.3 a, Schemes for single layer pouch cell for gas collection and transfer. b,c) Quantified amounts of CO2, O2, and H2 in 

pouch cells after 200 cycles of polycrystalline NMC76 (b) and single crystal NMC76 (c). 

 

A group of Graphite||NMC76 single-layer pouch cells were cycled between 2.65 and 4.45 V (vs. graphite) for 

200 cycles, to induce gas generation. The gradually generated gases are accumulated in a designed “gas room” 

in all the pouch cells (Figure X.3.3a). Gas is expelled to MS with carrier gas from each pouch cell after 

cycling. Unlike in half coin cells, O2 is also detected from the pouch cells after 200 cycles (Figure X.3.3b) 

from polycrystal NMC76. The prominent observation of O2 in pouch cells compared to the Li-metal coin cells 

can be assigned to the absence of highly active Li metal, which reacts with O species in the cell. The 

significantly reduced electrolyte (3.19 μL g-1 in pouch cell vs. 26.45 μL g-1 in DEMS cell) in the pouch cell 

also mitigates the fast reactions between ethylene carbonate (EC) and O, making it possible to capture more 

accumulated O2 after extensive cycling. The simultaneous occurrence of O2 and H2 in Li-ion batteries with 

polycrystalline NMC76 cathode raises safety issue, especially during thermal runaway [9]. A single-layer 

pouch cell consisting of graphite and single crystal NMC76 is also studied. Again, there is no O2 found in 

single crystals after 200 cycles (Figure X.3.3c) which can be assigned to the reduced phase boundaries of 

single crystal NMC76.   

Conclusions   

NMC76 single crystals have been doped to stabilize the lattice structure while mitigating gliding and cracking 

of crystals. The doped single crystal NMC76 has been validated in a 1Ah Li-ion pouch cell using graphite 

anode, which demonstrates a stable cycling of 89% capacity retention for 400 cycles. Microstructural changes 

of the extensively cycled single crystals will be further characterized and compared with undoped single 

crystals (cycling still in progress). The drastically reduced number of phase boundaries and oxygen deficiency 

in single crystal NMC76 alleviates surface side reactions, while the increased crystal size stabilizes lattice 

oxygen, both of which mitigate gas generation.  It is also found that O2 accumulated upon cycling of 

polycrystalline NMC76 is only observable in full pouch cells using graphite anode, highlighting the 

importance of selecting right testing platforms/protocols. The concurrence and accumulation of O2 and H2 in 

Ni-rich NMC need to be addressed before its large-scale deployment, while single crystal material indicates a 

potential pathway to enhance battery safety from a material perspective. 
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Project Introduction 

The lithium-ion battery (LIB) is widely used in the devices supporting our digital and mobile lives; however, 

the LIB’s adoption in electric vehicles (EVs) and more strategically smart grid applications has been limited by 

its energy density, high cost, and safety concerns. [1-4] Battery electrode materials with high theoretical 

capacity and high voltage are critical components and always desired for advancing the technology, and such 

battery materials for next-generation applications in electric vehicles have been reported in recent years. [5-7] 

However, new challenges arise from the non-aqueous electrolytes because the carbonate-based electrolytes are 

thermodynamically instable on charged cathode at voltages higher than 4.3 V vs Li+/Li, [8-10] and these 

electrolytes are extremely reactive with the conversion–type, high-capacity anode such as silicon (Si), which 

leads to rapid deterioration in battery cycling performance. [11-13] Furthermore, there is severe safety concern 

of this highly flammable electrolyte due to the presence of highly volatile organic carbonate solvents. Due to 

its many advantages such as high conductivity, high electrochemical stability, and good passivation of the Al 

current collector, lithium hexafluorophosphate (LiPF6) is still the dominating electrolyte salt in state-of-the-art 

electrolytes despite its thermal and chemical instability. Transition metal (TM) dissolution in the electrolyte 

and crosstalk with the anode have been widely reported for the high-voltage system; the reasons for these to 

occur have been ascribed to the cathode surface structure transformation and reconstruction. Nevertheless, 

even the pristine oxide cathode is in contact with the electrolyte, TM ions, for example Mn2+ dissolves 

simultaneously in the electrolyte due to the reaction of the weak acid HF, the hydrolysis product of LiPF6 with 

a trace amount of moisture in the electrolyte, with oxide surface layer. [14-18] In both cases, diffusion and 

deposition of TM (mainly Mn2+) on the anode side catalyzes the parasitic reactions, leading to active lithium 

loss and rapid capacity fade of the cell. [19-21] Therefore, demand is great for a new electrolyte that could 

enable the reversible and rapid positive/negative redox reactions and thus advance next-generation, high-

voltage, high-energy LIB technology.  

Objectives 

The objective of this project is to develop fluorinated deep eutectic solvent (FDES, also called fluorinated ionic 

liquid-based aprotic electrolytes)-based electrolytes as new high voltage electrolytes to address the high 

reactivity of conventional organic electrolyte at the surface of the charged cathode and the safety concern 

associated with the organic electrolyte. The FDES are designed to provide thermodynamic stability on the 

charged cathode surface affording a stabilized cathode/electrolyte interface and should be highly compatible 

with anode including graphite and Si. The FDES is a new room-temperature molten salt comprising of new 

fluorinated organic cations and new fluorinated organic anions with a wide liquid window. FDES has superior 

thermal stability with no vapor pressure even heated to 300-400oC, and excellent fluidity at temperature lower 

than -20oC. Not only high performance, the FDES are non-flammable with significantly enhanced safety 

characteristic. 
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Approach  

To solve the low conductivity and high viscosity issue of FDES electrolyte, an aqueous-organic hybrid 

electrolyte containing an ionic liquid N-methyl-N-propyl-piperidinium bis(fluorosulfonyl)imide was 

developed. Due to its tolerance to moisture and environment, the use of this electrolyte eliminates the critical 

environmental control employed for the state-of-the-art (SOA) electrolyte, electrode and cell fabrication thus 

reduces the cost of the battery mass production. Furthermore, this electrolyte addresses the most critical 

technical challenges associated with the EV batteries i.e. low energy density, safety, and high cost. In this 

paper, the benefits of this hybrid electrolyte were demonstrated for the first time in a high energy cell 

comprising a Ni-rich LiNi0.5Mn0.3Co0.2O2 (NMC532) as cathode coupled with a low potential lithium metal as 

anode.  

Moreover, the physical and electrochemical properties could be systematically tuned by changing the 

structures of cations or anions. We have synthesized and evaluated two new ILs with fluorine and fluorinated 

alkyl functionalized cations, i.e. 1-methyl-1-propyl-3-fluoropyrrolidinium bis(fluorosulfonyl)imide (PMpyrf-

FSI) and 1-methyl-1-(2,2,3,3,3-pentafluoropropyl)pyrrolidinium bis(fluorosulfonyl)imide (PfMpyr-FSI). 

Solvent purity is also critical for good cycling performance of Li-ion batteries. Different from the traditional 

synthesis method for ionic liquid, a facile one-step route was adopted for the FDES synthesis, which affords 

these materials with extremely high purity. 

Results  

Electrolyte stability 

PMpyrfFSI containing one fluorine in the pyrrolidinium cation ring was synthesized through a one-step 

quaternization method with methyl bis(fluorosulfonyl)imide (MeFSI) as methylating agent with 100% 

conversion (Figure X.4.1a-1b). Density function theory (DFT) calculations reveal that, in comparison with 

non-fluorinated counterpart, 1-methyl-1-propylpyrrolidinium (PMpyr+), the presence of fluorine reduces the 

energy levels of both HOMO (from -13.18 eV to -13.29 eV) and LUMO (from -3.47 eV to -3.66 eV) of the 

cation (Figure X.4.1a). Such down shift in HOMO/LUMO energy indicates the increased resistance of the 

cation against oxidation but reduced resistance against reduction.  

Potential energy surfaces were also constructed based on DFT calculations. The pyrrolidinium cation, either 

with or without the fluorine, binds equally strong to Li0 surface (-2.12 eV and -2.10 eV, respectively), but 

much stronger than the FSI- anion (-0.66 eV). However, PMpyrf+ undergoes reductive decomposition with C-F 

cleavage, which is exothermic by -3.67 eV, as compared with C-H cleavage that is exothermic by -0.26 eV, 

followed by the ring opening process, which is exothermic by -0.87 eV (Figure X.4.1c). Therefore, the 

introduction of fluorine renders the reduction of PMpyrf+ much more favored than PMpyr+, while such 

difference in reactivity is primarily due to the strong interaction between F and Li (110) surface. As indicated 

by the density of states, the significant orbital overlapping between Li-p orbital and F-s and p orbitals indicates 

the strong interaction. However, the overlapping cannot be found for H interacting with Li (110) surface. The 

strong interaction between F and Li (110) surface makes C-F cleavage more energetically favorable than C-H 

cleavage by -3.41 eV, which would preferentially generate inorganic or organic fluorides. Meanwhile, the FSI- 

decomposition is also highly likely, as evidenced by the exothermic S-F bond cleavage of -5.97 eV, followed 

by exothermic dissociation of S-O bond, which is -2.94 eV. According to experience, the fluorides thus 

generated from the labile bonds in FSI- would more likely exist in inorganic forms with heteroatom contents 

(P, S), and behave less protective as the fluorides generated from C-F bonds. To mimic the decomposition 

during charge state, the potential energy surface with consideration of e- transfer after adsorption are 

constructed and shown in Figure X.4.1a and Figure X.4.1b. The reaction energy for the FSI-, PMpyrf+, and 

PMpyr+ activations are -6.82 eV, -6.55 eV, and -3.14 eV, respectively. Thus, the corresponding reduction 

potential are 5.43 V, 5.16 V, and 1.75 V, according to equation S1 in Methods section.  In a nutshell, the 

cations bind to Li (110) surface much stronger than anions, however, without F substitution, PMpyr+ are not as 

active as FSI- towards reduction. With F-substitution, PMpyrf+ is more active towards reduction, almost as 
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active as FSI- anion. Fortunately, the higher absorption preference of PMpyrf over FSI should leads to a more 

abundant fluorides from C-F origin thanks to the fluorinated cation. 

 
 

Figure X.4.1 Synthesis and DFT calculations of fluorine substituted cation PMpyrf+. (a) Comparison of HOMO/LUMO energy levels 

for PMpyrf+ and PMpyr+, (b) Synthesis route for PMpyrfFSI, (c) PMpyr+ and PMpyrf+ reduction pathway on Li metal, (d) PMpyrf+ and 

PMpyr+ oxidation pathway on NMC622 cathode. 

On the NMC622 cathode side, PMpyrFSI and PMpyrfFSI bind equally strong with Mn sites through the cation 

part, with adsorption energy as 0.44 eV and 0.43 eV, respectively, however, the adsorption is much weaker 

when binding through anion part by 0.39 eV. Therefore, we will only consider cation oxidation during 

charging cycle. As indicated by Figure X.4.1d, PMpyrfFSI oxidation favors a deprotonation rather than C-F 

dissociation pathway, due to the lower potential energy for deprotonation compared with C-F cleavage (1.17 

eV vs 2.93 eV). Furthermore, the C-N bond is weakened, followed by a ring opening process of deprotonated 

PMpyrfFSI, which results in a potential energy as -0.49 eV. However, in absence of fluorine, PMpyrFSI tends 

to be more easily oxidized with reaction potential energy as 0.77 eV for the deprotonation step, followed by 

exothermic ring opening process by -0.03 eV. This indicates that F substitution indeed renders PMpyrfFSI 

more resistant against oxidation, as predicted by the down shift of HOMO/LUMO energy. Apparently, what 

brought by fluorination is the improvement in thermodynamic stability against oxidation on cathode surface as 

well as strong tendency to decompose on Li0 anode. As we have learnt from the knowledge in LIB 

electrolytes, the latter strongly implies the preferential cation reduction to form interphases on Li0.   

An ionic electrolyte (PMpyrf)0.8Li0.2FSI was formulated by dissolving LiFSI in PMpyrfFSI, whose 

performance was evaluated in a lithium-metal cell consisting of NMC622 cathode and a thin (20 µm) lithium-

anode. Molecular dynamics (MD) simulation sheds light on the electrode/electrolyte interfacial structure in 

such batteries. Compared with its non-fluorinated cousin, the fluorine-presence on the cation (purple) makes it 

much easier to access and populate the inner-Helmholtz layers on both NMC622 cathode and Li metal anode 

(Figure X.4.2a and 2b), which suggest stronger surface interaction of PMpyrf+ cation with those electrode 

surfaces and predicts an interphasial chemistry with higher participation from PMpyrf+. The same insight was 

provided from the static distribution of the electrolyte components on both electrodes (Figure X.4.2d and 

Figure X.4.2e). On both Li0 and NMC622 cathode surfaces, the PMpyrf+ cations are much more populated 

within the inner-Helmholtz layer than its counterpart PMpyr+ without fluorine. 
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Figure X.4.2 MD simulation on electrolyte/electrode interaction. (a-c) Snapshot of electrolyte distribution on NMC622 and Li 

electrodes: cyan-IL cation+; white-H on the PMpyr+ backbone highlight in adjacent figure; purple-F on the PMpyrf+ backbone; 

yellow-FSI-; green-Li+. (d-f) Molecular number density profiles along the z axis normal to the surface of the NMC cathode (left 

panels) and lithium anode (right panels). The center of mass of each molecule is used to calculate molecule distribution: (a, d) 

(PMpyr)0.8Li0.2FSI electrolyte, (b, e) (PMpyr)0.8Li0.2FSI electrolyte and (c, f) (PMpyrf)0.5Li0.5FSI electrolyte. 

Performance in battery 

Although fluorination of cation favors the desired interfacial structure and interphasial chemistry of high 

fluorine abundance, excess PMpyrf+ content in the electrolyte does increase bulk viscosity and leads to lower 

ion transport and higher interfacial impedance. Therefore, we must further optimize the electrolyte formulation 

by considering the impact of interfacial impedance. (PMpyrf)0.5Li0.5FSI electrolyte is the composition that 

better balances these considerations. At this composition the interfacial structure as well as static distribution 

of the electrolyte components become less adsorbed on both electrode surfaces (Figure X.4.2c and Figure 

X.4.2f). Instead, more Li+ (green) are observed on both electrode surface, and the purple F-group from 

PMpyrf+ cation is reduced, especially on Li metal surface.  

The electrolyte interfacial structure alteration causes corresponding changes in solid-electrolyte-interphase 

(SEI) and cathode-electrolyte-interphase (CEI) chemistries, which are revealed by X-ray photoelectron 

spectroscopy (XPS) analysis. On Li metal surface (Figure X.4.3a), peaks observed in N 1s spectra are assigned 

to FSI- decomposition peaks at 399.2 eV and 400.6 eV and PMpyrf+ cation decomposition peak at 402.3 eV. 

At decreased PMpyrf+ concentration, the peak relative intensity of 402.3 eV is substantially decreased for 

(PMpyrf)0.5Li0.5FSI electrolyte, suggesting reduced PMpyrf+ contribution to the SEI. This trend is confirmed 

by the corresponding changes in C-N peak of C 1s spectra at 286.3 eV. The LiF peak at 684.5 eV is much 

intensified for (PMpyrf)0.5Li0.5FSI electrolyte, as well as for SO2F peak observed at 687.8 eV in F 1s spectra, 

suggesting a higher FSI- anion contribution to the SEI. This shift of interphasial chemistry from PMpyrf+ 

cation to FSI anion is apparently a result of PMpyrf cation reduction in interfacial region as well as the 

stronger coordination between Li+ and FSI-. The lower C atomic concentration and higher O atomic 

concentration observed in (PMpyrf)0.5Li0.5FSI electrolyte are also consistent with reduced PMpyrf+ cation 

decomposition, as C should have solely come from the cation and O from FSI- anion, respectively. On 

NMC622 cathode, similar trend is observed, where the intensities of C-F peak and C-N peaks contributed from 

PMpyrf+ cation decomposition are relative lower, which is replaced partially by LiF at higher intensity. A peak 



Batteries 

664 Next Generation Lithium-Ion Materials: Low-Cobalt/No Cobalt Cathodes 

at 529.2 eV is assigned to metal oxide (M-O) species in O 1s spectrum for (PMpyrf)0.5Li0.5FSI electrolyte, 

suggesting the cathode surface is visible now through a thinner CEI layer formed (Figure Figure X.4.3). 

Supporting this argument, both N and S are also observed in lower atomic concentration because of overall 

less cation and anion decomposition. While both PMpyrf+ cation and FSI- anion participate in the SEI 

formation on Li metal anode and CEI formation on NMC622 cathode, the impact of PMpyrf+ cation 

concentration is more significant on Li metal. 

 

Figure X.4.3 XPS analysis of recovered electrodes. (a) Li metal anode and (b) NMC622 cathode harvested after formation using 

(PMpyrf)0.8Li0.2FSI and (PMpyrf)0.5Li0.5FSI electrolytes. (i) C 1s spectra, (ii) F 1s spectra, (iii) N 1s spectra and (iv) atomic 

concentration. 

Stabilization of Li metal. The high stability of (PMpyrf)0.5Li0.5FSI toward Li metal was further confirmed in 

Li/Cu cells and Li/Li symmetric cells. The CE of Li metal anode cycling is measured in Cu/Li cells using 

Aurbach CE Protocol with Gen 2, (PMpyrf)0.8Li0.2FSI and (PMpyrf)0.5Li0.5FSI electrolytes at current density of 

0.1 mA/cm2 (Figure X.4.4a-Figure X.4.4c). Gen 2 electrolyte consumes all Li inventory within only 3 cycles 

and displays a low CE of 45.0%. Both PMpyrfFSI-based electrolytes demonstrated substantially higher CE, 

with (PMpyrf)0.5Li0.5FSI showing a higher CE of 97.9% compared to 96.5% for (PMpyrf)0.8Li0.2FSI. Similar 

performance is also observed in long-term cycling of Li/Cu cells (Figure X.4.4d). Li was plated on to Cu foil 

for 6 h and stripped to 1 V for 100 cycles with 0.1 mA/cm2 current density. Gen 2 electrolyte shows lower than 

35% CE throughout 100 cycles, while (PMpyrf)0.8Li0.2FSI and (PMpyrf)0.5Li0.5FSI show high CE of 99% after 

initial stabilization. With decreased PMpyrf+ cation concentration, (PMpyrf)0.5Li0.5FSI shows a higher first 

cycle CE than (PMpyrf)0.8Li0.2FSI, which suggests the SEI formed by (PMpyrf)0.5Li0.5FSI electrolyte is thinner 

and efficiently to protect Li surface from further degradation.  
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Figure X.4.4 Li/Cu and Li/Li symmetric cell performance. (a-c) Voltage profile of Aurbach test using (a) Gen 2, (b) (PMpyrf)0.8Li0.2FSI 

and (c) (PMpyrf)0.5Li0.5FSI. (d) Coulombic efficiency of Li/Cu cell cycled with current density of 0.1 mA/cm2. (e) Voltage profile of 

Li/Li symmetric cell with current density of 0.5 mA/cm2. 

 

Gen 2, (PMpyrf)0.8Li0.2FSI and (PMpyrf)0.5Li0.5FSI electrolytes were also examined in Li/Li symmetric cells 

(Figure X.4.4e). For Gen 2 electrolyte, after the initial stabilization, the overpotential continues to increase and 

starts to polarize after 700 h, which correlates to the undesired side reactions between Gen 2 electrolyte and Li 

metal and results in accumulation of SEI layer, impedance buildup and electrolyte depletion. The voltage 

profile also demonstrates a characteristic “peaking” behavior that is ascribed to different resistances of dendrite 

formation (nucleation), dendrite dissolution, bulk dissolution and pitting from bulk Li surface. This type of 

voltage trace is typically correlated to a dendritic morphology on Li surface (Figure X.4.5a). For 

(PMpyrf)0.8Li0.2FSI electrolyte, the initial overpotential is slightly higher compared to (PMpyrf)0.5Li0.5FSI 

electrolyte, regardless of its lower viscosity, which suggests the excessive SEI formed by the fluorinated cation 

in (PMpyrf)0.8Li0.2FSI electrolyte has higher surface impedance. The overpotential continues decreases over 

cycling and cell experienced soft shorting issue after 600 h. This result is consistent with the higher portion of 

dendritic morphology observed in plated Li on Cu foil with (PMpyrf)0.8Li0.2FSI electrolyte (Figure X.4.5b). 

For (PMpyrf)0.5Li0.5FSI electrolyte, the voltage profile is stable over 900 h, which indicates that SEI formed by 

(PMpyrf)0.5Li0.5FSI sufficiently protects Li metal surface and minimizes the undesired side reactions. The 

stable overpotential also suggests that Li surface area is relatively maintained over Li plating/stripping, which 

could be due to the more densely packed columnar Li morphology in (PMpyrf)0.5Li0.5FSI electrolyte. The 

voltage profile of (PMpyrf)0.5Li0.5FSI (PMpyrf)0.5Li0.5FSI show the “arcing” behavior corresponding to a 

diffusion-controlled process.  PMpyrfFSI based electrolyte show high Li metal compatibility as demonstrated 

in both Li/Cu and Li/Li cells, which could be contributed by the SEI formed by both PMpyrf+ cation and FSI- 

anion. Moreover, with the PMpyrf+ cation concentration optimization, the SEI formed by (PMpyrf)0.5Li0.5FSI 

electrolyte shows lower impedance which enables uniform and highly densely packed Li morphology in Li 

plating. 
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Figure X.4.5 Li/Cu and Li/Li symmetric cell performance. (a-c) Voltage profile of Aurbach test using (a) Gen 2, (b) (PMpyrf)0.8Li0.2FSI 

and (c) (PMpyrf)0.5Li0.5FSI. (d) Coulombic efficiency of Li/Cu cell cycled with current density of 0.1 mA/cm2. (e) Voltage profile of 

Li/Li symmetric cell with current density of 0.5 mA/cm2. 

Conclusions   

A fluorinated cation is synthesized for the first time, which makes it possible to formulate an ionic electrolyte 

that enables high voltage lithium metal battery. The fluorination brings unique interfacial structure and 

subsequent interphasial chemistries on both Li0 anode and high nickel cathode. Optimizing cation 

concentration, the strong electrode/cation surface interaction caused by fluorination can be attenuated, which 

lead to high Coulombic efficiency, densely packed Li morphology, as well as excellent cycling stability of the 

4.6 V lithium-metal battery. STEM demonstrated that a highly protective CEI formed by (PMpyrf)0.5Li0.5FSI 

electrolyte maintains a thin cation mixing layer with minimum surface structure change. The new cation that 

carries fluorine will cast significant impact on emerging battery chemistries that desperately needs tailored 

interphasial chemistries.   
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Project Introduction 

The work presented here focuses on the development of new diagnostic techniques based on the scanning 

electrochemical microscope (SECM) to examine cell degradation processes occurring at the 

cathode/electrolyte interface. While lithium-ion batteries have developed significant market traction, key issues 

remain to be resolved for more broad adoption including developing a better understanding of degradation 

processes that limit cell life. Many commonly used cathode materials are known to degrade through various 

processes (transition metal dissolution and oxygen evolution, as examples). Products of this degradation are 

also known to diffuse through the cell and deposit at the anode SEI leading to performance loss. While these 

processes are known to occur, many open questions remain regarding the exact mechanisms by which they 

take place. As an example, while dissolution of manganese from cathode materials has been extensively 

studied, debate remains even regarding the oxidation state of Mn generated in the dissolution process.1 This 

effort focuses on using the SECM format paired with complementary analytical techniques to detect and 

characterize cathode degradation products at and near to an active cathode/electrolyte interface 

Objectives 

This project seeks to employ SECM paired with complementary analytical techniques to study degradation 

processes occurring at the cathode/electrolyte interface. Specifically, we study degradation products evolving 

from model LiMn2O4 (LMO) and LiNi0.5Mn1.5O4 (LNMO) cathode materials. We examine the impact of varied 

parameters on the degradation process as well as the properties of the resulting products. This will help develop 

understanding not only of how these degradation processes occur, but how degradation products may react 

elsewhere in the cell driving overall performance degradation. 

Approach  

The SECM is a scanning probe microscope which uses a small electrode to conduct electrochemical 

experiments near an active electrode/electrolyte interface. Figure X.5.1 shows a schematic of a typical SECM 

instrument which includes two working electrodes consisting of the small “tip” electrode as well as the 

underlying substrate sample. In the case of this work, the substrate would be a model cathode material under 

study. All electrodes are contained in an active electrochemical cell containing an electrolyte of interest. The 

tip and substrate electrode voltages are controlled by a bi-potentiostat using the same reference and counter 

electrodes. This configuration allows independent control of electrode voltages for both the substrate sample 

and the “sensing” tip electrode. This allows the tip to be used to conduct a variety of electrochemical 

experiments either in bulk electrolyte or near the substrate which can be held at a variety of voltages. A three-

axis positioning system is used to place the tip electrode at various locations in the cell and across the substrate 

surface for measurements as required. 

mailto:robert.tenent@nrel.gov
mailto:Tien.Duong@ee.doe.gov
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Figure X.5.1 Schematic of a typical scanning electrochemical microscopy / Al Hicks, NREL 

The SECM can be employed in a variety of so-called “modes” which can be categorized broadly as imaging 

modes (as implied by the name of the technique) or as measurement modes. The work here focuses on 

applying SECM measurement modes to better understand cathode degradation products and their reactivity. In 

our case, we work with the “generation/collection” (GC) mode of SECM in which species generated at the 

substrate are detected or “collected” at the tip electrode. This approach is conceptually similar to the rotating 

ring disk electrode (RRDE) method commonly used in electrochemical characterization in which a species is 

generated at a disk electrode and then hydrodynamically driven to a surrounding ring electrode for detection 

and characterization. The key differentiator between the GC-SECM and RRDE methods is increased flexibility 

in the experimental conditions that can be used for detection at the tip electrode. In the case of this work, we 

employ cyclic voltammetry measurements made at the tip to characterize the electrochemical properties of 

cathode degradation products occurring both near the active cathode/electrolyte interface as well as in bulk 

electrolyte.  

Results  

Formation of Model Cathode Materials (LNMO) 

Efforts over the last fiscal year have been focused, in part, on the isolation of electrolyte degradation processes 

from other, potentially coupled degradation processes. This effort began studies of the reactivity of both LMO 

and LNMO materials with model electrolyte systems The electrolyte systems reported on here are 1M LiClO4 

in propylene carbonate (PC) and ethylene carbonate (EC) and are presently being paired with  

evaluation using the LiPF6 salt. Previous work was focused exclusively on reactions of LMO and Figure X.5.2 

shows recent results for formation of LNMO using the polymer assisted deposition (PAD) technique. PAD is a 

simple technique that allows the deposition of films of mixed metal oxides using a solution-based technique 

(spin coating) followed by high temperature annealing in air.2 Data in Figure X.5.3 includes cyclic 

voltammetric evaluation of the LNMO material compared to that for LMO. As expected, a similar response is 

observed for the LNMO to the LMO except for the relevant intercalation processes being shifted to higher 

voltage. XRD data is also shown indicating formation of the LNMO material. AFM data shows that the spin 
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coating process results in uniform, low surface roughness materials which eases near surface electrochemical 

studies.  

 

  Figure X.5.2 Cyclic voltammetric, AFM and XRD data for LNMO deposited using the PAD technique 

Studies of Electrolyte Oxidation Processes on Non-intercalating Electrodes 

The oxidative stability of model electrolytes was initially studied on both Pt and GC electrodes to gain insight 

into the direct electrochemical oxidation of electrolyte components. This data serves as a basis for comparison 

to similar efforts evaluating these processes in the presence of the relevant model cathode materials which are 

believed to help drive the “chemical” oxidation of the electrolyte. The data in Figure X.5.3 shows results for 

electrolyte oxidation studies using Pt electrodes. These experiments were conducted using cyclic voltammetry 

(CV) to evaluate the electrochemical stability window of 1M LiClO4 in both PC and EC for comparison. EC is 

suspected to be involved in the formation of reactive elements that drive the chemical oxidation of the 

electrolyte and PC is included for comparison. CV experiments were conducted with the extreme voltages of 

the range varied in order to determine the voltage at which electrolyte oxidation initiated. The data for the PC 

based system shows that the electrolyte oxidation starts at just below 5V with a well defined electron tranfer 

reaction. Return voltage sweeps (that will drive reduction processes) show that the direct oxidation of the 

PC/ClO4 based system leads to a well defined reduction process occuring at ~ 2.8V. For comparison, the EC 

based system shows a more varied response with a less well defined oxidation process and the formation of 

multiple electrochemically reactive species that are detected in the reduction sweep. Due to the simplicity of 

the observed direct oxidation products of the PC based electrolyte, this system was initially chosen for further 

comparison to model cathode electrodes as well as development of SECM-specific methods to detect reaction 

products. The more complex EC based system will be studied further going forward. In addition to the 

observed electrochemical processes in Figure X.5.3, it was noted that the measured capacitance of the 

electrochemical cells following electrolyte oxidation showed what appears to be an increase in capacitive 
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currents. This potentially indicates the formation of surface films as part of the direct oxidation of the relevant 

electrolyte species and will be studied further. 

 

Figure X.5.3 Cyclic voltammetry data for 1M LiClO4 in PC and ED at a 2mm Pt disk electrode 

Comparison of Electrolyte Oxidation on Non-Intercalating Electrodes and Model Cathodes  

Figure X.5.4 shows a comparison of CV data collected using the 1M LiClO4:PC electrolyte using Pt as well as 

LMO and LNMO model cathodes. Data has been plotted as current density due to variations in electrode size. 

The top plot shows data for LMO compared to Pt for similar voltage windows. As compared to data in Figure 

X.5.3, within the voltage range for the LMO evaluation we have not yet pushed far enough positive for the 

direct oxidation of the electrolyte to occur. However, following the Li intercalation processes observed at ~ 

3.9V and 4.1V a higher oxidative current is observed as compared to the Pt substrate. This increased current 

potentially indicates additional processes that may lead to the “chemical” oxidation of the electrolyte through a 

catalytic type of reactivity with the LMO. Interestingly, similar data for the LNMO material shows a less clear 

result with some increased current for the LNMO. However, this current nearly overlaps with that seen for the 

direct oxidation observed on Pt. This may be due to stabilization of the LNMO material through the addition of 

Ni to the LMO structure.3  
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Figure X.5.4 Comparison of cyclic voltammetry data for LMO and LNMO with the “non-intercalating” Pt electrode. 

Near Surface G/C SECM to Evaluate Direct Electrolyte Oxidation 

Figure X.5.5 shows G/C SECM data collected for the direct oxidation of the LiClO4:PC electrolyte at a Pt 

substrate with product detection occurring at a Pt tip electrode that was placed ~ 2 um above the substrate. 

Positioning was accomplished using a redox mediator system as discussed elsewhere.4 The figure to the left 

plots the current measured at the Pt substrate as voltage was scanned from 3.5V out to 5.4V. The tip electrode 

was initial biased at 2.6V to allow the detection of the same reduction products earlier identified in Figure 

X.5.3. Note that as the substrate voltage increases, the reduction current detected at the tip electrode increases, 

eventually reaching a maximum and then decreasing. A second experiment was then conducted with the tip 

electrode biased at 3V. At this voltage, the tip should not be able to drive the reduction process observed in 

Figure X.5.3. Under these conditions little reduction current is measured (orange trace) at the tip electrode 

indicating that this electrode is detecting the direct oxidation product shown in Figure X.5.3. 
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Figure X.5.5 G/C SECM data collected for a 10 m Pt tip electrode placed ~ 2 m above a 2 mm Pt substrate. 

The data to the right in Figure X.5.5 is the same as that shown on the left, however, is plotted versus time 

rather than substrate potential and was collected over the course of two scans of the substrate voltage out to 

5.4V. Note that the current measured at the substrate and tip both decrease on the second scan. The difference 

in the tip electrode current is significantly more pronounced. This result is potentially consistent with the Pt 

substrate surface being passivated to some extent after the oxidation of the electrolyte possibly through 

deposition of a surface film. Interestingly, in a subsequent experiment, when the substrate was scanned to 

negative voltages the reactivity returned to that seen in the initial scan shown in Figure X.5.5. This potentially 

indicates that any film that may be formed on the Pt substrate can be removed through application of a 

negative voltage.  

Initial G/C SECM Evaluation of Electrolyte Oxidation at Model Cathodes 

Figure X.5.6 shows initial G/C SECM data collected for the detection of oxidation products formed at an LMO 

substrate using the 1M LiClO4:PC based electrolyte system. The tip electrode was a 10 m Pt disk electrode 

placed near the substrate surface as discussed earlier. The data in Figure X.5.6 shows linear sweep 

voltammograms collected at the tip electrode with the underlying LMO substrate held at varied voltages. 

While the previous data set used distinct tip voltages to detect an expected reduction process, the approach 

described here enables detection of unexpected reduction products by sweeping through a range of tip 

voltages. Under these conditions, reduction processes will appear as inflections in the current versus potential 

curves rather than peaks. For this plot the tip current values had a deliberate current offset applied to allow 

differentiation of each sweep. The applied substrate voltage associated with each tip voltage scan is shown on 

the left side of each plot.  The three vertical lines delineate areas where reduction products are detected at the 

tip electrode. In this case, we appear to see at least three distinct reduction products with processes detected at 

tip at voltages of ~ 2.7V, 3.2V and 3.55V. The process detected at 2.7V is potentially the same as that seen for 

the direct oxidation of the electrolyte while the processes observed at 3.2V and 3.55V appear to be distinct 

from the direct oxidation process. The process observed at 2.7V is present in all data sets and may be a residual 

product from an earlier scan (not shown). The process occurring at a tip voltage of 3.2V appears to develop at 

a substrate voltage of 4.6V. Interestingly this process also appears to begin to shift toward more negative tip 

voltages as substrate voltage increases. The final process at ~3.55V appears to begin to develop above 5.4V 

applied at the substrate. This final process may be somewhat irrelevant as 5.4V is not likely to be employed in 

an actual cell, however the process observed at 3.2V tip voltage may be relevant for comparison to other high 

voltage cathode materials including the LNMO.  
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Figure X.5.6 G/C SECM tip linear sweep voltammetry (LSV) at varied substrate voltages. 

Conclusions   

Studies were conducted attempting to differentiate direct oxidation of model LIB electrolyte systems from 

“catalytic” oxidation of the electrolyte in the presence of model cathode materials. Focus was placed on 

comparing LMO and LNMO materials, largely evaluated with the 1M LiClO4 and PC system. However, 

evaluation of alternate salts (LiPF6) and carbonates (EC) has been initiated. Evaluation of the direct oxidation 

of our model electrolytes using both CV and SECM showed that the G/C SECM method can be used to detect 

oxidation products formed at the substrate electrode. Furthermore, direct oxidation studies appeared to indicate 

both the formation of soluble degradation products as well as potential surface films with indications from 

multiple approaches. Electrolyte oxidation stability windows were also characterized for LMO and LNMO 

model cathodes and compared to direct oxidation at Pt electrodes. This work was conducted both using cyclic 

voltammetry and G/C SECM methods. The G/C SECM data collected for a Pt tip near an LMO substrate 

biased at varied voltages appears to show multiple electrolyte oxidation products formed beyond those 

observed for direct oxidation using a Pt substrate. This result is still preliminary and will be explored further as 

this project moves forward with additional work on the LNMO material and a shift to the NMC 811 system 

which has been shown to also drive the ”chemical” oxidation of the electrolyte.  
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XI Next Generation Lithium-Ion Materials: Low-

Cobalt/No Cobalt Cathodes 
VTO battery R&D activity has historically been focused on developing a novel battery technology offering a 

combination of improved cost and performance.  In the past, this was appropriate given that PHEVs and EVs 

did not perform as well as internal combustion engine powered vehicles (in terms of range or life) and they 

were more expensive. However, a combination of improved energy and lower cost materials being 

commercialized (e.g., NMC811) and an increasingly large volume of EVs being manufactured worldwide has 

led to a dramatic reduction in EV/PEV battery cost from well over $1000/kWh in the mid 2000s to under 

$150/kWh today.  This, in turn, could lead to even greater EV sales in the near future. With EV cost and range 

improved, DOE recognized that EV/PEV batteries would need to be made, to the greatest extent possible, 

using only earth abundant materials.  

In late 2018, the battery R&D program competitively awarded seven contracts to develop cells using low- or 

no-cobalt cathodes.  The goals of these projects were to achieve a cobalt loading of less than 50mg/Wh, a 

cathode level specific energy greater than 600 Wh/kg, and to use that cathode to construct a cell that provide 

80% capacity retention after 1000 cycles at a C/3 discharge rate. The contracts, now mainly completed, 

focused on high Ni NMC (Cabot Corp, University of Texas at Austin, University of California at Irvine, 

Pennsylvania State University), the 5V spinel LiMn1.5Ni0.5O4 (LNMO) (Nexceris, University of California at 

San Diego) and a novel NiFeAl material at Oak Ridge National Laboratory.  

Some selected highlights from these projects are as follows: 

• UCSD, with project partners Tesla, LBNL, UT Austin, and Army Research Lab, used a dry electrode 

fabrication process along with a high voltage electrolyte formulation to demonstrate a 3mAh/cm2 

loading Gr/LNMO cell that achieved 70% capacity retention after 1000 cycles.  

• UC Irvine, with partners from LBNL, PNNL, VA Tech, and American Lithium Energy developed a 

high-entropy doping strategy to fabricate a high-Ni, zero-Co layered cathode 

(LiNi0.8Mn0.13Ti0.02Mg0.02Nb0.01Mo0.02O2) that has high thermal and cycling stability..  The resulting 

material exhibited 500 full cell cycles with just 5% capacity fade and zero strain during charge and 

discharge.  In-situ heating experiments reveal that the thermal stability is significantly improved, 

reaching the level of NMC-532.  

The rest of this chapter contains detailed reports on the status of the following individual projects. 

• Aerosol Manufacturing Technology to Produce Low-Cobalt Li-ion Battery Cathodes (Cabot 

Corporation) 

• Co-free Cathode Materials and their Novel Architectures (UCSD, UTA, LBNL) 

• Enhancing Oxygen Stability in Low-Cobalt Layered Oxide Cathode Materials by Three-Dimensional 

Targeted Doping (UC Irvine) 

• High-Nickel Cathode Materials for High-Energy, Long-Life, Low-Cost Lithium-Ion Batteries (UTA) 

• Cobalt-Free Cathodes for Next Generation Li-Ion Batteries (Nexceris) 

• High-Performance Low-Cobalt Cathode Materials for Li-ion Batteries (PSU). 
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XI.1 Aerosol Manufacturing Technology to Produce Low-Cobalt Li-
ion Battery Cathodes (Cabot Corporation) 

Toivo Kodas, Principal Investigator 

Cabot Corporation 

157 Concord Road  

Billerica, MA, 01821 

E-mail: Toivo.Kodas@cabotcorp.com  

Haiyan Croft, DOE Technology Development Manager  

U.S. Department of Energy 

E-mail: Haiyan.Croft@ee.doe.gov 

Start Date: October 1, 2018 End Date: September 30, 2022  

Project Funding: $2,749,057  DOE share: $1,989,057 Non-DOE share: $760,000 
 

Project Introduction 

Although considerable progress has been made with battery materials over the last 10 years, the cathode 

remains a major performance-limiting material in Li-ion battery (LIB) technology. New materials and battery 

chemistries will overcome some of the remaining challenges, but cathode materials must also be manufactured 

at a lower cost and with a smaller environmental footprint using new processes that can also enable improved 

control over stoichiometry, morphology, and compositional homogeneity. Cabot, Argonne National 

Laboratory and SAFT research teams are combining their extensive expertise in particle synthesis, battery 

materials and cell design to develop a low-cost, flexible aerosol manufacturing technology for production of 

high-performance cathode active materials (CAM). This project will develop low-Co CAMs via Reactive 

Spray Technology (RST) and Flame Spray Pyrolysis (FSP) to reach performance targets of < 50 mg 

Cobalt/Wh.  

Objectives 

The objective of this project is to research, develop, and demonstrate RST and FSP for production of low-

Cobalt CAMs for use in high energy LIBs capable of the following (see Table XI.1.1):  

Table XI.1.1 Project performance targets for cathode active material and cell made with this material  

Beginning of Life Characteristics at 30°C Cell Level Cathode Level 

Useable Specific Energy @ C/3  --- ≥60 Wh/kg 

Calendar Life (< energy fade) 15 years --- 

Cycle Life (C/3 deep discharge with <20% energy fade) 1,000 --- 

Cobalt Loading <50 mg/Wh --- 

Cost ≤$100/kWh --- 

Approach  

To achieve the above targets, we have demonstrated the production of low-Cobalt particle compositions. Cabot 

has shown the feasibility of LiNi0.8Mn0.1Co0.1O2 (NMC811) by RST; for this project we are extending this to 

even lower Co amounts. This required us to identify approaches to solve key problems of phase stability, water 

sensitivity, interface degradation and others. The team has explored particle doping, coating, morphology, and 

size control on a robust platform that can be extended to other material configurations. We have leveraged the 

flexibility of RST and FSP to produce key low-Co cathode compositions relevant for achieving a scale up 

pathway. Cabot and ANL have identified the most suitable aerosol platform and process conditions to 

mailto:Toivo.Kodas@cabotcorp.com
mailto:Haiyan.Croft@ee.doe.gov
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synthesize low-Co cathode active material compositions. The optimization of low-Co electrodes includes new 

conductive additive formulations and improved low-Co cathode pastes that ensure percolation and mechanical 

stability of the film.  

The performance goals in Table XI.1.1 drive us to new compositions, lower Cobalt than in NCM811 (such as 

LiNi0.9Co0.05Mn0.05 and Ni0.9-xCo0.06Alx  x=0.005-0.03), along with other materials systems comprising fluorine 

(Li-excess disordered rock salt, LxDRS). Composition must be optimized for performance, cycling, stability 

and operation, among others. Our proposed RST/FSP route will address these issues and allow doping, 

coating, gradients, and novel particle morphologies which can solve these problems.  

Results  

CAM particle morphology and structure optimization  

Results obtained in budget period 2 (BP2) taught us that calcination and other post processing (surface 

washing/milling) steps greatly influence NCM9055 particle distribution and surface area. For instance, one-

step calcination process at temperatures 750°C -800°C (for 10-12h) destroys the green (as-prepared) powder 

structures and leads to sintering and particle agglomeration. These hard agglomerates needed to be milled, 

which due to the brittleness of NCM9055 created many fine particles seen by the high surface area of the final 

material (BET 3.5-6 m2/g) (referred to Figure XI.1.1). To this end, ANL has explored alternative ways to 

calcine the green powder to reduce/avoid particle sintering. Some initial work was done using a rotating oven 

(rotating kiln), but the results were not much different from the results using a static muffle furnace. In 

addition, dry aerosol (mimicking a fluidize bed) to keep the particles flowing during calcination with the 

intention to avoid sintering at elevated temperatures was also tried. The team also explored combining static 

calcination with dry aerosol calcination (DAC) process. After some trial using the DAC process alone and in 

combination with static (muffle furnace) calcination, the team realized that residence times are too short for 

full layered phase conversion, though  the particle size and morphology were not changed from the original 

green powder. Though the signs for layered phase were not moving to the right direction (Figure XI.1.1). After 

extra experiments the team realized that DAC would need to use pure oxygen instead of air to get closer to the 

layered phase. Since the current DAC set up does not allow for that, we have abandoned that option. 

 

Figure XI.1.1 X-Ray diffraction plots for NCM9055 produced by RST (RST039) using improved calcination process  HYO1. 

Based on discussions with the team members and other cathode scientist at ANL, we explored a two-step 

calcination. The first step was done at low temperature (600°C ≤ T < 725°C) for t > 12h, followed by shorter 

second calcination at higher temperature (> 725°C). The idea is to remove all surface carbonates and other 

volatile residues (from the RST synthesis)  during the low-temperature static (muffle furnace) calcination. It is 

known that these residues can quickly melt at higher temperatures and promote particle necking creating large 

solid agglomerates. Though, this step will not fully convert the powder to the layered phase it starts the process 

(the powder seems to be a mixture of mainly spinel powder with some layered phase). Calcined powders were 

qualified by X-ray diffraction (XRD), particle size distribution (PSD), scanning electron microscopy (SEM) 
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and BET surface area. XRD studies are to confirm that we are obtaining the desirable layered structure (R3m). 

There are two main sign to look for when review XRD pattern (a) the ratio [003/0104], which should be ~ 1.89 

and the peak splitting around 64 degrees (Figure XI.1.1). SEM, PSD and BET will tell us particle morphology 

and size distribution. The green powder (after spray pyrolysis process) has an initial BET of 5.89 m2/g. ANL 

was able to reduce porosity and particle surface area, while keeping particle morphology by using a 2-step 

static calcination to 1.11 m2/g. 

Additionally, ANL slightly modified the Li-excess and precursor solution concentration during spray pyrolysis 

synthesis. Based on previous experience, the latter leads to bigger particle size leading to process RST039.  

Spray pyrolysis (RST039) and calcination processes conditions (HY01) have been selected to produce 

NCM9055 with a surface area ~1 m2/g, these conditions will eliminate the need for particle surface washing 

and milling (Figure XI.1.2). The ANL team produced 4.5 kg of improved NCM9055 cathode powders having 

0.96 m2/g and D50 = 2.8 m surface area and particle size respectively. Figure XI.1.3 shows XRD plots 

comparing progress toward obtaining improved crystallinity and particle morphology of the RST made 

NCM9055.  

 

Figure XI.1.2 SEM images for different high nickel content NCMs (a) commercially available round NCM811; RST made cathode 

material (b) green powder, (c) NCM811, (d) NCM9055 and (e) improved NCM9055  

 

Figure XI.1.3 X-ray diffraction patterns for NCM9055 made by RST (a) green powder, (b) interim material used in BP2 to make 

pouch cells, (c) improved material to be used for final cell deliverables 

Cathode particle surface modification 

Cabot continued work to improve CAM surface coating properties using aluminum oxides with different 

surface areas FA-2 and FA-3 (BET: 60 m2/g < FA-1 < FA-2 < FA-3). The idea is to explore the effectiveness 

of higher surface area alumina on NCM particle coverage. It has been shown that FA-2 gives the best core 

particle surface coverage than our baseline FA-1 fumed alumina (used during BP2) and FA-3. It is worth 

mentioning that FA-3 has a different crystal phase composition (more amorphous) compared to the other two. 
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Additionally, initial results suggest that FA-2 can provide similar coating coverage with less amount of 

material to FA-1. This is particularly advantageous because it will limit the initial capacity reduction due to 

reaction of lithium with Al2O3. Half coin cells (Figure XI.1.4.a) indicated that FA-2 could be a good option for 

RST made NCM9055, because these particles are smaller (D50 : 2-3 m) needing a coating material with 

higher porosity and smaller particles (higher surface area). Full cell studies (Figure XI.1.4.b) using  FA-1 and 

FA-2 (wt% < 2) to coat NCM811 (made by co-precipitation,  D50= 10m) were carried out. Electrode 

loadings were ~3.5 mAh/cm2  and were matched with graphite anodes. Cells were assembled and tested at 

45°C from 2.8 to 4.2V using 1C charge/discharge rates. Between FA-1 and FA-2, there seems not to be 

significant difference in cycle-life (half and full coin cells), therefore both FA-1 and FA-2 will be used to 

surface coat NCM9055 (with 0.96 m2/g BET surface area). 

 

Figure XI.1.4 Electrochemical studies for NCM811 coated with different fumed alumina powders (FA-1, FA-2 and FA-3): (a) half 

coin cells and (b) full coin cells. 

In addition, nano scale LixMyOz was used to surface coat NCM811. As mentioned before, this type of coating 

particle can effectively protect the core Hi-Ni CAM while avoiding lithium consumption during formation. Li-

metal oxides (20 < SA < 50m2/g) with a fractal structure were made by flame spray pyrolysis (FSP). These 

particles were dispersed onto the surface of NCM811 (0.25 m2/g) using a dry coating process. Due to their 

lower surface area compared to FA higher wt% were needed to obtain a good surface coverage ( D < E < 

4wt%). Cell testing data indicates that Li-metal oxide coating reduces electrode resistance increase while 

improving cycle life testing. As shown in Figure XI.1.5 LixMyOz has less impact on initial capacity than fumed 

alumina. The team will continue exploring this material as a next generation cathode coating option.  

 

Figure XI.1.5 Full coin cell cycle life for cells made with NCM811 coated with FA-1 and with LixMyO2. 
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Fumed alumina coating optimization for RST NCM9055 

Two types of fumed aluminas (FA-1 and FA-2) with differing in BET surface area were used to coat 

NCM9055 (BET SA=0.96 m2/g) made by RST. The loading of the alumina varied from 0 to 2 wt.% (A < B < 

C < D). The team also measure the influence of the coating layer on cathode surface interaction with water by 

measuring pH of the coated particles in an aqueous dispersion (measurements were taken after 24h soaking). 

As seen in Figure XI.1.6 a linear decrease in pH was highly correlated with fumed alumina loading, which is 

favorable to slurry processing, as elevated pH may cause slurry gelation. 

 

Figure XI.1.6 Correlation of pH after 24h and fumed alumina contents of RST9055-039 coated samples 

Electrodes were coated on aluminum foil to assemble full 2032 coin-cells with constant n/p ratio of 1.2. and 

capacity area loading of 4.5 mAh/cm2. The conductive carbon additive in the cathodes was 1.3% Blend C 

(CB+CNTs, more details in the next section), and binder was 1.2% Solef5130. Coin-cell initial capacity and 

first cycle efficiency were respectively 205 mAh/g and 90% for the uncoated particles and decreased with 

fumed alumina coating as shown on Figure XI.1.7.a. This is known to be caused by Li consumption by the 

alumina layer during cell formation. Highest capacity and 1st cycle efficiency of 196 mAh/g and 87% were 

achieved with 1 wt.% FA coating for both FA grades. Cycle-life testing performed at 45°C (1C/1D, 4.2-2.8V) 

confirmed beneficial effect of the surface coatings on capacity retention (Figure XI.1.7.b).  

 

Figure XI.1.7 (a) 1st cycle efficiency and 1st C/10 capacity (4.2-2.8V) vs. fumed alumina contents of RST9055-039 coated 

samples. (b) 1C/1D, 45oC (4.2-2.8V) Capacity retention vs. cycles for RST9055-039 coated samples 

Carbon Conductive Additives for Hi-Ni NCMs  

This development continued using a better carbon nanotube dispersion CNT-C2. Previous study indicated that 

1% CNT-C2 gave best cycle-life results with surface coated NCM811. The worked done in this reporting 
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period was aimed at further improving cycle-life by blending with additional CB. Commercially available  

surface coated NCM811 was used as model for this purpose. The slurry formulations tested are listed in Table 

XI.1.2. 

Table XI.1.2 Conductive carbon additives formulation tested using commercial NCM811 (a< 1wt%)  

Conductive Carbon Additive (CCA) type PVDF Binder Loading Density 

0.5a % CNT-C2 1% 

23 mg/cm2 3.5 g/cc 
a % CNT-C2 1.2% 

2a % CB 2% 

Blend C (0.5a % CNT-C2 + 0.8a % CB) 1.2% 

 

 

Figure XI.1.8 (a) Initial discharge rate capability of CCA formulations with NCM811. (b) Ionic and electronic resistance extracted 

from hppc testing of CCA formulations with NCM811 

Cells were formed at C/10 CCCV and tested for discharge rate capability in 2.8-4.2V range.  All formulations 

had 1st  coulombic efficiency between 85-87%, and 0.1C capacity above 185 mAh/g. Rate capability results 

(Figure XI.1.8.a) shows that at higher discharge current the CB/CNT blend (Blend C) had significantly better 

discharge rate capability. We could attribute this effect to improved ionic conductivity in the electrodes due to 

the carbon black presence. This was proven by extracting ionic resistance from the hppc data at 50% SOC,  

where ionic resistance decreases with CB contents in the CCA formulation (Figure XI.1.8.b). Cycle-life testing 

was performed at 45°C using 1C-1D currents. The Blend of CNTs and CB outperformed all over formulations, 

both in capacity utilization and capacity retention (Figure XI.1.9). It is therefore the most promising choice to 

meet DOE targets of energy and capacity retention and will be tested with NCM9055 made by the RST 

process. 
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Figure XI.1.9 From top to bottom: Capacity utilization, retention, and DC-IR during cycle-life testing of CCA formulations with 

NCM811 

Optimize electrode formulation and architecture. 

NCM9055 made at ANL was surface coated using FA-1 and FA-2 at different loading amounts ( A < B < C < 

D < 2wt%). As mentioned earlier, the cathode initial capacity and pH (when dispersed in water) was 

influenced by the wt% of alumina. As the wt% increased the initial discharge capacity of the electrode 

decreased as well as the initial pH (w/o surface coating pH= 12.2) down to 11.4. Coin-cell initial capacity and 

first cycle efficiency were respectively 205 mAh/g and 90% for the uncoated particles and decreased with 

fumed alumina coating. This is known to be caused by Li consumption by the alumina layer during annealing 

of the coated particles. Highest capacity and 1st cycle efficiency of respectfully 196 mAh/g and 87% were 

achieved with > A wt.% FA-2 coating. Based on formation results, cells made with FA-2 coated NCM9055 

was selected for further cycling experiments. Cycle-life testing performed at 45°C (1C/1C, 4.2V-2.8V) 

confirmed beneficial effect of the coatings on capacity retention. Cells made with alumina coated NMC9055 

(wt% > A) have reached about 300 cycles (with 80% capacity retention) at these conditions as show in Figure 

XI.1.10. The team has selected FA-2 (BET > 100m2/g) due to the reduced capacity loss, lower DCIR and 

better cell performance. 
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Figure XI.1.10 Full coin cells (4.3 mAh/cm2) cycle life results for different coated cathodes at 45°C and 1C/1D charge/discharge 

rates 

Cabot has increased the cathode dry coating process batch size from 50g to 1.5 kg. Analytical and 

electrochemical experiments were carried out using intermediate steps (100, 200, 500 1000g). Material 

characterization shows similar CAM (using NCM622) surface coverage for the different scales. And full coin 

cells show similar initial capacities and cycle life for cells made with cathode produced at different batch sizes. 

The scaled-up process was used to surface coat 4.5kg of NCM9055 made by RST. (See Figure XI.1.11.) 

 

Figure XI.1.11 SEM images of FA-2 coated NCM9055 (a) secondary particle, (b) zoom-in view of the primary particles coated with 

fumed alumina 

Project completion cell (PCC) fabrication and testing  

The best alumina coated NCM9055 samples (based on cycle life) were selected and shipped to SAFT for slurry 

qualification and pouch cell testing. The surface coated RST9055 were tested for surface contamination, 

particle size a surface area. The slurries made with the RST samples passed qualification and were used to 

make double pouch cells (Figure XI.1.12). Figure XI.1.13 shows double layer pouch cells have shown 88% 

energy retention after 550 cycles (at 30°C, C/3) and projected to reach ~1000 cycles before drops below 80%.  

The pouch cycle life aligns with Cabot’s results in full coin cells. Based on cycling data and initial capacities 

we calculated expected energy densities (cathode). Table XI.1.3 Compares cells made during the project and 

summarizes cathode energy densities for these cells at C/10 and C/3 (at 45°C). The final material cell initial 

energy density were 755Wh/kg and they retained 93% of it after 300 cycles. 
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Figure XI.1.12 SAFT experiments: slurry and cathode layer made with alumina surface coated RST 9055 

 

Figure XI.1.13 Double layer pouch cell made with optimized surface coated NMC9055 

Table XI.1.3 Summary table showing initial cathode energy densities 

Active material 

 

                                                                   

Disharge rate 

Cathode Energy Density (Wh/kg) 

Initial  After 300 cycles (C/3) 

0.1C 0.33C 0.1C 0.33C 

PPC: uncoated NCM811 650 610 515 450 

Interim: NCM9055 v1 710 670 570 515 

Final: NCM9055 v2 755 705 705 655 

 

Conclusions   

In FY2022, the team worked on improving NCM9055 particle morphology and reduce surface area. This was 

achieved by modifying and improving post processing steps (calcination and deagglomeration). After locking 

the process steps, the team focused on producing NCM9055 by RST for the final cell deliverables (project 

completion cells, PCC). ANL produced 4.5kg of NMC9055, with 0.96 m2/g and D50 = 2.8 m surface area 
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and particle size respectively. The cathode powder was then surface coated by Cabot using the selected high 

surface area fumed alumina. The coated NCM9055 material has been sent to SAFT for qualification at small 

scale (200g) and large scale (1.5kg). Slurries made with the NCM9055 powder  have passed SAFT standard 

testing (powder, slurry, and electrode coating qualification). Cabot has optimized and selected a new blend of 

carbon black and carbon nanotubes (Blend C) to be used for in Hi-Ni NCMs to be used in the fabrication of 

PCCs. SAFT has selected all other cell components (anode, binders, separator, and electrolyte). Double layer 

pouch cells made with the final NCM9055 material has shown an initial energy density of 755 Wh/kg and 

~88% retention after 550 cycles (at 30°C, C/3) and projected to reach ~1000 cycles before drops below 80%. 
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Project Introduction 

Since its discovery [1], LiNi0.5Mn1.5O4 (LNMO) spinel-type cathode materials have long intrigued the 

transportation industry due to their high operating voltage (4.7 V) and capability to handle high charging rates. 

More recently, the strong desire to eliminate cobalt in cathode materials has sparked a renewed interest in this 

class of oxides. Various attempts to create LNMO/graphite batteries that exhibit high voltage, relatively high 

energy density, and high charging capabilities have been carried out worldwide, but they all have suffered 

from excessive degradation and short cycle life, especially when stored or cycled at elevated temperatures 

(55℃ or higher) [2]. Our proposed work will solve the long-standing issues by 1) novel architecture of LNMO 

thick electrodes to enable 4-6 mAh/cm2 loading, 2) new electrolyte formulation to suppress degradation in 

LNMO/Gr full cells, and 3) close collaboration among university-national lab-industry to demonstrate the 

feasibility of a Co free Li-ion cell with energy density exceeding 600 Wh/kg at cathode level. The main focus 

of this research is to solve the structural stability of LNMO and the interphase problems with electrolytes, 

including adopting an appropriate surface coating for the cathode; the development of a novel electrolyte 

(electrolyte additive, sulfone-based electrolyte); and the advancement of a new dry electrode processing 

method. In the past five years, our research team has made great progress on developing innovative synthesis 

techniques of high tap density cathode materials; conformal coating methods on powder samples; advanced 

mailto:shmeng@ucsd.edu
mailto:rmanth@mail.utexas.edu
mailto:hiduong@tesla.com
mailto:vsbattaglia@lbl.gov
mailto:Haiyan.Croft@ee.doe.gov
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characterization techniques on the atomic scale, electrode scale, and at the cell level; we have also made 

significant inroads on thick-electrode-architecture cell prototyping. UT Austin has extensive experience in the 

co-precipitation synthesis of LNMO cathode materials with a batch tank reactor at above the kilogram scale. 

UCSD has achieved conformal coatings on cathode particles through polymer assisted deposition. UCSD has 

also demonstrated that cryo-(S)TEM is crucial for interphase studies as it can effectively preserve cathode 

electrolyte interphase (CEI) structure/chemistry from beam damage. LBNL has effective diagnostic methods 

for full cells at both the coin cell and pouch cell level. Tesla, Inc. possesses a unique dry battery electrode 

coating technology that offers extraordinary ionic and electronic conductivity for extremely thick electrodes. It 

is through these successful experiences and fundamental understanding of these high voltage cathode materials 

that we can successfully formulate strategies to optimize LNMO-based battery system. 

Objectives 

The proposed research aims to deliver a Co free Li-ion battery with energy density exceeding 600 Wh/kg at the 

cathode active material level. More specifically, the main goal of this project is to develop a high-performance 

and low-cost spinel-type LiNi0.5Mn1.5O4 electrode and novel electrolyte formulation to suppress full cell 

degradation at high voltage and temperature. The best combination of high voltage electrode and electrolyte 

will achieve higher cell energy density, better safety performance, longer battery life, and greatly reduce the 

overall cost of the battery. The critical success factors in achieving that goal include:  

1. Electrolyte stability and compatibility for both the cathode and anode materials under high charge and 

discharge voltage;  

2. LNMO bulk and surface stability at high working temperature 55-60℃;  

3. High areal cathode loading with new polymer binder and a dry-processing method to ensure adequate 

electronic and ionic transport for fast rates. 

Approach  

The main focus of this research is to solve the structural stability of LNMO and the interphase problems with 

electrolytes, including adopting an appropriate surface coating for the cathode; the development of a novel 

electrolyte (electrolyte additive, sulfone-based electrolyte); and the advancement of a new dry electrode 

processing method. In addition, to guide our research to determine which electrolyte system is more stable and 

compatible for LNMO electrode materials under high voltage cycling, we will develop a series of 

characterization techniques such as ex-situ X-ray photoelectron spectroscopy (XPS), ex-situ cryogenic 

transmission electron microscopy (cryo-TEM), ex-situ cryogenic focused ion beam microscope (cryo-FIB), in-

situ Fourier-transform infrared spectroscopy (FTIR) and in-situ time-of-flight secondary-ion mass 

spectrometry (TOF-SIMS).   

Results  

The following progress has been achieved in FY22: 

Enabling high performance LNMO using dry electrode method (> 3 mAh/cm2)  

Dry electrode process was adopted to improve the performance of LNMO in the full cells. Unlike conventional 

slurry-based process, the dry process removes toxic NMP, solvent drying process as well as solvent recycling 

equipment cost. In addition to these environmentally benign features, the dry process can easily fabricate ultra-

high loading electrodes without cracking, as shown in Figure XI.2.1a. The thick LNMO electrode up to 10 

mAh/cm2 was well optimized using carbon nanofibers as the conductive agent, PTFE as the binder, and etched 

Al as the current collector. Combining these inactive components with high-quality LNMO active material 

built a well-constructed thick film with a superior electronic conductive network. The electrochemical 

performance of this type of electrode at 3 mAh/cm2 in the full cell is much better than the wet-coated 

electrode. In a practical condition, the LNMO/graphite full cell at 3 mAh/cm2 level doubled the cycling life 

compared to slurry-based LNMO, as shown in Figure XI.2.1a and b. The success of dry LNMO electrodes is 

ascribed to reduced parasitic reactions, a well-built electronic percolation network, and robust mechanical 

properties. 
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Figure XI.2.1 (a) SEM cross-section of a 240 um dry-coated LNMO electrode. (b) Voltage profiles of dry-coated LNMO with various 

loadings in half cells. (c) Full cell cycling performance between dry-LNMO and conventional slurry-based LNMO.  

Developing all-fluorinated novel electrolyte for high voltage cycling (3 mAh/cm2)  

All-fluorinated electrolyte was developed during the project period. Fluorination of EC and EMC improved the 

oxidation stability of solvent molecules. This can be supported by the DFT calculation results. The reaction 

barrier of FEC is much higher than that of EC at different cathode facets. With the support of theoretical 

calculations, experimental investigations and analysis were carried out. LNMO/graphite full cells at 3 

mAh/cm2 level using 1M LiPF6 in EC:EMC = 3:7 wt% (Gen2) and 1M LiPF6 in FEC:FEMC = 3:7 wt% (FEC-

FEMC) cycled at elevated temperature (55°C) were analyzed. Under such aggressive testing condition, full 

cells using Gen2 electrolyte experienced extremely unstable cycling, quick failure, and low average CE% 

(<99%) over the cycling. In contrast, full cells using FEC-FEMC electrolyte show excellent capacity retention 

(~68%) in 100 cycles with average CE% of ~99.4% (Figure XI.2.2). More importantly, the cycling data for 

FEC-FEMC electrolyte are reproducible which makes the improved cycling stability in all fluorinated 

electrolyte more valid. 

 

Figure XI.2.2 (a) Specific discharge capacity and (b) Coulombic efficiency (CE%) of high temperature (55°C)   LNMO/graphite full 

cell cycling.  

Impact of a high-energy laser treatment on the surface chemistry of the Fe-LNMO cathode electrode  

The morphologies of the pristine (referred to as baseline) and laser-treated Fe-LNMO cathode electrodes were 

explored with scanning electron microscopy (SEM, Figure XI.2.3a). As seen, the edges of laser-treated 

primary particles are not as sharp as the baseline sample, indicating the laser energy applied to the cathode 

particles is high enough to alter the primary particle morphology, which could induce changes in the structure 

and/or surface properties of the cathode electrode. In this regard, STEM are first carried out to understand any 

structural changes that could have been brought about by the laser treatment. STEM images (Figure XI.2.3b) 

of baseline and LT1 samples show a similar spinel lattice structure with no obvious difference. It should be 
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noted that the surface lattice structure with a thickness of about 2 nm is the Mn3O4-type spinel. That phase is 

presented on both samples and is formed due to surface oxygen/Li deficiency instead of the laser treatment.  

With respect to the surface chemistry evolution, XPS data were collected on the fresh baseline and LT1/LT2 

electrodes before the electrochemical test. As shown in Figure XI.2.3c, the PVDF peaks at 286 eV and 290.3 

eV (C1s spectra) of LT1 and LT2 are weaker than those of the baseline electrode, and such a decrease in the 

PVDF peak after the laser treatment can also be seen in the F 1s spectra, illustrating that the high energy laser 

treatment can induce the decomposition of the PVDF binder. Interestingly, a new LiF peak at about 685 eV in 

the F 1s spectra appears after the laser treatment. Theoretically, the formation of LiF should result from the 

reactions between the PVDF binder and Fe-LNMO active material, which are, respectively, the only source of 

fluorine and lithium in the electrode. Due to the formation of the LiF phase on the surface, the content of O-

TM bonding in the O1s spectra (no sputtering) of LT1 and LT2 is less concentrated than that with the baseline 

sample. After 30s of Ar+ sputtering, however, the O-TM content of LT1 and LT2 increases sharply and shows 

a concentration similar to that of the baseline sample. This indicates that the thickness of the surface LiF phase 

is only about 3 nm - 5 nm.  

To understand the formation mechanism of the LiF phase, residual Li titration on fresh Fe-LNMO powder was 

first conducted to identify the Li source. As shown in Figure XI.2.3d, the pH of deionized water increases to 

about 9.5 after rinsing the fresh Fe-LNMO powder, clearly demonstrating the existence of surface residual Li 

species (LiOH/LiHCO3/Li2CO3). Based on the titration result, it is determined that the concentration of surface 

residual Li is 174 ppm. Combining the XPS and titration data, a LiF formation mechanism is proposed in 

Figure XI.2.3e. Specifically, under the illumination of a high-energy laser, an elimination reaction may happen 

where the basic surface residual Li species (e.g., Li2CO3) attack the proton on the PVDF binder, resulting in 

the formation of LiF as a product. 

 

Figure XI.2.3 (a) Scanning electron microscope images of the pristine (baseline) and laser-treated (LT1 and LT2) Fe-LNMO cathode 

electrodes. (b) Scanning transmission electron microscope images of baseline and LT1 cathodes before electrochemical tests. (c) 

C1s, F1s, and O1s XPS data of baseline, LT1, and LT2 cathode electrodes before the electrochemical test. (d) Residual Li titration 

curve of Fe-LNMO cathode to determine the surface residual Li content. (e) Schematic illustration of a possible mechanism for the 

formation of surface LiF phase on the Fe-LNMO cathode. The scale bars in (a) and (b) are 5 μm and 5 nm, respectively.  



Batteries 

692 Next Generation Lithium-Ion Materials: Low-Cobalt/No Cobalt Cathodes 

Improved cycling performance of Fe-LNMO/graphite full cells by a high-energy laser treatment  

Electrochemical performance tests were performed to understand any benefit that can be brought about by the 

laser treatment. The first cycle charge-discharge curves are displayed in Figure XI.2.4a. As seen, the LT1 and 

LT2 cells show capacities and coulombic efficiencies similar to the baseline cell, in great accordance with the 

TEM results, which displayed no structural changes induced by the laser treatment of Fe-LNMO. Furthermore, 

the rate performance was conducted in cells with Li-metal anodes to avoid active Li loss on the anode side. As 

shown in Figure XI.2.4b, the rate capability of the Fe-LNMO cathode is slightly worsened by the laser 

treatment. This is because of the loss of inter-particle contact in Fe-LNMO caused by the decomposition of the 

PVDF binder (Figure XI.2.4c). In this regard, further research on the laser treatment of cathode can focus on 

Figure XI.2.4c the optimization of binder content and laser energy to improve the rate performance.  

The cycling performances of LT1 and LT2 cells were evaluated in a full cell configuration with graphite as the 

anode. As shown in Figure XI.2.4c, the LT1 and LT2 cells show consistently, and remarkably enhanced 

cycling stabilities compared to the baseline cell. Specifically, the LT1 and LT2 cells can deliver, respectively, 

88% and 87% of their initial capacity (119 mA h g–1 at a C/2-1C rate) after 200 cycles; while the baseline cell 

with an initial capacity of 116 mA h g–1 (C/2-1C rate) only has a capacity retention of 77 %. The discharge 

profiles of LT1, LT2, and baseline cells are plotted in Figure XI.2.4d. During cycling, the voltages of the phase 

transformation plateaus of the LT1 and LT2 cells only slightly decreased; in contrast, the voltage of those 

plateaus of the baseline cell fades much faster. Electrochemical impedance spectroscopy (EIS) data in Figure 

XI.2.4e further demonstrate a lower interfacial impedance for the LT1 and LT2 cells compared to the baseline 

cell, as shown clearly with a higher magnification.  

 

Figure XI.2.4 Electrochemical performance comparison of baseline, LT1, and LT2 cells. (a) First cycle charge-discharge curves, (b) 

rate capability test (based on Li||Fe-LNMO half cells), (c) cycle stability evaluation, (d) evolution of discharge curves, and (e) EIS 

plots of baseline, LT1, and LT2 full cells with graphite as the anode. The Li||Fe-LNMO and Gr||Fe-LNMO cells were operated at 

3.5 V - 4.85 V and 3.3 V - 4.8 V, respectively. 1C equals 147 mA h g–1.  
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Understand the degradation mechanisms of pristine and laster-treated Fe-LNMO/graphite full cells  

XPS data on the cycled cathode electrode were collected to understand the chemistry of the cathode-electrolyte 

interphase (CEI). As shown in Figure XI.2.5a, the organic electrolyte decomposition species, represented by 

the C-O/C=O/ROCO2R’ peaks in C 1s and O 1s spectra, are more concentrated on the baseline cathode 

electrode than on the LT1 and LT2 cathode electrodes. This trend is also reflected in Figure XI.2.5b, where the 

O atomic concentration (representing mainly carbonates oxidation products) of the baseline cathode is higher 

than those of the laser-treated Fe-LNMO cathodes, especially LT1. Moreover, the content of LiF/TMFx of the 

baseline cathode, standing for active material loss due to reactions between Fe-LNMO and LiPF6 along with 

its decomposition products, is also significantly higher than those of LT1 and LT2 cathodes. In addition, the P 

atomic concentration of the baseline cathode is about 3%, which is three times higher than those of LT1 and 

LT2 (Figure XI.2.5b). These data clearly demonstrate that the surface LiF phase on LT1 and LT2 cathode can 

suppress the oxidation reaction between the cathode and electrolyte at high voltages. As a result, the intensity 

ratio of the O-TM peak over the C-O and C=O peaks of the baseline cathode is lower than those of LT1 and 

LT2 cathodes, demonstrating a thicker CEI on the baseline Fe-LNMO cathode. It should be noted that a robust 

CEI would not only protect the cathode from hazardous electrolyte attacks but can also reduce TM dissolution 

and acidic species formation, which will in turn prevent severe graphite anode degradation. 

 

Figure XI.2.5 (a) C1s, O1s, and F1s XPS data of baseline, LT1, and LT2 cathode electrodes after 200 cycles in full cells with 

graphite as the anode. (b) XPS C, O, F, and P atomic concentrations of baseline, LT1, and LT2 cathode electrodes after 200 cycles 

in full cells.  

In addition to XPS, NMR spectroscopy is utilized to quantitatively measure the P-containing acidic crossover 

species, such as HPO2F2, which according to previous reports, is generated from the side reactions of LiPF6 

involving oxidation reactions of ethylene carbonate (EC) and ethyl methyl carbonate (EMC). Figure XI.2.6 

shows the concentration of HPO2F2 (–80 ppm and –18 ppm in the 19F and 31P spectra, respectively) generated 

chemically and electrochemically in the electrolytes cycled in the baseline and LT1 full cells. Clearly, the 

concentration of HPO2F2 in the LT1 cell is much less than that in the baseline cell after 200 cycles, in 

accordance with the XPS P atomic concentration measurement shown in Figure XI.2.5b. Interestingly, the 

concentration of HF is almost no difference in the LT1 and baseline cells. This suggests that HF formation 

may be irrespective of cathode reactivity, or it may participate in other reactions and get consumed. Overall, 
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the NMR data further demonstrate that the surface LiF phase can alleviate direct contact between the Fe-

LNMO cathode and electrolyte, which significantly reduces the generation of HPO2F2 with an active proton. 

Other acid species, such as formic acid, ethanol/methanol, and water, have also been reported in the literature, 

and they have been deemed as one of the main culprits of cell failure. 

 

Figure XI.2.6 Normalized NMR 19F and 31P spectra of the retrieved electrolytes from baseline and LT1 full cells after 200 cycles.  

Project complete cells (PCCs) deliverable  

In the last quarter, the UCSD team has successfully delivered 26 PCCs to DOE and TARDEC laboratories. 

Out of 26 cells, 15 cells were shipped to Idaho National Laboratory (INL), 9 cells sent to TARDEC, and 2 

cells delivered to ARL (Figure XI.2.7a and b). The capacity of each cell is estimated to be ~3Ah with 10 layers 

of double-side coated LNMO at 2 mAh/cm2 level (~14 mg/cm2 per side). In cells using Gen2 and FEC-FEMC 

electrolyte, Celgard 2325 separators are used since the FEC-FEMC electrolyte is not compatible with the 

Al2O3-coated separators. For cells using Gen2 with 2 wt% LiDFOB, Al2O3-coated separators are used. It was 

previously suggested that Dreamweaver could be a good separator candidate due to its larger porosity. 

However, mechanical failure constantly occurred during cell fabrication with Dreamweaver, and no cell could 

be fabricated. While the Dreamweaver separator can effectively mitigate the clogging issue during high 

voltage cycling, the future development of practical LNMO pouch cell needs to balance both separators’ 

porosity and mechanical strength. In Figure XI.2.7c and d, it can be found that all three cell chemistries deliver 

consistent performance in both the formation cycle (C/20) and C/3 rate (0.99 A). Cells will be tested under 

various conditions such as high and low temperature storage and cycling. 
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Figure XI.2.7 PCCs delivered to (A) INL and (B) TARDEC and ARL. First (C) formation and (D) C/3 cycle of each cell chemistry.  

Conclusions   

During the whole project period, several accomplishments have been made by the whole team as demonstrated 

above. We have successfully pushed forward both the understanding and commercialization of high voltage 

Co-free LNMO materials with practical loading and cell configuration. Last, we include a figure (see Figure 

XI.2.8) for performance comparison between our progress and recent to highlight the breakthrough in this 

project. 

 
 

Figure XI.2.8 LNMO-Graphite full cell areal loading and cycling performance comparison between project progress and recent 

literature.  
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Project Introduction 

In this project, we propose to develop a new concept and a generic platform that can lead to the greatly 

enhanced stabilization of all high-energy cathode materials, and in particular high-nickel (Ni) and low-cobalt 

(Co) oxides. The new concept is a 3D doping technology that hierarchically combines surface and bulk doping. 

We will use surface doping to stabilize the surface of primary particles and also introduce dopants in the bulk 

to further enhance oxygen stability, conductivity, and structural stability in low-Co oxides under high voltage 

and deep discharging operating conditions. This new concept not only will deliver a low-cost, high-energy 

cathode but also will provide a generic method that can stabilize all high-energy cathodes. The proposed novel 

3D doping approach is poised to resolve some longstanding challenges in fundamental doping effects on 
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battery materials as well as to reduce Li-ion batteries’ cost and improve their safety, energy density, and 

lifetime. 

To tackle this problem, we have formed a highly complementary multi-university/national labs/industry team 

to enable a doping-central and systematic investigation of low-Co materials and create a knowledge base for 

many electrode materials to be used in advanced electric vehicles. The successful execution of the proposed 

project relies on five components that can be carried out by the complementary team members: (1) a 

theoretical investigation of the surface and bulk stabilizing dopants (Persson), (2) a precise synthesis of 

materials with targeted doping (Lin and Xin), (3) development of electrolytes for high-Ni low-Co oxides (Xu), 

(4) multi-scale characterization of the structures and their interfaces by scanning transmission electron 

microscopy (SEM) and synchrotron X-ray imaging and spectroscopy tools  (Xin and Lin), and (5) pouch cell-

level integration (Fan). The UCI-led project will enable a doping-central and systematic investigation of low-

Co materials and create a knowledge base for many electrode materials to be used in advanced electric 

vehicles. 

Objectives 

The primary objectives of this project are: 

• Displace Co while maintaining high-Ni content and high energy density: Cobalt concentration < 50 

mg/Wh or No-Co, Energy density > 750 Wh/kg (C/3, 2.5-4.4 V) at cathode level, Cost ≤ $100/kWh 

• Improve cycle and calendar life by retaining oxygen through a 3D doping technology: Capacity 

retention > 80% at 1,000 cycles, energy retention > 80% at 1,000 cycles, calendar life: 15 years 

• Deliver a theoretical model: High-throughput DFT calculations that rationalize the selection of 

oxygen-retraining surface and bulk dopants 

• Develop electrolytes with functional additives to form high-quality surface protection layers on both 

high-Ni/low-Co layered oxides and graphite anode to help the whole project achieve the proposed 

energy and capacity retention target, i.e. >80% at 1,000 cycles. The FY19 work will focus on 

electrolyte formulating for NMC811 baseline cathode and graphite anode. 

• Offer a knowledge base by performing proactive studies of thermal stability, oxygen loss, and the 

degradation of the cathode/electrolyte interfaces. 

Approach  

• We utilize a three-dimensional (3D) doping technology that is a hierarchical combination of surface 

and bulk doping: (1) Surface doping stabilizes the interface between the primary particles and the 

electrolyte. (2) Introduction of dopants to the bulk enhances oxygen stability, conductivity and 

structural stability in low-Co oxides under high voltage and deep discharging operating conditions. (3) 

A composition controlled and thermodynamics driven synthesis will be used to accurately achieve the 

desired 3D doping structures.  

• Using first-principles calculations to predict surface dopants for oxygen retention at surface of LiNiO2 

and rationalize the effectiveness of dopants.  

• Formulate new electrolytes that stabilize the cathode/electrolyte interfaces at deep charging 

conditions: (1) Coin cell testing of commercial baseline materials. Perform coin cell electrochemical 

studies of baseline commercial NMC811 cathode and graphite (Gr) anode using the baseline 

electrolyte to establish coin cell-level benchmarks. (2) Coin cell testing of NMC-D.  Evaluate the 

capacity and cycle life of the synthesized 3D doped cathode materials at the coin cell level using the 

baseline electrolyte. The results will be compared with the commercial NMC811 baseline. (3) 

Electrolyte formulating. Formulate functional localized high-concentration electrolytes (LHCEs) to 

improve cycle life and safety of baseline commercial NMC811 cathode and Gr anode at the coin cell 

level, optimize electrolyte formulation for NMC-D-90532, and compare with electrolyte baseline for 

>200 cycles in Gr||NMC full cells at a 4.4 V cutoff. 

• Advanced computational and characterization techniques are developed to study: (1) dopant 

environment and chemistry. (2) thermal stability, oxygen loss, and the degradation of the 

cathode/electrolyte interfaces.  
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Results  

Scale-up synthesis of UCI Gen2 cathodes and electrochemical performance evaluations. 

We performed scale-up synthesis of UCI Gen2 cathode. Figure XI.3.1a shows representative scanning electron 

microscopy (SEM) images of the synthesized UCI Gen2 cathode. It is seen that, after calcination optimization, 

secondary cathode particles with well controlled spherical morphology are obtained. The average diameter of 

the UCI Gen2 secondary particles is ~3 um. Figure XI.3.1b shows the charge/discharge profiles of the cell 

containing the UCI Gen2 cathode at C/10 within 2.5–4.4 V. The UCI Gen2 cathode prepared by scale-up 

synthesis exhibits an excellent discharge capacity of ~210 mAh/g and a remarkable initial Columbic efficiency 

(CE) of ~94%. The rate performance of UCI Gen2 cathode was evaluated in a typical coin cell from the rate of 

0.1C to 5C (~3mg/cm2 loading; charge at different rate and discharge at 0.1C). The result (Figure XI.3.1c) 

shows that ~94% capacity is achieved at 1C, and ~80% capacity is achieved at 5C. 

 

Figure XI.3.1 (a) Representative SEM images showing the morphology of the secondary particles of UCI Gen2 cathode. The 

average diameter of the UCI Gen2 secondary particles is ~3 um. (b) Coin-cell test of the UCI Gen2 cathode at C/10 within 2.5–4.4 

V. (c) Rate capability test of UCI Gen2 cathode at 30 ºC. 

Furthermore, we performed electrochemical tests (Figure XI.3.2) in half-cells at 50 ºC to compare the capacity 

and thermal stability of NMC-811 and UCI Gen2 cathode. The results shown in Figure XI.3.2a demonstrate 

that more than 210 mAh/g initial discharge capacity is achieved at this temperature, which is comparable to the 

commercial NCM-811 material (Figure XI.3.2b). It is worth mentioning that although the cell was tested at 50 

ºC, the initial Columbic efficiency of UCI Gen2 cathode (94%) is significantly higher than that of the NCM-

811 (85%), indicating much less side reaction in UCI Gen2 cathode compared with NMC-811. The cycling 

stability was also evaluated at this temperature with a cut-off voltage of 2.5V-4.4V. The result is shown in 
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Figure XI.3.2c. After 50 cycles, NMC-811 shows rapid degradation with 90.3% capacity retention, while UCI 

Gen2 cathode exhibits 96.6% retention, much higher than that of NMC-811. 

 

Figure XI.3.2 (a) Galvanostatic charge/discharge of UCI Gen2 cathode and NMC-811 at 50ºC, C/10. (b) Cycling performance of 

UCI Gen2 cathode and NMC-811 at 50ºC, C/2. 

Mechanistic study of UCI-Gen2 cathode material. 

We continued the mechanistic study on the UCI Gen2 cathode in this quarter. Figure XI.3.3a,b show that 

compared with the Ni-O bonding in NMC-811 which extends towards high-k direction which indicates that 

oxygen-related defects are formed in NMC-811, the Ni-O bonding in UCI Gen2 cathode remains stable even 

after long cycles. This suggests that UCI Gen2 cathode is highly robust in terms of oxygen retention. Oxygen 

loss is closely related to the nano-crack formation in the primary particles which has been demonstrated by our 

previous work [Matter, Volume 4, Issue 6, 2021, Pages 2013-2026]. Figure XI.3.3c shows electrochemical 

impedance spectroscopy (EIS) curves of the half-cells containing UCI Gen2, NMC-811, and LiNiO2 cathodes. 

The results show that the UCI Gen2 cathode has the lowest impedance among all the cathodes, indicating more 

favorable reversibility and higher Li+ diffusion in UCI Gen2 cathode. Since the coordination change is closely 

related to the oxygen-release in layered oxide cathodes, wavelet-transformed EXAFS (WT-EXAFS) is applied 

to probe the Ni-O coordination in UCI Gen2 cathode in comparison with that in NMC-811.  
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Figure XI.3.3 (a) Wavelet-transformed Ni-K edge EXAFS of UCI Gen 2 and NMC-811 cathode after different cycles. (b) Detailed 

comparison of the Ni-O bonding in both cathodes. (c) Electrochemical impedance spectroscopy (EIS) of LNO, NMC-811, and UCI 

Gen2 cathodes under the same cell conditions.  

During thermal conditions or long-term electrochemical cycling process, oxygen release will lead to the 

formation of rock salt domains, accelerating the formation of nano-cracks owing to the lattice mismatch 

between the layered structure and rocksalt phase. These nano-cracks will nucleate, propagate, and finally lead 

to chemomechanical breakdown of  layered cathodes. For example, as  shown in Figure XI.3.4a,b, when 

heated up to 350ºC, substantial cracks which preferentially lying on the (003) planes form in delithiated NMC-

811 cathode; in stark contrast, there is no obvious crack formation in the delithiated UCI Gen2 primary 

particles, instead, only small void/pore are observed. This indicates that the thermal stability of the UCI Gen2 

cathode is much more robust than the state-of-the-art NMC-811 cathode. To quantitatively evaluate the 

thermal stability of UCI Gen2 cathode in comparison with NMC-811, quantitative differential scanning 

calorimetry (DSC) was performed on both cathodes. Figure XI.3.4c shows the quantitative DSC results 

obtained by performing in-situ heating on both UCI-Gen2 and NMC-811 cathodes which are charged to the 

same cut-off voltage of 4.4V. To exclude the potential influence brought by the oxidation of aluminum foils, 

the experiments were performed with the protection of an argon atmosphere. The results show that the peak 

temperatures for UCI Gen2 and NMC-811 cathodes are 285 ºC and 220 ºC, respectively. With the electrode 

mass (kept the same for both cases) taken into consideration, the total enthalpy of exothermic peak of UCI 

Gen2 cathode is determined as 530 J/g, much lower than that of the NMC-811 cathode (983.9 J/g). The 
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quantitative results, which agree well with the previous TGA-MS measurements, demonstrate that the UCI 

Gen2 cathode has superior thermal stability and oxygen retention capability. Similar to the oxygen loss under 

thermal abuse conditions, long-term electrochemical cycling also results in oxygen loss and thereby surface 

rock salt reconstruction. To evaluate the structural stability of the UCI Gen2 cathode, the surface 

reconstruction of UCI Gen2 and NMC-811 after long-term cycling were characterized and compared. Figure 

XI.3.4d shows representative atomic structures of the cycled NMC-811 and UCI Gen2 primary particles. It is 

seen that, for the NMC-811, after long cycle, a thick (more than 15nm) degradation layer composed of rock 

salt phase and O1 phase forms on the particle’s surface; in contrast, after long-term cycling, the O3 layered 

structure of UCI Gen2 cathode is well preserved, with only a thin layer (~3-4 nm in thickness) of rock salt 

formed on the surface. The above results, consistent with the thermal stability tests, indicates that the UCI 

Gen2 cathode is more robust than NMC-811 cathode in terms of oxygen retention. 

 

Figure XI.3.4 (a,b) HAADF-STEM images of delithiated NMC-811 and UCI Gen2 cathodes after at thermal abuse treatments at the 

same conditions. (c) Quantitative DSC result of charged (cut-off voltage 4.4V) NMC-811 and UCI Gen2 cathodes. (d) Atomic-

resolution images showing the surface reconstruction of NMC-811 and UCI Gen2 cathodes after long-term cycling. 

The dissolution of transition metals (TMs) on the graphite anode during long cycling was quantitatively 

investigated by synchrotron-based X-ray fluorescence (XRF). The UCI Gen2 cathode and NMC-811 (Provided 

by CAMP) cathode with the same loading (3mg/cm2) are cycled in coin-type full cells between 2.5V-4.3V 

using Graphite (provided by CAMP) as anode. The graphite anodes after cycling at the same conditions (~250 

cycles) are characterized using synchrotron-based XRF. Ni maps derived from the Ni-K edge of both anodes 

are shown in Figure XI.3.5. Graphite anode paired with NMC-811 has a significantly higher average Ni 
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concentration (~0.977µg/cm2); in contrast, the graphite anode paired with UCI Gen2 cathode has an average 

Ni content as low as 0.682µg/cm2, nearly 30% less than that in NMC-811 cathode. This indicates that the UCI 

Gen2 cathode has much higher stability in  terms of mitigating TMs dissolution. 

 

Figure XI.3.5 XRF result of Ni dissolution on Gr anodes (~250 cycles). Cycling condition: 2.5V-4.4V vs. Gr at 1C. Field of view: 

0.25mm*0.25mm. 

Development of UCI-Gen2’ cathode material. 

we extended the doping strategies by replacing all the doping elements in UCI Gen2 cathode with a completely 

different set of dopants with similar concentrations. The new cathode is hereafter denoted as UCI Gen2’ 

cathode. EDS elemental mapping in Figure XI.3.6 shows that Dopant 2, Dopant3, and Dopant4 are slightly 

enriched on the surface while Dopant1 is uniformly distributed across the primary particles. Figure XI.3.7 

shows the second charge/discharge curve and dQ/dV curve of UCI Gen2’ cathode compared with that of 

NMC-811. The results show that 195 mAh/g capacity can be delivered within 2.5V-4.4V, and the H2-H3 

phase transition is significantly suppressed and delayed by 70mV in UCI Gen2’ cathode. Long-term 

electrochemical tests (Figure XI.3.7) show that the UCI Gen2’ cathode has better cycling stability than NMC-

811 in half-cells. These results are obtained without fine optimization. We anticipate that with further 

calcination optimization, the performance of the UCI Gen2’ cathode can be further improved.  
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Figure XI.3.6 EDS elemental maps of UCI Gen2’ cathode. The result shows similar element distribution as that in UCI Gen2 

cathode. 

 

Figure XI.3.7 Electrochemical performance of UCI Gen2’ cathode. a, charge/discharge profile of UCI Gen2’ cathode. b-c, dQ/dV 

profile of UCI Gen2’ cathode and NMC-811. d, cycling performance in half-cell. 

Mechanistic study on the degradation pathway of a ‘quasi’ single-crystalline NMC-811 (QSC-811). 

We extended the doping strategies by replacing all the doping elements in UCI Gen2 cathode with a 

completely we continued mechanistic study on the degradation pathway of a ‘quasi’ single-crystalline NMC-

811 (QSC-811) in comparison with polycrystal (PC-811) and single-crystalline NMC-811 (NMC-811) 

cathodes. Electrochemical performances of SC-811, QSC-811, and PC-811 were evaluated and compared. 

Figure XI.3.8a shows the charge/discharge profile of different types of NMC-811. The result shows that the 

discharge capacity of SC-811 and QSC-811 is 209.5 mAh/g and 212.7 mAh/g, comparable with the 216.6 

mAh/g of PC-811. This suggests that by tunning the “two-step” synthesis condition, the SC-811 and QSC-811 

cathodes are capable to deliver discharge capacity comparable to the polycrystalline counterpart. However, as 

a well-known dilemma, as the number of grain boundaries decreases, the rate performance is getting worse 

owing to the sluggish bulk diffusion. The rate capacity shows that at 5C rate current (1C is set to 200mA/g), 

QSC-811 and SC-811 retain only 61.2% and 64.1% of their discharge capacity at 0.1C respectively, 
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significantly lower than the 69.3% of PC-811. This result is further evidenced by the galvanostatic intermittent 

titration technique (GITT) measurement shown in Figure XI.3.8c, showing that the Li-ion diffusion constant of 

PC-811 is slightly higher than that of QSC-811 and SC-811. Differential capacity (dQdV–1) curves of the 

initial charge/discharge cycle (Figure XI.3.8b) shows that the H2-H3 redox peak intensities in both SC-811 

and QSC-811 are reduced compared with PC-811. This result indicates that the detrimental H2-H3 phase 

transition is to some extent suppressed in SC-811 and QSC-811 compared with PC-811. It’s noted that 

although the H2-H3 redox peak intensity in QSC-811 is close to that of the SC-811, the peak position shifts to 

a more positive potential, indicating the mitigation of the H2-H3 phase transition during the delithiation of 

QSC-811. The cycling performances of the three types of NMC-811 cathodes are evaluated in 2032-type coin 

cells with Li chips as anodes (2.5V-4.4V, C/3). Figure XI.3.8d shows that the capacity retention of SC-811, 

QSC-811 and PC-811 after 100cycles are 92.6%, 79.5% and 79.2%, respectively. SC-811 delivers better 

cycling retention compared with QSC-811 and PC-811, which is in agreement with many reports on single-

crystalline NMC cathodes.  

 

Figure XI.3.8 (a) Charge/discharge curve of PC-811, QSC-811 and SC-811, respectively. (b) dQdV–1) curves of initial cycle. (c) 

Relative Li ion diffusion constant of three cathodes, respectively. (d) Long-term cycling stability (2.5V-4.4V, C/3). (e) EIS curve of 

after long cycling. (f-h) dQdV-1 evolution with cycling. 

To evaluate the impact of residual GBs on the phase transition during long-term cycling, dQ/dV curves of SC-

811, QSC-811, and PC-811 at different cycling stages are performed. The results in Figure XI.3.8f-h show that 
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after 100 cycles, the H2-H3 redox peak of SC-811 remains prominent, while the corresponding redox peaks in 

both QSC-811 and PC-811 almost disappeared, indicating that more irreversible phase transition occurred 

during cycling in QSC-811 and PC-811. Moreover, the H2-H3 redox peaks in QSC-811 and PC-811 polarized 

significantly compared to SC-811 during long-term cycling, suggesting that both QSC-811 and PC-811 suffer 

higher impedance, which are usually associated with intergranular microcrack formation. Electrochemical 

impedance spectroscopy (EIS) in Figure XI.3.8e evidenced that after cycling, the impedance behavior in QSC-

811 is close to PC-811 rather than SC-811. The above electrochemical performances show that although the 

residual GBs in the ‘quasi’-single-crystalline cathode didn’t cause serious initial capacity loss, they are prone 

to promote both the interfacial impedance and irreversible phase transition. 

Transmission X-ray microscopes (TXM) tomography was applied to better visualize the degradation behavior 

of these residual GBs. As shown in Figure XI.3.9a, 3D reconstruction of a typical secondary particle of PC-

811 shows that severe micro-cracks are formed after cycling, in agreement with the increased impedance and 

polarization in Figure XI.3.8h. As for SC-811, the single-crystalline particles remain intact as shown in Figure 

XI.3.8c, and no obvious crack forms owing to the absence of internal boundary. Interestingly, in cycled QSC-

811 shown in Figure XI.3.9b, a few micro-cracks (usually 2~3 cracks) are observed in a single particle, which 

is analogous to the crack in PC-811. In general, single-crystalline cathode is proved to be crack-free during 

cycling because the anisotropic strain will no longer accumulate inside the particles. Nevertheless, these 

unobtrusive GBs in QSC-811 will lead to the inhomogeneous volume change, which breaks the QSC-811 into 

several primary particles.  

 

Figure XI.3.9 TXM tomography of long-term cycled PC-811, QSC-811 and SC-811. scale bar, 2µm. 

Atomic resolution HAADF-STEM is performed to investigate the origins of increased impedance and 

polarization in QSC-811. As shown in Figure XI.3.10a, FIB cross-section shows that SC-811 cathode particle 

remains uncracked after cycling. Although a rocksalt reconstruction layer is formed on the surface, this layer is 

relatively thin and uniform with a thickness less than 5nm as shown in Figure XI.3.10b,c. In stark contrast, 

QSC-811 shows distinct and severe cracks after cycling shown in Figure XI.3.10d, matching well with the 

TXM result. The high-resolution images in Figure XI.3.10e-f show that the surface reconstruction layer around 

the crack is rather thick (more than 20nm) and disordered, with randomly distributed O1-stacking faults, edge 

dislocations, and rock salt phase. Next, AtomSegNet software based on deep-learning is employed to perform 

atomic column localization and segmentation. The super-resolution image in Figure XI.3.10g shows that a 
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large area of O1 stacking faults (highlighted in the upper right panel) along with prominent lattice distortion 

(lower right panel) are observed in the cycled QSC-811. However, as indicated in Figure XI.3.10h, SC-811 

shows much more uniform surface reconstruction after cycling. Despite the thin layer of rocksalt phase and 

Li/TM interlayer mixing (upper right panel), most of the surface area remains intact R-3m layered structure 

(lower right panel). Compared with the uniform surface layer in SC-811, QSC-811 shows a much more 

unfavorable surface reconstruction layer. This unusual surface reconstruction indicates that the residual GBs 

not only break the intact particle into several primary particles with smaller sizes, more importantly, they also 

make the fresh surface around the cracks more “vulnerable” compared with the pristine surface. As a result, 

this thick and disordered surface reconstruction layer remarkably increases the impedance in QSC-811. 

 

Figure XI.3.10 (a-c) HAADF-STEM images of cycled SC-811. (d-f) HAADF-STEM images of cycled QSC-811. (g-h) Super-resolution 

image corresponding to the (c) and (f) obtained by AtomSegNet. i, XRD of SC-811 and QSC-811 before and after cycling (Pristine: 

solid line; Cycled: dashed line). 
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Conclusions   

• We optimized the synthesis of UCI Gen2 cathode and performed electrochemical evaluations on the 

optimized UCI Gen2 cathode. A remarkable discharge capacity of ~210 mAh/g and an initial 

Columbic efficiency (CE) of ~94% were obtained. 

• We further studied the thermal stability and cycling stability of UCI-Gen2 cathode in comparison with 

NMC-811 using quantitative DSC, TEM, and synchrotron-based X-ray techniques.  

• The dissolution of transition metals (TMs) in UCI Gen2 cathode on the graphite anode during long 

cycling was quantitatively investigated by synchrotron-based X-ray fluorescence (XRF). 

• The rate performance of UCI Gen2 cathode was evaluated in a typical coin cell from the rate of 0.1C 

to 5C (~3mg/cm2 loading; same rate current for charge and discharge). The result (Figure 1) shows 

that ~70% capacity is achieved at 2C, and 55% capacity is achieved at 5C, comparable to many 

reported bare NMC-811 materials, which usually deliver ~60% capacity at 5C. 

• We performed electrochemical tests in half-cells at 50 ºC to compare the capacity and thermal stability 

of NMC-811 and UCI Gen2 cathode. 

• UCI Gen2 cathode has been sent to ALE for project completion cell (PCC) fabrication. 

• We extended the doping strategies by replacing all the doping elements in UCI Gen2 cathode with a 

completely different set of dopants with similar concentrations. UCI Gen2’ cathode delivers an initial 

capacity of 195 mAh/g within 2.5V-4.4V without optimization, and long-term electrochemical tests 

show better cycling stability than NMC-811 in half-cells. 

• We performed mechanistic study on the degradation pathway of a ‘quasi’ single-crystalline NMC-811 

(QSC-811) in comparison with polycrystal (PC-811) and single-crystalline NMC-811 (NMC-811) 

cathodes. Our study shows that the residual GBs in QSC-811 caused by insufficient calcination time 

dramatically exacerbate the cathode’s chemomechanical instability and cycling performance. 

Key Publications   

1. R. Zhang#, C.Y. Wang#, P. Zou, R. Lin, L. Ma, L. Yin, T. Li, W. Xu, H. Jia, Q. Li, S. Sainio, K. 

Kisslinger, S. Trask, S.N. Ehrlich, Y. Yang, A.M. Kiss, M. Ge, B. Polzin, S.J. Lee, W. Xu, Y. Ren, 

H.L. Xin*. Compositionally complex doping for zero-strain zero-cobalt layered cathodes. Nature, 610, 

67-73 (2022). 

2. R. Zhang#, C.Y. Wang#, M.Y. Ge, H.L. Xin*. Accelerated Degradation in a Quasi-Single-Crystalline 

Layered Oxide Cathode for Lithium-Ion Batteries Caused by Residual Grain Boundaries. Nano 

Letters, 22(9), 3818-3824 (2022). 

3. C.Y. Wang, R Zhang, F. Lin, L. Mu, H.L. Xin. In-Situ TEM Study of Chemo-Mechanical 

Degradation Pathways of LiNiO2 -Derived Layered Oxide Cathodes for Lithium-Ion Batteries. 

Microscopy and Microanalysis, 28 (S1), 172-174 (2022). 

4. C. Wang, R. Zhang, C. Siu, M. Ge, K.Kisslinger, Y. Shin, and H. L. Xin*, Chemomechanically stable 

ultrahigh-Ni single-crystalline cathodes with improved oxygen retention and delayed phase 

degradations, Nano Letters, 21, 9797–9804 (2021) 

5. H. Jia, Y. Xu, L. Zou, P. Gao, X. Zhang, B. Taing, B. E. Matthews, M. H. Engelhard, S. D. Burton, K. 

S. Han, L. Zhong, C. Wang, W. Xu*, Sulfone-based Electrolytes for High Energy Density Lithium-

ion Batteries, Journal of Power Sources, 527, 231171 (2022). 

6. J.-M. Kim, Y. Xu, M. H. Engelhard, J. Hu, H.-S. Lim, H. Jia, Z. Yang, B. E. Matthews, S. Tripathi, X. 

Zhang, L. Zhong, F. Lin, C. Wang, W. Xu*, Facile Dual-Protection Layer and Advanced Electrolyte 

Enhancing Performances of Cobalt-Free/Nickel-Rich Cathodes in Lithium-Ion Batteries, ACS 

Applied Materials & Interfaces, 14, 17405-17414 (2022). 

 



FY 2022 Annual Progress Report 

 Next Generation Lithium-Ion Materials: Low-Cobalt/No Cobalt Cathodes 709 

XI.4 High-Nickel Cathode Materials for High-Energy, Long-Life, 
Low-Cost Lithium-Ion Batteries (UTA) 

Arumugam Manthiram, Principal Investigator 

University of Texas at Austin 

Texas Materials Institute 

University of Texas at Austin 

Austin, TX 78712 

E-mail: manth@austin.utexas.edu   

Shriram Santhanagopalan, Co-Principal Investigator 

National Renewable Energy Laboratory 

15013 Denver West Parkway 

Golden, CO 80401 

E-mail: Shriram.santhanagopalan@nrel.gov  

Haiyan.Croft, DOE Technology Development Manager  

U.S. Department of Energy 

E-mail: Haiyan.Croft@ee.doe.gov 

Start Date: October 1, 2018 End Date: December 31, 2022  

Project Funding: $3,000,000  DOE share: $2,400,000 Non-DOE share: $600,000 
 

Project Introduction 

Despite the success of lithium-ion technology, energy and cost requirements are extremely stringent for 

electric vehicle (EV) applications. Therefore, there is a need to further enhance the energy density of layered 

oxide cathodes (Li[NiaCobMnc]O2 with a + b + c = 1, denoted as NCM-abc and Li[Ni1-x-yCoxAly]O2, denoted 

as NCA). Moreover, the substantial dependence on the scarce and costly cobalt in these cathodes (e.g., 12 

wt.% Co in NCM-622) needs to be lowered for sustained mass market penetration of EVs. With the currently 

employed cathode formulations, demand for Co could outstrip supply by 2030 with surging global EV 

production, setting the stage for far higher prices. Although Co-free cathodes, such LiFePO4 and LiMn2O4 

exist, their energy density cannot meet the requirements of next-generation EVs.  

This project is focused on developing low-cobalt and cobalt-free, high-nickel layered LiNi1-xMxO2 (M = Mn, 

Al, Mg, Zr, Ta, etc. and x ≤ 0.15) oxide cathode materials for lithium-ion batteries for EVs. With these high-

nickel cathodes, high energy, high power, long lifetime over a wide temperature range, as well as excellent 

safety under abuse can be prioritized for varying market needs through careful compositional tuning. These 

efforts will also reduce or even eliminate the dependence of lithium-ion batteries on cobalt, thus leading to 

more secure supply chains, lower cost, and less adverse impacts on the environment. The cathode materials 

and understanding developed in this project will contribute to advancing the designs of low-cobalt or cobalt-

free, high-energy-density lithium-ion batteries. 

Objectives 

The overall goal of this project is to achieve low-cobalt or cobalt-free lithium-ion cells with the following 

performance targets (See Table XI.4.1): 

mailto:manth@austin.utexas.edu
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Table XI.4.1 Performance Targets 

Beginning of Life Characteristics at 30°C Cell Level Cathode Level 

Useable Specific Energy @ C/3  ≥ 600 Wh/kg 

Calendar Life (<. energy fade) 15 Years  

Cycle Life (C/3 deep discharge with < 20% energy fade) 1,000  

Cobalt Loading  ≤ 50mg/Whr 

Cost ≤ $100/kWh  

Approach  

Low-cobalt and cobalt-free high-nickel layered LiNi1-x-yMxCoyO2 (x ≤ 0.15, y < 0.06, M = Mn, Al, Mg, Zr, Ta, 

etc.) oxides are developed and assessed as cathodes in lithium-ion batteries with graphite anode. The materials 

are synthesized by hydroxide co-precipitation and lithiation annealing to maintain good thermal and cycling 

stability while achieving the 600 Wh kg-1 energy goal. Selected compositions are also subjected to atomic layer 

deposition (ALD) coatings at NREL and assessed with compatible ethylene carbonate (EC)-free electrolyte 

systems. Based on the results, an optimal cathode was selected to produce twenty-one 2 Ah pouch cells to 

deliver to DOE for independent evaluation/validation. Detailed experimental approaches for Year 4 are below: 

1. Dopant Survey: Final evaluation of dopant effects on the electrochemical performance, surface 

stability, and safety of Co-free LiNi1-xMxO2 (x ≤ 0.15, M = Mn, Al, Mg, and more). 

2. Synthesis Scale-Up: optimization and scale-up of best-performing LiNi1-xMxO2 (x ≤ 0.15, M = Mn, 

Al, Mg, and more) and delivery of 2 kg of selected cathode material to Tesla Inc. for fabrication of 2 

Ah pouch cells. 

Results  

In conjunction with our efforts to scale up cathode synthesis in preparation for the final deliverable, we 

continued to investigate the stabilizing effect of dopants in high-Ni cathode materials. Our previous research 

indicates that Al and Mg are beneficial to the surface and structural stabilities of high-Ni cathode materials, 

yielding a wide combination of Al-Mg co-doped NMC composition. Besides cationic substitution, anionic 

substitution of oxygen with fluorine is also beneficial since fluorine bonds tightly with transition-metal ions 

and lowers their average valence state. Through fluorinating LiNi0.95Mn0.015Co0.02Al0.01Mg0.005O2 (NMCAM), 

we showed that 1% F-doping in high-Ni cathode materials yields better surface stability by reducing surface 

reactivity and polarization growth. We incorporated F into NMCAM using a solution-based method by mixing 

NH4F and lithiated NMCAM in water and then reheating the sample at 400°C under oxygen flow. NH4F reacts 

with surface residual species, such as LiOH and Li2CO3, to form LiF on the surface of NMCAM. The 

measured residual lithium content of NMCAM was reduced after fluorination, indicating that NH4F reacts with 

the surface residual lithium species successfully.  

The electrochemical performance of 1F-NMCAM was studied in half cells and full cells. NMCAM and 1F-

NMCAM delivered an initial discharge capacity of 224 and 195 mAh g-1 at C/3 rate, respectively (Figure 

XI.4.1a). The low initial discharge capacity for 1F-NMCAM is attributed to the insulating nature of fluorine at 

the surface. The voltage profiles for both materials look similar, but a slight charge/discharge overpotential is 

observed for 1F-NMCAM, which is attributed to the presence of a resistive LiF layer on the surface. The 

corresponding dQ dV-1 curves show that fluorine coating assists in suppressing the phase transitions, especially 

the H2-H3 transition at high voltage (Figure XI.4.1b). In half cells, NMCAM retains 89% of its maximum 

capacity, while 1F-NMCAM retains 97% of its maximum capacity after 100 cycles (Figure XI.4.1c). The 

increase in capacity seen in 1F-NMCAM during initial cycles can be attributed to the hindered lithium 

diffusion kinetics by the insulating LiF coating, which is then alleviated later upon cycling due to electrolyte 

penetration into the bulk through microcracks at high state-of-charge. Rate performance of 1F-NMCAM is 

similar to the uncoated NMCAM sample (Figure XI.4.1d). We further examined the cycling stability of 1F-

NMCAM in full cells with graphite anodes. The full cells were charged at C/3 rate and discharged at 1C rate 
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during cycling between 2.5 and 4.3 V. Higher voltage cutoff was utilized to exacerbate the surface reactivity of 

NMCAM so that the influence of fluorine coating can be distinguished. NMCAM delivers an initial discharge 

capacity of 197 mAh g-1 as compared to 190 mAh g-1 for 1F-NMCAM, which is consistent with half cells. The 

fluorine-coated sample exhibits a superior capacity retention of 71% at the end of 500 cycles whereas the 

uncoated sample exhibits a capacity retention of 59%. Polarization growth in the uncoated sample is higher 

than that of the coated sample, indicating that the LiF coating is effective in suppressing the grow of insulating 

surface species. The dQ dV-1 plots for cycles recorded at C/3 rate before and at the end of cyclability tests are 

shown in Figure XI.4.2. For NMCAM, the reversibility in plateaus during charge and discharge decreased 

drastically, which can be attributed to rock salt formation and a thicker cathode-electrolyte interphase (CEI) 

formation at the surface (Figure XI.4.2b). On the contrary, dQ dV-1 plots for fluorine coated sample showed 

high structural reversibility, suggesting that the surface coating also helps stabilize the layered structure and 

promotes higher phase reversibility in high-Ni cathode materials (Figure XI.4.2d).  

 

Figure XI.4.1 (a) First charge-discharge profiles of fluorine coated and uncoated samples in half-cell configuration, cycled at C/3 

current rate at room temperature. The cycles ware recorded after three formation cycles at C/10 current rate. (b) dQ dV-1 curves 

corresponding to the first C/3 cycle. (c) Cycling performances of coated and uncoated samples in half cells at C/3 rate. (d) Rate 

capability of NMCAM and 1F-NMCAM. (e) Long-term cyclability of NMCAM and 1F-NMCAM in full cells cycled at C/3 charge and 1C 

discharge after three formation cycles. (f) Evolution of average charge and discharge voltages in full cells.    
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Figure XI.4.2 (a, b) Charge-discharge cycles recorded at C/3 rate before and after long-term cyclability for NMCAM and their 

corresponding dQ dV-1 plots. (c, d) Charge-discharge cycles recorded at C/3 rate before and after long-term cyclability for 1F-

NMCAM and their corresponding dQ dV-1 plots. 

Analysis of the cycled particle morphologies revealed little cracking in either sample. Instead, surface 

reactivity is the primary mechanism for performance fade in high-Ni cathodes. Surface reactivity of high-Ni 

cathode materials are accompanied by rock-salt formation, leading to a loss of active material and impedance 

growth. We examined the structural changes on the surface of 1F-NMCAM with high-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM) imaging. Both samples show presence of cation 

mixing at the surface (Figure XI.4.3). Fast Fourier transform (FFT) was used to distinguish the rock-salt 

structure (red shade) from the layered structure (green shade). NMCAM shows 6 nm of rock-salt phase at the 

surface of the particle, while 1F-NMCAM contains only 2 nm of rock-salt phase on its surface. This further 

demonstrates the benefits of fluorine coating in reducing the surface reactivity of high-Ni cathode materials. In 

the future, we will combine our fluorination strategy with a formulated electrolyte to understand if both 

strategies can work synergistically to further improve the electrochemical performance of high-Ni cathode 

materials. 
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Figure XI.4.3 HAADF-STEM images acquired at the surface of (a) NMCAM and (b) 1F-NMCAM particles after 500 cycles. (a-i, b-i) 

Fast Fourier transformations of the area shown in a and b. R and L, respectively, corresponds to rock-salt and layered structures. 

(a-ii, a-iii) The areas corresponding to rock-salt and layered structure on the surface of NMCAM particle highlighted, respectively, in 

red and green. The areas were obtained by carrying out inverse FFT. (b-ii, b-iii) The areas corresponding to rock salt and layered 

structure on the surface of the 1F-NMCAM particle highlighted, respectively, in red and green. 
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Figure XI.4.4 Electrochemical performances of NMA-85 at various levels of Mg incorporation in coin half cells. (a) Initial voltage 

profile at C/3 rate. (b) Corresponding differential capacity plot of the initial voltage profile. (c) Cycling performance and capacity 

retention over 100 cycles at C/3 rate. 

In addition to fluorine doping, we also determined the optimal level of Mg inclusion to maximize performance 

of the final cathode composition. Mg has been shown to act as a pillaring ion, residing in the lithium plane and 

reinforcing the lattice against collapse at high SOCs. A further desirable property of Mg is its facile 

incorporation into the coprecipitation process; Mg can be integrated during the initial precursor preparation 

and not as a foreign cation during calcination, greatly improving homogeneity. The electrochemical 

performances of pristine LiNi0.85Mn0.1Al0.05O2 (NMA-85) and NMA-85 with various concentrations of Mg 

incorporation are displayed in Figure XI.4.4. Increasing Mg content corresponds to a decrease in 1st cycle 

coulombic efficiency and discharge capacity. Furthermore, a decrease in the peak intensity and a shift to 

slightly higher potentials in the differential capacity plot corresponding to various phase transitions suggest a 

slight decrease in Li+ diffusion kinetics, consistent with a higher valence ion present in the lithium plane. This 

is corroborated by the gradual increase in capacity during the first 20 cycles, which likely originates from an 

ordering of the Mg2+ ions within the lithium plane to the lowest energy configuration. The stability of these 

materials is improved to 93% capacity retention after 100 cycles, up from 84% retention in the undoped 

baseline. Mg, therefore, presents a simple means to improve the stability of a desired cathode when peak 

specific capacity is not the sole requirement. 

The final composition selected for the end-of-project deliverable is Li(Ni0.85Mn0.10Al0.05Mg0.005)O2 (NMAM-

85). We succeeded in producing and delivering 2 kg of NMAM-85 to Tesla Inc, pictured in Figure XI.4.5a. 

The material consists of a bimodal particle size distribution of 4 – 5 µm and 10 – 12 µm (Figure XI.4.5b). 

During the subsequent casting process, issues were encountered due to the delivered material containing a 

fraction of large agglomerates and small crucible fragments left over from synthesis. These unwanted 

impurities caused difficulties with the electrode casting process, causing some of the delivered material to go 

to waste. Sieving the cathode material addressed the issue, allowing enough electrodes for 16 large format 

pouch cells to be assembled. Preliminary cycling data performed in-house at Tesla are summarized in Figure 

XI.4.6 and Table XI.4.2. Cells were formed at 40°C and C/20 rate to promote uniform, stable 
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electrode/electrolyte interface formation. Subsequently, the cells were moved to a temperature-controlled 

chamber and cycled at 25°C, which resulted in unexpectedly low capacity, averaging 162 mA h g-1 at the 

cathode level. DOE testing at INL stipulates the cells will be cycled at 30°C, and the cells at Tesla were cycled 

at this temperature to properly gauge their performance under the specified conditions. At this temperature, the 

cells achieve a cathode level specific capacity of 170 mA h g-1. This corresponds to a cathode-level energy 

density of 630 Wh kg-1, well in excess of the 600 Wh kg-1 project goal. We are currently arranging for the cells 

to be shipped to INL for evaluation, and we expect them to arrive at INL in early December 2022.  

 

Figure XI.4.5 (a) photographs of the Li(Ni0.85Mn0.10Al0.05Mg0.005)O2 (NMAM-85) powder delivered to Tesla Inc, (b) SEM image of 

NMAM-85 with particle size measurement, and (c) casted cathode electrode done by Tesla Inc. 

Table XI.4.2 Preliminary cycling metrics for the 2 Ah large-format pouch cells produced by Tesla Inc. 

using UT Austin’s Co-free NMAM-85. The listed values are averages from the 16 individual cells.  

C-rate Temp,°C Average cell capacity, Ah 
Average cathode-level specific 

capacity, mA h g-1 

C/20 40 2.22 194 

C/10 25 1.98 173 

C/3 25 1.86 162 

C/3 25 1.86 162 

C/3 25 1.86 162 

C/10 30 2.25 196 

C/3 30 1.97 171 

C/3 30 1.94 169 

C/3 30 1.95 170 
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Figure XI.4.6 Voltage profiles of selected large-format pouch cells cycled between 2.5 and 4.2 V at C/3 rate, with cells maintained 

at 30°C. The average operating voltage on discharge is approximately 3.7 V.  

Conclusions   

In this year, UT Austin has explored various pathways to improve the performance and scale-up the synthesis 

of high-nickel layered oxide cathodes. Fluorine doping was found to be an effective strategy for improving the 

cycling stability and reduce the surface reactivity of high-nickel cathodes. Fluorine reacts with residual lithium 

species on the surface of the cathode, creating a stable LiF coating which passivates the surface. This greatly 

reduces the degree of electrolyte degradation that occurs during cycling, enabling superior cell lifetimes. 

Magnesium doping was also found to be beneficial in the chosen NMA for the final deliverable. Ultimately, a 

composition of LiNi0.85Mn0.10Al0.05Mg.005O2 (NMAM-85) was chosen to deliver to Tesla Inc. The synthesis of 

NMAM-85 was rigorously optimized to facilitate scale up of cathode production. The parameters for precursor 

coprecipitation were studied to ensure homogeneous deposition of hydroxide grains to produce dense, 

spherical particles. Crucible packing depths were optimized for high-yield calcination, allowing us to produce 

up to 600 g of cathode material in a single synthesis. The material was delivered to Tesla Inc. and Tesla 

fabricated into 2 Ah pouch cells, which show acceptable performance upon preliminary testing. The cells will 

be delivered to INL in the near future for DOE evaluation.  
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Project Introduction 

This is a disruptive period for global automakers. Economic, political, and ecological pressures have hastened 

the global transition from internal combustion engine (ICE) to electric vehicles (EVs). In response, automakers 

are investing significant resources to accelerate the launch of EVs. However, to realize mass-market adoption 

of EVs, Li- ion battery costs must fall (<$100/kWh), and performance must improve to alleviate customer 

concerns over driving range and lifetime. Today’s commercial, state-of-the-art Li-ion batteries for EVs are 

based on high-energy-density layered oxides, and require cobalt, a metal of limited resources and subject to 

price speculation. There is, therefore, a need for new high-potential, and high-capacity cathode materials that 

are less reliant on critical materials to secure the supply chain and sustain rapid electrification of the U.S. 

transportation sector. 

The spinel formulation LiNi0.5Mn1.5O4 (LNMO) is a promising candidate based on its high specific energy 

(650 Wh/kg-cathode level) and cobalt-free formulation. Unfortunately, the adoption of this material has been 

limited by its poor cycle life, caused by oxidative decomposition of the electrolyte and a series of parasitic 

reactions occurring at the electrode-electrolyte interface[1-2].  

Objectives 

The project goal was to develop a next-generation Li-ion battery based on a LNMO high-voltage spinel 

cathode material. LNMO is an attractive candidate cathode material, which already satisfies two of the project 

specifications, a usable specific energy (cathode level) of at least 600 Wh/kg, and a low-cobalt formulation that 

is compatible with a cell cost of less than $100/kWh. The objective of this project was to develop and validate 

a stabilized, titanium-substituted lithium manganese nickel- oxide, LiNi0.5Mn1-xTiO4 (LNMTO) with improved 

cycle and calendar life, and a complementary cell chemistry (electrolyte formulation), for stable performance 

under aggressive high-voltage operating conditions. 

Approach  

The proposed project approach is shown schematically in Figure XI.5.1 To address limitations with poor cycle 

and calendar life of high-voltage LNMO cathode a microstructurally hierarchical LNMO/LNMTO core-shell 

cathode powder was proposed that enables the formation of a solid-electrolyte interface that effectively 

passivates the cathode surface. The microstructural enhancements of the cathode material focus on 

preferentially enriching the surface with titanium. In parallel, new, optimized LiPAA electrode binder and 

electrolyte chemistries will be incorporated to address degradation mechanisms associated with high-voltage 

systems.  

mailto:n.kidner@nexceris.com
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Figure XI.5.1 Schematic of the technical approach for creating high-performance LNMTO Li-ion cathodes. 

In the first budget period the project team focused on producing LNMTO (and LNMO) powders by 

conventional solid-state synthesis methods, and fabricating LiB cells using these cathode materials, and test 

these cells to establish baseline performance levels. Analytical and testing protocols were established that were 

used throughout the project.  Multiple large (2-Ah) cells were manufactured and fifteen of these Project 

Progress Cells (PPCs) delivered to Idaho National Laboratory (INL) for performance testing.  

In the second budget period the project team built on the Year 1 results and continued to improve the 

performance of the LNMTO based cells. An alternative, Hybrid Wet-Chemical Synthesis (HAWCS) powder 

synthesis approach was developed and integrated to produce core-shell LNMO/LNMTO cathode 

microstructures. Electrolyte development continued to identify a complementary electrolyte formulation to pair 

with this high-voltage cathode. This budget period culminated with a set of down-selected 2-Ah cells that 

enabled an assessment of progress towards the overall project goals. 

In the third budget period, a series of down-selected powder iterations were completed for single-layer pouch 

cell and 2-Ah cell testing.  This approach, of frequent large-format testing of down-select LNMO/LMNTO 

core-shell powders enabled scale-up challenges to be better addressed and mitigated technical risk in the final 

Project Completion Cells (PCCs). 

Results  

The LNMO/LNMTO core-shell cathode powder has been systematically improved throughout the project, as 

shown in Figure XI.5.2 that compares single-layer pouch (SLP) cell performance of LNMO and 

LNMO/LNMTO core-shell cathodes from each year of the project.  

In Year 1 a solid-state synthesis process was used to produce both homogeneous LNMO and LNMTO core 

powders. In Year 2 the HAWCS process was developed that improved the compositional and morphological 

uniformity of the LNMO powders. The LNMTO shell process was also integrated with the HAWCS derived 

LNMO core to produce the first iteration of LNMO/LNMTO core-shell powder. Finally, in Year 3 both the 

HAWCS and LNMTO shell deposition processes were optimized to produce a down-selected LNMO/LNMTO 

core-shell powder. For a given year the LNMO/LNMTO cathode provided a higher initial specific capacity 

and lower capacity degradation than the LNMO cathode. This is proposed to be due to the Ti substitution on 

the surface of the powder. The better uniformity of HAWCS powder compared to solid-state powder translated 

into significantly improved cycle life. 

Optimization of the HAWCS process in Year 3 focused on increasing the effective powder particle, and the 

initial precipitation step. In addition, the LNMTO shell microstructure (shell thickness and Ti-substitution) was 

re-targeted to be integrated with the larger LNMO core powder. These process modifications were able to 

further improve the initial capacity and cycle-life of the high voltage LNMO/LNMTO core-shell cathodes. 
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Minimal capacity degradation was observed for SLP cells for LNMO/LNMTO core-shell cathodes with the 

following Ti-substitutions: LiNiO.5Mn1.35Ti0.15O4 (LNMTO-1), LiNiO.5Mn1.2Ti0.3O4 (LNMTO-2), and 

LiNiO.5Mn1.0Ti0.5O4 (LNMTO-3). 

 

Figure XI.5.2 Cycle performance of SLP-cells capacity comparing homogeneous LNMO core (and homogeneous LNMTO for Year 1) 

and LNMO/LNMTO core-shell cathodes for each of the project years. 

Microstructural characterization on the down-select LNMO core and LNMO/LNMTO core-shell powders has 

been completed to better understand the effect of process parameters on particle morphology and cell 

performance. Figure XI.5.3 shows SEM microstructures of LNMO and LNMO/LNMTO core-shell powders 

synthesized through the project. 

The Year 1 solid-state process produced a small, irregular LNMO powder, composed of primary particles. The 

original (Year 2) HAWCS process consolidated these primary particles into an extremely uniform, spherical 

particle (second morphology) made up of distinct LNMO primary particles. In Year 3 process modifications 

were implemented to increase the measured powder particle size. A larger LNMO particle size improved the 

cycle life behavior of LNMO (likely due to a reduction in the LNMO surface area and detrimental surface 

interactions). SEM analysis identified that instead of growing the spherical secondary particles the larger Year 

3 LNMO core powder consists of a tertiary agglomerated morphology. Subsequent application of the LNMTO 

shell smooths the tertiary LNMO/LNMTO core-shell morphology shown in Figure XI.5.3. 

 

Figure XI.5.3 SEM of LNMO and LNMO/LNMTO core/shell powder synthesized throughout the project 

LNMO/LNMTO core/shell cathodes from fresh and cycled SLP cells have been characterized by Raman 

Spectroscopy and Electrochemical Impedance Spectroscopy (EIS) (Figure XI.5.4) to develop a mechanistic 

understanding for the cell performance improvement demonstrated for the LNMO core/shell cathode versus 
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the homogeneous LNMO cathode. Raman spectra of Ti-rich LiNi0.5Ti1.5O4 showed that cycled LNMTO-3 

experienced sacrificial Mn dissolution and formation of the more-stable Ti-enriched CEI layer. Furthermore, 

EIS shows that the Ti-enriched core-shell cathodes reduce the interfacial impedance (Rsf) and charge-transfer 

(Rct) resistance compared with LNMO cathodes. 

 

Figure XI.5.4 Raman spectra (left) and interfacial (Rsf) and charge-transfer (RCT) impedance measured by impedance spectroscopy 

of fresh and cycled LNMO and LNMO/LNMTO core/shell cathodes (left). LiNiO.5Mn1.35Ti0.15O4 (LNMTO-1), LiNiO.5Mn1.2Ti0.3O4 

(LNMTO-2), and LiNiO.5Mn1.0Ti0.5O4 (LNMTO-3). 

The microstructure (density and porosity) of both the anode and cathode electrodes were found to have a 

significant effect on SLP cell performance, especially cycle-life. To further investigate this effect and optimize 

the electrode microstructure a systematic SLP study of different electrode configurations was completed. Six 

electrodes, three cathodes, and three anodes have been produced with a range of target densities and porosities. 

These electrodes were paired together and SLP cells fabricated. Figure XI.5.5 (left) shows the initial cycling 

that indicated higher cathode porosity improves cell performance, a result confirmed with 1-Ah cells, and used 

to downselect the electrode microstructure for the 2-Ah Project Completion Cells (PCCs). 

 

Figure XI.5.5 Initial cycling behavior of LNMO SLP-cells with different electrode (cathode/anode) porosities at 25 C Electrolyte 1 M 

LiPF6 in 1:1 wt. EC/EMC (no additive). Cycling conditions: Cycle 1-2: C/10 then C/3. 

Thirty-four PCCs were fabricated using the down-select LNMO/LNMTO core-shell powder. Figure XI.5.6 

shows the rated capacity and energy for the fifteen cells with the highest initial rated capacity. This 

information was used to finalize the PCC test plan. High voltage LNMO cathode likely have different gas-

generation characteristics compared to standard cathode chemistries and different formation cycling 

procedures are expected. The modified formation cycling procedure developed during the project was unable 

to mitigate gas generation which degraded cell performance and impeded cell testing. 
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Figure XI.5.6 Rated capacity and energy of the fifteen 2-Ah PCCs with highest initial rated capacity. 

Conclusions   

In this project Nexceris, in collaboration with project partners; The Ohio State University and Navitas 

Advanced Systems advanced the technical maturity of a non-cobalt, LiNi0.5Mn1.5O4 (LNMO) cathode for next-

generation Li-ion batteries. To address limitations with poor cycle and calendar life a microstructurally 

hierarchical Ti-stabilized LNMO/LNMTO core-shell cathode powder has been developed and evaluated to 

address degradation mechanisms associated with high-voltage systems. Single-layer pouch cell and large-

format 2-Ah cell testing have shown that an optimized LNMO/LNMTO core-shell cathode significantly 

improves initial cell capacity and cycle life compared to homogeneous LNMO cathode. 

To support development and the fabrication of large-format cells a novel Hybrid Alternative Wet-Chemical 

Synthesis (HAWCS) process have been developed. This low-cost, synthesis approach enables the excellent 

compositional and particle morphology control achieved with co-precipitation without the strict process 

controls and associated expensive process equipment. 
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Project Introduction 

The layer-structured Li[NixCoyMn1-x-y]O2 (NCM) cathode materials have become the industry’s main choice 

for increasing the driving distance per charge of electric vehicles[1-3] due to their high energy density and 

acceptable cycling stability. The price of cobalt (Co), a key element within cathode materials for stability, has 

nearly tripled over the past few years due to increased demand from the cell phone industry, current materials 

shortage, increased adoption of electrical vehicles, and speculation regarding a future global shortage,[6-8] as 

mentioned in the DOE Funding Opportunity Announcement. To meet the requirement and sustainability of the 

next-generation long-range and low cost EVs, developing cathode materials with very low Co content while 

maintaining high energy density and low cost is both essential and urgent. 

Objectives 

The overarching objective of this work is to develop stabilized NCM cathode materials with low Co content 

(namely LiNixCoyMn1-x-yO2, y ≤ 0.04) to meet DOE’s goal of reducing Co loading to below 50 mg Wh-1, while 

maintaining energy density greater than 600 Wh kg-1 based on the cathode material. The obtained NCM 

cathode paired with graphite anode shall deliver batteries with a high initial specific energy density of over 240 

Wh kg-1 and low capacity fading rate of less than 20% in 1000 cycles under C/3 discharge rate. 

mailto:dwang@psu.edu
mailto:cxw31@psu.edu
mailto:jnanda@stanford.edu
mailto:chongmin.wang@pnnl.gov
https://d.docs.live.net/cde7ed7fc6b9428d/Desktop/VTO%20Integrated/peter.faguy@ee.doe.gov


Batteries 

724 Next Generation Lithium-Ion Materials: Low-Cobalt/No Cobalt Cathodes 

Approach  

To accomplish this goal, a multidisciplinary team has been formed from three organizations: The Pennsylvania 

State University (PSU), Oak Ridge National Laboratory (ORNL), and Pacific Northwest National Laboratory 

(PNNL). The PI and co-investigators are Dr. Donghai Wang (PI) from PSU with expertise in the synthesis of 

nanostructured materials and manipulation of interfacial properties of electrochemically active materials, Dr. 

Jagjit Nanda with substantial knowledge of and expertise in state-of-the-art cathodes from ORNL, Dr. Chao-

Yang Wang with significant experience in advanced cell design and fabrication and cell diagnostics from PSU, 

and Dr. Chongmin Wang with world-wide known expertise of advance atomic scale characterization of 

electrode materials from PNNL. Furthermore, this project will leverage off and synergistically work with the 

current DOE-funded programs on battery materials at PSU and ORNL, and electrode materials 

characterization at PNNL. 

Results  

LFP-coated NMC811 cathode 

This year, we continued to cycle the 2.5Ah pouch cells consisting of NCM811 cathode coated with 10wt% 

LFP vs. graphite anode, with the cathode loading of 17.5 mg/cm2 and the N/P ratio of 1.1. These cells are 

cycled at 40oC as well as room temperature, as shown in Figure XI.6.1a. The cycling conditions are: C/3 

CCCV to 4.2V until C/5, and aged cells are using a reference performance test (RPT) every 200 cycles, i.e., 

C/3 CCCV to 4.2V till C/20. It can be seen that LFP-coated NCM811 is very stable at room temperature, with 

capacity retention of 68.6% after 3217 cycles.  At 40oC, the cell achieves 67.3% capacity retention after 1609 

cycles. High temperature also leads to a fast increase in DCR, as shown in Figure XI.6.1b. The cell’s capacity 

fading at elevated temperature is much faster than at room temperature due to low stability of the cathode 

material at high temperature (40°C).   

  

Figure XI.6.1 a) Capacity retention of the LFP-coated NCM/graphite cells during C/3 cycling at room temperature and 40oC. b) DCR 

of the LFP-coated NCM/Gr cells during C/3 cycling at room temperature and 40oC.  

The impedance of the cell cycling is also analyzed. The result in Figure XI.6.2 shows that at 40oC, cathode 

impedance increases much faster than that cycling at room temperature. The EIS result agrees well with the 

DCR data above. 
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Figure XI.6.2 EIS over cycling at a) room temperature and b) 40oC of LFP-coated NCM811 

Phosphate coating on LiNi0.92Co0.04Mn0.04O2 

a) Al and P distribution after heat treatment of AlPO4 coating: 

Continuing last year’s effort, we continued to explore the effect of phosphate/metaphosphate coating on 

LiNi0.92Co0.04Mn0.04O2 (NMC92) 1,2. STEM is obtained for the primary particle surface and interior to 

understand how dry coating of AlPO4 nanoparticles can enhance better cycling performance of high-nickel 

cathode. Under STEM observation (Figure XI.6.3), Al is proved to be doped into the crystal structure, and 

none of Al is left on the primary particle surface. In contrast, P remains on the surface and there is no existence 

of P observed at the particle interior area. This result suggests a separation of Al and P from AlPO4 during heat 

treatment. Al diffuses into the crystal structure and stays there as a doping element. At the same time, large 

radius PO4
3- can only move along the primary particle boundaries and remains on the surface, acting as a 

coating layer.  

 

Figure XI.6.3 STEM studies on the primary particle of the pristine 1%APO coated NCM92. a) Cross-sectional STEM-HAADF image 

captured at the edge of a primary particle along with b) the corresponding STEM-EDS Ni/Co/Mn mapping and c) the 

corresponding STEM-EDS P mapping in the same area with a) The scale bar in a) corresponds to 5 nm and applied to both b) and 

c). The STEM-EDS spectrum (d) is from the bottom part of a) inside the particle and the STEM-EDS spectrum e) is from the particle 

edge. 
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b) Further development of NMC cathode surface protection: 

Following the previous protective strategy, we developed other functional coatings, which demonstrated 

excellent cycling stability. As shown in Figure XI.6.4, with PSU-2 coating, the cell can have a cycle life 

(reaching 80% of initial capacity) over 400 cycles at 1C rate, an elevated performance compared to bare 

NMC92 reaching its cycle life after only 82 cycles. It is also worth noting that this strategy has universality 

and the PSU-1 coating with the same strategy also demonstrated an improved cycling performance.  

  

Figure XI.6.4 The comparison in electrochemical performance of bare, PSU-1 and PSU-2 coated high-nickel cathodes. 

 

Figure XI.6.5 SEM images on cross-sections of: a) before and b) after 50 cycles of bare NMC92 cathode; c) before and d) after 50 

cycles of PSU-1 coated cathode. 

The cathode morphology after cycling has been thoroughly explored for a deeper understanding of the 

improvement of PSU-1 coated NMC92. After 50 cycles at a 1C rate, the cathodes are milled to observe the 

particle integrity at the delithiation state. In Figure XI.6.5b, the bare NMC92 cathode particle is damaged upon 

continuous volume expansion and contraction, generating cracks throughout the particles. These cracks are 
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assigned with more surface exposure with electrolytes and the increase of impedance over cycling. At the same 

time, PSU-1 coated NMC92 shows greatly intact morphology with no cracks observed. 

Scaling up of high-nickel cathode material production 

In our previous works, we have reported our efforts in exploring different coating and doping strategies that 

showed improvement in prolonging cell cycle life. This year, we continue scaling up high-nickel cathode 

material production, along with the coating method on large-scale production for pouch cell delivery. 

After using different conditions of the calcination process for Ti-doped high-nickel cathode, we found the 

optimum conditions to be 30g/batch at 715oC under pure oxygen flow of 1.5L/h, where this procedure provides 

the best cycling performance of 97.0% capacity retention after 100 cycles. 

Using these optimum conditions, 1kg of high-nickel cathode powder was synthesized and coupled with 

graphite anode into 30 2.7Ah pouch cells. The cells are sent to Idaho National Laboratory and are currently 

under testing. Control cells are cycled at Penn State University and show stable cycling with capacity retention 

of over 97% after 100 cycles at both 1C and C/3 current rates. (See Figure XI.6.6, Figure XI.6.7, and Figure 

XI.6.8.) 

 

Figure XI.6.6 Comparison in cycling performance of Ti-doped NMC92 cathodes synthesized by different calcination conditions. 
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Figure XI.6.7 The Ti-doped high-nickel cathode is fabricated into electrode and pouch cells 

 

Figure XI.6.8 Cycling performance of pouch cell at C/3 and 1C rate 

Conclusions   

This year, we have worked on NCM811 and LiNi0.92Co0.055Mn0.025O2. We mainly focused on optimizing 

surface protection and deeply exploring the structural reconstruction at the surface and subsurface of the 

particles. 

The 2.5 Ah LFP-coated NCM/graphite cells are ultra-stable with capacity retention at C/3 of 68.6% after 3217 

cycles. At 40oC, the cell achieves 67.3% capacity retention after 1609 cycles. 

For LiNi0.92Co0.055Mn0.025O2, we developed a surface protective mechanism. The phosphate coating can 

significantly inhibit the penetration of acidic components from the decomposition of electrolyte and trace 

water, which improves the cycling performance of high-nickel cathode material. Using the developed 

protective mechanism, we have found several better coating materials, e.g., PSU-1 and PSU-2, where PSU-2 

coated cathode can maintain 80% capacity after 400 cycles at a current rate of 1C. 

High-nickel LiNi0.92Co0.055Mn0.025O2 cathode material is successfully synthesized at a large scale. Ti-doped 

high-nickel is coupled with graphite to become 2.7Ah pouch cells. The cycling performance of these pouch 

cells is working at over 97% after 100 cycles. 
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XII Next Generation Lithium-Ion Materials: Diagnostics 
The increasing demand for lithium-ion batteries requires advancements in diagnostics to observe capacity loss 

to maintain reliability as the capacity declines, identify anomalies to prevent catastrophic failures, and predict 

the end of battery life when the battery fades to a set capacity threshold. Well-developed battery test 

technologies must recognize all battery conditions and provide reliable results, even if the charge is low.  

The rest of this chapter contains detailed reports on the status of the following individual projects. 

• Interfacial Processes (LBNL) 

• Advanced in situ Diagnostic Techniques for Battery Materials (BNL) 

• Microscopy Investigation on the Fading Mechanism of Electrode Materials (PNNL) 

• In-Operando Thermal Diagnostics of Electrochemical Cells (LBNL). 
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Project Introduction 

Li-based batteries are inherently complex and dynamic systems. Although often viewed as simple devices, 

their successful operation relies heavily on a series of complex mechanisms, involving thermodynamic 

instability in many parts of the charge/discharge cycle and the formation of metastable phases. This paradigm 

of Li-battery system operation usually drives the battery toward irreversible physical and chemical conditions 

that lead to battery degradation and failure.  

The requirements for long-term stability of Li batteries are extremely stringent and necessitate control of the 

chemistry at a wide variety of temporal and structural length scales. Progress towards identifying the most 

efficient mechanisms for electrical energy storage and the ideal material depends on a fundamental 

understanding of how battery materials function and what structural/electronic properties limit their 

performance. This in turn necessitates the development and use of new characterization tools to monitor these 

processes.  

The design of the next generation of Li batteries requires a fundamental understanding of the physical and 

chemical processes that govern these complex systems. Although some significant advances have been made 

to prepare and utilize new materials efforts towards the understanding of their operation mechanisms and 

degradation modes have been insufficient and/or unsuccessful.  

Instability and/or high resistance at the interface of battery electrodes limit electrochemical performance of 

high-energy density batteries. A better understanding of the underlying principles that govern these phenomena 

is inextricably linked with successful implementation of high energy density materials in Li-based cells for 

PHEVs and EVs. Pristine and cycled composite and thin film model electrodes are investigate using a variety 

of state-of-the-art techniques to identify, characterize and monitor changes in materials structure and 

composition that take place during battery operation and/or storage. This project constitutes an integral part of 

the concerted effort within the BMR Program and it supports development of new electrode materials for high-

energy Li-metal based rechargeable cells. 

Objectives 

This collaborative project involves the development and application of advanced experimental methodologies 

to study and understand the mechanism of operation and degradation of high-capacity materials for 

rechargeable cells for PHEV and EV applications. The main objective of this task is to establish specific 

design rules toward the next generation of low impedance Li-metal rechargeable batteries that are capable of 

performing 1000 deep discharge cycles at CE > 99.9% and suppress lithium dendrites formation at high 

current densities (> 2 mA/cm2). This project aims at the following:  

mailto:r_kostecki@lbl.gov
mailto:Tien.Duong@ee.doe.gov
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Apply far- and near-field optical multifunctional probes and synchrotron-based x-ray techniques to obtain 

detailed insight into the composition, structure and mechanism of reactions at Li/electrolyte interfaces at an 

adequate spatial and temporal resolution. 

Design new in situ diagnostic techniques and experimental methodologies that are capable of unveiling the 

function and operation of hidden or buried interfaces and interphases that determine material, electrode and 

battery cell electrochemical performance and failure modes.  

Understand the mechanism of operation and degradation of high energy density materials for rechargeable Li-

metal batteries for PHEV and EV applications. 

Propose effective remedies to address inadequate Li-metal rechargeable batteries calendar/cycle performance 

for PHV and EV applications. 

The other goal is development and application of far- and near-field optical probes and synchrotron-based 

advanced X-ray techniques to obtain insight into the mechanism of Li+ transport and interfacial reactions in 

lithium/liquid model systems. Through an integrated synthesis, characterization, and electrochemistry effort, 

this project aims to develop a better understanding of lithium / liquid electrolyte interface so that rational 

decisions can be made as to their further development into commercially viable Li-metal cells.   

Approach  

• The pristine and cycled composite electrode and model thin-film electrodes were probed using various 

surface- and bulk-sensitive techniques, including FTIR, ATR-FTIR, near-field IR and Raman 

spectroscopy/microscopy, and SPM to identify and characterize changes in materials structure and 

composition.   

• Novel in situ / ex situ far- and near-field optical multi-functional probes in combination with standard 

electrochemical and analytical techniques are developed to unveil the structure and reactivity at 

interfaces and interphases that determine materials electrochemical performance and failure modes.   

Results  

Due to the extreme reactivity of Li metal, it has been a challenge to establish a reliable Li metal battery, which 

can provide high specific energy (500 Wh kg-1). A key question is understanding the interface between Li 

metal and electrolytes since the solid-electrolyte interface (SEI) film affects the long-term stability and 

reversibility of Li metal anodes. There have been numerous studies shedding light on SEI composition and 

properties. It was shown that the SEI layer is heterogenous on the sub-micron level calling for the use of 

advanced characterization methods working beyond the diffraction limit, such as cryo-TEM, which requires a 

high vacuum to perform analysis. In contrast, we use characterization methods that work at ambient pressure to 

analyze the pristine SEI layer. This is achieved by the use of scattering-type Scanning Near-field Optical 

Microscopy (sSNOM), which makes it possible to image the chemical nature of the SEI layer in sub-

diffraction limit in ambient conditions, which we applied to the Li metal battery system. 

Sample preparation plays a crucial role in the analysis of the pristine SEI layer. Due to the reactivity of Li 

metal, it is important to ensure the cleanliness of the prepared Li metal foil to avoid any potential 

contamination. In laboratory settings, it is common practice to prepare Li metal anodes in a glovebox that 

contains liquid electrolytes. This leads to the accumulation of volatile organic compounds (VOC) which will 

react with and form a contamination film on the Li surface, even before coming in contact with an electrolyte. 

To address this issue, we have developed a transfer method ensuring the pristine condition of the Li surface 

before coming in contact with the electrolyte. Freshly rolled Li metal foil was prepared in a solvent-free 

glovebox and placed in a plastic bottle with a septum cap. It was then transferred into a glovebox containing 

liquid electrolytes. Microliters of GEN2 were then deposited onto the clean Li surface (free of a VOC-induced 

contamination layer) in a controlled way, through a septum, via a syringe.  
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Upon contact, Li metal reacts with the electrolyte, forming a thin film of products of the reaction: 1) inorganic 

components, such as LiF, Li2O, Li2CO3, etc; 2) organic Li salts, such as LiEDC (Lithium ethylene 

decarbonate), 3) organic products of electrolyte decomposition and 4) residual electrolyte. The literature 

suggests, that the latter groups (3 and 4) play little role in the passivation of Li metal anodes, and should be 

removed to analyze SEI components buried under. This can be achieved by washing the Li metal in DMC 

(dimethyl carbonate), which will clean the passivated Li metal surface of any components that are soluble in 

DMC 

We have analyzed the effect of sample post-processing (washing, drying) on solid electrolyte interface 

components. The hypothesis is that inorganic Li salts such as LiF and Li2CO3 are less soluble compared to 

LiEDC, therefore some of the residuals of inorganic SEI components are going to stay on the Li surface, which 

will be revealed by ATR-FTIR. The far-field technique while lacking surface sensitivity and special resolution, 

is a good estimate of bulk SEI components. It is worth noting, that before analysis, samples were dried under 

vacuum for 24 hours, therefore any loosely physisorbed species and gasses that can be components of SEI, are 

removed from the film. Figure XII.1.1 shows that even after 24 hours under vacuum some of the EMC 

molecules are still present on the Li surface. The signal of Li metal exposed to GEN 2 electrolyte is dominated 

by P-F and LiEDC/electrolyte vibrations at ~830 cm-1 and 1083, 1156, 1267, and 1654 cm-1, respectively 

(Figure XII.1.1). Interestingly, the removal of the electrolyte by Celgard seems to remove most LiEDC peaks, 

indicating that LiEDC is mainly dissolved in the electrolyte. The region 1000 – 1400 cm-1 is still populated 

with peaks, showing that other lithium organic salts, such as butylene dicarbonate (Li2BDC), LiO- 

(CH2)2CO2(CH2)2OCO2Li, and Li(CH2)2OCO2Li remain on the Li surface. Washing with DMC removes 

the majority of organic salts, leaving Li2CO3 on the surface as a dominant feature. The peak at 737 cm-1 is 

assigned to coordinated EC. The shoulder at lower wavenumbers is assigned to free EC and is present only in a 

sample with electrolyte dried under vacuum. Vibration at 927 cm-1 is assigned to free EMC molecules, and it 

shifts to 950 cm-1 in the case of Li-coordinated EMC molecules. Once the excess electrolyte is removed, either 

by Celgard or by washing, mostly bound electrolyte molecules are remaining. 

 

Figure XII.1.1 ATR-FTIR spectra of Li metal foil exposed to GEN 2 after various post-processing steps: (black) Li metal with dried 

electrolyte under vacuum (red) Li metal with electrolyte removed from the surface by a porous Celgard separator (blue) Li metal 

washed in DMC after the contact with GEN2 and (purple) fresh Li metal surface exposed to N2 atmosphere of ATR-FTIR 

To illustrate the effect of residual film covering SEI, we collected nano-FTIR spectra from Li metal surface 

exposed to GEN 2 electrolyte, where the excess electrolyte was removed. Optical microscopy indicates the 

presence of a thin film on the surface of Li metal (as shown in Figure XII.1.2a), due to the surface’s 

iridescence. This thin film seems to cover a majority of the sample surface. Atomic force microscopy 

measurements indicate that the iridescent film’s root means square roughness is approximately 1.2 nm.  
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Additionally, the nano-FTIR signal from that film is mainly dominated by P-F vibrations at 830 cm-1. LiEDC 

vibrations, usually containing separated peaks with relatively narrow FWHM, are now forming one broad 

feature with multiple shoulders in the region 1000 – 1300 cm-1. The spectrum is consistent throughout the film. 

However, there are patches of the exposed surface under the iridescent film, where the nano-FTIR signal is 

dominated by Li2CO3. LiEDC peaks are present as well, with no shoulders or broadening compared to the 

previous locations. The topography imaging (Figure XII.1.2b) revealed that those regions contain patches of 

absorbed species, which has a new peak at 930 and 764 cm-1. These peaks could be attributed to free EC and 

EMC molecules. The rest of the area is uniformly covered with LiEDC, Lithium carbonate, and GEN 2 

electrolyte components, indicating a strong bond between passivated Li surface and electrolyte molecules.  

 

Figure XII.1.2 Topography and nano-FTIR spectra of Li metal surface after contact with GEN 2 electrolyte. The excess of electrolyte 

was removed by Celgard porous separator. Most of the Li metal surface is covered by thin irredescent film. a) topography of a 

patch of Li metal surface without a thin film b) topography of a thin film covering Li metal surface c) nano-FTIR spectra of different 

spots of the Li metal surface 

It is important to note, that washing away organic components leads to potential damage of SEI and disturbs 

the passivation layer preventing Li from reacting with the environment. As an example, the rise of Li3N peak 

in a washed Li metal surface can be explained by a reaction with N2 gas, which is present in our nano-FTIR 

and ATR-FTIR systems. Notably, the undisturbed SEI stays inert in the N2 environment even after a month of 

storage. 

Interestingly, the effect of the residual film is less prominent when the Li was deposited electrochemically 

versus using Li foil. We used lithium iron phosphate (LFP) as a lithium source material, which undergoes a 

first-order phase transformation upon delithiation. This allows a steady Li+ extraction from LFP and 

subsequent plating under constant potential. By controlling Li plating one can investigate species during the 

early SEI formation. We focused on investigating SEI components using nano-FTIR spectroscopy in ex-situ 

configuration. We assembled a 2-electrode cell with a thin-film Cu working electrode, lithium iron phosphate 

(LFP) counter electrode in GEN 2 electrolyte. After a cycle of stripping and plating Li at a current density 25 

µA/cm2, we observed a change in copper electrode surface morphology, yielding congregated ~500 nm nano 
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bubble with different chemical composition, as could be seen in Figure XII.1.3A, where the bubbles remain 

less reflective than the flat regions in infrared change.  

 

Figure XII.1.3 Nano-FTIR study of Cu surface after a cycle of plating and stripping Li A) Near-field infrared amplitude image (2nd 

harmonic) recorded in white light position B) Nano-FTIR phase φ3 spectra recorded from selected locations A-D 

Nano-FTIR spectra from the bubbles (Figure XII.1.3B) showed the presence of P-F stretching vibrations, 

where lower frequency corresponds to presence of PF3 and higher for more oxygen-rich species like PFO3
2-, 

which is a product of oxidation of LiPF6. Interestingly, smaller bubbles, located in area “C” in Figure 

XII.1.3A, contain only oxidized PF6
- anions. At higher wavenumbers, ~1155 cm-1 corresponds to C-O 

stretching vibration of ethylene carbonate; however, the resolution quality is lacking due to the choice of laser. 

Notably, in the following experiments we have used sputtered Ni surface instead of Cu due to lesser effect of 

natural passivation in case of Ni. Additionally, we have switched to using current densities that are in the range 

of real-life LMB, in the range of 0.1 – 1 mA/cm2 

We prepared Li metal electrodes in a solvent-free glovebox and exposed their surfaces to pure liquid GEN 2 

electrolyte. In this way we created an artificial SEI without introducing any unwanted components, like it was 

described above. This approach ensures minimal contamination of the Li metal surface during cell assembly. 

Pouch cells were subsequently assembled with Ni working electrodes and Li metal (with artificially created 

SEI) as counter electrodes. Then, 1mAh/cm2 of Li was plated galvanostatically on a Ni electrode with a current 

density of 0.5 mA/cm2. The oxidized Li metal counter electrode (“Li 10” in Figures) and plated Li on Ni 

working electrode (“Li-Ni 10” in Figures) were dried under vacuum for ~1hr to allow residual electrolyte to 

vaporize. In another cell, after the Li plating step, the polarity of the cell was reversed and Li was stripped via 

similar but inverted protocols, leaving a reduced Li metal counter electrode (“Li 11” in. Figures) and Ni 

working electrode with electrically disconnected, or “dead” Li on the surface. These ex situ electrodes were 

analyzed by infrared near-field imaging and Fourier transform infrared nano-spectroscopy (nano-FTIR).  

Figure XII.1.4 shows “white light” (WL) imaging of the electrodes’ surfaces, showing a heterogenous 

distribution of infrared reflection at the nanoscale.  Since IR reflectivity can be correlated with the electronic 

conductivity of a material, Figure XII.1.1 likely shows the local distribution of SEI components with various 

electronic densities. Notably, Li 11 and Li-Ni 11 electrodes exhibit a similar pattern, with ~50 nm domains.  
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Figure XII.1.4 Nanoscale “white light” imaging of SEI layer on Lithium metal surface under various electrochemical conditions: a) Li 

metal electrode after oxidation under galvanostatic conditions b) Ni electrode after plating Li under galvanostatic conditions c) Li 

metal electrode after an oxidation-reduction cycle under galvanostatic conditions d) Ni electrode after a cycle of plating and 

stripping of Li 

Figure XII.1.5 shows nano-FTIR spectra collected from the electrodes compared to the ATR-FTIR spectrum of 

dried electrolyte to reveal spectroscopic features of SEI components in each electrode. The data was collected 

at Berkeley Lab’s Advanced Light Source (ALS), Beamline 2.4 (capable of Synchrotron-based nano-FTIR and 

near-field Imaging), which allows using a bright and broadband infrared light source and a detector that allows 

probing vibrations at lower cutoff frequency ~350 cm-1, which opens an opportunity to probe inorganic SEI 

components. Figure XII.1.2 shows that the majority of the spectral features are located in the region below 800 

cm-1. Oxidized electrodes, namely Li 10 and Li-Ni 11 show broad features above 1000 cm-1, which can be 

attributed to the organic electrolyte components as well as organic Li salts, which are known to be present in 

the SEI layer. A feature at 400 – 450 cm-1 is present only on the working electrode, while a broad peak at 600 – 

650 cm-1 is found in both Li metal electrodes and could be attributed to a LiF. Notably, the reduced Li metal 

electrode surface contains no significant peaks above 1000 cm-1, indicating the minimal presence of organic 

components on the SEI. The knowledge obtained in ex-situ experiment will yield a beter understanding of the 

results of in-situ studies, which is the next step in understanding SEI layer in LMB. 

 

Figure XII.1.5 Nano-FTIR spectroscopy of SEI layer under various electrochemical conditions. Plated Li on Ni (red trace), oxidized Li 

surface (blue trace), plated and stripped Li "dead Li" (orange trace) and reduced Li surface after oxidation cycle (green trace). ATR-

FTIR spectrum of dried GEN 2 electrolyte (grey trace) 
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In order to characterize SEI layer in-situ, we adopted a liquid cell design our lab has utilized successfully in the 

past, which generally enables the characterization of electrically biased solid/liquid interfaces, in situ and 

nondestructively, via near-field infrared nanospectroscopy (nano-FTIR). The experimental setup is illustrated 

in Figure XII.1.6, where an atomically thin and infrared transparent carbon membrane (graphene) functions as 

both an optical window and working electrode, while a metalized AFM probe opposite and adjacent to the 

interface enhances and confines incident infrared light.  In this way, collection of nano-FTIR spectra from 

nanoscopic volumes subsurface to graphene (the interfacial region) are readily performed. 

 

Figure XII.1.6 A schematic of experimental and device setup for graphene-liquid electrochemical in situ cell for infrared near-field 

imaging and nanospectroscopy, previously used in our group. 

As described in the Q2 milestone, beyond the designing, building, and testing of the device, preliminary 

experiments were to be conducted which would build toward the eventual probing of the Li/liquid-electrolyte 

interface in future milestones.  As a natural progression to this end, we opted to use an electrolyte which is less 

chemically complex than GEN2: 2M LiClO4 in propylene carbonate (PC).  Firstly, attenuated total reflection 

Fourier transform infrared spectroscopy (ATR-FTIR) of the bulk electrolyte was collected (top of Figure 

XII.1.7) and compared with nano-FTIR absorption of the graphene/liquid-electrolyte interface (bottom of 

FFigure XII.1.7).  It is clear by direct comparison that the molecular environment of the bulk and interface 

must be significantly different.  Contributing to this discrepancy is likely the differences in average ion 

solvation between the bulk and interface.  These measurements confirmed our device and experimental setup is 

capable of characterizing the interface, in situ. 

 

Figure XII.1.7 Comparison of ATR-FTIR of 2M LiClO4 in PC (top green trace) and nano-FTIR spectra of the graphene / 2M LiClO4 in 

PC interface (bottom black trace). Light blue bars and black vertical lines highlight measured differences in IR absorption between 

the bulk and interface. 



Batteries 

738 Next Generation Lithium-Ion Materials: Diagnostics 

Secondly, following the in situ methodology already described in the first paragraph, spatially-dependent nano-

FTIR were collected along the graphene/liquid-electrolyte interface at roughly 100nm separations (and ca. 

20nm resolution), while in an open circuit state.  These spectra are plotted in Figure XII.1.8a, and possess 

subtle differences in a few regions, such as around 1200 and 1750 cm-1 (note the ~1700-1900 cm-1 region 

corresponds to the carbonyl C=O group for PC). The modest heterogeneities in absorption may arise from 

local variations in (i) the concentration of free PC molecules (ii) the solvation state of interfacial ionic species, 

(iii) orientations of physisorbed ClO4
-, and (iv) structure and composition of the electric double and diffuse 

layers.  In any case, ultimately, these naturally occurring nanoscale heterogeneities in the infrared absorption 

spectra certainly point to nanoscale heterogeneities in the local molecular environments which together 

comprise the interface.  As shown in our recently published work for polymer electrolyte systems, these 

heterogenies may be the source for additional subsequent heterogeneities in Li plating and interphase 

formation - though additional work to verify this is still needed.   

 

Figure XII.1.8 a) Spatially-resolved Nano-FTIR spectra across the graphene / 2M LiClO4 in PC interface. Noted with the black lines 

are changes in shoulder of the peaks b) biased nano-FTIR data collected over single location  

Thirdly, gold contacts to the graphene enable the biasing of the graphene working electrode with respect to a 

thin-diameter wire of choice which can be inserted into the liquid electrolyte reservoir (a few microliters in 

volume).  For these preliminary measurements focused on demonstrating the device functionality and 

methodological transferability to a multiplicity of chemistries, we chose to conduct basic potential step 

experiments, to ensure the device was diffusion limited, and once a steady state was reached, collect nano-

FTIR.  To accomplish these in-situ bias-dependent measurements, we chose a silver wire. As the graphene 

electrode is biased, and charge is transferred to/from graphene proceeds, the graphene/liquid interface should 

respond, including the local distribution and concentration of electrolyte solution components. These changes 
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should be observable in the nano-FTIR if it is actually primarily probing the interface. Indeed, such findings 

are reflected in the bias-dependent nano-FTIR spectra we collected (Figure XII.1.8c).  

We have also progressed towards the characterization of relevant interfaces and interphases, and the unveiling 

of key structures, chemistries, and mechanisms that originate therein, by proposing an in situ electrochemical 

cell.  We find motivation from our recently published work (He, X., Larson, J. M., Bechtel, H. A., & Kostecki, 

R. (2022) Nat Comm, 13(1), 1-10.), to develop a new in situ cell (Figure XII.1.6 A.) that is compatible with 

non-polymer solid-state electrolytes.  This device form should accommodate a number of solid-state 

electrolyte chemistries, but our first intended target will be lithium aluminum germanium phosphate (LAGP).  

With that in mind, before cell fabrication, we collected AFM (Figure XII.1.9. B), infrared white light images, 

and spatially dependent nano-FTIR (Figure XII.1.9. C) of an LAGP sample.  Our initial exploratory data 

indicates that chemical heterogeneities exist on a spatial scale that can only be spectroscopically resolved with 

novel near-field techniques capable of sub-diffraction-limit characterization ( ≾ 3 micron spacing); similar to 

our recent work (He, X., Larson, J. M., Bechtel, H. A., & Kostecki, R. (2022) Nat Comm, 13(1), 1-10).  These 

results support the continuation of this research trajectory, as mitigating such intrinsic heterogeneities and 

corresponding deleterious effects will be crucial for advanced energy storage schemes; and understanding such 

heterogeneities, and related phenomena, is a necessary first step toward this end. 

 

Figure XII.1.9 A.) Schematic of conceptualized in situ solid-state electrochemical cell to be prepared. B.) AFM topography data of a 

pristine LAGP surface.  Colored diamonds indicate locations where nano-FTIR were collected.  C.) Spatially dependent nano-FTIR 

absorption data which shows sub-diffraction-limit chemical heterogeneity across the LAGP surface; traces are color matched to 

the corresponding spatial locations shown in B. 

Lastly, we have progressed in applying a complimentary method to nano-FTIR: Surface-enhanced Raman 

spectroscopy. To get a full picture of vibrational spectra of early SEI components and record Raman spectra, 

we employed Surface-enhanced Raman spectroscopy approach, where a metal nanostructure enhances Raman 

signal from molecules in ~10-nm radius around the said structure. Although the lateral resolution does not 

break the optical limit, this technique is only sensitive to molecules absorbed on the metal surface. When the 

nanostructured Cu acts as a working electrode, it is possible to analyze SEI components in a close proximity to 

the electrode. It should be noted that the spectrum of GEN2 electrolyte both shows strong photoluminescence. 

With SERS, Raman scattering features could be seen over the photoluminescence background. Figure XII.1.10 

shows Raman spectra of GEN 2 electrolyte collected through translucent current collector inert to Li: Cu and 

Ni. Although Ni plasmon resonance belons to UV region, Raman features of GEN 2 electrolyte on Ni electrode 
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were still present. This could be explained by chemical mechanism of SERS through charge-transfer between 

metal substrate and electrolyte molecules.  

 

Figure XII.1.10 Surface-enhanced Raman spectroscopy (SERS) approach to investigate early SEI A) Schematic of in-situ SERS 

electrochemical cell. Thin translucent Cu thin film serves as working electrode and SERS substrate B) image of assembled 2-

electrode electrochemical SERS cell.  

In order to observe Li plating in-situ, we have assembled an electrochemical cell. In the designed experiment 

shown in Figure XII.1.11a, translucent Cu acts as a window and working electrode, used as a substrate to 

deposit Li via electroplating. Thin Cu films can enhance the Raman signal from molecules at the interface due 

to surface plasmon resonances.  Since the effect is surface-sensitive, it is possible to probe reactions at the 

interface between working electrode and liquid electrolyte, in situ. 

 

Figure XII.1.11 Probing Li/GEN2 electrolyte interface via Surface-enhanced Raman spectroscopy a) Schematic of SERS 

experimental setup b) and c) Raman spectra of Cu-GEN2 interface collected during Li plating 
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Peaks at 226 and 295 cm-1 (Figure XII.1.11b-c) emerge during steady Li plating in GEN 2 electrolyte. These 

peaks’ intensities increase with the increasing time of Li plating. Such low frequencies were previously found 

to contain Li-Li vibrations in lithium clusters5. In the higher frequencies’ region, a peak observed at 1557 cm-1 

emerges which could be related to carbonate decomposition products. Further investigation of these 

phenomena will be an objective of following studies. 

Conclusions   

• Investigated SEI layer formed between Li metal and GEN2 electrolyte at nanometer resolution using 

in situ near-field IR nano-spectroscopy 

o Developed an effective strategy for preparing clean Li metal anodes with minimum 

contamination 

o Showed nanometer-scale inhomogeneities in Li metal SEI formed after the first cycle 

o Progressed towards applying same methodology to Garnet-type solid state electrolytes  

• Pioneered in situ near-field IR experiments to investigate Li/carbonate-based liquid electrolyte 

interfaces at nanometer resolution 

o Successfully collected electrically biased spectra of graphene-carbonate electrolyte interface 

o Developed a complimentary technique to study SEI of Li metal in-situ based on Surface-

enhanced Raman spectroscopy 

• Developed and implemented a novel methodology, based on ATR-FTIR and near-field IR nano-FTIR, 

to interrogate buried and intact interfaces in a model solid-polymer-electrolyte (SPE) battery at various 

electrochemical states.  In particular, this approach enabled in situ characterization of the SEI that forms 

at the Li/SPE interface.  Moreover, we were able to identify that nanoscale heterogeneities implicit to 

the SPE are likely the source of heterogenous Li-plating, electrolyte decomposition, and SEI formation; 

and that molecular-level engineering will need to be used to overcome this challenge (He, X., Larson, 

J. M., Bechtel, H. A., & Kostecki, R. (2022) Nat Comm, 13(1), 1-10). 
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Project Introduction 

This project is focused on the development of advanced diagnostic characterization techniques for the 

following issues: obtaining in-depth fundamental understanding of the mechanisms governing the relationship 

between the structure and the performance of battery materials; providing guidance and approaches to improve 

the properties of battery materials. The approach of this project is the development and application of 

combined synchrotron based in situ X-ray techniques such as x-ray diffraction (XRD), pair distribution 

function (PDF), hard and soft x-ray absorption (XAS and SXAS), together with other imaging and 

spectroscopic tools such as transmission electron microscopy (TEM), scanning transmission electron 

microscopy (STEM), mass spectroscopy (MS), X-Ray fluorescence microscopy (XRF) and transmission x-ray 

microscopy (TXM), as well as neutron-based techniques, such as neutron diffraction and neutron PDF 

(NPDF). For advanced Li-ion battery technologies, the revolutionary approaches using new generation of 

materials for cathode, anode, electrolyte, and separator are in the horizon. The new generation of cathode 

materials such as Li-rich high energy density Li1+x(NiMnCo)O2 (NMC) composite materials, high Ni content, 

NMC cathode materials, and high energy density S-based cathode materials, together with high energy density 

lithium metal anode materials will significantly increase the energy density of the advanced Li-ion and beyond 

lithium-ion battery systems. However, many technical barriers must be overcome before the large-scale 

commercialization of these new materials can be realized. This project uses the time-resolved x-ray diffraction 

TR-XRD and absorption (TR-XAS) developed at BNL to study the kinetic properties of these materials with 

structural sensitivity (TR-XRD) and elemental selectivity (TR-XAS). This project develops and applies the 

HRTEM, TXM and PDF techniques, as well as neutron diffraction and neutron PDF to study the mechanisms 

of capacity and performance fading of cathode and anode materials. Another important issue is the thermal 

stability of new cathode materials which is closely related to the safety of the batteries. This problem has been 

studied using the combined TR-XRD, TR-XAS with mass spectroscopy (MS). This project also develops a 

novel in situ and ex situ X-ray fluorescence (XRF) microscopy combined with X-ray absorption spectroscopy 

(XAS) technique, which will enable us to track the morphology and chemical state changes of the electrode 

materials during cycling. In summary, this project supports the goals of VTO, the Battery and Electric Drive 

Technologies, and BMR program by developing new diagnostic technologies and applying them to the 

advanced Li-ion as well as beyond lithium-ion (such as Li-metal, Na-ion, and Li-S) battery systems and by 

providing guidance for new material development. 

mailto:xyang@bnl.gov
mailto:enhu@bnl.gov
mailto:Tien.Duong@ee.doe.gov
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Objectives 

The primary objective of this project is to develop new advanced in situ material characterization techniques 

and to apply these techniques to support the development of new cathode, anode, and electrolyte materials with 

high energy and power density, low cost, good abuse tolerance, and long calendar and cycle life for the next 

generation of lithium-ion batteries (LIBs) and beyond Li-ion batteries (Li-metal, Na-ion, and Li-S) to power 

plug-in hybrid electric vehicles (PHEV) and electric vehicles (EV). The diagnostic studies have been focused 

on issues relating to capacity retention, thermal stability; cycle life and rate capability of advanced Li-ion and 

beyond Li-ion batteries. 

Approach  

• Develop and apply advanced diagnostic techniques to study and improve the performance of high 

energy density LIBs and Li/S batteries. 

• Using nano-probe beamline at NSLSII to study the elemental distribution of new solid electrolyte 

materials for Li-ion and Na-ion batteries 

• Using hard X-ray fluorescence (XRF) imaging on the concentration gradient Ni-rich NCM cathode 

particles in a noninvasive manner with 3D reconstructed images through tomography scans to study 

the 3D Ni, Co, and Mn elemental distribution from surface to the bulk 

• Using transmission X-ray Microscopy (TXM) studies on the concentration gradient Ni-rich NCM 

cathode particles with 3D reconstructed images through tomography scans. 

• Using the S K-edge XRF imaging and XAS studies with examination of the reaction products on the 

sulfur cathode and Li-metal anode in high energy density Li/S cell.    

Results  

In FY2022, BNL has been focused on the development of new diagnostic techniques to study and improve the 

performance of beyond Li-ion batteries such as solid state batteries. Solid-state electrolyte is the key 

component of solid-state batteries. Li7P2S8I is one type of solid electrolyte with high ionic conductivity but 

poor stability against high voltage cathode such as LiNi0.8Mn0.1Co0.1O2 (NMC811). Its derivative 

Li7P2S8I0.5Br0.5 (LPSIB) has improved high voltage stability but is still not stable against NMC811 above 4.5 

V. The mechanism of such instability has not been clearly understood. Studies were planned in collaboration 

with Dr. Dongping Lu of PNNL to investigate such issue. Synchrotron-based XRD and PDF have been carried 

out for three samples: 1. Pristine LPSIB electrolyte; 2. NMC811cathode charged to 4.5 V in liquid electrolyte; 

3. Mixture of charged to 4.5 V NMC811 with LPSIB to study the interaction between them. Note that no 

reaction between NMC811 and LPSIB was involved for sample 2. Sample#3 is the same material of sample#2, 

but reacted with LPSIB. XRD data in Figure XII.2.1a shows that LPSIB has very few and broad peaks, 

suggesting that the crystallinity of LPSIB is very low. Charged NMC811 has the typical layered structure, and 

all its peaks can be indexed using the R3̅m space group. After mixing with LPSIB, both (003) and (110) peaks 

for sample 3 show obvious shift to the lower 2θ, suggesting both c and a axes lattices were expanded. PDF, as 

a total scattering technique, can probe both crystalline and amorphous phases and is the ideal tool for structural 

study of solid electrolyte. Figure XII.2.1b shows the PDF data of LPSIB and all the peaks in the low “r” region 

can be accounted for by chemical bonds or indirect correlations. Note that the broadening of peak at around 4Å 

is due to the anion disorder or paddle wheel rotation effect. The long-range PDF data for LPSIB in Figure 

XII.2.1c confirms that LPSIB has no long-range order indicated by the almost flat line in 30-50 Å region. The 

long-range region data becomes weaker after NMC811 4.5V is mixed with LPSIB, suggesting poorer 

crystallinity. The short-range PDF data of NMC4.5 V has peaks at around 1.8 Å and 2.8 Å, corresponding to 

the transition metal (TM)-O bond and the TM-TM correlation respectively. Both peaks shift to higher “r” 

region after mixing with LPSIB, suggesting the oxidation state of TM in NMC811 ws reduced. One possible 

reaction mechanism is that some S atoms replace O atoms in the NMC811 lattice and bonded with TM. This is 

supported by the fact that the intensity ratio between the first and the second peak increases after mixing.    
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Figure XII.2.1 (a) Synchrotron XRD of #1. LPSIB (blue); #2. NMC811 charged to 4.5 V (red); #3. sample #2 mixed with LPSIB 

(black). (b) the short-range PDF data of LPSIB electrolyte with SP4 and Li(S/I/Br)4 tetrahedra in the structure shown. (c) the short- 

and long-range PDF data of the samples #1, #2, and #3. 

In FY2022 BNL also carried out the development of the advanced diagnostic techniques to achieve the 

thorough understanding of high energy density and long cycle life electrode materials. Li metal anode are 

regarded as one of the most promising anode materials for next generation Li-batteries because of the high 

theoretical capacity. However, the degradation of Li metal anodes related to unfavored interphase behaviors 

during electrochemical cycling is still a setback for its practical applications on electric vehicles. Great efforts 

have been devoted to solving the interphase problem for the Li metal anode by developing novel electrolytes in 

the past few years. For example, LiNO3 has been widely used as an additive for the Li metal anode. However, 

the mechanism of how LiNO3 improves the solid electrolyte interphase (SEI) for Li metal is still unclear, 

which greatly slows down the novel additive development. Therefore, the investigation of the effects of LiNO3 

on the Li metal anode was planned by using cryo-TEM. A cryo-electron microscopy study was carried out on 

the Li metal plated in the electrolyte with and without the LiNO3 additive by BNL team. The cryogenic 

condition can greatly enhance the beam tolerance of Li metal and the SEI therefore reduce beam damage on 

the samples. As shown in Figure XII.2.2a and Figure XII.2.2b, the Li plated in the baseline electrolyte without 

LiNO3 are in dendritic form. On the other hand, with LiNO3 added, the Li are plated as uniform spheric Li 

particles and Li dendrite formation is greatly suppressed. Moreover, uniform and conformal SEI is formed with 

the help of LiNO3 additive, which could be correlated with the improved capacity retention for LiNO3-added 

electrolyte. The fast Fourier transform pattern on a selected SEI area shows three different inorganic 

components in the SEI formed with LiNO3-added electrolyte.  
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Figure XII.2.2 (a) Cryo-HAADF-STEM of plated Li dendrite in baseline electrolyte without LiNO3 additive; (b) Cryo-bright field-STEM of 

plated Li particles in electrolyte with LiNO3 additive; (c) Cryo-TEM and selected area diffraction of the SEI formed in electrolyte with 

LiNO3 additive.   

In FY2022, BNL team has been focusing on developing advanced diagnostic techniques to achieve the 

thorough understanding of high energy density and long cycle life electrode materials. LiNi0.8Mn0.1Co0.1O2 

(NMC811), as an important high energy density cathode material for lithium batteries, suffers from capacity 

fading upon cycling. Several factors such as oxygen loss, surface reconstruction, and particle cracking have 

been identified to be responsible for the fading but whether these factors are independent or correlated has not 

been clearly understood yet. To answer this question, BNL team used multi-modal characterization tools at 

multi scale lengths to study long cycled NMC811 cathode (2.8-4.4V after 100 cycles). This work is done in 

collaboration with scientists at Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator 

Laboratory. An electrode level computed tomography scan was done at the European Synchrotron Radiation 

Facility (ESRF) with results shown in Figure XII.2.3a, indicating after long cycling, the NMC811 particles 

experience various levels of morphological degradation. To study the chemical nature of these individual 

particles and therefore identify the possible correlation between chemical and morphological properties, the 

same electrode was characterized at National Synchrotron Light Source II (NSLS II) using a focused beam 

with beam size of around 10 μm for a particle-level characterization. Figure XII.2.3b shows the color-coded 

particles that have been labelled according to their morphological degradation extent (the bigger the number, 

the more serious degradation) and these labelled particles are further studied using x-ray absorption 

spectroscopy. Figure XII.2.3c, d, e show the details of representative particles that have different degrees of 

morphological degradation.  Figure XII.2.3f shows the x-ray absorption near edge spectroscopy (XANES) 
results at Ni K-edge for selected particles p1, p2, p3, p4, and p5. The more damaged particles have lower edge 

energy which suggests lower oxidation state of the Ni, clearly indicating the correlation between 
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morphological degradation and chemical state. Such trend can be seen more clearly in Figure XII.2.3g, where 

the Fourier transformed extended x-ray absorption fine structure (ft-EXAFS) spectra show clear trend of the 

increased Ni-O bond distance at about 1.5 Å (not phase corrected) from p1 to p5, resulting from the reduced 

oxidation state of Ni. The decreased peak intensity going from p1 to p5 is likely due to oxygen vacancy 

induced by oxygen loss. These results demonstrated that the oxygen loss at high voltage charging plays an 

important role in the crack formation and capacity degradation of NMC811 particles. This study suggests that 

tuning the oxygen activity and suppressing the oxygen loss can potentially help to address the crack issue in 

NMC811 particles. 

 

                     

Figure XII.2.3 (a) computed tomography scan of cycled NMC811 electrode; (b) particles labelled based on their morphological 

damage extent; (c) to (e) details of representative particles having various degrees of damage; (f) XANES data of selected particles 

in (b); (g) ft-EXAFS data of selected particles in (b). 
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The ex situ soft X-ray absorption spectroscopy (sXAS) studies have been completed at BNL for polymeric 

sulfur (sulfurized polyacrylonitrile, or SPAN) cathode to understand how electrolytes influence the cathode-

electrolyte-interphase (CEI). The work is done in collaboration with UCSD. Three types of electrolytes were 

used: 1. Localized high concentration electrolyte (LHCE): 1.8 M LiFSI in DEE/BTFE (DEE: diethyl ether; 

BTFE: bis(2,2,2-trifluoroethyl)ether; weight ratio 1:4) 2. Carbonate electrolyte: 1 M LiPF6 in EC/EMC (EC: 

ethylene carbonate; EMC: ethyl methyl carbonate; volume ratio 3:7) 3. Ether electrolyte: 1 M LiTFSI in 

DOL/DME (DOL: 1,3-dioxolane; DME: dimethoxyethane; volume ratio 1:1). The data was collected in both 

total electron yield (TEY) mode and partial fluorescence yield (PFY) mode which has probing depth of 2~5 

nm and >10 nm respectively.  

The carbon K-edge sXAS results are shown in Figure XII.2.4. In the pristine sample, the peaks at ~285.5 eV 

and ~288.5 eV arise from different antibonding orbitals associated with the C=C bond in the SPAN pyridine 

rings. Other peaks corresponding to various functional groups in SPAN are indicated in the figure. Upon 

cycling, new peaks arise and evolve and their ways of evolution is highly dependent on the electrolyte used. 

Comparing the TEY data among different electrolytes, it is obvious that carbonate electrolyte leads to Li2CO3 

formation in the CEI as indicated by the peak located at around 290.5 eV. Ether electrolyte generates semi-

carbonates in the CEI as the corresponding peak is slightly lower in energy. This is probably due to the ring-

opening and polymerization of DOL solvents. In contrast, LHCE does not generate any carbonate in the CEI. 

Instead, it may generate some esters as indicated by the growth of the peak at 288.6 eV. In all the electrolytes 

used, there are vinyl-group-containing species formed in the CEI as indicated by the peak at around 285.2 eV 

and close to the pyridinic 1πC=C* peak. Comparing among different cycles, LHCE forms a stable CEI even in 

the formation cycle as the spectra show little change from 1st cycle to the 50th cycle. However, both carbonate 

and ether electrolytes cannot form a stable CEI and the spectra keep evolving during cycling.  

The PFY results are different from that of the TEY results, suggesting that CEI chemical compositions have 

depth-dependence. For example, the carbonate (either Li2CO3 or semi-carbonate) and ester peaks are much 

weaker in PFY than in TEY, indicating that these species are more likely on the top layer of CEI and on the 

side close to the electrolytes. Interestingly, PFY have peaks at around 284.1 eV that are absent in the TEY 

data. These low energy peaks typically arise from multi-ring molecules such as fused benzene/pyridine rings or 

their various derivatives with nitrogen substitution. Considering their close relationship to the SPAN structure 

which is built upon the network of pyridines, it is likely that these multi-ring molecules are the decomposition 

product of SPAN and lie in the bottom of CEI and on the side close to SPAN electrode. This study reveals the 

chemical composition and spatial distribution of SPAN CEI and how these are influenced by the electrolyte 

used. 
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Figure XII.2.4 Carbon K-edge XAS both in TEY (left panel) and PFY (right panel) of ex situ SPAN electrodes cycled in various 

electrolytes. 

Conclusions   

This project, “Advanced in situ Diagnostic Techniques for Battery Materials (BNL)”, has been successfully 

completed in FY2022. All milestones have been completed. The publication records are very good. Extensive 

collaboration with other national Labs, US universities and international research institutions were well 

established. 
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Project Introduction 

Li metal is intensively explored as anode for high energy density rechargeable. However, a range of 

fundamental questions regarding Li metal stripping and deposition need to be answered. It is well known that a 

SEI layer will initially be formed on the current collector, such as Cu.  With continued decreasing potential, Li 

deposition will happen through nucleation and growth at the interface between Cu and the SEI layer formed on 

Cu. Apparently, the nucleation and growth behavior Li will be initially affected by characteristics of the SEI 

layer on the Cu. Therefore, the properties of the SEI layer on Cu, such as the mechanical strength, Li ion 

transport characteristics, and electrical conduction properties, will affect the features of the deposited Li. These 

properties have been only inferred, but not directly measured. We will focus on addressing the challenges 

related to the stability of Li metal anode, lithium nickel-manganese-cobalt oxide cathode, sulfur based solid 

electrolyte and interfaces defined by these active components in rechargeable batteries. The project will gain 

critical insights regarding the structural and chemical evolution of interfaces and their effect on electrode 

stability, which will form the foundation for addressing the key challenges of rechargeable batteries. The 

outcome of the proposed study will feed back to the battery materials fabrication group to aid in designing 

better materials with enhanced battery performance. 

Objectives 

The main objective is to explore interfacial phenomena in rechargeable Li-ion batteries of both solid-state 

electrolyte (SSE) and liquid electrolyte (LE) configuration, to identify the critical parameters that control the 

stability of interface and electrodes as well as solid electrolyte (SE). The outcome will be establishing 

correlations between structural-chemical evolution of active components of batteries and their properties. 

These correlations will provide insight and guidance to battery materials development groups for developing 

high-performance battery materials. 

Approach  

The project will use integrated advanced microscopic and spectroscopic techniques, including in situ and ex 

situ scanning transmission electron microscopy (STEM), environmental STEM, cryogenic electron 

microscopy, and in situ liquid secondary ion mass spectrometry, in collaboration with theoretical modeling, to 

directly probe the structural and chemical information of active materials in rechargeable batteries. Cryogenic 

STEM (cryo-STEM) with analytical tools, such as energy dispersive X-ray spectroscopy (EDS) and electron 

energy loss spectroscopy (EELS), will be used to gain chemical and electronic structural information at the 

interface between lithium metal and electrolyte of both solid-state and liquid configuration, which will allow 

direct correlation between the morphology and chemistry. STEM – high-angle annular dark-field atomic-level 

imaging and EDS/EELS will be used to probe the interface and bulk lattice stability of cathode and SE in 

mailto:Chongmin.wang@pnnl.gov
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solid-state batteries (SSBs). The work will be in close collaboration with the battery development group within 

the BMR and U. S. – Germany Collaboration on Energy Storage.  

Results  

Revealing the dependence of SEI layer structure and composition on the Li local curvature   

The biggest challenges for Li metal electrode is the controlled depostion and stripping. Existing knowledge 

indicates that the morphologies of Li deposits are affected by pressure, temperature, current density, electrolyte 

composition, and physical/chemical properties of solid electrolyte interphase (SEI) layer. Consequently, 

various approaches, mostly empirical in nature, have been explored intending to suppress irregular Li growth, 

including reducing local reaction rate, electric field regulation, and electrolyte modification. Although 

remarkable progress has been achieved in stabilizing Li electrodeposition, an in depth and comprehensive 

understanding of the underlying mechanism of Li nucleation and growth is still underdeveloped but is crucial 

for the practical use of Li-metal batteries.  

 

 

Figure XII.3.1 Microstructure of Li deposits and solid electrolyte interphase (SEI) formed in the different electrolytes. (a-c) Cryo-TEM 

images of Li deposits formed in the carbonate-based electrolyte: (a) TEM image of Li deposits with whisker morphology. (b) High-

resolution TEM images acquired from the stem region of the Li whisker. (c) High-resolution TEM images acquired from the tip 

region of the Li whisker. (d-f) Cryo-TEM images of Li deposits formed in the ether-based LHCE: (d) TEM image of Li deposits with 

whisker morphology. (e) High-resolution TEM images acquired from the stem region of the Li whisker. (f) High-resolution TEM 

images acquired from the tip region of the Li whisker. 

We use cryogenic transmission electron microscopy (cryo-TEM) to probe, at atomic level, the features of SEI 

on Li whisker formed in the carbonate-based electrolyte (LiPF6-EC-EMC-VC) and ether based localized high 

concentration electrolyte (LHCE) with LiFSI-1.2DME-3TTE). We reveal that, with the carbonate-based 

electrolyte, most of the Li whiskers have a length of several micrometers as shown in Figure XII.3.1.a. Select 

area electron diffraction (SAED) pattern (inset of Figure XII.3.1.a) acquired from the Li whisker indicates that 

the Li deposits is crystalline Li metal, which is further substantiated by the high-resolution TEM image that 

taken from whisker  stem region and tip region as shown in Figure XII.3.1.b and c. The SEI layer on the Li 

whisker stem region has a smooth surface, with a thickness of ~ 18 nm, as shown by the atomically resolved 

TEM image in Figure XII.3.1.1.b. High-resolution TEM image and corresponding FFT pattern (inset of Figure 
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XII.3.1.b with blue coded color) indicate its amorphous structure. The interface between Li whisker and SEI is 

atomically sharp (Figure XII.3.1.b). Similarly, the SEI layer on the Li tip region also exhibits amorphous 

structure but with thicker thickness (22 nm). 

 

Figure XII.3.2 Structure and elemental composition of Li deposits and their SEIs formed in the carbonate-based electrolyte. (a) 

STEM-HAADF image showing the Li whisker. (b) EELS elemental mapping showing the elemental distribution of SEI. (c) EELS 

acquired from stem and tip region of the whisker. (d) EELS of Li. (e) EELS of P. (f) EELS of C. (g) EELS of O. (h) EELS of F. 

While the Li deposit structure formed in LHCE is different from those formed in the carbonate-based 

electrolyte, featuring particle-shaped morphology except for very few Li whiskers, which is consistent with 

previous report that the ether-based LHCE is primarily lead to the formation of large Li particles during 

deposition. For Li deposits formed in the ether-based LHCE, SAED pattern (inset of Figure XII.3.1.d) and the 

atomically resolved TEM images (Figure XII.3.1.e and f) indicate that the whisker-shaped Li deposits are 

single-crystalline Li metals.  The SEI layer on the Li whisker stem and tip region shows bilayer structure, 

which is characterized by an amorphous inner layer of 7.5 nm and a mosaic outer layer of 5 nm on the stem, 

while an amorphous inner layer of 6.5 nm and a mosaic outer layer of 8.5 nm on the tip. The mosaic outer 

layer is featured with an amorphous matrix dispersed with Li2O particles (Figure XII.3.1. e and f). 

We further investigated the chemical composition and fine structure of SEI layers by electron energy loss 

spectroscopy (EELS), revealing the elemental distribution and electronic structure with high spatial resolution. 

Compositionally, EELS maps (Figure XII.3.2) indicate that the SEI layers on the Li whisker stem and tip 

region formed in the carbonate-based electrolyte is similarly composed of O, C, F, and P (Figure XII.3.2), with 

O and C as the dominant components, indicating that the SEI is mainly derived from solvent reduction. 

However, the relative ratio of O and C on the stem is different from that on the tip as shown in Figure XII.3.3f 

and Figure XII.3.3g. In addition, tip region is rich of F, which indicates more Li salt decomposition happens in 

the tip region. Considering the difference on the reduction potential between solvent and Li salt, especially the 

LiPF6 has higher reduction potential than solvent, more Li salt decomposition at the tip region is associated 
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with the potential difference between stem and tip region. It would be expected that the tip region has higher 

potential distribution than that at the stem region. 

While in the ether-based LHCE, SEI layer on the tip region and stem region of the whisker are similarly 

composed of S, F, O, and N, but different in C. High concentration of S indicates SEI is mainly from reductive 

decomposition of Li salt, while C concentration near whisker tip region indicate enhanced solvent reduction on 

tip region. The difference of the composition of SEI layer at the tip and the stem of the whisker in those two 

electrolytes clearly show the nonuniform formation of SEI on Li whisker.  Indicating the close correlation 

between the morphology of the whisker and SEI composition. 

We reveal that composition of SEI formed on the tip and stem region of a Li whisker is different. As contrasted 

with the stem region, an enhanced electrical field at the tip region will lead to the preferential decomposition of 

certain component in the electrolyte, typically such as LiPF6 salt around tip region.  Further, an enhanced 

electrical field will also lead to preferential deposition of Li at the tip region, leading to a scenario of self-

amplification effect for Li whisker growth. The observation of the distinctive difference of SEI on the tip and 

stem regions of Li whisker delineates insight on the direct correlation between features of SEI layer and Li 

morphology, leading to insight on possible tuning of crucial structural and chemical features of SEI to regulate 

the morphology of Li deposit. 

Initial trigger of interfacial reactions between LiNi0.8Mn0.1Co0.1O2 (NMC811) secondary particle and 

Li7P2S8Br0.5I0.5 (LPS) in solid state battery 

Stability of cathode solid-state electrolytes interfaces represents a key challenge for using sulfide solid-state 

electrolytes. Chemical incompatibility, electrochemical reaction, and mechanical issues may all play a role in 

degrading battery performance. Although remarkable progress has been achieved in increasing interfacial 

conductivity and enabling high-rate cycling, an indepth and comprehensive understanding of the underlying 

mechanism of interface reaction between high nickle LiNiMnCoO2 (NMC) cathode and surflide solid 

electrolyte remain unclear. 

Here, we use LiNi0.8Mn0.1Co0.1O2 (NMC811) secondary particle and Li7P2S8Br0.5I0.5 (LPS) as model materials 

to investigate the initial trigger of interfacial reactions, revealing the interface structural change between 

NMC811 and LPS at pristine and after charge by transmission electron microscopy (TEM). We compare the 

structure of NMC811 secondary particles without embedding and embedded in LPS electrolyte at the state of 

pristine and after charged to 4.2 V using liquid electrolyte 1M LiPF6 EC/DEC (V/V). To gain microstructural 

features, the microstructure of NMC811 secondary particle at pristine and after charged to 4.2 V is compared 

with NMC811/LPS and NMC811/LPS after charged to 4.2 V. To examine the mechanical damage 

accumulating in the cathode owing to repetitive lattice volume changes upon cycling, cross-sections of the 

NMC811 and NMC811/LPS charged to 4.2 V were investigated. We reveal that, during the initial charging, 

pure NMC811 cathode particles show high density of intergranular cracking.  In contrast, the NMC811/LPS 

show no significant intergranular cracking Apparently, introducing LPS into NMC811 cathode could 

effectively prevent the formation of intergranular cracking in the secondary particles. 

To assess the interfacial reaction between NMC811 and LPS upon cycling of the battery, we use high 

resolution TEM to analyze the surface structural and chemical evolution of NMC811.  Figure XII.3.3.a-d show 

the low magnification TEM images of the morphology of NMC811 and NMC811/LPS at pristine and after 

charging to 4.2 V.  As shown in Figure XII.3.3.e-h, pristine NMC811 surface has a layer structure as 

confirmed by the high-resolution TEM image and the corresponding fast Fourier transforms (FFT). After 

charging to 4.2 V, a rock-salt layer with a thickness of ~2 nm is formed on the surface of NMC811 primary 

particle. A cathode electrolyte interphase (CEI) of ~ 3 nm on the surface of rock-salt layer, indicating the 

electrolyte permeation along the grain boundary of NMC811 secondary particle. Apparently, the formation of 

the CEI layer on the surface and along the crack of the cathode particles led to electrolyte consumption and salt 

depletion in the electrolyte.  
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Figure XII.3.3 Microstructure of NMC811 and NMC811/LPS before and after charge. (a) pristine NMC811, (b) NMC811 charged 

to 4.2 V, (c) pristine NMC811/LPS, and (d) NMC811/LPS charged to 4.2 V. Insets are the selected area electron diffraction (SAED) 

patterns acquired from primary particle. High resolution TEM images of (e) pristine NMC811, (f) NMC811 charged to 4.2 V, (g) 

pristine NMC811/LPS, and (h) NMC811/LPS charged to 4.2 V. Insets are FFT patterns acquired from primary particle surface 

(orange color) and bulk region (blue color). 

The pristine state of NMC811/LPS interface shows perfect layer structure indicates the chemical reaction 

between NMC811 and LPS solid state electrolyte does not affect cation mixing. After charging, the interface 

between NMC811 and LPS still remains as a layer structure as shown in Figure XII.3.3.h. These results 

demonstrate that the chemical reaction and electrochemical reaction between NMC811 and LPS solid state 

electrolyte will not affect the NMC811 surface structure. The absence of surface phase transformation on 

NMC811-LPS interface after charge indicates that NMC811-LPS interface is more stable than that of the 

NMC811-liquid electrolyte. Moreover, this shows that the direct contact of liquid electrolyte with the layer 

cathode plays a key role in initiating the widely documented layered-to-rock-salt transformation at the cathode 

surface. 

We also acquired elemental mapping of NMC811 and NMC811/LPS before and after charging to 4.2 V as 

shown in Figure XII.3.4. The element distribution of pristine NMC811 is very uniform. However, after charge, 

there are very wide crack formed inside of NMC811 primary particle. As fluorine (F) and carbon (C) are 

components of the liquid electrolytes, but not the part of cathode particles, the spatial distribution of F and C 

can be used to trace the interaction of the liquid electrolyte and the cathode particles. As shown in Figure 

XII.3.4f, both F and C showed enrichment along the surface of intergranular crack, further confirming the 

penetration of the liquid electrolyte along the intergranular crack. The element distribution of pristine 

NMC811/LPS indicates a sharp interface between NMC811 and LPS as shown in Figure XII.3.4g, indicating a 

lack of element diffusion between the NMC811 and LPS. After charging to 4.2 V, phosphorus (P) and sulfur 

(S) show high concentration within the particle, indicating that LPS has electrochemical reacted with NMC811 

particles, leading to the diffusion of S and P into NMC811 particle. This observation accounts for why the 

interface impedance between NMC811 and LPS is high. 

In summary, we reveal the interfacial chemical and electrochemical reactions between NMC811 and LPS solid 

state electrolyte by a comprehensive analysis of SEM, FIB, TEM and STEM. We found that mixing NMC811 

with LPS could form solid-solid interface, and this interface is stable than cathode-liquid interface. Direct 

contact of liquid electrolyte and NMC811 cathode plays a big role in initiating the widely documented layer to 

rock-salt phase transformation and intergranular crack formation inside of cathode particle. 
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Figure XII.3.4 Elemental composition of NMC811 and NMC811/LPS before and after charge to 4.2 V. (a-d) Overlapped energy 

dispersive x-ray spectroscopy (EDS) elemental maps, showing the element distribution across the secondary particle interior and 

surface. (e-h) Elemental maps acquired from NMC811 and NMC811/LPS. 

Detailed structural and chemical analysis reveals that the solid-solid interface provides a fast path for the 

lithium-ion transport and simultaneously prevents penetration of the liquid electrolyte into the cathode particle. 

This eliminates several detrimental factors, including the solid-liquid interfacial reaction, intergranular crack 

and layered to rock-salt phase transformation, which critically affects the battery cycle stability of both 

capacity and voltage. The interface between NMC811 cathode and LPS solid state electrolyte is unstable 

during electrochemical cycling as indicated by the diffusion of certain component of LPS into NMC811 

particle, which could account for the large interfacial resistance between cathode and LPS. The present work 

provides insights for the rational design of solid-state electrolyte based all solid-state battery in future. 

Conclusions   

• For a Li dendrite, the composition of SEI formed on the tip and stem region is different. As contrasted 

with the stem region, an enhanced electrical field at the tip region will lead to the preferential 

decomposition of certain component in the electrolyte, typically such as LiPF6 salt around tip region. 

• An enhanced electrical field will also lead to preferential deposition of Li at the tip region, leading to a 

scenario of self-amplification effect for Li whisker growth.  

• The observation of the distinctive difference of SEI on the tip and stem regions of Li whisker delineates 

insight on the direct correlation between features of SEI layer and Li morphology, leading to insight on 

possible tuning of crucial structural and chemical features of SEI to regulate the morphology of Li 

deposit. 

• Mixing NMC811 with LPS could form solid-solid interface, and this interface is stable than cathode-

liquid interface. 

• The interface between NMC811 cathode and LPS solid state electrolyte is unstable during 
electrochemical cycling as indicated by the diffusion of certain component of LPS into NMC811 

particle, which could account for the large interfacial resistance between cathode and LPS. The present 
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work provides insights for the rational design of solid-state electrolyte based all solid-state battery in 

future. 
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Project Introduction 

Characterizing electrochemical processes in Li-metal cells such as lithium deposition and dendrite growth at 

interfaces is of great significance for understanding and enhancing their electrochemical performance and 

reliability. In situ and operando 3-omega micro thermal sensors can provide significant information regarding 

the impact of buried interfaces as a function of time, material, voltage, current, and temperature, etc. Therefore, 

it is important to develop operando 3-omega micro thermal sensors and develop models relating those signals 

to electrochemical performance for beyond lithium-ion cells. The physics-based model relating thermal and 

electrochemical properties based on these measurements can facilitate future design of Li metal batteries.  

Objectives 

Transport at various interfaces in beyond lithium-ion cells will play a major role in electrochemical 

performance and reliability. It has not yet been possible to thermally profile a Li-metal cell during operation to 

provide a spatially resolved map of thermal transport properties throughout the cell. The objective of this 

research is to create a metrology capable of spatially resolved in operando thermal property profiling, and then 

relate thermal property to the quality of electrodes and interfaces and use the developed thermal metrology to 

understand electrochemical processes in Li-metal batteries such as dendrite growth, interface kinetics, and 

ionic transport. 

Approach  

To accomplish project goals, the team will utilize an in-house adapted 3-omega technique to probe thermal 

properties of a Li-metal cell while it is in operation, without affecting the operation of the cell. The 3 omega 

sensors will be deposited and fabricated on Li-metal cells based on previous learning on 3-omega sensor 

fabrication. The characteristic depth of the thermally probed region is defined by the wave’s “thermal 

penetration depth, δ=√(D/2ω ) , where D is the sample’s thermal diffusivity, and 2ω is the heating frequency of 

the thermal wave (Lubner et al. 2020).  By depositing the project’s 3ω sensors on the battery’s outer surface 

and adjusting ω, the team controls δ to span the full range from the top to the bottom layer, thereby 

noninvasively probing the thermal transport in subsurface layers and interfaces within the bulk of the battery. 

Thermal transport can be related to quality of the interface. By doing concurrent thermal transport and 

electrochemical performance measurements, the team plans to relate thermal transport to electrochemical 

performance. As frequency based thermal measurement techniques provide excellent spatial resolution within 

the cell, the team also plans to study heat generation at the electrolyte–Li-metal interface and relate the thermal 

signals to the interface kinetics and ionic transport. The frequency dependence of heat generated due to 

transport resistance is different from that due to kinetic resistance. The team plans to utilize this difference to 

separate the contributions of kinetic and transport resistance at the interface, which will enable understanding 

of interface kinetics and transport at the Li-metal–SSE interface.   
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Results  

In the first quarter of this year, we worked on measuring the thermal contact resistance at the lithium-LLZO 

interface in symmetric solid-state cells. We studied the effect of pressure and cell cycling on the contact 

resistance, and correspondingly extracted the interface morphology related to the thermal measurements. 

Figure XII.4.1 (a) shows the schematic of a rough LLZO-lithium interface, with an average contact spot radius 

(𝑎) and ‘n’ number of contacts per unit area and Figure XII.4.1  (b) illustrates the concept of thermal wave 

sensing to get spatially resolved thermal properties including the thermal contact resistance at the interface.   

 

Figure XII.4.1 (a) Schematic of the rough lithium-LLZO contact with an expanded view of a single contact. The externally applied 

pressure leads to lithium deformation at the interface leading to an equilibrium distribution of lithium-LLZO contacts with average 

radius ‘a’ and number of contacts per unit area ‘n’. (b) Schematic of the frequency dependent thermal waves for measuring sub-

surface thermal properties including the lithium-LLZO thermal contact resistance. The high frequency waves have shorter 

penetration depth and probe the properties of layers close to the sensor while the low frequency waves penetrate deeper up to 

the electrolyte. The variation in the measurement frequency allows spatially resolved probing of sub-surface thermal properties 

and the isolation of the lithium-LLZO interface resistance.  

The thermal interface resistance extracted from the 3ω method is then used to extract the morphological 

parameters ‘a’ and ‘n’ by using a model developed by Yovanovic (Sridhar and Yovanovich, 1996). The 

thermal contact resistance is plotted as function of pressure in Figure XII.4.2 (a), and the extracted 

morphological parameters are plotted in Figure XII.4.2(c) and (d). We also did simultaneous EIS measurement 

(Figure XII.4.2(b)) to extract the electrochemical interface resistance and observed no significant change, most 

likely because the electrolyte was sputtered with gold before the cell fabrication, and the effective electrical 

contact between the lithium and the electrolyte was defined by the gold-electrolyte contact, which did not 

change with pressure.  
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Figure XII.4.2 (a) Measured thermal interface resistance as a function of external stack pressure for anode-free (red) and 

symmetric (blue) cells. (b) EIS Nyquist plots for the symmetric (blue) and the anode-free (red) cells at atmospheric pressure 

(diamonds) and 1.25MPa (squares). There is no significant dependence of EIS spectra with pressure as the interface behavior is 

dominated by gold deposited on the electrolyte. Calculated mean contact radius (c) and number density of contacts (d) as a 

function of pressure for the symmetric (blue) and the anode-free (red) cells. The shaded areas show the error bands in the 

theoretical estimates from the 3ω measurements.    

In the third quarter, we did optical profilometry to obtain the LLZO surface morphology before assembly and 

the morphology of lithium deposited on LLZO after 3 cycles. From the profilometry results, we calculated the 

mean contact spot size (a) and the density of contacts (n) and compared it against the results extracted from the 

3-omega measurements. As shown in Figure XII.4.3 (a) and (b), the profilometry results (diamond) agree well 

with the thermal measurement results (triangles). Further, it is seen from the thermal measurements that as the 

number of cycles increases, the number density of contacts decreases while the average contact radius 

increases, indicating fewer larger contacts and an overall increase in the interface roughness with cycling. 

These results were verified qualitatively via ex-situ SEM characterization of two different cells done pre-

cycling (uncycled, Figure XII.4.3(c)) and after 3 cycles (Figure XII.4.3 (d)). 
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Figure XII.4.3 Measured mean contact radius (a) and number density of contacts (b) from thermal interface resistance (triangles) 

and profilometry (diamond) measurement. The results from thermal-contact resistance measurement agrees well with the results 

from profilometry and capture a general trend of interface degradation (decrease in contact density and increase in individual 

contact size) which is further verified by SEM images (c and d).    

In the fourth quarter, we carried out self-heating study of thermally insulated solid-state cells. Because LAGP 

(Lithium aluminum germanium phosphate) is not air sensitive and easy to make with our lab’s cold pressing 

and sintering process, we choose LAGP instead of LLZO as the electrolyte in the self-heating study. The 

cycling of solid-state cells was investigated under the excitation under high frequency alternate current (AC) 

from a function generator. The symmetric cells which have lithium metal at each side were assembled at first. 

To do the thermal insulation, the cell stacks are sandwiched by the aerogel material and the power is supplied 

by copper wires instead of aluminum tabs. A small thermocouple is inserted between the aerogel and the 

Kapton film to monitor the temperature rise. And the LAGP-Lithium cell is sat on the Kapton film with 

additional Kapton tape for fastening. The solid-state cell is cycled under around 300 kPa pressure to enable 

good contact and electrochemical performance. The electrochemical impedance frequency response of the cell 
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is measured before the insulated heating experiments. The recorded temperature rise under different frequency 

of AC voltages are modeled with numerically using COMSOL. The required heat capacities of solid-state 

electrolyte are measured form differential scanning calorimeter (DSC). Other parameters are used form 

literature. From the results shown below, with the heat transfer coefficients fitted, the simulation results 

predicting the temperature rise due to self-heating and experiments results agree well. (See Figure XII.4.4.) 

 

Figure XII.4.4 (a) The structure schematic of the assembled LAGP symmetric cell and insulation setup. (b) The temperature rises in 

2 min under different frequency ±2V sin wave. (c) The Example of fitting result between COMSOL simulation and experiments. 

Conclusions   

This year we performed in-situ monitoring of lithium-solid state electrolyte interface morphology from thermal 

interface resistance measurement enabled by thermal wave sensing based on the 3ω method. Morphological 

parameters such as the mean contact radius and the number density of contacts were extracted from the thermal 

measurements by considering the effect of morphology and contact mechanics on solid-solid thermal interface 

resistance. By utilizing the frequency dependence of the thermal penetration depth, the method provided 

spatial resolution to attribute the observed interface resistance to specific interfaces, an ability not available 

with techniques such as Electrochemical Impedance Spectroscopy (EIS). Further, we verified our observations 

with complementary ex-situ techniques such as optical profilometry and scanning electron microscopy (SEM). 

Finally, by considering the frequency-dependent heat generation rate and the thermal resistance of the cell, we 
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studied self-heating of lithium-solid state electrolyte cell and were able to predict the magnitude of the 

temperature rise using combined electrochemical-thermal simulations.  
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XIII Next-Gen Lithium-Ion: Modeling Advanced Materials 
Development of accurate, real-time models for rechargeable batteries is essential to ensure efficient battery 

management and safe operation. Using battery models, battery design parameters can be leveraged in 

developing strategies for optimal battery operation and improved efficiency. Optimal operation of battery 

results in prolonged battery life with maximum capacity by reducing losses while maintaining safety. This 

optimal operation is achieved by operating a battery with optimal charge discharge cycles (provided by an 

optimizer), through a controller. A model (representative of a battery) is involved as an integral component in 

the optimizer, controller, as well as state of charge (SOC) estimator. There are different states associated with 

batteries such as, SOC, voltage, current, capacity etc. – which all must be monitored and maintained at desired 

levels for optimal battery operation, and real time battery models can help realize such desirable performance. 

For a model to be useful, it should include all the significant phenomena that occur inside a rechargeable 

battery.  

The rest of this chapter contains detailed reports on the status of the following individual projects. 

• Electrode Materials Design and Failure Prediction (ANL) 

• Characterization and Modeling of Li-Metal Batteries: Model-system Synthesis and Advanced 

Characterization (LBNL) 

• Design of High-Energy, High-Voltage Lithium Batteries through First-Principles Modeling (LBNL) 

• Modeling of Solid-State Conductors (LBNL). 
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Project Introduction 

In order to increase the energy density of next generation lithium ion batteries, it is necessary to enable lithium 

metal anodes due to the extremely large specific capacity and low reduction potential. Lithium deposition with 

liquid electrolytes faces several issues in terms of non-uniform deposition and formation of dendrites, which 

can short the cell. Solid electrolytes are adopted with the expectation that the mechanical stress fields that 

generate around dendritic protrusion will be capable of preventing their growth. Accordingly, both polymer 

and ceramic type solid electrolytes have been investigated for their capability to enable stable deposition of 

lithium. Unfortunately, ceramics demonstrate poor conformability, which leads to a decrease in the 

electrochemically active surface area during non-uniform deposition and dissolution of lithium, which can 

substantially hinder the overall cell performance. Also, ceramics are prone to fracture that can provide easy 

pathways for lithium dendrites to grow. Similarly, even for polymer electrolytes, non-uniform deposition of 

lithium can lead to development of dendritic protrusions, that can penetrate through the electrolyte and 

eventually short the cell. As a result, neither hard ceramics nor soft polymers are capable of completely 

stabilizing the lithium deposition process.  

Polymer/ceramic composite electrolytes are introduced with the expectation of combining the advantages of 

polymers with that of the ceramics. Achieving facile transport of lithium ions from the polymer to the ceramic 

phase, and vice-versa, is a challenge, which can mostly be attributed to the relatively higher interfacial charge 

transfer resistance. On the other hand, some experimentalists claim that enhanced transport of lithium is 

possible through the polymer/ceramic interphase region, where some plasticization of the polymer chains 

adjacent to the ceramic particles increases their mobility. Accordingly, there exist several literatures that claim 

incorporation of ceramic particles within polymers enhance their conductivity; and several others claim the 

reverse, that addition of ceramic particles actually lead to a decrease in the conductivity of the composite 

electrolyte. In the present context, the desired polymer/ceramic interfacial resistance that can lead to an 

increase in the conductivity of the electrolyte, will be investigated.  

Independent of the conductivity of the composite electrolyte, it is very important to note that both polymer and 

ceramic phases exist adjacent to the lithium electrode in the polymer/ceramic composites. Presence of these 

two different phases introduce heterogeneity in not only the transport properties but also the exchange current 

density associated with the polymer and the ceramic phases differs substantially. Hence, reaction current can 

get focused either at the polymer or at the ceramic regions if both the phases touch the lithium electrode. On 

the contrary, if only polymer touches lithium, the extent of reaction current heterogeneity at the 

electrode/electrolyte interface is expected to be smaller. However, depending on the thickness of the interfacial 

polymer layer, the extent of current focusing can be substantially large that can eventually lead to propagation 

of dendritic protrusions. This reaction current heterogeneity at the lithium/composite-electrolyte interface will 

also be studied as part of the present research.  

mailto:vsrinivasan@anl.gov
mailto:Tien.Duong@ee.doe.gov
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Apart from the polymer ceramic composites, sulfide based soft inorganic solid electrolytes are also being 

investigated extensively for their inherent softness and possibly higher fracture toughness. These 

characteristics of the soft ceramic based solid electrolytes can potentially prevent crack propagation and 

maintain higher electrochemically active surface area, which is expected to stabilize the deposition of lithium. 

However, sulfide based soft ceramic electrolytes demonstrate grain/grain-boundary microstructure. Due to the 

heterogeneities associated with the transport and mechanical properties of the grain interiors and the grain 

boundary domains, it is possible to have reaction current focusing at, or around, these microstructural 

heterogeneities. The extent of reaction current focusing observed at the interface between lithium metal 

electrode and the soft inorganic solid electrolyte will be investigated as part of the present research. 

Objectives 

Development of computational methodologies for understanding the various degradation mechanisms for next-

generation Li-ion batteries is the main objective of this project. This year’s goal is to use the continuum-based 

mathematical model to estimate the conduction pathway through the polymer/ceramic composite type solid 

electrolytes and investigate interfacial stability between Li-metal electrodes and solid electrolytes during 

deposition and dissolution of lithium under externally applied currents. Effective conductivity and transference 

numbers of the composite electrolytes will be estimated here as a function of the ceramic volume fraction. 

Finally, the desired charge transferer resistances will be estimated that can lead to an enhancement in the 

effective conductivity of the composite electrolytes. On the other hand, development of strategies to minimize 

the reaction current heterogeneity at the lithium/composite-electrolyte interface, through the adoption of 

interlayers, is another major objective of the present project. To expand the modeling capabilities, other soft 

solid electrolytes, such as, sulfide-based soft ceramics will be investigated for their capability to stabilize the 

lithium deposition on metallic anodes. 

Approach  

A computational framework at the continuum level is developed in the present study to analyze the transport of 

ions and electrochemical reactions occurring within the composite electrolyte and at the electrode/electrolyte 

interface, respectively. Due to their single ion conducting behavior, ionic transport through the ceramic 

particles and electrolytes are modeling by solving a Laplace equation. However, lithium ion transport through 

the polymer phase can occur through both migration and diffusion, which necessitates solving for both the 

charge and mass balance relations while also allowing for the development of concentration gradients within 

the polymer electrolytes. Similar to the single ion conducting ceramic electrolytes, charge transport within 

lithium metal is again captured by solving Laplace equation, while using appropriate conductivities for the 

material of interest. Flow of current at the electrode/electrolyte interface is simulated through the adoption of 

the nonlinear Butler-Volmer equation. Finally, evolution of mechanical stress within the electrode and 

electrolytes, due to the deposition of lithium, is predicted by solving the mechanical equilibrium relations 

while taking into consideration the elastic-plastic deformation of the electrodes and the electrolytes. Impact of 

mechanical stress on the Butler-Volmer prescribed electrochemical reaction is also simulated computationally. 

Effective conductivities and the reaction current heterogeneities, as experienced by the composite and soft 

inorganic solid electrolytes, will be analyzed computationally in the next section of this report.  

Results  

Investigate the current focusing at the interface between lithium metal electrode and polymer/ceramic 

composite electrolyte: From a macroscopic standpoint composite electrolytes containing ceramic fillers and 

polymer matrix are expected to demonstrate high enough mechanical stiffness capable of preventing growth of 

lithium dendrites as well as show large enough deformability that can maintain good contact between the 

electrode and electrolyte domains (see Figure XIII.1.1(a)). Microscopically the polymers and ceramics 

demonstrate very different ionic conductivities, exchange current densities, and mechanical properties. The 

lithium metal anode can possibly see both the polymer and ceramic domains (as shown in Figure XIII.1.1(b)), 

or just the polymer region (depicted in Figure XIII.1.1(c)), depending on the adopted synthesis procedure. 

Transport of charge and ions in the electrode and electrolyte, and evolution of mechanical stress due to 

deposition of metallic lithium, have been solved in detail. Current focusing observed within the polymer 
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domain is depicted in Figure XIII.1.1(d) as a function of the elastic modulus of the soft polymer matrix. It is 

evident from the red squares that when the Li electrode can see both polymer and ceramic domains, major 

current focusing occurs in the ceramics. If the Li see only polymer, current focusing occurs in the polymer 

with a much smaller magnitude (see the cyan and blue lines in Figure XIII.1.1(d)). Also, increasing the 

thickness of the interfacial polymer layer (from 100 nm to 400 nm) leads to a decrease in the extent of current 

focusing within the polymer domain. 

 

Figure XIII.1.1 (a) Schematic representation of the polymer/ceramic composite in contact with lithium metal. The brown domains 

are ceramics, and the green region is the polymer. (b) Zoomed in view at the electrode/electrolyte interface where both polymer 

and ceramic touch the lithium electrode. (c) Zoomed in view of the composite-electrolyte/lithium-metal interface where only 

polymer touches the electrode. (d) Current focusing within the polymer as a function of its elastic modulus. When both polymer 

and ceramic touch Li (red squares) major current focusing is observed in the ceramics. When only polymer touches Li (blue and 

cyan circles), current focusing is reduced substantially and occurs at the polymer domains.  

 

Figure XIII.1.2 In general only the polymer sees the Li electrode. (a) Phase map between polymer layer thickness and 

polymer/ceramic charge transfer resistance indicating domains of stable deposition (green) and regions with dendrite growth 

(yellow). (b) Current focusing at the polymer region for LLZO/PEO, LATP/PEO and Li6PS5Cl/PEO composite electrolytes with 

different thickness of the polymer layer at electrode/electrolyte interface. 

Experimental observations reveal that majority of the cell fabrication procedures lead to only polymers seeing 

the Li electrode. A phase map between the polymer layer thickness and the polymer/ceramic interfacial 

resistance is depicted in Figure XIII.1.2(a), where it is clearly shown that increasing the thickness of the 

polymer layer at the electrode/electrolyte interface and decreasing the interfacial resistance between polymers 

and ceramics can help to stabilize the lithium deposition process. In the literature, several ceramic particles 

have been incorporated with PEO polymers for constructing composite electrolytes, such as, LLZO, LATP and 

Li6PS5Cl, and the current focusing experienced by each of them is depicted in Figure XIII.1.2(b). Due to the 

smaller interfacial resistance (~5.cm2), the sulfide based ceramic particles (Li6PS5Cl) tend to stabilize the 

lithium deposition most effectively. Finally, it can be concluded that irrespective of the ceramic particles, 

adoption of polymer interlayers with thickness larger than 600 nm should lead to stable deposition of lithium at 
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the electrode/electrolyte interface. Note that all the analysis being reported here did not take into consideration 

the presence of the solid electrolyte interphase (SEI) layer, which can introduce substantial heterogeneity 

during the lithium deposition process in a realistic environment.  

  

Figure XIII.1.3 Li ion transport mechanism study in PEO-LATP composite electrolyte at temperature 90oC. (a) Schematic 

representation of polymer and ceramic particles in composite electrolyte. Ceramic particles, polymer and interphase are 

represented in green, orange, and red respectively. Zoomed in view of ceramic particle depicts ceramic and polymer interface and 

interphase region near ceramic particle surface. (b) Effective conductivity of the composite electrolyte at a varying interface charge 

transfer resistance for different volume fractions of ceramics in polymer matrix. Solid lines represent case 1: kinterphase = kPEO and 

dotted lines represent case 2: kinterphase = (1/2) kPEO. (c) Effective conductivity of the composite electrolyte at a varying volume 

fractions of ceramics in polymer matrix at different interface charge transfer resistance. Solid lines represent case 1: kinterphase = 

kPEO and dotted lines denote case 2: kinterphase = (1/2) kPEO. (d) Transference number and Effective conductivity at low (solid line) 

and high (dotted line) interfacial charge transfer resistance. (e) Required ionic conductivity for the polymer electrolytes at different 

transference number for EV applications. Effective properties experienced by the composite electrolytes are represented by the 

blue oval patch. A yellow asterisk represents the current state of LATP-PEO system for RCT = 0.004 Ωm2. 

Elucidation of ion transport mechanism through the polymer and ceramic phases in a composite electrolyte: 

Composite electrolytes (CEs), consisting of polymer matrix and ceramic particles, are expected to possess 

higher transport parameters than polymer phase due to high ionic conductivity of ceramics. Li ions can 

possibly transport through 1) only polymer phase, and 2) polymer and ceramic phase in the composite 

electrolytes (Figure XIII.1.3(a)). Transport of lithium ions through the polymer/ceramic interphase layer is not 

taken into consideration. The higher ionic conductivity of Li ions can only be achieved by enabling Li ion 

transport through the ceramic particles. The charge transfer resistance between polymer and ceramic, RCT, 

plays very important role to facilitate Li ion transfer through ceramic particle. At the surface of the ceramic 

particle, polymer chain motion gets impeded. This near surface region is defined as interphase and can possess 

lower conductivity than that of bulk, which is quantified by kinterphase (Figure XIII.1.3(a)). At low RCT, with 

increasing ceramic particle content, effective conductivity and transference number of the composite 

electrolyte increases. However, as RCT value increases, this effect reverses and negatively affects the effective 

conductivity and transference number (Figure XIII.1.3(b) – (d)). At higher ceramic particle content (30-40 % 

volume fraction), interphase volume fraction is comparable with the polymer and significantly contributes to 

the effective conductivity. Lastly, interphase conductivity, kinterphase, dictates the quantification of the composite 

electrolyte conductivity, but the positive or negative effect of the ceramic particle content is dictated by RCT. 

Interplay between kinterphase and RCT is necessary to predict the transport parameters of the composite 
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electrolyte. The present study of PEO-LATP composite system can meet the required targets of conductivity 

and transference number for electric vehicle (EV) application only at very low RCT (<10-6 Ωm2) (Figure 

XIII.1.3(e)). Experimentally observed RCT values at the PEO-LATP interface is around 0.004 Ωm2 (denoted by 

the yellow asterisk in Figure XIII.1.3(e)), which is around three orders of magnitude larger than the desired 

charge transfer resistances. Hence development of better polymer/ceramic composites is necessary that can 

demonstrate a decrease in interfacial charge transfer resistance, and subsequently improvement in overall 

conductivity of the electrolyte.  

 

Figure XIII.1.4 During dendrite growth, change in stress induced electrochemical potential (Δ𝜇
𝑒−) depends on the lithium 

deposition induced increase in pressure within the electrode and electrolyte. Note that the change, or increase, in pressure is 

important, not the total pressure within the electrode and electrolyte. 

Deciphering the influence of stress state on the exchange current density experienced by lithium metal 

electrodes in contact with solid polymer electrolytes during lithium deposition and stripping processes. Non-

uniform lithium deposition while operating with solid electrolytes leads to mechanical stress evolution within 

both the lithium metal electrode and the solid electrolyte. Mechanical stress generation influences the 

electrochemical potential around the dendritic protrusion and overall reaction current density. This particular 

aspect is pointed out in Figure XIII.1.4. 

During the nucleation process, the lithium deposit evolves on top of a flat electrode. For flat electrodes, both 

the electrode and electrolyte can be assumed to exist in stress free configurations. Hence, during lithium 

nucleation, the total stress within the electrode and the electrolyte influences the stress induced electrochemical 

potential term. However, during growth of the dendritic protrusion, both the electrode and electrolyte already 

exists in a stressed configuration. Further deposition of lithium helps to increase the stress. While estimating 

the change in stress induced electrochemical potential associated with the growth of dendritic protrusions, 

change in stress state within the electrode and electrolyte needs to be taken into consideration, instead of the 

total stress values. Accordingly, the expression for stress induced electrochemical potential, as shown in Figure 

XIII.1.4, is written as a function of increment in the stress state between the primed and the non-primed 

configurations. 
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Figure XIII.1.5 (a) Schematic diagram of the lithium electrolyte interface with a dendritic protrusion at the middle. Butler-Volmer 

reaction is assumed at the electrode/electrolyte interface. (b) During lithium deposition at 1 mA/cm2, evolution of stress induced 

electrochemical potential at the tip of the protrusion as a function of electrolyte modulus. (c) Increase in height of the dendritic 

protrusion as a function of electrolyte modulus. Softer electrolytes cannot suppress the dendrites. Stiffer electrolytes can 

successfully prevent dendrite growth due to plastic deformation of lithium metal. 

A lithium metal electrode located adjacent to a solid electrolyte, containing a dendritic protrusion, is 

schematically demonstrated in Figure XIII.1.5(a). During dendrite growth, because of the fact that only the 

increase in stress within the electrode and electrolyte impacts the change in stress induced electrochemical 

potential, and not the total stress, the overall magnitude of stress induced electrochemical potential decreases 

substantially, which is depicted in Figure XIII.1.5(b). Even for very stiff electrolytes, the change in stress 

induced electrochemical potential is only around 100 J/mol, which is equivalent to only 1 – 2 mV. Increase in 

the height of the dendritic protrusion is shown in Figure XIII.1.5(c) during operation at 1 mA/cm2 for 1000 

seconds. It is evident that softer electrolytes cannot prevent the growth of dendrites, whereas the stiffer 

electrolytes block the dendrite growth through plastic deformation. Development of a computational model 

with corrected stress potential coupling will provide guidance to the next level of modeling efforts where 

dynamic growth of dendritic protrusions will be investigated. 

Understanding the impact of grain boundaries in soft inorganic solid electrolytes (SEs) on the lithium 

deposition process and subsequent dendrite growth: Due to the extremely high stiffness of garnet type solid 

electrolytes (such as, LLZO), they do not conform to the depositing lithium, which can eventually lead to loss 

of contact between the lithium metal electrode and the solid electrolyte. This decrease in electrochemically 

active surface area can eventually lead to current focusing and dendrite growth within LLZO type stiff solid 

electrolytes. Sulfide based soft inorganics have been investigated due to their enhanced conformability and 

possibility of having enhanced electrochemically active surface area with lithium metal electrode. However, 

similar to garnets, sulfide based soft inorganics also demonstrate grain/grain-boundary (G/GB) microstructure. 

It has been reported earlier that softer grain boundaries of LLZO act as points for current focusing, which can 

eventually lead to cracking of the solid electrolyte and dendrites can grow through those crack openings. Since 

current focusing at the grain boundaries is assumed to be the main culprit that causes the formation and 

propagation of dendrites, the extent of current focusing at the grain boundaries for sulfide based soft inorganic 

solid electrolytes is worth investigating. Accordingly, reaction current distribution at the triple junction of 

lithium electrode, grain interior, and grain boundary of the solid electrolyte is investigated using the 

computational mesh shown in Figure XIII.1.6(a). The Butler-Volmer prescribed reaction current distribution at 

the lithium/electrolyte interface is plotted in Figure XIII.1.6(b), which contains contribution from 

electrochemical potential as well as mechanical stress. Enhanced reaction current at the grain boundary is 

evident, which increases with time, as is clearly demonstrated in Figure XIII.1.6(c). The blue dashed line 

indicates the applied current. Note that the ionic conductivity within the grain boundary region is assumed to 

be smaller than the grain interior, and the elastic modulus of the grain boundary region is assumed to be one 

order of magnitude smaller than the bulk electrolyte.  
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Figure XIII.1.6 (a) Lithium/solid-electrolyte mesh used in the present analysis. The grain interior and GBs are denoted by the blue 

and black regions respectively. Butler-Volmer reaction current is implemented at the lithium/solid-electrolyte interface. (b) 

Distribution of reaction current at the electrode/electrolyte interface (black line) after 1 s for GB conductivity and shear modulus 

being 50% and 10% of the grain interior, respectively. (c) Increase in reaction current density at the GB region with time, which 

demonstrates an increasing trend. In (b) and (c), the blue dashed line indicates the applied current density. 

 

Figure XIII.1.7 (a) Current focusing at the grain boundary region after 1 s as a function of the shear modulus of the grain 

boundaries. Decreasing grain boundary modulus enhances the current focusing. (b) Phase map between conductivity and shear 

modulus of the grain boundaries indicating regions where current focusing should occur at the grain boundaries (yellow domain). 

Homogeneous distribution of reaction current can be achieved by adopting stiff grain boundary domains. 

The extent of current focusing at the grain boundaries depend on the conductivity and shear modulus of the 

grain boundary region, which is demonstrated in Figure XIII.1.7(a) and Figure XIII.1.7(b). It is evident that the 

current focusing at the grain boundaries can be eliminated by the adoption of mechanically stiff grain boundary 

domains (right side Figure XIII.1.7(b)). Investigation of the current focusing at the grain boundaries of sulfide 

based soft inorganic solid electrolytes helps us to explain the propagation of lithium dendrites observed 

experimentally within these soft solids. 

Conclusions   

Lithium deposition mechanism at the lithium/solid-electrolyte interface was investigated over the last one year. 

It is evident that the presence of microstructural heterogeneity within the solid electrolytes can lead to 

substantial current focusing at the lithium/electrolyte interface, which can eventually result in formation and 

propagation of lithium dendrites. In composite electrolytes, decreasing the interfacial charge transfer resistance 

between the polymer and ceramic phases can not only help to enhance the overall conductivity of the solid 

electrolyte but also help to enable uniform deposition of lithium at the lithium-electrode/composite-electrolyte 
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interface. Even though it is argued that mechanical stress can substantially influence the nucleation of lithium, 

their impact on the growth of dendritic protrusions can be smaller than expected. The change in stress induced 

electrochemical potential (Δ𝜇e−) depends mostly on the change in the state of stress from the previous 

timestep (Δ𝑝), and not the total magnitude of stress (𝑝). Finally, it is demonstrated that reaction current 

focusing is possible even at the grain boundaries of sulfide based soft ceramic type solid electrolytes. Hence, 

removal of microstructural heterogeneities is a necessity to enable stable deposition of lithium with solid 

electrolytes. 
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Project Introduction 

In order to develop mitigating approaches and rationally design advanced functional materials, a deep 

understanding of the relationships among structure, properties and function is essential. For Li-metal batteries 

employing a solid-state electrolyte (SSE), significant challenges, both at the material level and system level, 

prevent them from practical applications. It is well recognized that fundamental knowledge on the role of SSE 

microstructure in solid-state ion conduction and Li dendrite formation/propagation, performance-limiting 

processes and phase transition mechanisms in SSEs, and the dynamic evolution of the SSE/electrode interfaces 

are key to the development of high-energy Li-metal batteries with improved commercial viability. This project 

addresses these challenges in a systematic way, by synthesizing well-controlled SSE model systems and 

SSE/electrode model interfaces, obtaining new insights into the model materials and interfaces utilizing state-

of-the-art analytical techniques, and subsequently establishing the correlations between specific property and 

function. The goal is to use these findings to properly design and synthesize advanced SSE materials and 

SSE/electrode interfaces with improved performance.  

Objectives 

This project will use a rational, non-empirical approach to design and develop SSE materials and interfaces for 

the next-generation Li-metal batteries. Combining a suite of advanced diagnostic techniques with well-

controlled model-system samples, the project will perform systematic studies to achieve the following goals: 

1) obtain understanding on the role of SSE grain and grain boundaries on Li ion conduction and dendrite 

formation, 2) obtain fundamental knowledge on rate- and stability-limiting properties and processes in SSEs 

when used in Li-metal batteries, 3) investigate the reactivities between SSE and electrodes and gain insights on 

the dynamic evolution of the interfaces, and 4) design and synthesize improved SSE materials and interfaces 

for safer and more stable high-energy Li-metal batteries.    

Approach  

The project will combine model-system synthesis and advanced diagnostic studies to investigate ion 

conduction and interfacial chemistry of SSE in Li-metal batteries. Single crystalline, polycrystalline and 

amorphous model samples with various grain and grain boundary properties will be synthesized. Model 

interfaces between the SSE and electrodes with controlled properties will also be developed. Both bulk-level 

and single-grain level characterization will be performed. Global properties and performance of the samples 

will be established from the bulk sample analysis, while the single-grain-based studies will utilize time- and 

spatially-resolved analytical techniques to probe the intrinsic redox transformation processes and failure 

mechanisms under Li-metal battery operating conditions. 
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Results  

In order to investigate all-solid-state battery (ASSB) cathode interfaces in a controlled manner, we designed 

model systems with three key elements: 1) use of lithium metal halide solid electrolytes (SE) with a general 

formula of Li3MCl6 (M = Sc, In, Y, Er, and Yb). The halides exhibit a high ionic conductivity (> 1 x 10−4 S/cm 

at room temperature), a wide electrochemical stability window (up to 4.5 V vs. Li/Li+) and excellent ductility 

that enable them to be used with 4 V class lithium transition-metal oxide cathode active materials (CAM) without 

coating treatment. This allows diagnostic studies performed at the direct interface between CAM and SE; 2) use 

of single crystals (SC) CAM particles. Conventional polycrystalline (PC) samples such as LiNixMnyCo1-x-yO2 

(NMC) are large spherical secondary particles made up of sub-micron primary grains with random orientations. 

This causes prolonged Li+ diffusion pathways (higher tortuosity) and nonuniform Li concentration inside the 

particles, leading to stress and strain and eventual internal cracking along the grain boundaries. In liquid cells, 

electrolyte permeates into the pores and along the loose grain boundaries to enable the utilization of isolated 

CAMs. In ASSBs, however, cracking and volume change can lead to void formation, contact loss, impedance 

rise and capacity fade. Use of SC with controlled particle size can be expected to eliminate intergranular and 

intragranular cracking associated with volume expansion/contraction during cycling; 3) design and optimization 

of CAM SC surface facets for enhanced Li transport. It is known that PC particle surfaces are often terminated 

with a variety of crystalline facets that are not optimized for Li transport. For NMCs, (003) basal planes are Li 

impermeable and their interface with SE can become bottleneck for Li transport, increasing overall impedance 

and limiting rate capability. To this end, single-crystal based studies enables particle-level surface modification 

for optimal Li diffusion.  

Figure XIII.2.1a and b show the scanning electron microscope (SEM) images of PC and SC 

LiNi0.8Mn0.1Co0.1O2 (NMC811) particles, respectively. While the PC sample is made of large secondary 

particles ( 10 m) with many small primary grains ( 1 m), the SC sample shows discrete particles in 3-5 

m size range, largely free of aggregation. Composite cathodes were prepared by combining PC- or SC-

NMC811 particles, Li3YCl6 (LYC) and carbon black in a weight ratio of 57: 40.5:2.5, and referred to as PC 

and SC composite cathodes hereafter. Both types of NMC811 particles were used directly as cathode active 

materials without a coating. ASSB cells consisting of either a PC- or SC composite cathode, an LYC separator 

and a Li-In anode were assembled, and referred to as PC and SC cells hereafter. Figure XIII.2.1c-d show the 

cross-sectional SEM images of the cell, with the expanded view between the composite cathode and LYC 

separator (Figure XIII.2.1d) showing a clearly defined interface. The cells were cycled between 3.0 and 4.3 V 

(V vs. Li+/Li) at C/2 under an external applied pressure of ~ 8 Mpa, and the room temperature electrochemical 

performance are compared in Figure XIII.2.2. While the PC cell delivered a discharge capacity of ~110 mAh/g 

upon initial cycling, the SC cell delivered ~ 150 mAh/g, a net gain of 36%. Gradual capacity decrease was 

observed in both cells, with a capacity retention of ~ 70% after 820 cycles and ~ 90% after 1000 cycles for PC 

and SC cells, respectively (Figure XIII.2.2a-c). The rate capability comparison is shown in Figure XIII.2.2d. 

As expected, both cells showed relatively poor rate performance due to the absence any liquid electrolyte. The 

SC cell, however, significantly outperformed the PC counterpart in both cycling stability and rate capability 

testing. We note that our SC cell performance represents one of the best performance reported on ASSB cells 

with a Ni-rich NMC cathode and a Li-metal based anode so far. It  even surpasses those reported on cells 

equipped with a coated Ni-rich NMC cathode and a highly conductive SE such as sulfides.  
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Figure XIII.2.1 SEM images of as-synthesized cathode particles: a) PC-NMC811 and (b) SC-NMC811. c, d) Cross-sectional SEM 

view of an assembled (SC-NMC811+LYC+C) | LYC | Li-In solid-state battery cell. An expanded view at the cathode side of the cell 

is shown in d). 

 

 

 

Figure XIII.2.2 a, b) Voltage profiles collected on PC-NMC811 and SC-NMC811 cells cycled at 0.5C, respectively. LYC was used as 

electrolyte and Li-In alloy used as anode. c) Comparison of discharge capacity as a function of cycle number and d) rate capability 

comparison of the cells. 
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To understand the superior performance of the SC cell, post-mortem analysis was carried out to examine the 

morphological changes in the PC and SC composite cathodes before and after cycling. Figure XIII.2.3 

compares the SEM images collected in top-view as well as cross-sectional view using the focused ion beam 

(FIB) processing. While pristine PC-NMC811 consists of dense agglomerates of primary particles free of 

cracking (Figure XIII.2.3a and b), internal cracks with various sizes, shapes and lengths are clearly seen within 

the secondary particles after 820 cycles  (Figure XIII.2.3c and d). In contrast to the intermate contact observed 

between the pristine NMC and LYC SE particles, large gaps are visible after cycling, leading to contact loss, 

isolated and inaccessible PC-NMC811 primary and secondary particles, and discontinuation in Li ion diffusion 

pathways. These changes are somewhat expected, considering the large anisotropic volume changes 

experienced by the cathode particles during cycling. A number of previous studies have demonstrated 

intergranular cracking in PC particles, both in solid and liquid electrolyte cells. On the other hand, no 

discernible changes were observed by comparing the pristine and cycled SC cathode composites. Both SEM 

and FIB-SEM images show crack-free SC-NMC811 particles before (Figure XIII.2.3e and f) and after long-

term cycling of 1000 cycles (Figure XIII.2.3g and h). The contact between the SC-NMC811 and LYC SE 

particles remain nearly unchanged, enabling efficient Li ion migration during cycling. The two scenarios 

provide marked contrast in terms of the effect of cycling on the composite cathodes, with the former suffering 

significant loss of active materials due to isolation and inaccessibility, while the latter maintains the high 

utilization of the NMC cathode. The results support the performance differences observed on the two ASSB 

cells.  

 

 

Figure XIII.2.3 SEM images (a, c, e, g) and cross-sectional FIB-SEM images (b, d, f, h) collected from as-prepared (a, b, e, f) and 

cycled (c, d, g, h) NMC811 composite cathodes. (a-d) collected from PC-NMC811 and (e-f) collected from SC-NMC811. The vertical 

lines in (b, d, f, h) are imaging artifacts from FIB processing. 
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Figure XIII.2.4 (a, b) Nyquist plots collected at 3.67 V during the 4th discharge of the ASSB cells with a PC-NMC811 (a) and SC-

NMC811 CAM (b). The colored lines are shown to guide the placement of the various semi-circle components on the Nyquist plots. 

(c) The equivalent circuit model for fitting the EIS data. (d, e) Nyquist plots obtained at 3.67 V during the discharge of PC-NMC811 

(d) and SC-NMC811 (e) ASSB cells at the indicated cycle number. (f) Resistance values obtained from fitting the corresponding 

Nyquist plots in (d) and (e).   

Further mechanistic understanding of the interface between the CAM and the SE were obtained using 

electrochemical impedance spectroscopy (EIS) analysis. Figure XIII.2.4a and b compare the Nyquist plots 

obtained at open circuit voltage, after 2-hour relaxation following the 4th discharge of the PC and SC cells to 

3.67 V, respectively. The particular voltage of 3.67 V was chosen due to the known high diffusion coefficient 

at the corresponding state of charge of NMC811, allowing better differentiation of the impedance components 

in the ASSB cell. In both cases, the typical semi-circle shape along with the Warburg element appear in the 

examined frequency region (1 MHz - 1 mHz). According to previous reports, the bulk SE resistance from the 

separator layer (RSE) appears at a very high-frequency region of > 1 MHz while the charge transfer resistance 

within the grain boundaries of SE evolves in the frequency region of 1 MHz - 1 kHz (RHF). The semi-circle 

appeared in the mid-frequency region of 1 kHz - 10 Hz (RMF) can be attributed to the charge transfer resistance 

at the interface between NMC811 CAM and LYC SE. In addition, the semi-circle at the low-frequency region 

of < 10 Hz (RLF) can be assigned to the interfacial resistance between the LYC SE layer and the In-Li alloy 

anode as well as Li+ ion diffusion impedance within the CAM. The latter component is also reflected in the 

subsequent Warburg region (CPEW). The corresponding equivalent circuit is shown in Figure XIII.2.4c.  
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Figure XIII.2.4d and e compare the Nyquist plots of the 4th as well as every 10th discharge of the PC and SC 

cells to 3.67 V, respectively. In both cases, the RSE resistance of the LYC SE separator layer was determined to 

be ~ 80 Ω, corresponding to an electrolyte layer thickness of approximately 350 μm and an ionic conductivity 

of 0.3 mScm-1 in LYC. The RSE values stay more or less constant throughout the cycling. The grain boundary 

resistance (RHF) of LYC electrolyte evolves similarly in the frequency range of 0.15 MHz - 5.6 kHz. The RMF 

component between 5.6 kHz and 12.3 Hz appears smaller in the PC cell, and the differences are likely a result 

of initial contact made between the CAM and the SE. While the PC particles are largely spherical and better 

for making surface contact, the SC particles are irregularly shaped. Furthermore, the measured Brunauer–

Emmett–Teller (BET) surface areas of the PC-NMC811 and SC-NMC811 samples are 0.64 and 0.27 m2/g, 

respectively, suggesting that more surface contact area is available for SE connection in the former. Regardless 

of the initial RMF size, both cells showed a gradual reduction over the first 20 cycles, indicating a “break-in” 

process that establishes effective Li+ ion migration pathways between NMC811 particles and LYC SE. This 

facilitates Li+ ion migration upon initial cycling which is reflected by the small capacity increase in both cells 

(Figure XIII.2.2a and b). The RMF component remained more or less constant in the subsequent cycles. The 

main differences between the two cells are observed in the RLF and CPEW region below 12 Hz, which includes 

impedance contribution form the SE and Li-In anode interface (12.3-0.17 Hz) as well as Li+ diffusion within 

the CAM particles (< 0.17 Hz). As shown in Figure XIII.2.4d and e, this component in both cells increases 

with cycling, however, the extent is significantly more severe in the PC cell. Further analysis was carried out 

by fitting the EIS data using the equivalent circuit shown in Figure XIII.2.4c, and the results are plotted in 

Figure XIII.2.4f. The initial RLF values of ~ 7-10 Ω are similar, consistent with the pristine materials’ 

properties before cell cycling. Cycling leads to a continuous increase in RLF in both cells. After 100 cycles, a 

large increase of over 60x was observed in the PC cell whereas in the SC cell, a much smaller increase of ~ 

10x was observed. Although the impedance evolution at the interface between LYC SE and Li-In anode also 

contributes to the increase in the RLF component, it is expected that both cells experience similar changes at the 

anode interface as the same configuration was used for the study and the depth of discharge was carefully 

controlled during the experiment. Li+ diffusion resistance within NMC811 CAM particles, therefore are 

considered as the main contributor to the observed differences in the RLF and CPEW components. The study 

demonstrates the unique advantage of using SC particles which provide improved Li+ ion diffusion pathways 

upon continuous cell cycling due to their better mechanical properties. 

Previous theory studies have predicted reduction of LYC to Y metal, Y2Cl3 and LiCl at the Li metal anode 

interface. Without effective protection, cells with a LYC SE are expected to have poor cycle life as metallic Y 

leads to an increase in electronic conduction and cell shorting over cycling. To this end, we also performed 

post-mortem analysis to understand interface evolution at the anode. Figure XIII.2.5 shows results collected at 

the cross-section of the cycled ASSB anode interface. A distinct interface layer was found between LYC 

electrolyte and Li-In anode (Figure XIII.2.5a), indicating reactivity at the anode. The SEM image shows an 

average interlayer thickness of ~ 8 µm after 1000 cycles. Energy dispersive X-ray spectroscopy (EDX) 

analysis (Figure XIII.2.5b-d) reveals that the chemical composition of the interlayer includes In,  Y and Cl, 

although Li may also exist which was not detectable by EDX. To further investigate the chemical nature of the 

interface layer, hard X-ray absorption spectroscopy (hXAS) and micro X-ray fluorescence (XRF) mapping 

were used to analyze Y oxidation state at the cycled anode interface. After removing the composite cathode 

and LYC layers, the sample was sandwiched between two Kapton tapes for measurements. The experiments 

were carried out at BL2-3 at Stanford Synchrotron Radiation Lightsource (SSRL). Figure XIII.2.5e compares 

the X-ray absorption near edge spectroscopy (XANES) profiles collected on the cycled interface as well as 

pristine LYC and Y metal standard for comparison. There is a white-line crossover between the pristine LYC 

and the cycled sample, indicating slight differences in atomic environment of Y. However, Y oxidation state 

largely remains at 3+ and metallic Y was not detected after the extensive cycling. This is further shown in the 

chemical map obtained by XRF (Figure XIII.2.5f), where a multi-energy map collected at 17053.99 eV, 

17058.29 eV and 17180 eV was analyzed by linear combination fitting of Y hXAS data collected from Y metal 

and YCl3 references. The oxidation state map of Y shows uniform distribution of Y3+ as well as the absence of 

metallic Y in the entire area examined. We believe this is related to the chemical nature as well as the higher 

potential of the Li3In7 alloy  anode (0.6 V vs. Li/Li+), which lead to modified interfacial reaction pathways and 
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the formation of a passivating interphase layer between LYC and the anode that enables stable-cycling of the 

ASSB cell.  

 

Figure XIII.2.5 Post-mortem analysis of the interface between LYC and Li-In anode after 1000 cycles. a) Cross-sectional SEM 

image, b-d) EDX maps of In-L, Y-L and Cl-K, respectively, e) Y K-edge XAS spectra collected on Y metal, pristine LYC and the 

interface after cycling, and f) Y chemical map obtained from XRF imaging.   

Conclusions   

Li-metal based ASSBs are currently facing a number of challenges. Among them are the oxidative instability 

of SSE in the composite cathodes, cracking and grain isolation associated with volume changes in cathode 

active materials, as well as chemical, electrochemical and mechanical instabilities at the SSE/electrode 

interfaces. Here we address these challenges by developing novel composite cathode structures featuring the 

following key design elements: 1) halide SE with high oxidative stability to enable direct use of uncoated 4 V-

class CAM and 2) single-crystal CAM to eliminate intergranular cracking associated with volume changes and 

mechanical instability. We demonstrate exceptional performance achieved on such ASSB cells incorporating 

an uncoated SC-NMC811, an LYC SE, and a Li-In alloy anode, delivering a high discharge capacity of 170 

mAh/g at C/5 and a superior capacity retention of nearly 90% after 1000 cycles. Through comparative studies 

on polycrystalline and single-crystal NMC811 composite cathodes, we reveal the working mechanism that 

enable such stable cycling in our composite design. At the anode interface, an interlayer between LYC and Li-

In alloy evolves dynamically over cycling. A distinct layer with a thickness of ~ 8 µm was observed after 1000 

cycles. The chemical nature as well as the elevated potential of Li-In alloy enables the formation of a 

passivating interphase which largely contributes to the stable cycling of the ASSB cell. Our study highlights 

the importance in proper cathode composite design and interface engineering in developing future ASSBs with 

improved performance. 
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Project Introduction 

This project supports VTO programmatic goals by developing next-generation, high energy cathode materials 

and enabling stable cathode operation at high voltages through target particle morphology design, functional 

coatings, and rational design of electrolytes. We aim to provide fundamental insights into the atomistic 

mechanisms underlying surface reactivity and performance of Li-ion cathode materials and electrolytes with 

the ultimate goal to suggest improvement strategies, such as coatings, surface protection, novel electrolyte 

formulations, and particle morphology design. Transport modes as a function of solvent and salt concentrations 

will be clarified, and a data-driven reaction network framework will be designed and implemented to predict 

early SEI formation on lithium metal. 

Objectives 

The end-of-project goals include the following:  

• Understanding of the factors that govern charge transport in nonaqueous, superconcentrated LEs. 

• Critical surface and coating design and optimization strategies that will improve cycling of Li-ion 

battery cathodes by reducing cathode degradation from oxygen loss. 

• Simulation and ML of the early formation of the SEI on Li-metal electrodes. 

Approach  

• First-principles calculations, both static and dynamic approaches, are used to model SSE material 

thermodynamics and kinetics. LEs are modeled through coupled classical MD and first principles 

methods to accurately capture solvation structure as well as reactivity of the liquid system.   

• Examine different transport models to study the electron and ion mobility through the amorphous 

coating layer. 

• The reaction network is built on large-scale first-principles data, using graph theory and machine 

learning (ML) models. 

Results  

One of the principal design obstacles of superconcentrated electrolytes is the a priori prediction of salt 

solubility – an open problem of physical chemistry. This problem is directly related to the electrolyte phase 

diagram construction (see Figure XIII.3.1 a). We developed a physical-chemical model which is intended for 

the dilute to moderate concentration range (up to ~1 molal) as a preliminary effort to addressing this open 

problem. This allows computation of the liquidus lines for selected carbonate electrolytes (e.g. LiPF6 in PC) 

via calculation of the activity coefficients, and with certain assumptions regarding the eutectic composition, the 

glass transition and knowing neat solvent properties8. Classical molecular dynamics simulations, first 
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principles calculations and theoretical expressions are employed. The physical-chemical model computes the 

activity coefficients via accounting of solvent-ion and ion-ion interactions. These are quantified via Debye-

Huckel theory, ion-pairing, the Born solvation equation and solvent entropic effects. We find that these 

contributions are all significant. These are all interrelated, for example the quantity of ion-pairing dictates the 

concentration-dependent dielectric constant, a quantity which the Born solvation equation and Debye-Huckel 

theory are dependent on. The dielectric increment of specific solvated species in solution (Figure XIII.3.1 c, 

free and LiPF6 contact-ion pair species) are calculated via classical molecular dynamics simulations. 

Moreover, to account for ion-pairing, electronic structure calculations are used in order to find the association 

constant between such species. It is found that for test carbonate solutions, the herein developed physical-

chemical model properly reproduces the activity coefficients and the relevant liquidus lines, as shown in 

Figure XIII.3.1 b. 

 

Figure XIII.3.1 [8] a) Schematic representation of the liquidus line (black) for a eutectic phase diagram. The line in purple shows 

the solubility, e.g. at a temperature T, the salt will not be soluble past the solubility line. b) Computed liquidus line based on activity 

coefficients calculated from the physical-chemical model developed. c) Sample structures of relevant species in solutions for the 

studied carbonate electrolyte, LiPF6 in PC. These are the free Li+ and contact-ion pair (CIP). 

One of the principal design obstacles of superconcentrated electrolytes is the a priori prediction of salt 

solubility – an open problem of physical chemistry. This problem is directly related to the electrolyte phase 

diagram construction (see Figure XIII.3.1 a). We developed a physical-chemical model which is intended for 

the dilute to moderate concentration range (up to ~1 molal) as a preliminary effort to addressing this open 

problem. This allows computation of the liquidus lines for selected carbonate electrolytes (e.g. LiPF6 in PC) 

via calculation of the activity coefficients, and with certain assumptions regarding the eutectic composition, the 

glass transition and knowing neat solvent properties8. Classical molecular dynamics simulations, first 

principles calculations and theoretical expressions are employed. The physical-chemical model computes the 

activity coefficients via accounting of solvent-ion and ion-ion interactions. These are quantified via Debye-

Huckel theory, ion-pairing, the Born solvation equation and solvent entropic effects. We find that these 

contributions are all significant. These are all interrelated, for example the quantity of ion-pairing dictates the 

concentration-dependent dielectric constant, a quantity which the Born solvation equation and Debye-Huckel 

theory are dependent on. The dielectric increment of specific solvated species in solution (Figure XIII.3.1 c, 

free and LiPF6 contact-ion pair species) are calculated via classical molecular dynamics simulations. 

Moreover, to account for ion-pairing, electronic structure calculations are used in order to find the association 

constant between such species. It is found that for test carbonate solutions, the herein developed physical-

chemical model properly reproduces the activity coefficients and the relevant liquidus lines, as shown in 

Figure XIII.3.1 b. 
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Figure XIII.3.2 [8] a) Molecular dynamics “snapshot” of the solvation structure of a Li cation in the high concentration electrolyte 

(HCE) formulation, with the diluent in the second solvation shell. b) Molecular dynamics “snapshot” of the solvation structure of a 

Li cation in the HCE formulation with the diluent, in this case present in the first solvation shell. Atoms are shown in purple (Li), red 

(O), white (H), green (F), and orange (P). c) Radial distribution functions and coordination numbers for lithium coordinating with the 

diluent for different classical molecular dynamics force field charge parameters of the diluent. 

One of the main strategies to address the slow diffusivity of species in super concentrated electrolytes  

is to employ co-solvents. These co-solvents are often much less polar than their counterparts in solution and 

are in certain cases, when they are not expected to directly coordinate with the electroactive cation in the first 

solvation shell, referred to as diluents [1]. Figure XIII.3.2 a) shows the example of a diluent in an electrolyte – 

it is not present in the first solvation shell of the lithium cation. We investigated certain highly concentrated 

electrolytes, HCEs, [2] and highly concentrated electrolytes with co-solvents previously using classically 

molecular dynamics (unpublished). However, we found that in the HCEs with diluent investigated, the diluent 

appeared in the first coordination shell of lithium (Figure XIII.3.2 b). One example formulation is 3 M of salt, 

ratio of Li:PC:diluent 1:2:0.3 where the Li+ counter anion is LiPF6. As such it became a question as to whether 

such first shell coordination was an artifact of the classical molecular dynamics forcefield or in fact the 

previously reported effects of the diluent were wrong (i.e. the diluent is effectively a conventional co-solvent).  

In order to evaluate the sensitivity of the forcefield, we scaled the charges of the diluent molecule by 0.5x the 

default charges (obtained from the OPLS force field). We found that the relevant structural motifs dramatically 

changed: in the 0.5x scaled charges the coordination number in the primary lithium solvation shell is 0 (Figure 

XIII.3.2 c, green). However, with default charges the coordination number is about 1, suggesting that the 

diluent is present in the primary solvation shell (Figure XIII.3.2 c, blue). This contradicts the design principle 

of HCEs with diluent where the diluent is chosen to allow the primary shell to be but the polar cosolvent (not 

the diluent). We also found that for the neat diluent, when studied in classical molecular dynamics, whether 

charges were scaled by 0.5, 1.0 or 1.2, the dielectric constant of the neat diluent surprisingly remained constant 

(𝜀=4). Although requiring further investigation, we speculate that this is due to a tradeoff between magnitude 

of dipole moment and intermolecular interactions. The independence of the dielectric constant on charge 

scaling suggests that the dielectric constant alone may not be sufficient to use as a quantitative assessment of 

diluent molecular dynamics forcefields. It thus remains an open problem as to decisively distinguish between 

conventional co-solvent approaches and the HCEs for certain case studies via molecular dynamics, and 

generally as partial solvation is challenging to quantify both experimentally and theoretically.  

Next, we report the method we have used to calculate the electrochemical stability window of amorphous 

coatings. The method combines formation energies calculated by density functional theory in the Materials 

Project [3], experimental thermochemical data for gaseous species and experimental electrochemical data for 

solvated ions. [4] The procedure is similar to the Pourbaix diagram formalism outlined by Persson et al [5]. To 

estimate the reaction potential (versus Li metal) in a high-throughput fashion, we make the following 

approximations: (1) For solid phases, we assume the entropy and 𝑃∆𝑉 contributions to the Gibbs free energy 

of a reaction are negligible; (2) We assume a one-step single ion dissolution: 𝐴 = 𝐴𝑛+ + 𝑛𝑒−; (3) We assume 
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a unity of activity for condensed phases and all solvated ions. The electrochemical stability window consists of 

a reduction limit (𝑉𝑟𝑒𝑑) at which the material starts lithiation during discharge and an oxidation limit (−𝑉𝑜𝑥) at 

which the material starts delithiation/decomposition during charge. Here we take Al2O3 and LiAl5O8 as 

examples to illustrate our method in calculating the electrochemical stability window of Li-containing and 

non-Li containing compounds. The lithiation compound of LiAl5O8 can be directly identified from a Li-Al-O 

phase diagram, see Figure XIII.3.3 a. Its discharge reaction can be expressed as: 

1

3
LiAl5O8 + Li →

4

3
LiAlO2 +

1

3
Al 

As all the reactants and products are in their solid phases, 𝑉𝑟𝑒𝑑 = −
∆𝐺

𝑧𝐹
= −

∆𝐻

𝑧𝐹
= 0.79 𝑉, where 𝑧 is the 

number of electrons transferred in the reaction and 𝐹 is the Faraday’s constant. As LiAl5O8 is a Li-containing 

compound, its delithiation takes place via a dissolution of Li+. From the Li-Al-O phase diagram, the 

delithiation reaction of LiAl5O8 can be expressed as: 

LiAl5O8 → Li+ + e− +
5

2
Al2O3 +

1

4
O2(g) 

As the reaction involves oxygen gas evolution, we include the entropy value of O2 taken from the JANAF 

tables [6]. Thus, 𝑉𝑜𝑥 = −
∆𝐺

𝑧𝐹
= −

∆𝐻−𝑇𝑆

𝑧𝐹
= −3.96 𝑉. Therefore, the electrochemical stability window of 

LiAl5O8 can be estimated as: [𝑉𝑟𝑒𝑑 , −𝑉𝑜𝑥] = [0.79,  3.96]. 

Similar to LiAl5O8, the lithiation compound of Al2O3 can also be directly identified from a Li-Al-O phase 

diagram, see Figure XIII.3.3 b. Its discharge reaction can be expressed as: 

8

3
Al2O3 + Li → LiAl5O8 +

1

3
Al 

As all the reactants and products are in their solid phases, 𝑉𝑟𝑒𝑑 = −
∆𝐺

𝑧𝐹
= −

∆𝐻

𝑧𝐹
= 1.26 𝑉. As Al2O3 is a non-

Li containing compound, we assume its oxidation takes place via a dissolution of Al3+. From the Li-Al-O 

phase diagram, the decomposition reaction of Al2O3 can be expressed as: 

Al2O3 → 2Al +
3

2
O2(g) 

As the reaction involves oxygen gas evolution, we include the entropy value of O2. Thus, ∆𝐺1 = ∆𝐻 − 𝑇𝑆 =
16.18 𝑒𝑉. Next, we add the standard free energy of Al3+ formation, ∆𝐺2, to ∆𝐺1. 

Al → Al3+ + 3e− 

∆𝐺2 = −𝑛𝐹𝐸𝐴𝑙3+
0 = −4.99 𝑒𝑉. 𝑛 is the valence state of Al3+ and 𝐸𝐴𝑙3+

0  is the standard oxidation potential of 

Al3+ taken from the IUPAC publication [7]. 

Al2O3 → 2Al3+ + 6e− +
3

2
O2(g) 

∆𝐺3 = ∆𝐺1 + 2∆𝐺2 = 6.21 𝑒𝑉. Next, we reference the above equation to Li/Li+ to calculate the reaction 

potential with Li+ + e− → Li: 

Al2O3 + 6Li+ → 2Al3+ + 6Li +
3

2
O2(g) 

The standard oxidation potential of Li+ is 𝐸𝐿𝑖+
0 = 3.04 𝑉. Thus, ∆𝐺4 = ∆𝐺3 + 6𝑛𝐹𝐸𝐿𝑖+

0 = 24.45 𝑒𝑉. Finally, 

the reaction potential 𝑉𝑜𝑥 can be obtained using the Nernst equation: 𝑉𝑜𝑥 = −
∆𝐺4

𝑧𝐹
= −4.07 𝑉. Therefore, the 

electrochemical stability window of Al2O3 can be estimated as: [𝑉𝑟𝑒𝑑 , −𝑉𝑜𝑥] = [1.26,  4.07].  
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It should be noted that the actual dissolution process may involve multi-step/multi-ion dissolutions. Therefore, 

this method merely serves as an approximation that aims at broadly capturing the dissolution tendencies in a 

high-throughput fashion.  

 

Figure XIII.3.3 [9]. Li-Al-O phase diagrams. (a) The first phase-region (green triangle) formed by LiAl5O8, LiAlO2 and Al for LiAl5O8 

lithiation. (b) The first phase-region (green triangle) formed by LiAl5O8, Al2O3 and Al for Al2O3 lithiation. 

A coating material that participates in the redox reaction during extensive cycling may cause degradation of 

the surface film, thus a loss of the surface protection. Therefore, we retain only electrochemically stable 

compounds that can sustain the desirable voltage window. In this study, we select the compounds that exhibit a 

reduction limit smaller than 3 V and an oxidation limit above 4 V. Figure XIII.3.4 a illustrates the reduction 

and oxidation limits of the compounds that are thermodynamically stable. The electrochemical stability of each 

category is denoted by two violin plots: the left and right represent oxidation and reduction limits, respectively. 

We find that in general, fluorides, such as AlF3 and LiAlF4, have the largest electrochemical stability window 

with high oxidation limits and low reduction limits. On the other hand, metal oxides, such as BaO and Bi2O3, 

exhibit low oxidation limit, and nonmetal oxides, such as P2O5 and SeO2, have high reduction limit. The bar 

graph in Figure XIII.3.4 a summarizes the numbers of compounds for each category of materials that pass the 

electrochemical stability screening.  After this screening tier, polyanionic oxides have the largest number of 

candidates, followed by fluorides and chlorides. There are only 12 metal oxides and 1 nonmetal oxide, B2O3, 

left for further screening. 

Next, we select cathode coatings that are inert to chemical reactions with both cathodes and electrolytes. The 

reaction energy ∆𝐸rxt is calculated using DFT-computed energies of the reactants and products, and a more 

negative ∆𝐸rxt indicates a more reactive chemical reaction. We set the criterion for chemically stable cathode 

coatings as: ∆𝐸rxt ≥ −0.1 eV per atom. We calculate ∆𝐸rxt between cathodes and coating materials using the 

commonly used cathodes, layered LiNiO2 and LiCoO2, spinel LiMn2O4, and olivine LiFeOP4. Figure XIII.3.4 

b shows that oxides coatings are less prone to react with cathodes than fluorides and chlorides. Specifically, all 

the electrochemically stable metal oxides exhibit low reactivity with common cathodes and pass the chemical 

stability descriptor. This round of screening returns 1790 compounds for further consideration with 

polyanionic oxides having the largest number of candidates (714). 
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Figure XIII.3.4 [9] (a) Distribution of the reduction and oxidation limits for each category that pass thermodynamic stability 

descriptor. (b) Distribution of the reaction energy with LiNiO2, LiCoO2, LiMn2O4 and LiFeOP4 cathodes for each category that pass 

electrochemical stability descriptor. The horizontal dash lines represent the limits of the descriptors. The histograms in (a) and (b) 

illustrate the numbers of compounds for each category that pass the descriptors. 

Similarly, we calculate ∆𝐸rxt between coating materials and representative electrolyte components.  In this 

study, we consider the commonly used Li3PS4 solid electrolyte and LiPF6-based non-aqueous liquid 

electrolytes, respectively, and categorize the coating materials based on their reactivity. In the case of LiPF6-

based electrolytes, we calculate ∆𝐸rxt between coating materials and HF, which is known to react strongly 

with both cathodes and coating materials. Figure XIII.3.5 illustrates the distribution of ∆𝐸rxt with Li3PS4 and 

HF for the compounds that are chemically stable with the cathodes. We find that most fluorides and chlorides 

have lower chemical reactivity with both Li3PS4 and HF than oxides compounds, thus are chemically 

compatible with both the cathodes and electrolytes. On the other hand, most oxides compounds are not 

chemically inert in LiPF6-based liquid electrolytes due to a high reactivity with HF. This round of screening 

returns 902 and 508 coating candidates that are chemically compatible with Li3PS4 and LiPF6 based 

electrolytes, respectively. 
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Figure XIII.3.5 [9] Distribution of the reaction energy ∆𝐸rxt with Li3PS4 (a) and HF (b) for each category that pass chemical stability 

with the cathodes descriptor. The horizontal dash lines represent the limits of the descriptors. The histograms in (a) and (b) 

illustrate the numbers of compounds for each category that pass the descriptors. 

In addition, we find a correlation between Li+ and O2- diffusion, which can be explained by ionic conduction 

mechanism in amorphous structures. Our previous study showed that Li+ and O2- diffusion consists of discrete 

vibrational and translational motions. During vibrational motions, Li+ is bonded to more O2- ions than during 

translational motions, and its translation to another vibration site is activated by the Li-O bond 

breaking/formation process, which effectively explains the correlated transport between Li+ and O2-. 

Conclusions   

• Correlated electrolyte chemistry, and Li/SEI compositional structure determined for Li-EC-based 

electrolyte. 

• Determined sensitivity of molecular dynamics (MD) parameters to diluent effect on transport in at 

least one superconcentrated electrolyte. 

• Developed a high-throughput (HT) infrastructure for MD simulations.  

• Determined chemistry and structural motifs that control cathode amorphous coating performance by 

screening over 50,000 inorganic compositions. 
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Project Introduction 

Solid-state batteries promise to increase the safety and energy density of current Li batteries [1]. To enable 

their development, it is essential to develop superionic (SIC) electrolytes with high Li conductivity and 

electrochemical stability. Oxides provide a promising space for novel SICs, as they generally show increased 

electrochemical stability [6]. However, there are only a limited number of oxide SICs with acceptable Li 

conductivity of greater than 0.1 mS/cm [6]. The lack of known oxide SICs prompted a study to develop 

understanding of the transport mechanisms and so that design principles can be established to guide the 

discovery of new materials. 

In this part of the BMR program, we use a range of first principles techniques to investigate the fundamental 

mechanisms behind facile Li transport in oxide SICs. From high-throughput computational screening, we 

identify structural motifs that lead to high Li conductivity and perform a detailed investigation of their 

mechanisms. 

Objectives 

Solid-state batteries are promising to achieve high energy density. The project objective is to determine the 

design principles needed to create solid-state electrolytes with high Li-ion conductivity, while also achieving 

stability against common Li-ion cathodes and Li-metal anodes.  

Approach  

High-throughput computation is used to screen suitable solid electrolytes (SEs) with high electrochemical 

stability and high ionic conductivity, incorporating the nudged elastic band and an ab initio molecular 

dynamics (AIMD) method. Density functional theory is used to calculate bulk elastic constants of materials, 

surface energies, and interface decohesion energies of grain boundaries. Thermodynamic interface stability is 

assessed from ab initio computed grand potential phase diagrams in which the lithium voltage can be 

controlled. Kinetic limits for SE decomposition are assessed by topotactic lithium insertion and removal from 

the SE.  

Results  

Oxy-argyrodite framework exhibiting high ionic conductivity 

In the past year, we identified the topological features of the diffusion network in NASICON and garnets.  

These insights were used to perform a high-throughput screening to find novel solid electrolytes. One of the 

candidates identified from this search is Li6PO5Br which has an oxy-argyrodite structure. Argyrodite sulfides 

can reach ionic conductivities > 10 mS/cm [1]. However, due to the 20% smaller lattice constant [2] and 

smaller polarizability of oxygen, the oxygen analogue Li6PO5Br is a poor ionic conductor with an activation 

mailto:gceder@berkeley.edu
mailto:Tien.Duong@ee.doe.gov
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energy that is 330 meV higher than its sulfide counterpart [2]. Despite this, we find that stuffing extra Li in the 

interstitial tetrahedral 16e (Li3 in Figure XIII.4.1) can still activate the diffusion network, and reduce the 

activation energy to ≈ 200 meV.  Ab-initio simulations predict that room temperature ionic conductivity is 

expected to reach up to 3.2 mS/cm. The extra Li that is stuffed in the structure face-shares with two 24g Li-

ions, facilitating the inter-cage diffusion [3]. Our analysis discovers that high ionic conductivity can be 

obtained in the oxide version of the argyrodite framework, and that the diffusion network of argyrodites shows 

similarity to that of NASICONs. 

 

Figure XIII.4.1 Crystal structure of Li6+1/4Si1/4P1-1/4O5Br. Li-1 and Li-2 are the Li sites in the stoichiometric structure, and Li-3 is the 

site where additional Li is stuffed. 

The framework of LiM(SeO3)4 , another conductor we discovered, is a completely novel framework identified 

from our high-throughput screening. LiGa(SeO3)2 [4] and lithium-stuffed Li1+1/4Mg1/4Sc1-1/4(SeO3)2 are 

predicted to have room temperature ionic conductivity exceeding 0.1 mS/cm. Various structural factors make 

this framework highly similar to that of NASICON. In the pristine form the Li ions reside in highly distorted 

tetrahedral sites as shown in Figure XIII.4.2a, similar to the distorted 6b octahedral Li site in stoichiometric 

NASICON LiTi2(PO4)3. The LiM(SeO3)2 framework possesses a 3D homogeneous transport path, which also 

exists in the NASICON frameworks. Lastly, it contains a low-energy intermediate site (site X in Figure 

XIII.4.2b), which enables the bridging of neighboring Li-ions to facilitate their diffusion. These features make 

the LiM(SeO3)2 framework an intriguing candidate for in-depth investigation. 

 

Figure XIII.4.2 A Crystal structure of LiGa(SeO3)2. Green and pink polyhedrons represent the coordination environment of lithium 

and gallium respectively. b The iso-surface of Li-ion probability density from AIMD simulation at 1000 K. 

Corner-sharing frameworks as an important design principle for oxide SICs 

The crystal structure of a typical Li-ion conductor can be constructed from its anion sublattice serving as a 

backbone hosting the mobile Li ions and immobile non-Li cations. By observing the crystal structure of well-

known oxide-based superionic conductors (Figure XIII.4.3), such as NASICON-type Li1+xAlxTi2-x(PO4)3 [5], 

LiTa2PO8
 [6] and Li1+xTa1-xZrxSiO5

 [7], we identified a structural commonality among them: The non-Li cation 

polyhedrons in these materials are connected by a single oxygen anion vertex and have no edge- or face-

sharing among the polyhedrons. 
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Figure XIII.4.3 Typical crystal structures of known superionic conductors with corner-sharing frameworks. (a) Structure Li1+xAlxTi2-

x(PO4)3, (b) Structure of LiTa2PO8,, (c) structure of Li1+xTa1-xZrxSiO5.  

We define a corner-sharing (CS) framework as a framework where all of the non-Li cation polyhedrons share 

one or fewer vertices.  A non-corner-sharing (non-CS) framework is then a framework that has at least one 

edge- or face-sharing within the framework. To compare the Li environments in CS frameworks and non-CS 

frameworks, we employ a metric of distortion called continuous symmetry measure (CSM), which is 0 for a 

perfectly symmetric polyhedron and reaches a maximum value of 100 for completely distorted polyhedrons. In 

Figure XIII.4.4, we classify all of the quaternary lithium oxides from the Materials Project [8], based on if they 

have CS or non-CS frameworks. Then, we investigate how distorted the Li environment is. While a majority of 

Li environments in non-CS frameworks are highly symmetric with CSM values peaking near 0, the CS 

frameworks tend to provide a wide range of distorted Li environments (Figure XIII.4.4). From this 

observation, we propose that the highly distorted Li environment provided in CS frameworks is a major factor 

that can lead to low activation energy and high ionic conductivities. 

 

Figure XIII.4.4 Degree of distortion of octahedral Li environment in quaternary lithium oxide materials with (a) corner-sharing 

framework, and (b) non-corner-sharing frameworks. 

While distortion is one aspect of why CS frameworks tend to show high ionic conductivities among the oxides, 

we identified another important advantage of CS frameworks: Due to the weak electrostatic screening and 

smaller radius of oxygen anions compared to sulfur anions, it is more challenging to achieve a flat energy 

landscape in oxides. We find that an important feature of CS frameworks is to provide reduced Li-cation 

interactions. In Figure XIII.4.5a, we compare the polyhedral packing ratio between CS and non-CS 

frameworks. The polyhedral packing ratio is defined as the volume of the non-Li polyhedrons divided by the 

volume of the unit cell. The non-Li cations in CS frameworks tend to occupy a smaller portion of the unit cell 

and leave more space for Li to occupy. 

We also compare the likelihood of a Li site being distant from any non-Li cations. The site ratio β is defined as 

the ratio of Li sites that do not have any non-Li cations within the cutoff distance of 1.95 Å over all possible Li 

sites in the crystal structure. In Figure XIII.4.5b, we show that due to the low non-Li cation density in CS 

frameworks, a larger fraction of Li sites is located far away from any non-Li cations. Hence, Li ions in CS 

frameworks experience reduced electrostatic interaction from the non-Li cations. Defining a reduced-repulsion 
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(RR) channel as a percolating diffusion pathway of lithium sites that experience weak interaction between the 

non-Li cations, we find that the CS frameworks tend to have significantly higher dimensionality of RR-

channels, as shown in Figure XIII.4.5c. The prevalence of the Li sites being located far away from any non-Li 

cations leads to a higher likelihood of such Li sites being connected and leads to higher dimensionality of RR-

channels in CS frameworks. 

For several exemplary SIC with a CS framework, we compare the RR-channel with the actual lithium 

diffusion pathways (Figure XIII.4.5d,e,f) which were computed using AIMD simulations. We confirmed that 

Li ions follow the RR-channel when diffusing through the CS frameworks, confirming our finding that the 

reduced interaction with non-Li cations is a key feature in allowing high Li ionic conductivity in oxide 

materials. 

 

Figure XIII.4.5 Structural features of CS-frameworks and their RR channels a Comparing the polyhedral packing ratio ⍺, b site-ratio 

β and c dimensionality of RR channels of CS and non-CS frameworks. In d-f, the lithium probability densities from ab-initio 

molecular dynamics simulations are shown in red with isosurfaces P0/100, P0/1000, P0/1000 respectively. The occupied and 

unoccupied lithium sites are shown in green and white spheres respectively. The RR-channels are shown with black edges. 

Based on all the insights collected we performed a high-throughput screening to discover new lithium oxide 

SIC that contain the same feature of CS frameworks. The search was initialized from all of the quaternary Li 

containing oxides from the Materials Project database [8]. Among them, we identified 2,822 compounds in 

637 distinct CS. We remove materials with band gaps smaller than 2 eV or compounds that contain unsuitable 

elements for solid electrolytes. In the last step, we prioritize experimentally synthesized compounds which lead 

us to 122 compounds in 56 distinct crystal structure groups. For one representative compound per group, we 

performed multi-step AIMD simulations to find the final candidate which has sufficiently high ionic 

conductivity (0.1 mS/cm) at 300K.  

Table XIII.4.1 lists the ten fast Li-conducting frameworks discovered in this work. Our high-throughput 

screening using the feature of the CS framework gave a success rate of 39%. By imposing less strict criteria, 

we anticipate even more Li  SIC could be discovered. Out of the above list we synthesize LiGa(SeO3)2 which 

shows remarkably high bulk ionic conductivity of 0.11 mS/cm at room temperature. This shows that our 

experimental results are in great agreement with our computational predictions, suggesting a new structural 

space for solid electrolytes. 
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Table XIII.4.1 Summary of Properties of 10 Screened Superionic Conductors with a CS Framework. The 

pristine and target composition extrapolated Li-ion conductivity of the target composition at 300 K (σ300 

K), the activation energy of the target composition (Ea), pristine and target energy above the hull (Ehull), 

and dopant incorporation energy (Ed) are listed. The pristine and target compositions are the same if no 

dopants are introduced. bounds (error bar) are included. 

Materials 

Project ID 
ICSD ID 

Pristine 

composit

ion 

Target 

composition  

𝜎300 𝐾  

(mS/cm) 

Ea 

(eV) 

Pristine 

Ehull 

(eV/atom) 

Target 

Ehull 

(eV/atom) 

Ed 

(eV/defect) 

mp-

1198930 
250868 

LiGa(SeO

3)2 
LiGa(SeO3)2 

0.212 

(0.013, 

3.57) 

0.320 

± 

0.070 

0.0 0.0 N/A 

mp-

973966 
422056 

LiIn(IO3)

4 
LiIn(IO3)4 

18.0 

(3.57, 

90.9) 

0.155 

± 

0.040 

0.0 0.0 N/A 

mp-

559441 
39761 LiTiPO5 

Li1+1/16Ti1-

1/16Ga1/16PO5 

1.70 

(0.098, 

29.7) 

0.212 

± 

0.071 

0.013 0.019 0.79 

mp-

14646 
65025 

Li2Mg2(S

O4)3 

Li2+1/4Mg2(S11/12P

1/12O4)3 

2.74 

(0.145, 

52.0) 

0.232 

± 

0.073 

0.0 0.011 0.81 

mp-

552663 
161499 

LiScAs2O

7 

Li1+3/8Sc1-

3/8Mg3/8As2O7 

23.3 

(4.26, 

128) 

0.177 

± 

0.042 

0.0 0.021 0.64 

mp-

1020018 
428002 

Li5B(SO4

)4 

Li5+1/4B(S15/16P1/1

6O4)4 

0.330 

(0.0368, 

4.90) 

0.330 

± 

0.061 

0.008 0.023 1.56 

mp-

1020022 
248343 

Li3B(PO4

)2 

Li3+1/8B(P15/16Si1/

16O4)2 

0.166 

(0.00721, 

3.83) 

0.326 

± 

0.078 

0.014 0.028 1.63 

mp-

1020015 
192496 

Li2B3PO

8 

Li2+1/8B3P7/8Si1/8O

8 

0.251 

(0.00744, 

8.44) 

0.269 

± 

0.087 

0.0 0.015 1.67 

mp-

1222376 
260590 LiZnBO3 Li1+2/16Zn1-1/16BO3 

0.605 

(0.0104, 

35.3) 

0.220 

± 

0.101 

0.008 0.009 0.12 

mp-

556799 
94355 

Li3In(BO3

)2 
Li3+1/8In7/8Zn1/8(BO3)2 

0.121 

(0.0027, 

5.33) 

0.300 

± 

0.094 

0.004 0.009 0.50 

Conclusions   

From high throughput computational screening of structures with NASICON and garnet-based frameworks, 

we uncover oxy-argyrodite and LiM(SeO3)4 structures with high Li conductivity, which likely stem from 

similarity to NASICON frameworks. From observing several known oxide SICs, including the NASICON-

type Li1+xAlxTi2-x(PO4)3, we identify a common structural motif of CS frameworks, in which non-Li cation 

polyhedrons share one or less vertex. The features of CS frameworks that likely contribute towards facile Li 

diffusion include the more distorted Li environments, minimized electrostatic interactions between Li and 

other cations, and the occupation of a smaller volume of the unit cell, leaving more space for Li atoms.  

By incorporating this design principle, we performed another computational screening, which uncovered new 

phases of promising SICs, significantly expanding the compositional search space for oxide SIC discovery. As 

a proof of concept, LiGa(SeO3)2 was experimentally realized and shown to have a high bulk Li conductivity of 

0.11 mS/cm at room temperature. CS frameworks should thus prove to be an essential structural feature for 

discovering new classes of oxide SICs.  
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XIV Next-Gen Li-ion: Low Temperature Electrolytes 
Current Li-ion cells have demonstrated significant performance improvements in increasingly extreme 

conditions, including higher voltages, wider temperature range, and intense abuse conditions, and more 

recently, extreme fast charging. Yet, performance under these more extreme uses is often limited by the 

stability and properties of the liquid electrolytes within the cells. Traditional liquid electrolytes are composed 

of lithiumhexafluorophosphate (LiPF6) salt dissolved in mixed carbonate solvents, which include ethylene 

carbonate (EC), propylene carbonate (PC), ethyl methyl carbonate (EMC), dimethyl carbonate (DMC) and/or 

diethyl carbonate (DEC), and an array of additives included to improve performance against the utilized 

electrodes. These volatile and flammable organic solvents can easily undergo drastic degradation processes, 

often act as a limiting factor in the performance under extreme conditions including operating at high voltage, 

in a wide temperature range, under extreme fast charging, and/or under extreme abuse.  As such, there is a 

need to develop novel liquid electrolytes which can operate under those extreme conditions and can retain their 

enhanced performance and stability.  

The rest of this chapter contains detailed reports on the status of the following individual projects. 

• Ethylene Carbonate-Lean Electrolytes for Low Temperature, Safe Li-ion batteries (LBNL) 

• Fluorinated Solvent-Based Electrolytes for Low Temperature Li-ion Battery (ANL) 

• Synthesis, screening and characterization of novel low temperature electrolyte for lithium-ion batteries 

(BNL).  
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Project Introduction 

Li-ion batteries suffer from performance limitations at low temperatures (sub- 0oC) due to a large rise in 

overall cell impedance.  In prior years, we identified charge transfer resistance—an interfacial process—as the 

dominant limitation for low temperature battery performance, and that while charge transfer resistance is 

dominated by processes at the anode, the cathode charge transfer resistance also contributes substantially.  In 

FY22, we aimed to understand how electrolyte composition impacts charge transfer resistance at both 

electrodes, with the ultimate goal of identifying an electrolyte that enables 70% of 30°C energy during a C/3 

discharge at -20°C.   Our work has primarily focused on identifying novel additives that impact the interfacial 

compositions.   

Objectives 

The research this year centered on investigating a new class of electrolyte additives to improve low 

temperature performance of Li-ion cells.  Our objective was to investigate several analogs of this additive 

chemistry to understand its impact on the low temperature cell resistance to confirm that the additive did not 

have a negative impact on cycle life or coulombic efficiency.  We further aimed to understand how cell 

resistance was influenced by this additive chemistry, and to perform a quantitative analysis of the solid 

electrolyte interface (SEI) and find the relation between the SEI composition and the resistance of the cell. 

Finally, we characterized key electrolyte transport and thermodynamic parameters as a function of temperature 

by developing reliable characterization techniques. 

Approach  

We selected three additive chemistries to investigate and characterized these additives at three concentrations 

(all less than 1 wt%).  We tested graphite/NMC622cells, with electrodes provided by Argonne’s CAMP 

facility and electrolytes with novel additives prepared at LBNL.  We used battery testers and impedance-

capable potentiostats to conduct the work.  In-situ and ex-situ mass spectrometry techniques are used for 

quantitative analysis of the SEI. Galvanostatic Electrochemical Impedance Spectroscopy (GEIS) is used to find 

the resistance of the cell during charge/discharge of the cell, and EIS spectra are deconvoluted using the 

distribution of relaxation times to quantify charge transfer and SEI resistances. Differential electrochemical 

mass spectrometry (DEMS) is used to quantify outgassing during formation cycling of cells comprised of 

various electrolytes.  To measure electrolyte properties, our approach is to measure relevant transport and 

thermodynamic parameters, including conductivity, current fraction, diffusion coefficient, the thermodynamic 

factor, and the transference number.  We do so through a combination of electrophoretic nuclear magnetic 

resonance spectroscopy (eNMR) and electrochemical measurements using Li-Li symmetric cells. 

mailto:bmcclosk@berkeley.edu
mailto:Tien.Duong@ee.doe.gov
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Results  

Capacity and cycling performance characterization of electrolytes containing a new class of low-

temperature additives. 

This year we moved away from -butyrolactone and started considering inert nano-particles as a means of 

affecting the charge transfer resistance, whose rise limits the access of capacity at low temperature.  We started 

with three slightly different chemical analogs of a nanomaterial that is generally considered inert.  Figure 

XIV.1.1 gives the energy removed at -20oC from seven cells of different additives and concentrations that were 

brought to the top of charge at 30oC.   

 
 

Figure XIV.1.1 Orange Energy removed at C/3 at 30oC.  Blue Energy removed at -20oC. Gen 2 is the baseline electrolyte.  x1, x2, x3 

are 0.5, 0.75 and 1 % of the additive, respectively.  A1, A2, A3 are three different analogs of the selected additive. 

One sees from this chart that for the additive A1, the highest energy recovered on discharge at 30oC is for the 

smallest amount of the additive.  We also see that the energy removed at 30oC using A1 at a quantity of x2 is 

less than that achieved for A2 and A3.  However, for the different combinations and quantities of A1, A2, and 

A3 examined at -20°C, the highest level of energy recovered on discharge is for the A1 at 0.5 wt%.   

Interestingly, the energy recovered at -20°C is 70% of the energy recovered at 30oC, which is the stated 

USABC target and the overall objective of our project. Without the additive, for Gen2 electrolyte at -20oC, one 

recovers just 65% of the energy that is dischargable at 30oC. 

With regard to cycle life, we see in Figure XIV.1.2 the early cycle life of two full cells of Graphite/NMC622 

with Gen 2 electrolyte (1 M LiPF6 in 3:7 EC:EMC) and Gen 2 electrolyte with our additive at 0.5%.  We see 

that the cell with the additive shows the same cycle life as the cell without the additive.  The coulombic 

efficiency is also provided in the graph and shows that the additive cell has slightly higher efficiency than the 

cell without the additive.  It is possible that our additive is being slowly reduced on the cathode during 

discharge with each cycle to the extent that the coulombic efficiency appears to be slightly greater than 1.  

Further investigation is needed to understand this discrepancy. 
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Figure XIV.1.2 Specific discharge capacity with regard to the cathode (in blue) and the coulombic efficiency (in red) versus cycle 

number.  The open points are for Gen 2 and the filled points are for Gen 2 plus 0.5% A1. 

To see if the impact of our additive carries to even lower temperatures, we measured the amount of energy that 

could be discharged from a cell fully charged at 30°C with Gen 2 electrolyte at 30°C, 20°C, 10°C, 5°C, 

0°C, -5°C, -10°C, -15°C, -20°C, -25°C, and -30°C and compared the energies to a cell operating at the same 

conditions but with our additive.  In Figure XIV.1.3 we see that the improvement to low temperature 

improvement continues to lower temperatures and that with our additive, one can extract twice the amount of 

energy from the cell at -30°C. 

 

Figure XIV.1.3 Energy discharged from cells at different temperatures, one cell had the additive (green), that was fully charged at 

30°C, normalized by the energy discharged at 30°C. 

Electrochemical impedance analysis of cell employing our novel additive.  

Previously acquired data indicated that low temperature energy improvement is associated with significant 

improvement in interfacial charge transfer resistance.  To verify this, we measured the electrochemical 

impedance spectroscopy of cells with and without the additive at -20°C and -30°C. This data is presented in 

Figure XIV.1.4.    
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Figure XIV.1.4 Electrochemical impedance spectroscopy of two cells, one with and one without an additive, acquired at -20°C and 

-30°C.  The filled data points are for the data taken at -30°C.  The blue data points are for the cell without the additive. 

One sees that the impedance of the cell with no additive at -30°C is much greater than the impedance at -20oC 

and that this impedance is greater than the impedance of the cell with the additive at -20°C.  One also notices 

that the part of the impedance that grows the most with decrease in temperature is the mid-frequency 

semicircle, which corresponds to the characteristic frequency of charge transfer reactions. 

We recognized that the improvement in the activation energy of the charge transfer kinetics appeared to be a 

result of changes that occur early in the formation of the cell.  In the next set of experiments the impedance of 

the cells with and without the additive was measured at -20°C after the 1st, 2nd, 3rd formation cycles, as well as 

the 20th full C/3 cycle.  One sees in Figure XIV.1.5a for the cell without the additive that the impedance of the 

ohmic and charge transfer resistance grew from the first cycle to the twentieth from 265 ohm-cm2 to 450 ohm-

cm2.  Whereas, in Figure XIV.1.5b, for the cell with the additive, one sees that the impedance of the first 

twenty cycles at -20°C is relatively constant at 180 ohm-cm2.  Thus, the additive has an immediate, stabilizing 

impact on the charge transfer kinetics. 

 

Figure XIV.1.5 a. Electrochemical impedance spectroscopy of a cell without the additive after the 1st, 2nd, 3rd, and 20th 

formation cycles acquired at -20°C. b. 6 Electrochemical impedance spectroscopy of a cell with the additive after the 1st, 2nd, 3rd, 

and 20th formation cycles acquired at -20°C. 
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We analyzed the performance of adding additive A to baseline electrolyte (1M LiPF6 in 3:7 EC:EMC by wt%) 

using galvanostatic impedance spectroscopy (GEIS) in full coin cells. The results of GEIS experiments, as 

summarized in Figure XIV.1.6a, indicate that the total resistance significantly decreases on adding 0.75wt% 

additive A to the baseline electrolyte. Using the technique of Distribution of Relaxation Times (DRT), we de-

convolute the total resistance into series (Rs), SEI (RSEI) and charge-transfer resistance (Rct). We see that, on 

adding additive A, SEI resistance increases (Figure XIV.1.6b) whereas charge-transfer resistance drastically 

decreases (Figure XIV.1.6c), which causes a decrease in total resistance at lower temperatures. 

Quantification of outgassing during cell formation.   

On performing Differential Electrochemical Mass Spectrometry (DEMS) on two-electrode full cells with the 

electrolyte containing additive A, we see that we have a significant increase in hydrogen evolution during the 

first formation cycle of the cell. The hydrogen evolution increases with increasing amounts of additive A 

(Figure XIV.1.7). We also see lower amounts of ethylene evolution. This data together indicates that there is a 

considerable change in the SEI (which is also confirmed by the increased SEI resistance in the system 

containing additive A).   

 

Figure XIV.1.6 (a) Total Resistance (b) SEI Resistance (c) Charge-transfer Resistance of Gr/NMC coin cell gathered at 50%SOC 

during a C/3 discharge at different temperatures in baseline electrolyte (1.0M LiPF6 in 3:7 EC:EMC) with and without additive A. 

 

Figure XIV.1.7 Hydrogen evolution measured using DEMS during the formation cycle of Gr/NMC622 cells in the presence of 

different wt% of additive A, performed at room temperature. 

Next steps for this work include combining results from GEIS and DEMS studies with titration mass 

spectrometry experiments on formed electrodes in an effort to quantify components of the SEI and observe 

how the quantities change in the presence of additive A. GEIS and DEMS studies on symmetric Gr/Gr and 

NMC/NMC cells will be helpful to realize the contribution of each of the electrodes towards the improved low 

temperature performance. Understanding additive A is improving the performance of cells at the structural 

level will help us have a better idea of the interfacial process in a cell. 

Electrolyte transport characterization.  

Most reports on measuring electrolyte transport coefficients use polarized symmetric lithium-lithium cells to 

measure transference numbers.  Unfortunately, Li metal is notoriously unstable during stripping and plating in 
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liquid electrolytes. For the most extreme reactions, this could impact the surface area of the electrodes, change 

the salt concentration, and impact the overall characterization. For this reason, it’s important to establish a 

reliable methodology to study transport and thermodynamic properties of liquid electrolytes at 30°C before 

extending this analysis to lower temperatures.  

We have fully characterized an exemplary electrolyte, lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) 

salt dissolved in tetraethylene glycol dimethyl ether (tetraglyme), at 30°C. We used x-ray tomography to image 

the interface between lithium and an electrolyte soaked separator in lithium-lithium symmetric cells and have 

determined the interface is stable when small polarizations are applied. To improve the accuracy of our 

characterization, we have incorporated electrophoretic NMR (eNMR), which directly measures cation, anion, 

and solvent velocities under an applied electric field. From eNMR we can directly obtain transference numbers 

with much higher certainty than can be determined indirectly using electrochemical methods. The more 

accurate determination of transference numbers have also enabled more accurate determination of the 

thermodynamic factor (see Figure XIV.1.8). These findings were published in Hickson et al. (see Key 

Publications).  

 

Figure XIV.1.8 Comparison of electrochemical techniques and electrophoretic NMR for (a) transference number and (b) 

thermodynamic factor.   The thermodynamic factor is unity at r = 0, shown in blue, based on the thermodynamic requirement that 

all solutions are ideal in the limit of infinite dilution. Images are reprinted from Hickson et al. 

We have begun extending this characterization to a wider temperature range, from 45°C to -20°C. 

Conductivity, a straightforward measurement not involving lithium metal, strongly decreases with temperature. 

Preliminary results indicate current fraction and diffusion coefficient also decrease with temperature, but it will 

be important to continue to study the reactive lithium – electrolyte interface for its stability as a function of 

temperature. The interfacial resistance increases substantially at lower temperatures, and the degree to which 

this impacts characterization will need to be investigated. We will continue to incorporate eNMR into this 

characterization to more precisely determine transference numbers and thermodynamic factors as a function of 

temperature.  

Conclusions   

The key conclusions from our research this year are: 

1. Our newly discovered electrolyte additive provides a substantial increase in low temperature Li-ion 

battery energy.  In certain embodiments (e.g., 0.5 wt% of A1 additive), we achieve the project target 

of 70% of 30°C energy density at -20°C when discharging at C/3 rate. 

2. We confirm that the improved low temperature performance of our additives is a result of a sizable 

decrease in charge transfer resistance in the cell compared to the Gen 2 electrolyte baseline.  Only a 

modest rise in SEI resistance is observed when employing our additive. 

3. The chemistry of the formation cycling is clearly impacted by additive inclusion, as an increase in H2 

evolution is observed with increasing additive concentration. 
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4. Electrophoretic NMR is used to dramatically improve reproducibility of transference number and 

thermodynamic factor measurements of liquid electrolytes when compared to measuring these 

parameters using symmetric Li-Li cells. 
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Project Introduction 

Electric vehicles require Li-ion batteries (LIB) that not only have high energy/power densities at low cost, but 

also can achieve superior performances at low temperature (LT) environment (< 0°C). However, current 

battery technology has not yet met the satisfactory LT performance requirement, in large part due to the 

limitation in the electrolyte and the electrolyte-derived electrode/electrolyte interfaces. Particularly at LT, the 

electrolyte ionic conductivity is significantly reduced, and the interface impedances are significantly increased, 

severely limiting the energy/power of LIB and potentially causing undesired lithium plating. [1] This project 

aims to improve the electrolyte performances at LT using fluorinated solvents. 

Objectives 

The objective is to develop electrolytes that enable LIB to deliver > 70% of usable energy at -20°C compared 

to the normal battery operating temperature (30°C) at C/3 rate, and to achieve excellent cycling performances 

and calendar life at high temperatures (40°C-60°C). 

Approach  

Our first approach is to use fluorinated carbonates as co-solvents for the state-of-the-art (SOA) electrolyte. Due 

to the weaker polar-polar interaction in fluorine-containing groups, fluorinated carbonates are anticipated to 

show lower melting points than their non-fluorinated counterparts, which can be beneficial for LT application. 

Moreover, our previous studies demonstrated that fluorinated carbonates can significantly improve high 

temperature cycling performances of LIB. [2-4] Thus, incorporating fluorinated carbonates into the SOA 

electrolyte can potentially improve the performances of LIB at both low and high temperature.  

Our second approach is to use fluorinated carboxylate esters as single solvents with solid-electrolyte 

interphases (SEI)-forming additives. Carboxylate esters generally have very low melting points, good 

dielectric constants, and low viscosities; thus, it is anticipated that carboxylate esters and its fluorinated 

derivatives can likely maintain excellent ionic conductivities at LT. Previous studies have reported the use of 

carboxylate esters or fluorinated carboxylate esters as co-solvents in the SOA electrolyte for LIB; [5, 6] 

however, their use as single solvents is less explored. The major challenge of using carboxylate esters is that 

carboxylate esters cannot form stable graphite SEI and thus SEI-forming additives are required. 

Results  

Design principle of fluorinated ester-based electrolytes 

Compared to the conventional Gen 2 electrolytes with ethylene carbonate and ethyl methyl carbonate co-

solvent (1.2 M LiPF6 in EC/EMC w/w=3/7), the state-of-the-art electrolyte for low temperature performances 

includes ethyl acetate (EA) solvent with fluoroethylene carbonate (FEC) co-solvent. We reconfirmed the 

mailto:zzhang@anl.gov
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superiority of EA solvent compared to ethyl butyrate (EB) solvent. Although EA has a low melting point and 

high ionic conductivity, it exhibits a stronger binding to Li+ ions than EMC due to the absence of an electron-

withdrawing ester group, resulting in a higher desolvation energy. To decrease the desolvation energy, one of 

the limiting factors of Li+ ion kinetics at low temperatures, we functionalized the terminal methyl group (-CH3) 

to trifluoro methyl group (-CF3), a strong electron-withdrawing group. In addition, the fluorination enhances 

high voltage stability with reduced the highest occupied molecular orbital (HOMO) levels, preventing the 

possible oxidation of hydrogen at high voltage. 

 

Figure XIV.2.1  (a) Binding energies of each solvent with Li ion. The dielectric constant for implicit solvation model was 6.02, and 

they were calibrated to EA = 0 eV. (b) 19F- and (c) 7Li-NMR spectra of different electrolytes. (d) Coordination number in Li solvation 

sheath of different electrolytes from MD simulation. (e) Ionic conductivities of different electrolytes at various temperatures, and (f) 

their calculated activation energies (Ea) from plots (e). 

To further appreciate the different electron-withdrawing effect, we calculated binding energies of each solvent 

with a Li+ ion (Figure XIV.2.1a). We applied implicit solvation effect for the calculations because Li+ ions 

were chelated by f-EA and f-EA-f in gas phase, which is not feasible in electrolytes. The dielectric constant for 

implicit solvation effect was 6.02, and they were calibrated to EA = 0 eV. Note that a higher binding energy 

means relatively weaker binding to a Li ion. FEC had a higher binding energy (0.06 eV) than EC (–0.03 eV) 

due to the fluorination effect. In the case of EA-derivatives, EA-f, f-EA, and f-EA-f showed much higher 

binding energies of 0.11, 0.14, and 0.28 eV, respectively, than 0 eV of EA. The relative binding energies allow 

to expect solvation structures in co-solvent systems in a way that solvent with lower binding energy would 

aggressively solvate Li ions. It is noteworthy that while FEC has a higher binding energy than EA, EA-

derivatives have higher binding energies than FEC. A weaker interaction between Li+ and the solvent 

correlates with a higher participation of FEC in the Li solvation shell in EA-derivative electrolytes, however 

the interaction between the co-solvents as well as entropic effects can influence the speciation of the Li 

solvation.  

Understanding solvation structures in electrolytes is important because solvents coordinated with Li are likely 

to be reduced to form the SEI layer. The degree of ion-pairing also affects solubility and ionic conductivity. 

We used FEC co-solvent with 10 vol% since pure EA or EA-f solvents cannot stabilize the SEI layer. To 

analyze the solvation structures, we conducted nuclear magnetic resonance (NMR) characterization for each 

electrolyte. From the 19F-NMR spectra in Figure XIV.2.1b, the doublet of PF6
– in 1 M LiPF6 in EA/FEC (9/1) 

(EA electrolyte) was down-field shifted compared to Gen 2, indicating a lower ion-pair ratio. The peaks of 

PF6
– were gradually up-field shifted as the concentration increased, showing ion-clustering at high 
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concentrations. While the peaks of PF6
– in 1 M LiPF6 in EA-f/FEC (9/1) (EA-f electrolyte) were comparable to 

those in 3 M EA electrolyte or Gen 2, the peaks of PF6
– in 1 M LiPF6 in f-EA/FEC (9/1) (f-EA electrolyte) 

were the most up-field shifted. f-EA-f electrolytes could not be measured because 1 M LiPF6 was not soluble 

in f-EA-f/FEC (9/1) solvent even at room temperature. 

The trend of peak shift was continued in the 7Li-NMR spectra (Figure XIV.2.1c). As Li ions are solvated by 

solvents and anions, the corresponding Li peak shift can be considered as the sum of solvent and anion effects. 

Compared to –1.27 ppm in Gen 2, the Li peak in EA electrolyte was significantly down-field shifted to –0.39 

ppm, implying a low portion of PF6
– in solvation structures. As the concentration increased, the Li peaks were 

up-field shifted due to the participation of PF6
– in solvation structures. The Li peak in EA-f electrolyte was 

comparable to 3 M EA electrolyte, and they were still significantly down-field shifted to –0.82 ppm compared 

to Gen 2, indicating the weak binding of EA-f to Li+ ions. The Li peak in f-EA electrolyte was similar to Gen 2 

because of the sum of high portion of ion-pair and weak binding of f-EA. The solvation structure modification 

was reconfirmed by molecular dynamics (MD) simulations (Figure XIV.2.1d). There is a strict trend in 

coordination number changes. In an order of EA, EA-f, f-EA, and f-EA-f, the coordination number of EA-

derivative solvents decreased, and those of FEC or PF6
– increased due to the weakened binding energies of 

EA-derivative solvents. This NMR characterization and MD simulation explain the modified solvation 

structures and energies in the EA-derivative electrolytes. 

Ionic conductivities on various temperatures of different electrolytes were measured by electrochemical 

impedance spectroscopy (EIS) characterization using bulk electrolytes (Figure XIV.2.1e and Figure XIV.2.1f). 

As known in the literature, the EA electrolyte had higher ionic conductivity than Gen 2, due to its lower 

viscosity and lower ion-pair ratio (high dissociation). As the concentration increased to 3 M, the ionic 

conductivities decreased with a high activation energy of 8.0 kJ mol–1 because of the increased ion-pair ratio. 

In the case of EA-f electrolyte, the ionic conductivities were slightly lower than Gen 2, but they were high 

enough above 2.4 mS cm–1 to sustain ion transport at low temperatures. In the case of f-EA electrolytes, 

however, the ionic conductivity was significantly low to 1.5 mS cm–1 at room temperature, and it dropped to 

0.2 mS cm–1 at –20oC because LiPF6 salt in electrolytes was precipitated under –20oC. This confirmed that 

weak binding energy of fluorinated solvents leads to trade-offs between desirable physical properties. 

SEI layers and interfacial resistance 

In our previous paper, we unveiled that the SEI layer plays a crucial role in rate capability and stability at low 

temperatures.[7] With that in mind, we added 0.1M LiDFOB to EA-f electrolyte as an additive to modify the 

SEI layer. The optimized electrolyte was 0.9 M LiPF6 + 0.1 M LiDFOB in EA-f/FEC (9/1). The SEI layer 

formation can be seen in dQ/dV profiles of NMC622/graphite cells at a first charging step. In the Figure 

XIV.2.2a, there was an EC reduction peak at 3.0 V in Gen 2. While there was a free FEC reduction peak at 2.7 

V in EA electrolyte, Li+-coordinated FEC was reduced earlier at 2.3 V in EA-f electrolyte. This is well 

matched with the coordination number change of FEC in electrolytes from MD simulations. In the EA-f 

electrolyte with LiDFOB additive, DFOB– was reduced earlier than Li+-coordinated FEC, forming an ion-

conductive SEI layer. [8-9] In the case of f-EA electrolyte, f-EA solvent was reduced earlier than FEC and 

showed high peaks at 2.6 and 2.7 V due to the high reduction potential. In order to analyze the composition of 

SEI layers, we conducted X-ray photoelectron spectroscopy (XPS) characterization of graphite anodes in 

different electrolytes after three formation cycles. Based on the atomic ratio in Figure XIV.2.2b we observe 

that the prevalence of Li and O were higher in the EA-f electrolyte than EA electrolytes, likely due to the 

reduction of Li+-coordinated FEC. The fraction of O and C were further enlarged in EA-f electrolyte with 

LiDFOB additive, correlating to the active reduction of DFOB–. Deconvolution of each element in the XPS 

spectra clarified the functional groups of reduction products. The participation of Li+-coordinated FEC in the 

EA-f electrolyte caused a large peak from the C=O bond at 532 eV in O 1s spectra. The addition of LiDFOB 

further modified the SEI layer, leading to less LiF and more organic compounds, exhibiting C=O, OCOO, and 

O-C=O bonds. In the case of cathodes in the different electrolytes, there was no significant difference in the 

components on the surface. 



Batteries 

804 Next Generation Lithium-Ion Materials: Low Temperature Electrolytes 

 

Figure XIV.2.2  (a) dQ/dV profiles of graphite|NMC622 cells with different electrolytes during 1st charging. (b) Atomic ratio and XPS 

spectra of (c) C 1s, (d) F 1s, and (e) O 1s of cycled graphite anodes after three formation cycles with different electrolytes. 

To appreciate the effect of SEI layer and modified solvation structures to interfacial resistance, we measured 

temperature-dependent electrochemical impedance spectroscopy (EIS) for NMC622/graphite cells with 

different electrolytes at charged state to 3.7 V after three formation cycles (Figure XIV.2.3). It is evident that 

as the temperature decreased, the total resistances increased due to the lower thermal energy of Li+ ions for 

electrochemical reactions. While Gen 2 and EA electrolytes showed large total resistances to 365 Ω and 315 Ω 

at –20oC, respectively, EA-f electrolyte showed a much lower total resistance to 207 Ω at –20oC. In the case of 

the f-EA electrolyte, it showed the highest total resistance of 375 Ω at –20oC; presumably due to low Li+ ion 

solubility and ionic conductivity at low temperatures. To compare each resistance component contribution, we 

deconvoluted and extracted the charge transfer resistance at the anode (Rct-anode) and charge transfer resistance 

at the cathode (Rct-cathode) from the measured data, since those two components are known as limiting factors at 

low temperatures (Figure XIV.2.3e and Figure XIV.2.3f). In the Arrhenius plot of Rct-anode, Gen 2 showed the 

lowest resistance due to the ion-conductive SEI layer derived from EC reduction. While the EA electrolyte 

showed the highest resistance, EA-f and EA-f with LiDFOB additive showed relatively low resistances, likely 

due to the weaker solvation structure and modified SEI layer. In the case of Rct-cathode, since there was no major 

difference in CEI layer composition, the weaker solvation effect was directly observed. While EA electrolyte 

showed similar resistances to Gen 2, EA-f and EA-f with LiDFOB additive showed much smaller resistances. 

The temperature-dependent EIS measurement shows that the weak solvation structures in EA-f electrolytes 

improve the interfacial kinetics with the support of a modified SEI layer. 
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Figure XIV.2.3  Nyquist plots of graphite|NMC622 cells with (a) Gen 2, (b) 1M LiPF6 in EA/FEC (9/1), (c) 1M LiPF6 in EA-f/FEC 

(9/1), and (d) 0.9M LiPF6 0.1M LiDFOB in EA-f/FEC (9/1) electrolyte at various temperatures. Arrhenius plots of (e) Rct-anode, and 

(f) Rct-cathode fitted from (a-d). 

Electrochemical performances 

One of the advantages of fluorination is high oxidation stability. To compare the stability of electrolytes, we 

conducted a voltage holding test of NMC622/graphite cells with different electrolytes with a voltage step from 

4.4 V to 4.9 V for 10 hours in each step (Figure XIV.2.4a). In the case of Gen 2, the leakage current sustained 

low up to 4.8 V, but started slightly increasing at 4.9 V. While the EA electrolyte showed a leakage current 

above 4.6 V, which rapidly increases at 4.9 V, EA-f and EA-f with LiDFOB additive maintained a low leakage 

current up to 4.9 V, indicating their superior oxidation stability. These results suggest the application of EA-f 

electrolytes to high voltage cathodes such as LiMn2O4 or LiNi0.5Mn1.5O4. We measured rate capability of 

electrolytes at 25oC and –20oC (Figure XIV.2.4b and 4c). At room temperature, when various C-rates were 

applied from C/10 to 4 C, Gen 2 and EA electrolyte showed similar capacities of 116 and 113 mAhg–1 at 4 C, 

respectively. In contrast, EA-f electrolyte with LiDFOB additive showed the best rate capability and delivered 

138 mAhg–1 at 4C due to the weak solvation structure and modified SEI layer. As shown in the voltage profiles 

with normalized capacity, the overpotential evolution of Gen 2 approached 0.62 V at 4 C, whereas that of EA-f 

electrolyte with LiDFOB additive maintained a low overpotential of 0.4 V at 4 C.  

When the temperature decreased to –20oC, the difference in rate capability between the electrolytes was further 

diverged. When a current of 1C was applied at –20oC, Gen 2 only exhibited 33 mAhg–1 capacity, while EA-f 

electrolyte with LiDFOB additive still maintained a high capacity of 70 mAhg–1. In the voltage profiles of rate 

capabilities at –20oC Gen 2 showed a high overpotential of 1.1 V at 1 C while the EA-f electrolyte with 

LiDFOB additive remained at 0.77 V at 1 C. To exclude the effect of high ion-pair ratio in electrolytes, we 

tested 2 M and 3 M EA electrolytes with same test conditions, and in the case of 3 M EA electrolyte, it showed 

better rate capability than Gen 2 at 25oC, but poor capability at –20oC due to the ion clustering and low ionic 

conductivity. Poor performance was also observed in f-EA electrolyte, reconfirming the trade-off relation 

between the weak solvation structure and electrochemical performance. Finally, superior rate capabilities of 

EA-f electrolytes were found in Li metal batteries, showing the best capacity retention at 25oC and –20oC.  

Long-term cyclability at high C-rates and low temperatures is considered as one of the challenging aspects in 

LIBs. To prove the superiority of our electrolytes, we conducted long-term cycling tests with various 

conditions (Figure XIV.2.4d-4f). When a current of 2 C was applied at 25oC, the EA electrolyte gradually 

decayed to a capacity retention of 73% after 400 cycles, while the EA-f electrolyte with LiDFOB additive 
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showed the best capacity retention of 91% after 400 cycles. This trend continues at a further high current of 6 

C. While Gen 2 rapidly degraded to 34% within 50 cycles, the EA-f electrolyte with LiDFOB additive showed 

the best capacity retention of 85% even after 500 cycles. When a current of C/3 was applied at –20oC, Gen 2 

and EA electrolytes showed a severe capacity degradation, corresponding to 7.5% and 34% capacity retention 

after 300 cycles, respectively. In stark contrast, the EA-f electrolyte with LiDFOB additive showed a 

negligible capacity loss and retained 97% capacity even after 300 cycles. This cycling test result reveals the 

superior stability of our electrolyte for fast charging and low temperature operations. 

 
 

Figure XIV.2.4  (a) Voltage holding test of graphite|NMC622 cells with different electrolytes from 4.4 V to 4.9 V. C-rate capability 

with different electrolytes at (b) 25oC and (c) –20oC. Cyclability at (d) 2 C and (e) 6 C rate with different electrolytes at 25oC. (f) 

Cyclability at C/3 rate with different electrolytes at –20oC. 

Conclusions   

In summary, we have systematically investigated the effect of the position and degree of fluorination in EA 

solvent on electrochemical performances. We reveal that a high degree of fluorination or fluorination close to 

ester group imposes more electron-withdrawing effect, resulting in low atomic charges, low binding energies 

to Li+ ions, low ionic conductivities, and poor solubilities at low temperatures. Since interfacial resistance is 

governed by the kinetics of Li+ ion desolvation, charge transfer across the SEI and ion conductivity, EA-f 

electrolyte shows the best electrochemical performance at sub-zero temperature. EA-f effectively balances the 

property trade-offs associated with fluorination, outperforming both f-EA and f-EA-f based electrolytes. This 

study provides a deep insight on design principles of novel fluorinated electrolytes for LIBs operating at low 

temperatures. 
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Project Introduction 

While the energy density and cost of batteries powering electric vehicles are becoming competitive with 

internal combustion engines, there are still several critical issues that need to be addressed. The low 

temperature performance of the batteries and the fast charge capability are two of them. Current lithium-ion 

batteries (LIB) experience a significant capacity drop down to about one fifth of its room temperature capacity 

at -30°C. Current LIB electrolyte is often based on ethylene carbonate (EC) as a major solvent component due 

to the high dielectric constant and formation of an excellent solid-electrolyte-interphase (SEI) on the graphite 

anode. Unfortunately, EC has a rather high melting point (37°C), leading to significantly increased viscosity 

and severely decreased Li+ conductivity at low temperatures. LIB also has high impedance at low temperature 

due to the sluggish Li+ transport through SEI. These issues result in the much-decreased capacity and poor 

cyclability at low temperature. Therefore, to improve the low temperature performance of LIB, it is critical to 

develop new electrolyte system that has low viscosity, high Li+ conductivity, and is able to form stable and 

low-impedance interphase on both anode and cathode. This consortium, with team members of Brookhaven 

National Laboratory (BNL), DEVCOM Army Research Laboratory (ARL), University of Maryland (UMD), 

and University of Rhode Island (URI), addresses the low temperature electrolyte challenge through integrated 

molecular modeling, electrolyte components design, synthesis, testing, and advanced characterization. 

Objectives 

The project objective is to develop next generation electrolyte formulations that enable the Li-ion batteries to 

deliver >70% of room temperature energy at -20°C, while still meeting the United States Advanced Battery 

Consortium (USABC) Operating Environment Conditions (-30°C to +52°C), fast charge capability, calendar 

life testing at 30°C, 40°C, 50°C, and 60°C.  

Approach  

Up to date, most low temperature electrolyte development efforts have been focused on adjusting a 

combination of different commercially available solvents only, and a decent low-temperature performance can 

only be achieved by sacrificing other properties such as high-temperature and high voltage performance. 

Keeping the goals of automobile application in mind, to achieve the desired low temperature performance 

while maintaining other performance, we need to design new electrolyte systems using an integrated approach 

mailto:xyang@bnl.gov
mailto:enhu@bnl.gov
mailto:Tien.Duong@ee.doe.gov
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starting from theoretical calculations of the new electrolytes, understanding the electrolyte-electrode 

interphases, to the synthesis of new solvents, salts, and additives, as well as advanced characterizations of the 

electrolyte systems in actual battery environments. Molecular modeling has been used to predict the transport 

property, electronic structure and the initial solid electrolyte interphase (SEI) formation mechanisms to 

propose possible candidates that have high Li+ conductivity, good stability, as well as low-impedance SEI. 

These candidates have been or will be synthesized and purified for experimental validation. The new 

electrolyte system is subject to a series of electrochemical testing and diagnostic studies for performance 

evaluation and mechanistic studies. These knowledges provide feedback to the theoretical model for better 

understanding and more accurate predictions.  

Solvent candidates to be explored include but are not limited to ethers, esters, nitriles and their fluorine-

substituted derivatives. Salt candidates include lithium tetrafluoroborate (LiBF4), lithium hexafluorophosphate 

(LiPF6), lithium bis(fluorosulfonyl) imide (LiFSI), lithium bis(trifluoromethanesulfonyl) imide (LiTFSI), 

lithium bis(oxalato) borate (LiBOB), and lithium difluorooxalatoborate (LiDFOB) etc. Additive candidates 

include vinylene carbonate (VC), fluoro ethylene carbonate (FEC), phosphites, phosphates, sulfones, sultones, 

and sulfates.  

New electrolyte systems are subject to a series of characterizations and theoretical calculations such as Infrared 

and Raman spectroscopies as well as x-ray and neutron pair distribution function (xPDF and nPDF) analysis. 

The results have been analyzed together with molecular dynamic (MD) calculations to understand the structure 

of the electrolyte. The SEI and cathode-electrolyte-interphase (CEI) components are subject to 

characterizations such as high energy x-ray photoelectron spectroscopy (HAXPES), resonant inelastic x-ray 

scattering (RIXS), x-ray absorption spectroscopy (XAS), x-ray photoemission electron microscopy (XPEEM), 

as well as cryo transmission electron microscopy (Cryo TEM) to obtain the structure, depth-profiling, and 

chemical distribution in the battery interphases. 

Results  

At BNL, new isoxazole-based electrolytes have been developed and their application for lithium metal 

batteries has been investigated. Isoxazole-based localized high concentration electrolytes (LHCEs) with FEC 

additive can significantly enhance the stability and functionality of SEI, and a high Coulombic efficiency (CE) 

of 98.6% was achieved, benefitted from the FSI- and FEC derived better SEI with LiF and sulfur-rich 

components. With a lower isoxazole/TTE volume ratio in LHCE-TTE4.5, better SEI was formed, resulting in a 

superior electrochemical performance at low temperature. The Li/SPAN cell using LHCE-TTE4.5 delivered 

340.7 mAh g-1 at -20°C and 273.8 mAh g-1 at -30°C, with 99.85% capacity retention after 50 cycles at -30°C 

as shown in Figure XIV.3.1. This work demonstrated the importance of SEI for low-temperature applications. 

Compared with the bulk ionic conductivity of electrolyte, the stability and impedance of the SEI have a 

significantly greater impact on the electrochemical performance at low temperatures. These results provide 

valuable information for developing and screening new electrolytes for low-temperature applications.  
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Figure XIV.3.1  (a) ionic conductivity of LHCE-TTE3 and LHCE-TTE4.5. (b) Charge-discharge voltage profile of Li/SPAN cells at 

−20°C (dot line) and −30°C (solid line) using LHCE-TTE3 (blue) and LHCE-TTE4.5 (red). (c) Li-SPAN cycling stability at −30°C using 

LHCE-TTE3 (blue) and LHCE-TTE4.5 (red). (d) EIS results of Li/SPAN cells after 50 cycles at −30°C. 

In LHCE electrolytes, the lowest unoccupied molecular orbital (LUMO) is shifted to the anion, generating an 

anion-derived interphase. (Sulfur is the unique element in FSI- only, not in any of the solvents. Therefore, 

sulfur K-edge XAS was carried out to identify the composition of the sulfur species from FSI- reduction in the 

interphase of cycled Li/Cu cells at BNL. As shown in Figure XIV.3.2(a), FSI anions were decomposed in both 

LHCE-TTE3 and LHCE-TTE4.5 electrolytes, generating Li2S, SO3
2-, and COSO2- species with similar 

intensity distribution. X-ray fluorescence (XRF) imaging was performed to investigate the spatial distribution 

of sulfur species. As shown in Figure XIV.3.2(b) and Figure XIV.3.2(c), relative homogenous sulfur species 

distribution was observed in both systems, indicating homogenous FSI- derived interphase formation. Higher 

sulfur signal intensity in (c) suggests more sulfur species in the interphase when using LHCE-TTE4.5 

electrolyte, which is attributed to more anions located inside the solvation structure due to lower IZ amount in 

LHCE-TTE4.5. Compared with the solvent derived SEI generated using baseline electrolyte DOL/DME, 

which is consisting of mostly organic species, our LHCEs provided better Li metal passivation, enabling 

uniform and dense Li deposition and higher CE. 
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Figure XIV.3.2  (a) Sulfur K-edge X-ray absorption spectroscopy (XAS) of Cu foil with deposited lithium in Li/Cu cells. X-ray 

fluorescence images of sulfur species on Cu foil collected at 2482 eV using (b) LHCE-TTE3 and (c) LHCE-TTE4.5. 

At University of Rhode Island (URI), various ester-based electrolytes using alternative Li salts have been 

systematically studied. Long term cycling performance at -20 ˚C for ester-based electrolytes with alternative Li 

salts are presented in Figure XIV.3.3.  Reversible capacities for cells cycled with methyl acetate (MA) and 

fluoroethylene carbonate (FEC) ester-based electrolyte for all the alternative Li salts outperformed cycling 

with the STD electrolyte (average capacity of 82 mAhg-1) at the same conditions. While the best capacities 

were observed for the LiBF4-MA electrolyte (average capacity of 96 mAhg-1), cells containing the LiDFOB 

salt in both MA/FEC (average capacity of 94 mAhg-1) and in methyl propionate (MP)/FEC (average capacity 

of 87 mAhg-1) have improved low temperature performance. The improved performance observed with 

MA/FEC is most likely due to the reduced viscosity coming from smaller molecule ester chain of MA 

compared to MP. 

 

Figure XIV.3.3  Cycling performance of NMC 622 | graphite cells with (a) 1M LiPF6 (b) 1M LiBF4 (c) 1M LiDFOB as the salt at C/5 

charge and C/3 discharge rate rates at -20°C. 
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The FE-SEM with EDX layered image and the elemental mapping images of the graphite electrodes after 50 

cycles at -20°C with different electrolyte systems are provided in Figure XIV.3.4. After low temperature 

cycling, SEM images reveal significantly different morphology on the surface of the graphite particles in the 

two electrolyte systems containing LiPF6. Graphite particles cycled with the STD electrolyte have a grainy 

rough surface, the EDX elemental mapping reveals that the granular shaped particles have a high concentration 

of oxygen. The granular shaped particles are likely EC decomposition species such as Li2CO3 and lithium 

alkyl carbonates. Graphite anodes cycled with LiPF6-MA electrolyte generate a much smoother surface film on 

graphite. The spherical LiF particles formed on the graphite surface in cells containing LiBF4-MA during the 

initial formation cycling have not changed in shape or size upon the additional cycling. However, after the 

long-term cycling at -20°C, rod like structures are observed on the graphite particles which can be identified as 

plated lithium from the EDX mapping. 

 

 
 

Figure XIV.3.4  FE-SEM (top) and SEM-EDX overlay images (center) and SEM-EDX elemental mapping (bottom, Blue- Carbon, Red- 

Oxygen, Green-Fluorine, light blue- Boron) of the SEI layer after 50 cycles at -20°C with each electrolyte formulation. 

The University of Maryland at College Park (UMD) team developed a new innovative group of soft solvating 

electrolytes and the design principle for low temperature operation. As shown in Figure XIV.3.5a, the 

NMC811||graphite full cells using these new electrolytes with TTE diluent (F1, F2, F3) have significantly 

improved capacity retention than the  EC/DEC baseline electrolyte. The F1 electrolyte enables the best 

capacity retention of 80.1% after 400 cycles with a high average CE of 99.94%. The F1 electrolyte also has 

excellent rate capability. As shown in Figure XIV.3.5b, the fast charging/discharging capability of the 

NMC811 (2.5 mAh/cm2) || graphite full cells using F1 electrolyte at 25°C are the the follwoing: 202 mAh/g at 

1C rate; 185 mAh/g at 2C rate; 169 mAh/g at 3C rate; and 140 mAh/g at 4C rate. 
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Figure XIV.3.5  (a). Cycling performance of TTE based new electrolytes in NMC811 (2.5 mAh/cm2) || graphite full cells in 

caomparision with baseline electrolyte at 0.5 C rate under 25°C (3.0-4.5 V). (b) Rate performance of F1 electrolytes in NMC811 

(2.5 mAh/cm2) || graphite full cells at 25°C, and corresponding voltage profiles 

The NMC811||graphite full cells using F1 electrolytes exhibited exceptional low temperatures performance 

at -30°C and -40°C.  As shown in Figure XIV.3.6a, at -30°C, the capacity retains 93.9% capacity after 260 

cycles with an average Coulombic efficiency of 99.98%. In comparison, the EC/DEC baseline electrolyte 

completely failed to operate at -30°C due to the solidification of the EC in the electrolyte. Figure XIV.3.6b 

shows the cycling performance of F1 at 0.1 C rate under different temperatures (60°C, 25°C, 0°C, -20°C, -

30°C, -40°C, -50°C, -60°C), and the voltage profiles of the cells using F1 electrolyte. The capacities at 

different temperatures and their percentage of room temperature are: 0oC: 206.8 mAh/g (95%), -20°C: 194.5 

mAh/g (90%), -30°C: 188.7 mAh/g (87%), -40°C: 184.6 mAh/g (85%), -50°C: 161.0 mAh/g (75%), -60°C: 

115.5 mAh/g (54%). 
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Figure XIV.3.6  (a). Long cycling performance of F1 electrolytes in NMC811 (2.5 mAh/cm2) || graphite full cells at 0.2 C rate 

at -30°C /-40°C. (b) Cycling performance at 0.1 C under different temperatures (60°C, 25°C, 

0°C, -20°C, -30°C, -40°C, -50°C, -60°C), and voltage profiles using F1 electrolyte 

Using this F1-based electrolyte, a NMC811||graphite pouch cells with N/P ratio of 1.1 and areal capacity of 2.5 

mAh cm-2 was built tested. As shown in Figure XIV.3.7, a charge/discharge capacity of 160.2 mAh/g at 0.2 C 

under -30°C was obtained with average CE of 99.93% and capacity retention of 82.8% after 350cycles. Even 

at higher C-rates of 0.3 C and 0.4 C, the pouch cell shows capacities of 152.6 mAh/g and 134.6 mAh/g 

respectively.   

 

Figure XIV.3.7  Low temperature charge and discharge cycling performance of NMC811||graphite pouch cell under -30°C.  
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The ionic conductivity study at different temperature, Differential scanning calorimetry (DSC) measurement, 

and x-ray pair distribution function (PDF) study of these soft solvating electrolytes were carried out with the 

results shown in Figure XIV.3.8. As shown in Figure XIV.3.8a, the ionic conductivities of the soft-solvating 

electrolytes (F1, F2,F3) are much higher than those of the EC/DEC baseline electrolyte at temperatures below 

−20 °C. The DSC results in Figure XIV.3.8b, shown that none of the F1-F3 electrolytes undergo a phase 

change over ±90°C. As shown in Figure XIV.3.8c. The experimental x-ray PDF data was performed on the F1 

electrolytes and its components including TTE diluent. An excellent agreement was observed between the 

experimentally measured PDF and molecular dynamic (MD) simulation predictions, indicating ability of the 

developed force field to accurately predict electrolyte and solvent structure in MD simulations in addition to 

the excellent agreement observed between MD predicted ionic conductivity and experiments shown in Figure 

XIV.3.8a.  

   
 

Figure XIV.3.8  (a) Temperature dependence of the conductivity of different electrolytes. For comparison, red stars represent 

conductivity values predicted with Molecular dynamics (MD). (b) Differential scanning calorimetry (DSC) cooling and heating 

curves of different electrolytes. Electrolytes were cooled to -90°C and then heated up to 90°C with 2°C/min, indicating wide 

temperature stability. (c) PDF data of F1 electrolyte, and single solvents. Greyline: experiment data; Redline: MD simulation 

predictions 

A muscript outlining the development methodology and performance of the soft solvating electrolytes 

demonstrating wide temperature battery operations has been accepted for publication in by Nature (2023). A 

US Provisional patent was filed for these new electrolytes on November 23, 2021 (US Provisional number 

63/264504). Low-polarity-solvent electrolytes are introduced to enhance the Li+ transport kinetics both in and 

across the  electrode/electrolyte interphases at low temperatures, which enables the NMC811||graphite cell to 

operate in a wide temperature range from −40 °C to 50 °C, delivering a high capacity of 113 mAh g−1 (out of 

117 mAh g−1 of the full cell) at 25 °C and maintaining 81 % of its room-temperature capacity at −20 °C at a 

current density of 1/3 C. The results were published on Angewandte Chemie International Edition in July 

2022.  

DEVCOM Amy research Lab (ARL) carried out molecular modeling of the electrolytes structure and transport 

using molecular dynamics (MD) simulations combined with density functional theory (DFT) calculations 

aimed at understanding electrochemical stability window and initial decomposition pathways of the electrolyte 

solvents/diluents and salts.  

An in-depth analysis of the structure and transport mechanism of the baseline 1M LiPF6 in EC:DMC 

electrolyte was performed and published in 2022 in Angew. Chem. Int. Ed 2022, 61, e202205967, J. 

Electrochem. Soc 2022, 169, 100540. Unlike the relatively homogeneous structure found in the baseline 

electrolyte, a nano-domain structure was observed in MD simulations of the LiFSI(EMC)1.6 in TTE diluent 

electrolyte. A Li+ cation has the highest affinity to carbonyl oxygens Oc(EMC) followed by the oxygens from 

FSI- and is largely located in the LiFSI(EMC)1.6 domain with heavy salt aggregation with only a few percent of 

Li+ situated in the TTE-rich domain. In agreement with FTIR performed by UMD, the majority (>97%) of 

carbonyl oxygens of EMC are coordinated to Li+, indicating an absence of free [not bound to Li+] EMC 

solvent that would be more susceptible to oxidation than Li+EMC bond complexes. The presence of 0.11F 

from TTE coordinating a Li+ and the absence of the Li+ O(TTE) coordination reflects a weak interaction 
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between the LiFSI(EMC)1.6-rich domains and TTE diluent, which is consistent with the FTIR result. A 

preferential reductive decomposition of LiFSI-based aggregates above 1.6 V and Li-TTE reduction are 

predicted by DFT calculations. A detailed analysis of the desolvation energy for the Li+ solvates revealed 

lower Li+ desolvation for the positively charged Li+ solvates in LiFSI(EMC)1.6 in TTE electrolyte compared to 

that in the baseline electrolyte in agreement with the lower activation energy for the interfacial resistance 

experimentally observed by UMD for LiFSI(EMC)1.6 in TTE electrolyte compared to baseline (see Angew. 

Chem. Int. Ed 2022, 61, e202205967). A difference in the SEI composition, desolvation energy and faster bulk 

transport at lower temperatures (below −30 °C) is responsible for the experimentally observed improved 

capacity retention at lower temperatures for graphite || NMC 811 cells by UMD. 

MD simulations of the F1-based soft solvation electrolyte with an co-solvent and TTE diluent predicted  the 

Li+ is largely located in the yellow domain coordinated by F1 solvent, while TTE diluent and co-solvents were 

located in a blue domain Figure XIV.3.9a. Despite high degree of contact ion pair formation and salt 

aggregation shown in Figure XIV.3.9(b-c), conductivity of the F1-based electrolyte exceeds that of the 

baseline electrolyte Figure XIV.3.8 below −30 °C. Much higher fraction of free Li+ (no counterion 

coordination) compared to free TFSI- rationalizes high transference number observed experimentally and in 

MD simulations.  DFT calculations were performed on 20 solvents and identified a co-solvent with very high 

reduction potential that formation of the LiF-reach SEI on both anode and cathode leading to balanced 

interfacial resistance as observed by UMD (see Nature 2023). 

 
 

Figure XIV.3.9  MD simulation results:  (a) a snapshot of the simulation box of F1 electrolyte. LiTFSI-F1 are highlighted by yellow 

isosurface, TTE and F4 by blue isosurface. (b) Walden plot for F1 electrolyte indicating strong ionic correlation. (c) Fraction of free 

Li+ and TFSI- defined as the ions not coordinated to any counterion within 5.0 Å of Li-N(TFSI) from MD simulations of F1 electrolyte. 

Low fraction of free ions is consistent with Walden plot. 

In collaboration with Prof. Shirley Meng at University of California at San Diego (UCSD), the bulk structures 

of the 1M LiFSI-Me2O and 1M LiFSI-Me2O-TFE(1,1,2-tetrafluoroethane)-PFE(pentafluoroethane) 

electrolytes were studied via MD simulations using APPLE&P force field as a function of temperature after 

validating its ability to predict the solvent–Li+ binding energy obtained using quantum chemistry (QC) 

calculations. This study was carried out by Oleg Borodin at ARL. The Li+–Me2O binding is the strongest, 

followed by Li+–TFE and Li+–PFE, indicating that TFE is more effective at salt dissociation than PFE. The 

MD simulations reveal a dominance of short, well-dispersed ionic aggregates in 1M LiFSI-Me2O, although 

much larger aggregates were found in 1M LiFSI-Me2O-TFE-PFE (Figure XIV.3.10d–f). A clear trend of an 

increasing extent of aggregation with increasing temperature is observed. This is consistent with increasing the 

Li+– FSI− coordination and decreasing the Li–ether oxygen coordination with increasing temperature (Figure 

XIV.3.10g). Through analysis of the radial distribution functions, representative solvates and coordination 

numbers reveal the strongest propensity for a Li+ to coordinate to the ether oxygen atoms of Me2O followed by 

the oxygen atoms of FSI− and fluorine atoms of TFE. No coordination of Li+ to the fluorine of PFE is 

observed, in alignment with QC results, indicating that the weakest binding of Li+ is to the PFE solvent, in 
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agreement with the Raman data (Figure XIV.3.10b). Fast mobility of the Li+ solvates dissociated from FSI- 

anions in a low viscosity TFE/PFE diluent mixture combined with the increased population of such solvates 

with decreasing temperature and fast ionic exchange in aggregates resulted in a near constant conductivity of 

1M LiFSI-Me2O-TFE electrolyte in a wide temperature range from −78 °C to +80 °C enabling excellent low 

temperature battery performance as discussed in Nature Energy 2022, 7 (6), 548-559. Also, nearly all (>94%) 

Me2O molecules are bound to Li+ in 1 M LiFSI-Me2O-TFE-PFE, resulting in improved oxidation stability due 

to a low fraction of “free” ether solvent that is known to undergo hydrogen transfer on the LiNiO2-like cathode 

surfaces.  

 

 

Figure XIV.3.10  Bulk structure and MD simulation results of the formulated electrolytes. a–c, Raman spectra of electrolytes at 

different LiFSI concentrations in Me2O and the 1 M LiFSI-Me2O-TFE-PFE mixture at 800–700 cm−1 (the S–N–S bending vibration 

of FSI−) (a), 880–820 cm−1 (the C–F stretching vibration of TFE and PFE molecules) (b) and 950–890 cm−1 (the C–O–C stretching 

vibration of Me2O) (c),    d–f, Snapshots of the MD simulation cell containing the representative Li+ solvates (d), 1 M LiFSI-Me2O (e) 

and 1 M LiFSI-Me2O-TFE-PFE (f) at 273 K. In e,f, the blue isosurfaces highlight the locations of Li+ and FSI−. Colors: Li, purple; C, 

grey; O, red; H, white; F, cyan; N, navy blue; S, yellow. g, Li+ coordination numbers of Li–EO bonding and Li–O (from LiFSI) bonding 

at different temperatures. EO, ether oxygen. 

Conclusions   

This project, “Synthesis, screening and characterization of novel low temperature electrolyte for lithium-ion 

batteries (BNL)”, has been successfully completed in FY2022. All milestones have been completed with 

results being disseminated in numerous publications/patents. Extensive collaboration with other national Labs, 

US universities and international research institutions were well established. 

Key Publications   

Patents 

1. A US Provisional patent was filed for these new electrolytes on November 23, 2021 (US Provisional 

number 63/264504). 
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XV Beyond Li-ion R&D: Metallic Lithium 
Rechargeable lithium metal batteries use metallic lithium as the negative electrode. The high specific capacity 

of lithium (3,860 mAh/g), very low redox potential (−3.040 V versus standard hydrogen electrode) and low 

density (0.59 g/cm3) make it the ideal anode material for high energy density battery technologies. 

Rechargeable lithium metal batteries could have a long run time due to the high charge density of lithium. 

The rest of this chapter contains detailed reports on the status of the following individual projects. 

• Lithium Dendrite Prevention for Lithium Batteries (PNNL) 

• Integrated Multiscale Model for Design of Robust 3-D Solid-state Lithium Batteries (LLNL) 

• Advanced Polymer Materials for Li-ion (SLAC) 

• Anode-Free Lithium Batteries (PNNL). 
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XV.1 Lithium Dendrite Prevention for Lithium Batteries (PNNL) 

Wu Xu, Principal Investigator 

Pacific Northwest National Laboratory 

902 Battelle Boulevard  

Richland, WA 99354 

E-mail: wu.xu@pnnl.gov  

Tien Duong, DOE Technology Development Manager  

U.S. Department of Energy 

E-mail: Tien.Duong@ee.doe.gov 

Start Date: October 1, 2021 End Date: September 30, 2022  

Project Funding (FY22): $400,000 DOE share: $400,000 Non-DOE share: $0 
 

Project Introduction 

Lithium (Li) metal is an ideal anode material for next-generation, high-energy-density, rechargeable batteries. 

However, the application of Li-metal anode has been hindered by concerns for safety and short cycle life. The 

safety concern regarding Li-metal batteries mainly arises from Li dendrite growth and electrolyte flammability; 

the short cycle life is largely associated with the high reactivity of Li metal with electrolyte and the Li loss due 

to formation of solid electrolyte interphase (SEI) and electrochemically inactive or “dead” Li during cycling. 

Although much progress has been achieved in suppressing Li dendrites and increasing Li Coulombic 

efficiency (CE) in liquid electrolytes in recent years, the intrinsic problems of Li-metal anode still exist. In 

FY21, we conducted three research areas: (1) continued to develop nonflammable polymer composite 

electrolytes (NPCEs) to enable improved safety feature of Li-metal batteries, (2) developed high thermal-

stability separators that have high Li CE, suppress Li dendrites, and are stable with high-voltage cathodes, and 

(3) developed current collectors with three-dimensional (3D) structure for Li-metal anode. In this fiscal year, 

we continued the evaluation of the effectiveness of separators with high thermal stability in improving the 

thermal stability of Li-metal batteries, and the development of 3D porous current collectors for Li-metal anode 

to suppress Li dendrite growth, increasing the utilization of Li metal and consequently extending the cycle life 

of Li-metal batteries. Meanwhile, we also conducted mechanistic studies on Li deposition behavior to lay 

groundwork for future improvement of Li-metal batteries. The success of this project will increase safety and 

cycle life of Li batteries and accelerate market acceptance of EVs, as required by the EV Everywhere Grand 

Challenge.  

Objectives 

The objective of this project is to enable Li metal to be used as an effective anode in Li-metal batteries with 

good thermal stability and safety. The investigation in FY22 focused on the following aspects: (1) continuing 

evaluation of separators with high thermal stability in Li-metal batteries, (2) developing 3D-structured, 

lightweight, flexible current collectors for Li-metal anode and Li-metal batteries, and (3) obtaining mechanistic 

insight on Li-metal deposition/stripping behavior.  

Approach  

The approach has encompassed the following areas: (1) continue comparative evaluation of separators with 

high thermal stability in Li||LiNi0.6Mn0.2Co0.2O2 (NMC622) cells during cycling and heating process, (2) 

develop current collectors with 3D structure for Li-metal anode to suppress Li dendrite growth, increase Li 

utilization, and extend cycle life of Li-metal batteries, and (3) conduct mechanistic studies on Li deposition 

behavior to lay groundwork for future improvement of Li-metal batteries. 

mailto:wu.xu@pnnl.gov
mailto:Tien.Duong@ee.doe.gov
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Results  

1. Safe dual separator based on high thermal-stability polymers and conventional polyethylene 

In FY21, polyimide, a high thermal stable polymer, was chosen to fabricate three-dimensionally ordered 

macroporous (3DOM) membrane and used as a separator in Li||NMC622 cells. The long-term cycling 

performances of Li||NMC622 cells using a single layer polyethylene (PE) separator (20 μm thick) and the PE-

PI/3DOM dual separator (where the PE was 7 µm thick and the 3DOM PI was 11 µm thick) were compared. 

The PE-PI/3DOM dual separator based cells exhibited much longer cycle life compared to the single layer PE-

based cells. To understand whether the improvement originates from the PI/3DOM, electrospun PI separator 

(hereinafter PI/electrospun) was fabricated as a reference for PI/3DOM in this fiscal year. The morphologies of 

20 μm PE, 7 μm PE, PI/3DOM and PI/electrospun separators by scanning electron microscopy (SEM) are 

summarized in Figure XV.1.1a-c. It is seen that 3-DOM PI and electrospun PI have significant difference in 

morphology. Moreover, the 20 μm PE has a different morphology than the 7 μm PE (used in PE-PI dual 

separators). The 20 μm PE separator exhibits both larger pore size and wider distribution of pore size. 

 

Figure XV.1.1  Morphologies of (a) single layer PE separator (20 μm), (b) 3DOM PI and 7 μm PE and (c) electrospun PI and 7 μm 

PE; (d), (e), (f) Morphologies of Li deposited on Cu with separators (a), (b) and (c) respectively, in the electrolyte of DME-LHCE (i.e. 

LiFSI-1.2DME-3TTE) at the current density of 0.4 mA cm-2 for 10 h. 

When using these separators in Li||copper (Cu) cells to check Li morphologies deposited on Cu substrates (in 

cells using dual separators, the 7 μm PE was in contact with Cu, and 75 µL electrolyte of Li 

bis(fluorosulfonyl)imide (LiFSI) in 1,2-dimethoxyethane (DME) and 1,1,2,2-tetrafluoroethyl-2,2,3,3-

tetrafluoropropyl ether (TTE) at 1:1.2:3 by mol., abbreviated as DME-LHCE), they lead to different Li 

deposits. As shown in Figure XV.1.1d, most Li deposits exhibit a granular morphology with sporadic dendrites 

when the 20 μm PE is used. However, after using the dual separators with 7 μm PE, the dendritic Li is not 

observed (Figure XV.1.1e,f). Li deposits exhibit similar morphologies in both dual separator cells, despite the 

PI membranes have significantly different morphologies. It suggests that the morphology of Li deposited on 

Cu substrate is mainly determined by the separator which is in direct contact with the Cu substrate.  

To prove this hypothesis, Li||NMC622 cells using these separators were built where PE was in direct contact 

with Li electrode in all cells. As shown in Figure XV.1.2a, after substituting the 3DOM PI with electrospun PI 

in the PE-PI dual separator, the cycling performance of Li||NMC622 cells show nearly no difference, even 

though the two PI separators have significantly different morphologies. It indicates that the morphology of the 

PI separator that is in direct contact with positive electrode has minimal influence over the long-term cycling 

performance. Because the two PE-PI dual separators share the same 7 µm PE separator, they exhibit very 

similar long-term cycling performance. To further prove the separator that is in direct contact with Li is more 

influential over the cycling performance, Li||NMC622 cells using PE(7 μm)-PE(20 μm) and PE(20 μm)-PE(7 
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μm) dual separators were built. As shown in Figure XV.1.2b, after switching the PE separator that is in direct 

contact with Li, the cycling performance of the Li||NMC622 cells is changed. All evidence infers that the 

morphology of the separator that is in direct contact with Li plays a dominant role on Li deposition behavior 

and consequently cycling performance of Li||NMC622 cells. 

 

Figure XV.1.2  (a) Room temperature cycling performance of Li||NMC622 coin cells with three separators shown in the adjacent 

figure. (b) Room temperature cycling performance of Li||NMC622 coin cells with two dual separators. The cells contained 50 µm 

thick Li, 4.2 mAh cm-1 NMC622, 75 µL DME-LHCE (LiFSI-1.2DME-3TTE), and were cycled between 2.5-4.4 V with C/10 charge and 

C/5 discharge after three formation cycles at C/10, where 1C=4.2 mA cm-2.  

Besides PI, polycarbonate (PC) and polysulfone (PS) were also chosen to fabricate electrospun membranes. 

The thermal stability and the cycling performance of dual separators based on PC and PS were evaluated. 20 

μm thick PE separator was selected as the reference. As shown in Figure XV.1.3a, PE separator suffers from 

significant shrinkage after storage at 120°C for 1 min due to its low melting point, which poses a safety hazard 

to Li metal batteries since the shrinkage during thermal runway readily leads to the internal shorting and then 

inevitably results in aggravated heat generation. In comparison, both PC and PS exhibit superior thermal 

stability (Figure XV.1.3b,c). The preliminary cycling performance of Li||NMC622 cells with PE and PS or PC 

dual separator and DME-LHCE electrolyte was evaluated and is shown in Figure XV.1.3d. PE-PS dual 

separator achieved comparable cycling performance to 20 μm single layer PE. In contrast, cells using PE-PC 

suffered from significant capacity loss, which is mainly due to the poor anodic stability of PC at about 3.7 V 

vs. Li/Li+. 

 

Figure XV.1.3  Thermal stabilities of (a) 20 μm single layer PE, (b) electrospun PC and (c) electrospun PS separators; (d) Cycling 

performance of Li||NMC622 cells using 20μm single layer PE, 7 μm PE+PC and 7 μm+PS dual separators with DME-LHCE 

electrolyte (LiFSI-1.2DME-3TTE).  

To verify the safety enhancement of PE-PI dual separator, differential scanning calorimeter (DSC) 

measurements on the Li||NMC622 micro cells comprising a single layer PE or a PE-PI with DME-LHCE 
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electrolyte (LiFSI-1.2DME-3TTE) were performed. Figure XV.1.4 shows the DSC curves of micro cells 

containing the studied separators. Both cells show two small endothermic peaks, one at ~95°C (for the 

evaporation of TTE diluent) and another at ~128°C (for the melting of PE separator). Starting at ~130°C, both 

cells exhibit exothermic behavior, probably due to the reactions of electrodes and electrolyte. 

Counterintuitively, there is no serious exothermal reaction in the cell using the single layer 20 μm PE 

separator. The possible reason might be the lack of mechanical pressure between NMC622 and Li. Even after 

the PE separator shrank or melted at 128°C, the cell shorting between Li and NMC622 was not observed in the 

micro cell for DSC measurement. However, such contact is almost inevitable in real cells. Mechanical pressure 

will be introduced into the micro cells to simulate the environment of real Li metal batteries as part of future 

investigation. 

 

Figure XV.1.4  DSC curves of Li||NMC622 cells using a single layer 20 μm PE separator and 7 μm PE+PI separator. (NMC622 

was charged to 4.4 V).  

2. Development of 3D current collectors 

A 3D current collector has great potential to suppress Li dendrite growth due to its increased surface area and 

pore volume that can improve Li utilization therefore increase the energy density of Li-metal batteries. 

However, the mainstream 3D current collectors are carbonaceous materials, which suffer from poor wettability 

with metallic Li and poor flexibility. To address these issues, a 3D current collector based on polymer fibers 

was designed and synthesized. Electroless plating was selected to transform the insulating polymer fibers to 

electronically conductive matrix.  

Electronspun PI was selected as the precursor because of its high thermal stability. The Cu coated PI (Cu@PI) 

current collector was fabricated via electroless plating of PI porous membrane in an appropriate electroless 

plating solution containing Cu ions. The electroless plating conditions were carefully studied. The obtained 

composite materials were characterized with SEM. As shown in Figure XV.1.5a, the pristine electrospun PI 

fibers exhibit a smooth surface. Figure XV.1.5b exhibits the morphology of Cu@PI 3D porous membrane after 

electroless plating. It can be observed that a smooth layer of elemental Cu is covered on PI fiber surface. It is 

also worth noting that the Cu@PI sample was not sputtered with any electronically conductive material prior 

to the SEM characterization. Furthermore, the energy-dispersive X-ray spectroscopy (EDS) images in Figure 

XV.1.5c demonstrate the uniform coverage of Cu film on the surface of PI fibers, indicating that a porous, 

lightweight, and conductive current collector was successfully prepared. However, certain strands of the fiber 

are not fully covered with Cu as the C signals can still be observed, indicating that the synthesis process needs 

to be further optimized. 
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Figure XV.1.5  (a, b) SEM images showing morphologies of (a) pristine PI fiber and (b) polymeric 3D current collector (Cu@PI 

membrane). (c) EDS images showing Cu distribution of Cu@PI membrane. 

The process of synthesizing 3D current collector of Cu@PI fibers was optimized. The SEM and EDS images, 

shown in Figure XV.1.6, demonstrate that the Cu is fully and uniformly coated on the PI fibers not only on the 

surface (Figure XV.1.6a) but also the inside  (Figure XV.1.6b) of the PI membrane after the synthesis 

optimization. The EDS mapping images also indicate that the optimized synthesis process can provide a 

conductive 3D current collector. A 4 mAh cm–2 of Li was deposited on both 2D Cu foil (bare Cu) and the 

Cu@PI in DME-LHCE electrolyte (LiFSI-1.2DME-3TTE) at a current density of 0.4 mA cm–2 and the 

morphologies are shown in Figure XV.1.7. On the top surface, the Li deposits on bare Cu (Figure XV.1.7a) 

and Cu@PI (Figure XV.1.7b) show very similar morphologies with the same Li particle size. However, the 

cross-sectional images exhibit distinct morphologies (Figure XV.1.7c and d). The Li deposited on bare Cu is 

more porous and less dense than that deposited on Cu@PI. The thicknesses of Li deposited on Cu and Cu@PI 

are ~20  µm and ~15 µm, respectively. This suggests that the Li deposited on Cu@PI may have less surface 

area, less contact and side reactions with liquid electrolyte, thus leading to longer cycling stability. 

 

Figure XV.1.6  SEM images and EDS mapping images for Cu distribution on Cu@PI mat of (a) top-view and (b) their cross-sectional 

views. 
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Figure XV.1.7  SEM images of deposited Li morphologies on (a, c) bare Cu foil and (b, d) Cu@PI mat. 

To investigate the effect of Cu@PI 3D current collector on Li metal battery performance, Li||NMC622 coin 

cells were assembled and tested. Each cell contains 50 μm Li metal, 4 mAh cm–2 NMC622, 20 μm PE 

separator, and 75 μL DME-LHCE electrolyte (LiFSI-1.2DME-3TTE). The cycling performance of the 

Li||NMC622 cells was conducted at a current density of C/10 for charging and C/3 for discharging under a 

voltage range from 2.8 to 4.4 V (vs. Li/Li+) after two formation cycles at C/10, where 1C = 4.0 mA cm-2. The 

Li||NMC622 cell with Cu@PI current collector has very similar performance to the Li||NMC622 cell with the 

bare Cu foil up to 30 cycles (Figure XV.1.8). Longer cycling stability and other cell performance are currently 

measured and will be updated in the future report. 

 

Figure XV.1.8  Room temperature cycling performance of Li||NMC622 coin cells using Cu@PI and bare Cu current collectors with 

DME-LHCE electrolyte (LiFSI-1.2DME-3TTE). 

3. Investigation on SEI formation using reflection interference microscope 

The quality of SEI dictates the performances of Li-metal batteries. We collaborated with Prof. Xiaonan Shan 

and Guangxia Feng at University of Houston to study the SEI formation behavior with operando reflection 

interference microscope (RIM) (Figure XV.1.9a). Two electrolytes, 1 mol L-1 LiPF6 in propylene carbonate 

(PC) with and without 50 ppm water (H2O) were employed to study the effect of water additive on the SEI 

formation process. RIM exhibits extremely high sensitivity towards the SEI formation process. The 
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thicknesses of LiF-rich inner layer and organic-rich outer layer can be correlated to the intensities of the RIM 

signals (Figure XV.1.9c-e). It is revealed that the presence of trace amount of water (50 ppm) in the electrolyte 

induces a thicker and higher quality LiF-rich layer at the inner SEI and a much thinner organic-rich layer in the 

outer SEI, which leads to less electrolyte consumption, and more uniform Li nucleation on the electrode 

surface. 

 

Figure XV.1.9  (a) Schematic diagram of using RIM to image the SEI formation dynamics. (b) Cyclic voltammetry (CV) curves of the 

first three cycles in 1 M LiPF6/PC with 50 ppm H2O as additive. (c) The optical reflection signal along with three CV cycles on Cu 

electrode in 1 M LiPF6/PC with 50 ppm H2O. (d) The corresponding current density (black curve and left axis) and voltage (red 

curve and right axis) in the first three cycles of CV scans. (e) The derivative of optical signals (the curve in c). 

Conclusions   

• Dual separators with a high thermal-stability porous membrane like PI and a conventional polyolefin 

separator like PE (where PE directly contacting Li metal) greatly enhance the long-term cycling 

stability of Li metal batteries with Ni-rich cathodes compared to the single PE separator. 

• The morphology of the separator that is in direct contact with Li plays a dominant role on Li 

deposition behavior, and consequently cycling performance of Li||NMC622 cells. 

• A 3D current collector based on Cu-coated PI fibers (i.e. Cu@PI) with full and uniform Cu coating on 

PI surface was successfully fabricated. The Cu@PI matrix leads to denser and thinner Li deposition 

than the regular Cu foil. 

• RIM was successfully established to investigate the SEI formation and evolution processes on Cu and 

Li surfaces under operando condition. The correlation between the quality of the LiF-rich inner layer 

in the SEI and the thickness of the organic-rich outer layer has been clearly observed. The quality of 

the SEI also affect Li nucleation on the electrode surface. 
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Project Introduction 

Interfaces in solid-state batteries present critical impediments for both performance and cyclability. 

Particularly challenging is the cathode-electrolyte interface, which is often characterized by formation of 

unwanted chemical products and interphases, as well as the appearance of voids, gaps, or cracks that can 

accumulate during cycling. Chemical evolution and mechanical behavior at cathode-electrolyte interfaces are 

intrinsically linked and intimately connected to cycling behavior of solid-state batteries, as stresses accumulate 

within the solid electrolyte and in the cathode-electrolyte composite matrix. These interfacial stresses and 

reaction intermediates in turn affect desired transport properties, accelerate further chemical evolution, and 

promote mechanical failure. To advance and accelerate the development of solid-state batteries with high 

cyclability and lifetime, it is critical to understand how these degradation and failure modes are connected to 

specific interfacial features. Such understanding can aid in the development of more accurate and predictive 

lifetime models, as well as motivate changes in composition or processing. This project develops and applies 

advanced multiscale modeling approaches to assesses how chemical and microstructural evolution during 

cycling impact solid mechanics and transport at the cathode-electrolyte interface in solid-state batteries, with a 

view towards predicting conditions and materials features that ultimately lead to failure via fracture or 

catastrophic performance loss.  

Objectives 

The goal of the project is the development and application of multiscale, multiphysics models that connect 

composition, microstructure, and architecture to chemomechanical integrity at interfaces in 3-D solid-state 

batteries. The focus is on cathode-electrolyte interfaces and internal electrolyte interfaces in ceramic (Li7-

xLa3ZrO12 [LLZO]) solid electrolytes, as well as other electrolyte formulations including halides (Li3InCl6) 

and/or inorganic/organic composites. The models integrate multiple computational methods from the atomistic 

to continuum scales, informed and validated through collaborations with complementary experimental efforts. 

The project addresses three objectives: 

1. Develop multiphysics, multiscale chemomechanics models of cathode-electrolyte interfaces in solid-

state batteries; 

2. Assess interface- and microstructure-induced mechanical failure thresholds and high impedance; 

3. Simulate chemomechanical evolution under battery operating conditions. 

Approach  

The team’s approach integrates diverse computational methods—including density functional theory (DFT) 

calculations, molecular dynamics, machine learning, micromechanical modeling, and phase-field models—to 

predict the chemomechanical properties of cathode-electrolyte interfaces and internal grain boundaries at 
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different charge/discharge states. DFT and ab initio molecular dynamics are used to simulate interfacial 

chemistry and mechanical response with high accuracy, as well as to train interatomic potentials using machine 

learning methods for accessing much longer simulation times. These data parameterize micromechanics 

models and microstructure-aware continuum simulations, which establish microstructure-property 

relationships for ion transport and fracture. Phase-field simulations of cathode evolution during cycling 

provide a connection to battery operation. The integrated simulation techniques are also used to predict 

chemomechanical hotspots that are likely failure initiation zones under different operation conditions.  

Results  

Atomistic simulations of grain boundaries and interfaces in ceramic solid electrolytes 

Although first-principles, DFT-based approaches provide excellent accuracy, their computational cost limits 

application to relatively simple systems and short times. This is problematic for complex interfaces with high 

structural and compositional disorder. Recognizing this limitation, the team prioritized development of a force 

field for LLZO based on machine learning (MLFF), trained on extensive DFT and ab initio molecular 

dynamics (AIMD) simulation data.1 This MLFF can enable molecular dynamics simulations (MLMD) that are 

hundreds or thousands of times faster than fully first-principles approaches, while retaining much of their 

accuracy. The team carefully selected training data and a training procedure that would specifically render the 

MLFF suitable for interfacial and disordered models, rather than ideal crystals. MLMD correctly reproduced 

the vibrational and transport properties of AIMD on model systems. As further validation, MLMD was also 

able to capture LLZO thermal phase transitions, despite not being explicitly trained to do so. Figure XV.2.1a 

shows that the solid-solid transition from tetragonal to cubic LLZO is predicted at 850 K, close to the 

experimental observation of 923 K. The melting transition is also correctly captured.  

 

Figure XV.2.1  Temperature-dependent changes in (a) lattice parameters and (b) Li+ diffusivity under hydrostatic pressure, 

computed from 1536-atom MLMD of LLZO. Adapted from Ref. [1]. 

The team then applied MLMD to compute Li-ion diffusivities in response to mechanical stress/strain fields. 

They showed that the diffusivity tracks with hydrostatic strain (Figure XV.2.1b), and that uniaxial compressive 

strain has a particularly significant effect along the strain axis. This suggests that local regions under 

compressive strain would introduce significant impedance. The team plans to perform additional simulations 

of Li-ion diffusivity as a function of strain/stress, and the results will be used to parameterize a mesoscale 

model for evaluating the impacts of stress in complex polycrystalline LLZO and in LLZO/cathode composite 

architectures. The team also began directly simulating LLZO grain boundaries (GBs) using MLMD. They 

varied the tilt axis and further introduced local structural perturbations. It was found that the structural and 

chemical stability of GBs are highly sensitive to the local symmetry and atomic arrangement. The team plans 

to use these lower-angle GB models to augment fully disordered models, which are more representative of 
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high-angle GBs. Eventually, the transport and mechanical properties of these GBs will be incorporated into a 

microstructure-aware continuum model to assess larger-scale impacts under cycling conditions. 

The team also probed the effects of chemical doping on the properties of LLZO. One avenue of study involved 

predicting the effects of chemical doping on mechanical deformability. This has implications not only for 

stress fracturing propensity, but also for processability, given that deformability is related to ease of sintering. 

A suite of computable metrics was devised as a proxy for plastic deformability and premelting, based on static, 

dynamic, and local structural variables.2 The team suggested that these metrics, which were applied to Al-, Ba-

, and Ta-doped LLZO as model systems, can be useful for quickly deriving trends, which can then be 

calibrated for use in larger-scale models. As a companion effort, the team also began development of an MLFF 

for doped systems by adding structural data across a wide range of temperatures. This will enable future 

simulations of GB and interface segregation effects on transport and mechanics, which the team hypothesizes 

could be closely related to interface-initiated failure mechanisms. 

 

Figure XV.2.2  (a) ∑2(-1104)/[11-20] Model of a tilt grain boundary in LCO and (d) the histogram of diffusivities of individual Li+ 

ions in the grain boundary region from MLMD. 

In preparation for simulations of the full cathode-electrolyte interface, the team also pursued development of 

an MLFF for an LixCoO2 (LCO) cathode. The early version of this MLFF was used to compute Li-ion 

diffusivity at LCO GBs, reproducing expected dynamic and structural behavior from AIMD. The team applied 

this MLFF to analyze Li+ transport at eight different GB structures in LCO. Figure XV.2.2 shows an example 

LCO ∑2(-1104)/[11-20] tilt GB model with 4800 atoms. MLMD was performed to track Li atoms that stayed 

at the GB regions, evidencing that structural disorder at the interface generates a range of diffusivities. This 

range can be incorporated into mesoscale models and propagated across scales to determine likely effects on 

impedance, including in the presence of cycle-induced stresses.  

Mesoscale modeling of microstructure effects on chemomechanical properties 

As a first step towards incorporating the atomistic results into microstructural models, the team developed a 

new workflow that can quickly and efficiently reproduce digital representations of experimental 

microstructures, including electrolyte-cathode particle mixtures. The team previously explored the use of a 

phase-field grain-growth model; however, this approach has limitations in controlling topological features.3 

The new workflow has three unique advantages: 1) it allows for generating porous microstructures consisting 

of two or more phases; 2) it enables better control over the microstructural topology; and 3) it is dramatically 

more efficient in generating 3D particulate microstructures (typically under one minute on a desktop computer, 

replacing several hours on a supercomputer). The new workflow first uses open-source software solutions to 

generate packings of irregular particles with prescribed size distributions. The data is then voxelized and 

labeled according to individual grains of each phase. Finally, this data is fed into the LLNL MesoMicro code, 

which further refines the microstructure within the phase-field approach. The MesoMicro code is then used to 

compute the effective ionic transport and elastomechanical response of the full microstructure.  
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The team applied the workflow to reproduce realistic microstructures of polycrystalline LLZO, which were 

then used as an initial basis for exploring microstructure-dependent chemomechanical effects. Figure XV.2.3a 

shows the predicted elastomechanical response of polycrystalline LLZO, parameterized using atomistic 

MLMD. To quantify the effect of the disordered GBs, comparative simulations were performed with and 

without GBs. It was found that the bulk modulus can vary by as much as 20 GPa due to the presence of GBs. 

The team also scanned the results to identify mechanical stress hotspots based on the computed local von 

Mises stress distributions within polycrystalline LLZO, highlighting local mechanical hotspots that exceed a 

critical stress threshold (𝜎VM > 1.0 GPa; Figure XV.2.3b). These hotspots are mostly concentrated on the 

disordered GBs. Considering the elastic response with and without GBs (Figure XV.2.3b) shows that GBs 

relax the average stress and lead to a wider statistical distribution of local stresses. The increase in hotspot 

fraction with strain is also less sensitive when GBs are considered, again suggesting their role in tempering 

stress buildup. This new demonstration of hotspot prediction represents an important advance for predicting 

the likelihood of mechanical failure due to fracture of delamination, which are connected to the persistence and 

prevalence of such hotspots. 

 

Figure XV.2.3  (a) Calculated von Mises stress distribution within a generated 3D polycrystalline microstructure of LLZO. Half of the 

structure shows stress hotspots as isosurfaces exceeding a threshold of 1.0 GPa. (b) Volume fraction of stress hotspots as a 

function of applied longitudinal strain. 

The team’s mesoscale models were also applied to a composite electrolyte material to determine effects on 

transport and mechanics. The ability to capture properties of a two-material system is key, as it will be required 

for cathode-electrolyte composites. The team collaborated with Dr. Ye (LLNL), who has been investigating the 

transport and mechanical properties of 3-D printed polymer/LLZO hybrid systems. Digital microstructure 

representations were reproduced from the experimental imaging, and LLNL’s MesoMicro code was applied to 

compute the effective mechanical and transport properties of the composite with two different levels of 

porosity (Figure XV.2.4). For the more porous structure, the electrical current tends to concentrate within 

channels provided by the more conductive LLZO ceramic (Figure XV.2.4c), whereas the current density is 

more uniformly distributed in the dense structure. In addition, the more porous structure exhibits local stress 

hotspots between LLZO particles, while the dense structure results in stress hotspots concentrated at the 

roughened interfacial regions between the polymer and LLZO (Figure XV.2.4d). These results suggest that 

connectivity of LLZO particles is critical for enhanced Li ion conduction, and that mechanical failure is most 

likely to occur at the porous area of the LLZO layer at higher porosities and at LLZO/polymer interfacial 

regions for the denser structures.  
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Figure XV.2.4  (a) Scanning electron microscopy of a polymer/LLZO/polymer system at the polymer/LLZTO interface (top) and 

inside the porous bulk LLZO (bottom); scale bars are 10 µm. (b-d) Mesoscale modeling of (b) selected grain structures, (c) 

normalized electric current flux and density distributions, and (f) normalized von Mises stress distributions for two different 

representative microstructures (top: porous; bottom: dense).  

Conclusions   

The team’s progress this year centered on two primary activities. First, at the atomistic scale, quantum 

simulations (DFT and AIMD) were used to train a machine learning interatomic force field that was 

specifically designed to tackle homogeneous and heterogeneous interfaces in LLZO and LCO. The team used 

this force field, which retains quantum accuracy with hundreds of times higher efficiency, to perform large-

scale molecular dynamics. Results were analyzed to assess the effects of atomic structure and composition on 

local ion mobility, as well as the effects of stresses induced by volume changes during cycling or processing. 

They also developed a series of atomistic descriptors, largely derived from the dynamics, for predicting trends 

in processing temperatures and conditions for ceramic electrolytes. Second, at the microstructural scale, the 

atomistic simulations were used to parameterize continuum simulations for analyzing the effects of 

microstructure on mechanics and transport. The team used this multiscale modeling framework to explore the 

formation of stress and current hotspots—connected to chemomechanical failure—and their connection to 

grain boundaries and porosity. They also began examining multi-phase composites using both inorganic and 

organic electrolyte materials. Successful demonstration of this framework ensures it can also be applied to 

cathode/electrolyte composites, which the team plans to pursue next. 
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Project Introduction 

Batteries with lithium (Li) metal anode show great potential as the next generation energy storage devices for 

their high theoretical energy density (3860 kw kg-1). However, lithium metal batteries (LMB) suffer from 

quick capacity fading and short cycle life. This is derived from the unstable interface between lithium metal 

and the electrolyte. 

Specifically, the solid electrolyte interphase (SEI) formed when Li metal is in contact with the electrolyte is 

fragile and cracks during cycling. This inhomogeneity is further amplified throughout battery cycling, resulting 

in whisker-shaped deposited lithium and capacity fading. 

Applying a polymer layer to the Li anode stabilizes this interface and promotes long-term operation of LMB. 

Polymers are desirable for this application due to their solution processability, programmable mechanical 

property, and tunable chemical composition. This polymer layer has both physical and chemical interactions 

with the underlying Li metal. 

Physically, a viscoelastic polymer layer provides mechanical suppression to the growing lithium during the 

deposition process, which promotes homogeneous deposition of lithium while maintaining uniform coverage 

of the electrode during. By introducing moieties in the polymers that selectively interact with Li+ or altering 

the Li+ solvation environment, one can promote the transport of Li+ at the interface. 

Chemically, a polymer or polymer-based composite layer at the interface reacts with the underlying Li metal 

and produces a robust interfacial layer. This process generally aims to produce a “salt derived SEI”, which is 

found to promote stable operation of the Li anode, when compared with the alternative “solvent derived SEI”. 

However, to sustain this favorable SEI formation reaction, one relies on the limited reservoir of reaction 

materials in the polymer layer. 

Here, we propose to sustain the salt derived SEI formation through physical interaction. Specifically, selective 

transport of salt over solvent is achieved at the electrode-electrolyte interface with a polymer layer.  

We architected both salt affinitive and solvent phobic moieties in the polymer side chain to improve the 

selectivity of the material (Figure XV.3.1). 
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Figure XV.3.1  Illustration of how a salt philic solvent phobic (SP2) polymer coating on Li metal anode can induce the formation of 

desirable salt-derived solid electrolyte interphase (SEI). 

Objectives 

This project will develop new polymer materials for batteries. The team will develop polymer coatings with 

specific mechanical properties that can accommodate the volume expansion and contraction of the Li-metal 

anode associated with deposition and stripping (charging and discharging).  

Approach  

The project uses soft polymer coatings with dynamic crosslinking to give the resulting polymers liquid-like 

rheological properties and stretchable and self-healing properties. In previous work, the project has shown that 

such coatings resulted in uniform deposition/stripping of lithium metal and improved cycling stability of Li-

metal electrodes. To understand the design rules for effective polymer coatings, the team chose a few 

representative polymers to systematically understand structure property relationships. Here, the team 

investigates the correlation between surface energy of the polymer and exchange current for lithium 

deposition. 

Results Siloxane-based polymer has shown ability to improve the cycling performance of lithium metal anode. 

Beyond its relative chemical stability with lithium metal anode, the siloxane-based polymer chain is flexible 

and has a low glass transition point (~ -150˚C). The fluid nature of the siloxane backbone offered us freedom 

on altering the chemical composition of the polymer via side chain engineering while maintaining the 

viscoelastic mechanical property of the polymer. Past studies have shown that a flowable interface maintains 

uniform coverage of Li metal anode during cycling, and is more beneficial than a rigid interface, which can 

crack and form pin holes. We selected four side chains to represent commonly used polymer chemistry in 

lithium metal battery: glyme, for the application of poly (ethylene oxide) in solid electrolyte; PyTFSI, for 

electrochemically stable ionic liquid based salt-solvation moieties; perfluorinated chain, for polyvinylidene 

fluoride (PVDF) or poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) based polymer in gel 

electrolyte and coating application; alkyl chain, for widely-used polyethylene chemistry in separator. 
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We first examined the salt affinities of these polymer side chains with DFT (density function theory) 

calculation. Figure XV.3.2.A showed the calculated interaction energy between these side chains and lithium 

cation. Glyme was known to form coordinated structures with lithium cations28, which explains the high 

interaction energy (356.6 kJ mol-1). The alkyl chain has low interaction energy with Li+ (131.2 kJ mol-1) due to 

their non-polar structure. The oxygen and fluorine on the perfluorinated chain forms coordinated structures 

with Li+ with moderate interaction energy (223.2 kJ mol-1). The PyTFSI ionic liquid side chain also has high 

interaction energy (355.4 kJ mol-1) with Li+, attributed to the ionic interactions between the Li+ and the TFSI-. 

The interaction energy of Li+ with the glyme or PyTFSI side chains are nearly half the energy between Li+ and 

anion (e.g., Li+-TFSI-, 582.7 kJ mol-1)29, indicating that these two side chains have limited ability to 

disassociate Li+-anion pairing, and their affinity to Li+ can be extended to their affinity to Li+-anion salt 

complex. 

Beyond salt affinity, we further characterized the solvent phobicity of various polymer side chains through 

contact angle measurements. We dropped 10 µL of either carbonate (1M LiPF6 EC/DEC 10% FEC, 1M 

lithium hexafluorophosphate in ethylene carbonate and diethyl carbonate with 10% of fluoroethylene 

carbonate) or ether (1M LiTFSI DOL/DME, 1M lithium bis(trifluoromethanesulfonyl)imide in 1,3-dioxolane/ 

dimethoxy ethane) electrolyte to a polymer-coated silica wafer. Classic compound electrolytes were used here 

to cover a wide range of ether and carbonate solvents. Although the glyme side chain shows affinity to lithium 

salt, it is also electrolyte philic, demonstrated by the low (<10˚) contact angles for both ether and carbonate 

electrolyte. In comparison, the other salt affinitive PyTFSI side chain has less attraction to solvents (~20˚ 

contact angles). Both the alkyl and perfluorinated chains showed higher levels of solvent resistance with 

contact angles of ~40˚ for ether electrolytes and >50˚ for carbonate electrolyte (Figure XV.3.2.B). 

Here we identified the PyTFSI side chain as salt affinitive with moderate electrolyte repelling ability. To 

further increase the solvent repelling capability of the polymer, we replaced 40% of the PyTFSI side chain 

with the perfluorinated chain. This dual side chain design strategy increased the contact angle from 22˚ to 36˚ 

in ether electrolyte, and from 29˚ to 45˚ in carbonate electrolyte, preserving the salt affinity of the polymer 

while increasing its solvent phobicity (Figure XV.5.2.C). We name this designer polymer as “SP2” (Salt Philic 

Electrolyte Phobic). 
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Figure XV.3.2  Characterization of salt affinity and solvent phobicity: A, density functional theory (DFT) based calculation of Li+’s 

interaction energy with various polymer side chains; B, contact angle measurement of polymer coated Si wafer with ether (1M 

LiTFSI DME) or carbonate (1M LiPF6 EC/DEC 10% FEC) electrolyte; C, comparison of salt affinity and solvent phobicity of various 

polymer side chain. SAEP is SP2 

To demonstrate the selectivity of the SP2 polymer, we designed a H-cell experiment (Figure XV.3.3.A). The 

LHS (left-hand side) of the H-cell was filled with 3 mL of 1M LiTFSI DME (Lithium 

bis(trifluoromethanesulfonyl)imide ,Dimethoxyethane) electrolyte, and the RHS (right-hand side) was filled 

with 6 mL DME solvent. The two sides were separated by two layers of separators with 100 mg of polymer 

sandwiched. As the system equilibrates, the concentration difference drives the diffusion of salt from LHS to 

RHS and vice versa for DME. To avoid vacuum build-up upon solvent flow, the caps of the H-cell were 

loosened. Visually, the lowering of the liquid line on the RHS represents DME migration from right to left. 

The salt concentration was evaluated after 3 hrs with 19F NMR, and the measured concentrations of LiTFSI 

were listed in Figure XV.3.3.B. When there were no polymer present, liquid levels of the two sides matched 

after 3 hrs, indicating significant DME diffusion from right to left. When the SP2 polymer was inserted in the 

H-cell, the liquid level difference was maintained after 3 hours. NMR spectrum revealed that LiTFSI salt has 

migrated from left to right, resulting in 0.025M of LiTFSI in RHS. We noted the LiTFSI concentration 

remained at 1M on LHS, instead of lowering, and we argue that the slight evaporation of DME compensated 

for the salt diffusion and maintained the salt concentration on the LHS. To examine the necessity of 

introducing a second solvent phobic side chain to the salt affinitive polymer, we conducted H-cell experiment 

with just PyTFSI polymer. When there is only salt affinitive polymer present, the liquid level on the RHS 
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almost matched that of the LHS, indicating significant solvent migration. There is also salt migration from left 

to right, and the RHS reached 0.051M LiTFSI after 3 hrs of resting.   

The presence of an electrolyte phobic side chain also limited the swelling of the polymer in 1M LiTFSI DME 

electrolyte. Specifically, we compared the mechanical properties and ionic conductivities of the PyTFSI (only 

salt affinitive polymer, Figure XV.3.3.C) and SP2 (Figure XV.3.3.D) polymer before and after soaking in the 

electrolyte for 8 hours. We characterized the frequency dependent modulus of the polymer in rheological 

measurements: the loss modulus (G”) represents the liquid characteristic, and the storage modulus (G’) 

represents the solid characteristic. Before soaking, both the SP2 and the PyTFSI polymer showed viscous 

behavior with G” higher than G’ in the characterized frequency range. After swelling, the polymer showed 

decrease in both storage and loss moduli, indicating reduction in mechanical strength. Specifically, we 

characterized the relative liquid to solid characteristic of the polymer by calculating the tan(δ) (ratio between 

G” and G’) at the angular frequency of 10 rad s-1. For the PyTFSI polymer, the tan(δ) increased close to an 

order (1.7 to 16) upon soaking, while the SASP polymer’s tan(δ) remained relatively constant (2.3 to 2.4). 

Although SP2 and PyTFSI polymers can both be swelled by the solvent, SASP maintained its relatively solid-

liquid characteristics, while the PyTFSI polymer becomes more liquid-like, indicating it is less resistive to 

solvent swelling.  

Beyond changes in mechanical properties, we also measured the ionic conductivities of the polymer before and 

after soaking (Figure XV.3.3.E) with EIS (electrochemical impedance spectroscopy) at 25 ˚C. The ionic 

conductivity in the dry state is attributed to ionic dissociation of PyTFSI moieties, and the wet state ionic 

conductivity is contributed by both the tethered ionic moieties as well as salt in the electrolyte. After soaking 

the polymer in the electrolyte, the conductivities of PyTFSI increased for an order (0.012 to 0.116 mS cm-1) 

while the conductivities of SP2 remained within one order (0.013 to 0.043 mS cm-1). This is due to the higher 

solvent resistance for the SP2 polymer. Based on both the mechanical characterization and ionic conductivity 

measurements, we can conclude that the addition of solvent phobic side chain can improve the solvent 

resistance of the polymer.  

We further examined SP2 polymer’s ability to induce salt derived SEI formation with surface analysis 

technique X-ray photoelectron spectroscopy (XPS). We assembled Li|Cu cell with polymer-coated Cu current 

collector. We stripped and plated Li through the polymer layer in 1M LiTFSI DME electrolyte for 10 cycles to 

produce a layer of SEI underneath the polymer coating. After that, the cell was disassembled, and the Cu foil 

was transported to the XPS chamber in an air-free transfer process. The O1s spectra of the cycled Cu electrode 

after 2 min of sputtering were shown in Figure XV.3.3.F. We attributed the peak at 530.9 eV to -NOx/SOx 

(LiTFSI salt breakdown), and the peak at 533.8 eV to -RO-COx-Li (DME breakdown). By calculating the 

percentage of the peak area attributed to salt/solvent breakdown, we can quantify the polymer coating’s ability 

to form salt derived SEI. When there was no coating, 56% of the SEI was attributed to salt decomposition. 

When the PyTFSI polymers were present, the salt derived SEI content was increased to 63%. This content can 

be further improved to 73% when SP2 coating was presented. Due to the selective transporting ability of the 

SP2 polymer, lithium anode has limited access to solvent molecules, and the percentage of salt derived SEI 

content was increased.  
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Figure XV.3.3  Selectivity of PyTFSI and SASP polymer: A, experimental set-up for H-cell experiments; B, H-cell experiment with the 

polymer sandwiched in the middle, images taken after 3 hrs with the measured LiTFSI concentration labelled on the graph; 

rheological frequency sweep of the polymer after soaked in 1M LiTFSI DME electrolyte for 8 hrs, with the tan(delta) at 10 rad s-1 

marked: C, PyTFSI;  D, SASP; E, conductivity (25 ˚C) of the polymer before and after soaked in 1M LiTFSI DME for 8 hrs ; F, Oxygen 

1s XPS of SEI on the anode, and the signals attributed to either salt or solvent decomposition were separated with their relative 

percentage marked out. SASP is SP2 

The ability of SP2 polymer to improve SEI composition leads to upgrades in electrochemical performance in 

Li|Cu cycling. As shown in Figure XV.3.4.A, we compared the coulombic efficiency (C.E.) for the two cases 

with and without SP2 coating under a short-term 10 cycles 0.5 mA cm-1 1mAh cm-1 cycling protocol1. In 1M 

LiTFSI DOL/DME 1wt% LiNO3 electrolyte, the C.E. increased from 98.3% to 99.5% with SP2. We also 

examined the C.E. in carbonate (1M LiPF6 EC/DEC with 10% FEC), as well as 1M LiFSI in FDMB2 

electrolyte. In carbonate electrolyte, the C.E. increased from 96.0% to 97.0%. In FDMB electrolyte, since the 

baseline electrolytes already achieves high C.E. in this short-term cycling protocol, we observed a small 

increase with the addition of a SP2 coating (99.4% to 99.5%). We also paired the SP2 coating with the state-of-

the-art Li metal electrolyte: 1.2M LiFSI in 2-(2-(2,2-difluoroethoxy)ethoxy)-1,1,1-trifluoroethane (F5DEE)3 

and the C.E. increased from 99.5% to 99.6%. These is less room for C.E. improvement when the baseline C.E. 

is already high. However, in long-term tests, small increasements of C.E. still translated to longer cell cycle 

life, as we show in the following section.  
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Since both the EC/DEC and FDMB electrolytes were cycled with Li|NMC configuration, we characterized 

how SP2 coating affects electrolytes’ stability with Li metal anode through EIS and long-term cycling in Li|Li 

symmetric cell. Figure XV.3.4.B shows the interfacial impedance of SP2 coated Li in carbonate or FDMB 

electrolyte for different length of time. The uncoated ones were used as comparison. For both electrolytes, SP2 

layer was obsereved to suppress the interfacial impedance increase. We quantified the increase with this 

formula:(𝐼100 − 𝐼0)/𝐼0 (%). For the first 100 hrs, SP2 reduced the impedance increase from 104% to 33% in 

carbonate electrolyte, and from 153% to 42% in FDMB electrolyte Figure XV.3.4.C.  Since the polymer was 

coated on Li surface with the THF solvent, we also examined THF’s influence on interfacial impedance. We 

treated bare Li metal with THF and tracked its impedance evolution in carbonate electrolyte. With or without 

THF treatment, Li electrodes experienced similar ~100% impedance increase, indicating that SP2 polymer is 

the reason of reduced impedance growth. 

We also cycled Li|Li symmetric cells at 1 mA cm-1 current density and 1mAh cm-1 capacity (Figure 

XV.3.4.D). For the carbonate electrolyte, the addition of SP2 coating resulted in a higher deposition 

overpotential, which was stable over cycles. For the uncoated Li anode, the overpotential decreased between 

25 and 40 cycles. This is due to increased surface area from irregular whisker-shaped lithium deposition5, 

which was verified by SEM (Figure XV.3.4.E). The addition of SP2 coating promoted homogeneous 

deposition, as opposed to whisker-shaped deposition. For the FDMB electrolyte, a layer of SP2 polymer 

maintained a stable overpotential over time. Without the SP2 coating, FDMB electrolyte continued to react 

with lithium metal and increased the deposition overpotential2. In both cases, a layer of SP2 coating limited the 

solvent breakdown at the Li electrode and sustained stable operation.  

 

Figure XV.3.4  Electrochemical characterization of SP2 with different electrolytes: A, coulombic efficiency measured of coated Cu in 

Li|Cu geometry with 40 µL of ether (1M LiTFSI DOL/DME 1wt% LiNO3), carbonate (1M LiPF6 EC/DEC 10% FEC) or FDMB (1M LiFSI 

FDMB) electrolyte; B, EIS measurement overtime with either SP2 coated Li|Li symmetric cell in electrolytes; C, calculated 

impedance increase (%) over 100 hours; D, voltage curve of Li|Li symmetric cell with and without SP2 coating; E, SEM top view 

image of deposited Li on Cu electrode in carbonate electrolyte, scale bar 10 µm. 

Since SP2 (salt-philic solvent-phobic) coating showed improvement in carbonate electrolyte, SP2 coated thin Li 

anodes (50 µm) were also assembled into Li|NMC cells. They were cycled at different C-rates, and we found 

reasonable capacity (>200 mAh g-1) can be achieved at C/10 and C/3 for carbonate electrolyte (Figure 



FY 2022 Annual Progress Report 

 Beyond Lithium-Ion R&D: Metallic Lithium 841 

XV.3.5.A). We proceeded with C/5 charging and C/3 discharging in long-term cycling. Figure XV.3.5.B 

showed the discharge capacity over cycles when pairing with 2.5 mAh cm-2 NMC cathode for carbonate and a 

cycle life of ~250 was reached. The C.E. of each cycle were shown in Figure XV.3.5.C. Our polymer coating 

polymer design is a marked improvement in full cell cycle life vs. capacity when compared with other state-of-

the-art Li anode modification strategies (Figure XV.3.5.D). [6,7,16,17,8–15] 

 

Figure XV.3.5  Cycling of SP2 coated Li anode in Li|NMC cells: A, rate capabilities; B, cycle life and capacity; C, coulombic efficiency 

of each cycle.  D, comparison of cycle life (80% capacity retention) plotted against access lithium amount of the SP2 coating with 

other coatings/ electrolyte strategies; The x axis locations of 4, 5, 7, 11, and 12 are 10 mAh cm-2, and they are adjusted slightly to 

dodge. 

Conclusions   

Overall, we developed SP2 polymer coating on Li metal anode. This coating allows selective transport of 

lithium salt instead of solvent molecules. When salt has a higher probability to be in physical contact with Li 

metal, salt-derived SEI formation is promoted. SP2 was found to be applicable to several typical electrolyte 

chemistry and showed improvement in cycling performance for ether, carbonate, and fluorinated ether 

electrolytes. 
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Project Introduction 

Ever increasing need for electrical vehicles (EVs) continually pushes the boundary of high-energy-density 

storage systems. To date, the state of the art of lithium (Li) ion batteries (LIBs) consisting of graphite anode 

and high voltage Li intercalation cathodes cannot satisfy the energy demand from these applications.  By 

replacing graphite anode with Li metal anode (LMA), specific energy density of Li metal batteries (LMBs) can 

increase by more than 50% because LMA has a much higher specific capacity (3820 mAh g-1) than that of 

graphite (372 mAh g-1).1  To further increase the energy density of Li batteries, the concept of “anode-free” Li 

batteries (AFLBs) has been explored. An as-assembled or fully discharged AFLB consists of a Li-containing 

cathode and an anode current collector (such as copper (Cu)). 2 All Li source is stored in cathode.  This cell 

design not only increases energy density of the battery, but also improves the safety of the battery because 

there is no Li metal present in the battery in its as-assembled or discharged state.  Neudecker et al. first 

demonstrated the feasibility of this concept in solid state thin film batteries based on LiPON electrolyte. 3 

Adams and Zhang et al. demonstrated the feasibility of AFLB in coin-cells with non-aqueous liquid 

electrolytes. 2 Recently, Niu, Xiao, and Liu et al. investigated the performance of LMBs and AFLBs with 

different thicknesses of LMA (100 µm, 50 µm, 20 µm, and 0 µm (AFLB)). 4 They found that too thick or too 

thin (such as 0 µm in the case of AFLB) Li will lead to faster capacity fade.  Therefore, there are still 

significant barriers needing to be overcome before the practical application of AFLBs.  AFLBs share many 

similarities with LMBs except that the optimization of AFLBs need to be done in the case of no Li available in 

anode in an as-assembled cell. Both AFLB and LMB need a highly efficient electrolyte to reach ultra-high Li 

Coulombic efficiency (CE) and a highly reversible cathode CE.  Therefore, there is an urgent need to 

understand the correlation between Li CE, cathode CE and electrolyte (including its electrochemical properties 

and consumption) as well as Li dendrite growth and the formation of “dead” Li, so that LMBs and AFLBs can 

be designed to achieve desired energy density and cycle life.   

Objectives 

The main objective of this project is to explore the feasibility of anode-free lithium batteries (AFLBs) for high-

energy-density energy storage systems.  In this project, we will investigate the main factors affecting the 

performance of AFLBs and identify the solutions to enable long-term cycling and safety of these batteries. The 

Li dendrite suppressing principles and strategies for both liquid and solid-state AFLBs, ranging from materials 

design (electrolytes, cathodes, current collectors), cell fabrication, and operation controls will also be 

mailto:jiguang.zhang@pnnl.gov
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investigated in order to enable a high CE of AFLB to be above 99.7% and maximize the cycling stability of the 

AFLBs. Because of the many similarities among AFLBs, Li-metal batteries, and Li-ion batteries, experiences 

and approaches developed for AFLBs can also be applied to Li-metal and Li-ion batteries, thus accelerating the 

market penetration of Li-based rechargeable batteries. 

Approach  

1. Analyze the Li loss due to solid electrolyte interphase (SEI) formation and “dead” Li generation by 

dendrite growth during the Li deposition and stripping processes.  

2. Identify the electrolytes that enable the formation of a SEI layer with high surface energy with Li 

metal anode. The new electrolytes promote the formation of lithiophobic/robust SEI and facilitate the 

reuse of SEI layer so the continuous loss of Li and electrolyte can be minimized.  Special attention is 

made to minimize the dissolution of SEI. Two strategies are used to mitigate the SEI dissolution by 

the electrolyte engineering: one is manipulating the electrolyte decomposition pathway to form 

insoluble SEI components; another is reducing electrolyte solvation ability to SEI by developing a 

near-saturated electrolyte (such as localized high concentration electrolyte with minimal free-

solvents). 

3. Stabilize anode current collector and reduce initial Li loss. Two approaches to stabilize Cu substrate 

are investigated, including three-dimensional (3D) substrate construction and polymer coatings.  

4. Optimize cycling parameters of AFLBs to improve their cycle life. Different cut-off charge/discharge 

voltages of AFLB are investigated to minimize the Li nucleation and suppress the continuous SEI/CEI 

formation.  

Results  

Optimize the charge/discharge parameters of AFLBs 

AFLB shares many similarities with LMB because the AFLB is actually an extreme case of LMBs where Li 

reservation on the anode is 0. However, beyond the issues of Li metal in LMBs, ALFB has several additional 

problems due to the lack of Li on Cu anode as assembled. It mainly includes the Cu redox reaction at open 

circuit voltage (OCV) of the cell, the repeated Li nucleation on Cu anode at the beginning of each cycle, and 

the increased Li galvanic corrosion that is caused by the Li||Cu galvanic cells at the early state of Li plating. 

All these undesired reactions result in the loss of active Li and increase of cell resistance that further led to fast 

capacity decay of the AFLB. Therefore, the testing protocol has significant influence on the AFLBs. In this 

work, all the cells were rested at 1.5 V for wetting to avoid the Cu redox at OCV, and different depth of 

discharge (DOD) were applied to avoid the repeated Li nucleation and minimize the Li galvanic corrosion. 

Figure XV.4.1 shows the schematic of Li reservation on Cu at different DODs by adjusting the discharge cut-

off voltage. Cut-off discharge voltage of V2 (see Figure XV.4.1) is an optimized voltage for Cu||NMC622 

AFLB with a complete Li nucleation layer formed on the Cu. At this condition, Cu||NMC622 cell could 

balance the energy and cycling stability.   
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Figure XV.4.1  Schematic Li reservation on Cu (Li from cathode) by voltage optimization 

Figure XV.4.2 shows the electrochemical performance of Cu||NMC622 cells charged to 4.5 V and discharged 

to different cut-off voltages. With the increase of cutoff voltage (lower DOD), cells deliver decreased capacity 

while cycling stability increased. The detailes of the cell performance are summarized in Table XV.6.1. Cut-

off voltage of 3.5 V for discharge can be considered as optimised with a balanced energy and energy-retention.  

 

Figure XV.4.2  Cu||NMC622 cell performance at different discharge cutoff- voltages. 
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Table XV.4.1 Summarized performance of Cu||NMC622 cells at different discharge cutoff-voltages 

 
Formation cycle Cycling 

Cut-off voltage  

/ V 

Initial cap.  

/ mAh g-1 

Initial CE  

/ % 

Initial cap.  

/ mAh g-1  

Initial CE  

/ % 

Cap. Retention  

/ % (100 cycles) 

Average 

CE / % 

2.8 198.6  90.42 190.6 95.46 52.5 99.7 

3.5 188.3 86.66 170.6 89.95 54.1 100.2 

3.6 174.5 79.9 138.6 79.22 53.4 99.8 

3.7 131.6 60.35 98.6 75.14 62.4 99.8 

In addition to the optimized discharge cut-off voltage of 3.5 V for Cu||NMC cells, we also further optimized 

the operation range of Cu||NMC cells by investigating the effect of charge cut-off voltage on the cell 

performance. In parallel to the Cu||NMC622 cells, we also studied Cu||NMC811 cells. Figure XV.4.3a shows 

the electrochemical performance of Cu||NMC622 and Cu||NMC811 cells. In the cut-off voltage of 3.5 to 4.5V, 

the Cu||NMC811 cell demonstrate better capacity and cycling stability than Cu||NMC622 cell.  Therefore, 

Cu||NMC811 cell were further investigated using a charge cut-off voltage between 4.4 to 4.7 V with the same 

discharge cut-off voltage of 3.5 V.  The results in Figure XV.4.3b and 3c show that the cell cycled with a 

charge cut-off voltage of 4.4 V exhibits the most stable cycling stability (63% at 100th cycle) with a highest 

cycling Coulombic efficiency (99.65% at 100th cycle). Thus, 4.4 V is considered optimized charge cut-off 

voltage when matched with an optimized discharge cut-off voltage of 3.5V. 

 

Figure XV.4.3  (a) Cycling performances of Cu||NMC622 and Cu||NMC811 cells cycled between 3.5 – 4.5V. (b) Cycling 

performances and (c) Coulombic efficiencies of Cu||NMC811 cells cycled with different charge cut-off voltages. 

Stabilize anode current collector  

The surface stability of Cu anode is another important factor on the cycle life of AFLBs.  The side reactions 

between the interface of Cu current collector and liquid electrolyte during operation of AFLB will consume 

both Li and electrolyte, therefore leads to reduced CE. To address this problem, an artificial protection layer 

(containing PEO coordinated with Li salt (named PL_RX) has been coated on the surface of Cu anode in a 

process illustrated in Figure XV.4.4a and 4b. The main role of this coating layer is to smooth the Li deposition 

and stripping, particularly after Li stripping, the residue Li morphology with the coating layer is much 

smoother than the one without coating layer as shown in Figure XV.4.4d and 4e, which means the residue Li in 

the coated condition has much less surface area. Figure XV.4.4c shows the voltage profiles of Li||Cu cells and 

the calculated average CE of Li||Cu cells with or without PL_RX layer.  The results shows that cells with and 

without PL_RX protected Cu substrate exhibit a coulombic efficiency of 99.65% and 99.3%, respectively.  

This is consistent with smoother surface morphology shown in Figure XV.4.4e as compared to those of Figure 

XV.4.4d. 
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Figure XV.4.4  (a)The schematic of Li deposition/stripping on Cu with and without PL_RX layer. (b) Digital photographs of the bare 

Cu, PLCu and PLCu_RX. (c) Li deposition/stripping voltage profiles of the bare Cu and PLCu_RX with an average CE value. (d) SEM 

images of the Cu surfaces after Li stripping from bare Cu substrate and (e) PL_Rx coated Cu substrate.   

To further improve the coating layer performance, we also introduced additional additives into the coating 

layer. As shown in Figure XV.4.5a and 5b, The PLCu-RX is best coating layer among the investigated 

samples, it gives the highest Li CE of 99.65% while the bare Cu has CE of 99.3%. As a result, in the 

Cu||NMC811 cells, the cells with the PLCu-RX coating layer have an apparent improved cycling stability as 

shown in XV.6.5c and 5d. 
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Figure XV.4.5  (a) The voltage profiles and (b) Coulombic efficiency of the Li||Cu cells with different coating layers. (c) Discharge 

capacity and (d) Coulombic efficiency of the Cu||NMC811 with and without optimized coating layer.  

Electrolyte development   

Electrolyte is one of the most important factors determing the cycle life of AFLBs. We started with LHCEs, 

which have high Li CE of above 99.4% and stable cycling in LMBs. Figure XV.4.6 is the result of the 200 

mAh pouch cells using several of our LHCEs (Cu||NMC532 dry cells were aquired from commercial source), 

and 68.4% and 65.4% capacity retention are obatined in the optimized LHCE after 100 cycles.  

 

Figure XV.4.6  (a) Discharge capacity and (b) Coulombic efficiency of the 200 mAh Cu||NMC532 pouch cells with different types 

of LHCEs. 
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To futher optimize the electrolyte, advanced additive is also studied in the work, forming additive containing 

LHCEs (E1-E4). When tested in Cu||Li cells, all these four electrolytes lead to very high Li CEs of 99.45%- 

99.7% as shown in Figure XV.4.7a. When paired with NMC811 cathode, electrolytes E1, E3 and E4 show 

stable cycling behavior as shown in XV.6.6b-6d. Among them, cell with E4 electrolyte demonstrates the best 

cycling stability with a capacity retention of 74.5% in 100 cycles for AFLBs. 

 

Figure XV.4.7  (a) The Coulombic efficiency of the Li||Cu cells with additives. (b) Discharge capacity and (c) Coulombic efficiency 

and (d) energy of the Cu||NMC811 with the LHCE with additives.  

Pressure effect in coin cells 

For the anode-free batteries, the uniform/dense lithium (Li) deposition is critical for long-term cell operation. 

However, when a coin type cell is used to investigate battery performance, non-uniform pressure introduced by 

the spacer and spring used in coin cells may lead to non-uniform deposition of Li, premautered local failure, 

and shortend cycle life of batteries. This is especially important for AFLBs that has no cushion layer (such as 

Li metal anode in the case of Li metal batteies or graphite anode in the case of Li ion batteries) to mitigate the 

pressure non-uniformity in a typical coin cell.  In this work, we found that Li deposition in AFLBs is more 

porous in the center but more dense on the edge of cells (Figure XV.4.8 b and c) after the cell was charged to 

4.5V (Figure XV.4.8a).  This non-uniformity is directly related to the non-uniform thickness of commercial 

stainless steel spacers (SSS) and springs used in coin cells which can exert an non-uniform pressure on Cu 

substrate as shown in Figure XV.4.8d). The non-uniform pressure distribution leads to poor cycling 

performance (Figure XV.4.8e).  Alghough coin cell is a convinent battery structure for testing of conventional 

batteries, non-uniform pressure distribution in coin cells is a clear barrier for investigation of AFLBs which is 

highly sensitive to pressure uniformity.  In the next year, a small pouch cell with a more uniform distribution 

of pressure will be used to ellinate the effect of pressure non-uniformity observed in coin-cells and further 

improve the performance of AFLBs.  

 

Figure XV.4.8  (a) Voltage profile of LiǁNMC811 baseline cell charged to 4.5V, (b) digital photograph of Cu electrode after the 1st Li 

deposition to 4.5V, (c) SEM images with EDX data (insets) for the top (left) and cross-sectional (right) views of the center (upper) 

and edge (lower) regions of the Cu electrode after the 1st Li deposition to 4.5V, (d) digital photographs displaying the non-uniform 

thickness of the SSS with a schematic illustration of the non-uniform Li deposition leading to a porous/brittle SEI layer by non-

uniform pressure/current distribution on Cu electrode, and the cycling performance of Cu||NMC811 cell cycled between 3.5V – 

4.4V with the commercial 2032 coin cell set. 
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Conclusions   

• The cycling parameter, particular the voltage range is optimized for AFLBs using PNNL developed 

LHCE electrolyte in Cu||NMC622 and Cu||NMC811 cells. 3.5-4.4V is found to be the best operation 

voltage window to balance the capacity and capacity retention of the AFLBs with NMC cathode. A 

thin Li nucleation layer remains on the Cu anode after discharge at this condition, which can avoid 

continuous Li nucleation and minimize the active Li loss and electrolyte depletion.   

• For the Cu anode stabilization, an advanced coating layer (PLCu-LiRX) leads to smooth morphology 

of Li deposition and stripping. With this coating layer, the CE of Li||Cu cells can be improved from 

99.4% to 99.65% and the cycling stability of the Li||NMC811 cells is also improved compared to 

using the bare Cu without any coating. This work point to a new type of coating to address the 

challenges on initial Li loss in AFLBs. The possible long term cycling stability will be further 

investigated during next year. 

• An advanced additive for LHCE is proposed in electrolyte development. As LHCE already has high 

Li stability (Li CE of 99.4%) compared to most other electrolytes by forming a robust anion-derived 

SEI, further improvement of the LHCE is challenging. However, an even higher Li CE is required for 

the cycling stability of the AFLBs because there is no Li reserve in anode. Among various organic and 

inorganic additives we investigated for LHCE, one additive stands out to be promising for LHCE in 

this work. By using this additive, the Li CE is improved to 99.7% and a high-capacity retention of 

74.5% after 100 cycles is obtained in the Cu||NMC811 cells.   

• Pressure effect in coin cell is studied in this work and uneven pressure distribution issue has been 

analyzed. In the next year, a small pouch cell with a more uniform distribution of pressure will be 

used to investigate the performance of AFLBs. 
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XVI Beyond Li-ion R&D: Solid-State Batteries 
Lithium-ion batteries have made tremendous progress in the last two decades and are now instrumental in 

creating worldwide demand for electric vehicle (EVs), but the liquid organic electrolyte in lithium-ion battery 

cells is highly reactive and flammable. There is growing interest in the use of solid lithium-ion conducting 

materials in place of the liquid electrolyte. Solid electrolyte materials are non-flammable, and they not only 

allow more robust cell operation but also the integration of metal-based anodes needed to achieve VTO’s 

aggressive cost, energy density, and cycle life targets. Solid electrolyte materials face challenges, however, 

including low conductivity, poor voltage stability, and inadequate mechanical properties.  VTO research in this 

area attempts to overcome these challenges by research of new solid electrolytes that can address materials 

challenges and enable next-generation chemistries, complementary diagnostics, and modeling techniques to 

ensure materials development progress. 

The rest of this chapter contains detailed reports on the status of the following individual projects. 

• Lithium Dendrite-Free Solid Electrolytes for High Energy Lithium Batteries (University of Maryland,

College Park)

• All Solid State Batteries Enabled by Multifunctional Electrolyte Materials (Solid Power Inc.)

• Development of Thin, Robust, Lithium-Impenetrable, High-Conductivity, Electrochemically Stable,

Scalable, and Low-Cost Glassy Solid Electrolytes for Solid-State Lithium Batteries (Iowa State

University)

• Physical and Mechano-Electrochemical Phenomena of Thin Film Lithium-Ceramic Electrolyte

Constructs (University of Michigan)

• Low Impedance Cathode/Electrolyte Interfaces for High Energy Density Solid-State Batteries

(University of Maryland, College Park)

• Molecular Ionic Composites: A New Class of Polymer Electrolytes to Enable All Solid-State and

High Voltage Lithium Batteries (Virginia Polytechnic Institute and State University)

• Hot Pressing of Reinforced All-solid-state Batteries with Sulfide Glass Electrolyte (General Motors

LLC)

• Developing Materials for High-Energy-Density Solid State Lithium-Sulfur Batteries (Penn State

University, University Park)

• Developing an In-situ Formed Dynamic Protection Layer to Mitigate Lithium Interface Shifting:

Preventing Dendrite Formation on Metallic Lithium Surface to Facilitate Long Cycle Life of Lithium

Solid State Batteries (University of Wisconsin-Milwaukee)

• Fundamental Understanding of Interfacial Phenomena in Solid-State Batteries (General Motors)

• Multidimensional Diagnostics of the Interface Evolutions in Solid-State Lithium Batteries (University

of Houston)

• First-Principles Modeling of Cluster-Based Solid Electrolytes (Virginia Commonwealth University)

• Predictive Engineering of Interfaces and Cathodes for High-Performance All Solid-State Lithium-

Sulfur Batteries (University of Louisville)

• Design of Strain Free Cathode – Solid State Electrolyte Interfaces Using Chemistry-Informed Deep

Learning (ANL)

• Enabling continuous production of defect-free, ultrathin sulfide glass electrolytes for next generation

solid state lithium metal batteries (ANL)

• Stable Solid-State Electrolyte and Interface for High-Energy All-Solid-State Lithium-Sulfur Battery

(PNNL)

• Scale-Up of Novel Li-Conducting Halide Solid State Battery Electrolyte (LBNL)

• Low-Pressure All Solid State Cells (NREL)

• 3D Printing of All-Solid-State Lithium Batteries (LLNL)

• Substituted Argyrodite Solid Electrolytes and High-Capacity Conversion Cathodes for All-Solid-State

Batteries (Oak Ridge National Laboratory).
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• Multifunctional Gradient Coatings for Scalable, High-Energy-Density Sulfide-Based Solid-State 
Batteries (ANL)

• Thick Selenium-Sulfur Cathode Supported Ultra-thin Sulfides Electrolytes for High-energy All-

solid-state Lithium Metal Batteries (ANL)

• Synthesis of Composite Electrolytes with Integrated Interface Design (ANL)

• Polymer Electrolytes for Stable Low Impedance Solid State Battery Interfaces (ORNL)

• Inorganic-Polymer-Composite Electrolyte with Architecture Design for Lithium Metal Solid State 
Batteries (BNL)

• Ion Conductive High Li+ Transference Number Polymer Composites for Solid-State Batteries

(LBNL)

• Precision Control of the Li Surface for Solid-state Batteries (Oak Ridge National Laboratory)

• Lithium Halide-Based Superionic Solid Electrolytes and High Voltage Cathode Interfaces (ORNL)

• Polyester-Based Block Copolymer Electrolytes for Lithium-Metal Batteries (UCB)

• Development of All Solid-State Battery using Anti-Perovskite Electrolytes (ANL)

• High-Conductivity and Electrochemically Stable Lithium Thioborate Solid-State Electrolytes for 
Practical All-Solid-State Batteries (Stanford University)

• Solid state batteries with long cycle life and high energy density through materials design and 
integration (LBNL).
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Project Introduction 

The development of all-solid-state Li metal batteries (ASSLBs) using nonflammable inorganic or organic 

solid-state electrolytes (SSEs) was reckoned as the promising direction due to their enhanced safety and high 

energy density. However, lithium dendrite growth during charge/discharge cycles still limits the use of all-

solid-state batteries. 

In our project, a criterion for lithium dendrite suppression that is developed through systematical investigation 

on thermodynamics and kinetics of lithium dendrite growth was proposed to guide the SSE design and Li/SSE 

interface modification. Li7N2I-LiOH and Li3YCl6 solid electrolyte with high ionic conductivity and low 

electronic conductivity was used to validate the criterion for lithium dendrite suppression and achieve the 

project objective. Different surface modifications were also explored to enhance the dendrite suppression 

capability of SSEs. 

Objectives 

The objective of this project is to research, develop, and test Li-metal-based batteries that implement solid Li-

ion conductors (LICs) equipped with Li7N2I-LiOH SSE capable of achieving cell performance of 350 Wh/Kg 

energy density for 1000 cycle life with a cost of ≤ $100/kWh. To achieve these, the team will 1) establish the 

relationship among interface energy, lithium plating/stripping overpotential, interface resistance, SSE stability 

with lithium, and critical current density (CCD). 2) The dendrite suppression criterion will be developed based 

on the relationship. 3) The dendrite suppression capability for the Li7N2I-LiOH pellet will be evaluated by 

testing the CCD. 4) The Li7N2I-LiOH electrolytes and Li7N2I-LiOH/Li3YCl6 bi-layer electrolytes will be used 

to validate the developed dendrite suppression criterion and support Nickel Manganese Cobalt oxides (NCM) 

cathodes. 5) New engineering methods would be developed to suppress the Li dendrite to realize ASSLB.  

Approach  

Li metal surface will be engineered with the interface to suppress dendrite growth and maintain cycling 

stability. Thin-film solid electrolytes will be fabricated by reducing particle sizes and a polymer binder. A high 

energy density solid-state battery will be assembled by combining Li modification, thin-film solid electrolyte, 

and the thick and stable positive electrode.    

Results  

Suppressing Li dendrite by introducing a composite polymer layer (CPI) 

Generally, the interface film or SEI will be formed between the SSEs and Li anode via electrochemical or 

chemical reactions. Compared with the SSE-derived SEI, the introduced SEI can be denser and more ion-

conductive via interface engineering. Figure XVI.1.1.a shows the prepared gel-electrolyte, which is solid at 

mailto:cswang@umd.edu
mailto:Tien.Duong@ee.doe.gov
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room temperature and melts after heating to 40°C or higher. The composite polymer has been reported to 

enable stable cycling of Li||Li cells over 1000 h, indicating a uniform Li dissolution/deposition based on a 

dynamic stability mechanism because of the formation of robust SEI and the confinement of the solvent 

molecule of the polymer. The CPI was then applied to the full cell to evaluate its performance. Figure 

XVI.1.1.b shows the schematic of the ASSLMB, which utilizes the LPSC and LYC film as the thin electrolyte. 

The ratio of NMC622, LYC, and carbon black is 70: 26:4, while the Li with a design of CPI (eLi) is used as 

the anode. The eLi/LPSC-LYC/NMC622 full cells were tested between 2.8 V and 4.2 V at RT under a 

stacking pressure of 8-10 MPa. The ASSLMB based on the designed eLi anode presents excellent rate 

capability when charged/discharged with different C-rates ranging from 0.1 to 1.0 C (Figure XVI.1.1.1.c and 

d). The cell can deliver high capacities of 165, 147, 118, and 76 mAh g-1 at C-rates of 0.1, 0.2, 0.5 and 1.0 C, 

respectively, while showing a high average CE of >99%. Long-term cycling performance was also evaluated 

with the full cell at 0.15 C as shown in Figure XVI.1.1.D.e. The proposed SSB has an 81 % capacity retention 

after 100 cycles without a sharp capacity drop, which is benefited from the robust SEI layer formed by the CPI. 

The CE of a full cell with eLi is around 99.5% on average, which is much higher than the cell with a fresh Li 

anode. 

 

Figure XVI.1.1  (a) Digital image of the gel-like electrolyte. (b) Schematic of the solid-state full cell with the designed eLi anode. (c) 

Charge-discharge curves of the cell at rates of 0.1, 0.2, 0.5, and 1.0 C. (d) Cycling performance of eLi/LPSC/NMC622 solid cell at 

0.2 C with an areal capacity of 1.0 mAh cm-2, 1C = 160 mA g-1. (e) Comparison of the cycling performance of NMC622 solid full 

cell with fresh Li and eLi anodes at 0.15C, the cathode has an areal capacity of 1.0 mAh cm-2. 

Fabricating thin-film LPSC-polymer composite electrolytes for high energy density 

In order to achieve a high energy density of the ASSLB, a thin and robust solid electrolyte is required as 

illustrated in Figure XVI.1.2.a. To fabricate a free-standing thin-film electrolyte, 0.5wt% of acrylonitrile 

butadiene rubber (NBR) binder was mixed with wet-milled LPSC powder and pressed at 180 MPa. With the 

free-standing thin film electrolyte, we are able to design ASSBs with high energy density. Two designs are 

reported (Figure XVI.1.2.b). In design I, 31.25 mg of the composite cathode, 15 mg electrolyte, and thin Li 

were used, which can reach an energy density of 350 Wh/kg. Figure XVI.1.2.c shows the SEM image and EDS 

mapping of the full cell using the design I. As we can see, a ~ 50 μm thin electrolyte is sandwiched between Li 

and composite cathode. However, the cell was short-circuited during 1st charge, probably due to 

heterogeneous stress distribution during Li plating, which will lead to electrolyte crack and cell short-circuit. 

To avoid mechanical breakdown, we increase the electrolyte mass to 30mg and reduce the cathode load to 12.5 

mg, which was marked as design II. The designed thin-film battery with lower cathode loading can be 



FY 2022 Annual Progress Report 

 Beyond Lithium-Ion R&D: Solid-State Batteries 855 

charged/discharged for 9 cycles (Figure XVI.1.2.d) and the cell can deliver a theoretical energy density of 

153.5 Wh/kg. 

 

Figure XVI.1.2  (a) Schematic of the proposed thin-film solid electrolyte. (b) EDS mapping of the full cell with the thin-film electrolyte 

of design 1. (c) charge-discharge curves of full cells with design 1 (dash line) and design 2 (solid line) in Table 1. (d) table of the 

proposed battery with a different structure. 

High mass loading cathode enabled by Li anode modification 

Li anode modification is also an effective way to increase the energy density of full cells. As shown in Figure 

XVI.1.3.a, we developed a modified Li anode that shows a high critical current density of 8.0 mA/cm2 at a 

fixed capacity of 4.0 mAh/cm2 at a temperature of 80°C. Due to the high Li dendrite suppression capability of 

the modified Li anode, a high cathode loading was able to match with modified Li to assemble the 

NMC811||Li full cell, which can provide a high capacity of 7.9 mAh/cm2 at a current density of 1 mA/cm2 and 

temperature of 80°C (Figure XVI.1.3.b). The schematic of the structure was shown in Figure XVI.1.3.c. The 

cells were assembled by 70 mg of composition cathode with NMC811 weight ratio of 60% and the high weight 

of the electrolyte layer (25mg). The cell-level energy density was 223.8 Wh/kg for the assembled NMC811 

full cell using the modified Li anode (Figure XVI.1.3.d).  

 

Figure XVI.1.3  (a) Critical current density of Li/LPSC/Li symmetric cell at fixed capacity of 4 mAh/cm2 under 80°C. (b) Cycling 

performance of the Li||NMC811 cell. (c) Schematic of the proposed thick cathode solid-state battery. (d) Table of calculated 

energy density of the corresponding battery. 
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Optimizing the structure of solid-state batteries for higher energy density and lower cost 

In the previous sections, we evaluated three cell structures for high energy density, long cycling stability, and 

low cost. The energy density comparisons were shown in Figure XVI.1.4.a and the detailed structural 

parameters were listed in Figure XVI.1.4.b. Structure 1 could provide stable cycling performance with 81% of 

retention after 100 cycles (Figure XVI.1.1.e). However, the use of double-layer electrolytes limits the energy 

density. Moreover, yttrium(III) chloride is an expensive ingredient to prepare LYC electrolytes, which also 

increases the cost. Structure 2 replaces the double-layer electrolyte with solvent-modified LPSC. As a result, 

the energy density increases from 100 Wh/kg to 153 Wh/kg (Figure XVI.1.2.c). The energy density change is 

not significant because the cathode loading is still small. To solve the remaining issue, a modified Li anode 

was used to match with 78.5 mg of composite NMC811 cathode. The structure 3 NMC811||Li full cell can 

provide a high capacity of 7.9 mAh/cm2 at a current density of 1 mA/cm2 and temperature of 80°C. The cell-

level energy density was >250 Wh/kg for the assembled NMC811 full cell using the modified Li anode. The 

low energy density is caused by the low weight ratio (60%) of NMC811 in the composite cathode and the high 

weight of the electrolyte layer (25mg). If the weight of the LPSC electrolyte layer can decrease to 10 mg, and 

the weight ratio of NMC811 in the composite cathode can be improved to 85%, the whole weight of the cell 

will be reduced from 105 mg to 69.4 mg, which will increase the cell-level energy density to 338.6 Wh/kg. We 

will further optimize the NMC811 composite cathode and the thin-film electrolyte layer in our further work. 

Since structure 3 is the most promising design to reach higher energy density, the cost evaluation was further 

performed. Pie chart in Figure XVI.1.4c shows that solid electrolytes will take up 91.91% of cell cost if the 

commercial LPSC electrolyte was used. This is because the manufacturing of solid electrolytes is still in its 

infancy. Therefore, the unit price of a solid electrolyte is much higher than that of an anode and cathode. By 

adopting the price of raw material for solid electrolytes (Figure XVI.1.4.d), the cost percentage of LPSC 

electrolytes in design 3 was dramatically reduced to 57%. The estimated cost for structure 3 is $208.8 /kWh. 

90% further price reduction can be expected with the large-scale manufactory of the solid electrolyte. Due to 

the absence of transition metal, the speculation is reasonable. Therefore, structure 3 using a modified Li anode 

and thin LPSC electrolyte is a promising choice to realize high energy density solid-state batteries.  

 

Figure XVI.1.4  (a) Calculated energy density of three structural designs. (b) Structural parameters of three evaluated cell structure 

(c) Cycling performance of the Li||NMC811 cell. (c,d) Cost evaluation for structure design 3. The prices of LPSC was adopted from 

commercial in c and from raw materials in d. 
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Conclusions   

1. We engineered Li anode with a rationally designed gel-electrolyte to achieve stable cycling of 

NMC622 solid full cell with an energy density of 100 Wh/kg for 100 cycles with a retention of 81%. 

2. We fabricated NCA || Li full cell using a thin film composite electrolyte of polymer and 

microstructural optimized LPSC to reach an energy density of 153 Wh/kg. 

3. A high critical current density of 8 mA/cm2 at a fixed capacity of 4.0 mAh/cm2 was achieved using a 

modified Li anode. 

4. We developed a NMC811||Li full cell with high specific energy design of 223 Wh/kg, low cost by 

matching a thick electrode with a modified Li anode.  
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Project Introduction 

Solid Power is teaming with University of California San Diego (Prof. Shirley Y. Meng) to develop a high 

energy, long life, low cost, and safe all-solid-state-battery (ASSB). The battery is enabled by a multifunctional 

solid state electrolyte (SSE). The project will enable scalable production of large format solid state batteries 

required by the vehicle market and building domestic battery manufacturers as leaders in the global vehicle 

ASSB production.  

Objectives 

The project objective is to develop Li-metal solid batteries enabled by multifunctional SSEs for EV 

application. The ultimate goal is scalable production of large-format ASSBs able to deliver ≥ 350 Wh/kg 

specific energy,  ≥ 1000 cycle life, and ≤ $100/kWh cost. 

Approach  

The project will develop a high-performance Li-metal all-solid-state cell enabled by a multifunctional SSE. 

The new SSE will: (1) have high conductivity (up to 10 mS/cm), (2) be stable against lithium metal and high-

voltage cathode (0-4.5 V), (3) promote uniform lithium plating (enabling > 2C charge rate), and (4) be 

compatible with large-scale manufacturing processes. The specific cell chemistry to be demonstrated will be 

the SSE with Li-metal anode and high-nickel-content Li-metal oxide cathode. The all-solid-state cell will be 

assembled by scalable roll-to-roll processes developed by Solid Power. 

Results  

SSE material optimization  

Solid Power’s halogenated LPS material was used as a starting point. Li2S, P2S5, a halogen and other selected 

dopants were mechanically milled to form glassy sulfide electrolytes. A subsequent heat-treatment was 

conducted to obtain glass-ceramic solid electrolytes. The electrolyte compositions and synthesis processes 

have been developed and optimized by using a “Design of Experiments” technique. Li ion conductivity and 

critical current density (CCD) with Li are the key criteria to qualify the electrolyte materials, followed by a full 

cell performance confirmation. The optimized electrolyte has shown a Li ionic conductivity of 6 mS/cm at 

25°C and 2 mS/cm at 0°C.  A CCD of 20 mA/cm2 at 70°C is also demonstrated with the electrolyte. The 

progress of the electrolyte development is shown in Figure XVI.2.1.  

mailto:pu.zhang@solidpowerbattery.com
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Figure XVI.2.1  The electrolyte developent progress: Li ion conductivity and CCD at 70°C 

SSE separator fabrication  

The SSE separator coating process has been developed at pilot scale. A separator slurry was prepared by 

mixing the SSE powder, a binder, and a solvent by using a planetary mixer. The slurry was then cast on a 

carrier  film on a slot-die coater. A roll-to-roll separator (≥ 100 m and ≤ 40 µm) has been demonstrated. Figure 

XVI.2.2 shows a separator coating on the slot-die coater at Solid Power. 

 

Figure XVI.2.2  A solid-state-electrolyte separator coating on a slot-die coater 

Full pouch cell cycle life 

A single layer pouch cell (at 6 mAh) was assembled for performance demonstration. The cell contained a 

NMC 622 composite cathode (at 3 mAh/cm2), a thin Li metal anode, and a SSE separator. When tested at C/5 - 

C/5, 2.8V - 4.2V, and 45°C, the cell showed 87% capacity retention after 750 cycles (in Figure XVI.2.3). It 

should be noted that the cell contains a pure Li anode. Surface modification of the Li anode is expected to 

improve the cycling stability further. 
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Figure XVI.2.3  Cycle life of an NMC/Li metal solid state pouch cell 

Full pouch cell calendar life 

The calendar life was evaluated in a 6 mAh Li-NMC pouch cell. The cell was formed at 2.5V-4.2V at C/10 and 

45°C. It was then charged to 4.2V at C/10 & 45°C (100% SOC) and stored at 60°C for 30 days. After the 

storage, the cell was discharged to 2.5V (“capacity retention”), recharged to 4.2V, and discharged again to 

2.5V (“capacity recovery”) at C/10 and 45°C. As shown in Figure XVI.2.4, the cell capacity retention is 87% 

and recovery is 95%, when compared to the initial discharge capacity, after the storage. Both the capacity 

retention and recovery from the ASSB cell are comparable to or better than the conventional Li ion battery cell 

at the same testing conditions. The storage result confirms long term stability of the solids state electrolyte and 

suggests the ASSB cell having a calendar life > 10 years. 

 

Figure XVI.2.4  Storage test of an NMC/Li metal solid state pouch cell at 60°C 

Conclusions   

Multifunctional SSE materials have been developed and optimized with high conductivity and electrochemical 

stability. SSE separator films have been coated by using a roll-to-roll process. All-solid-state NMC-Li pouch 

cells containing the developed SSE have been assembled in a pouch format. A cycle life of > 750 at 100% 

DOD and 45°C has been demonstrated in a full pouch cell. 
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Project Introduction 

The development of thin, < 50 microns, mixed oxy-sulfide-nitride (MOSN) mixed glass former (MGF) glassy 

solid electrolyte (GSE) films that yield superior performance in a safer, lower-cost, and Li-dendrite 

impenetrable form will be used to develop new solid-state lithium batteries (SSLBs). It is expected that high 

rate and long cycle life SSLBs can be achieved using thin-film MOSN GSEs. The new GSEs in SSLBs are 

anticipated to increase the energy density (anode basis) from ~ 300 mAh/g to ~ 4,000 mAh/g, enabling 

replacement of internal combustion engines in both light and heavy-duty vehicles. Each 20% reduction in the ~ 

1.6 billion liters of gasoline used per day in the United States would reduce CO2 emissions by ~ 4 billion kg 

CO2 per day. The team will also increase scientific and engineering knowledge of thin-film GSEs in SSLBs. 

Objectives 

The objective of this project is to develop new high Li+-conducting MOSN GSE thin-films, < 50µm, that are 

impermeable to lithium dendrites, scalable through low-cost glass manufacturing, chemically and 

electrochemically stable, and will enable low-cost, high-energy-density SSLBs. It is expected that the SSLBs 

constructed from these new MGF MOSN GSEs will meet and exceed all program objectives: useable specific 

energy @ C/3 ≥ 350 Wh/kg, calendar life 15 years, cycle life (C/3 deep discharge with < 20% energy fade) 

1,000, and cost ≤ $100/kWh. 

Approach  

The MOSN MGF GSEs have been prepared and optimized in previous work in bulk glass form and exhibit 

high ionic conductivity and the necessary thermal stability to be successful in drawing into a thin film.  In this 

project, the glass chemistry has been further improved to further optimize thermal stability and electrochemical 

properties.  Optimized glass chemistries have been cast into large preforms, 10 cm x 30 cm x 1 cm and the 

drawing conditions have started to be optimized to generate thin-films, 50 μm x 5 cm, for use at the cell level. 

Results  

Compositional optimization and characterization of MOSN MGF GSEs 

Several glass compositions have been studied in the previous two years of the project, with most research 

being conducted on the MOS ISU-6, based in the Li2S – SiS2 – LiPO3 system, and the MOSN ISU-7 series, 

based in the Li2S – SiS2 – LiPO3 – LiPON system.  Previous work has shown that these glasses possess good 

stability against lithium metal from 0-5 V, stable cycling at low current densities, high conductivity near 10-3 

S/cm, and a high working range (difference of crystallization temperature (Tc) and glass transition temperature 
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(Tg) greater than 100°C. While the working range can be a simple method to predict the drawability of a glass, 

it has been determined that it is not a complete picture of the thermal properties of a glass to fully predict the 

drawing abilities.   

It was determined that a series of isothermal differential scanning calorimetry (DSC) experiments would be a 

good method to determine the crystallization behavior of various glasses.  To determine the effect of the anion 

exchange between sulfur, oxygen, and nitrogen, three different glasses comparable to ISU-6 were synthesized: 

a pure sulfide, where the LiPO3 was replaced with LiPS3; the MOS ISU-6; and a MOSN where a portion of the 

LiPO3 was replaced with LiPON.   

Using the Johnson-Mehl-Avrami-Kohnogorov model [1], a time-temperature-transition (TTT) model was 

developed to determine the crystallization behavior during isothermal heating and cooling.  Along with this, 

the Mauro-Yue-Ellison-Gupta-Allan (MYEGA) [2] model was utilized to determine the viscosity of each glass 

using simple DSC experiments.  Figure XVI.3.1A shows the TTT model for the sulfide, MOS, and MOSN 

glasses studied, and Figure XVI.3.1B shows the expected viscosity behavior of these glasses as well.  From 

these figures, we can see that the MOS glass shows the best viscosity and crystallization behavior for drawing, 

and as such, the ISU-6 composition was scaled up for drawing. 

 
 

Figure XVI.3.1  A) Modeled TTT curves showing the 10% crystallization threshold for the pure SULFIDE, MOS, and MOSN glasses. 

B) Modeled viscosity curves for the three-glass series. Cutoffs for the curves are at the 15-hour mark of each glass on the TTT 

curve. 

Optimization of processing conditions for the production of thin-film MOS MGF GSE ribbons 

Several advancements have been made in optimizing the processing of thin-film ISU-6.  Through careful 

control of the small-scale batches (~10 g), a ~200 g preform was able to be cast and annealed.  This preform, 

shown in Figure XVI.3.2A, was then loaded into our custom-built draw tower and heated to a temperature 

around 355°C.  While more difficult to draw than a pure oxide, small sections of thin-film ribbons have been 

generated with thicknesses around 60 μm, shown in Figure XVI.3.2C, and large sections of thin-film ribbons 

have been synthesized with thicknesses around 200 μm, shown in Figure XVI.3.2B.  In this process, it has 

been noticed that control of the composition, and defects inside the glass are extremely important to allow for 

the drawing of high-quality films less than 100 μm.  More work is still being conducted to further improve the 

quality of the preform to generate larger amounts of thinner films. 
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Figure XVI.3.2  A) An image of the ISU-6 preform following casting and annealing, approximately 10 cm x 25 cm x 0.5 cm. B) An 

image of thin film ISU-6 being drawn of around 200 μm in thickness. C) An image of a small piece of 60 μm thin film produced 

from the drawing process. 

Fabricate and test ASSLBs utilizing GSEs in small-area planar format 

Small samples of the drawn thin film were taken and placed into Li | GSE | Li symmetric cells and tested to 

determine the conductivity of the thin-film after drawing.  Each cell was fabricated and allowed to rest for 24 

hours with electrochemical impedance spectroscopy (EIS) scans conducted every 30 minutes at room 

temperature.  It is to be noted, that the impedance arc associated with interfacial impedance decreased in size 

over time, indicating the formation of a lower resistance interface.  Following this rest, the symmetric cells 

were tested in a Novocontrol Dielectric Spectrometer to determine the temperature dependent ionic 

conductivity.  These results can be seen in Figure XVI.3.3A.  These results were also normalized to area 

specific resistance (ASR) and compared to the expected ASR calculated from the bulk conductivity of ISU-6, 

shown in Figure XVI.3.3B.  From these graphs, we can see a very good match in the activation energy for 

conduction indicating that the conduction mechanism is consistent, and we see a slight decrease in the 

conductivity typically.  This lower conductivity may be due to the bulk conductivity being determined through 

blocking sputtered gold electrodes with well defined areas, and the thin film conductivity being with thicker 

lithium electrodes that may be reacting slightly with the surface of the film.  More work is being conducted to 

generate thinner films for electrochemical testing, including symmetric cell cycling. 
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Figure XVI.3.3  A) Arrhenius plot showing conductivity of various thin-film samples compared to the conductivity of a bulk glass 

piece. B) Expected ASR compared to experimental ASR showing that the thin films exhibit behavior close to what is expected. 

 

More full cell studies were conducted this fiscal year, primarily with LiFePO4 active materials.  Recently a 

hybrid cell architecture has shown good promise, comprised of a lithium foil anode, a bulk piece of ISU-6, and 

a tape-cast composite cathode containing GSE, LiFePO4, conductive carbon, and a binder.  At the electrolyte-

cathode interface, around 0.5 μL of an ionic liquid triglyme + LiTFSI was added to improve interfacial 

properties.  A cell made with this architecture exhibited excellent behavior with an initial specific capacity 

over 100 mAh/g, and with a Coulombic efficiency over 99% for most of the 100 cycles it was cycled at C/50, 

as can be seen in Figure XVI.3.4.  It is believed that the outlier data points for various cycles are due to 

differences in room temperature throughout the day, and power outages experienced during the months-long 

cycling.  Other work is being done to develop Li-S based composite cathodes for use with these GSEs, but this 

is still at the beginning stages of testing. 
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Figure XVI.3.4  Specific capacity and coulombic efficiency of an LiFePO4 hybrid style cell cycled for 100 cycles. 

Conclusions   

In FY 2022, we have continued the optimization and characterization of our MOSN GSEs, including through 

developing a more rigorous understanding of the crystallization and viscosity behaviors of our glasses as 

relates best to the glass drawing process.  The first drawn thin film glassy electrolytes have been synthesized 

using a MOS GSE showing a conductivity greater than 10-4 S/cm after the drawing process.  Current work is 

being done to synthesize more thin film to test in further electrochemical experiments and in full cells, with the 

LiFePO4 composite cathodes.  Investigations into composite cathodes have shown excellent preliminary 

results, with more work being conducted.  Further work is being conducted to optimize the thin film drawing 

and the composite cathode. 
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Project Introduction 

While a small number of solid electrolytes exhibit high ionic conductivity (~1mS cm at 298K), few are stable 

against Li metal. The garnet-type solid electrolyte, based on the nominal formula Li7La3Zr2O12 (LLZO), is 

unique in that it is a fast ion conductor and – as we demonstrated in our recent project (DE-EE-00006821) – is 

stable against Li.  Moreover, our former project successfully demonstrated a decrease in Li-LLZO interface 

resistance from 12,000 to 2 Ohms/cm2 and stable cycling at 1 mA/cm2 for 100 cycles (+/- 15 µm Li per cycle).  

Although the past project (DE-EE-00006821) demonstrated LLZO is a viable solid electrolyte for enabling Li 

metal solid-state batteries (LMSSB), the studies used thick pellets (1mm) and thick anodes (~500  µm).  To 

achieve commercial relevance, performance must be demonstrated using substantially lower LLZO and Li 

thickness in the range of < 30 microns and < 20 microns, respectively.  

Objectives 

The objective of this project is to understand the underpinning mechanisms that comprise these knowledge 

gaps to advance LLZO thin film technology.   At the University of Michigan (UM), Sakamoto-Dasgupta-

Siegel have an established history of research with LLZO, batteries, solid-state batteries, computation related 

to batteries, interface engineering, and the manufacturing research of batteries.  

Approach  

The approach to achieve the project objectives is to use LLZO as a model system to study the mechano-

electrochemical phenomena the control the stability and kinetics of the Li-solid electrolyte interface.  The 

physical and mechano-electrochemical behavior of thin Li was studied.  In the initial stages, thin Li, made 

through in situ plating, is used together with conventional lab-scale thick LLZO pellets.  In the latter stages of 

the project, thin Li was to be used together with thin LLZO.   

Results  

Li-free or Anode-free manufacturing of LMSSB is rapidly becoming an important area of research and of 

significant commercial interest.  In response, this project focused on understanding the underpinning 

mechanisms that affect solid-state electrochemical deposition and understanding the electrochemical and 

mechanical behavior of in situ deposited Li.  To complement the work on the anode, this project studied the 

compatibility between S cathodes and state-of-the-art sulfur catholyte with LLZO membranes.  Summaries of 

the major project achievements are provided immediately below.   Details of these major achievements follow 

the bulleted list.    
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Major Project Achievements: 

• First to understand the cycling behavior of homogeneous in situ formed, thin Li electrodes with LLZO 

• First to confirm adhesion at the Li-LLZO electrolyte interface creates hydrostatic stress  

• First to observe the cycling behavior of in situ formed Li is dramatically different vs Li foil 

• operando analysis of in situ Li formation enabled a deeper understanding of Li-free manufacturing 

• The visual operando platform established in the project will enable other important operando studies 

of Li/Na cycling 

• First to understand the chemical compatibility between LLZO and sulfur-electrolytes 

• Understanding the reaction pathways between LLZO and liquid electrolytes enabled functionalization 

and stabilization of LLZO. 

• In close collaboration with Professor Linda Nazar at the University of Waterloo, we were the first to 

demonstrate the theoretical capacity of S (1,300 mAh/g) using ether-based electrolyte and using 

LLZO to protect the Li anode. 

Perspective on Solid-state Battery Technology for EVs1 

Owing to the potential to achieve >1200 Wh L-1, improve safety, and reduce cost compared to Li-ion, there is 

significant interest in commercializing solid-state batteries.  However, solid-state batteries are currently not 

competitive with Li-ion on either a cost or performance basis and are not yet widely available on a commercial 

scale.  Due to the solid nature of the individual components, solid-state batteries possess a unique set of design 

criteria that are dictated by the combination of their electrochemical, mechanical, and thermal properties.  

While significant scientific progress has been made in the past decade, in order to achieve commercial success, 

these criteria must be considered at each stage of the battery design, from the materials to the systems level.   

Our perspective article1 provides an overview of the couplings between the material properties of each 

component and how these links play a role in solid-state battery design, manufacturing, and operation (Figure 

XVI.4.1).  Of the many industries that may benefit from solid-state batteries, automakers currently provide the 

largest impetus for their development due to the strict requirements for performance, safety, and costs for 

electric vehicles.  Therefore, this perspective offers specific insight into the challenges facing solid-state 

batteries for electric vehicles, with input from three global automakers to provide targeted guidelines for 

continued solid-state battery research and development.   

 
 

Figure XVI.4.1  Our Perspective1 article accepted in Joule provides insight into the technological status of solid-state batteries and 

provides a guide for future challenges and opportunities to work with OEMs to advance the technology readiness level (TRL).   
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Key aspects and challenges for solid-state batteries from academic and industrial perspectives 

It is hoped that the guidelines proposed in the perspective will help to further the state-of-understanding of a 

range of phenomena discussed herein, leading to accelerated progress in the community. In addition to the 

many phenomena already mentioned, there remain many outstanding questions that if answered, could make 

dramatic impacts on the trajectory of these technologies. In summary, we offer a list of a subset of these 

questions that were most frequency discussed in our discussions with industry and the community: 

How will the Li plating/stripping processes change with variable vehicle charging and driving (discharge) 

profiles and with changing temperatures?  In particular, can the electrochemical response to variable current 

draws be linked to the intrinsic time-dependent mechanical properties of the Li metal?  For example, 

interspersing occasional “fast charge events”, into the cycling protocol may be used to simulate the habit of EV 

customers who typically operate using low charge/discharge rates with the occasional fast charging to meet 

immediate demands. Lesser used techniques, like direct current internal resistance (DCIR) measurements may 

provide additional insight on the battery behavior under these conditions.  Furthermore, can the causes of 

Coulombic efficiency loss be identified and used to predict how these external factors affect the lifetime of the 

battery?    

Can we improve manufacturability and costs of solid-electrolytes while maintaining high conductivity?  This 

may include reducing the costs of extraction of rare-earth metals and other critical elements or minimization of 

time/energy intensive steps such as drying and densification. 

How can mechanical fatigue induced by cyclic strains in the cell be managed?  These effects may be related to 

swelling induced by the growth and shrinkage of a Li metal anode, or by cyclic cathode strains. 

How can the rate capability of composite cathodes be increased to compete with state-of LIBs without 

requiring elevated temperatures?  

Can solid state batteries provide life-cycle benefits such as improved/simpler recycling of components, and 

reduced need for supply-limited or hazardous materials? 

The effect of aspect ratio on the mechanical behavior of Li metal in solid-state cells2 

While tensile creep experiments have reliably determined the creep mechanism for Li metal, compressive 

creep experiments more accurately reflect the stress state of Li metal under stack pressure in a solid-state 

battery In this study, the effects of the applied compressive stress and Li thickness on the strain and strain rate 

of Li metal coupled with Li6.5La3Ta0.5Zr1.5O12 SSE and a Ni current collector were evaluated. The degree 

of Li/LLZO adhesion was controlled for all symmetric cells by measuring the Li/LLZO interfacial resistance 

using electrochemical impedance spectroscopy. All Li/LLZO interfacial resistances were measured to be < 15 

Ω cm2 and differences in interfacial resistance did not correlate with creep strain, suggesting good Li/LLZO 

adhesion for all tests. It was shown that as the Li thickness decreased, the effects of friction from the Li/LLZO 

and Li/Ni interfaces were amplified, resulting in lower creep strain for thinner Li foil samples (Figure 

XVI.4.2). At 1 MPa applied stress, the measured strain rate for all foil thicknesses was almost four orders of 

magnitude smaller than the steady-state strain rate predicted from tensile creep tests of Li. The frictional 

effects of the interfaces prevented the determination of a stress exponent, but it was seen that strain rates were 

a function of both Li metal thickness and applied stress, decreasing as the thickness and applied stress 

decreased. We propose that frictional effects from the Li/LLZO and Li/Ni interfaces induce regions of 

hydrostatic stress in Li metal, thereby lowering the volume of material free to deform, which becomes more 

pronounced at lower aspect ratios. Overall, the results of this study have implications for stack pressure 

requirements in solid-state batteries, where the mechanical behavior of the Li metal anode may change with 

aspect ratio during battery operation. The proposed hydrostatic stress state of Li is also of great importance to 

accurately model failure mechanisms on the < 100 µm length scale, including SSE crack propagation during 

plating and Li void formation during stripping.  
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Figure XVI.4.2  Mechanical strain % vs time plot of Li-LLZO-Li cells consisting of thick (700 micron) and thin (100 micron) Li 

anodes.  When Li was < 100 microns thick, negligible deformation occurred.  This behavior  suggests that Li-LLZO frictional or 

adhesion likely created hydrostatic stress in Li, thus limiting deformation when Li is thin (< 100 microns).  

Understanding Coupled Electro-Chemo-Mechanics During In Situ Li Metal Anode Formation in Solid-State 

Batteries3 

Solid-state batteries (SSBs) could enable the use of Li metal anodes, giving a major advantage for energy 

density. Unfortunately, Li presents challenges in manufacturing stemming from the reactivity and the difficulty 

of fabricating thin Li films and high-quality Li/Electrolyte interfaces. Recently, in situ anode formation has 

shown promise for overcoming these challenges. In this approach, cells are assembled without an anode 

(“Anode-free”), and Li is plated out from the positive electrode after fabrication. This reduces the need for 

inert atmospheres, reduces cell complexity, and potentially lowers cost.  

As the Li is plated out at the Li/Electrolyte interface, mechanical stresses evolve due to the volume changes in 

the cell. These stresses play an important role in the uniformity and quality of the resulting in situ formed Li 

electrode. The coupling between mechanics and electrochemistry also plays a key role in this process. This 

work utilizes operando 3D optical video microscopy to characterize electrode morphology evolution during in 

situ anode formation on one of the most promising solid electrolytes, Li7La3Zr2O12 (LLZO). These morphology 

changes are linked to corresponding electrochemical signatures in three regimes and linked to the mechanical 

stresses at the Li/LLZO interface. A mechanistic framework is built to understand these factors, which is then 

used to provide insight into the parameters that control uniformity and how systems can be designed to 

improve the resulting electrode properties. The role that stack pressure plays and the importance of stack 

pressure uniformity are highlighted. The impacts of interfacial toughness, current collector properties, and cell 

geometry are discussed. Based on the mechanistic framework, improved areal Li coverage is demonstrated, 

providing insight for future works to enable in situ anode formation in a range of material systems and cell 

architectures.   The details of this study were published in a manuscript titled,  “Understanding Coupled 

Electro-Chemo-Mechanics During In Situ Li Metal Anode Formation in Solid-State Batteries”, by Eric 

Kazyak, Michael Wang, Kiwoong Lee, Srinivas Yadavalli, Adrian J. Sanchez, M. D. Thouless, Jeff Sakamoto, 

and Neil P. Dasgupta. 

Understanding Coupled Electro-Chemo-Mechanics During In Situ Li Metal Anode Formation in Solid-State 

Batteries4 

The transition from laboratory-scale thick Li-metal anodes (>500 µm) to thin (~10-30 µm) Li anodes is 

necessary for the successful implementation of Li-metal solid-state batteries (LMSSB). However, the 

mechanical deformation of Li along an interface depends on its thickness, making it essential to understand the 

interface mechanics between thin Li layers and solid electrolytes. We investigate the stripping behavior of thin 

Li electrodes that are formed using in situ plated (anode-free) Li on Li7La3Zr2O12 garnet-type solid 

electrolytes. We demonstrate that the accessible discharge capacity increases as current density decreases and 

as the Li anode thickness increases. It is shown that two different mechanisms restrict the stripping of thin Li 

electrodes, depending on the current density.   We demonstrate that de-wetted Li/LLZO interfaces during 

stripping can be reestablished using a simple thermal treatment. This approach could be integrated into future 

charging protocols, and the findings provide insight into LMSSB design, implementation, and operation. (See 

Figure XVI.4.3.) 
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Figure XVI.4.3  Two distinct behaviors were observed when stripping in situ formed Li electrodes. 

Demonstrating the efficacy of LLZO membranes to protect Li anodes in Li – S technology (In 

collaboration with Professor Linda Nazar, University of Waterloo).  

Because initial success was achieved in stabilizing the sulfur catholyte and LLZO interface, the project 

resources were redirected from the study of ALD coatings to suppress potential reactions between LLZO and 

the organic electrolyte to treating the native LLZO interface. This work closely involves pre-PhD candidate 

Max Palmer at the University of Michigan and Prof. Linda Nazar and her PhD students Abhi Shayamsunder 

and Ivan Kochetkov from the University of Waterloo, Canada. (See Figure XVI.4.4.) 

 

Figure XVI.4.4  Cycling at 108 uA/cm2 at room temperature with carbon paper. A Li-LLZO-DOL/DME/S hybrid battery can be 

discharged to 1,300 mAh/g and be cycled 3 times with minimal capacity loss. 

In this collaboration, it was determined that residual adventitious compounds on the LLZO surface, react state-

of-the-art Li-S organic electrolytes.  A reaction pathway was hypothesized and validated, enabling the design 
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and implementation of a treatment process to stabilize the native LLZO surface using DOL/DME 1.0M LiTFSI 

as the catholyte.  An interface resistance of 30 Ohms/cm2 was achieved and exceeds the goal of 40 Ohms/cm2.   

Demonstrating the compatibility between LLZO and the liquid electrolyte, hybrid Li-S cells were made using 

LLZO to protect the Li electrode and DOL/DME 1.0M LiTFSI as the catholyte for S+carbon prototype cells 

(Figure XVI.4.4).  The goal of the initial cycling study was to demonstrate stable cycling and to demonstrate 

that LLZO can protect the Li anode to protect fouling of the Li anode with soluble polysulfides.  The data in 

Figure 1 show that the Li-LLZO-S cell closely resembles a standard all-liquid Li-S, but it uses LLZO to 

protect the Li anode.  The fact that the profile closely resembles a liquid Li-S, shows potential as an effective 

cell configuration to ameliorate the side reactions that limit traditional Li-S cells, such as passivation of the Li 

anode from deleterious side reactions with soluble polysulfides.  

Conclusions   

The focus of this project was to study the mechano-electrochemical phenomena of thin Li electrodes integrated 

with relevant model LLZO solid electrolyte and to evaluate LLZO compatibility with S-based cell chemistries.   

In one study, new insight into the mechanical behavior of thin Li was found that could help guide efforts to 

understand the stability and kinetics of thin (< 20 micron) commercially-relevant Li electrodes in solid-state 

batteries.   In a second study, an operando visualization platform was used to better understand correlations 

between in situ Li plating conditions and Li areal an topographic homogeneity.  In a third study, the stripping 

behavior or thin, in situ Li was investigated.  It was determined that the stripping behavior of in situ formed Li 

is dramatically different compared to previous studies using Li foil.  It is likely that the purity of in situ  

formed Li metal and the interface that it forms with the solid electrolyte are dramatically different compared to 

many previous studies that involve Li foil that was placed on a solid electrolyte.  In a fourth study, it was 

shown that by understanding the reactions between untreated-LLZO and treated-LLZO, that it is possible to 

develop a viable approach for eliminating reactions between LLZO and S electrolytes.     
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Project Introduction 

All-solid-state batteries (ASSBs) using a ceramic fast Li-ion conductor as a solid-state electrolyte (SSE) have 

been proposed as a promising strategy to significantly increase the energy density of lithium batteries. Due to 

their high ion conductivity and excellent stability, Li-stuffed garnets exhibit the most promising physical and 

chemical properties for SSEs. However, the typical microstructure, thick (>100 μm) bulk electrolyte and 

simple planar electrode/electrolyte interfaces, combined with poor electrode wetting of the garnet result in 

excessively high area specific resistances (ASRs) that severely limit achievable current density and cell energy 

density.  

Recently, the University of Maryland PIs have pioneered thin garnet-based solid-state batteries that effectively 

address the interfacial impedance at the Li metal side.We have demonstrated the ability to overcome the solid-

electrolyte/solid-electrode interfacial impedance using interfacial engineering [1] of solid-state garnet (e.g. 

Li7La3Zr2O12 LLZ) electrolytes under BMR contract DEEE0006860. Further, we have demonstrated Li-metal 

anodes with unique porous-dense-porous trilayer LLZ architectures achieving excellent stability and high 

current density (10 mA/cm2) for Li-cycling with no electrical shorting [2] successfully solving the high Li-

garnet interfacial impedance that severely limited achievable current density. We have also developed state-of-

the-art Li-metal solid-state batteries using this technology demonstrating high energy density (~300Wh/kg) 

with both NMC high-voltage [3] and S high-capacity [4] cathodes using these trilayer garnet structures. 

However, cycling rate in full cells is orders of magnitude lower than Li-symmetric cells as issues remain with 

regard to properties evolving at the cathode-electrolyte interface. Today’s processing routes require 

temperatures of ≥1000°C for the garnet, which unavoidably leads to enhanced ion diffusion at the interface, 

thereby raising the issues of material compatibility and the formation of possible interphases that influence the 

total cell resistance for desired cathode/electrolyte co-sintering. In addition, even with cathodes infiltrated into 

pre-sintered garnet structures major challenges still exist at the cathode interfaces for all-solid-state batteries, 

including (1) high cathode interfacial resistance and (2) limited processing techniques that incorporate active 

cathode materials within the solid electrolyte.   

mailto:ewach@umd.edu
mailto:yfmo@umd.edu
mailto:Tien.Duong@ee.doe.gov
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Objectives 

The project objective is to integrate computational and experimental research to develop and test Li-metal-

based batteries that implement solid SSEs equipped with NMC cathodes integrated into the Li-metal/LLZ tri-

layer architecture. Specifically, the team is achieving the following: (1) identify and demonstrate interfacial 

layers to achieve low-impedance and stable NMC/LLZ interfaces; (2) develop novel processing techniques to 

fabricate NMC/LLZ composite cathodes with low interfacial resistance; and (3) enable high-performance 

ASSBs with an energy density of 450 Wh/kg and 1400 Wh/L and negligible degradation for 500 cycles. 

Approach  

In this new project, the team is building on their demonstrated expertise with garnet electrolytes and ASSBs to 

accomplish the following: (1) engineer interfaces to overcome high NMC/LLZ interfacial impedance and 

interfacial degradation; (2) develop processing and fabrication techniques to achieve high-loading NMC/LLZ 

composite cathodes with low resistance and high cyclability; and (3) integrate the NMC/LLZ cathodes into all-

solid-state Li-metal/LLZ cells to achieve high-energy-density batteries. 

Results  

COVID-19 Impact 

Progress on experimental results were impacted by COVID19 which closed labs for several months resulting 

in a 6 month no-cost extension. 

Thermochemical stability between LLZ and interface coated NMC (Experimentally determined) 

Previous XRD results of sintered NMC/Li6.75La3Zr1.75Ta0.25O12 (LLZTO) pellets suggested that NMCs with 

higher Ni contents (e.g., NMC811) are more reactive towards garnet than those with lower amounts of Ni.  

NMC811/LLZTO pellets demonstrated near complete loss of peak intensity in XRD when sintered at 1000°C.  

To further investigate this effect, TGA/DSC was performed on samples of the pristine NMCs in both Ar and 

O2 atmosphere as literature reports indicate NMC loses O2 from the lattice at high temperatures.  The TGA 

results are shown in Figure XVI.5.1, and show that the higher the Ni content of NMC, the greater the mass loss 

with an earlier onset temperature. Furthermore, the samples heated in an O2 environment show decreased mass 

loss with increase in the onset temperature across all compositions of NMC.  This stabilization of the NMC is 

significant enough that NMC111 demonstrates nearly no mass loss up to 1100°C in O2.  Additionally, coating 

NMC622 with a 4nm layer of alumina further reduces the mass loss of NMC622, such that in O2 atmosphere 

the sample loses less than 0.5wt%. This suggests that careful selection of co-sintering environment, use of a 

protective ALD coating, as well as the NMC composition should be done when co-sintering NMC and 

LLZTO.  
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Figure XVI.5.1  TGA results of a) NMC811, b) NMC622, c) NMC111, and d) Al2O3 coated NMC622 in both Ar and O2 atmospheres. 

Figure XVI.5.2 contains the summarized phase weight percentage results of the Rietveld Refinement of the 

powder XRD spectra.  The samples consisted of NMC and LLZTO in a 1:1 weight ratio co-sintered at 900°C 

for 3hrs in Ar and O2.  The results for samples co-sintered in air are not included as they show similar results 

to those processed in O2 except that the weight percent of NMC is slightly lower indicating and intermediate 

thermochemical stability between Ar and O2 of NMC.  Across all NMC compositions, the wt% of NMC 

decreases with increasing Li content of the LLZO, indicating either a loss of NMC crystallinity or formation of 

amorphous decomposition phases.  For higher Ni content NMCs, the increase in Li content is also correlated 

with an increase in the formation of a perovskite-like decomposition phase, La2Li0.5M0.5O4 (M=Ni, Mn, Co).  It 

is unclear what the exact composition of the transition metal site is because all these compositions have very 

similar XRD patterns.  Furthermore, more perovskite is formed when NMC811 is co-sintered than NMC622.  

This combined with previous TGA/DSC results seems to indicate that the lower the thermochemical stability 

of the pure NMC and higher Li content in the LLZO leads to greater formation of the perovskite 

decomposition phase (NMC811 demonstrated greater O2 mass loss starting at lower temperatures than 

NMC622).  This trend holds true regardless of the co-sintering atmosphere. 
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Figure XVI.5.2  XRD and Rietveld Refinement Analysis of a-b) NMC811, c-d) NMC622, and e-f) NMC111 co-sintered in a 1:1 wt 

ratio with LLZTO of varying amounts of excess Li in both Ar and O2 atmospheres 

Across all NMC compositions, the wt% of NMC is lower for samples sintered in Ar than those sintered in O2. 

This reinforces the importance of having high oxygen partial pressure to prevent O2 loss from the NMC that 

leads to subsequent decomposition.  This difference is smaller for NMC111 and becomes greater for NMC622 

and greatest for NMC811.  It is notable that for NMC811 co-sintered in Ar, less than 10wt% is still the NMC 

phase, as a high Ni-content lithiated spinel phase (Li0.5Ni1.5O2) is detected instead.  In O2, the NMC811 phase 

is largely preserved. Additionally, the weight fraction of the perovskite decomposition phase is higher for 

NMC811 co-sintered in Ar than in O2.  This suggests that stabilizing the NMC is of the utmost importance to 

prevent formation of decomposition products like La2Li0.5M0.5O4 (M=Ni, Mn, Co).   

Various coatings of lithium silicates and lithium aluminates with varying lithium content and at varying 

sintering atmosphere was studied. Thin layers of lithium silicates and aluminates were coated over NMC622 

through solution-based synthesis route. (Please note in the following experiments we have used NMC622 for 

the studies). Figure XVI.5.3 shows the summarized phase weight percentage results of the Rietveld 

Refinement of the powder XRD spectra of LLZTO and lithium silicate coated NMC622. Two species of 

lithium silicate was used: Li2SiO3 and lithium rich Li4SiO4. With 40mol% excess Li, for uncoated NMC 
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sample about 2 wt% of perovskites were formed. In addition, with the silicate coated sample, NMC phase % 

was higher when sintered in O2 atmosphere (45%) compared to the uncoated sample (35%). Further, when the 

samples were sintered in Ar atmosphere La2Li0.5M0.5O4 (M=Ni, Mn, Co) phase increases with increasing Li 

content. 

 

Figure XVI.5.3  Rietveld Refinement Results of XRD of Li2SiO3-NMC622 co-sintered in a 1:1 wt ratio with LLZTO onto LLZTO 

trilayers at 900°C in (a) Ar atmosphere and (b) O2 atmosphere. Similarly, Rietveld refinement results of XRD of Li4SiO4-NMC622 

sintered in (c) Ar and (d) O2 atmosphere. 

Figure XVI.5.4 shows the Rietveld refinement analysis of lithium aluminate coated NMC with garnet solid 

electrolyte sintered at different sintering atmosphere (Ar and O2). When sintered in Ar atmosphere, the phase 

wt% of NMC is unchanged and the presence of coating phase decreased the formation of La2Li0.5M0.5O4 

(M=Ni,Mn,Co) decomposition phase. 

 

Figure XVI.5.4  Rietveld Refinement Results of XRD of LiAlO2-NMC622 co-sintered in a 1:1 wt ratio with LLZTO onto LLZTO trilayers 

at 900°C in (a) Ar atmosphere and (b) O2 atmosphere. Similarly, rietveld refinement results of XRD of Li5AlO4-NMC622 sintered in 

(c) Ar and (d) O2 atmosphere. 
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Computational results and model refined for process optimization 

The computation model results for interface side reactions were compared with experimental results. The 

experimental results reported the formation of delithiated phases as side products in agreement with our 

computation predictions. For the process optimization, experimental results shown improvement in interface 

stability using oxygen gas environment. To improve our model to account for the process optimization, we 

include the sintering environment into our computation model using the grand potential phase diagram 

approach. In the improved model, the external environment is open to the interface for the potential reaction 

evaluations. Our models consider the environment in two ways. One way is through the control of Li chemical 

potential (Table XVI.5.1), which is a key element loss during sintering, and can be strongly interacting with 

the environment. Thus, the environment chemical potential can be translated into the Li chemical potential. In 

our results, we observe having an appropriate range of Li chemical potential can reduce Li loss and also 

promote the formation of passivation layer such as Li2O, which can kinetically limit Li loss and mitigate the 

side reaction (Table XVI.5.1). In another model, we directly consider the oxygen gaseous environment (Table 

XVI.5.2). In this model, we observe significant stabilization of the cathode materials (Table XVI.5.2), in 

agreement with the previously reported experimental results. In summary, computation models for process 

optimization were developed achieving good agreement with experiment. In addition, as shown above, the 

experimental results for inter-layer materials are compared with previous computation results. The coating 

layer materials predicted by computation are now verified by experiments. These coating layers show good 

stabilities and good conductive properties, confirming and verifying the computation prediction of the stable 

coating between garnet and cathode.  

Table XVI.5.1 Stability of LLZO–NMC 111 Under Varying Li Chemical Potential. 

Table XVI.5.2 Stability of LLZO–NMC 111 Interface Under Varying O2 Chemical Potential 

 

μLi 

(eV) 

ratio of 

NMC  

ratio of 

LLZO 

Mutual Rxn. E. 

(meV/atom) 

Phase equilibria 

0 0.43 0.57 -81 La2O3, Li2O, ZrCo2, ZrMn2, ZrNi3 

-0.25 0.75 0.25 -29 La2O3, Li2O, MnCo, Zr6Co23, ZrNi3 

-0.5 1.00 0.00 0.00 Co, Li2O, MnCo, MnNi3 

-1 0.53 0.47 -27 Co, La2MnCoO6, Li2O, Li6Zr2O7, MnNi3 

-1.25 0.43 0.57 -87 Co, La2MnCoO6, Li2O, Li6Zr2O7, Ni 

-1.75 0.43 0.57 -155 La2MnCoO6, Li2O, Li6CoO4, Li6Zr2O7, Ni 

-2 0.43 0.57 -151 La2MnCoO6, Li2O, Li6Zr2O7, LiCoO2, Ni 

-2.25 0.43 0.57 -139 La2MnCoO6, Li2O, Li6Zr2O7, LiCoO2, NiO 

-2.75 0.43 0.57 -125 La2MnCoO6, Li, Li2NiO3, Li2O, Li6Zr2O7, LiCoO2 

-3 0.43 0.57 -138 La2MnCoO6, Li, Li2NiO3, Li2O2, Li6Zr2O7, LiCoO2 

-3.25 0.43 0.57 -146 La2MnCoO6, Li, Li2NiO3, Li2O2, Li2ZrO3, LiCoO2 

-3.5 0.43 0.57 -140 La2MnCoO6, Li, Li2NiO3, LiCoO2, O2, ZrO2 

-3.75 0.43 0.57 -158 La2MnCoO6, Li, Li(CoO2)2, NiO, O2, ZrO2 

-4 0.43 0.57 -168 CoO2, La2MnCoO6, Li, NiO, O2, ZrO2 

μO (eV) ratio of 

NMC  

ratio of LLZO Mutual Rxn. E. 

(meV/atom) 

Phase equilibria 

0.00 0.43 0.57 -141 La2MnCoO6, Li, Li2NiO3, Li2O2, Li6Zr2O7, LiCoO2 

-0.25 0.43 0.57 -145 La2MnCoO6, Li, Li2NiO3, Li2O2, Li2ZrO3, LiCoO2 

-0.50 0.43 0.57 -141 La2MnCoO6, Li, Li2NiO3, LiCoO2, O2, ZrO2 

-0.75 0.43 0.57 -160 La2MnCoO6, Li, Li(CoO2)2, NiO, O2, ZrO2 

-1.00 0.43 0.57 -168 CoO2, La2MnCoO6, Li, NiO, O2, ZrO2 
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Demonstrating 10X reduction in interfacial resistance between coated and uncoated LLZ/NMC 

interfaces 

Various interlayer coatings identified by previous computational work were synthesized on the surface of 

NMC622 via a solution-based process.  These include LiAlO2, Li2SiO3, and Li2ZrO3.  These coated NMC 

powders were then co-sintered in a 1:1 weight ratio of NMC: LLZTO at 1000°C in O2 onto LLZTO trilayers to 

fabricate symmetric cells for EIS testing.  These results for varying coating thicknesses are summarized in 

Figure XVI.5.5. Shown in Figure XVI.5.5a-b, 2.5mol% was the optimal coating thickness for the Li2ZrO3 

leading to a 2.5X reduction in the impedance.  For the LiAlO2 and Li2SiO3 coatings, 10mol% was optimal both 

leading to a 4X reduction in the impedance. 

 

Figure XVI.5.5  Nyquist plots and Distribution of Relaxation Times Analysis of EIS of a) Li2ZrO3-NMC622, b) LiAlO2-NMC622 , and c) 

Li2SiO3-NMC622 co-sintered in a 1:1 wt ratio with LLZTO onto LLZTO trilayers at 1000°C in O2. 

Since the computational results indicated that the Li concentration gradient between NMC and LLZO is the 

main driving force for the reaction, more lithiated versions of the silicate and aluminate coatings (Li5AlO4 and 

Li4SiO4) were also synthesized and coated on NMC622. These EIS results are shown in Figure XVI.5.6. At the 

same molar concentration, the higher lithium content aluminate and silicate reduced the impedance 2x more 

than their less lithitated counterparts. In addition, 5X reduction in interface resistance was attained for 10mol% 

excess lithium containing Li5AlO4 coated NMC and a 10X reduction in interface resistance was attained with 

10mol% of excess lithium for Li4SiO4 coated NMC compared to the uncoated samples. This confirms the 

computational results that reducing the difference in the Li concentration at the interfaces attenuates the 

interfacial reaction of NMC and LLZTO.  

a

) 

b

) 

c

) 
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Figure XVI.5.6  Nyquist plots (inset) and Distribution of Relaxation Times Analysis of EIS of a) Li5AlO4-NMC622, and b) Li4SiO4-

NMC622 co-sintered in a 1:1 wt ratio with LLZTO onto LLZTO trilayers at 1000°C in O2. 

Table XVI.5.3 summarizes the EIS reduction with various coating materials. From the materials studied Li4SiO4 

coated NMC with 10mol% excess Li co-sintered sample exhibited 10X reduction in interface resistance 

compared to the uncoated sample.  

Table XVI.5.3 Comparison on EIS Reduction with Respect to Various Coating Material 

Trilayer cell with composite NMC-LLZ cathode layer 

Efforts to fabricate a full cell via sintering a tape casted NMC622/LLZTO composite cathode, dense LLZTO 

layer, and LLZTO porous anode for Li metal are currently underway.  Despite the shrinkage mismatch 

between the porous anode tape and the initial formulations of the composite NMC tapes causing extreme 

curling, some full cells were successfully fabricated and infiltrated with Li metal. Figure XVI.5.7 contains a 

Nyquist plot of NMC|LLZTO|Li Metal full cells with both Li4SiO4 coated NMC622 and uncoated NMC622.  

The impedance drops by nearly an order of magnitude highlighting the ability of this interfacial coating to 

improve the interface between LLZTO and NMC622. (Note: This is lower than interface resistance obtained 

from symmetric cell studies as the sintering temperature here was increased to 1050°C, suggesting that the 

coating is less effective at reducing the interfacial impedance as the sintering temperature increases past a 

certain point.). The sintering temperature was increased in order to ensure complete densification of the 

LLZTO dense layer in the trilayer structure. Cycling data is forthcoming for these cells. 

Coating Li2ZrO3 Li3PO4 LiAlO2 Li5AlO4 Li2SiO3 Li4SiO4 

2.5 10 10 10 10 10 

2x 1.33X 4x 5x 4x 10x 

mol% 

EIS Reduction 
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Figure XVI.5.7  Nyquist of EIS of uncoated and Li4SiO4 coated NMC622 Li metal full cells co-sintered in a 1:1 wt ratio with LLZTO 

onto LLZTO trilayers at 1050°C in O2. 

Conclusions   

The reactivity of NMC with LLZTO increases with increasing Ni content. The reaction is mainly caused by Li 

deficiency at high temperature. Apart from optimum Li content effect of sintering atmosphere was also 

studied. O2 atmosphere is suitable for the co-sintering studies of NMC with LLZT. Further, with interface 

coated NMC and with optimum amount of excess Li the formation of perovskite phase can be reduced. First-

principles computation was used to study the trends in stability with LLZO and NMC through varying Li and 

O2 chemical potential. EIS measurement on NMC/trilayer LLZTO/NMC symmetric cells found that Li4SiO4 is 

better than any other interface coating material at improving the interfacial impedance. Moreover, increasing 

the amount of available Li during co-sintering can dramatically reduce the reaction of NMC and LLZTO 

achieving a 10X reduction in interfacial ASR. Preliminary studies on all-solid-state full cells were conducted 

and the Li4SiO4 interface coating reduced the overall impedance by nearly an order of magnitude compared to 

the cell with no interface coating. 
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(10/2021) (Invited) 

7. Y. Mo, “Computation Guided Design of Materials for Solid-State Batteries”, Battery Energy Webinar 

(virtual) (03/2022) (Invited)   

8. E. D Wachsman, “Enabling High Rate Metal Anodes by Tailored Structures and Interfaces,” 23rd 

International Conference on Solid State Ionics, July 17-22, 2022, Boston (Keynote) 

9. Y. Mo, “Interfacial Atomistic Mechanisms of Lithium Metal Stripping and Plating in Solid-State 

Batteries”, The 10th International Conference on Multiscale Materials Modeling (MMM10), 

Baltimore MD (10/2022) 

10. Y. Mo, “Data-Driven Discovery of Materials for Next-Generation Batteries”, “Frontiers in 

Computational Materials Science”, UW-Madison Computation In Engineering Forum 2022 (10/2022) 

(Invited)  

11. Y. Mo, “Computation Guided Design of Materials for Solid-State Batteries”, Department of Chemical 

Engineering, Columbia University (10/2022) (Invited) 
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Project Introduction 

Based on a newly discovered class of solid polymer electrolyte materials, which we term molecular ionic 

composites (MICs), we are developing Li solid electrolytes targeted for use in transportation applications. 

MICs form a mechanically stiff (~ 1 GPa modulus), electrochemically stable, and highly thermally stable 

matrix that can resist dendrite formation with metal anodes, allow high voltage operation, provide robust safety 

against fire, and enable fast charging/discharging over a wide temperature range. The component molecules in 

MICs are inexpensive and MICs can be processed to yield a large area format at room temperature and 

generally in ambient atmosphere and with relatively safe solvents. Our team is advancing this class of polymer 

electrolytes to promote uniform lithium plating, inherent safety, and long-term stability against both lithium 

metal anodes and high voltage layered oxide cathodes. 

Objectives 

Utilizing molecular ionic composite (MIC) solid polymer electrolytes, the overall objective is to develop solid-

state lithium conductors targeted for use in transportation applications. MICs form a mechanically stiff, 

electrochemically stable, and thermally stable matrix.  

Specific objectives include the following: (1) Development of robust MIC electrolyte thin films (down to 

~ 20 μm) to serve as simultaneous nonflammable separators and dendrite-blocking Li+ conductors that enable 

the use of Li metal anodes, (2) electrochemical quantification of key performance metrics including electrolyte 

stability, interfacial reactions, and suitability/compatibility with a range of electrode materials, and (3) 

comprehensive investigation of ion transport mechanisms and electrode-electrolyte interfacial reactivity under 

practical operating conditions using NMR and synchrotron X-ray analyses. 

mailto:lmadsen@vt.edu
mailto:fenglin@vt.edu
mailto:Tien.Duong@ee.doe.gov
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Approach  

MICs rely on a unique polymer “PBDT” that is similar to Kevlar® in its strength, stiffness, and thermal 

stability, but with densely spaced and ordered ionic groups that serve to form an electrostatic network that 

permeates mobile ions in the MIC. The team can tailor the ion concentrations and types to yield MIC 

electrolyte films that are electrochemically compatible with Li-metal anode as well as a range of high-voltage 

layered cathodes. The team is searching the composition space of lithium salts, electrochemically compatible 

ionic liquids, and polymer (PBDT) molecular weight to determine best composition windows for MIC 

electrolytes. The team is also investigating best methods for casting or spraying thin films in terms of 

temperature, solvent/evaporation conditions, and control over the initial liquid crystalline gel formation point. 

Concurrently, the team is testing MIC films in various electrochemical cells, quantifying transport and 

structural/morphology parameters with NMR and X-ray techniques, and measuring key mechanical (dynamic 

mechanical thermal analysis, stress-strain) and thermal (DSC, TGA) properties. 

Results  

Over this year, we showed that MIC solid electrolytes made with Pyr13
+

 cations and FSI- anions, demonstrated 

enhanced rate capability. In order to characterize this MIC material in detail, we measured the diffusion 

coefficients of these cations and anions in MICs with 10 wt% PBDT and either 10 wt% or 20 wt% of two 

different Li salts (LiFSI and LiTFSI). As shown in Figure XVI.6.1, the diffusion coefficients decrease when 

increasing the polymer content in the MIC, and when comparing the Pyr13FSI and Pyr14TFSI based MICs, both 

the cation and anion in Pyr13FSI based MIC show substantially faster diffusion coefficients, indicating that the 

lithium ion will also likely diffuse faster, and this could explain the higher rate capability of the new MICs. 

 

Figure XVI.6.1  Temperature dependence of diffusion coefficients of Pyr13+ and FSI- in MICs with 10 wt% PBDT and LiFSI or LiTFSI 

salt. (A) shows the effect of LiFSI wt% (10% or 20%) on the diffusion coefficients while (B) shows again the Pyr13FSI IL but with 

LiTFSI at 10 or 20 wt%.  In both cases, the diffusion coefficients are a factor of 3 faster than when using Pyr14TFSI IL with these 

salts.  There is also noticeably faster diffusion for the LiFSI salt system as compared to LiTFSI, and only a modest decrease in ion 

diffusion when using 20 wt% salt as opposed to 10 wt%.  Battery cell testing is underway with these and related systems (see also 

the figure below).    

Furthermore, our team has made progress toward incorporation of high energy density Ni-rich cathodes with 

MIC electrolytes. The electrochemical data shows a high energy density of 558 Wh/kg (half cell, materials 

basis) with good capacity retention (92%) for 50 cycles. In this example coin cell, Li│MIC│Ni-rich cathode, 

was cycled between 2.5 and 4.2V at C/3 rate. Figure XVI.6.2 overviews these results.  The team is currently 

exploring strategies to maintain capacity with a higher upper cut off voltage and has recently reached 4.4 V 

cutoff. Compared to conventional polymer electrolytes, our MICs demonstrated high energy density with good 

capacity retention. More recent studies (August - October 2022, not shown) have demonstrated similar systems 

with up to 700 Wh/kg and 90% capacity retention for 100 cycles.    
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Figure XVI.6.2  Li/MIC/NMC622 cathode coin cell cycled at 60⁰C at C/3. The mass loading of the cathode material is 

3.36mg/cm2. (a) Galvanostatic charge/discharge profiles at C/3 for 50 cycles. (b) Charge/discharge profiles by different cycle 

numbers. (c) Coulombic efficiency (%) for 50 cycles. 

This year, the team has also evaluated in detail the performance of PBDT as a polymer binder for LiFePO4 

(LFP) cathodes (and eventually others), and we have incorporated these cathodes into battery cells for testing. 

Use of this PBDT binder eliminates the traditional fluorinated polymer PVDF from the battery, and enables 

processing in water, removing the need for harmful solvents such as NMP.  The long-term cycling stability of 

such cathodes with 3% PBDT binder is quite comparable to cathodes made with 3% PVDF binder. Figure 

XVI.6.3shows the specific discharge capacity of LFP electrodes cycled at 4C rate for 1000 cycles at 22°C 

following 5 initial cycles at 0.2C. We can see that the 3% PVDF-LFP electrodes have only a slightly higher 

specific capacity at 4C rate than the 3% PBDT-LFP, which is likely due to the higher electrolyte uptake of 

PVDF, as reported previously. However, a notable capacity decay, from 127 mAh/g to 120 mAh/g, is observed 

for the 3% PVDF-LFP electrodes after 560 ~ 800 cycles, while the capacity of 3% PBDT-LFP remains nearly 

constant for 1000 cycles. Further experiments show that 3% PBDT-LFP electrodes start to show capacity 

decay only after 1100 ~ 1500 cycles. Thus, the LiFePO4 electrode prepared with PBDT as binder has 

comparable or better cycling stability over PVDF, making PBDT a promising fluorine-free binder material to 

enable lithium ion batteries with no significant performance decay over long-term cycling at high rates. 



Batteries 

886 Beyond Lithium-Ion R&D: Solid-State Batteries 

 

Figure XVI.6.3  Specific discharge capacity of LiFePO4 electrodes prepared with 3% PBDT (red) and 3% PVDF (black) as binder over 

long-term cycling at 22°C. Performances of three cells are shown for each type of electrode. The cells are cycled at 0.2C for 5 

cycles followed by 1000 cycles at 4C rate. Occasional pausing of the battery tester causes a few inconsistent data points in the 

plot. Electrodes with PBDT binder demonstrate better long-term cycling stability in spite of their slightly inferior capacity compared 

to their PVDF counterparts.  The PBDT cells were run longer, up to 2000 cycles, with only minimal loss (10%) in specific capacity.    

Besides this long-term cycling performance, the team has also evaluated the mechanical integrity of these 

electrodes in order to characterize the binding strength of PBDT vs. PVDF. LFP electrodes were cut into slices 

and adhered to a tape and then peeled off (Figure XVI.6.4). For the 3% PVDF-LFP electrode, the LiFePO4 and 

carbon black particles peel off easily and the carbon coating layer on the aluminum substrate is almost intact. 

This suggests that the binding strength between the carbon coating layer and the electrode particles is weak. 

When using PBDT as the binder, a higher force is needed to peel the electrode off as evidenced by the curling 

of the current collector (carbon-coated aluminum) after the test. Some of the carbon coated on the aluminum 

also peels off during the test, leading to exposure of the metallic luster of the aluminum. This strongly suggests 

that PBDT endows higher binding strength between the electrode particles and the current collector. In 

combination with the better long-term cycling stability discussed above and the similar rate capability of 3% 

PBDT-LFP electrodes compared to the 3% PVDF-LFP electrodes, the team believes PBDT holds great 

potential as a polymer binder for commercial electrodes. 

 

Figure XVI.6.4  Images of the electrodes before and after tape peeling tests. The electrodes are pressed on an adhesive tape and 

then peeled off. The thin carbon coating layer on the aluminum substrate stays intact after the peeling test when using PVDF as 

the binder. However, when using PBDT as the binder, the majority of the carbon coating layer is peeled off along with the LiFePO4 

and carbon particles, exposing the metallic luster of the aluminum substrate. These tests strongly indicate that PBDT has higher 

binding strength than PVDF. 
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The team has also probed the evolution of ionic heterogeneity as well as degradation processes of molecular 

ionic composites (MICs) electrolyte for high voltage, solid-state lithium batteries. Figure XVI.6.5 shows 

examples of X-ray absorption spectroscopy (XAS) and X-ray fluorescence imaging (XRF) obtained at the TES 

beamline (8-BM, tender energy X-ray absorption spectroscopy) at NSLS-II. The distinct absorption features of 

the sulfur K-edge allowed us to interpret oxidation state, the characteristic bonding between the sulfur atom 

and its neighboring elements. An energy range of 1 to 5 keV and spatial resolution of 2 μm are suitable for 

imaging of the ionic species in the MIC electrolyte. The capability of TES 8-BM also facilitates the 

characterization of spatial heterogeneity of ionic species inside our novel polymer electrolyte via in situ 3D 

fluorescence imaging and tomography. Initial XAS results are enabling identification of the evolution of 

chemical species from their characteristic X-ray absorption near edge structure (XANES) information. As we 

further improve, analyze, and interpret these experiments/results, we envision that our discovery will provide 

fundamental knowledge about the ion dynamics and polymer electrolyte decomposition process to better 

understand cell failure mechanisms.  

 

Figure XVI.6.5  X-ray fluorescence imaging and X-ray absorption spectroscopy results of pristine and cycled molecular ionic 

composite (MIC) electrolytes. The cycled MIC sample displayed a heterogeneous distribution of sulfur species compared to the 

pristine sample. The evolution of decomposed sulfur species is revealed from distinct XANES. 

The team has also screened various types of additives to the molecular ionic composite (MIC) electrolytes to 

improve lithium symmetric cell performance at 23°C (Figure XVI.6.6). Additives are incorporated into MIC 

electrolytes based on our (now traditional) TFSI-based compositions to aid in formation of stable solid 

electrolyte interphase (SEI) films. Additives such as fluoroethylene carbonate (FEC), lithium difluoro(oxalate) 

borate (LiDFOB) salt, and lithium bis(oxalate)borate (LiBOB) salt showed enhanced limiting current density 

compared to that of MIC membranes without additives.  

Pristine 

Cycled  
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Figure XVI.6.6  Lithium symmetric cell performance with and without selected additives to aid in SEI formation. All plots are voltage 

profiles of symmetric cells cycled at 23°C with increasing steps of current density. The charge and discharge times are 0.5 h, 

respectively, and the current density is stepped every 10 cycles. (a) 5 wt% of fluoroethylene carbonate (FEC), (b) lithium 

difluoro(oxalate)borate (LiDFOB) salt, (c) lithium bis(oxalate)borate (LiBOB) salt, and (d) without additives.  We observe significant 

gains (up to 2.3X) in limiting current for the FEC and LiDFOB additives.  Future goals include exploration of a range of other 

additives, focusing on non-volatile compounds, spatial separation of additives near interfaces, and additives that can largely be 

consumed during dominant SEI formation. 

This year, the team has also investigated how MIC electrolytes impact the bulk properties of cathodes in 

batteries. We evaluated the bulk stability of NMC811 cathodes by hard X-ray absorption spectroscopy (XAS) 

after charging in contact with MIC electrolytes. As Ni is the primary charge compensating element in nickel-

rich layered oxides at 2.5–4.4 V, we mainly focus on the evolution of Ni oxidation states. During the first 

cycle, the Ni K-edge exhibits a reversible energy shift upon charging and discharging (Figure XVI.6.7a). After 

35 cycles, the pre-edge region feature is well-preserved and the edge position of the charged cathode shows a 

minor shift compared to the initially charged cathode, suggesting that the bulk structural properties (e.g., 

symmetry) of long-time cycled cathode is maintained. The extended X-ray absorption fine structure analysis 

(EXAFS) in Figure XVI.6.7b reveals that the interatomic distances of Ni-O and Ni-TM in charged materials 

remain unchanged after cycling, which is another positive indicator of structural stability. More detailed 
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properties at the particle level are analyzed through transmission x-ray microscopy (TXM), which can pinpoint 

spatial redox reactions in a specific particle and provide information related to Li diffusion pathways. The 

color code in the TXM images corresponds to different Ni oxidation states. Compared to the pristine particles 

(Figure XVI.6.7c), a significant charge heterogeneity can be observed in the particles once they undergo initial 

charging (Figure XVI.6.7d, f), which can be attributed to the non-uniform redox reactions caused by the local 

limitations of electronic and ionic transport. The charged particles also demonstrate a holistic core-shell 

structure, with a higher oxidation state at the sub-surface region while a lower oxidation state in the bulk 

(Figure XVI.6.7g). After prolonged cycling, the charge heterogeneity increases, with the appearance of some 

minor inactive domains (Figure XVI.6.7e). Nevertheless, considering the consistency of hard XAS results for 

charged electrodes before and after long-time cycling, the bulk structure is stable in the MIC-based solid-state 

systems.  

 

Figure XVI.6.7  (a) X-ray absorption near-edge spectroscopy and (b) extended X-ray absorption fine structure results of pristine and 

charged NMC811 cathodes in contact with MIC electrolytes; the transmission X-ray microscopy results of (c) pristine cathode, (d) 

2nd charged cathode and (e) 35th charged cathode; The scale bars in c-e are all 5 µm. (f) the histogram of Ni K-edge energy 

distribution and (g) the depth-dependent Ni K-edge energy variation in the 2nd charged cathode.  

The team has also conducted advanced NMR analyses on MIC electrolytes, now on samples that have been 

cycled or charged and then removed intact from disassembled cells.  We have investigated coin cell crimping 

pressure over a range of 0.2 to 0.6 tons (employing a 0.9 cm2 active cell area) to find the optimal cell 
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performance in the range of 0.3 to 0.4 tons.  After cell disassembly, MIC electrolytes are fully intact and can 

be peeled off the electrodes.  In all these cases, the MIC electrolytes display a single component NMR 

diffusion signal curve, verifying that no significant heterogeneity (e.g., cracking, surface modification, ion/salt 

loss) occurs during cell assembly/disassembly and cycling.  Figure XVI.6.8 shows a representative normalized 
1H NMR signal intensity (Stejskal-Tanner) plot of a cycled coin cell that was assembled with a crimping 

pressure of 0.3 tons.   

 

Figure XVI.6.8  Proton (Pyr14 cation) NMR signal attenuation curve (I/I0 vs. NMR diffusometry parameter b) showing a diffusion 

coefficient D = 2.0 x 10-11 m2/s for a Li||Li cell charged/discharged for 100 cycles.  Best fit to the data (black points) with a single 

diffusing component (red line) shows no significant heterogeneity introduced into the sample.  The sample was sealed in glass 

under vacuum at room temperature after cell disassembly and cycling and measured on our 400 MHz NMR spectrometer. 

Further investigations in this area include using NMR diffusometry to quantify and understand ion dynamics 

within the MIC films at various states of charge and total cycling times in cells with LiFePO4 (LFP) cathodes 

as well as in cells with NMC811 cathodes. The composition of these films is 10 wt% PBDT, 10 wt% LiTFSI 

and 80 wt% Pyr14TFSI, consistent with our baseline optimal/robust MIC formulation. To investigate ion 

dynamics in the film, we measured the diffusion coefficients of the mobile cations and anions, Pyr14
+ and 

TFSI-, respectively, from room temperature to 80°C as shown in Figure XVI.6.9. All samples measured had 

diffusion coefficients ranging from 2×10-12 to 6×10-11 (depending on temperature and history), with the 

uncycled films having somewhat higher diffusion coefficients (by 30-80%) compared to those MIC films 

collected from cycled cells. This may be due to some of the mobile ions being pushed out of the film and 

dispersed into the porous cathode when assembling the coin cell, or possibly due to degradation of some 

fraction of the ions. Comparing to the cation and anion diffusivities of uncycled MIC films reported in a 

previous paper we published (Yu et al, Advanced Energy Materials, 2021 – see Key Publications list below), 

the diffusion coefficients of the uncycled films match within errors.  The cell with the NMC cathode was 

charged to 4.4 V at 60°C with a charging rate of 0.1 C then disassembled at this charged state and sealed into a 

glass NMR tube under vacuum before performing diffusometry experiments. The Li/MIC/LFP cells were 

cycled 20 times at room temperature before disassembly. The charge/discharge cycles were run 5 times at 

different constant current densities of 0.01 mAh/cm2, 0.02 mAh/cm2, 0.05 mAh/cm2, and 0.1 mAh/cm2. Both 

cells have comparable diffusion coefficients. These results indicate high overall film stability (electrochemical, 

chemical, and structural) of MIC electrolytes up to 4.4 V and at 60°C. Figure XVI.6.10 and Figure XVI.6.11 

show the charging and cycling steps used for preparing these cells for NMR diffusometry measurements. 
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Figure XVI.6.9  Temperature dependence of the cation (Pyr14+) and anion (TFSI-) diffusion coefficients in cycled/charged MIC films. 

The solid data points represent the cation diffusion coefficients and the open data points represent the anion diffusion 

coefficients. The red triangles are the diffusion coefficients of the uncycled MIC film before assembly into a battery, and the 

diffusion coefficients agree with the uncycled MIC film reported in the Yu et al, Advanced Energy Materials 2021 paper (black 

squares). The blue circular data points are of the MIC film after charging to 4.4 V in a Li/MIC/NMC811 cell, and the green 

diamonds are of the MIC film after 20 cycles in a Li/MIC/LFP cell. Both MIC membranes collected after cell assembly and then 

charging, and/or cycling have similar diffusion coefficients, which are approximately half as high as the uncycled MIC material, 

possibly due to some mobile ions pushed into the porous cathode during cell assembly. These data provide critical information for 

further optimizing MIC composition, casting process, SEI/interface assessment and optimization, and cell assembly. 

 

Figure XVI.6.10  Constant current charging step of Li/MIC/NMC811 cell, run at 60°C with a 0.1C charging rate and an upper cut 

off voltage of 4.4V. 



Batteries 

892 Beyond Lithium-Ion R&D: Solid-State Batteries 

 

Figure XVI.6.11  Charge/discharge profile of Li/MIC/LiFePO4 cell at room temperature. The cell was run at each constant current 

density for 5 cycles before increasing current density, for a total of 20 cycles. 

The previous baseline-optimized MIC electrolyte with 10 wt% PBDT, 10 wt% LiTFSI and 80 wt % Pyr14TFSI 

shows excellent thermal stability and mechanical properties, but the rate capability is still limited due to a 

relatively low Li+ transference number (~ 0.2). During the past year, the team has incorporated new mobile 

ions (Pyr13
+, FSI-, BOB- and DFOB-) into the MIC electrolyte to improve its rate capability. Figure XVI.6.12 

shows a comparison of the specific capacity of Li/MIC/NMC811 cells using the previous MIC and the new 

engineered MIC electrolyte. Incorporating a new ion composition substantially increases the rate capability. 

The team has also recently seen even larger gains with other salt combinations. Clearly, substantial rate 

capability improvements are in store for MIC electrolytes by further tuning ionic composition.  

 

Figure XVI.6.12  Specific capacity of Li/MIC/NMC811 cells with (a) previous MIC composition and (b) modified MIC with mixed ion 

composition measured at 60°C when cycled between 2.5 V and 4.4 V. 

Conclusions   

In summary, the team at Virginia Tech has made significant progress in year 3 of the project. The team has 

established NMR characterizations of battery cell components at different states of charge and after different 

cycling protocols. The team has evaluated and confirmed the compatibility of MIC electrolytes with different 

cathode materials, including LiFePO4, NMC622, and NMC811. The team has found that MIC electrolytes can 

enable high-voltage (up to 4.4 V) cycling with NMC cathodes and Li metal anodes, with capacity retention of 
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up to 90% for 100 cycles. The team is continuing to optimize the cycling conditions and cell testing 

environments. The team has undertaken advanced X-ray spectroscopy and fluorescence imaging to evaluate 

electrolyte and interfacial stability after assembly and cycling. The team has also demonstrated that the highly 

charged, double helical, and thermally stable polymer we use (PBDT) can serve as a robust cathode binder that 

eliminates fluorinated polymers and involves only water processing.  Going forward in the last few months of 

this project, the team is incorporating newly developed MIC compositions and thinner solid electrolyte films 

into full-cell testing to reach higher energy densities (up to and beyond 700 Wh/kg on a materials/half-cell 

basis) and at least 3X higher rate capability than previous versions. Furthermore, the team is developing key 

understanding of failure mechanisms and SEI formation to achieve more stable cycling with different types of 

electrodes. 
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Project Introduction 

The performance of all-solid-state batteries (ASSBs) with sulfide solid-state electrolytes (SSEs) is limited 

because they are 10% - 20% porous. Porosity limits energy density of the composite cathode and provides a 

conduit for Li-metal deposits through the separator if operating specifications (i.e. current density, operating 

temperature, and pressure) are not strictly controlled. This project intends to demonstrate that hot press cell 

processing and appropriately formulated sulfide glass SSEs can eliminate porosity to enable Li-NCM ASSBs 

with energy density of > 350 Wh/kg. 

Objectives 

The objective of this project is to research, develop, and test Li-NCM ASSBs capable of achieving program 

performance metrics by implementing appropriately formulated sulfide glass SSEs and hot press cell 

processing in a dry room environment. In the composite cathode, hot pressing eliminates porosity to increase 

energy density by enabling thick composite cathodes with high active material loading. In the separator, hot 

pressing eliminates porosity that may otherwise provide a conduit for Li metal deposits to short the cell. 

Unfortunately, hot press cell processing may cause a deleterious side-reaction between sulfide SSE and NCM 

active material even though sulfide SSEs are kinetically stable versus NCM at room temperature. For this 

reason, work conducted during this project’s first budget period focused on enabling the hot press processing 

of composite cathodes with the objective of demonstrating a reversible capacity of > 120 mAh/g after hot 

pressing. 

Approach  

The sulfide SSE used in the composite cathode, otherwise known as the catholyte, will dictate the processing 

specifications for ASSB hot pressing. Thermal stability can be achieved by NCM passivation and proper 

catholyte formulation. Work conducted during this project’s first budget period systematically evaluated 

different NCM coatings, catholyte formulations, and hot press cell processing conditions (i.e. temperature, 

time, and pressure). Having established the feasibility of hot-pressed composite cathodes, work transitioned to 

this project’s second budget period, which is focused solely on the separator. Separator glass electrolyte 

compositions will be systematically studied for processability and compatibility with secondary electrolyte 

phases. The functional characteristics of process glass electrolyte separators such as ionic conductivity and 

critical current density will then be determined. In the final budget period of this project, full ASSB stacks will 

be hot-pressed to realize thickness targets for cathode-supported separators.  

mailto:thomas.yersak@gm.com
mailto:Tien.Duong@ee.doe.gov
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Results  

In our first budget period, we studied the electrochemical performance of hot-pressed cathode composites with 

NCM cathode active material (CAM) and sulfide solid state electrolyte (SSE) catholytes. We reported that a 

cathode composite of NCM622 and 75Li2S·25P2S5 (glassy Li3PS4) retained adequate cyclability after hot-

pressing at 200°C [1]. Hot-pressing of a cathode/separator stack consolidates SSE to improve the energy 

density of the cathode composite and to block Li deposits from shorting the separator. The second budget 

period therefore focuses on the study of SSE materials for cathode-supported separators. Three topics will be 

covered in this first section; namely, the process rheology of ternary glasses, the implementation of a 3-

electrode test cell, and the evaluation of a multifunctional reinforcement.  

The process rheology of glass electrolytes was assessed to improve the consolidation of cathode-supported 

separators during hot pressing. This work supports the overall goal for Budget Period 2. We studied the binary 

70Li2S·30P2S5 and the ternary 70Li2S·(30-x)P2S5·xA glass compositions, where A represents a third glass 

component. We assessed process rheology by measuring porosity and sample diameter before and after hot 

pressing. A picture of samples after processing (Figure XVI.7.1a) shows that the ternary glass composition 

decreases the load required to achieve adequate consolidation. In fact, the ternary sample’s diameter increased 

by 79% under a 1 metric ton load (74 MPa nominal pressure) whereas the binary sample’s diameter increased 

by only 12.6% under a higher 5 metric ton load (370 MPa nominal pressure). Our previous work showed that 

NCM is susceptible to microcracking when consolidated at a 370 MPa pressure [1]. Decreasing the process 

load is critical to preserve the mechanical integrity of high-Ni content polycrystalline NCM particles within the 

cathode support. Current work investigates lowering the process temperature and residence time to limit 

degradation of the NCM/catholyte interface within the cathode support.  

 

Figure XVI.7.1  a) Picture of reinforced SSE pellets after hot pressing at 240°C for 5 minutes. b) XRD profiles of hot-pressed SSE 

pellets. The binary sample devitrifies to Li7P3S11 while the ternary sample remains a glass. c) Fractional extent of devitrification for 

binary and ternary samples as determined by the integration of a DSC exothermic feature. 

To understand the ternary phase’s improved process rheology, we investigated the glasses with both X-ray 

diffraction (XRD) and differential scanning calorimetry (DSC). Figure XVI.7.1b presents the diffraction 

patterns of both binary and ternary glasses after hot pressing at 240°C for 10 minutes and the patterns are 

indexed to the reflections of Li7P3S11 (pdf #04-014-8383). The binary glass devitrified during hot pressing 

while the ternary glass remained largely amorphous. It is well known that the viscosity of glasses increases 

substantially upon devitrification as crystallites grow and physically interact. We therefore attribute the 

superior processability of the ternary glass to its more sluggish crystallization kinetics. To confirm this 

suspicion, we conducted DSC experiments on both the binary and ternary glasses. The binary glass had a 

crystallization onset of 272.79°C when dynamically heated at 10 oC/min while the ternary glass had a higher 

crystallization onset of 294.25°C under the same conditions. Additionally, we also measured the time required 

to complete full crystallization (Figure XVI.7.1c). It took the ternary glass over 2 hours to fully devitrify at 

230°C while the binary glass fully crystallized in less than 10 minutes at 230°C.  
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Figure XVI.7.2  a) Picture of a 3-electrode test cell used in this study. b) Schematic of the 3-electrode test cell. The reference 

electrode is an annular Cu foil disc with Li metal coating held in place with a two-part sleeve. c) Voltage and current versus time for 

a 3-electrode cell with a Li metal counter electrode, an indium working electrode, and a Li reference electrode. 

A 3-electrode test cell was implemented to meet Q4 FY2021’s Milestone and support the failure analysis of 

SSE separators. A picture of the 3-electrode test cell is provided in Figure XVI.7.2a and a schematic of the 3-

electrode test cell’s cross section is provided in Figure XVI.7.2b. It consists of a two-piece polyethylenimine 

(PEI) sleeve, 8 mm diameter stainless steel current collectors, and a reference electrode. The reference 

electrode is a ring of 30 µm thick Li foil supported by 10 µm thick Cu foil (Figure XVI.7.2b inset). The inside 

of the Li ring is embedded within the SSE sample prior to testing. In our initial test the working electrode was 

indium metal, the counter electrode was Li metal, and the reference electrode was Li metal. As shown in 

Figure XVI.7.2c, once the indium working electrode is alloyed with Li upon the application of a negative 

current, the reference electrode measures the correct voltage of 0.6V. This 3-electrode cell is appropriate for 

all-solid-state test cells, however, its utility for semi-solid test cells remains to be evaluated. Further work is 

needed to provide a seal between the two pieces of the PEI sleeve to prevent leakage of a secondary electrolyte 

phase. 

Multifunctional reinforcement was evaluated to replace insulating aramid fibers to meet Q1 FY2022’s 

Milestone and reduce the resistance of reinforced SSE separators. Al-doped LLZO fibers were obtained from a 

commercial vendor and a SEM image of the fibers is provided in Figure XVI.7.3a. XRD analysis (Figure 

XVI.7.3b) showed that the fibers were not pure cubic phase Li7La3Zr2O12. A baseline separator of Li3PS4 + 3 

wt.% Kevlar fiber had an ionic conductivity of 0.187 mS/cm at room temperature. Li3PS4 separators with 3 

wt.% and 10 wt.% LLZO fiber reinforcement had lower conductivities of 0.103 and 0.08 mS/cm, respectively. 

LLZO fiber reinforcement is therefore not considered for future work. 

 

Figure XVI.7.3  a) SEM image of LLZO fibers obtained from a commercial vendor. b) XRD profile of the LLZO fibers indicate a 

significant Li3TaO7 impurity. 
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This second section describes the moisture stability of sulfide-based solid-state electrolytes (SSE) when 

exposed to a dry room environment. The poor moisture stability of sulfide SSEs presents a major obstacle to 

the commercialization of solid-state batteries (SSBs) utilizing these SSEs. If SSBs are to be manufactured 

using the same capital equipment and facilities as those used to make conventional Li-ion batteries, then the 

moisture stability of sulfide SSEs must be improved. Here, we report a systematic study of moisture stability 

as a function of sulfide SSE composition and dewpoint. We propose that moisture stability should be defined 

not only as H2S generation, but also as ionic conductivity reduction. Furthermore, we show that sulfide SSEs 

composed primarily of PS4
3- structural units are the most stable and that anhydrous solvents protect sulfide 

SSEs from hydrolysis during processing. 

In the first experiment of this study, a variety of sulfide SSE powders were exposed to a -40°C dew point dry 

room environment for 30 minutes as shown in Figure XVI.7.4a. During this experiment H2S gas generation 

was monitored and the data are provided in Figure XVI.7.4b. Our results are consistent with the findings of 

previous studies with respect to the influence of glass modifier (Li2S) content, glass co-modifier (Li2O), and 

LiI dopant on H2S generation. First, sulfide SSEs with 75 mol% glass modifier produced the least amount of 

H2S gas [2]. (Li2S)75(P2S5)25 (75-25 LPS), (Li2O)7(Li2S)68(P2S5)25 (7-68-25 LPSO), and (Li2S)75(P2S5)25 +20 

mol% LiI (75-25 LPSI) all generated a maximum of 0.1 g/cc H2S, whereas (Li2S)70(P2S5)30 (70-30 LPS) and 

(Li2O)7(Li2S)63(P2S5)30 (7-63-30 LPSO) generated a maximum of 0.6-0.7 g/cc H2S. Second, a Li2O co-

modifier modestly reduced the H2S generation of sulfide SSEs [3-5].  

 

Figure XVI.7.4  a)  A picture of the experimental setup used to expose sulfide SSE powders to a dry room environment. The setup 

includes a 300L volume tabletop glovebox, a cartridge-based desiccant system, a microcontroller system to control the moisture 

setpoint, a personal H2S detector, and a fan to continuously mix the glovebox air. b) H2S generation of different SSEs in a -40°C 

dew point dry room as a function of time. c) Reduction in ionic conductivity versus maximum H2S reading for different sulfide 

SSEs.   

In addition to monitoring H2S gas generation, this study reports on the ionic conductivity of sulfide SSEs 

before and after exposure to a -40°C dew point dry room environment and the data are provided in Figure 

XVI.7.4c. Every sample experienced a significant drop in ionic conductivity with 70-30 LPS having the largest 

drop of 76.5% and 7-68-25 LPSO having the smallest drop of 51.6%. The products of sulfide SSE hydrolysis 

may include compounds such as LiOH [2], Li3PO4 [6], and LiI·H2O [7]. These compounds are poor ionic 

conductors, and if formed on the surface of sulfide SSE particles will act to substantially increase interparticle 

impedance once the powders are consolidated into pellets or films. We conclude that H2S generation is not a 

sufficient metric for the moisture stability of sulfide SSEs and that moisture stability should also comprehend 

functional characteristics like ionic conductivity. 

The local structures of sulfide SSEs before and after exposure were determined by Raman spectroscopy and 

the data are provided in Table XVI.7.1. The spectra for 70 mol% Li2S modifier content SSEs are dominated by 

a single feature, which may be deconvoluted into multiple peaks attributable to PS4
3- (421 cm-1), P2S7

4- (406 

cm-1), and P2S6
4- (387 cm-1) structural units. After exposure the relative abundance of the PS4

3- structural unit 

increases, which indicates that it is comparatively more stable than P2S7
4- and P2S6

4- structural units. Sulfide 

SSEs with 75 mol% Li2S modifier content therefore produce less H2S because they are primarily composed of 
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PS4
3- structural units, which react with moisture at a slower rate than the larger structural units found in sulfide 

SSEs with 70 mol% modifier content. 

In the next experiment, the moisture stability of 75-25 LPSI was measured as a function of dew point and the 

data are provided in Figure XVI.7.5. H2S generation is not reported since the maximum value at the end of 

each 30 minute exposure was below the 0.1 ppm detection limit of our sensor. Pristine 75-25 LPSI has an ionic 

conductivity of 1.21 mS/cm at room temperature when only handled inside an inert glovebox with 1 ppm H2O 

(-76°C dewpoint). Exposing 75-25 LPSI powder to a dry room environment results in degradation of ionic 

conductivity that trends as the negative log of moisture content. This result implies that over-sizing dry room 

air handling equipment may not adequately address the poor moisture stability of sulfide SSEs. Fortunately, 

sulfide SSEs can be handled in a dry room while immersed in an anhydrous solvent. An example would be a 

slurry prepared for film tape casting. When 75-25 LPSI is exposed to a dry room environment while immersed 

in dodecane, it retains an ionic conductivity of 1.04 mS/cm (Figure XVI.7.5; star). 

 

Figure XVI.7.5  Ionic conductivity of LPSI sulfide SSE after exposure as a dry powder to different dry room environments for 30 

minutes. The star marks the ionic conductivity of LPSI sulfide SSE after exposure to a -40°C dew point dry room for 30 minutes 

while immersed in anhydrous dodecane. 

Table XVI.7.1 Summary of Raman spectroscopic data of sulfide and oxysulfide glass SSEs before and 

after exposure to a dry room environment. Fractional peak areas are assigned to the vibrational modes 

of different glass structural units. 

 

This third section describes progress towards achieving a solid-state electrolyte separator performance metric. 

Here, we present two datasets. In the first dataset a melt cast LiPSiS glass wafer was combined with an ether-

based liquid electrolyte to achieve a critical current density of 3.0 mA/cm2 at a stack pressure of only 0.1 MPa 

[8]. In the second dataset 3rd party testing showed a cycle life of nearly 100 cycles at current density of 2 

mA/cm2 for a hot-pressed, reinforced LiPS pellet. Detailed descriptions for each dataset are provided below. 

We conclude with a summary of the strategy we employed to reduce this technology to practice. 

Sample 
PS4

3-  

(421 cm-1) 

P2S7
4-  

(406 cm-1) 

P2S6
4-  

(387 cm-1) 

Pristine (Li2S)70(P2S5)30 
27.0% 60.2% 12.8% 

Exposed (Li2S)70(P2S5)30 28.2% 57.8% 14.0% 

Pristine (Li2O)7(Li2S)63(P2S5)30 25.3% 59.7% 15.0% 

Exposed (Li2O)7(Li2S)63(P2S5)30 33.1% 53.3% 13.6% 
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Dimethoxyethane (DME) and 1,3 dioxolane (DOL) are popular liquid electrolyte solvents for lithium metal 

batteries. We therefore evaluated the solubility of (Li2S)60(SiS2)x(P2S5)40-x, (0 ≤ x ≤ 40) sulfide glass SSEs in 

1:1 (v/v) DME:DOL and the data are provided in Figure XVI.7.6 [8]. SiS2-rich glasses within the 

compositional range of x ≥ 28 were found to be insoluble in DME:DOL (Figure XVI.7.6). Insolubility of x ≥ 

28 compositions was confirmed with Raman spectroscopy (Figure XVI.7.6b and c). Glass wafers with a 

composition of (Li2S)60(SiS2)12(P2S5)28 were prepared by melt casting as previously described [9]. Hybrid 

symmetric lithium test cells with a thin liquid electrolyte layer (0.6M LiTFSI + 0.4M LiNO3 in 1:1 (v/v) 

DME:DOL) at the interface between lithium metal electrodes and an insoluble (Li2S)60(SiS2)28(P2S5)12 glass 

wafer were tested. Hybrid test cells delivered a critical current density of 3.0 mA/cm2 at 25°C and 0.1 MPa, 

which is nearly double the CCD of comparable dry symmetric test cells cycled at 10x higher stack pressure 

(Figure XVI.7.7).  

 

Figure XVI.7.6  a) Solubility times series for (Li2S)60(SiS2)x(P2S5)40-x (x = 0, 4, 20, 28, 40) glasses soaked in 1:1 (v/v) DME:DOL. After 

2 weeks the x = 0, 4 and 20 sample solutions show signs of discoloration, which is attributed to dissolution of the glass. The x = 

28 and 40 sample solutions remain clear over the course of the experiment. b) Raman spectra of pristine DOL:DME solvent and 

solutions obtained by soaking (Li2S)60(SiS2)x(P2S5)40-x (x = 0, 4, 20, 28, 40) glasses in DME:DOL. The location of structural unit 

vibrational modes are indicated with colored bars from left to right; namely, P2S74- (pink), P2S64- (blue), PS43- (green), and S8 

(orange). Two vibrational modes of DME:DOL are also indicated (brown). c) Summary of dissolved species as a function of glass 

composition. 

 

Figure XVI.7.7  CCDs of symmetric Li/SSE/Li test cells with or without a liquid electrolyte interlayer and a different stack pressures 

at 25°C. The SSE separators are (Li2S)60(SiS2)28(P2S5)12 glass wafers of approximately 600 μm thickness. a) A test cell with direct 

Li/SSE contact and 3 MPa stack pressure experiences shorting failure at a CCD of 1,800 μA cm-2. b) A hybrid test cell with liquid 

electrolyte Li/SSE interlayer and a 0.1 MPa stack pressure experiences shorting failure at a CCD of 3,000 μA cm-2. Note: the test 

was paused for two days at 20 hours due to a planned facility power outage. 

LiPSiS melt cast wafers are not practical for two reasons. First, sulfide glass melts are extremely volatile and 

corrosive and require process temperatures above 1000°C. Second, glass wafers are very brittle and easy to 

break. For these reasons, our previous work demonstrated that (Li2S)70(P2S5)30 sulfide glass could be fully 
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consolidated by hot pressing at 240°C and 370 MPa pressure [10]. Several hot-pressed, reinforced SSE pellets 

with dimensions of approximately 25 mm in diameter and 1 mm in thickness were sent to a 3rd party for testing 

and the results are provided in Figure XVI.7.8. The pellet was cycled under progressively higher current 

densities from 0.1 mA/cm2 to 2.0 mA/cm2. Nearly 100 hundred cycles were achieved with a current density of 

2.0 mA/cm2 and an areal capacity of 2.0 mAh/cm2.  

 

Figure XVI.7.8  3rd party validation of a 1 mm thick hot-pressed LiPSO sulfide glass pellet reinforced with Kevlar fiber pulp.  

To translate this result to practice we considered a different solid state electrolyte composition. The sulfide 

glass composition was tuned for manufacturability by adding a third glass component, A. Component A slows 

down glass crystallization kinetics by a factor of 10 to enable processing at low pressure and short time. With a 

(Li2S)70(P2S5)25(A)5 glass composition we fabricated a 40 cm-2 standalone separator with non-woven aramid 

fiber reinforcement, a porosity of 8.6%, a thickness of approximately 110 µm thick, and an ionic conductivity 

of 0.75 mS cm-1 (Figure XVI.7.9). These separators will be used in future pouch cell studies.  

 

Figure XVI.7.9  Ternary glass separator with 0.75 mS/cm ionic conductivity and 110 µm thickness. 

This final section describes custom laboratory hardware and a semi-solid electrolyte system. First, we present 

custom laboratory hardware that will be used to simulate a dry room environment. Demonstration of this 

hardware meets the Q4 FY2022 deliverable. Second, we outline a semi-solid electrolyte system based on solid-

state electrolyte (SSE) and solvate ionic liquid (SIL) that will be used to meet future project deliverables. 

Finally, micro-CT images of all-solid-state separators post-mortem are presented to motivate the need for the 

aforementioned semi-solid electrolyte system.  

A tabletop glovebox was modified with a custom moisture control system to conveniently simulate a dry room 

environment at any moisture setpoint ranging from -80°C to -40°C dewpoint. For reference, an inert glovebox 

will have a moisture level of about -80°C dewpoint while a cell assembly dry room will have a moisture level 

of about -40°C dewpoint. A picture of the setup is provided in Figure XVI.7.10a. It consists of a moisture 

probe, a microcontroller, a solid-state relay, and a cartridge-based desiccant system. As shown in Figure 
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XVI.7.10b, the microcontroller is programmed to turn the cartridge-based desiccant system on and off to keep 

the moisture setpoint within a desired range. 

 

Figure XVI.7.10  a) Picture of the retrofitted glovebox. The glovebox is equipped with a custom system to maintain a dry room 

environment within a predetermined moisture setpoint range. b) Schematic of the glovebox moisture control system. It consists of 

a moisture probe, a microcontroller, a solid-state relay, and a cartridge-based desiccant system. 

X-ray computed microtomography (micro CT) was used to image all-solid-state solid-state electrolyte (SSE) 

separators after failure by internal shorting (Figure XVI.7.11). The SSE was a glass powder with composition 

70Li2S·25P2S5·5A, where A is a third glass component. The separators were fabricated by consolidating the 

glass powder into 13 mm diameter Kevlar® fiber reinforced pellets at room temperature (cold-pressed, CP) or 

240°C (hot-pressed, HP) and 300 MPa. Symmetric Li/SSE/Li cells were constructed with these pellets and 

cycled at progressively higher current densities under a 3 MPa stack pressure as previously described [10]. The 

separators were collected after failure, sectioned into 2 µm x 2 µm x 0.5 µm (length x width x thickness) 

pieces, and embedded inside UV curable epoxy. The samples were scanned using a Zeiss Xradia Versa 520 3D 

X-ray microscope with diffraction contrast tomography (DCT) module at a voxel size of 0.7 µm and an X-ray 

voltage of 40 kV. The micro CT image of the CP sample is provided in Figure XVI.7.11a and red arrows point 

to large deposits of Li metal. Closer inspection reveals that the SSE is denser at the boundary with the Li 

deposit. The micro CT image of the HP sample is provided in Figure XVI.7.11b and a red arrow pointing to a 

Li deposit expanding an incipient SSE microcrack. In both cases, high stresses are generated at the SSE/Li 

interface when Li deposition is volumetrically confined under a high stack pressure. As a result, Li deposits 

penetrate both CP and HP separators. The design of a semi-solid system is therefore required to dissipate the 

stresses at the SSE/Li interface.  

 

Figure XVI.7.11  a) Micro-CT image of a cold-pressed separator after a critical current density experiment. Red arrows point to Li 

metal deposit. b) Micro-CT image of a hot-pressed separator after a critical current density experiment. A red arrow points to a Li 

deposit that has expanded an incipient micro-crack. For both images the vertical direction corresponds to the thru plane, 

transverse direction of the separator. Large speckles in both images are attributed to the Kevlar® reinforcing fibers. 

Finally, we evaluated the stability of a semi-solid electrolyte system. A secondary electrolyte phase reduces the 

need for a high stack pressure [8], which may alleviate deleterious stresses generated at the SSE/Li interface 
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during confined Li deposition. A SIL was prepared by combining lithium bis(trifluoromethanesulfonyl)imide 

salt (LiTFSI) and triethylene glycol dimethyl ether (G3) in a molar ratio of 1:1. Dilute liquid electrolytes were 

also prepared by combining LiTFSI and G3 in molar ratios of 1:2, 1:3, or 1:4. Glass electrolytes were prepared 

with varying content of a third glass component according to the compositional formula 70Li2S·(30-x)P2S5·xA 

(x = 0, 2, 5, 10). Solubility tests were conducted by immersing SSE chunks in liquid electrolyte. After 1 week, 

we measured the solids mass loss and conducted UV-Vis absorption spectroscopy with the liquid phase. The 

solids mass loss was measured by filtering the solutions and drying the remaining solids at 60°C and the results 

are provided in Figure XVI.7.12a. No mass loss was observed for SSEs soaked in Li(G3)TFSI, while 

significant mass loss was observed for SSE samples soaked in dilute liquid electrolytes. The stability of SSEs 

in Li(G3)TFSI can be explained by the strong complexation of G3 with Li salts [11]. In dilute liquid 

electrolytes, oxygen in G3 attacks the electropositive elements (e.g. P) of the sulfide SSEs by nucleophilic 

attack. The composition of the SSE also influences of the stability of the semi-solid electrolyte system. We 

find that the solubility of glasses in dilute solutions decreases as A content increases. UV-Vis spectroscopy 

was conducted to corroborate the data outlined above and the data are provided in Figure XVI.7.12b and c. In 

conclusion, future work will employ the use of a semi-solid electrolyte system containing Li(G3)TFSI SIL and 

SSE with A content.  

 

Figure XVI.7.12  a) 70Li2S·(30-x)P2S5·xA SSE solids mass loss after soaking in a variety of liquid electrolyte formulations. All SSEs 

soaked in Li(G3)TFSI solvate ionic liquid are stable. b) UV-Vis molecular absorption spectroscopy results for 70Li2S·(30-x)P2S5·xA 

SSE samples soaked in Li(G3)TFSI solvate ionic liquid electrolyte and c) Li(G3)4TFSI liquid electrolyte. 

Conclusions   

The topics studied this year include the process rheology of ternary solid-state electrolyte glass compositions, 

the moisture stability of sulfide-based solid-state electrolytes, and the stability of sulfide-based solid-state 

electrolytes towards several liquid electrolytes. The results outlined above suggest that progress toward 

delivering a single layer pouch cell is on track. 
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Project Introduction 

Lithium-sulfur (Li-S) all-solid-state battery (ASSB) is a promising candidate to replace existing Li-ion 

batteries for application in electric and plug-in hybrid electric vehicles (EVs and PHEVs) due to its high 

energy density and superior safety. Moreover, recent advances in improving ionic conductivities (≈ 10-2 S cm-

1) of sulfide-based solid-state electrolytes (SSEs) put us one step closer to the practical application of Li-S 

ASSBs1. In Li-S ASSBs, the polysulfide shuttling and self-discharges in liquid-type Li-S batteries could be 

fundamentally resolved2. Furthermore, as added benefits, sulfide-based SSEs possess improved safety due to 

the absence of flammable organic electrolytes3,4. However, despite those encouraging characteristics of 

ASSBs, there are technological challenges such as low sulfur utilization and increased interfacial resistance 

due to poor contact, large volume expansion of sulfur upon cycling and unoptimized microstructure of sulfur-

carbon-SSEs composites in the solid cathode, poor charge/discharge rate due to the low conductivity of SSEs, 

and SSEs' chemical instability against moisture and lithium/lithium alloy anodes. The challenges are 

fundamentally attributed to the properties of the solid materials and their interfaces in electrodes. 

In brief, we shall address the following three problems of Li-S ASSBs in this project. First, we aim to construct 

electron and ionic transport pathways in the cathode to improve sulfur utilization upon cycling and boost 

overall energy density. Second, we target generating a favorable interface between carbon-sulfur composite 

and solid-state electrolytes with novel solid additives or approaches. Third, we plan to develop new sulfide-

based solid electrolytes with high ionic conductivity and improved stability against moisture and lithium alloys 

for all. 

Objectives 

The project objectives are to develop materials involving advanced S-C composite materials, solid additives, 

and sulfide-based SSEs and acquire knowledge of Li-S ASSBs. Li-S ASSBs with high areal sulfur loading (≥ 5 

mg cm-2) and high sulfur content (≥ 50 wt% in cathode), pairing with lithium or lithium alloy anode, shall 

deliver a high initial specific capacity of over 1200 mAh g-1 at high charge/discharge rate (> 0.3 C) for 500 

cycles with over 80% capacity retention. The out-year goals are as follows: (1) develop and optimize sulfur 

cathode materials and synthesize new solid electrolytes (ionic conductivity > 5 mS cm-1 at room temperature) 

(2) conduct characterization and performance tests on both material and electrode levels. The final 

demonstration will be all-solid-state sulfur cathodes with > 1200 mAh g-1 discharge capacity at 0.3 C discharge 

rate and 50 wt% sulfur content for 500 cycles at room temperature. 

mailto:dwang@psu.edu
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Approach  

The project goal will be accomplished by developing new materials, together with the in-depth characterization 

of sulfur cathodes. Specifically, approaches to realize the project objectives include the following: 

(1) development of new carbon material with unique structure, high surface area, and large pore volume; 

(2) development of new S-C and S-C-MxSy materials (M = Li, Co, Ti, Mo, etc.) to facilitate electron/ion 

transport; (3) development of novel additives to tune interfacial behavior among components in the cathode; 

(4) development and optimization of new SSE through cation and anion doping with superior properties such 

as high ionic conductivity, good moisture, and stability; and (5) diagnostics, characterization, and cell tests on 

the developed new material or advanced sulfur cathode.   

Results  

In this budget period, we mainly focused on the following three aspects: (1) the development of sulfide-based 

SSEs with high ionic conductivity and their application in sulfur cathode; (2) the development of advanced 

materials for sulfur cathode and its utilization in Li-S all-solid-state batteries; (3) development of alloy anode 

material for solid-state Li-S batteries. Meanwhile, we were working on novel characterization techniques for 

the Li-S ASSBs to acquire knowledge of the electrochemical system and degradation mechanism. In the 

following part, we shall elucidate our accomplishments that have been achieved so far.  

(1) Sulfide-based SSEs with high ionic conductivity 

SSE plays a critical role in determining the performance of Li-S ASSBs. An ideal SSE should possess the 

following properties: (1) high ionic conductivity (>5 mS cm-1) at room temperature; (2) good compatibility 

with lithium metal anode; (3) good formability; (4) good moisture stability. In this budget period, we 

developed sulfide-based SSEs for Li-S ASSBs, namely, LPB, which possesses the above-mentioned 

characteristics.  

The LPB SSE was synthesized via a facile liquid-phase synthesis method with a low annealing temperature of 

160°C. The LPB SSE exhibited a high ionic conductivity of 6.09 mS cm-1 at 25°C with a low activation energy 

of 0.212 eV (Figure XVI.8.1a). The result is among the highest ionic conductivities reported for liquid-phase 

synthesized sulfide SSEs (Figure XVI.8.1b) and meets our proposed milestone for developing sulfide SSE.  

 

Figure XVI.8.1  (a) Arrhenius and Nyquist impedance plots for hot-pressed LPB SE pellet from 25 to 100°C. (b) Comparison of 

room-temperature ionic conductivity and synthesis temperature of LPB SSE and reported liquid-phase synthesized sulfide SSEs. 
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Solid-state sulfur cathodes and Li-S ASSBs were fabricated and evaluated. The cathode powders constituted of 

sulfur, conductive carbon (Ketjenblack, KB), and SSEs were prepared by ball milling with a remarkably high 

sulfur content of ~ 60 wt% (KB/S/SSE=10/50/24, w/w/w). LPB, L3PS4 (LPS), and Li10GeP2S12 (LGPS) SSEs 

were used to fabricate the sulfur cathodes (S-C-LPB, S-C-LPS, and S-C-LGPS). The assembled Li-S ASSBs 

(Li-In/LPB/S-C-SSE) were electrochemically evaluated in a Swagelok cell at 60°C under ambient air. The S-

C-LPB cathode also showed excellent rate performance compared with S-C-LPS and S-C-LGPS cathodes 

(Figure XVI.8.2a), presenting much higher discharge capacities of 1144.6, 1024, 907.8, and 663 mAh g-1 at 

0.1, 0.3, 0.5, and 1 C, respectively. The superior performance of the S-C-LPB cathode at 0.1 C is equivalent to 

a high cathode-level specific energy of 1318.7 Wh kg-1 and volumetric energy density of 2561.8 Wh L-1 with 

an average discharge voltage of 1.935 V (vs. Li/Li+). The cycling stability of the S-C-LPB cathode was 

investigated as well. A Li-S ASSB cell with an areal sulfur loading of ~ 2.57 mg cm-2 was tested at 0.5 C under 

a constant current, constant voltage (CCCV) mode between 0.8-2.5 V (Figure XVI.8.2b). Impressively, the S-

C-LPB cathode cycled stably for over 800 cycles with a high initial discharge specific capacity of ~ 1004.6 

mAh g-1 and a low fading rate of ~ 0.028 % per cycle. 

 

Figure XVI.8.2  (a) Rate performance of different sulfur cathodes. (b) Cycling performance of the S-C-LPB cathode at 0.5 C under 

CCCV mode (cutoff current, 0.1 C; cutoff voltage, 2.5 V vs. Li-In/Li+) between 0.8 and 2.5 V at 60°C. 

Through post-characterization, we found that the root cause for the superior performance of the S-C-LPB 

cathode is the low density of LPB (1.491 g cm-3), much lower than that of LPS (1.83 g cm-3), LGPS (2.04 g 

cm-3), and other conventional inorganic SSEs, which ensure sufficient SSE volume content and ionic transport 

pathways in sulfur cathodes with an ultrahigh sulfur content of ~ 60 wt%. As shown in the SEM images 

(Figure XVI.8.3a, e), the S-C-LPB cathode aggregate powders are smaller than the S-C-LPS aggregate. Upon 

pressing the powders into electrodes, the formed S-C-LPB cathode made from small powders seems relatively 

denser than the S-C-LPS sulfur cathode with many voids on the surface (Figure XVI.8.3c, g). In addition, 

locally high-intensity sulfur signals are detected (marked in dashed circles) in the EDS mapping of the S-C-

LPS electrode (Figure XVI.8.3c), indicating the presence of bulky sulfur particles. After lithiation, massive 

aggregated Li2S emerges and separates from carbon (Figure XVI.8.3d). Given the poor electronic and ionic 

conductivity of sulfur/Li2S, the lithiation/delithiation of bulky sulfur/Li2S is kinetically less favorable than 

small sulfur/Li2S particles, thus leading to higher resistance and lower sulfur utilization of the S-C-LPS 

cathode. In stark contrast, the S-C-LPB cathode exhibits excellent content uniformity with homogenous 

distribution of all elements before and after lithiation (Figure XVI.8.3g, h). Such observations are also 

supported by the XRD results illustrated in Figure XVI.8.3b, f, indicative of large crystalline sulfur particles in 

the S-C-LPS cathode in contrast to the small amorphous sulfur particles in the S-C-LPB cathode. 
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Figure XVI.8.3  (a and e) SEM images of S-C-LPS (a) and S-C-LPB (e) cathode powders. (b and f) XRD of S-C-LPS (b) and S-C-LPB (f) 

cathode powders. (c and d) SEM and EDS mapping images of S-C-LPS cathode before (c) and after (d) lithiation. (g and h) SEM 

and EDS mapping images of S-C-LPB cathode before (g) and after (h) lithiation. 

(2) Sulfur cathode for Li-S all-solid-state batteries 

In this budget period, we also developed advanced sulfur cathode material for Li-S all-solid-state batteries, 

which could deliver a higher discharge capacity of over 1000 mAh g-1 at room temperature. Our previous 

findings revealed that a highly efficient ionic and electronic pathway within cathode composites plays an 

important role in improving the electrochemical performance of sulfur cathodes. Thus, we focused on 

developing novel advanced sulfur cathode materials with good components uniformity and efficient ionic and 

electronic pathways for Li-S all-solid-state batteries. Moreover, combined with the optimization of cathode 

compositions, cathode additives, and preparation processes, the new advanced sulfur cathode materials enabled 

superior sulfur utilization at room temperature. The cycling performance of the developed advanced sulfur 

cathode is illustrated in Figure XVI.8.4. The sulfur cathode was first electrochemically activated at 0.05 A g-1 

(based on the weight of the whole sulfur cathode) for the three cycles and then subsequently cycled at 0.1 A g-

1 (= 0.12 C). During the first few cycles, the discharge specific capacity can reach up to 1200 mAh g-1. After 

increasing the current rate to 0.12 C, the cell can still achieve above 1000 mAh g-1 discharge capacity at room 

temperature. The sulfur cathode with moderate sulfur loading of 2.055 mg cm-2 and high sulfur content of 50 

wt% shows superior cycling stability for over 250 cycles. Even after 250 cycles, the discharge specific 

capacity remains high at 987.8 mAh g-1.  
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Figure XVI.8.4  Long-term cycling performance of the new sulfur cathode composite under 0.1 A g-1 (= 0.12 C) between 0.5 to 2.5 

V at room temperature. The discharge capacity is based on the weight of sulfur. 

We further investigated the performance of sulfur cathodes under different testing conditions (e.g., 

temperatures, cathode sulfur loading, membrane thickness, cathode compositions, operation pressure, etc.). We 

found that sulfur cathode performance would significantly deteriorate with lower first-cycle Coulombic 

efficiency and discharge capacities upon increasing sulfur loading or decreasing temperatures (Figure 

XVI.8.5a, b). Through detailed analysis, we discovered that the primary cause of this problem is the high 

internal resistance of the cell, particularly the sulfur cathode, at room temperature or high areal sulfur loading. 

Therefore, based on such discovery, we then attempted to reduce the membrane thickness, employ solid 

electrolytes with higher ionic conductivity, optimize cathode compositions, and develop new sulfur cathode 

materials to minimize batteries' internal resistance. 

 

Figure XVI.8.5  The 1st-cycle galvanostatic charge-discharge curves of sulfur cathodes evaluated (a) with different areal sulfur 

loading of 2.5-6.0 mg cm-2 under 60°C and (b) with areal sulfur loading of ~ 2.685 mg cm-2 at room temperature. The current rate 

is 0.1 C. 

Consequently, two newly synthesized sulfur cathodes, i.e., PSU-1 and PSU-2, were developed with enhanced 

electronic and ionic transport (lower resistance). The rate performance of the two cathodes with areal sulfur 

loading of 2-3 mgsulfur cm-2 was evaluated and summarized in Figure XVI.8.6. Specifically, PSU-1 delivered a 

good discharge specific capacity of over 1150 mAh g-1 at 0.1 C. However, upon increasing the current rate to 

0.5 C, the discharge specific capacity of the PSU-1 cathode dropped sharply to ~ 550 mAh g-1, showing that 

the electron/ion transport within the cathode still needs further optimization and improvement. By optimizing 
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the cathode compositions, preparing procedures, and employing solid electrolytes with higher ionic 

conductivity, PSU-2 sulfur cathodes were successfully developed, which delivered a superior specific capacity 

of over 1200 mAh g-1 at a high current rate of 0.5 C and room temperature.  

 

Figure XVI.8.6  Rate performance of two developed sulfur cathodes, i.e., PSU-1 and PSU-2. The areal sulfur loading of the 

cathodes is 2-3 mgsulfur cm-2. Cells were tested at room temperature. 

Besides the above two cathodes, we successfully prepared another sulfur cathode with optimized cathode 

components, compositions, and preparation procedures, demonstrating superior electrochemical performance 

at high areal sulfur loading. As shown in Figure XVI.8.7, the sulfur cathode with areal sulfur loading of 5.39 

mg cm-2 and sulfur content of 50 wt% delivered a high discharge specific capacity of over 1200 mAh g-1 at 

room temperature. After 10 cycles, the discharge specific capacity remained as high as ~ 1400 mAh g-1.  

 

Figure XVI.8.7  Cycling performance of the Li-S ASSBs using the new sulfur cathode at 0.1 C with high sulfur loading and content 

under room temperature. 

(3) Lithium alloy anodes for Li-S all-solid-state batteries 

To increase the energy density of Li-S all-solid-state batteries, instead of using Li-In alloy anode, we 

developed and utilized different types of lithium alloy anodes, such as Li-Si, Li-Ge, or Li-Sn alloy with higher 

specific capacity and energy density than Li-In. We synthesized various lithium alloy anodes by the high-

energy ball-milling method for fabricating high-energy-density Li-S all-solid-state batteries (Li-S ASSBs). To 

avoid the interfacial issues between Li metal and solid electrolytes, using alloy anodes could mitigate the 

interfacial resistance increase and the lithium dendrite growth. In addition, owing to the stable and reversible 

plating/stripping of alloy anodes, we can develop stable and durable Li-S ASSBs with high sulfur utilization 



Batteries 

910 Beyond Lithium-Ion R&D: Solid-State Batteries 

(high discharge capacity). After optimizing the composition and synthesis procedures, we found a type of alloy 

anode (Lithium alloy-2) can cycle stably and enable Li-S ASSBs with high discharge specific capacity, which 

remained 1368.6 mAh g-1 after 150 cycles, as shown in Figure XVI.8.8 The full cells were cycled under 0.1 C 

at 60°C, and the sulfur cathode loading was around 2.19 mg cm-2. Other than that, the other two types of 

lithium alloy anode behaved differently. The Li-S ASSB using Lithium alloy-1 exhibited a high initial 

discharge capacity of around 1400 mAh g-1 but suffered from short-circuiting after 20 cycles. The Li-S ASSB 

with Lithium alloy-3 also had good reversibility and still showed a high discharge specific capacity of 1162.4 

mAh g-1 after 150 cycles. It shows that the lithium alloy anodes could be utilized for Li-S ASSBs, delivering 

high discharge specific capacities and good capacity retention. We are investigating the mechanism of the 

short-circuiting behavior and trying to gain more knowledge of how different lithiation states of alloy anodes 

affect the full cells' stability and electrochemical performance, which shall guide us to fabricate Li-S ASSBs 

with prolonged and excellent electrochemical performance. 

 

Figure XVI.8.8  Cycling performance of the Li-S ASSBs using the as-synthesized alloy anodes. The cells were tested at 0.1 C under 

60 C, and the specific capacity is based on the weight of sulfur. 

(4) Capacity fading and degradation mechanism characterization 

Since Li-S ASSBs still face continuous capacity decay upon cycling, we studied their origin using X-ray 

photoelectron spectroscopy (XPS) and found that the electrochemical and chemical degradation of sulfide SSE 

is the culprit. As shown in Figure XVI.8.9, P-Sx-P in P 2p spectra and sulfate species in S 2p spectra were 

observed in the cathode after cycling. The former is induced by the electrochemical oxidation of sulfide SSE, 

while the latter might be caused by the reaction of sulfide SSE or Li2S with moisture in the air. Together, the 

continuous electrochemical and chemical degradation of SSE will cause the destruction of ionic transport 

pathways, giving rise to the continuous growth of internal resistance and, thus, capacity fading of Li-S ASSBs.  

 

Figure XVI.8.9  XPS spectra of the S-C-LPB cathode (a) before and (b) after cycling at charged state. 

Conclusions   

In conclusion, we have accomplished our goals for the budget period 1 and 2 and obtained the following main 

achievements: (1) We successfully synthesized a glass-ceramic solid-state electrolyte by a facile liquid-phase 
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method with a high ionic conductivity of ~ 6.09 mS cm-1 at 25°C, and good electrochemical stability against 

lithium metal anode. (2) We developed an advanced sulfur cathode for Li-S all-solid-state batteries for over 

250 cycles with a high discharge capacity of above 1000 mAh g-1 at room temperature. (3) The effects of 

sulfur loadings, sulfur contents, and testing temperature on the electrochemical performance were also 

investigated to help acquire the knowledge of internal impedance and electron/ion transport mechanism 

accompanied by various characterization techniques. (4) A new sulfur cathode was developed and can deliver 

a discharge capacity of ~ 1400 mAh g-1 with high areal sulfur loading of 5.39 mg cm-2 and sulfur content of 50 

wt% at room temperature. (5) Alloy anodes were utilized to facilitate Li-S ASSBs with superior 

electrochemical performance for over 150 cycles with good capacity retention at 60°C. (6) We have 

investigated the capacity fading mechanism of Li-S ASSBs using XPS.  
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Project Introduction 

The next-generation battery innovations for EV without ICE will have to enable the vehicle to drive for long 

distances. Marginal improvements of state-of-art Li-ion technology cannot meet this challenge. Any “beyond 

Li-ion” technologies, which aim to achieve cell performance targets of  350Wh/Kg, over 1000 cycles at C/3 

rate, 15 year shelf life and < $100/KWh cost, will need a metallic Li anode (~3862 mAh/g). Applications of Li 

anodes in batteries are hindered by the dendrite formation during the battery operation leading to serious safety 

issues. Previous efforts to suppress the dendrite formation on lithium metal anodes by altering the electrolyte, 

modifying the Li surface, or optimizing the cell structure fell short because they did not solve the root causes 

of the dendrite formation during the interface shift of Li anodes during cycling. We propose to investigate 

interface shift, surface homogeneity and surface Li+ concentration. Our work will focus on creating a dynamic 

protection layer during the interface shift to prevent dendrite formation throughout the battery operation, 

potentially enabling the commercialization of a safe metallic Li battery with a long cycle life. This is 

particularly important in a solid-state-electrolyte battery, since the interfacial changes between the Li anode 

and the electrolyte could create a physical gap which hinders the electrochemical reaction.  

In FY2022, we demonstrated: 

1. A prelithiated Si anode for a long cycle Li-S all-state-state-battery (ASSB). 

2. A flexible, highly conductive and thin solid-state-electrolyte (SSE) membrane. 

3. Organic cathode material in ASSB 

4. An Li-S ASSB in a pouch cell. 

Objectives 

The objectives of this project are to research, develop, and test lithium metal-based batteries that implement 

solid lithium-ion conductors equipped with a formed dynamic protection layer. The proposed project aims to 

enable safe, long cycle Li anodes achieving cell performance targets of 400Wh/Kg, over 100 cycles, 15-year 

shelf life and < $100/KWh cost. 

Our efforts are to contribute an in-depth understanding of the Li interface and dendrite growth prevention to 

the field of Li metal batteries, which will pave the way for the eventual development of high energy density, 

low cost and long-lasting Li batteries. This advancement could be a crucial selling point for the greater 

adoption of electric vehicles (EV). This project will make possible the translation of fundamental research into 

mailto:qud@uwm.edu
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the practical implementation of high energy Li anodes, enabling the eventual achievement of the cell 

performance targets. 

Approach  

The novelty of our approach is that we intend to mitigate the dendrite problem by creating a dynamic 

protection layer during the interface shift to prevent dendrite formation throughout the battery operation. Four 

approaches will be explored: 1) Surface with homogeneous activity; 2) Artificial interface to “alloy” Li 

dendrites; 3) Dissolution and re-deposition of Li through re-distribution of Li-carrier complex; 4) Control local 

Li concentration.   

Results  

The novelty of our approach is that we intend to mitigate the dendrite problem by creating a dynamic 

protection layer during the interface shift to prevent dendrite formation throughout the battery operation. Four 

approaches will be explored: 1) Surface with homogeneous activity; 2) Artificial interface to “alloy” Li 

dendrites; 3) Dissolution and re-deposition of Li through re-distribution of Li-carrier complex; 4) Control local 

Li concentration. 

Results 

Fully prelithiated all-electrochem-active Si anode for the mitigation of dendrite growth. 

The development of all-solid-state Li–S batteries has been greatly impeded by dendrite growth and dendrite 

penetration, which are both related to the Li metal anode. As a compromised alternative, we report lithium 

silicide (LixSi) as a dendrite-free and high-capacity anode with Li source. The as-synthesized LixSi is relatively 

soft, highly electronically conductive, and with a high Li diffusivity. These distinctive properties make LixSi 

anode viable as an “all-electrochem-active” electrode (consisted of 100 wt.% LixSi). Compared with the 

typical composite electrode, the all-electrochem-active electrode not merely maximizes the electrode-level 

energy density but also minimizes the electrolyte-related interfacial degradation. LixSi symmetric cell 

demonstrates a reversible cycling at 4 mA cm–2 for over 320 h. Stress change and morphological evolution of 

the LixSi electrode are investigated upon dealloying/alloying. When paired with a S cathode (active mass 

loading of 3 mg cm–2), LixSi–S full cell shows a good cycling behavior over 500 cycles and rate performance 

(69% capacity retained at 1.2C) even at 25°C.  

 

Figure XVI.9.1  a) X-ray diffraction profiles. b) XPS spectra of the Si 2p region. c) SEM images of the pristine μ-Si and the as-

synthesized μ-LixSi. d) Electronic conductivity measurement of μ-LixSi. e) DC polarization measurement of Li-In|SSE|μ-

LixSi|SSE|Li-In symmetric cell. f) AC impedance measurement of Li-In|SSE|Li-In symmetric cell. 
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Figure XVI.9.1a displays the X-ray diffraction (XRD) profiles. After prelithiation process, the pristine 

crystalline μ-Si (Figure XVI.9.1a, up) transformed to amorphous Li3.75Si (Li15Si4) phase (Figure XVI.9.1a, 

bottom), as indicated by the newly emerged peaks at ca. 21°, 24°, 27°, 40°, and 43.5°. Despite the Li/Si molar 

ratio of the precursors is 4.4/1, ca.10% extra Li is still required to obtain a phase pure Li4.4Si (Li22Si5) 

compound. Since some unavoidable side reactions related with the surface impurities of the pristine Si 

particles need to consume extra Li during milling process. The as-synthesized Li3.75Si compound (denoted as 

μ-LixSi thereafter) was then used for the following study. X-ray photoelectron spectroscopy (XPS) analysis of 

the pristine μ-Si in Figure XVI.9.1b shows two peaks in the region Si 2p, representing the Si–Si bond (98.5 

eV) and the Si–O bond (103 eV). The Si–O bond originated from the native oxide layer (SixOy) existed on the 

surface of Si particles. After lithiation, the new peak occurring at 101.5 eV was assigned to the Li–Si–O bond 

formed within LixSi matrix. Scanning electron images (SEM) show that the pristine μ-Si were separate 

particles with rigid edges (Figure XVI.9.1c, left), while the particles became expanded and interconnected with 

smoother edges after lithiation (Figure XVI.9.1c, right). 

The pristine μ-Si showed an electronic conductivity of 10–2 mS cm–1 and barely had any ion diffusivity. After 

lithiation, μ-LixSi exhibited three orders of magnitude higher electronic conductivity (50.3 mS cm–1) (Figure 

XVI.9.1d). To evaluate the Li conductivity of μ-LixSi, direct current (DC) polarization measurement was 

carried out on Li-In|SSE|μ-LixSi|SSE|Li-In cell, where the SSE layer acted as an electron-blocking electrode. 

As illustrated in Figure XVI.9.1e, the overall DC resistance includes two SSE layers (2Rion,SSE), two Li-In|SSE 

interfaces (2RLi-In|SSE), one μ-LixSi layer (Rion,μ-LixSi), and two μ-LixSi|SSE interfaces (2Rμ-LixSi|SSE). To estimate 

the resistance contributed by the SSE layer and the Li-In|SSE interface, a Li-In|SSE|Li-In cell was further 

fabricated; its AC impedance is shown in Figure XVI.9.1f. The resistance of SSE layers (2Rion,SSE) and Li-

In|SSE interface (2RLi-In|SSE) was around 49.5 Ω cm2. Therefore, the Li conductivity of the μ-LixSi layer was 

roughly calculated to be ˃ 0.1 mS cm–1, since it was hard to decouple the resistance of LixSi|SSE interface 

from the overall resistance. 

 

Figure XVI.9.2  a) The voltage profiles of μ-LixSi|SSE|LTO cell (up) along with correlated evolution of stress (middle) and stress 

change (bottom). b) Schematic of pressure-monitoring cell. c) Corresponding dQ/dV curves. d) Voltage and stress change plotted 

as a function of the molar amount of lithium extracted from or inserted into the μ-LixSi phase. 

The volume change of μ-LixSi electrode was explored by in-situ monitoring the dynamic pressure change of μ-

LixSi|SSE|Li4Ti5O12 full cell. Since the phase transition of Li4Ti5O12 (LTO) cathode causes negligible volume 

change, the net stress change of the full cell is governed by the μ-LixSi anode alone. Voltage profiles of full 

cell (Figure XVI.9.2a, up) along with the correlated evolution of stress (Figure XVI.9.2a, middle) and the 

stress change (Figure XVI.9.2a, bottom) were recorded over five consecutive cycles. Figure XVI.9.2b 

illustrates the stress measurement setup and Figure XVI.9.2c shows the corresponding dQ/dV curves. With an 

areal capacity of ≈3 mAh cm–2, the full cell exhibited ≈0.7 MPa stress swing upon cycling, with a stress 

decrease during discharge (Li extracted from μ-LixSi) and an increase during charge (Li inserted to μ-LixSi). 
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Theoretically, the stress change only depends on the quantity of Li inserted or extracted from the μ-LixSi 

electrode, which is proportional to the areal capacity. But in real scenarios, the stress change can be weakened 

due to the elastic deformation of SSE layer and the presence of pores and void spaces within the cell. For 

example, the thicker the SSE layer is, the smaller stress change would be detected. As shown in Figure 

XVI.9.2a (bottom) and Figure XVI.9.2d (bottom), a relatively large stress hysteresis (irreversibility of stress 

change) is revealed from the initial cycle, which gradually vanishes in the subsequent cycles. At the 5th cycle, 

the stress change became highly reversible upon charge/discharging (Figure XVI.9.2a, bottom). The 

weakening of stress hysteresis could be attributed to the rearrangement of pristine void space within the cell 

along the contraction and expansion of μ-LixSi at the initial cycles. Also, stress hysteresis caused by the 

irreversible trap of some active Li inside the LTO structure during the 1st cycle, as revealed by the initial 

Coulombic efficiency of 97.0% (Figure XVI.9.2d, up), would disappear in the following cycles. 

 

Figure XVI.9.3  a) Cycling and b-c) rate performance of Li-In|SSE|S full cell at 60°C. d) Cycling and e-f) rate performance of μ-

LixSi|SSE|S full cell at 60°C. g) Cycling and e-f) rate performance of μ-LixSi|SSE|S full cell at 25°C. 

Full cell performance was evaluated by pairing a S cathode with a pure Li anode, a Li-In alloy anode, and a μ-

LixSi alloy anode, respectively. All cells with an areal S loading of 3 mg cm–2 were first tested under 60°C and 

≈50 MPa. Li|SSE|S cell became quickly shorted in the initial charging process, induced by Li dendrite 

formation during Li plating. LixSi|SSE|S cell (Figure XVI.9.3f) displayed a discharge voltage plateau of 1.75 

V, which is 280 mV higher than that compared with Li-In|SSE|S cell (Figure XVI.9.3c). The discharge plateau 

represented the solid–solid conversion between S and Li2S occurred within the S cathode. Long-term cycling 

tests were next carried out. Li-In|SSE|S cell in Figure XVI.9.3a showed a rapid capacity fading after 50 cycles 
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and became shorted at the 88th cycle. It is noteworthy that a relatively high mass loading and high current 

condition could cause cavity formation at the Li-In|SSE interface and unexpectedly Li-In filament growth, 

which would result in capacity decay and cell failure. In comparison, μ-LixSi|SSE|S cell in Figure XVI.9.3d 

showed stable cycling and retained 85.4% capacity after 200 cycles. Under high current of 1C (1C=1600 mA 

g–1), Li-In|SSE|S cell only delivered 427 mAh g–1 (Figure XVI.9.3b-c), whereas μ-LixSi|SSE|S cell can deliver 

1301 mAh g–1 (Figure XVI.9.3e-f), again implying the more favorable dealloying/alloying kinetics of μ-LixSi 

alloy compared with Li-In alloy.  

Room-temperature operation has been a long-standing challenge to achieve ideal practical application of 

ASSBs. Therefore, cycle life and rate capability of μ-LixSi|SSE|S cell were evaluated at 25°C. Figure XVI.9.3g 

shows 76.3% capacity was retained after 500 cycles under 0.3C. Under 1.2C, an accessible capacity of 866 

mAh g–1 was achieved, corresponding to 69% of the capacity under 0.05C (1249 mAh g–1).  

A flexible, highly conductive thin SSE and the fabrication of a Li-S pouch cell  

Despite the successful efforts on boosting the material- and electrode-level energy density, strategies to 

increase the cell-level energy density have rarely been reported. Most of the reported cells were based on a 

pellet-type configuration manufactured by dry powder die compression. The obtained SSE separator was rather 

thick (0.5–1.0 mm) and the cathode areal loading was relatively low (< 2mg cm-2), resulting in an extremely 

low cell-level energy density (˂50 Wh kg-1) and a high cell internal resistance. The major challenge for 

reducing the separator thickness is the brittleness of ceramic materials, a problem which is exacerbated under a 

practical condition, as the area to thickness ratio of the separator increases. Therefore, developing feasible 

technology to manufacture thin but robust SSE is an imperative need for exploiting commercialization-driven 

ASSBs.  

During FY2022, we fabricated a remarkable free-standing SSE membrane, which was merely 46 μm thick, and 

an ultralow areal resistance of 3.3 Ω cm2 was achieved, more than tenfold lower than that of reported SSE 

pellets. 

A thick SSE can not only reduce the cell-level energy density but also cause an exceptionally high areal 

resistance, based on the equation 𝑅 = 𝑙
𝜎⁄ , where R (Ω cm2) is the areal resistance, l (cm) is the thickness, and 

σ (S cm-1) is the conductivity, respectively. Such a high areal resistance would inevitably result in a high cell 

resistance and poor power performance, undermining the intrinsic benefits of high conductivity of sulfide 

superionic conductors. Therefore, developing a thin (<50 μm) but robust SSE membrane should take 

precedence over other factors in commercializing sulfide-based Li-organic batteries. In this study, the dry 

process was used to manufacture Li6PS5Cl membrane. Despite the binder content being merely 0.2 wt.%, the 

as-fabricated SSE membrane in Figure XVI.9.4a was free-standing and demonstrated a high flexibility. After 

cold pressing, the SSE thickness was reduced from 70 μm (Figure XVI.9.4c) to 46 μm (Figure XVI.9.4c), with 

a compaction density of 2.6 g cm-3. As marked by the arrows, the PTFE fibrils were well retained within the 

much-densified SSE structure. The ionic conductivity of SSE membrane was measured to be 1.4 mS cm-1 

(Figure XVI.9.4d), which was slightly lower than that of the binder-free SSE pellet (1.8 mS cm-1), owing to the 

ionic insulating nature of PTFE. Despite this fact, the areal resistance was a mere 3.3 Ω cm2, more than tenfold 

lower than the SSE pellet (39 Ω cm2, we used 0.7 mm thickness in the calculation).  

It is worth mentioning that PTFE would decompose once in contact with lithium to generate defluorinated 

carbon, which is electronically conductive. The propagation of the reaction will eventually cause the short of 

the membrane. We are in the process of overcoming the obstacle, but in the meantime, Li38In62 alloy (0.62 V 

vs. Li+/Li) was used as an anode. In order to test the flexible SSE membrane, a polyimide was used as the 

cathode in a sheet-type polyimide|Li6PS5Cl|LiIn full cell. Polyimide is a durable and low-cost engineering 

plastic with high thermal resistance, chemical inertness, and insolubility in common organic solvents. It was 

also proven to be a high-performance cathode material in lithium-ion batteries and tested in many stationary 

energy storage systems. We chose the material to be a cathode test vehicle. The polyimide|Li6PS5Cl|LiIn full 

cell in Figure XVI.9.4e shows a discharge plateau of 2.2 V (vs. Li+/Li) and an attainable capacity of ~180 mAh 
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g-1, which is consistent with that of the pellet-type cells. Cycling performance in Figure XVI.9.4f shows almost 

no capacity decay with an average Coulombic efficiency ˃99% over 30 cycles. To the best of our knowledge, 

this is the first demonstration of a sulfide-based organic ASSB with a sheet-type cell design. Energy densities 

were compared among these works based on considering only the cathode and the SSE part, since the anode 

can be further optimized. The calculated volumetric energy density was 164.2 Wh L-1 and the gravimetric 

energy density was 100.3 Wh kg-1. The energy density was more than tenfold higher than the value of other 

works despite the mediocre intrinsic capacity of polyimide. It should be noted that PI was only employed as a 

test vehicle here, but the dry-film technique can be extended to many other thermally stable and sulfide SSE-

compatible cathodes.  

 

Figure XVI.9.4  a) Flexibility test of the free-standing SSE membrane. b) Cross-sectional SEM images of SSE membrane b) before 

and c) after cold pressing. d) Ionic conductivity measurement of SSE membrane at 25°C. e) Galvanostatic voltage profiles and f) 

cycling performance of sheet-type Polyimide|Li6PS5Cl|LiIn cell at 60°C. 

The ultimate goal of the flexible SSE is to fabricate a large format pouch cell. After verifying the 

electrochemical performance of the PTFE bond flexible SSE, a sulfur|Li6PS5Cl|LiIn full cell in a pouch cell 

format was built. Figure XVI.9.5 shows the 2x3 inch pouch cell, the test fixture and the first a few cycles of 

the cell. The initial capacity of the cell was above 1100 mAh/g (of sulfur). As shown in the figure, although the 

ASSE Li-S cell can light a LED without external pressure, about 500 KPa was still appled to discharge the 

cell. 
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Figure XVI.9.5  All solid-state state sulfur|Li6PS5Cl|LiIn cell pouch cell (full cell, 2x3 inch), cell under test in a pressure fixture and 

first 3 cycles @60oC. 

Conclusions   

A fully lithiated Si electrode materials was made. Derived from its distinctive properties, an all-electrochem-

active μ-LixSi electrode architecture has been validated to be feasible. When paired with S cathode, the all-

solid-state LixSi–S batteries show appealing rate and cycling performance at room temperature. To fully 

unleash the potential of Si-based anode, advanced cell designs with a thinner electrolyte film and a lower stack 

pressure need to be further explored. Overall, this work paves a pathway to solve the longstanding interface-

related issue of LixSi anode and advances the development of high-performance and high-energy-density Li–S 

ASSBs. 

A dry-film approach was used to fabricate an ultrathin Li6PS5Cl membrane. The performance of the flexible 

membrane was proven in a polyimide-LiIn ASSB, and followed by assembling into an 2x3 inch LiIn-Sulfur 

ASSB cell. The free-standing Li6PS5Cl membrane was merely 46 μm thick, with an ultralow areal resistance of 

3.3 Ω cm2. We believe the dry-film approach could be used for the manufacture of large format ASSB.  
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Project Introduction 

Solid-state batteries (SSBs) are considered the next generation battery technology for resolving the intrinsic 

limitations of current lithium-ion batteries, such as poor abuse tolerance, insufficient energy density, and short 

cycle life. However, the main hurdle for SSB in electric vehicle (EV) applications is the complexity caused by 

material interfaces, such as Li metal/solid electrolyte (SE) and SE/cathode interfaces, leading to increased 

impedance and shortened cycle life. Although interfaces in SSBs are one of the key factors, a clear 

understanding of their properties and functions is still unavailable, partly due to the difficulty in characterizing 

buried solid-solid interfaces and interphases formed during battery cycling. 

Objectives 

The project objective is to develop a comprehensive set of in situ diagnostic techniques combined with 

atomic/continuum modeling schemes to investigate and understand the coupled mechanical/chemical 

degradation associated with dynamic interfacial phenomena in SSBs. Specifically, in situ observations and 

characterizations of lithium plating-stripping processes, lithium dendrite formation, interphase formation, and 

the induced interfacial stresses, as well as the mechanical and electrochemical properties of interfaces and 

interphases, are paramount. The study will provide useful guidelines for optimizing cell structure design and 

engineering interfaces and interphases to enable SSBs. In addition, it will establish a critical guideline to 

design safe and durable SSBs with energy density > 500 wh/kg for EV applications. 

Approach  

The multiscale in situ diagnostic tools, including AFM, nanoindentation, dilatometer, stress sensors, and 

pressure cells, will be used to investigate mechanical behavior and microstructure evolution at 

interface/interphase during lithium plating and stripping. The information (along with Li-ion transport 

properties and microstructure evolution obtained using the advanced spectroscopic ellipsometry, and in situ 

TEM) will be correlated with electrochemical performance toward high cycle efficiency and dendrite-free 

SSBs. The goal of this understanding is to develop strategies for surface and interface engineering, apply them 

to commercially available SEs (including powder, pellets, and foils), and assemble SSBs for further validation 

and optimization, eventually extending cycle life for EV application. 

Results  

In-situ observations of surface passivation layer growth on lithium metal  

Many of our models of the interface between lithium metal and solid electrolytes assume an ideal contact, 

where only pure lithium metal is in contact with the solid electrolyte. Here we report an in situ spectroscopic 

study demonstrating that even when lithium metal is rigorously polished and cleaned, there still exists a 

surface layer that is tens of nanometers thick (Seo 2022, 211602).  

mailto:xingcheng.xiao@gm.com
mailto:Tien.Duong@ee.doe.gov
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Figure XVI.10.1  shows x-ray photoemission spectroscopy (XPS) of the surface of cleaned and polished 

lithium foil as the surface is etched with an argon ion beam. The XPS data reveals that Li2CO3 and Li2O both 

still exist near the top surface after cleaning and polishing. XPS does not provide any information on the 

thickness of these layers since the etching rate of these layers is not known. An in situ optical spectroscopic 

ellipsometry (OSE) study was conducted to measure the thickness of the surface layer as it is exposed to air.  

 

Figure XVI.10.1  (a) Photos of Li foil as it is cleaned and polished. (b) XPS at  the K-edge of Li, O, and C, respectively, as its surface 

layer is slowly removed by the Ar-ion milling process 

Figure XVI.10.2  shows the thickness of the top surface layer as a function of exposure time to air. Up until 5 

minutes, the film is initially about 50 nm thick and increases linearly in time at a rate of 24 nm/min. This 

indicates that the initial growth of the film is an interface-controlled process rather than a diffusion-controlled. 

A future study will look at how this process depends on temperature. 
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Figure XVI.10.2  Thickness of the surface layer as a function of time after the sample is exposed to air. The solid and dashed lines 

are linear and parabolic functions  for interface-controlled and diffusion-controlled processes,  respectively.  

Development of the analytical model to predict the CCD for Li/SE interfaces 

The combined impacts of the interface and compressive stress (stack pressure) on the Li surface morphology 

are considered to predict the critical current density (CCD) at the Li/solid electrolyte (SE) interface during the 

stripping process. To take these two impacts into consideration in an analytical model, the Li flux contributed 

by the vacancy hopping and creep effects should be quantified. The representative Li/Li2O (lithiophilic), 

Li/LiF (lithiophobic) and the experimentally intensively studied Li/LLZO interfaces are chosen to justify this 

model. 

The flux due to hopping is calculated based on the hopping rates, which are obtained from DFT calculated 

hopping barriers. Considering three consecutive Li layers (𝑗 − 1, 𝑗, 𝑗 + 1), the hopping flux across the 𝑗𝑡ℎ layer 

(
𝑑𝑁𝑗

𝑑𝑡
) is defined as 

𝑑𝑁𝑗

𝑑𝑡
=

1

2
𝑘𝑓,𝑗+1(𝑁𝑗+1 − 𝑁𝑗) −

1

2
𝑘𝑓,𝑗(𝑁𝑗 − 𝑁𝑗−1) −

1

2
𝑘𝑏,𝑗(𝑁𝑗 − 𝑁𝑗+1) +

1

2
𝑘𝑏,𝑗−1(𝑁𝑗−1 − 𝑁𝑗),        (1) 

where 𝑘𝑓,𝑖 is the forward hopping rate, 𝑘𝑏,𝑖 is the backward hopping rate and 𝑁𝑖 is the number of Li atoms on 

the 𝑖𝑡ℎ Li layer (𝑖 = 𝑗 − 1, 𝑗, 𝑗 + 1).   

Since Li atoms are stripped from the Li surface (the first layer), the hopping flux on the first layer is  

𝑑𝑁1

𝑑𝑡
=

1

2
𝑘𝑓,2(𝑁2 − 𝑁1) −

1

2
𝑘𝑏,1(𝑁1 − 𝑁2).                                                (2)                          

When hopping can catch up with the vacancies generated during stripping, the concentration on the first layer 

does not change, which requires that 

                        
𝑑𝑁1

𝑑𝑡
=

1

2
𝑘𝑓,2(𝑁2 − 𝑁1) −

1

2
𝑘𝑏,1(𝑁1 − 𝑁2) − 𝑘𝑠𝑁1 = 0,                     (3) 

where 𝑘𝑠 is the stripping rate applied on a unit area. When the forward and backward hopping events are 

symmetric (𝑘𝑓,2 = 𝑘𝑏,1), Eqn. (3) becomes 

    
𝑑𝑁1

𝑑𝑡
= 𝑘𝑓,2(𝑁2 − 𝑁1) − 𝑘𝑠𝑁1 = 0.                                                                (4) 

Then the stripping rate is related to the hopping rates according to 

    𝑘𝑠 =
𝑘𝑓,2(𝑁2−𝑁1)

𝑁1
= 𝑘𝑓,2𝛥𝑁/𝑁1,                                                       (5) 

where 𝛥𝑁 = 𝑁2 − 𝑁1. Because the current density is defined as current per unit area, the critical current 

density (𝑖𝑐) is calculated using 
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    𝑖𝑐 =
𝑞𝑘𝑠

𝐴0
=

𝑞𝑘𝑓,2

𝐴0
∗

𝛥𝑁

𝑁1
,                                                                         (6) 

where 𝑞 is the electric charge of an electron and 𝐴0 is the unit area on the Li (001) plane. The backward 

hopping events always happen, and the stripping is more related to the forward hopping, therefore, Eqn. (6) 

can be used to predict the CCD at any Li/SE interface when the forward hopping rates from the second layer to 

the first layer (𝑘𝑓,2) are available. It should be mentioned that Eqn. (6) holds in a short time (𝑑𝑡), which 

requires 
𝛥𝑁

𝑁1
 is small.  

The creep induced flux (𝑛𝑝̇) over a unit area is a function of the applied strain rate (𝜀̇) according to  

                         𝑛𝑝̇ =
𝑁𝐴𝐴0𝐿𝜀̇

𝑉𝐿𝑖
,                                                                       (7) 

where 𝑁𝐴 is the Avogadro’s constant, 𝐿 is the thickness of the Li metal and 𝑉𝐿𝑖 is the molar volume of Li. The 

strain rate (𝜀̇) is a function of the stack pressure (𝜎) and the temperature (𝑇) 

𝜀̇ = 𝜎𝑚𝐴𝑐exp (−
𝑄𝑐

𝑅𝑇
),                                                        (8) 

where 𝑚, 𝐴𝑐and 𝑄𝑐 are constants measured from experiments (LePage et al, 2019, A89) and 𝑅 is the gas 

constant. Combining Eqn. (7) and (8), 𝑛𝑝̇ is expressed as a function of 𝐿, 𝜎 and 𝑇 using  

𝑛𝑝̇ =
𝑁𝐴𝐴0𝐿

𝑉𝐿𝑖
𝜎𝑚𝐴𝑐 exp (−

𝑄𝑐

𝑅𝑇
).                                               (9)  

Since the polynomial effect of 𝜎 (𝑚 = 6.6) is more prominent than the effects of 𝐿 and 𝑇 on 𝑛𝑝̇, 𝐿 (𝐿 =
100 µ𝑚) and 𝑇 (𝑇 = 298 𝐾) are treated as constants and thus 𝑛𝑝̇ is only dependent on the applied stack 

pressure. When both the hopping flux and the creep induced flux are considered, 𝑖𝑐 is expressed as 

     𝑖𝑐 =
𝑞𝑘𝑠

𝐴0
=

𝑞(𝑘𝑓,2+𝑛𝑝̇)

𝐴0
∗

𝛥𝑁

𝑁1
.                                                  (10) 

Prediction of critical current densities for Li/Li2O, Li/LiF and Li/LLZO interfaces using the analytical 

model.   

Table 1 lists the CCD (
𝛥𝑁

𝑁1
= 10−6) predicted for Li/Li2O, Li/LiF and Li/LLZO interfaces. The predicted CCD 

here are consistent with our previous KMC simulations considering the hopping events for Li/Li2O and Li/LiF 

(Yang 2021, 2814). Although the CCD for LLZO is higher than the experimental values by 2 orders of 

magnitude (Wang 2019 842), the LLZO surface in experiments is normally covered with some Li2CO3 (not a 

flat surface), which limits the measured CCD.  

Table XVI.10.1 𝑘𝑓,2 and predicted CCD for Li/Li2O, Li/LiF and Li/LLZO interfaces without the creep effects. 

 Li2O LiF LLZO 

𝑘𝑓,2 (𝑠−1) 3.31e10 3.76e3 2.14e8 

𝐶𝐶𝐷 (𝐴/𝑐𝑚2) 
43.0 4.88e-6 0.277 

Figure XVI.10.3   shows 𝑖𝑐 at different stack pressure for Li/Li2O, Li/LiF and Li/LLZO interfaces using Eqn. 

(10) assuming 
𝛥𝑁

𝑁1
= 10−6. For the lithiophilic Li/Li2O interface (wetting angle 0°), no stack pressure is 

required to reach a current density of 10 m𝐴/𝑐𝑚2. In contrast, for the lithiophobic Li/LiF interface (wetting 

angle 108.7°), a stack pressure around 4 MPa is necessary to achieve the goal of 10 m𝐴/𝑐𝑚2. For another 

lithiophilic interface (Li/LLZO, wetting angle 60.2°), the stack pressure is not necessary to reach a stripping 

current density of 10 m𝐴/𝑐𝑚2. As the Li/LLZO is not as lithiophilic as the Li/Li2O, the CCD is smaller than 

that of the Li/Li2O interface but larger than that of the Li/LiF interface, suggesting that the analytical model 

captures the trends of CCD among different Li/SE interfaces.    
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Figure XVI.10.3  Predicted critical current density at different stack pressures for Li/Li2O, Li/LiF and Li/LLZO interfaces considering 

Li hopping and creep induced Li flux. 

Mechanical characterization of interlayer for stabilizing the interface between Li metal and solid 

electrolyte   

Environmental nanoindentation was performed along a lithium-rich cross-section of LLZTO solid electrolyte. 

A LLZTO pellet was cycled until failure in a Swagelok type cell with lithium metal foil as both electrodes. 

After disassembly of the cell, the LLZTO pellet was fractured into two halves exposing a metallic lithium-rich 

cross-section as shown in Figure XVI.10.4  (a). One half of the LLZTO pellet was taken to SEM and imaged. 

The lithium microstructure can be seen in Figure XVI.10.4  (b). The other half of the LLZTO pellet was 

mounted in epoxy and lightly polished in order to provide a smooth surface for safe nanoindentation along the 

lithium-rich cross-section. Figure XVI.10.4 (c) shows the mounted and polished LLZTO cross-section. 120 

indents were made along the cross-section in a 3 x 40 matrix as shown by the overlaying groupings A, B, and 

C in Figure XVI.10.4 (c). Nanoindentation was performed in an argon-filled glovebox to minimize exposure to 

air and the growth of any passivation films. The elastic modulus of the entire cross-section was 117.60 ± 18.11 

GPa, while the hardness was 5.41 ± 1.63 GPa. A statistical t-test showed that the results for both mechanical 

properties were not statistically significant compared to the surface nanoindentation results of the same pellet 

prior to electrochemical cycling. If the excess lithium shown in the cross-section were to influence the 

mechanical properties of the pellet, then group A would show the most change as it covers the most lithium-

rich area. Group B covers a lower percentage of lithium-rich area while group C does not cover any of the 

lithium morphology. However, when comparing the mechanical properties between all three groups, there was 

no significant difference. Figure XVI.10.4 (d) compares the elastic modulus between the three groups. If the 

excess lithium does influence the mechanical properties of the LLZTO pellet, then it must be localized and 

does not extent far into the pellet. Thus, mechanical polishing method used in this study could remove the 

influence of the lithium metal. More precise measurements of local mechanical properties, such as atomic 

force microscopy (AFM)-based indentation, and better sample preparation methods will be used properly 

perform nanoindentation of a cross-section.  
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Figure XVI.10.4  (a) Photo of the LLZTO lithium-rich cross-section. (b) SEM image of the lithium-rich cross-section highlighting the 

lithium microstructure. (c) Diagram depicting the mounted and polished lithium-rich cross-section with an overlay showing the 

indentation groupings. (d) Elastic modulus results for the lithium-rich cross-section grouped by area. 

Investigation of different polymer nanocomposite-based interlayers to reduce the interfacial resistance of 

solid-state batteries.  

Recently, we have developed a polymer nanocomposite as the interlayer to maximize the interfacial contact 

between lithium metal and solid electrolyte, therefore, to facilitate the ion transport through the interface. We 

first deposited a thin film on Li-metal surface by soaking it in DTL solution, which stands for (1,2-

dimethoxyethane (DME) solvent with trimethyl phosphate (TMP) and LiNO3 additives). In addition, we also 

replaced DME with DOL (1,3-Dioxolane) for form more flexible coating. The electrochemical impedance 

spectroscopy shows the interlayer can significantly reduce the impedance by almost two orders of magnitude, 

as shown in Figure XVI.10.5.   
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Figure XVI.10.5  The comparison of interfacial impedance of Li vs. LLZO with different interlayers. 

To correlate the battery performance and the components and properties of the coating layer formed in the 

soaking process, Density Functional Theory (DFT)-based molecular dynamics (AIMD) simulations together 

with experimental investigation were performed to study the reaction mechanism of the DTL solution on Li 

metal surface. When constructing the structures for Li metals covered by the DTL solution, to resemble the 0.8 

M LiNO3 in DME/TMP (volume ratio = 5:1) solution in the experiment, 6 DME molecules, 1 TMP molecule 

and 1 LiNO3 molecule were packed as the liquid solution, relaxed, and formed an interface with  Li (001) 

surface. The AIMD simulation using the NVT ensemble was performed at 400 K with the Nose-Hoover 

thermostat. The higher temperature (below the Li melting point, 454 K) was used to accelerate the calculations. 

The system was firstly run for 5 ps with a time step of 1 fs. If no bond breakage or decomposition was 

observed, another 15 ps was added.  

 

Figure XVI.10.6  Structures after AIMD simulations. (a) DME molecule (b) TMP molecule, (c) LiNO3 molecule, and (d) DTL solution 

on the Li metal. Purple: Li, Brown: C, White: H, Red: O, Blue: N, Green: P. The colors for different elements are consistent in all the 

figures 

Figure XVI.10.6 a-c show the final structures of one molecule on the Li metal after the AIMD simulations. No 

reactions occur between DME and the Li metal after 20 ps (Figure XVI.10.6a). In contrast, after 5 ps, one of 

the C-O bonds breaks in TMP (Figure XVI.10.6b), forming a CH3 radical, while the LiNO3 completely 

decomposes to nitrides and oxides (Figure XVI.10.6c). These observations are consistent with the SEM images 

for Li surfaces soaked in DME or TMP for 1 hour . 

The DME/TMP/LiNO3 interlayer synthesized by simple soak coating approach can form a soft organic-

inorganic composite layer on Li metal surface. Such DTL interlayer can effectively protect Li metal by 

suppressing Li volume change during cycling. The interlayer can also uniformly distribute the stress generated 

during cycling. The reduced strain rate during the initial stage of plating can mitigate SEI delamination and 

cell failure. With the interlayer applied between Li and LLZO, intensive polishing is no longer necessarily 
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needed. Further investigation is be focused on studying the chemical composition of the DTL layer and 

understanding the reaction mechanism and how the interlayer impacts the critical current density.  

To help mitigate this surface layer formation and to decrease the interfacial resistance between lithium foil and 

the solid electrolyte in all-solid-state batteries, researchers are looking into coating an artificial solid-

electrolyte interphase onto lithium foil(Li 2016, 1853 and Liu 2020, 2002297). Here we present measurements 

on the interfacial resistance of coated lithium foil and its dependence on applied external pressure. Lithium foil 

was coated in a solution of Dimethyl ether, trimethylopropane, and Lithium Nitrate (DTL). DTL coated and 

uncoated lithium foil samples were prepared at General Motors Global Research and Development Center. 

Samples were then assembled, and vacuum sealed in a pouch cell for pressure cell studies. Figure XVI.10.7 

shows Electrochemical Impedance Spectroscopy (EIS) data that suggests that the interfacial resistance 

significantly decreases when lithium foil is coated with DTL, and that under externally applied pressure both 

coated and uncoated samples show a significant decrease in their interfacial resistances. 

 

  

Figure XVI.10.7  (a) EIS spectra taken on DTL-coated Li symmetric pouch cell. (b) Bare lithium symmetric pouch cell EIS data. The 

inset at the top right shows the spectra when the pouch cell is clamped. Note that the clamped cell interfacial impedance is too 

large to be shown on the plot in (b).  

Mechanical properties of interlayer materials  

Determining the mechanical properties of interlayer materials is vital for long-term cycling in lithium metal 

batteries. It has been proposed that the shear modulus of a solid electrolyte in a solid-state lithium metal battery 

is an important parameter for preventing dendritic growth, for instance (Monroe and Newman, 2005 A396). 

The measured elastic modulus of nanoindentation experiments on thin films can be influenced by the substrate. 

To see the influence of the substrate, environmental nanoindentation was performed on two different samples 

of dip-coated thin films grown on lithium foil using a Berkovich tip. Figure XVI.10.8  shows that the average 

modulus decreased as the dip-coat time increased, and that the modulus of the maximum dip-coat time sample 

of 2 hours is similar to the average results for the 1-hour sample. These results provide more confidence that 

the previous results found are probing the polymer film.  Figure XVI.10.9  shows histograms representing the 

spread of the data comparing each sample with lithium foil.  

The error bars in Figure XVI.10.8  show that the measured modulus varies significantly across every sample. 

For lithium foil, this may be explained by how Lithium has a very high anisotropy factor (Herbert, 2018 1335), 

and since lithium foil is polycrystalline, it is expected to see moduli ranging by 17 GPa. It is proposed that one 

reason for such large variations in the thin film samples has to do with variations in the morphology of the 

film. Figure XVI.10.10   shows an example of three AFM images taken at different locations on the DME 15-

minute sample, showing differences in the local morphology of the film at different locations. 

It is also plausible that the sharpness of the Berkovich tip makes it difficult to detect the surface of such a soft 

polymer layer, as reported previously (VanLandingham 2001, 1). To build more confidence in these results, 

flat punch indentation will be performed next. Creep studies will also be performed with this indenter to 
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extract the time-dependent modulus to characterize the viscous behavior of the polymer film. These results will 

aim to better understand why coated lithium metal anodes outperform uncoated ones during long-term cycling 

tests. Finally, finite element method (FEM) will be applied to this system to determine whether the results 

presented here are in isolation of the substrate. 

 

Figure XVI.10.8  Indentation modulus results on different thin films on Li-foil. 

 

Figure XVI.10.9  Histogram of the moduli in previous figure. 

 

Figure XVI.10.10  Three AFM images at different locations of the DME 2 hr. sample. 

Future work 

Figure XVI.10.11  shows the forward and backward hopping barriers in the three Li/SE interfaces at different 

stack pressures. When the stack pressure is applied (𝜎 > 0 𝑀𝑃𝑎), the forward hopping barrier (𝐸𝑓) is 

decreased by half of the mechanical bias (𝐸𝑝), while the backward hopping barrier is increased by half of 𝐸𝑝 

(the method to solve 𝐸𝑝 from 𝑛𝑝̇ will be summarized in the next quarter). For Li/Li2O and Li/LiF interfaces, all 

the barriers have been calculated. For the Li/LLZO interface, more NEB calculations will be performed to get 

all the hopping barriers at 0 MPa and then the modified barriers can be obtained at different stack pressures.  

With the modified barriers due to creep effects, the KMC simulations of the vacancy evolution during stripping 

can be performed at different stack pressures and provide the range of CCD. With the CCD and critical 

pressure predicted from the analytical model and the KMC simulations, the interface and creep effects on the 
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Li surface morphology can both be studied and provide clues to design the Li/SE interface and keep it flat 

during stripping.  

In addition, the optimized interlayers will be applied between Li metal electrode and solid electrolyte to test 

the critical current density. Based on that, the cycle life tests will be performed to investigate how the 

interlayer can improve the cycle stability of all solid-state batteries  

 

Figure XVI.10.11  Forward and backward barriers for at different stack pressures for Li/Li2O (a), Li/LiF (b) and Li/LLZO interfaces 

(c) for later KMC simulations. The red markers represent the vacancy formation energy and blue ones stand for the transition 

state energy. For the Li/LLZO interface, more NEB calculations will be performed to get all the necessary hopping barriers to 

perform the KMC simulations. 

Conclusions   

• The surface passivation layer of lithium metal exists even after rigorously preparing its surface inside 

a glovebox. The potential impact of this lithium passivation layer should be considered when 

understanding the interface phenomena between lithium metal and solid-state electrolytes.  



Batteries 

930 Beyond Lithium-Ion R&D: Solid-State Batteries 

• Both the analytical model and KMC simulations suggest that a lithiophobic interface (Li/LiF, Li/Li2S) 

requires a larger stack pressure compared to a lithiophilic interface (Li/Li2O, Li/LLZO) to maintain a 

flat surface. 

• A nanocomposite interlayer DTL coating has been developed to significantly reduce the interfacial 

impedance. The polymer matrix makes the coating flexible and maximizes the interfacial contact 

between solid electrolyte and lithium metal. 
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Project Introduction 

The failure of a solid-state Li battery may be briefly attributed to two main causes: interfacial resistance 

increase and Li dendrites growth. The former may be further attributed to electrolyte decomposition and 

interfacial void formation (i.e. loss of physical contact). Electrolyte decomposition happens in two ways: 

oxidative decomposition at the cathode active material−electrolyte interface and reductive decomposition at 

the Li (including dendrites)−electrolyte interface. Void formation occurs at the same two interfaces. The 

complex origins of battery failure call for multidimensional diagnostics utilizing not one but a combination of 

tools that can quantify the formed void and dendrites, identify the chemical and mechanical natures of the Li 

dendrites and electrolyte decomposition products, and in situ monitor the evolution of the processes. The tools 

also need to cover a sufficiently large scale (up to ~100 m), have spatial resolutions of a few nanometers, and 

be sensitive enough to detect subtle changes in chemical and mechanical properties. These considerations lead 

us to a toolset of FIB-SEM tomography, ToF-SIMS, and nanoindentation (inside SEM chamber, i.e. in-SEM 

nanoindentation) and atomic force microscopy (AFM; inside SIMS chamber, e.g. in-SIMS AFM)-based 

stiffness mapping for structural, chemical, and mechanical characterizations, respectively. We will acquire 

detailed information of interfaces and dendrites evolutions including but not limited to (1) real-time 

visualization of Li dendrites growth within the whole thickness of electrolyte layer, (2) chemical composition, 

mechanical property, and evolution of electrolyte decomposition products, including intermediate and 

metastable ones, at both cathode and anode interfaces, (3) potential correlation of the induction and 

propagation of Li dendrites with electrolyte decomposition, and, (4) quantitative correlation between 

electrolyte decomposition, void formation, and cell performance. These in-depth understandings will allow us 

to effectively predict and optimize the physical and chemical changes of components within solid-state Li 

batteries during charge and discharge. 

Objectives 

The project objective is to develop a platform in combination of FIB-SEM tomography, ToF-SIMS, and in-

SEM nanoindentation-based stiffness mapping for structural, chemical, and mechanical characterizations in 

solid-state Li batteries. Assessment of the influence of cell design and testing conditions (external pressure, 

current density, temperature) on the evolutions of interfaces will be performed. 

Approach  

Space- and time-resolved structural, chemical, and mechanical characterizations of the cathode−electrolyte and 

anode−electrolyte interfaces will be performed on all-solid-state Li batteries using FIB-SEM, ToF-SIMS, in-

SEM nanoindentation. Tasks include (1) development of solid-state cell thin stacks and test-cell configurations 

that are suitable for in-situ characterizations, (2) quantitative characterization and in-situ tracking of interfacial 

voids formation within composite cathode and electrolyte layer; (3) identification and in-situ tracking of the 

mailto:yyao4@uh.edu
mailto:Tien.Duong@ee.doe.gov
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chemical composition, spatial distribution, and mechanical properties of electrolyte decomposition products at 

the Li- and cathode-electrolyte interfaces; (4) visualization, chemo-mechanical properties detection, and in-situ 

tracking of Li dendrites grown within solid electrolyte layer.   

Results  

The project objective is to develop a platform in combination of structural, chemical, and mechanical 

characterizations in solid-state Li batteries. Our previous operando SEM analyses successfully showcased the 

morphological evolution of solid-state battery interface during lithiation and delithiation. This year, we further 

extended our characterization capability to acquire chemical information at the electrolyte–electrode interface 

during cell operation, as well as to link chemical and mechanical properties together. 

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) analyses were conducted to understand the 

interfacial reactions between lithium (Li) anode and Li3PS4 glass-ceramic (LPS) electrolyte. As shown in 

Figure XVI.11.1, a “pristine LPS” sample was prepared by stacking Li foil onto an LPS pellet, heating at 60℃ 

for 1 h, then carefully peeling off the Li foil. In comparison, a “plated LPS” sample was obtained after 

charging a Li|LPS|Li symmetric cell at 0.28 mA cm−2 for 10 h and then peeling off the Li foil at the negative 

side. ToF-SIMS measurements were performed using a ToF-SIMS NCS (ION-TOF GmbH), the samples were 

transferred from the glove box using an air-free transfer vessel. Depth profile analysis was conducted by Cs+ 

sputtering to acquire spatial−chemical information across the interface between Li and LPS for both samples. 

 

Figure XVI.11.1  Experimental setup of ToF-SIMS analysis. (a) Schematic illustration of the preparation of pristine LPS, (b) 

schematic illustration of the preparation of plated LPS. 

The mass spectra of pristine LPS and plated LPS were collected to identify the chemical evolution of the LPS 

electrolyte during Li plating. As shown in the high-resolution spectra measured in positive polarization mode 

(Figure XVI.11.2a-c), obvious peak intensity increases occurred at m/z of ~37.04 (Li3O+) and ~184.93 

(CsLi3P+). The Li3O+ peak can be ascribed to the plated Li metal near the surface of the sample pellet. 

Formation of CsLi3P+ fragment is due to the combination of Cs+ and Li3P fragments during Cs+ sputtering, 

representing the formation of reduced electrolyte product Li3P. The PS+ fragment represents the LPS 

electrolyte, and the slight decrease of the PS+ intensity in plated LPS indicated the decomposition of LPS at the 

interface. The decomposition product of LPS can also be observed in the negative polarization mode shown in 

Figure XVI.11.2f. The Li2PS4
− peak ascribed to LPS shows a dramatic decrease in plated LPS. Similarly, the 

increase of LiO− peak in Figure XVI.11.2d further proves the existence of plated Li metal at the interface. The 

LiS− peak, supposedly representing another reduction product Li2S was also observed in Figure XVI.11.2e. 

To further understand the distribution of plated Li metal, LPS, and interfacial reduction products across the 

interface on the plated LPS, the ToF-SIMS spectra were collected during prolonged Cs+ sputtering. The depth 

profiles of various secondary ions are shown in Figure XVI.11.3. For pristine LPS (Figure XVI.11.3a), slight 

decrease in the intensity of Li3O+ and CsLi3P+ peaks was observed at the very beginning of the Cs+ sputtering, 

which may imply the minor reactions happened between Li and LPS during their contact at 60℃. The intensity 

of the peaks became relatively stable once the Cs+ sputtered away the surface layer.  
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Figure XVI.11.2  ToF-SISM analysis of plated and pristine LPS surface. (a-c) Mass spectra of pristine LPS and plated LPS in positive 

polarization mode. (d-f) The mass spectra of pristine LPS and plated LPS samples in negative polarization mode. 

 

Figure XVI.11.3  Depth profile of Li3O+, PS+ and CsLi3P+ fragments in (a) pristine LPS and (b) plated LPS. 

For the plated LPS, variations of Li3O+, PS+, and CsLi3P+ can be observed across the interfacial layer shown in 

Figure XVI.11.3b. The much higher Li3O+ intensity in this sample compared to that in Figure XVI.11.3a 

indicated the existence of plated Li metal at the surface. The fragment of CsLi3P+ in Figure XVI.11.3b 
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remained stable throughout the interfacial layer and dropped significantly into the LPS phase. In contrast, LPS-

related species were negligible at the surface of the interfacial layer but rapidly increased to a similar level of 

pristine LPS. The depth profile data demonstrated the self-passivation reaction between Li anode and LPS 

electrolyte during Li plating. We are further characterizing and monitoring the evolution of interfacial layer to 

better understand the extent of interfacial reactions, their impact on interfacial resistance and electrode 

performance. 

To investigate the chemical information at the interface, a customized-built time-of-flight secondary ion mass 

spectrometry (ToF-SIMS) stage was designed for in situ biasing of the specimen inside a ToF-SIMS (Figure 

XVI.11.4). The in situ biasing stage allows electrochemical biasing and ToF-SIMS imaging at the same time. 

For conducting operando ToF-SIMS diagnosis, a solid cell with the structure of NMC|Li6PS5Cl|Ag-C was 

fabricated and polished with an Ar-ion polisher. (Figure XVI.11.5, left) The cell was mounted vertically on the 

stage and protected during the sample transfer from a glovebox to the ToF-SIMS by employing an air-free 

transfer vessel. A 100  100 m2 area at the interface between the electrolyte and the interlayer was chosen for 

the operando characterization. 

 

Figure XVI.11.4  Schematic illustration of an in situ ToF-SIMS stage and open-cell setup on the stage. 

The ToF-SIMS mapping of the cell during a 3-hour charging is shown in Figure XVI.11.5. Before charging (0 

min), there is a clear distinction between the solid electrolyte layer and the interlayer, characterized by Li+ and 

Ag+ signals, respectively. As charging proceeds, Li+ signal gradually extends into the interlayer, indicating 

lithiation and/or lithium growth. The moving front of Ag+ signal retreats as Li+ progresses, which may be 

interpreted either as a decrease of Ag element in the lithiated region or Ag+ signal being overwhelmed by the 

more intensive Li+ signal.  

The signal intensity of both Ag+ and Li+ is plotted against distance and compared in Figure XVI.11.6. Both 

signals show gradient distribution in the lithiation front, indicating a gradual, possibly multi-step lithiation 

process. These intensity−distance profiles can be fed into modeling of diffusion and reveal the lithiation and 

lithium growth mechanism in the interlayer. Further efforts on distinguishing different Ag and Li species, from 

which details on the chemical status of the lithiated species can be extracted, are ongoing. With an improved 

understanding of the working mechanism of the interlayer, further engineering can be done for improvement. 
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Figure XVI.11.5  Operando ToF-SIMS mapping of Li+ and Ag+ at the electrolyte−silver-carbon interface. The x- and y-axis represent 

the spatial coordinates in μm. The brightness in color represents the ion count. (Left column) Structure of the solid-state lithium 

metal cell used in the observation; the observation area is marked with a black square. (Top row) Mapping of Li+; the strong Li+ 

signal in the top region (40<y<75) originates from the solid electrolyte. (Bottom row) Mapping of Ag+; Ag+ signal is only present 

within the silver-carbon layer (y<40). 

The operando chemical monitoring with spatial resolution can be readily applied to other interfaces and bulk 

phases in the same cell. Application of the method to material evolution in the cathode, anode, and related 

interfaces will shed light on a series of questions of interest, including passivation, material failure, and 

dendrite growth. The method is complementary to our previously reported operando methods concerning 

microstructural and mechanical evolution. Our air-free transfer vessels allow spatially aligned cross-reference 

between these methods. 

 

Figure XVI.11.6  Evolution of the spatial distribution of Ag+ and Li+ during charging. Curves processed from ToF-SIMS spectra such 

as those displayed in adjacent figure. 

In solid-state batteries, mechanical properties of cell components are often as crucial as their chemical 

information. Understanding the chemo-mechanical behaviors of electrodes is critical to the rational 
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engineering of solid-state battery systems with robust solid-solid contact during operation. Here, pyrene-

4,5,9,10-tetraone (PTO) /Li6PS5Cl composite cathode was chosen as a model materials system to demonstrate 

our capability on probing the chemo-mechanical behavior of solid-state batteries. The chemical and 

mechanical characterizations of composite electrode were performed by combining Time-of-Flight Secondary-

Ion Mass Spectroscopy (ToF-SIMS) with in-SEM nanoindenter system. First, PTO/Li6PS5Cl composite 

cathode sample was prepared by Ar-ion polishing to achieve a clean and smooth cross-section for 

characterization. The cross-section image of the composite cathode is presented in Figure XVI.11.7a, where 

the domains with low and high contrast correspond to the PTO and Li6PS5Cl phases, respectively. ToF-SIMS 

analysis was performed to acquire the composition and spatial distribution of composite cathode. First, the 

mass spectra of the pristine PTO, the pristine Li6PS5Cl and the composite cathode have been compared to 

identify the chemical characteristic ions of PTO and Li6PS5Cl species, as shown in Figure XVI.11.7b. LixPTO 

fragments (LiC2
- at m/z of 31.0166 and LiC4

- at m/z of 55.0166) can be clearly localized in the composite 

cathode sample, which has confirmed the lithiation of PTO species. Smaller peaks at m/z of 31.0166 and 

55.0166 in pristine Li6PS5Cl and pristine PTO samples may originate from contaminations during sample 

preparation. Additionally, the peak intensity ratio between PO2
- and PS- was dramatically increased in the 

composite cathode as compared to the pristine Li6PS5Cl, which implied the occurrence of the oxidation of the 

Li6PS5Cl electrolyte in the composite cathode. Similar intensity changes in the peak ratio were also observed 

between PO3
- and PSO- fragments. POx

- (PO2
-, PO3

-) fragments were also observed in pristine Li6PS5Cl 

sample, which can be explained by the high reactivity of Li6PS5Cl with trace amount (ppm) of oxygen and 

water, leading to the slight oxidation of the electrolyte during storage in the glovebox or transportation through 

the transfer vessel. ToF-SIMS secondary ion (SI) images were then used to confirm the chemical evolution in 

the composite cathode. To spatially identify the chemical changes in the composite cathode, ion mapping of 

the composite cathodes from the same region was also performed, as shown in Figure XVI.11.7a. Figure 

XVI.11.7c shows the 2D-distribution of fragments corresponding to the Li6PS5Cl (red, Cl-), PTO (blue, C2H-), 

interphase component (green, POx
-) and LixPTO (gold, Li2OH+). The Li2OH+ species was used to represent the 

distribution of LixPTO due to its strong signal in the image mode. The oxidation fragments (POx
-) from 

Li6PS5Cl can be observed at the interface, which indicates the occurrence of chemical reactions at the PTO and 

Li6PS5Cl electrolyte interface. Meanwhile, the LixPTO-related fragments can also be found inside the PTO 

domains. We believe these fragments originated from the spontaneous redox reactions between PTO and 

Li6PS5Cl. In summary, the ToF-SIMS analysis has allowed highlighting the chemical evolution of PTO 

electrode and Li6PS5Cl electrolyte with a sufficient spatial resolution. 

 

Figure XVI.11.7  Spatially resolved chemical analysis of composite cathode. (a) Cross-section SEM image of the composite 

cathode pellet. (b) Zoomed-in mass spectra of pristine PTO, Li6PS5Cl electrolyte and composite cathode (c) Secondary ion images 

of Li6PS5Cl fragments, POx- fragments, PTO fragments, and Li2OH+ fragments in composite cathode, respectively. 

Effects of such important chemical evolution on mechanical properties of composite cathodes were seldom 

reported, mainly due to the limited spatial resolution of nanoindentation tests under an optical microscope. To 

overcome this limitation, in-SEM nanoindentation tests were performed on the composite cathodes and 

mechanical properties of different phases were measured with much higher spatial resolutions, as shown in 

Figure XVI.11.8a. Mechanical properties of pristine PTO and pristine Li6PS5Cl were also tested as references. 
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More details about in-SEM nanoindentation measurements on different phases are demonstrated in 

supplemental movies. Typical load-displacement curves of PTO and Li6PS5Cl in the composite cathode are 

shown in Figure XVI.11.8b and c, respectively. The average Young’s modulus (using Oliver-Pharr method[1]) 

of PTO and Li6PS5Cl in the composite cathode were measured as 15.0±2.5 GPa and 30.3±4.5 GPa, 

respectively. The average hardness of PTO and Li6PS5Cl in the composite cathode were measured as 

0.92±0.27 GPa and 1.56±0.27 GPa. More deformation should have occurred in the softer PTO phase when 

preparing the composite cathode by mortar mixing and uniaxial compaction, resulting in Li6PS5Cl fragments 

surrounded by the PTO domains. The Young’s modulus and hardness of pristine PTO were measured as 

5.6±0.7 GPa and 0.28±0.05 GPa, respectively, which is consistent with the reported values. The Young’s 

modulus and hardness of pristine Li6PS5Cl electrolyte were measured as 25.7±4.0 GPa and 1.19±0.29 GPa, 

respectively, which is in the same order as the theoretical value reported by Deng et al.[2] The average Young’s 

modulus and hardness of pristine PTO, pristine Li6PS5Cl, PTO in composite cathode and Li6PS5Cl in 

composite cathode are shown in Figure XVI.11.8d. The Young’s modulus and hardness value of PTO in 

composite cathode dramatically increased compared to the pristine PTO, while the Li6PS5Cl didn’t. We believe 

that the dramatic modulus and hardness increase in the PTO in composite cathode should be originated from 

the partial lithiation of PTO in the composite cathode during the sample preparation process. As mentioned in 

the earlier ToF-SIMS analysis, chemical reactions did occur in the composite cathode. In this regard, the 

average Young’s modulus and hardness data of different phases in the composite cathodes are insufficient to 

reflect the actual composition variations in such cathodes. 

 

Figure XVI.11.8  Spatially resolved mechanical analysis of composite cathode. (a) Schematic illustration of in-SEM 

nanoindentation test on the identical region of interests for ToF-SIMS characterizations. (b and c) load-displacement curves of PTO 

and Li6PS5Cl in composite cathode, respectively. (d) comparison of mechanical properties of pristine PTO, pristine Li6PS5Cl, PTO in 

composite cathode and Li6PS5Cl in composite cathode. 

Figure XVI.11.9a and b show Young’s modulus and hardness mapping of the PTO phase at a specific location 

of interest. Figure XVI.11.9c shows the lithium distribution in the same area by ToF-SIMS analysis. The 

secondary ion image of Li+ fragment in PTO domains confirmed the lithiation of PTO even before the 

electrochemical operation of the cathode. It is important to note that the normalized lithium intensity here does 

not directly reflect the quantitative lithium concentration in the material. Still, the intensity variation provides 

information about the distribution of the Li+ concentration difference in the PTO domains. Figure XVI.11.9d 

shows Young’s modulus and hardness of the pristine PTO and the LixPTO with different Li concentrations. All 

LixPTO phases are stronger than the pristine PTO, and the LixPTO with higher Li concentration shows higher 

Young’s modulus and hardness. The above trend effectively illustrates the chemical reaction affected 

mechanical properties in the PTO domains and potentially provides a new dimension for understanding the 

chemo-mechanical behaviors in all-solid-state batteries. 
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Figure XVI.11.9  Correlating chemical and mechanical properties. (a) Young’s modulus mapping results in the PTO domains of the 

composite cathode, scale bar 5 µm. (b) Hardness mapping results in the same PTO domains of the composite cathode, scale bar 

5 µm. (c) Lithium distribution mapping in PTO domains overlapping with the indented area, the intensity is normalized by the total 

ion counts from ToF-SIMS analysis, scale bar 5 µm. (d) Mechanical properties of PTO domains with different lithium 

concentrations. 

Conclusions   

We have developed an operando characterization platform for space- and time-resolved structural, chemical, 

and mechanical characterizations of the cathode−electrolyte and anode−electrolyte interfaces of all-solid-state 

Li batteries. The electrolyte decomposition products are identified under different cycling conditions. An 

operando ToF-SIMS setup is developed to serve as a platform for investigating the evolution of structural and 

chemical properties with a high spatial and chemical resolution during cell operation. The platform also 

enables us to spatially correlate the chemical and mechanical properties of different components within a 

composite electrode. Probing chemo-mechanical properties and their evolution during cycling allows us to 

understand cell kinetics and rationally design solid-state batteries to achieve improved performance. 
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Project Introduction 

The current modeling schemes to develop advanced solid electrolytes are focusing on materials in which the 

building blocks are individual atoms. Our theoretical approach is a paradigm shift in solid electrolyte design. 

Instead of atoms, we focus on clusters as the building blocks and model these solid electrolytes and their 

interfaces with electrodes, especially Li-metal anode, for their successful implementation in solid-state 

batteries. The advantage of using the cluster-ions to replace elemental-ions is that the size, composition, and 

shape of the former can be tailored to achieve higher superionic conductivity, electrochemical stability and 

charge transfer across solid-solid interfaces than conventional materials. Specifically, our proposed project 

includes: (1) Developing cluster-based solid electrolytes, where the halogen components are replaced by 

cluster-ions that mimic the chemistry of halogens but are characterized by additional degrees of freedom, 

including the size, shape, and composition. (2) Providing a fundamental understanding of the ionic conduction 

mechanism in the newly-developed cluster-based solid electrolytes; (3) Modeling the interfacial properties 

(i.e., structural, chemical and transport) between the cluster-based solid electrolytes and electrodes at the 

atomic level. For the cluster-based solid electrolytes incompatible with the Li-metal anode or cathode 

materials, potential candidates for interfacial coatings will be identified and studied. (4) Providing a theoretical 

framework towards optimizing critical parameters, such as current density, kinetic and mechanical stability, 

that will guide experimentalists to attain desired electrolyte-electrode interface for the developed cluster-based 

solid electrolytes.  

Objectives 

The objective of the project is to use cluster-ions, which are stable atomic clusters that mimic the chemistry of 

individual atoms, as the building blocks of new solid electrolytes (SEs) for Li-ion batteries and the 

corresponding battery system. The advantages of using cluster-ions to replace elemental ions is that the size, 

shape, and composition of the former can be tailored to achieve higher superionic conductivity, 

electrochemical stability, and charge transfer across the solid-solid interfaces than the conventional materials. 

More specifically, the goal is to develop superior SEs based on cluster-ions and to model these SEs and their 

interfaces with electrodes, especially with the Li-metal anode, for successful integration into high performance 
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SSBs for EVs. The team will model and screen cluster-based SEs that, compared to conventional SEs, have 

low activation energies, practical room-temperature ionic conductivities, wide electrochemical stability 

windows, and desired mechanical properties that, for example, can inhibit the Li-metal anode dendrite growth. 

They will provide a fundamental understanding of the ionic conduction mechanism in the newly developed, 

cluster-based SEs and identify means to further improve property metrics via chemical and defect engineering. 

The team will model the interfacial properties, such as the structural, chemical, electrochemical, and 

ion/charge transfer properties, between the cluster-based SEs and electrodes at the atomic level, as well as find 

the interfacial coating materials with desired properties. Based on accumulated data from modeling, they will 

establish links between the basic parameters of the cluster-ions and the bulk/interface properties, which can 

directly guide experiments. Meanwhile, the team will work closely with experimentalists in the BMR Program 

to complement the project’s theoretical efforts and to guide them in focused development of the predicted 

cluster-based SEs and the interfaces.  

Approach  

1. Developing new cluster-based solid electrolyte materials using selected cluster-ions from the 

established database of clusters.  

The possible crystal structures of the newly developed materials will be determined using structure prediction 

techniques, such as the particle swarm optimization and the evolutionary algorithm [1-2]. The most stable 

phases that contain the cluster-ion from the search will be considered as the initial structures, subject to further 

investigation. Each cluster-based solid electrolyte material with the determined crystal structure will be fully 

optimized (for both the ion positions and lattice parameters) to its energy minimum using DFT calculations [3-

4]. The lattice dynamic stability of the structure will then be tested by phonon calculations based on the 

optimized structure; absence of imaginary frequency would define a stable structure. The formation energy of 

the lattice-dynamically stable cluster-based solid electrolyte material will be calculated. Its thermodynamics 

stability will be investigated by calculating the pair correlation function and the position correlation function 

using the structural data from MD simulations at different temperatures. For each cluster-based solid 

electrolyte that is thermally stable, possible defects involving Li+ in the material will be studied by calculating 

their formation and binding energies. Next, for each cluster-ion based solid electrolyte, a supercell system with 

the relevant defect will be subjected to MD simulations with constant volume at different temperatures. MSD 

of the Li-ions will be calculated using our own programs. The diffusion coefficients and the ionic conductivity 

at different temperatures will be calculated from the MSD using the Nernst-Einstein relation. The room 

temperature ionic conductivity and the activation energy of the material will be obtained by fitting to the 

Arrhenius relationship. The relevant electronic properties, including the bandgap, the band edges and the 

electronic conductivity will be calculated using DFT. The hybrid functional (e.g. HSE [5]) or meta-GGA (e.g. 

mBJ [6]) will be applied. All the obtained results from the above process will be collected into a database. 

2. Modeling the ionic conduction mechanism in the cluster-based solid electrolyte materials.  

To study the ionic conduction mechanism, we first investigate the channel size inside the solid electrolyte for 

Li+ migration, created by different cluster-ions. Next, the migration routes of Li+ in the presence of the chosen 

defect will be studied. Given the non-spherical nature of the cluster-ion, there are a number of inequivalent 

migration routes. The energy barrier for each of these will be calculated using the NEB method. The effect of 

the changing orientation of the cluster-ions on the ionic conductivity of the material will be studied by building 

a Boltzmann model for different orientational configurations and selective dynamic simulations. The pattern of 

Li+ motions inside the cluster-based solid electrolytes will be investigated using statistical analysis, such as 

computing the distinct van Hove time correlation function in the modeled system. From the above studies, the 

dependence of the solid electrolyte performance on the size, shape (symmetry), internal charge distribution, 

electron affinity, as well as the dynamics of the cluster-ion will be established.  
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3. Modeling and optimizing the chemical mixing and doping in the cluster-based solid electrolyte 

materials.   

Different phases with mixed halides and clusters will be created via chemical mixing. Their structures with 

different ratio will be fully optimized using DFT energy calculations. Each optimized system will then be 

investigated using DFT calculations and MD simulations to reveal its formation energy, ionic conduction 

properties, electrochemical properties, and mechanical properties against the original phase. The ratio that can 

enable the highest ionic conductivity while maintaining merits in other aspects will be recorded in the 

database.  

4. Modeling and optimizing the defect formation and concentration.  

Models will be built for the cation-doped cluster-based solid electrolyte systems with supercells that contain 

different concentrations of the Li-vacancy defects. The structure of these systems will first be energetically 

optimized using DFT calculations. Then, the structures will be studied using MD simulations at fixed 

temperature. The ionic conduction properties of the resulting structures will be investigated. The defect 

concentration that can entail the highest ionic conductivity in the cluster-based solid electrolyte will be 

revealed.  

5. Modeling the electrolyte-electrode interfaces.  

Given that many of the cluster-based solid electrolytes material are metastable, the possible equilibrium phases 

at the interfaces when the solid electrolyte is in contact with the electrode will be first identified by building 

lithium grand potential diagrams at different battery voltages (modeled by the lithium chemical potential) 

using the crystal data from the material database, e.g. the Materials Project [7]. Next, DFT calculations and 

MD simulations will be conducted to study the stability, electronic and ionic conduction properties of the 

obtained equilibrium phase at the interface. The interface between the cluster-based solid electrolyte and the 

equilibrium phase, or between the equilibrium phase and the electrode will be modeled using stacked slabs of 

the active materials. The local bonding reconstruction and charge transfer, as well as possible amorphization of 

the interface will then be studied using MD simulations. If the interface cannot form a Li-conducting layer, or 

will destroy the structure of the solid electrolyte through reaction, potential coating materials that are 

chemically/electrochemically stable, Li-conducting and having little lattice mismatch with the active materials, 

will be identified. The structural, electrochemical and transport properties of the coating materials will be 

studied using DFT calculations and MD simulations.  

6. Modeling and optimizing the interface between the cluster-based solid electrolyte and the identified 

coating materials.  

Possible alloying phases between the cluster-based solid electrolyte and the coating material will be 

investigated using the cluster expansion method [8-9]. The alloys that appear on or near the built convex hull 

will be selected as the stable phases and their relevant properties, e.g., the ionic conductivity, will be studied 

using DFT calculations and MD simulations. The alloying phase that can entail the highest ionic conductivity 

will serve as a good candidate for coating. The results regarding the identified coating materials and their 

possible alloying phases will be included in our database. 

7. Establishing links between the key parameters of the cluster-ion and the bulk and interfacial 

properties of the cluster-based solid electrolyte materials.  

With the data accumulated in our database, links between the key parameters (such as the size, shape, 

composition, charge distribution, and electron affinity) of the cluster-ion and the cluster-based solid electrolyte 

as well as its interfaces can now be drawn by using machine learning techniques. The established links aim to 

guide experiments in terms of which cluster-ions to choose that can entail high-performance cluster-based 

solid electrolytes and interfaces with the electrodes, especially with the Li-metal anode. The PI and team at 

VCU will work in close collaboration and coordination (unfunded) with VTO-BMR (Vehicle Technology 

Office’s Battery Materials Research) Program PIs working at multiple DOE National Laboratories on solid 

electrolyte modeling and interfaces and specifically with experimental groups working on synthesis and 

interfacial characterization of Li-based solid electrolytes.    
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Results  

1. Phase analysis for the interfaces between the cluster-based solid electrolyte and electrodes. (Q1, FY 

2022; Completed, December 31, 2021): 

 

Phase analysis and reactivity prediction on the interface of anode (Li-metal)-electrolyte and the interface of 

cathode-electrolyte have been conducted. The intrinsic electrochemical windows of the studied cluster-based 

solid electrolytes are evaluated. The decomposition phases at the electrode/electrolyte interfaces are identified 

at different cell voltages. Also identified are the possible chemical reactions at the interfaces and their reaction 

energies which measure the driving force for the reactions to occur. Commonly used cathode materials as well 

as coating materials of cathodes are considered. For each studied solid electrolyte, the compatible cathode and 

coating materials are identified.  

It is found that most cluster-based solid electrolytes (CBSEs) exhibit small intrinsic electrochemical windows 

as the known lithium sulfides. Nearly all the CBSEs exhibit significantly smaller reaction energies than those 

of the well-known LGPS and lithium argyrodite. The decomposition phases of the CBSEs at the Li-metal side 

are found to be electronically insulating and lithium conductive with large electrochemical windows. At a high 

cell voltage on the cathode side, the decomposition phases of the CBSEs are also electronically insulating. 

These decomposition phases can effectively “shield” the solid electrolytes from further decomposition, leading 

to large overpotentials that significantly expand their electrochemical windows. 

2. Modeling structural properties of the cluster-based solid electrolyte interfaces. (Q2, FY 2022; 

Completed, March 31, 2022): 

Besides the previous interfacial studies using phase diagrams and reactivity prediction under full 

thermodynamic equilibrium, explicit interface modeling and simulations at finite temperatures are conducted 

to capture the more realistic kinetic effects of different species at the interface. Interface models between the 

studied cluster-based solid electrolytes and the Li-metal anode are constructed. Each model is built as a 

coherent heterointerface which allows both the solid electrolyte and the Li-metal anode superlattices form 

periodicities along the interfacial plane. In particular, slabs of the solid electrolytes and the Li-metal anode are 

cleaved according to different Miller indices (hkl). Then, the lattices of each slab-couple are matched 

according to the epitaxial constraint with the restriction of maximal surface area of 300 Å2, maximal lattice 

length mismatch of 0.03 Å and maximal lattice angle mismatch of 0.01 radians. For each as-built interface, 

there are still a few different configurations with different terminal species at the interface. The initial distances 

between the electrolyte slab and the anode slab are set to about 60% of the sum of van der Waals radii of the 

terminal elements in the closest contact. A vacuum padding greater than 12 Å is also included in each structure 

to minimize the interactions between the cell images perpendicular to the interface.  

For example, Figure XVI.12.1(A) shows the interface model of the CBSE Li6PS5(BH4) and the Li-metal anode 

as a coherent epitaxial interface with the minimum surface area of 114.67 Å2. The interface exhibits a very low 

misfit strain (measured by the von Mises strain) of 0.008. The model contains 12 formula units of the CBSE  

and 5 atomic layers of the Li-metal. There are three configurations of the interface model with different types 

of atomic terminal groups at the interface, including H2, B and LiS. Based on the optimized (in both the lattice 

and ionic position) interface model, molecular dynamics simulations are conducted and the resulting interfacial 

structures are characterized by the evolution of local bonding structure and the interphase along the simulation 

time. It is found that the major interfacial reaction is the reduction of P in the argyrodite composition, as 

suggested by the continuing disintegration of the PS4 units represented by the progressive P-S bond breaking. 

As shown in Figure XVI.12.1(B), more than 10% P-S bonds are broken within 20 ps. On the other hand, the 

cluster-ions BH4
- introduced in the solid electrolyte maintain their completeness throughout the time, per 

Figure XVI.12.1(B). This is different from the results of the phase diagram based on phases at full 

thermodynamic equilibrium, where decomposed phases such as LiB and LiH are predicted at the interface 

based on the premise that the BH4
- units will disintegrate. While, in practice, the BH4

- clusters are unlikely to 

break due to large kinetic barrier originated from the strong B-H covalent bonding. Thus, the instability of the 

CBSE against Li-metal anode is not due to the introduced cluster-ion that can greatly enhance the low-
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temperature ionic conductivity. Rather, the instability is due to the phosphate species already included in the 

argyrodite system. Note that, compared to the semiconducting LiH and electrically conductive LiB, LiBH4 is a 

good insulator and has much better electrochemical stability as well as ionic conductivity. This suggests that 

the cluster-based solid electrolyte Li6PS5(BH4) should have a much better electrochemical stability against Li-

metal anode than that evaluated by only considering the thermodynamic equilibrium phases. 

 

Figure XVI.12.1 (A) Interface model between a CBSE and Li-metal anode. Li atoms are in green, BH4 units in light blue with H in 

pink, and PS4 units in purple with S in yellow. (B) Evolution of P-S and B-H bonds vs. simulation time. 

3. Modeling chemical/electrochemical and transport properties of the cluster-based solid electrolyte 

interfaces. (Q3, FY 2022; Completed, June 30, 2022): 

 

 

Figure XVI.12.2 Chemical/electrochemical stability and ion transport properties at the Li6PS5(BH4)-Li interface. (A) The charge 

transfer at the P and B sites for different terminal (t) groups (H2, B and LiS) at the interface. (B) Bond completeness for the 

clusters. (C) Calculated mean-square displacement of Li-ions as well as P and S along different directions, with the c-axis the 

direction perpendicular to the interfacial plane. 

Further explicit simulations for the electrolyte-electrode interface to study the chemical/electrochemical 

stability and the transport property. The studies are based on the models between the studied cluster-based 

solid electrolytes (CBSEs) and the Li-metal anode as well as selected cathode materials. Each model is a 

coherent heterointerface which allows both the solid electrolyte and the anode/cathode supercell lattices form 

periodicities along the interface. Molecular dynamics simulations are conducted at finite temperatures, and the 

obtained data are analyzed by charge analysis and ionic diffusion. Specifically, for the CBSE-Li interface 

models, we analyzed the charge transfer for the relevant species based on the models built in our previous 

studies. For example, Figure XVI.12.2 shows tje results for the Li6PS5(BH4)-Li interface with different 

terminal atomic groups (including H2, B and LiS). Per Figure XVI.12.2(A), P from the PS4
3- moieties will gain 

electrons (being reduced), which is accompanied with the continued breaking of the P-S bonds as shown in 

Figure XVI.12.2(B). This is the dominant contributor for the CBSE-Li interfacial reaction. The functional 

clusters BH4
- on the other hand will not react, as indicated by the constant charge state of B and the intactness 
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of the B-H bonds, per Figure XVI.12.2(A)-(B). Such a phenomenon is independent from the terminal group at 

the interface, as shown in the figure. The ionic transport study in Figure XVI.12.2(C) shows that the Li-ion 

diffusion becomes anisotropic in the interface, with the fastest ion-diffusion along the a-axis and the slowest 

diffusion across the interface. Some P and S ions also start moving across the interface into the surface of Li 

metal anode due the break-up of the PS4
3- moieties around the interface. 

4. Identifying potential coating materials, and modeling electrolyte-coating-electrode interfaces. (Q4, FY 

2022; Completed, September 30, 2022): 

Coating materials are selected to stabilize the interfaces between the cluster-based solid electrolytes (CBSEs) 

and the electrodes, in particular, the Li-metal anode. This is done by first using phase diagram and reactivity 

analyses, and then, using explicit interface modeling at room temperature. The results show that the selected 

coating materials can stabilize the interfaces under study.  

 

Figure XVI.12.3 (A) Li-uptake plot of Li2S against the voltage. (B) Modeled structures at the Li6PS5(SCN)-Li2S interface before and 

after the simulation run. (C) The analysis of the cluster completeness of the interfacial models with different terminal groups. 

For example, it is found that the CBSEs containing the SCN- cluster are not stable against Li-metal anode due 

to the breaking-up of the cluster to S and C-N. We found that Li2S can serve as a coating layer to stabilize the 

Li6PS5(SCN)-Li interface. Phase and reactivity analysis under the thermodynamically equilibrium condition 

predict that Li2S is stable against Li metal, as shown in Figure XVI.12.3(A). Explicit simulations based on the 

Li6PS5(SCN)-Li2S interfacial models show that the CBSE is stable against Li2S without any reaction. Figure 

XVI.12.2(B)-(C) show that both phases will remain intact at the interface, and the SCN- anion clusters will not 

break. The PS4
3- clusters from the argyrodite component are also stabilized with the coating, regardless of the 

different terminal groups in contact with Li2S. Further radial distribution function analyses on P-S, C-S, and C-

N pairs confirm that crystalline phases and the long-range structures of the active materials at the interface are 

indeed stable. Li3PO4 is identified as another coating material that can stabilize the CBSE-electrode interfaces, 

according to the phase diagram analysis and reactivity prediction. Figure XVI.12.4 shows the simulation 

results for the Li6PS5(SCN)-Li3PO4 interface. The CBSE is stable against Li3PO4 with no reactions of the 

anion clusters PS4
3-, PO4

3-, and SCN-. 



FY 2022 Annual Progress Report 

 Beyond Lithium-Ion R&D: Solid-State Batteries 945 

 

Figure XVI.12.4 (A) The built Li6PS5(SCN)-Li3PO4 interface model, where PS4 clusters are in bigger tetrahedra, PO4 cluster in 

smaller ones, SCN clusters in yellow-black-cyan, and Li in green. (B) The completeness analyses for PS4, PO4, and SCN clusters. 

Conclusions   

The major conclusions obtained from the studies include: 

1. The introduced anion clusters, except for SCN-, will not affect the interfacial stability of the solid 

electrolytes against Li metal or regular cathode materials. In some cases, these cluster ions can 

effectively stabilize the interfaces by forming favorable ionically conductive interphases that are self-

terminating and electrically insulating. 

2. The cluster-based solid electrolytes can be further stabilized at the interfaces using coating materials 

such as Li2S and Li3PO4.  

3. Methodologically, it is necessary to conduct explicit modeling for the cluster-based solid electrolyte 

interfaces, besides the phase analysis and reactivity prediction based on the ground-state energies of 

the active phases. 
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Project Introduction 

All solid lithium-sulfur battery (ASLSB) is a promising next-generation energy storage technology due to its 

high theoretical capacity (~1675 Ah/kg; ~5-6 times higher than state-of-the-art Li-ion batteries), high promised 

energy density (400 Wh/kg), safety, no polysulfide-shuttling, and natural abundance of sulfur. Sulfide (Li2S-

P2S5) solid electrolytes (SSEs) possess high Li-ion conductivity (~10-3 S/cm), good elastic stiffness (~30 GPa), 

good stability against Li metal, and low flammability. Such a collection of unique properties make them 

promising for use in long-lived, safe, high-capacity Li-S batteries for all-electric transportation. Despite this 

promise, ASLSBs (even using SSEs) remain far from commercialization due to unresolved issues at the 

electrode-electrolyte interfaces, including (a) poor contact, and high resistance to Li+ ion transport across the 

cathode/SSE interface, (b) poor ionic/electronic conduction within the cathode, and (c) dendrite growth at the 

Li/SSE interface. Most of these daunting challenges arise primarily from a lack of fundamental understanding 

of electrochemical/chemical and transport processes that occur at electrode/electrolyte interfaces, especially at 

atomic to mesoscopic scales.  

Here, we propose to bridge this knowledge gap and address the interfacial issues by developing highly accurate 

materials models at atomic-to-mesoscopic length/time scales using data-centric and machine learning 

methods.. Successful development of these models will significantly advance the current state-of-the-art in 

fundamental understanding of reaction chemistry, kinetics, charge transfer, and dendrite growth at electrified 

solid-solid interfaces. Multi-scale simulations based on the newly developed models, alongside our wet-

chemistry synthesis and advanced characterization will unravel novel strategies to mitigate interfacial 

resistance, enable precise control over the composition/morphology of solid electrolyte interphase (SEI) and 

design cathodes with high sulfur loading. Broadly, fundamental knowledge gained by this work will enable 

development of high-performance ASLSBs that meet DOE targets of specific energy (350 Wh/kg @C/3), 

sulfur loading (> 6 mg/cm2), and high cycle life (1000). 

Objectives 

The primary goal of this project is to leverage data-driven methods and ML strategies to develop accurate 

multi-physics models for all-solid-state Li-S battery (ASLSB) materials that can capture electrochemical and 

transport phenomena over atomic-to-mesoscopic length/timescales; these models will be rigorously validated 

by synthesis and advanced characterization experiments. The team will leverage the predictive power of these 

models, alongside synthesis/characterization experiments and battery fabrication to address longstanding issues 

at the electrode/electrolyte interfaces in ASLSBs. The project’s proposed technology involves the following: 

(1) halide-doped solid sulfide electrolytes that can concurrently provide high Li+ ion conductivity and suppress 

dendrite growth; (2) novel mesoporous cathode composed of interconnected carbon nano-cages co-infiltrated 

mailto:badri.narayanan@louisville.edu
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with sulfur and sulfide electrolyte, which hold potential to allow high sulfur loading and optimal ion/electron 

pathways; and (3) functionalization of sulfide electrolyte with ionic liquids to improve physical contact and 

minimize impedance at the cathode/electrolyte interface. 

Approach  

The project brings together innovative solutions in multi-scale materials modeling, electrolyte synthesis, 

fabrication of cathode architecture, and electrolyte functionalization to overcome the issues at electrode-

electrolyte interfaces in ASLSBs. The central idea is to employ a data-driven and ML-based approach to 

develop accurate multi-physics battery models at atomic-to-mesoscopic scales. This approach overcomes 

critical problems with existing model development methods by foregoing need for pre-defined functional 

forms, introducing deep-learning technique to describe reactivity, and employing optimization methods that do 

not require human intuition. Multi-scale simulations based on the newly developed models will provide 

insights into electrochemical phenomena at electrode/electrolyte interfaces. 

Results  

1. Understanding atomic-scale processes at electrified interfaces with argyrodite electrolytes using 

reactive molecular dynamics simulations 

To significantly advance the fundamental understanding of electrochemical processes in ASLSBs featuring 

argyrodite electrolytes, we developed a reactive force field (ReaxFF) to accurately describe the interactions 

between Li, P, and S atoms using our well-established machine learning framework.[1-4] We trained the 

ReaxFF model against an extensive dataset of energies, forces, charges, structural/elastic properties for a wide 

range of configurations that amply sample different regions of the potential energy landscape (i.e., stable, 

unstable and transition states) derived from first principles calculations. Importantly, the training set included 

several tens of ab initio molecular dynamics (AIMD) trajectories that provide a good sampling of (a) Li+ ion 

migration pathways through argyrodite electrolytes, and (b) interfacial reactions. Our newly developed ReaxFF 

can accurately predict (a) lattice parameters (within ~1% of DFT), (b) heat of formation (~within 15 meV/atom 

of DFT), (c) elastic constants (within ~20% of DFT), and (d) lithium-ion conduction in sulfide electrolytes 

(room temperature conductivity in the same order of magnitude as experiments). Additionally, the predicted 

interfacial energies for various Li | Li7PS6, S8 | Li7PS6, and Li2S | Li7PS6 are within 0.2 J/m2 of DFT values; 

while the atomic charges in the interface are close to Bader charges predicted by DFT calculations.  

We employed large-scale reactive molecular dynamics (RMD) simulations using our newly developed ReaxFF 

interatomic potential to study the dynamic evolution of two representative interfaces, namely (a) Li (001) || 

Li7PS6 (001) (i.e., anode-electrolyte) and (b) S8(001) || Li7PS6(001) (i.e., cathode-electrolyte) both in the 

absence and under applied electric field. To study interface between argyrodite Li7PS6 (cubic) electrolyte with 

Li metal (body-centered cubic) anode, we employed a symmetric Li-cell model Li (001) || Li7PS6 (001) || Li 

(001) with dimensions of 8.6 nm  8.6 nm  26.3 nm. Periodic boundary conditions are employed along all 

directions; note the supercell size for the individual components (Li, Li7PS6) in the plane of the interface are 

chosen such that the epitaxial strain is less than 1%. We study the formation of the solid electrolyte interphase 

(SEI) in the absence/presence of applied electric field using RMD simulations within canonical ensemble 

(NVT) under ambient conditions for 1 ns. Most argyrodite (sulfide) electrolytes are known to be unstable 

against Li metal. Indeed, our RMD simulations indicate that Li7PS6 undergoes reductive decomposition near 

the Li || Li7PS6 interface via progressive breakdown of the PS4
3- motifs present in the electrolyte (Figure 

XVI.13.1(a)). These species bind with Li atoms of the anode to form a SEI; as the SEI builds up new bonds 

between anodic lithium (Li(a)) and the P/S atoms from the electrolyte (i.e., P(e), S(e)) continue to appear 

(Figure XVI.13.1(b,c)). Clearly, applied electric field significantly promotes the decomposition of PS4 motifs, 

as indicated by a higher fraction of broken P-S bonds at E = 0.5 eV/nm in Figure XVI.13.1(a) . Interestingly, 

the thickness of the as-formed SEI layer reaches an equilibrium at ~0.6 ns. On the other hand, applying electric 

field (0.5 eV/nm) normal to the interface causes the SEI to grow progressively even until 1 ns (Figure 

XVI.13.1(d)).  
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Figure XVI.13.1 Build-up of SEI at Li (001) || Li7PS6 (001) studied using reactive molecular dynamics simulations. Temporal 

evolution of the number of (a) P(e) – S(e), (b) Li(a) – S(e), and (c) Li(a) – P(e) at the interface under no bias (blue) and applied 

electric field of E = 0.5 eV/nm normal to the interface (orange). (d) Time-evolution of the thickness of the as-formed SEI. Li(a) 

denotes lithium atoms belonging to anode, while S(e) and P(e) are sulfur and phosphorus atoms belonging to the electrolyte 

respectively. 

 

 

Figure XVI.13.2 Composition of the SEI formed at interface formed between Li metal anode and Li7PS6 electrode obtained by RMD 

simulations. Evolution of the interface is studied (a-c) in absence of electric field (E = 0), and (d-f) under applied electric field E = 

0.5 eV/nm along the positive z-direction (i.e., normal to the Li (001) || Li7PS6 (001) interface). Atomic snapshot of the Li (001) || 

Li7PS6 (001) interface after 1 ns are shown in panels (a) and (c) for E = 0 and E = 0.5 eV/nm respectively. The P atoms (panels (b, 

e)) and S (panels (c, f)) are colored by their charges.   

Next, we analyzed the composition of the SEI by analyzing the charge state of the P and S atoms in the as-

formed SEI. In the pristine electrolyte, Li7PS6, the P and S atoms are present in their unreduced states with 

charges of -0.4e and -0.57e respectively. During reductive decomposition of Li7PS6, the atomic charges of P 

(qP) and S are expected to become more negative, up to -0.73e for P (corresponding to Li3P) and -0.7e 

(corresponding to Li2S) in their fully reduced states. Applied electric field enables vigorous decomposition of 

Li7PS6, which in turn, yields more reduced species, as indicated by the largely more negative charges on P and 

S atoms in the SEI, as compared to that at E = 0 (Figure XVI.13.2). Direct visualization of the atomic snapshot 

at the end of the RMD runs clearly shows that the thickness of as-formed SEI is significantly higher under 

applied electric field (Figure XVI.13.2(a,c)). Our analysis of the atomic charges showed that the P atoms do 

not get fully reduced (i.e., do not form Li3P) even under applied bias (Figure XVI.13.2(b,d)). Importantly, 

~33% and ~37% of P atoms reduce partially at E = 0 and E = 0.5 eV/nm respectively, with atomic charges -0.6 

< qP < -0.45 (Figure XVI.13.2(b,d)). In other words, PS4
3- motifs decompose only down to PS3, PS2 and PS 

species, which bind with lithium to form LiPSx phases, with the more reduced phases occurring at E = 0.5 
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eV/nm (i.e., more negative qP). On the other hand, ~10% of S atoms get fully reduced to form Li2S in the SEI 

even in the absence of electric field; under applied field (E = 0.5 eV/nm), slightly higher fraction of S (~12%) 

gets fully reduced (Figure XVI.13.2(c,e)). In addition, a significant fraction of S atoms (~18%, ~21% at E = 0, 

0.5 eV/nm respectively) reduce partially to form LixS phases (Figure XVI.13.2(c,e)). Essentially, the SEI is 

composed of LixS, Li2S and LiPSx phases.  

 

Figure XVI.13.3 Structural evolution of the interface between S8 cathode and Li7PS6 electrode obtained by RMD simulations. (a) 

Initial configuration of the symmetric S8 (001) || Li7PS6 (001) || S8 (001) slab, and (b) distribution of charges in the sulfur atoms 

in the initial configuration. Evolution of the interface is studied (c,d) in absence of electric field (E = 0), and (e,f) under applied 

electric field E = 0.5 eV/nm along the positive z-direction (i.e., normal to the S8 (001) || Li7PS6 (001) interface). Atomic snapshot 

of the S8 (001) || Li7PS6 (001) interface after 0.4 ns are shown in panels (c) and (e) for E = 0 and E = 0.5 eV/nm respectively. 

Panels (b), (d), (f) show only the S atoms (colored by their charge) in the snapshots shown in (a), (c), and (e) respectively. 

To investigate the electrochemical reactions at the cathode-electrolyte interface, we performed RMD 

simulations on symmetric model of S8 (001) || Li7PS6 (001) || S8 (001) composed of ~100,000 atoms (~8.8 nm 

 5.9 nm  30 nm) with minimal epitaxial strain at the interface (< 1%). Detailed analysis of our simulation 

trajectories reveals that the Li atoms from the electrolyte move into the cathode, reduces the nearby S, and 

causes opening of the S8 rings (Figure XVI.13.3).  Similar reactions are observed regardless of the applied 

electric field (Figure XVI.13.3). Interestingly, the applied electric field does not cause significant acceleration 

of CEI formation. The reduction of the S atoms near the S8 (001) || Li7PS6 (001) is clearly evidenced by their 

more negative charges (qS ~ -0.45 e) as compared to that in S8 (qS ~0) (Figure XVI.13.3(b,d)). Notably, the S 

atoms do not reduce fully down to Li2S (qS ~ -0.7 e) but form partially reduced LixS phase. The growth the as-

formed LixS layer is rapid initially, but it becomes stagnant at ~0.2 ns. The extent of reduction of S reduces as 

we move away from the interface. Interestingly, the sulfur proximal to the LixS region amorphize, possibly due 

to the strain induced by the LixS layer (Figure XVI.13.3(a,c)).  

2. Development of highly conductive iodine and fluorine dual-doped argyrodite solid electrolyte for 

lithium-metal batteries:  

The argyrodite-class Li7PS6 SE and its halogen-doped derivatives Li6PS5X (X = Cl, Br, I) have received a lot 

of attention owing to their high Li-ion conductivity (among solid-state materials), and tunable interfacial 

stability against Li-metal. In particular, the halide dopants are known to introduce anion site-disorder by 

partially replacing the S2- ions in 4a/4d crystallographic sites; such disorder can introduce facile pathways for 

Li+ hops, and in turn enhance the Li+ ion conduction by 3-4 times that for pristine Li7PS6.[5-7] More 

importantly, the halogen dopants (particularly F) can produce a stable SEI against Li-metal, which enhance the 

electrochemical stability against Li-metal, as shown by our work in Year 1 on F- and Cl- doped SEs.[8] 

However, previous solid-state synthesis works have shown that iodine (I) doped argyrodite possess Li+ 
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conductivity (1-2 orders of magnitude lower than its Cl/Br counterparts) due to the lack of disorder in its 

crystal structure; specifically, unlike Cl/Br, I- anions do not coinhabit both the 4a and 4d sites, preferring to 

reside only in the former.[5] In this work, we introduced disorder in I-doped argyrodites using our liquid-phase 

synthesis method (developed in Year 1 of this project) in two ways: (a) heat-treatment schedule that causes 

segregation of I-, and (b) dual-doping with I- and F- anions to achieve favorable anion site-disorder. 

 

Figure XVI.13.4 Solvent-based synthesis of iodine and fluorine doped argyrodite electrolytes. (a) XRD patterns for as-synthesized 

Li6PS5I, Li6PS5F0.25I0.75,  Li6PS5F0.5I0.5 and  Li6PS5F0.75I0.25 indicating high phase-purity of the argyrodites, (b) Arrhenius plots of 

solvent synthesized Li6PS5I after two different heating treatment temperatures (200°C, 290°C); TEM elemental mapping of 

synthesized Li6PS5I argyrodite after heating treatment at (c) 200°C and (d) 290°C. (S in Yellow, I in Red, O in Pink). 

A. Heat treatment schedule to introduce structural disorder:  

We synthesized Li6PS5I, Li6PS5F0.25I0.75, and hybrid-doped Li6PS5F0.25I1-x∙(x−0.25)LiF (x = 0.5, 0.75) 

argyrodites using our solvent-based approach (Figure XVI.13.4). The X-ray diffraction (XRD) patterns of the 

as-synthesized SEs show characteristic diffraction peaks at 2θ = 17.7°, 25.2°, 29.6°, and 31.0°, corresponding 

to the planes of (200), (220), (311), and (222) in argyrodite structure, indicating high phase purity (especially 

in I-only case) (Figure XVI.13.4(a)). Notably, while synthesized Li6PS5I is a pure phase argyrodite, the 

addition of 0.25 mols of F- to synthesize Li6PS5F0.25I0.75 appears to make it difficult for iodine to fully 

incorporate, as small secondary peaks corresponding to LiI can be observed at 2θ = 42.4° and 50.2° (Figure 

XVI.13.4(a)).With higher F-doping content, the LiI peaks disappear. Instead, a minor impurity peak at 2θ = 

39.1° starts to appear which is attributed to a small amount of secondary LiF phase (Figure XVI.13.4(a)). 

Nevertheless, at any composition, the structure of the as-synthesized sample is primarily argyrodite. This is 

further evidenced by Raman spectroscopy; for all compositions, we observed strong bands around 420 cm-1, 

with smaller bands appearing at 575 cm-1
 and 200 cm-1 – both associated with PS4

3- tetrahedra. To understand 

the effect of heat-treatment schedule on the structure (and consequent Li+ conductivity), we synthesized 

Li6PS5I using two different heat treatment temperatures (200°C and 290°C). At room temperature, the 290°C-

treated Li6PS5I sample shows an ionic conductivity of 1.8 × 10-6 S cm-1, which is consistent with previous 

reports from solid-state synthesis methods (Figure XVI.13.4(b)). In contrast, lower heat treatment temperature 

at 200°C results in Li6PS5I displaying a high ionic conductivity of 2.5 × 10-4 S cm-1 at room temperature, 

which is amongst the highest value for Li6PS5I argyrodite reported thus far (Figure XVI.13.4(b)). This 

conductivity is even higher than that reported for solid-synthesized Li6PS5I after additional high-energy ball-

milling treatment (2 × 10-4 S cm-1), which introduces extra structural disorder. In addition, the 200°C-Li6PS5I 

not only exhibits higher ionic conductivity than the 290°C-sample in the temperature range of 30°C -90°C, but 

also shows much lower activation energy (0.34 eV vs. 0.55 eV, respectively). Transmission electron 

microscopy (TEM) was performed to analyze the morphology and elemental distribution of Li6PS5I samples 
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after 200°C and 290°C heat treatments, respectively (Figure XVI.13.4(c,d)). Compared to the homogenous 

distribution of S and I elements for the 290°C-sample (Figure XVI.13.4(d)), the 200°C-treated sample displays 

a mismatched distribution with iodine (I) aggregating at the edges while the sulfur remains in the inner region. 

Such elemental distribution is considered to contribute to the observed fast ion transport in 200°C-treated 

Li6PS5I, similar to the reduced impedance at grain boundaries seen in previous reports.  

 

Figure XVI.13.5 Anion-disorder in dual-doped argyrodite SEs and its impact on Li-ion conduction.  Atomic-scale structures of (a) 

Li6PS5I, and (b) Li6PS5F0.25I0.75 optimized by DFT. In each panel, the energy change associated with swapping a S atom at 4d site 

(cage-center) with a halogen (I in panel (a), and F in panel (b)) are indicated. The Li, P, S, F and I atoms are depicted as blue, 

purple, yellow, red, and green spheres, respectively. (c)  Arrhenius plots (30-90°C) of Li6PS5I and hybrid-doped argyrodites 

obtained from EIS measurements. 

B. Dual-doping with fluorine and iodine to introduce anion-site disorder.  

We performed DFT calculations to elucidate the energetics of anion-disorder during dual doping of argyrodite 

with F- and I- (Figure XVI.13.5). We found that Li6PS5I exhibits a perfect argyrodite structure with face-

centered cubic symmetry (space group:𝐹𝑚3𝑚) consisting of PS4
3- building blocks (Figure XVI.13.5(a)) and I 

atoms at the corners/face centers (i.e, 4a Wyckoff sites). The S atoms belonging to the PS4
3- occupy the 

Wycoff 16e sites; while other S occupy the 4d sites. The Li atoms partially occupy the 48h/24g positions, 

which form a cage-like structure around the S-atoms placed at the 4d sites (Figure XVI.13.5(a)) consistent 

with previous DFT works. Notably, our DFT-predicted lattice parameter (10.3 Å) is close (within 2%) to those 

obtained from our XRD measurements in Figure XVI.13.5(a) (10.12 Å). Li-ion transport through such an 

atomic structure has been reported to consist of three types of jumps: (i) localized jumps between adjacent 48h 

sites (doublet), (ii) jumps within a cage centered at a given S/X atom at 4d site, and (iii) inter-cage jumps, the 

latter of which is the primary bottleneck for Li ion mobility. As opposed to the fast ion transport in Li6PS5Cl 

and Li6PS5Br argyrodites, Li6PS5I has been reported to exhibit poor ionic conductivity due to the absence of 

anion site disorder. Consistent with these reports, our DFT calculations show that inducing an anti-site disorder 

by swapping a pair of S and I between 4d and 4a is significantly endothermic ~1.19 eV/u.f (Figure 

XVI.13.5(a)). Such energetic penalty against anion-disorder in Li6PS5I can be attributed to the substantial 

larger size of I- (2.06 Å) as compared to S2- (1.85 Å). On the other hand, in F/I co-doped Li6PS5F0.25I0.75, an 

anti-site defect involving S and F atoms (with smaller ionic radius: 1.33 Å) is thermodynamically favorable, 

with the anion-disordered structure being ~1.09 eV/u.f. lower in energy than the pristine case (Figure 

XVI.13.5(b)). This energetic preference for halogen disorder in F/I co-doped Li6PS5F0.25I0.75 would enhance 

the frequency of inter-cage hops, owing to difference in electronegativity between S and F ions as suggested 

by previous DFT studies. Indeed, our DFT predictions are consistent with our Electrochemical impedance 

spectroscopy (EIS) measurements (Figure XVI.13.5(c)), which show that addition of small amounts of F- into 

the Li6PS5I argyrodite to obtain Li6PS5F0.25I0.75 increase the ionic conductivity at room temperature (3.5 × 10-4 

S cm-1) as compared to Li6PS5I (2.5 × 10-4 S cm-1). However, additional F-doping content results in slightly 

slower ion transportation, with Li6PS5F0.25I0.5∙0.25LiF and Li6PS5F0.25I0.25∙0.5LiF samples showing ionic 

conductivities of 2.4 × 10-4 S cm-1 and 1.5 × 10-4 S cm-1, respectively. The decreased ionic conductivity is 
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attributed to the increased secondary phase (LiF) content in argyrodite structure (see XRD in Figure 

XVI.13.4(a)). 

 

Figure XVI.13.6 Electrochemical stability of Li6PS5F0.75I0.25 SE against Li-metal obtained from cycling performance of Li-symmetric 

cell.  (a) Voltage profiles of Li6PS5F0.25I0.25∙0.5LiF-based symmetric cell cycling up to 1,100 hours (0.05 mA cm-2). XPS spectra of 

cycled symmetric cell with Li6PS5F0.25I0.25∙0.5LiF SE: (b) I 3d, (c) S 2p, and (d) Li 1s.   

The electrochemical stability of Li6PS5I and hybrid-doped argyrodites towards metallic Li anode was examined 

by cycling in Li symmetric cells (Figure XVI.13.6). We observed that the polarization voltage of the Li6PS5I-

based cell increases from its initial value of 0.18 V to 0.37 V after 100 cycles, while those containing F 

showed very stable voltage profiles. Among them, the Li6PS5F0.25I0.25∙0.5LiF-based cell shows the lowest 

polarization voltage at 0.03 V, suggesting that the most stable interface is formed between 

Li6PS5F0.25I0.25∙0.5LiF and Li metal. Such a stable interface is further confirmed by the comparison between 

the impedance spectra of Li6PS5F0.25I0.25∙0.5LiF-based Li symmetric cell before and after 100 cycles under 0.05 

mA cm-2 in which a minor variation of total resistance (2,950 vs 2,780 Ω) is observed. Figure XVI.13.6(a) 

presents the long-term cycling stability of the Li symmetric cell using Li6PS5F0.25I0.25∙0.5LiF as SE, which runs 

continuously for 1,100 hours without short circuit. The initial polarization of ~0.03 V is slightly dropped to 

0.025V over the first 150 hours due to interfacial reactions. After this, the formation of stable SEI layer 

contributes to a stable voltage (~0.022 V) and cycling for the remaining 950 hours. X-ray photoelectron 

spectroscopy (XPS) was performed on the Li6PS5F0.25I0.25∙0.5LiF-based cell after Li plating/stripping to 

investigate the chemical compositions and to understand the reactions occurring at the interface. In the XPS 

spectra of Li6PS5F0.25I0.25∙0.5LiF SE, the doublet peaks for I 3d (Figure XVI.13.6(b)) at 619.4 eV and 630.5 eV 

originated from Li-I bonding, while the peak at 56.2 eV for Li 1s (Figure XVI.13.6(d)) is attributed to Li-F 

bonding. This observation indicates that interfacial reactions between Li6PS5F0.25I0.25∙0.5LiF and Li metal form 

an SEI layer that contains both LiF and LiI during the long-term cycling of Li symmetric cells. Moreover, high 

F-doping content in Li6PS5F0.25I0.25∙0.5LiF results in an increase of interfacial LiF, which has been shown to 

play a prominent role in both interface stabilization and the prevention of Li dendrites. At the interface 

between halide doped argyrodites (Li6PS5X, X = Br, Cl) and Li metal, the participation of halide ions X- has 

been reported to form LiX (Br, Cl), which contributes to the enhancement of interfacial stability. In this study, 

the observed behaviors of dual-doped argyrodites suggests that the dopant composition has significant impacts 

on both interfacial reactions and electrochemical stability at the interface. 

3. Fabrication of Battery with Optimized Cathode at high S-loading, SSE, and Li anode:  

At high S-loading, the low capacity of solid-state lithium-sulfur battery can be attributed to poor sulfur 

utilization and lower ionic (Li) conductivity of the S-cathode. To address these issues, we successfully 
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incorporated SE (Li6PS5F0.5Cl2) into the cathode (Super-P carbon-sulfur) at high S- loading (4 mg/cm2) by 

pressing it together. This was possible after we learned how to handle the entire battery assembly including the 

cathode formulation inside the glove box. In all cases, cathode containing SSE powder (balled milled together) 

was pressed together with the SSE powder in a stainless-steel pellet die inside the glove box, and a prescribed 

amount of ionic liquid (LiTFSI in PYR:DOL(1:3) at 3M) to ensure sufficient wetting.  

 

Figure XVI.13.7 Effect of amount of functionalizing IL on the discharge profiles for batteries consisting of Li anode, SP-S cathode 

with 4.0 mg/cm2 loading and 30% SE,  and Li6PS5F0.5Cl2 electrolyte. Discharge profiles at selected cycles are shown for different 

amounts of functionalizing IL (LiTFSI in PYR:DOL(1:3) at 3M) at the cathode-SSE interface at 30°C, namely, (a) 40 L, (b) 10L, 

and (c) 5 L. As the amount of IL decreases, the discharge profile changes from a two-plateau (at 40 L), indicative of a quasi-

solid-state behavior to a single slope (at  5 L) akin to an all-solid-state Li-S battery. 

First, we systematically investigated the effect of amount of functionalizing IL on the electrochemical 

performance of the batteries during cycling for cathodes containing 30% Li6PS5F0.5Cl2 (Figure XVI.13.7). At 

high amount of IL (40 L) , the discharge profile indicate two plateaus at ~2.2 V and ~2.0 V, showing 

formation of higher-order polysulfides and is indicative of a quasi-solid-state battery (Figure XVI.13.7(a)). As 

the amount of IL decreases, the two-plateau profile changes to a single-slope behavior, which resembles an all-

solid-state battery (Figure XVI.13.7(b,c)). We find that 5 L of IL provides sufficient wetting, while still 

maintaining a near-all-solid-state like discharge profile (Figure XVI.13.7(c)). The quasi-solid-state behavior in 

the batteries containing high amount of functionalizing IL affords a higher initial discharge capacity ~1000 

mAh/g; however, the capacity fades quickly and yields ~200 mAh/g after 100 cycles, possibly due to burn out 

of the IL. At lower amounts of IL, although the initial discharge capacity reduces to ~650 mAh/g, it fades 

slowly (Figure XVI.13.7(c)).  

 

Figure XVI.13.8 Electrochemical cycling performance of  batteries consisting of Li anode,  SP-S cathode with 4.0 mg/cm2 loading 

pressed with 25% SE,  Li6PS5F0.5Cl2 SE  with 5 L of  ionic liquid ( LiTFSI in PYR:DOL(1:3) at 3M) at the cathode-SSE interface. (a) 

Capacity variation, and Coulombic efficiency as a function of cycles at 60°C at C/20, (b) Discharge profiles at selected cycles. 

We optimized the amount of SE in the cathode, while keeping the amount of IL fixed at 5 L to further 

enhance the Li+ ion conductivity of the cathode, and consequently, its capacity(Figure XVI.13.8). We find that 
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the battery with 25% SSE in the cathode showed the best performance with an initial discharge capacity of 

~700 mAh/g, and retention of ~430 mAh/g after 100 cycles (@C/20) at 60°C (Figure XVI.13.8(a)). Indeed, the 

discharge profiles show a solid-state-like behavior, which shows that the 5 L of IL is still low enough to 

suppress formation of higher-order polysulfides (Figure XVI.13.8(b)). Interesting, the capacity fade is 

appreciable only over the initial 5 cycles (where it drops from~700 mAh/g to ~480 mAh/g); thereafter, the 

capacity remains nearly stable, with a slow drop down to ~430 mAh/g at 100 cycles. This indicates that the 

interphase at the cathode-electrolyte interface does not form fully in the first few cycles; we are currently 

running a few battery tests with slow-rate for the initial discharge; before beginning the cycling tests.  

 

Figure XVI.13.9 Electrochemical cycling performance of  batteries consisting of Li anode,  SP-S cathode with 4.0 mg/cm2 loading 

pressed with 25% SE,  Li6PS5F0.5Cl2 SE  with 5 L of  ionic liquid ( LiTFSI in PYR:DOL(1:3) at 3M) at the cathode-SSE interface 

under applied pressure.  (a) A picture of the specialized cell being tested inside the glove box  under applied pressure (b) Initial 

discharge curve at 0.05 C for batteries tested under  tested under 0, 5, 10, and 20 bar. 

Furthermore, we studied the effect of pressure on the initial discharge capacity using a specially designed 

pressure controlled split cell (Figure XVI.13.9(a)). Cells with cathode (SP-S:CNT:SSE (30:45:25), S-loading: 

4 mg/cm2, 25%SE), 5 L of functionalizing IL at cathode-electrolyte interface, and Li-anode were assembled 

and tested inside the Ar filled glove box using the Autolab (Nova 2.1) system. Our battery tests under applied 

pressures showed that initial discharge capacities increased marginally with applied pressure (up to 20 bar) 

(Figure XVI.13.9(b)); beyond this pressure, batteries failed due to short circuit issues. Although initial 

discharge capacity shows little pressure dependence, at an optimal 10 bar pressure, the plateau ~2.1 V has 

become more prominent implying improved reaction forming Li2S. This shows that the applied pressure 

facilitates the kinetics of interphase formation at cathode-electrolyte interface. 

Conclusions  

Classical molecular dynamics simulations based on our newly developed ReaxFF provided atomic-scale 

insights into the electrochemical processes that occur at electrode-electrolyte interfaces in ASLSBs with 

argyrodite electrolytes (Li7PS6) under electric field. At the anode, we find that the electrolyte undergoes 

reductive decomposition, wherein the PS4
3- motifs break down to form a solid-electrolyte interface containing 

LixS, Li2S and LiPSx. Applied electric field accelerates the kinetics of SEI-formation, and yields thicker SEI at 

equilibrium; nevertheless, the interfacial reactions (and consequently, the composition of SEI) are identical to 

those that occur in the absence of any bias. On the cathode side, sulfur reduces partially to form LixS; strain 

associated with the higher volume of the as-formed LixS causes amorphization of the S-cathode. Interestingly, 

applied electric field has negligible effect on the kinetics of interfacial reactions at the cathode, as well as on 

the width of the cathode-electrolyte-interphase.  

We employed a solvent-based synthesis method to produce highly conductive I-containing argyrodites: Li6PS5I 

and hybrid-doped Li6PS5F0.25I0.75 and Li6PS5F0.25I1-x ∙(x−0.25)LiF (x = 0.5, 0.75). The solvent-synthesized 

Li6PS5I shows an impressive ionic conductivity of 2.5 × 10-4 S cm-1 at room temperature, while an even higher 

value (3.5 x 10-4 S cm-1) is observed for Li6PS5F0.25I0.75 argyrodite with dual F-/I- dopants. Density functional 

theory calculations indicate that co-doping argyrodite with F/I ions makes anion-disordering energetically 

favorable, which in turn, facilitates faster Li-ion transport. When x = 0.25, Li6PS5F0.75I0.25 with higher F-doping 

content displays the best electrochemical stability towards Li metal. Li symmetric cells display stable voltage 
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profiles up to 1100 hours, which is due to the formation of a stable SEI layer that contains both LiI and LiF. In 

addition, Li6PS5F0.75I0.25 SE-based Li metal batteries show great cycling performance, retaining a specific 

capacity of 105 mAh g-1 after 200 cycles. 

Finally, we addressed the key issues surrounding low S-utilization, and low Li-ion conductivity of cathodes at 

high S-loading (4 mg/cm2) by optimizing the cathode architecture (using mixture of carbon nanotubes, super-

P, and acetylene black), incorporating argyrodite electrolyte (Li6PS5F0.5Cl2) into the cathode via pressing, and 

using ionic liquid (LiTFSI in PYR:DOL(1:3) at 3M) to ensure sufficient wetting. We find that using small 

amount of ionic liquid (5L) provides sufficient wetting, while still maintaining a near-all-solid-state like 

discharge profile. Furthermore, we found that 25% SSE in the cathode showed the best performance with an 

initial discharge capacity of ~700 mAh/g, and retention of ~430 mAh/g after 100 cycles (@C/20) at 60°C.  
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Project Introduction 

Structure-property relationships are at the heart of most fundamental scientific approaches. However, the link 

between structure and property remains a challenge in the materials science of complex systems, such as the 

oxides that form battery components. In particular, the chemical and mechanical stability of the cathode-

SSE interface presents a challenge to the development of solid-state batteries. High performance Density 

Functional Theory (DFT) calculations provide the necessary framework to understand such systems. 

Unfortunately, given the limited number of atoms and time scales accessible by the method and the myriad 

calculations required to achieve satisfactory results, the computational cost of simulating all the possible 

configurations of a multicomponent oxide is prohibitive. In this work, we augment the DFT data with Machine 

Learning (ML) – especially deep learning – techniques that allow us to access large system sizes and longer 

time scales necessary to build thermodynamic models. We focus on understanding the nature of benchmark 

Li1-αNi1-x-y-zMnxCoyMzO2 structures (M dopant, α,x,y,z <1), their volume change with Li content, nature and 

concentration of the dopants, as well as the chemical stability of the SSE-cathode interface. The DFT and ML 

approach will provide new cathode compositions that will reduce the strain of the SSE-cathode interface and 

hence improve its mechanical and chemical stabilities 

In this project we aim at developing a methodology that will allow us to explore and expand the 

configurational space using High-Performance Computing (HPC) approaches in a systematic and efficient 

way. The methodology will encompass, DFT, Ab-Initio Molecular Dynamics (AIMD), Molecular Dynamics, 

and ML. The methodology will also take advantage of the variety of software already developed at Argonne 

and at other DOE laboratories, such as BALSAM to automate, manage and control the large number of 

calculations needed to achieve our goal. 

Objectives 

Structure-property relationships are at the heart of most fundamental scientific approaches. However, the link 

between structure and property remains a challenge in the materials science of complex systems, such as the 

oxides that form battery components. In particular, the chemical and mechanical stability of the cathode-

SSE interface presents a challenge to the development of solid-state batteries. High performance Density 

Functional Theory (DFT) calculations provide the necessary framework to understand such systems. 

Unfortunately, given the limited number of atoms and time scales accessible by the method and the myriad 

calculations required to achieve satisfactory results, the computational cost of simulating all the possible 

configurations of a multicomponent oxide is prohibitive. In this work, we augment the DFT data with Machine 

Learning (ML) – especially deep learning – techniques that allow us to access large system sizes and longer 

time scales necessary to build thermodynamic models. We focus on understanding the nature of benchmark 

Li1-αNi1-x-y-zMnxCoyMzO2 structures (M dopant, α,x,y,z <1), their volume change with Li content, nature and 

mailto:iddir@anl.gov
mailto:Tien.Duong@ee.doe.gov
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concentration of the dopants, as well as the chemical stability of the SSE-cathode interface. The DFT and ML 

approach will provide new cathode compositions that will reduce the strain of the SSE-cathode interface and 

hence improve its mechanical and chemical stabilities 

In this project we aim at developing a methodology that will allow us to explore and expand the 

configurational space using High-Performance Computing (HPC) approaches in a systematic and efficient 

way. The methodology will encompass, DFT, Ab-Initio Molecular Dynamics (AIMD), Molecular Dynamics, 

and ML. The methodology will also take advantage of the variety of software already developed at Argonne 

and at other DOE laboratories, such as BALSAM to automate, manage and control the large number of 

calculations needed to achieve our goal. 

Approach  

All calculations will be performed by spin-polarized DFT as implemented in the Vienna Ab Initio Simulation 

Package (VASP).1,2 To make sure all the oxidation state of ions are correct, after geometry optimization within 

the DFT+U framework, electronic relaxation will be performed using a single point calculation with the hybrid 

functional HSE06.3 For production calculations we will use the MPI parallelized version of VASP. 

Exploration of the potential energy surface (PES) is needed to predict the structure of solid materials and 

interfaces. Such calculations are infeasible using MD or DFT calculations alone. Thankfully, the PES of a 

system can be represented by the sum of the energies of the local neighborhoods surrounding each atom. This 

enables the use of ML surrogate models trained with DFT calculations to capture the energies in local 

neighborhoods. The input to the ML surrogate must be a unique representation of the system under study. 

Consequently, the local environment of each ion is described using a local environment descriptor that renders 

the atomic configuration invariant to rotations, translations, and permutations of the atoms. In recent years, 

several different descriptors have come to prominence with advantages and disadvantages. Once the ML 

surrogate is trained, the total energy and forces over all the ions of any structural configuration can be 

determined. Such information can be used for atomistic simulations, namely, MD and Monte Carlo (MC). 

In this project, we propose to use the open-source DeepMDkit python/C++ package to construct the ML PES 

and force fields. The promise of DeepMDkit in this work is to provide near-DFT accuracy at orders of 

magnitude lower computational expense, comparable to traditional molecular dynamic simulations. Efficiency 

in training is facilitated through integration with TensorFlow and MPI/GPU support. 

One of the challenges of the development of a ML PES is achieving accurate predicted forces and energies 

across the entire configurational space, while minimizing the total number of calculations required for training. 

In recent years, active learning has been highlighted for its ability to target training examples most likely to 

improve the model quality or to achieve some other objective (i.e. maximizing a predicted material property). 

DP-GEN, an open source python package based on DeepMDkit, implements a similar active learning scheme 

with HPC support, and has been employed to construct a ML PES with accuracy approaching DFT and 

sometimes exceeding embedded atom potential for experimentally measured properties of interest.4 In this 

work, we propose to leverage DeepMDkit and DP-GEN to efficiently generate ML-PESs for cathode-

electrolyte systems including a variety of dopants. 

Results  

The cathode volume change upon delithiation is the leading cause of cathode-solid electrolyte interface strain. 

To design doping strategies that minimizes strain, the distribution of the dopant and the effect on the cation 

arrangements must be determined. We have shown our strategy to understand the distribution of elements and 

the subsequently volume change upon delithiation. We have chosen LiNi0.8Mn0.1Co0.1O2 (NMC811) as the 

baseline cathode material, given its widespread use and favorable electrochemical properties. We have tested 

Ti, Zr, Al, Fe, Ca, Mg, Y, W, Nb, B, and La as dopants and candidates for Co substitutes. As an example of the 

collected data Figure XVI.14.1 shows the energy landscape for Zr doped NMC811, where Zr substitute 1/3 of 

the Co sites. The lowest energy configuration presents pairs of uniformly distributed Mn-Co or Mn-Zr pairs. 
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The highest energy configuration shows Zr-Mn-Co clusters and some Li/Ni antisite defects in contiguous 

layers. We also collected data for Zr substituting 2/3 and all the Co sites. All the calculations have been 

performed using the R2SCAN + D3 functional and Van der Waals correction, which have been demonstrated 

previously to offer very accurate structural and energetic features for cathode materials. All the data produced 

is being used to train a machine learning potential that would be used to further explore the cation distributions 

in much larger simulation cells. The ML fitting is being performed using DeepMDkit. 

 

Figure XVI.14.1 Zr doped (1/3 of Co sites) NMC811 energy distribution for several random cationic configurations. Insets show top 

view of three TM layers in the simulation cell for the lowest and highest energy configurations. Purple, blue grey, yellow and green 

tetrahedrons represent Mn, Co, Ni, Zr and Li sites. 

Bayesian optimization strategies are used to identify low energy configurations of dopants in the NMC811 

structure. We leverage the technology described in Garcia et al. (2021) wherein each member of an ensemble 

of MLFFs is trained with a subsampling with replacement of the dataset. This provides an estimate of the 

uncertainty propagated to the energy predictions from the variability of the MLFF parameters. By selecting 

configurations that best balance high uncertainty and low energy, configurations with potentially very low 

energies can be identified. 

Using the DFT data to estimate volume change for the baseline cathode material, some differences with our 

previous work on LiNiO2 (LNO) volume change (see publications) are observed. Specifically, the distribution 

of vacancies in NMC811 follows a solid solution model without any apparent clustering (see Figure 

XVI.14.2). Hence, only one phase is being observed at high state of charge (highly delithiated system). The 

volume change, however, remains similar for NMC811 and LiNiO2. The c-lattice parameter for LNO 

decreases by 8% while for NMC811 decreases by 7.5%. 
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Figure XVI.14.2 Side view schematic simulation cells comparing LNO and NMC811 lowest energy Li distribution (Li content: x = 

0.12).  Purple, blue grey, and green tetrahedrons represent Mn, Co, Ni and Li sites. Small red spheres represent oxygen ions. 

As a first step towards the evaluation of the volume changes upon de-lithiation of NMC811 with added 

dopants, DFT calculations were performed to provide training data for the DeepMDkit machine learning force 

fields (MLFFs).  The potential energy surface was thoroughly explored to determine the most likely cation 

configurations and provide high quality data for the MLFFs. Figure XVI.14.3 shows the probability of 

occurrence for the tested conformations with one and two dopants (Zr case) in the simulation cell (3.7% and 

7.4% TM atom %). The probability of occurrence for each configuration is computed using DFT energies, 

configurational density of states and the Boltzmann factor at three different temperatures. The configurational 

entropy increases the probability of occurrence of high-energy configurations w.r.t the ground state computed 

at 0K, and dopant concentration seem to impact the probability distribution. The volume change upon de-

lithiation to a very high state of charge (SOC 2%), (see publications section) show a volume decrease by ~7% 

for pure LiNiO2. A decrease of ~6.5% in volume for the doped (Al, B, Fe, Nb, Ti, W, Zr) NMC811 cathode is 

calculated, showing a minimal impact. However, dopants (La, Mg, Ca) with a preference for the Li layer sites, 

presented a smaller decrease (~4%). Dopants in the Li layer act as pillars, avoiding the lattice inter-slab space 

collapse. The data is being processed to be presented in a publication currently in preparation.  

 

Figure XVI.14.3 Probability of occurrence of a given configuration of Zr-doped LiNi0.8Mn0.1Co0.1O2 (a) one dopant per cell [3.7% of 

total transition metal content] (b) two dopants per cell [7.4% of total transition metal content]. 

Aluminum and magnesium dopants were selected for a preliminary study to demonstrate the methodology. For 

a given NMC volume, the Co atoms were replaced with either 1, 2 or 3 Al or Mg atoms. The dopants were 

either placed in the transition metal layer or the Li-layer. From these DFT calculation results, an ensemble of 

five MLFFs were trained for each of Al and Mg. Ensembles were successfully trained for each dopant type 

with R2 values of .987 and .998 for Al and Mg, respectively. These ensembles can be employed to estimate the 

uncertainty in the MLFF predictions and are therefore a critical component in the use of Bayesian optimization 

to identify low energy structures (as in the team’s previous work with LiNiO2). In the next quarter, these 

MLFF ensembles will be employed to identify the lowest energy configurations for each dopant type and 

concentration (for a total of 6 structures), and then to determine the volume change with de-lithiation with 
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estimated uncertainties. Figure XVI.14.4 shows the parity plots for the MLFF predictions of energies 

compared with the DFT data for Al and Mg (as representative examples of the data). 

 

Figure XVI.14.4 Parity plots of machine learning model energies for (a) Al doped NMC811 and (b) Mg doped NMC811 

We have previously demonstrated (see publication section) that the decrease in Li slab space is the main cause 

of volume change during charging for Ni rich materials. The Li slab space is the distance between oxygen 

layers adjacent to a Li layer. NMC811 has a very similar behavior to LiNiO2. Upon delithiation at very high 

SOC, the Li slab space collapses. For NMC811 the Li slab space goes from 2.58 Å when fully discharged to 

2.35 Å when fully charged (0% Li), a 9.8% total decrease (see Figure XVI.14.5a). Ti, Zr, Al, Fe, Mg, Nb, B 

and W dopants do not have a major effect on the Li slab space collapse. They all prefer to stay in the transition 

metal layer of NMC811. For these dopants in the transition metal layer, the coulombic repulsions between 

adjacent oxygen layers at high SOCs remain similar to the ones of undoped compositions.  On the contrary, 

Ca, La and Y dopants prefer to be in the Li layer, mainly because of their size comparable or larger than Li 

ions. Upon delithiation these dopants stay in their octahedral position in the Li layer, acting as pillars. We 

found that for Ca the Li slab space decreases from 2.66 Å to 2.45 Å (see Figure XVI.14.5b), a 7.8% total 

decrease (compared to 9.8%). For La the Li slab space changes from 2.68 Å to 2.49 Å (see Figure XVI.14.5c), 

a 7.0% total decrease. Y doped NMC811 simulations present similar trends.  

 

Figure XVI.14.5 Schematic representation of atomic arrangements for (a) NMC811, (b) Ca doped NMC811 and (c) La doped 

NMC811. Red, green, gray, purple, blue, light blue and orange spheres represent O, Li, Ni, Mn, Co, Ca and La respectively. Li slab 

space is also indicated.  
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The distribution of the dopants plays a major role in the structural characteristics of layered materials. We have 

tested hundreds of configurations with the dopants dispersed in NMC811. To understand the effect of 

temperature we have calculated the configurational density of states, that accounts for the configurational 

entropy of the system. Multiplying the configurational density of states by the Boltzmann factor and 

normalizing, we obtained the probability of occurrence of a given configuration. The probability of occurrence 

is equivalent to the mole fraction of a configuration in the material. Figure XVI.14.6 shows two examples of 

the probabilities of occurrence for Ca (Figure XVI.14.6a) and La (Figure XVI.14.6b).  Given the moderate 

range of possible energies for these materials, the temperature has a minimal significant effect on their 

dispersion. For Ca (see Figure XVI.14.6a), the lowest energy configurations are characterized by Ca well 

dispersed and located in the Li layer. However, given the probability of finding other configurations is also 

high, a mixed of Ca in the Li layer and Co layer and even some clustering is possible. La dopant also prefers 

the Li layer. Given a narrower distribution near the ground state, La will not form clusters or be in the Co 

layer. Hence, La should be a suitable candidate as a dopant.  

 

Figure XVI.14.6 Energy of configurations, configurational density of states, Boltzmann factor and probability of occurrence of each 

tested configuration for (a) Ca and (b) La. 

A major project deliverable will be the determination of dopant/concentration that will inhibit volume 

contraction with cathode delithiation. This requires first determining low energy structure for different dopant 

configurations and concentration levels. To this end, we employ an ensemble of previously trained MLFFs to 

predict the total energies for many configurations and employ a batch Bayesian optimization strategy to 

identify a lowest energy structure via density functional theory. Figure XVI.14.7 shows the ensemble mean 

and standard deviation of total energies for 100,000 structures, and the structure batch Bayesian optimization 

would select with access to different random subsets. The figure illustrates that there is little difference 

between the “best” 50 structures overall and the best 50 structures selected from ten random subsets of 10,000 

structures. There are six classes of configurations that must be explored. There are three different dopant 

concentrations (i.e. where 1, 2 or 3 out of 3 Co atoms are replaced by the dopant atom) and two mechanisms 

(replacement in the transition metal layer or insertion into the lithium channels), corresponding to six total 
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categories. The team is writing a manuscript that highlights this methodology and illustrates its use in 

identifying promising dopants for reducing volume changes in high-Ni battery cathode materials. 

 

Figure XVI.14.7 The predicted ensemble mean and standard deviation total energies are plotted for each of 100,000 structures 

for the case where one Co atom is replaced by Mg in the transition metal layer. Structures with the best combination of low mean 

and high standard deviation total energy are plotted for all structure in red, and then in other colors corresponding to the most 

promising structures from selected subsets of structures.  

It is important to highlight that the major issues in solid state batteries happen under the extreme conditions of 

high SOC. Structural changes in LixNiO2, as Li is removed during charging, are known to cause damage to 

microcrystallites of LixNiO2, limiting the lifetime and state of charge in Nickel-rich Li-ion batteries.  The 

stacking of NiO2 layers has been observed to change from O3 to O1 in the limit of zero Li (NiO2). 

Theoretically, the energy difference between O1 and O3 stacking in NiO2 is too small to predict reliably with 

DFT.  Different levels of DFT theory will predict different relative energetics for O1 and O3.  However, DFT 

predicts larger, more reliable energy differences between the stacking of layers in NiO2 with defects and can be 

used to rationalize why the stacking of LixNiO2 changes when x approaches zero. 

To provide a possible explanation for the experimental observation of the O1 phase at high SOC, we studied 

the effect of proton defects in the phase transformations at high SOC of Ni-rich materials. This effort has 

resulted in a paper already submitted for review. We and others have examined the relative energy of O1 and 

O3 stacking in NiO2 with several flavors of DFT. Gradient corrected DFT with van der Waals terms favor O1 

stacking, while DFT+U, meta-functionals, and hybrid exchange with van der Waals terms favor O3 stacking. 

Table XVI.18.1 contains the lattice constants, volumes, energies, and relative energies for O1 and O3 stacking 

of NiO2 calculated with five density functionals and experiments. 
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Table XVI.14.1 NiO2 Cell parameter and energies for different oxygen stacking sequences and DFT 

functionals 
 

O1 NiO2 O3 NiO2 

 
a c volume Energy a c Volu

me 

Energy E(O1-

O3)  
(Å) (Å) (Å3) (eV/cell) (Å) (Å) (Å3) (eV/cell) (eV/cell

) 

Experiment 

(Ref.[4]) 

2.822 13.04 89.93 
    

 
 

optB86b-vdW 

(Ref.[1]) 

2.808 12.834 87.63 -31.8204 2.806 13.061 89.08 -31.8080 -0.0124 

optB86b-vdW+U 2.779 13.082 87.51 -19.6138 2.779 13.200 88.26 -19.6139 0.0001 

R2SCAN+D4 

(Ref.[2]) 

2.785 13.119 88.10 -80.5317 2.784 13.218 88.75 -80.5350 0.0033 

HSE06+DFTd4 

(Ref.[3, 4]) 

2.765 13.253 87.74 -69.0278 2.766 13.238 87.72 -69.0341 0.0063 

Although the optB86b-vdW predicts a geometry in reasonable agreement with experiment for structural 

parameters for layered materials, strong correlation is needed to predict accurate energies with changes in 

oxidation state associated with charging LixNiO2.
1 Note that optB86b-vdW+U gives the best agreement with 

experiment for the c lattice parameter. 

R2SCAN+DFTd4 yields a unit cell volume that agrees the best with experiment. All the methods, which 

include strong correlation, have c lattice parameters that are slightly longer than experiment. All density 

functionals in Table XVI.18.1 predict lattice constants within 2% of the experimental lattice constant. DFT 

correctly ranks the relative energies of phases that differ by less than 10 meV/atom about 80% of the time.  

Our results are consistent with perfect crystals of O1 and O3 NiO2 having essentially the same energy. 

However, DFT is reliable for larger energy differences which is the focus of this study. 

We decided to use the R2SCAN+D4 functional for calculations involving supercells needed for defect 

calculations and molecular dynamics. R2SCAN+D4 includes dispersion and predicts the lattice energies of 

molecular crystals to within 1 kcal/mol. Although R2SCAN+D4 is not as accurate as a nonlocal functional, it 

is significantly less expensive and approaches the accuracy of hybrid functionals.  

We find that a proton defect favors O1 stacking over O3 in a Ni36O72 supercell by 90 meV. Figure XVI.14.8 

compares the geometries of proton defects for O1 and O3 stacking of NiO2. For O3 stacking, the proton points 

between two oxygen atoms above the hydroxyl. For O1 stacking, the O-H bond points directly at an oxygen 

atom in the layer above the hydroxyl. This leads to shorter (1.725 Å) and stronger H-bonds favoring O1 

stacking over O3 stacking. Higher proton concentrations are expected to further enhance the stability of O1 

over the O3 phase. 

 

Figure XVI.14.8 Comparison of a proton defect in O1-NiO2 and O3-NiO2.  O1-NiO2 is on the left. O3-NiO2 is on the right. 
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We have also carried out ab initio molecular dynamics (AIMD) simulations for proton motion between layers 

of NiO2. Figure XVI.14.9 shows an AIMD trajectory of a proton. The proton is bonded to oxygens in different 

layers at the start and end of the trajectory. Movement this fast is consistent with small barriers to proton 

transfer observed in the NEB calculation. 

 

Figure XVI.14.9 A trajectory for proton motion in NiO2. 

Reactions with the electrolyte and air generate protons that diffuse into the bulk of NiO2. We predict that 

proton defects favor the O1 phase over the O3 phase. We show that protons can diffuse in the space between 

layers of NiO2.  Protons combined with oxygen defects drive the transformation from O3 stacking to O1 

stacking in NiO2. Although O1 stacking may be thermodynamically stable relative to O3 stacking, proton 

defects and oxygen defects favor O1 stacking and drives the transition from O3 to O1 stacking. Modifications 

to NiO2, which suppresses the proton insertion or oxygen loss, will minimize the thermodynamics driving the 

change from O3 to O1 stacking and prevent structural damage to LixNiO2 at a high state of charge. 

Experimental validation 

We have shown that dopants with the greatest impact in decreasing volume change upon delithiation are 

preferentially located in the Li layer. Upon delithiation these dopants stay in their octahedral position in the Li 

layer, acting as pillars. We found that for Ca the Li slab space decreases from 2.66 Å to 2.45 Å, a 7.8% total 

decrease (compared to 9.8% for the undoped system). For La the Li slab space changes from 2.68 Å to 2.49 Å, 

a 7.0% total decrease. In the last quarter we have been using an ensemble of previously trained machine 

learning force fields (MLFF) to predict the total energies for many configurations and employ a batch 

Bayesian optimization strategy to identify a lowest energy structure via density functional theory.  

Based on the results of the dopant screening, we have started the experimental validation of the results. We 

have started the solubility study of La in MNC811. The doped material was prepared mixing La(NO3)3 with 

Ni0.8Mn0.1Co0.1(OH)2, dry it overnight in a N2 atmosphere and then calcine at 720 ºC for 12 hours in an oxygen 

atmosphere. We tested 1%, 3% and 5% target La compositions. According with the preliminary data the 

solubility of La in NMC811 is less than 1%. A side phase is formed during synthesis. As seen in the X-ray 

diffraction on Figure XVI.14.3 the phase La2Li0.5M0.5O4 (M=Ni,Co) is present.  However, the lattice parameter 

of the doped material changed with the respect to pure NMC811. This may be evidence of some La insertion. 

Refinement of experimental conditions and lattice parameters upon delithiation is in progress.    
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Figure XVI.14.10 X-ray diffraction of La doped NMC811 material. 

Conclusions   

A machine learning methodology was developed and tested to investigate the effect of Li content and dopants 

on the volume change in Ni—rich cathode materials. The results obtained using state-of-the-art DFT methods 

show that the volume collapse at high state of charge is mostly independent of the oxygen stacking sequence. 

DFT results suggest that large ions prefer to be in the Li layer act as pillars and reduce the collapse of the c 

lattice parameter at high state of charge. Experimental validation is in progress to test other factors such as the 

feasibility of doping the material at the right concentration. 
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Project Introduction 

Sulfide glass materials are one of the most appealing candidates for solid state batteries due to their superior 

performance using relatively inexpensive raw materials. Glass materials prepared from a melt, unlike ball 

milled sulfides or polycrystalline electrolytes, also lack the void space and grain boundaries that are often weak 

points for lithium dendrites or decomposition species. In practice theses glasses are not entirely defect free and 

can have isolated defects such as bubbles or crystalline inclusions formed during manufacture and processing. 

Recent advances from PolyPlus have demonstrated the ability to draw glasses to thicknesses approaching 10-

20 microns. These thicknesses produce a flexible glass that is compatible with roll-to-roll manufacturing, but 

impurities become an even more negative design parameter in this regime.  

Objectives 

The goal of this project is to identify the source of defects in sulfide glasses and understand their impact on the 

mechanical and electrochemical stability of the solid electrolyte. Understanding the distribution, size, and 

composition of these defects, and identifying ways to mitigate them, is a critical requirement for achieving 

ultrathin glass sheets necessary for a roll-to-roll manufacturer to build them into cylindrical format cells. 

Approach  

This project focuses on sulfide glasses developed and produced at PolyPlus and uses advanced synchrotron 

and optical methods at Argonne National Laboratory to identify and analyze defects in glass samples ranging 

from 20-1000 µm in thickness. Analytical methods developed in this project will focus on buried defects 

within the glass and reactions that form at the surface and electrode interface, both from processing and 

electrochemical treatments, as illustrated in Figure XVI.15.1. 

mailto:fister@anl.gov
mailto:Simon.Thompson@ee.doe.gov
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Figure XVI.15.1 Schematic of multimodal synchrotron analysis of sulfide glass samples. 

During the second two quarters of this project, Argonne and PolyPlus established processing parameters to 

improve homogeneity and reduce crystalline impurities. Argonne developed phase analysis approaches to 

screen for crystalline impurities or phase heterogeneity in the sulfide glass using the x-ray diffraction 

measurements that mapped over the entire volume of sulfide glass samples provided by PolyPlus. These 

feasibility measurements showed that these techniques are uniquely sensitive to the atomic structure of the 

glasses and that the x-rays were easily capable of measuring 100 µm thick glass samples and will be able to 

resolve structure in the final ultrathin samples. A multi-modal approach was also developed to provide 

simultaneous x-ray and optical characterization (Figure XVI.15.2). Preliminary Raman experiments provide 

similar data to previous characterized Li-S-B glasses.  

 
 

Figure XVI.15.2 Schematic of an in-situ Raman and diffraction technique for multiple sample environments. 

Development of low discharge optical emission spectroscopy (GDOES) is ongoing but has demonstrated 

elemental sensitivity on elements as light as Li, although the setup requires further optimization including 

minimized re-deposition, calibration standards for each element, and sputtering rate (Figure XVI.15.3). 
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Figure XVI.15.3 Schematic of GDOES chemical composition depth profiling instrumentation. 

Results  

Synchrotron x-ray experiments at the Advanced Photon Source (APS) focused on determining the differences 

in glass manufacture and processing using a phase analysis approach to identity possible sources for impurity 

inclusions and ways to mitigate removal. The phase analysis approach maps the impurities with x-ray 

scattering from the sulfides in XRD regimes as shown in Figure XVI.15.4. The phase analysis approach 

developed uses principal component analysis or a K-means clustering algorithm to screen for crystalline 

impurities or phase heterogeneity in the sulfide glass itself.  

 

Figure XVI.15.4 K-means clustering phase analysis of a Li-B-S glass with both phase heterogeneity due glass thickness and 

noncrystalline impurities.  

Processing parameters tested to improve homogeneity and reduce crystalline impurities are listed in Table 

XVI.15.1.  The impact from differences in the post-processing parameters on the crystalline impurities or 

phase heterogeneity in the sulfide glass is shown in Figure XVI.15.5, with an ion gun post-processing 

treatment significantly reducing the crystalline impurities. Pre-processing parameters that mitigate air 

contamination minimize the crystalline impurities. Since diffraction peaks were largely related to crystallized 

forms of the glass, the concentration of defects could be quantified simply by normalizing the integrated 

intensity of the Bragg peaks by the overall glass signal.  
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Table XVI.15.1 Processing parameters to reduce or remove crystalline impurities 

   Post-processing 

Sample Standard Hot press Ion gun Polished 

1 x    

2   x  

3  x x  

4  x  X 

5 x x   

 

 

Figure XVI.15.5 Phase analysis maps show the influence of different processing parameters on crystalline impurities. Note that 

synchrotron XRD can measure crystalline impurity levels to ~0.01%. 

An in-situ Raman and diffraction technique has been developed to probe the structural properties of both the 

bulk material and impurities. The complementary methods provide simultaneous x-ray and optical 

characterization. Preliminary Raman spectra are shown in Figure XVI.15.6 for two Li-B-S glasses are similar 

to reported LiBS2 glasses.1 Future phase analysis of glass electrolytes will include this multi-modal approach.  

 

Figure XVI.15.6 The Raman spectra for two Li-B-S glasses, the first of which was intentionally crystallized. 

Changes in composition near-surface and in the bulk of glass electrolytes were evaluated using GDOES to 

identify extra species related to processing of glass disks (Figure XVI.15.7). The sputtering power was 

optimized from 2.5 W (mild) to 5 W to probe from the surface to the bulk region of the glass electrolytes. 

Preliminary GDOES results for the surface composition show the major components are B, Li, and S with 
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some surface enrichment of Li and S regions. Both Mg and N impurities were found in the bulk composition.   

Development of a transfer chamber to avoid air exposure is underway for GDOES as the commercially 

available is not air tight.  Interfacial characterization of the glass materials will be emphasized in the coming 

year of this project. This will include optical analysis of features within the glass and at an electrode/glass 

interface using digital holographic microscopy and x-ray imaging methods. 

 

Figure XVI.15.7 Changes in composition near-surface and in the bulk of Li-B-S electrolytes were evaluated using GDOES.  

Conclusions   

• Used K-means clustering algorithm to quantify heterogeneity in both crystalline and amorphous 

species for characterizing bulk structure of sulfide glass electrolytes ranging from 100-1000 μm thick.  

• Determine pre and post-processing procedures that improve homogeneity by reducing crystalline 

impurities.  

• Developed a multi-modal approach to provide simultaneous x-ray and optical characterization.  

• Initial GDOES measurements show sensitivity to composition gradients at the surface or bulk glass 

samples. 

References   

1. Tatsumisago, M. et al. J. Am. Ceram. Soc., 71 (9) 766-769 (1988) 

 



Batteries 

974 Beyond Lithium-Ion R&D: Solid-State Batteries 

XVI.16 Stable Solid-State Electrolyte and Interface for High-Energy 
All-Solid-State Lithium-Sulfur Battery (PNNL) 

Dongping Lu, Principal Investigator 

Pacific Northwest National Laboratory 

902 Battelle Blvd. 

Richland, WA  99354 

E-mail:  dongping.lu@pnnl.gov  

Simon Thompson, DOE Technology Development Manager  

U.S. Department of Energy 

E-mail: Simon.Thompson@ee.doe.gov 

Start Date: January 31, 2022 End Date: September 30, 2027  

Project Funding (FY22): $700,000 DOE share: $700,000 Non-DOE share: $0 
 

Project Introduction 

All solid-state-lithium batteries (ASSLBs) have potential to achieve higher energy and power density, 

extending the range of electric vehicles and reducing charging time simultaneously. Although oxides are 

intrinsically more stable than sulfides, sulfide solid state electrolytes (S-SSEs) are arguably more viable for 

bulk-type ASSLBs. This stems from sulfides’ low material density, low elastic modulus, and high ionic 

conductivity, which allows intimate contact with active materials and practical processibility through industrial 

slurry or dry processing. Following the work on Li10GeP2S12 (LGPS), a series of sulfide-based compounds 

displaying extremely high ionic conductivities (> 10-2 S/cm) have been developed. By using surface coated 

cathodes and S-SSEs, stable cycling of LiCoO2 cells and high energy LiNixMnyCo(1-x-y) cells have been 

demonstrated, proving viability of S-SSEs for high performance ASSLBs. More promisingly, S-SSEs are 

compatible with sulfur both chemically and electrochemically and thus are feasible for direct sulfur cathode 

application without using any protective cathode coating. Despite high expectations for S-SSEs, there are 

significant materials and interfacial challenges that need to be addressed before practical technology 

deployment. These challenges include materials moisture sensitivity, Li/SSE interfacial stability, and scalable 

processing of SSE film and SSE contained cathodes. Moreover, to improve energy in ASSLBs, the SSE 

membrane thickness should be minimized while the cathode mass loading should be practically high. This is 

especially important in all solid-state Li-S battery due to the relative low working voltage of S (1.9 V vs. Li). 

To reach a cell level energy > 500 Wh/kg in a 2 Ah pouch cell, the S cathode areal capacity should be > 8 

mAh/cm2, which must in turn be charge balanced by the same amount of Li stripping/plating at the anode side. 

However, such deep Li cycling causes significant challenges to the metallic Li anode including large volume 

change, reaction nonuniformity, pressure variation, and Li dendrite formation. Although S-SSEs allow Li 

metal cycling at certain current densities and areal capacities, stable Li cycling at the capacities matching high-

areal-capacity S cathodes is still beyond reach. This is why most long cycling of S cathodes had to use Li-In or 

other alloy-based anodes, which unfortunately sacrifices cell energy due to the heavy material (In: 7.3 g/cm3) 

and its high working voltage (0.6 V vs. Li). Thus, in addition to the challenges of ionic conductivity, chemical 

stability, and interfacial properties, achieving highly reversible Li plating/striping at high areal capacities is 

another key step toward stable operation of ASSLBs. Comprehensive strategies built on innovations of 

material development, interfacial design, chemo-mechanical management, and viable processing are essential 

to overcome the existing barriers faced by the practical ASSLBs. 

Objectives 

This project focuses on addressing material and interfacial barriers of sulfide-based solid-state electrolyte 

(SSE) for deep cycling of Li metal anode in all-solid-state Li batteries (ASSLBs). The ultimate goals are: 

mailto:dongping.lu@pnnl.gov
mailto:Simon.Thompson@ee.doe.gov
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1. Development of Li metal compatible S-SSEs with low Li/SSE interfacial resistance and high room-

temperature Li+ conductivity  

2. Enabling safe Li plating/stripping at a critical current density > 1 mA/cm2 for long-term cycling 

3. Ultra-thin multifunctional interlayer to enable deep and stable Li cycling. 

4. Dry extrusion-lamination processing of a SSE/interlayer bilayer assembly (<100 μm) with an overall 

ionic conductivity >1 mS/cm. 

5. Validation test of solid electrolytes and processing technology in realistic Li-S pouch cells with an 

energy target of 500 Wh/Kg. 

Approach  

1. Develop halogen doped sulfide SSE to minimize Li/SSE areal interfacial resistance (AIR < 5 Ωcm2) 

and improve room temperature (r.t.) Li+ conductivity (σ ~ 6 mS/cm).  

2. Development of surface treatment approach to improve moisture stability of sulfide solid electrolyte.  

3. Optimization, characterization, and simulation of Li/SSE interface and its dynamics.  

4. Electrolyte composition and cell optimization to improve critical current density (CCD > 1 mA/cm2) 

and Li/SSE/Li cycle life (>400 cycles).  

Results  

Development of sulfide solid electrolytes with low lithium interfacial resistance (AIR < 5 Ωcm2) and high 

r.t. Li+ conductivity (σ > 5 mS/cm). 

The dual-halogen-doped sulfide SSE Li7P2S8Br1-xIx (0≤x≤1) was synthesized by a mechanochemical method 

through careful control of types and relative contents of the halogen dopants. Figure XVI.16.1a compares the 

powder X-ray diffraction (XRD) patterns of the Li7P2S8Br1-xIx (0≤x≤1) by varying the halogen dopants of Br 

and I. Diffraction peaks of Beryllium (Be) from the sample holder are marked and used as an internal 

reference. Peaks centered at 28.2° and 32.6° are detected in Li7P2S8Br (x=0) and ascribed to the unreacted 

LiBr. We gradually decreased the content of LiBr in Li7P2S8Brx until it disappeared in XRD and found the 

corresponding composition was Li6.7P2S8Br0.7. Therefore, the Li7P2S8Br is in a composite form with actual 

composition of Li6.7P2S8Br0.7-(LiBr)0.3. With increase of LiI content in Li7P2S8Br1-xIx, the peak at around 29.6°, 

corresponding to plane (211) of Li6.7P2S8Br0.7, shifts to a smaller angle (Figure XVI.16.1a). Considering the 

larger ionic radius of I- (2.06 Å) versus Br- (1.82 Å), this suggests that element Br- was successfully substituted 

by I- in the structure. Moreover, the intensity of LiBr peak decreases with the increase of LiI and completely 

disappears after x approaches 0.5. When x≥0.8, two new peaks, centered at around 21° and 31°, show up in 

Li7P2S8Br1-xIx, suggesting the formation of a Li4PS4I-type phase (also considered as Li7P2S8I high temperature 

phase). No LiI peaks are detected in all XRD patterns. Given the phase evolutions upon incorporating LiI into 

Li7P2S8Br1-xIx (0≤x≤1), we believe that partial amounts of LiI contribute to the sulfide phase formation and the 

rest stay as amorphous LiI when x ≥ 0.5, forming a mosaic composite structure where the conductive sulfides 

are the cores. 

The halogen doping has an important effect on ionic conductivity of the SSEs. Figure XVI.16.1b shows Li+ 

conductivity of Li7P2S8Br1-xIx (0≤x≤1) as a function of x at 20°C. Without any I, the Li7P2S8Br (x=0) has a Li+ 

conductivity (σ) of 1.9 mS cm-1. With increase of I concentration, the ionic conductivity of Li7P2S8Br1-xIx 

increases, which is believed due to the formation of I substituted phase and existence of amorphous LiI. The 

LiI possesses a relatively high intrinsic ionic conductivity (10-5 mS cm-1 at 25°C), and its amorphous state and 

uniform distribution among the sulfide particles form an ionic conductive network, lowering solid-solid 

boundary resistance. The ionic conductivity reaches an extremely high value of 5.9 mS cm-1 at x = 0.5, 

suggesting an optimal crystal/amorphous ratio in the mosaic structure. Beyond the point x = 0.5, a decreasing 

trend of σ was observed from 4.4 mS cm-1 for Li7P2S8Br0.2I0.8 to 3.6 mS cm-1 for Li7P2S8I. This is because the 

excess of I is barely doped into the crystalline phase; instead, it increases the thickness of the amorphous layer 

and thus its interfacial resistance. In comparison with other reported electrolytes, the Li7P2S8Br0.5I0.5 through 

cold pressed pellet shows a comparable ionic conductivity with other LISICON, Li7P3S11, and Li10GeP2S12 

electrolytes.  
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Figure XVI.16.1 (a) XRD patterns and (b) ionic conductivities of Li7P2S8Br1-xIx (0≤x≤1) at 20°C.  

Amphipathic molecular coating to improve moisture stability of sulfide solid electrolytes 

Sulfide-based solid-state electrolytes (SSEs) have merits of low density, high ionic conductivity, and favorable 

mechanical properties compared to the oxide ceramic and polymer materials. However, mass production and 

processing of sulfide SSEs remain an ongoing challenge due to their poor moisture stability. To address those 

issues, we developed a reversible surface coating strategy for enhancing the moisture stability of sulfide SSEs 

by using amphipathic organic molecules (AOMs). An ultra-thin amphipathic organic layer (1-Bromopentane) 

was coated on the sulfide SSE surface (e.g., Li7P2S8Br0.5I0.5 (LPSBI)) via van der Waals forces. 1-

Bromopentane has more negative adsorption energy with SSE than H2O based on first-principles calculations, 

thereby enhancing the moisture stability of SSE because the hydrophobic long-chain alkyl tail of 1-

Bromopentane repels water molecules. The weight gained after the process was measured at 0.97 wt.%, 

indicating that a very thin layer of molecules was coated on the surface of LPSBI. Moreover, this amphipathic 

molecular layer has a negligible effect on ionic conductivity and can be removed reversibly by heating at low 

temperatures (e.g., 160°C). 



FY 2022 Annual Progress Report 

 Beyond Lithium-Ion R&D: Solid-State Batteries 977 

 

Figure XVI.16.2 a) Measurement of H2S release, b) electrochemical impedance spectra (EIS), c) XRD patterns, and d) high-

resolution C 1s spectra of Li7P2S8Br0.5I0.5 powders with/without amphipathic organic molecules coating exposed to air with a 

relative humidity of 0.5% in a dry room. 

To investigate the effects of AOM coating on the moisture stability of LPSBI, we monitored the H2S 

generation from LPSBI and LPSBI-AOM during dry-room exposure (R.H. = 0.5%) for 120 minutes. As shown 

in Figure XVI.16.2a, the concentration of H2S gas released from pristine LPSBI increases to 8.9 ppm at 120 

min. In sharp contrast, the concentration of H2S gas is as low as 1.6 ppm for LPSBI-AOM during the 120 min 

exposure, which is 82% less than the amount from pristine LPSBI. When comparing the accumulated H2S in 

the first 40 minutes, which is a typical processing time for electrodes or solid separators in mass production, 

the H2S concentration is below the detection limit. This indicates that the AOM coating almost completely 

shuts down the reactions between LPSBI and H2O and dramatically enhances the moisture stability of LPSBI. 

Figure XVI.16.2b compares the EIS of LPSBI before and after exposure to air with an R.H. of 0.5%. The data 

is analyzed by fitting the spectra to an equivalent electrical circuit, composed of a constant phase element 

(CPE) in parallel with an Ohmic resistance (R), representing the impedance of Li-ion transport through the 

bulk/grain and grain boundary, and a Warburg impedance (Wo), representing impedance contributions from 

the electrode. Upon exposure, a semicircle is detected in the EIS of LPSBI-0.5%, corresponding to an overall 

impedance due mainly to the reactions between LPSBI and H2O. The calculated ionic conductivity of LPSBI-

0.5% is 0.8 mS cm-1, an 85% drop compared with that of the pristine LPSBI before exposure (5.3 mS cm-1). In 

contrast, the calculated ionic conductivity for LPSBI-AOM-0.5% is 2.5 mS cm-1, which is three times higher 

than that for LPSBI-0.5%. The powder XRD patterns of the exposed LPSBI with/without AOM are presented 

in Figure XVI.16.2c. Compared to the pristine LPSBI, additional peaks are observed in both LPSBI-0.5% and 

LPSBI-AOM-0.5%, some of which are indexed to Li3PO4 and LiOH, indicating reactions between sulfide 

samples and moisture. In addition, these peaks appear to be much sharper in the LPSBI-0.5% sample, 

especially for the peaks corresponding to Li3PO4 and LiOH, suggesting more severe reactions between LPSBI 

and moisture, which corresponds with the observations of H2S formation. To study details of the surfaces of 

these samples before and after exposure, XPS measurements were conducted on LPSBI-0.5% and LPSBI-

AOM-0.5% powders. Figure XVI.16.2d shows the high-resolution C 1s spectra of these powders. In 
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comparison to LPSBI-AOM-0.5% XPS results, a peak centered at ~ 288.8 eV, corresponding to O-C=O, is 

detected in LPSBI-0.5%, indicating that carbonate species could be the products of the reactions between 

LPSBI and H2O/CO2 in air.  

Optimization, characterization, and simulation of coated sulfide solid electrolytes and the Li/SSE 

interfaces 

 

Figure XVI.16.3 Adsorption of a) H2O or b) 1BR on the stable surface of Li7P2S8Br0.5I0.5 (LPSBI). The adsorption of 1BR on LPBSI 

with Ead = -0.9  0.7 eV/adsorbate-atom is favorable compared to H2O on LPSBI with Ead = -0.1  0.8 eV/adsorbate-atom. 

The mechanism of improved moisture stability due to the introduced 1-Bromopentane (1BR) coating was 

studied by examining the adsorption energy of adsorbate (H2O vs. 1BR molecule) on the LPSBI surface 

through first-principles calculations based on density functional theory (DFT). 𝐸ad = 𝐸adsorbate/LPSBI −
𝐸adsorbate − 𝐸LPSBI  (1), where 𝐸adsorbate/LPSBI is the total energy of the adsorbed H2O or 1BR on the surface 

of LPSBI, 𝐸adsorbate is the total energy of an isolated H2O or 1BR molecule, and 𝐸LPSBI is the total energy of 

the relaxed bare LPSBI slab. Equation (1) indicates that a negative adsorption energy (𝐸ad) corresponds to a 

favorable adsorption process (i.e., a strong bonding of adsorbate with respect to 1BR), and vice versa. Figure 

XVI.16.3 illustrates the adsorptions of H2O and 1BR, respectively, on the surface of LPSBI after structural 

relaxations by first-principles calculations. It is indicated that the atom O in H2O is connected to Li+ with a 

bond length of 2.05 Å, while O is far from the other ions (P5+, S2-, Br-, and I-) on the surface of LPSBI (> 3.2 

Å). For 1BR, the atom Br does not have a distinct bonding preference associated with the ions on the surface 

of LPSBI, as suggested by its long bond lengths (>4.2 Å) with respect to the ions of S, Li, and P. The longer 

bond length of 1BR with respect to LPSBI compared with that of H2O is due mainly to the larger volume of 

1BR molecule and Br ion (e.g., the atomic radius is 120 pm for Br, while it is 66 pm for O). However, when 

extracting the absorption energy, the adsorption of 1BR on LPBSI is very favorable (i.e., showing a stronger 

bonding) compared to that of H2O on LPSBI. The adsorption of 1BR on LPBSI has a Ead = -0.9  0.7 eV (per 

adsorbate-atom), which is much lower that of H2O (Ead = -0.1  0.8 eV). This suggests that the 1BR coating is 

more easily formed thermodynamically on the surface of LPSBI than the adsorption of H2O, and in turn, 

provides protection against H2O vapor attacking, as verified by the present experiments. 
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Figure XVI.16.4 Time-dependent EIS of Li/SSE/Li cells. a) Li/LPSBI/Li, b) Li/LPSBI-0.5%/Li, c) Li/LPSBI-Bromo/Li, and d) Li/LPSBI-

Bromo-0.5%/Li. 

The Li/LPSBI interfacial behaviors with/without 1BR coating were studied at different conditions. Figure 

XVI.16.4 compare time-dependent electrochemical impedance spectra (EIS) of the LPSBI with/without 

coating and before/after air exposure (dry room, 0.5% relative humidity). All the LPSBI pellets were pressed 

under 350 MPa with 700 µm in thickness for EIS measurement. Figure XVI.16.4 a show that the areal 

interfacial resistance of pristine LPSBI/Li only increased by 2 ohm after contacting with Li for 15h. With 1-BR 

on the surface, areal resistance increased by 8 ohm after 15h (Figure XVI.16.2c), which is due to the presence 

of 1-BR coating. After air exposure in dry room, the interfacial resistance of LPSBI-0.5%/Li increased by 50 

ohm (Figure XVI.16.4b), indicating that water reaction products on the surface of LPSBI are not stable against 

Li metal and deteriorate the interfacial stability. In contrast, LPSBI-Bromo-0.5%/Li showed only 12 ohm 

increasing in interfacial resistance (Figure XVI.16.2b), similar with LPSBI-Bromo, indicating a good 

protection effect from 1-BR against moisture. 
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Optimization of solid electrolyte composition to improve Li plating critical current density and Li/SSE/Li 

cycle life  

  

Figure XVI.16.5 Nyquist plots of a) Li/Li7P2S8Br/Li, b) Li/Li7P2S8Br0.5I0.5/Li, and c) Li/Li7P2S8I/Li cell with equivalent circuit fitting at 

20°C. d) Evolution of areal interfacial resistance of each cell with time at 20°C. 

Interfacial stability of dual-halogen-doped sulfide solid state electrolytes (S-SSEs, Li7P2S8Br1-xIx, 0≤x≤1) 

against Li metal was studied and correlated to the unique properties of the halogen dopped SSEs. Effects of 

halogen doping especially the LiI was studied by monitoring the impedance evolutions of the Li/Li7P2S8Br1-

xIx/Li symmetric cells. The Nyquist plots of the cells with equivalent circuit fitting are shown in Figure 

XVI.16.5. A clear semicircle is detected in the initial EIS spectra of Li7P2S8Br at 20°C. Given the short 

contacting time, the semicircle is ascribed to the SSE grain boundary resistance rather than interfacial 

resistance between Li7P2S8Br and Li. In contrast, no semicircle is detected for Li7P2S8Br0.5I0.5 and Li7P2S8I at 0 

h, suggesting a small or negligible grain boundary resistance for both electrolyte containing LiI dopant. After 

24 h, overall resistance of the cell Li/Li7P2S8Br/Li increases from 37.2 to 42.5 Ω cm2 with apperance of a 

second semicircle, corresponding to the deterioration of Li7P2S8Br/Li interface. The measured areal interfacial 

resistance (AIR) of Li7P2S8Br/Li is 2.65 Ω cm2. The evolutions of AIR along with exposure time are shown in 

Figure XVI.16.5d. In contrast to Li7P2S8Br, the AIR of Li7P2S8Br0.5I0.5/Li and Li7P2S8I/Li after 24 h are only 

1.09 and 1.08 Ω cm2, respectively. Moreover, both SSEs with LiI (Li7P2S8Br0.5I0.5 and Li7P2S8I) display an 

exceptionally stable and low AIR, indicating that the presence of LiI facilitates building a superior stable and 

highly Li+ conductive solid electrolyte interface (SEI).  

Thanks to the stable and low-resistance SSE/Li interface featuring a LiI-rich interface, the Li7P2S8Br0.5I0.5 

enables long-term Li cell cycling at different conditions. Figure XVI.16.6a shows cycling performance of a 

Li/Li7P2S8Br0.5I0.5/Li cell at 20°C at 0.5 mA cm-2 with a charge/discharge capacity of 0.25 mAh cm-2. No sign 

of shorting is observed throughout the cycling of 1000 h. Promisingly, stable cell cycling (>1000 h) is also 

achieved at 60°C at 1 mA cm-2 with a charge/discharge capacity of 0.5 mAh cm-2 and at 100°C at 2 mA cm-2 

with a charge/discharge capacity of 1 mAh cm-2. Both the exceptionally high ionic conductivity and 

outstanding dendrite suppression capability suggest Li7P2S8Br0.5I0.5 a promising SSE for all solid-state Li metal 

batteries. 
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Figure XVI.16.6 a-c) Long term cycling of a Li/Li7P2S8Br0.5I0.5/Li cell at a) 0.5 mA cm-2 with a charge/discharge capacity of 0.25 

mAh cm-2 at 20°C, b) 1 mA cm-2 with a charge/discharge capacity of 0.5 mA cm-2 at 60°C, and c) 2 mA cm-2 with a 

charge/discharge capacity of 1 mAh cm-2 at 100°C. 

Conclusions   

A glass-ceramic phase sulfide solid electrolyte Li7P2S8Br1-xIx (0≤x≤1) was developed by solvent-assisted 

mechanochemical synthesis followed by low-temperature heat treatment. Preferred organic solvents with low 

relative polarity (<2.4) was identified for the synthesis. 

The halogen dopant has an important effect on ionic conductivity. The Li7P2S8Br0.5I0.5 shows the highest ionic 

conductivity (5.9 mS/cm) among Li7P2S8Br1-xIx (0≤x≤1) and supports a critical current density of 1.4 mA/cm2 

in Li/Li symmetric cells at 20°C and even higher currents at elevated temperatures.  

The LiI doped SSEs (e.g., Li7P2S8Br0.5I0.5 and Li7P2S8I) show an exceptionally stable and low Li/SSE 

interfacial resistances when contacting with Li metal (1.09 and 1.08 Ω cm2, respectively), facilitating a stable 

and low resistant for all solid-state batteries with metallic Li as anode. 

Scaling up of the highly conductive Li7P2S8Br0.5I0.5 was achieved at 200 g/batch with ionic conductivity of 

3.14 mS/cm by industrial partner Ampcera Inc.   
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Project Introduction 

LBNL and project partner Saint Gobain (SG) will demonstrate scalable processing of halide-based solid state 

batteries. SG’s innovative halide-based SSE utilized in this project is inherently scalable: it can be compressed 

into a dense electrolyte sheet at room temperature under moderate pressure, can be processed in dry air, and 

does not present any safety issues during processing or end use. The halide material will form the dense 

electrolyte layer, and be dispersed in the thick cathode to form a highly conductive path for Li ions. The halide 

will also be in contact with various environments and other materials (solvents, binders, processing equipment, 

etc.) throughout the battery manufacturing process, and must be stable in contact with cathode and anode 

materials during operation. R&D efforts commonly use thick pellets of SSE materials to interrogate the 

relevant interactions, however such studies do not usually reflect the challenges and processing constraints of 

commercially-relevant thin electrolyte layers. To establish the scalability of this promising material, full cells 

must be fabricated using a thin electrolyte layer and scalable processing techniques, and any issues 

encountered during scale-up and processing must be thoroughly characterized and addressed before pilot 

manufacturing can commence. In this project, SG produces halide powders with Li3YBr6 (LYB) and 

proprietary compositions, and LBNL focuses on fabricating thin electrolyte and thick cathode layers 

incorporating these powders.  

Objectives 

The key objectives are: identification of processing and cell materials that are compatible with the halide 

material; demonstration of full cells with thin electrolyte and thick cathode prepared by scalable techniques; 

and, scale-up to pouch-size cells. The final objective is a 10 mAh, ~3x4 cm pouch cell providing 300 Wh/kg. 

Approach  

Initially, the compatibility of the halide powder with processing materials (solvents, binders, processing 

equipment surfaces) and cell materials (current collectors, cathode active materials, carbon, anode-side solid 

secondary electrolytes (SSE-A)) will be evaluated. Tape casting will be used to prepare thin (<40m) 

electrolyte and SSE-A layers, and thick (>100m) cathode layers, which will be laminated for adhesion and 

densification. If tapecasting materials are not compatible with the halide, then alternative processing 

approaches will be evaluated. Once compatible materials and processing techniques are identified, the 

processing parameters and cell architecture will be optimized for performance and cycling stability at the coin 

cell level. Finally, pouch cells will be fabricated to demonstrate scalability. Throughout the project, advanced 

characterization techniques will be used as needed to evaluate materials interactions and cell architecture.  

mailto:MCTucker@LBL.gov
mailto:Simon.Thompson@ee.doe.gov
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Results  

Solvent and binder screening is studied with LYB raw powder. The particle size is up to 20 μm. Solvents were 

mixed with LYB powder separately overnight and then solvents were evaporated before ionic conductivity 

measurement. LYB reacted with cyclohexanone, 2-butanone, DMF, DMSO, acetonitrile, 2-butanol and NMP 

with color or phase changing. No changes or XRD impurity peaks were observed for LYB powder mixed with 

hexane, heptane, xylene, toluene and cyclohexane. The ionic conductivity of LYB after mixing with the 

compatible solvents, shown in in Figure XVI.17.1, is comparable to the ionic conductivity of fresh LYB 

powder. In summary, LYB is compatible with the low polarity solvents. 

 

Figure XVI.17.1 Ionic conductivities of fresh and solvent-processed LYB powders at room temperature 

Toluene is used as the interim solvent for binder screening and the following tape cast study. Most 

conventional battery industry binders don’t dissolve in these solvents. A selected binder was mixed with LYB 

and toluene. The mixture was ball milled overnight and then tape cast on a Mylar substrate in a glove box. 

After drying at 100°C for 20 h, the LYB tape was peeled off as a free-standing sheet, Figure XVI.17.2(Left). 

An electrolyte was punched and its ionic conductivity was measured in a Sphere Energy sealed cell setup at 

100 MPa. The ionic conductivity is 5.6x10-5 S/cm. The ionic conductivity of the LYB tape changes with time 

under pressure. As seen in Figure XVI.17.2(Right), the ionic conductivity remains low for ~100 h and then 

increases dramatically. The final ionic conductivity of the tape is even higher than that of fresh LYB powder. 

The cell was disassembled and the tape was partially liquefied starting from the edge, indicating reaction 

during the high-pressure hold. A parallel study demonstrates the stability of the LYB tape stored in a glove box 

without pressure. Thus, the tape decomposed under pressure, in contact with stainless steel plungers. 

The halide material is incompatible with Li metal as halide decomposes at low voltage (~0.6 V). The voltage 

of Li/halide/Li symmetric cells increase when cycled at a constant current density, showing the incompatibility 

between the halide electrolytes and Li metal electrode. Although Li/In alloy shows good compatibility with 

halide electrolyte and is being used in halide material studies, it reduces the energy density and increases cost. 

In this study, several interlayers (SSE-A) are explored to inhibit the reaction between Gen2.2 halide and Li 

metal.  
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Figure XVI.17.2 (Left) Free-standing LYB tape with binder; (Right) Ionic conductivity of LYB tape changes with time under pressure 

A promising SSE-A was tested as an interlayer between Gen2.2 halide and Li metal to obtain the SSE-

A/halide/SSE-A sandwich structure, pressed at 150 MPa. Li metal was used as the electrode and pressed at 10 

MPa. The Li/SSE-A/halide/SSE-A/Li symmetric cell was cycled at 0.2 mA/cm2, Figure XVI.17.3(Left). The 

voltage is relatively stable for 200 h. The SSE-A interlayer is effective to mitigate the reaction between Gen2.2 

halide and Li metal. A full cell was assembled with NMC811 cathode and SSE-A added between Gen2.2 

halide SSE and Li metal anode. The cell was cycled between 3 to 4.2 V. The initial discharge capacity is 125 

mAh/g (Figure XVI.17.3(Right)), which is 77% of the capacity for a NMC811/Gen2.2/Li-In cell. 

 

Figure XVI.17.3 (Left) Galvanostatic cycling voltage profiles for a Li/SSE-A/halide/SSE-A/Li symmetric cell; (Right) Charge-

discharge curves of the NMC811/halide/SSE-A/Li cell at room temperature with a rate of 0.1 C 

Conclusions   

Solvents were screened and solvents with low polarity are compatible with halide materials. Binder screening 

is still on-going. Free-standing tapes were prepared, but LYB decomposed with the binder under pressure. 

Promising interlayers were identified to mitigate the reaction between halide and Li metal. The voltages of the 

Li symmetric cells are stable at low current densities. Further study will focus on reducing the thickness of the 

interlayers. 
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Project Introduction 

One of the major options for significantly increasing the energy density of batteries is the deployment of 

lithium anodes coupled with high-capacity cathodes. The development of advances in high-energy-density All 

-Solid-State Batteries (ASSBs) technologies are predicated upon identifying solid electrolyte materials with 

high room-temperature ionic conductivity (> 1 mS/cm), chemical and electrochemical stability at the 

electrodes (0 V – 4.5 V vs. Li/Li+), and desirable mechanical properties that ensure good electrode-electrolyte 

contact and inhibit growth of lithium dendrites upon cycling at high current densities necessary for electric-

vehicle applications. 

Objectives 

The goal of this project is to develop all-solid-state batteries using four classes of solid-state electrolytes 

(SSEs) and/or electrode modifiers that can be used to achieve the final 500-Wh/kg cell target. These materials 

will be downselected using full-cell testing and advanced characterization to achieve cell targets at cell 

pressures less than 100 psi. 

Approach  

Many factors limit the performance of all-solid-state batteries, and this project seeks to address the interface 

stability of both the lithium interface and the high-voltage cathode. The combination of multiple ionic 

conductors coupled is specifically targeted to allow solution processing, and low-pressure cell outcome will 

enable lower-cost deployment of solid-state cells in automotive applications. 

To achieve the goal of low-pressure all-solid-state batteries, the team is utilizing three classes of solid ion 

conductors, sulfide materials, melt-processable lithium carboranes, and multinary metal halides. These 

materials can be chemically modified to optimize ionic conductivity and voltage stability in single conductor 

modes or in combinations to effect interface modification for full-cell development. Specifically, the use of 

flexible ionic conductors at the cathode interface will enable the mechanical effects of cathode expansion and 

contraction to be mitigated. In combination with the materials discovery work, the project has an extensive 

characterization team to help determine the impacts of interface, chemical, electrochemical, and mechanical 

factors on system performance. Full-cell assembly and development, targeting approaches that are readily 

scalable and compatible with roll-to-roll processes, will drive the materials innovation and development.  

Results  

Fabrication of Solid-State Cells Using High-Volume Manufacturing Techniques 

Argyrodite SSE is used as a baseline solid electrolyte material to develop slurry and tape-casting methods, 

composite cathodes and anodes, cell fabrication, and cell testing capability with controlled pressure. 

Composite cathodes containing >60 wt % LiCoO2 and anodes containing >60 wt % graphite were slurry coated 

mailto:Anthony.Burrell@nrel.gov
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onto Al and Cu substrates, respectively. These films were each coated with a thin layer of argyrodite SSE and 

assembled into full-cell stacks in coin cells. The load frame is designed to apply pressures up to 20 MPa 

without shorting the cells (Figure XVI.18.1). At present, the load frame does not have any load cells on it. The 

cell testing team developed appropriate components and procedures to enable electrical isolation and prevent 

misalignment during mechanical loading of cells. Cells fabricated using this method display steady voltage 

curves and reasonable capacity. Figure XVI.18.2 illustrates cell potential for a solid-state graphite/LCO cell 

during initial CC cycling at ~C/20. The measured specific capacity was >90 mAh/g LCO with modest voltage 

windows of 3.0–4.2 V. Thus, roughly 65% of the theoretical cathode capacity was accessed at an 

unknown/modest pressure. In the coming months, we will add load cells to the load frames to explicitly 

measure force. This will allow for pressure-dependent electrochemical measurements on tape-cast electrodes 

incorporating novel solid-electrolyte or interfacial materials. After demonstrating the ability to reliably make 

large-area cells with a reasonable/repeatable capacity, the team will start to make cells using novel electrolyte 

materials from the materials development team to enable good cell performance at more modest pressures.  

 

Figure XVI.18.1 Cell testing hardware for SSE can be used to measure pressure in real time or to calibrate individual spring stacks 

(top) 

 

Figure XVI.18.2 Representative cell potential for small-area SSE graphite/LCO cell cycling at C/20 between 3.0 and 4.2V. The 

applied pressure is unknown but will be measured in coming months. 

Low-Tortuosity Catholyte via Ultrafast Laser Patterning for Improved Solid-State Batteries 

In the fabrication of a solid-state battery, the SSE is usually formed first and then the composite cathode and 

the anode are added in subsequent steps. This approach results in an SSE/cathode interface susceptible to 

mechanical instability and high contact resistance that limits the allowable current density during battery 
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operation. Furthermore, the planar interface limits how far lithium ions can diffuse away from the interface, 

which constrains the thickness of the cathode and limits the overall energy density. We propose that 

microstructuring the cathode via ultrafast laser ablation will yield a much higher surface area that (1) greatly 

increases contact points between the SSE and cathode and (2) allows both vertical and lateral lithium-ion 

diffusion through lower-tortuosity pathways into the cathode. We believe these improvements will be the key 

to achieving target current densities >1 mA/cm2. Furthermore, reducing the diffusion barriers enables the use 

of thicker cathode films that increase the overall energy storage capacity, which is crucial to meet the energy 

density target of 500 Wh/kg. Figure XVI.18.3 illustrates this concept. Microstructures with tunable micrometer 

dimensions will be created in the cathode using already-established laser ablation capabilities at our facilities. 

Our sulfide-based SSEs are amenable to filling in the cathode microstructures and creating a greatly enhanced 

interface. 

 

Figure XVI.18.3 A microstructured interface between the SSE and catholyte has many more less-tortuous pathways for ion 

conduction compared to a typical planar interface 

Sample Holder 

Introduction of the sulfur-based SSE in the cathode to form a “catholyte” requires moisture-free processing. To 

start, we have constructed an air-free holder with 2-in-diameter sapphire windows. The catholyte sample is 

mounted in the cell on the bottom window inside an argon-filled glovebox and then sealed by using a retaining 

ring to compress the windows onto an O-ring. Laser patterning is done through the top sapphire window. 

Figure XVI.18.4a shows a catholyte sample of NMC811/LPSCl composite film in the air-free holder. 

 

Figure XVI.18.4 (a) NMC811/LPSCl catholyte sample in custom air-free holder with sapphire windows; (b) SEM image of a laser-

ablated catholyte revealing the crosshatch channel pattern made using ultrafast laser ablation, as well as EDS of a region inside 

one of the channels. 

Laser Ablation 

Micrometer-sized channels were ablated using an ultrafast laser with ~600-fs pulse duration and near-infrared 

(NIR) emission (1,030 nm). The laser beam is steered across the sample using galvanometer-controlled 

mirrors. The depths of the channels are controlled by adjusting the power of the laser. Initially, we tried a 

crosshatch of channels with 180-µm spacing between channels. Scanning electron microscope (SEM) imaging 

confirms the patterning was successful (Figure XVI.18.4b). In addition, energy-dispersive X-ray spectroscopy 

(EDS) was measured in a small area inside one of the channels, showing that some regions in the channel still 

contain some of the cathode based on the oxygen signature. In other areas, all of the materials had been 

removed, exposing the aluminum current collector underneath based on the Al signature. 
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To test the effects of microstructures in the catholyte, we will construct a symmetric cell with solid electrolyte 

and measure the pressure-dependent EIS. This will indicate whether the microstructures improve the ionic 

resistance within the cathode and interfacial resistance between the cathode and solid electrolyte. We will 

refine the laser ablation (e.g., the size, shape, and density of microstructures) to determine more optimal 

interfaces. In addition, a larger air-free holder will be designed and built to accommodate a much larger (>4-in 

diameter) sample of catholyte. This will facilitate slurry casting of the SSE onto the laser-patterned catholyte. 

The cell build team has primarily focused on the incorporation of high-energy-density active materials into a 

solid-state system. The cathode of interest is the no-cobalt, nickel-rich cathode NMA (LiNi0.9Mn0.05Al0.05O2), 

capable of generating 230 mAh/g. This NMA has been ALD-coated with Al2O3 to mitigate known side 

reactions between transition metal oxides and the chlorinated argyrodite (Li6PS5Cl) used in our solid-state 

system. A mixture of NMA (65 wt %), argyrodite (30 wt %), VGCF (2.5 wt %), and Oppanol (2.5 wt %) 

combined with xylene was mixed in a mortar and pestle. The slurry was blade-coated onto Al foil and dried in 

a glovebox with a loading of 0.7 mAh/cm2. The anode consists of Si nanoparticles (Paraclete Energy, Batch 

G18) mixed with a 0.5-wt % solution of PVDF in NMP such that the Si nanoparticles and the dissolved PVDF 

were 99 and 1 wt % of the mixture, respectively. While the cathode must contain both SSE and carbon to 

increase the electrode’s ionic and electronic conductivity, the silicon electrode does not need to contain carbon 

due to its higher conductivity (3 × 10−5 S cm−1 for Si and ~10−6 to 10−4 S cm−1 for NMA) and can avoid the 

degradation that occurs at the SSE/carbon interface. The slurry was mixed with a planetary mixer and was 

blade-coated onto a Cu foil with a roughened surface using a wet gap of 75 µm. The resulting electrode was 

dried under vacuum at 80°C for 12 hours before being calendared.  

An SSE electrolyte layer was printed onto both the Si and NMA electrodes with a slurry consisting of 95 wt % 

argyrodite and 5 wt % Oppanol with a thickness of 40 m and 70 m, respectively. A separate SSE film was 

coated on a polished stainless steel surface and dried in a glovebox. This film was removed with a carbon-steel 

blade and was used as a free-standing electrolyte layer (30-m thickness) between the electrolyte-coated 

cathode/anode (Figure XVI.18.5), giving a total electrolyte thickness of 140 m. Punches were then removed 

from the electrodes and placed into a coin cell, which was pressed in a high-pressure setup at approximately 

125 MPa.  

 

Figure XVI.18.5 Diagram of the electrode and electrolyte stack 

Results from the NMA vs. Si cell are shown in Figure XVI.18.6.  
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Figure XVI.18.6 Cycling data for the NMA vs. Si cell cycled at Room Temp and C/20. Erratic voltage profiles for the first 

charge/discharge can be caused by a loss of physical contact between active particles and the electrolyte. 

Conclusions  

As expected, there is a large disparity between the first charge and discharge that can be caused by several 

aspects including: (1) chemical diffusion between the electrolyte and active material, (2) consumption of the 

active materials, (3) formation of a space-charge layer, and (4) change in chemical composition in the interface 

between the SEE and the contraction of NMA particles during delithiation. The low specific capacity of 100 

mAh/g of subsequent cycles can partially be attributed to the conservative charge voltage (4.2 V). This is the 

first report of an NMA vs. Si solid-state battery to our knowledge. Future work will aim to increase the 

specific capacity of these Si/NMA SSE systems and to develop methods for low-pressure cycling.  
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Project Introduction 

All-solid-state lithium metal batteries (ASSLBs) have attracted attention due to their potential for mitigating 

safety issues and addressing energy density limitations of conventional lithium-ion batteries (LIBs). While 

solid-state electrolytes (SSEs) with room-temperature ionic conductivities greater than that of their liquid 

electrolyte counterparts have been discovered, integration of the different solid components of ASSLBs is not 

trivial. Taking garnet Li7La3Zr2O12 (LLZO) electrolyte as an example, problems for this SSE include 

brittleness, high temperature processing for densification, poor contact with electrodes, and lack of scalable 

manufacturing methods. These obstacles must be overcome before LLZO becomes commercially viable for 

ASSLB applications.  

Realistic shape factors. Commercially available or lab-developed SSE discs must be thick (e.g., hundreds of 

micrometers to millimeters) to be mechanically robust enough to overcome their brittle nature, which 

unfortunately increases the cell impedance and accounts for the majority of overall cell weight and volume, 

leading to dramatically decreased power and energy densities. To increase energy density, membrane thickness 

has to be less than 100 µm and ideally < 20 µm. However, poor mechanical properties such as brittleness for 

pure oxide SSEs and low stiffness for polymer SSEs increase processing difficulty and promote defect-induced 

Li penetration. Ultrathin, flat and dense SSE membranes show high flexibility and thus can be stacked together 

with other electrode components for large scale battery assembly, though that the community suffers from a 

lack of cost-effective precision manufacturing methods for this purpose. Alternatively, composite polymer 

electrolytes with requisite active filler content and proper organization may increase mechanical flexibility 

while reducing manufacturing cost. However, these materials still suffer from conductivity, mechanical 

stiffness, and electrochemical stability issues which all must be addressed.  

Electrode integration. Wetting of SSEs with metallic Li has been partially addressed by introducing lithiophilic 

interfaces, while the uniformity and cost of the artificial layer still need to be optimized. In addition, achieving 

good contact of SSEs with the cathode is still an issue. On one hand, co-sintering has been investigated to 

enhance the cathode contact via solid-state densification while kinetically limiting the chemical reactions. Our 

work on composite pellet co-sintering and slurry-based co-sintering has shown reasonable thermal stability 

between Ta-doped LLZO (LLZTO) and NMC 622 at 900 C. However, issues like mechanical robustness due 

to relatively high porosity still need to be solved. In addition, carbon additives need to be introduced to provide 

electronically conductive pathways for these relatively thick electrodes. On the other hand, cathode slurries 

with polymer binders have often been spread on the sintered LLZO films for cell assembly. The use of 

polymer binder may sacrifice the operational temperature and lower electrochemical stability. A small amount 

of liquid electrolyte/solvent is usually applied to enhance the contact, which negates some of the safety 

benefits of all-solid-state batteries. A highly conductive solid catholyte with stable and good contact with 

cathode will be necessary to facilitate Li+ transport.  

mailto:ye3@llnl.gov
mailto:Simon.Thompson@ee.doe.gov
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Scaling up approach. Unlike liquid electrolyte-based LIBs for which roll-to-roll (R2R) methods have been 

developed for large scale manufacturing, scaling up of SSBs is likely different. Although soft and glassy 

sulfide-based SSBs are promising candidates for R2R manufacturing, their interfacial stability with electrodes 

must be resolved. For garnet LLZO-based SSBs, composite polymer electrolytes may be most ready for 

meaningful demonstrations of scaling up, though their Li+ conductivity still needs improvement. Pure 

ceramic-based SSBs will likely require one-step formation to avoid repeated deformation induced cracking.  

Cycling stability. Even with successful manufacturing of an ASSLB, poor cycling stability can still limit 

performance. Several failure mechanisms must be overcome include (but are not limited to): 1) void formation 

at the Li anode side during Li stripping; 2) Li dendrite nucleation and penetration; and 3) 

cracking/delamination on the cathode side. Effective characterization methods that help shed light on the 

failure mechanisms will be critical for designing better materials and manufacturing approaches that stabilize 

the long-term cycling performance. 

Objectives 

Specific Objective 1: Down select 3D printing and post processing approaches for SSE/cathode integration 

Specific Objective 2: Understand battery failure mechanisms via ex situ and in situ characterization 

Approach  

The technical approaches include advanced manufacturing based on 3D printing and related techniques, ex 

situ/in situ characterizations, and battery testing. In addition to experimental efforts, the team will work closely 

with the computational partner (PI: Brandon Wood) to better understand battery failure mechanisms and 

design new battery architectures and chemistries for performance improvement. 3D printing approaches will 

be optimized and down selected to fabricate 3D interfaces for battery performance evaluation. Three 

approaches including sintering-free, hybrid, and co-sintering will be studied. Ex situ and in situ 

charaterizations will be developed to understand battery failure mechanisms. Routine electrochemical and 

basic characterizations will be used for troubleshooting. In situ Raman and KPFM techniques will be 

conducted to analyze the electro-chemo-mechanical evolution of printed ASSLBs. 

Results  

LLZTO/SPE hybrid electrolyte 

The team evaluated hybrid electrolytes using the porous LLZTO as scaffold and solid polymer electrolyte 

(SPE) as flexible and conductive filler, aiming at improving conductivity and cracking resilience. 

PEGDA/PEGMEA/PEO/LiTFSI SPE was chosen as the infilling polymer electrolyte based on the teams’ 

previous studies on SPEs. Figure XVI.19.1 shows the SEM images of a pristine LLZTO porous film as well as 

the hybrid system after infilling and curing of corresponding monomers. Most of the pores were filled with the 

SPE, although gaps can be observed in the fracture surface, implying that the wetting between the pristine 

LLZTO and SPE may not be sufficiently well. The pristine porous LLZTO films showed a poor room 

temperature ionic conductivity of 1.16 x 10-5 S/cm. After the LLZTO films were acid treated with H3PO4, the 

overall resistance decreases due to the removal of the surface contaminants such as Li2CO3 and thus the 

conductivity increased to 3.58 x 10-5 S/cm. By adding SPE in the pores of the LLZTO films, It is expected to 

introduce extra Li+ transport channels and thus further improve the overall conductivity. As shown in Table 

XVI.25.1, the total ionic conductivity of the SPE/infilled pristine LLZTO (SPE/LLZTO/SPE) is 1.27 x 10-5 

S/cm, higher than SPE alone (7.1 x 10-6 S/cm). After removing the contributions from the SPE layers top and 

bottom of the SPE/LLZTO/SPE hybrid system, the conductivity of the SPE infilled pristine LLZTO layer is 

2.5 x 10-5 S/cm, higher than pristine LLZTO film, but slightly lower than the acid treated LLZTO film only, 

which may be partially due to the gaps observed in Figure XVI.19.1. The ionic conductivity at 60 C, Li+ 

transference number and critical current density values are also improved with the LLZTO scaffold as shown 

in Table XVI.19.1.  
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Figure XVI.19.1 SEM images of a) pristine LLZTO film; b) SPE infilled LLZTO films, c) Backscattered electron image of the LLZTO/ 
SPE system. 

Table XVI.19.1 Ionic conductivity (σLi) at RT and 60°C, activation energy (Ea) at 60°C, transference 

number (tLi+) at 60°C, and critical current density (CCD) at 60°C of the polymer SE and hybrid system 

(LLZTO/ Polymer) with different acid treatments conducted on LLZTO films. 

Composition 

Total   σLi @ RT 

(mS/cm) 

Total   σLi @ 

60°C 

(mS/cm) 

Ea @ 60°C 

(eV) 

tLi+ @ 60°C CCD @ 60°C 

(mA/cm2) 

Polymer SE 0.0071±0.002 0.12 ------------- 0.24±0.03 0.13 

SPE/ LLZTO/SPE 0.0127±0.0002 0.173±0.027 0.46 0.41±0.07 0.25±0.02 

SPE/HCl- LLZTO/SPE 0.017±0.005 0.171±0.056 0.51 0.44±0.02 0.22±0.04 

SPE/H3PO4-LLZTO/SPE 0.0076±0.0007 0.153±0.051 0.45 0.59±0.01 0.28±0.02 

 

To remove a possible ion-blocking effect due to the presence of the surface Li2CO3 contaminant layer, 

different treatments using HCl acid and H3PO4 acid to either remove Li2CO3 or convert it into other Li species 

were carried out on the porous LLZTO films. Figure XVI.19.2 shows the XPS analysis of the pristine and acid 

treated LLZTO films. The La and Zr peaks in pristine LLZTO are very weak due to the existence of Li2CO3 

surface layer, in contrast, these peaks are observed for the acid treated LLZTO films. As expected, the surface 

of the acid treated film is decorated with either Cl- from HCl or PO4
3- species from H3PO4 (Figure XVI.19.2e-

f).  
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Figure XVI.19.2 XPS survey scan of a) Pristine LLZTO film and acid treated LLZTO films, HCl and H3PO4; b) High resolution Li 1s 

XPS spectra; c) High resolution C 1s XPS spectra; d) High resolution La 3d XPS spectra; e) High resolution P 2p XPS spectra; e) 

High resolution Cl 2p XPS spectra. 

 

Figure XVI.19.3 a)-c) DC polarization curves for determining the Li+ transference number under an applied voltage of 0.04 V at 

60°C. a) Pristine LLZTO film; b) H3PO4 treated films; c) HCl treated film. The inset shows the impedance taken just before and 

immediately after the DC polarization experiment. The curves were fitted with a decay function and the steady state at the end of 

the curve was extrapolated. d)-f) Voltage vs time plots of plating-stripping at different current densities. d) Pristine LLZTO film; e) 

H3PO4 treated films; f) HCl treated film. 
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Figure XVI.19.3a-c shows the chronoamperometry (CA) plots and the EIS plots before and after DC 

polarization. Decreased charge transfer resistances were observed after Li plating/stripping, implying an 

improved interfacial contact between Li and SPE in Li/SPE/LLZTO/SPE/Li. The transference numbers were 

further increased especially for the H3PO4 treated sample, up to 0.59 (Table XVI.25.1). The CCD value for 

HCl treated LLZTO film is lower than that of the pristine film (0.22 mA/cm2 vs 0.25 mA/cm2), while H3PO4 

treatment slightly increases the CCD to 0.28 mA/cm2. However, the total ionic conductivity of H3PO4 treated 

LLZTO sample after SPE infilling is the lowest.  

 

Figure XVI.19.4 Voltage vs time plots at 60°C of the four model systems assembled to understand the conductivity differences: a) 

single SPE layer; b) SPE infilled porous LLZTO film (H3PO4 treated); c) stacked SPE, densified LLZTO pellet (H3PO4 treated) and SPE; 

d) stacked SPE and densified LLZTO pellet (H3PO4 treated) bilayers with the polymer side initially connected to the positive 

electrode. Their corresponding cycling stability tests showing symmetric and asymmetric cycling behaviors. 

To simplify the 3D interface problem, the team designed different control experiments to compare the cycling 

behaviors of four model Li symmetric cells: 1) Li|SPE|Li; 2) Li|SPE|infilled-LLZTO|SPE|Li; 3) Li|SPE| 

LLZTO-1100C|Li; 4) Li|SPE|LLZTO-1100C|SPE|Li. The first two cell configurations (1 and 2) (Figure 

XVI.19.4a-b) show symmetric voltage profiles, suggesting Li+ transport along both directions is similar. This 

symmetry seems to be intuitive for a symmetric cell setup. However, when the SPE infilled LLZTO layer is 

replaced with a well densified LLZTO pellet, e.g., in the configuration of Li|SPE|LLZTO-1100C|SPE|Li 

(Figure XVI.19.4c), the team observed an asymmetric cycling behavior. The overpotential in the second half 

cycles increases more rapidly than the opposite direction. This abnormal asymmetry in a symmetric cell is still 

a mystery. Given the only difference between the above two setups (LLZTO infilled SPE and LLZTO/SPE) is 

that Li+ ions can transport in both polymer and LLZTO channels in the infilled LLZTO case, versus Li+ ions 

must transport from polymer to LLZTO and from LLZTO to polymer in the dense LLZTO case, the team 
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suspect that the ion transport via LLZTO/SPE interface is the origin of this asymmetric behavior. In fact, in an 

SPE asymmetric cell using a densified LLZTO pellet stacked with only one SPE film (Figure XVI.19.4d), the 

similar asymmetric behavior is observed, where Li+ transport in the direction of LLZTO to SPE becomes much 

more difficult at current densities of 0.13 mA/cm2 or above. The observed accelerated degradation is found in 

Li|SPE|Li, Li|SPE| LLZTO-1100C|Li, and Li|SPE|LLZTO-1100C|SPE|Li, but not in Li|SPE|infilled-

LLZTO|SPE|Li. The observations suggest an advantage in using the SPE infilled LLZTO, while detailed 

understanding of the degradation mechanism is still needed. Possible explanations to be scrutinized in future 

work include: 1) charge accumulation and clogging at the LLZTO/SPE interface due to the sluggish charge 

transport from LLZTO to SPE; 2) Polymer/Li interface degradation at high voltages. To further enhance the 

performance of the hybrid electrolyte, the ionic conductivity of SPEs, and their compatibility with LLZTO 

shall be improved, which will be the next research focus area.  

Composite polymer electrolyte approach 

Mechanical properties (Modulus E and hardness H) of PEGDA/PEGMEA/PEO/LiTFSI solid polymer 

electrolytes (SPEs) were measured using spherical indentation, as shown in Figure XVI.19.5. The Young’s 

modulus ranges from 290kPa up to 10 MPa, while hardness from 9kPa to 300kPa, depending on the 

composition of the SPEs. Both E and H increase with higher PEGDA content (Figure XVI.19.5b and d), which 

forms 3D crosslink network. Increasing the ratio of PEO/PEGMEA can further improve E (Figure XVI.19.5a), 

but shows little effects on H (Figure XVI.19.5c), likely because the two are both with straight polymer chains. 

One composition used for further studies (PEGDA:PEGMEA:PEO= 1:8:1) shows E of ~2.58 MPa and H of 

~156 kPa, which delivers an ionic conductivity of 10-5 S/cm at room temperature. Reducing PEGDA and PEO 

contents can increase the ionic conductivity up to 6 x 10-5 S/cm, however, E reduces to 0.29 MPa, and H to 12 

kPa.   

 

Figure XVI.19.5 Young’s modulus (E) and hardness (H) measured using spherical indentation. 

To further improve the ionic conductivity of polymer electrolytes, LLZTO “active” filler nanoparticles were 

introduced in the 1PEGDA-8PEGMEA-1PEO/LiTFSI matrix. A series of LLZTO contents from 7wt% up to 

31wt% were prepared. The highest ionic conductivity of 6.6 x 10-5 S/cm was obtained for 7wt% LLZTO 

(Figure XVI.19.6a). Further increasing the LLZTO content however leads to the decrease of ionic 

conductivity. Detailed optimization of the LLZTO content can be conducted in the range below 13wt% to pin 

down the peak conductivity. The highly conductive LLZTO particles seems to be not involved in the overall 
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Li+ conduction. The addition of LLZTO particles helps to reduce the crystallinity of PEG polymers and thus 

improves the conductivity. However, further addition of the particles increases the interfacial area and the 

impedance between LLZTO and polymer electrolyte could hinder the Li+ ion transport. Therefore, to improve 

the conductivity of high-LLZTO-content composite polymer electrolytes, one strategy is to form bicontinuous 

LLZTO/polymer networks, which is being explored in the sintering-refilling hybrid approach. Another strategy 

is to improve the Li+ ion transport between the LLZTO/polymer interface.  

 

Figure XVI.19.6 Conductivity of composite polymer electrolytes made from a) PEG/LLZTO and b) zPU/LLZTO recipes. c) Cycling 

tests of Li|zPU/LLZTO|LFP solid state batteries at 1C rate, room temperature. 

To achieve that, the team is collaborating with researchers at University of Illinois at Chicago to develop 

zwitterionic polyurethane (zPU)/LLZTO composite polymer electrolyte. The high surface energy of the 

zPU/LiTFSI polymer electrolyte improves the wetting with LLZTO particles. The high LiTFSI content (up to 

80wt%) increases the Li+ concentration in polymer matrix and facilitates the ion transport between zPU and 

LLZTO. As a result, as shown in Figure XVI.19.6b, the Li+ conductivity of the composite polymer electrolyte 

(CPE) continuously increases from 1.5 x 10-4 S/cm to 2.2 x 10-4 S/cm (at RT) with the increase of LLZTO 

content up to 30wt%. The increasing trend can be fit using a Maxwell-Wagner-Sillars conductivity model. The 

LFP|zPU-LLZTO CPE|Li full cells also show improved capacity at 1C rate with the increase of LLZTO 

content (Figure XVI.19.6c), likely attributed from the higher conductivity. There are significant capacity drops 

in the first 10-20 cycles for all the zPU cells, though the addition of LLZTO facilitates the stabilization. After 

~50 cycles, cell capacity is very stable with little decrease in the next 200 cycles. With such promising results, 

the team moves forward to introduce 3D printed cathodes to integrate with the zPU/LLZTO CPE. 

Representative prints are shown in Figure XVI.19.7.  

 

Figure XVI.19.7 Direct ink writing printed single-crystal NMC811 cathode. Nozzle diameter is 200 µm, hatch spacing is 400 µm, 

and mass loading is ~ 10 mg/cm2. 
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Co-sintering approach 

The team previously showed co-sintering results for cathode composites made with 50 wt% NMC 622 / 50 

wt% LLZTO (Li6.4La3Zr1.4Ta0.6O12).  In order to better approximate the conditions of an actual solid-state cell, 

the team recently studied co-sintering outcomes using cathode composites made with less electrolyte (75 wt% 

NMC 622 / 25 wt% LLZTO), as well as with LCO (LiCoO2) as the cathode material (75 wt% LCO / 25 wt% 

LLZTO).  To test the electrochemical performance of these co-sintered materials, the cathode and electrolyte 

were mixed with a small amount of binder and coated on top of pre-sintered LLZTO pellets (Figure 

XVI.19.8a).  The samples were then co-sintered at 750°C or 900°C for 2h in either air or argon to determine 

the effect of temperature and sintering environment on stability and performance (Figure XVI.19.8b-c).  For all 

the samples, a definite color change throughout the LLZTO pellet from white to green after co-sintering was 

observed, with the color intensity corresponding to the temperature and the environment.  This is likely due to 

cobalt diffusion from the cathode into the LLZTO.  Figure XVI.19.8d shows an optical image of the back side 

of the LLZTO pellets after co-sintering, and a few trends can be observed. First, the green color change is 

more intense at higher temperatures and in argon vs. air, indicating a greater degree of reaction under these 

conditions.  Even after sintering at 750°C in air (the least reactive condition), the LLZTO pellet still changes to 

a yellow color for both LCO and NMC 622, suggesting some amount of cathode/electrolyte reaction.  Second, 

the green color change is more significant for LCO compared to NMC 622, likely due to the greater cobalt 

content in LCO relative to NMC 622.   

 

Figure XVI.19.8 Backscattered SEM cross-sections of composite cathodes coated on pre-sintered LLZTO pellets and co-sintered at 

900°C for 2h in Ar (b-c). Optical image before sintering (a).  d) Optical images of the back side of the LLZTO pellets after co-

sintering at different temperatures and in different environments (air vs. Ar). Electrochemical measurements using Li as the 

anode: e) EIS comparison before cycling.  f) Voltage profiles for the 1st charge/discharge cycle at C/20. 

The electrochemical performance of these cells was evaluated by sputtering gold onto the cathode to form a 

conductive contact and assembling cells with Li as the anode.  All of the samples co-sintered at 750°C (in both 

air and argon) hit the upper cutoff voltage immediately.  This is probably due to high resistance in the cell from 

the poor sintering between the cathode and electrolyte at these temperatures, which results in a discontinuous 

ion transport pathway.  For the LCO sample sintered at 900°C in Ar, the cell continued to charge for a very 



FY 2022 Annual Progress Report 

 Beyond Lithium-Ion R&D: Solid-State Batteries 999 

long time and never hit the upper cutoff voltage (it hit the time limit set in the program instead), while the 

NMC 622 cell sintered at 900°C in Ar also charged for a long time and had a bumpy voltage profile before 

finally hitting the upper cutoff voltage.  Both cells hit the lower cutoff voltage very quickly upon discharge 

(Figure XVI.19.8f).  This poor performance could be due to a combination of interfacial contact issues, 

cathode degradation, and secondary phase formation. 

 

Figure XVI.19.9 Representative voltage vs. capacity profiles for cathode materials sintered at 750°C and 900°C for 2h in Ar 

before electrode preparation. Half cells were cycled at C/10 charge/discharge using liquid electrolyte (1.2M LiPF6 in 3:7 wt% 

EC/EMC) and Li as the anode.  (a) LCO and (b) NMC 622. 

To determine if some of the observed degradation during co-sintering is due to degradation of the cathode 

material itself, the stability of each cathode at high temperatures was studied independently.  To accomplish 

this, each cathode powder was pressed into a pellet (to mimic the co-sintering conditions) and then sintered at 

900°C for 2h in Ar. The pellets were then crushed into a powder, mixed with carbon black and binder to create 

a conventional cathode slurry, and tape cast.  The cathodes were assembled into coin cells with liquid 

electrolyte (1.2M LiPF6 in 3:7 wt% EC/EMC) and cycled at C/10 to monitor capacity changes (Figure 

XVI.19.9). For LCO, the capacity and voltage profiles are very similar before and after sintering at 900°C (154 

mAh/g vs. 152 mAh/g, respectively), indicating that the sintering does not cause initial capacity loss.  

However, for NMC 622, there is a substantial decrease in capacity from 165 mAh/g to 17 mAh/g after 

sintering at 900°C. Another set of NMC 622 samples was sintered at 750°C for 2h in Ar as a comparison.  

While the capacity after sintering at this lower temperature is much better than after sintering at 900°C, there is 

still a significant decrease compared to the baseline (139 mAh/g vs. 165 mAh/g). These results indicate that 

while co-sintering at these higher temperatures may be feasible for LCO, it must be done at much lower 

temperatures for NMC 622 to prevent degradation. 
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Figure XVI.19.10 75 wt% LCO / 25 wt% LLZTO pellets laser co-sintered at 26 W for 90 s using a laser diode array.  a) Standard and 

backscattered SEM images of cross-sections after co-sintering. b) XRD comparison of laser and furnace co-sintered samples. 

The team has recently been exploring laser sintering of LLZTO [1] and laser co-sintering as a way to minimize 

the detrimental effects of conventional high-temperature furnace sintering. Using a rapid laser heating 

decreases the overall sintering time significantly (minutes compared to hours), which should help limit 

cathode/electrolyte reactions and help prevent the formation of secondary phases.  Figure XVI.19.10 shows 

some preliminary results for a 75 wt% LCO / 25 wt% LLZTO composite pellet sintered at 26 W for 90 s 

(~1215°C) using a 1000 nm laser diode array.  The cross-sectional SEM images (Figure XVI.19.10a) show a 

significant degree of sintering between the cathode and LLZTO particles, and the XRD results (Figure 

XVI.19.10b) indicate fewer secondary phases are formed during the short laser sintering period relative to the 

furnace sintered sample.  The sintering parameters will be further tuned in the future, but these initial results 

demonstrate the potential for laser sintering to minimize interfacial reactions during co-sintering. Laser co-

sintering will be further explored under this project.   

Conclusions   

In FY22, we continued optimizing the conductivity of the solid-state electrolytes. Over 1 x 10-4 S/cm ionic 

conductivity was achieved in zPU/LLZTO CPEs, and 6 x 10-5 S/cm in PEGDA/PEGMEA/PEO/LLZTO CPEs. 

The conductivity decreasing with further increasing of LLZTO powder content in PEG and the asymmetric 

cycling behavior in LLZTO/PEG suggested the resistance for Li+ transport from LLZTO to PEG is large, 

which shall be resolved to achieve both good ionic and mechanical properties. The co-sintering studies found 

that 750°C or above temperature heat treatment leads to deteriorate of the NMC’s electrochemical properties. 

To make this co-sintering approach work, the sintering temperature/time must be further reduced.  
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Project Introduction 

Advances in solid electrolytes (SEs) with superionic conductivity and stabilized electrode-electrolyte interfaces 

are key enablers for all-solid-state batteries (SSBs) to meet the energy density and cost targets for next-

generation batteries for electric vehicles. The project aims at the synthesis and fabrication of Li-ion conducting 

argyrodite SEs with the nominal composition Li6PS5X, where X ═ Cl, Br, and/or I. The team will combine 

electrochemical impedance spectroscopy (EIS) with complementary in situ spectroscopy and microscopy to 

probe buried solid-solid interfaces and quantify the voltage losses associated with side reactions involving the 

SE. Specifically, they plan to investigate the interfacial reaction between various Li6PS5X SEs and Li-ion 

cathodes belonging to different structural families [transition metal (TM)-based sulfides and fluorides (for 

example, FeS2 and FeF2) and high-voltage layered oxides (for example, LiNi0.8Mn0.1Co0.1O2, NMC-811).  New 

dopants such as niobium and partial substitution of sulfur with oxygen will be explored to improve the stability 

of argyrodite SEs against lithium metal and high-voltage cathodes.   

Objectives 

1. Produce Li6PS5X (X = Cl, Br, and/or I) SEs using solvent-mediated routes with ionic conductivity 

≥ 1 × 10-3 S/cm-1 at room temperature 

2. Optimize synthesis and annealing conditions to obtain phase-pure SE Li6PS5X powders. Evaluate 

structure using X-ray diffraction (XRD), Raman spectroscopy, and neutron scattering. 

3. Compare the structure and Li+ conductivity of Li6PS5X prepared through solvent-mediated versus 

mechano-chemical and solid-state routes.  

4. Integrate Li6PS5X SE separators with working cathodes and thin Li metal anodes for SSB testing and 

performance optimization. 

Approach  

Scalable solution-based processing routes will be developed to produce freestanding sulfide/binder solid-state 

separators with thicknesses < 50 µm and area-specific resistance (ASR) < 50 Ω cm2. These ultra-thin 

separators will be integrated with Li-metal anodes and high areal capacity cathodes (for example, Ni-rich 

NMC, S, FeS2, and FeF3) to demonstrate lab-scale prototype SSBs. As a cross-cut activity, various in situ and 

ex situ passivation methods will be combined with enabling characterization techniques to facilitate 

Li+ transport across electrode/SE interfaces. 
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Results  

Precursor mixing has a major impact on key properties (e.g., phase purity, morphology, and ionic conductivity) 

of solid electrolytes (SEs) synthesized through solid-state routes. The first phase of this fiscal year’s activities 

focused on the solid-state synthesis of Li6PS5X (X = Cl, Br) SEs where two precursor mixing strategies were 

explored. The first method involved hand grinding (HG) stoichiometric amounts of Li2S, LiCl, and P2S5 in an 

agate mortar and pestle followed by pelletizing and heating at 550°C (5°C/min) for 10 hours under flowing Ar. 

To investigate the effect of higher energy mixing on the product’s conductivity and purity, we also used a 

planetary mill (PM) assisted route where precursors were blended with zirconia milling media for 1 h at 100 

RPM. After milling, the resulting mixtures were pelletized and annealed at the same conditions as the HG 

samples. 

The ionic conductivity of the SEs was evaluated using EIS in a blocking cell configuration. As shown in 

Figure XVI.20.1(a), all samples had ionic conductivities on the order of 1 mS/cm at room temperature. The 

Li6PS5Cl samples exhibited higher ionic conductivities across both the HG and PM samples. This trend is 

attributed to greater anion site disorder for the Cl-based sample which facilitated Li+ transport as reported 

previously.10 For a given composition, the ionic conductivity of the PM samples exhibited higher conductivity, 

presumably due to more intimate precursor mixing prior to annealing. 

Raman spectroscopy and XRD were used to characterize the materials’ bulk and local structures. Figure 

XVI.20.1(b) shows a Raman spectrum of each sample highlighting the principal Raman band near 430 cm-1 

which is indexed to the ortho-thiophosphate units PS4
3-. This band was slightly blue-shifted for the Cl-

containing samples, suggesting that different halide substitutions influence P-S bond lengths. XRD patterns in 

Figure XVI.20.1(c) show that all samples had the expected argyrodite peaks along with minor phase impurities 

including LiCl and Li2S. Sloping backgrounds near 2θ=30° are due to Kapton tape which was used to prevent 

air exposure during the measurements. Overall, these results demonstrate that HG and PM blending routes did 

not have a discernable impact on the materials’ structure as determined by Raman and XRD. These findings 

suggest that the differences in ionic conductivity may be influenced by amorphous phases or other subtle 

factors. 
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Figure XVI.20.1 (a) Temperature-dependent Li+ conductivity measurements for Li6PS5X (X = Cl, Br) prepared by HG and PM. (b) 

Raman spectra and (c) powder XRD patterns for Li6PS5X (X = Cl and Br) prepared by HG and PM methods. 

In addition to SE synthesis, we also investigated how different SEs impact the performance of SSBs 

containing composite NMC811 cathodes. Unlike conventional sulfide SEs (e.g., ß-Li3PS4, LPS), which are 

unstable at potentials > ca. 2.6 V vs. Li/Li+, halide-containing compositions[e.g., Li6PS5Cl  (LPSCl) and 

Li3InCl6 (LIC), obtained through a collaboration with Halide Team – Task 1.14], have outstanding oxidative 

stability which is anticipated to facilitate the formation of stable NMC/SE interfaces. As shown in Figure 

XVI.20.2(a) and (b), we evaluated pellet-type cells containing: (i) a single-layer sulfide separator and 

catholyte (LPSCl) and (ii) a bilayer sulfide/halide LPSCl/LIC separator and LIC catholyte. The composite 

cathodes were prepared by blending NMC811 (uncoated), SE powder (either LPSCl or LIC), and carbon 

nanofibers on a Turbula T2F shaker. The cathodes were tested against In metal anodes where the LixIn alloy 

(0<x<1) was electrochemically formed in-situ during charging. Similar cells containing Li metal anodes were 

also prepared and tested, but these results are not shown here due to internal shorts caused by Li dendrites 

when the current density exceeded 100 µA/cm2. 

Figure XVI.20.2 (c) and (d) show galvanostatic voltage profiles for SSBs containing single-layer (LPSCl) 

and bilayer (LPSCl+LIC) separators, respectively. The voltage profiles suggest that the charge compensation 

is almost entirely through the NMC811 active material, and neither LPSCl nor LIC exhibited significant 

oxidative decomposition during charge steps. The initial reversible capacity of the LPSCl cell was 13% 

higher than that of the LPSCl+LIC cell (161 and 142 mAh/gNMC, respectively), possibly due to the higher Li+ 

conductivity of LPSCl (~2 mS/cm at room temperature vs. 0.5 mS/cm for LIC). Both cells exhibited 

significant capacity fade and retained only ~25 mAh/gNMC after 40 cycles (see Figure XVI.20.2(e)). 

Interestingly, the cells’ operating voltage gradually increased during cycling due to the cumulative 

irreversible capacity losses that were potentially caused by: (i) negative drifting of the LixIn anode potential 
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and/or (ii) positive drifting of the cathode’s state-of-charge. After 40 cycles, the LPSCl and LPSCl+LIC cells 

had cumulative irreversible capacity losses of 2.04 and 1.58 mAh, respectively. These losses correspond to 

anode stoichiometries of Li0.12In and Li0.09In, respectively, indicating the anodes remained within desired 

In/LixIn two-phase region (0<x<1, 0.622 V vs. Li/Li+) throughout the experiments. As such, the cells’ 

potential drift during cycling was due to Li inventory loss in the NMC active material. More specifically, the 

total irreversible capacity was 194 and 150 mAh/gNMC for the LPSCl and LPSCl+LIC cells, respectively. 

Interestingly, this drifting behavior was not observed in our team’s prior results acquired on SSBs containing 

NMC811+LPS+C cathodes and LPS separators (reported in FY21). 

 

Figure XVI.20.2 Electrochemical performance of SSBs containing NMC811 composite cathodes and LixIn anodes. (a,b) 

Schematics of the cell designs. Voltage profiles for cells containing (c) single layer Li6PS5Cl and (d) bilayer Li6PS5Cl/Li3InCl6 

separators. (d) Discharge capacity over 40 cycles. Cells were cycled by polarizing the cathode between 2.6 – 4.3 V vs. Li/Li+ at a 

constant current of ±66 µA/cm2 (cycle 1) and ±127 µA/cm2 (cycles 2-40). Due to the use of LixIn anodes, potentials were 

referenced against Li/Li+ by adding 0.622V to the measured cell potential. 

Operando Raman spectroscopy was used to explore how the cathode/SE interface in SSBs evolves during 

cycling. For these measurements, the team designed a hermetically sealed cell (Figure XVI.20.3) comprised of 

a c-shaped clamp (provides stack pressure up to ~50 MPa), a pair of stainless-steel rod current collectors, and a 

G10 composite tube as the cell body. At different states of charge, a Raman mapping frame was acquired on 

Li/SE/NMC full cells to monitor changes in the NMC/SE interfacial chemistry.  
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Figure XVI.20.3 (left) Photograph of an in-house developed Raman cell, (middle) schematic of the Raman mapping measurements 

to probe the NMC/SE interface, and (right) experimental setup for the in-situ Raman measurements. 

An optical microscope image of the NMC/SE interface is shown in Figure XVI.20.4(a). The scanned area 

was set to 60 × 120 µm2, with a step size of 1 µm, and each resultant map contains 7,200 spectra. A typical 

spectrum of the bulk sulfide SE is shown in Figure XVI.20.4(b). A peak centered at 425 cm-1 is assigned to 

P-S stretching of the PS4
3- tetrahedra. By scaling the intensity of the 425 cm-1 peak, a Raman mapping frame 

(Figure XVI.20.5(c)) representing the PS4
3- distribution within the scanned area was prepared. Notably, 

Raman maps based on a single peak intensity do not distinguish distribution of other species which may be 

present at the NMC/SE interface. 

 

Figure XVI.20.4 (a) Optical microscope image of the NMC/SE interface. (b) Raman spectrum taken from the bulk SE. (c) Raman 

map based on scaling single peak intensity of the P-S stretching mode centered at 425 cm-1. 

To distill the interfacial chemistry of the Li/SE/NMC SSB, an unsupervised machine learning method (K-

means clustering) was developed to process each Raman mapping frame. The basic idea of K-means 

clustering algorithm is to partition the total number of Raman spectra (7,200 in this case) in a mapping frame 

into K groups. Each group contains Raman spectra of a certain level of similarity, and different groups are 

color-coded. Consequently, the NMC/SE interface can be extracted as shown in Figure XVI.20.5(a). The 

average spectrum (so-called centroid spectrum) of each group can be used as its characteristic spectrum. 

Through this analysis method, we compared the NMC/SE interfacial chemistry at different states of charge as 

shown in Figure XVI.20.5(b). The results indicate that sulfur and polysulfidophosphate are the oxidative 

byproducts formed after charging the cathode to 4.2V vs. Li/Li+. After the 1st charge/discharge cycle, the P-S 

stretching mode redshifts to a lower frequency (Figure XVI.20.5(c)), indicating the generation of other 

sulfide compounds, such as Li4P2S6 or Li7P3S11. Notably, discharging the cell to 2.7 V did not restore the 

original NMC/SE interfacial chemistry, confirming that oxidative decomposition of the SE is irreversible 

which is consistent with our prior electrochemical investigations.  
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Figure XVI.20.5 (a) Raman mapping of the NMC/SE interface after K-means clustering analysis. (b) Comparison of the centroid 

spectra taken at the NMC/SE interface at different states of charge. (c) Magnified view of the P-S stretching mode in (b). 

Conclusions   

Overall, we have shown that the properties of Li6PS5X (X = Cl, Br) SEs are affected by anion selection and the 

precursor mixing process. Our SSB full-cell testing results demonstrate that incorporating oxidatively stable 

SEs in composite cathodes does not necessarily ensure the formation of robust NMC/SE interfaces, and 

cumulative irreversible capacity losses in such cells can yield rapid performance decline. Rather than SE 

decomposition, the capacity fade in LPSCl and LIC-based SSBs is most likely due to active material isolation 

resulting from repeated volume changes during cycling. As such, an additional understanding of the mechanics 

of solid-solid interfaces will be critical to address key performance bottlenecks for Li metal SSBs. The 

operando Raman cell developed in this program enables the exploration of the electrode/electrolyte interfacial 

structure and chemistry in SSBs. Ongoing efforts are aimed at optimizing full cell cycling performance by 

exploring how stack pressure and cathode composition (e.g., carbon/SE content and particle morphology) 

impact cycling stability for cells prepared with free-standing thin film argyrodite and/or halide SEs.  
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Project Introduction 

All-solid-state batteries (ASSBs) have great potential to significantly improve the safety of lithium batteries by 

replacing flammable liquid electrolytes with solid-state electrolytes (SSEs), but interfacial stability remains a 

key barrier to commercialization. Among various classes of solid electrolytes that have been investigated, 

sulfide-based SSEs deliver the highest Li-ion conductivities (≥10 mS/cm) compared to polymer and oxide 

SSEs across a wide range of temperatures with favorable mechanical properties and low temperature 

processability. The majority of recent developments in ASSBs have focused primarily on improving cycle life 

by protecting the lithium metal and suppressing lithium dendrites on the anode side. Significantly less has been 

done to improve the integration of cathode materials into ASSBs; however, for ASSBs to compete in the 

electric vehicle (EV) market, they must incorporate stable, high-energy cathodes and utilize low-cost 

processes. In particular, industry needs a strategy to stabilize ASSBs integrating both Li metal anodes and high 

energy density cathodes, and manufacturability is paramount. 

Sulfide SSEs face three primary limitations to their large-scale deployment. The first is their incompatibility 

with environmental conditions, even those in dry room environments, due to the high reactivity of sulfide 

materials with both H2O and O2, which leads to material degradation and toxic H2S evolution. The extent of 

this reactivity can be mitigated depending on the specific chemistry of the material, but in all cases some 

degree of air-sensitivity is present, motivating new strategies to make sulfide SSEs more amenable to 

processing at scale. The second limitation is the intrinsic instability of the anode and cathode interface with 

sulfide SSEs. Particularly concerning is evidence that direct contact between oxide cathodes and sulfide SSEs 

leads to chemical intermixing and electrochemical reactivity to form deleterious interfaces that block lithium 

ion transport. Due to this incompatibility, coatings are required to stabilize the anode and cathode interfaces, 

with direct coating of the oxide and Li metal surfaces serving as the primary approach for stabilization to date. 

Despite some success of such coating strategies, the need for separate coating steps for each interface adds 

significant cost and complexity when considering scalability of this technology. The third, less explored but 

equally critical issue that must be mitigated is the formation of space-charge layers at oxide-sulfide interfaces, 

which can lead to high interfacial impedance at the SSE-cathode interface. Such space charge layers are 

formed due to the mismatch in chemical potential between oxide and sulfide materials, and result in the 

formation of a Li depletion region within the sulfide during charging of the cathode. 

Objectives 

This task seeks to develop scalable approaches to synthesize gradient-coated sulfide solid-state-

electrolyte (SSE) particles to improve their air/moisture tolerance and provide chemical compatibility with Li-

metal anodes and high-voltage oxide cathodes. The compositional gradient is targeted to provide the additional 
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advantage of lower interfacial impedance due to mitigation of detrimental, spontaneously formed space-charge 

layers and/or elemental interdiffusion at the sulfide SSE-oxide cathode interface. 

Approach  

The team will leverage a surface science-based, integrated experimental-theoretical approach to synthesize 

gradient-coated SSE powders, characterize the structure, composition, and intrinsic stability of coated SSEs in 

contact with reactive electrodes, and directly correlate this understanding with their electrochemical 

performance. Gradient coatings will be developed using atomic layer deposition (ALD) and/or physical mixing 

methodologies viable at the kg/ton scale, ensuring technical and commercial relevance of the final, optimized 

coating process. Well characterized, model surfaces will be used to understand the electronic structure and 

chemical stability of the gradient coatings as a function of gradient composition and thickness to understand 

the effect of space-charge layers and chemical reactions on interface resistance. They will accelerate 

development and optimization of the gradient coatings for improved performance in full cells by establishing a 

tight feedback loop between materials synthesis and experimental/computational characterization of interfacial 

(electro)chemistry. 

Results  

Among the various classes of solid-state electrolytes (SSEs) that have been investigated to date, argyrodite-

based SSEs with the general formula Li7-yPS6-yXy (LPSX; X = Cl, Br, I), have emerged as one of the most 

promising families of sulfide-based materials due to the wide range of compositional control and structural 

(dis)order achievable depending on the nature and chemistry of the halide dopant incorporated into the 

material. As a result, we have focused our efforts on this family of materials as a platform for developing our 

gradient coating chemistries. All materials studied have the nominal formula Li6PS5Cl (LPSCl), and we have 

evaluated LPSCl materials synthesized in-house at ANL, as well as material obtained from the commercial 

suppliers NEI and Ampcera.  

Structural and (Electro)chemical Characterization of Uncoated LPSCl. 

Figure XVI.21.1a shows representative X-ray diffraction (XRD) patterns for LPSCl from ANL, NEI, and 

Ampcera. An XRD pattern of the Kapton background signal is also provided for comparison. In all three SSEs, 

the powder crystallizes in the cubic F-43m space group, as expected, with no detectable impurity phases. 

Electrochemical impedance spectroscopy (EIS) measurements of pellets pressed from each SSE powder 

indicate room-temperature ionic conductivities of 1.2, 0.9 and 1.4 mS/cm for the ANL, NEI, and Ampcera 

materials, respectively. Temperature-dependent conductivity measurements derived from EIS analysis (Figure 

XVI.21.1b) allow for determination of the activation energy (Ea) for Li+ transport according to the Arrhenius 

equation σ(T) = A exp(−Ea/kT), where A is a pre-exponential factor, k is the Boltzmann constant, and T is the 

absolute temperature. The Ea for the LPSCl solid-state electrolytes from NEI was calculated to be 0.31 eV 

while the ANL and Ampcera electrolytes have an Ea of 0.30 eV, providing a baseline for Li+ mobility to 

compare against coated SSE materials. Representative electrochemical characterization data for Li|LPSCl|Li 

symmetric cells made from the ANL-synthesized LPSCl and NEI solid-state electrolyte are summarized in 

Figure XVI.21.1c. In both cases, the LPSCl materials exhibit close-to-uniform plating/stripping profiles at 

current densities up to 0.35 mA/cm2. At current densities >0.35 mA/cm2 the plating/stripping profiles of both 

LPSCl materials become unstable, showing sharp voltage drops indicative of nonuniform Li plating and/or 

internal short-circuiting. Returning to lower current densities (≤0.1 mA/cm2) with the NEI material recovers 

the same symmetric plating/stripping behavior observed initially, indicating hard short-circuits do not form up 

to 0.75 mA/cm2 (~1.8 µm Li plated per cycle). 
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Figure XVI.21.1 (a) X-ray diffraction patterns for pristine Li6PS5Cl (LPSCl) from ANL, NEI, and Ampcera (the XRD pattern for the 

Kapton background is shown for comparison). (b) Arrhenius plots for the total Li+ conductivity of LPSCl from ANL, NEI and Ampcera 

in the temperature range of -20°C to 100°C. (c) Cycling stability of pristine LPSCl from ANL (black) and NEI (green) in Li||Li 

symmetric cells at 65°C. 

Surface characterization of LPSCl materials via X-ray photoelectron spectroscopy (XPS) was also performed 

to assess the nominal composition and surface chemistry of the starting materials and establish a baseline prior 

to applying coatings (Figure XVI.21.2). Utilizing our glovebox-connected ultrahigh vacuum (UHV) system, it 

is possible to analyze the LPSCl materials without any ambient air exposure prior to analysis. XPS core level 

spectra of the as-received Ampcera LPSCl powders reveals a surface exhibiting little to no impurity species 

and minimal (but non-zero) surface oxidation. The dominant species observed in both the S 2p and P 2p core 

levels (Figure XVI.21.2a-b) are assigned to PS4
3- tetrahedra in LPSCl. Evidence of S2- species is also present in 

the S 2p, consistent with the presence of Li2S. Negligible (≤ 0.5 at%) amounts of S0 and P2S5/Li3PO4 can also 

be fit to the spectra, indicating possible residual precursor materials or some degree of surface oxidation, but 

are within the experimental error and are therefore not confidently assigned as present. The Cl 2p core level 

(Figure XVI.21.2c) indicates a single species that is consistent with Cl- in the LPSCl structure. Surface oxide 

species (Figure XVI.21.2d) are partially due to carbonaceous contaminants that are inherent to XPS analysis 

(R-C-O and O-C-O), as well as suggest a small amount of surface carbonate or phosphate formation, perhaps 

due to some air exposure during the materials manufacturing and/or shipment. Quantitative composition 

analysis of the Ampcera sample indicates the surface oxygen content is approximately 10% of the total signal, 

suggesting a thin layer of surface oxidation is present. Similar surface speciation is observed from NEI and 

ANL-synthesized materials, with surface oxidation at or below the levels observed in the Ampcera material. 

Overall, the XPS analysis indicates high quality materials suitable for testing the impact of SSE coating on 

(electro)chemical stability and performance.  
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Figure XVI.21.2 (a) S 2p, (b) P 2p, (c) Cl 2p and (d) O1s XPS core level spectra for the Ampcera LPSCl SSE. 

Chemical Stability of LPSCl to ALD Coating 

Having established performance baselines for Li-Li symmetric cells with uncoated LPSCl and benchmarked 

the surface chemistry of the starting material, we turn our attention to the chemical stability of these materials 

to atomic layer deposition (ALD) coating and contact with Li metal. In order to analyze the stability of LPSCl 

to coating via ALD, pressed SSE pellets were prepared and inserted into the ALD reactor alongside powders. 

This provides extended surfaces for XPS analysis while ensuring that surface characterization is done on the 

exact same reaction conditions for coating powders used for subsequent electrochemical characterization. ALD 

Al2O3 coatings were applied at 150ºC with each ALD cycle consisting of alternating exposures to 

trimethylaluminum (TMA) followed by H2O exposure. The intensity of the Al 2p and O 1s signals increases 

with increasing ALD cycles (Figure XVI.21.3), consistent with the deposition of Al2O3 and a small fraction of 

LixAlOy onto the SSE. Analysis of the S 2p, P 2p and Cl 2p core levels further reveals that the LPSCl materials 

are surprisingly robust to the ALD coating chemistry (Figure XVI.21.3). Specifically, the only chemical 

reactivity observed on ALD-coated SSEs relative to uncoated materials were found in the S 2p core level, 

where a small fraction of Li2S formation is observed (≤ 10% of the total signal after 10 ALD cycles). No other 

chemical changes are observed in the P or Cl core levels after ALD, indicating the small amount of reaction 

observed is confined to S species in LPSCl. This result is particularly surprising given that each ALD cycle 

incorporates exposure to H2O vapor as the oxygen source for the Al2O3. Despite the exposure of the surface to 

H2O vapor at 150 ºC, there is no evidence of oxidation – e.g., SO3
2- formation, which would be observed at 

~167 eV in the S 2p core level spectrum. Identical reactivity is observed on material made at ANL or sourced 

from NEI, as well as on coated powders, indicating this result is general to LPSCl materials, regardless of 

supplier or form factor. We speculate that the exposure of the SSE surface to TMA, which is highly reducing, 

leads to the formation of a thin Li2S layer that passivates the surface to further reaction with TMA and H2O. 

Regardless of the mechanism, however, the results are unambiguous that ALD coating of sulfide SSEs is 

feasible, and results in negligible reaction with the underlying material.  
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Figure XVI.21.3 Al 2p, O 1s, S 2p, P 2p, and Cl 2p core level spectra for Ampcera LPSCl SSE with varying numbers of ALD Al2O3 

coating cycles. Intensities of the S 2p, P 2p and Cl 2p spectra are normalized for comparison. 

Chemical Stability of Coated LPSCl to Reactivity with Li Metal. 

Not only is LPSCl robust to the ALD coating chemistry, but coating of the SSE with ~1 nm ALD Al2O3 (10 

cycles) results in significantly more stable interfaces with Li metal. Approximately 10 nm of Li metal was 

deposited onto the same SSE pellets analyzed in Figure XVI.21.3, and utilizing our unique, air-free UHV 

transfer line, we were able to perform XPS to directly measure the reactivity of coated and uncoated materials 

at the pristine Li-SSE interface. Analysis of the S 2p and P 2p core levels of coated and uncoated material 

before and after Li deposition reveals significantly less reduction of LPSCl that was coated by 10 ALD Al2O3 

cycles (Figure XVI.21.4). In both cases, S 2p core level spectra reveal the reduction of PS4
2- species to Li2S by 

Li metal; however, the relative fraction of Li2S formed on coated material is significantly lower: ~61% vs. 

81% of the total signal for coated and uncoated material, respectively. This difference is even more significant 

considering that ~10% of the coated SSE was already converted to Li2S during the ALD process. Analysis of 

the P 2p core level spectra reveals that P species are even more protected from reduction by Li metal than S 

species. Specifically, approximately 78% of the P species on the uncoated material are reduced, whereas only 

53% of the coated material is reduced by contact with Li. Furthermore, the majority of the species formed on 

uncoated LPSCl are assigned to fully reduced Li3P, whereas a more or less equal fraction of Li3P and less 

reduced LixP and Li(x-1)P species are observed on ALD-coated SSE, indicating a greater degree of protection.  

Collectively, these results indicate the significant promise of our ALD coating strategy. Not only are sulfide 

SSEs surprisingly robust to the ALD Al2O3 process comprising exposure to TMA and H2O vapors, but they 

also significantly improve the materials stability against the highly reducing Li metal anode. We anticipate a 

wide spectrum of ALD coating chemistries will provide similar benefits to materials stability against reactive 

electrodes while preserving the underlying SSE chemistry. With these results in mind, we will continue 

developing additional ALD coating chemistries through a combination of computational assessment and 

experimental validation of materials stability, electronic structure, and electrochemical performance. In order 

to perform such an analysis, however, greater understanding of the intrinsic stability and electronic properties 

of these coatings is needed. 
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Figure XVI.21.4 S 2p (left) and P 2p (right) core level spectra of uncoated LPSCl (top) and LPSCl coated with 10 ALD cycles 

(bottom) before and after Li metal deposition. 

Computational Assessment of Origins of Materials Stability 

In order to understand the origin of the surprising robustness of LPSCl materials to ALD coating and the 

subsequent improvement in stability against Li metal, computational assessment of the thermodynamic 

stability and electronic properties for the coatings at interfaces of argyrodite particles was performed. In order 

to analyze the electronic structure of the coatings, we started with density functional theory (DFT) calculations 

for LPSCl with different degrees of oxygen substitution. The electronic density of states (Figure XVI.21.5) 

shows an increase of the bandgap from 3.32 eV to 3.55 eV when 5% of S atoms are substituted by oxygen.  

Calculations for the isostructural analogue where all of the S atoms are substituted by O atoms produces an 

even larger increase in band gap to 7.04 eV; however, the lattice constant of argyrodite decreases considerably. 

Substituting oxygens into the Cl positions was found to be less energetically favorable than substitution into 

tetrahedral S positions, and substitution of O atoms into P positions is unfavorable. Our results point to the 

possibility that ALD coatings of oxide or oxysulphide materials will result in lower electronic conductivity 

because of an increased band gap deriving from exchange of some sulfur for oxygen at the interface.  
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Figure XVI.21.5 Calculated densities of states for LPSCl SSE with varying concentration of oxygen. 

To gain further insights into the stability and transport properties of oxide coatings, we consider computational 

models of LPSCl with ALD alumina coatings. First, we have calculated the work functions for amorphous 

alumina and LPSCl to determine the relative band alignment at their interface. The results indicate that work 

function for LPSCl (4.6 eV) is considerably smaller than the work function for amorphous alumina (average 

6.5 eV). Our calculations for amorphous LPSCl with the same composition as a crystalline argyrodite produce 

a work function very close to the value for the crystal, suggesting that electronic transport through LPSCl 

interfaces is easier than through alumina-LPSCl interfaces.   

As the XPS results in Figure XVI.21.3 indicate a thin, but detectable reaction layer formed at the alumina-

LPSCl interface, we also need to consider electronic and ionic transport properties for reaction products that 

could be present at interfaces depending on synthesis and processing conditions. Considering possible 

chemical reactivity between argyrodite and the alumina coatings, we have determined two compositions in the 

range between Li6PS5Cl and Al2O3 corresponding to the points on the convex hull according to the following 

reactions:  

0.2 Li6PS5Cl + 0.8 Al2O3 → 0.2 Li3PS4 + 0.1 LiAlS2 + 0.3 LiAl5O8 + 0.2 LiCl    (-0.047 eV/atom) (1) 

Li6PS5Cl → Li2S+ Li3PS4+ LiCl (-0.086 eV/atom)    (2) 

Notably, LPSCl decomposition (Eqs. 1-2) is found to be favorable, resulting in the formation of Li2S and 

lithiated Al oxides/sulfides. This result is consistent with the XPS results that indicate the formation of a thin 

layer of Li2S (Figure XVI.21.3) and reduced Al species (either LiAlOx or LiAlSx) after ALD coating. 

Calculations of barriers for Li+ hopping through some of these interfacial phases, some of which could impede 

ionic transport, produce the lowest values for the barriers in LiAlS2, LiCl, and LiS2, which range from about 

0.2 eV to 0.4 eV (Figure XVI.21.6). These relatively low transport barriers indicate that Li ionic transport is 

feasible through the reaction products that may form at the interface between ALD alumina and LPSCl. Taken 

together, these results provide a baseline for assessing potential ALD coating chemistries. Electronic band 

structure, work functions, interface reaction enthalpies, and barriers for Li ion transport will be assessed for 

candidate chemistries to further establish their contributions to possible space charge layer formation at 

interfaces and resulting increases in interfacial impedance. Continued development of screening criteria for 

target chemistries and compositional distributions across the interfaces will target materials stability and 

electrochemical properties as well, providing a framework for design of new coatings that is guided by both 

computation and experiment. 
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Figure XVI.21.6 Calculated barriers for Li hopping in predicted reaction products of alumina with LPSCl – (a) Li2S, (b) LiCl and (c) 

LiAlS2 – indicate feasibility of Li ionic transport through the interfacial layers. 

Conclusions   

Utilizing a surface science-based, integrated experimental-theoretical approach, we have demonstrated a new, 

scalable method for stabilizing sulfide-based SSEs against environmental exposure and contact with reactive 

electrodes. Through structural, spectroscopic, and electrochemical methods, we have fully characterized and 

benchmarked a number of LPSCl materials from different sources in order to understand their baseline 

performance characteristics. We have further demonstrated that it is possible to coat argyrodite powders using 

ALD, and that the ALD processing conditions result in minimal reactivity to the underlying material, 

suggesting that ALD on argyrodite materials is a viable path forward to scalable coating of sulfide-based SSEs. 

Al2O3-coated LPSCl materials exhibit much less reactivity after contact with Li metal relative to uncoated 

materials, indicating significant benefits of the coated materials for creating stable interfaces with reactive 

electrodes. The origin of the enhanced materials stability was determined using DFT calculations, which 

support the reaction product chemistries observed via XPS. DFT calculations further suggest these reaction 

products should increase the barrier for electron transport, while nudged elastic band calculations indicate that 

the reaction products formed possess reasonable barriers for Li+ transport. Overall, the calculations indicate 

favorable interfacial properties for integration into symmetric and full cells. Leveraging our combined 

experimental-theoretical approach, we anticipate the development of many new coating chemistries and deeper 

understanding of the coupled (electro)chemical properties that result in stable and conductive interfaces 

between anode and cathode materials in full cells. 
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Project Introduction 

Lithium/sulfur (Li/S) battery constitute a serious contender for energy storage application because of its high 

theoretical energy density (~ 2600 Wh/kg) and the nature abundance of sulfur.[1] All solid-state lithium/sulfur 

batteries (ASSLSBs) using solid-state electrolytes (SSEs) can effectively eliminate the polysulfide shuttle and 

stabilize Li metal anode to improve the cycling stability and safety.[2] However, the lack of SSEs that can 

improve their power characteristics and energy densities significantly hinders their implementation. Two 

essential criteria for SSEs to achieve 500 Wh/kg are (1) comparable RT ionic conductivity (>10-2 S/cm) with 

liquid electrolytes that can boost the utilization of cathode active materials; and (2) thin and lightweight that 

can reduce the percentage of inactive components in the whole cells. Nevertheless, the fabrication of ultra-thin 

and mechanically stable sulfides SSEs remain technically challenging.[3] In particular, most sulfides SSEs are 

not stable under ambient condition, limiting the conventional processing approaches.[4] Moreover, 

stabilization of the SSE/cathode interface and the SSE/Li anode interface to maintain intimate solid-solid 

contact and negligible interfacial resistance during charge/discharge remain formidable challenge.[5] 

The team led by Dr. Guiliang Xu at Argonne National Laboratory is focusing on the development of ultra-thin 

sulfides SSEs with high RT ionic conductivity and high air/mechanical/electrochemical stability as well as 

intimate solid-solid contact when coupling with high-capacity Li metal anode and Se-S cathode. 

Objectives 

The project objective is to develop ultra-thin (< 30 m) sulfide SSEs with high room temperature ionic 

conductivity (> 10-2 S/cm) and high chemical/mechanical/electrochemical stability, and further integrate them 

with lithium metal and high-loading selenium-doped sulfur (Se-S) cathodes through rational interface 

engineering to develop all-solid-state Li-S batteries (ASSLSBs) with high cell energy density of > 500 Wh/kg 

and stable cycle life of > 300 cycles at a current density of > 1 mA/cm2. 

Approach  

The thickness and chemical/interfacial stability of sulfide SSEs are the critical challenges for energy density, 

cycle life, and mass production of all-solid-state Li/S pouch cells. The team will combine innovative material 

design, electrode architecture fabrication, and advanced diagnostics tools to address these challenges. 

Specifically, the approaches include: (1) improving air stability and ionic conductivity of sulfides through 

synthetic control and cation/anion doping, (2) fabrication of flexible thick SeS cathode supported thin sulfide 

electrolytes to ensure intimate contact and increase the energy density, (3) stabilizing Li-metal/sulfide 

electrolytes interface via interlayer and additives design to increase the critical current density (CCD) of 

lithium stripping/platting, (4) advanced Li/S pouch cell design, and (5) multiscale advanced diagnostic such as 

mailto:xug@anl.gov
mailto:Simon.Thompson@ee.doe.gov
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in situ X-ray diffraction (XRD), X ray absorption spectroscopy (XAS), X-ray imaging, and focused ion beam-

scanning electron microscopy (FIB-SEM) to understand and overcome the degradation pathways. 

Collaboration 

• Processing of sulfides: Dr. Jieun Lee (CSE, ANL) 

• Synthesis of sulfides: Dr. Chen Zhao (CSE, ANL), Dr. Xingkang Huang (UChicago) 

• Synchrotron X-ray diffraction: Dr. Dongzhou Zhang, Dr. Wenqian Xu (APS of ANL) 

• Synchrotron X-ray absorption spectroscopy: Dr. Cheng-Jun Sun (APS of ANL) 

• Electron microscopy: Dr. Yuzi Liu (CNM of ANL). 

Results  

Set up a dedicated lab for synthesis, processing, and test of sulfides SSEs at Argonne 

To achieve our goal in developing 500 Wh/kg ASSLSBs, during the first year of this project, we have set up a 

dedicated lab for the synthesis, processing, and test of sulfides SSEs. Sulfides SSEs are moisture sensitive, 

which currently require the use of Argon-filled glovebox. Figure XVI.22.1a and 1b show the digital photos of 

our lab that contains battery cycler, slurry mixer, thin film coater, furnace, and pellet presser inside glovebox 

as well as high-energy ball-milling with gas-protected jars. Meanwhile, we have set up an in-house 

electrospinning equipment that is used to develop thin sulfides SSEs, which is critical to increase the cell 

energy density of ASSLSBs.  

 

Figure XVI.22.1 Digital photos of all-solid-state sulfide lab at chemical sciences and engineering division of Argonne: (a) glovebox 

for synthesis, processing, and test of sulfides SSEs. (b) High-energy ball-milling with gas-protected jars for the synthesis of sulfides 

SSEs. (c) in-house electrospinning for the fabrication of thin sulfides SSEs.  

High throughput screening synthesis of Li6PS5Br with various dopants via in situ synchrotron X-ray 

diffraction 

Among all the sulfides SSEs, argyrodite family with a general formula of Li6PS5X (X=Cl, Br, and I) is of 

particular interest due to their high ionic conductivity (above 10-3 S/cm) at room temperature, low cost, and 

good compatibility towards Li metal. Unlike Li6PS5I comprising fully ordered S2- and I-, Li6PS5Cl comprising 

fully disordered S2- and Cl-, Li6PS5Br comprises a mixture of ordered and disordered structures, thus 

demonstrating the fastest theoretical Li+ mobility in the Li6PS5X family. However, Li6PS5Br still suffers from 

insufficient ionic conductivity and poor moisture stability, which significantly hinder its practical application. 

Figure XVI.22.2 shows our material design principles. Based on the classical hard-soft acid-base concept, We 

plan to use anion (e.g., O2-) doping and cation doping (e.g., Sn4+, Sb5+) to improve the air stability of Li6PS5Br 

due to the higher binding strength between phosphorus and oxygen or between cation dopants and sulfur, 

which however might lead to reduced ionic conductivity. We hence will further explore the effect of halogen 

doping (e.g, Br) to compensate the ionic conductivity. Nevertheless, the successful incorporation of multi 

dopants in the Li6PS5Br would require a significantly increased efforts on the synthetic control, which is time 

consuming.  

Unlike the conventional approaches that are mostly based on trial-and-error experiments, the in situ 

synchrotron X-ray diffraction (SXRD) at Advanced Photon Source (APS) could allow us to directly probe the 
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phase transition and crystal structure evolution during formation of Li6PS5Br SSEs with various dopants. We 

could also monitor the structural evolution during holding (e.g., effect of time) and cooling process (quenching 

vs. slow cooling). Moreover, through Rietveld refinement, we will be able to obtain the evolution of cell lattice 

parameter, and microstrain and Br-/S2- site disorder during synthesis. These information would be very 

valuable for us to design better sulfides SSEs. Figure XVI.22.3a shows the in situ SXRD set up that we have 

built at APS, which include X-ray beam, gas-blower heater, and a camera. Figure XVI.22.3a shows a snapshot 

during the in situ heating experiment, in which the gas-blower directly heated the sample, while the X-ray 

penetrated through the samples to collect the SXRD patterns during synthesis process.  

 

Figure XVI.22.2 Design principle of Argyrodite sulfide electrolytes with multi dopants. M represents cations. 

 

Figure XVI.22.3 (a) A digital photo of in situ SXRD set up at Advanced Photon Source (APS) to probe the synthesis of sulfides SSEs. 

(b) A snapshot during in situ heating process. 

In order to understand the effect of O and Br doping, we have designed five samples with formula of Li6PS5Br, 

Li6PS4.8O0.2Br, Li5.5PS4.5Br1.5, Li5.5PS4.3O0.2Br1.5, and Li5.5PS4.4O0.1Br1.5, respectively. The type and 

concentration of dopants can significantly affect the synthesis process of Li6PS5Br electrolytes. Hence, we 

used in situ SXRD to investigate the formation process of these electrolytes. Before the in situ SXRD 

experiment, Li2S, LiBr, P2S5 and Li2O with appropriate molar ratio were mixed homogeneously by ball-

milling at 500 rpm for 8 h. We then loaded the samples into quartz tubes and sealed with Kapton tape to 

prevent the moisture contamination during the experiment. 

Figure XVI.22.4a shows the in situ SXRD pattern during formation of Li6PS5Br by direct heating the 

Li2S/LiBr/P2S5 mixture from room temperature (RT) to 600°C with a heating rate of 5°C/min followed by 

rapid cooling (30°C/min). As shown, the reaction process can be separated into three regions: (I) starting 

materials; (II) formation of Li6PS5Br; (III) quenching process. Figure XVI.22.4b shows the zoom-in view at 2θ 

range of 6-9.5o. As shown, upon heating, the peaks of starting materials―Li2S (111 and 200), LiBr (111 and 

200) and P2S5 (012 and 2-2-1) gradually decreased. At a temperature of ~ 270°C, three new peaks 

corresponding to the (220), (311) and (222) peaks of Li6PS5Br emerged, indicating formation of Li6PS5Br. 

Further heating from 270°C to 600°C results in the increase of XRD peak intensity due to the growth of 
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particle size and disappearance of other impurities. We have conducted Rietveld refinement on the SXRD 

pattern at 600°C. As shown in Figure XVI.22.5, the formed Li6PS5Br is well consistent with the standard 

Li6PS5Br with a space group of F-43m and cell lattice parameter of a=b=c=10.097443 Å and α=β=γ=90 o. 

During quenching (rapid cooling), we can see there is no phase transition, indicating the reservation of pure 

Li6PS5Br phase. 

 

Figure XVI.22.4 (a) 2D Contour plot of in situ SXRD patterns during formation of Li6PS5Br. (b) Zoom-in view of 2θ range of 6.0-9.5o. 

 

Figure XVI.22.5 Rietveld refinement of in situ SXRD pattern at 600°C during synthesis of Li6PS5Br. 

 

 

Figure XVI.22.6 2D Contour plot of in situ SXRD patterns during formation of Li6PS4.8O0.2Br: (a) heating from RT to 550°C; (b) 

550°C holding for 8 h followed by quenching (30°C/min). 
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We further investigated the case of Li6PS4.8O0.2Br with oxygen doping. As shown in Figure XVI.22.6a, the 

synthesis process of Li6PS4.8O0.2Br generally follows similar reaction process by converting Li2S, LiBr, P2S5 

and Li2O to form Li6PS4.8O0.2Br. However, compared to the result of Li6PS5Br, the starting temperature for the 

evolution of (220) peak of Li6PS5Br in the oxygen-doped one was postponed to around 300°C. Meanwhile, it 

can be clearly seen that even after heated to 550°C, there are still some peaks remaining, which are 

corresponding to Li2S and LiBr, respectively. The results indicate that the incorporation of Li2O will compete 

with Li2S for site occupancy during the formation of Li6PS4.8O0.2Br. Even after heating at 550°C for 8 h, the 

peaks of Li2S still remained (Figure XVI.22.6b). 

To balance the moisture stability and ionic conductivity, we have further explored O-/Br co-doped argyrodite 

electrolytes―Li5.5PS4.3O0.2Br1.5. Figure XVI.22.7a shows the in situ SXRD patterns during heating a ball-

milled mixture of Li2S/P2S5/P2O5/LiBr from room temperature to 600°C to form Li5.5PS4.3O0.2Br1.5. The results 

show that in addition to the cubic structure argyrodite solid electrolytes, there are significant residue of LiBr in 

the final product even when the temperature reached 600°C, indicating that Br has not been successfully 

incorporated into the 4a sites. This could be due to the larger ionic radii of Br- (182 pm) than S2- (170 pm). The 

results also indicated that higher temperature might be necessary to substitute more Br in the Li6PS5Br.  

Figure XVI.22.7b show the selected SXRD patterns during cooling from 600°C to 50°C with a cooling rate of 

30°C/min.  Strikingly, in addition to the peak shift to higher 2-theta degree due to lattice contraction, it is 

obvious to observe a series of new peaks, as marked at 8.50o, 12.07o, 12.78o and 14.26o, indicating formation 

of new phases during rapid cooling. This is different from the results in the Li6PS5Br and Li6PS4.8O0.2Br, in 

which the rapid cooling does not induce formation of new phases. 

To successfully dope Br and O in the Li6PS5Br, we have further developed a two-step calcination process to 

synthesize pure phase Li5.5PS4.5Br1.5 and Li5.5PS4.4O0.1Br1.5. Different from previous one-step calcination 

process, in which we directly heated the precursor mixture (Li2S, LiBr and P2S5) from room temperature to 

500-600°C, we pre-calcined the mixture at 300°C for 12 h because our previous in situ SXRD results showed 

that Li6PS5Br started to form at ~ 300°C. We then used in situ SXRD to monitor the phase transition process 

during heating of pre-calcined mixture. As shown in Figure XVI.22.8, before heating, the pre-calcined mixture 

shows clear XRD peaks that belong to Li6PS5Br. Meanwhile, signature XRD peaks of LiBr can be observed. 

During heating from 25°C to 550°C, all the peaks gradually shifted to lower 2-theta degree, corresponding to 

thermal expansion. When the temperature is higher than 550°C, the (111), (200), (220), (311), (400), (331), 

(420), (422), (511), (531) and (442) peaks of LiBr suddenly disappeared, accompanied by the emergence of 

(111), (200), (220), (311), (222), (422), (333). (440), (620), (533), (622), (642) and (553) peaks of Li6PS5Br. 

The results indicate that pre-calcination step is important to successfully dope high Br content into Li6PS5Br 

and synthesize pure-phase Li5.5PS4.5Br1.5. 

We further studied the case of Li5.5PS4.4O0.1Br1.5, in which both O and Br were introduced. Our previous 

experiment by single-step calcination shows that a significant amount of LiBr residue. By sharp contrast, as 

shown in Figure XVI.22.9, the synthesis process of Li5.5PS4.4O0.1Br1.5 via two-step calcination undergo similar 

process as that of Li5.5PS4.5Br1.5. At a temperature of ~ 520°C, the formation of pure phase Li5.5PS4.4O0.1Br1.5 

was observed, indicating both O and Br have been successfully doped into Li6PS5Br.  

Furthermore, we have investigated the effect of holding time on the crystal structures of final products during 

quenching or rapid cooling (~30°C/min).Figure XVI.22.10a shows the results of SXRD patterns after holding 

at 600°C for 0.5 h and rapid cooling to 25°C. A generation of new peaks belong to LiBr was observed during 

rapid cooling, indicating holding at high-temperature for short period of time is not enough to maintain the 

argyrodite crystal structure. By contrast, a process of 10 h holding can lead to maintained pure phase 

Li5.5PS4.4O0.1Br1.5 during rapid cooling (Figure XVI.22.10b).  
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Figure XVI.22.7 In situ SXRD patterns during (a) heating (25°C to 600°C) and (b) rapid cooling (30°C/min) of a ball-milled mixture 

of Li2S/P2S5/P2O5/LiBr to form Li5.5PS4.3O0.2Br1.5. 

 

Figure XVI.22.8 Contour plot of in situ SXRD pattern during synthesis of Li5.5PS4.5Br1.5 from 25°C to 600°C. The heating rate is 

5°C/min, and the time internal between two successive XRD patterns is 30 s. The color represent intensity, with blue and red 

represent low and high, respectively. 
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Figure XVI.22.9 (Contour plot of in situ SXRD pattern during synthesis of Li5.5PS4.4O0.1Br1.5 from 25°C to 600°C. The heating rate 

is 5°C/min, and the time internal between two successive XRD patterns is 30 s. The color represent intensity, with blue and red 

represent low and high, respectively. 

 

Figure XVI.22.10 The effect of holding time on the crystal structures of final products during rapid cooling: (a) 0.5 h; (b) 12 h. 

Understanding of relationship between local crystal structure and ionic conductivity/moisture stability  

To reveal the relationship between synthetic conditions, local crystal structure (lattice parameter, cell volume, 

phase fraction, microstrain, S2-/Br- site disorder) and ionic conductivity/moisture stability of Li6-xPS5-x-

yOyBr1+x, we have performed Rietveld refinement using general structure analysis systems (GSAS) on all the 
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SXRD patterns during synthesis of Li6PS5Br, Li6PS4.8O0.2Br, Li5.5PS4.5Br1.5, Li5.5PS4.3O0.2Br1.5, and 

Li5.5PS4.4O0.1Br1.5. Figure XVI.22.11 shows the representative Rwp value of Rietveld refinement results and 

selected refined SXRD patterns at different temperature in the case of Li6PS5Br. As shown, the Rwp value of 

all refined 116 patterns are below 7%, indicating a good fitting result. The refined SXRD patterns also exhibit 

a good match between experimental and calculated results.  

Figure XVI.22.12a shows the evolution of lattice parameter during synthesis of Li6PS5Br.  During heating, the 

lattice parameter exhibits a gradual increase due to thermal expansion and undergo a sudden decrease during 

rapid cooling because of thermal contraction. The refinement could also provide the evolution of phase 

fraction during heating/cooling process. As shown in Figure XVI.22.12b, starting at 400°C, Li6PS5Br accounts 

for 97.5% and then gradually increased to 100% along with increasing temperature to 600°C and stayed at ~ 

100% during cooling process.  

S2-/Br- site disorder is a key factor that can significantly affect the transport of Li+, particularly the shorter 

intercage  jump that is the limiting step.  Figure XVI.22.13 shows the crystal structure of Li6PS5Br with space 

group of F-43m. As shown, S2- nominally occupies the 4d site, but it can exchange with the Br- anion on 4a 

site. As each S2- on 4d is surrounded by six Li+ that are highly related to the Li+-Li+ jump distances, the S2-/Br-  

site disorder would therefore affect the Li+-Li+ jump particularly the intercage jump that has been identified as 

limiting step. Through Rietveld refinement, we are able to obtain the change of site disorder as a function of 

synthetic conditions. Taking Li6PS5Br as an example, we can see that the gradual heating process has led to 

gradual decrease of S2-/Br- site disorder, which should be due to more and more incorporation of S in the 4d 

and 16e sites during heating. Noted that the SXRD peak of LiBr disappeared ahead of Li2S, indicating Br 

might hence occupy 4a and 4d during the early heating process. The site disorder has reached a minimal value 

of ~ 21% between 500-600°C. While it should be noticed that the rapid cooling process can cause a significant 

increase of site disorder, which might hence help to improve the ionic transport.  

We have conducted Rietveld refinement to compare the lattice parameters and percentage of site disorder in 

the Li6PS5Br, Li6PS4.8O0.2Br, Li5.5PS4.5Br1.5 and Li5.5PS4.4O0.1Br1.5. As shown in XVI.29.14, higher amount of 

O doping caused decrease of both lattice parameter and percentage of Br-/S2- site disorder, and hence would 

cause the reduction of ionic conductivity. While high Br content could compensate for both lattice parameter 

and percentage of Br-/S2- site disorder and would thus improve the ionic conductivity. These results provided 

evidence for synthetic control to tailor the site disorder in the argyrodite sulfide solid electrolytes.   

 

Figure XVI.22.11 (a) Representative Rwp value of Rietveld refinement results and (b-f) selected refined in situ XRD patterns at 

different temperatures during synthesis of Li6PS5Br. Rwp represents the weighted profile residual, which is an indicator of 

refinement results. 
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Figure XVI.22.12 (a) Lattice parameter a, (b) phase fraction of Li6PS5Br and (c) percentage of site disorder as a function of 

temperature during synthesis of Li6PS5Br. Blue curves in (a-c) represent the temperature profile. 

 

 

Figure XVI.22.13 Crystal structure of Li6PS5Br shown in S2-/Br- site disorder. 

 

 

Figure XVI.22.14 Comparison on the lattice parameter and percentage of site disorder of Li6PS5Br, Li6PS4.8O0.2Br, Li5.5PS4.5Br1.5 

and Li5.5PS4.4O0.1Br1.5. 
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Conclusions   

In summary, during the first year of this project, we have set up a dedicated lab to synthesize, process and test 

sulfides solid state electrolytes. We have further used in situ synchrotron X-ray diffraction to probe the effect 

of dopants (Br and O) on the synthesis process of Li6-xPS5-x-yOyBr1+x, aiming to simultaneously improve the 

ionic conductivity and moisture stability of argyrodite sulfide electrolytes. A two-step calcination process has 

been developed to synthesize pure phase material, and the correlation between synthetic conditions, local 

crystal structure and ionic conductivity/moisture stability has been revealed. In FY23, we will use these 

valuable guideline to accelerate the development of Br/O co-doped Li6-xPS5-x-yOyBr1+x electrolytes, and 

measured their ionic conductivity/moisture stability and electrochemical properties as well as performance in 

all-solid-state lithium/sulfur batteries.  
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Project Introduction 

Making safe, strong, and stable solid-state electrolytes (SSEs) is essential for high density Li metal batteries. 

Using combined experimental- and computational-based methodologies, we previously gained 

interdisciplinary, atomic-level insights into solid electrolyte interfaces with metallic Li by studying LLZO and 

PEO thin films as model systems. This proposal will transfer and build upon the knowledge gained on thin 

films to create more refined composite ceramic-polymer electrolytes (CPEs) that can be synthesized in a real-

world manufacturing process. We will focus on an integrated design of critical interfaces to improve CPE ionic 

conductivity and guide homogeneous ion distribution across both anode and cathode interfaces. The study will 

be focused on the LLZO-PEO system, where nanofiber LLZO will be used to improve ion transport and 

electrochemical stability. Investigations into CPEs based on polyethylene oxide (PEO) showed that integrating 

ceramic fillers with polymers increased Li+ transport by decreasing the crystallinity of the conducting polymer 

and creating space charge regions that can enhance Li+ diffusion. The combination of Li+-conducting ceramics 

and polymers offers a new pathway to create better electrolytes with both high ionic conductivity and good 

mechanical properties. 

Objectives 

This project aims to develop well-controlled, scalable LLZO nanofiber and CPE synthesis processes that will 

address the manufacturing challenges of current SSEs and demonstrate the fabrication of large-area, thin CPE 

membranes with outstanding electro-chemomechanical properties. The outcome of this proposal will be a 

transformative manufacturing solution that can create large-area, mechanically and (electro)chemically stable 

SSEs (0 V to 4.5 V versus Li/Li+) with Li+ conductivity of ≥ 10-3 S/cm at room temperature enabling ≥ 1C 

charging rates. 

Approach  

To commercialize all-solid-state lithium-ion battery technology, further advances will require the application 

of knowledge, concepts, and tools from a variety of fields including materials science, physics, engineering, 

theory, and interfacial electrochemistry. The team’s research philosophy is to establish a synthesis-material 

characterization-computation cycle that advances synthesis, chemistry, microstructure, interfaces, and transport 

in CPEs by a coordinated, interdisciplinary approach. The team’s diverse expertise will allow them to 

understand, create, and rapidly scale up composite electrolytes to meet ambitious conductivity, energy, and 

power density targets. 

mailto:sanja@anl.gov
mailto:Simon.Thompson@ee.doe.gov
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Results  

Electrolyte Membrane Synthesis and Optimization. 

Three different routes for electrolyte membrane fabrication were explored (Figure XVI.23.1). First, we 

attempted to create cubic Li7La3Zr2O12 (LLZO) pellets directly from nanofibers at room temperature by 

hydraulic pressing with a 1-inch diameter die under 40 MPa pressure. Pure nanofiber pellets were brittle and 

porous, with highest relative density ~65%, high impedance, and low ionic conductivity around 1.3 x10-5 S/cm 

at 100°C. In order to achieve improved density, mechanical strength, and electrochemical performance, we 

developed LLZO fiber-polymer composites with the polymer matrix reinforced by nanofibers. Ideally, 

interconnected LLZO nanofiber networks form the basis of the composite, with the polymer present within the 

fiber “scaffold” to increase flexibility and provide soft interfacial contacts for the anode and cathode. Al-doped 

cubic Li7La3Zr2O12 nanofibers were formed from electrospun polymer precursor fibers after annealing at 

750°C for 2 h. LLZO fibers of a desired loading (50 wt%) were mixed with a LiTFSI-PEO solution into a 

well-dispersed slurry (EO:Li+ = 15-20 (molar ratio) LLZO:PEO = 1.4 (mass ratio)) and drop cast on Al foil or 

slot-die coated on a fast-moving web to form thin membranes. 

 

 

Figure XVI.23.1 Electrolyte Membrane Synthesis and Optimization. Schematics of cold pressing, drop casting and slot-die coating 

techniques with optical photographs of the resulting electrolyte membranes. 

Cross-sectional scanning electron microscopy (SEM) images of composite membranes are shown in Figure 

XVI.23.2. Manually dropcast samples (Figure XVI.23.2a) have an average thickness of 150 µm and showed 

surface roughness, voids, and non-uniform fiber distribution. Membranes created by our slot-die technique 

(Figure XVI.23.2b) have controllable thicknesses of 80-150 µm and show good ductility and uniform fiber 

distribution in the polymer. By accurately controlling coating pressure and gap, as well as web moving speed, 

uniform membranes of low thickness (≤20 µm) can be obtained. We will continue to improve microstructure 

with respect to nanofiber loading and spatial distribution, coating defect control, and membrane thickness by 

further optimizing ink composition and mechanical fluidic properties and coating process parameters to ensure 

dense, low-defect membranes with good LLZO fiber percolation networks. 
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To further determine the impact of coating procedure, we compared cycling of LLZO-polymer composite 

membranes with 50 wt% LLZO nanofibers. Critical current density (CCD) measurements confirmed superior 

microstructure resulted in better electrochemical performance by slot-die membranes, with CCD values of 120 

A/cm2 for drop-cast and 160 A/cm2 for slot-die coated membranes in Li-PEO-LiTFSI-LLZO-Cu cell 

configurations (Figure XVI.23.2c). While neither sample has adequate ionic conductivity (0.2 mS/cm at 60°C), 

we will continue to adjust and optimize nanofiber distribution to form a good percolation network to achieve 

high room temperature conductivity. Numerous parameters can be adjusted to improve Li+ conductivity: 

LLZO loading and composition, nanofiber size and morphology, LiTFSI ratio, and synthetic polymer 

modifications. 

 

Figure XVI.23.2 Characterization of Composite Membranes. Cross-section SEM of flexible LLZO fiber-PEO-LiTFSI CPEs prepared by 

(a) dropcasting and (b) slot-die coating. (c) Critical current density determination for drop-casted (red) and slot-die coated (blue) 

membranes in Cu-Li half-cell configuration (d) Arrhenius plot of bulk ionic conductivity for composite and polymer solid state 

electrolytes. 

Effect of Nanofibers on the Composite-Anode Interface 

The formation of a stable solid-electrolyte interphase (SEI) is critical for safe, long-life lithium metal batteries 

(Figure XVI.23.3a). It is an open question how the ceramic component in CPEs affects the SEI. To explore 

this, we performed in situ X-ray photoelectron spectroscopy (XPS) measurements on LLZO nanofiber CPEs 

before and after exposure to lithium metal. From initial XPS measurements (Figure XVI.23.3b), it is clear 

there is no LLZO at the near surface (~5 nm) of the composite. The sample was then coated with 10 nm of Li 

metal via e-beam deposition, and core-level spectra were taken over time to determine reaction products 

between the composite and Li0 (Figure XVI.23.3c). The products formed are entirely derived from PEO and 

LiTFSI, with no LLZO participation in the reaction. Inorganic, salt-derived species like LiF, Li2O, and Li2S 

form rapidly upon contact with lithium. Over longer timescales, polymer-derived products like lithium 

alkoxides (Li-OR) and alkyllithium species (Li-R) appear, indicating much slower reaction kinetics. This 

presents a heterogeneous SEI made of hard inorganics and soft organic compounds and is virtually identical to 

that of PEO-LiTFSI without LLZO. 

Electrochemical impedance spectroscopy (EIS) analysis of coin cells with 0 wt% and 50 wt% LLZO 

composites shows that the (electro)chemically formed SEIs are nearly identical, with similar interface 

resistances around 700 Ω cm2 (Figure XVI.23.3d). However, galvanostatic cycling of different composites 
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shows that the inclusion of 50 wt% LLZO nanofibers increases the critical current density by a factor of three 

compared to 0 wt% LLZO (Figure XVI.23.3e). This increase is unlikely to be due to interface differences and 

must be related to bulk structural changes from LLZO. 

To investigate this further, we used mesoscale modelling to compare lithium plating on electrodes with bad 

and good SEIs. A heterogenous, thin, and soft SEI will lead to non-uniform Li deposition and dendrite 

formation, while a homogeneous, strong SEI will help suppress dendrites (Figure XVI.23.3f). We calculated 

the effective dendrite growth velocity as a function of bulk electrolyte modulus relative to the modulus of 

lithium metal (Gelec/GLi) for the two SEI conditions. Given the soft bulk properties of our CPEs with or without 

LLZO, only a quality SEI can inhibit dendrite growth, and the SEI in all cases is weak due to the 

heterogeneous mixture of inorganic and organic products. To help explain our CCD results, we also 

incorporated the microstructure of 50 wt% LLZO nanofibers explicitly into the bulk of the model electrolyte 

(Figure XVI.23.3g). Since LLZO is stronger than Li, the dendrite is forced to push or grow around the fiber as 

lithium plates. This effectively slows the dendrite growth velocity by up to 87% at 0.2 mA/cm2 and is current-

dependent. These results show that while the nanofiber microstructures may help slow dendrites, only a strong 

SEI at the anode interface will prevent dendrites in the first place. Thus, we are actively investigating directed 

SEI formation to achieve higher current densities. 

 

Figure XVI.23.3 Nanofibers at the Interface. (a) Schematic of the composite electrolyte-lithium metal interface. (b) XPS survey scan 

of the composite, showing no LLZO and only PEO-LiTFSI at the surface. (c) XPS core level spectra of the composite before and 

after 10 nm of Li metal was vacuum deposited. Scans 1-5 represent ~1 hour of reaction time. (d) EIS data from Li-Li symmetric 

cells with 0 wt% and 50 wt% LLZO nanofiber composites over 20 hours. (e) Critical current densities for 0 and 50 wt% LLZO 

composite electrolytes with different working electrodes and Li counter electrodes. (f) Schematic of mesoscale model used to 

determine the dendrite growth velocity with poor and good quality SEIs, which shows that stronger, homogeneous SEIs slow 

dendrite growth more than heterogenous, thin, weak SEIs. (g) Addition to the model in (f) where LLZO nanofibers can physically 

block growing lithium dendrites, showing that dendrites can slow dendrite growth and prolong cell shorting by up to an order of 

magnitude depending on the current density. 
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Determining Percolation Thresholds in the Composite Matrix. 

Effective conductivity of a fiber-reinforced composite can be estimated using “effective medium theories”. In 

this particular approach, the fibers are placed in the matrix material, the perturbation in the electric field due to 

the presence of the foreign inclusion is calculated, and finally the effective conductivity of the composite is 

estimated as a function of the corresponding conductivity and volume fraction of the fibers and the matrix 

material. During this effective property estimation process, the total current and electric fields are assumed to 

be volume average of the currents and electric fields in individual phases. The advantage of these effective 

medium theories is that they can successfully estimate the effective conductivity of the composite from very 

small (~0.0 vol%) to extremely large (~100 vol%) volume fractions of the fiber materials and is not limited by 

any dilute approximations. The magnitude of the percolation threshold is estimated from the expression of 

effective properties through the assumption of a completely insulating matrix phase. With an insulating matrix, 

the minimum volume fraction of fibers that leads to a non-zero magnitude of the effective conductivity of the 

composite is characterized as the percolation threshold. It is interesting to note that the magnitude of the 

percolation threshold does not depend on the conductivity of the individual phases and depends only on the 

geometry of the fibers. In the present context, percolation threshold for LLZO fibers in PEO matrix is 

estimated using the “effective medium theory” based technique[1]. Because of the isotropic conductivity 

demonstrated by LLZO fibers, the conductivity of both the fiber inclusions and PEO polymers are assumed to 

be isotropic. However, due to the geometric anisotropy associated with the shape of the fibers, the individual 

fibers are assumed to be randomly oriented, and an orientational averaging is conducted before estimating the 

effective conductivity and percolation threshold of the composite material. 

In the effective medium theory, each fiber is approximated as an ellipsoid with a certain length and diameter. 

The percolation threshold in terms of the volume percentage of the LLZO fibers is shown in Figure XVI.23.4a. 

It is evident that as the aspect ratio of the fibers increase, percolation can be achieved with smaller fraction of 

fibrous inclusions. The percolation thresholds in weight percentage of LLZO is also, which indicates that more 

than 20 wt% LLZO fibers are needed to obtain percolation with elongated fibers of aspect ratio 10. The 

theoretical analysis presented here has several approximations: the interface between the LLZO fiber and the 

PEO matrix is assumed to be perfect and without any impurities, which is very far from the realistic 

observations; and the connection between individual fibers is expected to be perfect, such that as soon as two 

fibers touch each other, it is assumed that they start behaving as a single fiber. The interfacial resistance 

associated with ion transport from one fiber to the next is neglected. 

Determining LLZO Nanofiber Participation in Conductivity of Slot-Die Coated CPEs 

Composite polymer electrolytes were prepared via slot-die coating while varying the weight percent of LLZO 

from 0 to 50 wt%. This shows a small increase in bulk ionic conductivity with small amounts of LLZO, then a 

decrease in conductivity with higher LLZO (>10 wt%), as shown in Figure XVI.23.4b. Notably, at 50 wt% 

LLZO, we are above the expected percolation threshold and should achieve high conductivity if the nanofibers 

are in contact with each other in a percolation network. Our results indicate that this is not the case. 

Interestingly, two regions below and above 55°C (the nominal melting point of the polymer phase) are seen in 

all samples, with activation energies around 1.2 eV and 0.5 eV, respectively. This indicates further that ionic 

transport in these electrolytes is still dominated by the PEO-LiTFSI polymer phase. SEM imaging in Figure 

XVI.23.4c shows that our preparation method for coating from a concentrated ink results in the LLZO 

nanofibers being coated uniformly by the PEO-LiTFSI polymer matrix. This inhibits the percolation network 

since there is a high barrier for ion transport between LLZO and PEO. Future work will focus on adjusting the 

properties of the coating inks and slot-die parameters to ensure more intimate LLZO-LLZO contact between 

fibers while still maintaining a dense composite matrix. 
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Figure XVI.23.4 Nanofiber Percolation Threshold and Conductivity in CPEs. (a) Schematic of percolating object aspect ratio and 

calculated percolation thresholds (volume and weight percent) for LLZO nanofibers in a PEO-LiTFSI matrix. (b) Ionic conductivity of 

composite polymer electrolytes with 0, 2, 5, 10, and 50 weight percent LLZO nanofibers. 50 wt% corresponds to 20 vol% of the 

LLZO filler in the polymer matrix. (b) Scanning electron micrograph of the as-prepared composite electrolyte, showing that 

nanofibers are coated with thin layers of polymer and are likely not in direct contact with each other. 

Synthesis of Nanofibers: Dopant-Free and with Al and Ga Dopants 

Al3+ and Ga3+dopants, when inserted into bulk LLZO, are directly substituted into the lithium sublattice of 

interconnected tetrahedral and octahedral sites and show relatively little difference in formation energy with 

respect to defects on the lithium sublattice. While electrochemical impedance spectroscopy (EIS) 

measurements with blocking electrodes showed that Al-doped LLZO can achieve an ionic conductivity of 6 × 

10-4 S/cm (data not shown), Ga-doped LLZO pellets with the high purity cubic phase demonstrated a higher 

ionic conductivity of 2.3 × 10-3 S/cm, being the highest among all the reported dopants. Despite the high 

conductivity of Ga-doped cubic LLZO, we have demonstrated previously that with prolonged contact between 

Li and Ga-LLZO, interfacial resistance decreased while charge transfer resistance continuously increased over 

time due to chemical reactions at the Li|Ga-LLZO interface.[2] Our LLZO-polymer composites have the 

unique advantage of utilizing the high conductivity Ga-doped LLZO for bulk Li+ transport while preventing its 

detrimental contact with the Li electrode since the LLZO is physically separated from the electrode by the 

PEO-LiTFSI polymer phase. 

We have investigated the synthesis of LLZO nanofibers without and with Al3+ or Ga3+ dopants. Figure 

XVI.23.5a shows X-ray diffraction data for three nanofiber samples fabricated by annealing at 750°C for 2 h. 

All LLZO phases are cubic, the necessary phase for fast Li+ conduction. Minor impurity phases like La2Zr2O7 

were observed in some samples, suggesting further optimization of Li content and/or precursor compositions is 

needed.  Figure XVI.23.5b & Figure XVI.23.5c show STEM HAADF images and EDX elemental mapping of 

Al- and Ga-doped LLZO nanofibers. Both Al and Ga dopants showed a homogeneous distribution within 

fibers, which is critical for obtaining a highly conductive Li+ transport network. Importantly, we are able to 

generate cubic nanofibers with all dopants with both lab-scale and large roll-to-roll nanofiber fabrication 

equipment, showing this approach is scalable for generating Ga-doped LLZO nanofibers. 
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Composite polymer electrolyte membranes made with the three different fibers (undoped, Al-doped, and Ga-

doped) show identical flexibility and mechanical performance, indicating dopant does not impact macroscale 

electrolyte properties. Preliminary measurements with composite electrolytes show no significant change in 

bulk ionic conductivity with changing dopant, as the PEO-LiTFSI matrix still dominates conductivity (~10-6 

S/cm at 25°C and ~10-4 S/cm at 60°C) for the reasons discussed above. 

 

 

Figure XVI.23.5 Undoped, Al-Doped, and Ga-Doped LLZO Nanofibers. (a) XRD of LLZO nanofibers without added dopants and with 

Al3+ and Ga3+ dopants, all showing cubic phase. STEM HAADF images and EDX elemental mapping of (b) Al-doped and (c) Ga-

doped LLZO nanofibers showing uniform dopant distribution across multiple nanofibers. 

Conclusions   

We have accomplished several steps on the path to integrated interface design in composite polymer 

electrolytes. Slot-die coating proved the best scalable method for creating dense, uniform composites with 

LLZO nanofibers and PEO-LiTFSI polymer matrix. We are able to achieve uniform coatings of 50 wt% LLZO 

composites at thicknesses as low as 15 µm. The interface of the CPE with lithium metal anodes is dominated 

by the polymer phase, forming mixed inorganic and organic components. This heterogeneous SEI is 

unfavorable for high current densities, and only the microstructure of the strong LLZO fibers in the bulk of the 

electrolyte helps slow dendrite formation. Our future work will focus on two keys interfaces: 1) the interface 

between neighboring LLZO nanofibers and the nanofibers with PEO-LiTFSI, and 2) the electrolyte-anode 

interface. Synthetic efforts will ensure proper LLZO-LLZO contact in the matrix to improve the percolation 

network and modify the LLZO surface to lower the Li+ transport barrier between polymer and ceramic phases. 

We have successfully synthesized single-crystal LLZO nanofibers with high aspect ratio to assist in 

establishing a robust percolation network. At the same time, we will investigate the use of additives and 

secondary coatings on the anode surface to create strong, inorganic, homogeneous SEIs with low resistance 

and optimal mechanical properties to prevent dendrites at high current densities. Using our roll-to-roll slot-die 

coating techniques, we have generating artificial SEI layers to help lower interfacial resistance. We are also 

currently working with Prof. Candance Chan at Arizona State University and Drs. Marca Doeff and Mike 

Tucker at Berkeley Lab to determine the inherent conductivity of our numerous LLZO fiber compositions. 
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Project Introduction 

This work aims at developing stable and low impedance polymer/electrode interfaces for the integration of a 

thin solid composite electrolyte into a battery, to achieve chemical stability at the electrodes, high energy 

density (500 Wh/kg), high rate (1 mA/cm2) and long cycle life (80% capacity retention for 300 cycles), 

demonstrated in pouch cells.  

Our main design principle is to use an oxide ceramic as the main ion transporting phase in the electrolyte and a 

polymer electrolyte to form optimized interfaces with the electrodes as well as to provide flexibility to the 

electrolyte membrane. Oxide ceramics have the advantages of high ionic conductivity, high Li ion transference 

number and high mechanical modulus. Polymer electrolytes are soft and flexible and capable of maintaining 

good contact at interfaces. However, the adoption of composite electrolyte in a solid-state battery has two main 

technical barriers: 

1) Internal interface: a large interfacial resistance between the polymer and the ceramic electrolyte must 

be overcome. Even with an interconnected ceramic pathway to deliver good conductivity, the 

polymer-ceramic interface issue cannot be bypassed. Because we still rely on polymer to make contact 

and bridge the ceramic with the electrodes.  

2) External interface: stable and low impedance interfaces between the polymer and the electrodes 

(including the anode and the cathode) must be achieved, as this is crucial for high rate and long 

cyclability of a solid-state battery. 

Objectives 

The overall objective of this project is developing stable and low impedance polymer/electrode interfaces for 

the integration of a thin solid composite electrolyte into a battery, to achieve chemical stability at the 

electrodes, high energy density (500 Wh/kg), high rate (1 mA/cm2) and long cycle life (80% capacity retention 

for 300 cycles), demonstrated in pouch cells.  

The main objective can be dissected into 4 tasks: Task 1 is the synthesis and characterization of 

fluoropolyether polymers, or other model polymer electrolytes. Task 2 focuses on understanding and 

optimizing polymer-cathode interface. Task 3 focuses on understanding and optimizing polymer-anode 

interface. Task 4 is the integration of a thin composite electrolyte into a solid-state battery. 

Approach  

The team’s main design principle is to use an oxide ceramic as the main ion transporting phase in the 

electrolyte and a fluorinated polyether-based polymer electrolyte to form optimized interfaces as well as to 
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provide flexibility to the electrolyte membrane. Compared with inorganic electrolytes, polymer electrolytes are 

soft and flexible and capable of maintaining good contact at interfaces. However, several technical barriers 

remain. On the Li-metal side, the interface between polymer electrolytes and thin-Li and Li-free anodes is still 

at an early stage of investigation. Interface optimization using thin-Li and Li-free designs is crucial to reaching 

the DOE 500 Wh/kg target. On the cathode side, studies on the polymer/cathode interface are scarce. The 

interface resistance between polymer (catholyte) and cathode active material is not well understood. In 

addition, with a target voltage stability of 0-4.5 V versus Li/Li+, a polymer with oxidative stability up to 4.5 V 

is needed. Fluorinated polyethers have the potential to form stable and low impedance interfaces at both the 

cathode side and the anode side. By systematically examining the effects of fluorine content, polymer chain 

length and structure, and plasticization on the interfacial resistance with the cathode and the anode, a balance 

between the desolvation kinetics of Li+ and diffusion rate will be achieved to optimize the interface ion 

transport. A fundamental understanding of the origin of interfacial impedance with the cathode as well as Li-

metal anode will be developed alongside the optimization process to generate design rules for polymers with 

optimized interfaces. The team will also develop a processing procedure to integrate a thin composite 

electrolyte that was previously developed into a full cell. The composite electrolyte features an interconnected 

ceramic structure. It will be backfilled with the newly developed fluorinated polymer electrolytes. The 

mechanical properties of the composite electrolytes will be optimized to accommodate roll-to-roll processing.  

Results  

In FY22, efforts were focused on Task 1, the synthesis and characterization of fluoropolyether polymers; and 

Task 4, the integration of a thin composite electrolyte into a solid-state battery. Results on the progress of these 

two tasks are summarized below. 

The synthesis and characterization of fluoropolyether polymers.  

The synthetic scheme of fluorinated polyether-containing polymer electrolyte membranes is shown in Figure 

XVI.24.1a. Two precursor oligomers were used, a perfluoropolyether (PFPE) with bifunctional urethane 

methacrylate (Fluorolink® MD700, Solvay), and a polyethylene glycol dimethacrylate (PEGDMA, molecular 

weight 1000 g/mol, Polysciences). The precursors were mixed in a desired weight ratio in a mixed solvent. 

Two mixed solvent systems were found be able to co-dissolve PEGDMA/PFPE precursors: an acetonitrile 

(ACN) /hexafluorobenzene (HFB) mixed solvent system and a tetrahydrofuran (THF)/n-methyl-2-pyrrolidone 

(NMP) mixed solvent system. The mixtures were stirred for overnight. 0.1% initiator, azobisisobutyronitrile 

(AIBN), was then added to the mixture and vortexed for approximately 5 mins to dissolve it. The crosslinking 

reaction was carried out between two glass plates separated by cover glass slips with a thickness of 0.17 mm. 

The reaction was performed at 75 ºC for 1 hr. The crosslinked membrane was peeled off the glass plate and 

dried in vacuum oven at 80 ºC for overnight. Figure XVI.24.1b and c show the membrane morphology from 

the two mixed solvent systems. A representative composition, 60:40 w/w PFPE:PEO is shown. ACN/HFB 

solvent system produced an optically clear membrane with no mesoscopic (micrometer level) phase separation.  

THF/NMP solvent system produced an optically cloudy membrane. The phase separation length scale is on the 

order of a few micrometers. For the rest of the work, we chose to use ACN/HFB solvent system to prepare the 

crosslinked PEO-PFPE copolymer membranes.  

After crosslinking and drying of the membranes, lithium bis-trifluoromethanesulfonimide (LiTFSI) salt was 

infused into the membranes by soaking the membranes in 1M LiTFSI solution in a mixture of ethylene 

carbonate and dimethyl carbonate (1 : 1 volume ratio) solvents for 12 hrs. The dry membranes were 

subsequently thoroughly dried in a vacuum oven at 80°C for overnight. The plasticized membranes were used 

without drying.  
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Figure XVI.24.1 Synthesis of crosslinked PEO-PFPE copolymer membrane. (a) Synthesis scheme; (b, c) Scanning electron 

microscopy (SEM) images of 60w:40w PFPE:PEO membranes made using acetonitrile (ACN)/hexafluorobenzene (HFB) (a) and 

tetrahydrofuran (THF)/n-methyl-2-pyrrolidone (NMP) (b) mixed solvents. Inset of (b,c), digital pictures of the membranes. 

The structure and thermal properties of a series of crosslinked PEO-PFPE membranes were thoroughly 

investigated. The weight ratio of PFPE to PEO varied from 0:100 to 100:0, as described in Table XVI.24.1. 

Figure XVI.24.2a and b show the structure of dry membranes obtained using small angle X-ray scattering 

(SAXS) and wide-angle X-ray scattering (WAXS). In SAXS, crosslinked PEO (xPEO) did not show any 

features, indicating a homogeneous one phase morphology, both in the pristine form and after infusing with 

LiTFSI salt. Pristine PFPE membrane showed a peak at Q = 1.5 Å-1, where Q is the scattering wave vector. 

This peak arises due to the microphase separation between the hydrocarbon part of the PFPE molecules and the 

fluorocarbon part of the PFPE molecules1, 2. In 40PFPE and 60PFPE membranes, a broad peak can be 

observed, again indicating a microphase separated morphology in these membranes. The average domain 

spacing, D, can be calculated using D = 2π/Qmax, where Qmax is the Q position of the peak maxima. The D-

spacing results are summarized in Table XVI.24.1. In pristine PFPE, D = 4.2 nm. The addition of LiTFSI salt 

did not change this spacing. Since pristine PFPE is a fluorine-rich oligomer, we interpret the morphology as 

small hydrocarbon domains dispersed in a fluorine-rich matrix, with the average nearest domain spacing being 

4.2 nm. When PEO and PFPE were mixed and crosslinked together (40PFPE and 60PFPE), the copolymer 

became hydrocarbon rich. SAXS results of 40PFPE and 60 PFPE copolymers suggest a microphase separated 

morphology where fluorocarbon-rich domains are dispersed in a PEO-rich matrix, with the average D-spacing 

being 8.4 and 7.8 nm, respectively. Compared with pristine PFPE, the peaks in 40PFPE and 60 PFPE are 

broader, indicating the distributions of the D-spacings in these two samples are larger. With the addition of 

salt, the intensity of the peak decreased. This indicates that LiTFSI was infused into both the PFPE-rich phase 

and the PEO-rich phase, which decreased the contrast between the two phases. On the other hand, the domain 

spacing did not change significantly, with the addition of LiTFSI. The SPM image in Figure XVI.24.2c 

revealed a finely phase separated morphology of 60PFPE membrane, where PFPE-rich domains (the dark 

domains) on the order of 10 nm in size dispersed homogeneously in the PEO-rich matrix. This is in agreement 

with SAXS results. Pristine PFPE showed two peaks in WAXS, and pristine xPEO showed three peaks in 

WAXS. These peaks are associated with interchain spacings1, 2. 40PFPE and 60 PFPE’s peaks are convolutions 

of the pristine PFPE and xPEO’s peaks. 
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Figure XVI.24.2 Structure, morphology and thermal properties of crosslinked PEO-PFPE copolymer membranes. (a, b) Small angle 

X-ray scattering (SAXS) (a) and wide angle X-ray scattering (WAXS) (b) profiles of PFPE, xPEO, 40 PFPE and 60 PFPE in the pristine 

form and with LiTFSI salt. SAXS and WAXS measurements were taken at room temperature. (c) A scanning probe microscopy 

(SPM) phase image showing the surface morphology 60 PFPE electrolyte membranes at the nanometer scale. (d-f) Differential 

scanning calorimetry (DSC) of dry xPEO/PFPE electrolytes. (d) DSC thermogram (2nd heating) of pristine xPEO, PFPE, 60PFPE and 

40PFPE. (e) DSC thermogram (2nd heating) of xPEO, PFPE, 60PFPE and 40PFPE infused with LiTFSI salt. (f) Glass transition 

temperature (Tg) of the hydrocarbon and fluorocarbon phases of the membranes as a function of PFPE weight%. The values used 

in this plot are from samples without LiTFSI salt. 

Table XVI.24.1 Sample description and SAXS/WAXS/DSC results 

Sample 
PFPE:PEGDMA 

(w:w) 
LiTFSI wt% 

D-spacing 

(nm) 

T
g
-

hydrocarbon 

(°C) 

T
g
-

fluorocarbon 

(°C) 

xPEO 0:100 0 N/A -64.6 N/A 

xPEO-LiTFSI 0:100 45 N/A -54.3 N/A 

PFPE 100:0 0 4.2 10 - 20  -109.4 

PFPE-LiTFSI 100:0 12 4.2 10 - 20 -109.8 

60PFPE 60:40 0 7.8 -53.2 -113.5 

60PFPE-LiTFSI 60:40 23 7.4 -47.0 -115.6 

40PFPE 40:60 0 8.4 -48.7 -118.3 

40PFPE-LiTFSI 40:60 43 7.4 -40.7 -118.0 

 

Figure XVI.24.2d-f show the differential scanning calorimetry (DSC) of dry crosslinked PEO-PFPE 

electrolytes. Pristine xPEO showed one glass transition temperature (Tg) at -64.6°C (Table XVI.24.1). After 

infusing with LiTFSI, the glass transition temperature increased to -54.3°C, due to the EO-Li+ coordination. 
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Pristine crosslinked PFPE showed a Tg at -109.4°C. With LiTFSI, the Tg remained very similar, at -109.8°C. 

This indicates that fluoroether does not form tight coordination with Li+, i.e., the presence of Li+ does not 

significantly influence the segmental dynamics of PFPE. Looking very closely, the DSC thermogram of PFPE 

has another weak glass transition, in the 10°C to 20°C range. This glass transition has been reported in several 

other crosslinked PFPE systems3, 4. It’s the glass transition of the hydrocarbon portion of the crosslinked PFPE 

membranes. Although in our system, this transition is too weak to be determined accurately, it actually plays a 

very important role in the xPEO-PFPE copolymer’s ion transport properties, which will be explained 

immediately after the DSC results.  

In 40PFPE and 60PFPE copolymer membranes, two Tgs are observed in the DSC thermograms, one 

near -110°C, which is associated with the PFPE-rich phase, and one near -50°C, which is associated with the 

PEO-rich phase. The Tgs as a function of PFPE’s weight percentage is plotted in Figure XVI.24.2f. Evidently 

the PEO phase (the hydrocarbon phase)’s Tg exhibited greater than 10°C increase compared with pristine 

xPEO. Since the hydrocarbon in PFPE is highly miscible with PEO and has high Tg, it significantly increased 

the Tg of the PEO phase. The PFPE phase’s Tg also increased with PFPE’s weight percentage. This is likely 

due to the chain connectivity between the PFPE phase and PEO phase, since the domain sizes are small and the 

domains are crosslinked together.  

The ion transport and electrochemical properties of crosslinked PEO-PFPE membranes were evaluated and 

summarized Figure XVI.24.3 and Table XVI.24.2. In the dry state, crosslinked PFPE membrane showed an 

extremely low ionic conductivity of 3 × 10-10 S/cm at 70°C. The incorporation of PFPE into PEO caused 

dramatically decreased ionic conductivity – at least one order of magnitude lower than the dry xPEO-LiTFSI 

membrane. The low ionic conductivity is the result of two main contributing factors: first, the increased 

Tg of the PEO-rich phase in the copolymer membrane. Since the Li+ transport is strongly coupled to the 

segmental motion of PEO chains, an increase in Tg (decrease in the segmental mobility) leads to 

decreased Li+ mobility. Second, due to the finely phase separated morphology of the xPEO-PFPE 

membrane, the PEO phase’s tortuosity significantly increased. Li ions have to move through a much 

more tortuous path to cross the membrane to reach the electrode. This also contributed to decreased Li+ 

transport rate.  

The ionic conductivities of all the plasticized membranes were 1-2 orders of magnitude higher compared to the 

dry membranes. However, the room temperature ionic conductivity of plasticized 60PFPE-LiTFSI (1.7 × 10-5 

S/cm) is still nearly 1 order of magnitude lower than plasticized xPEO-LiTFSI (1.1 × 10-4 S/cm).   

The electrochemical oxidative stability of dry and plasticized 60PFPE-LiTFSI was evaluated and compared 

with xPEO-LiTFSI (Figure XVI.24.3c-f). A Li||Mo cell was constructed and a potentiostatic hold method was 

used to obtain the oxidative stability of the membranes. In this method, the cell voltage was increased from 

open circuit voltage to 6 V with an interval of 0.1 V. At each voltage step, the voltage was held for 1 hr while 

the current response was recorded. Figure XVI.24.3c and e show the current response of each potentiostatic 

hold from 3.1 V to 5 V. The current at the end of each 1 hr hold is plotted as a function of the step voltage, 

plotted in Figure XVI.24.3d and f.  In the dry state, both 60PFPE-LiTFSI and xPEO-LiTFSI are stable up to 

3.8V. In the plasticized state, both are stable up to 3.7 V. Although fluorine-containing compound is known to 

have high oxidative stability5, the incorporation of PFPE segments into xPEO did not effectively improve the 

oxidative stability of xPEO-PFPE membranes. This is likely because the PFPE segments formed microphase 

separation with xPEO segments and the PFPE-rich domains do not conduct Li ions effectively.  
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Figure XVI.24.3 Ionic conductivity and oxidative stability of crosslinked PEO-PFPE membranes. (a,b) Ionic conductivity of 

crosslinked PEO-PFPE in dry (a) and plasticized (b) states. (c-f) The potentiostat hold method to determine the electrochemical 

stability window of 60PFPE-LiTFSI and xPEO-LiTFSI. (c, e) Current vs time (left vertical axis) and potential vs time (right vertical 

axis). The hold time at each voltage step was 1 hr. (d, f) Current at 1 hr vs potential.  

Table XVI.24.2 shows the Li+ transference number, t+ results of xPEO-LiTFSI and 60PFPE-LiTFSI 

membranes. Compared with xPEO-LiTFSI, 60PFPE’s t+ decreased slightly, in both dry and plasticized states. 

It’s been reported that liquid PFPE oligomers may be pseudo single-ion conductors with very high t+ values.6 

Our results show that the incorporation of PFPE segments into xPEO did not improve the transference number 

of the copolymer membrane. This is again likely due to the phase separated morphology and the fact that 

PFPE-rich phase does not contribute significantly to Li ion transport of the membranes.  
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Table XVI.24.2 Li ion transference number of xPEO-LiTFSI and 60PFPE-LiTFSI  

Sample 
Measuring 

Temperature (°C) 
t

+
 

xPEO-LiTFSI 

dry 
70 0.20 

xPEO-LiTFSI 

plasticized 
20 0.066 

60PFPE-LiTFSI dry 70 0.14 

60PFPE-LiTFSI 

plasticized 
20 0.044 

 

The integration of a 3-D interconnected ceramic based composite polymer electrolyte into a solid-state 

battery.  

We synthesized and characterized a 3-dimensionally interconnected polymer-ceramic composite electrolyte 

(referred later in the text as “Trilayer with Porous LICGCTM Scaffold”) via a tape casting approach, that is in 

the form of a ~145 µm thick free-standing membrane. Figure XVI.24.4a shows schematically the fabrication 

process. First, a slurry of 1 m LICGC™ (doped lithium aluminum titanium phosphate) particles was prepared 

which was tape cast on to mylar foils. After the drying, the green tape was flexible and could be easily peeled 

off from the mylar substrate. Small discs were subsequently punched out from the green tape which were then 

sintered in dry air (1000 ºC, 3h) to obtain porous, partially sintered LICGC™ ceramic scaffolds. Freshly 

prepared thermally cross-linkable polymer precursor solution was used to infiltrate the scaffolds. Briefly, O,O′-

Bis(2-aminopropyl) polypropylene glycol-block-polyethylene glycol-block-polypropylene glycol (Jeffamine 

ED2003) and LiTFSI were dissolved in ethanol until a clear solution was obtained. The ethanol was dried off 

in a vacuum oven at RT overnight to get rid of the ethanol. Next day, poly(ethylene glycol) diglycidyl ether 

(PEGDGE, molecular weight 500 g/mol) was stirred in for an hour or so to obtain a viscous precursor solution. 

The amount of solution to be infiltrated was calculated based on the porosity of the disc to be infiltrated. After 

letting the solution infiltrate at RT overnight, the sample was placed in an oven at 100 C for complete curing. 

No liquid plasticizer is present in the samples. Next, thin layers (1-5 m) of linear-PEO+LiTFSI electrolyte 

were spray coated on both surfaces of the infiltrated samples to obtain the Trilayer with Porous LICGCTM 

Scaffold. Spray coating allowed application of uniform surface polymer layers of controllable thickness, which 

are needed to act as a physical barrier between the Li electrode and LICGCTM ceramic as it is unstable with Li. 

Besides, the soft linear-PEO+LiTFSI layer can form a conformal interface with the lithium metal anode, and is 

known to be chemically stable with lithium metal. These surface layers also allowed to understand their role in 

an interconnected composite electrolyte design. Figure XVI.24.4b shows an SEM image of the surface of the 

green tape with uneven shaped ceramic particles with an average diameter of 1 µm. Figure XVI.24.4c and d 

show the ceramic tape cross-section after partial sintering. A 3D-interconnected scaffold containing uniform 

sized interconnected particles can be observed after sintering. Figure XVI.24.4e-g show the cross-section 

images of the Trilayer with Porous LICGCTM Scaffold highlighting the middle, bottom surface, and top surface 

of the membrane. A complete infiltration of the LICGC™ scaffold with crosslinked-PEO+LiTFSI can be 

clearly seen in these images. The linear-PEO+LiTFSI layers on both surfaces are thin (<5 µm), unform, and 

well adhered to crosslinked-PEO+LiTFSI infiltrated ceramic middle layer. 
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Figure XVI.24.4 (a) Schematic representation of the fabrication process of Trilayer with Porous LICGCTM Scaffold. (b-g) SEM images 

of surface of the as-cast green ceramic tape (b), cross-section of the sintered tape (c-d), cross-section of the sintered tape after 

filling with crosslinked-PEO+LiTFSI and spray coating the two surfaces with linear-PEO+LiTFSI (“Trilayer with Porous LICGCTM 

Scaffold”) (e-g). 

We had also performed sintering of green LICGCTM tapes with various sintering profiles to study their effect 

on the resulting porosity and ionic conductivity of the resulting ceramic scaffolds, shown in Figure XVI.24.5a. 

Effect of slurry formulation in green tape was also explored, and was found to have significant impact on the 

ionic conductivity of the resulting scaffold for a given sintering profile. Based on the weight, dimensions of the 

sintered discs, and theoretical density of LICGC™ (3.05 g/cm3), the porosity (in volume %) was estimated. As 

expected, higher sintering temperatures and longer sintering times led to reduced porosity and higher ionic 

conductivity. The sample porosities ranged between 40-52 vol.%. The sample sintered at the highest 

temperature of 1100 C for 3 hours experienced significant densification (9 vol.% porosity). Although 

curiously its ionic conductivity was still only ~17% of that of the commercially obtained dense LICGC™ plate 

with ~0% porosity. To note a few more data points here, partial sintering at 1000 C for 3h of a hydraulically 

pressed LICGC™ green pellet without any binders resulted in an ionic conductivity of 1.8 x 10-5 S/cm, 

compared to 2.6 x 10-6 S/cm for a green tape made with low solids slurry, and 1.2 x 10-5 S/cm for a green tape 

made with high solids slurry.  
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Figure XVI.24.5 (a) Ionic conductivity of the unfilled LICGCTM scaffolds as a function of volume % of their porosity. (b) Ionic 

conductivity of the scaffolds compared to effective medium theory (EMT) calculations. The measured conductivities of the scaffold 

fall nicely on the GEMT curve, which predicts the conductivity of randomly dispersed percolated particles. Conductivity of another 

morphology – vertically aligned percolated particles - is also modelled using PBLM model as a comparison. (c) Arrhenius plot of 

the ionic conductivity of the Trilayer with Porous LICGCTM Scaffold. 

Figure XVI.24.5a provided an opportunity to analyze the conductivity data with respect to the effective 

medium theories (EMT) and estimate the highest theoretical conductivity achievable in the scaffolds. The 

McLachlan Generalized EMT (GEMT) is often used to describe the effective properties of particulate 

composites with randomly dispersed phases.7 The equation for the effective conductivity, 𝜎𝑒𝑓𝑓 is  

  (2) 

where 𝑔, and 𝑔𝑒 are the volume fraction of the conductive particles in the composite and the percolation 

threshold respectively, t is the percolation slope, and 𝜎𝑚  is the conductivity of the “matrix”, i.e. the material 

containing filler particles of conductivity 𝜎𝑓 . Equation 2 was solved numerically for 𝜎𝑒𝑓𝑓 and the results are 

shown together with the experimental values of the conductivity of the LICGCTM scaffold in Figure 

XVI.24.5b. These are obtained for the percolation threshold of 0.5, i.e. loose random packing limit. The 

conductivity values are normalized with respect to the maximum achievable conductivity in fully dense 

LICGCTM plate which is equal to 2.9 x 10-4 S/cm. The conductivity of the empty space was taken four orders 

of magnitude smaller than this value (to perform numerical solution with sufficiently small value), and the 

arrows indicate drop of the effective conductivity to zero. The measured conductivities of the scaffold fall 

nicely on the GEMT curve. The nice match between theoretical GEMT calculation and the experimental data 

solidly demonstrates that around the porosity of 50 vol%, the conductivity of randomly packed interconnected 

ceramic network is very sensitive to small changes of porosity. Specifically, a porosity increase from 46% to 

51% caused more than 1 order of magnitude decrease in the resulting ionic conductivity of the ceramic 

network. Furthermore, at this porosity value, the highest reasonable conductivity that can be achieved is 

approximately 1/10 of the dense plate’s conductivity. This value is significantly lower than that of the dense 

ceramic plate. And yet 50% porosity is likely a sweet spot for the scaffold to achieve in order maintain the 

connectivity of the polymer phase to ensure good flexibility. Therefore, limited ionic conductivity is one of the 

intrinsic weaknesses of such randomly oriented interconnected ceramic network. In addition to the predictions 

for the percolation driven behavior in composites, we placed the predicted conductivity based on the parallel 

brick layer model (PBLM) in Figure XVI.24.5b which provides the upper limit of conductivity achievable in 

the most favorable configuration – layers of LICGC parallel to the electric field. At volume fraction 

corresponding to the percolation threshold of particulate composite, the conductivity of brick layered structure 

is 1.39 x 10-4 S/cm. This is the ideal conductivity of the vertically aligned LICGC structure taking 48 % of the 
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volume, which is approximately 50% of the dense plate’s value and much higher than the randomly-oriented 

case. We would like to confirm this effect of ceramic network architecture experimentally in near future. 

The ceramic scaffold obtained from the high solids slurry (ionic conductivity of 1.2 x 10-5 S/cm) was selected 

for composite electrolyte preparation and testing. Arrhenius plot of the ionic conductivity of the Trilayer with 

Porous LICGCTM Scaffold is presented in Figure XVI.24.5c. The membrane has an ionic conductivity of 1.4 x 

10-6 S/cm at 20 ºC and 4.4 x 10-6 S/cm at 30 ºC. This is almost an order below the RT ionic conductivity 

measured for the unfilled ceramic scaffold (1.2 x 10-5 S/cm). This is due to the high interfacial impedance at 

the polymer/ceramic electrolyte with excess polymer layers present at the top/bottom surfaces of the composite 

membrane that dominates the overall impedance, resulting in an order lower ionic conductivity. The ionic 

conductivity of the Trilayer with Porous LICGCTM Scaffold was found to be lower than a pure crosslinked-

PEO+LiTFSI polymer electrolyte membrane at all temperatures.  

 

Figure XVI.24.6 (a) Current v. time obtained during the transference number measurement, comparing the steady state current 

obtained after 10h of polarization, for the Trilayer with Porous LICGCTM Scaffold and the pure crosslinked-PEO+LiTFSI electrolytes. 

Note, one of the plots is shifted by an hour on the x-axis for ease of viewing the initial current values. (b) Voltage profiles of 

symmetric cells made with Trilayer with Porous LICGCTM Scaffold and crosslinked-PEO+LiTFSI electrolytes, cycled at 0.2 mA/cm2, 

2.5 h each strip/plate, at 70 ºC. (c) Long-term cycling of the two symmetric cells shown in (b). 

On the other hand, the transference number was determined to be almost three times higher for the Trilayer 

with Porous LICGCTM Scaffold (~0.3) compared with the pure polymer electrolytes (~0.1 for both the 

crosslinked-PEO+LiTFSI and linear PEO+LiTFSI) (Figure XVI.24.6a). A ceramic electrolyte has a 

transference number of nearly 1.0. Hence the reduction from 1.0 to 0.3 is likely due to contributions from the 

crosslinked-PEO+LiTFSI phase, linear-PEO+LiTFSI phase and the polymer/ceramic interface. A low 

transference number leads to generation of salt concentration gradients within the electrolyte upon passage of 

current, and at high currents when the diffusion rate cannot compensate for the rate of Li+ consumption on the 

reducing electrode, a complete depletion of lithium salt can occur which are reflected in steep overpotentials 

during Li//Li symmetric cell cycling. Indeed, because of the higher transference number of the Trilayer with 

Porous LICGCTM Scaffold, flatter overpotentials are observed during cycling of the Li//Li symmetric cells 

(@0.2 mA/cm2 for 2.5h at 70 C) compared to that of a pure crosslinked-PEO+LiTFSI membrane (Figure 

XVI.24.6b) of similar thickness, despite its lower ionic conductivity. In terms of long-term Li//Li cycling, the 

Trilayer with Porous LICGCTM Scaffold cycled without shorting under the above-mentioned cycling 

conditions for at least ~1000 h (Figure XVI.24.6c). The pure crosslinked-PEO+LiTFSI was also stable towards 

dendrite formation under these conditions for the test duration. Comparison of dendrite formation at higher 

current densities was not obtained as the crosslinked-PEO+LiTFSI developed steep overpotentials due to its 

low transference number, reaching cut-off voltage soon after cycling is begun (data not shown).  

Conclusions   

In Task 1, we synthesized fluorinated polyether copolymers consisting of crosslinked network of PEO 

segments and PFPE segments. The structure, morphology, thermal and electrochemical properties of xPEO-

PFPE copolymer electrolytes were thoroughly investigated. Neat crosslinked PFPE electrolyte is a very poor 
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ion conductor with ionic conductivity of 3 × 10-10 S/cm at 70°C. The microphase separated morphology of 

xPEO-PFPE copolymers as well as the increased glass transition temperature of the main ion-transporting 

PEO-rich domains caused xPEO-PFPE’s ionic conductivity to decrease by more than one order of magnitude 

compared neat crosslinked PEO polymer electrolyte. Also due to the microphase separated morphology, 

xPEO-PFPE copolymer electrolyte did not exhibit improved Li ion transference number or improved oxidative 

stability, compared to neat xPEO polymer electrolyte, likely because the PFPE rich domains did not contribute 

to ion transport significantly. Due to the unsatisfactory performance of xPEO-PFPE, in FY23 we will switch to 

other model polymer electrolytes. 

In Task 4, a 3D-interconnected composite polymer electrolyte with a well-controlled architecture was prepared 

in a multi-step approach, and its electrochemical properties and cycling performance were investigated. 

Interconnected porous scaffolds were obtained via partial sintering of green tapes made from tape casting of 

commercial ceramic LICGCTM powders. The ionic conductivity of the unfilled porous scaffolds as a function 

of porosity was obtained by both experiment and theoretical modelling, to evaluate the maximum conductivity 

that can reasonably be achieved with this approach. The experimental results match well with theoretical 

conductivity of randomly dispersed percolated particles modelled with McLachlan GEMT theory. At a 

porosity of around 50%, the conductivity of the scaffold is very sensitive to the volume fraction of voids, and 

its maximum conductivity is approximately 1/10 that of the dense plate.  

The scaffold with ionic conductivity of 1.2 x 10-5 S/cm and 48 vol% porosity was infiltrated with dry cross-

linked PEO based polymer electrolyte and covered on two surfaces with thin layers of linear PEO based dry 

polymer electrolyte, to understand the role of excess surface polymer layers and also to act as a physical barrier 

between the lithium electrode and LATP-based ceramic. The interconnected ceramic framework avoids the 

high interfacial impedance at the polymer/ceramic electrolyte interface within the bulk of the composite 

electrolyte. However, the high impedance of such an interface with excess polymer layers present at the 

top/bottom surfaces of the composite membrane dominates the overall impedance, resulting in an order lower 

ionic conductivity (1.4 x 10-6 S cm-1 at 20 ºC) compared to the unfilled ceramic scaffold (1.2 x 10-5 S/cm at 

RT).  

Finally, an improvement in transference number is observed for the trilayer composite (~0.3 vs. ~0.1) 

compared to the pure polymer electrolytes used. The trilayer composite exhibited improved Li symmetric cell 

cycling characteristics, including higher rate capability and lower overpotential. The trilayer composite 

membrane also has improved resistance to fracture compared to a control trilayer prepared with a 100% dense 

LICGCTM ceramic plate in the middle, as was qualitatively demonstrated from the fact the former can survive 

coin-cell crimping without fracturing while the later severely fractures and could not therefore be cycled. In 

FY23 we will investigate methods to minimize the interfacial resistance between the surface polymer layer and 

the bulk composite.  
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Project Introduction 

This project aims to leverage the strong expertise and close collaboration of the team (Brookhaven National 

Laboratory, Harvard University and University of California Irvine) to address issues facing solid electrolyte 

lithium metal batteries and achieve goals set by DOE. We propose to use inorganic-polymer-composite 

electrolyte coupled with architecture design to address the issue. Composite electrolyte can inherit the merits 

of both the inorganic electrolyte part (high ionic conductivity, compatibility with cathode, good mechanical 

strength and so on) and the polymer part (good interfacial contact, tunable stability with lithium metal, facile 

thickness control, flexibility, easy roll-to-roll processing and so on). It is worth noting that the proposed 

organic-inorganic hybrid strategy is built upon the demonstrated success of a ‘combination’ strategy for liquid 

electrolyte optimizations in which combines ethylene carbonate (excellent interphase formation capability but 

poor conductivity) and some linear carbonate (great conductivity but cannot form good interphase).  

The importance and success of the architecture design for solid electrolyte, especially in addressing the lithium 

dendrite penetration issue, has been recently demonstrated by the team. We will generalize this strategy to 

composite electrolytes that include broad types of ceramic and polymer electrolytes. We will optimize the 

composite electrolyte structure—sandwiched, interpenetrated, or dispersed to strike a balance between ionic 

conductivity, mechanical stability, and electrochemical (interface) stability.  

The advantage of high energy density of solid-state batteries can only be realized by a lithium metal anode. 

Therefore, stability against lithium metal is a key property required for solid electrolyte and lithium metal 

protection is needed if the electrolyte does not have sufficient thermodynamic stability against lithium. The 

lithium metal stability issue can be addressed by engineering the interphase, a strategy that has been proven to 

be successful in liquid-electrolyte-based lithium metal batteries. It was shown that through tuning the solvation 

structure and the additive, the property of solid-electrolyte-interphase (SEI) can be engineered to favor lithium- 

ion transport across the interphase and stabilize the lithium metal anode. We propose to use similar strategies 

for the composite solid electrolyte and engineer the lithium metal SEI through the optimization of the polymer 

electrolyte composition, especially the choice of additives.   

We also aim to apply the advanced characterization tools including synchrotron and cryoEM, to help us 

understand both the interphases and the bulk properties. The interphases include lithium metal SEI, cathode-

electrolyte-interphase (CEI), and also very importantly, the interphase between polymer and ceramic in the 

solid electrolyte which is critical to the overall electrolyte performance but was very little characterized and 

understood.   

mailto:enhu@bnl.gov
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Objectives 

This project targets the following goal: the composite electrolytes will be thin (< 100 μm) and have high Li-ion 

conductivity (≥ 10-3 S/cm at room temperature), low interfacial impedance, and desirable mechanical 

properties. When used in the solid electrolyte (SE) Li-metal battery, a current density > 1 mA/cm2 and an 

aerial capacity of 2-3 mAh/cm2 can be achieved with more than 300 cycles. The constructed LiNixMnyCo1-x-

yO2 (NMC)/LiCoO2 || composite electrolyte || Li-metal cell can be operated at up to 4.5 V versus Li+/Li. The 

SE will also be compatible with high loading cathodes in achieving high energy density at the coin or pouch-

cell level. 

Approach  

The project approaches are as follows: (1) design and synthesize polymer with anion-tether strategy for high 

transference number, (2) through theories and experiments, design hierarchical inorganic electrolyte for 

suppressing lithium dendrite penetration, (3) optimize the composite electrolyte composition and structure, (4) 

use additives for Li-metal anode and NMC cathode protection, and (5) use synchrotron and cryogenic electron 

microscopy characterization to understand the bulk electrolyte and interphases. 

Results  

 

Figure XVI.25.1 (a) Schematic illustration showing the UV-polymerization route to synthesize the single lithium ion conducting SPE 

from the anionic monomer, crosslinker, and plasticizer. (b) Li+ transference number measured by the potentialstatic polarization 

method of SIC-SPE. (c) Voltage-time profile of the Li-Li symmetric cells when cycling at 0.2 mA/cm2 and 0.1 mAh/cm2 showing 

the concentration overpotential of SIC-SPE. (d) Li+ transference number measured by the potentialstatic polarization method of 

MIC-SPE. (e) Voltage-time profile of the Li-Li symmetric cells when cycling at 0.2 mA/cm2 and 0. 1 mAh/cm2 showing the 

concentration overpotential of MIC-SPE.  

In FY2022, the team has established a UV-polymerization platform to synthesize the single lithium ion-

conducting polymer electrolyte (SIC), as shown in Figure XVI.25.1a. An anionic monomer with ionizable Li+ 

counter-cation was co-polymerized with a crosslinking reagent to adjust the Li+ concentration and regulate the 

mechanical properties. The role of the plasticizer is to facilitate the solvation and dissociation of Li+ to 

improve the ionic conductivity. In sharp contrast to conventional polymer electrolytes, all the anions in SIC 

were covalently tethered to the polymer backbones, and the Li+ is the sole charge carrier. As a result, the 

unique polymer architecture design has delivered a high Li+ transference number (tLi+) of 0.86 (Figure 
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XVI.25.1b), which is four-fold higher than the conventional poly-ethylene oxide (PEO) SPE. Benefiting from 

this high tLi+, i.e., the migration and accumulation of electrochemically non-reactive anions at the SPE-

electrode interface are largely avoided. Figure XVI.25.1c shows the voltage-time curve of Li/SIC-SPE/Li cell 

at different cycling time. The SIC-SPE exhibits total overpotential of 100 mV, and a low concentration 

overpotential of 10 mV when cycling at 0.2 mA/cm2 and 22 oC (Figure XVI.25.1c). For comparison, we also 

synthesized a mixed ion-conducting SPE (MIC) containing free-mobile anions. The Li+ concentration, 

crosslinking degree, and plasticizer content of MIC were controlled to be the same as SIC, while a much lower 

tLi+ of 0.39 (Figure XVI.25.1d) was observed. As expected, the Li-Li symmetric cell with MIC also showed a 

high concentration overpotential of ~50 mV (Figure XVI.25.1e). The above results preliminarily revealed the 

critical role of tLi+ in dominating the electrochemical behavior of solid-state batteries. We will investigate its 

effect on dendrite suppression, SEI formation, and full cell durability in the next stage. 

 

Figure XVI.25.2 (a) Powder XRD (a) and impedance (b) at room temperature of as-synthesized Li5.5PS4.5Cl1.5.  

 

Figure XVI.25.3 Li5.5PS4.5Cl1.5 (LPSCl1.5) show a voltage stability to Li metal (a) and up to 6.0 V (b) in solid state batteries in cyclic 

voltammetry (CV) tests. Li/LPSCl1.5/LPSCl1.5-C (cathode composition 0.9:0.1- LPSCl1.5:Carbon black (w/w)) were collected on a 

Solartron 1455A with a voltage sweeping rate of 0.1 mV s−1 from 0.1 to 6 V. 

In FY2022, we also designed a solid electrolyte with the chemical composition of Li5.5PS4.5Cl1.5 within the 

argyrodite phase through the optimized chemical synthesis route (Figure XVI.25.2a). The electrolyte in our 

impedance measurement shows an ionic conductivity of 8 mS/cm at room temperature (Figure XVI.25.2b). In 

the cyclic voltammetry (CV) test, it shows a wide voltage stability window. The decomposition current down 

to 0 V in a direct contact with Li metal anode (Figure XVI.25.3a) is very small, and the same for the battery 

charged up to 6 V (Figure XVI.25.3b) in solid state batteries. For the low voltage region, cells were scanned 

from Open Circuit Voltage (OCV) to 0.1 V and then back to 2.5 V. For the high voltage region, cells were 
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tested from OCV to 6 V and subsequently scanned back to 2.5 V. All cells were previously pressed at 125 MPa 

and an external pressure of 38 MPa was applied during test. 

In FY2022, synchrotron soft x-ray absorption spectroscopy (sXAS) and total scattering technique pair 

distribution function (PDF) characterization of polymer electrolytes have been completed. The polymer used is 

polyvinylidene fluoride (PVDF) and the salts used include both lithium bis(trifluoromethanesulfonyl) imide 

(LiTFSI) and lithium bis(sulfonyl fluoride) imide (LiFSI). The polymer electrolyte was prepared by solvent 

casting method. PVDF and salts were first dissolved into N-methyl-2-pyrrolidone (NMP) and stirred for 24 

hours, followed by vacuum drying at 60 C for one day to form the polymer electrolyte.  

 

Figure XVI.25.4 sXAS and PDF characterization of the polymer electrolytes. (a) carbon (b) oxygen (c) fluorine K-edge sXAS of PVDF 

mixed with NMP and vacuum dried. (d) PDF results of polymer, salts and polymer electrolytes. 

Carbon, oxygen and fluorine K-edge sXAS of blank polymer (mixed with NMP and vacuum dried without 

adding the salts) are shown in Figure XVI.25.4a, Figure XVI.25.4b and Figure XVI.25.4c respectively. All 

data are measured in partial fluorescence yield mode. In Figure XVI.25.4a, the peaks at 288.4 eV, 292.8 eV 

and 295 eV correspond to the excitation of core electrons to the C-H, C-F and C-C antibonding orbitals 

respectively. Surprisingly, Figure XVI.25.4b shows there is clear oxygen signal from the blank polymer. Since 

PVDF itself does not contain any oxygen, the only possible oxygen source is the amide group in NMP which is 

also known as lactam (cyclic amide). The 532.2 eV peak in Figure XVI.25.4b indeed corresponds to the 

carbonyl antibonding associated with the amide group. Figure XVI.25.4c shows the fluorine sXAS which has 

the peak at around 689.8 eV corresponding to the σ C-F antibonding in PVDF. Figure XVI.25.4d shows the 

PDF results of PVDF (pure powder without going through mixing with NMP), salts and the polymer 

electrolytes. In general, the PDF data can be divided into the short-range region associated with the local 

structure and the long-range region that indicates the crystallinity of the materials. In the short-range region, 

the first peak (shaded) at around 1.5 Å relates to the shortest bond in these materials which can be C-F/C as in 

PVDF and S-O/N/F as in LiTFSI and LiFSI salts. The second shaded region at around 2.3 Å correspond to 

indirect correlations between atoms that are not directly bonded to each other but connected through an atom 

bonding to both simultaneously. For example, it could be the correlation between two oxygen atoms in the 

sulfonyl group. In the long-range region, it is obvious that pristine PVDF, LiTFSI and LiFSI all have good 

crystallinity as indicated by the strong oscillating peaks. After making them into polymer electrolyte, the 

magnitude of oscillation considerably decreases, suggesting the loss of crystallinity during electrolyte making. 
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This study shows how wet method affects the composition and the crystallinity of the polymer electrolyte. 

Future studies will be devoted to understanding its influence on the cell electrochemistry. 

Conclusions   

In conclusion, we established a UV-polymerization platform to synthesize the single lithium ion-conducting 

polymer electrolyte with high ionic conductivity and high transference number. We also designed and 

synthesized a ceramic electrolyte with the chemical composition of Li5.5PS4.5Cl1.5 having the argyrodite 

structure. It shows high ionic conductivity of 8 mS/cm at room temperature and high voltage stability. We 

applied synchrotron-based characterizations to understand the structure of PVDF-based polymer electrolyte.  
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Project Introduction 

This project seeks to develop polymer-inorganic composites that have an optimal combination of conductivity, 

processability, and low interfacial resistance at both a Li metal anode and a porous Li[Ni, Co, Mn]O2 (NMC) 

cathode. In an effort to enable Li metal anodes, mechanically rigid solid-state Li+ conductors, such as 

Li7La3Zr2O12 (LLZO), Li1+xAlxTi2-x(PO4)3 (LATP), and Li2S-P2S5 glasses (LPS), have been employed due to 

their high Li+ ion conductivity and, when engineered to eliminate interfacial defects, appropriate stiffness to 

suppress Li metal dendrite formation. However, for these materials to result in batteries that compete against 

current commercial cells in terms of energy density and cost per kWh, they would need to be manufactured at 

no more than 50 microns thickness and cost no more than $5 per square meter. The materials would also need 

to be engineered to be defect free (to disallow Li dendrite growth) and have anode and cathode interfacial 

resistances that remained low over 100s of cycles. These metrics are daunting for pure thin-film inorganic ion 

conductors, particularly when a porous, thick cathode also needs to be used to achieve competitive cell energy 

densities.  

To overcome these challenges, this project aims to develop polymer-inorganic composites, where high Li+ 

transference number polymer electrolytes serve as a binder for inorganic ion conducting particles.  By 

optimizing the composition of this composite electrolyte, we aim to marry the processability and interfacial 

mechanical compliance of polymers with the impressive transport properties of inorganic composites, thereby 

enabling roll-to-roll manufacturing to allow thin (<50 micron) layers of high conductivity solid-state 

conductors to be cost-effectively incorporated into batteries.  

Objectives 

In FY22, we focused on the synthesis and development of a polymer matrix for our composite electrolyte. Our 

objective is to create a high transference number polymer electrolyte using strategies inspired by our prior 

molecular dynamics simulations. We focused on high Li+ transference number polymers—those in which 

current passed through the polymer electrolyte is carried predominantly by the Li+ and not its anion—as 

inspired by Mehrotra, Srinivasan et al., who intriguingly hypothesized that ion transport through polymer-

inorganic interfaces is improved when both phases have similar transference numbers. We aimed to develop 

polymers in which trifluoromethane sulfonyl imide anions (TFSI) are appended to the polymer backbone due 

to the availability of such monomers and our experience with them. TFSI also provides high charge 

delocalization, thereby imparting high ion dissociation compared to other potential appended anions (e.g., 

sulfonates).  An additional objective was to perform studies on procured ceramic particles to quantify surface 

impurities, namely lithium carbonate (Li2CO3) on LLZO particles, so that we may understand the role of these 

impurities on ion transport through the ceramic-polymer interface. 

mailto:bmcclosk@berkeley.edu
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FY 2022 Annual Progress Report 

 Beyond Lithium-Ion R&D: Solid-State Batteries 1053 

Approach  

Our approach relies on the following key steps in FY22: 1. Using monomers with TFSI anions appended to 

them, synthesize and characterize polyanionic polymer electrolytes with high Li+ transference number and 

conductivity. 2. Through systematic material structure-property characterization, understand how to reduce 

interfacial ion transport impedance between inorganic ion conductors (specifically, thin film inorganic 

conductors such as LLZTO, LATP, and LPS) and high Li+ transference number polymer electrolytes. 3. Use 

acid titrations to quantify Li2CO3 on as-received LLZO particles. 

Results  

In FY22, we developed a reversible addition−fragmentation chain-transfer (RAFT) polymer synthesis 

procedure to reliably produce poly((trifluoromethane)sulfonimide lithium methacrylate) (PLiMTFSI) at a 

controlled molecular weight.  We have produced 20,000 g/mol and 60,000 g/mol molecular weight PLiMTFSI, 

with molecular weight confirmed by 1H nuclear magnetic resonance spectroscopy (NMR) end-group analysis 

and gel permeation chromatography (GPC).  NMR was also used to characterize the reaction kinetics of the 

20K PLiMTFSI and determine conversion and molecular weight as a function of time, as shown in Figure 

XVI.26.1.  The molecular weight predicted by conversion was verified by NMR end-group analysis and GPC. 

No melting was detected via differential scanning calorimetry (DSC) indicating the lack of crystalline domains 

in the PLiMTSFI. X-ray diffraction (XRD) results confirmed the amorphous nature of polymer, with only a 

broad XRD peak evident as shown in Figure XVI.26.2. No glass transition temperature was detected via initial 

DSC test within the range of -80°C to 250°C, however further DSC studies will be necessary to rule out any 

glass transition behavior in this temperature range.    

 

Figure XVI.26.1 Conversion and molecular weight data from a 20K PLiMTFSI synthesis. 

Once we successfully synthesized these PLiMTFSI polymers, we cast free-standing films to begin measuring 

conductivity of our neat polymers.  Solvent choice and polymer concentration was found to be important, with 

30 wt.% PLiMTFSI in methanol the best solution composition for film casting.  Drop casting directly onto 

stainless steel led to usable films for conductivity measurements, but we were unable to remove films from the 

stainless steel after drop casting.  We attempted to create a free-standing film using solvent casting with a 

doctor blade to control the thickness.  After casting onto a Teflon surface we were able to remove the 

PLiMTFSI; however, the film was brittle and difficult to transfer to an electrochemical cell without it breaking. 
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Figure XVI.26.2 XRD data showing characteristic amorphous peak for both the 60K (red) and 20K (blue) PLiMTFSI. 

 

 

Figure XVI.26.3 Conductivity of prepared PLiMTFSI single-ion conducting polymer films as a function of temperature and plasticizer 

(TMP and GCMA) content. 

To impart polymer mechanical properties that allow good film formation (and to reduce film brittleness), we 

incorporated two plasticizers in film compositions that also contained PLiMTFSI.  Glycerol carbonate 

methacrylate (GCMA) and acetonide-protected trimethylolpropane methacrylate (TMPMA) allowed us to 

explore methods of creating flexible, free-standing films, whereas films prepared from PLiMTFSI by itself 

were brittle and difficult to handle, as was expected given its high ion content.  While a reliable method to 

produce these free-standing films at a thickness of less than 100 µm is still ongoing, we were able to measure 

conductivity of various polymer/plasticizer combinations using stainless steel symmetric cells. The 

conductivity values are given in Figure XVI.26.3, which show the plasticizer content had an impact on the 

conductivity of PLiMTFSI.  While the plasticizers reduced the film conductivity, future refinements to the film 

composition, including the incorporation of plasticizers with good ion solvating properties, should provide 

improved ion conductivity.    

The plasticizers we examined above were small molecule methacrylates, and large quantities (i.e. 60 wt%) 

were required in order to observe appreciable mechanical changes in the film, which ultimately reduced ion 

content in the film and therefore conductivity.  In light of these observations, we developed RAFT polymer 

synthesis of the methacrylates, GCMA and TMPMA.  By using polymer blends of PLiMTFSI with 

polymerized GCMA and TMPMA, we hope to create systems that need less plasticizer to produce the same 

mechanical properties we saw with the small molecule additives.  Polymerizing GCMA was the focus of our 

investigation.  Additionally, identification of a suitable solvent for the TMPMA polymer synthesis proved 

challenging, as the polymer was found to be insoluble in many common solvents.  We used several procedures 
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to synthesize a GCMA polymer with a molecular weight comparable to our PLiMTFSI.  Figure XVI.26.4 

below details the 1H NMR data for a RAFT synthesis using the initiators Azobisisobutyronitrile (AIBN) in 

DMSO (top) and 4,4'-Azobis(4-cyanopentanoic acid) (ACPA) in acetonitrile (bottom).  The reaction in AIBN 

produced a conversion of near unity, but removing the DMSO from the product has proven time consuming 

and detrimental to the reaction yield.  On the other hand, our reaction in ACPA has a lower conversion (around 

85%), so the need to purify our product impacted the yield.   

In addition to polymer film synthesis and characterization, we have initiated studies on as-received LLZO 

ceramic powder.  Through an acid titration technique developed in our lab, we determined that our LLZO 

particles have significant amounts of lithium carbonate present, and through X-ray Photoelectron Spectroscopy 

(XPS) verified that carbonate is present on the particle surface.  Previous research shows that carbonate can 

have a significant impact on electrochemical performance and ion transport across interfaces, so we 

investigated how we might be able to change the amount of carbonate on the surface.  Exposing the LLZO 

particles to air for 12 hrs resulted in more carbonate forming (Table XVI.26.1, air-exposed), suggesting that 

the particles’ surface as received are not passivated and that the carbonate surface layer is not dense. 

Furthermore, a simple water washing procedure (exposure to air-free water for 5 minutes) resulted in 

approximately half of the carbonate being removed from our LLZO sample (Table XVI.26.1, washed).  These 

data are listed below in Table XVI.26.1, and demonstrate that we now have an additional, largely unstudied, 

knob that we can turn to examine its impact on Li transport properties. 

 

 

Figure XVI.26.4 NMR data for GCMA polymerization with AIBN in DMSO (top) and ACPA in acetonitrile (bottom).  The peaks at 5.7 

and 6.0 correspond to the monomer, while the double-humped peak from 0.6-1.0 represent the polymer. 
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Table XVI.26.1 Lithium Carbonate content of various LLZO samples 

LLZO Sample Type Li2CO3 wt. % 

As-received 5.56 

Air-exposed 16.17 

Washed 2.40 

Conclusions  We have successfully synthesized single ion conducting PMLiTFSI polymers with controlled 

molecular weight.  Additionally, we have successfully synthesized two additional polymers (polymerized 

GCMA and TMPMA) that serve as promising blending polymers to improve PMLiTFSI film forming 

properties and ion conductivity.  Finally, we have employed acid titrations to quantify Li2CO3 surface 

impurities on as-received ceramics, and show that LLZO is air-sensitive (carbonate content increases after air 

exposure) and that simple washing techniques can reduce carbonate impurities in LLZO powders.   
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Project Introduction 

The knowledge of lithium surface engineering and the implications for cell design of Li-metal-batteries will 

improve commercialization efforts for solid-state Li-metal batteries. There is very little standard knowledge 

about variations in the impurity level in different lithium sources, the surface chemistry of different lithium 

surfaces, and their impact on performance. Furthermore, the strategies developed to engineer the surface of the 

lithium metal for integration into Li-metal batteries will provide significant performance increases, ideally 

enabling successful commercialization. 

Objectives 

This project has three primary objectives. 1) Understand the chemistry and mechanics of native Li and its 

surfaces and correlate with electrochemical performance 2) engineer the Li surfaces to minimize interfacial 

resistance and optimize stress relief along the interface and 3) demonstrate that the engineered surface coating 

can enable batteries with a specific energy of 500 Wh/kg for at least 300 cycles. 

Approach 

This project is broken into two parts. First, the team is focused on thoroughly understanding the purity, 

mechanics, and surface chemistry of multiple lithium sources and how these parameters impact performance. 

Second, they will focus on intentional engineering of the lithium purity and surface chemistry to control the 

mechanical properties, electrochemical stability, and electrochemical performance. They will explore three 

approaches to engineer the surfaces: gas-phase passivation, deposition of thin metal coatings, and deposition of 

thin inorganic coatings. To test electrochemical performance, they will use standard ceramic and polymer 

electrolytes to demonstrate the impact of purity and surface chemistry. The program will also employ a range 

of standard and specialized characterization techniques, including a significant focus on understanding the 

mechanics of lithium metal using nanoindentation and adhesion measurements using surface 

probe microscopy. 

Results 

This first year has focused on obtaining and characterizing multiple different Lithium sources. In all the project 

studied five different Li sources labeled Supplier #1, Supplier #2, Supplier #3, and Supplier #4, and ORNL 

evaporated Li produced in-house. The Supplier #1, Supplier #2, Supplier #3, and Supplier #4 Li are all rolled 

Li metal foils with a thickness of ~ 40 µm, except for the Supplier #4 which as a standard 600 µm thick Li. 

Each of the purchased Li sources was stored in its original packaging in an Ar-filled glovebox with minimal O2 

and H2O content before characterization. The Supplier #1, Supplier #2, and Supplier #4 Li films were 

freestanding, while the Supplier #3 Li was laminated onto Cu foil. The ORNL Li was evaporated in a custom-

designed chamber using an Alfa Aesar rolled Li foil as the precursor. The Alfa Aesar foil was placed into a Ta 
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crucible and evaporated onto Cu foil at ~170 Å/s. After deposition, the chamber and all the associated Li were 

allowed to cool for several hours before 95% Ar/ 5% CO2 (99.9999% pure) gas mixture was used to vent the 

system before bringing the evaporated Li metal into the same glove box used to store the other Li foils. To 

perform the initial characterization of the films, the team performed infrared spectroscopy measurements in the 

same Ar-filled glovebox using a Bruker Alpha II Fourier Transform Infrared Spectrometer (FTIR) with 

Attenuated Total Reflection (ATR) diamond crystal module. The data is presented in Figure XVI.27.1. As can 

be seen in the data, all the Li films have some amount of lithium carbonate and lithium oxide on the surface, as 

seen by the characteristic Li oxide/ Li/salt peaks from ~400-700 cm-1 and the characteristic Li carbonate peaks 

at 800 cm-1 and 1400-1600 cm-1. In addition, the rolled foils all have some amount of hydrocarbon, indicated 

by the series of peaks between 2800 and 3000 cm-1. The Supplier #4 Li has an especially intense hydrocarbon 

peak suggesting a hydrocarbon coating on the surface that may or may not be intentional. On the other hand, 

the Supplier #3 Li has a faint but distinct silicone-based hydrocarbon signature with the characteristic Si-H 

peak at 780 cm-1 and Si-O-Si peaks between 900-1100 cm-1. While the Supplier #1 and Supplier #2 Li don’t 

have intense hydrocarbon peaks, the Supplier #1 Li has a particularly intense Li carbonate signature, and the 

Supplier #2 Li has a particularly intense Li oxide signature. The ORNL Li only has relatively low-intensity Li 

oxide and Li carbonate peaks.  

 

Figure XVI.27.1 ATIR data of the 5 Li sources studied: Supplier #1, Supplier #2, Supplier #3, Supplier #4 and ORNL Evaporated Li 

from 400 cm-1 to 4000 cm-1. 
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Table XVI.27.1 Surface Composition from XPS (at.%) Before Etching 

 Li O C F Si S N Cl 

Supplier #1 30.4 43.1 26.3 0.1 0.1 0.0 0.0 0.1 

Supplier #2 22.3 21.9 55.2 0.2 0.0 0.0 0.4 0.0 

Supplier #3 24.8 32.1 41.4 0.2 1.6 0.0 0.0 0.0 

Supplier #4 18.8 16.6 64.6 0.0 0.0 0.0 0.0 0.0 

The project further characterized the samples using X-ray Photoelectron Spectroscopy (XPS), as shown in 

Table XVI.27.1 and Figure XVI.27.1. Table XVI.27.1 presents the relative composition from an initial survey 

scan. All the samples have a significant amount of O and C on the surface, with the ORNL evaporated Li 

having the highest Li concentration. Other trace impurities, including N, F, S, Si, and Cl, are found in trace 

amounts throughout a few samples but are not significant enough to merit much discussion except for the Si 

concentration in the Supplier #2 samples. There is an appreciable amount of Si in the Supplier #2 Li 

amounting to ~1.6 at.%. This data corroborates and supports the IR data, which shows the characteristics of a 

Si-based hydrocarbon such as Silicone. A detailed look at the Li1s, C1s, and O1s (Figure XVI.27.2) reveals the 

presence of a significant amount of Li carbonate, C-C based material, a small amount of Li oxide, and a small 

amount of Li carbide in the ORNL evaporated Li. The C1s data is particularly intriguing. It suggests that Li 

carbonate-based species dominate the surface layer of the ORNL Li and the Supplier #1 Li, but that of the 

Supplier #2, Supplier #3 and Supplier #4 Li are dominated by the C-C species, likely a hydrocarbon. This 

observation aligns with the IR data where there are distinct hydrocarbon species in the Supplier #2, Supplier 

#3, and Supplier #4 Li samples. The lack of significant Li oxide peaks in the initial scan deviates from the IR 

data. It suggests that the Li oxide components prevalent in much of the IR data come from species that are 

deeper under the surface as IR probes several hundred nm at once while XPS only probes the few nanometers 

on the very outer surface. To get a better picture of the surface composition of the Li metal sources and how 

they change a function of depth, the project used the etching capability integrated into the XPS system, where 

the instrument can sputter off the surface and explore the surface composition as a function of depth. This data 

is presented in Figure XVI.27.3, focusing on the Li1s, C1s, and O1s in Figure XVI.27.3 (a),(b,) and (c), 

respectively. The carbon-based surface species quickly disappear in all the samples after <60 s of etching. The 

lone exception to this is the Supplier #1 Li, where the C-C based peak immediately disappears, but the Li 

carbonate peak remains for 250 s of etching (~50 nm). While the carbon species are etched away relatively 

quickly, rather than a pure Li metal signal appearing, a distinct Li-oxide signal appears in all the Li samples. 

This oxide is also etched away after ~300s (~60nm) for the evaporated Li, 1500s (~300 nm) for the Supplier #4 

Li, 1500s (~300 nm) for the Supplier #3 Li, 2000s (~400 nm) for the Supplier #3 Li, and 3200s (~640nm) for 

the Supplier #1 Li. While the Supplier #3, Supplier #4, and ORNL Li all have a quick decline in intensity 

suggesting a more mixed composition, the Supplier #1 and Supplier #2 Li both have a very distinct Li oxide 

layer that persists for >1000 s of etching followed by a more gradual decay in the Li oxide content. This buried 

oxide directly aligns with the IR data. 
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Figure XVI.27.2 Initial XPS data of the 5 Li sources studies:  Supplier #1, Supplier #2, Supplier #3, Supplier #4 and ORNL 

Evaporated Li, focused on the Li1s (a), the C1s (b), and the O1s (c) peaks.  

 

Figure XVI.27.3 Depth profiling XPS data of the 5 Li sources studies Supplier #1, Supplier #2, Supplier #3, Supplier #4 and ORNL 

Evaporated Li focused on the Li1s peaks with the different Li, C, and O species denoted as a function of etching time. The 

estimated etching rate based on a SiO2 standard was 12 nm/min for an estimated etch depth of ~200 nm per 1000s.  
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After the Li etching was completed, the team again took survey scans of each Li sample (Table XVI.27.2). The 

dominant signal was Li metal at greater than >97% in all cases. Each of the samples had some residual oxygen 

due to the outgassing of O from the XPS chamber walls. All other impurities, including the C and Si, were 

eliminated from the samples. The most notable impurity is Na, which appeared in appreciable amounts in both 

the Supplier #2 and Supplier #4 Li. As Na is the most common impurity in Li metal, this is likely a real 

impurity. Based on the atomic percentages from XPS, this would place the Supplier #3 and Supplier #1 Li at 

~99.6% pure. There were trace amounts of Cu identified for the Supplier #4 and the ORNL evaporated Li, but 

this is an artifact of the etching process as both have Cu substrates. A small amount of re-sputtering of Cu onto 

the surfaces is not unexpected.  

Table XVI.27.2 Surface Composition from XPS (at.%) Before Etching 

 Li O C Cu Na 

Supplier #1 96.8 2.8 0.0 0.0 0.4 

Supplier #2 98.2 1.3  <0.1 0.0 0.3 

Supplier #3 98.0 2.0 0.0 <0.1 0.0 

Supplier #4 97.8 2.2 0.0 0.0 0.0 

 

Building on the initial chemical characterization of the surface the team also performed nanoindentation and 

liquid based Li plating and stripping with the same Li sources. Nanoindentation experiments have been 

performed on metallic lithium from commercial supplier 1 and commercial supplier 3.  Representative load-

displacement curves obtained at a target strain rate of 0.05 1/s are shown in Figure XVI.27.4 (a) and (b), 

respectively. The poor reproducibility from one test to the next and the stochastic nature of each test are wholly 

consistent with previously published1 load-displacement curves obtained at very similar strain rates in high-

purity, evaporated lithium. Although not explicitly shown in Figure XVI.27.4, the in-situ surface detection was 

triggered at a contact stiffness of 40 N/m and the point of contact between the indenter tip and the surface of 

the test specimen was accurately determined to within 5 nm or less. Among the more than 200 measurements 

performed in the two commercial sources, there was no significant experimental evidence of indenter tip 

contamination. In addition, nanoindentation results obtained in a fused silica reference block show no 

discernable change in the indenter tip geometry before and after the experiments performed in lithium.  

 

Figure XVI.27.4 Representative load-displacement curves obtained in metallic lithium from a) commercial supplier 1 and b) 

commercial supplier 2. The data were obtained using a diamond Berkovich indenter tip, a target strain rate 0.05 1/s, and a target 

depth of 800 nm.  
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Figure XVI.27.5 (a) shows the average elastic modulus measured as a continuous function of indentation 

depth. The scatter in the data reflect the variability and stochastic nature of the load-displacement curves 

shown in Figure XVI.27.4. The measured modulus is well within the expected range of lithium, which is 

nominally 3 to 22 GPa depending on the crystallographic orientation. The average modulus shown in Figure 

XVI.27.5 (a) suggests both sources have very similar texture. The slight depth dependence observed in the 

modulus (from both suppliers) is unexpected and its origin is currently under investigation. Among the 

experimental factors that could potentially cause or contribute to the observed depth dependence, thermal drift, 

a systematic error in the indenter tip area function, an error in the frame stiffness, the plasticity effect, the 

amplitude of the harmonic oscillation, and substrate effects have effectively been eliminated. One possible 

explanation is a breakdown in the geometric self-similarity of the contact geometry brought about by the 

strong depth dependence observed in the measured hardness. Figure XVI.27.5 (b) shows the average hardness 

measured as a continuous function of depth. For the sake of clarity, the scatter bars have been omitted from the 

plot. For comparative purposes, the plot shows the average hardness measured at similar strain rates in an 

evaporated lithium deposited at ORNL. These data were published in 2018 [1]. In stark contrast to the 

measured elastic modulus shown in Figure XVI.27.5 (a), Figure XVI.27.6 (b) shows the hardness exhibits a 

very strong depth dependence. This general observation is well-documented in evaporated lithium [1]. The 

interesting observation here is that despite significant variations in the purity of the lithium surface, test 

specimens from commercial suppliers #1 & #3 exhibit similar behavior to that of the high-purity, evaporated 

lithium.  That said, based on work characterizing the surface of the films Supplier 1 Li had a very thick surface 

layer that was characterized by ~50 nm of Li2CO3 followed by a distinct Li2O layer. Commercial Supplier 2 on 

the other hand had a much thinner surface layer with an organic silicone layer followed by a mixed Li2O/Li 

layer. The difference in the surface chemistry of the three different Li sources may be part of the difference in 

the mechanics. More detailed analysis and understanding will be developed in the next year.  

 

Figure XVI.27.5 a) The average elastic modulus of lithium obtained from the two commercial suppliers. (b) The average hardness 

of lithium obtained from the two commercial suppliers and an evaporated lithium deposited at ORNL (data from the ORNL 

specimen were published in 2018). 

In addition to the mechanical measurements, the project also compared the electrochemical performance of all 

five Li sources in liquid electrolytes. To perform the tests, Li//Li symmetric coin cells were made using one 

type of lithium metal as both the electrodes, with the diameter of one electrode slightly larger than the other to 

ensure a well-defined active area (1/2” and 7/16”). Gen 2 (1.2M LiPF6 in EC/EMC (3:7 by wt.)) was used as 

the liquid electrolyte (25 µL per cell), and Celgard® 2325 as the separator.  After a 24 h rest at room 
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temperature, AC impedance was measured, followed by galvanostatic cycling at 0.2 mA/cm2 for 2.5 h at room 

temperature. The results are presented in Figure XVI.27.6. 

Figure XVI.27.6 (a) shows the cycling of all five Li sources. Initially there is a significant disparity in the Li 

deposition overpotential with the lowest resistance for the evaporated Li. From there the overpotential of the Li 

sources increases in the order of Supplier 4 < Supplier 3 < Supplier 1 < Supplier 2. After 8 cycles the 

resistances levels off a bit but have the same trends in overpotential. This matches with the total magnitude of 

the resistance measured in the electrochemical impedance spectroscopy (EIS) curves from 100 kHz to 0.1 Hz 

in Figure XVI.27.6 (b).  The EIS curves also clearly show at least 2 semicircles consistent with the 

heterogenous surface layers demonstrated in XPS and IR characterizations. 

In addition to the trends in overpotential, the commercial Li sources, all of which were rolled, have irregular 

plating and stripping profiles. Literature works point to the fact that these irregularities correspond to non-

homogenous Li plating and stripping, and the formation of mossy Li and dead Li.2 After 200+ hours of plating 

and stripping, the plating and stripping profiles of all but the Li from Supplier #2 have flat plating and 

stripping profiles with much lower resistance than the initial plating and stripping measurements. The 

evaporated Li still has the lowest resistance but followed closely by the Li from Supplier #4. The final three Li 

metal sources had very similar overpotentials, but while the deposition profiles for the Li from Suppliers #1&2 

have flat deposition profiles, the Li from Supplier #3 had wide swings in the deposition overpotential that 

started to get worse with each cycle after about 150 hours of cycles. Notably, the Li from Supplier #3 was the 

only Li source that had a silicon signature in the surface layer.  

 

Figure XVI.27.6 a) plating and stripping data for symmetric Li/liquid electrolyte/Li cells at a current density of 0.2 mA/cm2  for 2.5 

hours per cycle. b) EIS data after 10 cycles.  

Building on the Li cycling in liquid electrolytes, the project also performed symmetric testing with both 

standard polymer electrolytes and with sulfide based argyrodite solid electrolytes. Figure XVI.27.7 shows 

symmetric Li/electrolyte/Li cell cycling of the five different Li sources using a standard PEO-LiTFSI 

electrolyte tested at 0.1 mA/cm2 for 10 hours (1 mAh/cm2) at 70 ˚C. The polymer electrolyte membrane was 

prepared by the solution casting method, where a 5 wt.% solution of linear PEO (M.W. 400,000) and LiTFSI 

salt (3:1 by weight) in acetonitrile was cast into a Teflon dish and ambient dried. The membrane is further heat 

dried (50-60 ºC) under vacuum before transferring to a glove box for coin-cell assembly. The electrolyte used 

for all tests was made in the same batch. It is difficult to precisely control pressure in a coin cell format, 

however, the number of spacers per coin cell was adjusted to keep the total stack thickness roughly constant in 

order to account for the variation in thickness of lithium foils from various sources. Each source had different 

performance in the symmetric cell tests. The first key difference was the overpotential. For the most part the 

overpotential direclty correlates with the thickness of the interphase as measured by XPS as can be seen in 

Figure XVI.27.7 (f). The films with the highest resistance were Suppliers 1&2 which both had thick distinct 
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Li2CO3 and Li2O layers. These were followed by the Suppliers 2&3 which had a silicone based and organic 

based surface layers followed by thin Li2O layers. The lowest resistance was for the evaporated Li metal which 

also had the thinnest interphase.  The second key difference was in the capacity plated and stripped before 

failure. The best performance was from suppliers 3&4 which had the organic surface and thin interphase. The 

quickest sample to fail though was the ORNL evaported Li which had the thinnest interphase. This 

discrepancy cannot be simply explained based on the chemistry of the surface by itself. It is possible that the 

microstructure of the Li metal itself also plays a key role in dictating the capacity plated before failure. 

Regardless in all cases, the cells failed before reaching 25 cycles or 25 mAh/cm2 of cumulative capacity plated 

each direction. The dramatic difference in overpotential and subsequent failures also emphasizes the effect that 

Li source to source variation can have on performance even with nominally the same solid electrolyte. 

In addition to developing a baseline with the standard PEO-LiTFSI electrolyte the program is also developing 

baselines for argyrodite (Li6PS5Cl) sulfide solid electrolytes (NEI corporation, 3-5 µm particle size) and 

LLZTO (Toshima LLC.). Figure XVI.27.8 shows some initial results from the argyrodite solid electrolytes 

tested in symmetric Li/argyrodite/Li cells.  In this case the cells used an argyrodite electrolyte powder that was 

directly compacted in a PEEK cell along with Li metal electrodes. For these cells the argyrodite powder 

separators were consolidated using pressure alone. The project compared two different Li sources, supplier #3 

and our evaporated Li. The cells were tested at room temperature, at a current density of 0.1 mA/cm2 for 10 

hours (the same as the polymer electrolytes) under 5-6 MPa of pressure. Here one can see that the initial 

overpotential is virtually the same for both Li sources. This could be due to the high pressures being used. 

While the first cycle for both Li sources are almost the same, from the second cycle one can see a rapid rise in 

the resistance for the evaporated Li cell that gets worse each cycle. This voltage rise has been identified with 

voiding during stripping resulting in contact loss. This can be further confirmed as the overpotential during the 

rest period after cycling returns to 0V suggesting that there is still Li remaining at the surface. Notably, the 

mechanical nanoindentation data showed that the Li from Supplier #3 had on average a lower hardness at the 

small length scales compared to the evaporated Li metal. This is directly related to the ability of Li to self-

diffuse relieving stress. This difference correlates with this rapid rise in voltage for the evaporated Li metal 

cells.  

 

Figure XVI.27.7 Li/PEO-LiTFSI/Li symmetric cycling. All cells were cycled under the same conditions at 0.1 mA/cm2 for 10 hours at 

70 ˚C. a) Commercial supplier #1, b) commercial supplier #2, c) commercial supplier #3, d) commercial supplier #4, and e) 

evaporated Li. f) A plot of the thickness of the estimated interface including the surface layer and distinct Li2O layers (excluding the 

mixed Li2O/Li metal layer) vs. the resistance determined from the plating overpotential.  
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Based on both the polymer, sulfide argyrodite, and liquid electrolytes it is clear that the Li source clearly plays 

a key role in determining the performance and ultimate failure. The data also suggests that while the 

overpotential is strongly influenced by the surface layers, the failure may also be significantly impacted by the 

microstructure or differences in the bulk Li metal.  

 

Figure XVI.27.8 Li/LiPSCl Argyrodite (NEI)/Li test under 5MPa of pressure at room temperature at a current density of 0.1 mA/cm2 

for 10 hours. Red – Commercial supplier #3, Purple – Evaporated Li.   

Conclusions   

• The surface of Li metal strongly depends on the source. Different manufacturing process and storage 

processes dramatically impact the thickness and composition of the Li metal surface.  

• The thickness and composition of the surface layer directly effects the interfacial resistance of Li 

metal in both liquid electrolytes and in solid polymer electrolytes.  

• The failure mechanisms for solid electrolytes, while impacted by the surface, is not the only property 

of the Li metal that impacts the ultimate failure. Microstructure and its associated mechanics also 

appear to play a critical role in determining when Li filaments will penetrate solid electrolytes causing 

failure.  
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Project Introduction 

The realization of practical SSBs requires addressing several critical gaps in materials, synthesis, and 

processing, simultaneously. Advances in scalable processing of superionic solid electrolytes (SEs), stabilizing 

electrode-electrolyte interfaces and promoting long cycle life are all needed to meet the energy density and 

cost targets for next-generation batteries for electric vehicles. For SSBs to attain both high energy density and 

long cycle life, one of the most critical issues to solve is the electrolyte-cathode interface, where significant 

losses occur due to oxidative instabilities, poor wettability, and interfacial contact loss during cathode 

volumetric expansion. This problem is exacerbated in the case of high voltage cathodes, where the electrolyte 

instability leads to the formation of reactive interphase that could block lithium transport and increase area-

specific resistance (ASR) between the cathode-SE.  

Objectives 

The project aims to develop low-temperature solution-based synthesis strategy for high ionic conducting 

halide-based solid electrolyte (SE) and to enable approaches to develop a scalable process for integrating 

halide-based SE within porous high-voltage Li-ion cathode matrix. The proposed tasks and metrics aim at 

addressing the long-term Vehicle Technologies Office goal for developing SSBs at ambient temperature with 

energy density in the range of 500 Wh/Kg and 1000 Wh/L for electric drive vehicles. We will demonstrate 

single-layer, pouch-cell SSB containing a thin halide SE separator coupled with high-voltage cathodes with 

70% capacity retention over 300 cycles at 2 mA/cm2 in an anode-free SSB configuration that can attain 1000 

Wh/L in prototype cells. If successful then we will decrease the cost of SSB manufacturing while enabling 

high energy density cathode architectures.   

Approach 

The project employs a multifaceted approach: (1) conduct solution-based synthesis of the metal halide 

superionic conductor as the platform to enable robust cathode-electrolyte interface processing for SSBs, (2) 

infiltrate pore structures using solution-based processing that deposits high-conductivity SEs within cathode 

pores, and (3) facilitate lithium transport and improve stability using cation doping (divalent to introduce 

lithium vacancies, and lanthanum to prevent indium redox). 
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Our approach for the Years 1 and 2 aim at developing low-cost, solution-based synthesis routes to produce a 

halide class of superionic conductor belonging to Li3MX6 (where M = Sc, Y, La, Er, In, and X = Cl, Br, I) 

along with enabling electrochemical and structural characterization. 

Results  

To-Date Milestone overview: 

1. Produce gram-scale quantities of Li3InCl6 SE using solvent-phase synthesis. (Completed) 

2. Obtain phase-pure Li3InCl6 thin pellets with ~1 mS/cm-1 conductivity (Completed). 

3. Utilize neutron diffraction, XPS, and Raman and electron microscopy to characterize Li3InCl6 SE 

(Completed) 

4. Compare the structure and Li+ conductivity of Li3InCl6 prepared through solvent-mediated vs. 

mechanochemical >5g batch of with ionic conductivity in the range of 1 mS/cm-1 (Completed). 

Our first goal was scaling up Li3InCl6 synthesis from two solvent systems: ethanol and water (Q1 and Q2 

objectives). We weighed out stochiometric amounts of InCl3 and LiCl in a 1:3 ratio. We then dissolved this salt 

mixture in solvent, about 20 mL per 2 g for water or 50 mL per 2 g for alcohols. Solutions were sonicated 

while heating at 60 ºC for 1 h, before loading onto a rotovap for in vacu solvent removal. The rotovap bath was 

set to 50 ºC for 1 h then 80 ºC for an additional hour. The resulting clear/colorless syrup was then placed in a 

10-4 torr vacuum over at 80 ºC overnight. The material was then brought into an Ar-filled glovebox and loaded 

into a vacuum tube furnace and heated at 150 ºC for 4 hours (ramp rate was 2 ºC/min) and naturally cooled to 

room temperature. Conductivity was measured on a 10 MPa cold pressed pellet using a SP240 Biologic 

potentiostat.  

The largest product yield to date is 11 g at 97% yield and was only limited by the rotovap flask volume. At the 

beginning our major impurity was LiCl; in fact, this impurity tends to plague some batches. We found that 

adding 10% stoichiometric excess of InCl3 drastically reduces LiCl impurity level. However, this appeared 

initially to come at the cost of conductivity. The best room temperature conductivity to date is 0.1 mS cm-1. 

The addition of excess InCl3 increases the apparent grain boundary resistance. Our working hypothesis is that 

the excess InCl3 fills in occupancies within the structure, which is a layered structure that houses Li within the 

galleries. Because all the In sites are at full occupancy, pressing a pellet introduces anisotropic effects on 

conductivity. Our next step is to test this hypothesis by combining high resolution XRD with pressure-resolved 

impedance spectroscopy on pellets. From this we should be able to relate excess indium loading with In site 

occupancies/anisotropic strain with ionic conductivity. 

After successfully scaling up the synthesis of Li3InCl6 in two solvent systems: ethanol and water we turned to 

improving the time it takes to synthesize large batches of Li3InCl6 is on the order of 3 hours, with the rate 

limiting step being removal of bulk solvent. Before, LiCl was the major impurity and was present in 0-5% by 

mass (estimated via XRD). We found that synthesis from ethanol produced greater LiCl impurities and were 

less consistent. To probe this fact, we systematically increased the amount of InCl3 from 0% excess to 20%. 

We found that 10% excess of InCl3 was enough to force the reaction to completion (see Figure XVI.28.1).  

This systematic increase was also done for synthesizing from H2O. The XRD showed little change as synthesis 

from H2O is robust, producing pure product with little art required. However, the ionic conductivity increased 

with the addition of 10 and 20% excess InCl3. This is different from the ethanol-derived sample where we see 

a decrease in overall conductivity. This decrease seems to come from grain boundary issues. In conclusion, the 

addition of rare earth improves synthesis purity and may improve overall ionic conductivity.  
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Figure XVI.28.1 Results of the large scale Li3InCl6 synthesis with 10% excess InCl3 from Ethanol solution. Top: XRD shows no 

impurities other than Al substrate. Bottom left: Nyquist plot shows electrolyte is highly conductivity with some grain boundaries 

present after pressing at 5 MPa. Bottom right: Arrhenius plot shows product is a superionic conductor with low activation energy. 

The suggestion above is further supported by the results from the mechanical synthesis route (Figure 

XVI.28.2). We systematically adjusted the amount of excess InCl3 from 0 to 20%. We milled the precursors 

for 16 h in a plenary mill. The milling was enough to obtain near phase pure product though the XRD shows 

very broad diffraction peaks suggesting the product is nanocrystalline or highly defective/disordered. The 

conductivity was found to be high, 0.25 mS cm-1 at room temperature with energy of activation being 0.32 eV. 

Annealing at 150°C for 5 h improved the ambient ionic conductivity, 0.40 mS cm-1 with 0.30 eV. These results 

are in line with H2O-based synthesis and therefore different from ethanol-based. This supports the idea that the 

Li3InCl6, synthesized from ethanol is different. Although this difference may just be surface level, this is the 

very region that results in grain boundaries and impedes overall ion transport.  In conclusion, mechanical and 

H2O-based synthesis have little grain boundary resistances while Ethanol-based had significantly more, 

suggesting surface termination difference.  
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Figure XVI.28.2 Arrhenius plot of overall conductivity of Li3InCl6 as a function of different synthesis methods and Li3InCl6 excess 

amounts. 

We tested the hypothesis that the excess InCl3 fills in occupancies within the structure, which is a layered 

structure that houses Li within the galleries (Figure XVI.28.3). This means that the material becomes a more 

layered-like structure with increased InCl3 and therefore the application of pressure (to make a device) may 

induce some anisotropic effects on conductivity. We conducted a pressure-resolved measurement and show 

that the conductivity increases with pressure until ~33 MPA. After this the conductivity decreases 

substantially. When the pressure is released back to the starting value the conductivity slowly improves. This 

suggests that high pressure induces some change to the bulk material, either aligning it or chemically changing 

it. This is important information to know when we start making full-cell devices in years 3-4. We can now 

expect that while high pressures may improve cathode-electrolyte adhesion, they will affect bulk properties, 

perhaps negatively. In conclusion, excessive pressure induces structural or bulk alignment changes in bulk 

Li3InCl6 that results in decreased overall conductivity (increased grain boundary resistivity). 

We have made our first Li3InCl6 infiltrated membrane, pictured below in Figure XVI.28.4. We tried infiltrating 

commercial polypropylene (Celgard); however, neither H2O nor Ethanol solutions wet the material and 

therefore do not penetrate. That said, it does appear visually that a thin yet inhomogeneous Li3InCl6 layer can 

be deposited atop this membrane. The successful infiltration occurred when we used a highly porous 

polyaramid membrane (Dreamweaver Gold). The Li3InCl6 coats the fibers from ethanol very well. We are in 

the process of pressing these membranes and taking conductivity measurements. We speculate membranes 

with porosity of >70% and little-to-no micropores is required for successful infiltration and electrolyte 

synthesis in this form factor. Figure XVI.28.4 shows that the Li3InCl6-coated separator becomes more textured 

and contains a large number of small sparkling deposits. That said, the loading for this sample was poor and 

the resulting conductivity neigh nonexistent. We are progressing by using dip casting into hot (80°C solutions) 

as we believe that the poor loading is due to using overly dilute solutions.  
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Figure XVI.28.3 Nyquist plot (left) and Bode plot (right) showing pressure induced effects of Li3InCl6 conductivity.  

 

Figure XVI.28.4 Optical micrographs of Dreamweaver Gold porous membranes before and after Li3InCl6 infiltration from ethanol 

solution precursor. 

We have been successful in using neutron scattering to probe the difference between H2O-mediated synthesis 

and ethanol-mediated synthesis of Li3InCl6. Figure XVI.28.5 shows that ethanol-mediated synthesis occurs 

differently than H2O-mediation. Here, we see that upon a base drying at 60°C, LiCl and InCl3 are seen along 

with a third unknown phase. Heating this solution to near 100°C shows that the InCl3 and the unknow phase 

drop out, and is replaced by an intermediate phase. The presence of LiCl does not change though, the peaks 

corresponding to LiCl does decrease by 20%. Heating to 120°C, shows that the Li3InCl6 product forms along 

with further decrease in LiCl signals. At 150°C phase pure product is achieved. For H2O (reported in [1]), 

there was two intermediate phases and there was no detection of LiCl. This suggests that for ethanol-

synthesizes samples, LiCl may exists in trace amounts or be more descriptive of the grain boundaries. This key 

difference led us to investigate how Li3InCl3 synthesized from ethanol evolved during full cell cycling. 
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Figure XVI.28.5 In situ neutron diffraction of Li3InCl6 being synthesized from ethanol solution.  

 

Figure XVI.28.6 Scanning electron micrograph (SEM) cross-sections of a Li-In alloy/NMC85 full cell that uses ethanol-derived 

Li3InCl6 as the bulk solid electrolyte and the electrolyte within the cathode. After 50 cycles we see extensive delamination in both 

the cathode- Li3InCl6 composite and also the bulk Li3InCl6 itself. 

Yan Yao’s group at the University of Houston have been testing the full cell cycling stability of the Li3InCl6 

solid electrolytes. Thus far, the material has been used to access 170 mAh of the NMC85’s 220 mAh 

theoretical capacity during the first cycle; however, the capacity rapidly decays. These cells were pressurized 

at 5 MPa, which is significantly lower than literature reports of 200 MPa. Figure XVI.28.6 reveals the likely 

cause capacity fade is the solid electrolyte delaminating from the NMC cathode. We can see that the grains 

become readily distinguishable in the SEM and voids can be seen. Interestingly, in the bulk we see similar 

delamination and void formation. It appears, therefore, that pressure and/or cycling induces large scale 

relaxations. We also saw in the previous quarter that grain boundary impedance is highest in ethanol 

synthesized products. Putting all this together, it seems that ethanol-synthesized samples may contain trace 

LiCl that may collect at gains. These nano sized LiCl domains affect cycling performances by leading to more 

and more delamination that cannot be overcome by mere addition of pressure.   

We have concluded that while alcohol-based synthesis is indeed faster and can occur at lower temperatures, 

LiCl forms during ethanol drying and then reacts with an intermediate phase. This mean that trace LiCl may 

remain after heating to 150°C. We will test the overall performance of these materials after annealing at 200°C 

to see if they are more robust. 
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Conclusions   

1. We confirmed that aqueous synthesis of Li3InCl6 is robust, supplying reproducible products at large 

scale. We found that while alcohol-based synthesis methods result in fairly pure products, LiCl 

remains the principal form of impurity. That said, this impurity does not affect lattice conductivity, 

rather it seems to adversely affect the grain boundary resistance 

2. There is little difference between mechanochemical synthesized product and the aqueous phase. 

Annealing the mechanochemical synthesized product does increase the grain boundary resistance. 

This suggests that the as-milled powder could be cold pressed in a roll-to-roll processing stream. 

3. Grain boundary effects on ionic conductivity is affected by pressure and Li3InCl6 delaminates after 

extensive cell cycling. We confirmed that the processing and perhaps final annealing of the solid 

electrolyte plays a major role in device performance. 

For year 2 we will focus on Li3YCl6 and testing compatibility with low to zero strain cathodes and continue in 

developing thin films less than 100-μm thick. 
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Project Introduction 

Polymer electrolytes (PEs) offer increased stability in lithium batteries in comparison to more widely used 

liquid electrolytes (LEs).  Block copolymer-based electrolytes containing both soft, ion-conducting domains 

and rigid, nonconducting domains offer the opportunity to tune both mechanical and electrical properties 

separately. Most block copolymer electrolytes studied thus far comprise PEO as the conducting domain. The 

team hopes to develop polyester-based electrolytes that exhibit much higher transport properties and limiting 

currents than PEO-based electrolytes.  An all-solid full cell with this new block copolymer electrolyte, a Li-

metal anode, and an NMC cathode will have much higher energy density than current Li-ion technology. 

Objectives 

The project objective is to design and synthesize polyester based block copolymer electrolytes that can enable 

full-cell cycling at 1 mA/cm2 or greater for 300 cycles. The cell comprises Li-metal anode, 4.5 V NMC 

cathode, and thin separators (20-50 µm) casted from the aforementioned block copolymer. 

Approach  

The team will begin by synthesizing several series of polyester homopolymers and fully characterizing their 

blends with lithium salts as PEs in Li-Li symmetric cells. Next, they will make block copolymer electrolytes 

based on the most promising homopolymer candidate and measure the electrochemical and mechanical 

properties thoroughly. Finally, they will assemble full cells with the optimum block copolymer electrolytes 

together with lithium metal and a 4.5 V NMC cathode. 

Results  

New Project: Design and synthesis of new polyester-based electrolytes 

We developed a general and efficient synthesis platform to make polyesters. Several poly(alkylene malonates) 

were synthesized through condensation polymerization of dimethyl malonate and the corresponding diol, as 

shown in Figure XVI.29.1 (Scheme 1). Ethylene glycol, 1,3-propanediol, 1,5-pentanediol, and 1,6-hexanediol 

were employed individually to make poly(ethylene malonate) (PEM), poly(trimethylene malonate) (PTM), 

poly(pentylene malonate) (PPM), and poly(hexylene malonate) (PHM). Heat and vacuum are employed for 

complete condensation but different conditions are required for each monomer. For PPM and PHM, 

transesterification catalyst Ti(OiPr)4 was used to aid polycondensation reaction at a lower temperature. 

Molecular weights of these polymers were in the range of 4–10 kDa based on the end group analyses of their 
1H NMR spectra. Gel permeation chromatography (GPC) revealed the polydispersity to be around 2 by virtue 

of condensation polymerization. Differential scanning calorimetry (DSC) shows that all these polymers are 

amorphous and the glass transition temperature (Tg) value decreases with increasing chain length of diol (n). 

Very high -OH end group functionality (>95%) is observed in PPM. This feature allows us to functionalize the 
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chain ends and make block copolymers in the future. More recently, we are able to make PPM with a 

molecular weight as high as 35 kDa. 

 

Figure XVI.29.1 Scheme 1. Synthetic scheme and nomenclature of polyesters made for this project. 

All four polyesters form soluble complex with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt. 

Blends of 40 wt% LiTFSI and 60 wt% polymer are amorphous. Their Tg values increased compared to 

homopolymers. The physical properties of these four polymers and blends are summarized in Table XVI.29.1. 

We then examined the Tg of PPM/LiTFSI electrolytes under a wide range of salt concentrations. In Figure 

XVI.29.2, we are showing a comparison of Tg data with PEO. While Tg of PEO/LiTFSI blends has a 

nonmonotonic dependence on salt concentration (r), Tg of PPM/LiTFSI blends increase linearly with 

increasing r. Moreover, all PPM/LiTFSI blends are fully amorphous. These thermodynamic studies show great 

promise of these polyester/LiTFSI blends to be electrolytes in lithium batteries. 

Table XVI.29.1 Structural characterization of polyesters made for the current project 

Name Mn (kg mol-1) Đ Tg of pure 

polymer (°C) 

Tm of pure 

polymer (°C) 

Tg of 

electrolyte 

(°C) 

PEM 3.7 2 -20 NA 0 

PTM 10.3 2 -35 NA -10 

PPM 9.6 2 -50 NA -20 

PHM 5.8 2 -60 NA -25 
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Figure XVI.29.2 Effect of salt concentration (r) on the Tg of PPM/LiTFSI and PEO/LiTFSI electrolytes. 

Conductivity measurements of the polyester electrolytes 

Once the polyester synthesis method was standardized, we measured the conductivity of electrolytes based on 

all four polymers. The structures of the four polymers are shown in Figure XVI.29.3a. We made four polymer 

electrolytes comprising 40 wt% of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt and 60 wt% of 

each polymer. We define salt concentration as r = [Li]/[O], where all the oxygen atoms in the polymer are 

counted (a total of four in every repeating unit in Figure XVI.29.3a). Due to the difference in molecular 

formula of these polymers, r falls between 0.07–0.11. The well-studied PEO/LiTFSI system exhibits a broad 

maximum in conductivity in this range of r values.1 In Figure XVI.29.3b, we show ionic conductivity (𝜅) 

values of these electrolytes measured in lithium-polymer-lithium symmetric cells at 90°C, along with their 

glass transition temperature (Tg) values. Ionic conductivity increases drastically with the increasing chain 

length of diol until n = 5. This is expected because ion transport is usually facilitated by low Tg polymers. 

PPM/LiTFSI electrolyte almost has an order of magnitude higher conductivity than the PEM/LiTFSI 

electrolyte, reaching 10-3 S/cm at 90°C. This is comparable with PEO/LiTFSI electrolytes reported in 

literature.1 The ionic conductivity decreased when n was increased from 5 to 6. This preliminary screening 

suggests that PPM/LiTFSI electrolyte has the optimum ionic conductivity among this series of polyester-based 

electrolytes. 
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Figure XVI.29.3 a) Structures of a series of poly(alkyl malonates) synthesized for this project. b) Ionic conductivity (𝜅) (blue 

squares) and glass transition temperature (Tg) (red circles) of polymer electrolytes comprising 40 wt% of LiTFSI salt at 90°C. 

The effect of salt concentration (r) on 𝜅 of PPM/LiTFSI electrolytes is shown in Figure XVI.29.4. Also shown 

in this figure are values of the same parameters for PEO/LiTFSI electrolytes as reported in literature.1 The 

conductivity of PPM/LiTFSI electrolytes in the range 0.02 ≤ r ≤ 0.10 is about 10-3 S/cm. These values are 

close to the conductivity of PEO/LiTFSI electrolytes. In the range 0.10 ≤ r ≤ 0.20, 𝜅 of PPM/LiTFSI 

electrolytes drifts towards values that are significantly lower than PEO/LiTFSI electrolytes. 
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Figure XVI.29.4 The effect of salt concentration r on ionic conductivity, 𝜅, of PPM/LiTFSI (blue circles) and PEO/LiTFSI (black 

squares) electrolytes at 90°C. Data for PEO/LiTFSI electrolytes were taken from previous work.1  

Symmetric cell characterization 

We first examined the effect of polymer structure on the current fraction of different polyester electrolytes. The 

structures of the four polyesters, poly(alkyl malonates), are shown in Figure XVI.29.5a. We made four 

polymer electrolytes comprising 40 wt% of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt and 60 

wt% of each polymer. We define salt concentration as r = [Li]/[O], where all the oxygen atoms in the polymer 

are counted (a total of four in every repeating unit in Figure XVI.29.5a). Due to the difference in molecular 

formula of these polymers, r falls between 0.07–0.11. The well-studied PEO/LiTFSI system exhibits a broad 

maximum in electrolyte efficacy in this range of r values.1  

The symmetric cells were assembled by placing the electrolytes within silicon spacer with an inner hole 

diameter of 3.175 mm and 254 μm thickness. It was then sandwiched between nickel backed lithium 

electrodes. Finally, it was attached with nickel current collector and sealed within a pouch material. In Figure 

XVI.29.5b, we show current fraction (𝜌+) values of these electrolytes measured in lithium-polymer-lithium 

symmetric cells at 90°C. We observed very high current fraction values (around 0.6) for all four polyester 

electrolytes. This is about six-fold of the current fraction of PEO/LiTFSI electrolyte (less than 0.1). From our 

study on conductivity we know that PPM/LiTFSI has the best conductivity among the four polyester 

electrolytes. Thus, we decide to focus on PPM/LiTFSI for the rest of our study. 
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Figure XVI.29.5 a) Structures of a series of poly(alkyl malonates) synthesized for this project. b) current fraction of polymer 

electrolytes comprising 40 wt% of LiTFSI salt at 90°C. PEO stands for benchmark poly(ethylene oxide). 

The effect of salt concentration (r) on the current fraction (𝜌+) and electrolyte efficacy (𝜅𝜌+) of PPM/LiTFSI 

electrolytes is shown in Figure XVI.29.6. Also shown in this figure are values of the same parameters for 

PEO/LiTFSI electrolytes as reported in literature.1 The 𝜌+ values of all PPM/LiTFSI electrolytes are all about 

0.6 in the range 0.01 ≤ r ≤ 0.15, while the 𝜌+ values of PEO/LiTFSI decrease from 0.18 to 0.07 with 

increasing r from 0.01 to 0.14. The 𝜅𝜌+ value of PPM/LiTFSI electrolytes are higher than PEO/LiTFSI 

electrolytes across all salt concentrations, with a maximum of 3×10-4 S/cm at r = 0.06. This is about 50% 

higher than the best efficacy of PEO/LiTFSI electrolyte observed at r = 0.08. 

 

Figure XVI.29.6 The effect of salt concentration r on a) current fraction, 𝜌+, b) electrolyte efficacy, 𝜅𝜌+, of PPM/LiTFSI (blue circles) 

and PEO/LiTFSI (black squares) electrolytes at 90°C. Data for PEO/LiTFSI electrolytes were taken from previous work.1  
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We further examined the effect of salt concentration (r) on the salt diffusion coefficient (D) of PPM/LiTFSI 

electrolytes is shown in Figure XVI.29.7. The D values of all PPM/LiTFSI electrolytes are near 10-7 cm2/s, the 

same magnitude as PEO/LiTFSI electrolytes. 

 

Figure XVI.29.7 The effect of salt concentration r on salt diffusion coefficient, D, of PPM/LiTFSI (blue circles) electrolytes at 90°C. 

The concentration cell was prepared by creating a channel of (4 cm X 1.5 mm) dimensions in a 250 μm thick 

silicone spacer. Half of the channel was filled by electrolyte of reference salt concentration (r = 0.08) whereas 

the other half was filled by electrolytes of different salt concentrations, r. Nickel backed lithium electrodes 

were placed at the two sides of the channels and the assembly was vacuum sealed. The cells were annealed at 

90°C for 24 h before the cell potential, U, was recorded. Experiments were repeated with 3-4 different cells at 

each salt concentration to ensure the reproducibility. (See Figure XVI.29.8.) 

 

Figure XVI.29.8 Concentration cell open-circuit potential (U) as a function of natural log molality (ln[m]) at 90°C. The fit is shown in 

dashed line. Three data points at each salt concentration represents reproducibility of the data. 
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Finally, oxidative stability of the PPM electrolytes was compared against PEO electrolytes using linear sweep 

voltammetry technique in a lithium / polymer (r = 0.02) / stainless steel cell. Figure XVI.29.9 shows that PEO 

based electrolyte gave rise to oxidation currents above 0.01 mA/cm2 in the 3.5 – 5 V window, whereas, the 

PPM electrolyte exhibited current densities below 0.01 mA/cm2 in the 3.5 – 5 V window. Thus, PPM exhibits 

higher oxidation current than PEO electrolyte.  

 

Figure XVI.29.9 Linear sweep voltammetry (3–6 V vs Li+/Li) of PPM and PEO electrolytes at 90°C. The scanning rate is 1 mV/s. 

The efficacy of PPM polymer to conduct sodium metal ion is tested by making electrolyte of PPM/NaTFSI at r 

= 0.06 (r = [Na+]/[O]). Figure XVI.29.10 represents the chronopotentiometry data of sodium / polymer (r = 

0.06)/ sodium cells at a current density of 0.125 mA/cm2. The inset represents the impedance spectra before 

and after the polarization. Based on the experiment the conductivity (𝜅) and current fraction (𝜌+)of the 

electrolyte is 𝜅 = 6 × 10-4 S/cm and 𝜌+ = 0.54 at 80°C and the electrolyte was found to be stable against 

sodium metal electrodes.  
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Figure XVI.29.10 Chronopotentiometry curve of a sodium/polymer/sodium symmetric cell with a PPM/NaTFSI electrolyte at r = 

0.06, under a current density of 0.125 mA/cm2 at 80°C. The inset is the normalized Nyquist plot before and after polarization. 

Conclusions   

In the present research, the efficiency of new polyester-based electrolyte against lithium metal has been 

investigated. The major conclusions are summarized below 

• A variety of polyester based electrolytes of varying chain lengths were successfully designed and 

synthesized.  Among various polyesters, poly(pentyl malonate) (PPM) exhibited highest conductivity 

and current fraction value 

• The conductivity of PPM electrolytes is similar to PEO electrolytes however PPM exhibit almost 50% 

higher current fraction value. Therefore, the effective conductivity of PPM is higher than PEO making 

it a better electrolyte 

• PPM also exhibited higher oxidative stability than PEO electrolytes 

• The polymer could also act as a promising candidate for sodium ion battery. 
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Project Introduction 

In the past decades, a continuous effort has been paid to developing high-energy density lithium-ion 

chemistries without sacrificing their safety performance for automobile applications. Conventional non-

aqueous electrolytes have been the bottleneck for further increase in both the energy density and safety while 

solid-state electrolytes are promising to take the seat and continue the journey. Giving top priority to the 

processability of the electrolyte material for scalable manufacturing, the project team will develop a high-

performance anti-perovskite solid-state electrolyte with stabilized electrode/electrolyte interfaces for scalable 

fabrication of liquid-free solid-state batteries. In line with this project's objectives, the project consists of four 

over-arching goals. 

• Development of high-performance anti-perovskite electrolytes. 

• Accessing the air stability and proton mobility. 

• Stabilizing the solid/solid interface through interfacial engineering. 

• Prototyping liquid free cells suing anti-perovskite electrolyte. 

Objectives 

The objective of this project is to develop an optimized anti-perovskite electrolyte with a stabilized interface 

for scalable fabrication of liquid-free solid-state batteries. 

Approach  

The project approach is multifold: (1) chemistry design: multiple doping at anion sites will be pursued to 

improve structural stability, ionic conductivity and environmental compatibility; (2) interfacial design: surface 

coating will be deployed to improve the chemical and mechanical stability of solid/solid interface; and 

(3) process development: a scalable fabrication process based on melt-infiltration or dry lamination will be 

developed for the fabrication of all solid state lithium batteries. 
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Results  

Synthesis of anti-perovskite electrolytes 

The synthesis of anti-perovskite electrolytes is a one-step solid-state reaction. The starting materials are LiOH 

and lithium halide (LiCl, LiBr, and LiI). Anti-perovskite materials can be easily synthesized by heating the 

mixture of starting materials at about 300°C under vacuum conditions. Figure XVI.30.1 shows the evolution of 

high-energy X-ray diffraction (HEXRD) patterns collected during the thermal treatment of Li3OCl. The in situ 

HEXRD results clearly show that the anti-perovskite material (Li3OCl) is formed at about 225°C and melts at 

about 280°C. During the cooling process, anti-perovskite Li3OCl crystallizes when the temperature is below 

280°C. In the lab-scale synthesis, it was found that the synthesized materials were firmly stuck to the crucible 

wall. This chemically originated from the strong chemical bonding between the Li2O moiety and various oxide 

materials. The chemical interaction between the crucible and the formed electrolyte increases the difficulty in 

recovering desired materials and potentially unbalanced loss of starting materials due to the interfacial reaction 

with the crucible, leading to the deviation of desired stoichiometry. To overcome this difficulty, we tried 

crucibles made from different materials (Al2O3, quartz, porcelain, and MgO-coated Al2O3) without much 

success. Progress was made by using metallic crucibles and polytetrafluoroethylene (PTFE) crucibles. When 

extremely chemically resistive tungsten or PTFE crucible was used for the synthesis, the material could be 

easily recovered, and a pure anti-perovskite material was obtained. 

 

Figure XVI.30.1 Evolution of HEXRD patterns during solid-state synthesis of Li3OCl. 

With the established synthesis process, we were able to synthesize the phase-pure cubic form of protonated 

Li2HOCl solid state electrolyte. In order to measure the Li+ conductivity of synthesized electrolytes, a 

protonated anti-perovskite powder, Li2HOCl, was cold-pressed into a half inch pellet, and symmetrical cells 

using indium foil as the conducting layers were assembled for electrochemical impedance spectroscopy (EIS) 

measurement. The measured Li+ conductivity at different temperatures is consistent with the best-reported 

results (G. Yushin, et. al., Advanced Energy Materials, 2017, 1700971). 
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Structure stability of protonated Li2HOCl1-xBrx (0≤x≤1) anti-perovskite electrolytes 

One simple way to manipulate the structure of anti-perovskite electrolytes is anion substitution at the 

dodecahedral site. We initially focused on the synthesis of protonated Li2OHCl1-xBrx (0≤x≤1) using LiOHH2O 

and different ratios of LiCl and LiBr salt mixture as the starting materials. Figure XVI.30.2a shows high 

energy X-ray diffraction (HEXRD) results of five synthesized electrolytes. Four Br-substituted electrolytes can 

be directly indexed to a cubic phase with Pm-3m space group. The enlarged views near (110) and (200) are 

shown in Figure XVI.30.2b. The peak splitting suggests a lattice distortion in the synthesized Li2OHCl 

electrolyte, resulting in an orthorhombic phase where a≠b≠c. These results show 25% Br substitution can 

effectively preserve the cubic phase of anti-perovskite electrolyte, which may lead to an improved ion 

conductivity at room temperature. Shifting of peaks to the lower angle with increased Br content, as shown in 

Figure XVI.30.2 also implies a lattice volume expansion with Br doping. Detailed results for Rietveld 

refinement reveal a ~2.9% lattice volume increase with every 25% Br substitution. In addition, a small amount 

of LiCl impurities was observed in the synthesized Li2OHCl powder (highlighted by the red arrows in Figure 

XVI.30.2a), indicating a loss of LiOH during the solid-state synthesis. 

 

Figure XVI.30.2 a) HEXRD results of the anti-perovskite electrolytes with different Cl and Br ratios. Red arrows indicate the LiCl 

impurities in Li2OHCl, and b) HEXRD spectra near (110) and (200) peaks. 

The structural evolution of protonated Li2HOCl1-xBrx (0≤x≤1) at elevated temperatures were studied by 

differential scanning calorimetry (DSC). Li2OHCl shows an endothermal peak at 44 ℃ as indicated by a red 

arrow in the bottom panel of Figure XVI.30.3, contributed from the orthorhombic to cubic phase 

transformation for undoped electrolytes. This peak was not seen in other Br-substituted electrolytes, which 

agrees with their single cubic phase at room temperature observed from HEXRD measurements. It was 

observed that Li2OHCl melted at 296 ℃, and the melting point decreases with the content of Br dopant. 
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Additional DSC peaks were observed for Br doped electrolyte samples, suggesting additional phase 

transformation induced by Br doping. 

 

Figure XVI.30.3 DSC results of the anti-perovskite electrolytes with different Cl and Br ratios. Red arrow points to the endothermal 

peak from the orthorhombic to cubic phase transformation in Li2OHCl. 

Li+ conductivity of protonated Li2HOCl1-xBrx (0≤x≤1) anti-perovskite electrolytes 

Initially, a cold press was used to prepare electrolyte pellets using the synthesized electrolytes. Figure 

XVI.30.4 shows the measured lithium-ion conductivity of the cold press samples at various temperatures. 

Worth mentioning is that Li2HOCl exists as a tetragonal form at around room temperature, showing 

substantially lower lithium-ion conductivity than others. When the temperature is higher than 40°C, Li2HOCl 

converts to its cubic form with a much higher Li+ conductivity, as shown in Figure XVI.30.4. Overall, it is 

observed that partially replacing Cl with Br can improve the Li+ conductivity and the conductivity peaks at the 

composition of Li2HOCl0.75Br0.25. Nevertheless, the room temperature conductivity for all these samples is still 

far below expectation. The cold-pressed pellet samples were further surveyed using scanning electron 

microscopy (SEM). Without many surprises, the cold-pressed samples have a porous structure (see Figure 

XVI.30.5). Therefore, further densification using hot-press is needed to improve their nominal Li+ 

conductivity.  

 The electrolyte powder was heated to 200°C and a pressure of 1000 MPa was applied to densify the pellet. 

Mechanically strong pellets were obtained through the hot-press approach. The temperature-dependent Li+ 

conductivity of these hot-pressed pellet samples was also measured. A similar slope was observed for all 

electrolytes, implying similar activation energy for lithium-ion conduction. The linear fitting results show that 

the samples have an activation energy of about 0.6 eV, which is very close to the numbers measured for cold-

pressed pellets. This suggests that the hot-press process didn’t alter the electrolytes' chemical nature. 

Compared to the conductivity measured for cold-pressed samples, the conductivity was generally improved by 

2-3 folds using the hot-press process. Our current exercise was limited to 200°C to avoid the extra phase 

transformation occurring for Br doped samples at about 250°C (see Figure XVI.30.3). A careful optimization 

of hot-press process beyond 250°C will be conducted to improve the densification of anti-perovskite 

electrolyte pellets further. 

Li2HOBr 

Li2HOCi0.25Br0.75 

Li2HOCi0.5Br0.5 

Li2HOCi0.75Br0.25 

Li2HOC

l 
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Figure XVI.30.4 Measured Li+ conductivity of protonated anti-perovskite electrolyte pallets prepared using cold press. 

 

Figure XVI.30.5 Scanning electron microscopy images of cold-pressed electrolyte pellets from a) Li2HOCl, and b) Li2HOCl0.75Br0.25, 

showing the presence of big voids in pellets that can significantly reduce the nominal lithium-ion conductivity of the electrolyte 

pellets. 

Chemical stability of anti-perovskite electrolytes against metallic lithium 

One of the significant advantages of anti-perovskite electrolyte is that all the elemental components are already 

at their lowest valence state; hence, the electrolyte will be thermodynamically compatible with metallic 

lithium. As a demonstration of their chemical stability, a small amount of Li3OCl and metallic lithium was 

sealed in a quartz tube for in situ HEXRD observation. The sealed sample was then slowly heated to 220oC 

and held at 220°C for an hour. The HEXRD patterns of the sample were continuously collected during the 

experiment. Figure XVI.30.6 shows that the lithium melted at about 180°C. However, the structure of Li3OCl 

was maintained even when heated and held at 220°C with the metallic lithium. No chemical reaction between 

the electrolyte and metallic lithium was observed. 
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Figure XVI.30.6 Evolution of HEXRD patterns showing the interaction between metallic lithium and Li3OCl electrolyte during 

heating, showing great chemical compatibility up to 220°C. 

Investigating the environmental compatibility of anti-perovskite electrolytes 

It is also anticipated that the synthesized anti-perovskite electrolytes are sensitive to moisture. Figure XVI.30.7 

compares X-ray diffraction (XRD) patterns of Li3OBr powder before and after aging in a glovebox for one 

month. Before aging, the material was dominated by a cubic structure, with a small amount of impurity phase. 

After aging, a clear growth of impurities phase was observed, even though the sample was stored inside the 

glovebox. Therefore, it is of our interest to further study the moisture sensitivity of the electrolytes, and to 

search for electrolyte candidates that can at least survive in a dry room environment. 

Figure XVI.30.8a shows the conceptual design of a simple sample holder to investigate the interaction between 

anti-perovskite electrolyte and the moisture in the air. In this design, an inert gas carrying a certain level of 

moisture will pass through the sample holder to provide a constant level of moisture in the sample holder. 

CAPTON windows on both sides provide a good X-ray pathway to track the structure evolution of the 

electrolyte material held inside the sample holder. Figure XVI.30.8b shows an image of the implemented 

sample holder that is compatible with the working environment offered at sector 17BM of Advanced Photon 

Sources (APS) at Argonne National Laboratory. Controlling the moisture level at 40% relative humidity (RH) 

(~1070 Pa moisture partial pressure), we were able to follow the conversion reaction from the cubic Li3OBr to 

the unidentified impurity phase using high energy X-ray diffraction (HEXRD). Using the ratio of peak 

intensity between cubic Li3OBr and impurity phase as a quantitative indicator, the evolution from Li3OBr to 

the impurities phase can be obtained, as shown in Figure XVI.30.8c. Although a catastrophic decomposition 

was observed after exposure to high moisture level for about 3 hours, a continuous slow decomposition was 

also confirmed at the beginning of the experiment. It is worth mentioning that a fairly high moisture level 

(40% RH) was used to shorten the need for beam time. A good dry room generally operates at ~1% RH. Good 

stability in dry room can be expected, and needs to be validated in the future. 
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Figure XVI.30.7 Comparison of X-ray diffraction patterns of Li3OBr before and after aging in the glovebox for 1 month, showing a 

slow degradation of Li3OBr during storage. 

 

Figure XVI.30.8 (a) Illustration of a sample environment to study the moisture sensitivity of electrolyte samples; (b) image of the 

working sampler holder integrated in sector 17BM of Advanced Photon Sources; and (c) evolution of Li3OBr and its decomposition 

product during the exposure to 40% humidity (~1070 Pa moisture partial pressure). 
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Conclusions   

A simple one-step solid state route was established to synthesize anti-perovskite electrolytes. Br-doping is an 

effective approach to stabilize the electrolyte materials in cubic format with improved lithium-ion 

conductivity. The protonated anti-perovskite electrolytes have a low melting point below 280°C, which is 

beneficial for developing a scalable process for creating a strong electrode/electrolyte interface. The best Li+ 

conductivity obtained is at 10-5 S/cm, which is below expectation. Substantial improvement in electrolyte 

chemistry and densification process is needed to improve the Li+ conductivity further.  
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Project Introduction 

This project aims to develop novel lithium thioborates (Li-B-S, LBS) as a new class of solid-state electrolytes 

(SSEs) to realize high-performance all-solid-state batteries (ASSBs), with a particular focus on addressing the 

technical challenges in electrolyte synthesis, cell integration, failure diagnostics, and scale-up. The approach 

will be technologically transformative to the current solutions for ASSB development.  

Objectives 

We plan to develop doped and undoped lithium thioborates for high-energy-density, all-solid-state lithium 

metal batteries. For the final deliverables, ASSBs with the ability to reach an energy density of 500 Wh/kg and 

maintain 80% capacity for at least 300 cycles will be demonstrated.  

Approach  

The long-term project has a multistep approach toward integration of LBS with high-voltage cathodes, with 

steps 1-3 as the focus for this year: 

1. Fabricate undoped LBS powders using an all-solid-state synthesis method to achieve high ionic 

conductivity, low electronic conductivity, and a wide operational voltage window. 

2. Integrate LBS SSEs into symmetric Li/LBS/Li cells and into full batteries using high-voltage cathodes 

including lithium Ni-Mn-Co (NMC) oxide.  

3. Study atomic, particle, and cell-scale Li-metal-SSE interface development and dendrite growth 

mechanisms in SSEs using advanced characterization tools. Use knowledge to better develop 

SSEs and modify interfaces for stable cycling in full cells. 

4. Fabricate doped LBS powders and develop particle/surface modifications to increase ionic 

conductivity as well as stability in full batteries and in air for glovebox-free synthesis. 

5. Use density functional theory to guide development of new doped LBS materials and to explore 

interactions at solid-solid interfaces. 

Results  

We developed a multigram-scale synthetic procedure to produce Li10B10S20. The synthesis involves grinding of 

the precursor materials, Li2S, S, and B; loading the precursors into a boron nitride crucible; sealing the crucible 

in a quartz tube; sintering; and unloading the material to retrieve the powders (Figure XVI.31.1a). We retrieved 

white powders that pressed into a dense pellet that could be held by tweezers. 

mailto:yicui@stanford.edu
mailto:Simon.Thompson@ee.doe.gov
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Figure XVI.31.1 (a) Synthesis procedure and sintering profile for Li10B10S20. (b-d) LBS powders optical images. 

We performed X-ray diffraction on the LBS powders and compared this spectrum to the calculated spectrum 

(retrieved from [1]). We found a close match and confirmed the purity of the powders retrieved from this 

synthesis. (See Figure XVI.31.2.) 

 

Figure XVI.31.2 X-ray diffraction of Li10B10S20 in blue, compared to calculated spectrum in red. 

We have synthesized high-purity Li10B10S20 SSE with total resistance of 220  and ionic conductivity of 

3.4x10-4 S cm-1 (Figure XVI.31.3a) under 360 MPa pressure with stainless steel electrodes. In Li-

Li10B10S20-SS asymmetric cells, we measured the voltage stability window to be 1.3-3.0V vs. Li/Li+ when 

measured at room temperature, with a scan rate of 0.1 mV/s (Figure XVI.31.3b-c) 

 

Figure XVI.31.3 (a) Electrochemical impedance spectroscopy of 450-micron pellet of Li10B10S20 using 360 MPa pressure, stainless 

steel electrodes. (b) voltage stability window of Li10B10S20 using carbon-LBS composite cathode, Li metal anode. 
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We assembled Li-LBS-Li symmetric cells using a split cell configuration with 35 MPa pressure to assess the 

chemical electrochemical stability of LBS with Li metal. When in contact with lithium metal in a symmetric 

Li-LBS-Li cell, Li10B10S20 is semi-stable, forming a slightly resistive interfacial layer (Figure XVI.31.4). The 

ionic conductivity remains stable over time in the cell and the interfacial layer does not grow (Figure 

XVI.31.4) 

 

Figure XVI.31.4 (a) Electrochemical impedance spectroscopy over several days of 450-micron pellet of Li10B10S20 using 35 MPa 

pressure, Li metal electrodes. (b) The ionic conductivity of this pellet over 15 days. 

To determine the suitability of Li10B10S20 as an SSE with Li metal anodes, we have used X-ray photoelectron 

spectroscopy to analyze the species at the surface of Li10B10S20 before (Figure XVI.31.5 a-c) and after (Figure 

XVI.31.5 d-f) contact with lithium metal. We found the new peaks appear after Li10B10S20 comes in contact 

with Li (Figure XVI.31.5 d-f): in the B1s region, elemental boron appears, and in the Li1s and S2p regions, 

Li2S peaks appear. Both B and Li2S peaks are small in comparison to Li10B10S20, suggesting minimal reaction. 

 

Figure XVI.31.5 (a-c) XPS of Li10B10S20 powder: (a) Li1s; (b) B1s; (c) S2p. (d-f) XPS of Li10B10S20 powder after reaction with Li metal: 

(d) Li1s; (e) B1s; (f) S2p. 

 

We measured the critical current density of Li-LBS-Li cells to be 1.0 mA cm-2 at room temperature. We 

cycled Li-LBS-Li cells at 35 MPa, room temperature, and the cells cycled for over 100 hours with little 

interfacial resistance increase (Figure XVI.31.6). 
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Figure XVI.31.6 Critical current density and constant current (0.3 mA cm-2, 0.3 mAh cm-2) testing of Li-LBS-Li cells at room 

temperature, 35 MPa pressure. 

Conclusions   

To conclude, we have made significant progress on our stable lithium thioborate solid electrolyte for lithium 

metal batteries. We developed a consistent, scalable, gram-scale synthesis of LBS phases that results in pure 

and crystalline LBS as determined by XRD. We have demonstrated high ionic conductivity, 3.4x10-4 S cm-1, at 

room temperature of Li10B10S20. We also report high critical current density, 1.0 mA cm-2, and stable cycling 

of this phase. 
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Project Introduction 

Solid-state Li metal batteries hold tremendous promise as a safer and higher energy-density technology than 

current Li-ion systems. By replacing the liquid electrolyte with a solid electrolyte (SE), the temperature at 

which a cell experiences thermal runaway can be increased, thereby preventing fire. In addition, the use of a Li 

metal anode can lead to a significant increase in energy density.  However, several challenges need to be 

addressed before any solid-state lithium metal battery can be competitive and surpass the specific energy, 

energy density, and cycle life of lithium ion.  

Objectives 

This project aims to create solid-state Li-metal batteries (SSLMBs) with high specific energy, high energy 

density, and long cycle life using scalable processing techniques. The team will achieve this by addressing 

fundamental challenges associated with (1) interfacial reactivity, (2) Li-metal plating, and (3) cathode loading. 

Addressing these challenges supports the broader Vehicle Technologies Office goal of solid-state batteries 

with increased cycle life and energy density. Ultimately, this project will develop an understanding of how to 

prevent interfacial reactions, make uniform Li-metal plating, and increase cathode loading significantly. The 

knowledge obtained from this project will be used to design SSLMBs with high specific energy of 500 Wh/kg, 

80% capacity retention for at least 300 cycles, and critical current density (CCD) > 1 mA/cm2. 

Approach  

This project addresses several fundamental challenges and makes the SSLMB competitive, surpassing the 

specific energy, energy density, and cycle life of Li-ion batteries: 

• Create homogeneous lithium deposition on the anode without penetration of lithium metal through the 

separator to achieve high cycle life and high safety. The team will achieve this with the use of an 

active buffer layer (ABL) that combines active and inactive components to homogenize lithium 

plating and to keep the lithium plating potential away from the solid electrolyte (SE) separator. 

• Limit chemical reactivity and mechanical decohesion between the SE, carbon, and cathode material in 

the composite cathode so that high cycle life can be achieved. The team will limit chemical reactivity 

by protecting the carbon from the SE, by using novel cathode coatings designed to be stable to high 

mailto:gceder@lbl.gov
mailto:haegyumkim@lbl.gov
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voltage and that do not react with the SE, by using novel solid halide catholyte conductors, and by 

using inorganic/organic solid composite electrolytes in the cathode. 

• Achieve high volumetric loading of the active cathode material in the composite cathode to achieve 

high energy density and high specific energy. The team will achieve high volumetric cathode 

loading by creating thin highly porous conductor scaffolds that are infiltrated with cathode, by tailored 

particle size distributions of deformable lightweight conductors, and by the use of organic/inorganic 

hybrids. 

• Create inexpensive materials and processes to fabricate SSBs so that they can be cost-competitive 

with Li ion batteries. The team will create solution-processable organic/inorganic hybrids to be used 

as separator and to blend in the composite cathode; they will use inexpensive, scalable ceramics 

processing techniques to create high loading composite cathodes. 

Results  

Task 1: Buffer layers to stabilize the Lithium/SE interface and create uniform lithium plating. 

Thin ABL electrode fabrication optimization: 

This task aims to develop ABLs to reduce interfacial resistance and stabilize interfaces at lithium/SE, and to 

avoid dendritic lithium growth. Recent studies have shown that a silver (Ag)-carbon composite layer between 

the current collector and the SE can prevent dendrite formation in solid-state batteries where lithium plating 

and stripping takes place. The initial goal of this project is to understand the mechanism of lithium plating in 

the presence of such a buffer layer and to understand what causes more uniform, favorable lithium deposition. 

To understand such mechanisms, it is important to reproduce some parts of the full cell. A major part of is the 

construction of the buffer layer itself which consists of an Ag-carbon composite. One of the major challenges 

has been to identify the percentage of binder that needs to be in the coating. Second, the buffer layer and 

current collector need to be combined with a compatible solid electrolyte and a lithium source to make a 

cyclable cell. 

The team has tested and optimized several important parameters, including (1) binder content, (2) mixing 

conditions, (3) drying conditions, (4) calendaring conditions, (5) surface roughness of the stainless-steel 

(hereafter, SUS or SS) current collector. For example, different carbon and binder ratios were used with 

different mixing protocols to achieve a reasonable conductivity of the layer. Slurry was mixed using a rotor-

stator homogenizer with high molecular weight polyvinylidene fluoride (PVDF) binder and N-Methyl-2-

pyrrolidone (NMP) as the solvent. Surface resistance of the layer was relatively lower for higher binder 

contents vs. the lower binder contents. This could be due to the porosity of the electrode decreasing with the 

introduction of higher amounts of binder. Higher binder contents reduce the overall conductivity of the system; 

therefore, lower amounts of binder were used. In the Ag-carbon composite, we found that the percentage of 

carbon in the electrode coating determines the initial porosity of the coating. The higher the carbon content, the 

higher the porosity of the coating, which could cause higher interfacial resistance. Higher carbon content also 

causes the slurry to show more shear thinning properties. This would govern the determination of the wet 

thickness of the cast that would give the correct dry thickness. The dry thickness of the final coating was 15 

μm prior to calendaring. After the calendaring, the coating layer becomes ~10 μm. (Figure XVI.32.1). The 

team is investigating the thickness uniformity and distribution of Ag nanoparticles in the ABL, which might 

determine the Li plating and stripping performance.  
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Figure XVI.32.1 Image of final electrode coating. 

Computational investigation to understand the role Ag nanoparticles in ABL: 

Understanding the role of Ag particles in Ag-carbon ABL is crucial to design new ABLs with an inexpensive 

active metal component. As an effort to understand the thermodynamics in the lithiation of Ag in the Ag-

carbon buffer layer, the team performed ab-initio calculations to compute the formation energy and voltage 

profile of Ag-Li alloys. In these calculations, the team considered three types of lattice geometries: BCC, FCC 

and γ-brass as suggested by experiments. For each lattice type, the electronic energy of 150 different 

configurations were computed. A cluster-expansion model was fitted for each lattice type, from which ground-

state structures were predicted. Figure XVI.32.2 shows the DFT formation energies and configurations of 

predicted ground states. Besides experimentally reported structures (e.g., CsCl-type BCC structure, I41 FCC 

structure, and γ-Ag5Li8), other ordered ground-state structures have also been found (e.g., FCC AgLi3 

structure, and γ-Ag2Li11). The team aims to further include phonon corrections with DFT electronic energies in 

the current cluster-expansion model, in order to match the experimental phase stability and thus to calculate an 

accurate lithiation voltage profile for bulk Ag-Li system.  

 

Figure XVI.32.2 (a) Computed DFT formation energy for ground-state structures predicted by cluster expansion in BCC (red 

triangle), FCC (green dot) and γ-brass (magenta cross) lattice types. The convex hull of formation energy is marked with dashed 

line, under which single-phase regions are shaded with light red (BCC), light green (FCC) and light magenta (γ). The composition 

range 0.4 < 𝑥𝐿𝑖 < 0.6 is enlarged in the middle. Phonon energy and entropy contributions are not included.  (b) Predicted ground-

state structures as marked with arrows in (a). 
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Understanding role of carbon structure in ABL:  

Carbon is another important component of ABLs. We hypothesized that the carbon structure will impact the Li 

plating performance significantly because the Li diffusivity in the carbon varies depending on its structure. 

Here, we tested and compared two distinct types of carbon: amorphous carbon (Super P) and graphite (natural 

graphite with particle size of ~20 μm) as ABLs without metallic component. These two carbon materials will 

have very different Li diffusion behavior when they are in thin electrode form. The sphere-like amorphous 

carbon will have three-dimensional Li diffusion pathways once it is lithiated. In this respect, amorphous carbon 

ABL can provide Li diffusion and electron transport pathways between a SE and a current collector (Figure 

XVI.32.3a). In contrast, in the plate-like graphitic carbon, Li ions can transport rapidly along ab-plane, but Li 

migration along the c-direction is not feasible because of the very high migration barrier > 8 eV. [1] In the 

electrode film, the graphitic carbon plates stack on top of each other because of their two-dimensional 

morphology. Therefore, the graphitic carbon electrode film will have very low Li diffusivity along the c-

direction while maintaining a high electrical conductivity (Figure XVI.32.3b). Therefore, the amorphous 

carbon can represent an ABL with a high Li diffusivity and a high electrical conductivity and the graphitic 

carbon can represent the ABL with a low Li diffusivity but with a high electrical conductivity. In our 

experiments, we prepared the ABL by mixing carbon (the amorphous carbon and graphitic carbon) and 

polytetrafluoroethylene (PTFE) binder in 70 wt% (carbon): 30 wt%(PTFE) ratio and a subsequent roll pressing 

method. The Li3PS4 SE is pressed under 500 MPa to make a dense pellet. Then, an asymmetric Li half-cell is 

prepared with a Li3PS4 solid electrolyte pellet as shown in Figure XVI.32.3c. We used a copper (Cu) film as a 

current collector. The asymmetric cells are discharged for 60 hours under a constant current of 27.3 μA (0.115 

mA/cm2). Figure XVI.32.3d shows the discharging profile of the asymmetric cell. Figure XVI.32.3e-f shows 

the optical microscope images of amorphous carbon and graphitic carbon after Li plating (total capacity: 6.9 

mAh/cm2). We found that the Li plating preferentially occurs on the interface between the amorphous carbon 

and Cu current collector. Figure XVI.32.3e shows the amorphous carbon ABL film facing the Cu current 

collector, where we found a shiny Li metals on the carbon surface. We suspect that Li metal fills the pores in 

the amorphous carbon film. In contrast, it is clearly visible that Li metal is plated at the interface between 

graphitic carbon and Li3PS4 SE (Figure XVI.32.3f). The goldish color of the ABL indicates that Li ions 

intercalate into graphitic carbon. We speculate that the Li plating occurs first and the plated Li metal is 

squeezed in the pores of the graphitic carbon electrode. Therefore, lithation to graphitic carbon can occur along 

the ab-plane. This work demonstrates that the Li diffusivity along the direction which is perpendicular to the 

current collector serves an important role in determining Li plating behaviors.  
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Figure XVI.32.3 Schematics of (a) amorphous carbon and (b) graphitic carbon electrodes. (c) Schematic of an asymmetric cell with 

ABL. (d) Discharging profile of the asymmetric cell. Optical microscopy images of (e) amorphous carbon and (f) graphitic carbon 

ABLs after Li plating.  

Task 2: Composite cathode: high voltage stability, chemical and mechanical degradation issue. 

Carbon-cathode composite design:  

Currently there are two main fundamental challenges limiting the cyclability of composite cathodes: (1) 

chemical and electrochemical degradation at the cathode/SE and SE/carbon interfaces and (2) mechanical 

contact loss at the cathode/SE interface due to repeated expansion and contraction of the cathode particles. In 

FY22, we aimed to evaluate the strategy of tailoring coatings to the chemistry of the cathode. The novel 3-

dimentional (3D) composite developed in this task consists of 3D carbon frame as a core which is coated with 

the cathode particles. The structure limits (or at least reduces) direct contact between carbon and SE and 

therefore minimizes the degradation of cathode composite. In addition, the soft and pliable carbon framework 

can accommodate the volume change of cathode active material (CAM) thus prevent the mechanical contact 

loss at the cathode/SE interface.  

Three different routes were taken to synthesize the carbon/CAM composite: (i) directly deposit CAM particles 

outside the crystalline carbon framework surface and improve the conductivity by thermal annealing or CNT 

integration, (ii) synthesize 3D porous rGO (reduced graphene oxide) networks and then integrate them with the 

CAM particles, and (iii) direct integration of CAM on 2-dimensional (2D) rGO micro-flakes. To achieve 

controlled uniform coatings in routes (i) and (ii), we adopted a dual ligand modification method to deposit 

CAM around the carbon core with the assistant of poly(vinylpolypyrrolidone) (PVP) and Polyethylenimine 

(PEI) polymers on the surface. While the former promoted the dispersion of particles, the amino groups in the 

latter can improve the binding. In the first route, we used molecular organic framework (MOF) particles as an 

example to optimize the synthesis conditions. Covalent organic frameworks (COFs) were chosen as the carbon 

material due to their highly ordered structure, which can provide large surface area and 1-D channels to 

facilitate efficient ion transport. After thermal annealing under inert Ar atmosphere, the inner COFs transform 

to porous carbon material with the structure retained. The reverse design was investigated first in which COFs 

were directly grow outside the particles just for demo. Based on experimental results, the thickness of COFs 

shell can be tuned from ~10 nm to ~50 nm or more (Figure XVI.32.4). The successful synthesis of the 

core/shell particle/carbon structures validate the potential of uniform deposition of CAM as a shell with the 

assistant of dual ligands. 
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Attempts were also made to improve the crystallinity of the COFs shell to achieve the 1-D ion transport 

channel as well as the use of other particles as core to demonstrate the generality of our method. We first 

modified the particles with PVP and PEI before directly disperse the particles into the COFs monomer solution 

with certain concentrations. After aging for 2 hours, solvothermal method was applied to achieve the core/shell 

composite structure. In the next step, we will prepare the samples with particles as shell and carbon as core by 

using the same method in the demo reactions.  

 

Figure XVI.32.4 Characterization of core-shell structures. TEM confirms the shell thickness can be tunable. (Scale bar: 250 nm) 

In the third route, we used graphite oxide (GtO), which is obtained by oxidization from commercially available 

graphite, as a starting material. GtO is dispersed in deionized water and sonicated for 1.5h to exfoliate 

graphene layers. Commercially available LiNixMnyCo1-x-yO2 (NCM) CAM is added to the exfoliated graphene 

oxide solution and homogeneously mixed. After the mixed solution is stirred for 20 h at 90°C (oil bath) after 

adding Urea (a reducing agent), the powder is filtered and dried. Figure XVI.32.5a-d show the morphologies of 

NMC before hybridization (Figure XVI.32.5a-b) and after hybridization (Figure XVI.32.5c-d). Two main 

observations can be made: (i) rGO flakes are attached on large NMC particles and (ii) small NMC particles are 

decorated on rGO surface. XRD confirms that the crystallinity of NMC does not change after the synthesis 

(Figure XVI.32.5e). From the thermogravimetric (TGA) analysis, it is verified that the carbon content in the 

composite is ~ 9 wt% as shown in Figure XVI.32.5f. Synthesis conditions are being optimized by controlling 

several important parameters, including sonication time, CAM/graphene ratio, and CAM particle size.  
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Figure XVI.32.5 Scanning electron microscope (SEM) images of (a-b) NMC and (c-d) NMC/graphene composite. (e) XRD of NMC 

and NMC/graphene composite. (f) TGA result of NMC/graphene composite. 

Halide-based SE development for high voltage stability:  

New Li3MX6 halides containing rare earth (RE) elements are also being developed as high-voltage stable SEs. 

So far a number of Li3MCl6 (M = Sc, In, Y, Er, Yb) chlorides have been reported to have a high ionic 

conductivity (up to 10-3 -10−4 Scm−1) and a wide electrochemical stability window (up to 4.3 V vs. Li/Li+). In 

the Li3REX6-family of compounds, it is fairly common for the halides to go through polymorphic 

transformations, especially under thermal treatments. For example, by means of solid-state reactions using 

relatively low annealing temperatures, metastable phases of Li3RECl6 (such as β-Li3YCl6 and trigonal 

Li3YbCl6) can be obtained, which were found to have higher ionic conductivities compared to their 

corresponding thermodynamically stable phases (α-Li3YCl6 and orthorhombic Li3YbCl6). We aim to engineer 

new compositions and phases of Li3REX6 that may have better ionic transport properties, wider 

electrochemical stability windows and/or better mechanical properties. Synthesis conditions will be optimized 

according to thermal analysis using variable-temperature X-ray diffraction (XRD), thermogravimetry (TGA) 

and differential scanning calorimetry (DSC) measurements. Both variable-temperature XRD and DSC 

measurements can provide insights on phase transformations and may lead to the discovery of new phases, 

especially high-temperature phases. By recognizing the heat effects in phase transitions (endothermic or 

exothermic), the energetic relationships between different phases can also be obtained. 

Li3REX6-family (RE = rare earth) of halides often crystallize in three types of phases: monoclinic (C2/m 

structure), trigonal (P-3m1 structure) and orthorhombic (Pnma structure). It is well recognized that 

polymorphic transformations are common among the halides, especially under thermal treatment conditions. 

However, the impact of crystal structure on halide properties are not well understood. In FY22, the team 

investigated the synthesis-composition–structure–property relationships in the Li–Y–Cl system. Three 

synthesis routes, solid-state (SS), co-melting (CM) and mechanochemical (MC) methods, were used to prepare 

Li3YCl6-type SEs. The precursors were heated at 450°C in SS synthesis and 550°C in CM synthesis, with the 

latter corresponding to synthesis under the melting condition of the precursors. High-energy ball milling was 

used in the MC synthesis.  
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Figure XVI.32.6 (a, b, c) XRD patterns and (c, d, e) Nyquist plots of Li3−xY1+xCl6 (0  x  0.13) samples prepared from solid-state (a, 

d), co-melting (b, e) and mechanochemical synthesis (c, f).  

Figure XVI.32.6 shows XRD patterns obtained on various synthesized samples as well as the Nyquist plots 

from the electrochemical impedance spectroscopy (EIS) measurements. When the stoichiometric ratio (1:3) of 

YCl3 and LiCl was used, Li3YCl6 with the trigonal phase was obtained from both SS and CM synthesis (Figure 

XVI.32.6a and b). Increasing the amount of YCl3 precursor, on the other hand, leads to the formation of 

nonstoichiometric Li3−xY1+xCl6 compounds with the orthorhombic phase. This is clearly shown by the splitting 

of the diffraction peak at ~15.8°, the absence of the peak at ~17.3°, and an additional peak appears at ~18.0° on 

the XRD pattern in Figure XVI.32.6a and b. We found that the synthesis method plays an important role as the 

trigonal-to-orthorhombic transition occurs at a different level of YCl3 excess in SS and CM synthesis, with the 

former requiring a much higher amount than that in the latter. In comparison, the samples prepared by the MC 

method show significantly broader diffraction peaks. This is likely due to the lower crystallinity from high-

energy ball milling synthesis as well as increased cation disordering in the lattice.  

Synthesis methods also affect the lattice dimension of Li3−xY1+xCl6. Figure XVI.32.7a shows the normalized 

unit cell volume (V/Z, where Z denotes the number of the chemical formula in the unit cell) obtained from the 

refinement of the XRD patterns. Among trigonal Li3YCl6 samples prepared by the different methods, the V/Z 

value follows the following order: MC > SS > CM. Room-temperature ionic conductivities (σ25) obtained from 

EIS measurements are also shown in Figure XVI.32.7b. Consistent with previous reports, the values are 0.049 

and 0.081 mS cm−1 for SS-Li3YCl6 and CM-Li3YCl6, respectively. The conductivity increases with the 

increase of Y content in the composition, reaching 0.197 and 0.187 mS cm−1 for Li3−xY1+xCl6 (x = 0.13) 

prepared by SS and CM, respectively. Overall, higher conductivities are obtained on ball-milled samples, 

achieving 0.179 and 0.233 mS cm−1 for x=0 and x=0.13, respectively (Figure XVI.32.7b). The σ25 of 

nonstoichiometric Li3−xY1+xCl6 appears to be less dependent on the synthesis methods. These differences may 

be associated with the structural characteristics of trigonal and orthorhombic phases, such as the cation 

disorder and defect concentration, which will be further investigated in the future research. 
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Figure XVI.32.7 Comparison of normalized unit cell volumes (a) and room-temperature ionic conductivities (b) of Li3−xY1+xCl6 (0  x 

 0.13) samples prepared by different synthesis methods. ▲ indicates trigonal phase and □ indicates orthorhombic phase.  

Task 3. High-loading composite cathodes. 

Thin SE layer development:  

In this task, tape casting is used to fabricate a thin (target thickness 20 μm) Lithium Lanthanum Zirconium 

Oxide (LLZO) electrolyte separator. Figure XVI.32.8 shows the overall process to fabricate LLZO thin film. 

The tape casting and associated processes should be optimized to obtain high density, ionic conductivity, and 

mechanical properties of the prepared thin LLZO electrolyte. We optimized variables such as the lamination 

pressure, debinding time, and sintering time. Firstly, the effect of lamination pressure on green body density 

and fabricated thin LLZO film was investigated. Lamination is a step to bind separate tape casted LLZO sheets 

into one sheet (green body) by exerting pressure at an elevated temperature (Figure XVI.32.8, right). 

Lamination pressures between 4500 to 20000 lb for an area of 2.27 cm2 were scanned. At a lamination 

pressure of 9000 lb at 90°C, the green density reached 2.07 g/cm3. The green density did not increase further 

with pressure. Thus, we decided to fix 9000 lb as an appropriate lamination pressure for the LLZO film 

fabrication. 

 

Figure XVI.32.8 Thin LLZO film fabrication process (left). Schematic illustration of lamination step and effect of lamination 

pressure on properties of fabricated LLZO film (right). 

The effect of debinding time on densification of LLZO film was also investigated. Debinding involves the 

burning off of the binder and additives at a high temperature. If these are not fully removed through the 

debinding process, the residual hinders densification. Figure XVI.32.9 shows the relationship between 

debinding time and the green body weight. The weight of the green body keeps decreasing even after 12 hours 

of debinding at 675°C. This result indicates that a longer debinding time or higher debinding temperature is 

necessary. After several experiments, we optimized the debinding temperature at 690°C and the debinding 

process was completed after 4 hours.  
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Figure XVI.32.9 Debinding time vs. green body weight. The inset pictures are fabricated LLZO film with different debinding times. 

The white area in the central area of the LLZO film has a relatively low density because of incomplete debinding. 

The team has also optimized the procedure to fabricate a flat LLZO film. The LLZO film was sintered under a 

dead weight to prevent curving (Figure XVI.32.10). The loading should be heavy enough to prevent the curve, 

but it should not be so heavy that it breaks the sample. A graphite plate was used as a weight because it is 

chemically inert with LLZO at high temperatures. Different loadings from 1 to 3g/cm2 were tested. As shown 

in Figure XVI.32.10, the sintered LLZO film was severely curved with the 1 g/cm2 loading. The 2 g/cm2 

loading resulted in less curving than the 1 g/cm2, but curving was still evident. The 3g/cm2 loading was enough 

to prevent curving without breaking the sample.  

 

Figure XVI.32.10 Schematic view of sintering condition (upper) and effect of dead weight on the flatness of the sintered thin LLZO 

film (below). 

The sintering temperature was also explored in the range of 1050°C to 1180°C. The sintering behavior of thin 

LLZO may be different from thick LLZO pellets because it can undergo relatively more Li loss and more 

severe shrinkage during sintering. All the samples were sintered with 3 g/cm2 loading under an argon 

atmosphere. Up to the sintering temperature of 1150°C, the LLZO films were flat and semi-translucent as 

shown in Figure XVI.32.11. But a sample treated at1180°C had a surface color change and relatively poor 

flatness. These results show that the optimum sintering temperature needs to be below 1180°C. 
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Figure XVI.32.11 Picture of sintered LLZO films that were sintered at different temperatures.  

Mechanical properties of thin LLZO film:  

We have started the investigation of the mechanical properties of the films. The mechanical properties of thin 

LLZO films need to be characterized and enhanced because the thin LLZO is currently highly fragile. 

Preliminary mechanical property testing has been conducted with thick LLZO pellets (~700 μm) because the 

LLZO film synthesis needs more optimization. In this report, we fabricated LLZO pellets at LBNL using the 

same recipe as for the LLZO thin films and evaluated mechanical properties such as hardness (H) and fracture 

toughness (KIC). Hardness (H) was evaluated using micro-indentation. Indentation with 5 different loads (50, 

100, 300, 500, and 1000 gf) was conducted, and the diagonal lengths of the indented points were plotted. By 

fitting the diagonal length vs. applied force, we obtained a hardness of 10.02 GPa, in the range of hardness 

reported in the literature for LLZO pellets. Fracture toughness (KIC) was also evaluated using the direct crack 

length observation method. The length of the cracks at the corners of the indented points was measured. Using 

the above-obtained hardness and observed crack length, the fracture toughness (KIC) could be obtained using 

the Niihara equation. The KIC was 1.367 MPa·m0.5, again in good agreement with previously reported values 

of fracture toughness of LLZO pellets.  

Secondary SE development and integration:  

The team has tested cathode composites containing secondary SEs. The cathode composite consists of cathode 

active material (CAM) and secondary SE. In this study, we used NMC111 (Li1.05Ni0.33Mn0.33Co0.33O2) as a 

CAM. As a secondary SE, Succinonitrile (SN) with lithium salts were investigated because they have good 

oxidative stability and high Li+ ion conductivity. LiTFSI (Lithium bis(trifluoromethanesulfonyl) imide) was 

used as the lithium salt because it is known to be stable with LLZO. SN+LiTFSI was prepared by mixing 

molten SN and LiTFSI at 80°C. The ionic conductivity, electronic conductivity, and voltage stability window 

of the secondary SE were evaluated. Symmetric cells (SUS/SN+ LiTFSI/SUS,) were fabricated to evaluate 

ionic conductivity and electronic conductivity, then electrochemical impedance spectroscopy (EIS) and direct 

current (DC) polarization were conducted. The Nyquist plots from the EIS are plotted in Figure XVI.32.12a. 

The diameter of the semicircle significantly decreased with higher LiTFSI concentrations indicating that it has 

a higher ionic conductivity. The ionic conductivity increased more than 10 times from 2.39 x 10-4 S/cm (1.6 

mol%) to 3.47 x 10-3 S/cm (5.0 mol%). DC polarization curves are shown in Figure XVI.23.12b, and all the 

SN+LiTFSI samples showed similar electronic conductivity ~1 x 10-9 S/cm. These EIS and DC polarization 

results show that the SN+LiTFSI is highly ionic conductive but electronically insulating. In order to observe 

the stable voltage window of the SN+LiTFSI, Li/SN+LiTFSI/SUS cells were fabricated, and linear sweep 

voltammetry was conducted (Figure XVI.32.12c). Up to 4.7 V vs. Li/Li+, negligible current was detected for 

all the SN+LiTFSI samples. This indicates that SN+LiTFSI has a wide enough voltage window to be used with 

high-voltage cathode active materials. The team will further explore other secondary SEs, including other salts 

such as LiBOB and mixtures with LiTFSI, and will assess compatibility of secondary SEs with cathode 

materials. The team will also attempt to build liquid-free cells using a mixture of SSE, CAM and conductive 

additives for the cathode, with LLZO separators. 
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Figure XVI.32.12 Property testing of different mol% of LiTFSI in SN. (a) Nyquist plot. (b) DC Polarization. (c) LSV. 

Task 4. Glass composite solid electrolyte by low-temperature solution-phase synthesis. 

This task aims to develop a sulfide glass separator that is both thin and resisting Li dendrite penetration from 

the lithium metal anode side. Solution processable separators would be more easily integrated with solid-state 

batteries through low-cost processing. In addition, solution processable SEs could be directly integrated with 

cathode materials to form a composite cathode through conventional slurry coating.  Our objective is therefore 

to develop the processes to synthesize hybrid SEs from inorganic conductors and polymer through solution-

based processes, and which combine high ionic conductivities (>10-3 S cm-1) and high fracture toughness (>10 

MPa m1/2). We will initially focus on sulfide-based materials, but will also consider other inorganic conductors 

later in the process. The sulfide coupled with a functional polymer network will be deposited through the 

solution-phase as a thin film onto a protected lithium metal surface. As the solvent evaporates, an intimate 

mixture of sulfide glass and polymer network is formed within a homogeneous film. Replicating the 

biomineralization processes that occur in natural structural materials, the polymer functional groups will 

strongly interact with the sulfide glass to form a material with high fracture toughness. The composition of the 

sulfide glass can also be modified using various dopants to tune the chemical and electrochemical properties of 

the SE.   

 

Figure XVI.32.13 (a) Comparison of three possible methods for preparing the solid electrolyte-polymer composites. Note that the 

solution-precipitation method has an advantage of a high mechanical strength owing to its smaller polymer-domain size and 

uniformly distributed microstructure. (b) Schematic showing the preparation process of the solution-precipitation method. 

There are three different methods that can mix functional polymers with solid-state ceramic materials – direct 

mechanical mixing, slurry dispersion, and solution precipitation as shown in Figure XVI.32.13. The 
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morphology of the mixture is very different among the three methods. Mechanical mixing tends to yield the 

most inhomogeneous composite, since the particles’ size determines the mixing uniformity. The slurry 

dispersion allows the polymer particles to dissolve in the slurry solvent, therefore the polymers tend to coat on 

the ceramic particles. In this case, the finer the ceramic particles, the better the dispersion. Solution 

precipitation dissolves both the polymer adhesive and ceramic particles in the solvents, and precipitated both 

polymer and ceramic out concurrently and instantaneously in nonsolvent. The mixture could form nanoscale or 

even molecular level mixture depending on the polymer and ceramic cluster interactions. This task mainly 

focuses on the developing, understanding, and controlling of the processes of the slurry dispersion and solution 

precipitation method. A novel solution-precipitation approach was employed to prepare LPSCl-polymer 

composites using polyethylene oxide (PEO) and polyphenylene oxide (PPO) polymers. PEO can strongly 

interact with Li-ion through the oxygen elements in PEO. PPO also has oxygen elements, which can interact 

with lithium-ion. PPO also have higher thermally stability. Ethanol (EtOH) is used as a solvent to dissolve the 

LPSCl solid form to a soluble cluster form. However, the overall liquid process time must be controlled to 

retain the cluster structure and subsequent argyrodite structure. Thus, we first investigate the effect of 

dissolution time on the LPSCl structure properties, as shown in Figure XVI.32.14. SEM images (Figure 

XVI.32.14a-c) show the decrease in the grain size of the SE with the dissolution time in EtOH, and it appears 

to form a more amorphous-like shape at a longer dissolution time (30-min). In addition, XRD results show a 

decrease in the signal for both cases compared to the pristine LPSCl, but the 30-min sample shows the lowest 

intensity of XRD peaks among the samples (Figure XVI.32.14d). A decrease in the ionic conductivity with the 

dissolution time is also observed (Figure XVI.32.14e). 30-min sample shows a comparatively lower 

conductivity (0.01 mS/cm) than 5-min sample (0.04 mS/cm). These results suggest that the dissolution of 

LPSCl in EtOH will affect the overall crystal structure and ionic conductivity of the recovered precipitates and 

those properties are strongly dependent on the dissolution time. Thus, the solution-precipitation method 

requires the minimum exposure of LPSCl to EtOH to minimize the depletion of the crystal structure of LPSCl 

and additional heat treatment to recover some crystal structure and ionic conductivity of LPSCl. 



FY 2022 Annual Progress Report 

 Beyond Lithium-Ion R&D: Solid-State Batteries 1107 

 

Figure XVI.32.14 Morphological and structural changes with dissolution time in EtOH. (a-c) SEM images of (a) pristine LPSCl 

powder, (b) LPSCl precipitate after dissolution in EtOH for 5 min, and (c) after dissolution for 30 min. Scale bars in SEM images are 

10 µm. (d) XRD results of LPSCl with a different dissolution time in EtOH. As the time increases, the intensities of the 

representative LPSCl peaks (denoted as a triangle) decreases. Please note that the sharp peak at ~13° and the bump peak at 

~20 deg were from a different airtight XRD holder used in yellow and red patterns. (e) Ionic conductivities of LPSCl with different 

dissolution times. Note that a shorter dissolution time of LPSCl is preferred to exhibit a higher conductivity. 

To evaluate the proposed solution-precipitation method, we comparatively investigated the morphological and 

mechanical properties of the LPSCl-polymer composites with the other preparation methods. First, we discuss 

the morphology of LPSCl-PEO composites using SEM images in Figure XVI.32.15. Regardless of the 

polymer content, all composites displayed similar morphology with crystal grain sizes between 1 and 10 µm. 

Unlike the size of LPSCl decreased after the precipitation without polymer, the feature size of the polymer 

composite appears to be preserved when the precipitation was performed in the polymer solution. This result 

suggests that the polymer promotes LPSCl precipitation and possibly limits ethanol accessibility to LPSCl. 

Because we could not identify the polymer phase in SEM images, we performed transmission electron 

microscope (TEM)-energy dispersive X-ray spectroscope (EDS) analyses to track how the polymer distributes 

on the composites. For the TEM analyses, we used an air-tight sample transfer TEM holder to avoid any 

potential degradation of the composite due to air exposure. Figure XVI.32.16 shows the comparative results 

between LPSCl-PEO composites by dispersion method (Figure XVI.32.16a) and the composites via the 

solution-precipitation method (Figure XVI.32.16b). Considering all sample preparation procedures were 

conducted without air exposure, oxygen (O) elemental distribution in the EDS maps is expected to represent 

the presence of PEO along with the LPSCl phase. To compare the elemental distribution clearly, we put bi-

elemental maps of P-O and P-Cl right next to each STEM-HAADF image. For the 2 wt.% polymer composites 

prepared by the dispersion mix method, a non-uniform distribution of PEO is clearly observed as shown in 

Figure XVI.32.16a. In contrast, the solution-precipitation method creates a uniform distribution of PEO in 

LPSCl composites (Figure XVI.32.16b). These results confirm a solution-precipitation method is better than 

the dispersion mix one in order to produce a uniform distribution of the polymer and ceramic phase. 
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Figure XVI.32.15 Scanning electron microscope (SEM) images of LPSCl-PEO composites with the polymer content of 2%w, 8%wt, 

and 12% wt (from left to right). 

 

Figure XVI.32.16 Chemical and Mechanical evaluations of LPSCl-PEO composite. (a-b) Elemental mappings of (O, P, S Cl) in LPSCl-

PEO composites with 2 wt.% polymer content. Note that the composites are prepared by two different methods: (a) dispersion mix 

and (b) solution-precipitation methods.(Scale bar: 1µm) 

 

Conclusions   

This project has four main tasks: (1) ABL development, (2) chemically and mechanically stable cathode 

composite development, (3) high loading cathode composite design, and (4) glass composite solid electrolyte 

development. For task 1, the team has optimized the thin ABL film fabrication process (~10 µm), investigated 

the lithiation process in Ag by computations to understand how Ag nanoparticles in ABL help to uniform Li 

metal plating, and studied how the carbon structure affect the Li metal plating behaviors. For task 2, the team 

has evaluated their approaches to make CAM-carbon composite electrodes that can provide high electronic 

conductivity but minimize detrimental carbon-SE interfaces. In addition, the team investigated the synthesis-
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composition–structure–property relationships in the Li–Y–Cl halide SEs. By increasing Y content in 

Li3−xY1+xCl6 (0  x  0.13), they observed higher ionic conductivities. Task 3 focuses on the optimization of thin 

LLZO separator and development of secondary SE for the cathode composite. They developed thin (<100 µm) 

LLZO separators but further optimization is underway to achieve < 20 µm. The team has studied SN-based plastic 

crystal SEs to be used as catholytes. In the efforts of Task 4, the team has developed glass ceramic hybrid SEs 

consisting of PEO and LPSCl. They found the solution-precipitation method can make uniform mixing of PEO 

and LPSCl in contrast to mechanical mixing and slurry dispersion methods.  
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XVII Beyond Li-Ion R&D: Lithium Sulfur Batteries 
Lithium-sulfur (Li-S) battery technology has the potential to offer affordable, lighter-weight batteries that also 

have a safety advantage over present systems. In these batteries, the metal-rich cathode of Li-ion cells is 

replaced with a comparatively cheap and abundant elemental sulfur, a material that offers the theoretical 

potential for a five-fold improvement in capacity for the same weight. By using sulfur, lightweight cells can be 

produced using more cost-effective materials, while also reducing the environmental and social concerns 

surrounding the production of nickel and cobalt. Whereas such battery types as Li-ion and Na-ion employ an 

intercalation mechanism for Li-ions to shuttle between electrodes, Li-S batteries operate by a ‘conversion 

mechanism’ in which elemental sulfur and lithium react to form a series of lithium-containing sulfur 

compounds (polysulfides) to deliver the energy stored in the cell. There are several key challenges associated 

with this technology including the poor electronic conductivity of sulfur, the dissolution of discharge products 

(shuttle effect) and the poor reversibility of lithium. 

The rest of this chapter contains detailed reports on the status of the following individual projects. 

• A Novel Chemistry: Lithium-Selenium and Selenium-Sulfur Couple (ANL) 

• Development of High Energy Lithium-Sulfur Batteries (PNNL) 

• Mechanistic Investigation for the Rechargeable Li-Sulfur Batteries (Brookhaven National Laboratory 

& University of Wisconsin-Milwaukee) 

• New electrolyte binder for Lithium sulfur battery (LBNL) 

• Strategies to Enable Lean Electrolytes for High Loading and Stable Lithium-Sulfur Batteries (UCSD) 

• New Engineering Concepts for High Energy Density Li-S Batteries (UPitt) 

• Development of Li-S Battery Cells with High Energy Density and Long Cycling Life (PSU) 

• Nanostructured Design of Sulfur Cathodes for High Energy Lithium-Sulfur Batteries (Stanford 

University). 
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Project Introduction 

Lithium/sulfur (Li/S) batteries have attracted extensive attention for energy storage applications due to the high 

theoretical energy density (2600 Wh/kg) and earth abundance of sulfur.[1] Recently, selenium and selenium-

sulfur systems have also received considerable attention as cathode materials for rechargeable batteries 

because of the high electronic conductivity (20 orders of magnitude higher than sulfur) and high volumetric 

capacity (3254 mAh cm-3) of selenium.[2] Selenium-sulfur (Se-S) mixtures are miscible in a wide 

concentration range, and many Se-S composites can be prepared, including Se5S, Se5S2, Se5S4, SeS, Se3S5, 

SeS2, SeS7, and even materials with a small amount of Se such as SeS20.[2] These Se-S composites offer 

higher theoretical specific capacities than Se alone and improved conductivity compared to pure S. However, 

similar to Li/S batteries, two major obstacles resulting from lithium polysulfides/polyselenides (LiPSs/LiPSes) 

shuttle and lithium dendrite formation remain huge challenges for long-life Li/Se-S batteries.[3] The former is 

due to the dissolution and migration of polysulfides/polyselenides intermediates in the conventional ether-

based electrolytes, which could induce severe parasitic reactions with Li metal and hence formation of porous 

or mossy Li metal. The latter is originated from the parasitic reactions of lithium metal with the electrolytes, 

leading to the formation of fragile solid electrolyte interphase (SEI) on Li metal, further uncontrolled lithium 

dendrite growth and eventually dead lithium. These parasitic reactions are the direct cause for the rapid 

capacity fade and poor coulombic efficiency of Li/S and Li/Se-S batteries. 

Via advanced diagnostic tools including synchrotron X-ray probes and computational modeling, the team led 

by Dr. Khalil Amine and Dr. Guiliang Xu at Argonne National Laboratory (ANL) is focusing on the 

development of rational cathode structure designs and exploration of novel electrolytes to effectively eliminate 

these parasitic reactions and simultaneously suppress the shuttle effect and lithium dendrite formation during 

long-term cycling. 

Objectives 

The objective of this project is to develop novel Li/Se-S batteries with high energy density (500 Wh/kg) and 

long life (>500 cycles) along with low cost and high safety. 

Approach  

To prevent the dissolution of polysulfides and increase the active material utilization, S or Li2S is generally 

impregnated in a conducting carbon matrix. However, this approach makes it difficult to increase the loading 

density of practical electrodes. It is proposed here to solve the above barriers by the following approaches: (1) 

partial replacement of S with Se, (2) confinement of the Se-S in a porous conductive matrix with high pore 

volume, and (3) exploration of advanced electrolytes that can suppress shuttle effect and lithium dendrite 

growth. 

mailto:amine@anl.gov
mailto:Tien.Duong@ee.doe.gov
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Collaboration 

• Synchrotron X-ray diffraction: Dr. Wenqian Xu, APS of ANL 

• Synchrotron X-ray absorption spectroscopy: Dr. Chengjun Sun, APS of ANL 

Results  

Development of 1Ah-level Li/S pouch cell with 300 Wh/kg cell energy density and stable cycle life via a 

double-end binding host design 

Currently, most of the reported Li/S batteries were evaluated in coin cells only, while the performance in 

practical pouch cells showed disappointingly lower specific energy and shorter cycle life. In FY21, we have 

developed an advanced sulfur cathode using a host with double-end binding sites (denoted as 3d-

omsh/ZnS,Co-N-C/S). In FY22, we have been focusing on fabrication of Ah-level Li/S pouch cell with high 

cell energy density and stable cycle life using this cathode. We have calculated the cell energy density of Li/S 

pouch cell as a function of areal S loading and electrolytes/sulfur (E/S) ratio, see Figure XVII.1.1a. The results 

show that in order to reach the goal of 300 Wh/kg, the E/S ratio should be maintained below 4 μL/mg and the 

areal capacity should be at least 6 mAh/cm2. We therefore proposed a multilayers and interdigitated type 

battery for the pouch cell stacking (Figure XVII.1.1b). As a result, we have fabricated a four-layers Li/S pouch 

cell using 3d-omsh/ZnS,Co-N-C/S cathode with a areal S loading of ~6.25 mg/cm2  (6mm*8 mm) and total S 

amount of 1.2 gram. The electrolytes used in the test was conventional dioxolane (DOL)/ dimethoxyethane 

(DME)-based electrolytes and the electrolyte/sulfur ratio is controlled at 4 μL/mg. The negative/positive 

capacity ratio is around 2.6. 

Figure XVII.1.2a shows the charge/discharge curves of 1.2g-sulfur pouch cell at different current densities. As 

shown, the as-assembled cell could deliver a high specific capacity of > 1200 mAh/g at 41.67 mA/g, indicating 

a high sulfur utilization even under operation with a lean electrolyte and high areal S loading condition. The 

specific energy of the pouch cell was evaluated on the basis of the equation (1): 

𝐸𝑔 =
𝑣𝑐

∑ 𝑚𝑖
      (1) 

where Eg is the cell specific energy (Wh/kg), V is the output voltage (V), C is the output capacity (mAh), and 

mi is the weight (g) of each component of the pouch cell. The total weight taken into consideration includes the 

weight of the cathode (including sulfur, binder, carbon black, and carbon host), Li metal foil (100 μm), 

electrolyte (ρelectrolyte= 1.0 g/cm3), separator (ρseparator=0.95 g/cm3), Al foil (ρAl=2.70 g/cm3) current collector, 

and Cu foil (ρCu=8.96 g/cm3) current collector. The weight percentage of each component is summarized in 

Figure XVII.1.3. As a result, it could enable a high practical cell energy density of 317 Wh/kg. 

When the current density was increased by 4X, the specific capacity was decreased to around 950 mAh/g with 

increased voltage polarization. This should be due to the insufficient ion transport in the thick cathode under 

lean electrolytes condition, indicating further improvement is needed to boost the performance at higher 

current densities. Figure XVII.1.2b shows the corresponding cycle performance of the Li/S pouch cell at 83.33 

mA/g and E/S ratio of 4 μL/mg. Surprisingly, even under the influence of side reactions between the bare 

lithium metal and the DOL/DME-based electrolyte, our Ah-level Li/S pouch cell still delivered high 

Coulombic efficiency (>95%) and stable cycling performance for 80 cycles (~74% capacity retention), 

supporting the effectiveness of the double-end binding sites in immobilizing polysulfides and eliminating Li 

metal corrosion. We have compared our results with the reported performance in the literature, and found that 

in terms of specific energy, cycle life and capacity retention, our Li/S pouch cell based on the macroporous 

host with double-end binding site design clearly represents a significant advance. While you could see the 

fluctuation of capacity after tens of cycles, which should be attributed to the inherent instability of Li metal 

with the conventional ether electrolytes. With further Li metal protection (e.g., host design or electrolytes 

modulation) and cell configuration optimization (e.g., internal pressure), we believe the performance could be 

further improved. 
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Figure XVII.1.1 (a) Calculated specific energy versus areal S loading for Li/S pouch cells with different E/S ratios assuming that the 

specific capacity and the average discharge voltage are 1,000 mAh/g and 2.05 V, respectively. (b). Configuration of interdigitated 

type battery winding for the pouch cell stacking. 

 

Figure XVII.1.2 (a) Charge/discharge curves of 1.2 g-sulfur pouch cell using sulfur/macroporous host with double-end binding 

cathode  under different current density ranging from 41.67 mA/g to 166.67 mA/g. (b). Cycling performance of 1.2-g-sulfur pouch 

cell using sulfur/macroporous host with double-end binding cathode at 83.33 mA/g. 

 

 

Figure XVII.1.3 Weight analysis pie chart of the 1.2-g-sulfur pouch cell through interdigitated type battery winding. 
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Advanced characterization of sulfur/double-end binding composite during charge/discharge  

To clearly understand the underlying mechanism for the significantly improved performance of the 

aforementioned Li/S pouch cell using double-end binding host, we have conducted a series of in situ and ex 

situ characterization.  

First of all, we used in situ synchrotron high-energy X-ray diffraction (HEXRD) to reveal the reaction 

mechanism of 3d-omsh/ZnS,Co-N-C/S cathode during charge/discharge at C/10. As shown in Figure XVII.1.4, 

four peaks located at 2.05°, 2.37°, 3.35° and 3.92° can be assigned to the Li2S crystal phase, which started to 

emerge at the same depth of discharge (Point A, 2.14 V). The peak intensities for the solid Li2S keep 

increasing with further lithiation to 1.8 V, suggesting the continuous precipitation of Li2S during discharge. 

Moreover, four X-ray diffraction peaks at ~2.02°, 2.18°, 3.40° and 3.96°, which appeared slightly later (Point 

B, 2.13 V) than that for Li2S and then disappeared (Point C, 2.10 V) during further discharge, can be attributed 

to the solid Li2S2 intermediates. This is consistent with the previous observation of Li2S2 and resolves the 

debate on the existence of Li2S2 during charge/discharge of Li/S batteries. During the subsequent charging 

process, the peak intensities assigned to Li2S gradually decrease and completely disappear after charge beyond 

point D, 2.30 V. In addition, the formation/decomposition of the crystalline Li2S2 intermediate that was 

observed during discharge did not occur during charge, which is due to the fast and efficient conversion of 

solid Li2S2 to liquid LiPSs by the DEB sites. 

Furthermore, in situ UV-visible (UV-vis) spectroscopy characterization during discharge of the 3d-

omsh/ZnS,Co-N-C/S cathode directly confirmed no migration of polysulfides species on the Li anode side, 

indicating no polysulfides shuttling or Li metal corrosion . As shown in Figure XVII.1.5a, during the discharge 

of the cell with Ketjenblack (KB)/S cathode at 0.1 C (discharge curve is shown on right), we identified a very 

sharp peak located at the wavelength of 535 nm after being discharged to 1.8 V, suggesting a large amount of 

diffusion of Li2S6 to the anode side. Moreover, other polysulfide species S8
2-, S4

2-, and S2
2- located at the 

wavelengths of 570 nm, 510 nm, and 450 nm, respectively, were also identified, indicating a severe shuttle 

effect in the KB/S cathode. The digital photograph of the test cell (inset of Figure XVII.1.5a) shows a clear 

color change of the separator to dark brown, further revealing the migration of LiPSs to the Li metal side. by 

contrast, the test cell with 3d-omsh/ZnS,Co-N-C/S cathode exhibited very weak lithium polysulfides peaks for 

S8
2-, S6

2-, S4
2-, and S2

2-. This result indicates that the double-end binding site has a strong binding ability 

towards lithium polysulfides to prevent their diffusion to the Li anode side. The digital photographs of the cell 

after being discharged to 1.8 V (inset of Supplementary Figure XVII.1.5b) show that the color of the separator 

remained unchanged, confirming the capability of relieving the shuttle effect by the 3d-omsh/ZnS,Co-N-C host 

material. 
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Figure XVII.1.4 Charge/discharge curve of the 3d-omsh/ZnS,Co–N–C/S cathode at 0.1 C and the corresponding in situ HEXRD 

patterns. Points A/D and B/C indicate the critical voltage point of the appearance/disappearance of Li2S (marked by the black 

boxes in HEXRD) and Li2S2 (marked by the blue boxes in HEXRD), respectively. 

We have further conducted Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) characterization on 

the cycled sulfur cathode and cycled Li metal anode using different hosts. As shown in the ToF-SIMS depth 

profiles of S- secondary ions in various cycled S cathodes at 1 C for 100 cycles (Figure XVII.1.6a), the cycled 

KB/S and macroporous carbon/S cathodes exhibited the highest intensities of the S migration layer caused by 

the LiPSs shuttle, while the intensities of the S- peaks in the case of macroporous carbon/ZnS/S and 

macroporous carbon/Co-N-C/S became weaker but still existed. No S migration layer for the cycled 

macroporous carbon/ZnS, Co-N-C/S can be observed, confirming the effectiveness of double end binding sites 

in immobilizing polysulfides. Figure XVII.1.6b compares 3D S element reconstructions of the cycled sulfur 

cathodes, which show that the thickness of the S migration layer follows a trend of macroporous 

carbon/ZnS,Co-N-C/S (Figure XVII.1.6b-V)<<macroporous carbon/Co-N-C/S (Figure XVII.1.6b-

IV)<macroporous carbon/ZnS/S (Figure XVII.1.6b-III)<macroporous carbon/pure carbon/S (FFigure 

XVII.1.6b-II)<KB/S (Figure XVII.1.6b-I).  ToF-SIMS on the cycled Li metal was also conducted to directly 

probe Li metal corrosion. As shown in Figure XVII.1.6c, many S agglomerates were identified on the surface 

of cycled Li metal anodes in the cells with KB/S (Figure XVII.1.6c-I) and macroporous carbon/pure carbon/S 

(Figure XVII.1.6c-II) cathodes, indicating a severe shuttle effect and Li metal corrosion. The intensities of the 

S element on the surface of the cycled Li metal anodes became weaker in the case of the SEB sites (Figure 

XVII.1.6c-III and IV) but were still visible, illustrating that the SEB sites cannot eliminate the shuttle effect 

and Li metal corrosion. By sharp contrast, only a very weak S signal due to the formation of a S-containing 

solid-electrolyte interphase layer can be found on the surface of the cycled Li metal anode using the double-

end binding host (Figure XVII.1.6c-V). 
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Figure XVII.1.5 In situ UV-vis observations and the corresponding discharge curves of (a) KB/S and (b) 3d-omsh/ZnS,Co-N-C/S 

cathodes at 0.1 C. Inset of (a): digital photograph of the in situ cell of KB/S cathode after testing; inset of (b): digital photograph of 

the in situ cell of 3d-omsh/ZnS,Co-N-C/S cathode after testing. The color bars indicate the derivative of reflectance, with pink color 

means positive number, blue color corresponds to negative number. 

 

Figure XVII.1.6 ToF-SIMS (a) depth profiles and (b) 3D rendering of S- secondary ions distribution of cycled (I) KB/S, (II) ANL-

macroporous carbon/S, (III) Macroporous carbon/ZnS/S, (IV) Macroporous carbon/Co-N-C/S, and (V) Macroporous 

carbon/ZnS,Co-N-C/S cathodes after 100 cycles at 1 C. (c) ToF-SIMS S-element mappings on the surface of cycled Li metal anode 

of (I) Li-KB/S, (II) Li-Macroporous carbon/S, (III) Li-Macroporous carbon/ZnS/S, (IV) Li-Macroporous carbon/Co-N-C/S, and (V) Li-

Macroporous carbon/ZnS,Co-N-C/S cells after 100 cycles at 1 C. The color bar in (b) and (c) represents the signal intensity, with 

yellow color represent high intensity and black color represent low intensity. The region outlined by red dash-line in (c) indicated 

the location of migrated sulfur species. 
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Performance evaluation and mechanistic understanding of Li/S pouch cells under low E/S ratio 

To further increase the cell energy density of Li/S pouch cells using double-end binding host, we have reduced 

the electrolytes/sulfur ratio from 4 to 2.5 μL/mg. As shown in Figure XVII.1.7a, the cell exhibits a main 

discharge working plateau of 2.05 V versus lithium and a specific capacity of ~ 1000 mAh/g. By considering 

the weight of all the cell components (cathode, anode, electrolytes, current collector, separator, etc.), the cell 

energy density is calculated to be 352.43 Wh/kg. Furthermore, as shown in the simulation results by using 

BatPaC (https://www.anl.gov/cse/batpac-model-software), when the cell capacity of Li/S pouch cells is 

increased to ~ 50 Ah, the cell energy density could be further increased to ~ 450 Wh/kg (Figure XVII.1.7b). 

Moreover, the cost of our Li/S pouch cells will be significantly lower than that of current lithium-ion batteries. 

In addition, the natural abundance of sulfur could mitigate the critical raw material supply chain challenge of 

lithium-ion batteries that use expensive and scare Ni and Co elements. However, under a low E/S ratio of 2.5 

μL/mg, the cell could only sustain few cycle of charge/discharge and then exhibits a sudden failure. 

In Li/S battery, the Li ion transfer changes depend on the amount of electrolytes. In general, the lower the 

electrolyte amount in the cell, the slower the Li ion transfer. To understand the rapid cell failure of the Li/S 

batteries under lean electrolytes, we have used electrochemical impedance spectroscopy (EIS) to reveal the 

impedance evolution during discharge of high mass loading sulfur electrodes at different E/S ratios. Figure 

XVII.1.8a-c shows the 1st discharge curve of sulfur cathode with an areal S loading of 14.3 mg/cm2 at E/S ratio 

of 10, 4, and 2 μL/mg, respectively. Figure XVII.1.8d-f show the corresponding EIS spectra at the 1st 

discharged state, which exhibit two semi circles at high and low frequency region, corresponding to interfacial 

(Rint) and charge-transfer (Rct) resistances. As shown, for the cell with E/S ratio of 10 μL/mg (Figure 

XVII.1.8a) and 4 μL/mg (Figure XVII.1.8b), the cell can still exhibit two distinct discharge plateaus with Rint 

and Rct resistances below 20 Ω (Figure XVII.1.8d) and 200 Ω (Figure XVII.1.8e), respectively. By contrast, 

when the E/S ratio is further reduced to 2 μL/mg (Figure XVII.1.8c), it shows only a short discharge plateau 

and increased Rint of the 400 Ω and Rct of 1800 Ω (Figure XVII.1.8f), which is mainly likely due to the 

substantial Li ion transfer constraint at the interface. Figure XVII.1.8g-i further shows the impedance evolution 

of high loading S electrodes during discharge at different E/S ratio, which shows that low E/S ratio 

significantly increase the resistance. 

Indeed, it has been well discussed in Li/S community that Li metal failure and electrolytes deterioration will 

play a dominant role in the performance of Li/S batteries under high-loading cathode and lean electrolytes 

condition. Meanwhile, it has been well known that the conventional DOL/DME electrolytes cannot enable 

efficient reversible Li stripping/plating. For example, under a high S loading of 14.3 mg/cm2 and 167.5 mA/g, 

the absolute current density applied onto Li metal is as high as 2.4 mA/cm2, raising critical challenge (e.g., 

dendrite formation) for the stabilization of Li metal. On the other hand, lithium metal is highly reactive in 

contact with non-aqueous ether-based electrolyte solutions, which will inevitably consume considerable 

amount of electrolytes to form solid-electrolyte interphase (SEI). Under lean electrolytes condition, the 

continuous parasitic reactions between Li metal and electrolytes could result in electrolytes depletion of the 

cell, leading to large increase of the internal cell resistance (as shown in Figure XVII.1.8) and hence sluggish 

reaction kinetics of sulfur cathodes. Hence, further Li metal protection technologies and cell configuration 

optimization (for example, internal pressure and tortuosity/porosity) are required to extend the cycle life. 
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Figure XVII.1.7 (a) The charge/discharge curve of the Li/S pouch cell using ANL double-end binding host with an E/S ratio of 2.5 

μL/mg. (b) BatPaC simulation of the cell specific energy of our Li/S pouch cell based on various cell capacities. 

 

Figure XVII.1.8 Electrochemical characterization of Li/S cells at various E/S ratios. The 1st discharge voltage curves and EIS 

results of sulfur cathode with S loading of 14.3 mg/cm2 at 167.5 mA/g and E/S ratios of (a, d) 10 μL/mg, (b, e) 4 μL/mg, and (c, f) 

2 μL/mg. Inset in (d) shows the equivalent circuit. (g-i) shows the impedance evolution during discharge process at  (g) 10 μL/mg, 

(h) 4 μL/mg, and (i) 2 μL/mg. The red dotted circles in Figure a-c correspond to the ex situ point shown in Figure g-i. 
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Development of novel SeS cathode with high areal capacity of > 4 mAh/cm2 for 100 cycles 

To further increase the cycling performance and suppress the self-discharge of Li/S batteries during 

charge/discharge at a wide temperature range (0°C-50°C). This would require both control on the cathode 

structures and electrolyte structures to simultaneously suppress the shuttle effect and stabilize Li 

stripping/plating process.  

We prepared the ordered macroporous sulfur host (OMSH). As shown in the scanning electron microscopy 

(SEM) image of OMSH (Figure XVII.1.9a), the ordered macroporous structure with a pore diameter of ~ 180 

nm was successfully constructed. We then infiltrated ~ 80 wt.% Se doped S (Se:S=1:9 in mass ratio) into the 

hollow chamber of OMSH through the molten-diffusion method at a temperature of 155 ˚C for 12 h. The 

obtained cathode material was denoted as OMSH-Se/S. The transmission electron microscopy (TEM) image of 

OMSH-Se/S (Figure XVII.1.9b) shows that the macropores of OMSH are filled with Se doped S particles. The 

energy-dispersive X-ray spectroscopy (EDS) images of OMSH-Se/S (Figure XVII.1.9c) indicates that S and 

Se elements are uniformly distributed inside the cathode material, confirming the successful encapsulation of 

Se-S into the ordered macroporous structure. Meanwhile, the uniform distribution of Zn and Co elements 

suggests the existence of double-end binding sites inside the OMSH-Se/S, which can enhance the 

electrochemical kinetics of redox. X-ray photoelectron spectroscopy (XPS) characterization of OMSH-Se/S 

(Figure XVII.1.9d) reveals the existence of Se bonding as the Se 3p1/2 (168.31 eV) and Se 3p3/2 (161.82 eV) 

can be identified. Meanwhile, the Se-S (56.0 eV & 57.0 eV) and Se-Se (55.49 eV & 56.35 eV) bonds in 

OMSH-Se/S cathode material (Figure XVII.1.9e) confirmed the formation of a new phase of Se/S compound 

after Se doping, rather than a simple physical mixture of Se and S. The formation of the Se/S phase can 

enhance the electronic conductivity and reversibility of cathode composite in comparison with pure S phase. 

The content of Se/S in the OMSH-Se/S was measured to be 79.11 wt. % by thermogravimetric analysis (TGA, 

Figure XVII.1.9f). 

 

Figure XVII.1.9 Structure and composition analysis of cathode material. (a) SEM image of OMSH host material. (b, c) TEM and 

corresponding EDS chemical mapping of OMSH-Se/S (interesting elements are S, Zn, Se, and Co). High-resolution XPS spectra of 

(d) S 2p and (e) Se 3d of OMSH-SeS cathode material. (f) TGA curve of OMSH-SeS cathode material under argon atmosphere from 

room temperature to 450 ˚C. 

The HFE-based electrolyte that we invented during this project can significantly suppress the solubility of 

LiPSs, leading to suppressed shuttle effect. Meanwhile, Se doping and the ordered macroporous host structure 

can greatly enhance the electrical conductivity and the ion transport of the cathode composite even under high 

S content conditions. Thus, as shown in Figure XVII.1.10a, the OMSH-Se/S cathode material can deliver a 

reversible specific capacity of 1065.25 mAh/g1 and  
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Figure XVII.1.10 Electrochemical characterizations of OMSH-Se/S cathode material. a) Cycling performance of OMSH-Se/S 

cathode in HFE-based electrolyte at 160 mA g-1 with a areal Se/S loading of 2 mg/cm2. b) Cycling performance of OMSH-Se/S 

cathode with higher areal Se/S loading conditions (3.0 mg/cm2 and 5.8 mg/cm2) in HFE-based electrolyte at 200 mA/g. c) 

Voltage profiles of various cycles of OMSH-Se/S cathode under high areal Se/S loading (5.8 mg/cm2) condition in HFE-based 

electrolyte. Voltage profiles of OMSH-Se/S cathode (~6.5 mg/cm2) that rested for 1 week after 2 initial cycles in d) DME- and e) 

HFE-based electrolytes. f) Cycling performance of OMSH-Se/S cathode after resting for 1 week in HFE-based electrolyte. Hollow 

and solid symbols in (a, b, f) represent coulombic efficiency and discharge capacity, respectively. 

a high coulombic efficiency (>99.5 %) at a current density of 160 mA/g1. Moreover, a high-capacity retention 

rate of 81.77% for 300 cycles can be achieved with an areal Se/S loading of 2 mg/cm2. We also characterized 

the electrochemical performance of OMSH-Se/S cathode under higher areal Se/S loading and controlled E/S 

ratio (10 µL/mg). As shown in Figure XVII.1.2b, when increasing the areal Se/S loading to 3.0 mg/cm2, the 

cell can deliver a high areal capacity of 3.82 mAh/cm2 at 200 mA/g, and maintain 2.70 mAh/cm2 after 100 

cycles. Moreover, when we further increased the areal Se/S loading to 5.8 mg/cm2, the cathode can still deliver 

5.47 mAh/cm2 at 200 mA/g (Figure XVII.1.10b & 10c), corresponding to a specific capacity of 943.10 mAh/g. 

The high active material utilization of OMSH-Se/S under high areal Se/S loading indicates that the ordered 

macroporous host combined with Se doping can effectively enhance the electrochemical redox kinetics. As a 

result, the OMSH-Se/S can achieve a high coulombic efficiency of >99.2% and a high-capacity retention rate 

(71.77% for 100 cycles) even under high areal Se/S loading (5.8 mg/cm2) conditions. 

Conclusions   

In summary, we have developed a high-energy Li/S pouch cell with high cell energy density of > 300 Wh/kg 

and stable cycle life via using a double-end binding host. We have conducted a series of advanced 

characterization to reveal the strong binding and catalytic effect of double-end binding host towards 

polysulfides, highlighting the importance of host design in enabling high-energy and long-life Li/S pouch cells. 

We have further investigated the degradation mechanism of Li/S batteries under low electrolytes/sulfur ratio, 

which can be attributed to the depletion of electrolytes and the significantly increased cell resistance due to the 

high reaction activity of Li metal and electrolytes. We have further combined the double-end binding host and 

fluorinated electrolytes to improve the cycling stability and self-discharge of Li/S batteries.  
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Project Introduction 

Lithium-sulfur (Li-S) battery has a high theoretical energy and low cost, making it one of the most promising 

battery technologies to meet the DOE battery cost target of < $80/kWh for vehicle electrification. Despite 

advances in Li-S battery, deployment of the technology is still hindered by the low practical energy and limited 

cycle life. Achieving a high energy Li-S cell is feasible only through the simultaneous integration of a high-

loading S cathode, thin Li anode, and most importantly a very lean amount of electrolyte. However, a simple 

combination of these parameters in a high-energy cell often leads to both a low reversible capacity and a very 

limited cycling life. Clear understanding of fundamental mechanisms of the cell failure at realistic conditions 

still need more efforts. Our study of high-energy Li-S pouch cells indicates that 1) electrolyte amount has a 

nearly linear correlation with the cumulative cell capacity (i.e., overall capacities delivered during the 

lifespan); and 2) electrolyte diffusion/ redistribution is hindered by the high tortuosity sulfur electrodes, which 

leads to the reaction heterogeneity and accelerated cell-failure. To improve cell cycle life and maintain high 

energy density of the cell at the same time, new designs of materials and electrode architectures addressing the 

above issues are essentially needed. Rational designs should be targeted to increase effective electrolyte 

supply, facilitate electrolyte infiltration and distribution, reduce electrolyte consumption, maintaining a durable 

Li-ion conduction network under realistic cell operation conditions. First, reducing electrode porosity is critical 

to conserving more electrolyte for cell cycling. For a given areal capacity, sulfur cathodes are much thicker and 

more porous (>60%) compared to the dense NMC cathodes due to the use of low density and porous S/C 

materials. This severely diminishes cell energy while also requiring more electrolyte for pore filling. However, 

reducing electrode porosity through direct pressing proves challenging if using the materials originally 

designed for highly porous cathodes. This is because the electrodes featuring low porosity and high tortuosity 

have slow electrolyte diffusivity, reducing the sulfur reaction kinetics and utilization rate. Therefore, a clear 

understanding of the effect that electrode porosity/tortuosity has on the electrolyte transport, sulfur reaction 

kinetics and cell life is critical for the rational design of materials and electrode architectures. Approaches that 

reduce the tortuosity in a low-porosity cathode are required to ensure the quick electrode wetting.  Second, Li-

ion conduction pathways should be maintained by either developing stable electrolytes/additives or through 

building durable quasi-solid Li+ conduction networks. So far, the ether-based liquid solutions combined with 

LiNO3 additive remain the most viable option for Li-S electrolytes. However, consumption and depletion 

continue through chemical and electrochemical reactions. The “non-solvating” electrolytes, localized 

concentrated electrolytes, and solid electrolytes received widespread attention for prolonging the cycle life of 

mailto:dongping.lu@pnnl.gov
mailto:jun.liu@pnnl.gov
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the Li metal batteries. These electrolytes may also be helpful in Li-S cells but need an optimal electrode 

architecture that can take advantages of novel electrolytes.  

The objective of this project is to develop high-energy Li-S batteries with a long lifespan. In FY22, we focused 

on the development of cathode materials, electrode architecture, and processing to realize operation of low-

porosity electrodes at very lean electrolyte conditions.     

Objectives 

• Realize S utilization rate >1100 mAh/g in low-porosity (porosity≤40%) and high-loading (> 4 

mg/cm2) S electrodes through optimization of materials and electrode architectures. 

• Scale-up preparation of the optimized materials and high-loading and dense sulfur electrodes to 

support Li-S pouch cell demonstration and evaluation.  

Approach  

1. Build 3D S electrode models and simulate electrolyte transport and S reactions in high-loading and 

low-porosity electrodes. 

2. Optimize S/C material and electrode architecture to realize S utilization >1100 mAh/g in high loading 

electrode (>4 mg S/cm2) with S content >70%. 

3. Study impacts of electrode architecture and topography on S reactions and cell cycling. 

4. Process and validate high-loading (>4 mg/cm2) and dense (<40% porosity) S electrodes at a relevant 

scale. 

Results  

1. Understand electrolyte transport and S reactions in low-porosity and high-loading S electrodes through 

3D electrode simulation 

The three-dimensional (3D) pore-scale S electrode model was built to understand electrolyte propagation in the 

high-mass-loading and tortuous S cathodes and its impacts on S reactions. The 3D flow simulation would 

provide new insights on the optimization of materials structures and electrode architectures, which was 

validated experimentally by Micro-computed tomography (Micro-CT) and material analysis. In the pore scale 

model, the electrode and electrolyte infiltration were simulated using the discrete element method (DEM) and 

multiple flow simulation, respectively. To investigate the effects of particle size on electrolyte wettability, 

small particle cathode (SPC, particle size of 20 µm) and large particle cathode (LPC, particle size of 90 µm) 

models were generated with the same electrode porosity (Figure XVII.2.1a and e).  Both the electrodes have a 

thickness of 120 µm to mimic the thick electrode; the SPC has 6-8 layers of particles (Figure XVII.2.1a) 

whereas the LPC has 1 to 2 layers of particles (Figure XVII.2.1e). At the initial wetting stage, driven by 

gravity and surface tension, the added electrolyte will flow through the voids and diffuse into the electrode 

pores, pushing the air outside the electrode.  After reaching steady state, air is still observed occupying a 

portion of the pore channels due to non-uniform electrolyte flow and surface tension, which is dictated by 

material/electrode properties. While the SPC electrode has more challenges in wetting due to narrow and even 

closed pores, the LPC, in contrast, revealed a much better wetting with only a small portion of the air trapped 

inside the electrode. Accordingly, the nonuniform wetting effect of SPC and LPC was quantified. The 

electrode volume (ϵd) is set at a constant value of 0.55, which consists of loaded S (ϵs) and the carbon materials 

volume (ϵc).  The volume fraction of the electrolyte and air was calculated by the cross-section average 

distribution profile along the thickness direction from the 3D pore-scale model. As shown in Figure XVII.2.1f, 

for LPC, at the separator-electrode interface (x = 25 μm), the electrode is fully wetted without trapped air.  

Starting from the x = 50 μm, the air volume begins to increase slightly and reaches the maximum volume 

fraction of 8.2% at x = 85 μm (bottom of electrode).  The average air fraction inside the LPC is only 3.5%, 

indicating the liquid electrolyte can access the most pores. In contrast, the SPC electrode has a 11.1% air 

fraction even at the separator-electrode interface. The air volume increases along the electrode thickness 

direction and reaches a plateau around 23% at x > 60 μm. The average air fraction in SPC is as high as nearly 

50% (Figure XVII.2.1b). The multiple flow simulation from the 3D pore-scale electrode model suggests that 

using large particles to reduce particle stacking layers is helpful in facilitating the wetting of high-loading 
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electrodes. Experimentally, carbon particles of different sizes were synthesized to fabricate high-loading (> 4 

mg/cm2) and dense S electrodes (porosity 45%). The structures of SPC and LPC were studied using X-ray 

Micro-CT. Three phases—S/C particles, binder/carbon additives, and voids—were separated and colored 

yellow, grey, and blue, respectively (Figure XVII.2.1c and g). Consistent with the simulation results, small 

particles tend to form a compact layer in SPC and generate horizontally aligned pores along the plane direction 

(Figure XVII.2.1c: top and cross-sectional view), blocking electrolyte infiltration. The Micro-CT results of the 

LPC indicate that large particles form through-pores perpendicularly across the electrode (Fig. XVII.2.1g). The 

measured electrode tortuosity of SPC and LPC are 2.01 and 1.16, respectively, along the perpendicular 

direction. The lower tortuosity indicates better electrolyte wetting inside the dense electrodes, which is critical 

to improving sulfur utilization rate and reaction kinetics. 

 

Figure XVII.2.1 3-D pore-scale models for SPC (a) and LPC (e); The electrolyte and air distribution along the electrode depth x for 

SPC (b) and LPC (f); Top and cross-sectional view of Micro-computed tomography (micro-CT) images of SPC (c) and LPC (g); 

Tortuosity and flow path of SPC (d) and LPC (h). 

 2. Develop low-tortuosity sulfur cathode and realize sulfur utilization > 1100 mAh/g at high sulfur 

loading (> 4 mg S/cm2) and lean electrolyte conditions (E/S ratio = 4 µL/mg) 

According to the 3D pore electrode simulation, in order to lower electrode porosity, we proposed a single-

particle-layer electrode concept (i.e. one particle thick electrode) and experimentally realized it through 

materials synthesis optimization. With the single-particle-layer electrodes, a high discharge capacity of 1100 

mAh/g can be obtained in high loading electrodes (>4 mg S/cm2) with sulfur content >70% and porosity <40% 

at lean electrolyte conditions (E/S ratio = 4 µL/mg). 

As illustrated in Figure XVII.2.2a, to realize single-particle-layer electroe coating, the diameter of the S/C 

secondary partilces should be equal or slighly larger than the designed electrode thickness. By controlling the 

wet coating thickness followed by appropriate electrode calendering, the large S/C secondary partilces will be 

distributed evenly to form a single-particle-layer  electrode, featuring a low-tortuosity electrode structure in 

both vertical and planar directions. This unique electrode structure not only uniforms electrolyte transport 

among the cathode particles but also benefits sulfur reaction homegenity, which promotes  uniform SEI 

formation on the Li anode side and hence extends cycling life. Based on our calculation, in order to prepare 4 

mg/cm2 electrodes with 70% sulfur content and 35% porosity, the electrode thickness should be around 45 µm. 

Accordingly, 50 µm S/C secondary particles (Figure XVII.2.1b) were specifically synthesized and the sulfur 

content in S/C composite was controlled as high as 90%. After adding carbon additive and binder, the 

electrode with a S/C: carbon:binder mass ratio of 8:1:1 and 72% sulfur in the whole cathode was prepared. The 

electrode porosity was reduced from 70% to 35% through calendering. The single-particle-layer electrode 

strcuture was characterized by micro-CT and reconstructed into a 3D image (Figure XVII.2.2c). The individual 

S/C partilces are highlighted with yellow dotted line.  It is clear that the large particles occupied the electrode 

from bottom to very top and formed through-pores between the particles. Such through-pores have low 

tortuoisty and provide diffusing channels for quick electrolyte infiltration and distribution.  Benefiting from 
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sufficient electrolyte wetting, the single-particle-layer electrode can deliever a high sulfur utilization rate of 

1100 mAh/g (at 0.05 C) even under harsh low porosity and lean electrolyte conditions. Compared to 70% 

porosity electrode, the 35% porosity electrode shows a better overall performance in terms of sulfur utilization 

rate and capacity retention. This suggests that reduced porosity of the single-particle-layer electrode does not 

affect the sulfur reaction kinetics. However, when switched to a multi-particle-layer electrode composed of 

realtively smaller particles (< 20 µm), the cell suffered from obvious capacity fluctuation and readily failed 

after only 20 cycles. The poor performance of the multi-particle-layer electrode is due to the highly tortuous 

electrode structure formed by stacking of multi-layer small particles.  

 

Figure XVII.2.2 (a) Schematic of a single-particle-layer electrode with low tortuosity in vertical and planar direction. (b) SEM image 

of sulfur/carbon materials around 50 µm. (c) Reconstructed micro-CT image of single-particle-layer electrode. (d) Discharge and 

charge curves of the single-particle-layer electrode during first cycle. (e) Cycling performance of single-particle-layer electrode at 

different porosity. (f) Cycling performance of single/multi-particle-layer electrodes. 

3. Impacts of electrode architectures on sulfur reaction pathway and kinetics and cell cycling 

To understand the sulfur reaction processes in LPC, a high-resolution synchrotron X-ray diffraction (XRD) 

study was performed and compared with small particle cathode (SPC) with a multi-particle-layer structure. 

Both LPC and SPC cathodes were charged/discharged to the designed voltages, and the transmission ex-situ 

XRD were collected. Figure XVII.2.3a and c show the first discharge/charge profiles of the LPC and SPC 

electrodes under lean-electrolyte conditions (E/S = 4), respectively, where significant difference was observed 

for both reversible capacities and voltage plateaus. The corresponding phase evolutions of S8, lithium 

polysulfides (LiPS), and Li2S were also clearly identified by XRD for the SPC and LPC (Figure XVII.2.3b and 

d). For simplicity, the comparison is focused on the main phases of S8, LiPS, and Li2S by tracking their 

respective characteristic diffraction peaks: 2.86°, 3.2° for S8; 1.2-2.6°, 2.4-2.6° and 2.95-3.15° for LiPS; and 

3.38° and 3.89° for Li2S.  

Before discharging, both the pristine LPC and SPC cathodes have an α-S8 phase but in an amorphous or 

nanocrystalline state. For the LPC electrode (Figure XVII.2.3b), once the discharge process starts (cutoff at 2.2 

V), the α-S8 peaks become very weak quickly, indicating fast reaction kinetics due to the sufficient electrode 

wetting. Accompanying this, a new set of diffraction peaks was observed in the 2-theta ranges of 2.4°–2.6° and 

2.95°–3.15° (labeled with orange dashed squares), indicating conversions of S8 to LiPS. The intensity of the 

new peaks decreases in the subsequent discharging (cutoff: 2.1 V), indicating continuous reactions of LiPS. In 

the voltage range of 2.1 to 1.9 V, with the decrease in LiPS diffraction intensity, a new set of peaks grow at 

3.38° and 3.89° (labeled with violet dashed lines), corresponding to cubic-phase Li2S. While in the SPC 

electrodes, distinct behaviors were identified for each voltage range. In contrast to the quick disappearance of 

S8 in the SPC electrode, the S8 phase still maintains at a high content after discharging to 2.2 V and coexists 

with the LiPS phase until 2.1 V. This suggests sluggish kinetics of the S-to-LiPS conversion of SPC. At the 
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end of discharge, only very weak diffractions of Li2S were identified, while the LPS diffractions stayed strong 

(Figure XVII.2.3d). Compared to the LPC electrode, the SPC electrode has much slower S-to-LiPS reaction 

kinetics and lower conversion degree, which may be caused by restricted electrolyte wetting of highly tortuous 

electrode structure. In addition, the LiPS diffuses out more quickly in the SPC and accumulates outside the 

electrode. During the next step, the LiPS-to-Li2S conversion, only part of the LiPS can re-access the active 

surface and form Li2S (or Li2S2) passivation layers, blocking the inflow of LiPS. As a result, blocked LiPS 

inflow would speed up sulfur irreversible loss (Figure XVII.2.3c), which explains the low capacity and very 

weak Li2S diffractions in the SPC at the end of discharge (Figure XVII.2.3d). More details of this study have 

been published at Energy & Environmental Science, 2022 15 (9), 3842-3853. 

 

Figure XVII.2.3 Ex situ synchrotron XRD characterization of the LPC and SPC at different depths of discharge. Typical first cycle 

discharge/charge curves and the corresponding XRD patterns (l = 0.19316) for the LPC (a, b) and SPC (c, d). Successive 

diffraction patterns are vertically offset by 6,000 relative to that of the pristine cathode (point 0, no offset).  

4. Materials optimization and scaling up for low-porosity and high-loading electrodes  

To further improve cathode energy density, sulfur content need be improved through optimizing the structures 

of the sulfur host materials. In addition to critical materials properties of pore volume and specific surface area, 

we identified that pore connectivity of carbon host is an important factor that should be considered carefully 

when designing the large size secondary carbon host materials.  

The nitrogen doped integrated Ketjen Black (NKB) particles with different pore conductivity (NKB11, 

NKB12, and NKB15) were synthesized by integrating KB particles by poly(melamine-co-formaldehyde) 

methylated (PMF) at different PMF/KB ratio (1:1, 1:2, and 1:5, respectively), where PMF acts as both an 

integration reagent and nitrogen resource. After sulfur was infiltrated at 155°C (80 wt.% S), the sulfur 

distribution in different NKBs was studied by X-ray nano-computed tomography (nano-CT). Fig. XVII.2.4a-c 

exhibit the re-constructed 3D images of NKB/S materials, the red color represents a high contrast of sulfur, and 

the evolution from red to blue color means a decrease of relative sulfur concentration. In the NKB11/S (Figure 

XVII.2.4a), the red and yellow areas are close to the center part of the secondary particle while the blue and 

green areas are around the surface region. This indicates during heat treatment, sulfur tends to concentrate at 

the center of NKB11, exhibiting a descent sulfur concentration gradient from inside to outside. This is due to 

the high pore connectivity of the NKB11 at a lower integration degree (PMF/KB=1/1). Driven by the 

capillarity, such high surface area as well as sufficient pore connectivity facilitate sulfur diffusion and 
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distribution. On the contrary, with an increase of PMF/ KB ratio from 2:1 to 5:1, bigger size sulfur aggregation 

was observed across the particle. This is because with increase of amorphous carbon content, both NKB 

particle surface and inside pores get blocked, reducing both the pore volume and connectivity as proved by the 

BET (not shown here) and nano-CT analysis. As a result, the fused sulfur has a limited accessibility to the 

mesopores of the NKB. Instead, the sulfur stays in the voids between the individual KB particles and forms 

such a connected sulfur framework, which has a high contrast in CT.  

 

Figure XVII.2.4  X-ray nano-computed tomography (X-ray nano-CT) images of sulfur concentration distribution in (a) NKB11, (b) 

NKB12 and (c) NKB15, respectively. The scale bar is 6 µm. (d) Discharge/charge curves of different NKB/S electrodes in the first 

cycle. (e) Discharge/charge curves different NKB/S electrodes after 40 cycles.  (f) Cycling performance of different NKB/S 

electrodes in 40 cycles at low E/S ratio. 

Effects of KB integration degree and sulfur distribution on cell performance were studied in coin cells. The 

electrochemical performance of different NKB/S materials was evaluated at practical conditions of high sulfur 

loading (≥4 mg/cm2) and lean electrolyte (E/S ratio 4 µL/mgs). Figure XVII.2.4d and e compare the 

discharge/charge curves of different NKB/S materials at the 1st and 40th cycles. With an increase of PMF/KB 

ratio, the cell shows a decreasing trend of sulfur utilization rate from 1100, 1020, to 890 mAh/g. A close 

comparison of discharging profiles indicates that all the three NKB/S materials show similar capacities of ~250 

mAh/g for the first discharge plateau at 2.3V, suggesting a similar conversion extent from elemental sulfur to 

Li polysulfides. An obvious performance deviation was observed for the second discharge plateau: bigger 

polarization and lower discharge capacity at higher PMF/KB ratio.  Such a trend was maintained during 

cycling. After 40 cycles, NKB11/S has a reversible capacity of 800 mAh/g with a similar discharge voltage, 

while the NKB12/S and NKB15/S suffer from an increased polarization and a quicker capacity fading. This 

performance deviation was ascribed to the differences of NKB structures and sulfur distribution. As proved by 

nano-CT and EDS (not shown here), NKB11 has a more open structure and better pore connectivity, forming a 

decrescent sulfur distribution from inside to outside.  The sulfur-lack carbon shell provides more active sites 

for polysulfides deposition before diffusing outside of the particles. While for NKB12 and NKB15 having 

lower surface area and less pore accessibility, sulfur has slower reaction kinetics and more serious irreversible 

loss.  As a result, the generated polysulfides will either directly deposit on the particle surface or diffuse 

outside secondary particles, causing the capacity loss of the second discharge plateau. Without sacrificing the 

rigidity and processability of the secondary particles, PMF:KB =1:1 is an optimal ratio for the synthesis of 

high performance NKB/S cathode. 
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Figure XVII.2.5 (a) Discharge/Charge curves of 5mg/cm2 NKB11/S electrode at different cycles. (b) Cycling performance of the 

5mg/cm2 NKB11/S electrode. (c) Discharge/Charge curves of NKB11/S-Polymer electrodes at different cycles. (d) Cycling 

performance of NKB11/S-Polymer cathodes. 

The NKB11/S was scaled up to ~40 g per batch at the lab for large area electrode processing. Feasibility of the 

materials was further validated by increasing both sulfur content in the NKB/S composite and sulfur loading of 

the electrode. For the 50% porosity cathode with overall sulfur content of 72%, the 5 mg/cm2 electrode still 

delivers a high discharge capacity of ~1000 mAh g-1 under lean electrolyte conditions (E/S 4) (Figure 

XVII.2.5a and b).  Compared to the 64% S electrodes, although the discharge specific capacity was decreased 

slightly from ~1100 to ~1000 mAh g-1 in a 72% S electrode, the overall specific capacity (based on whole 

weight of the electrode) was instead improved from 704 to 720 mAh/g because of the reduction of parasitic 

weight. After 40 cycles, the cell can maintain a capacity of 817 mAh/g, 80% of its initial capacity. By 

integrating our recently developed polymer additives, the very dense sulfur cathode (35% porosity) can still 

deliver a large discharge capacity and maintain stable cycling of 50 cycles at a low E/S ratio of 4 (Figure 

XVII.2.5c and d). This further validates the feasibility of the NKB11/S for large area electrode coating and Li-

S pouch fabrication. 

Conclusions   

1. Electrolyte wetting issue in low-porosity S electrodes was studied by experimental characterization 

and theoretical simulation. 

2. A single-particle-layer electrode (SPLE) approach was proposed and validated for low tortuosity 

electrode fabrication. 

3. The SPLE composed of large-size integrated KB (IKB) particles shows better electrolyte wetting and 

lower polysulfide shuttling, improving both S specific capacity and cycling stability. 

4. By controlling electrode structure, high-mass-loading S electrodes (>4 mg cm-2) with low porosity of 

~35% can deliver a high S utilization rate (>1100 mAh g-1) at very lean electrolyte conditions (E/S=3 

µL mg-1). 

5. The large-size NKB materials were scaled-up synthesized and transferred to Battery500 for pouch cell 

fabrication.  
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Project Introduction 

Rechargeable lithium-sulfur (Li-S) batteries have been considered as a potential candidate of beyond Li-ion 

chemistry to replace the state-of-art Li-ion batteries in EV applications, owing to the high theoretical energy 

density (1672mAh*g-1), safety, and low cost. The energy density of a Li-S battery could potentially reach 2-3 

times higher than that of a state-of-art Li-ion battery. However, to realize the full potential of Li-S chemistry, 

one has to overcome the “shuttle-effect” caused by dissolved polysulfide ions. On the Li-S cell level, this 

phenomenon causes high self-discharge, low Coulombic efficiency, low active materials utilization, and short 

cycle life. The dendrite growth and “dead” Li formation on a Li anode still remain as major technical 

difficulties. 

In the past few years, we developed the MS-HPLC essays for the quantitative and qualitative identification of 

dissolved polysulfide ions in various electrolytes. Couple with in-situ electrochemical method, the change of 

the dissolved polysulfides during the battery operation was determined. The mechanisms for the sulfur redox 

reaction which including the equilibrium between dissolved polysulfide ions and element sulfur were revealed. 

So the continuous decay of the capacity during cycling, “shuttle-effect” and high self-discharge during the 

storage became better understood. We concluded that 1) The shuttle-effect can be mitigated by using 

alternative anodes that do not react with dissolved polysulfides; 2) The shuttle-effect can be mitigated by 

forming short-chain polysulfide ions, which are much less reactive than longer chain polysulfide ions. 

Although the mechanism and behaviors of the dissolved polysulfide ion in the electrolyte were very well 

understood from our previous investigation, the reaction mechanism of the polysulfides and sulfur in the 

cathode side in solid phase has not been thoroughly studied yet, especially the sulfur redeposition and 

distribution during charging. Collaborating between UWM and BNL, we started investigating the sulfur redox 

reaction in the solid phase taking the advantage of synchrotronic techniques in BNL and electrochemical 

analytical techniques in UWM. 
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In FY2022, the interim goal was to develop a Li-sulfur battery with sulfur containing cathode of 600-800 

mAh/g capacity with the mitigation of the “shuttle effect”. The objective has been achieved. We demonstrated 

in FY2022: 

1. A small molecular organosulfide cathode that delivered 600 mAh/g in a solid-state Li-S cell after 500 

cycles. 

2. A carbon/sulfur cathode that delivered over 1000 mAh/g capacity in a traditional Li-S liquid pouch 

cell after 100 cycles with the mitigation of “shuttle-effect”. 

Objectives 

The primary objectives were as follows:  

1. To optimize and down select polymeric sulfur electrode. We will focus on the overall dissolution of 

polysulfide in an electrolyte and effectiveness of polymeric sulfur electrodes. 

2. To develop small organosulfur materials for all solid-electrolyte Li-S batteries. 

3. To continue developing the alternative anode materials having low reactivity with dissolved 

polysulfide ions. 

4. To continue investigating the interaction of polysulfides in the cathode solid phase. 

Approach  

In this collaborative project, we first down selected the cross-linked polymerized sulfur compounds, in which 

sulfur was attached to the conductive backbone with covalent bonds, therefore the polysulfides can be 

immobilized within the matrix. We also explored the small organosulfur molecules in all-solid-state Li-S 

batteries.  We continued exploring the alternative anode materials which can cycle well and did not react with 

dissolved polysulfide and sulfur in the electrolyte in order to mitigate the “shuttle effect”. In addition, we 

continued to engage in the fundamental in-situ electrochemical investigations of the sulfur redox mechanisms 

in order to guide the material and engineering designs. We also continued to optimize the alternative electrode 

fabrication processes.  

Results  

Small molecular organosulfide cathode in an All-Solid-State Battery 

In the past few years, we have successfully developed the MS-HPLC essays for the quantitative and qualitative 

identification of dissolved polysulfide ions in various electrolyte. Couple with in-situ electrochemical method, 

the change of the dissolved polysulfides during the battery operation can be determined. The mechanisms for 

the sulfur redox reaction which including the equilibrium between dissolved polysulfide ions and element 

sulfur were revealed. So the continuous decay of the capacity during cycling, “shuttle-effect” and high self-

discharge during the storage became better understood. With the in-situ analytical method, we also revealed 

that the short chain-length polysulfide ions e.g. S4
2- and S3

2- are much less reactive with Li than the longer 

chain polysulfide ions. To mitigate the problem caused by the soluble long-chain polysulfides in a Li-S battery, 

sulfur/organic polymer materials were synthesized as alternative cathode materials instead of elemental sulfur 

(S8). We have exhausted many sulfur/organic polymer materials last year. However, the sulfur to polymer ratio 

must be limited to certain value to avoid the existence of elemental sulfur e.g. 4:1 S8:PAN ratio. In addition, a 

substantial low discharge voltage was also observed. To mitigate the problem, we tried to explore small 

organo-sulfur compounds. Such organo-sulfur compounds are highly soluble in a liquid electrolyte, so they 

have attracted little attention as Li-S cathode. But if used in an all-solid-state (ASSB) Li cell, the small organo-

sulfur compounds demonstrated high reversibility, high capacity and potential to operate at room temperature. 

A small molecular organic sulfur electrode materials offer unparalleled advantages over the polymeric sulfur 

compounds in terms of easy processability, easy synthesis, high energy density, high potential and better 

electrochemical reversibility. However, the notorious dissolution issue of small organosulfide compounds in 

organic liquid electrolytes can cause detrimental “cross-talks” between the electrodes, which is regarded as the 

major obstacle toward a long cycle life. The integration of the small organosulfide cathode materials into an 
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ASSB system, in which the dissolution can be suppressed by taking advantage of the inherent immobility of 

solid-state electrolytes (SSEs), could be an ultimate solution. 

 

Figure XVII.3.1 SEM images of the pristine a) PMTH and b) Li6PS5Cl. c) SEM image and EDS mapping of the ball-milled PMTH 

cathode composite. d) Comparison of 1H NMR spectra between the pristine PMTH and the ball-milled PMTH cathode composite. 

Herein, we report the first application of thiuram polysulfide as an organic cathode material in solid-state 

batteries based on sulfide electrolytes. Dipentamethylenethiuram hexasulfide (PMTH) was selected as a 

representative cathode material. A discharge capacity of ~600 mAh g-1 was obtained under 82 mA g-1 at 25°C. 

The cell retained 80.8% of its capacity for 500 cycles at 200 mA g-1. Upon cycling, an electrochemically 

reversible cathode|electrolyte interface was revealed; an oscillating stress change of the entire cell was also 

observed, which was dominated by stress evolution of the anode side demonstrating the good mechanical 

properties of the material during cycling. The energy density was 1140 Wh kg-1 at the material level and 376 
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Wh kg-1 at the electrode level, outperforming all other organic cathodes reported in ASSBs. An areal capacity 

of 10.4 mAh cm-2 was achieved with a high mass loading electrode.  

To construct an ASSLB, argyrodite-type Li6PS5Cl was selected as SSE and Li38In62 alloy (0.62 V vs. Li+/Li) 

was employed as anode. PMTH cathode composite was prepared by high-energy ball-milling process. Pristine 

PMTH and conductive carbon were pre-milled sufficiently before adding Li6PS5Cl, aiming to minimize the 

degradation of Li6PS5Cl in the presence of carbon during long-term milling considering the narrow ESW of 

Li6PS5Cl (1.7–2.0 V vs. Li+/Li). Figure XVII.3.1a-c show the scanning electron microscopy (SEM) images and 

energy dispersive spectroscopy (EDS) mappings of the pristine PMTH, Li6PS5Cl, and the ball-milled cathode 

composite, respectively. The pulverization process can not only downsize the coarse PMTH crystals to achieve 

intimate contact between cathode components, but also homogenize the dispersion of cathode components to 

enable non-blocked conduction pathways within the cathode. Both are indispensable prerequisites for 

achieving high active material utilization and fast redox kinetics at room temperature. The chemical 

compatibility of PMTH molecule against sulfide SSE after milling is validated by 1H nuclear magnetic 

resonance (NMR) spectra (Figure XVII.3.1d).  

Pellet-type PMTH|Li6PS5Cl|LiIn cells were assembled and cycled between 0.4–3 V (vs. In/LiIn). Ideally, the 

redox chemistry of PMTH cathode involves ten-electron transfer (Figure XVII.3.2a), corresponding to a 

theoretical capacity of 597 mAh g-1. CV profiles in Figure XVII.3.2b display only one pair of redox peaks 

occurring at ~1.65 V/3.1 V, implying a direct conversion between the charged state (PMTH) and the 

discharged state (Li2S+C6S2H10Li), which is different from the multi-staged redox mechanism in liquid 

electrolytes. Also, the overpotential was higher compared to that in the liquid cells, which stemmed from the 

more sluggish conversion reaction in solids. The irreversible capacity and electrochemical polarization at the 

first cycle could be attributed to the oxidative decomposition of SSE, forming products with poor ionic 

conductivity and therefore increasing the interfacial resistance. Some oxidation products of SSE, such as sulfur   

or polysulfide, are redox-active and could contribute to an extra capacity. The reversible capacity of SSE 

decomposition products is found to be ~30 mAh g-1 at 25°C. Figure XVII.3.2c shows highly consistent voltage 

profiles at the 20th and 50th cycles, with an attainable capacity of ~595 mAh g-1 and a nearly full material 

utilization. The inset dQ/dV curves display a pair of highly reversible redox peaks at around 2.5 V/1.9 V. After 

260 cycles, the ball-milled cell in Figure XVII.3.2d retained a 91.4% capacity with a stable Coulombic 

efficiency (C.E.) of ~100% throughout cycling. The high utilization of the well-processed cathode should also 

be attributed to the high dispersity of S active sites inherited from the linearly structured organic matrix of 

PMTH. 

Figure XVII.3.2e displays the rate performance from 0.12C (70 mA g-1, 0.14 mA cm-2) to 1.2C (710 mA g-1, 

1.42 mA cm-2). An accessible capacity of ~341 mAh g-1 was delivered even at 1.2C, corresponding to 57 % of 

the capacity at 0.12C. Usually, the limitation under high rates stems from the spatial inhomogeneity of local 

state-of-charge (SOC) within the electrode, including the SOC distribution across the through-plane direction 

and within the active material domains, respectively. Along electrode through-plane direction, the local SOC 

decreased away from the bulk SSE phase, due to the Ohmic drop of SSE. While within the active material 

domains, the local SOC decreased from the Active material |SSE interface to the core of active material 

particles, due to the limitation of solid-state diffusion. To ameliorate SOC distribution inhomogeneity, 

electrode engineering strategies such as reducing the electrode tortuosity can be explored in future work.  

Cross-sectional SEM images before and after cycling were compared. The thickness of the cathode and the 

SSE in Figure XVII.3.2f is ~63 μm and ~420 μm before cycling, respectively. After cycling, the cathode 

thickness remains almost unchanged (Figure XVII.3.2g). EDS mappings in Figure XVII.3.2h-i display that the 

cathode interface keeps intimate contact throughout cycling except for becoming less distinguishable after 

cycling. Top-view SEM images in Figure XVII.3.2j-k exhibit almost no crack formation for both the cathode 

and the SSE layer throughout cycling, indicating a moderate volumetric variation during repetitive conversion 

process.  



Batteries 

1134 Beyond Lithium-Ion R&D: Lithium Sulfur Batteries 

 

Figure XVII.3.2 a) Conversion reaction mechanism of PMTH molecule. b) CV profiles at 0.05 mV s-1. c) Galvanostatic voltage 

profiles and corresponding dQ/dV curves. d) Cycling performance at 0.1 C and e) rate performance at 25°C. Cross-sectional SEM 

images of the cathode-SSE pellet f) before (inset is the thickness measurement) and g) after cycling. EDS mapping of 

cathode|SSE interface h) before and i) after cycling. Top-view SEM images of cathode and SSE surface j) before and k) after 

cycling. 

To explore the practical applicability of PMTH cathode, prolonged cycling test under a higher current (~0.3C, 

200 mA g-1) was carried out. All cells were cycled under 60°C, aiming to improve the reaction kinetics and 

interfacial contact within the cell. Figure XVII.3.3a displays an attainable capacity of ~600 mAh g-1 and 

excellent cyclability, retaining 80.8% of capacity after 500 cycles, which is record-breaking for Li−organic 

ASSBs to date. 

Recently, developing high mass loading electrodes has become a popular trend for electric vehicle (EV) 

batteries, since the amount of energy stored in a given cell is largely dependent on the mass loading of the 

active material. Therefore, the performance of a high mass loading PMTH cathode is investigated. With an 

active mass loading of 17 mg cm-2, the PMTH cathode in Figure XVII.3.3b displays an ultrahigh areal capacity 

of 10.4 mAh cm-2. The voltage profiles are similar to those of the cells with a moderate active mass loading (2 

mg cm-2). A relatively small current (0.05 C) can promote the SOC distribution within the composite cathode 

and also prevent potential vibrant stress change caused by both electrodes. The high mass loading cell in 

Figure XVII.3.3c retained 96.2% of capacity after 50 cycles and possessed nearly 100% C.E. throughout 

cycling.  
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Figure XVII.3.3 a) Prolonged cycling performance at 60°C. b) Galvanostatic voltage profiles of high active mass loading PMTH 

cathode and c) its cycling performance at 0.05 C. d) Energy density comparison of the state-of-the-art organic cathodes reported in 

Li−organic ASSBs. 

Figure XVII.3.3d compares the gravimetric energy density of PMTH with previously reported organic 

cathodes for Li−organic ASSBs. The material-level energy density was 1140 Wh kg-1, surpassing the records 

of all literatures. Notably, the theoretical capacity of organosulfide could be further improved by devising the 

end caps and increasing the number of linear S atoms. The electrode-level energy density was 376.2 Wh kg-1, 

which was the highest among sulfide-based ASSBs but the second highest when compared with SPE-based 

ASSBs. This is due to the lightweight property of SPEs compared with sulfide electrolytes. To further enhance 

the electrode-level energy density of PMTH, future work can reduce the SSE volume fraction within the 

composite cathode through adopting more ionically conductive sulfide SSEs. 

A carbon/sulfur with the mitigation of “shuttle-effect” 

We successfully developed an in-situ HPLC/MS-electrochemical method, so the dissolved polysulfides during 

the battery operation can be qualitatively and quantitatively determined. The equilibrium reactions between 

dissolved polysulfides and elemental sulfur (polysulfide shuttle), were determined as the major reason for the 

continuous decay of the capacity during cycling and high self-discharge during storage or so-called “shuttle-

effect”. 

As part of our continuous efforts of mitigating the “shuttle-effect”, we synthesized a bio-inspired porous 

carbon material (NC) as a host carbon for a sulfur (S8) in a cathode. We conducted a qualitative and 

quantitative analysis on the catalysis of the NCs to the disproportion reaction of dissolved polysulfide ions.  A 

polysulfide solution with 5 mM of stoichiometry Li2S6 were prepared by mixing S8 and Li2S in DME/DOL 

(1:1 vol%). The same amount of different NC samples synthesized at various temperatures was added into the 

mixtures and resting for 24 h. SuperC65 and PWA were also tested for a comparison. Figure XVII.3.4a shows 

the color of the blank solution with 5 mM Li2S6 and the same solution with the addition of NC750 (synthesized 

at 750oC and so on), NC800, NC900, NC950, and SuperC65, respectively. The original baseline mixture 

solution displayed a green color because of the low polysulfides concentration and the relatively higher content 

of S4
2– in the solution. After resting for 24 h, the color of the baseline and SuperC65 samples remained 

unchanged, while the color of the solutions with NCs faded to a lighter color, especially the solutions with 

NC750 and NC800, which were almost transparent. This phenomenon implied the activity of the NCs to the 

polysufides in the electrolyte.  The concentration and distribution of the polysulfide anion species were 
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changed with the addition of the bio-inspired NCs. The resulted mixture solutions were then derivatized with a 

methyl triflate and analyzed using a HPLC to obtain the distribution of the polysulfide species in the 

electrolyte, thus the further investigation of the induced reaction of polysulfides induced by the NCs 

quantitatively and qualitatively. The corresponding chromatograms of different samples are shown in Figure 

XVII.3.4b. Peaks appearing at 12.1, 13.2, 14.0, 14.7, 15.3, 15.9, and 17.0 min can be attributed to CH3S3CH3, 

CH3S4CH3, CH3S5CH3, CH3S6CH3, CH3S7CH3, CH3S8CH3, and S8, respectively. The SuperC65 sample 

displayed the same patterns as the baseline sample, indicating that SuperC65 did not induce the shift of the 

chemical equilibrium of the polysulfide species.  

By comparison, CH3SnCH3 (n = 3-8) peaks of the solutions with NC750, NC800, NC900, and NC950 almost 

disappeared, and the intensity of the elemental sulfur peak increased drastically. In addition, the relative ratios 

of peaks also changed. These results indicate the occurrence of disproportionation of Sn
2– induced by the NCs, 

which transferred most of the dissolved polysulfide anions to possibly insoluble Li2Sn (n<2) and dissolved S8.  

This conclusion was further verified by the chromatograms of the derivatized polysulfides mixtures with 

PWA, which was an activated carbon with only oxygen functional groups on the surface and a similar specific 

surface area with NCs. As shown in Figure XVII.3.4c, the chromatogram of PWA also displayed decreased 

intensities for CH3SnCH3 (n = 3-8) peaks and increased intensity for S8 peak, but not as much as NCs samples. 

Therefore, it can be speculated that the nitrogen atoms in the NCs play a critical role for the shift of chemical 

equilibrium of Sn
2– toward elemental sulfur. The “shuttle-effect” that related to the dissolved polysulfides can, 

therefore be mitigated. In addition, due to the relatively low specific surface area and pore volume, NC750 did 

not trap as much sulfur as that of NC800. Hence, although NC750 can interact with polysulfide anions 

chemically and promote the Sn
2– transfer into S8, it still exhibited the lowest specific capacity among all the 

S/NC cathodes.  

 

Figure XVII.3.4 (a) Color changes of 5 mM Li2S6 solution with different carbon samples of (1) baseline, (2) NC750, (3) NC800, (4) 

NC900, (5) NC950, and (6) SuperC65; (b) Corresponding HPLC chromatograms of the derivatized polysulfides mixtures; (c) HPLC 

chromatograms of the derivatized polysulfides (5 mM Li2S6) mixtures with NC800 and PWA. 

A Li-S pouch cell was assembled to evaluate the electrochemical performance by using S/NC800 cathode and 

an S/Ketjen Black cathode for comparison. S/Ketjen Black cathode was known for the “shuttle-effect”. As 
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shown in Figure XVII.3.5a, after being activated at 0.05C for two cycles, the cell with NC800 delivers an 

initial specific capacity of 905 mAh g–1 at the rate of 0.2C and displays an incremental capacity increase during 

the first 50 cycles. The capacity increase can be ascribed to the slow penetration of the electrolyte during the 

discharge and charge processes. The capacity of the pouch cell was stabilized after 50 cycles and remained at 

1031 mAh g–1 after 100 cycles. The nearly unchanged upper plateau of the charge/discharge curves shown in 

Figure XVII.3.5b also demonstrates the ability of NC800 to mitigate the “shuttle-effect” that occurred during 

the cycling process. HPLC analysis was then carried out to determine polysulfides in the electrolyte during 

cycling. The pouch cells were disassembled after cycling for three cycles. The electrolyte was then taken out 

from the separators and derivatized with the methyl triflate to form stable dimethyl polysulfides. As shown 

from the HPLC chromatographs displayed in Figure XVII.3.5c, the S/NC800 sample exhibits lower intensities 

for polysulfide peaks and higher intensity for S8 peak in comparison with the S/Ketjenblack sample. These 

results confirmed the interactions between NC800 and polysulfides and facilitation of the formation of 

elemental sulfur. The solubility of S8 in electrolyte is much lower than that of the polysulfide species, hence it 

can be better absorbed in the porous cathode matrix instead of shuttling to the anode.  

With the solid evidence, both from the diagnosis and pouch cell cycling, the bio-inspired carbon can induce the 

conversion of polysulfides to possibly insoluble short-chain (n<2) polysulfides and elemental sulfur. Hence the 

“shuttle-effect” was mitigated. However, the detailed mechanisms are still needed to be understood. 

Conclusions   

In conclusion, thiuram polysulfide was explored as a low-cost and high-capacity cathode material for 

practically feasible all-solid-state organo sulfide batteries based on sulfide electrolytes. The feasibility of 

thiuram hexasulfide (PMTH) cathode was validated in a PMTH|Li6PS5Cl|LiIn cell. The cells delivered a 

capacity of ~600 mAh g-1 and retained 80.8% capacity after 500 cycles. An oscillating-stress change up to 0.6 

MPa was disclosed upon cycling. Meanwhile, the evolution of cathode interface upon cycling was proven to be 

reversible. The specific energy was determined to be 1140 Wh kg-1 at the material level and 376 Wh kg-1 at the 

electrode level. The cell delivered an areal capacity of 10.4 mAh cm-2 under a high active mass loading 

condition.  

In addition, a bio-inspired nitrogen-doped carbon was made. The carbon was used as the host of a sulfur 

cathode in a Li-S battery. The existence of these nitrogen atoms induces the chemical reaction to shift the 

chemical equilibrium of dissolved Sn
2- in the electrolyte toward formation of S8, which has lower solubility in 

the electrolyte than polysulfides. The formed S8 is deposited at the cathode side during the cycling process 

instead of transferring to the lithium anode side through the electrolyte. The as-prepared NCs also possessed a 

unique porous structure with a high specific surface area, which can physically trap the S8 at the cathode side. 

Therefore, the synergistic effects of these remarkable characteristics effectively suppressed the dissolution and 

migration of high-order lithium PS, resulting in a stable electrochemical performance of Li-S cells.  
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Figure XVII.3.5 (a) Cycling performance and (b) Galvanostatic charge-discharge curves of S/NC800 pouch cell with the E/S ratio of 

10 uL mg–1; (c) HPLC chromatograms of S/NC800 and S/Ketjenblack pouch cells after 3 cycles.  
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Project Introduction 

A strong demand for low-cost and high-energy-density rechargeable batteries has spurred lithium-sulfur (Li-S) 

rechargeable battery research. First, sulfur is an abundant and low-cost material. Second, the Gibbs energy of 

the lithium (Li) and sulfur reaction is approximately 2,600 Wh/kg, assuming the complete reaction of Li with 

sulfur to form Li2S, more than five times the theoretical energy of transition metal oxide cathode materials and 

graphite coupling. With these advantages, Li-S batteries could be both high energy density and low cost, 

satisfying demand in energy storage for transportation application. The major obstacle is the loss of sulfur 

cathode material as a result of polysulfide dissolution into common electrolytes, which causes a shuttle effect 

and significant capacity fade. The polysulfide shuttle effect leads to poor sulfur utilization and fast-capacity 

fade, which have hindered widespread use of rechargeable Li-S batteries. This proposed work of new 

electrolyte development in understanding the thermodynamics and kinetics of polysulfide dissolution and 

precipitation will yield new approaches for electrolytes of Li-S rechargeable batteries.  

Objectives 

This project aims to develop new electrolytes and additives and electrode binders for Li-S battery. The 

properties of the ideal electrolyte for sulfur electrode would be high ion conductivity, stable towards 

polysulfide, and promoting the polysulfide affiliation with the electrode substrate to prevent polysulfide 

dissolution. The first objective is to understand the electrode substrate interaction with the polysulfides in 

different electrolytes. This will lead to better understandings of the polysulfide nucleation and precipitation 

mechanisms in common electrolytes. The second objective is chemically modifying the structures of the 

solvent and salt electrolyte molecules to increase electrolyte stability and ionic conductivity and to prevent 

polysulfide dissolution and promote polysulfides precipitation.  

Approach  

This project aims to develop new electrolytes and additives, and electrode binders for Li-S battery. The 

properties of the ideal electrolyte for sulfur electrode would be high ion conductivity, stable towards 

polysulfide, and promoting the polysulfide affiliation with the electrode substrate to prevent polysulfide 

dissolution. The project is designed to first understand the electrode substrate and binder interaction with the 

polysulfides in different electrolytes. This leads to better understandings of the polysulfide nucleation and 

precipitation mechanisms in common electrolytes. The second stage of the project will focus on chemically 

modifying the structures of the solvent and salt electrolyte molecules, and electrode binders to increase 

electrolyte stability and ionic conductivity and to prevent polysulfide dissolution and promote polysulfides 

precipitation.   

mailto:gliu@lbl.gov
mailto:Tien.Duong@ee.doe.gov
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Results  

Electrolyte additive synthesis and electrolyte formulation 

The 1,1,1,2,2,3,3,4,4-nonafluoro-6-(2-methoxyethoxy)hexane (F4EO2) electrolyte additive was prepared by 

following our previous works [8] and the synthesis scheme of the F4EO2 additive is shown in Figure XVII.4.1. 

Briefly, 13.70 g (0.180 mol) of 2-methoxy ethanol in 540 mL DCM and 36.03 g of (0.189 mol) 4-

toluenesulfonyl  chloride were mixed into a 1000 mL two-neck round bottom flask, and equipped with an air 

condenser, argon flow, and a magnetic stirrer. After that, 50 mL (0.360 mol) of dried TEA (distilled from 

CaH2), was slowly added via a dropping funnel and the mixture was stirred for 12 h at 25 ℃. The crude 

product was washed with distilled H2O, diluted HCl, and saturated NaHCO3. After evaporation of the DCM, 

the yellowish liquid product (2-methoxyethyl 4-methylbenzensufonate) (42.0 g, 96% yield), was used for the 

next step without any additional purification. 35.00 g (0.152 mol) of 2-methoxyethyl 4-methylbenzensufonate 

and 20.07 g (0.076 mol) of 1H,1H,2H,2H-perfluorohexan-1-ol were mixed in NMP (46 mL) and aqueous 

KOH (45 wt%, 46 mL). The reaction mixture was stirred for 5 h at 50°C and then the temperature was 

increased up to 70°C and stirred for 2 h. After completion of the reaction, the product was extracted with ether, 

washed with water and brine, and dried over MgSO4, and concentrated under reduce pressure to yield crude 

yellowish color oil. Finally, a colorless liquid F4EO2 product (22.02 g, 75% yield) with high purity was 

obtained by distillation under high vacuum of the crude oil. 1H NMR (500 MHz, CDCl3): δ = 2.40-2.50 (m, 

2H); 3.39 (s, 3H); 3.54-3.64 (m, 4H), 3.78 (t, J = 7.08 Hz, 2H). The prepared electrolyte additive was further 

dried with molecular sieves and stored inside the inert atmosphere glove box.  

TTE, DOL, LiFSI, LiTFSI, and F4EO2 were used to prepare electrolyte solutions. The electrolyte solutions are 

denoted as TDLiTFSI, T5FDLiTFSI, T10FDLiTFSI, T20FDLiTFSI, T5FDLiFSI and T5FDLiTFSI-FSI. The 

details of the composition of the electrolyte solutions are shown in Table XVII.4.1.  

 

 

Figure XVII.4.1 The synthesis scheme of 1,1,1,2,2,3,3,4,4-nonafluoro-6-(2-methoxyethoxy)hexane (F4EO2). 
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Table XVII.4.1 Structural characterization of polyesters made for the current project 

Acronym of 

the Electrolyte 

Solution 

Ratio TTE:F4:EO2 DOL (vol%) in the 

electrolyte 

Concentration 

LiTFSI (M) 

Concentration 

LiFSI (M) 

TTE F4:EO2 

TDLiTFSI 5 - 10% 0.5 - 

T5FDLiTFSI 5 1 10% 0.5 - 

T10FDLiTFSI 10 1 10% 0.5 - 

T20FDLiTFSI 20 1 10% 0.5 - 

T5FDLiTFSI 5 1 10% 0.5 0.5 

T5FDLiTFSI-

FSI 

5 1 10% 0.5 0.25 

Li-S cell performances  

The new electrolytes were tested using the coin cell configuration of Li//electrolyte//S/C composite cathode at 

30 C. The sulfur material was used as an active cathode material because of its high theoretical specific 

capacity (1675 mAh/g), low cost, abundance, and safety. The charge-discharge capacity of the cells was 

measured over a voltage range of 1.7 to 2.8 V at 0.1 C. Figure XVII.4.2 depicts the galvanostatic cycling 

capacity and Coulombic efficiency of the first 20 cycles. The discharge gravimetric specific capacities using 

these electrolyte solutions were 866, 1331, 1124, 1013, 1025, and 982 mAh/g, respectively, at the first cycle, 

which are comparable to or higher than other reported Li-S battery chemistries. Furthermore, the discharge 

capacities were 526, 1222, 1129, 1128, 692, and 584 mAh/g, respectively, after 20 cycles. The cycling 

capacity of the cell with TDLiTFSI electrolyte solutions without F4EO2 additive showed lower capacity than 

those of the cells with other electrolytes with the additive with LiTFSI salt. The performance of the Li-S cells 

with the prepared electrolytes is consistent with the electrolytes electrochemical stability, and ionic 

conductivity results. The capacity retention of the cells with T5FDLiTFSI, T10FDLiTFSI, and T20FDLiTFSI 

electrolyte solutions was excellent even though only 0.5 M LiTFSI salt concentration was used (lower than the 

standard salt concentration). In this study, we demonstrate the formation of a robust SEI layer and S electrode 

stabilization by F4EO2 additive and TFSI anion. The Coulombic efficiencies of the cells with T5FDLiTFSI, 

T10FDLiTFSI, and T20FDLiTFSI electrolyte solutions were 100%, 99.93%, and 99.92%, respectively, after 

20 cycles. However, the Coulombic efficiencies were significantly decreased after 20 cycles of the cells with 

T5FDLiTFSI-FSI, and T5FDLiFSI electrolytes, at 88.18%, and 88.79%, respectively. This could attribute to 

the only difference of the presence of FSI ion in the T5FDLiTFSI-FSI, and T5FDLiFSI electrolytes. It is also 

reported the TFSI anion is more chemically stable compared to the FSI anion toward lithium metal surface. 



Batteries 

1142 Beyond Lithium-Ion R&D: Lithium Sulfur Batteries 

 

Figure XVII.4.2 Li-S cell cycling  results as a function of cycle number at 0.1 C rate with different electrolyte compositions. (a) Sulfur 

specific gravimetric discharge capacities. (d) Coulombic efficiencies.  

Morphological analyses of the electrodes 

The surface morphology of the electrodes was analyzed by SEM to better understand the impact of the F4EO2 

additive and anionic structure of the imide salts (FSI- vs. TFSI-) to the cathode and anode electrodes. All of the 

cycled Li-anodes and S cathodes were washed with DOL and dried before SEM and XPS analysis. Figure 

XVII.4.3 is the SEM surface images of the sulfur cathode and lithium metal anode electrode from the different 

electrolyte chemistries after cell cycling. The surface of the original Li-metal anode was neat and smooth. The 

Li-metal anode harvested from the cell using T5FDLiTFSI electrolyte solution exhibited a smoother, less 

crack, and compact surface, and the photo image of the lithium metal is also shinning with no black residues. 

However, the lithium surface with T5FDLiTFSI-FSI, and T5FDLiFSI electrolytes exhibited rough and 

irregular surfaces due to the growth of SEI layers. These results suggest that Li-metal anode interface is easily 

degraded in the FSI anion containing electrolytes, resulting in a less stable SEI layers formed on the Li metal 

anode with LiFSI- containing electrolyte in Li-S cells.  

Moreover, the surfaces of the cycled S/C composite cathodes were also characterized by SEM images to 

evaluate the effect of cathode/electrolyte interphases during cycling. There were no significant changes 

observed on the surfaces of S/C composite cathodes before and after cycling with all of three electrolyte 

compositions, suggesting that the electrode/electrolyte interphases formed on the S/C cathode are stable and 

not the predominating factor responsible for cell performance variation. However, there are some changes 

observed on the cathode surfaces after cycling, which may be due to the volume change of the S/C cathode 

during the CD cycling. Therefore, it is clear that the cycling stability of the SEI layers on the Li-metal anode 

plays a significant role in cycling performance variation of this groups of electrolytes.  
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Figure XVII.4.3 SEM surface images of the cycled Li-S battery electrode using different electrolyte solutions. (a-c) Li-anodes, and 

inset photo images are the surface of Li metal. (d-f) sulfur cathodes. (a,d) T5FDLiTFSI electrolyte. (b,e) T5FDLiTFSI-FSI electrolyte. 

(e,f) T5FDLiFSI electrolyte. 

 

Chemical analysis of the lithium metal electrode 

Full XPS scans were performed on both cycled lithium anodes and cathodes from cells using the different 

electrolytes. The chemical composition on the surface of the cycled S/C cathode electrodes was almost 

identical for all the cells with different electrolytes. The differences are from the lithium metal anodes. Figure 

XVII.4.4 show the XPS analyses of the surface of the Li-anode after cycling, focusing on the fluorine and 

sulfur elements. Figure XVII.4.4a depicts the F 1s spectra of the cycled Li anode with TDLiTFSI, 

T5FDLiTFSI, T10FDLiTFSI, T20FDLiTFSI, T5FDLiTFSI-FSI, and T5FDLiFSI electrolytes. The main peak 

was observed at 685.51 eV for cycled Li anode with T5FDLiFSI electrolyte, which corresponds to LiF 

compound, produced from the degradation of FSI anion. There is also a noticeable shoulder peak around 688 

eV for the electrolyte with FSI anions, indicating a distinctive configuration of the LiF formed with LFI anion 

salt.  The intensity of the LiF peak consistently decreased with the increased amount of LiTFSI salt and F4EO2 

additive in the electrolyte solutions, and the main peak position shift to higher energy. Overall, TFSI anion 

based electrolytes tend to facilitate the smooth lithium deposition with fewer LiF by products formation, 

whereas the FSI anion has higher reactivity toward lithium metal.  
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Figure XVII.4.4 High-resolution XPS spectra of the surface of cycled Li-anode after washing off the electrolyte. (a) fluorine 1s and 

(b) sulfur 2p.  

The reactivity of the FSI anion based electrolyte toward lithium metal is coupled with reactions of polysulfides 

on the lithium metal surface. With the TFSI anion based electrolyte such as T5FDLiTFSI, the sulfur 2p spectra 

of the cycled Li-metal anode is no as prominent. However, with increasing the FSI anion concentration of 

T5FDLiTFSI-FSI, and T5FDLiFSI electrolytes, there is a large accumulation of both Li2S and polysulfides 

species. The TFSI anion stability toward both the electrolyte and polysulfides explains the superb Li-S cell 

cycling performance of the T5FDLiTFSI, T10FDLiTFSI, and T20FDLiTFSI group of electrolytes.  

Conclusions   

We have synthesized a highly fluorinated ether-based bifunctional micelle electrolyte additive, F4EO2, and 

applied a unique strategy to suppress polysulfide dissolution and enhance lithium metal stabilization in Li-S 

battery. With this bifunctional additive, we have prepared different electrolyte solutions by using F4EO2, TTE, 

LiTFSI, LiTFSI, and DOL, respectively, for Li-S battery application. The LiTFSI imide electrolyte with F4EO2 

additive showed excellent compatibility with Li-metal anode, good electrochemical stability, cycling stability, 

and high specific discharge capacity of ca. 1350 mAhg-1 with the battery configuration of Li//electrolyte//S/C 

composite at 0.1C. The FSI anion has high reactivity with the Li-metal anode, and forms a large amount of LiF 

and sulfides deposits on the surface of the Li-metal anode, leading to cell performance degradation. 

Concurrently, the micelle-like F4EO2 additive improves the battery performance substantially. The results 

demonstrated that the Li-S battery with T5FDLiTFSI electrolyte using F4EO2 additive showed excellent 

cycling performance, with good capacity retention and high coulombic efficiency (99.98%), by suppressing 

polysulfides dissolution and stabilizing lithium metal anode.  

References 

1. G. Zhou, H. Chen, Y. Cui, 2022, 7, DOI 10.1038/s41560-022-01001-0. 

2. N. Wang, X. Zhang, Z. Ju, X. Yu, Y. Wang, Y. Du, Z. Bai, S. Dou, G. Yu, Nat. Commun. 2021, 12, 

1–10. 

3. N. Wang, X. Zhang, Z. Ju, X. Yu, Y. Wang, Y. Du, Z. Bai, S. Dou, G. Yu, Nat. Commun. 2021, 12, 

1–10. 

4. M. Zhao, B. Q. Li, X. Q. Zhang, J. Q. Huang, Q. Zhang, ACS Cent. Sci. 2020, 6, 1095–1104. 

5. Q. Pang, X. Liang, C. Y. Kwok, L. F. Nazar, Nat. Energy 2016, 1, 1–11. 

6. J. Lei, T. Liu, J. Chen, M. Zheng, Q. Zhang, B. Mao, Q. Dong, Chem 2020, 6, 2533–2557. 

7. Q. Ma, B. Tong, Z. Fang, X. Qi, W. Feng, J. Nie, Y.-S. Hu, H. Li, X. Huang, L. Chen, Z. Zhou, J. 

Electrochem. Soc. 2016, 163, A1776–A1783. 

8. Y. Zhao, C. Fang, G. Zhang, D. Hubble, A. Nallapaneni, C. Zhu, Z. Zhao, Z. Liu, J. Lau, Y. Fu, G. 

Liu, Front. Chem. 2020, 8, 1–9. 

9. W. Xue, Z. Shi, L. Suo, C. Wang, Z. Wang, H. Wang, K. P. So, A. Maurano, D. Yu, Y. Chen, L. Qie, 

Z. Zhu, G. Xu, J. Kong, J. Li, Nat. Energy 2019, 4, 374–382. 



FY 2022 Annual Progress Report 

 Beyond Lithium-Ion R&D: Lithium Sulfur Batteries 1145 

10. J. Sun, K. Zhang, Y. Fu, W. Guo, Nano Res. 2022, DOI 10.1007/s12274-022-4361-z. 

11. T. van Ree, Curr. Opin. Electrochem. 2020, 21, 22–30. 

12. S. Gu, C. Sun, D. Xu, Y. Lu, J. Jin, Z. Wen, Electrochem. Energy Rev. 2018, 1, 599–624. 

13. X. Li, M. Banis, A. Lushington, X. Yang, Q. Sun, Y. Zhao, C. Liu, Q. Li, B. Wang, W. Xiao, C. 

Wang, M. Li, J. Liang, R. Li, Y. Hu, L. Goncharova, H. Zhang, T. K. Sham, X. Sun, Nat. Commun. 

2018, 9, 1–10. 

14. K. Sun, Q. Wu, X. Tong, H. Gan, ACS Appl. Energy Mater. 2018, 1, 2608–2618. 

15. Fang, G. Zhang, J. Lau, G. Liu, APL Mater. 2019, 7, DOI 10.1063/1.5110525. 

16. S. S. Zhang, J. Power Sources 2013, 231, 153–162. 

17. J. Scheers, S. Fantini, P. Johansson, J. Power Sources 2014, 255, 204–218. 

18. S. Zhang, K. Ueno, K. Dokko, M. Watanabe, Adv. Energy Mater. 2015, 5, DOI 

10.1002/aenm.201500117. 

19. R. Xu, I. Belharouak, J. C. M. Li, X. Zhang, I. Bloom, J. Bareño, Adv. Energy Mater. 2013, 3, 833–

838. 

20. D. J. Lee, M. Agostini, J. W. Park, Y. K. Sun, J. Hassoun, B. Scrosati, ChemSusChem 2013, 6, 2245–

2248. 

21. D. J. Lee, M. Agostini, J. W. Park, Y. K. Sun, J. Hassoun, B. Scrosati, ChemSusChem 2013, 6, 2245–

2248. 

22. D. Aurbach, E. Pollak, R. Elazari, G. Salitra, C. S. Kelley, J. Affinito, J. Electrochem. Soc. 2009, 156, 

A694. 

23. H. L. Wu, M. Shin, Y. M. Liu, K. A. See, A. A. Gewirth, Nano Energy 2017, 32, 50–58. 

24. L. Suo, Y. S. Hu, H. Li, M. Armand, L. Chen, Nat. Commun. 2013, 4, 1–9. 

25. J. Park, K. Ueno, N. Tachikawa, K. Dokko, M. Watanabe, 2013. 

26. J. W. Park, K. Yamauchi, E. Takashima, N. Tachikawa, K. Ueno, K. Dokko, M. Watanabe, J. Phys. 

Chem. C 2013, 117, 4431–4440. 

27. X. Ren, S. Chen, H. Lee, D. Mei, M. H. Engelhard, S. D. Burton, W. Zhao, J. Zheng, Q. Li, M. S. 

Ding, M. Schroeder, J. Alvarado, K. Xu, Y. S. Meng, J. Liu, J. G. Zhang, W. Xu, Chem 2018, 4, 

1877–1892. 

28. R. Cao, J. Chen, K. S. Han, W. Xu, D. Mei, P. Bhattacharya, M. H. Engelhard, K. T. Mueller, J. Liu, 

J. G. Zhang, Adv. Funct. Mater. 2016, 26, 3059–3066. 

29. A. Singh, A. Rafie, V. Kalra, Sustain. Energy Fuels 2019, 3, 2788–2797. 

30. [30] C. Weller, J. Pampel, S. Dörfler, H. Althues, S. Kaskel, Energy Technol. 2019, 7, DOI 

10.1002/ente.201900625. 

Acknowledgements   

Dr. Faiz Ahmet, Dr. Thanh-Nhan Tran, Dr. Chen Fang performed experimental work, and analyzed data. 

  



Batteries 

1146 Beyond Lithium-Ion R&D: Lithium Sulfur Batteries 

XVII.5 Strategies to Enable Lean Electrolytes for High Loading and 
Stable Lithium-Sulfur Batteries (UCSD) 

Ying Shirley Meng, Principal Investigator 

University of California, San Diego   

9500 Gilman Dr. 

La Jolla, CA 92093   

E-mail: shmeng@ucsd.edu  

Hui Du, Co-Principal Investigator 

Ampcera, Inc. 

Tucson Tech Park 

1700 E 18th St Ste 102 

Tucson, AZ 85719-6552 

E-mail: hdu@ampcera.com   

Mei Cai, Co-Principal Investigator 

General Motors. 

30470 Harley Earl Blvd. 

Warren, MI 48092 

E-mail: mei.cai@gm.com   

Haiyan Croft, DOE Technology Development Manager  

U.S. Department of Energy 

E-mail: Haiyan.Croft@ee.doe.gov 

Start Date: October 1, 2021 End Date: December 31, 2022  

Project Funding (FY22): $569,109 DOE share: $428,175 Non-DOE share: $140,934 
 

Project Introduction 

Lithium-sulfur (Li-S) batteries offer the potential for higher energy densities due to the high theoretical 

capacities of the sulfur cathode (1675 mAh g-1). Moreover, by using abundant elemental sulfur, they also 

benefit from lower material costs than conventional lithium-ion batteries (LIBs) which are still largely based 

on costly transition metal oxides materials such as nickel and cobalt.1 Sulfur-based cathodes also offer 

improved safety factors due to their conversion-based reaction mechanisms which reduce the risks of thermal 

runaway typical of host-type materials.2 Moreover, the environmentally benign nature of elemental sulfur also 

reduces the potential environmental impact of cells when they reach their end of life. However, the 

commercialization of Li-S still faces several technical barriers that impede its commercialization:  

1. Inability to enable lean electrolyte conditions necessary for high energy densities.  

2. Polysulfide dissolution resulting in sulfur inventory loss & continuous electrolyte consumption. 

To achieve targets of 500 Wh/kg under realistic sulfur cathode loadings (≥64 wt%), lean electrolyte conditions 

of <3 g/Ah are needed, an ambitious goal currently unachievable with the state of the art. The highly porous 

nature of low-density carbon-sulfur (C-S) composite cathodes makes it difficult to prepare compact electrodes 

with high sulfur loading, often resulting in cracking during the fabrication process. Continuous electrolyte 

consumption originating from high cathode porosity also results in the need for a large excess of liquid 

electrolytes to achieve reasonable sulfur utilization and cycle life. There is an urgent need to develop compact 

electrodes with high sulfur loading and low porosity, with a focus on balancing high tap density and sufficient 

intrinsic porosity to allow wettability as well as efficient polysulfide adsorption. Recent attempts to reduce 

electrolyte excess include efforts to improve electrolyte diffusion within porous electrodes, as well as the use 

mailto:shmeng@ucsd.edu
mailto:hdu@ampcera.com
mailto:mei.cai@gm.com
mailto:Haiyan.Croft@ee.doe.gov
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of 3D nanoporous sulfur host structures to improve wettability and reduce tortuosity.3 However, these studies 

have yet to demonstrate efficacy under lean electrolyte conditions and high sulfur areal loadings (>10 mAh cm-

2). Comparatively, our promising strategies to enable lean electrolytes for high-loading and stable Lithium-

Sulfur batteries are via adopting redox active dense stacking polymers as Li-S cathodes. Our bulky 

hexaazatrinaphthylene (HATN) polymer reduces the stacking porosity to achieve a high bulk density of 1.6 g 

cm-3 by the melting polymerization process, while its intrinsic porosity based on s-triazine bonding is 

maintained.4 The bulky HATN polymer serves as an Sulfur host material, which shows high S loading with a 

low porosity in Li-S batteries using a limited amount of electrolyte; regulates the lithium polysulfide 

deposition; accommodates the cathode volume change from S to Li2S. 

This project is led by UCSD with the collaboration of Ampcera Inc. and General Motors (GM). Our UCSD 

team has established the baseline setup for the HATN lab-scale synthesis; built the cryogenic characterization 

toolbox for Li-S batteries; developed the quantitative methodologies to analyze the degradation of Li-S 

batteries. Ampcera Inc. is a company possessing the technology of solid-state chemical synthesis, which 

dedicates the effort to scaling up the synthesis of HATN polymer (kg-scale) in this project. GM contributes to 

the large-size Li foil supply and large-capacity cell assembly owing to their robust facilities and resources for 

pouch cell production. Upon effort of the entire team, we can insight into the root limitations of high-energy-

density Li-S batteries and develop strategies to sort them out. 

Objectives 

The objective of the project is to develop high energy density (>500 Wh/kg) and low cost (<68 $/kWh) Li-S 

pouch cells. More specifically, the main goal of this project is to develop a high-performance and low-cost 

polymer-based S electrode (HATN-S) and novel electrolyte formulation to enable long-term stable cycling. 

The best combination of novel cathode synthesis process, new electrolyte formula and full cell design will 

provide us a high energy Li-S pouch cell. The critical success factors in achieving that goal include:  

• Develop novel electrode architectures and electrolyte chemistries including HATN polymer-Sulfur 

composite electrode, and state-of-the-art liquid electrolyte systems to enable Li-S pouch cell that use 

high areal loading (>10 mAh cm-2) and low porosity (30%) cathode with high full cell energy density 

(>500Wh/kg).  

• Utilize advanced characterization, and diagnosis tools for resolving the root causes of capacity fade 

and identify electrode architectures that improve the cycle life of Li-S pouch cells. 

• Close collaboration between university-industry to deliver practical pouch type cells with low cost 

(<68 $/kWh).  

Approach  

To achieve that, novel electrode architectures using the HATN polymer–sulfur composite electrode will be 

explored to achieve the low cathode porosity and the high S active loading of the composite electrode. 

Additionally, advanced electrolyte systems and the optimization of Li metal anode will be applied further to 

increase the energy density of the Li-S pouch cell. If successful, the proposed HATN polymer–sulfur 

composite electrode will achieve less than 30% porosity, significantly decreasing electrolyte usage with high 

areal capacities of >10 mAh cm-2, enabling lean electrolyte conditions <3 g/Ah in the full Li-S pouch cell. 

Results  

In budget plan 1 (BP1), the characterization toolbox, including thermogravimetric analysis (TGA), cryogenic 

focused ion beam-scanning electron microscopy (cryo-FIB-SEM), titration-gas chromatography (TGC), and 

High-performance liquid chromatography- ultraviolet spectroscopy (HPLC-UV), was constructed to quantify 

the Li and S inventory loss in Li-S batteries (Q1). It revealed that Li losses are more severe under lean 

electrolyte conditions (baseline electrolyte: 1 M LiTFSI DOL/DME, vol/1:1, 2 wt.% LiNO3) due to the 

consumption of limited LiNO3 reservoir in lean electrolyte conditions (Q2). HPLC-UV methodology was 

introduced to quantify the LiNO3 consumption of the electrolyte, and the calibration curve of LiNO3 

concentration was established (Q3). The LiNO3 depletion in nanostructured C-S cathode-based Li-S batteries 
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is tremendously larger than in bulky S cathode-based ones (Q3) due to larger cathode porosity (larger cathode 

surface area). These results suggest the importance of using bulk S cathode materials to decrease LiNO3 

consumption. The above results validate the purpose of using the bulky HATN-S materials to achieve lean 

electrolyte usage for high-energy-density Li-S batteries. In Q2, it was demonstrated that HATN-S cathode 

could enable lean electrolyte usage in Li-S batteries with electrolyte-to-sulfur, E/S ratio of 6 µl mgsulfur
-1 paired 

with thin lithium (100 µm). 

Further efforts were dedicated to optimizing the synthesis of HATN/CNT polymer composite (a 10 g-lab scale) 

to construct a good 3D ion and electron conduction network (Q3). The optimized HATN/CNT-S cathode was 

evaluated using a lean baseline electrolyte (E/S ratio of 6 µl mgsulfur
-1) by pairing it with 100 µm Li metal foils. 

Long cycling stability of 680 cycles with an areal capacity of ~2 mAh cm-2 was achieved (Q3), which is far 

more excellent than the nanostructured C-S cathode with only 75 cycles in baseline electrolyte. In Q4, the 

HATN/CNT-S cathode was ultimately optimized by mixing elemental sulfur with the HATN/CNT host 

materials in the process of electrode preparation. Thus, S is infiltrated into the host during initial discharge and 

charge (electrochemical infusion), which circumvents the conventional S melt infusion method. It is shown 

that this optimized HATN/CNT-S presents the highest S-specific capacity of ~1250 mAh gsulfur
-1 (high S 

utilization) and the highest discharge plateau (fast polysulfide kinetics) under the lean electrolyte condition. 

Besides, it is illustrated that the HATN/CNT host accommodates the volume change from S to Li2S, while the 

C-S cathode suffers from a large volume change. By using a lean baseline electrolyte (Electrolyte-to-Sulfur, 

E/S ratio of ~6 µl mgsulfur
-1 or Electrolyte-to-Capacity, E/C ratio of ~5 g Ah-1) and pairing with 100 µm Li 

metal foils (N/P ratio of 2.6) received from our collaborators at GM, the HATN/CNT-S cathode delivers a high 

cycling areal capacity of ~5.5 mAh cm-2 at 0.1 C in Li-S batteries (coin-cell). Besides, the GM C-S cathode 

was evaluated under the E/S ratio of ~10 µl mgsulfur
-1, presenting a similar limited cycling behavior to the 

UCSD nano C-S cathode with drastic capacity decay (Q1-Q3). The milestone of an initial areal capacity of 5 

mAh cm-2 has been achieved, and future work will be focused on the assembly of a small pouch cell to make 

the most use of the electrolyte for high energy density. 

As decomposition-based LiNO3 is required in the charge and discharge of Li-S batteries, a stable alternative is 

necessary to avoid continuous depletion of its critical function. Thus, a new electrolyte (NewEle) system is 

proposed to avoid reliance on LiNO3, using an alternative additive that is stable at the Li metal anode. In 

applying this new electrolyte system to the C-S cathode that involves S redox chemistry only, stable cell 

cycling with a capacity retention of ~75% after 320 cycles is achieved using lean electrolyte conditions, 

compared to the baseline LiNO3 containing electrolyte that shows severe degradation after 75 cycles. The 

NewEle would be extended to HATN/CNT-S cathode for even longer cycling performance of high-energy-

density Li-S batteries. 

Investigating the Li-S batteries under lean lithium and electrolyte conditions 

To establish a reference for comparison, the HATN-S electrodes will be tested against the conventional C-S 

electrode composite. In Li-S battery research, there is extensive work on nanostructured C-S cathode materials 

to not only resolve the weakness of insulating S but also enhance the absorption of polysulfide for a good 

cycling behavior. Figure XVII.5.1a and Figure XVII.5.1b show the nano C-S cathode with porous honeycomb 

structure prepared in BP1. The Li-S community has been increasing the awareness of decreasing electrolyte 

usage to achieve high energy density. To investigate the practical cyclability of S cathode, all the work is under 

stringent conditions of lean electrolyte and lithium as recommended through findings at the Battery500 

consortium. Figure XVII.5.1c shows charge-discharge curves of the C-S composite cathode at different C-rates 

using a 100 µm Li metal foil anode and an E/S ratio of ~10 µl mgsulfur
-1. The nanostructured C-S composite 

cathode delivers areal capacities of 3 mAh cm-2, 2.5 mAh cm-2, and 2 mAh cm-2 at 0.05 C, 0.1 C, and 0.2 C 

respectively. The initial discharge plateaus are observed to be lower compared to cells operating with 

extremely excessive electrolyte, as S redistribution in the cathode is prohibited due to slower polysulfide 

diffusion in lean electrolyte conditions. The C-S cathode cycles at 0.2 C for less than 100 cycles (Figure 

XVII.5.1d) before complete failure. Interestingly, severe degradation is observed at the 74th and 75th cycles, 

wherein the cell displayed an abnormal charge voltage profile (inset), likely due to severe polysulfide shuttle 
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(inset of Figure XVII.5.1d). Such phenomena are not observed in Li-S cells when large excess electrolytes are 

used, highlighting the need to understand the root causes for practical Li-S cells to be realized. 

 

Figure XVII.5.1 (a and b) SEM images of the nanostructured C-S cathode, (c) Voltage profiles of C-S composite electrodes at 

different C-rates using 100 µm Li and E/S ratio of 10 µl mgsulfur-1 and (d) the corresponding cycling stability. 

Quantifying the Li and S inventory loss in Li-S batteries. 

We also established a series of characterization tools to elucidate the root cause of the low cycling life of C-S 

system. In the Q1&Q2, we developed TGA as a valid tool for quantification of S mass (Figure XVII.5.2a), and 

in turn, S inventory losses with cycling. In Q2, we proceeded to analyze the S inventory loss of the cycled 

electrode materials under lean electrolyte conditions. To do so, the cycled electrode at the charged state from 

Figure XVII.5.2d was extracted and its S content was analyzed using TGA. From an initial S mass of 3.1 mg at 

the pristine state, only 0.6 mg of active S was found after 200 cycles, as shown in Figure XVII.5.2b and Figure 

XVII.5.2c. The TGA measured for the C-S cathode illustrates a drastic S inventory loss (80.6%), a contrasting 

conclusion from what was previously reported using a large excess of electrolyte. From these initial results, it 

indicates that capacity fade in the Li-S cells is due to both Li and S inventory losses, with more severe 

depletion of S inventory under lean electrolyte conditions. Thus, the consumption of LiNO3 in lean Li and 

electrolyte Li-S system might be the pivotal factor that limits the Li-S cycling performance. 

Previously, our group has successfully developed the Titration Gas Chromatography (TGC) method to 

quantify the metallic Li mass in the cycled electrodes. The TGC method has been expanded recently to 

accommodate the Li-S system (Figure XVII.5.2d). A new calibration curve with a range of up to 2.5 mg of Li 

was established for measuring larger quantities of Li used in this project. With the new calibration curve, the 

remaining metallic Li mass in the cycled Li metal electrode from Li-S cells can be quantified. Herein, we used 

the baseline C-S electrode system as it undergoes a quicker and more severe failure route to facilitate analysis. 

The cycled Li metal was divided into 3 samples to fit the mass range of the new calibration curve. The yellow 
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residues of sulfur species of those 3 samples (brown solution) suggest a large amount of polysulfide that reacts 

with Li metal (polysulfide shuttle). The TGC quantified that the Li anode undergoes a large Li inventory loss 

of 47.00% (Figure XVII.5.2e). A calculated total of ~10 mAh cm-2 Li anode capacity is lost in the cycled cell 

despite a total cathode capacity of only ~2 mAh cm-2, indicating that the polysulfide shuttle can induce a 

disproportionate amount of Li inventory losses in the cell. Therefore, we can infer that without sufficient Li 

passivation, polysulfides will shuttle to the Li anode side, inducing a combination of both Li and S inventory 

losses. Thus, a potentially effective approach to mitigate both Li and S inventory losses would be to protect Li 

using an additive more stable and effective than LiNO3, which will be discussed later. 

 

Figure XVII.5.2 (a) Photo of the C-S cathode from the disassembled cell after 200 cycles (Previous figure, d) and immersed in 

DOL/DME solvents and the schematic of protecting S samples for TGA Photo of Li metal from the disassembled cell after 200 

cycles; (b and c) TGA curves and the data table of the above cycled C-S cathode; (d) The schematic of TGC quantification of Li 

metal loss including the sample of the cycled Li metal by polysulfide shuttle from the disassembled cell after 200 cycles (Previous 

figure, d); (e) The Li mass quantified by TGC. 

Quantifying the LiNO3 depletion in nano C-S and bulk C-S cathodes 

In Q2, the HPLC-UV methodology was introduced to quantify the consumption of LiNO3. In Figure 

XVII.5.3a, the cycled cell was disassembled and dissolved by DOL/DME solvent, which generates a 

homogeneous liquid sample (electrolyte). The samples were injected into the HPLC column chromatography 

for separation and then characterized by the UV detector. Based on the polarity of different species in the 

sample, LiNO3 was first eluted out. 
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Figure XVII.5.3 (a) The schematic of the HPLC-UV methodology used to investigate the LiNO3 amount; (b) The cycling behavior of 

the nanostructured C-S and the bulk C-S cathode in baseline electrolyte with E/S ratio of 10 µl mgsulfur-1 and 100 µm Li. The S 

loading of is 3.8 mgsulfur cm-2 of the nano C-S and 2.52 mgsulfur cm-2 of the bulk C-S; (c) HPLC-UV spectra of the fresh electrolyte, 

DOL/DME solvent, LiNO3 and LiTFSI in DOL/DME solvent, and the cycled electrolyte of the nano C-S cathode; (d) HPLC-UV spectra 

of the pristine electrolyte and cycled electrolyte for bulk C-S cathode; (e) The standard curve of LiNO3 concentration ranging from 

0.5 mM to 1 mM. 

It is known that cathode porosity and tortuosity impact electrolyte usage and wettability. To investigate the 

influence on electrolyte consumption, both the nano C-S cathode and the bulky C-S cathode are evaluated for 

comparison (Figure XVII.5.3b). Note that the bulky C-S cathode was prepared by a simple mix of bulk S and 

super P (low surface area). Since these two cathodes are using the same E/S ratio of 10 µl mgsulfur
-1and the 

lithium anode is still excessive, the S utilization (practical S-specific capacity/ S theoretical capacity) can 

affect the electrolyte utilization. Figure XVII.5.3b shows that the Bulky C-S cathode delivers a similar S-

specific capacity to that of the Nano C-S cathode indicating a similar S utilization. However, the bulky C-S 



Batteries 

1152 Beyond Lithium-Ion R&D: Lithium Sulfur Batteries 

cathode sustains superior cycling in sharp contrast to the nano C-S cathode with a limiting cycle life. It has 

been verified the consumption of LiNO3 in the nano C-S cathode is severe while there is minor LiNO3 

depletion in the bulky C-S cathode (Figure XVII.5.3c and Figure XVII.5.3d). It is evidenced that the LiNO3 

peak intensity of the cell after C-S cycling in baseline electrolyte is fragile, suggesting the depletion of LiNO3. 

Further, a standard curve of LiNO3 concentration vs UV adsorption was established (Q3, Figure XVII.5.3e), 

and it can be used to retrieve the accurate concentration of the LiNO3 at different stages. This huge difference 

in the LiNO3 depletion is correlated to the high surface area of both the carbon host and S. Since the S redox 

chemistry is an interfacial reaction on the conductive carbon host materials, the nano C-S consumes far more 

LiNO3 during the charge and discharge. Hence, to achieve lean electrolyte utilization for high energy density, 

the S cathode should be of less porosity and tortuosity instead of the conventional cathode design principle of 

the nanostructured C-S cathode. 

 

 

Figure XVII.5.4 (a) The roll-to-roll S electrode casting at GM; (b) The corona treatment by plasma to increase the adhesion to the Al 

current collector; (c) Electrochemical performance of 5.2 mgsulfur cm-2 sulfur cathode electrode, c) charge-discharge profiles and d) 

discharge-discharge capacities and CE vs. cycle number; (e and f) The schematic and the photos of the design of a Li-S pouch cell; 

(g) The voltage profiles of various cycles of the 1 Ah Li-S pouch cell delivering a super high energy density of 400 Wh kg-1. 
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Baseline C-S cathode performance and the high-energy-density Li-S pouch cell with limited cycle life 

(General Motors). 

In the benchmarking scope of work, all the C-S baseline composite electrodes were studied using a low 

electrode loading. Thus, the loadings of the C-S reference electrodes need to be increased for meaningful 

comparisons. However, due to the limitations of the slurry-based casing of low-density C-S-based composites, 

it is difficult to achieve such high-loading cast layers at the laboratory scale. To this end, GM has produced C-

S cathode (nanostructured) electrodes with high loading of >5mgSulfur cm-2 by developing new slurry coating 

technology (e.g., plasma treatment of Al substrate) and further optimizing slurry compositions (Figure 

XVII.5.4a and Figure XVII.5.4b).  

Figure XVII.5.4c shows the potential vs. specific capacity retention curves of the GM C-S cathode with 5.2 

mgsulfur cm-2. The areal discharge capacity can reach up to ~6 mAh cm-2 initially under the first formation cycle 

at 0.05 C with an E/S ratio of 8 l mgsulfur
-1, which quickly stabilized at 4 mAh cm-2 after switching to the 

discharge current rate of 0.1 C for the following cycles. The cell lasts for about 50 cycles till the discharge 

capacity decreases to below 60% retention (Figure XVII.5.4d). GM C-S cathode also shows major capacity 

decay by using the lean electrolyte. In Q3 and Q4, GM finished the delivery of two batches of the GM C-S 

cathode to UCSD with the S loading of ~5 and ~3.26 mgsulfur cm-2. In the coming budget year, UCSD will 

work closely with GM to evaluate the electrochemical performance of the GM C-S cathode and use it as the 

baseline for future studies. 

Figure XVII.5.4e and Figure XVII.5.4f show the design and assembly of a 1-Ah Li-S pouch cell at GM and it 

was evaluated with lean electrolyte usage of E/S= 3 l mgsulfur
-1. The pouch cell delivers a super high energy 

density of 400 Wh kg-1. However, the cycling is limited, which is identical to the coin cell performance. All 

these results demonstrate the electrolyte depletion in conventional nanostructured C-S cathode is severe, which 

deters the cycling stability. Nevertheless, the bulky S cathode materials can be the solution to this bottleneck 

problem. 

The optimization of the bulky HATN/CNT-S cathode with a low porosity and tortuosity 

This project focuses on the bulky dense-stacking HATN polymer as S host materials. In BP1, carbon 

nanotubes (CNTs) were incorporated into the HATN polymerization to construct a good 3D ion and electron 

conduction network (Figure XVII.5.5a), while maintaining a high tap density and bulky size (~17 µm) of the 

HATN/CNT composite (Figure XVII.5.5b) owing to the melting polymerization of the HATN host (Q3-Q4). 

Elemental S was mixed with the HATN/CNT host during the electrode preparation, S was incorporated into 

this host material by the electrochemical infusion during initial discharge and charge. This circumvents the 

conventional S melting infusion to decrease the cathode cost of Li-S batteries. A slurry recipe containing 

HATN/CNT (26 wt.%), S (64 wt.%), a small amount of binder (5 wt.%), and carbon additive (super P, 5 wt.%) 

was applied to prepare the cathode electrode sheet using carbon-coated Al foil as the current collector for 

better adhesion. 

Figure XVII.5.5c shows that despite lean electrolyte usage, the second discharge plateau of the optimized 

HATN/CNT cathode typically lies at a higher voltage of ~2.1 V at the formation cycle (0.05 C, 1C=1000 mA 

g-1) than that using conventional S infusion. This indicates faster polysulfide redox reaction kinetics for better 

S redistribution in the cathode under lean electrolyte conditions. The coin-cells were assembled by pairing 

against the 100 µm Li metal foil obtained from our collaborator GM and a lean electrolyte (E/S ratio of ~6 µl 

mgsulfur
-1) using baseline electrolyte (1 M LiTFSI in a DOL/DME mixture (1:1, v/v) with 2 wt% LiNO3). 

HATN/CNT-S delivers a higher S-specific capacity of ~1250 mAh gsulfur
-1 than either ~900 mAh gsulfur

-1 for the 

HATN-S cathode (Q2) or ~1050 mAh gsulfur
-1 for the HATN/CNT-S cathode via S melt infusion (Q3). And an 

areal capacity of ~3.0 mAh cm-2 at 0.05 C was achieved. Figure XVII.5.5d shows the cryogenic focused ion 

beam scanning electron microscopy (Cryo-FIB SEM) image of the cross-section of the UCSD nano C-S 

cathode as a reference, which is highly porous. However, the HATN/CNT-S cathode via electrochemical 

infusion features a bulky particle size of >10 µm (Figure XVII.5.5e) with a low porosity of ~30%, the same as 

that of bare HATN-S cathode (29%, Q1). Further, the quantification of the 2-D tortuosity of this optimized 
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HATN/CNT-S cathode is based on a simplified mathematical equation (𝜏 = 𝐶/𝐿), wherein 𝐶 is the electrolyte 

diffusion curve length and 𝐿 is the distance between the curve ends. Thus, τ=1, τ=1.57, and τ=∞ are defined as 

paths of a straight line, a semicircle, and a circle, respectively. Herein, three diffusion paths in the above cross-

section were measured, which exhibits a low average 2-D tortuosity (𝜏) of 1.22 based on τ1=1.14, τ2=1.15, and 

τ3=1.37 within 1.57 of a semicircle path. The EDX spectrum of Figure XVII.5.5f corresponds to the uniform S-

element distribution of the HATN/CNT-S cathode. Its low cathode porosity decreases the electrolyte usage, 

and the low cathode tortuosity facilitates electrolyte wettability, which ultimately yields a high S utilization 

and a high working voltage. All these results show the effectiveness of the electrochemical S infusion into a 

bulky ion/electron conductive network. 

 

Figure XVII.5.5 (a) The schematic of the synthesis of the HATN/CNT composite; (b) the SEM image of HATN/CNT, and the digital 

photo of the composite before and after polymerization (inset); (c) The voltage profile of HATN/CNT-S cathode without S melt 

infusion in baseline electrolyte of 1 M LiTFSI in a DOL/DME mixture (1:1, v/v) with 2wt.% LiNO3, using 100 µm Li and E/S ratio of 6 

µl mgsulfur-1; (d) The Cryo-FIB SEM image of the cross-section of the UCSD nano C-S cathode with highly porous structure; (e) The 

Cryo-FIB SEM image of the cross-section of the HATN/CNT-S cathode via electrochemical infusion, which is highlighted with a low 

average 2-D tortuosity (𝜏) of 1.22 and a bulky particle size of >10 µm; (f) The EDX spectrum of the selected area (red rectangle in 

4e), showing the successful electrochemical S infusion.  
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Evaluating the optimized HATN/CNT-S cathode 

The destruction of electrode structural integrity during cycling is one of the bottleneck problems of Li-S 

batteries, because the conversion of S (2.07 g·cm-3) into Li2S (1.66 g·cm-3) intrinsically sustains from a large 

volume expansion of 180% (VLi2S/VS, normalized to 1 mol) or a volume change of 80% (VLi2S-VS/VS, 

normalized to 1 mol). Thus, the selection and design of S cathodes are of great importance. Figure XVII.5.6a 

and Figure XVII.5.6b exhibit the top view of the cryo-FIB SEM images of HATN/CNT-S from the pristine to 

the initially discharged  respectively, under a small magnification, which is for the analysis of cathode volume 

change from a broad perspective. The minimal particle size evolution demonstrates that our HATN/CNT-S 

cathode can accommodate the large volume change during the charge and discharge processes. This is 

attributed to a vacant bulky HATN/CNT host that can contain the active liquid S species (Sulfur and 

polysulfide) much better than an S solid-infused HATN/CNT host (melt infusion). 

 

Figure XVII.5.6 (a) The top-view of SEM images of the pristine HATN/CNT-S cathode and after 1st discharge (b) with a similar S 

loading of ~5 mg cm-2 under a small magnification; (c) Voltage profiles of the HATN/CNT-S cathode with ~6.30 mgsulfur cm-2, using 

100 µm Li with an E/S ratio of 6 µl mgsulfur-1 and an E/C ratio of 5 g/Ah. The inset schematics illustrates the cell assembly; (d) The 

cycling behavior of the optimized HATN/CNT-S cathode at 0.1 C, 1 C = 1000 mA g-1. 

To achieve high-energy-density Li-S batteries, the cathode porosity of HATN/CNT-S needs to be decreased, 

and the S loading needs to be increased. At the early stage, the HATN/CNT-S cathode with a small areal 

capacity of 2.5 mAh cm-2 was achieved with a stable cycling behavior (680 cycles, Q3). Q4 mainly focuses on 

preparing high-areal-capacity HATN/CNT-S cathodes by increasing the S-specific capacity via 

electrochemical infusion (Figure XVII.5.6). The milestone of a starting areal capacity of 5 mAh cm-2, 

recommended by the DOE, has been completed by increasing the S loading to ~6.30 mgsulfur cm-2. The areal 

discharge capacity can reach up to ~7.4 mAh cm-2 initially under the first 0.05 C (0.315 mA cm-2) formation 

cycle with a low N/P ratio of 2.6 and a low E/S ratio of 6 µl mgsulfur
-1 or 5 g Ah-1, which quickly stabilized at 

5.5 mAh cm-2 after switching to the 0.1 C discharge current rate for the following cycles (Figure XVII.5.6d). 

Notably, the initial discharge plateaus are consistent with the subsequent, which reflects the good wettability 
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and polysulfide diffusion in the HATN/CNT cathode. The cell is ongoing stably with high capacity retention 

after 35 cycles. The Post-Mortem analysis of the cycled cell will be conducted to quantify the Li and LiNO3 

inventory loss. Herein, the cells of the HATN/CNT-S cathodes were prepared using 100 um Li anodes (inset of 

Figure XVII.5.6c) aiming for a low N/P ratio. Our coin-cell performance, under such stringent conditions of 

lean electrolyte and lean lithium, indicates that it is worth moving closer to the target of <3 g Ah-1 electrolyte 

amount. Further, UCSD and GM will work closely to prepare single-layer or few-layer pouch cells using even 

leaner electrolytes, demonstrating the cyclability of pouch cells. 

The scaling up of HATN synthesis at Ampcera 

The HATN polymer synthesis has been improved to a 10-g scale at the UCSD lab. Ampcera has assembled a 

lab-scale synthesis as part of the scale-up process. A dozen of trials have been conducted to optimize the 

monomer synthesis process to obtain the beige yellow product (Figure XVII.5.7a and Figure XVII.5.7b). A 

preliminary batch of HATN monomer (synthesized at Ampcera) was received by UCSD for NMR 

conformation. However, validation has been delayed due to supply chain issues associated with the NMR 

solvent. Finally, trial 14 has the best quality with minor impurities. In Q4, UCSD has worked on the scale-up 

synthesis by collaborating with Ampcera by on-site visiting. Using a proprietary polymerization process, 

Ampcera has been able to form the HATN polymer which will be validated by UCSD using FTIR and BET 

analysis. Further, Ampcera has already established the setup of scaling-up of the synthesis of the HATN 

monomer (Figure XVII.5.7c). By on-site visit to Ampcera, the baseline synthesis of 2 g-batch was established. 

The yield has recently been improved to >80% with high reproductivity, and the monomer synthesis will be 

scaled after NMR validation by the end of BP1. 

 

Figure XVII.5.7 (a and b) The lab-scale trial of the HATN monomer synthesis at Ampcera; (c) The scaling-up synthesis of HATN 

monomer at Ampcera. 

Reporting a NewEle Li-S system with long cyclability 

Q2 has revealed that the LiNO3 reservoir limits the cycling life of Li-S batteries in the baseline electrolyte, and 

there is a tradeoff between energy density and cycling stability. To realize the long cycling life and high energy 

density of Li-S batteries, efforts are put into developing alternative electrolytes. The electrolyte design is based 

on Li metal compatibility and polysulfide solubility considerations. In Q1, the localized high concentration 
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electrolyte (LHCE) of LiFSI:DME:TTE with a 1:1.2:3 molar ratio was studied. Li-S battery using this LHCE 

generates large polarization and very low S-specific capacity, though LHCE enables large granular Li 

deposition morphology and high Coulombic efficiencies. 

In BP1, we designed a New Electrolyte that does not contain LiNO3. A new type of N-containing salt is 

synthesized in the lab. The resulting electrolyte shows high chemical compatibility with Li metal, verified from 

the shining Li kept in our electrolyte for 48 h (Figure XVII.5.8a). Using this NewEle system, the Li-S battery 

can undergo a successful charge-discharge process without any over-charge issue that happens without LiNO3. 

It also demonstrates that NewEle additive salt and LiNO3 are more active and pivotal in the cathode part to 

preclude the over-charge problem, which is used to be deemed as the “polysulfide shuttle” effect. It has been 

reported that NewEle contains only 10 mM of the as-synthesized additive, which is much smaller than ~0.4 M 

of LiNO3 in the baseline electrolyte (2wt.% LiNO3). In the NewEle system, the C-S cathode delivers a similar 

initial specific capacity of ~1000 mAh gsulfur
-1 at a formation current density of 0.05 C with a low E/S ratio of 

10 µl mgsulfur
-1, compared to that of baseline electrolyte (Figure XVII.5.8b). the C-S cathode delivers a higher 

S-specific capacity of 800 mAh gsulfur
-1 than 600 mAh gsulfur

-1 in the baseline electrolyte when cycling at 0.2 C, 

indicating higher S utilization (practical S-specific capacity/theoretical S-specific capacity) in NewEle (Figure 

XVII.5.8b). Finally, the cycling life of the C-S cathode is boosted with capacity retention of ~75% after 320 

cycles using lean NewEle (Figure XVII.5.8b). In contrast, the cells can only cycle for ~75 cycles before a 

drastic capacity drop in the baseline electrolyte (Figure XVII.5.8b). 

Focused ion beam (FIB) systems use a finely focused beam of ions (usually gallium) that can be operated at 

low beam currents for imaging or high beam currents for site-specific sputtering or milling. FIB can also be 

incorporated into a system with both electron and ion beam columns, allowing the same feature to be 

investigated using either of the beams. Cryo-FIB-SEM allows samples to be cooled to cryogenic temperatures 

(Figure XVII.5.8c), which preserves the structure of sensitive samples such as lithium and sulfur. Figure 

XVII.5.8d presents the Cryo-FIB images of the cross-section Li metal anode after cycling (320 cycles) in the 

NewEle system. It is shown that the Li surface has bulky Li deposition in the NewEle system, and there is a 

large quantity of reacted Li metal in the bulk of Li metal. The cycled Li (red dash zone) was further 

investigated by the EDX to analyze the composition of cycled Li. Figure XVII.5.8e exhibits the Energy-

dispersive X-ray spectroscopy (EDX) spectrum of Figure XVII.5.8d with the major signal of O and S and a 

minor signal of N. Since LiTFSI (the major Li salt of the electrolyte) has been proved to be stable during the 

cycling of Li-S batteries, our N-O-containing alternative additive has a minor decomposition issue. It suggests 

that the passivation layer on the Li metal in NewEle contains both Li2O and Li2S with a close amount of 

atomic percentage of ~30% (inset of Figure XVII.5.8e). This demonstrates that Li2S is at a low amount of 

acting as a component of the passivation layer like Li2O, a common inorganic component of Li solid-

electrolyte-interface (SEI). Hence, the reaction between polysulfide and Li (polysulfide shuttle) that generates 

Li2S is inhibited, which keeps the Li inventory for the long cycling stability of Li-S batteries. The above results 

show that our promising NewEle system can offer a solution to future stable high-energy Li-S batteries. 

 



Batteries 

1158 Beyond Lithium-Ion R&D: Lithium Sulfur Batteries 

 

Figure XVII.5.8 (a) The photo of Li chip immersed into NewEle for 2 days; (b) The cycling behavior of the UCSD Nano C-S cathode in 

baseline electrolyte of 1 M LiTFSI in a DOL/DME mixture (1:1, v/v) with 2wt.% LiNO3 and in 10 mM this NewEle additive, using 

100 µm Li and E/S ratio of 10 µl mgsulfur-1. Cycling behavior by S-specific capacity and areal capacity; (c) The schematic of Cryo-FIB-

SEM used to characterize lithium and sulfur in this project; (d) Cryo-FIB images of the cycled Li in the NewEle system (cross-

section), and (e) the EDX spectrum of the red dash zone of the cycled Li metal with quantitative elemental analysis. 

Conclusions   

In BP1, a characterization toolbox has been established to investigate the Li and S inventory loss, electrolyte 

depletion, and electrode structural evolution. HATN polymer composite S cathode has been optimized to 

HATN/CNT-S cathode featuring a 3D ion and electron conduction network. The milestone of a starting areal 

capacity of >5 mAh cm-2 has been completed by increasing the S loading to ~6.30 mgsulfur cm-2. The areal 

discharge capacity can reach up to ~7.4 mAh cm-2 initially under the first 0.05 C (0.315 mA cm-2) formation 

cycle with a low N/P ratio of 2.6 and a low E/S ratio of 6 µl mgsulfur
-1 or 5 g Ah-1, which quickly stabilized at 

5.5 mAh cm-2 after switching to the 0.1 C discharge current rate for the following cycles. Notably, the initial 

discharge plateaus are consistent with the subsequent, which reflects the good wettability and polysulfide 

diffusion in the HATN/CNT cathode. This is attributed to the low porosity of 30% of HATN/CNT-S cathode 

in contrast to 50% of the nanostructured C-S cathode and the low tortuosity of HATN/CNT-S the cathode for 
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good electrolyte wettability into its bulky structure. Besides, to replace the decomposition-based LiNO3 

additive, the NewEle system has been introduced. The NewEle additive was evaluated using a C-S cathode 

that only involves S redox, which shows 320 cycles of cycle life with 75% capacity retention using lean 

electrolyte and lithium. Further, the Cryo-FIB morphology characterization of the cycled Li in the NewEle 

system coupling with the EDX results validate the inhibition of polysulfide shuttle reaction with Li and the 

non-sacrificial property of the NewEle alternative additive. The NewEle will be extended to the HATN/CNT-S 

cathode, essential to achieving stable high-energy-density Li-S batteries. For the large scale HATN production, 

UCSD has helped Ampecera to establish the setup of scaling-up of the synthesis of the HATN monomer. 

Ampecera is now able to synthesize the HATN monomer in small batch with a very high yield of >80%, which 

can be readily scaled up based on Ampcera’s facilities. GM has demonstrated the capability of making large-

format Li-S pouch cells. Once the enough HATN/CNT-S active material is synthesized, GM will start to make 

Ah level Li-S pouch cells with the newly design S-based cathode. 

Key Publications   

1. Non-disclosure invention regarding the new electrolyte additive and formula (in preparation). 
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Project Introduction 

Lithium (Li)-Sulfur (S) batteries (LSBs) with energy densities > 500 Wh/kg @C/5 and 1000 cycles, cycle life 

operating over wide temperatures is key for meeting the increasing and incessant global energy demands. The 

system has been studied extensively for several years. Progress is however very much, limited due to the 

hurdles of: (a) poor Li+ reaction kinetics (conductivity/diffusivity) for full reversible S conversion to Li2S, (b) 

inferior electron (e-) conductivity, capacity and cycle life due to electrolyte soluble polysulfides (PSs) that are 

formed which migrate to the anode and also react with the anode causing corrosion of the anode, (c) unstable 

solid electrolyte interphase (SEI) formation and (d) dendrite formation on the anode which pose a safety risk 

owing to the short-circuit potential caused by puncturing of the separator. Furthermore, the dendrites formed 

on the Li anode limit the cycle life due to polarization at solid/liquid interfaces causing safety, inferior 

capacity, energy density, rate, and cycle life issues. The creation and fabrication of economical $80/kWh, 

high energy density LSBs is vital for their widespread commercial use in current and next generation electric 

vehicles. 

Objectives 

The major objectives/goals of this DOE funded project are to develop a lithium sulfur pouch cell with a cell 

capacity >300mAh with energy density ≥500Wh/kg, ≥750Wh/L with cycling over 1000 cycles @C/3 rate, 

cycle life of 1000 at C/3 and ≤ 20% fade in energy @ C/10-C/3 rates, and an affordable and attractive cost of 

≤$80/kWh. To achieve these proposed objectives, the following major goals will be attained in year 1 of the 

three-year funded project. (a) Identification of effective functional electrocatalysts (ECs) and Li-ion conductors 

(LICs) lowering the activation barrier; (b) In situ synthesis of the functional ECs and LICs dispersed complex 

carbon-based framework materials (CFM) and sulfur (S) nanocomposite with S content ≥ 90wt. %; (c) 

Achieve at minimal at least ~15mAh/cm2 areal capacity of the S electrode with S loading at the least ≥ 

10mg/cm2; (d) Synthesis of Li-structurally isomorphous (SIA) alloy and multicomponent alloys (MCAs) 

exhibiting at minimal 1000 cycle with at least 15mAh/cm2 areal capacity @C/3 rate; (e) Identification of the 

mailto:pkumta@pitt.edu
mailto:geblomgren@prodigy.net
mailto:olv3@pitt.edu
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optimal electrolyte compositions with suitable additives giving Li+ conductivities that are at minimal ~10-

2S/cm and polysulfide (PS) dissolution < 1 ppm in the modified electrolytes. 

Approach  

Work involves executing a first principles density functional theory (DFT) driven study directed at 

identification of functional electrocatalyst (ECs) for efficient conversion of polysulfides (PSs) to Li2S during 

the forward discharge process and backward charge process to elemental sulfur and Li. Also, first principles 

computational approaches will be applied to identify solid-state LICs with conductivity equal or more than, > 

10-4S/cm. Employing the expertise in the PI’s laboratory, suitable low temperature (<240o C) scalable 

synthesis techniques developed and already in existence will be used to generate theoretically identified 

functional ECs and LICs. Low PS solubility and stable solid electrolyte interphase (SEI) forming electrolytes 

will then be prepared from commercially available solvents, additives, and salts. The effectiveness of the 

functional ECs and LICs to improve the PS to Li2S transformation kinetics and moreover, the ability to achieve 

the targeted specific capacity by trapping PSs including desired structural transformation during 

charging/discharging will be assessed, and accordingly suitable modification of functional ECs and LICs will 

be performed followed by modification of the synthesis approaches to generate the ideal microstructures. 

Suitable modification if required of Li alloy as anode will also be performed by alloying with other identified 

metals to improve the Li ion diffusivity kinetics and the Gibb’s Thomson Parameter. The scalable approaches 

developed will be further refined to optimize the sulfur utilization in the cathode, engineer the surface and bulk 

structure of the novel Li-SIA and Li-MCA anodes to yield the desired areal capacity with optimal coulombic 

efficiency, and finally optimize the electrolyte structure to minimize and eliminate PS dissolution with the 

desired Li+ conductivities. Finally, the developed systems will be scaled up, fabricated, and tested in pouch cell 

configurations.  

Results  

Over the past year of this funded project, a significant amount of work was performed to computationally 

identify functional ECs and LICs which would help achieve 80% lower activation barriers of PS to Li2S 

transformation and gain a 10X improvement in the reaction kinetics. Another goal of the initial study was to 

synthesize and characterize ~20nm sized ECs and LICs homogeneously dispersed in the CFM/S. Also, 

dendrite free growth study of the newly developed alloy was planned to be conducted for achieving >1000 

cycles cyclability tests @C/3 rate. To achieve these targeted objectives, initial theoretical work focused on 

identification of suitable binary and ternary functional ECs to improve the forward and backward reaction 

kinetics of polysulfide conversation to Li2S and vice versa to elemental Li and S. This study has been 

conducted using first principles computations which were initiated in the early months of the project and the 

computational units for conducting these studies have been allocated through the Extreme Science and 

Engineering Discovery Environment (XSEDE) services supported by the National Science Foundation grant 

number ACI-1548562. As mentioned above, this theoretical component of the work identified binary and 

ternary functional electrocatalysts that have been used in the experimental component of the present project. 

The work conducted during the initial first quarter of the funded project focused on studying the kinetics of the 

transformation reaction converting the recalcitrant Li2S2 to Li2S as a final product as well as identifying new 

functional electrocatalysts to favor this reversible reaction. 

In addition, work was performed to synthesize the theoretically identified binary functional ECs in nanometer 

scales (~20nm) along with in situ generation of dispersion of these functional ECs in the S infiltrated complex 

carbon-based framework materials (CFM-S). The synthesized functional ECs dispersed CFM-S structures 

were tested in the lean electrolyte conditions (E/S = 4l mg-1 S) against Li metal and Li metal alloy to study 

the effectiveness of the functional ECs. A significant improvement in the initial charge and discharge capacity 

(~1000mAh g-1 S - 1200 m Ah g-1 S) of the ECs embedded CFM-S were observed @ C/25 rate using 1.8M 

LiTFSI (in DOL:DME) +0.4M LiNO3 electrolyte with moderate S loading of 2.8 mg cm-2 under lean 

electrolyte conditions (Figure XVII.6.1). However, the system shows poor cyclability and a drop in capacity in 

the 1st 10 cycles is observed which could be improved using theoretically identified lithium-ion conductors as 

coating materials with the generation and incorporation of homogeneous dispersions of polysulfide trapping 
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agent (PTA). These studies were conducted during subsequent months with corresponding higher S loadings 

and are discussed in the later sections of the present report. Additionally, the potential of highly porous 

electronically conducting materials were identified as modified framework materials (ECMF) with the 

realization of high S loadings of 4.2-4.6 mg cm-2. These ECMFs show excellent cyclability/stability when S is 

infiltrated into the ECMF due to their promising PS adsorption and encapsulation capability of ECMF (Figure 

XVII.6.2 and Figure XVII.6.3). Consequently, these porous ECMF materials will be used for S encapsulation 

along with generation of uniform functional ECs dispersion which will be expected to achieve higher specific 

capacity (> 1000 m Ah g-1 S) as well as better cycle life of the ECs embedded electronically conducting 

framework structures.  

 

Figure XVII.6.1 Cycling performance of functional ECs embedded CFM-S (Li anode) cycled in coin cell configuration with S loading 

2.8mg cm-2 and electrolyte (E)/ sulfur (S); E/S = 4l mg-1 S. 

 

Figure XVII.6.2 Cycling performance of S infiltrated electronically conducting framework materials cycled in coin cell configuration 

with S loading 4.6 mg cm-2 and electrolyte (E)/ sulfur (S); E/S = 4l mg-1 S. 

Additionally, novel dendrite free structurally isomorphous binary and ternary Li metal alloy (Li-SIA) anode 

was developed for use in the proposed Li-S batteries to achieve the targeted areal capacity (~15mAh cm-2) of 

the anode in realizing the targeted energy density  500 W h kg-1 of the Li-S cell. The plating and stripping 

polarization curve of Li-SIA in a symmetrical cell at 2.5mA cm-2 current density with 5mAh cm-2, areal 

dicharge capacity showed excellent cylability for 500 cycles without dendrite formation. Electrochemical 

testing of the Li-SIA alloy after further crystallographic and compositional structural modification is currently 

on-going to achieve a higher areal capacity of ~10 mAh cm-2 -15mAh cm-2 at C/4 rates (2.5 mA cm-2) to 
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determine the feasibility of this anode system to sustain the targeted areal capacity ~ 15 mAh cm-2 for Li-S 

batteries for prolonged cycles. 

 

Figure XVII.6.3 Cycling performance of S infiltrated carbon coated electronically conducting framework materials cycled in coin cell 

configuration with S loading 4.2 mg cm-2 and electrolyte (E)/ sulfur (S);  E/S = 4l mg-1 S. 

Preliminary work was also initiated in this past year related to fabrication of new sulfur confinement cathodes 

and is also reported here. With the goal of generating advanced cathode architectures, attempts were made to 

modify the catholyte using functional additives. These functional monomer additives not only can finetune the 

dissolution of polysulfides but also they can modify the electrolyte/electrode interface on the Li anodes. 

Therefore, additives can play a vital role in improving the cycle life of Li–S batteries. In this report 

accordingly, the use of functional monomer additive molecule (FAM) as a promising stabilizer for use in Li–S 

batteries to improve the cycle life is described. It was observed that the FAM-short chain polysulfides 

complexes formed during charge–discharge processes not only modify the kinetics of formation of short-chain 

polysulfides but also reduce the polysulfide dissolution. The results highlight the importance of use of 

appropriate amounts of FAM and carbon matrix serving as the sulfur host material for the efficient functioning 

of the functional monomer additive molecule (FAM) in Li–S batteries. The electrochemical cycling 

performance of sulfur infiltrated carbon-based complex framework materials, CFM termed as, CFM-S 

cathodes containing the FAM, tested in Li-S battery is shown in Figure XVII.6.4. The CFM-S containing FAM 

were cycled at 0.05C with an average electrode loading of 3.8 mg cm−2 electrode area. The CFM-S shows an 

initial discharge capacity of ~875 m Ah g−1 which stabilizes at ~625 m Ah g−1 after the 6th cycle. Upon 

prolonged cycling, the CFM-S shows a very stable capacity of ~550 m Ah g−1 for over 26 cycles. The 

electrolyte (E)/sulfur (S) ratio was 4l mg-1. Efforts to increase the S loadings with use of Li-ion conductors 

and electrocatalysts to enhance the specific capacity are currently ongoing. 

 

Figure XVII.6.4 Electrochemical cycling performance and Coulombic efficiency of CFM-S containing FAM cycled between 1-7-2.8V. 
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Another system that was studied included the synthesis of redox-active porous inorganic-organic framework 

materials (IOFM) as cathode in Li-S battery. These systems serve as a Li2Sx reactive-type hosts to regulate 

polysulfide electrochemistry, facilitating its transformation into nanostructured Li2S and S within the porous 

IOFM matrix. The IOFM was selected since it provides good surface area of ~1000 m2 g−1, which enables 

compact electrode preparation with high sulfur loading on carbon-coated Al foil, Thus, the IOFM/S cathode 

was tested for Li-S battery performance, and the electrochemical cycling performance of IOFM-S is shown 

in Figure XVII.6.5. The IOFM-S cells were cycled at 0.05C with an average electrode loading of 

2.6 mg cm−2 electrode area. The IOFM-S shows an initial discharge capacity of ~500 m Ah g−1 which 

stabilizes at ~650 m Ah g−1 after the 4th cycle. The low initial discharge capacity observed, and the subsequent 

increase is likely due to wettability issues due to the low electrolyte (E)/sulfur (S) ratio of 4l mg-1. Upon 

prolonged cycling, the IOFM-S shows a stable capacity of ~550 m Ah g−1 for over 25 cycles. Efforts to 

increase the S loading with use of Li-ion conductors and appropriate electrocatalyst to increase the specific 

capacity of these systems are currently ongoing. 

 

Figure XVII.6.5 Electrochemical cycling performance and Coulombic efficiency of IOFM-S cycled between 1.7-2.8V. 

Furthermore, during this period, first principles computational study was also conducted with the goal to 

identify multi-component alloy (MCA) anodes. These MCA anodes were identified using density functional 

theory (DFT) methods to demonstrate formation of uniformly disordered, metastable, bcc solid solution. Based 

on the first principles theoretical studies, the ability of the MCA anodes to incorporate large amounts of Li 

(above 50 at. %) was studied in the first year of this project. The aim being that these systems will be able to 

electrochemically alloy theoretically demonstrated amounts of Li (> 50 at. %) during electrochemical cycling 

without the formation of lithium dendrites. Additionally, the goal here is to explore the ability of the system to 

cycle for greater than 100 cycles attaining a targeted specific capacity of at least at minimal or greater than 

15mAh cm-2. In the previous experimental study conducted in an earlier DOE funded project, the synthesis of a 

specific Fe-based MCA, FMCA1 also later denoted as MCA1 was demonstrated exhibiting an areal specific 

capacity of 4mAh cm-2 without dendrite formation up to 300 cycles when cycled at a current of C/2 rate. 

However, the low areal specific capacity is due to insufficient amounts of Li that is accommodated or alloyed 

by the host alloy, FMCA1, exhibiting the bcc crystal structure preventing the widespread use of this material 

as an anode in the lithium-ion batteries. Thus, there is a need to identify better alloys with lower atomic weight 

and stronger ability of the base alloy structure to accept higher Li content without inducing phase separation 

and intermetallic phase formation. 

Phase stability analysis was therefore conducted, and correspondingly, calculation of the phase stability is 

shown in Figure XVII.6.6(a, b). The results of the studies shown in the figure indicate that the metastable 

MCA1, alloy exhibiting the bcc phase can accommodate only up to ~33 at. % of Li without causing phase 
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separation (black line and arrow in Figure XVII.6.6(b)), which is clearly insufficient to yield the desired target 

areal specific capacity of 15mAh cm-2. To achieve this target areal specific capacity, there is a need to 

incorporate at least 50 at. % of Li into the structure and also use lighter constituent elements to reduce the total 

weight of the assembled anode and the ensuing fabricated full battery. Thus, in the present computational 

study, lighter elements were selected and the corresponding phase stability of the several compositions studied 

were calculated. As shown in Figure XVII.6.6(b), there are several MCAs which can incorporate significantly 

higher amount of Li than the earlier identified and generated MCA1 alloy. For example, MCA2 can 

accommodate more than 60at. % of Li ions resulting in more than 15mAh cm-2 areal specific capacity. Also, 

MCA2, MCA4 and MCA5 demonstrate much lower gravimetric density than that of MCA1, thus rendering it 

possible to increase the specific capacity of the current collector as a Li-anode even further permitting the 

possibility of generating anode-free Li-S batteries. 

 

Figure XVII.6.6 First principles theoretical calculations showing (a) phase stability of non-lithiated alloys; (b) lithiated alloy phase 

stability. 

Also, over the past year of this project, preliminary work was initiated related to fabrication of new sulfur 

confinement cathodes the results of which are reported here. With the goal of generating advanced cathode 

architectures in mind, attempts were made to modify the aqueous polymer binder with functional group 

(a) 

(b) 
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additives. These functional polymer binders contain sugar monomer repeating units which not only can 

finetune the dissolution of polysulfides but also serve to modify the electrode interface on the cathode. 

Therefore, the studies conducted by this team further report on an aqueous processable biopolymer for sulfur 

cathodes. The polymer binder can play a vital role in improving the cycle life of Li–S batteries. In this report 

accordingly, the use of this functional polymer binder with repeating cyclic monomer or new sugar molecule 

serving as a promising stabilizer for use in Li–S batteries to improve the cycle life is described. It was 

observed that during electrochemical cycling, the polymer binder-short chain polysulfides complexes likely 

formed during charge–discharge processes not only modify the kinetics of formation of short-chain 

polysulfides but also reduce the polysulfide dissolution. The results presented here highlight the importance of 

use of appropriate amounts of the polymer binder and carbon framework matrix serving as the sulfur host 

material for the efficient functioning of the functional groups with repeating cyclic monomer units in Li–S 

batteries. The electrochemical cycling performance of sulfur infiltrated high surface area carbon-based 

complex framework materials, HCFM termed as, HCFM-S cathodes containing the aqueous polymer binder, 

tested in Li-S battery is shown in Figure XVII.6.7. The HCFM-S containing were cycled at 0.05C with an 

average electrode loading of 4.3 mg cm−2 electrode area. The HCFM-S shows an initial discharge capacity of 

~1090 m Ah g−1 which stabilizes at ~725 m Ah g−1 after the 12th cycle. Upon prolonged cycling, the HCFM-S 

shows a very stable capacity of ~725 m Ah g−1 for over 25 cycles. The electrolyte (E)/sulfur (S) ratio used here 

was 8l mg -1. Efforts to increase the S loadings with use of in-situ synthesized Li-ion conductors and 

functional electrocatalysts identified by theoretical studies mentioned earlier to enhance the specific capacity 

are currently ongoing. Results of these studies will be reported in the next annual report.  

 

Figure XVII.6.7 Electrochemical cycling performance and Coulombic efficiency of CFM-S electrode cycled between 1.8-2.8V at 

C/20 and 1.7-2.8V at C/10 current rates. 

Research work to identify new sulfur confinement cathodes continued further this past year. This work 

included identification and fabrication of these new sulfur confinement systems. With the goal of generating 

advanced cathode architectures in mind, attempts were made to modify new porous organic framework 

materials (POFM1) with pre-designed and customized properties which have been employed as sulfur storage 

cathode materials for lithium-sulfur (Li-S) batteries. These POFM1 materials are composed of light weight 

elements including carbon and oxygen and are connected by covalent bonds with the functional group 

additives. These lightweight elements containing functional cathode materials comprise repeating units of 

monomer which not only finetune the dissolution of polysulfides but also serve to modify the electrode 

interface due to the multifunctional cathode chemistry. Furthermore, the lightweight elements present in the 

polymer framework and backbone could serve as polysulfide trapping species thereby stabilizing the cathode 

structure and exhibiting stable cycling behavior. Therefore, the studies were conducted by the team herein in 

this report on the synthesis of the POFM1 material useful for sulfur cathodes. The POFM-1 electrode can play 

a vital role in improving the cycle life of Li–S batteries. In this report accordingly, the use of functional 

monomer with repeating cyclic metal-carbon-oxygen ring or new monomer molecule serving as a promising 

stabilizer for use in Li–S batteries to improve the cycle life is described. It is observed that during 
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electrochemical cycling, the POFM1-short chain polysulfides complexes likely formed during charge–

discharge processes not only modify the kinetics of formation of short-chain polysulfides but also reduce the 

polysulfide dissolution. The results so far highlight the importance of use of appropriate functional monomer 

units of the POFM1 system with the porous organic framework matrix serving as the sulfur host material 

facilitating efficient functioning of the functional groups with repeating cyclic monomer units in Li–S 

batteries.  

The electrochemical cycling performance of these sulfur infiltrated porous polymer framework structures, 

POFM1, termed as, POFM1-S cathodes containing the organic solvent-based polymer binder, tested in Li-S 

battery is shown in Figure XVII.6.8. The POFM1-S electrodes were cycled at 0.05C for the initial cycling with 

an average electrode loading of 3.2 mg cm−2 electrode area for the entire test. The POFM1-S electrode shows 

an initial discharge capacity of ~950 m Ah g−1 which stabilizes at ~625 m Ah g−1 after the 10th cycle. Upon 

prolonged cycling at 0.1C, the POFM1-S electrode shows a very stable capacity of ~480-490 m Ah g−1 for 

over 230 cycles. The electrolyte (E)/sulfur (S) ratio used here was 8l mg-1. Although these systems show 

moderate capacities of ~490 m Ah g-1, the cycling results show the potential of these new porous 

organometallic polymeric structures to stabilize the polysulfide dissolution characteristics exhibiting stable 

capacities for over 230 cycles. There is still the challenge to achieve higher specific capacities to values of 

~1000 mAh g-1 desired. This challenge will require improvements in design, fabrication as well as engineering 

of the composite architectures containing the active material, functional electrocatalysts as well as Li-ion 

conductors. This challenge is presented in the form of accurate design to result in an optimal matrix material 

which can provide suitable pore-size environment to trap the soluble intermediate lithium polysulfides (LiPSs). 

Work is currently ongoing to achieve these objectives requiring a combination of synergistic experimental and 

theoretical studies to be conducted in tandem to meet the requirements of the project. Results of these planned 

studies will be compiled and reported in the next annual report.  

 

Figure XVII.6.8 Electrochemical cycling performance and Coulombic efficiency of POFM1-S electrode cycled between 1.8-2.8V at 

C/20 and 1.7-2.8V at C/10 current rates. 

Additionally, during this period of funding over the last year as mentioned above, computational study was 

conducted with the goal to identify multi-component alloy (MCA) anodes that can, not only function as 

functional dendrite-free anodes but also serve as dendrite-resistant anode current collectors. The use of anode 

current collectors that are dendrite-resistant offers the unique opportunity to use these alloy systems in anode-

free configuration thereby leading to lower battery component weight of the overall assembled battery. As a 

result, this opens the possibility of achieving higher energy density meeting the target objectives of the project 

outlined earlier. These MCA anodes were identified using density functional theory (DFT) methods to 

demonstrate formation of uniformly disordered, metastable, bcc solid solution alloys isostructural with metallic 

lithium. Based on theory, the ability of the MCA anodes to incorporate large amounts of Li (above 50 at. %) 

was studied and discussed earlier in the present report. The aim being that these systems will be able to 
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electrochemically alloy theoretically demonstrated amounts of Li (> 50 at. %) experimentally in prototype coin 

cells during electrochemical cycling without the formation of pernicious lithium dendrites. 

Another important and required goal of this project as mentioned earlier is to explore the ability of the system 

to cycle more than 100 cycles attaining a targeted specific capacity larger than 15mAh cm -2. In the previous 

experimental study of an earlier DOE funded project as mentioned above, the synthesis of a specific steel-

based MCA, namely, MCA1 was demonstrated exhibiting an areal specific capacity of 4mAh cm-2 without 

dendrite formation up to 300 cycles at C/2 rate. Additionally, as discussed and mentioned earlier, the low areal 

specific capacity is due to insufficient amounts of Li that is accommodated by the parent material or alloyed by 

the host alloy, MCA1, displaying the metastable bcc crystal structure therefore preventing this material from 

being widely used as an anode in the lithium-ion batteries. Thus, there is a need to identify better alloys 

containing lower atomic weight elements and displaying stronger ability of the base alloy structure to accept 

higher Li contents without inducing phase separation and/or formation of any intermetallic phases that undergo 

structural as well as large volumetric phase changes consequently, leading to failure of the electrodes and the 

cells. Incorporation of lightweight elements would generate low density alloys and current collectors that 

would offer significant advantages in terms of reducing the overall weight of the assembled battery thereby 

resulting in higher energy densities. Studies are therefore being conducted to refine the alloy system and 

develop economic scalable fabrication approaches to generate these new current collectors for direct use in the 

coin cell as well as pouch cell. Results of these studies will be discussed and reported in the annual report next 

year. 

Another computational task that was conducted during the past year of this funded project was identifying 

alloying elements facilitating the likely enhancement of Li-ion mobility in the identified multicomponent 

alloys, MCAs and thus, to improve the overall cyclability and performance of the MCA anode. Using first 

principles climbing nudged elastic band approach the activation barriers for Li-ion diffusivity were calculated 

and collected in Figure XVII.6.9. The higher the barrier, the lower the Li-ion mobility in the alloy. One can see 

that the alloying elements El1, El2, and El3 exhibit a higher barrier and thereby decrease the Li-ion mobility 

compared to pure Li-bcc metal, while El4, El5 and El6 are more favorable and thus will noticeably likely 

enhance the Li-ion mobility.     

 

Figure XVII.6.9 Activation barriers for Li-vacancy hopping.  

The team also studied the system of MCA as a dendrite free anode material that was synthesized by a simple 

high energy mechanical milling process to validate the theoretical findings presented in Figure XVII.6.6(b).  

The  structurally isomorphous system, MCA4 having similar lattice registry to metallic Li, prevents Li dendrite 

growth by forming a solid solution with the reacting Li-ions electrochemically presented to it from the metallic 

Li foil serving as the counter electrode. The ensuing electrochemical alloying reaction allows a significant 

amount of Li to solubilize into the parent MCA4 alloy causing minimal change in volume due to the solid 
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solution formation. The crystallographic arrangements of the atoms in the MCA4 alloy being similar to that of 

Li thus serves to preserve the overall crystallographic symmetry and allows the formation of a solid solution 

with optimal interfacial energy. The MCA4 alloy also improves the lithium diffusion preventing surface 

segregation while continuing to maintain dendrite - free cycling, hence, serving as effective anodes as well as 

current collectors in Li-S batteries corroborating the theoretical findings. The MCA4 alloy was generated by a 

simple high energy alloying approach and the anode electrode for electrochemical testing was prepared by 

standard slurry casting method followed by electrochemical testing in a coin cell configuration, the results of 

which are shown in Figure XVII.6.10. The MCA4 cells were cycled for 1 m Ah/cm2 at 1 C-rate with an 

average electrode loading of 3.2 mg cm−2. The MCA4 cells show excellent plating/stripping behavior affording 

a stable areal capacity of ~1 m Ah/cm2 for continuous 30 cycles. The propensity of the MCA4 alloy electrode 

to demonstrate reversible Li cycling (plating/stripping) is seen in Figure XVII.6.10 as the overpotential of the 

cell decreases with cycle number. Further electrochemical testing of the cells with the various other MCAs 

electrodes are also currently on-going. Additionally, efforts are being directed at fabricating free standing 

dense pellets of the MCAs to serve as dendrite-resistant anode current collectors for reversibly cycling Li ions. 

These studies will be completed in the coming months of the funded project. Correspondingly, results of the 

ongoing current studies conducted on the MCAs electrodes and the electrochemical testing results of the dense 

pellet of MCAs serving as current collectors will be described and discussed in the annual report for next year. 

 

Figure XVII.6.10 Electrochemical cycling performance and areal discharge capacity of synthesized MCA4 electrode cycled at 1 mA 

current for 1 h for alloying and de-alloying, respectively for 30 cycles. 

As already mentioned earlier in the present report, computational DFT studies have been executed with the 

goal to identify MCA anodes that can, not only function as functional dendrite-free anodes but also serve as 

dendrite-resistant anode current collectors validating the experimental results described above. These alloys 

demonstrated the unique ability to form uniformly disordered, metastable, bcc solid solution isostructural with 

metallic lithium. One of the criteria for generating a morphologically stable interface preventing dendrite 

formation is the design of an alloy exhibiting the bcc alloy structure with matched interfacial enthalpy resulting 

in optimal values (close to zero) thereby preventing dendrite formation. Using the macroscopic atom model, 

the team estimated the interfacial enthalpy between Li layer and various MCA compositions and thereby 

identified the best alloys satisfying this criterion. The following equations have been used for these 

calculations:  

 

∆𝐻𝐿𝑖 𝑖𝑛 𝐴𝐵𝐶 (𝑏𝑐𝑐)
𝑖𝑛𝑡𝑒𝑟 = 𝑐𝐿𝑖 𝑖𝑛 𝐴𝐵𝐶 (𝑥  ∆𝐻𝐿𝑖 𝑖𝑛 𝐴

𝑖𝑛𝑡𝑒𝑟 +  𝑦  ∆𝐻𝐿𝑖 𝑖𝑛 𝐵
𝑖𝑛𝑡𝑒𝑟 + (1 − 𝑥 − 𝑦)∆𝐻𝐿𝑖 𝑖𝑛 𝐶
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All the parameters are tabulated and available in the literature and can also be calculated from first principles 

for elements not documented in the literature. Table XVII.6.1 shows the calculated interfacial energy of the 

different MCAs considered in the present study with Li metal at zero-degree temperature. Table XVII.6.1 

shows that MCA4 and MCA5 alloys demonstrate interfacial energies very close to zero value for 5 at. % of Li.  

Furthermore, it can be construed that the values will not be too large even at higher Li-concentration in 

contrast to the other three MCAs collected in Table XVII.6.1. Thus, MCA4 and MCA5 could be considered as 

promising Li-anode materials exhibiting favorable conditions for suppressing dendrite formation during 

electrochemical cycling. 

The experimental validations of these theoretical findings are already demonstrated for the MCA4 alloy 

generated by high energy alloying described and discussed above. The electrochemical cycling results of this 

alloy is also shown in Figure XVII.6.10 above.  The experimental synthesis of the other alloys and the 

corresponding electrochemical cycling studies for the other alloys are ongoing and are planned to be completed 

in the coming months of the funded project. Results of these studies will be reported in the consecutive 

quarterly reports as well as the annual report of the project for next year. 

Table XVII.6.1 ΔH interface for cLi  = 5 at. % for the different MCAs considered. 

MCAs ΔHint in kJ/mol 

MCA1 +1.5 

MCA2 +1.8 

MCA3 +1.4 

MCA4 +0.07 

MCA5 -0.3 

Conclusions   

Research work was conducted in three areas of the project. These include experimental identification and 

synthesis of new confinement cathodes for embedding sulfur and preventing polysulfide migration. The second 

aspect of the project related to conducting theoretical studies to identify functional electrocatalysts for 

promoting the complete conversion of polysulfides to Li2S and back to elemental sulfur. The work also related 

to calculation of the activation barriers and identification of electrocatalysts that will lower the activation 

barriers. A third aspect of the work was directed at theoretical identification of alloying elements and 

composition of alloys that will exhibit solid solution formation with lithium during electrochemical cycling 

yielding high areal capacities of 10 m Ah cm-2 and above without inducing phase separation. This portion of 

the work also included experimental synthesis of these alloys determined and identified by theory. 

Experimental cell fabrication and testing was also conducted. All aspects of these three components have been 

successfully conducted and completed in this first year of the project. This project has therefore been 

successfully completed in FY2022. All anticipated aims planned to be completed in year 1 have been achieved. 
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One book and one book chapter were also published as well as two invited presentations were delivered in 

FY2022.  Extensive collaboration between the team members helped achieve very fruitful results. 
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Project Introduction 

The Li-S battery, based on reversible lithiation/delithiation of sulfur (16 Li + S8 → Li2Sn + 8 Li2S), is believed 

to be a next-generation high-energy power source for electric vehicle applications due to its high theoretical 

energy density (specific energy density of 2450 Wh/kg and volumetric energy density of 2899 Wh/L for the 

cathode, 3 times that of the traditional Li-ion battery cathode) and the low cost of sulfur [1]. Despite the 

numerous advantages, practical application of Li-S battery technology is encountering several challenges for 

both sulfur cathode and lithium anode [2]. First, the electric and ionic insulating nature of sulfur makes it 

difficult to obtain high capacity at useful charge/discharge rates. It requires conductive additives during the 

fabrication of electrodes to access large portions of the sulfur which reduces the practical energy density [3]. 

Second, the lithium polysulfide (Li2Sx, x= 4 ~ 8) can dissolve in the liquid electrolyte and be reduced on the 

anode surface causing multiple issues during cell cycling, such as shuttling effect, self-discharge, and 

continuous capacity fading [4]. Finally, electrolyte depletion due to growth of Li dendrites and electrolyte 

reaction with the Li anode shall lead to poor cycle life [5].  

In brief, the most challenging issue is still polysulfide dissolution and its shutting phenomena. We shall 

develop a new soluble-polysulfide-free sulfur cathode with high sulfur content (> 50 wt%). With this 

polysulfide-free cathode, accompanied with the development of functional binders, optimization of electrolyte 

compositions and electrode fabrication, and protected Li metal anode, advanced Li-S batteries with high 

energy density and long cycle life are achievable. 

Objectives 

The objective of this project is to develop a new soluble-polysulfide-free sulfur cathode (i.e., sulfur 

polymerized composite (SPC)-derived sulfur composite materials) with a high sulfur content (> 50 wt%) and 

high discharge specific capacity (> 700 mAh/g, based on the weight of the whole cathode), and demonstrate 

the performance of the sulfur electrode at high electrode capacity (> 7 mAh/cm2, low N/P ratio (< 2) and low 

electrolyte/sulfur (E/S) ratio (< 2.5 μL/mg). A prototype 0.5 Ah Li-S battery cells with the predicted energy 

density of 400 Wh/kg and 80% capacity retention for over 300 cycles using conventional electrolyte and 

lithium metal anodes with a protective layer developed from PI’s group will be demonstrated. 

Approach  

The overall approach will focus on synthesizing and optimizing a novel polysulfide-free sulfur composite 

active material and functional binders. Specifically, approaches to realize the project objectives include the 

following: (1) development of novel polysulfide-free sulfur composite active materials, (2) development of 

new functional polymer binders to facilitate Li+ transport and trap residual lithium polysulfide; and (3) 

diagnostics, characterization, theoretical simulation, and cell tests on the developed materials in Li-S batteries. 
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Results  

In this budget period, we mainly focused on the following aspects: (1) optimization of the synthetic procedures 

for sulfurized polyacrylonitrile (SPAN) cathode baseline; (2) development of sulfur polymerized composite 

(SPC) with incorporated heteroatoms as high-performing cathode materials (SPC-1) for Li-S batteries; and (3) 

development of high sulfur content SPC-2 cathode materials for Li-S batteries with enhanced specific capacity. 

Meanwhile, we were working on the in-depth characterization and computational simulation on our materials 

and systems. In the following part, we shall elucidate our accomplishments that have been achieved so far. 

1. Optimization of sulfurized polyacrylonitrile (SPAN) baseline 

The sulfur content of cathode materials plays a critical role in determining the specific capacity of Li-S 

batteries. In this regard, different types of SPAN active materials have been prepared and tested. The key 

synthesis conditions were tuned to yield expected enhancements in electrochemical performances. We mainly 

explored the dependence of the heating procedure on the initial specific capacity of obtained SPAN samples 

since it largely affected the chemical composition (e.g., sulfur content) and directly determined the theoretical 

capacity of SPAN cathode materials (Figure XVII.7.1a). In detail, SPAN cathodes were prepared upon 

different heating procedures with varying heating time of 2, 4, 6, and 7.5 hours. SPAN cathodes prepared with 

reduced heating time were deemed to deliver higher sulfur content and so as enhanced initial capacities. As 

shown in Figure XVII.7.1b, SPAN powders synthesized from procedures with a heating time of 4-7.5 h 

exhibited amorphous structures according to their XRD patterns, indicating the good confinement of PAN to 

sulfur and the accessibility for the construction of polysulfide-free cells. While upon a reduced heating 

procedure of 2 h, the obtained powder showed the crystal structure of sulfur, demonstrating the remaining, not-

well confined sulfur (i.e., ring-structured S8). Therefore, although this batch of SPAN powders could provide 

very high initial capacities due to the intrinsically high sulfur content, the as-fabricated cells would suffer from 

low cycling stability resulting from the undesirable side-reactions between the polysulfide and carbonate 

electrolyte. For electrochemical performance evaluation, sulfur cathodes using the above SPAN powders were 

fabricated with 80 wt% of active material and an areal loading of ~2 mg SPAN/cm2. Their electrochemical 

performances were tested in conventional ether-based electrolytes and shown in Figure XVII.7.1c. After 

optimization, the initial discharge specific capacity of the SPAN (2 and 4 h) cathode after activation could 

reach > 700  mAh g-1 (based on the weight of the whole cathode). Such initial discharge specific capacity 

fulfills the target for this reporting period. Two voltage plateaus at 2.36 and 2.17 V were well defined upon 

discharging. Despite its enhanced initial capacity, SPAN cathode (2 h) demonstrated relatively fast capacity 

decay and limited cycling stability. Therefore, a balance should be further struck between reduced heating time 

(i.e., sulfur content) and cycling stability to maximize the advantages of polysulfide-free Li-S cathodes in 

carbonate electrolyte. 



Batteries 

1174 Beyond Lithium-Ion R&D: Lithium Sulfur Batteries 

 

Figure XVII.7.1 (a) Reduced heating procedure (i.e., decreased heating time upon SPAN synthesis) was used to increase the sulfur 

content in obtained SPAN powders so as the specific capacity. (b) XRD spectra of SPAN cathodes synthesized with varying heating 

time from 2 to 7.5 h. (c) Cycling performances of SPAN cathodes synthesized with varying heating time from 2 to 7.5 h.   

2. Development of sulfur polymerized composite cathode material generation-1 (SPC-1) 

The sulfur polymerized composite cathode materials were fabricated for polysulfide-free cathode materials in 

Li-S batteries. In our proposed SPC-1 materials, heteroatoms are introduced to modify the backbones and side 

chains of the polymeric parts. The type of heteroatoms determines their binding energy with sulfur atoms and 

thus the reversibility of conversion reactions in Li-S batteries. Therefore, three types of heteroatoms (denoted 

as a, b, and c) were first introduced into the synthetic routes of the SPC-1 materials (denoted as SPC-1a, SPC-

1b, and SPC-1c) and then screened by the initial specific capacity of the yielded batteries. Cathodes based on 

SPC-1a, b, and c were fabricated with 80 wt% of active material and areal loading ~2 mgSPC-1/cm2. The Li-S 

batteries based on the above cathodes were tested in carbonate-based electrolyte because it is safer, cheaper 

than the ether-based electrolyte, and proves to contribute a polysulfide-free conversion reaction with improved 

cycling performance. As a result, batteries based on SPC-1a cathodes demonstrated the highest initial specific 

capacity (~530 mAh/g) over its counterparts, including batteries based on SPC-1b, and SPC-1c cathodes 

(Figure XVII.7.2a). The selected heteroatom-a has better electronic conductivity than sulfur, demonstrates 

good compatibility with carbonate electrolyte, and can serve as extra bond sites for sulfur species to enhance 

sulfur utilization. However, the theoretical capacity of heteroatom-a is limited. Therefore, the trade-off 

between the amount of heteroatom-a in SPC-1a and the yielded capacity needs to be clarified for optimized 

electrochemical performance. In this regard, SPC-1a containing various weight percentages of heteroatom-a 

(i.e., 2, 6, and 10 wt%, denoted as SPC-1a2, 1a6, and 1a10) were synthesized and evaluated in full cells 

(Figure XVII.7.2b-d). Consequently, among SPC-1a2, SPC-1a6, and SPC-1a10 composite active materials, 

SPC-1a6 cathode shows the highest initial discharge capacity of ~530 mAh/g as well as more desirable cycling 

stability. 
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Figure XVII.7.2 (a) Initial capacities of SPC-1a, SPC-1b, and SPC-1c cathodes. (b)-(d) Cycling performance of SPC-1a2 (b), SPC-1a6 

(c), and SPC-1a10 (d) cathodes in carbonate electrolytes. The areal active material loading is around 2 mg/cm2. The cells were 

activated at 0.05 A/g (based on composite weight) for the 1st cycle and then cycled at 0.1 A/g-.  

Following with that, according to the optimized synthetic strategy from our SPAN baseline shown above, we 

also leveraged an optimized fabrication method with reduced heating time (i.e., 4 hours) for the synthesis of 

SPC-1 with both high initial capacity (sulfur content) and cycling stability. As a result, batteries based on 

optimized SPC-1 (4 h) demonstrated enhanced initial specific capacity over 650 mAh/g (Figure XVII.7.3a). 

Such initial discharge specific capacity meets the target for this reporting period. Besides, due to the 

stabilization of introduced heteroatom in the sulfur chain, the obtained SPC-1 cathode also delivered high 

cycling stability. Benefiting from the combined advantages of introduced heteroatom and reduced heating 

procedure, the SPC-1-based Li-S cells demonstrated enhanced specific capacity and cycling performances 

compared with the SPAN baseline (Figure XVII.7.3b).  

 

Figure XVII.7.3 (a) Cycling performances of optimized SPC-1 cathodes with reduced heating procedure of 4 h in carbonate 

electrolyte. (b) Optimized SPC-1 cathodes (blue) delivered enhanced specific capacities over 630 mAh/g compared with SPAN 

baseline (red) in carbonate electrolyte.  
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3. Development of sulfur polymerized composite cathode material generation-2 (SPC-2) 

The SPC preparation was further optimized to SPC-2 with higher S content because it could afford the 

resultant SPC material with higher specific capacity. The composition and micro-structures in the resultant 

cathode composite may also be affected by the heating procedure upon synthesis. Previously we showed that 

SPAN baseline with much improved specific capacity could be obtained by reducing the heating time and 

decreasing the heating temperature. Therefore, in this quarter, we applied optimized synthetic strategy and 

parameters to the preparation of our SPC-2 cathode materials. In specific, we reduced the heating time and the 

heating temperature of SPC-2 cathode materials and then tested them in carbonate electrolyte (Figure 

XVII.7.4). For electrochemical performance evaluation, sulfur cathodes using the above SPC-2 powders were 

fabricated with 80 wt% of active material and an areal loading of ~2 mg SPC-2/cm2. Their electrochemical 

performances were tested in carbonate electrolytes (Figure XVII.7.4a). After optimization, the initial discharge 

specific capacity of the SPC-2 cathode after activation could reach > 700 mAh/g (based on the weight of the 

whole cathode). Such initial discharge specific capacity fulfills the target for this reporting period. The 

optimized SPC-2 also showed cycling stability with capacity retention > 90% after 100 cycles. Two voltage 

plateaus at 2.35 and 2.16 V were well defined upon discharging, which were in line with their CV profiles 

(Figure XVII.7.4b). Reduced polarization of SPC-2 was also found according to the CV analysis compared 

with that of SPAN baseline, demonstrating the enhanced kinetics of our synthesized SPC-2 cathodes. 

 

Figure XVII.7.4 (a) Cycling performances of optimized SPC and SPAN cathodes in carbonate electrolyte at current density of 100 

mA/g. The SPC cathodes with show much improved specific capacity (initial specific capacity > 1000 mAh/g based on SPC weight, 

or > 800 mAh/g based on cathode weight) than that of routine SPAN cathode. (b) CV curves of SPC and SPAN cathode-based 

batteries at scan rate of 0.1 mV/s. 

The optimized SPC-2 cathode material is durable upon enlarged cutoff window from 0.5 to 3.0 V, 

demonstrating its electrochemical stability (Figure XVII.7.5a). Batteries based on optimized SPC cathode 

demonstrated initial specific capacity over 750 mAh/g (based on the total weight of cathode) at cutoff window 

of 0.5 to 3.0 V (Figure XVII.7.5b). Such initial discharge capacity meets the target for this reporting period. 

This high specific capacity could also be well maintained upon cycling in carbonate electrolyte as shown in 

Figure XVII.7.5b. 
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Figure XVII.7.5 (a) Charge-discharge curves of optimized SPC-2 cathode-based battery at current density of 100 mA/g in carbonate 

electrolyte. (b) Cycling performance and CE evolution of optimized SPC-2 cathode-based battery at current density of 100 mA/g in 

carbonate electrolyte. 

Conclusions   

In conclusions, we have accomplished our goals and Go/no Go target for the budget period 1. In specific, we 

have developed a series of SPC materials and accordingly synthesized polysulfide-free sulfur cathodes with 

significantly enhanced specific capacity for Li-S batteries using carbonate electrolytes. We were also working 

on the evaluation of the electrochemical performances, in-depth characterization, and computational simulation 

on our materials and systems.  
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Project Introduction 

Lithium-sulfur (Li-S) batteries are regarded as next-generation high-energy storage devices for portable 

electronics, electric vehicles, and grid-scale storage due to their high theoretical energy density (2500 Wh kg-

1). The practical applications of Li-S batteries are found to be hampered by the low electronic and lithium-ion 

conductivity of sulfur and lithium sulfide (Li2S), polysulfides shuttling, and poor stability of lithium metal 

anodes. Recently, there is a new direction to address the problems of Li-S chemistry by replacing flammable 

liquid electrolytes with solid-state electrolytes for achieving high energy density and safe Li-S batteries. 

However, the energy density and stability achieved by polymer-based all-solid-state Li-S batteries (ASSLSBs) 

to date have been far below expected due to uncontrolled active materials dissolution (lithium polysulfides, 

LiPSs) into solid polymer electrolytes (SPEs) and sluggish sulfur reaction kinetics. Despite some 

improvements in ASSLSBs, studies on improving sulfur reaction kinetics in solid-state electrolytes are still in 

its infancy. Redox mediators (RMs) with the function of electron shuttle are expected to promote sulfur species 

conversion and utilization. Furthermore, deep understanding of the redox chemistry during discharge/charge in 

ASSLSBs is crucial to design effective RMs.  In this project, we prove the efficacy of RMs in ASSLSBs and 

reveal the redox chemistry for Li2S cathodes using operando X-ray absorption spectroscopy (XAS) 

measurements. By thoroughly evaluating the redox potential, solubility of different RMs, soluble-type 1,5-

bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)anthra-9,10-quinon (AQT) shows the best redox potential and 

redox reversibility in SPEs. Using operando XAS, we revealed the redox chemistry of Li-S reaction in 

ASSLSBs based on Li2S cathodes. By identifying the sulfur species using sulfur K-edge, we discovered the 

solid-solid Li2S-sulfur conversion mechanism for the bare Li2S cathode in the first charge cycle. This solid-

solid conversion of the bare Li2S cathodes results in a high energy barrier for activation (charge to ~4 V) and 

low sulfur utilization. Incorporating AQT, operando XAS demonstrates the formation of polysulfides in the 

first charge cycle and the solid-polysulfide-solid reaction mechanism in ASSLSBs based on Li2S@AQT 

cathodes. The continuing effectiveness of the AQT RM beyond the first cycle was further confirmed with the 

observation of minimal polarization and improved long cycling stability and Coulombic efficiency (CE, 

average 98.9 % for 150 cycles).  

Objectives 

The charge capacity limitations of conventional transition metal oxide cathodes are overcome by designing 

optimized nano-architectured sulfur cathodes. This study aims to enable sulfur cathodes with high capacity and 

long cycle life by developing sulfur cathodes from the perspective of RMs design, which will be used to 

combine with lithium metal anodes to generate high-energy Li-S batteries. Operando XAS and optical 

microscopy combined with ex situ analyses are used to investigate Li-S conversion kinetics and polysulfide 

dissolution behavior in SPEs. We propose that some of the material design improvements originally developed 

in liquid electrolytes can be incorporated to solid-state electrolytes with excellent outcomes. RMs, which play 

mailto:yicui@stanford.edu
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a vital role in some liquid electrolyte-based electrochemical energy storage systems, will be applied in solid 

polymer based ASSLSBs in this study. Sulfur cathodes with RMs are designed and fabricated to overcome 

issues related to polysulfide dissolution and the insulating nature of sulfur in ASSLSBs. The batteries with 

RMs deliver better reversible capacity, faster reaction kinetics, and longer cycling life as compared to bare 

sulfur cathodes.  

Approach  

The approaches refer to three main parts: (Ⅰ) advanced nanostructured sulfur cathodes design and synthesis, 

including (1) develop novel sulfur nanostructures with multi-functional coatings for the confinement of 

sulfur/lithium polysulfides to address the issues of active materials loss and low conductivity; (2) 

develop/discover optimal nanostructured materials/RMs that can capture the polysulfide dissolved and enhance 

the Li-S conversion kinetics in the electrolyte; (3) develop space efficiently packed nanostructured sulfur 

cathode to increase the volumetric energy density and rate capability; (4) identify the interaction mechanism 

between sulfur species and different types of oxides/sulfides/RMs, and find the optimal material to improve the 

capacity and cycling of sulfur cathode. (Ⅱ) Structure and property characterization, including (1) ex situ 

scanning electron microscopy; (2) in situ optical microscopy; (3) in situ optical XAS. (Ⅲ) Electrochemical 

testing including (1) coin cells; (2) A set of electrochemical techniques.  

Results  

The reaction mechanism of RMs in ASSLSBs is shown in Figure XVII.8.1a, which is considered as a two-step 

process involving electrochemical and chemical reactions. During charging, oxidized RMs (RMox) chemically 

oxidizes Li2S to LiPSs while RMox is reduced to reduced RMs (RMred) (step A, chemical reaction). RMred in 

turn is electrochemically oxidized to the initial state of RMox by giving electrons to current collectors (step B). 

RMs shuttle electrons between the current collectors and isolated Li2S which would have otherwise remained 

inactive. The charging voltage of the cell is determined by the electrochemical step (step B). Therefore, we 

propose that the reduced charge polarization and improved sulfur utilization for ASSLSBs can be realized by 

choosing an appropriate RM, as shown in Figure XVII.8.1b. Two criteria are paramount for effective RMs: 1) 

They should be soluble in SPEs; 2) They should have a redox potential slightly higher than that of Li2S. We 

select three typical RMs originally developed in liquid electrolytes to examine their electrochemical properties 

in SPEs, including 1,5-bis(2-(2-(2methoxyethoxy)ethoxy)ethoxy) anthra-9,10-quinone (AQT), anthraquinone-

2-carboxylic acid (AQC), and  lithium iodide (LiI). RMs are first mixed with polyethylene oxide 

(PEO)/lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) electrolytes in acetonitrile solution, and then 

dropcasted on the carbon paper as the electrodes. Figure XVII.8.1c-e shows cyclic voltammogram (CV) curves 

of the RM electrodes versus lithium metal in PEO/LiTFSI SPEs. Compared with LiI and AQC, AQT showed 

the most favorable redox potentials, matching that of Li2S oxidation and best redox reversibility.  

To understand the roles of effective RMs, we perform the operando XAS measurements for Li2S electrodes in 

polymer-based ASSLSBs. Figure XVII.8.2a shows the operando XAS results on a Li2S-lithium (Li) cell 

during the first galvanostatic electrochemical cycle. At the open-circuit voltage, the XAS spectrum for Li2S 

cathodes shows a feature at 2473.5 eV, indicating pure Li2S at the pristine state. As the charging process 

proceeds, an additional peak at 2472.7 eV, assigned to the sulfur (S) 1s to 3p transition of elemental S, appears 

and gradually becomes stronger with continued delithiation. Meanwhile, no extra pre-edge feature 

corresponding to the terminal S of lithium polysulfides (LiPSs) at 2470.7 eV are observed, indicating no 

detectable LiPSs formation. To further quantify the content change of Li2S and S during the first charging 

process, the two-phase fitting for the operando XAS spectra was conducted. As shown in Figure XVII.8.2b, 

the content of Li2S decreases monotonously as the charging proceeds while that of S is increased. At the end of 

the first charging process, all Li2S disappears and only the S phase exists. Therefore, we propose that Li2S is 

gradually consumed and directly converted to S though a solid-solid reaction in the first charging process 

(Figure XVII.8.2c), showing the sluggish Li2S oxidation in ASSLSBs.  
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Figure XVII.8.1 Designing redox mediators (RMs) for all-solid-state lithium-sulfur batteries (ASSLSBs). (a) The proposed reaction 

scheme of the RMs for ASSLSBs. Effective RMs solubilized in the solid polymer electrolytes (SPEs) shuttle electrons between 

current collectors and the surfaces of isolated Li2S particles. During the charging process, RMox chemically oxidizes Li2S to 

polysulfides while RMox is reduced to RMred (step A, chemical reaction). RMred diffuses toward the current collector and is oxidized 

to the initial state of RMox near the current collector surface (step B, electrochemical reaction). The light blue color indicates the 

SPEs. (b) Schematic first charge profiles of ASSLSBs with (orange line) and without RM (blue line). A high charging voltage (∼ 4 V 

versus Li+/Li) is necessary to activate Li2S in the first charge process. Li2S is directly converted to elemental sulfur through a two-

phase transformation. Grey: Li2S particles; yellow: sulfur. (c-e) Cyclic voltammograms (CV) curves and chemical structure of (c) 

AQT, (d) AQC, and (e) LiI in PEO/LiTFSI solid polymer electrolytes (SPEs) at a scan rate of 0.1 mV s−1. The dotted line is the 

equilibrium potential of Li2S (~2.15 V versus Li+/Li). 

To further understand the redox chemistry after incorporating AQT RM, we conduct operando S K-edge XAS 

measurements for Li2S@AQT electrodes. The feature of elemental S at 2472.7 eV shows a gradual increase, 

indicating the transformation from Li2S to S during the charging process. Particularly, typical features of LiPSs 

are observed from the XAS spectra in the red rectangle in Figure XVII.8.2d, while that are not observed for 

bare Li2S cathodes during the whole first charge process. We further calculate the average chain length of 

LiPSs at different charge stages based on the area ratio of main-edge peaks to pre-edge peaks. Figure 

XVII.8.2e shows the average chain length of LiPSs (n) as a function of the state of charge. At the beginning of 

charging, the value of n is around 4 and then significantly increases to 8 as the electrochemical reaction 

proceeds. At the end of the charge process, the pre-edge feature of LiPSs disappears while the main-edge 

feature of the elemental S (2472.7 eV) becomes more prominent. These results indicate Li2S cathodes with 

AQT undergo a different Li-S reaction mechanism with bare Li2S for the activation cycle, as proposed in 

Figure XVII.8.2c and Figure XVII.8.2f. 
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Figure XVII.8.2 Operando XAS to understand RM chemistry in ASSLSBs. Operando S K-edge XAS spectra of (a) bare Li2S cathodes 

and (d) Li2S@AQT cathodes in polymer-based ASSLSBs for the first charge process. XAS spectra of Li2S (2473.5 eV) and S (2472.7 

eV) shown in the bottom are used as references. The pre-edge feature at 2470.7 eV is identified as the fingerprint of LiPSs from 

the terminal S. (b) Contents of Li2S and S calculated from two-phase fitting of the XAS spectra in (a) as a function of test time. The 

corresponding charge curve shows a high energy barrier around 4 V for Li2S activation. Schematics for proposed Li-S reaction 

mechanism in ASSLSBs, using Li2S cathodes (c) without/(f) with AQT RM. (e) The average chain length of LiPSs as a function of 

the state of charge for Li2S@AQT cathodes during the first charging. 

We further prove the efficacy of AQT beyond the first activation cycle in ASSLSBs by testing the cycling 

performance of Li2S cathodes without/with AQT in lithium metal batteries (type 2032) with SPEs. As-

assembled cells are first charged to 3.8 V for Li2S activation and then constructed for galvanostatic cycling 

tests from 1.6 to 2.8 V. Figure XVII.8.3a and Figure XVII.8.3b show that adding AQT significantly enhances 

the cycling stability of ASSLSBs. For the bare Li2S cathode, significant capacity fading (from 579 mAh gs
-1 to 

384 mAh gs
-1) is observed within 20 cycles at 0.1 C with a lower average Coulombic efficiency of 85%.  In 

contrast, the Li2S@AQT cell shows a stabilized capacity, retained at 997 mA h gs
-1 after 20 cycles. 

The enhanced cycling performance of Li2S@AQT cathodes is attributed to eliminating the cumulative growth 

of a thick insulating sulfur/Li2S film and decreasing the amount of soluble sulfur species in the SPEs, which 

are further confirmed by in situ impedance study. Before cycling, the impedance spectrum of the as-assembled 

bare Li2S cells showed a larger semicircle than Li2S@AQT cells in the high-frequency region, which indicates 

higher charge-transfer resistance in the former case (Figure XVII.8.3c and Figure XVII.8.3d). After cycling, 

the impedance of the Li2S@AQT cell remains low and stable over 10 cycles, in contrast to the high and 

increased impedance in the bare Li2S cell. It is noted that the decreased impedance after the first cycle for bare 

Li2S cathodes results from the enhanced contact between cathodes and SPEs.  
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Figure XVII.8.3 Electrochemical performance of Li2S cathodes without/with AQT redox mediator (RM) in ASSLSBs. (a) Cycling 

performance and Coulombic efficiency of Li2S cathodes without/with AQT at 0.1 C for 30 cycles. (b) Typical charge-discharge 

voltage profiles of Li2S cathodes without/with AQT at the 5th cycle and the 20th cycle at 0.1 C. Nyquist plots of (c) the Li2S-Li cell 

and (d) the Li2S@AQT-Li cell before and after different cycles. Inset in the first figure shows the zoom-in Nyquist plot for the 

Li2S@AQT-Li cell. 

After incorporating AQT, lithium polysulfides prefer to stay on the cathode side, and are rapidly 

oxidized/reduced during charging/discharging. We further fabricated the high mass-loading Li2S cathodes with 

AQT (Li2S@AQT) and tested their cycling performance in the Li-S batteries (type 2032) with SPEs. The 

Li2S@AQT cell obtained an areal capacity of 2.3 mAh cm-2 with a high mass-loading of Li2S (3.7 mg cm-2) at 

60°C (Figure XVII.8.4a), which corresponds to a high cell-level energy density of 416 Wh kg-1. The energy 

density is calculated from the average discharge voltage (2.1 V), cell capacity (2.3 mAh cm-2), and total mass 

of the cathode (6.1 mg cm-2, excluding current collector), the solid electrolyte with redox mediators (RMs) (2.9 

mg cm-2), and the anode (2.6 mg cm-2). Figure XVII.8.4b displays the cycling performance of the high-

loading Li-S battery at a current density of 0.25 mA cm-2. The cycling shows a slight capacity decay for the 

initial equilibrium cycles and remains stable with a discharge capacity of 640 mA h g-1 after 15 cycles. 

 

Figure XVII.8.4 Electrochemical performance of Li2S cathodes with AQT RM in ASSLSBs. (a) Voltage profile at the 2nd cycle of the 

Li2S@AQT cell with a high mass-loading (3.7 mg cm-2) at a current density of 0.25 mA cm-2. (b) Cycling performance of the high 

loading cell. (c) Specific capacity of Li2S@AQT cathodes cycled from 0.06 to 0.48 C. All cells are operated at 60°C.  

Finally, the rate performance of as-prepared cathodes is investigated by cycling cells at different C-rates 

(Figure XVII.8.4c). The Li2S@AQT cell, benefiting from the effective AQT enhanced Li-S reaction kinetics, 

shows a good rate capability, achieving a discharge capacity of 1214 mAh gs
-1, 827 mAh gs

-1, 577 mAh gs
-1, 
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and 406 mAh gs
-1 based on commercial Li2S at 0.06 C, 0.12 C, 0.24, and 0.48 C, respectively. All the above 

results show that AQT enables promoted both reaction kinetics and stability to achieve high-performance 

ASSLSBs. 

Conclusions   

In all, in the past one year, we have made great progress in developing high energy density all-solid-state Li-S 

batteries. We have successfully proved that RMs are effective in all-solid-state batteries. An anthraquinone 

based redox center with the desired redox potential, high stability, and sufficient solubility in the SPEs was 

rationally designed to facilitate Li2S oxidation. Using operando sulfur K-edge X-ray absorption near edge 

spectroscopy, we directly tracked the sulfur speciation and revealed the redox chemistry for Li2S cathodes in 

ASSLSBs for the first time. Li2S cathodes with AQT RMs delivers a discharge capacity as high as 1133 mAh 

gs
-1. The Li2S@AQT cell demonstrates superior cycling stability (average Coulombic efficiency 98.9% for 150 

cycles) and rate capability owing to the effective AQT enhanced Li-S reaction kinetics. This work opens a new 

avenue for designing RMs in the solid-state system sheds light on developing next-generation batteries with 

high efficiency, long cycle life, and high safety.  
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XVIII Beyond Li-ion R&D: Lithium-Air Batteries 
A lithium-air cell benefits from using oxygen molecules at the positive electrode. Oxygen reacts with 

positively charged lithium ions to form lithium peroxide. Electrons are drawn out of the electrode until no 

more lithium peroxide can be formed. For the rechargeable Li-air battery, the practical energy density could be 

~800 Wh/kg. An advantage of such batteries is their open structure; that is, they can absorb the active cathode 

material (oxygen) from the surrounding environment instead of having to carry it within. However, their open 

structure also leads to several challenges. Although significant progresses have been made in recent years on 

the fundamental properties of lithium-air batteries, many barriers still need to be addressed before their 

practical application in EVs. 

The rest of this chapter contains detailed reports on the status of the following individual projects. 

• Lithium-Air Batteries (ANL) 

• Lithium Oxygen Battery Design and Predictions (ANL) 

• Development of a High-Rate Lithium-Air Battery Using a Gaseous CO2 Reactant (UIC). 
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Project Introduction 

Lithium-oxygen batteries are of much interest because they offer, in principle, ten times the energy density of 

conventional lithium-ion systems. The inherent energy potential of lithium metal approaches that of gasoline, 

but there are challenges that remain to be able to unlock this potential. While today’s lithium-ion batteries may 

provide acceptable power for hybrid electric vehicles and all-electric vehicles, they do not yet provide 

sufficient energy for the long distance driving desired by consumers. A breakthrough in Li-oxygen battery 

technology would significantly increase the possibility of extending the electric range of these vehicles with 

the added advantages of reducing battery cost and weight.  

The successful implementation of non-aqueous Li-air cells has been hampered because of severe materials 

problems that have limited electrochemical performance. These include (1) the non-aqueous electrolytes can 

be unstable under both the charge and discharge conditions, thereby seriously limiting cycle life; (2) during 

discharge, the solid and insoluble Li2O2 and/or other lithium oxide products are deposited on the surface or 

within the pores of the carbon cathode, thereby passivating the surface as well as clogging the pores and 

restricting oxygen flow; (3) degradation of the lithium anode due to oxygen crossover destroys the integrity 

and functioning of the cell; and (4) commonly used transition metal cathode catalysts, do not access the full 

capacity of the oxygen electrode or enable sufficiently high rates. 

The team led by Dr. Khalil Amine at Argonne National Laboratory is working on problems that limit the 

electrochemical performance of the Li-oxygen battery, including the stability of the organic electrolytes, 

development of new cathode catalysts, and new electrolytes. This effort will lead to the development of a 

reversible lithium oxygen battery that provides much higher energy density than state-of-the-art lithium-ion 

batteries for electric vehicles 

Objectives 

This project will develop new cathode materials and electrolytes for Li-air batteries for long cycle life, high 

capacity, and high efficiency. The goal is to obtain critical insight that will provide information on the charge 

and discharge processes in Li-air batteries to enable new advances to be made in their performance. This will 

be done using state-of-the-art characterization techniques combined with state-of-the-art computational 

methodologies to understand and design new materials and electrolytes for Li-air batteries.  

mailto:amine@anl.gov
mailto:curtiss@anl.gov
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Batteries 

1186 Beyond Lithium-Ion R&D: Lithium-Air Batteries 

Approach  

The project is using a joint theoretical/experimental approach for design and discovery of new cathode and 

electrolyte materials that act synergistically to reduce charge overpotentials and increase cycle life. Synthesis 

methods, in combination with design principles developed from computations, are used to make new cathode 

architectures. Computational studies are used to help understand decomposition mechanisms of electrolytes 

and how to design electrolytes with improved stability. The new cathodes and electrolytes are tested in Li-O2 

cells. Characterization, along with theory, is used to understand the performance of materials used in the cell 

and to make improved materials. 

Results  

Functioning mechanism of metal-free catalyst platforms 

We have been exploring new metal-free catalyst platforms for enabling low overpotential charge of Li-O2 

batteries across various current densities and types of carbon-based substrate materials. This platform is based 

on what is traditionally called a solid-electrolyte interphase (SEI), which is an organic/inorganic interphase that 

is formed by the reduction of electrolyte components. We specifically studied the functioning  mechanism of 

the SEI layer and its role as a cathode for a Li-O2 battery.   

We discovered profound properties in the ether-based SEI layer when exposed to O2 gas. Shown in Figure 

XVIII.1.1A, the open-circuit potential is measured while the SEI is exposed to and allowed to rest in an O2 

atmosphere over 6 hours. It was apparent that the potential of the SEI changed drastically during this process 

(stabilizing after ~4 hours). A constant current charge revealed (Figure XVIII.1.1B) a multi-plateau voltage 

profile followed by an almost no capacity contribution from continued cycling after the first charge. This 

eliminates the possiblity that the SEI layer can contribute significantly to charge/discharge capactiy after the 1st 

charge cycle. A similar conclusion was found in the 1st and 4th cycle of cyclic voltammetry (Figure 

XVIII.1.1C-D), respectively) where the large initial irreversible peak at ~3.75 V decreased drastically from the 

1st to 4th cycle. However, a small peak at ~3.0 V remained, indicating that there are reversible eletrochemical 

processes derived from the SEI layer, which likely contributes to its catalytic function. 

 

Figure XVIII.1.1 A) Open circuit potential of SEI vs Li metal (reference electrode) when exposed to O2 gas. B) Cycling profile of the 

SEI vs Li metal cell in Ar atmosphere after forming exposing the SEI to O2. Cyclic voltammograms of the pristine SEI and SEI 

exposed to O2 gas C) 1st scan and D) 2nd scan, indicating the relatively reversible CV current peak at ~3.0 V vs Li+/Li. 

To determine if the charging benefit of using the SEI is derived from a direct SEI-Li2O2 contact mechanism or 

a solution mechanism between SEI-derived soluble species, we designed what we called an interlayer cell. The 

main feature of this cell is that the interlayer is not electronically connected to the circuit of the battery (Figure 

XVIII.1.2A). We pre-deposited Li2O2onto a carbon paper (Figure XVIII.1.2C-D) and used it as the interlayer. 
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With the a O2-exposed SEI as the cathode, we charged the cell (voltage profile shown in Figure XVIII.1.2B), 

and found that the Li2O2content decreased substantially (Figure XVIII.1.2E-F). This is strong evidence that the 

functioning mechanism of the SEI layer is based on a the formation of soluble species that can diffuse  to and 

oxidize the Li2O2, i.e. a soluble catalyst. Future studies will dive deeper into which species are present and also 

the the role of the SEI layer on the deposition kinetics and mechanism of Li2O2.  

 

Figure XVIII.1.2 A) Schematic of interlayer-based electrochemical cell we developed for studying the catalyst B) Constant current 

charging profile of the bare SEI-based cathode. Deposited Li2O2 over the surface on a carbon paper gas diffusion layer (GDL), C) 

high and D) low magnification. SEM of the carbon paper GDL after charging in an interlayer position (no electrical contact to circuit 

at E) high and F) low magnification. 

Identification of functional groups in metal-free catalyt platforms 

We have specifically investigated the functional groups that are present in the platforms. To study the 

chemistry of the SEI layer at various stages of its processing and application, we employed attenuated total 

reflectance-Fourier transform infrared specotrocopy (ATR-FTIR). We first sampled the SEI right after 

formation (Figure XVIII.1.3A), which revealed a relatively featureless spectrum in comparison to when the 

SEI is exposed to O2 (Figure XVIII.1.3B).  After exposure to O2, peaks at around 1621 and 1670 cm-1 

increased, suggesting that lithium carboxylate and lithium oxalate groups appeared. Interesting after Li2O2 

deposition, the peaks disappeared indicating either some elimination of the carboxylate species or a coverage 

of these species (Figure XVIII.1.3C). After oxidation/delithiation, the peaks reappeared, suggesting that the 

process is quite reversible. Importantly, the separator present in the cell used for oxidizing the Li2O2-SEI 

cathode, also exhibited some peaks at ~1620 cm-1. In alignment with the previous quarter’s report, we confirm 

again that the species the SEI is generating is soluble in the electrolyte.  
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Figure XVIII.1.3 Attenuated total reflectance-Fourier transform infrared spectroscopy of A) as formed solid electrolyte interphase 

(SEI) catalytic layer, B) SEI exposed to oxygen for 6 hours, C) SEI deposited with Li2O2, D) SEI with Li2O2 delithiated, and E) the 

separator used in the cell in D.   

X-ray photoelectron spectroscopy was also used to investigate how the SEI reacts to O2 exposure. Figure 

XVIII.1.4 shows the C1s spectrum for the pristine SEI and after exposure to oxygen. Reaction of the SEI to O2 

seems to decrease the proportion of C=O and increase the proportion of O-C=O, which aligns well with the 

ATR-FTIR analysis. Furthermore the O 1s analysis revealed that the R-C=O groups appeared to have 

increased while the R-C-O decreased. It is, therefore clear that the functioning mechanism of the SEI entails 

first the deposition of a non-toroidal like Li2O2 with a weaker structure that can be more easily delithiated. The 

benefit of the morphology of the Li2O2 is further compounded by the generation of some soluble catalyst that 

can diffuse and assist in the oxidation of Li2O2. 
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Figure XVIII.1.4 X-ray photoelectron spectroscopy of the SEI-coated cathode before and after exposure to O2 at A) C 1s and B) O 1s. 

Role of functional groups in metal-free catalyst platforms 

We determined that there are likely carboxyl groups formed after exposure to pure O2, possibly creating 

carboxylate and oxalate groups. After cycling, these same groups were found on the separator of the cell 

indicating these functional groups also exist as soluble species. Accordingly we  suspect that these groups have 

a potential role in catalyzing the oxidation of lithium peroxide via a solution-phase mechanism. 

Up to this point it is clear that the benefit of the SEI coating is at least in its ability to charge Li2O2 in an 

efficient manner. We have investigated its advantage in regard to its participation in discharge or Li2O2 

deposition. Figure XVIII.1.5A displays the deep discharge of our SEI-coated layer in comparison to a baseline 

carbon paper cell. It is apparent that with the SEI-coating, the discharge capacity  significantly increased (>3 

mAh cm-2 vs 1 mAh cm-2 of carbon paper). This is a somewhat odd finding as the deposition of the SEI layer 

does not to any significant degree change the morphology of the carbon paper. To investigate the mechanism, 

we employed reduction-chronoamperometry. In alignment with our constant current discharges, the capacity of 

the SEI-coated carbon paper has a much higher capacity (Figure XVIII.1.5B).  Figure XVIII.1.5C-D shows 

that the carbon paper possesses a very strong current peak, which according to the Avrami equation indicates a 

very fast kinetic growth constant. This appears to result in poor performance. The SEI-does not have such a 

large sharp peak but has a broad peak. To corroborate this result, we performed SEM (Figure XVIII.1.6A-B) 

on the discharge product and found almost no large deposits of Li2O2 in comparison to the pristine carbon 

paper samples(Figure XVIII.1.6C-D). Moreover, cryogenic TEM (Figure XVIII.1.5E) and SAED (Figure 

XVIII.1.6F) further indicates that the location of the Li2O2 growth is ontop of the SEI and not within nor 

undernealth the SEI. These results appear to have conflicting conclusions. Specifically, why does smaller size 

Li2O2 passivate the surface of the carbon paper less quickly than the larger sized Li2O2 (from the pristine 

carbon paper). We are working on an explanation for this process, which could change how we understand the 

Li2O2 deposition.  
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Figure XVIII.1.5 A) Deep discharge of Li-O2 using carbon paper and using SEI-coated carbon paper at 50 uA cm-2 until 3 mAh cm-2 

or until voltage cutoff of 2 V vs Li+/Li is reached. Potentiostatic hold of Li-O2 battery at 2.5 V vs Li+/Li.  B) The cumulative capacity 

by integrating the current response. C) The current response of the carbon paper and the SEI-coated carbon paper. D) Expanded 

view of the current response showing details of the current peak, indicating passivation. 

 

 

Figure XVIII.1.6 Microscopy of discharge product. SEM of SEI-carbon paper A) before and B) after discharge. SEM of carbon paper 

C) before and D) after discharge. E) Cryogenic TEM of discharge product clearly indicating the Li2O2 spatially sits over the SEI-layer 

rather than inside. F) SAED of the discharge product indicating it is mostly Li2O2 
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An Ir3Li cathode for a lithium superoxide-based Li-O2 battery 

One of the major challenges for Li-oxygen batteries is the high charge overpotential, which results in a low 

energy efficiency. It has recently been shown that lithium superoxide, which is a good electronic conductor 

and has a low charge overpotential, can be formed in a Li-O2 battery using iridium as a catalyst. It was 

speculated that an Ir3Li alloy forms that acts as effective template for growth of the LiO2.  In this work Ir3Li 

was thermally synthesized in bulk prior to implementation on a reduced graphene oxide (rGO) cathode of a Li-

O2 cell.  

Ir3Li particles ranging from 200 nm - 5 μm were synthesized using a thermal reaction between Ir and Li metals 

at 800 ˚C. The powder was characterized using XRD and was demonstrated to be phase pure. A 

comprehensive characterization of the electronic properties of Ir3Li was conducted to determine its properties 

and relevance for use as a LiO2 battery cathode. The characterization from conductive AFM, SQUID, and EPR 

measurements revealed that the synthesized Ir3Li has metallic like character with an affinity to O2 adsorption, 

which is needed to act as an appropriate ORR/OER catalyst. XPS analysis supported by DFT calculations 

indicated that the Ir is negatively charged, likely enhancing its catalytic properties for oxygen reduction and 

evolution (ORR/OER). Raman studies demonstrated that the Ir3Li material was stable in air exposure up to 4 

weeks. In summary, the bulk Ir3Li was found to have comparable electrical conductivity to Ir metal, possess 

metal-like magnetic properties, and have an affinity towards O2 adsorption. 

An Ir3Li and rGO 1:1 mixture was added to a GDL (gas diffusion layer) electrode using a PVDF binder to 

form an Ir3Li  -rGO cathode. The resulting cathode was assembled in a Swagelok type Li-O2 cell with a Li 

metal anode and a 1 M Li triflate in TEGDME soaked glass fiber separator. For comparison, a similar Li-O2 

cell with a rGO/GDL cathode was also assembled. Both cells were cycled at a current density of 0.05 mA/cm2 

and capacity of 1000 mAh/g. The first five electrochemical discharge-charge cycles are shown in Figure 

XVIII.1.7A-B for the rGO/GDL and Ir3Li-rGO/GDL cells, respectively. For the Li- O2 cell with the rGO/GDL 

cathode, two charge plateaus at ~3.6-3.8 and 4.2 V were observed. For the Li-O2 cell with the Ir3Li-rGO/GDL 

cathode, the charging potential remained mostly below 3.5-3.7 V except towards the end of the first charging 

cycle. For detailed discharge product characterization on the Ir3Li -rGO/GDL cathode, a different cell was 

discharged at 0.05 mA/cm2 current density to a capacity of 1360 mAh/g. The larger capacity experiment was 

performed to increase the mass of the discharge product deposited on the cathode to enable Raman and 

titration analysis of the discharge product(s). The voltage profile during cycling of the cell is shown in Figure 

XVIII.1.7C 
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Figure XVIII.1.7 (a) The first five cycles of a Li-O2 cell with rGO/GDL cathode with a current density 0.05 mA/cm2, (b) The first five 

cycles of a Li-O2 cell with Ir3Li-rGO/GDL cathode (c) Deep discharge of Ir3Li-rGO cathode in a Li-O2 cell,  (d) Raman spectra of deep 

discharged Ir3Li-rGO cathode in a Li-O2 cell showing strong LiO2 peaks at different areas. 

After discharge, the cell was disassembled inside an argon filled glovebox. The cathode with discharge 

product(s) was dried inside the glovebox, cut in half, and subjected to micro-Raman and titration analysis with 

Ti(IV)OSO4 followed by UV-Vis of the titrant in order to determine the chemistry of the discharge product. 

The micro-Raman spectra is shown in Figure XVIII.1.7D. The titrant absorbance value  indicated that the 

presence of Li2O2 was negligible on the discharged cathode. Raman spectra were collected on several 

different areas and demonstrated strong LiO2 characteristic peaks at 1125 and 1505 cm-1, along with the 

characteristic rGO/graphitic peaks at 1328 and 1596 cm-1. These results indicate that LiO2 was the dominant 

discharge product. TEM also confirmed the LiO2 discharge product.   

The noble metal-like properties of the Ir3Li catalyst determined in this study, along with its crystal lattice 

similarities to LiO2 demonstrated through DFT analysis, will help enable design guidelines for future catalysts 

to be implemented in Li-O2 batteries. 

Conclusions   

During the past year we have investigated a new metal-free catalyst platform for enabling low overpotential 

charge of Li-O2 batteries across various current densities and types of carbon-based substrate materials. This 

platform is based on what is traditionally called as solid-electrolyte interphase, which is an organic/inorganic 

interphase that is formed by the reduction of electrolyte components. We have investigated the properties of 

the interphase, the different functional groups in the interphase, and the role of these groups in the dsicharge 

and charge chemistries and how to improve the performance of Li-O2 batteries.  

It has recently been shown that lithium superoxide, which is a good electronic conductor and has a low charge 

overpotential, can be formed in a Li-O2 battery using iridium as a catalyst. It was speculated that an Ir3Li alloy 

forms that acts as effective template for growth of the LiO2.  During the past year, we found that the crystal 

lattice similarities of the synthesized Ir3Li alloy to LiO2 led to formation of lithium superoxide as the discharge 

product with a resulting lowered charge potential. This work will help enable design guidelines for future 

catalysts to be implemented in Li-O2 batteries with better efficiency. 
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Project Introduction 

Lithium (Li)-oxygen (O2) batteries are considered as a potential alternative to Li-ion batteries for 

transportation applications due to their high theoretical specific energy. The high energy density of Li-O2 

batteries is made possible because of the formation of the Li2O2 product, which can store significantly higher 

amounts of energy compared to other energy storage systems because of the Li-O bonds. However, the 

challenge is that the decomposition of Li2O2 during the charge process requires charge transfer, which is 

difficult because of the large band gap of solid Li2O2 likely covering catalytic sites. This leads to a sluggish 

charge process requiring higher potentials for Li2O2 decomposition, which in turn reduces the energy 

efficiency of the battery and puts the electrolyte at risk of degradation. Additionally, the charge potential can 

depend on the morphology and size of Li2O2 product. The major issues with the existing Li-O2 systems include 

degradation of the anode electrode, reactions with air components, clogging of the cathode, and electrolyte 

instability. These issues are being addressed in this project. 

Objectives 

The objective of this work is to develop new materials for Li-O2 batteries that give longer cycle life, higher 

charge/discharge rates, and improved efficiencies in an air environment. New electrolytes blends and additives 

are being investigated that can reduce clogging and at the same time can promote the cathode functionality 

needed to reduce charge overpotenials and increase discharge/charge rates. The cathode materials are based on 

high to medium entropy two-dimensional transition metal dichalcogenides (TMDCs) that we have found to be 

among the best oxygen reduction and evolution catalysts. New high entropy alloys are being be investigated. 

The objective is to design and predict new electrolytes that work with these catalysts to give longer cycle life, 

high charge rates, good efficiencies, and high capacities needed to make scale up possible for these types of 

batteries. 

mailto:curtiss@anl.gov
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Approach  

The project is using a joint theoretical/experimental approach for design and discovery of new cathode and 

electrolyte materials that act synergistically to reduce charge overpotentials and increase cycle life. Synthesis 

methods, in combination with design principles developed from computations, are used to make new cathode 

architectures. Computational studies are used to help understand decomposition mechanisms of electrolytes 

and how to design electrolytes with improved stability. The new cathodes and electrolytes are tested in Li-O2 

cells. Characterization, along with theory, is used to understand the performance of materials used in the cell 

and to make improved materials. 

Results  

Investigation of a highly active tin sulfide based catalyst for high-rate Li-O2 battery performance  

Li-air batteries necessitate discovery of novel electrocatalysis processes to significantly enhance the formation 

and decomposition of the discharge products upon battery cycling. We are working on a novel co-catalytic 

system comprised of tin sulfide (SnS) nanoflakes(NF)/ reduced graphene oxide (rGO) as a solid catalyst and a 

dual functional additive that provides a liquid phase catalyst as well as a anode protection. The goal this work 

is to develop a co-catalytic process that enables operating the battery at high current rates up to 1mA/cm2. It is 

found that the catalytic activity of SnS NFs/rGO catalyst for both oxygen reduction and evolution reactions 

occurring during the discharge and charge, respectively, far exceed those of state-of-the-art catalysts from 

carbon, noble metal, and transition metal dichalcogenide families. 

Thus far, cathode materials such as Pt, Pd, Ir, and oxides like Pb/BiRO, Cr2O3, MnCo2O4, and 2D materials 

such as MoS2 have been reported to exhibit improved redox process during discharge and charge processes.  

However, these studies are generally limited to low current densities (e.g., <0.1 mA/cm). To operate the 

batteries at much high rates, in this work, we discovered that SnS (NF) catalysts embedded with reduced 

graphene oxide (rGO) shows an excellent catalytic activity during the discharge and charge.   

To evaluate the galvanostatic cycling performance of SnS catalysts, Swagelok battery cells were assembled in 

an Ar-filled glovebox with both oxygen and humidity levels less than 0.1 ppm. The battery is composed of a Li 

metal foil anode, a porous glass-fiber separator, SnS/rGO cathode and 30 μL of DMSO/EMIM-BF4 

(volumetric ratio of 9:1) electrolyte. Galvanostatic cycling results of the battery cells at the current density of 

0.3 mA/cm2 with the capacity of 3000 mAh/g (corresponding areal capacity of 0.3 mA/cm2) are shown in 

Figure XVIII.2.1A. Results indicate that the battery with the SnS/rGO electrode has a charge potential of ~4V 

at the first cycle, which remained below 4.3 V for 40 cycles. The battery operates up to 60 cycles before 

reaching the cut-off potential of 4.6 V. However, the battery with 2D MoS2 catalyst can only run one cycle 

with the charge potential of 4.9V, shown by the black dashed line in Figure XVIII.2.1A. This is consistent with 

the lower catalytic activity of MoS2 compared to SnS in Figure XVIII.2.1C,D. Results for Pt and Au activities 

are also given in these figures for comparison. To determine the effect of Li anode degradation on the 

cyclability of the SnS based system, we replaced the Li anode with a fresh one after 50 cycles and the results 

are shown in Figure XVIII.2.1B. It is found that the SnS catalysts are still functional for another 45 cycles at 

the same cut-off range confirming the stability of the catalyst and indicate the necessity of anode protection for 

longer battery operation. 
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Figure XVIII.2.1 (a) Galvanostatic cycling results of Li–air cell with SnS/rGO and MoS2 cathodes at the current density of 0.3mAcm-

2. No redox mediator was used for both batteries. The dashed black line represents the charge potential of MoS2 at the 1st cycle. 

(b) Cycle numbers vs charge/discharge potential for the fresh (blue) and replaced (red) Li anode after 50 cycles of operation of the 

SN catalyst. (c-d) Linear sweep voltammetry results of SnS/rGO NFs, MoS2 NFs, Au NPs and Pt NPs electrodes under ORR and 

OER with a sweeping rate of 10mV/s. 

Computational studies of the active sites and electronic structure of the tin sulfide catalyst.  

We have investigated using density functional calculations several aspects of the SnS catalyst. The adsorption 

or O2 and formation of O2
- by reduction on the catalyst surface  is an important factor in determining the rate at 

which oxygen reduction occurs and thus the efficiency of the discharge process. We investigated six possible 

adsorption sites for O2 on the SnS surface as shown in Figure XVIII.2.2. In five of the six (C1-C5) the binding 

energy is about 1 eV, which is large enough to support oxygen reduction.  The O2 binds to a Sn in these five 

cases. The O2 binds weakly on the surface in the sixth site (C6). The result of this study is significantly 

different from our previous study of MoS2 in a Li-O2 battery where the Mo edge was found to be so reactive 

from DFT calculations that the O2 dissociated on the Mo edges. This would result in driving the reaction 

toward full oxidation of the Mo edge and poisoning of the catalyst. To avoid this an ionic liquid was used as 

the electrolyte because it was hypothesized that it can effectively prevent O2 from dissociating on the 

electrode. The DFT calculations showed that the strong electrostatic interaction between the ionic liquid 

(EMIM+ ions) prevents interaction with more than one Mo at a time to prevent complete O2 dissociation on 

the Mo edge and leads to the formation of effective oxygen reduction site. This is unnecessary in the case of 

SnS as the interaction with O2 is not nearly as strong as shown in Figure XVIII.2.2. 
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Figure XVIII.2.2 DFT calculations for  (top) six O2 adsorption on SnS considered in DFT calculations (an example of O2 adsorption 

structure is given for C1) and (bottom) O2 adsorption energies for the six sites. 

In the through solution mechanism Li2O2 can form by disproportionation of LiO2 either in solution or on the 

surface after deposition of LiO2 on the surface, i.e. 2LiO2 → Li2O2 + O2. The reaction pathways for 

disproportionation in solution of a LiO2 dimer was computed for the electrolyte assuming a dielectric constant 

of DMSO. The reaction pathway computed using the accurate G4MP2 quantum chemical method, which is 

shown in Figure XVIII.2.3, indicates small barrier and favorable thermodynamics for formation of Li2O2 in 

solution.  Whether the disproportionation occurs in solution or on the surface, the formation mechanism will 

involve nucleation and growth of the discharge product on the surface of the cathode. In the case of the SnS 

catalyst and the DMSO based electrolyte the morphology of the Li2O2 is toroids, similar to what has been 

found in other studies.  

 

Figure XVIII.2.3 G4MP2 free energies for LiO2 disproportionation to Li2O2 in DMSO solvent.  

Development of new electrolyte redox mediators that work with the SnS catalyst 

We have investigated using a new bifunctional additive for redox mediation and lithium anode protection for 

the SnS catalyst. The bifunctional additive used in the electrolyte is SnI2. It acted as a redox mediator (RM) to 

enhance the decomposition of discharge product and as a reactant to protect the Li anode. The Sn2+ cation 

enables the formation of a Sn2+/Sn-Li solid-electrolyte-interphase (SEI) layer, and thus protects the anode from 

parasitic side reactions, oxygen/superoxide crossover, and shuttle effect of redox mediators. On the other hand, 

the anion redox couple of I-/I3
- enables active mediation of Li2O2 during the charging process, which effectively 

reduces the charge potential. Thus, the SnI2 is referred to as a bifunctional additive. At a current density of 0.3 

mA/cm2, the discharge potential remained above 2.45 V over 100 cycles with 125mM of SnI2. The charge 
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potential for SnI2 is as low as 3.5 V at the first cycle and is gradually increased to 4.2 V after the 120th cycle 

with the capacity of 3000 mAh/g.  

For comparison, we performed the battery experiments with LiI as the most reported RM and SnS/rGO 

cathode. The battery with RM of LiI lasts for only 20 cycles before its discharge potential drops below 2.45V. 

Since both LiI and SnI2  involve the I-/I3
- couple, it is concluded that the protective SEI layer formed from Sn2+ 

helps to achieve higher cycle life of the cell. Besides, we noticed that LiI mediated cells possess fewer life 

cycles than the cell without the additive. This early death of the cell may be attributed to the shuttling effect of 

LiI that poisons the anode with accumulated cycles. Furthermore, a battery with neither catalyst nor additive 

(rGO only) is only able to run for 12 cycles before reaching the discharge cut-off voltage. This is 10 times 

lower than the cyclability of SnI2/SnS co-catalyst system.  

The chemical composition of the protected Li anode resulting from the reaction with SnI2 was studied using 

XPS. As shown in Figure XVIII.2.4A, two major Sn peaks were observed at 486.5 eV (Sn 3d5/2) and 495 eV 

(Sn 3d3/2), which were indexed to Sn2+. Moreover, two minor peaks located at 484.3 eV (Sn 3d5/2) and 493 

eV (Sn 3d3/2) correspond to the formation of metallic Sn/Li-Sn components on the SEI layer.  TEM was also 

carried out to further study the SEI layer formed on the anode surface. Figure XVIII.2.4B shows the low-angle 

annular dark-field (LAADF) image and the inset figure exhibits the bright field image of the protected Li 

anode. EDS and EELS were performed on the selected region in Figure XVIII.2.1b to further identify the 

elemental composition of the protective surface (SEI layer) on the surface of the anode. As shown in Figure 

XVIII.2.4C, EDS mapping of a selected area reveals the existence of Sn along with oxygen (dissolved in 

electrolyte). Figure XVIII.2.4D shows the EELS results of Li K- and Sn K-edge taken from the top of the same 

flake in Figure XVIII.2.4B. The sharp Li K- and Sn K-edges in the spectra confirm the presence of these 

elements in the surface layer after the 5th cycling of the batteries. At the same time, neither EDS nor EELS 

results show substantial existence of nitrogen or iodine. These results suggest the absence of shuttling effect 

resulting from RMs or parasitic side products (e.g. Li3N) during cycling, which further confirms the 

effectiveness and robustness of the Sn-based SEI layer under high current densities. In addition, EIS was 

conducted on the anode as shown in Figure XVIII.2.4E. Our results indicate a rise in the charge transfer 

resistance from 15 ohms to 70 ohms after 20 cycles. Furthermore, the difference between the charge transfer 

resistance, Zreal from 15th to 20th cycles is <5 ohms, implying that the SEI layer becomes stable. 
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Figure XVIII.2.4 Characterization results of the anode in Li-air battery with RM of SnI2. The results include (a) XPS of Sn 3d region 

after 5 cycles. (b) HAADF and inserted bright field image of the Sn protected anode. (c) EDS mapping of the anode surface. The 

area taken was from the rectangular box marked in figure b. All scale bars represent a length of 100nm, (d) EELS results from the 

same region of the Sn protected anode surface. (e) Anode EIS results. The dots represent the experimental data, and the lines 

represent the fitted data. Symmetrical study of electrolyte with the cell consists of two Li metal electrodes for (f) attenuation test 

under different current densities and (g) long-time durability test of electrolyte at a constant current density of 0.5mAcm-2.  

Apart from the anode protection, it is also critical to confirm the long-term durability of the SnI2 electrolyte. 

For this purpose, an attenuation test was performed on Li|Li symmetric coin cells with a fixed capacity of 0.2 

mAcm-2 and a current density sweeping between 0.1 mAcm-2 and 2 mAcm-2 (shown in Figure XVIII.2.4F). We 

observed no loss in columbic efficiency while the cell runs for up to 57 hours. The long-term performance of 

the Li anode was also studied inside LiǁLi symmetrical cells with the current density of 0.5 mAcm-2 during 

stripping and plating (Figure XVIII.2.4G). Results indicate that the symmetrical cell was able to cycle for more 

than 1000 hours while the range of the operating voltage remains almost constant (-0.09 V to 0.09 V). These 

results confirm the robustness and high ionic conductivity of the SnI2 electrolyte, which is suitable for fast 

charging. 

Computational investigation of a bifunctional additive 

We have used computational methods to study a new bifunctional additive, SnI2, for redox mediation and 

lithium anode protection for insight into how it works in the experiments. Ab initio molecular dynamics 

(AIMD) density functional calculations were used to provide insight into several aspects of the new 

bifunctional additive for Li-air cells and how they work. First, the mechanism by which the new SnI2 

electrolyte additive can provide an anode protection layer and not affect the cathode was investigated using the 

AIMD) simulations. Second, the role of the SnI2 additive in reducing the charge potential was explained.  

The results from our density functional calculations on the SnI2 additive are given in Figure XVIII.2.5. The 

calculations are based on AIMD simulations with an LiTFSI/DMSO/EMIM-BF4 electrolyte and added SnI2 

molecules. The results for SnI2 reacting on a Li metal (100) surface in at the electrolyte interface (initial and 

final structures) are given in Figure XVIII.2.5A. It shows that the SnI2 dissociates with the surface and Sn 

migrates into the Li. This is the first step in the formation of the protective Sn film on the Li. The reaction of 

SnI2 with a SnS surface was also used to investigate whether it would have any detrimental effect on the 

cathode surface. The result (initial and final structures) is given in Figure XVIII.2.5B showing that the SnI2 

does not dissociate on the SnS surface, unlike on the Li surface. The result for the anode surface provides an 
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explanation for the formation of the Sn film to protect the Li anode as found in experimental studies presented 

previously.  

 

Figure XVIII.2.5 DFT calculations for (a) initial and final structure of SnI2 reacting on a Li metal (100) surface, (b) initial and final 

structure of SnI2 reacting on a SnS surface 

The SnI2 additive also has a role in reducing the charge potential. The AIMD calculations in Figure 

XVIII.2.5A reveal that the SnI2 decomposition on the Li surface results in LiI formation. The LiI is known to 

act as an effective redox mediator to reduce the charge potential for decomposing Li2O2. In a previous study, 

we have shown by DFT calculations how when LiI is oxidized to form LiI3 at around 3.5 V vs Li/Li+, the LiI3 

can act as a catalyst with a small barrier of ~0.5 eV to facilitate decomposition of the Li2O2.  These DFT 

calculations explain how the SnI2 additive can provide the LiI needed for the redox mediator to assist in the 

catalysis of the charge reaction. This results in a lower charge potential for the SnS based cathode compared to 

when the SnI2 is not included as an additive. With inclusion of the additive the charge potential is reduced 

from over 4 V to about 3.5 V., a significant improvement.  

Conclusions   

A novel catalytic system comprised of tin sulfide (SnS) nanoflakes as a solid catalyst and tin iodide (SnI2) as a 

dual-functional electrolyte additive has been studied as part of our program to find new catalysts and additives 

for high rate Li-O2 batteries. This system enables operating the battery at high current rates up to 10 000 mA 

g−1 (corresponding to 1 mA cm−2). The SnS catalyst shows outstanding catalytic activity for both oxygen 

reduction and evolution reactions compared to carbon, noble metal, and other transition metal dichalcogenides. 

It also exhibits good structural integrity at high rates. The computations indicate numerous possible oxygen 

reduction sites without oxygen dissociations on the SnS surface through solution mechanism that is likely 

responsible for the formation of Li2O2. The calculations also indicate that the role of the SnI2 is not only 

reacting with the lithium anode to provide protection but reducing the charge potential by promoting catalytic 

decomposition of the Li2O2.  
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Project Introduction 

Lithium (Li)-air batteries are considered as a potential alternative to Li-ion batteries for transportation 

applications due to their high theoretical specific energy. Most work in this area is focused on use of O2 as the 

reactant. However, newer concepts for using gaseous reactants, such as CO2 that have a theoretical specific 

energy density of 1876 Wh/kg, provide opportunities for further exploration. This project will produce a 

thorough understanding of key chemical and electronic parameters that govern the operation of Li-CO2 

batteries in realistic conditions. Achieving our objectives will generate a library of fundamental properties of 

TMDC and ionic liquid-based electrolytes with the most promise toward for the Li-CO2 battery applications. 

The methodologies employed, and the insight generated will also be valuable beyond advancing the field of Li-

CO2 batteries.   

Objectives 

The main objective of this project is to develop a novel strategy to enable operation of Li-CO2 batteries at 

high-capacity high-rate with a long-cycle-life. The experiments will be performed in both Swaglok and pouch 

cells. In the former case, we will use: (i) a novel co-catalyst system comprised of inexpensive and earth-

abundant transition metal dichalcogenide (TMDC) materials that work in synergy with ionic liquid (IL)-based 

electrolytes to enhance the efficiency of reactions during discharge and charge processes, (ii) a solution-based 

catalyst (redox mediator (RM)) to reduce the charge overpotential and increase the energy efficiency of the 

battery, (iii) high porosity cathode electrodes to increase the electrodes surface area, gas permeability, stability, 

electrical conductivity, and lifetime of the battery operation, and (iv) a solid electrolyte interface (SEI) layer to 

protect the anode against oxidation without affecting the ionic transport of Li+ species in the system. At the 

pouch cell level, we will design and construct a stackable pouch cell to deliver a capacity of >200mAh. 

mailto:salehikh@uic.edu
mailto:ahnngo@uic.edu
mailto:vikasb@uic.edu
mailto:Haiyan.Croft@ee.doe.gov
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Approach  

The above targets will be achieved through an integrated approach based on materials synthesis, testing, 

characterization, analysis, and computation. We will synthesize catalysts and test them in cells along with 

developing new electrolytes and additives. These cathode materials with new electrolyte blends and additives 

will work in synergy to reduce charge potentials and increase stability of the battery. Density functional and 

ab-initio molecular dynamic simulations will be performed to understand the battery operation and make 

predictions of new materials for the Li-CO2 battery. 

Results  

Investigation of a mid-entropy 2D catalyst for high-rate Li-CO2 battery performance  

The Li-CO2 battery concept involves CO2 reduction and evolution reactions during discharge and charge, 

respectively, on the surface of a cathode with an electrolyte based on lithium salts. Most Li-CO2 battery studies 

have shown evidence for Li2CO3 upon discharge and for its disappearance upon charge. However, they are still 

far from practical applications due to low current densities (500-1000 mA/g) and low capacities (500-1000 

mAh/g). Additionally, these batteries show poor reversibility of discharge products (e.g., Li2CO3 and carbon) 

during the battery cycling leading to short cycle life. It is crucial to operate Li-CO2 batteries under a carbon 

neutral condition to reversibly balance the electrochemical reactions during discharge and charge.  

In this project, we developed, for the first time, Li-CO2 battery chemistry based on a novel 2D based medium-

entropy cathode catalyst of (NbTa)0.5BiS3 that works in synergy with an electrolyte blend of of ZnI2, lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI), dimethyl sulfoxide (DMSO) and ionic liquid (IL) of 1-Ethyl-3-

methylimidazolium tetrafluoroborate (EMIM-BF4) with the volumetric ratio of 9:1.  

The crystalline 2D (NbTa)0.5BiS3 was synthesized using a chemical vapor transport (CVT) method. To prepare 

the nanoflakes (NFs) of (NbTa)0.5BiS3, the synthesized powder was exfoliated in isopropyl alcohol (IPA) using 

probe sonication followed by a centrifugation process. Dynamic light scattering (DLS) measurements reveal 

the lateral size of the flakes with an average value of 287 nm. To identify the elemental composition of the 

flakes, we have carried out the scanning electron microscopy-energy dispersive spectroscopy and transmission 

electron microscopy (SEM-EDS, TEM-EDS) confirming the uniform distribution of constituent elements and 

flakes composition as (NbTa)0.5BiS3. To determine the crystallinity of Nb0.5Ta0.5BiS3, XRD was performed on 

a sample produced after exfoliation in the liquid phase. The sharp diffraction peaks indicate a highly crystalline 

material. All major reflections in the XRD pattern were indexed and fit with an orthorhombic unit cell with 

Pmm2 space group and a = 5.75 Å, b = 36.16 Å, and c= 22.98 Å, closely related to the layered structure of 

NbBiS3. The results indicate that (NbTa)0.5BiS3 is the dominant phase in the sample.   

To study the catalytic activity of (NbTa)0.5BiS3 NFs for CO2 reduction and evolution reactions 

(CO2RR/CO2ER) occurring during discharge and charge, respectively, linear sweep voltammetry (LSV) was 

performed within potential range of 2.4-4.5 V. We performed LSV and electrochemical impedance 

spectroscopy (EIS) experiments with different IL/DMSO ratios. Results indicate that the ratio of 1:9 

(IL/DMSO) provides the best performance. For comparison, experiments were also performed using Pt and Au 

nanoparticles (NPs) under identical conditions. Figure XVIII.3.1A shows the CO2RR results with the current 

density of 19.8 mA/cm2 for (NbTa)0.5BiS3 NFs at 2.4 V. Both Pt NPs and Au NPs showed much lower current 

densities of 4.7 mA/cm2 and 3.5 mA/cm2, respectively. Figure XVIII.3.1B demonstrates CO2ER results for 

these catalysts with the highest current density of 9.77mA/cm2 at 4.5 V for (NbTa)0.5BiS3. These values for Pt 

NPs and Au NPs are 2 mA/cm2 and 0.8 mA/cm2, respectively. Besides, we performed a LSV control 

experiment on (NbTa)0.5BiS3 catalyst without the ionic liquid to examine its contribution to CO2RR/CO2ER. 

As shown in Figure XVIII.3.1A-B, using pure DMSO electrolyte (without ionic liquid), the current density 

drops from 19.8 mA/cm2 to 6.4 mA/cm2
 at 2.4 V during CO2RR and from 9.8 mA/cm2 to 4.4 mA/cm2

 at 4.5 V 

during CO2ER implying that ionic liquid plays significant role in improving the electrochemical performance 

of these reactions (CO2RR/ CO2OER). This is attributed to  much higher CO2 solubility in the ionic liquid 
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based electrolyte compared to DMSO, which can potentially reduce mass transport limitations during CO2RR/ 

CO2ER specially at high current rates. The EIS results shown in Figure XVIII.3.1C-D indicate that the charge 

transfer values are much lower for (NbTa)0.5BiS3 compared to other tested catalysts. These results confirm that 

(NbTa)0.5BiS3 has a much greater catalytic activity and lower charge transfer resistance than Pt NPs and Au 

NPs tested under identical experimental conditions. 

 
Figure XVIII.3.1 LSV and EIS results. (A-B) Linear sweep voltammetry results of (NbTa)0.5BiS3 NFs, Au and Pt nanoparticles (NPs) 

coated cathode electrodes under: (A) CO2RR and (B) CO2ER. (C-D) EIS measurements for (NbTa)0.5BiS3 NFs coated cathode 

catalyst at different applied overpotentials during: (C) CO2RR and (D) CO2ER. Insets show control experiments in DMSO electrolyte 

(without IL). (E-F) EIS measurements of different catalysts tested during: (E) CO2RR and (F) CO2ER with the overpotential of 150 

mV. 

To test the battery performance of (NbTa)0.5BiS3, galvanostatic cycling experiments were performed on the 

coin cell type battery inside CO2 chamber with an electrolyte blend comprised of 1M of Lithium LiTFSI and 

two different concentrations of ZnI2 additive in DMSO and EMIM-BF4 ionic liquid with a volumetric ratio of 

9 to 1, respectively. Figure XVIII.3.2A displays the charge and discharge curves at the current density of 0.5 

mA/cm2 with capacity of 2000 mAh/g (corresponding to 0.2 mAh/cm2). This battery with ZnI2 performs up to 

125 cycles with discharge and charge potentials of ~ 2.6 V and 4.5, respectively. The battery is also operated 

up to 50 cycles (Figure XVIII.3.2B) with 0.5 mA/cm2 current density and capacity of 5000 mAh/g (0.5 

mAh/cm2) as well as up to 100 cycles (Figure XVIII.3.2C) with 0.3 mA/cm2 and capacity of 3000 mAh/g (0.3 

mAh/cm2) at the cut-off potential of ~ 2.6 V and 4.5 V.  

Figure XVIII.3.2D demonstrates the current attenuation (rate capability) results. The current density of the 

battery was increased from 0.1 mA/cm2 to 0.5 mA/cm2 during discharge and swept back to the original 

discharge value. The voltage difference between initial and final values is negligible (less than 5 mV) after 

25000 mAh/g discharge capacity confirming the robustness of the cathode catalyst and electrolyte blend during 

discharge process.  

Figure XVIII.3.2E shows the results of control battery experiments collected at the current density of 0.5 

mA/cm2 with the capacity of 5000 mAh/g (0.5 mAh/cm2). For the case of (NbTa)0.5BiS3 catalyst without redox 

mediator of ZnI2 (RM), the battery was able to run for 30 cycles before dropping the discharge potential below 

2.4 V. However, the battery can run up to 60 cycles with ZnI2 which confirms better performance of 

(NbTa)0.5BiS3 with electrolyte additive (ZnI2). On the other hand, the battery with (NbTa)0.5BiS3 and LiI RM 
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can only run for 25 cycles before its discharge voltage decreases to 2.4 V. We note that the polarization gap for 

all batteries is similar. These results suggest that ZnI2 does not have a redox mediator role in reducing the 

charge potential at such a high current density and capacity. Thus, we conclude that: (i) the (NbTa)0.5BiS3 solid 

catalyst is only responsible for CO2RR/CO2ER during discharge and charge , (ii) the role of ZnI2 is limited to 

the solid/electrolyte interphase (SEI) layer formation on the Li anode surface, which will be discussed later, 

and (iii) the SEI layer based on only Li2CO3, which usually forms on the Li anode surface in presence of CO2 

species through a chemical process, is not effective in such a high current rate operation of the battery as 

evidenced from lower battery cycling (30 vs. 60 with ZnI2).   

 

Figure XVIII.3.2 Electrochemical performance of Li-CO2 battery. Discharge/charge curves at the current density and capacity of: (A) 

0.5 mA/cm2 and 0.2 mAh/cm2 (2000 mAh/g), (B) 0.5 mA/cm2 and 0.5 mA/cm2 (5000 mAh/g), and (C) 0.3 mA/cm2 and 0.3 

mA/cm2 (3000 mAh/g). (D) Rate capability results of (NbTa)0.5BiS3. (E) Cycling results for (NbTa)0.5BiS3 with ZnI2, only 

(NbTa)0.5BiS3, (NbTa)0.5BiS3 with LiI. (F)  Comparison of gravimetric current density vs capacity of the Li-CO2 battery for our work 

(black stars) with other works. 

Other results (not shown here) indicate the battery with Pt NP and Au NP only operates 19 and 15 cycles, 

respectively, with the same electrolyte blend including ZnI2 additive and experimental conditions. MoS2 as one 

of the best 2D catalysts also fails after 20 cycles while it can operate up to 500 cycles at the low current density 

of 0.05 mA/cm2. Figure XVIII.3.2F illustrates a comparison between this work and other studies in the 

literature. Both the gravimetric current density and the capacity were improved significantly with an achieved 

current density of 5-50 times and a capacity of 5-100 times compared to other works. The areal current density 

and the capacity were also significantly enhanced compared to literature. 

Computational results for mechanistic understanding of the battery operation 

Density functional (DFT) was used to investigate the Li2CO3/C formation on a (NbTa)0.5BiS3 catalyst as well 

as the stability of the catalyst.  We first investigated the energies of different (NbTa)0.5BiS3 surfaces including 

001, 010, 011, 100, 101, 110, 111. The surface energies were determined for different terminations of each 

facet, including Nb, Ta, S and Bi terminations using ab initio molecular dynamics. All the 21 surfaces were 

optimized with and without spin polarization due to the possible magnetic properties. The equation given 

below was used to calculate the surface energies for each Nb, Ta, S and Bi termination of the different 

(NbTa)0.5BiS3 surfaces. 

σ =
1

2A
(Eslab − nslabEbulk)                                                        
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where, A is the area of the surface, Eslab is the energy of the slab, Ebulk is the energy of one unit in the bulk and 

nslab is the number of bulk units in the surface slab. Figure XVIII.3.3A shows the surface energies calculated 

for all the surfaces for the spin polarized case and Figure XVIII.3.3B shows results for the cases without spin. 

For spin polarized calculations, the Nb-terminated (110) surface has the lowest surface energy of 0.000044 

eV/A2, while the Nb-terminated (010) surface is the lowest surface energy of 0.0044 eV/A2 for non-spin 

calculations. The energy difference between these two surfaces is very small, so we can assume that they are 

similar. We note that the high-rate capability of the new (NbTa)0.5BiS3 catalyst is consistent with the extremely 

small surface energies found in these DFT calculations, which suggest that by use of a multi-element alloy the 

catalyst can be very stable and withstand the high current density without degradation.  

Based on the above calculations showing many possible facets and terminations with very low surface 

energies, we chose the (110) facet to investigate the reaction mechanism for C/Li2CO3 formation. The 

mechanism was evaluated on three different (110) terminated (NbTa)0.5BiS3 surfaces, i.e. Nb terminated-, Ta 

terminated- and Bi terminated. The structures of these surfaces are shown in Figure XVIII.3.3C. For the free 

energy calculations, we considered the entropy changes and zero-point energies for CO2 adsorption step by 

assuming these two terms are small and neglectable for surface reactions. The potential dependence for free 

energies was calculated based on the computational hydrogen electrode by referencing to the Li/Li+ electrode.   

 

 

Figure XVIII.3.3 DFT calculations. (A-B) Surface energies with/without spin polarized surface. Note that due to the very small 

energy, the Nb terminated (110) surface energy does not show in (A). (C) The top and side views of (i) Ta-terminated, (ii) Nb-

terminated, (iii) Bi-terminated (NbTa)0.5BiS3 (110) surfaces. The black lines are the periodic boundaries of the supercells. (D) The 

potential-dependent mechanistic analysis of Li2CO3 and C formations on a Nb-terminated (NbTa)0.5BiS3 (110) surface. The 

adsorption configurations are present in the bottom panels. The Nb, Ta, Bi, S, C and O atoms are in green, blue, purple, yellow, 

brown, and red, respectively. 

The potential dependent reaction mechanism for Li2CO3 and C formation on the Nb-terminated (110) 

(NbTa)0.5BiS3 surface, the most stable termination from our calculations, is displayed in Figure XVIII.3.3D. 

The applied potentials were intended to level up the potential dependent step, i.e., CO and Li2CO3 formation 

step. The CO2 adsorption with a Nb-O bond is slightly exergonic with a free energy of -0.01 eV. After CO2 
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adsorption and dissociative adsorption of a second CO2, the formation of co-adsorbed CO* and CO3* 

(CO*/CO3*) is favorable with negative free energy of -0.77 eV. The third step involves the (Li+ + e-) pair 

transfer resulting Li2CO3 formation with CO remaining on the surface (CO*). This step is quite downhill (-

4.18 eV) and is potential dependent due to addition of electrons. This electrochemical step is favorable below 

about 2.09 V versus Li/Li+, which is approximately consistent with the experimental discharge potential 

considering the approximation made in the model such as the lack of explicit electrolyte molecules. The most 

stable adsorption geometry for the remaining CO* is Nb site indicating it is still the active site. The process by 

which the amorphous carbon forms to satisfy the bulk reaction stoichiometry can be explained by a reaction of 

another CO2 with CO*, which is only slightly endothermic on this surface with a reaction energy of 0.19 eV. 

In this adsorption configuration, CO3 binds on Nb site, while C binds on the 3-fold site of Nb-S-S. It is notable 

that Nb-terminated (110) surface is more favorable for C*/CO3* formation compared with the Ta-terminated 

and Bi-terminated surfaces. In the medium-entropy cathode catalyst (NbTa)0.5BiS3, based on our density 

functional calculations, the Nb-terminated (110) surface is more favorable for C*/CO3* formation compared 

with the Ta-terminated and Bi-terminated surfaces. Thus, the role of the Nb is as the catalytic site for the Li-

CO2 reaction. The role of the other elements is that they provide for a multi-element material with extremely 

small surface energies as found in the DFT calculations.  The stability of this multi-element material enables it 

to withstand the high current density without degradation. This is also consistent with ourTEM results that 

confirm the excellent stability of the catalyst.  

Conclusions   

A new medium-entropy cathode catalyst, (NbTa)0.5BiS3, is found to enable reversible Li/CO2 electrochemistry 

to operate at high rates. This medium-entropy cathode catalyst is combined with an ionic liquid-based 

electrolyte blend to give a Li-CO2 battery that operates at a high current density of 0.5 mA/cm2 and capacity of 

0.5 mAh/cm2 for up to 125 cycles. This far exceeds Li-CO2 batteries previously reported in the literature. 

Density functional calculations of 21 surfaces of (NbTa)0.5BiS3 revealed that many of them are exceptionally 

stable surfaces and is likely the reason for the capability the Li-CO2 battery based on it to operate at such high 

rates. The stability is also confirmed by experimental characterization. In addition, the calculations indicate 

that a Nb terminated surface promotes Li-CO2 electrochemistry resulting in Li2CO3 and carbon formation, 

consistent with the products found in the cell. These results open new direction to design and develop high 

performance Li-CO2 batteries. 
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XIX Beyond Li-ion R&D: Sodium-Ion Batteries 
The rechargeable sodium-ion battery uses sodium ions (Na+) as its charge carriers, but its working principle 

and cell construction are analogous to those for lithium-ion batteries – the main difference is the use of sodium 

instead of lithium. Such batteries are of interest because unlike lithium-ion, they may be less dependent on 

critical materials in short supply (or materials limited to certain parts of the earth, or materials having an 

adverse environmental impact). A significant advantage of using sodium-ion batteries would be the abundant 

availability of sodium. However, they face some challenges to their large-scale commercialization in electric 

drive applications, including their relatively low energy density and limited cycle life. 

The rest of this chapter contains detailed reports on the status of the following individual projects. 

• An Exploratory Studies of Novel Sodium-Ion Battery Systems (BNL) 

• Development of Advanced High-energy and Long-life Sodium-ion Battery (ANL) 

• Tailoring High Capacity, Reversible Anodes for Sodium-Ion Batteries (LBNL) 

• Electrolytes and Interfaces for Stable High-Energy Sodium-ion Batteries (Pacific Northwest National 

Laboratory). 
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Project Introduction 

The next generation of rechargeable battery systems with higher energy and power density, lower cost, better 

safety characteristics, and longer calendar and cycle life need to be developed to meet the challenges to power 

electrified vehicles in the future.  Na-ion battery systems have attracted more and more attention due to the 

more abundant and less expensive nature of Na resources. However, building a sodium battery requires 

redesigning battery technology to accommodate the chemical reactivity and larger size of sodium cations. 

Since Na-ion battery research is an emerging technology, new materials to enable Na electrochemistry and the 

discovery of new redox couples and the related diagnostic studies of these new materials and redox couples are 

quite important. This project uses the synchrotron based in situ x-ray diagnostic tools developed at BNL to 

evaluate the new materials and redox couples, to explore in-depth fundamental understanding of the reaction 

mechanisms aiming to improve the performance of these materials and provide guidance for new material 

developments. This project also focuses on developing advanced diagnostic characterization techniques for 

these studies. The synchrotron based in situ X-ray techniques (x-ray diffraction, x-ray pair distribution 

function, or PDF, and x-ray absorption XAS) are combined with other imaging and spectroscopic tools such as 

transmission electron microscopy (TEM), scanning transmission electron microscopy (STEM), mass 

spectroscopy (MS), transmission x-ray microscopy (TXM), as well as neutron diffraction (ND) and neutron 

PDF (NPDF). In FY2022, this BNL team has performed several successful experimental studies at various 

beamlines of National Synchrotron Light Source II (NSLSII) such as x-ray Powder diffraction (XPD), and ISS 

beamlines.  In FY2022, through collaborating with scientists at University of California at Irvine, this team 

also has carried out studies using the 3D TEM tomography and STEM, EELS on the new cathode materials for 

Na-ion batteries. Through collaboration with scientists at Oak Ridge National Lab. (ORNL), XRD, XAS and 

soft x-ray XAS studies on a new P2-structured Na0.66[Cu0.33 Mn0.67]O2 cathode material for Na-ion batteries. 

Objectives 

The primary objective of this project is to develop new advanced in situ material characterization techniques 

and to apply these techniques to support the development of new cathode, anode, and electrolyte materials with 

high energy and power density, low cost, good abuse tolerance, and long calendar and cycle life for the next 

generation of Sodium-ion batteries (SIBs) to power plug-in hybrid electric vehicles (PHEV) and electric 

mailto:xyang@bnl.gov
mailto:enhu@bnl.gov
mailto:Tien.Duong@ee.doe.gov
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vehicles (EV). The diagnostic studies have been focused on issues relating to capacity retention, thermal 

stability; cycle life and rate capability of advanced Na-ion and beyond Li-ion batteries  

Approach  

This project has used the synchrotron based in situ x-ray diagnostic tools developed at BNL to evaluate the 

new materials and redox couples to enable a fundamental understanding of the mechanisms governing the 

performance of these materials and provide guidance for new material and new technology development 

regarding Na-ion battery systems. These techniques include: 

• Using nano-probe beamline at NSLSII to study the elemental distribution of new solid electrolyte 

materials for Na-ion batteries 

• Using transmission x-ray microscopy (TXM) to do multi-dimensional mapping of cathode materials 

of Na-ion batteries  

• Design and carry out three-dimensional (3D) STEM tomography experiments to study new cathode 

materials for Na-ion batteries at pristine state and after multiple cycling.   

Results  

In FY2022, advanced diagnostic techniques have been successfully applied to the studies of the new sodium 

cathode materials NaMnFeCoNiO2 (NMFCN). To understand the structure evolution of NMFCN, synchrotron-

based X-ray Diffraction (XRD) and high-angular dark field scanning transmission electron microscopy 

(HAADF-STEM) is performed. The XRD results in Figure XIX.1.1(a) shows the O3-type layer structure of 

NMFCN pristine material. Figure XIX.1.1(b) & Figure XIX.1.1(c) show the atomic structure of NMFCN in 

pristine state and after 1st charge, respectively.  The contrast of HAADF-STEM images in Figure XIX.1.1(b) & 

Figure XIX.1.1(c) is sensitive to the atomic number of the projected underlying atomic columns. The constant 

intensity in Figure XIX.1.1(b) indicates that transition metals are uniformly distributed throughout the particle 

and the O3-structure observed by using STEM is consistent with the XRD results shown in Figure XIX.1.1(a). 

Interestingly, it is found that after first charge process, the atomic structure of NLNMF is partially transformed 

from O3-type to P3-type. As shown in Figure XIX.1.1(c), after 1st charge, there is a mixture of O3 and P3 

structure in this material. Figure XIX.1.1(d) schematically shows the phase transformation from pure O3 

structure to a mixture of O3-P3 structure after 1st charge.  
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Figure XIX.1.1 Structure characterization. (a) XRD of pristine NaMnFeCoNiO2; (b) HAAD-STEM image of pristine NaMnFeCoNiO2; (c) 

HAAD-STEM image of NaMnFeCoNiO2 after 1st charge; (d) schematic illustration of phase transformation during 1st charge. 

In FY2022 at BNL, in collaboration with scientists at ORNL, Advanced diagnostic techniques have been 

successfully applied to the studies of the new sodium cathode materials, P3-type Na2/3Cu1/3Mn2/3O2. Half of 

the Na+ in this compound (corresponding to the nominal oxidation of Cu2+ to Cu3+) can be reversibly 

extracted/inserted at two different plateaus with minimum voltage hysteresis. Detailed structure and electronic 

structure investigation reveal that charge compensation at the 3.5 V plateau is mainly contributed from the 

oxidation of p-d hybridized states, leading to the increase of p-d hybridization. In contrast, holes are 

predominantly created on a state with primary oxygen 2p parentage at the 4.1 V charge plateau. The highly 

reversible voltage and capacity in Na2/3Cu1/3Mn2/3O2 highlights that oxygen 2p holes can be stabilized by 

forming localized bound state with singly occupied Cu dx2-y2. These findings open new routes to design and 

explore cathode materials utilizing reversible lattice oxygen redox beyond the widely adopted A-O-A (A is an 

alkali metal) configuration. 

High resolution in situ XRD data were collected to monitor the structural evolution during the initial charge 

and discharge with the up cut off voltages set to 4.1 V. During the initial charge, a two-phase reaction is 

identified for the 3.55 V plateau (Figure XIX.1.2). The (001) and (002) reflections (in the monoclinic setting, 

corresponding to the (003) and (006) reflections in the conventional P3 type structure) shift toward lower angle 

during charging. These Bragg peaks indicate the dimension along crystallography c-axis and the shifts suggest 

the expansion of the interlayer spacing after Na+ extraction. In contrast, the (10-2) and (20-2) reflections shift 

to higher angle during charging. The position of these peaks are determined by both a and c axes. Considering 
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that c expands during this process, the only possibility for peaks shifting to lower angle is that a axis shrinks. 

Interestingly, the (031) reflection remains almost unchanged. This peak is associated with the dimensions 

along both b and c axes, but the peak position is more sensitive to the former than the latter. Therefore, the 

behavior of (031) peak suggests that b axis is mostly unchanged during the 3.55 V plateau. 

 

 
 

Figure XIX.1.2 In situ XRD with up cut-off voltage of 4.1 V. 

In situ x-ray absorption spectroscopy (XAS) studies have been completed for P3-structured 

Na0.66[Cu0.33Mn0.67]O2. Figure XIX.1.3a shows the evolution of x-ray absorption near edge structure (XANES) 

of XAS for both copper and manganese K-edges during the 1st cycle. The edge position of copper XANES 

shifts to higher energies during charge and shifts back to lower energy during discharge. In contrast, the edge 

position of manganese XANES is mostly unchanged during the whole charge-discharge process. This clearly 

indicates that copper is the active element contributing to the capacity during charge-discharge while 

manganese is inert. To study the local structural changes around copper and manganese, the extended x-ray 

absorption fine structure (EXAFS) data are Fourier transformed and the results are shown in Figure XIX.1.3b. 

The first peak corresponds to the bond between transition metal (TM, copper or manganese) and oxygen and 

the second one corresponds to the TM-TM correlation. Through fitting these spectra against the model 

structure, detailed local structural information can be obtained. Satisfactory fitting was obtained after 

considering the presence of copper manganese local ordering and Jahn-Teller distortion for copper atoms. The 

results are shown in Figure XIX.1.3c. Jahn-Teller distortion splits the copper-oxygen bonds into short ones 

(changes during cycling plotted in the top panel of Figure XIX.1.3c) and long ones (the middle panel of Figure 

XIX.1.3c). At the beginning of charge, the short copper-oxygen bond shrinks and so does the long one with a 

larger value, meaning that the difference between them becomes smaller. This is likely due to the oxidation of 

copper cations that directly removes the 3d electrons on copper and therefore weakens the Jahn-Teller 

distortion. Further charging leads to shrinkage of the short bond but expansion of the long one. This could be 

associated with the oxygen redox process that no longer removes electrons directly from the copper 3d states 

but more likely from the oxygen-dominated states instead. The more complicated bond lengths evolution at the 

end stage of charge may be associated with the phase transition in this material. The manganese-oxygen bond 

length (bottom panel in Figure XIX.1.3c) is mostly unchanged during the charge-discharge process, which is 

expected and consistent with the XANES results shown in Figure XIX.1.3a. 
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Figure XIX.1.3 (a) In situ XANES and (b) in situ Fourier transformed EXAFS for copper and manganese during the 1st charge-

discharge process. (c) evolution of bond lengths for fitted short copper-oxygen (top panel), long copper-oxygen (middle panel), and 

manganese-oxygen (bottom panel) during charge-discharge. The error bar for copper-oxygen bond length is very small and cannot 

be seen in the figure. 

The ex situ soft x-ray absorption spectroscopy (sXAS) studies have been completed for P3-structured 

Na0.66[Cu0.33Mn0.67]O2. At pristine state (Figure XIX.1.4), the L3-edge of Cu shows a nearly standard Cu2+ 

feature with only one sharp white line peak around 930 eV (vertical dotted line in Figure XIX.1.4a) which 

corresponds to the transition from d9 ground electronic configuration to the cd10 (c denotes a core hole). After 

charged to 3.66 V, the white line peak at ~930 eV shifts towards higher energy, indicating the oxidation of 

Cu2+ cation. Meanwhile, a new shoulder peak emerges just above 932 eV (upward arrows in Figure XIX.1.4a) 

which is likely related to hybridization with ligand oxygen and oxygen hole states formation. This 

interpretation is also supported by the O K-edge XANES data measured at the same time (Figure XIX.1.4b), 

where a shoulder peak (~526.5 eV, upward arrows in Figure XIX.1.4b clearly emerges at the end of 3.66 V 

plateau before the main pre-edge peak (< ~528 eV, vertical dotted line in Figure XIX.1.4b which has nearly 

zero shift from pristine state. The changes of Cu L3- and O K-edge XANES together suggest that, during 3.66 

V plateau, Cu2+ is oxidized and Cu-O hybridization becomes stronger. After charged to 4.10 V (Figure 

XIX.1.4a), the white line peak around 930 eV of Cu L3-edge XANES surprisingly moves back to the original 

position of the pristine state. Though it seems that Cu gets back to +2 valence state, the shoulder peak around 

932 eV preserves and becomes even stronger with only slight shift towards lower energy relative to that of the 

end of 3.66 V plateau, implying different electronic state from that of standard Cu2+ at pristine state. This new 

feature is closely related to ligand oxygen anions. As seen in Figure XIX.1.4b, both the main pre-edge peak 

~528 eV and the shoulder peak ~526.5 eV slightly shift towards higher energy end and the shoulder peak 

becomes more prevalent compared to that at the end of 3.66 V plateau, which suggests more participation of O 

in the active redox at 4.10 V. In fact, the electronic features observed here at 4.10 V fit the profile of Zhang-

Rice singlet (ZR) state that was first reported for high Tc superconducting cuprate materials. The ZR state 

refers to a special correlated electronic state formed between a center Cu2+ with one hole in its eg orbital and a 

ligand O also with one hole in its p orbital (Cu2+:3d9-O:2p5 or simplified as d9L where L denotes a ligand 

hole). The 930 eV white line peak and a shoulder peak around 931.5 eV~932 eV of Cu L3-edge XANES are a 

signature of ZR singlet state corresponding to the excitation from d9L to cd10L. Therefore, it is very likely that 

lattice oxygen dominates the redox reaction at 4.10 V with a new correlated electronic state formed between O 

hole and Cu2+ hole. 
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Figure XIX.1.4 Cu L3 edge (left panel) and O K-edge (right panel) for P3-NaCuMnO at pristine state, charged to 3.66 V, and charged 

to 4.10 V. The vertical dotted lines indicate the position of main peak, and the upward arrows indicate the rising of shoulder peaks 

and their positions. 

Conclusions   

This project, “Exploratory Studies of Novel Sodium-Ion Battery Systems (BNL)”, has been successfully 

completed in FY2022. All milestones have been completed. The publication records are very good. Extensive 

collaboration with other national Labs, US universities and international research institutions were well 

established. 
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Project Introduction 

Considering the natural abundance and low cost of sodium resources, sodium-ion batteries (SIBs) have 

received much attention for large-scale electrochemical energy storage.[1] However, the larger ionic radius of 

Na+ (1.02 Å) than Li+ (0.67 Å) brings more challenges on the development of good Na-host materials with 

optimal electrochemical properties. On one hand, despite most SIBs cathode materials are either imitating or 

duplicating from lithium analogues, there are significant differences in the intercalation chemistries between 

sodiation and lithiation. The layered oxides cathodes deliver very high energy density, but undergo more 

complex phase transition during charge/discharge, resulting in severe capacity fade during prolonged cycling. 

[2] On the other hand, the absence of suitable anode materials has obstructed progress in the development of 

SIBs. Two of the most promising anode materials, graphite and silicon have limited sodium storage capability. 

Hard carbon can demonstrate reversible sodiation/de-sodiation, but the capacity is lower than 300 mAh g-1, 

significantly limited the energy density of SIBs. [3,4] Alloying anode materials such as phosphorus can deliver 

high capacity, but suffer from huge volume changes and severe parasitic reactions with the electrolytes, 

resulting in rapid capacity degradation during long-term cycling. [5] 

Via advanced diagnostic tools including synchrotron X-ray probes and computational modeling, the team led 

by Dr. Khalil Amine and Dr. Christopher S. Johnson at Argonne National Laboratory (ANL) is focusing on the 

development of rational cathode materials, anode materials and electrolytes to develop long life and high 

energy SIBs with low cost and high safety.  A major focus is on enabling Fe/Mn cathode systems, which, if 

possibly used, requires advanced mechanistic knowledge of the (electro)chemistry of Fe behavior in non-

aqueous battery systems.  For this year, our annual report feature our results on transition metal layered oxide 

cathodes.  Previous reports have included results from anodes, such as Red Phosphorus with doped antimony, 

and Zintl phases of Pb and doped Pb.  Herein we feature work that discusses operando synthesis methods of 

cathodes and a result which defines the importance of synthetically fabricating and producing well defined 

layered oxide structures.  Native strain in the layered oxide was found to direct the resultant electrochemistry.   

In the second part of the report, we feature our findings on iron’s behavior in SIBs.  Fe is complicated in the 

cell because Fe4+ appears to be reactive at the electrode surface, and is also unstable to ionic movement over to 

the Na layer within the bulk. 

mailto:amine@anl.gov
mailto:cjohnson@anl.gov
mailto:Tien.Duong@ee.doe.gov
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Objectives 

The project objective is to develop high-energy SIBs with long life, low cost and high safety. The energy 

density target is 200 Wh kg-1 and/or 500 Wh L-1, wherein the anode capacity and cathode capacity targets are 

600 mAhg-1 and 200 mAhg-1, respectively. 

Approach  

In a team approach, the Na-ion battery group will create a versatile Na-ion battery chemistry with beneficial 

advantages such as low cost, safety, recycling, and sustainability of materials used. The team will work in a 

synergistic way so that the final design is the culmination of advances in phosphorus carbon composites mated 

with optimized lead or other highly dense metalloids, such as tin and/or antimony and derivatives thereof, for 

the recyclable anode. Synthesis and optimization of such blended composite anodes will be conducted in 

parallel to diagnostic characterization of structures, phase formation, and cycling stability. Cathode work will 

involve (1) gradient cathodes consisting of Fe-Mn compositions, and (2) intergrowths of layer stacking 

sequenced oxides. If resources allow, the team also will attempt to stabilize cathode surfaces using ALD 

methods, particularly for the benefit of staving off dissolution of manganese and mitigating iron/electrolyte 

reactivity. 

Results  

Part One: Native lattice strain induced structural earthquake in sodium layered oxide cathodes 

The structures of cathode materials significantly affect their electrochemical performance. Unlike lithium-ion 

batteries cathodes that exhibit only O-type structure, the sodium layered oxide cathodes can be classed into O-

type and P-type depending on the surrounding Na environment and the number of unique oxide layers. In 

FY21, it has been found that rapid cooling (i.e. quenching) is important to obtain pure O3 phase material, 

which however would induce significant lattice strain. In FY22, we have conducted a systematic study on the 

effect of native lattice strain on the cycling stability of O3 NaNi0.4Mn0.4Co0.2O2 cathode.  

 

Figure XIX.2.1 (a) Cycling performance of strained O3 NaNi0.4Mn0.4Co0.2O2 cathode within 2.0–3.8 V (vs. Na/Na+) at 0.08C 

(1C=180 mA g-1). (b) Normalized capacity retention of O3 NaNi0.4Mn0.4Co0.2O2 cathode at different cycling conditions. The capacity 

loss rate in (b) is the slope of the linear fitting curve of the capacity. 

It was previously reported that the high-voltage instability of layered cathodes may come from the parasitic 

side reactions with the electrolytes. We therefore limited the charge cut-off voltage of the O3 cathode from 4.4 

V to 3.8 V (vs. Na/Na+) to reduce the effect of electrolytes instability. Surprisingly, the cycle stability was not 

improved by lowering the charge cut-off voltage, which contradicts results in other studies of reported sodium 

layered oxide cathodes with narrow voltage window. A capacity retention of only 38.7% was attained after 100 

cycles (Figure XIX.2.1a). Moreover, the charge/discharge test of the highly strained NaNi0.4Mn0.4Co0.2O2 

cathode at elevated voltage or temperature demonstrated similar rapid degradation (Figure XIX.2.1b). 

Interestingly, the capacity fade rate (inset in Figure XIX.2.1b), which were obtained by linear fitting of the 
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capacity retention curve, is almost same after the first 10 cycles, regardless of voltage window, testing 

temperature and charge/discharge rate, whereas they exhibited significantly different results for the first 10 

cycles. The results indicate that the capacity degradation of the highly strained NaNi0.4Mn0.4Co0.2O2 cathode 

might be controlled by a specific factor, while such factor was regulated by the operating conditions in the 

early stage of charge/discharge. 

 

Figure XIX.2.2 In situ synchrotron characterization during charge/discharge. In situ Ni K-edge XANES of strained O3 

NaNi0.4Mn0.4Co0.2O2 within 2.0-4.4V: (a) during charge, (b) during discharge and (c) 2D contour plot during charge/discharge. 

Voltage profiles and the corresponding 2D contour plot of in situ SXRD patterns during charge/discharge of O3 

NaNi0.4Mn0.4Co0.2O2 cathode within (d) 2.0-4.4 V and (e) 2.0-3.8 V. The colour in (c-e) represent the intensity, with red for highest 

and blue for lowest. 

To further elucidate the degradation mechanism, in situ Ni K-edge X-ray absorption near-edge spectroscopy 

(XANES) characterization was carried out to understand the redox couple evolution of the highly strained 

NaNi0.4Mn0.4Co0.2O2 cathode during charge/discharge within 2.0-4.4 V, which can provide the oxidation state 

changes of Ni element during battery operation. As shown in Figure XIX.2.2a and 2b, the Ni K-edge shifted to 

high-energy upon extraction of Na+ due to the oxidation of Ni2+ to Ni3+/Ni4+ during charge, while it shifted 

back to lower energy during discharge due to the reduction of Ni3+/Ni4+ to Ni2+. In general, as shown in the 2D 

contour plot of Ni K-edge XANES throughout the whole charge/discharge process (Figure XIX.2.2c), the Ni 

undergoes a highly reversible Ni oxidation/reduction during charge/discharge within 2.0-4.4 V. Even after 

cycling for 10 cycles that has trigered severe capacity degradation in the strained O3 cathode, Ni still exhibit 

reversible redox reactions (Figure XIX.2.3a), which cannot explain the severe capacity loss of strained 

NaNi0.4Mn0.4Co0.2O2 cathode reported here. The redox reaction behaviour of Co and Mn in the O3 strained 

NaNi0.4Mn0.4Co0.2O2 cathode were also explored and both showed reversible transformation during cycling 
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within 2.0-4.4 V (Figure XIX.2.3b & Figure XIX.2.3c), indicating that the observed capacity degradation is 

not regulated by the working voltage window. 

 

Figure XIX.2.3 (a) Ni, (b) Co and (c) Mn K-edge XANES of strained O3 NaNi0.4Mn0.4Co0.2O2 cathode at different charge/discharge 

states. 

We further performed in situ SXRD to reveal the phase transition of strained NaNi0.4Mn0.4Co0.2O2 cathode 

with controlled voltage window. Figure XIX.2.2d shows the 2D contour plot of in situ SXRD patterns during 

charge/discharge within 2.0-4.4 V, in accompaniment with the corresponding voltage curve and phase 

transition process. As shown, the electrode before charge/discharge can be well indexed using O3 phase. Upon 

charge, the (003) and (006) peaks shifted toward lower angles, which indicated an expansion of the c lattice 

parameter due to the increased oxygen electrostatic repulsion between oxygen layers induced by the removal 

of Na+. Meanwhile, the (101), (102), (110) and (113) peaks moved towards higher angles during charge, 

corresponding to shrinkage of a lattice parameter due to the oxidation of TM. In addition, the intensity of O3 

phase gradually decreased, while the peaks of O1 phase started to appear. Upon further charge, the O1 phase 

was then transformed into P3 phase starting at 3.37 V. At the long plateau beyond 4.0 V, the structure of P1 

phase started to dominate the charged product. At the end of the charge process, an unknown X phase with low 

Na content and crystallinity was formed. Therefore, the phase transformation of strained NaNi0.4Mn0.4Co0.2O2 

cathode during high-voltage charge can be described as O3 → O1 → P3 → P1 → X, which is similar to the 

previously reported O3 sodium layered cathode when charged to high voltage. During the discharge process, 

the phase transformation process reversed. However, at the beginning of the discharge process, the XRD 

intensities of (00l) peaks are very weak and broad, indicating severe lattice strain at the c-axis direction that 

prevent the re-insertion of Na+. Moreover, as evidenced by the disappearance of O3 (003), (006), (101), (108) 

and (110) peaks of O3 phase, the O1 phase (rather than the original O3 phase) dominated the fully discharged 

electrode, indicating an irreversible phase transition during high-voltage cycling.  

In sharp contrast with that charge/discharge within 2.0-4.4 V, the highly strained NaNi0.4Mn0.4Co0.2O2 cathode 

exhibited a highly reversible phase transformation of O3↔ O1 ↔ P3 with a lower charge cut-off voltage of 3.8 

V. As clearly shown in Figure XIX.2.2e, the in situ SXRD patterns during the whole charge/discharge process 

presented a highly symmetric feature, and all the peaks of O3 phase were fully recovered at the end of the 

discharge process. Such a reversible phase transition during charge/discharge of layered oxide cathodes are 
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often considered favorable for the stabilization of their cycle performance. However, we illustrate that this is 

not the case of the highly strained NaNi0.4Mn0.4Co0.2O2 cathode (Figure XIX.2.2e). 

 

Figure XIX.2.4 (a) Low and (b) high magnification, (c) high-resolution bright-field TEM image, (d) SAED pattern, (e) GPA analysis and 

(f) atomic structural model of the strained O3 NaNi0.4Mn0.4Co0.2O2.  Inset in (c) is the zoomed-in view of the region marked by white 

square. The color in (c) represent the intensity, with red for highest and blue for lowest. θ is the angle between layered direction 

and strain direction. The yellow, red, blue, grey and purple spheres in (f) represents Na, O, Ni, Co and Mn atoms, respectively. 

The aforementioned result indicate that the capacity degradation of the strained O3 NaNi0.4Mn0.4Co0.2O2 

cathode is not due to cycling-induced structural deformation, but may be related to native structural features. 

We will further use advanced electron microscopy to examine the native crystallographic structure and 

investigate how it affect the degradation during cycling. We found that quenching could induce significant 

native lattice strain in the layered oxide cathode, e.g., O3 NaNi0.4Mn0.4Co0.2O2 cathode. Figure XIX.2.4a and 

4b shows the low and high magnification TEM image of the pristine NaNi0.4Mn0.4Co0.2O2 particle, 

respectively. The quenched cathode exhibited highly rough surface and fluctuated strain contours in a large 

area. These structural features have been mostly observed in the cycled cathodes materials, but barely in the 

pristine cathodes. The HRTEM image in Figure XIX.2.4c illustrates that the d-spacing along the c-axis 

direction is about 0.549 nm, which is stretched by about 3.58% compared to that of standard O3 phase (0.530 

nm). A closer examination (inset of Figure XIX.2.4c) clearly shows the existence of severe lattice distortion 

along the c-axis direction, in which we can see the curved lattice fringe and overlap of TM atoms and Na 

atoms. Such lattice distortion might accelerate cation mixing or cation migration during cycling, leading to 

undesired structural evolution and hence capacity/voltage fade. The selected area electron diffraction (SAED) 

pattern in Figure XIX.2.4d is in good agreement with the [010] projection of layered O3 cathode but exhibits 

obvious spot splitting. All these structural features are due to the native high lattice strain induced during the 

quenching process, leading to the highly metastable nature of strained O3 cathode. The corresponding 

geometric phase analysis (GPA) of Figure XIX.2.4c provided the direct strain distribution of the 

NaNi0.4Mn0.4Co0.2O2 cathode, which showed an angle between layered direction and strain direction (Figure 

XIX.2.4e). Such native lattice strain can be thus separated into tensile stress along the c-axis direction that tend 

to stretch the lattice, and shear stress along the ab-axis direction that will compress the lattice (Figure 

XIX.2.4f). Upon extraction of Na+, such metastable structure tends to undergo spontaneous strain relaxation 

and cause significant structural degradation. 
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Figure XIX.2.5 TEM characterization on cycled O3 NaNi0.4Mn0.4Co0.2O2 cathode particle (2.0-4.4 V for 100 cycles).  (a) Low and (b) 

high magnification TEM image. (c) Zoomed-in view of the dashed square area in (b). (d-e) Zoomed-in views of the dashed rectangle 

area in (a). (f) Zoomed-in view of dot-circle area in (a).  

Figure XIX.2.5a shows the bright-field TEM image of strained NaNi0.4Mn0.4Co0.2O2 cathode after 

charge/discharge within 2.0-4.4 V at 0.08 C for 100 cycles. Compared to the pristine one (Figure XIX.2.4b), a 

large portion of native lattice strain was relaxed since the strain contours disappeared. HRTEM image (Figure 

XIX.2.5b) and the zoomed-in view (Figure XIX.2.5c) show that there are numerous stacking faults and 

dislocations as a catastrophic consequence of strain relaxation. In particular, we can clearly see the bending of 

lattice (yellow dashed lines in Figure XIX.2.5c) parallel to the layered direction due to the shear stress along 

the ab-axis. Moreover, the tensile stress along the c-axis direction led to evolution of lattice dislocations and 

stacking faults. As a result, it will be difficult to re-insert Na+ into the Na layer because of the crossover of TM 

cations that might occupy the Na sites and damage layered structure, implied by the disappearance of (00l) 

peaks in the in situ SXRD patterns at the beginning of the discharge process. Hence, the material suffered from 

a dramatic capacity loss.  

On the other hand, by examining the strain-relaxed region in Figure XIX.2.5a (marked by white rectangle), it 

was found that the observed gaps between two layered planes are not empty; they are composed by low-

crystalline fragmented domains. Figure XIX.2.5d clearly showed that a layer of NiO-like rock-salt structure 

with (111) plane was formed at the tip of premature crack region. In general, the (111) plane of rock-salt 

structure is energetically and structurally favourable, and has a high tolerance against compression strain. 

However, the native high lattice strain in the quenched cathode significantly exceeds both tensile and 

compression limit of rock-salt phase, thus leading to the formation of rock-salt fragments with different 

orientation (Figure XIX.2.5e). In contrast, in the strain-unrelaxed region (blue circle in Figure XIX.2.5a), the 

curved lattice fringes were preserved, and no formation of cracks or premature cracks can be observed even at 

the grain boundaries that have long been considered as the preferred crack-initiating sites (Figure XIX.2.5f). 

The curved lattice fringes of strained layered oxide cathodes introduced by quenching during material 

synthesis are similar to the curved stratum of the earth during earthquake due to the stored elastic strain energy. 

The extraction/insertion of Na+ plays a similar role to plate motion, which leads to the release of stored energy 

(native strain) in a way of cracking, displacement and dip/strike faulting that also occurred during the structural 

degradation of layered cathodes.  
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Figure XIX.2.6 Strain relaxation under different condition. Low and high magnification TEM images of O3 NaNi0.4Mn0.4Co0.2O2 

cathode after 100 cycles within 2.0-4.4 V at different condition: (a-b) 0.08 C under room temperature; (c-d) 0.2 C under 55°C, and 

(e-f) 1 C under room temperature. 

We further investigated the influence of charge/discharge rates and temperature on the strain relaxation 

process. Figure XIX.2.6 compares the structures of cycled strained NaNi0.4Mn0.4Co0.2O2 cathode after 100 

cycles of charge/discharge under different conditions. Under a low charge/discharge rate of 0.08 C at room 

temperature, the strain relaxation was relatively smooth, leading to the formation of straight incision (marked 

by white rectangles in Figure XIX.2.6a and Figure XIX.2.6b). This is because the extraction/insertion of Na+ is 

proceeding in a very slow manner, which can thus minimize the effect of stress heterogeneity. This is similar 

to common phenomena, such as smooth plate motion or tearing wrinkle paper in a slow manner. Again, we can 

see the tip of the gap was terminated at the end of the strain-unrelaxed region. With elevated temperature, we 

can see the propagation and widening of gaps (marked by yellow rectangles in Figure XIX.2.6c) as well as 

new formation of high-density nanogaps (marked by yellow rectangles in Figure XIX.2.6d). This might be 

because of the increased extraction/insertion kinetic of Na+ at high temperature. By switching to fast 

charging/discharging, the strain relaxation is aggressive and vigorous, thus leading to formation of both large 

(marked by red rectangles in Figure XIX.2.6e) and high-density nanocracks (marked by red rectangles in 

Figure XIX.2.6f) with curved incision.  

In brief, through a combination of advanced diagnostics from material synthesis to cell failure, we have 

discovered the essential role of synthesis-induced native lattice strain in triggering the structure earthquake of 

sodium layered oxide cathodes during cycling. The spontaneous relaxation of internal strain that exceeds the 

threshold limit is the fundamental origin of the abrupt degradation of sodium layered oxide cathodes. 

Furthermore, we showed that such process is not regulated by the charge cut-off voltage, but is strongly 

coupling with working temperature and charging/discharging rates that can tailor the movement of Na+. Our 

work indicates an urgent need to revisit the crystallographic structure of sodium /lithium layered oxide 

cathodes such as strain, oxygen vacancies, nanopores, domain boundaries and other intrinsic defects, and to 

understand how they affect common battery phenomenon such as capacity fade and voltage decay/hysteresis. 

Our work also indicates that a rational strain management during cycling of sodium/lithium layered cathodes is 

required to maximize cycle life. 

Part Two: Entropy and crystal-facet modulation of P2-type layered cathodes for long-lasting sodium-based 

batteries 

We further developed a series of P2 type single-crystal sodium layered Na0.62Mn0.67Ni0.23Cu0.05Mg0.09-2yTiyO2 

cathode by simultaneously tuning their entropy and crystal facets, and investigated their 

electrochemical/thermal stability. The optimized composition is Na0.62Mn0.67Ni0.23Cu0.05Mg0.07Ti0.01O2, 

designated as CuMgTi-571. The CuMgTi-571 cathode could deliver an initial specific capacity of 148.2 
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mAh/g and a reversible capacity of ~ 133 mAh/g after 100 cycles at 12 mA/g during charge/discharge within 

2.0-4.3 V, demonstrating good cycling stability. 

To check the impact of entropy and crystal-facet tuning on the structural stability of the material, in situ 

synchrotron high energy X-ray diffraction (HEXRD) was conducted on CuMgTi-571 during charge/discharge, 

and the results are displayed in Figure XIX.2.7. Figure XIX.2.7a and 7b shows the waterfall and contour plot 

of HEXRD patterns of the CuMgTi-571 electrode charged/discharged at 0.1 C (12 mA g-1) between 2.0 and 

4.3 V, respectively. Upon Na+ extraction (charge), the (002) and (004) peaks shift toward lower 2θ° angle due 

to the increase in the repulsive electrostatic interaction between adjacent MO2 sheets; while (010), (012), (108), 

and (112) peaks consecutively peaks shift toward a higher 2θ° angle with the contraction of a-, b-axis. During 

the subsequent discharge, the XRD pattern of CuMgTi-571 exhibited an exactly opposite evolution. During the 

whole charge/discharge process, the well-defined peaks corresponding to the P2 phase are well maintained and 

returned to the initial states after one full cycle. No new peaks belong to OP4, O2 or Z phase are detected when 

charged to 4.3 V, and no existing peaks vanish or split, indicating that new phase formation and phase 

transition do not occur in this material. The changes of lattice parameter upon cycling based on the refinement 

results are displayed in Figure XIX.2.7c. It is clear that the lattice parameter evolution is highly reversible 

during the charge and discharge process. The largest changes of the a, c, and V in the first cycle are only 

0.74%, 0.91% and 0.57%, respectively. The high reversibility of lattice parameter evolution and structural 

evolution upon Na+ (de-)intercalation manifests the unusual structure stability of entropy and crystal facet-

tuned cathode. 

 

Figure XIX.2.7 In situ HEXRD characterization in coin cell configuration at 25°C. (a) The waterfall plot and (b) contour plot of in situ 

HEXRD patterns for CuMgTi-571 within 2.0-4.3 V. (c) Evolution of cell parameters and cell volume during the charge/discharge 

process. 

In situ HEXRD during heating of de-sodiated cathode powder was also performed to investigate the phase 

stability of entropy and crystal-facet tuned cathodes at high temperature (heating from 30°C to 450°C) to 

investigate their thermal tolerance (Figure XIX.2.8a and Figure XIX.2.8b). The tested CuMgTi-571 and 

Na0.62Mn0.67Ni0.37O2 (NaMNO2) materials were scraped from 4.2 V-charged cathodes. The (002) peak, which is 

most sensitive to the Na content during charging/discharging, is usually used to monitor the phase 

transformation of P2-type layered cathodes during heating. The (002) reflection of charged CuMgTi-571 
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continuously moves to lower angle with increasing the temperature due to the lattice expansion caused by 

heating (Figure XIX.2.8a). Distinct from CuMgTi-571, the (002) reflection of charged NaMNO2 first shifts to 

lower angle upon heating, and then moves to higher angle when the heating temperature reached above 222°C 

(Figure XIX.2.8b). Such phenomenon indicates that new phases such as spinel or rock-salt were formed in the 

charged NaMNO2 during the heating. Moreover, the (002) peak fading starts at 350°C and 322°C for the 

CuMgTi-571 and NaMNO2 cathodes, respectively, further confirming the inferior structural stability of the 

NaMNO2. The formation of new phase and inferior structural stability would lead to irregular migration 

channel and hence sluggish Na+ diffusion. 

 

Figure XIX.2.8 The 2D contour XRD plots of de-sodiated (a) CuMgTi-571 and (b) NaMNO2 during the heating from 30°C to 450°C 

at 5°C min-1, the tested samples during heating are de-sodiated cathode powder scraped from 4.2 V-charged cathodes. 

In brief, configurational entropy could result in a thermodynamically stable structure through a local 

minimization of Gibbs free energy, and a high percentage of {010} facets in the layered cathodes could 

provide more channels for ion transport. Based on the advantages of high entropy and high active facets, a 

combinatorial strategy of entropy modulation and active-facet modulation will be developed to determine 

repetitive factors that predict structural stabilization which can lead to optimization of ion-migration pathways 

of P2-type layered cathodes. 

Part Three: Fe behavior in layered transition metal oxide cathodes 

Previous studies of layered sodium transition metal oxides have shown that Fe substitution can improve the 

electrochemical performance of the Co-free Nax(Mn,Ni)O2 cathodes, not to mention its economic advantage. 

Regarding the optimum Fe content, less than 50% substitution has been unequivocally suggested in the 

literature. The high-Fe composition tends to aggravate the cycle performance of the cathodes, even more so 

when a high cut-off voltage is used. Despite the growing number of works in Fe-containing layered cathodes, 

most of these works focus on cycling under moderate voltage ranges, such as below 4.0 V vs. Na, and the 

origin of the high-voltage cycling vulnerability of the Fe-rich compositions remains unclear yet. Another 

critical concern in layered sodium transition metal oxides (NaxMO2) is their poor ambient air storage stability. 

The hygroscopic nature of the sodium cathodes leads to hydration, Na extraction, and degradation on the air-

exposed surface, which in turn cause practical process and performance issues such as gas evolution, slurry 

gelation, and electrolyte decomposition. These could incur additional costs for material storage, transportation, 

and manufacturing in the battery manufacturing.  

In the last fiscal year, the team discussed the detailed mechanisms governing the surface degradation of 

charged cathodes, which are mainly triggered by the highly reactive Fe4+ species [6]. In this fiscal year, as part 

of our continued efforts towards high-performance Fe-based cathodes, we’ve studied the effect of Fe content 

on the high-voltage cycling performance and air-storage stability of the Fe-based layered Na(Ni,Mn,Fe)O2 

cathodes.  



Batteries 

1224 Beyond Lithium-Ion R&D: Sodium-Ion Batteries 

Fe migration and performance limitation 

The NaNi1/3Mn1/3Fe1/3O2 (NMF111) and NaNi1/4Mn1/4Fe1/2O2 (NMF112) powder samples were synthesized by 

solid-state reaction of (Ni0.5Mn0.5)1-xFex(OH)2 and NaOH precursors. The transition metal hydroxide precursors 

were prepared by co-precipitation method using a continuous-stir-tank-reactor (CSTR). The prepared oxide 

particles have spherical, secondary particle morphology (average particle size ~10 µm). The Rietveld 

refinement analysis of the powder XRD data confirms a highly crystalline single-phase material with α-

NaFeO2 layered structure (Figure XIX.2.9a and b). The calculated lattice parameters are a = 2.987 Å and c = 

15.972 Å for NMF111; and a = 2.997 Å and c = 16.009 Å for NMF112. The lattice parameters and cell volume 

increase with higher Fe content due to the larger ionic radii of high spin Fe3+ than that of (Ni2+
0.5Mn4+

0.5).  

In Figure XIX.2.9c-f, both cathodes show similar reversible capacity and cycle stability when the low cut-off 

voltage of 3.8 V vs. Na is used. However, when a higher cut-off voltage (i.e., > 4.0 V vs. Na) is applied, 

NMF112 exhibits severer degradation in cycle performance than NMF111. According to our previous study on 

the charge compensation mechanism of NMF111, Ni redox accounts for the majority of charge compensation 

below ~4.0 V, and Fe redox is only activated in the higher voltage range [7]. Interestingly, the threshold cut-

off voltage above which the cycle stability significantly degrades corresponds well with the point where 

Ni2+/Ni4+ redox is depleted and Fe3+/Fe4+ redox kicks in. This observation suggests that the destabilization of 

NMF111 and NMF112 during high-voltage charging is closely associated with the activation of Fe3+/Fe4+ 

redox. 

 

Figure XIX.2.9 XRD pattern (a, b), voltage profile (c, d), and cycle performance (e, f) of NMF111 (a, c, e) and NMF112 (b, d, f); (i = 

10 mA/g for the first three cycles and 30 mA/g for the next cycles). 

 

Figure XIX.2.10a and b show the operando synchrotron XRD data of the NMF111 and NMF112 cells 

collected during the initial cycle between 2 and 4.3 V vs. Na. Both cathode materials exhibit similar O3 to P3 

and O’3 (monoclinically distorted O3 phase) type phase transitions overall. However, a more careful 

examination of the phase evolution reveals that NMF112 has an extended O3/P3 and P3/O’3 biphasic regions 

(Figure XIX.2.10b). This trend is even more evident when compared with the phase evolution of the Fe-free, 

NaNi0.5Mn0.5O2 cathode (NM11), in which distinct single phases regions develop sequentially, along with 

narrower biphasic regions in between, as the phase transition proceeds. Figure XIX.2.10c-f show the 

synchrotron XRD patterns selected at different state-of-charges (SOCs; 3.8, 4.0, and 4.3 V vs. Na) and after 

discharged from those SOCs. In Figure XIX.2.10c and d, the NMF112 shows severe peak broadening and a 

decrease in peak intensity when charged above 4.0 V vs. Na. This can be attributed to the increased structural 

disordering due to the migration of Fe ions from the transition metal layers to sodium layers [8,9]. The much 
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smaller c-axis parameter for the NMF112 at the 4.3 V SOC further suggests significant c-axis contraction due 

to the high concentration of the migrated Fe ions in the sodium layers. Figure XIX.2.10e and f compare the 

structural reversibility after the initial cycle. NMF111 recovers its pristine structure after one charge and 

discharge cycle up to 4.3 V. However, NMF112 indicates incomplete phase recovery after 4.3 V cycling, 

whereas the phase transition is relatively reversible when cycled up to a lower cut-off voltages (≤ 4.0 V vs. 

Na).  

 

Figure XIX.2.10 XRD pattern (a, b), voltage profile (c, d), and cycle performance (e, f) of NMF111 (a, c, e) and NMF112 (b, d, f); (i = 

10 mA/g for the first three cycles and 30 mA/g for the next cycles). 

Our electrochemical performance and operand XRD data shed light on the fundamental structural origin of the 

poorer cycle stability of the high-Fe NMF cathodes. First, the facile layer gliding and phase transition from the 

pristine O3 to P3 structure are hindered by a pinning effect from the migrated Fe ions in the sodium layer. 

Second, the migrated Fe provides a tighter inter-slab binding in the sodium layer resulting in a higher energy 

barrier for the stabilization of single P3 phase, and an earlier transition to the O’3 phase at high SOC. Such an 

early transition to the high-SOC O’3 phase in NMF112 results in premature contraction of the c-axis, making 

further sodium extraction difficult. Third, the Fe migration is only partially reversible, and the high 

concentration of residual Fe in sodium layers after a discharge increases the impedance for sodium extraction 

and insertion in the following cycles. In conclusion, our work clearly indicates that the bulk structural issues 

associated with Fe migration, as well as the chemical instability at the particle surface, need to be addressed to 

enable the stable, high-capacity cycling of the high-Fe NMF cathodes. At Argonne, multi-faceted surface/bulk 

modification strategies are being pursued to this end.     

Air-storage stability of Fe-based layered cathodes   

A series of layered Na[(Ni0.5Mn0.5)1-xFex]O2 cathode materials was synthesized using co-precipitation and 

solid-state reaction method described in the previous section. The powder samples were exposed to ambient air 

for several days, and the degree of degradation was evaluated by X-ray diffraction (XRD) as shown in Figure 

XIX.2.11. The as-synthesized pristine cathodes have an O3-type layered structure with stochiometric Na 

content (O3-Na1.0MO2). After being air-exposed, the XRD data exhibit changes in the O3 structure and the 

formation of degradation products. The Fe0 sample shows the most significant structural degradation among 

the samples (Figure XIX.2.11a). The parent O3 layered phase transformed to P3 structure, indicating a 

significant amount of Na extraction from the layered structure (P3-Na1-yMO2), and new peaks corresponding to 

Na2CO3 and NiO appeared. In striking contrast, the Fe2/3 sample preserves the O3 layered structure better; the 

XRD pattern shows only a slight peak shift corresponding to c-axis expansion and a-axis contraction, 

indicating less sodium extraction (O3-Na1-yMO2). In Figure XIX.2.11d, the lattice parameter changes for the 
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air-exposed cathodes reveal a clear trend of suppressed Na extraction and structural degradation with 

increasing Fe-content.    

 

Figure XIX.2.11 (a-c) Powder XRD patterns of Na[(Ni0.5Mn0.5)1-xFex]O2 (x = 0, 1/3, and 2/3), and (d) changes in the c/a lattice 

parameter ratio before and after air-exposure. 

Figure XIX.2.12 compares the particle morphologies before and after the air exposure. All the pristine samples 

show similar secondary particle morphologies comprising aggregated plates of primary particles. After being 

exposed to ambient air for five days, the surface of low-Fe cathodes (Fe0, Fe1/3) is fully covered by a thick 

layer of residual sodium species, Na2CO3. In contrast, the high-Fe cathodes (Fe1/2, Fe2/3, Fe0.8) better 

preserve the pristine surface morphology and Na2CO3 grows as rod-shaped crystals rather than surface 

covering [10]. The lower Na2CO3 quantity in the high-Fe cathodes was confirmed by both X-ray photoelectron 

spectroscopy (XPS) and thermal gravimetric analysis (TGA) data (data not shown). We presume that a slower 

surface degradation and sodium extraction rate of the high-Fe cathodes provide a suitable condition for the 

growth of rod-shaped Na2CO3 crystals.   

 

Figure XIX.2.12 SEM particle morphologies of Na[(Ni0.5Mn0.5)1-xFex]O2 (x = 0, 1/3, 1/2, 2/3, and 0.8) before and after air-exposure 

for five days. 

It can be postulated from the above observations that the sodium extraction from the stoichiometric O3-

NaMO2 triggers the cathode degradation during the ambient storage. There are two possible mechanisms by 

which the sodium deficient layered oxide phase maintains the charge neutrality: (1) transition metal oxidation 

(Na1-yM3+,4+O2) and (2) proton exchange (HyNa1-yM3+O2) [11]. The O3 to P3 phase transition shown in the 

low-Fe compounds corresponds well with the typical phase transition during the electrochemical sodium 

deintercalation from O3-NaMO2 materials. However, phase degradation via the proton exchange mechanism 

cannot be completely ruled out because P3-type layered structure can also be stabilized in the proton 

exchanged layered HyMO2 [12]. In order to better understand the degradation mechanism, we have examined 

the oxidation states of transition metals after air exposure. As shown in Figure XIX.2.13.a-c, the oxidation 

state of Ni increases to a higher value after air exposure, supporting the transition metal oxidation mechanism. 

(Note that Mn and Fe remain in their pristine oxidation states, Mn4+ and Fe3+.) This result suggests the air 

stability of layered NaMO2 cathodes is closely correlated with their oxidation potential. Figure XIX.2.13d 

exhibits the open-circuit voltages (OCV) for Na1-y[(Ni0.5Mn0.5)1-xFex]O2 linearly increase with Fe content, x. 
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Therefore, the improved air-storage stability of the high-Fe compounds can be attributed to their higher 

oxidation barrier, which suppresses the sodium extraction from the lattice and the subsequent cascades of 

phase degradation. 

 

Figure XIX.2.13 X-ray photoelectron spectroscopy (XPS) Ni2p spectra of the pristine and air-exposed (a) Na[Ni0.5Mn0.5]O2, (b) 

Na[Ni0.25Mn0.25Fe0.5]O2, and Na[Ni0.1Mn0.1Fe0.8]O2; (d) open-circuit voltages profiles of Na[(Ni0.5Mn0.5)1-xFex]O2. 

Conclusions   

Through a combination of synchrotron X-ray and electron microscopy characterization, we have clearly 

revealed the effect of synthesis-induced native lattice strain in triggering the structural earthquake during 

cycling of O3 type layered cathodes. We have further developed a high-performance P2 

Na0.62Mn0.67Ni0.23Cu0.05Mg0.07Ti0.01O2 layered cathode with improved (de) sodiation reversibility and thermal 

stability. 

When we move to Fe-rich layered oxide cathodes, the instability of the materials become apparent, particularly 

at higher voltages above 4.0 V.  This indicates instability issues with Fe when it becomes oxidized 

(presumably to tetravalent Fe.  In addition, surface reactivity issues with the pristine material and water and, 

subsequently in the cell with electrolyte interactions also affects the oxidized electrode adversely.  Bulk 

changes and layer gliding and stacking in the c-axis direction changes throughout the voltage profile.  

However, we find that a balance of 1/3 Fe in the composition is beneficial to performance in a moderate 

voltage window.  We also surmise that if the movement of Fe can be locked within the transition metal (TM) 

layer upon material oxidation using pillaring cations in the Na layer and dopants in the TM layer then we can 

improve stability.  Moreover, electrode coatings on the surface of the particle could address instabilities with 

the electrolyte.  Electrolyte changes and additives need to be discovered and optimized. 
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Project Introduction 

Stepped layered titanates are promising materials for use as anodes in sodium-ion batteries, based on their 

earth-abundance, low cost, reasonably high density, and low sodium insertion potentials (~0.3-0.6V vs. 

Na+/Na, on average). We have identified several materials that deliver capacities in excess of 200 mAh/g and 

cycle reversibly in sodium half-cell configurations [1-3]. In particular, the physical and electrochemical 

properties of lepidocrocite-type titanates having the general formula AxTi2-yMyO4 (A=K+, Cs+, Rb+ and 

M=metal or vacancy located in the transition metal layer), can be readily tuned by exchanging the large 

cations, A, with Na+, and by varying the identity of M, as well as the overall composition (x and y). For 

example, additional diffusional pathways for Na+ are present when M is a mobile cation such as Li+ compared 

to the less mobile Mg2+ cation, resulting in higher practical capacities [4]. Based on a similar principle, 

capacities in excess of 220 mAh/g can be obtained when vacancies are incorporated in the transition metal 

layer [3]. In addition to composition, however, it is clear that the electrochemical properties of these materials 

are very sensitive to preparation conditions such as dehydration temperature, as well as details of the cell 

assembly, such as the type of electrolytic solution used [3, 5]. Furthermore, an analysis of cyclic voltammetry 

data on cells made with vacancy-containing lepidocrocite titanates indicated that the redox mechanism is 

complex, including both surface and diffusional components. In some cases, the practical capacity exceeds the 

theoretical (assuming reductive intercalation of sodium into available sites between titanate layers), also 

suggesting that surface processes may contribute to the capacity. Finally, less titanium is reduced than 

expected, assuming a purely diffusional redox process, as observed by Ti K-edge X-ray absorption 

experiments on pristine, discharged, and partially discharged electrodes. Work for this project is directed 

towards understanding the role that vacancies and defects play in determining the electrochemistry of stepped, 

layered titanates and to design materials with better electrochemical properties based on these observations. A 

specific goal is to improve the capacity, reversibility, and rate capability of these promising electrode materials 

without compromising first cycle efficiencies. 

Objectives 

The planned work is conceived to overcome the main obstacle to the practical realization of sodium-ion 

batteries; the lack of a suitable anode material. Experiments are designed to improve the practical reversible 

capacities and overcome the high first cycle coulombic inefficiencies of promising low voltage sodium 

titanates, as well as to assess the stabilities of the sodiated (partially and fully discharged) products of the 

electrochemical reactions. Some effort is devoted to consideration of electrolytes and understanding of the 

electrolyte/anode interface, which must go hand-in-hand with anode development. The ultimate goal is to 

produce a high capacity (200-250 mAh/g), stable, and reversible low voltage anode material suitable for use in 

a sodium-ion battery configuration. An ideal electrode would be able to deliver 225 mAh/g at C/3 rate, with 

good capacity retention (80% or better) in a full cell configuration for at least 100 cycles. 

mailto:mmdoeff@lbl.gov
mailto:Tien.Duong@ee.doe.gov
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Approach  

Candidate stepped layered titanates are synthesized by appropriate routes (hydrothermal, solid state methods, 

etc.) and ion-exchanged by soft chemical techniques if deemed necessary. Materials are then characterized 

physically using both laboratory techniques and synchrotron techniques, including X-ray diffraction (XRD),  

Fourier transform infrared  spectroscopy (FTIR), Raman spectroscopy, scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), X-ray absorption spectroscopy (XAS), X-ray photoelectron 

spectroscopy (XPS), etc. Structure-function relationships are built to correlate the effect of changing structure 

and surface characteristics on electrochemical properties. Sodium half-cells are built and cycled under a variety 

of conditions to understand the electrochemistry and the limitations of the materials. Techniques commonly 

used include galvanostatic cycling, potentiostatic or galvanostatic intermittent titration technique (PITT or 

GITT) and cyclic voltammetry (CV). Some attention is paid to the effect of changing electrolytic solution on 

properties such as first cycle coulombic efficiency. Ex situ and in situ experiments such as XPS on partially or 

fully discharged or cycled electrodes are used to gain understanding about redox mechanisms.  The thermal 

behavior of candidate materials is also examined by subjecting materials to various heating regimes and 

examining structural changes by carrying out in situ XRD and spectroscopic analysis. 

Results  

Prior work from this laboratory [3] identified a promising anode material prepared by ion-exchanging the 

parent compound Cs0.74Ti1.8150.185O4 to form the sodiated analog Na0.74Ti1.8150.185O4 •1.27H2O, designated 

NTO hereafter. After drying and at low rates, NTO can deliver nearly 230 mAh/g at an average potential of 

about 0.6V vs. Na+/Na in sodium half-cell configurations.  The electrochemical properties are dependent upon 

the history of exposure to atmosphere; NTO exposed to air for 10 minutes exhibits a somewhat different 

voltage profile in half-cells than that of the material kept rigorously dry. Power law analysis of CV curves for 

half-cells indicates that the air-exposed material exhibits more pseudo-capacitive behavior than the one not 

exposed to air, particularly in the high voltage region above 1.0V. A possible explanation is reaction of 

adventitious water with surface defects to form electroactive sites that are different from those that are present 

in the dry material. While the high voltage region is responsible for the majority of capacity fading seen in 

cells containing either material, the cycling behavior of the air-exposed NTO was somewhat better than that of 

the dry NTO. These intriguing observations prompted us to initiate a study on the effect of thermal annealing 

on the electrochemical behavior of NTO. Depending on temperature, heat-treatment may remove or modify 

surface defects or initiate bulk structural changes, which may affect electrochemical behavior in profound 

ways.  

Figure XIX.3.1 shows in situ synchrotron XRD data on NTO heated to the indicated temperatures. The pristine 

material is a layered compound, space group Immm, which maintains its structure up to about 150oC. Above 

this temperature, it converts to another layered structure, space group Cmcm, with a considerably smaller 

interlayer spacing, consistent with loss of interlayer water. The main structural difference is the coordination of 

sodium, which is located in a rectangular prism with eight-fold coordination in the Immm structure, but is in a 

trigonal prism coordinated by six oxygen atoms in Cmcm. Upon further heating, NTO converts to an unknown 

structural intermediate, possibly a layered/tunnel intergrowth, before changing to a phase similar to the tunnel 

compound, Na2Ti6O13, above about 700oC. The lower sodium content of Na2Ti6O13 suggests that there is 

concomitant loss of sodium or formation of sodium oxide, hydroxide, or carbonate as well. Table XIX.3.1 

gives the structural parameters of selected NTOs identified during the heating process. 
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Figure XIX.3.1 (top left) Two-dimensional contour plot and (top right) selected in situ high-temperature synchrotron XRD patterns of 

NTO collected from room temperature to 775 C during the heating process in air. Note that the x-axes have been converted to 2 

CuKα values. Le Bail fitting of XRD patterns collected at (bottom left) room temperature using the Immm space group and (bottom 

right) 200°C using the Cmcm space group. The crystal structures of NTOs heated at room temperature and 200°C visualized with 

VESTA are also shown. Gold spheres represent Na atoms and blue spheres represent Ti in octahedral sites. Modified from 

reference 6. 

Table XIX.3.1 Structural parameters of NTOs heated to indicated temperatures during the in situ XRD 

experiment 

Temperature,°C Space group a, Å b,  Å C, Å 

RT Immm 3.79023(5) 17.936(3) 2.98568(4) 

100 Immm 3.79758(11) 17.4395(11) 2.98114(10)  

125 Immm 3.80007(8) 17.331(1) 2.98163(7) 

150 Immm 3.80208(13) 17.0748(13) 2.98406(12) 

200 Cmcm 3.80255(7) 14.5614(5) 2.97737(6) 

 

Broadening of the diffraction peaks, most likely due to the structural disorder, e.g., the positions of sodium 

ions inside the crystalline lattice, makes the profile fitting of XRD patterns collected at moderate and high 

temperatures difficult. However, Raman spectroscopy on ex situ samples lend additional insight to the 

structural changes (Figure XIX.3.2). The spectra for samples heated at 60oC and 100oC are typical of those of 

lepidocrocite-structured titanates [7].  Notably, a broad band at 796 cm−1 that can be assigned to Ti–O–H 

vibrations [8] weakened and finally disappeared upon heating, as a result of loss of OH– between TiO6 layers 

caused by dehydration. As the temperature was raised, further changes were observed, with the spectra of NTO 

heated to 700oC or 800oC finally resembling that of the tunnel compound Na2Ti6O13 [9]. Although bands were 

observed at similar positions of 167, 194, 223, 392, and 411 cm-1 in the spectra of the 500 C- and 600 C-

heated materials as in the spectrum of Na2Ti6O13, their overall spectra are clearly different from Na2Ti6O13.  

These appear to be structural intermediates between that of layered and tunnel compounds. 
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Figure XIX.3.2 (a) Raman spectra and (b) laboratory XRD patterns of NTOs heated ex situ in air at temperatures ranging from 60°C 

to 800°C. Taken from reference  6. 

Figure XIX.3.2b shows ex situ laboratory XRD patterns of NTOs heated to various temperatures. While the 

trends above 350oC are the same as for the in situ experiments, there are differences at lower temperatures. In 

stark contrast to the in situ heating experiment, a mixture of the parent layered orthorhombic Immm phase and 

the intermediate phase was obtained after ex situ heating at 200 C. This could be explained by differences in 

the heating time and/or temperature between in situ and ex situ heating, as well as the hygroscopic nature of 

NTO which causes the anhydrous phase to take up water and convert back to the hydrous phase. The NTO-

containing electrodes are dried under vacuum to remove water used during preparation, so the effect of 

vacuum-drying at a low temperature was also evaluated. The anhydrous layered Cmcm structure was obtained 

after vacuum drying at 60 C, similar to the phase obtained after in situ heating at 200oC.  A mixture of the 

layered Immm phase and the intermediate phase was obtained after vacuum drying at 100 C, which is similar 

to what happens after ex situ heating under air at 200 C. The thermal behavior of NTO is not only sensitive to 

temperature, but also time and atmosphere. 

Figure XIX.3.3 shows the electrochemistry of sodium half-cells containing the NTOs heated to various 

temperatures. The composite electrodes containing the thermally treated NTOs were vacuum-dried at 60oC 

prior to incorporation into half-cells. Electrodes made with 60 C-heated NTO that were further vacuum dried 

at 100 C were also included for comparison. An electrolyte of 0.5 M sodium tetraphenylborate (NaBPh4) in 

diethylene glycol dimethyl ether (DEGDME) was used. Initial capacities for cells containing NTO-350oC and 

NTO-500oC were much lower than those of NTOs prepared at lower temperatures when discharged between 

the standard limits of 2.0-0.1V, but they gradually increased upon cycling (see Figure XIX.3.3a for the cell 

containing NTO-500oC). When using a lower first discharge cut-off voltage of 0.05 V, the 2nd and subsequent 

discharge capacities using a limit of 0.1V increased substantially (Figure XIX.3.3b). In other words, the NTOs 

treated at temperatures above 350oC needed to be activated to realize their full capacity, either by repeated 

cycling or by an initial discharge to low potential.  

Figure XIX.3.3c shows the second cycles of cells containing NTOs heated to different temperatures, including 

those of the activated NTOs prepared at high temperatures, and Figure XIX.3.3d shows the dQ/dV plots. It is 

quite clear that thermal treatment has a profound effect on the electrochemical properties. The voltage profile 

of the cell with NTO-800oC shows a plateau near 0.9V similar to that seen with Na2Ti6O13, but the profiles of 

cells with NTO-350oC and NTO-500oC are sloping and featureless. In contrast, NTO-60oC and NTO-100oC 

show several small plateaus (evident as peaks in the dQ/dV plots), although they are more apparent for the 

former than the latter. The best capacity retention upon cycling was obtained for cells containing NTO-350oC 

and NTO-500oC (Figure XIX.3.3d). Na/NTO-500oC cells cycled over 740 times at a current equivalent to 200 
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mA/g retained over 80% of the capacity after two initial formation cycles (not shown). A comparison of the 

capacity evolution in the high-voltage (1.0 – 2.0 V vs. Na+/Na) and low-voltage (0.1 – 1.0 V vs. Na+/Na) 

regions revealed that 500 C-heated NTO exhibits lower capacity and more stable cycling at high voltages than 

the 60 C-heated NTO, whereas less significant differences were observed in the low voltage region (Figure 

XIX.3.4). 

 

Figure XIX.3.3 Galvanostatic discharge-charge voltage profiles of sodium half cells containing 500 C-heated NTO cycled between 

0.1 and 2.0 V vs. Na+/Na (a) without and (b) with an initial ‘activation’ cycle between 0.05 and 2.0 V vs. Na+/Na. The inset in (a) 

shows the discharge capacity as a function of cycle number. (c) The second cycle galvanostatic discharge-charge voltage profiles 

between 0.1 and 2.0 V vs. Na+/Na of NTOs heated to the indicated temperatures (d) the corresponding dQ/dV plots, and (e) 

capacity retention over 50 cycles. For the initial cycle, a cycling voltage window of 0.1 − 2.0 V vs. Na+/Na is used for 60 C- and 

100C-heated NTOs, while 0.05 − 2.0 V vs. Na+/Na was used for 350 C-, 500 C-, and 800 C heated NTOs. (f) Galvanostatic 

intermittent titration technique (GITT) voltage profile of 500 C-heated NTO, the inset shows the evolution of electrochemical 

impedance spectroscopy (EIS) spectra as a function of discharge potentials. All the cells were cycled at a current rate of 8 

mA g−1 (0.008 mA cm−2) using a sodium metal anode and a solution of 0.5 M NaBPh4 in DEGDME as the electrolyte. Taken from 

reference 6. 

Galvanostatic intermittent titration technique (GITT) measurements were carried out during the first discharge 

to study the initial ‘activation’ process of 500 C-heated NTO (Figure XIX.3.3e) The reduced polarization 

observed at the higher depth of discharge indicates improvement of electrode kinetics. This observation is 

consistent with the electrochemical impedance spectroscopy (EIS) results (inset). 

Ex situ synchrotron XRD patterns were obtained on partially and fully discharged and recharged electrodes of 

NTO-60oC and NTO-500oC (Figure XIX.3.5). These reveal quite different structural evolutions of the two 

types of materials as they underwent discharge and charge. Peaks belonging to the NTO-500oC phase nearly 

vanish in the partially and fully discharged electrodes, and do not reappear upon charge, indicating 

amorphization. Ex situ high resolution TEM images support this interpretation (Figure XIX.3.6). In contrast, 

there appears to be a reversible sodium insertion process for NTO-60oC. The appearance and disappearance of 

a few new weak and broad peaks in some of the patterns suggest that the insertion process may involve 

formation of a new phase, although it is not possible to determine its structure from the limited data. The 

structural change may be responsible for some of the high voltage irreversibility observed during cycling. 
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Figure XIX.3.4 Capacity retention of sodium half-cells containing NTO-60oC or NTO-500OC as a function of cycle number in the 0.1-

1.0V region (left) and the 1.0-2.0V region (right). Taken from reference 6. 

 

Figure XIX.3.5 Ex situ synchrotron XRD patterns of electrodes containing NTO-500oC (a) and NTO-60oC (b) discharged and charged 

to the indicated potentials. Taken from reference 6. 

 

Ti K-edge XAS (Figure XIX.3.7) was carried out ex situ on pristine, discharged, and recharged NTO-60oC and 

NTO-500oC electrodes. Both systems show evidence of Ti reduction and changes in the pre-edge region 

consistent with intercalation processes. Linear combination fitting of the Ti K-edge XANES spectra using 

Ti2O3 and TiO2 references estimated 13.1 % and 22.9 % of Ti4+ reduction to Ti3+ respectively for 60 C- and 

500 C-heated NTOs. Assuming a pure reductive intercalation mechanism, 78.7 % and 63.5 % of Ti4+ should 

be reduced to Ti3+ in 60 C- and 500 C-heated NTOs by the end of discharge. This discrepancy suggests that a 

hybrid reaction mechanism involving both reductive intercalation and surface reactions is responsible for the 

large capacities of NTOs heated at 60 and 500 C, in accordance with our previous findings based on 

electrochemical analyses. 
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Figure XIX.3.6 Ex situ HRTEM images of individual 500 C-heated NTO particles in the (a) pristine state, and after initial discharge 

to (b) 0.1 and (c) 0.05 V vs. Na+/Na. Their corresponding fast Fourier transform (FFT) patterns of the local regions highlighted by 

the red squares are shown in (d-f). Taken from reference 6. 
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Figure XIX.3.7 Ex situ Ti K-edge XAS spectra of pristine, discharged and charged NTO-60oC  (a) and NTO-500oC  (c) electrodes.  Pre-

edge regions are shown in (b) and (d). 

Conclusions   

The structural changes and electrochemical properties of lepidocrocite-type sodium titanate 

Na0.74Ti1.8150.185O4•1.27H2O (NTO) under different post-synthesis heating conditions were studied. In situ 

synchrotron high-temperature XRD and ex situ Raman spectroscopy showed that the layered hydrous Immm 

structure of NTO first converts to a layered anhydrous Cmcm structure at 200 C, and eventually transforms to 

a Na2Ti6O13-like tunnel structure at 700 C via an unidentified intermediate phase. Electrochemical 

characterization revealed that NTOs heated at lower temperatures with layered structures generally exhibit 

higher capacities than NTOs heated at higher temperature with tunnel structures. The voltage profiles also 

change as a function of heating temperature, with the materials prepared at higher temperatures exhibiting less 

high voltage (1.0 V - 2.0 V vs. Na+/Na) capacities than those prepared at lower temperatures. This is 

significant because the high voltage processes are primarily associated with surface reactions that result in 

severe capacity fading. The material heated at 500 C could retain 94.3% of its capacity of 184 mAh g-1 over 

50 cycles at a moderate rate. This material also required an ‘activation’ process involving amorphization; 

either by an initial cycle to 0.05 V vs. Na+/Na or prolonged cycling, to reach its full capacity. In contrast, NTO 

heated at low temperatures (e.g., 60 C) remains crystalline and undergoes reversible phase change with a 

large reversible capacity of 228 mAh g-1 but retains only 64.8 % of its capacity over 50 cycles. NTO heated at 
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800 C delivers a low capacity of 82.3 mAh g-1 although the capacity retention is 94.1 % over 50 cycles. 

Synchrotron X-ray absorption spectroscopy implied that the relatively large capacities obtained for 60 C- and 

500 C-heated NTOs were due to both reductive intercalation and surface reactions.  
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Project Introduction 

The sodium (Na)-ion battery (NIB) is a potential alternative energy source for electric vehicles and grid 

applications due to the low cost and the natural abundance of sodium. The performance of NIBs largely 

depends on the performance of electrode materials and electrolytes, especially on the stability of high capacity 

and high voltage cathode materials required to realize the high energy density potential of NIBs.  In recent 

years, a series of new cathode materials have been developed.  However, stability of these cathodes at high 

voltage conditions is strongly limited by the electrochemical window of electrolytes. Although the capacity of 

these cathode increases with increasing voltage, but its cycle life decreases with increasing voltage. The 

unstable solid electrolyte interphase (SEI) formed on anode and cathode electrode interphase (CEI) formed on 

the cathode of NIBs can lead to poor utilization of electrode materials, fast capacity fading. In addition, 

flammability of electrolyte also leads to safety concerns.  Therefore, there is an urgent need to develop more 

stable and safe electrolytes to enable applications of high voltage cathode.  To reach this goal, a fundamental 

understanding on the nature of the dynamic interface between electrode and electrolyte is critical. The sluggish 

redox kinetics also remains to be a challenge for high power applications and need to be further improved. 

Objectives 

1. Develop high voltage electrolytes based on fluorinated solvent (≥ 4.2V) to be compatible with high-

voltage cathode material, including Na2Fe2(CN)6 and NaNi0.68Mn0.22Co0.1O2 (NaNMC). High 

concentration electrolytes and localized high concentration electrolytes will be investigated.  

Fluorinated phosphate-based solvent will also be combined with carbonate solvent to optimize the 

ionic conductivity, viscosity and cycling performance of these electrolytes. 

2. Design new electrolytes to enable extremely high coulombic efficiency (>99.5%) of Na 

stripping/plating process on different current collectors (copper, aluminum, carbon coated copper and 

aluminum foil).  Various localized high concentration electrolytes will be investigated in this task.  

The optimized electrolyte will be used with highly stable cathode (Na3V2(PO4)3 to evaluate the 

feasibility of anode-free Na batteries.  

3. Investigate fundamental mechanism behind the stability of electrolytes and electrode, especially on 

their interphases. The anode, cathode and electrolytes obtained from cycled cells will be characterized 

using XPS, TEM, EIS, etc. to understand the fundamental mechanisms behind the stability of SEI and 

CEI layers.  

Approach  

• Optimize the electrolyte components and concentrations to develop innovative electrolytes and 

additives with improved electrochemical and physical properties. Phosphate and fluorinated phosphate-

based electrolytes will be investigated to improve the cycling performance of high voltage and high 

mailto:phung.le@pnnl.gov
mailto:Tien.Duong@ee.doe.gov
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energy NIB. Ether-based electrolyte will be also optimized to stabilize the sodium metal anode and 

demonstrate anode-less sodium batteries 

• Use in situ and ex situ spectroscopy methods to unravel the origin of the SEI/CEI layer at the dynamic 

interface, providing guidance for the electrolyte and interface design and enabling high capacity and 

long life of Na-ion batteries. 

Results  

Developed high voltage electrolytes based on fluorinated solvent (≥ 4.2V) to be compatible with high-

voltage cathode material, including Na2Fe2(CN)6 and NaNi0.68Mn0.22Co0.1O2 (NaNMC) 

Developing advanced sodium electrolytes are crucial to stabilize the electrode/electrolyte interfacial reactions 

and thus extend cycling stability for high energy density sodium batteries at high voltage conditions. 

Therefore, we have been developing high voltage electrolyte based on tetraglyme and fluorinated phosphate 

solvents to be compatible with high-voltage cathode materials, including Na2Fe2(CN)6 and 

NaNi0.68Mn0.22Co0.1O2 (NaNMC). Tetraglyme-based electrolytes with 1M NaBF4 and initial 10 % amount of 

the fluorinated solvent (VC, FEC, BTFE, or TTE) were studied in half-cells using NaNMC cathode. As shown 

in Figure XIX.4.1a, the electrolyte containing 10 %vol. of VC showed the best cycling performance compared 

to other co-solvents. Typically, it displays the highest initial discharge capacity of 156.7 mAh/g as well as the 

capacity retention of 70% for 200 cycles. Besides, the initial CE is as high as 94.5% and reaches 99.5% after 

few cycles. Further studies will be continued with the variation of VC content as co-solvent in tetraglyme 

based electrolyte to enhance the long cycling performance. Meanwhile, the rational design of mixed 

electrolytes between 2,2,2-trifluoroethyl phosphate and different solvent like DME, MDC, TMS and TFP at 

high NaFSI concentration (>1.2 M) were investigated for HC|| NaNMC full cells in a voltage range of 1.2-4.2 

V (Figure XIX.4.1b-c). The molar ratio of electrolyte components (NaFSI: co-solvent: TFP) is fixed at 1:1.5:2 

in mol. The developed electrolytes are compatible with conventional polymer separator (PP or PE). 

The use of high polar co-solvents helps to saturate the unique solvation structure of electrolyte and modify the 

SEI/CEI composition for strongly stabilizing electrode–electrolyte interphase. Among the co-solvents, DMC 

and TMS exhibited the best long-cycling performance of full cell HC||NaNMC, which shows a good initial 

discharge capacity of 164.5 mAh/g; 160.9 mAh/g and capacity retention of 87.8%; 86.6 % after 300 cycles, 

respectively. In addition, these electrolytes also display a good CE of > 99 % after 5 cycles. The interfacial 

structure and composition of SEI/CEI layers will be further investigated to understand the superior 

performance of full cells using these electrolytes. 
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Figure XIX.4.1 (a) Cycling performance of mixed electrolytes based on tetraglyme- fluorinated solvent (VC, FEC, BTFE or TTE) in 

90:10 (%vol.) with 1M NaBF4 in Na||NaNMC half-cell at C/10 rate, mass loading: 3.0 – 4.0 mg/cm2; at voltage range of 2 – 4.2 V. 

(b-c) Cycling performance of rational electrolytes of NaFSI: co-solvent: TFP = 1: 1.5: 2 in mol. used for full cell of HC||NaNMC 

(mass loading 1.5 mAh cm-2), 3 formation cycles at 0.05 C and cycling at 0.2 C rate (1C = 200 mA/g), voltage range of 1.2 – 4.2 V. 

Characterize CEI/SEI interphase properties in optimized electrolyte to probe the mechanism of high 

voltage cycling stability of NIBs  

In this work, the underline mechanism of electrochemical/chemical reaction at the electrode/electrolyte 

interface was explored to correlate with the obtained electrochemical performance in the optimized 

electrolytes. Herein, we compared the electrochemical performance of HC||NaNMC full cells with three 

different electrolytes: NaPF6/EC-EMC (3:7 in vol) as the baseline carbonate electrolyte (named 

NaPF6/EC:EMC), 1 M sodium bis(fluorosulfonyl)imide (NaFSI)/TFP (named NaFSI/TFP), and 1.5 M NaFSI/ 

dimethyl carbonate (DMC):TFP (1.5:2 in mole or 1.6:8.4 in wt.) as the advanced electrolyte (named 

NaFSI/DMC:TFP). As shown in Figure XIX.4.2, the cell with a baseline carbonate electrolyte exhibits poor 

long-term cycling performance with the capacity retention is only 28.1% after 300 cycles (specific capacity of 

154.3/43.4 mAh g-1 for 4th/300th cycle).  In contrast, the cell with NaFSI/TFP electrolyte shows better long 

cycling performance, with 75.8% capacity retention after 300 cycles and specific capacity of 151.6/114.9 mAh 

g-1 at 4th/ 300th cycle, but the overpotential of the cell during long cycling still increases as shown in Figure 

XIX.4.2c. In contrast, the cell with optimized NaFSI/DMC:TFP electrolyte shows the best long-term cycling 

performance, with 94.8% capacity retention after 300 cycles (specific capacity of 153.2/145.3 mAh g-1 for 4th/ 

300th cycle). The initial CE is 84.49% in NaFSI/DMC:TFP electrolyte compared with 81.21% in 

NaPF6/EC:EMC electrolyte, indicating less side-reactions with electrolyte during cycling.  

 

 

 

 

 

(a) (b) 

(c) 
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Figure XIX.4.2 Electrochemical performance of HC||NaNMC full cells. a, cycling performance of HC||NaNMC full cells using 

different electrolytes cycled at 0.2 C after three formation cycles at 0.1 C. The cathode loading is 1.5 mAh cm-2. b–d, Voltage 

curves as a function of cycle number of HC||NaNMC full cells using NaPF6/EC:EMC (b), NaFSI/TFP (c) and NaFSI/DMC:TFP (d) 

electrolytes. e-f, Rate performance of HC||NaNMC full cells at different charge C-rates with a constant discharge rate at 0.33 C (e) 

and different discharge C-rates with a constant charge rate of 0.33 C (f) after three formation cycles at 0.1 C. 

To further explain the superior performance of NaFSI/DMC:TFP, the compositions and properties (i.e. 

dissolution) of the SEI layer on cycled HC electrodes surface were analyzed. In a carbonate-based electrolyte, 

the preferential decomposition of carbonate solvent induces an organic-rich SEI layer. In a NaFSI/TFP 

electrolyte, SEI layer contains more F and P- based components formed by the decomposition of TFP solvent. 

In a sharp contrast, both TFP solvent (strong F 1s and P 2p peaks) and significant amount of NaFSI salt (high 

intensity of N 1s and S 2p peaks) were decomposed in a NaFSI/DMC:TFP electrolyte and generated an 

inorganic-rich SEI layer. The degrees of SEI dissolution are quantified by the XPS atomic ratio change 

(absolute value of atomic ratio difference between cycled and cycled-solvent soaked electrodes) of the SEI 

(Figure XIX.4.3). The much lower atomic ratio change of SEI components after soaking in TFP solvent 

(Figure XIX.4.3d) than that in carbonate EC:EMC solvent (Figure XIX.4.3a) indicates excellent capability of 

TFP solvent to suppress the SEI dissolution due to its low dielectric constant. In the high resolution XPS 

spectra, there is obvious peak change of C 1s (Figure XIX.4.3b) and NaPFx peak disappearance (Figure 

XIX.4.3c) after soaking in EC:EMC solvent, while only minor intensity adjustment of C 1s (Figure XIX.4.3e) 

and the same N 1s peak intensity (Figure XIX.4.3f) before/after soaking in TFP solvent. Furthermore, atomic 

ratio change of salt derived components (N/S) are significantly lower than solvent decomposition derived 

components (C/P) in Figure XIX.4.3d, proving the tuned SEI components from salt decomposition shows less 

solubility than solvent derived components, and emphasizing the necessity to tune SEI components.  
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Figure XIX.4.3 XPS characterization to identity SEI dissolution. a,d: The absolute value of difference of quantified SEI atomic 

composition ratios between the cycled and cycled-soaked hard carbon anodes as a function of the sputtering thickness. b, c, e, f:  

XPS spectra of C 1s (b, e), P 2p (c), and N 1s (f) of the hard carbon anodes (signal depth = 0 nm). The cycled hard carbon anodes 

were cycled in NaPF6/EC:EMC (a, upper of b and c), NaFSI/TFP (d, upper of e and f) electrolytes for 100 cycles. The cycled-soaked 

hard carbon anodes were soaking cycled hard carbon electrodes with EC: EMC (a, bottom of b and c) and TFP (d, bottom of e and 

f) solvents for 50 h.  

Design new electrolytes with very high coulombic efficiency (>99.5%) for stripping/plating process of 

sodium metal on different current collectors 

Design new electrolytes based on ether solvent (monoglyme, diglyme and tetraglyme) could enable extremely 

high reversible sodium stripping/plating process for developing the sodium anode-free cell or sodium metal 

batteries. The glymes have been recently reported to stabilize the sodium metal in plating/stripping process1. 

Specifically, tetraglyme based electrolytes with 1M salt (NaPF6, NaOTf and NaBF4) enable extremely high CE 

(>99.5%) of stripping and plating process using half-cell Na||Cu (Figure XIX.4.4). The highest CE is obtained 

for 1M NaOTf in TEGDME solvent. Based on the good results obtained for Na||Cu half-cell using tetraglyme 

based electrolytes, different current collectors (Al, C coated Al and C coated Cu) were investigated for 

stripping/plating process (Table XIX.4.1).  It can be observed that using copper foil as current collector in half-

cell exhibited the highest CE in all three TEGDME and DEGDME based electrolytes (>99.5 %). However, 

other current collectors displayed lower CE compared to the copper foil in half-cell. 
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Figure XIX.4.4 Voltage vs time and CE calculated using the reported protocol of cycling in three different electrolytes. 

 

Table XIX.4.1 Coulombic efficiency of stripping/plating process in half-cell Na||different current 

collectors 

Electrolyte 

CE of stripping/plating process 

Na || Cu 
Na || C coated 

Cu 
Na || Al 

Na || C coated 

Al 

1M NaBF4/TEGDME 99.5 98.3 97.7 99.2 

1M NaPF6/TEGDME 99.7 - - 97.3 

1M NaOTf/TEGDME 99.8 98.5 98.5 99.6 

1M NaBF4/DEGDME 95.6 - - - 

1M NaPF6/DEGDME 99.7 - - - 

1M NaOTf /DEGDME 99.5 99.0 98.2 99.6 

 

As the cycle life of anode-free sodium batteries depends on the CE of sodium plating/stripping process, it 

should use an electrolyte with the highest CE for further testing on the half-cell of Na||Na3V2(PO4)3 (NVP) 

cathode. Figure XIX.4.5 presents the cycling performance of Na||NVP half-cell for 100 cycles in DEGDME 

and TEGDME based electrolytes. The highest capacity retention was obtained for 1M NaPF6 in TEGDME. 



FY 2022 Annual Progress Report 

 Beyond Lithium-Ion R&D: Sodium-Ion Batteries 1245 

 

Figure XIX.4.5 Capacity retention of Na||NVP half-cell in DEGDME and TEGDME based electrolytes for 100 cycles 

The feasibility of anode-free sodium batteries using the new electrolytes and Na3V2(PO4)3 cathode. 

Several ether-based electrolytes were investigated to demonstrate the feasibility of anode-free sodium batteries 

with Na3V2(PO4)3 (NVP) cathode. Various current collectors (Al, Cu/C, Al/C, and Cu) were used as an anode 

to test for the feasibility of anode-less cells in baseline electrolyte 1M NaPF6/TEGDME (tetraglyme) and 

localized high concentration electrolyte (LHCE) with a molar ratio of NaFSI:DME:TTE 1:1:2. (Figure 

XIX.4.6) and shows the compatibility test of electrolytes with Na anode and NVP cathode using Na||Cu and 

Na||NVP half-cells in the test cycle. Both baseline and LHCE are well-compatible with anode and cathode, 

which is demonstrated by high CE of the sodium stripping/plating process (>99.0 %) and high discharge 

capacity (115 and 120 mAh g-1 for baseline and LHCE, respectively). 

 

Figure XIX.4.6 (a) Sodium stripping/plating efficiency in two different electrolytes (testing condition: plating 4 mAh cm-2 and fully 

stripping to 1 V and cycling for 10 cycles at 0.5 mA cm-2). (b) Cycling performance of half-cell Na||NVP cathode in 10 cycles at 

0.2C. 

The performances of anode-free sodium batteries is displayed in Figure XIX.4.7. To eliminate the loss of 

sodium-ion inventory by side reaction with anode current collector and cathode, both anode current collector 

and cathode were pre-cycled before matching the full-cell. As a result, the voltage profiles of anode-free 
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sodium cells in both electrolytes looks like the one of the Na||NVP half-cell, indicating the typical operation of 

the cells.  The initial discharge capacity and Coulombic efficiency in baseline electrolyte are relatively lower 

than the values obtained for LHCE (Table XIX.4.2). The higher than 100% CE of anode-free sodium batteries 

in the initial cycle can be attributed to the side reactions with substrate. Large fluctuation in CE of the cell with 

baseline electrolyte indicates an unstable SEI layer formed in baseline electrolyte.  In contrast, CE of the cell 

with LHCE demonstrate are much more stable during cycling, indicating a much more stable SEI formed in 

LHCE.  The capacity fading is quickly observed in the cell with baseline electrolyte, while the cell with LHCE 

show much better cycling stability.  The capacity retention of cell with LHCE-based electrolytes is about 65% 

after 50 cycles. The factors causing this fading and the strategies to extend the cycle life of anode-free sodium 

batteries will be further investigated. 

 

Figure XIX.4.7 (a) Initial charge-discharge profile of Cu||NVP cell in two electrolyte; (b) Cycling performance of the anode-free 

sodium batteries for 50 cycles (formation cycle: 1st cycle: 0.1 C, charge CV, cycling:  2nd – 7th cycle: 0.2 C, charge CV, 8th cycle:  0.3 

C, discharge 0.2 C, charge CV; NVP loading mass: 3-4 mg/cm2) 

Table XIX.4.2 The values indicating the performance of anode-free sodium batteries in two electrolytes 

Electrolyte 

1st discharge 

Q/ (mAh.g-1) 

1st CE/ % 50th 

discharge 

Q/(mAh.g-1) 

50th CE/ % Capacity 

retention 

after 50 

cycles 

1M NaPF6/TEGDME 101.2 83.4 0.3 62.4 - 

LHCE 107.5 94.2 64.6 89.5 60.1 

Conclusions   

• Designed an advanced low solvation electrolyte (NaFSI/DMC:TFP) for 4.2 V high voltage sodium ion 

batteries. The electrolyte can stabilize 4.2 V HC||NaNMC full cells with 90% capacity retention after 

300 cycles 

• Novel TFP based-electrolyte is compatible with PE and effectively suppress SEI dissolution through 

manipulating solvation structures for less free-solvents, and tuned SEI components from the salt 

decomposition with the lower solubility in the electrolyte.  

• Ether-based electrolyte is a good choice for highly stable operation of sodium stripping/plating 

process on different current collector. LHCE based on ether solvent demonstrate the feasibility of 

anode free-sodium batteries using Na3V2(PO4)3 and a Cu current collector. 
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XX Beyond Li-ion R&D: Battery500 
The Battery500 Consortium (B500) has the goal to increase the energy density of advanced lithium (Li) 

batteries to beyond what can be achieved in today’s Li-ion batteries. Specifically, the B500 aims to increase 

the specific energy (up to 500 Wh/kg) relative to today's battery technology, achieve 1,000 charge/discharge 

cycles, and reduce the cost of cells to significantly less than $100 kWh-1, an important U.S. Department of 

Energy (DOE) goal for carbon-neutral energy and electrification. The consortium objectives are to: (i) 

overcome the fundamental scientific barriers to extract the maximum capacity from electrode materials for 

next-generation Li batteries on the pouch cell level; (ii) leverage and integrate the latest advances in electrode 

materials and battery chemistries; (iii) optimize cell design and properties of the best electrode materials on the 

cell level; and (iv) validate cell performance and scale up to industry-relevant levels.  

The consortium focuses on two most promising battery chemistries, Li-metal anode with high-voltage/high-

capacity metal oxide cathodes like LiNixMnyCo1-x-yO2 (NMC) and Li metal with sulfur (S) cathodes, to achieve 

the 500 Wh kg-1 goal. The consortium addresses the fundamental challenges of Li dendrite formation, 

undesired interfacial reactions, structural degradation, poor ionic and electronic transport, and poor 

accessibility of active materials, as well as shuttling reaction products in high-energy batteries at the cell level. 

B500 will develop an integrated approach to rapidly incorporate the latest advances in materials discoveries 

and breakthroughs into advanced cell-level designs and fabrication, and to optimize and validate the cell 

properties under realistic conditions. The consortium involves three keystone projects and a cross-cutting 

project: (1) materials and interfaces; (2) electrode architectures; (3) cell fabrication and validation; and (4) 

cross-cutting research. Each keystone project and the cross-cutting task address specific scientific challenges 

required to deliver next-generation, high-energy, Li battery technologies to industry, including high-energy 

Li||NM cells, high-energy Li||S cells, and low-cost S cells. 

This rest of this chapter contains a description of the current phase (Phase 2) of the efforts by the multitude of 

team members of the Battery500 Consortium. 
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Project Introduction 

The overall goal of the Battery500 Consortium phase 2 (B500) is to increase the energy density of advanced 

lithium (Li) batteries to beyond what can be achieved in today’s Li-ion batteries. Specifically, the B500 aims to 

increase the specific energy (up to 500 Wh kg-1) relative to today's battery technology, achieve 1,000 

charge/discharge cycles, and reduce the cost of cells to significantly less than $100 kWh-1, an important U.S. 

Department of Energy (DOE) goal for carbon-neutral energy and electrification. The consortium objectives are 

to: (i) overcome the fundamental scientific barriers to extract the maximum capacity from electrode materials 

for next-generation Li batteries on the pouch cell level; (ii) leverage and integrate the latest advances in 

electrode materials and battery chemistries; (iii) optimize cell design and properties of the best electrode 

materials on the cell level; and (iv) validate cell performance and scale up to industry-relevant levels.  

The consortium focuses on two most promising battery chemistries, Li-metal anode with high-voltage/high-

capacity metal oxide cathodes like LiNixMnyCo1-x-yO2 (NMC) and Li metal with sulfur (S) cathodes, to achieve 

the 500 Wh kg-1 goal. The consortium addresses the fundamental challenges of Li dendrite formation, 

undesired interfacial reactions, structural degradation, poor ionic and electronic transport, and poor 

accessibility of active materials, as well as shuttling reaction products in high-energy batteries at the cell level. 

B500 will develop an integrated approach to rapidly incorporate the latest advances in materials discoveries 

and breakthroughs into advanced cell-level designs and fabrication, and to optimize and validate the cell 

properties under realistic conditions. The consortium involves three keystone projects and a cross-cutting 

project: (1) materials and interfaces; (2) electrode architectures; (3) cell fabrication and validation; and (4) 

cross-cutting research. Each keystone project and the cross-cutting task address specific scientific challenges 

required to deliver next-generation, high-energy, Li battery technologies to industry, including high-energy 

Li||NM cells, high-energy Li||S cells, and low-cost S cells 

Objectives 

The overall goal of the consortium is to increase the energy density of advanced lithium batteries to beyond 

what can be achieved in today’s state-of-the-art Li-ion batteries. The Battery500 Consortium aims to increase 

the specific energy (up to 500 Wh kg-1) and achieve 1,000 charge/discharge cycles, with cost reduction of the 

cells to significantly less than $100 per kWh-1. This goal directly addresses the U. S. Department of Energy 

priority to achieve a carbon-free electricity sector by 2035 and to decarbonize the transportation sector by 

mailto:jun.liu@pnnl.gov
mailto:yicui@stanford.edu
mailto:Tien.Duong@ee.doe.gov


Batteries 

1250 Beyond Lithium-Ion R&D: Battery500 

developing and manufacturing the next-generation, high-energy, low-cost batteries to enable a wide 

deployment of electric vehicles (EVs) in the marketplace. 

Approach  

This project focuses on the two most promising battery chemistries: Li-metal anode with high-voltage/high-

capacity metal oxide cathodes like LiNixMnyCo1-x-yO2 (NMC), and lithium metal with sulfur cathodes. The 

project focus is to design novel electrode and cell architectures to meet the 500 Wh/kg goal. The consortium 

will work closely with battery/material manufacturers, suppliers, and end users / original equipment 

manufacturers in the United States to ensure the technologies being developed by this project are well aligned 

with industry needs, poised for transitioning to real production, and helpful in securing the supply chain in the 

United States. 

Results  

Keystone project 1: Materials and interfaces 

Keystone Project 1 addresses the general approaches to attain the goal of robust 500 Wh/kg cells through 

materials development for cathode, anode, and electrolytes. 

In FY2022, UT Austin synthesized a novel, cobalt- and manganese-free high-nickel cathode. To stabilize the 

high-nickel cathode without cobalt and manganese, abundant and low-cost metals, such as aluminum, titanium, 

and magnesium, were introduced to give LiNi0.93Al0.05Ti0.01Mg0.01O2 (NATM). To demonstrate the improved 

stability of NATM relative to LiNi0.94Co0.06O2 (NC) and LiNi0.90Mn0.05Co0.05O2 (NMC), coin cells and pouch 

cells were assembled. Figure XX.1.1a, b demonstrate a small reduction in capacity with NATM, which is 

balanced in part by an increase in the operating voltage. Meanwhile, all three materials exhibit similar rate 

capability (Figure XX.1.1c). Cycling performance of the cells in Figure XX.1.1d suggest substantial 

improvement in the stability of NATM, especially over the singly-doped NC cathode. To evaluate this stability 

over extended cycling and avoid any contribution to capacity fade from lithium-metal anode, pouch cells with 

graphite were assembled. Once again, the NATM cathode delivers the highest capacity retention, with 82% 

after 800 cycles compared to 60% for NMC and 52% for NC (Figure XX.1.1e). To probe the physical origins 

of the superior cyclability of NATM, time-of-flight secondary-ion mass spectroscopy (TOF-SIMS) analysis 

was performed on the cycled cathodes. Total signals of common electrolyte decomposition products such as 

POF2
- and C2H3O- are reduced for NATM, indicating less aggressive electrolyte reaction and cathode-

electrolyte interphase formation (Figure XX.1.1f). The cycled NATM cathode also displays much reduced 

particle cracking, further contributing to the enhanced capacity retention (Figure XX.1.1g). 
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Figure XX.1.1 Electrochemical performances of NC, NMC, and NATM cathodes in coin cells with Li-metal anode and in pouch cells 

with graphite anode. (a) Charge and discharge curves and (b) dQ dV−1 curves of the 3rd C/10 formation cycle. (c) Rate 

performance tests with a constant C/5 charge rate. Cyclability evaluation in (d) coin cells for 100 cycles at a C/3 rate between 2.8 

and 4.4 V and in (e) pouch cells for 800 cycles at a C/2 rate between 2.5 and 4.25 V. (f) Normalized peak areas of the raw TOF-

SIMS data of the interphasial fragments on the cathodes after 800 cycles. Each sample is sputtered three times on three different 

locations to yield normalized average peak areas. (g) SEM images of pristine and cycled cathodes after 800 cycles. The scale bars 

in (g) are 20 µm. 

UT Austin team developed a novel concept of electrolyte, namely localized saturated electrolyte (LSE), to 

stabilize high-Ni layered oxide cathodes. Different from the state-of-the-art localized high concentration 

electrolytes (LHCEs) based on LiFSI with high solubilities, the developed LSE is based on Li salts with low- 

to medium solubility. Specifically, the Li salts in an LSE include, but are not limited to, LiPF6, LiBF4, 

LiDFOB, LiBOB, LiClO4, LiAsF6, and the combination of these salts. The main solvents could be any organic 

solvents that have low- to medium-solubility (1 to 5 M) of these salts, and the diluents could be any organic 

solvents that improve the wettability to the separator, but do not break the contact ion pairs (CIPs) and 

aggregates (AGGs) solvation structure in the electrolytes. Figure XX.1.2a shows the schematics of the 

conventional LP57 electrolyte and the developed LiPF6-based LSE. The change in the solvation structure in 

the saturated electrolyte (SE) and the LSE is supported by Raman spectra (Figure XX.1.2b) and NMR 

spectroscopy (Figure XX.1.2c). The Li+ solvation structure is dominated by CIPs and AGGs in the SE and the 

LSE, while it is mainly composed of solvent-separated ion pairs (SSIPs) in the LP57 electrolyte.  

Cobalt-free LiNiO2 was selected to examine the effectiveness of the developed LSE electrolyte. The LiNiO2 

sample has a secondary particle diameter of ~ 12 μm, which is composed of primary particles with a size on 

the order of 100 nm, as shown in the scanning electron microscopy (SEM) images in Figure XX.1.2d. Figure 

XX.1.2e shows that the LSE improves the self-discharge performance of the LiNiO2 electrode. The cell 

voltage with the LP57 electrolyte decreased fast and reached 4.160 V after being stored at 45 C for 100 h. By 

comparison, the cell voltage remained at 4.235 V with the LSE after the storage. A full discharge at the C/10 

rate was conducted after the storage to evaluate the capacity retention. The capacity remaining was increased 
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from 85.0% (LP57) to 98.8% (LSE). Figure XX.1.2f further illustrates that the LSE largely improves the 

cycling stability of the LiNiO2 electrode. The LiNiO2 cell with the LSE shows an initial discharge capacity of 

221 mA h g-1 at 1C rate and retains 80% of its initial capacity after 500 cycles. Moreover, when the EC/EMC 

solvent was replaced with the FEC/EMC, the cycle life was further extended to 600 cycles with 81.3% of 

capacity retention. These cycling performances of LiNiO2 are better than that with LP57 electrolyte, which 

showed only 55% capacity retention after 200 cycles, and the start-of-the-art LHCE (M47), which maintained 

84% after 200 cycles. Atomic resolution annular dark-field scanning transmission electron microscopy (ADF-

STEM) images of cycled LiNiO2 were collected to examine the phase transformation at the surface (Figure 

XX.1.2g,h). By selecting and masking the reflections from the layered, spinel, and rock-salt structures in the 

fast Fourier transformed (FFT) pattern, followed by an inverse FFT analysis, the area containing each structure 

can be identified, which are labeled in the figures. LiNiO2 with the LP57 electrolyte (Figure XX.1.2g) contains 

the rock-salt phase (red color) with a depth of 4-5 nm and a significantly transformed area of the spinel phase 

(yellow). In contrast, LiNiO2 cycled in the LSE (Figure XX.1.2h) only contains a very thin rock-salt phase of 

1-2 nm, and the spinel phase is sporadically distributed in small areas. Therefore, the LSE suppresses oxygen 

loss and a deep reduction of nickel ions on the surface of LiNiO2 cathode and prevents the formation of 

electrochemically inactive phases (spinel-like or rock-salt structure) during long-term cycling. Moreover, the 

Li CE of the LSE was measured in a Li||Cu cell. Figure XX.1.2i shows that the Li CE reaches 98.2% after 

stabilization, which is lower than that of the  state-of-the-art value of 99.5% for LHCE. Future work will focus 

on increasing the Li CE of the LSE by adding more appropriate additives. 

          

Figure XX.1.2 (a) Schematic illustrations of the LP57 electrolyte and LSE. (b) Raman spectra of the three electrolytes in the range 

of 600 to 1000 cm-1. (c) 7Li NMR spectra of different electrolytes to study Li+ coordination. (d) SEM images of LiNiO2 microspheres 

with an average diameter of 12 μm (secondary particles). The inset zooms into the surface of a secondary particle to show the 

primary particles. (e) Self-discharge performance of LiNiO2 cathodes tested at 45 C. (f) Cycling performances of LiNiO2 with the 

LP57 electrolyte (300 cycles), LiFSI-based LHCE (M47, 300 cycles), LSE(EC/EMC) (500 cycles), and LSE(FEC/EMC) (600 cycles) at 

room temperature with 2 mA h cm-2 loading. The charge rate was C/2 and the discharge rate was 1C in the voltage range of 2.8 – 

4.4 V. STEM images at the surface of a cycled LiNiO2 particle with (g) the LP57 electrolyte and (h) the LSE. (i) Coulombic efficiency 

(CE) of the developed LSE measured with a Li || Cu coin cell. The test current and capacity were, respectively, 0.5 mA cm-2 and 1 

mAh cm-2. 

Stanford University rationally designed a steric effect tuned ether molecule, 1,2-diethoxyethane (DEE, Figure 

XX.1.3a), as the weakly-solvating electrolyte solvent for improving Li metal battery performance. The 

molecular design principle is to utilize a steric hindrance effect to tune the solvation structures of Li+ ions. 

They hypothesized that by substituting the methoxy groups on DME with larger-sized ethoxy groups, the 
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resulting DEE should have a weaker solvation ability and consequently more anion-rich inner solvation shells, 

both of which enhance interfacial stability at the cathode and anode (Figure XX.1.3a). Molecular dynamics 

simulations were performed to provide more detailed information about solvation structures (Figure XX.1.3b). 

Comparing the most probable solvation structures of 1 M LiFSI/DME and 1 M LiFSI/DEE, the latter must 

accommodate four extra carbons and eight extra hydrogens, which results in an additional energy penalty for 

DEE coordination. As a result, DEE has a lower average coordination number to Li+ due to its bulkier size. 

Overall, in the order of 1 M LiFSI/DME < 1 M LiFSI/DEE < 4 M LiFSI/DME < 4 M LiFSI/DEE, the anion-

to-solvent ratios increase and thus the probability of multiple FSI− within Li+ solvation shell increases (Figure 

XX.1.3b), both of which are consistent with the weaker solvation at higher concentration as well as the weaker 

solvation in DEE than in DME. The Li CEs were determined by a modified Aurbach method (Figure 

XX.1.3c). With 1 M LiFSI, CE of DEE reaches 99.02% and outperforms that of DME at 98.16%. Such high 

CE even at a normal salt concentration indicates superior compatibility of DEE with Li. At higher LiFSI 

concentration of 4 M, both DME and DEE show improved CEs (99.04% and 99.38%, respectively). The 

higher CE of DEE compared to DME at 4 M further showcases the improved stability of DEE at the Li anode. 

Finally, under stringent full-cell conditions of 4.8 mAh cm−2 the cell using NMC811 cathode, 50 μm thin Li, 

and high cutoff voltage at 4.4 V, the best-performing electrolyte 4 M LiFSI/DEE enabled 182 cycles with 80% 

capacity retention while 4 M LiFSI/DME only achieved 94 cycles (Figure XX.1.3d).  

 

           
 

Figure XX.1.3 (a) Molecular design from DME to DEE. (b) MD simulations for 1 M LiFSI/DME, 1 M LiFSI/DEE, 4 M LiFSI/DME and 4 

M LiFSI/DEE. (c) Aurbach method to determine the average Li metal CE using different electrolytes. (d) Cycling performance of 

thin-Li | high-loading NMC811 full cells under limited electrolyte and practical cycling conditions. 

XPS is commonly used to characterize SEI and help people understand the connections between the chemical 

speciation of SEIs and the performance of LMBs. However, the state of the SEI might be affected by artifacts 

introduced during XPS experiments, resulting in erroneous extraction of chemical information. The 

SLAC/Stanford team has identified specific procedures that may introduce errors during Li SEI analysis and 

provided guidelines for accurate SEI characterization in future studies. Herein, four themes were identified that 

could contribute to erroneous extraction of chemical information from the XPS analysis of SEIs. An SEI 

formed on top of Li anode  (2 mAh cm–2 of Li deposited at 0.5 mA cm–2 with L40 electrolyte) was investigated 

as an example. Specifically, the following avenues for errors during XPS analysis of SEIs were discovered. 

Effects of Sample Preparation Method: Up to 98 % variation in the ratios of chemical species in the SEI was 

identified through variations in sample rinsing methods (Figure XX.1.4a). Residual solvents (EC) and salts 

were observed to coexist with the SEI and contribute to the variations, thus the sample preparation methods 

should be clearly reported to ensure that SEI analysis results are consistent in the future. Spatial Location of 

Sampling Region: Variations in spatial location of XPS analysis on a given SEI result in up to 66 % variation 
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in the F/C ratio in the SEI (Figure XX.1.4b). The results show that as the XPS analysis was subject to the 

inhomogeneity of SEI samples. We recommend that measurements should be carried out on at least three 

distinct SEI spots to provide statistical confidence. Time-Dependence of SEI Species: The duration of SEI 

exposure under ultrahigh vacuum in the XPS chamber changed the SEI chemical markers by as much as 84 %, 

resulting in both changes in elemental ratios and specific chemical species in the SEI (Figure XX.1.4c). 

Therefore, it is important that XPS data collection, especially across different SEIs, is carried out within a short 

time window to ensure that SEI states are comparable. Effect of Sputtering: A mixture of Li2CO3 and LiF 

particles was studied as a model SEI. Ar+ sputtering significantly altered the F/C and O/C ratios of the model 

SEI (Figure XX.1.4d). It also preferentially decomposed SEI components (e.g., Li2CO3) and introduced 

artifacts in the form of new chemical species (e.g., Li2O) into SEI analysis. Therefore, one needs to be cautious 

when carrying out Ar+ sputtering of SEI samples during XPS analysis because it could introduce artifacts into 

the data. 

 

Figure XX.1.4 Chemical species changes during XPS measurement. (a) Atomic ratio as a function of three SEI preparation 

methods. (b) SEI atomic ratio as a function of sampling region. (c) SEI atomic ratio as a function of duration of SEI inactivity under 

ultrahigh vacuum. (d) Atomic concentration of model SEI (Li2CO3 + LiF mixture) for different Ar+ sputtering times. 

In Binghamton University, the thermal analysis lab continues to be set-up and an overall research plan is 

defined. The operando DSC cell provides new capability to determine thermal events in operating coin cells. 

This should allow the researchers to monitor the formation of the SEI layers in the initial cycles as well as the 

breakdown of electrolyte under extreme conditions. This will help define the limits of operability for each 

electrolyte for high Nickel NMC. However, the materials that the coin cell is constructed of can also react with 

the electrolyte leading to heat evolution. Using this high sensitivity DSC method, such reactions can mask the 

reactions being studied. To measure the magnitude of these challenges faced by the coin cell corrosion, the 

impact of adding additional aluminum foil to the cathode current collector was determined and the results are 

shown in Figure XX.1.5. The upper charging voltage was capped at 4.5 V, since our previous studies showed 

that breakdown occurs at voltages higher than 4.5 V. The heat evolution of NMC 811 cells with no additional 

aluminum on the cathode are shown in Figure XX.1.5a, while the results for cell with an extra aluminum foil 

added are shown in Figure XX.1.5b; both current collectors were aluminum-coated. There is clearly a marked 

difference with the T3 and ED2 electrolytes showing essentially no heat evolution for the extra protected 

cathode current collector. The other electrolytes will be further studied. This study highlights the need for a 

close examination of all cell components. 
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Figure XX.1.5 Operando DSC measurements (dotted curves for electrochemical test and solid curves for the measured heat flux) 

of novel ether-based M47, ED2, T3, Stanford (1M LiFSI in FDMB) electrolytes and traditional carbonate electrolyte (1M LiPF6 in 

EC/DMC (1:1)) for TARGRAY NMC 811 that were charged and held at 4.5 V, while ramp heating and isothermally holding at 30 C, 

45 C and 60 C for 20h, a) Al-coated MTI coin cell parts b) Al-coated Hohsen coin cell with Al foil added on cathode side. 

Thermal stability studies of electrolytes and solid electrolyte interphase (SEI): Binghamton University team 

studied (1) the reactivity of cell components, (2) the stability of the new ether electrolytes in contact with Li, 

and (3) the heat evolved during the evolution of the SEI layer. The stainless-steel components used in coin 

cells can react with the electrolyte even when are covered with aluminum (coated or foil). It was found that the 

Hohsen cell contains molybdenum in the steel (Figure XX.1.6a), which is less reactive than the MTI cells. The 

more reactive MTI cell results in an additional 10% heat release, beyond that due to the reactions of the active 

material (Figure XX.1.6b). The LiFSI-ether electrolytes were found to be stable to fresh Li during the melting 

process (Figure XX.1.6c, d). The electrolytes alone showed no thermal events up to 300°C; all showed the 

expected endothermic melting peak of Li and a subsequent exothermic reaction. In the presence of the 

NMC811, the expected exothermic oxygen reaction was observed, but its peak temperature was found to be 

dependent on the electrolyte used and in some cases higher than that of the NMC without electrolyte. This is 

being further investigated. Extra heat is expected to be evolved during the formation of the SEI layer, and this 

should decrease after the formation of the SEI. Figure XX.1.6e shows the cycling of NMC811 in several 

carbonate electrolytes and advanced ether electrolytes. The heat evolved for the first three cycles are given in 

Figure XX.1.6f. The expected decrease in heat evolution was observed for the carbonate electrolytes but was 

not the case for the ether-based electrolytes, even with the heat increased in some cases. This is being followed 

up with more measurements after the 10th cycle. 
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Figure XX.1.6 (a) XPS study of coin cell components. (b) Heat evolved for NMC 811 with the M47 electrolyte using the aluminum 

protected Hohsen and MTI cells. (c, d) Studies of X4 (PNNL) and FDMB (Stanford) electrolytes. Ex-situ DSC profiles of electrolyte 

alone, electrolyte + Targray NMC811 charged to 4.8 V, and electrolyte + Li metal anode after charge. (e, f) Cycling and Heat 

evolution of coin cells cycled between 4.4 and 2.8 V at C/10 current rate. 

3D Host Li Anode – University of Washington (UW) systematically evaluated the 3D porous carbon as Li 

hosts for high-energy rechargeable Li metal batteries in different kinds of electrolytes. The results 

demonstrated that the nature of the electrolyte has the dominant effect on determining the CE and cyclability of 

Li metal anode. In this FY2022, we have investigated the cycle performance of the Cu foam as Li hosts with 

three types of electrolytes, high concentration electrolyte (HCE, LiFSI: DME=1:1.2, by mol), localize high 

concentrated electrolyte (LHCE, LiFSI:DME:TTE=1:1.2:3 by mol), and fluorinated-1,2-diethoxyethanes 

electrolyte (F5DEE, 1.2M LiFSI in F5DEE), which have been proved to show good compatibility with Li 

metal anode. We are trying to figure out the optimum electrolyte composition for 3D hosts so that we can 

study the geometrical effect (pore size and shape, tortuosity, specific surface area, etc.) in future studies. 

Figure XX.1.7a shows the 10th charge/discharge curves of Li/Cu foam cells in the HCE, LHCE, and F5DEE 

electrolytes at 1 mA/cm2. The cell with F5DEE electrolyte shows the highest Coulombic efficiency (CE) and 

the lowest overpotential, which can be attributed to the high ionic conductivity of the F5DEE electrolytes and 

the high efficiency of interfacial ion transport.[1] The cycling performance of the Li/Cu cells in the HCE, 

LHCE, and F5DEE electrolytes is shown in Figure XX.1.7b. The cells using HCE and LHCE electrolytes need 

tens of activation cycles to ramp up to 99% CE. In contrast, the cell using F5DEE electrolytes exhibits a 

substantial improvement, with activation periods decreasing to around 10 cycles, indicating a robust and stable 

SEI is formed in the F5DEE electrolytes. Therefore, the optimal electrolyte for the 3D Li host is found to be 

the F5DEE electrolyte and we will study the geometrical effect of the 3D host in it to realize a high energy 

density Li battery. 
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Figure XX.1.7 (a) The 10th charge/discharge curves and (b) Coulombic efficiency of Li/Cu batteries in HCE, LHCE, and F5DEE 

electrolytes (at 1 mA cm−2 current density and 1 mAh cm−2 areal capacity) 

Previously, UW team successfully prepared the Li1.3Al0.3Ti1.7(PO4)3 (LATP)-coated polyethylene (PE) 

separator with a thickness of coating layer of ~1.25 μm, and the Li||NMC811 batteries using ceramic coated PE 

separators showed higher capacity retention than those using bare PE separators. In this FY2022, UW used 

radio-frequency magnetron sputtering to directly deposit a thin layer of LATP on PE separators. The 

deposition was carried out for 2 h at a power density of 2.63 W cm–2 in pure 5 mTorr Ar environment at 

~40°C. The thickness of the coated LATP layer is ~ 40 nm measured by a Bruker DektakXT Contact 

Profilometer. The mass of the PE separator only increased by 4.5% after coating with LATP, which is 

beneficial to realizing high energy density batteries. Figure XX.1.8a shows the Nyquist plots of the 

SS/separator/SS cells, where SS stands for stainless steel. The ionic conductivities of the bare PE and LATP-

coated PE separators infiltrated with carbonate electrolyte (1 M LiPF6 in EC/EMC (3:7 by wt.) with 2 wt.% 

VC additive) at room temperature are calculated to be 0.53 and 0.71 mS cm−1, respectively; based on  

σ = d/(RA) 

where d is the thickness of the separator, A is the area of the SS electrode, and R is the bulk resistance obtained 

from the high-frequency intercept of the Nyquist curve on the x-axis. The higher ionic conductivity of the 

LATP-coated PE separator as compared to the bare PE can be ascribed to better electrolyte wettability of the 

LATP-coated PE and can help to improve the rate performance in battery cells. The electrochemical 

performance of separators was evaluated by cycling the Li||NMC811 half cells (N/P ratio = 0.4) with the 

LHCE (LiFSI:DME:TTE=1:1.2:3 by mol.) at 25 C. The mass loading of the NMC811 cathode is ~ 20 mg 

cm−2. As shown in Figure XX.1.8b, the battery using LATP-coated PE separator exhibits an initial reversible 

capacity of 196.4 mAh g−1 with a CE of 86.7% at 0.1C between 2.8 V and 4.4 V, similar to that using bare PE 

separator (193.5 mAh g−1, 85.8%). After the formation cycles, both batteries deliver similar discharge 

capacities and CEs at 0.33C. These batteries are still being cycled, and the team will examine if the battery 

using ultrathin LATP-coated PE separator presents better cycling performance in the LHCE electrolyte. 

PSU team introduced a new electrolyte formulation with all aspects of solvents, salts, and additives optimized 

to achieve the target Coulombic efficiency (CE) of 99.5%. The new highly wettable fluorinated electrolyte 

with a new solvating solvent system can stabilize the batteries under practical working conditions with retained 

solvation chemistry because they are high-concentration electrolytes with improved wettability on the 

separator and electrode’s surfaces. It consists of 1 M LiPF6 dissolved in a mixture of carbonate-based solvating 

system and a fluorinated ether-based diluent, which is named as fluorinated saturated electrolyte (FSE). Here, 

we marked E1 for conventional electrolyte 1M LiPF6 in EC/EMC (1:1 v/v), AFSE stands for FSE with 0.1 

wt.% additive. The improved wettability between electrolyte/separator/electrode interfaces ensures 

homogeneous Li transport, which lowers the risk of incomplete plating and striping (that is, related to capacity 

loss) as well as local overcharge. In this approach, the Li2O–LiF-rich SEI nanostructure is completely different 

from the conventional SEI that displays a highly crystalline and Li2CO3-dominant structure. 
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Figure XX.1.8 (a) Nyquist plots of the bare PE and LATP−coated PE separators. (b) cycling performance of the Li||NMC811 

batteries with bare PE or ultra-thin LATP-coated PE separator. 

The accurate CE of Li||Cu cell was determined by the Aurbach method using the simple plating and stripping 

process published by Pacific Northwest National Laboratory team. In this method, an excessive amount of 

charge is used to deposit Li onto the Cu substrate first as a Li reservoir, then a smaller portion of this charge is 

used to cycle Li between working and counter electrodes for 10 cycles. After 10 cycles, a final exhaustive strip 

of the remaining Li reservoir is performed to the cut-off voltage.  The final stripping charge, corresponding to 

the quantity of Li remaining after cycling, is measured as shown in Figure XX.1.9.  Under a current density of 

0.5 mA.cm-2 and Li deposition capacity of 1.0 mAh.cm-2, the baseline E1 only delivered a CE of 88%; in 

contrast, a substantially improved CE of 99.5% was achieved in AFSE with a new solvent system and additive 

(Figure XX.1.9a).  The wettability of the FSE electrolyte is much improved on the separator compared to the 

conventional E1 electrolyte with poor wetting behavior (Figure XX.1.9d). After 10h resting, the Li-metal 

anode after the 1st charge shows non-uniform Li plating, especially at the center, while the Li metal with FSE 

electrolyte shows homogeneous Li deposition. In addition, For the cell using E1 electrolyte, it could not be 

charged after 1 h resting (black-dash line) and 5 h resting (red-dash line). In contrast, the cell using FSE shows 

normal charge curves for all cases (Figure XX.1.9b). It indicated that the resting period of 1h and 5h is not 

enough for conventional electrolyte to wet out the surfaces of separator and electrodes to facilitate the charging 

process. However, with improved wettability, FSE can wet out the surfaces of separator and electrode even in 

only 1h resting. 

Figure XX.1.9c indicates that the FSE significantly improves the cycling stability of NMC 811 with a cutoff 

voltage of 4.3 V. All the cycling data were collected with CR- 2016 type coin cells with a high loading cathode 

of 4 mAh cm−2, a 50 μm thin Li-metal anode, and lean electrolyte amount of 5.5 μL/mAh. As shown in Figure 

XX.1.9c, the NMC 811 cell with the FSE shows an initial discharge capacity of 2.78 mAh at 0.5C rate and 

retains 80% of its initial capacity after 265 cycles. Similarly, AFSE enabled significantly improved cycling 

stability, delivering an 80% capacity retention of 2.66 mAh after 280 cycles. In addition, the average CE is 

nearly 99.9% for the cells tested with FSE and AFSE. By comparison, using the baseline electrolyte of E1, the 

cell decays quickly and reaches 70% of its original capacity of 2.79 mAh only after 50 cycles. The average CE 

is only 99.0 % in the first 50 cycles. 

The Li-deposition morphology was probed on the Li-metal anode by using scanning electron microscopy 

(SEM). At a current density of 0.5 mA cm−2, the Li seeds that formed in the E1 electrolyte have a needle-

shaped morphology (Figure XX.1.10a) and are smaller than those formed in FSE and AFSE electrolytes. This 

finding implies that the growth of Li dendrites is exaggerated in the conventional electrolyte without additives 

and at low Li+ concentration. By contrast, Li seeds formed in FSE and AFSE are uniform and show an island-

shaped morphology. As shown in Figure XX.1.10d, the thickness of deposited Li in the E1 electrolyte is 25 

μm with loose and mossy structures, while the deposited Li in the FSE and AFSE electrolyte is only 20 μm 

with dense and chunky structures (Figure XX.1.10e,f). The morphological difference indicates a significantly 
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reduced surface area and thus restrained side reactions between Li-metal anode and electrolyte, resulting in 

limited SEI reformation and reduced electrolyte consumption. 

In conclusion, the newly developed electrolyte AFSE can promote much more uniform Li deposition and 

improved CE. More importantly, AFSE demonstrates improved cycling performance with the Li||NMC811 full 

cells. Furthermore, SEM study reveals that the electrolyte greatly influences the SEI chemistry and 

compositions, generating a robust and non-dendritic Li deposition on the anode surface. 

 

Figure XX.1.9 (a) Aurbach coulombic efficiency of Li||Cu cell in different electrolytes, (b) charge curves of different electrolytes with 

various resting time, (c) electrochemical performance of the NMC811||Li coin cells tested in different electrolytes, and (d) 

wettability of the electrolytes on Celgard separators and Li metals after 1st charge. 
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Figure XX.1.10 Morphology of Li-metal anode after 10 cycles: (a-c) top-view SEM images and (d-f) cross-view images of Li anodes 

in different electrolytes. 

UMD team developed a new nitrate-reinforced carbonate-based electrolyte using the conventional salt 

concentration of around 1 M for Li-SPAN batteries. SPAN recently emerges as a promising transition-metal-

free and high-energy cathode material for metal-based batteries. Compared to the conventional carbon-sulfur 

composite, SPAN provides better dispersion and confinement of the sulfur-based active species via means of 

covalent interaction. That being said, SPAN is typically preferred to contain a small amount of elemental 

sulfur to enhance the specific capacity. Therefore, the electrolyte needs to be accordingly designed to ensure 

cycling stability. It is well known that highly concentrated ether-based electrolytes can support decent SPAN 

cycling. However, their high cost, high viscosity as well as volatility/flammability of ethers might be of 

concern. UMD team developed a new nitrate-reinforced carbonate-based electrolyte using the conventional salt 

concentration of around 1 M. This electrolyte allows desired amount of decomposition of NO3
- and PF6

- anions 

to form inorganic-rich interphases on both Li and SPAN surfaces. The combination between low electronic 

conductivity of LiF and high ionic conductivity of nitrogen-contained species provides good protection against 

side reactions, enabling good performance for both SPAN cathode (> 200 cycles, Figure XX.1.11c) and Li 

metal anode (CE 99.66%, Figure XX.1.12a). The Li||SPAN full cell also showed promising cyclability (Figure 

XX.1.12b). In contrast, the baseline electrolyte (4 M LiFSI in DME) shorted the SPAN half cell after 130 

cycles (Figure XX.1.11a). In the future, the team will continue to optimize other cell parameters towards 

practical conditions using the nitrate-reinforced electrolyte to achieve the goal of high-energy density Li-S 

batteries. 
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Figure XX.1.11 11 Charge-discharge curves of Li||SPAN half cells in (a) 4 M LiFSI in DME, (b) the nitrate-reinforced electrolyte; 

and (c) long-term cycling performance in both electrolytes 

 

 

Figure XX.1.12 (a) Li plating/stripping efficiency and (b) cycling performance of Li||SPAN full cell in nitrate-reinforced electrolyte 

Liu’s team at UCSD studied four LHCEs with high areal loading (> 6 mAh cm-2) SPAN as the cathode, a 

material which is known to offer stable cycling with no polysulfide dissolution problem when the appropriate 

electrolyte is chosen. Based on the understanding of the role of transport, UCSD team identified a DME-based 

LHCE as the optimal choice to fabricate a 2 Ah pouch cell. The study demonstrates the significance of 

electrolyte bulk in realizing stable cycling of high-energy-density LMBs with high areal capacity cathodes. 

Four LHCEs were prepared using LiFSI as salt and four different ethers as main solvents due to ether’s 

superior stability with LMA. The four ethers are dibutyl ether (DBE), diisopropyl ether (DiPE), diethyl ether 

(DEE), DME, and the four electrolytes are LDBE, LDiPE, LDEE, and LDME respectively. These four 

electrolytes were saturated with LiFSI salt and then diluted by Bis(2,2,2-trifluoroethyl) ether (BTFE) in 1:2 

solvent to diluent mole ratio. Several physical properties had been tested and calculated for these four 

electrolytes, including the concentration, conductivity, viscosity, and transference number. The concentration 

follows the trend of LDME > LDEE > LDBE >LDiPE. The ionic conductivity measured in Swagelok cells 

without separator shows the trend of LDME >> LDEE > LDiPE > LDBE, consistent with the dielectric 

constants of the four primary solvents. Furthermore, the electrolyte viscosity and transference number were 

also measured. LDME showed the highest viscosity and lowest transference number. LDiPE is the least 

viscous and of the highest transference number. The viscosity trend follows the same trend as the 

concentration. The team also calculated the Sand’s capacity and the LDME showed the highest Sand’s 
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capacity (LDME>LDEE>LDiPE>LDBE). This implies that cells with LDME are less prone to ion depletion, 

which is one of the main driving forces for uncontrollable dendrite growth.  UCSD team’s previous report has 

shown that to deliver > 300 Wh kg–1 energy density at cell level, SPAN cathode with > 6 mAh cm–2 areal 

capacity is needed. Figure XX.1.13a shows the cycling performance of four electrolytes in full cell 

configuration, when > 6 mAh cm–2 SPAN cathodes were paired with Li metal. The charge and discharge 

current density was 1.2 mA cm-2 for all cells. Cells with LDBE, LDiPE, and LDEE electrolytes failed at 23rd, 

27th, and 46th cycle, respectively, while the cell with LDME electrolyte lasted 130 cycles without noticeable 

capacity fading. The symptoms of cell failure are classic soft shorting behavior. The charging capacity 

exceeded the theoretical value as Li dendrites penetrated the separator and leaked electrons. The voltage 

fluctuated as the Li dendrites propagated to the cathode and broke after reacting with the positive electrode 

(Figure XX.1.13b). UCSD team correlated the electrolyte transport properties with the cell shorting behavior. 

The onset of shorting started earlier for electrolytes with lower conductivities rather than with lower CE 

values. Figure XX.1.13c, d illustrate the correlation between cycle number and Sand’s capacity, where a clear 

linear relationship of cycled number with increasing Sand’s capacity is observed. When considering the effect 

of the separator, the cells are substantially cycled longer than those without a separator as predicted by the 

Sand’s capacity. This provides a theoretical explanation for the dendrite shorting behavior. In systems with 

low Sand’s capacities, ion depletion can be triggered when paired with high capacity cathode, which will 

accelerate dendrite growth. The other electrolyte properties, including the viscosity and transference number, 

show no apparent correlation with the shorting behavior. LDME shows the highest viscosity and lowest 

transference number, but the longest cycle life among four electrolytes. The LDiPE is the least viscous and of 

the highest transference number but only delivered 27 cycles before shorting. Therefore, this study challenges 

the assumption that both great efficiency and outstanding transport properties are needed for electrolytes to 

enable high energy density Li||SPAN cells. 
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Figure XX.1.13 Capacity retentions and voltage profiles of high areal capacity (> 6 mAh cm-2) Li||SPAN cells in different 

electrolytes. (a) Charge/discharge areal capacity retention of Li||SPAN cells with different electrolytes. (b) Voltage profiles of 

Li||SPAN cells with different electrolytes. Cycle numbers versus Sand’s capacity of cells with different electrolytes based on data 

measured (c) without and (d) with separator. Cells were cycled under C/20 for 2 cycles, and then followed by C/5 cycling. 

Meng’s team at UCSD explored the effect of porosity on the corrosion rate of Li in the last previously. It was 

found that the porosity of the plated Li is the major factor in determining the Li corrosion rate. The corrosion 

rate of Li is directly related to the porosity of the Li. In FY2022, the team further explored the effect of surface 

chemistry on the corrosion rate of Li. To elucidate the effects of surface chemistry on the corrosion rate of Li 

metal, XPS with depth profiling was performed on the freshly deposited and corroded Li metal to verify the 

interphases chemical information (Figure XX.1.14). Two representative electrolyte systems, 1) high 

concentration ether based electrolyte, Bisalt (4.7m LiFSI + 2.3m LiTFSI in DME) and 2) carbonate base 

electrolyte, Gen 2 (1.2M LiPF6 in EC:EMC), were chosen for this study. Meng’s team identified that the fresh 

SEI components in the two electrolyte systems are almost identical. In the Bisalt samples, the change of 

intensity of C-F peak with depth implies the presence of Li salt (LiTFSI and LiFSI) on the surface of the Li, 

which can be confirmed by the 533 eV peak in O 1s and peaks in C 1s spectra as well (C-F at 293 eV and C-

S=O at 289 eV). Other than the Li salts, Li-F, Li2O and typical organic species such as C-O/C=O/ROLi can be 

recognized. Figure XX.1.14b demonstrates the results from Gen 2 sample, which is quite like the Bisalt 

samples considering the major components include Li-F, Li2O and typical organic species in the freshly 

deposited samples. After 3 weeks of resting, in the Bisalt samples, there is an accumulation of Li salt in the 

surface of the Li, while other SEI components still preserve well in the surface layers. However, in the Gen 2 

case, the Li2O content mostly disappeared after 3 weeks of resting. The surface layers mainly consist of LiF 

after the corrosion. The results of Gen 2 samples show that the SEI layers have undergone a significant change 
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during the resting period (highlighted by blue and violet shades), which correspond to the corrosion trend of 

the Li deposited in Gen 2 where a fast corrosion rate is observed throughout the 5 weeks of resting. Based on 

the results so far, it can be concluded that in the case of Bisalt electrolyte, where ether-based solvents are used, 

the SEI components are much more stable than those of the Gen 2 electrolyte. Although XPS depth profiling 

can provide us valuable information about the SEI components evolution during the corrosion period, the exact 

SEI structure of the Li deposited from each electrolyte remains unclear. More work should be done to carefully 

examine the nano-structure of the Li SEI, which might be the key in determining the stability of the SEI. The 

importance of a stable SEI layer also reflected in the slow corrosion trend in the Bisalt samples. Therefore, we 

believe that the SEI layers need to be stable enough to survive the corrosion process for mitigating the 

continuous mass loss of Li in liquid electrolyte. 

        

Figure XX.1.14 The XPS depth profiling of deposited Li metal. Chemical evolution of F 1s, O 1s, C 1s, and Li 1s of (a) Bisalt 

electrolyte and (b) Gen 2 electrolyte before and after 3 weeks of resting in its corresponding electrolyte. 

Electrolyte development for SPAN cathodes: PNNL team has investigated several new electrolytes for 

Li||SPAN cells. Six solvating solvents were selected to prepare the high concentration electrolytes (HCEs) 

first. Among these electrolytes, SS4-HCE shows the highest average Li coulombic efficiency (CE, ~99.3%) 

(Figure XX.1.15a). Since HCEs have a wettability issue to the polyolefin separators and the thick electrode 

laminates due to their high viscosities, localized high concentration electrolytes (LHCEs) were developed by 

adding selected diluent in HCEs to reduce the viscosity and improve the wettability. These newly developed 

electrolytes are named SS4-based electrolytes. Two SS4-based LHCEs (SS4-LHCE-1 and SS4-LHCE-2) were 

prepared, and they demonstrate improved average Li CEs (above 99.5%) compared to SS4-HCE (97.9% to 

99.1%, Figure XX.1.15b). The average Li CEs are very similar to that of the Battery500 E-baseline electrolyte 

(LiFSI-DME-BTFE (0.901:1:2 by mol)) for SPAN cells. In general, the electrolyte with a higher efficiency 

could enhance the cycling performance of the Li||SPAN cells. To investigate the compatibility of the 

electrolytes with Li-metal anode, 1 mAh cm–2 of Li was deposited on the Cu electrode at a current density of 

0.5 mA cm–2. The Li deposited with SS4-LHCEs exhibits larger particle size and denser morphologies than 

that deposited with E-baseline electrolyte (Figure XX.1.15c). This result indicates that SS4-LHCEs could be 

more compatible with Li-metal anode than E-baseline electrolyte. 

For the cycle life test, the Li||SPAN cell consists of a SPAN cathode (4.5~5 mg cm−2, from UCSD), a PE 

separator (20 µm thick), a Li foil (250 µm thick), and 30 µL electrolyte. Before starting the cycle life test, all 

cells were conditioned by two formation cycles at a current density of C/20 (where 1C = 2.7-3.0 mA cm−2) 



FY 2022 Annual Progress Report 

 Beyond Lithium-Ion R&D: Battery500 1265 

under the voltage range of 1 to 3 V. In the initial charge/discharge profiles, the cells using three electrolytes 

show similar polarization (Figure XX.1.16a-c).  The Li||SPAN cells with SS4-LHCE-1 and SS4-LHCE-2 have 

capacity retentions of 92.5% and 88.3%, respectively, after 150 cycles at a current density of C/5 as shown in 

Figure XX.1.16d. The cells using SS4-LHCE-1 show a slightly higher capacity retention (92.5%) than those 

using E-baseline electrolyte (~89.6%). These cells are still under testing.  

It is interesting to note that even though E-baseline electrolyte has a higher ionic conductivity (Figure 

XX.1.17a), SS4-LHCE-1 delivers a better charge-rate capability (Figure XX.1.17b). To understand the 

relationship between the ionic conductivity and the charge-rate capability, the compatibility of SS4-LHCEs 

with the SPAN cathode will be investigated.  Furthermore, post-mortem analyses will be performed to reveal 

the interphase properties of SS4-LHCE and electrodes.  

 

Figure XX.1.15 (a) Average CEs of Li||Cu cells with HCEs using six solvating solvents. (b) Average CEs of Li||Cu with SS4-based 

LHCEs and E-baseline. (c) Li deposition morphologies on Cu electrodes at a current density of 0.5 mA cm-2 for a capacity of 1 mAh 

cm-2. 
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Figure XX.1.16 Charging/discharging profiles of Li||SPAN cells at a current density of C/20 with (a) E-baseline, (b) SS4-LHCE-1, 

and (c) SS4-LHCE-2. (d) Performances of Li||SPAN cells with studied electrolytes at a current density of C/5 in the voltage range 

of 1 – 3 V. 

 

 
 

Figure XX.1.17 (a) Ionic conductivities at different temperatures. (b) Charge-rate capability of Li||SPAN cells with the studied 

electrolytes at a constant discharging current density of C/5 in the voltage range of 1 – 3 V. 

Keystone project 2: Electrode architectures 

The goal of the Keystone 2 is to design, model, fabricate and characterize the effect of electrode architecture 

on electrode and cell performance in support of reaching the project of 500 Wh kg-1 cell specific energy. Such 

studies include both high-capacity cathode materials such as high Ni content NMC and sulfurized polymer 

cathode, as well as lithium metal anodes.  
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Effect of polymer precursors on sulfurized polymer performance:  

UCSD studied the relationship between the molecular structure of sulfurized polymer and its performance as a 

cathode. More specifically, we strived to understand how the sulfur substituted at different sites on the pyridine 

ring influences the battery performance. The purpose for this study is to understand why SPAN has such a high 

reversibility in battery, and if we could design and synthesize a polymer that has even better performance than 

SPAN. As shown in Figure XX.1.18A, three sulfurized pyridine polymers had been selected to study the 

influence of sulfur substitution sites on the pyridine ring. SPAN, where the majority of the sulfur atoms are 

connected to the pyridine position 4 even though some sulfur groups can connect to other pyridine ring 

positions at the edge of its polymer chain, (labelled in red color in Figure XX.1.18A). In SP2VP, formed from 

P2VP as the precursor, besides the position 4 C-S bond formation, the pyridine rings’ other positions can also 

bond with sulfur (labelled in blue color in Figure XX.1.18A). SP4VP, formed from a P4VP precursor, can be 

considered as the ‘opposite’ of SPAN - every position on pyridine can be substituted by sulfur except for 

position 4. All polymers were synthesized by mixing their precursors with excess amount of sulfur and heated 

at 450°C under inert gas protection. After the sulfurization, all these polymers (PAN, P2VP, and P4VP) turned 

from white to black color, suggesting the formation of large conjugated structures. All these polymers have 

similar functional groups. The FTIR spectra for SPAN and SP4VP  are shown in Figure XX.1.18B. Both 

materials have similar covalent bonds, such as conjugated pyridine rings, C-S, and S-S bonds. Some slight 

peak shifts between the two materials, such as the C-S bond at around 940 cm-1 and ring bonded with sulfur at 

1172cm-1 suggest that the S atoms are substituted at different positions on the pyridine ring. Since the three 

polymers’ major differences are the C-S bonding positions on the pyridine ring, their performance differences 

as a battery cathode are likely linked to this factor.  

Figure XX.1.18C shows the 1st and 2nd charge-discharge profiles for the three materials. SPAN, the one with 

the highest ratio of position 4 C-S components, shows the highest discharge voltage plateau (1.6V 1st 

discharge, 1.8V 2nd discharge). SP2VP has fewer position 4 C-S bonds; its discharge voltage plateau is lower 

(1.4V 1st discharge, 1.6V 2nd discharge). The lowest voltage plateau was observed with SP4VP (1.2V 1st 

discharge, 1.5V 2nd discharge), which has no position 4 C-S bonds. On the other hand, all three materials have 

similar reversible capacity starting with the 2nd cycle when the cutoff voltages of SP2VP and SP4VP are set at 

0.5 V vs the 1 V limit used for SPAN. SP4VP and SP2VP also have a very high 1st discharge capacity 

(>1000mAh/g) in this expanded voltage range; its irreversibility is very similar to SPAN despite the voltage 

window difference. 

These results suggest that high capacity S-containing polymers that can cycle in carbonate electrolytes are not 

limited to SPAN only. Sulfurizing precursors containing already formed pyridine rings to form polymers, e.g., 

SP4VP and SP2VP, similar capacities as SPAN can be obtained. These findings open up the possibility of 

investigating other polymer precursors with related structures. The origin of the lower discharge potential 

requires further investigation. We hypothesized that the availability of the 4 position on pyridine ring might 

play an important role. This hypothesis can also explain why SPAN synthesized from high molecular weight 

precursor PAN can result in high capacities. Since it has less polymer edge per unit mass, the ratio of position 

4 C-S will be higher. Future study will focus on how to further enhance the position 4 C-S bonding in SPAN, 

and examine other polymer structures that can offer higher operating voltage and capacities. 

. 
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Figure XX.1.18 Sulfurized Pyridine Polymer for Battery (A) Structure of three polymers before and after sulfurization (B) IR for SPAN 

and SP4VP ; (C) Charge/Discharge curves for SPAN, SP2VP and SP4VP in liquid battery. (Cathode Weight Ratio: Active Material: 

Carbon Black: Binder 8:1:1, with LFP EC/DMC Electrolyte, Charge/Discharge rate 0.2C) 

The reaction mechanism of sulfurized polyacrylonitrile (SPAN):  

The bonding environment of the S in the SPAN was analyzed by FTIR to probe the pristine molecular 

structure of SPAN synthesized at 300℃, 450℃ and 550℃ previously by UCSD team. It was found that there 

were three types of carbon (C) and sulfur (S) bonding environment. The cycling performance of the SPAN 

synthesized at different temperatures was further analyzed. Coin cells with SPAN electrodes were assembled 

with excess Li and electrolyte, and the cells were cycled at C/3 for studying the cycling stability of the SPAN 

electrodes. As Figure XX.1.19a shows, after the first 3 cycles, the discharge capacity of both the 450SPAN 

and the 550SPAN were stabilized (at around 520 mAh/g and 300 mAh/g respectively). However, the discharge 

capacity of 300SPAN keeps decreasing even after the first 3 formation cycles. The capacity retention results 

are in good agreement with the elemental analysis results reported pewviousely. There is a decrease of S 

content in the SPAN synthesized at higher temperature which might largely come from the loss of the bridging 

Sx. As a result, the 300SPAN contains the highest amount of S in its molecule, which might form irreversible 

lithium polysulfides during the electrochemical cycling. Figure XX.1.19b shows the voltage profiles of the 

300SPAN cell. As the shown in the figure, at the beginning of 1st cycle, the discharge voltage starts at around 

1.8V, which means that there is almost no elemental S left in the molecule. However, the dip at the beginning 

of the voltage profile, which is also presented in the elemental S voltage profiles, suggests there might be 
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formation of lithium polysulfide during the discharge. As the cycling continues, there is also a graduate 

decrease in the discharge capacity observed in the cell. The Figure XX.1.19c shows the cycling voltage profile 

of 450SPAN. The voltage profiles of the 450SPAN are mostly similar to that of the 300SPAN, except there is 

no dip at the beginning of the 1st cycle discharge voltage profile. Furthermore, there is no noticeable decrease 

in the discharge capacity for the first 30 cycles. The Figure XX.1.19d shows the cycling voltage profile of 

550SPAN. The discharge capacity of the 550SPAN is the lowest among the three SPANs, which might be 

caused by the decrease of S amount in the molecules. Interestingly, the 550SPAN voltage profile shows an 

extra plateau in both charge and discharge voltage profile when compared to those of 300SPAN and 

450SPAN. The exact reason for this extra plateau is under investigation. With the results so far, it can be 

concluded that the synthesis temperature of SPAN needs to be strictly controlled as it will have large impact on 

the molecular structure, S content and the cycling performance. More XPS and Raman analysis are being 

conducted to further decipher the reaction mechanism of SPAN. 

                        

Figure XX.1.19 a) The cycling performance and the voltage profiles of SPAN synthesized at three different temperatures: b) 300℃ 

(300SPAN), c) 450℃ (450SPAN) and d) 550℃ (550SPAN). 

Unraveling the Working Mechanism for SPAN Cathode: In collaboration with Meng’s group at UCSD, Liu’s 

group further characterized the correlations between the structure of SPAN and synthesis temperature. Liu’s 

group also characterized the functional groups in SPAN and their impacts on the battery performance. As 

shown in Figure XX.1.20, XPS and FTIR were applied for characterizing the structures of SPANs synthesized 

at different temperatures. In Figure XX.1.20A, the XPS N 1s peak shows that there are 3 Nitrogen 

components, which are pyridine-N, graphite-N, and N-H, respectively. For sulfur, in the XPS sulfur 2p spectra, 

C=S, C-S, and S-S are the main sulfur components in SPAN (the additional S-O is due to surface oxidation of 

S). In FTIR, the C-S peak can be deconvoluted into three components, indicating that the SPAN has three C-S 

species, which are the aromatic, non-aromatic, and bridging C-S bonds. As shown in Figure XX.1.20B, the 

synthesis temperature can impact the ratios of these functional groups. Figure XX.1.20C shows all of these 

functional groups and their molecular structures. 
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Figure XX.1.20 Functional groups and structure of SPAN. (A) XPS spectra for SPAN synthesized at different temperature; (B) 

Compositional ratio in SPAN derived from XPS results shown in (A); and (C) molecular structure of SPAN. 

Previously, the UCSD team have shown the reaction mechanism of the SPAN cathode and pinpointed the root 

cause for the 1st cycle irreversible capacity loss. According to the proposed reaction mechanism, after the 1st 

cycle, the aromaticity of the SPAN molecule will be increased. The enhanced conjugation structure of SPAN 

can in turn increase the electronic conductivity of the polymer molecule. To prove our hypothesis, a carbon-

free and additive-free thin film SPAN is made to study the electronic conductivity of SPAN before and after 

cycling. To synthesize the thin film SPAN, the PAN-Dimethylformamide (1M) solution is first spin-coated on 

a Ti substrate at 2000 r.p.m. for 30 seconds. The films are later dried at 100°C for 1 hour and then sulfurized in 

an Ar-flowing tube furnace at 350°C for 6 hours. As shown in Figure XX.1.21, the thin film SPAN deposited 

on the Ti substrate (Figure XX.1.21a) shows a thickness of only 200 nm (Figure XX.1.21b), a length scale 

similar to the particle size of SPAN. As shown in Figure XX.1.21c and Figure XX.1.21d, there is no 

morphological change from precursor PAN to product SPAN. The thin film SPAN is dense, pore-free, and 

smooth. In Figure XX.1.21e, the STEM-EDX mapping shows that, like the regular SPAN powders, the N, S 

and C elements are uniformly distributed across the thin film. FTIR (Figure XX.1.21f) shows that all 

functional groups of SPAN thin film are the same as those of SPAN powders. The thin film SPAN on Ti is 

cycled in a coin cell setup. Glass fiber is used as the separator and 1 M LiTFSI in DME/DOL (1:1) with 2 wt% 

LiNO3 is used as electrolytes. Galvanostatic charge/discharge is conducted in a fixed voltage range of 1–3 V 

vs. Li/Li+ at room temperature with C/20 (1 C = 550 mAh/g) rate based on the SPAN loading. After cycling, 

the thin film SPAN is recovered from the coin cell and an 80 nm thick Cu is vapor deposited on the top of it in 

an Ar glove box (Figure XX.1.21g). According to our hypothesis, the loss/conversion of non-aromatic 

sulfur/nitrogen during the 1st cycle is associated with an increase in the degree of conjugation. In principle, 

this should lead to an increase in the electrical conductivity. This is indeed confirmed by the measurement of 

the pristine and the 1st charged SPAN thin films (Figure XX.1.21h). After the 1st charge, the SPAN 
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conductivity increases by two orders of magnitude (from 1.21 x 10-7 to 4.43 x 10-5 S cm-1). This result further 

proves our proposed SPAN reaction mechanism: the unwanted non-aromatic sulfur/nitrogen is lost after the 1st 

cycle and the increased aromaticity can improve the cycling stability of the SPAN.   

 

                                            

Figure XX.1.21 Characterizations of thin film SPAN. (a) photo of thin film SPAN synthesized on-top of Ti substrate. (b) FIB-SEM 

image of the cross-section of thin film SPAN on Ti substrate. Top-view SEM images for the (c) precursor (polyacrylonitrile) thin film 

and (d) SPAN thin film. (e) STEM-EDX mapping of thin film SPAN and (f) FTIR spectra of the powder and thin film SPAN. (g) 

Schematic and (h) results of the electrical conductivity test for SPAN thin film before and after the 1st cycle. 

Controlling the Chemical Corrosions of Li Metal Anodes:  

Previously, UCSD has reported the trend of Li metal corrosion rate in carbonate-based Gen2 electrolyte and a 

high concentration ether-based electrolyte (dual salt). It was found that the corrosion rate of the Li metal might 

be related to two parameters: 1) the porosity of the Li; 2) the surface chemistry of the Li. In FY2022, we 

studied the effect of porosity on the corrosion rate of Li in the Gen2 electrolyte. In UCSD previous work on 

the pressure effects on the Li metal deposition, it was shown that the stacking pressure could effectively 

control the porosity of deposited Li. To further investigate the effects of Li porosity on the corrosion rate, a 

split cell together with a pressure sensor was used for controlling the stacking pressure during Li plating 

(Figure XX.1.22a), which can help us to obtain deposited Li with different porosities. Similar to the previous 

case, 0.318 mAh of Li is plated onto Cu substrate at a rate of 0.5 mAh/cm2 in Gen2 electrolyte. However, the 

electrode size is changed from 1.27 cm2 to 0.385 cm2 to accommodate the smaller size of the split cell. Two 

different stacking pressures, coin cell pressure (150 kPa) and optimized Li plating pressure (350 kPa), were 

applied during the Li plating process. The plated Li with the Cu substrate is recovered from the split cell and 

immersed in flooded electrolyte for corrosion study. Figure XX.1.22b shows the Li0 mass retention (%) of the 

Li plated under two pressures. The lower porosity of the Li plated under 350 kPa showed clear evidence in 

suppressing the Li corrosion rate. The metallic Li0 lost about 18% of its original mass after 20 days. In 

contrast,  29.2% of Li0 was lost in the case of coin cell pressure of 150 kPa. When comparing the improved Li 

corrosion trend to that of Li plated in dual-salt electrolyte under coin cell pressure, it is found that the two 

corrosion trends are similar (Figure XX.1.22c), demonstrating that with the optimized stacking pressure 

applied during Li plating, the resulting low porosity Li can have a reduced corrosion rate even in conventional 

carbonate electrolyte comparable with the dual-salt electrolyte. The cryo-FIB/SEM images also illustrated the 
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morphological change of the Li plated under different pressures before and after corrosion. From the top-view 

and cross-sectional images of the Li plated under coin cell pressure, the resulting Li is in whisker-like 

morphology (Figure XX.1.22d, Figure XX.1.22h). However, just after 7 days of immersion in Gen2 

electrolyte, there is a noticeable shrinkage in both the plated Li's thickness and the diameter of whiskers. In 

contrast, the morphology of Li plated under 350 kPa pressure did not show a significant change. The Li 

retained its dense morphology after 7 days of immersion, especially in the cross-section. The only noticeable 

changes were occurred on the top surface of the dense Li where some flower-like materials begin to form on 

the surface. With these results, it can be seen that the Li corrosion only takes place at the interface between Li 

and the electrolyte. Therefore, the porosity of the plated Li should play a major role in controlling the 

corrosion rate of Li. In the future, the role of surface chemistry in the corrosion of Li metal will be studied in 

more details.  

 

 
 

Figure XX.1.22 The effect of morphology control on limiting the corrosion of Li in liquid electrolyte. a) Schematics of stacking 

pressure control set up. b) Trend of Li0 mass retention (%) of Li plated under 2 different stacking pressure (coin cell pressure and 

350 kPa pressure) in Gen 2 electrolyte. c) The comparison between Li0 mass retentions (%) of Li plated in Gen 2 electrolyte with 

350 kPa and in Bisalt electrolyte in coin cell. d-k) The top-view and cross-sectional SEM images of the deposited Li metal in Gen 2 

electrolyte: under coin cell pressure after d, h) freshly deposited, e, i) after 7 days of resting and under 350 kPa pressure after f, j) 

freshly deposited, g, k) after 7 days of resting. 

Effect of Mg additive on Li metal plating:  

Prof. Goodenough’s group at UT Austin introduced one simple electrolyte additive Mg(ClO4)2, to achieve 

stable lithium plating/stripping and improve the cycling life of rechargeable Li-metal batteries. Li/Cu and Li/Li 

symmetric cells were assembled to evaluate the interfacial chemistry of the metallic lithium anode with 

localized high concentration electrolytes (LHCEs Figure XX.1.23). The electrolyte with Mg(ClO4)2 delivered a 

much higher Coulombic efficiency (~ 99.0%) than the cell with the pristine one (~ 96.0%) at 1 mA cm−2 

during 400 cycles (Figure XX.1.23a to Figure XX.1.23c). The good stability with the metallic lithium anode 

for the LHCE with the additive is observed at 1 and 2 mAh cm–2 in the symmetric Li/Li cells (Figure 

XX.1.23d to 2-6e); no apparent voltage polarization increase was seen. Figure XX.1.23f to 2-6i compare the 

Li–metal surface after cycling with different electrolytes. After being cycled in LHCE with Mg(ClO4)2 

additive, the Li metal showed a more compact and smoother surface. Large Li particles with over 5 µm and 
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low tortuosity are packed closely. The deposited Li (~ 40 µm thick, Figure XX.1.23i) is much thinner than that 

formed in the pristine LHCE; the compact Li deposition with a low surface area can significantly mitigate the 

parasitic reaction between the electrolyte and the metallic lithium anode. 

 

             

Figure XX.1.23 (a) Electrochemical performance of Li/Cu cells at 1 mA cm−2 . (b) Coulombic efficiency of Li/Cu cells at 

1 mA cm−2 and 1 mAh cm−2 for 400 cycles. (c) Galvanostatic Li plating/stripping profile of Li/Cu cells at 1 mA cm−2 and 

2 mAh cm−2. (d) Long–term cycling of Li/Li symmetric cell with the additive Mg(ClO4)2. (e) Rate performance of symmetrical cell. 

SEM top–view/cross-section images of cycled Li–metal anodes (100 cycles) obtained from LHCE (f, g) without and (h, i) with the 

additive. 

Influence of electrolyte additive on the performance of high Ni content, NMC 811 cathode:  

UT Austin introduced a simple additive Mg(ClO4)2 into the localized high concentration electrolyte (LHCE) 

to reduce electrolyte-Li reaction, protect Li surface, and stabilize the anode architecture for long-term cycling. 

As shown in Figure XX.1.24, cells assembled using LHCE with the additive demonstrates a superior capacity 

retention of 96.3% at C/10 rate after 100 cycles compared with a capacity retention of 93.0% for cells using 

pristine LHCE without the additive. The additive also helps improve the rate capability and coulombic 

efficiency (Figure XX.1.24B and Figure XX.1.24C). The discharge capacities with pristine LHCE are 219, 

212, and 197 mAh g–1 at, respectively, C/10, C/3, and 1C rates. When the rate is increased to 2C, a fast 

capacity decay is evident, and a capacity of 174 and 170 mAh g–1 is seen at, respectively, 3C and 5C rates. The 

cell capacity returned back to 210 mAh g–1 when the rate was reduced back to C/3, which may have been 

caused by the damage to Li anode at high current densities during fast charge. In contrast, the cell with LHCE 

with Mg(ClO4)2 additive performs significantly better at high charge rates, showing stable specific discharge 

capacities of ~ 186, 184, and 178 mAh g–1 at, respectively, 2C, 3C, and 5C rates. The specific capacity then 

recovers back to 214 mAh g–1 after the charge rate was back to C/3. These results clearly show that the LHCE 

with additive reduces the damage to the integrity of SEI and enables high current density cycling. The additive 

also enhances the coulombic efficiency as seen in Figure XX.1.24C. 
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Figure XX.1.24 Electrochemical characterizations of the Li/NCM811 cells. (A) Charge and discharge curves of Li/NCM811 cells 

with LHCE with and without Mg(ClO4)2 additive at C/10 rate for 100 cycles. (B) Charge and discharge profiles of LHCE with additive 

under various rates. (C) Rate performance, long term cycling performance, and Coulombic efficiency of the Li/NCM811 cells with 

LHCE with and without Mg(ClO4)2 additive 

Separator Coating  

University of Washington made progress about the Li4Ti5O12 (LTO) coating on the anode side of the 

separator to improve the electrochemical performances of Li-metal batteries. Previously, we demonstrated that 

Li1.3Al0.3Ti1.7(PO4)3 (LATP) coating on the anode side of the separator has a beneficial impact on Li-metal 

anode cycling since the decomposition products at the Li|LATP interface are electronically insulative while 

ionically conductive. Compared to LTAP, the spinel structured LTO has a stable structure and high ionic 

conductivity, as well as good compatibility with electrolytes, indicating its potential to homogenize lithium 

ions flux and stabilize the interface of the Li metal anode. Here, we report the preparation of an LTO (10 m 

thickness) coated Polyethylene (LTO@PE) separator via doctor blading and employed it in Li-metal batteries. 

In the Li||Cu half-cell, the Coulombic efficiency (CE) is up to 99.4%, which is similar to our previous data 

using the PE separator, but the overpotential decreased. Furthermore, using LTO@PE in Li-metal full cell (50 

m Li||NCM622) exhibits capacity retention of 94.4% after 130 cycles, which presents much higher cycle 

stability than that of using uncoated PE separator full cell. In the first experiment of this study, the nano-sized 

(20 nm) LTO: Poly(vinylidene fluoride) (PVDF) with a ratio of 9:1 dissolved in 1-Methyl-2-pyrrolidinone 

(NMP) solvent to make a slurry. The slurry was coated on one side of the PE separator via doctor blading. The 

thickness was controlled at around 10 m. Then, the LTO@PE was dried under 60 C in a vacuum oven for 12 

h. Following, it was pouched in a diameter of 20 mm. The CE, cycle stability, and polarization voltage were 

evaluated in Li||Cu coin cell. The selected galvanotactic charge and discharge curves and CE versus cycle 

number are shown in Figure XX.1.25a and Figure XX.1.25b. During the initial discharge process, there is a 

voltage plateau at 1.45 V vs. Li/Li+, corresponding to Li ions insertion into LTO frameworks. The initial CE 

was 67% and quick jumped to 99% after about 20 cycles. The average CE was 99.4%. 
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Figure XX.1.25 (a, b) Selected galvanotactic charge and discharge curves and CE versus cycle number of Li||Cu coin cell using 

LTO@PE separator. The electrolyte is the 1.49 M lithium bis(fluorosulfonyl)imide (LiFSI) in a mixture of DME and 1,1,2,2-

tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (TTE), with DME and TTE a molar ratio of 1.2:3. The deposition capacity is 1 mAh 

cm−2 at a current density of 1 mA cm−2 with a volume of 60 μL for each coin cell. In this testing procedure, a given amount of Li 

metal is plated on a Cu foil and then stripped off with a cutoff voltage of 1 V vs Li/Li+. 

The electrochemical performance of 50 m Li||NMC622 (4 mAh cm−2) full cells using the uncoated PE and 

LTO@PE separators is shown in Figure XX.1.26. The selected galvanotactic charge and discharge curves 

using the PE separator shown in Figure XX.1.26a indicate that the capacity is maintained at 4.7 mAh after 30 

cycles at the rate of C/3 charge and C/3 discharge (the cell is still cycling).). Panel b in Figure XX.1.26b shows 

selected galvanotactic charge and discharge curves of the full cell using the LTO@PE separator under the 

same conditions. The capacity is maintained at 4.7 mAh after 130 cycles, corresponding to a 94.4% capacity 

retention rate (the cell is still cycling). The capacity versus cycle number graph shown in Figure XX.1.26c 

confirmed the high stability of the full cell using the LTO@PE separator compared to the uncoated PE 

separator. 

 

 

Figure XX.1.26 (a, b) Selected galvanotactic charge and discharge curves of 50 m Li||NMC622 (4 mAh cm−2) full cell using PE 

and LTO@PE separators. (c) Capacity versus cycle number of 50 m Li||NMC622 full cell. All cells were charged and discharged 

at C/10 for the first formation cycle and then cycled at a C/3 charge and discharge in the voltage window of 2.7−4.4 V. The 

electrolyte was LHCE, with a volume of 60 μL for each coin cell. 

Oxide Cathode Thickness Optimization: 

UW team studied the optimization of cathode thickness. Thicker electrodes allow for a de facto increase in 

energy density since the weight percentage of electrochemically inactive current collectors is reduced in the 

stack. However, thicker cathodes can also run into diffusion limits at higher current densities leading to 

underutilization of the active material. The optimization of an ideal cathode thickness is non-trivial and 

requires greater scientific understanding. Coin cells were cycled with high-Ni NMC cathodes of thicknesses 

50-200 um, against Li-foil anodes, at a series of C-rates. The results showed a sharp capacity drop at high 

current densities, a hallmark of reaching the diffusion limit. However, the diffusion limit showed no thickness 

dependence (see Figure XX.1.27). This runs counter to the models in literature describing the diffusion limit, 
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which predict a gravimetric capacity drop with increasing cathode thickness. This discrepancy appears in some 

published data as well, where the authors have only looked at the capacity drop with C-rate, rather than 

looking at the capacity drop with current density and cathode thickness side-by-side. In the literature data, this 

discrepancy only appears for NMC cathodes, not LFP cathodes. 

To study this discrepancy, further studies are planned: a series of NMC622, LCO, and LFP cathodes with 

different thicknesses will be cycled at different current densities, to determine if there is a thickness 

dependence. For each cathode batch, EIS will be used to measure the effective diffusion coefficient to verify 

the difference in morphology among different dried cathode strips. To test whether the lack of a thickness 

dependence in NMC cathodes is due to the absence of a diffusion limit, further tests will be conducted by 

varying the salt concentration in the electrolyte to reduce the ionic conductivity. Limiting the electrolyte 

concentration should, at some point, induce a diffusion limit if there isn’t one already. 

 

             

Figure XX.1.27 Initial data showing no significant impact to the specific capacity as a function of cathode thickness. 

Lithium metal deposition behavior on copper foam was studied by SEM after a capacity of 10mAh/cm2 of Li 

metal was deposited (see Figure XX.1.28). Top view of Cu foam shows porous structure of deposited Li metal 

in LHCE-M47. The cross-sectional view shows the same porous deposited Li metal on the right side which is 

towards separator. However, Li metal was only deposited on the top surface of copper foam, instead of the 

bottom of it due to the limitation of lithium-ion diffusion in electrolyte and lithiophilicity of 3D host surface. 

The surface modification to enhance lithiophilicity needs to be studied further. 

                          
 

Figure XX.1.28 Top-view (left) and cross-sectional view (right) of electrochemically deposited Li metal on Cu foam in LHCE. 

The PNNL team continued the study of root causes for the CEI formation and evolution on SPAN cathode 

surface in Li||SPAN cells with two electrolytes, LFSI-ether (an LHCE of LiFSI-1.2DME-3TTE, by mol.) and 

LPF-carbonate (a baseline electrolyte of 1 M LiPF6 in EC-EMC (3:7 by vol.) + 2 wt.% VC), through 

experimental investigation and computational simulations. The surfaces of SPAN cathodes were examined 
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through ex situ XPS characterization at different discharge states (Points I, II and III in Figure XX.1.29a, 

corresponding to discharge specific capacities of ~40, ~1060 and ~1770 mAh g-1, respectively) and after the 

first cycle (Point IV in Figure XX.1.29a) in both LPF-carbonate and LFSI-ether, as well as after 5 cycles in 

LFSI-ether. Li2S2 is revealed to be the main active product of lithiation in SPAN and the Li+ trapped by Li-S, 

Li-N and Li-C bonds are the main contribution of irreversible capacity loss in the first cycle for Li||SPAN 

batteries, regardless of the electrolyte system. In addition, the reactions between Li2S2 and C-O/C=O in LPF-

carbonate or C-F of TTE and N-S of LiFSI in LSI-ether initiate the growth of a CEI layer. In LPF-carbonate, 

the solvent dominated decomposition process in the initial cycle leads to the formation of CEI on the inner and 

outer layers of the SPAN surface. In contrast, for LFSI-ether, the DME decomposition is suppressed and the 

decomposition process is dominated by LiFSI salt, resulted in less organic species which have large molecule 

size. Thus, the CEI formed in LFSI-ether can fill into the SPAN bulk and strengthen SPAN like pinning layer. 

Furthermore, the CEI layer formed in LFSI-ether is demonstrated to be more conductive, robust, and thin, 

leading to long-term cycling stability with high S loading under both room and high temperatures, fast 

discharge capability and superior Low temperature performance. 

 

Figure XX.1.29 (a) The initial discharge/charge profiles of Li||SPAN cells with different electrolytes at C/10 rate. Sampling points 

(I, II, III and IV) for XPS characterizations are marked with dots and numbers. (b) One SPAN structure used in AIMD simulation. (c, 

d) S 2p and F 1s XPS spectra collected on the surfaces of SPAN cathodes at different discharge states (points I, II and III) and 

charge state (point IV) in (c) LPF-carbonate and (d) LFSI-ether electrolytes, respectively. (e, f) N 1s XPS spectra at signal depth of 0 

nm for SPAN (e) at point I in LPF-carbonate and (f) at point IV in LFSI-ether. (g, h) S 2p, F 1s and N1s XPS spectra collected on the 

surfaces of (g) pristine SPAN and (h) SPAN after 5 cycles in LFSI-ether. (Signal depth = 10 nm). 
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Computational identification of Functional electrocatalysts for Li2S2 to Li2S conversion: 

University of Pittsburgh (U-Pitt) conducted theoretical modeling to probe the kinetic barriers related to the 

conversion of Li2S2, the intermediate polysulfide phase, to Li2S, the final phase, with the main goal being to 

identify functional electrocatalysts.  

One computational task conducted in FY2022 at U-Pitt is identification of effective Li-ion conductors (LIC) 

needed for encapsulation of S nanoparticles to prevent the dissolution of polsyulfide species (PSs) and the 

corresponding shuttling effect. For these purposes several materials belonging to the stoichiometric formula, 

Li7(TM)N4, TM = transition metals, collected in Table XX.1.1 have been chosen as potential LICs for the 

computational evaluations of the Li-ion conductivity/mobility as well as structural and electrochemical 

stability in the presence of an electric field during electrochemical cycling of the battery. The nudged elastic 

band method has been used as the main computational approach for calculating the potential energy profiles of 

the Li-ion paths through the different types of channels present in the considered LIC materials. 

The crystal structures of many of the Li7(TM)N4 type compounds are very similar and demonstrate open Li-

channels which do not contain transition metal atoms as shown in Figure XX.1.30. Thus, the transition metals, 

TMs do not affect noticeably the Li-ion conductivity through these channels and the computational estimation 

of the Li-ion mobility for these systems could be executed only for one typical compound in this materials 

family, such as Li7NbN4 belonging to the cubic space group #205 (Pa-3). 

It can be observed that the structure in the [110] direction contains channels representing rows of quite large 

interstitial sites. These channels may serve as efficient pathways for Li-ion mobility during electrochemical 

cycling. In this case the Li pathway would have a Zig-Zag shape as shown in Figure XX.1.30 with the green 

arrows. 

Furthermore, a computational study was conducted to compare the Li-mobility/diffusivity in these two 

directions.  This involved estimation of the activation barriers of the Li-ion diffusion pathways and thus, in 

turn, identification of crystallographic directions in which the Li-ions can move the most effectively with 

minimal resistance from the other atoms in the lattice. 

 

Table XX.1.1 Cohesive energies and band gaps of the considered LIC systems 

LIC Ecoh (eV/at) EBG (eV) 

Li7NbN4 -4.06 3.35 

Li7VN4 -3.95 3.01 

Li7NiN4 -3.14 0 

Li7MnN4 -3.56 0 
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Figure XX.1.30 Crystal structure of Li7NbN4 as the typical LIC with Li-ion channels in [100] and [110] directions. Green arrows 

denote the hopping of Li-ions/vacancies for the different Li-hopping pathways. 

Here again, the climbing image nudged elastic band (CNEB) approach was used to calculate the activation 

barriers of the Li-ion diffusivity in the [100] and [110] directions. For estimation of the activation barriers 

across these two directions 7 different intermediate points were chosen for performing the calculations of the 

potential energy profile between the initial and final positions of the Li-ion for the selected pathways in these 

two directions (totally 9 points). Both energy profiles for these two directions are shown in Figure XX.1.31. It 

can be construed that the Li-ion mobility profile in the [100] direction demonstrates higher activation barrier 

than that in the [110] direction (0.284 eV vs. 0.223 eV) which indicates that the [110] direction is noticeably 

preferable for facilitating and channeling the Li-ion mobility contrasted with the [100] direction. This result 

also proves the notion regarding efficiency of Li-ion mobility through the large interstitial channels presented 

in the crystal structure. Finally, for assessing the structural and electrochemical stability of the LICs in the 

presence of the electric field, a very approximate rudimentary evaluation can be presented by comparison of 

cohesive energies, Ecoh and the band gaps, EBG obtained from the electronic structure calculations. The higher 

the Ecoh and the EBG, the material system can be perceived to be likely more stable in the harsh electrochemical 

conditions. Thus, from the values of Ecoh and band gaps, EBG listed in Table XX.1.1, it can be deciphered that 

Li7NbN4 and Li7VN4 could be such prospective LIC candidates for promoting facile transport of Li-ions and 

thus serving as effective additives in the sulfur cathode configuration for use in the Li-S batteries. 

 

                                                     

Figure XX.1.31 Potential energy profiles for Li-mobility in [100] (red) and [110] (blue) directions. 
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Keystone project 3: Cell fabrication, testing and diagnosis 

The goal of Keystone Project 3 is to focus on pouch cell design, integration, fabrication, and testing using new 

materials and cell components provided across different teams in the consortium. The project team will focus 

on addressing the science and engineering challenges at pouch cell levels, while the other two keystone 

projects will support this effort by scaling up new materials and identifying feasible solutions for electrode 

coating using nano or nanostructure materials at scales that can be adopted for fabricating practical cells. 

In FY2022, INL studied the effects of formation cycling temperature on the cycle life of Li metal batteries. For 

Li-ion cells it is known that early cycling and formation play a distinct role in cell performance and eventual 

cycle life. While extensive effort has been placed on advancing formation for Li-ion cells there is a lack of 

good understanding how different early life protocols impact Li metal batteries (LMBs). The advancement of 

electrolytes such as localized high concentration electrolyte (LHCE) developed by the Battery500 team and 

high concentration electrolytes (HCE) which rely on unique ion solvation. To more directly understand the role 

of early cycling on life and formation of a stable SEI studies were performed to study how the interface and 

performance evolved when early cycling was performed at different temperatures. It was found that cycle life 

was optimized when early cycling was at 25°C. 

 

Figure XX.1.32 XPS depth profiles for (top) HCE and (bottom) LHCE electrolyte cells at (a, d) 10°C, (b, e) 25°C, and (c, f) 45°C 

during formation cycles. 

To understand this performance X-ray photoelectron spectroscopy (XPS) with depth profiling was utilized to 

observe SEI composition after 2 formation cycles (C/20) at the end of discharge in HCE and LHCE 

electrolytes at various temperatures (Figure XX.1.32). General trends in atomic percent of lithium tells the 

story of SEI thickness, where a high amount (>70 at. %) suggests a presence of lithium metal. Trends in other 

atomic concentrations as a function of depth (measured in minutes of sputtering) are also observable with 

depth profiling. In HCE, the higher temperatures have linear trends in elemental concentration over time of 

sputtering, revealing thicker SEIs. At 10°C, HCE has a relatively thin SEI, where an initial transition in 

elemental make-up is observed, until after ~10 minutes of sputtering the elemental variation is consistent and 

greater than 70 at. % Li. Further, intermittent presence of enriched lithium was observed early-on in the depth 

profile for HCE at 45°C, which could imply an existence of “dead” Li. Though isolated from the active lithium 

foil, dead Li exists in a lithium-metal state, which could result in the intermittent increases in lithium 
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concentration in the depth profile. For LHCE, a thin SEI structure is seen for 10°C and a linear trend (i.e., 

thicker SEI) is seen for 45°C. At 25°C, there is more than 80 at% Li present that remains relatively uniform for 

the entirety of the sputtering; therefore, the SEI is very thin for LHCE at 25°C after formation cycles.  

Table XX.1.2 XPS depth profile atomic ratios of fluorine, sulfur, and nitrogen to carbon, average over the 

range of the SEI for each electrolyte and temperature (a cut-off of 20 minutes sputtering was used for 

depth profiles with linear trends) 

 
HCE LHCE 

10°C 25°C 45°C 10°C 25°C 45°C 

F:C Ratio 0.25 0.20 0.21 0.25 1.07 0.24 

S:C Ratio 0.45 0.23 0.16 0.45 1.86 0.097 

N:C Ratio 0.089 0.038 0.24 0.074 1.63 0.086 

 

Looking more closely at the lower concentrated elements (Table XX.1.2), an increase in FSI- anion, inorganic-

rich byproducts (fluorine, sulfur, and nitrogen) relative to carbon is observed for LHCE at 25°C, while others 

have relatively lower sulfur, nitrogen, and fluorine content in ratio to carbon. Carbon is the prominent product 

of DME reaction with lithium, seen during the charge desolvation process of SSIPs (i.e., high Li+-DME 

interaction structures). Oxygen was excluded due to its role in both FSI- and DME reactions to form SEI; the 

distinction of oxygen products will be discussed later with XPS peak deconvolution. Others have noted that the 

amount of fluorine (such as LiF) present in the SEI is paramount for improved cyclability. This work presents 

the same idea from a different angle, where a decreased amount of organics (deemed bad actors) in the SEI 

also leads to improved cyclability, even though relative fluorine concentration is not a massive contributor to 

the SEI composition. Therefore, methods of producing a more ideal SEI can operate in promoting supportive 

products (e.g., LiF and other inorganics) and/or demoting inferior products (e.g., carbon-based organics). 

In other work efforts, INL focused on the development of approaches for analyzing degradation, safety, and 

failure of high-Ni NMC-based high-energy cell design and evaluation, Idaho National Laboratory (INL) has 

developed an electrochemical analytic diagnosis (eCAD) approach to evaluate “battery electrode formulation 

and cell performance” correlation with the capability of quantitative analyses to provide detailed information 

for improvements. Currently, two cathode materials, NMC 622 and NMC 811 from multiple sources, are being 

used as the model materials for cell design improvements and evaluation. Here, a theoretical framework 

revealed by the eCAD analyses is used for the comparison of the different cell designs and materials to provide 

more insight about what aspect is critical for performance improvement. An example of the analysis is shown 

in Figure XX.1.33.  
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Figure XX.1.33 Comparison of different results developed using the eCAD method. A) using coin cell data at C/20 and C/10, b) 

with different cathode formulations, cell configurations and electrolytes, c) comparison to galvanostatic intermittent titration (GITT) 

results and d) comparison of eCAD derived state-of-charge (SOC) and XRD determined SOC. 

To ensure the flexibility of the analysis, the results from two different material manufacturers and cells 

prepared at 4 different institutions were analyzed. The results were also directly compared with XRD data 

captured as a function of state-of-charge. Aspects of the analysis are also able to evaluate how the utilization of 

the cathode materials changes over time. These results can directly show how one electrode or processing 

condition can impact cell energy. If used across the course of cycling it can also suggest how slight changes in 

utilization lead to enhanced life or more rapid cell failure. Combined the methods provide a means to compare 

across results more directly across samples and provide a more common ‘baseline’ for comparison. 

A concept of “cycle life projection” (CLP) of rechargeable Li metal cells has been reported by INL as part of 

the cross-platform comparison approach to evaluate cell performance reported by the Battery500 consortium. 

This CLP approach can provide a verifiable and quantitative validation of the cycle life results from different 

team members in the consortium consistently and help establishing a useful basis of comparison against the 

goal of achieving 1,000 cycles in a cell formulation and design with an “early prediction and assessment” 

capability. The principle and application of electrochemical analytic diagnosis (eCAD) for battery performance 

evaluation and failure analysis have been reported in the literature [1-3] and illustrated in previous quarterly 

reports. Besides the unique capability for capacity fade analysis, recently we also applied the eCAD technique 

to track Li inventory as a new capability to quantify and qualify battery cell performance and efficiency. This 

approach requires a proper alignment of typical charge discharge voltage profiles with the Li content in the 

cathode active material (CAM) and uses the well-defined “equilibrium open circuit voltage (OCV or Veq) 

versus Li content in CAM” relationship to evaluate the charge retention and Li inventory changes during the 

charge discharge processes in the test.  

Another important aspect of the eCAD approach is the ability to utilize a theoretical framework in the cross-

platform comparisons. This aspect is somehow overlooked in the battery evaluation in the past. Thus, a proper 
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introduction of this framework deems necessary. The theoretical capacity (QTh) of the NMC composition can 

be calculated based on the Li content in CAM. For NMC622-based cells, QTh = 276.5 Ah/kg (or mAh/g) is 

obtained from the theoretical calculation based on the removal of one Li from a fully lithiated NMC622 

stoichiometry. In general, QTh is rather constant across the entire LiNixMnyCozO2 composition, where 

x+y+z=1, e.g., from QTh = 277.9 Ah/kg for NMC333 to QTh = 275.5 Ah/kg for NMC811. Thus, using QTh as 

the basis for the cross-platform comparison is quite useful, as this method provides a reliable framework for 

performance evaluation, and this approach is insensitive to the formulations of CAM, electrode, cell, or the 

configuration of the cell.  

Figure XX.1.34 shows the data transformation process of the eCAD approach. Here, the formation cycle of a 

Li-NMC622 coin cell is used as an example. The cell was charged and discharged between Vmin = 2.5 V and 

Vmax = 4.5 V at C/10 in the formation cycle. Figure XX.1.34(a) shows the charge-discharge voltage profiles, 

and with a proper determination of the IR potential of the cell, the corresponding IR-free voltage (VIR-free) 

profiles in the formation cycle. The utilization of the NMC622 capacity differs between the charge (Qch = 

198.1 mAh/g) and the discharge segment (Qdis = 178.7 mAh/g) with a Coulombic efficiency of 90.2% and a 

first cycle capacity loss of 19.4 mAh/g in the formation cycle. Also presented in the figure is the pseudo-open 

circuit voltage (pseudo-OCV) vs. state-of-charge (SOC) profile determined from another Li-NMC622 cell by 

averaging the charge and discharge voltage profiles at C/20 rate in the initial reference performance test (RPT 

0) that has been validated in another experiment. The pseudo-OCV vs. SOC curve has been demonstrated as a 

reliable and universal profile to align the VIR-free voltage profiles with the Li content in the CAM 

consistently [1]. Based on the RPT 0 results and the pseudo-OCV vs. SOC curve, the capacity measured 

between 2.5 V and 4.5 V is Qpseudo-OCV (2.5 – 4.5 V) = 204.0 mAh/g for NMC622 cells. To understand the 

differences in the capacity utilization and the CAM utilization, the charge and discharge profiles are further 

analyzed by eCAD using the pseudo-OCV vs. SOC curve, which has close agreement with the Li content in 

the CAM. Comparing Qch = 198.1 mAh/g and Qpseudo-OCV (2.5 – 4.5 V) = 204.0 mAh/g, hypothesizing that the 

difference is due to the CAM utilization, the charge profile could be corrected with the CAM utilization 

coefficient, which is considered as the ratio of Qch / Qpseudo-OCV (2.5 – 4.5 V), the resulting charge VIR-free profile is 

shown in Figure XX.1.34(b). The same procedure was used for the discharge segment and the discharge VIR-

free profile is also shown in Figure XX.1.34(b). The excellent agreement among the charge, discharge VIR-free 

profiles and the pseudo-OCV vs. SOC curve in Figure XX.1.34(b) indicates the voltage profiles all aligned 

with the Li content in CAM consistently. Once the Li content alignment was achieved, the capacity utilization 

of CAM in each polarization regime is clearly quantified in correspondence with the Li content change in the 

CAM composition. In other words, the correspondence between the capacity utilization and the CAM 

utilization is clearly validated as shown in Figure XX.1.34(b). From this example, the CAM utilization 

coefficient can be expressed in a general term as 

CAM Utilization Coefficient = Qmeasured / Qpseudo-OCV (Vmin–Vmax) (1) 

 

which is defined by the rate of the polarization and Vmin and Vmax in the test protocol. 
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Figure XX.1.34 Analysis of the formation cycle of a Li–NMC622 cell using the eCAD technique. (a) The charge and discharge 

voltage profiles and the associated IR-free voltage (VIR-free) profiles. Also presented is the pseudo-OCV vs. SOC curve, which is 

obtained from a validated Li-NMC622 cell during an initial RPT at C/20. (b) The reconciled charge and discharge VIR-free vs. SOC 

profiles in correspondence with the Li content in NMC622. 

 

Figure XX.1.35 shows the results of the cycle aging test on the Li-NMC622 cell. The specific capacity of the 

cell from reference performance test (RPT) 0 to RPT 2 are shown as a function of cycle number in Figure 

XX.1.35(a). Based on the charge capacity retention over cycles, the useful cycle life (>80% initial capacity) 

under cycle aging can be projected as shown in Figure XX.1.35(b). Depending on the cycling rate, the capacity 

retention could exhibit different fade rate, so the useful life projections could be rate dependent as shown. The 

useful life projection based on the early fade rate is about 212 cycles for C/20, 209 cycles for C/10, 87 cycles 

for C/3, and 124 cycles for C/3 which was measured immediately after the C/20 charge discharge cycles in 

three RPTs. The C/3 cycles that came after RPTs represent scenarios of a long rest period for the cell to 

recuperate during the C/20 cycling in PRT. Using the eCAD analysis, the useful life projections are shown in 

Figure XX.1.35(c) based on the CAM utilization. Based on the same cutoff criterion for the end-of-life 

condition, the useful life projection for each rate is extended to a higher cycle number: 213 cycles for C/3, 259 

cycles for C/10, and 371 cycles for C/20 in terms of the CAM utilization coefficient. It is quite well studied 

and accepted in the literature that the Li diffusion and transport limitation in the NMC cathodes is the 

dominant factor that determines the capacity [4-9]. This cause also explains the origin of the CAM utilization 

fade even at the slow rate of C/20 if an insufficient rest period prevents CAM from fully recovery of the Li 

content in equilibrium because the Li concentration gradient still exists or the inhomogeneous distribution of 

the Li content in the bulk persists. If this hypothesis pertains to the observation, the useful life projection at 

C/20 by CAM utilization implies that the useful life will still suffer from this cause. As the rate increases, the 

severity of the useful life reduction from the same cause will amplify for C/10 and C/3. 
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Figure XX.1.35 (a) Charge capacity retention curve of the Li-NMC622 cell in the cycle aging test. (b) Projections of useful life based 

on charge capacity retention as a function of cycle number. (c) Projections of useful life based on the Li inventory retention and 

CAM utilization as a function of cycling rate 

INL team has completed scaling up of SPAN at a 10 g per batch. SPAN as a promising cathode candidate has 

attracted more attention due to less shuttling problem compared with traditional Li-S batteries using elemental 

sulfur cathode. For practical application, scaling up high-quality and reproducible SPAN materials is highly 

required. INL team is responsible for providing high-quality SPAN powders and electrodes to the Batt500 Li-S 

teams. In this scale up work, 5 g polyacrylonitrile (PAN) with 20 g of sulfur was sealed and vulcanized at 

450 °C for 6 hours and then heated at 300°C to remove remaining elemental sulfur with flowing Ar gas in a 

tube furnace. Pure SPAN powders >10 g per batch was successfully synthesized (Figure XX.1.36a and Figure 

XX.1.36b). The sulfur content in SPAN was found to be largely affected by the sealing state during 

vulcanization process. The improved seal can enhance the sulfur content of SPAN from 42% to 50 wt.% based 

on the elemental analysis.  

The SPAN electrodes with SPAN mass loading of ~6 g/cm2 and ~9 g/cm2 as well as porosity of ~ 60% were 

prepared and tested in LiǁSPAN coin cells. High concentration electrolyte (4M LiFSI in DME) was used. The 

coin cell assembly and testing follow the standard protocols made by Batt500 team. The enhanced sulfur 

content in SPAN due to improved seal during vulcanization process resulted in specific capacity in terms of 

SPAN to be increased from 583 mAh/g to 727 mAh/g (Figure XX.1.36c) after 2 formation cycles at a 

charge/discharge rate of C/20 (1C=600 mA/g). Additionally, as can be seen in Figure XX.1.36d, the two 

electrodes with different SPAN mass loadings show good cycling performances at a charge/discharge rate of 

C/10. The cells are still running, and the cell performance will be used as a baseline for future development of 

new materials (e.g., electrolytes) used in Li-SPAN batteries.  Over 5 batches of SPAN powders (>10 g per 

batch) have been synthesized with the same approach. The SPAN electrodes prepared with the obtained SPAN 

powders from different batches all showed high specific capacity of over 700 mAh/g. Therefore, the improved 

seal during synthesis process can not only increase SPAN quality with improved sulfur content but also 

improve the reproducibility. However, current synthesis process requires excess sulfur. To increase the yield 

per batch, the removal of the large amount of elemental sulfur might cause safety issue due to solid sulfur 

stuck at the outlet of the tube furnace. Thus, new improved synthesis approach needs to be developed in the 

future. 
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Figure XX.1.36 a) SPAN powders with over 10 g per batch. b) XRD pattern of SPAN powders after vulcanization and removal of 

elemental sulfur. c) Discharge curves of SPAN prepared at different sealing states. d) Cycling performances of Li-SPAN cells with 

different SPAN mass loadings. 

In order to accelerate the development of new materials (e.g. electrolytes) used in Li-SPAN batteries, INL 

team is responsible for preparing reliable high-mass loading SPAN electrodes and providing them to 

Battery500 team members for coin-cell level study. The slurries for doctor-blade casting SPAN electrodes 

need to be optimized. The slurry recipe (Gen 1) results from UCSD (Prof. Ping Liu’s group, Figure XX.1.37 

(a)) had been used to prepare high-mass loading SPAN electrodes. However, the reproducibility when using 

this recipe is not good enough and cracking on the edges of the electrodes after drying were frequently 

observed. Therefore, based on this recipe, INL’s team optimized the slurry formula through the following 

aspects:  

1. Carboxymethyl Cellulose (CMC) binder is not very soluble in water. Therefore, 2 wt% of CMC 

aqueous solutions were added to slurries instead of the 5 wt% used in the original recipe to enable 

binders to be distributed uniformly in the slurries. 

2. The total solid contents, including SPAN, Super P and CMC binders, were reduced from 25 wt% to 

16.25 wt% to improve the uniformity of solids distribution in the slurries. 

3. 10 wt% of Isopropyl alcohol (IPA) was added into slurries to further reduce the cracks or wrinkles.  

Therefore, INL team developed reliable Gen 2 slurry recipe (Figure XX.1.37(a)) and reproduced at least 6 

pieces of electrodes without any cracks and wrinkles. The areal mass loading of SPAN and electrode porosity 

are around 6 mg/cm2 and 60%, respectively. The electrochemical performances of the 6 batches of SPAN 

electrodes were evaluated with 4M LiFSI in DME electrolytes in the coin cells. It can be seen from Figure 

XX.1.37(b-c), the reproducibility of the electrodes is very good in terms of electrochemical performances. 

Each SPAN electrode delivers the specific discharge capacity of over 650 mAh/g during aging cycles (at 

C/10). Those reliable and high-quality SPAN electrodes have been shipped to our Battery500 team members 

(e.g. GM, UM, PSU, SLAC and PNNL) for developing new materials.          

 



FY 2022 Annual Progress Report 

 Beyond Lithium-Ion R&D: Battery500 1287 

 
 

Figure XX.1.37 (a) Optimization of slurries for doctor-blade casting reproducible and high-quality SPAN electrodes. (b) Discharge 

curves of a typical SPAN electrode and (c) discharge capacities vs. cycling number for 6 batches SPAN electrodes based on Gen 2 

recipe. 

The GM team led the Li-S pouch cell sub-team including 6 university/national lab research teams. Since 

January 2022, a bi-weekly meeting is scheduled for technical update of the sub-team. To help drive data 

consistency, the GM team provided S/C cathode to all sub-team institutions to serve as the baseline electrode 

for comparison with advances developed across each team’s development purpose. To complement the 

baseline electrodes a corresponding testing protocol including component specification and testing 

condition/setup was also discussed, agreed upon and adopted for utilization across the sub-team. 

At GM, non-destructive CT and ultrasonic transmission mapping equipment were installed, and an overall 

research plan was defined. These capabilities will allow the researchers to monitor lithium plating morphology 

and study the root causes of electrolyte degradation without tearing down the cells. At the same time, C/S 

cathode formulation was optimized, and roll-to-roll coater parameter continues to be calibrated to improve the 

continuous double-sided coating uniformity and quality. GM was able to confirm larger batch coating quality 

of sulfur cathode electrodes using the roll-to-roll coater, as demonstrated in Figure XX.1.38, which shows the 

good electrochemical performance of cathodes with areal sulfur loading of 3.75 mgS/cm2 and 5.2 mgS/cm2. In 

addition, GM prepared a new batch coating for baseline samples and shipped out to all Li-S teams for 

performance verifications.  
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Figure XX.1.38 Electrochemical performance of sulfur cathodes with areal sulfur loading of (a,b) 3.75 mgS/cm2 and (c,d) 5.2 

mgS/cm2 

GM team completed installation and system calibration of the ultrasonic scanning system. Some initial trials 

using the commercial Li-ion batteries were proceeded to check the system. Figure XX.1.39 shows the cell 

which was soaked in the silicon oil bath and hooked up with the cycler during the scan. Figure XX.1.39 shows 

the transmission image obtained by the ultrasonic scanning system with both fresh and end of life cells. The 

electrode wetted by electrolyte has higher ultrasonic transmissivity than the dry electrodes. In the mapping 

plot, the transmission intensity is corelated to the electrolyte distribution in the cell. Further testing and system 

calibration is on the way to get better resolution and intensity correlation. 

For the cathode fabrication, GM started larger batch mixing trial with new mixer targeting longer coating per 

batch. Initial coating test and validation was completed for double-sided coating with the previous selected 

loading. The loading variation between two sides can be controlled within 10% difference under continuous 

coating condition. In addition to the double-sided coating, GM kept on with single-sided coating with 

“standard” loading for baseline purpose. During FY202, GM have sent out single-sided coated baseline 

electrode to all other Li-S teams for evaluation. GM also provided some single layer pouch format cell using 

the same batch of the electrode to BNL for studies using synchrotron beamlines. (See Figure XX.1.40.) 

 

 

Figure XX.1.39 Photo of Testing cell within oil bath during testing 
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Figure XX.1.40 Ultrasonic transmission image of the fresh cell and end of life (EOL) cell 

Keystone project 4: Cross-Cutting Research 

The goal of the Cross-cutting team is to develop & deploy advanced characterization tools in support of the 

three Keystone efforts, with a focus on probing specific materials and interfaces for Keystone 1, probing 

individual electrodes for Keystone 2, and probing the whole cell for Keystone 3. 

Nucleation of Li metal anode during Li plating:  

The SLAC/Stanford team (Chueh and Cui) has developed the operando electrochemical atomic force 

microscopy (EC-AFM) to study lithium plating. This capability is now available to the Battery500 consortium 

to carry out operando study of microstructural evolution during lithium plating in various electrolyte systems. 

Briefly operando EC-AFM is used to investigate lithium plating at approximately 1 nm spatial resolution (x, y 

and z). The microstructure of initial SEI formation on copper, the nucleation events during the early stage of 

lithium plating, and the growth morphology during later stage in lithium plating are captured dynamically at a 

time resolution of several seconds per m2. This technique is complementary to ex-situ cryo-EM studies, 

providing dynamics information to complement the high spatial and chemical resolution of cryo-EM. 

Similarly, operando AFM is also complementary to operando XRD studies by providing local nanostructure 

information. For our technique development, three stages of lithium plating were investigated: (1) SEI growth 

on copper, (2) lithium nucleation, and (3) lithium growth. We have deployed an Asylum Cypher environmental 

EC-AFM inside a temperature-controlled Ar-filled glovebox. A pressure-free liquid cell, consisting of a large, 

ring electrode (lithium metal) serves as a quasi-reference electrode; a copper foil serves as the working 

electrode. To eliminate mass transport effects (migration of lithium ions from the center of the cell to the ring 

counter electrode at the edge of the cell), the copper foil is masked such that approximately 1 mm disc is 

available to deposit lithium. This configuration eliminates a distribution of resistances and overpotential during 

lithium plating, thereby assuring uniformity. We have successfully conducted operando AFM for over 100 

hours in a single experimental run, demonstrating the robustness of the measurement setup. For development 

purposes and to simplify the experiment, we selected the Gen2 electrolyte (1M LiPF6 in EC:EMC). Work is 

ongoing to investigate other electrolytes being studied by Battery500. Figure XX.1.41a shows the initial SEI 

growth on copper at the potential of 30 mV vs. Li/Li+ over 25 hours recorded by operando AFM. This 

potential was chosen so that we can monitor the pre-plating SEI growth. Two morphologies are clearly 

observed in the SEI: sub-50-nm "grains” and > 200-nm “particles”. Over the measurement period, both types 

of microstructures grew in size. The large SEI particle eventually grew to be approximately 250-nm wide and 

80-nm tall. Figure XX.1.41b shows the subsequent Li nucleation at 1 Ah cm-2 of charge passed. Immediately 

evident is the wide distribution of nucleus size, which subsequently grew at different rates. Finally, Figure 

XX.1.41c shows the later-stage lithium growth at 0.5 mAh cm-2 of charge passed. There, nanoscale faceting 

and roughening (feature size ~ 50 nm) of large lithium particles (~ 500 nm) were observed. The recorded 

lithium plating dynamics, from the pre-plating SEI growth stage to the Li nucleation stage to the later Li 
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particle growth stage provides quantitative information on the microstructure evolution, which directly impacts 

the coulombic efficiency and reversibility of Li plating/stripping.  

 

 
 

Figure XX.1.41 Operando atomic force microscopy of lithium plating in three stages. (a) SEI growth on copper at +30 mV vs. Li/Li+ 

potential prior to the lithium plating. Measurement over 25 hours reveals dual microstructure (grain + particles) which roughens 

with time. (b) Lithium nucleation showing a broad distribution of nuclei sizes. (c) Later-stage lithium growth showing faceted grain 

structure. The amount of charge passed is indicated in the figure.  

Operando EC-AFM imaging of lithium plating and SEI growth:  

SLAC/Stanford team (Chueh and Cui), building on the momentum from this operando electrochemical 

atomic force microscopy (EC-AFM) imaging of lithium plating and SEI growth, further investigated lithium 

metal SEI growth dynamics in a localized high concentration electrolyte (LHCE) LiFSI-1.2DME-3TTE (in 

collaboration with Bao at SLAC/Stanford). Using this unique experimental capability, we probed the 

passivation behavior of lithium metal and assess the SEI growth kinetics, a contributor to Coulombic 

efficiency. This method complements other Battery500 SEI characterization capabilities such as cryo-EM as it 

measures the growth dynamics in-situ, thereby removing the possibility of SEI damage and un-swelling during 

sample preparation.We developed a method to quantify the SEI growth kinetics on lithium metal. To establish 

a reference height, we first grow a substantially thick SEI on plated lithium on copper (growth time > 25 

hours) (Figure XX.1.42a). Then, using the EC-AFM tip, we selectively remove the SEI and reveal 

unpassivated lithium metal “pit” (Figure XX.1.42b). By assuming that well-passivated region exhibits 

negligible further growth, it serves as a reference height against which the SEI thickness is measured. The 

exposed lithium metal pit increases in thickness with time, which is plotted in Figure XX.1.42c. Over 5 hours, 

the SEI grows by 14 nm and follows a power law of 0.47 with respect to time, suggesting a diffusion-limited 

behavior. This result contrasts sharply with our previous observation on Battery500 Gen2 electrolyte (1M 

LiPF6 in EC:EMC) where we observed two regimes: rapid SEI growth (linear/super-linear with time) and 
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diffusive SEI growth. It appears that LiFSI-1.2DME-3TTE LHCE immediately passivates with no rapid SEI 

growth regime, pointing towards the benefit of this electrolyte in passivating lithium metal.  

 

Figure XX.1.42 Operando electrochemical atomic force microscope images of lithium metal deposited in LiFSI-1.2DME-3TTE 

electrolyte: (a) before indentation and (b) after indentation to measure the soft SEI thickness (c) over 6 hours.   

Spectroscopic mapping of the heterogenous SOC of NMC811 cathodes:  

The SLAC team led by Johanna Nelson Weker is systematically investigating the calendar aging of single-

layer Li-metal pouch cells with NMC811 cathodes using the synchrotron measurement techniques of micro X-

ray fluorescence (µ-XRF) and micro X-ray absorption near edge structure (µ-XANES). Specifically, µ-XRF 

provides elemental maps of the different transition metals in the batteries, while µ-XANES quantifies the 

oxidation states of the transition metals and thus can be used to distinguish differences in state-of-charge 

(SOC) in regions of interest (ROIs) within the cathode. These studies are being carried out as part of a 

comprehensive B500 team effort starting with INL (fabrication and electrochemical testing of cells under 

different aging protocols) and BNL (non-destructive X-ray diffraction mapping to identify ROIs), and 

finishing with SLAC (synchrotron µ-XRF and µ-XANES studies) and INL (laboratory characterization using 

XPS and other standard techniques). In preparation for these systematic long-term aging studies, preliminary 

proof-of-principle measurements were carried out on one single pouch cell to validate and optimize 

measurement and analysis procedures. 

Using SSRL beamline 2-3, preliminary in situ and ex situ measurements were performed to collect data from 

both an aged pouch cell after 600 cycles and a pristine cathode sheet. The two samples were mapped using X-

ray micro fluorescence (µ-XRF) on an instrument with an adjustable X-ray beam size of 1-5 µm. Figure 

XX.1.43 shows elemental maps corresponding to the response of Ni, Mn and Co taken simultaneously from 

the pristine NMC811 electrode with 1 µm focusing optics. From these maps the distributions of each transition 

metal element in individual cathode particles of the NMC811 cathode are clearly visible in a small ROI.  
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Figure XX.1.43 -XRF maps for Ni, Co, and Mn of a pristine NMC811 electrode using 1 µm focusing optics. 

Baseline operando diffraction studies of inhomogeneity in Li-S pouch cells:  

The BNL team worked together with INL and GM to apply synchrotron diffraction methods to investigate the 

speciation and inhomogeneity in Li-S pouch cell batteries. In the first set of beamline experiments, it was 

observed that the capacity and rate capabilities of Li-S cells used for operando cycling experiments had 

severely degraded relative to the performance measured at INL for equivalent cells that were not shipped to 

the beamline. Despite the poor cycling behavior of cells during our first operando diffraction experiments, the 

diffraction data suggested that operando diffraction studies would have sufficient sensitivity to track many 

important changes that occur during cycling. Through the partnership with the industrial labs at GM, a set of 

three very high quality Li-S cells was obtained for the next synchrotron experiments (Figure XX.1.44a). Two 

of these had the same relatively high sulfur loading of 6 mg/cm2, with one cell (GM-1) subjected to an 

additional 2 weeks of aging relative to the other cell (GM-2). The third cell (GM-3) was prepared with half the 

sulfur loading. By comparing the data from the cells, it is possible to test both the effects of calendar life and 

sulfur loading on the speciation and inhomogeneity of Li-S cells. From the electrochemical data collected 

during the operando diffraction studies (Figure XX.1.44b), it could be seen that the highest specific capacity 

during the first discharge was obtained for the low-loading sulfur cell (GM-3, 1200 mAh/g S), while the 

capacity of the high-loading cell was slightly lower (GM-2, 1100 mAh/g S) and that of the cell with both high-

loading and a longer calendar life was substantially lower (GM-1, 900 mAh/g S). However, all three capacities 

remained comparable to typical literature values for high quality Li-S cells (~1000 mAh/g S). 

 
 

Figure XX.1.44 (a) Photograph of the three Li-S pouch cells used in operando synchrotron diffraction experiments with points being 

probed marked with red squares. (b) Voltage profile for the three cells.  Blue: GM-1 (high loading, longest calendar aging). Red: 

GM-2 (high loading). Green: GM-3 (low loading). Cells were evaluated with a CC-CV-rest protocol. 

During operando diffraction testing, each of the three cells was monitored at 16 different points, 4 points near 

the center of the cell and 4 points near each of 3 different edges of the cell. Most points in all three cells 

showed a similar sequence of phases during cycling (Figure XX.1.45a), with the a-S8 that was initially present 

disappearing over the first few hours of discharge, and Li2S appearing and growing in intensity as the 
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discharge continued. During the subsequent charge process, the Li2S was gradually eliminated, followed by the 

subsequent appearance of S8 in the form of b-S8 – behavior which was consistent with prior literature. 

Although this type of behavior was observed for many of the studied points, it was not universal. This can be 

seen for the points at the bottom of cell GM-2 (Figure XX.1.45b). They had substantially worse behavior, 

which can be seen both in the persistence of a-S8 to much later times during the first discharge and in the lack 

of formation of Li2S at all during the first discharge. This inhomogeneity was greatly mitigated in the low-

loading cell, which highlights the extra challenges of meeting the Battery500 goal of realizing long lifetimes in 

high-energy density cells which necessarily having high loadings. Our initial results here provide the 

groundwork for continuing studies which probe the effect of the environment (e.g., applied pressure, 

temperature), cycling conditions (e.g., C rate), and cell aging on the inhomogeneity in the cell, all of which 

may be playing an important role in controlling the accessible capacity of the sulfur cathodes. 

 

 

Figure XX.1.45 (a) Points exhibiting a typical response during cycling. (b) Points with low activity. 

The BNL team applied synchrotron-based x-ray pair distribution function (PDF) together with molecular 

dynamic (MD) simulation to understand the role of Li+ solvation structure in determining SEI chemistry. This 

work was done in collaboration with Keystone 1 researchers in the PNNL team of Battery500, as well as with 

external collaborators at the Army Research Laboratory (ARL) for molecular dynamic (MD) simulations. In 

this work, comparative studies were done for low concentration electrolytes (LCE) with a 1M salt 

concentration and high concentration electrolytes (HCE) with a 5 M salt concentration. Three common battery 

solvents were investigated: 1,2-dimethoxyethane (DME), dimethyl carbonate (DMC), and propylene carbonate 

(PC), with the same LiFSI salt used for all of them. The PDF results obtained from the Fourier transform of x-

ray scattering data collected out to high Q values are plotted in the form of G(r) for all six liquid samples in 

Figure XX.1.46a, with the molecular structure of the key components given in Figure XX.1.46b. In all cases, 

the first PDF peak which is centered around 1.5 Å is found to be significantly broader than for the analogous 

peaks observed previously for solid SEI samples obtained using the same electrolyte formulations. This first 

peak includes the contributions from directly bonded atom pairs, including the C=O (1.28 Å), C-O (1.36 Å), 

and C-C (1.54 Å) bonds of solvents as well as the S-N (1.56 Å), S=O (1.43 Å), and S-F (1.54 Å) bonds of the 

FSI- anion, where the typical bond distances are indicated in parentheses. This contrasts with the case of the 

solid SEI, which was either dominated by solvent-derived molecular species LCE SEI samples were studied or 

was dominated by FSI reduction products when HCE SEI samples were studied. The next most clearly 

resolved PDF peak is at 2.5 Å and corresponds to the next-nearest neighbor interactions as the bond angles 

remain well defined. However, peaks at larger distances correspond to more distant atoms whose relative 

positions depend on torsion angles that are quite variable in liquid samples. This leads to a loss of coherence, 

broadening of PDF peaks, and the absence of features attributable to specific bonding interactions beyond ~5 

Å. When the PDF patterns of the LCE and HCE electrolytes are compared, it can be seen that the 1.5 Å and 2.5 

Å peaks of the HCE samples are higher in intensity, and that this extra intensity present at longer distances 

(larger r) than for the LCE samples. This is a consequence of the sulfur atoms in the FSI anion, which scatter 

x-rays more strongly than the C atoms in the solvent and which have ligand distances that are about 0.2 Å 

longer than for C atoms. Due to the low atomic number of Li, it is extremely challenging to extract information 
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about atomic pairs involving Li from experimental x-ray PDF measurements. Therefore, molecular dynamic 

(MD) simulations were carried out to better understand the Li ion coordination in the electrolyte. The 

electrolyte solvation structure obtained from MD simulations closely matches the experimentally measured 

PDF patterns for both LCE and HCE samples (Figure XX.1.46c), suggesting that the MD simulations are able 

to reproduce the real physical behavior of samples. In order to investigate the effect of the electrolyte 

concentration on the Li environment in the electrolyte, the partial PDFs for just the Li-Oanion (blue) and Li-

Osolvent (orange) atoms were calculated using the MD simulation results (Figure XX.1.46d). It is found that in 

LCEs, the Li coordination is dominated by solvent molecules, while in HCEs, a large number of FSI anions 

become a part of the Li coordination environment. The decomposition of the HCE at the interphase can 

therefore lead to the formation of SEI with large amount of solid nanocrystalline LiF. This type of SEI has 

better Li+ transport, anode protection properties, and electrochemical performance than the SEI formed from 

LCEs. These results demonstrated that synchrotron-based PDF is a powerful tool to study the Li solvation 

structure in electrolytes and can provide direct insights into the origin of the improved SEI and Li metal anode 

protection that occurs for certain electrolyte formulations. 

 

Figure XX.1.46 Characterization of the electrolyte structure. (a) X-ray PDF data for low (1M) and high (5M) concentration LiFSI 

electrolytes with PC, DMC, or DME as the solvent. (b) Molecular structure of the three solvents and the FSI anion. Carbon atoms 

are shown in black, hydrogen in dark blue, oxygen in red, nitrogen in green, and sulfur in purple. (c) Comparison of measured and 

calculated (using the electrolyte structure determined by MD simulation) PDF patterns for HCE and LCE DME electrolytes, and of 

(d) partial PDFs calculated from MD simulations for pairs of Li-anion oxygen (blue) and Li-solvent oxygen (orange). 

The BNL team (in close collaboration with UCSD) applied synchrotron-based x-ray pair distribution function 

(PDF) characterization techniques to study the bulk structure changes of sulfurized polyacrylonitrile (SPAN) 
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cathodes in Li-S batteries during cycling in different electrolytes. Synchrotron x-ray pair distribution function 

(PDF) methods were used by BNL team to study the structure changes of SPAN in different electrolytes, since 

it is an ideal tool for studying atomic pairs in non-crystalline solids and liquid. PDF is basically a histogram of 

all the atomic pairs whose corresponding peak intensity is weighted by the abundance of the pairs and the X-

ray scattering power of involved atoms. In this manner, it was possible to directly monitor the evolution of 

bonds and interactions of interested atom pairs during electrochemical cycling in different electrolytes. Figure 

XX.1.47 shows the PDF data of pristine SPAN and SPAN after the 1st discharge, 1st charge, 2nd charge, and 

50th charge, with an arrow indicating the peak corresponding to the C-S bond. The C-S peak shifted to larger r 

values after the 1st discharge (lithiation), which is likely caused by the C-S-Li interactions. These changes were 

reversible, with a return to the pristine distance after completion of the 1st charge. After 50 cycles, the C-S 

length for SPAN cycled in DOL/DME baseline electrolyte was slightly longer than after the 2nd cycle, while 

that for cycled in UCSD electrolyte was almost the same as after the 2nd cycle, indicating the better 

reversibility of SPAN cycled in UCSD electrolyte. 

 

Figure XX.1.47 PDF results comparing SPAN structural changes during cycling in the UCSD electrolyte (left) and the DOL/DME 

electrolyte (right), with the peak corresponding to the C-S bond distance highlighted. 

The reasons for the capacity decay at high voltage could be the impedance hike due to incessant electrolyte 

decomposition, the unstable solid-electrolyte interphase, the formation of rock-salt species on cathode surface, 

and the combination of them. When charging voltage is increased to 4.8V, only 77.27% discharge capacity left 

after 200 cycles for the baseline electrolyte. In contrast, cells using electrolyte with 1% additive of LiDFP 

demonstrate much more stable capacity retention during long-term high voltage cycling with 97.64% original 

capacity retention even after 200 cycles (Figure XX.1.48a). To evaluate the impedance resulting from different 

electrolytes at high voltage, electrochemical impedance spectroscopy (EIS) was performed, which indeed 

reveals the impedance buildup from the initial cycle to the 10th cycle. The effect of electrolyte on impedance 

becomes more pronounced after 200 cycles, while the LiDFP additive is able to effectively suppress the 

impedance growth (Figure XX.1.48b). Quantitative analysis by fitting the equivalent circuit model (Figure 

XX.1.48c) yields the contact resistance (Rb), surface film resistance (Rsf), and charge transfer resistance (Rct), 

which are summarized in Figure XX.1.48d. For electrolyte using 1% LiDFP, the extremely small Rct indicates 

the formation of highly conductive interphase, enabling facile charge transfer reactions on the interphase even 

after long-term cycling. When the additive amount is increased to 2%, both Rsf and Rct are increased, but the 

bulk resistance (Rb) is mostly the same, suggesting the worse performance in excessive additive at 2% is 

caused by interphasial resistance. The origin of this optimum LiDFP amount (1%) might stem from the fact 

that the decomposition of LiDFP produces both LiF and HF simultaneously. While LiF is generally regarded 

as a desired interphase component, excessive LiF makes interphase more resistive. On the other hand, HF is 

known to be detrimental as it can attack the cathode surface and damage the interphase.  
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Figure XX.1.48 Electrochemical performance of Li||NMC76 cells using different electrolytes. Charge-discharge profiles from 

selected cycles within 2.8V-4.8V. The baseline electrolyte is 1M LiPF6 in EC||EMC (3:7) and the ‘with additive’ electrolyte is the 

baseline electrolyte with 1% LiDFP (by weight) or 2% LiDFP (by weight) added. (b) Electrochemical impedance spectroscopy (EIS) 

results of Li||NMC76 after 200 cycles using different electrolytes. (c) Equivalent circuit for EIS modeling (Rb: contact resistance, 

Rsf: surface film resistance, Rct: charge transfer resistance). (d) EIS fitting results for Li||NMC76 cells after 200 cycles with 

different electrolytes. 

Quantification of Li and S inventory loss in Li-S Batteries: Previously, the UCSD group of Meng developed an 

analytical method based on titration gas chromatography to quantify inactive (dead) Li0 in Li metal batteries 

and to correlate Li inventory losses with Coulombic efficiency (CE). It has been observed in Li-S batteries that 

drastic decay in specific capacity during cycling occurs along with the formation of soluble and insoluble 

polysulfides, but it has been hard to correlate their formation with the cycling CE. It is therefore crucial to 

quantify both the S and Li inventory losses during cycling and find key reasons for the capacity decay in the 

Li-S batteries.High performance liquid chromatography (HPLC) was used to differentiate and quantify each 

individual polysulfide species in the electrolyte, building on prior work by Prof. Deyang Qu in aa Advanced 

Battery Material Research (BMR) project. HPLC is an analytical technique widely used to quantify individual 

species in mixtures by separating them based on their polarity using a gradient of mobile phases. Through 

HPLC-UV, it is possible to quantify dissolved elemental S and also to probe the distribution of derivatized 
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polysulfides qualitatively. Additionally, it is possible to quantify the relative distribution of derivatized 

polysulfides using HPLC-MS. To quantify dissolved S concentration in the electrolyte, HPLC-UV (l = 210 

nm) was first used to establish a calibration curve of elemental S in DME (Figure XX.1.49a, Figure 

XX.1.49b), which exhibited good linearity (R2 = 0.9998). In-house standards consisting of elemental S 

dissolved in DME were used for this purpose. Separate peaks for DME and sulfur could be observed when 

using pure methanol as the mobile phase.  

Polysulfides are harder to analyze due to their metastable and dynamic nature. One approach is to use a 

derivatizing agent which does not change the distribution of these polysulfide species significantly but can 

instead stabilize them in the solution so that individual derivatized species can be quantitatively probed. In-

house mixtures of polysulfides were made by mixing elemental S and Li2S in DME. Methyl triflate was then 

used to derivatize a small amount of the diluted polysulfide mixture. These species were later analyzed using 

HPLC-UV at l = 230nm (Figure XX.1.49c) and peak assignments were made based on prior literature. We 

used a gradient of water and methanol for better separation of derivatized polysulfides. It was found that the 

retention time of different derivatized polysulfides had a nearly logarithmic dependence on the number of S 

atoms in the chain (Figure XX.1.49d). These results demonstrate that the separation of polysulfides in the 

mixed solution through HPLC-UV is possible. In the future, these methodologies will be further developed to 

quantify the concentration of each individual polysulfide species in the mixed solution.  

 

           

Figure XX.1.49 (a) HPLC-UV chromatograms of five different standards of elemental S in DME: 0.0151mM, 0.0756mM, 0.378 

mM, 0.7556mM and 0.9445mM. (b) Calibration curve obtained by plotting the area under the S peak in HPL-UV chromatogram 

against the S concentration. (c) HPLC-UV chromatogram of derivatized polysulfides using methyl triflate as a derivatization agent. 

(d) Plot of logarithm of retention time of a particular derivatized polysulfide against the number of S atoms in it 

The UCSD group of Meng found that the porosity of plated Li plays a major role in controlling the corrosion 

rate of Li in liquid electrolytes. When optimized stack pressure is applied during Li plating process, nearly 

100% dense Li is achieved even with Gen 2 electrolyte (1M LiPF6 in EC:EMC). The dense Li exhibited slower 

corrosion than porous Li when resting in electrolyte. The effect of porosity on the corrosion rate of Li was 
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further explored. To test if the Li electrode porosity is the dominating factor of corrosion rate, we selectively 

deposited Li in Gen 2 electrolyte under a range of stack pressures, allowing the controlled deposition of Li 

with systematically varying porosities. Pressure control was accomplished using a split cell together with a 

pressure sensor. Cryo-FIB/SEM was used to obtain a 3D reconstruction of the plated Li and to determine its 

porosity (Figure XX.1.50). With an optimized stack pressure of 350 kPa, the deposited Li has a porosity of 

only 0.68%. On decreasing the stack pressure to 250 kPa, 150 kPa and 50 kPa, the resulting Li has porosities 

of 8.6%, 37% and 44%, respectively. After measuring the porosity of the different Li samples, the as-plated Li 

was then immersed into the Gen 2 electrolyte for three weeks. The Li0 mass loss was used to calculate the 

corrosion rate of the Li using the equation R = Dm / (AsT), where Δm is the change in mass, 𝐴s is the electrode 

area, and T is the corrosion time. As shown in Figure XX.1.50e, the Li corrosion rate directly correlates with 

the porosity of the plated Li. These results further validated our hypothesis that the porosity of the plated Li is 

the major factor in determining the Li corrosion rate. It can be concluded that the Li corrosion only takes place 

at the interface between Li and the electrolyte. If the porosity of the Li can be strictly controlled, the corrosion 

of Li should also be largely mitigated. In the future, the role of surface chemistry in the corrosion of Li metal 

will be studied in detail. 

 

 
 

Figure XX.1.50 3D reconstruction of deposited Li metal plated under different stacking pressures resulting in different Li 

porosities: (a) 50 kPa and 43.57% porosity; (b) 150 kPa and 36.90% porosity; (c) 250 kPa and 8.61% porosity and (d) 350 kPa 

and 0.51% porosity. (e) Li metal corrosion rate and its correlation with the porosity of the freshly deposited Li. All Li is plated in Gen 

2 electrolyte. A total amount of 0.318 mAh of Li is plated at a rate of 0.5 mA/cm2 for each sample. 

Meng’s team at UCSD carried out studies on quantification of sulfur inventory loss in Li-S batteries. Lithium-

Sulfur batteries consist of Sulfur (S) on the cathode side and Lithium (Li) metal on the anode side. Polysulfides 

have been identified as the necessary evil in Li-S batteries that start to form during the first discharge cycle. 

However, very few efforts have been put into quantifying or understanding the effect of polysulfides on cell 

performance. Previously many qualitative ex-situ High Performance Liquid Chromatography (HPLC) studies 

have been done by derivatizing the polysulfides into stable methylated species to differentiate different 

polysulfides solved in the electrolyte. These studies proved its applicability in this system, and identifying the 

species based on their chain lengths became possible. However, due to the lack of absorptivity data for the 

derivatized polysulfides or lack of standards for longer chain polysulfides, quantitative interpretation has not 

been yet possible. Also, the analysis was limited to qualitatively identifying elemental S8 and polysulfides. It 

did not include a consolidated picture of potential losses in the form of dead Li from Li metal anode and other 

insoluble polysulfides on the cathode side. A comprehensive methodology needs to be developed to track both 
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the Li and S inventory evolution in the cell at different stages of cycling. UCSD team proposed to utilize a 

series of characterization tools to decipher the key bottleneck that limits the cycle life of Li-S systems (Figure 

XX.1.51). On the S cathode side, insoluble species such as S8 and Li2S that remained in the cathode after 

cycling will be quantified by Thermogravimetric analysis (TGA). Titration Gas Chromotagraphy (TGC) have 

already been established in our previous work and will be used to track Li inventory losses. The soluble 

polysulfide speices in the electrolyte will be quantified by HPLC. In the end, a correlation betweent the Li and 

S inventory loss with the overall cell capacity evolution will be obtained. 

 

 

Figure XX.1.51 Schematic of methodology to quantify and track inventory losses in Li-S battery 

Quantification of Lithium and Sulfur inventory loss in Li-S Batteries using HPLC-UV:  Previously, Meng’s 

group at UCSD has shown the separation and identification of each polysulfide species in Dimethoxyethane 

(DME) solution using HPLC-UV. Meng group has further established the calibration curve of S8 in DME. To 

do that, 6.045 mg of S8 was first dissolved in 5mL of DME to get 4.722 mM S8 which was further diluted to 

0.9445mM, 0.7556mM, 0.378mM, 0.0756mM and 0.0151mM of S8. S8 quantification was achieved by getting 

the calibration curve for the elemental S8 by calculating the area under the intensity v/s retention time data and 

the concentration (Figure XX.1.52a and Figure XX.1.52b). A linear relation with R2=0.99999 was achieved. 

For these measurements, five different concentrations of S8 dissolved in DME were loaded in the autosampler, 

and UV measurements were done at 210nm, 230 nm, 300nm and 800nm. S8 had maximum absorbance at 

210nm and was chosen for all sulfur quantification measurements. These results demonstrated that the 

calibration curve of S8 in DME through HPLC-UV is successfully established. In the future, Meng group will 

continue to develop calibration curves for each individual polysulfide species in order to quantify the 

concentration of each one of them in a mixed solution. 
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Figure XX.1.52 (a) Chromatograms of different Elemental Sulfur Concentrations, and (b) the calibration curve for Elemental Sulfur 

Computational work was done by the team at Texas A&M to directly understand the electrolyte structure and 

transport properties. Specifically, density functional theory (DFT) was used with a thermodynamic integration 

method implemented in constrained-ab initio molecular dynamics (c-AIMD) to calculate the free energy 

profile for different pathways transporting the Li cation pathway toward the anode. The trajectory and 

evolution of the solvation complex surrounding the Li cation along with the effect of salt concentration and 

diluent presence were studied in three different liquids: low concentration electrolyte (LCE), high 

concentration electrolyte (HCE), and localized high concentrated electrolyte (LHCE). The thermodynamic 

integration method allowed us to identify energy barriers and their correlation with changes in Li-ion 

solvation. In dilute electrolytes (1.21M LiFSI in DMC), the energy barriers during the diffusion are relatively 

low (< 0.2 eV) and the cation deposition on the surface is guided by the anion and solvent reduction. In HCE 

(5.49 M LiFSI in DMC), the high connectivity between the primary solvation complex with the rest of the 

electrolyte leads to a significant increase in the energy barriers (> 3eV) for diffusion and the ion complexes can 

get trapped in the electrolyte, slowing down their surface deposition and enabling a thick and compact SEI to 

be built through anion decomposition. In LHCE (1.27 M LiFSI in DMC/BTFE) the BTFE diluent helps reduce 

the barriers (most of them in the order of 0.3 eV) present in HCE and breaking up the high cation-solvation 

complex connectivity, thereby facilitating cation diffusion and simultaneous SEI formation processes. Figure 

XX.1.53 illustrates some of the events captured during the dynamic evolution of the systems.The rate of cation 

deposition near the surface is clearly impacted by the rate of the electrolyte decomposition reactions. Once the 

SEI starts to be formed, the cation gets trapped within charged fragments and radical species. The nature and 

chemistry of the electrolyte defines the SEI rate of nucleation and morphology, and both are crucial to 

facilitate or impede ionic diffusion. In Figure XX.1.53, three carbonate molecules and an anion solvate the 

cation in LCE. Near the surface, the higher reduction potential of the anion determines its rotation toward the 

surface dragging the rest of the solvation complex, whereas Li+ cannot escape the anion network in HCE. In 

contrast, similar environments in LHCE can be overcome because of the weakly interacting diluent molecule 

that breaks the strong cation-anion interaction 
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Figure XX.1.53 Near the anode surface, solvated Li+ in LCE electrolyte complex (top) diffuses through the electrolyte guided by the 

anion high electron affinity. In HCE (bottom left) Li+ gets trapped in a thick 3D network that is broken only through anion reduction 

and thick SEI formation. In LHCE, the presence of the diluent in the 2nd solvation shell disrupts the strong cation-anion interaction 

and allows Li+ migration with barriers comparable to LCE. 

The Texas A&M team has implemented a simulation method that combines classical molecular dynamics and 

ab initio molecular dynamics (AIMD) to follow the evolution of the solid-electrolyte interphase (SEI) in 

timeframes that go well beyond the AIMD capabilities while keeping the AIMD accuracy. In the new 

simulation scheme, AIMD is used to describe the localized electrochemical reactions, while classical MD 

addresses the longer-range and longer-time chemical reactions in the electrolyte along with the mass transfer. 

In this way, the team has demonstrated the SEI morphology evolution as a function of salt concentration for 

LiFSI in DMC. One of the findings is the formation of a stratified morphology with well-defined regions of 

amorphous LiOx (predominantly), LiFx, and LiSxNy.  Figure XX.1.54 illustrates the amorphous LiOx SEI 

morphology found in a 5M LiFSI in DMC electrolyte. The effects of electrolyte/anode ratio and solvent 

chemistry on the SEI morphology and properties have been identified. It was found that the compactness of the 

amorphous Li oxide phase has a maximum as a function of the electrolyte/anode ratio.  The nature of the 

solvent also affects the SEI density due to the formation of wet or dry regions. We expect these properties to 

affect Li ion transport through the SEI. In a parallel study, we are investigating ion transport through a Li2S 

film on Li metal. We have detected ion and charge transport mechanisms occurring when reactions are taking 

place on the surface of the film-covered Li surface. The main findings include spontaneous ion hopping 

mechanisms driven by electron transfer from the Li anode through the Li2S SEI. Current work investigates the 

link between SEI morphology and chemistry with Li ion transport mechanisms. 
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Figure XX.1.54 Evolution of SEI morphology at the Li metal surface in a 5M LiFSI in DMC solution from AIMD/classical MD 

simulations. Left: Well defined regions of amorphous Li oxide connected by less dense regions of LiFx and LiSxNy structures. Right: 

Blue and gray are outer and inner surfaces enclosing Li oxide volumes. 

Conclusions   

This project has been successfully completed in FY2022. All milestones have been completed. The publication 

records are very good: 2 US patent applications were filed by the Battery500 team member institutions. 49 

peer reviewed papers were published, and more than 80 invited presentations were delivered in FY2022.  

Extensive collaboration within the consortium, between the consortiums and seedling teams, as well as with 

other national Labs and US universities has been well established and achieved very fruitful results. 
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Sector”, CBMM Niobium Webinar, October 5th, 2021.  

2. M. Stanley Whittingham, Van Vlack Lecture, “The Lithium Battery, from a Dream to Readiness to 

Take on Climate Change – Materials Opportunities and Challenges”, Materials Science & 

Engineering, U. Michigan, October 8th, 2021.  

3. M. Stanley Whittingham, MLH Green Lecture, “The Lithium Battery, from a Dream to Readiness to 

Take on Climate Change – Opportunities and Challenges”, October 11th, 2021. Chemistry 

Department, Oxford University, October 11th, 2021.  

4. M. Stanley Whittingham, “Lithium Batteries: From a Dream to Enabling a Clean Fossil-Free World”, 

Africa MRS, November 9th, 2021.    

5. M. Stanley Whittingham, “Energy Storage is Key to Attainment of Fossil-free Energy”, Faraday 

Institution, UK, November 17th, 2021.  

6. M. Stanley Whittingham, Symposium X “The Lithium Battery: From a Dream to Readiness to Take-

On Climate Change – Materials Challenges” Materials Research Society, Boston, MA, November 

30th, 2021. 

7. Manthiram, “A Path Toward Sustainable Battery Technologies,”240th Electrochemical Society 

Meeting, Orlando, FL, October 10 – 14, 2021 (invited talk). 

8. Manthiram, “A Solid-state Chemistry Perspective of Layered Oxide Cathodes for Lithium-ion 

Batteries,”240th Electrochemical Society Meeting, Orlando, FL, October 10 – 14, 2021 (invited talk). 

9. Manthiram, “Sustainable Next-generation Battery Chemistries,” UT Austin Portugal 2021 Annual 

Conference, Virtual, October 20 – 21, 2021 (invited talk). 

10. Manthiram, “Sustainable Battery Chemistries for Electrical Energy Storage,” Materials Research 

Society-Taiwan International Conference (2021 MRSTIC), Taipei, Taiwan, MA, November 13 – 17, 

2021 (invited plenary talk). 

11. Manthiram, “Delineating and Controlling the Electrode-Electrolyte Interfacial Reactions in High 

Energy Density Batteries,” American Institute of Chemical Engineers Annual Meeting Meeting, 

Boston, MA, November 14 – 19, 2021 (invited talk). 

12. Manthiram, “Sustainable Battery Technologies for Vehicle Electrification,” 3rd IEEE Bombay 

Section Signature Conference (IBSSC-2021), Bombay, India, November 18 – 20, 2021 (invited talk). 
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Materials Conclave and 32nd Annnual General Meeting of the Materials Research Society of India, 

Bangalore, India, December 20 – 23, 2021 (invited talk).  

14. Ji-Guang Zhang, "Lithium Metal Anodes with Nonaqueous Electrolytes," Storage X Symposium, Oct. 

8, 2021. 

15. Ji-Guang Zhang, “ Stability of Li Metal Anode and Calendar Life of Lithium Metal Batteries,” 240th 

ECS meeting, Oct. 10, 2021. 

16. J. Xiao, “Materials Chemistry in Electrochemical Energy Storage”, Chemistry Department Seminar 

(virtual), Binghamton University, November 5th, 2021. 

17. J. Xiao, “From Materials Science to Prototype Batteries and Cell Manufacturing”, International 

Battery Materials Association (virtual), October 24, 2021.  

18. Ping Liu, “Li-S batteries with pyrolyzed polymer sulfur cathodes”, International Battery Association 

Meeting, October 2021. 

19. Ping Liu, “Design of Stable Cathodes for Solid State Li-S Batteries”, Materials Research Society 

Meeting, December 2021. 

20. Shirley Meng, Keynote Talk, "Advanced characterization for Li metal and solid state batteries", 2021 

MRS, Boston, Nov. 29th 2021.  

21. Perla B. Balbuena, “Electron and Ion Transport in Li-metal Batteries: Role of the Electrolyte,” Invited 

Seminar to Texas Tech University, October 8, 2021. 

22. Perla B. Balbuena, “Interrogating Electrochemical Interfaces at the Atomistic Level: Links to 

Macroscopic Behavior,” Invited Seminar to University of Colorado, Boulder, November 18, 2021 

23. Manthiram, “Sustainable Next-generation Battery Technologies,” International Conference on Energy 

Materials and Devices, Banarus Hindu University, Varanasi, India, January 11 – 12, 2022 (plenary 

talk). 

24. Manthiram, “Sustainable Battery Chemistries for Electrical Energy Storage,” University of Utah, 

Denver, CO, January 26, 2022. 

25. Manthiram, “Sustainable Battery Chemistries for Electrical Energy Storage,” Gyeongsang National 

University, Jinju, South Korea, February 7, 2022 (invited). 

26. Manthiram, “Sustainable Battery Chemistries for a Cleaner Environment” International Virtual 

Conference on Advanced Materials for Sustainable Energy and Environment, Coimbatore, India, 

February 16, 2022 (Inaugural Address). 

27. Manthiram, “A Path Forward for Sustainable Battery Chemistries,” Spotlights in Advanced 

Science/Small Science: Advances in Smart Materials and Energy Research Webinar, Wiley Publisher, 

Weinheim, Germany, March 15 – 16, 2022 (invited talk). 

28. Manthiram, “Towards Practically Viable Lithium–sulfur Batteries,” Battery Conference, Korea 

Battery Industry Association, Seoul, South Korea, March 17 – 19, 2022 (invited talk).  

29. M. Stanley Whittingham, “Energy Storage is Key to Attainment of Fossil-free Energy”, The 2022 

International Conference on Hierarchical Green Energy”, Taiwan, January 15th, 2022.   

30. M. Stanley Whittingham, “The Critical Role of Storage for Renewable Energy and Climate Change”, 

Global Young Scientists Meeting, Singapore January 17th, 2022.  

31. M. Stanley Whittingham, “The Challenges Facing Lithium Batteries as they Address Climate 

Change”, Arkema, February 3rd, 2022. 

32. J. Xiao, “Electrochemical Energy Storage: An Integration of Materials Science, Electrochemistry and 

Engineering”, Seminar at Dalhousie University, March 24th, 2022.  

33. J. Xiao, “Single Crystal Ni-Rich Cathode Materials for Advanced Li-ion Batteries”, ACS Spring 

Meeting, March 21, 2022. 

34. J. Xiao, “Battery500 Consortium Overview”, Lithium Metal Battery Symposium, MPSC Symposium 

Series (virtual), March 3rd, 2022.  

35. J. Xiao, “Battery500 Consortium Overview”, US – UK Battery Technology Research and Innovation 

Online Summit (virtual), February 1st, 2022 
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36. Perla B. Balbuena, “Interfacial Phenomena in Batteries: What Can We Learn From Theory?,” Seminar 

to Université de Sherbrooke, Sherbrooke, Canada, April 7, 2022.  

37. Perla B. Balbuena, “Theory/Computation Role in Tuning Surface/Electrolyte Interfaces for Enhancing 

Catalytic Performance,” Texas A&M Research Computing Symposium (RCS), Texas A&M 

University, College Station, TX, May 23, 2022. 

38. Jorge M. Seminario, “Beyond Graphite for Li-ion Batteries: Searching for Lithium Metal Alternatives 

using Quantum Mechanical Methods,” Texas A&M Research Computing Symposium (RCS), Texas 

A&M University, College Station, TX, May 23, 2022. 

39. W. Xu, “Development of Electrolytes for Lithium Batteries,” Saft America, Cockeysville, MD, June 

24, 2022. 

40. W. Xu, “Electrolytes for Lithium-ion Batteries,” Lecture at 2022 University of Washington Battery 

Class, University of Washington, Seattle, April 11, 2022. 

41. Ji-Guang Zhang, “Challenges for Li Metal and Si Anodes,” University of Washington, Seattle, WA, 

April 18, 2022. 

42. Manthiram, “Clean Energy Technologies,” My Introduction to Engineering (MITE) Summer 

Enrichment Camp, Equal Opportunity in Engineering Program, University of Texas at Austin, Austin, 

TX, June 6, 2022 

43. Manthiram, “Battery Chemistries for Relieving Supply Chain Issues of Today, Tomorrow, and Day-

after-tomorrow,” 2022 Spring Biannual Meeting: Science and Technology Enablers of a Domestic 

Extreme Battery Supply Chain, University of Maryland, College Park, MD, June 10, 2022 

44. Manthiram, “Sustainable Battery Technologies for Relieving Supply Chain Issues,” Automotive 

Electrification Tech Forum Speaker Series, 3M, Minneapolis, MN, June 15, 2022 

45. Manthiram, “Delineating the Intricacies of High-Nickel Cathodes for Lithium-ion Batteries,” 21st 

International Meeting on Lithium Batteries, Sydney, Australia, June 26 – July 1st, 2022 

46. Prashant N. Kumta, “Perspectives on Materials for Energy Applications”, Lehigh University, 

Bethlehem, PA, April 19, 2022. 

47. Y.S. Meng, Keynote Talk - "Advanced Characterization and Metrology Development for Lithium 

Metal Batteries" International Meeting on Lithium Batteries IMLB 2022, Sydney, Australia June 29, 

2022 

48. Y.S. Meng, Invited Talk - "Rechargeable Lithium Metal Batteries", E02 Symposium, Electrochemical 

Society ECS, Vancouver, Canada, June 1, 2022.  

49. Y.S. Meng, Invited Talk - "Cryo-EM for Battery Materials", Gordon Research Conference GRC 

Battery, June 6, 2022. 

50. M. Stanley Whittingham, Ta-You-Wu Lecture, “The Lithium Battery: From a Dream to Readiness to 

Take-On Climate Change”, University of Buffalo, April 28th, 2022.  

51. M. Stanley Whittingham, Derby Lecture, “The Lithium Ion Battery, from a Dream to Domination of 

Energy Storage – Future Chemistry and Materials Challenges”, University of Kentucky, Louisville, 

KY. May 5th, 2022.  

52. M. Stanley Whittingham, “The Challenges Facing Lithium Batteries as they Address Climate 

Change”, Clariant, Louisville, KY, May 6th, 2022.  

53. M. Stanley Whittingham, Derby Public Lecture, “The Electric Economy and Climate Change: The 

Critical Role of Energy Storage”, University of Kentucky, Louisville, KY. May 6th, 2022.  

54. M. Stanley Whittingham, “The Pros and Cons of Solid vs Liquid Electrolytes in Lithium Batteries”, 

Materials Research Society, Honolulu, Hawaii, May 9th, 2022.  

55. M. Stanley Whittingham, “The Electric Economy and Climate Change: The Critical Role of Energy 

Storage”, Vestal High School, Vestal, NY, May 19th, 2022.  

56. M. Stanley Whittingham, Van Vlack Public Lecture, “Overcoming Climate Change: The Critical Role 

and Challenges of Energy Storage”, University of Michigan, Ann Arbor, MI, May 23rd, 2022.  

57. M. Stanley Whittingham, Ben Pei, Isiksu Buyker, Krystal Lee, Fengxia Xin and Hui Zhou, “Pushing 

the Limits of NMC Cathodes”, 241st Electrochemical Society Meeting, Vancouver, BC, Canada, May 

31st, 2022.  
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58. M. Stanley Whittingham, Opening Plenary, “Pushing the Limits of Lithium Batteries”, IMLB-2022, 

Sydney, Australia, June 27th, 2022. M. Stanley Whittingham 

59. W. Xu, J. Kim, X. Cao, and J. Zhang, “Enabling Lithium Metal Anode by Advancing Electrolytes and 

Lithium Protection,” American Chemical Society (ACS) Fall 2022, Chicago, IL, August 22, 2022. 

60. M. Stanley Whittingham, “Pushing the Limits of Li-ion Batteries at their 50 Year Anniversary,” 1st 

Distinguished Engineering Lecture Series, University of New South Wales, Sydney, Australia, July 

1st, 2022.  

61. M. Stanley Whittingham, “The Key Role of Solid State Ionics in the Development of Lithium-ion 

Batteries,” Solid State Ionics, Boston, MA, July 19, 2022. 

62. M. Stanley Whittingham, “Lithium-based Batteries: 1970 – Today,” John B. Goodenough 100th 

Birthday, Austin, TX, July 22, 2022.  

63. M. Stanley Whittingham, Hui Zhou, Fengxia Xin, Ben Pei, Isiksu Buyuker, Krystal Lee and Jie Xiao 

and the Battery500 team, “Pushing the Limits of Lithium Batteries,” International Society of 

Electrochemistry (ISE) Meeting, Online, September 12, 2022. 

64. M. Stanley Whittingham, Fengxia Xin and the Battery500 team, “Role of Nb in Nickel-rich Layered 

Oxide Cathodes for Lithium-ion Batteries,” 2022 International Conference on Niobium Based 

Batteries, Online, September 14, 2022. 

65. Z Huang, Y Cui, Z Bao, “Solving a Metal Issue with Organic (Macro)Molecules,” ACS Fall 2022, 

Chicago, IL, August 21 – 25, 2022. 

66. Z Huang, Y Cui, Z Bao, “Advanced Polymer Coatings for Li Metal Anodes,” ACS Fall 2022, 

Chicago, IL, August 21 – 25, 2022. 

67. Z Huang, Y Cui, Z Bao, “Improving the Lithium Metal Battery Performance with a Polymer Layer,” 

ACS Fall 2022, Chicago, IL, August 21 – 25, 2022. 

68. Y. Lin, Z. Bao, “Dynamic Enamine-one Bonds Enabled Sustainable Polymeric Materials,” ACS Fall 

2022, Chicago, IL, August 21 – 25, 2022. 

69. Ping Liu, “Approaches to Mitigating Internal Shorting of Lithium Batteries,” ACS Fall 2022, Chicago, 

IL, August 21, 2022. 

70. Shirley Meng, “Designing Better Materials for Future Batteries,” International Conference on 

Materials for Humanity 2022 (MH 22), Singapore, September 21, 2022. 

71. Prashant N. Kumta, “From Lithiated Transition Metal Oxides to Silicon to Lithium-Sulfur: Evolution 

of Electrochemically Active Materials,” Symposium A02: Research and Development of Primary and 

Secondary Batteries, 242nd Electrochemical Society Meeting, Atlanta, GA, October 9 – 13, 2022. 

72. Manthiram, “Delineating the Intricacies of High-Nickel Cathodes for Lithium-ion Batteries,” 21st 

International Meeting on Lithium Batteries, Sydney, Australia, June 26 – July 1, 2022. 

73. Manthiram, “Battery Chemistries for a Sustainable Future,” Workshop on Electrochemical Energy 

Storage and Conversion Towards Carbon Neutrality, Hong Kong Polytechnic University, Hong Kong, 

July 4 – 5, 2022. 

74. Manthiram, “Delineating the Intricacies of the Interfacial Chemistry of High-Nickel Cathodes in 

Lithium-based Batteries,” PlugVolt Battery Seminar, Plymouth, MI, July 12 – 14, 2022. 

75. Manthiram, “Delineating the Intricacies of the Interfacial Chemistry of High-Nickel Cathodes in 

Lithium-based Batteries,” 23rd International Conference on Solid State Ionics (SSI23), Boston, MA, 

July 17 – 22, 2022. 

76. Manthiram, “A Path Toward Sustainable Energy Storage,” John Goodenough Energy Storage Lecture 

Series, The University of Texas at Austin, Austin, TX, September 8, 2022. 

77. Manthiram, “Sustainable Battery Chemistries for a Cleaner Planet,” University of Michigan, Ann 

Arbor, MI, September 16, 2022. 

78. Manthiram, “Electrical Energy Storage: Near-term and Long-term Perspectives,” University of 

Louisiana, Lafayette, LA, September 23, 2022. 

79. J. Xiao, “PNNL R&D in Primary and Secondary Lithium Metal Batteries,” 242nd Electrochemical 

Society Meeting, Atlanta, GA, October 12, 2022. 
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80. J. Xiao, “An Integrated Science and Engineering Approach for Next-generation Battery Materials and

Technology,” ORCAS 2022: International Conference on Energy Conversion and Storage, San Juan,

WA, September 8, 2022.
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