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Overview

TIMELINE

Start date: October 1, 2019
Project End date: September 30, 2022
Percent complete: 50%

BUDGET

Total Project Funding
DOE Share: $1 M / 3years
Contractor Share: $0.25 M / 3 years
FY 2020 Funding: $303,137
FY 2021 Funding: $353,703

BARRIERS

High energy density battery chemistry beyond
Li-ion (Solid-state lithium-sulfur)

Need novel solid-state electrolytes with fast
ion conduction and stability against lithium
Interfacial issues at the anode and cathode
Low cycle life and loss of capacity

PARTNERS

Interactions/Collaborations
Hui Wang (U. Louisville, Co-Pl)
Gamini Sumanasekera (U. Louisville, Co-PI)
Jacek Jasinski (U. Louisville, Co-Pl)

Project lead: University of Louisville
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Relevance

All solid-state lithium sulfur batteries (ASLSBs) offer high-energy density, pronounced safety,
and suppress polysulfide shuttle; yet they remain far from commercialization .
a®” o~

Main Roadblock 11:

Lack of fundamental understanding of electrochemistry in these systems over
atomic scale

Objectives

» Advance atomic-scale understanding of ion-transport, chemical reactions,
and material evolution in solid-state Li-S batteries

 Develop novel atomistic interaction models to accurately capture electro- | _
chemical processes over tens of nanometers and tens of nanoseconds Solid State LIS battery

Yang et al., Chem. Soc. Rev. 49, 2140 (2020)
» Computationally-guided design of novel electrolytes, cathode
architectures, and interfaces; and realize promising candidates in
laboratory

Impact
Electrolyte chemistries, cathode architecture, and interfacial functionalization to deliver solid-state
Li/S cells with high S-loading (>6 mg/cm?) that operate for 1000 cycles at > 600 Wh/kg (@C/3) - LoUisViL
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Milestones

- Description of Milestone or Go/no-Go decision m

FY 2020

FY 2021

Dec. 2019  Demonstrate scalable electrolyte synthesis with precise composition control Complete
Mar. 2020 Optimize electrolyte composition for high Li* conductivity and stability against lithium Complete
Jun. 2020 Fabricate battery with optimized electrolyte for baseline performance Complete
Sep. 2020  Develop interatomic potential models for a representative sulfide electrolyte system Complete
Go/No-Go)

Dec. 2020 Extend the interatomic potential model to include cathode, anode, and interfaces Complete
Mar. 2021 Optimize ionic liquid functionalization of cathode/electrolyte interfaces and Complete

characterization
Jun. 2021 Validate interatomic potential model, and coin cell testing with increased S-loading On schedule

Sep. 2021 Fundamental understanding of evolution of cathode/electrolyte interfaces and effect of | On schedule
(Go/No-go) | ionic liquid functionalization

uuuuuuuuuu
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Approach

A4

Halide doped sulfide electrolyte
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Target systems preer— 5 BATTERY
CHARACTERIZATION 9 S FABRICATION/TESTING
» Halogen doped sulfide argyrodite _ g 2
) . . Wet Chemistry SSE 8 Cold press
electrolytes (mixed doping with F) Mesoporous Carbon 5 s
. . s : ) harge/Disch:
— LiF is known to stabilize anode- Raman, xes, o7em,xe0, S : 2 charaoteristion, oycling
: ’ =
electrolyte interface 4 A
* Mesoporous cathode architectures \ e segrogaton fonic Liq /
with carbon nanocages . T

M
FIRST-PRINCIPLES ~ Leaning ATOMISTIC MODELING Leaming ~ KINETIC MONTE CARLO

Reactive Model | CMD

lon transport, Structural
transitions, Reaction
kinetics/dynamics

* Functionalization of cathode- DFT | AMD | QG _
electrolyte Interface W|th |0n|c I|qU|d Reaction barriers, Energies,

Structures, Charges

Steady-state product
distribution, Microstructural
evolution of SEI

Key Innovations Overview of our proposed integrated approach to design high-performance ASLSBs

» Machine learning based automated framework for developing interatomic potentials
» Development of economical and scalable liquid-based synthesis of electrolyte with good composition

control
» Using our patented in situ metal templating method for preparing mesoporous cathode with prescribed
architectures S
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Technical Accomplishments
Barriers addressed

« Scalable synthesis of solid-state electrolyte with precise composition control

Developed a scalable and economic solvent-based method to produce solid-state electrolytes
(SSE) with excellent composition control; this method enables fluorine doping of sulfide electrolytes

« Achieving SSEs that offer fast ion conduction and stable interface with lithium
|dentified atomic-scale origin of fast ion conduction and high stability in fluorine containing SSE

Optimized composition of SSE with multiple halogen dopants that provides a) enhanced Li*
conductivity (~10-3 S/cm), and (b) improved stability against Li anode

« Atomic-scale modeling of solid-state lithium sulfur battery systems

Developed accurate physics-based interatomic potential models using machine learning
framework to enable classical molecular dynamics simulations of ion transport and material evolution

* Interfacial impedance at the cathode electrolyte interface
|dentified functionalizing ionic liquids (IL) that enable good contact between Sulfur-carbon cathode
and sulfide electrolytes; batteries with IL functionalized cathodes and optimized SSEs show capacity
retention of ~550 mAh/g after 100 cycles

6 LOUISVILLE.
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Technical Accomplishments
Solvent synthesis of sulfide electrolyte with precise composition control

Rapid | Economic | Low temperature | Enables F doping ,
« Synthesized electrolytes show

Evaporation Precipitation LiPSsX (X=F, Cl, Br, ) high phase purity and

Li,S, 90 ° .
t:;(PS4 L ) =) crystallinity
= f§S

X-ray diffraction of representative electrolytes synthesized by this method
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W Milestone Q1/Y1: Demonstrated scalable electrolyte synthesis with precise composition’control




Technical Accomplishments
Design of sulfide electrolytes with mixed halogen doping

Doping argyrodite electrolytes with two different halogens yields higher Li* conductivity as compared
to one halogen. AIMD simulations identify LigPSsF, 5Cl, 5 as having highest Li* conductivity

Our AIMD predictions are

Optimization of electrolyte comp/o\s:t:on using AIMD simulations consistent with experiments
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Milestone Q2/Y1: Optimized electrolyte composition for high Li* conductivity s L
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Technical Accomplishments
Atomistic origin of fast Li-ion conduction

Li cages made up of 24g / LigPSsF Li6PS5C| LigPS F0_5C|0_5
48h sites surrounding ~ o;atRT ~ (0.32 mS/cm) (0.9 mS/cm) (2.2 mS/cm)
central S/ X

(1) Li move within a cage

A4

Lithium probability distribution map over entire AIMD trajectory at 750 K (100 ps)

Li6P85F0.5CIO.5

48.6

» Intra-cage 354 48.1
Milestone Q2/Y1: Optimized electrolyte composition for high Li* conductivity 0 LBURILGE

aaaaaaaaaaa

) | . { , ‘ ‘ ‘
Jump Frequency LigPS;F LigPS;ClI
(2) Inter-cage Li hop (contributes to at 750 K (1 01 5'1)

macroscopic Li diffusion) — assisted g
by halogen at face center (4a) Inter-cage 2.29 3.04



Technical Accomplishments

Disorder in F suppresses both intra- and inter-cage hops

LigPSsF LigPS5ClI LigPSsF( 5Clg 5
o @ RT (0.32 mS/cm) (0.9 mS/cm) (2.2 mS/cm)

Intracage hops

* Li coordination around cage centers F (~4), S
(~0), Cl (~5) - fastest hopping around F

* Pronounced motion of F enhances vibration
in PS4 = suppresses hopping

Inter-cage hops

* Hops mediated by face center Cl are ~2 times
faster than F (stronger Li-F bond)

hops due to association with multiple F atoms
(~3x slower than 1 F mediated hops)

Temporal trajectory of halogens (top) and PS,, tetrahedra
Jbottom) over 100 ps long AIMD trajectory at 750 K

LigPS;F, 5Cl, 5 provides best combination
* F in cage center

» Low motion (disorder) of face center F

» High fraction of Cl mediated inter-cage
jumps (~1.5 that by F)

uuuuuuuuuu
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LigPScF LigPS;Cl LigPScF,<Clo s

Technical Accomplishments
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Milestone Q2/Y1: Optimized electrolyte composition for high Li* conductivity and U S
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Technical Accomplishments
Composition of SEI from AIMD simulations and XPS characterization

Reduction levels classified using Bader

ag)oalysis of interfacial structure from AIMD
[y reduced Li | LigPS;CI : Li,S + PS,"™ (mostly PS,) + PS, + LiCl (No Li;P)
e N I «Li | LigPSsF, 5sCly 5 : Li,S + PS,™ (mostly PS;) + PS, + LisP + LiF + LiCl
& : ] (PS.™) *Li | LigPSsF : Li,S + PS," (mostly PS;) + PS, + Li;P + LiCl + LiF
S 40/ | | X
3! I .
5 2 0 1 (PS4*) lonic conductivity of Li;P ~10 mS/cm - SEI for F containing electrolytes
' show lower impedance.
n
1 N 4

60- gg:ﬂtviagf;ig:;jced Our AIMD findings are consistent with our XPS characterization
QU_J‘ N I Non-reduced s2p P 2p Lits
°© g —~ ~ —~ Argyrodite
7 o) L o ::i gi ’
£ (Li,S) = = 2
3! £ g "
E 151 1 (PS,™) & £ £ £ | ‘

i B |

L16PS5F L16PS5C1 Li6PS5F0_5C10.5 o 16éind;r?;Er:22rgyzz1\/) o e 134Bir:;3ing1lsiznerg;(e1\i()) i * Bf:ding é;ergy?éV) ® *
W Go/No-Go/Y1: Optimized electrolyte composition for high Li* conductivity and stability = ......

against Li - LigPS:F, :Cl, - provides good combination of conductivity and stability
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Technical Accomplishments
Developed a reactive force field for Li-P-S ternary system with good predictive
power

ReaxFF prediction error relative to DFT Errors in ReaxFF predictions for selected phases

Li7PS6-c33(GPa) -
Li7PS6-c22(GPa)
Li3PS4-c44(GPa)
Li3PS4-c33(GPa) -
Li3PS4-c22(GPa)
Li3PS4-c11(GPa) A
Li7PS6-c(angs)
Li7PS6-b(angs)
Li7PS6-a(angs)
Li3PS4-c(angs)
Li3PS4-b(angs)
Li3PS4-a(angs)
ELi2PS3(kcal/mol) 1

15 meV/atom 1% ELI7PSokeal/mal ]

ELi3P-HCP(kcal/mol)
__— I ELi2S-P(kcal/mol)
Li2S(Fm3m)-a(angs)

Energy Lattice Elastic ELi2S-Fkcal/mol) 1
constants  constants 2 a(anas) |

(
ES-Fddd(kcaI/mgoI) E
ELi-bcc(kcal/mol)
Li(bcc)-a(angs)

T R S
oN M O

Properties

Average Error (%)

—O N B~ O

-25 -20 -15 -10 -5 0 5 10 15
Percentage Error (6)

’\\%4IY1 and Go/No-Go/Y1: Developed interatomic potential for electrolyte @ ...«
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Technical Accomplishments: Material evolution at interfaces predicted by

ReaxFF agree with previous first principles calculations
Anode
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Technical Accomplishments

Fabrication of battery using optimized electrolyte | C-S cathode: Super P-S (3:2) - 88 wt%,
AB binder — 2 wt%, CMC - 5 wt%, SBR — 5 wt%; dr blade coating - 350 ym (1.3 — 1.5 mg/cm?) /

LigPS;F, sClys SSE / Li anode
lonic liquid (IL) functionalization 1000

{ \ 800
+

o
N s
IL ' \/\/ g 600
(PYR,,)" ;
'g 400
10 3
o
F,C—S—N —S—CF e
3 I I 3
@) @) 0
(TFSIy

[

=

—a— Charge capacity

@C/20

SP-S/LigPSsF5Clys LITFSI(0.6M) PYR 40 TII/Li
T T

M

g —a— Discharge capacity la0
w Coulombic efficiency
i 20

4100

480

460

Coulombic efficiency (%)

0

20 40 60

Cycle number

80

0
100

« Batteries with fully solid cathode/electrolyte interface suffers from poor contact. They show poor

discharge capacity (~50 mAh/g) and fail to charge after first cycle

» Functionalizing cathode with IL (e.g., 40 pL of 0.6 M LiTFSI in PYR-IL) shows good promise with capacity

retention of 200 mAh/g after 100 cycles

rrrrrrrr
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PS
161.3 eV

Technical Accomplishments
Fabrication of battery using optimized electrolyte

LirS

3.0 SP-SILigP SgF sClo s LITFSI(2M) PYR:DOL(1:1) 40 11/Li 1000 SP-S/LigPSsF,5Clo 5 LITFSI(2M) PYR:DOL(1:1) 40SI/Li P e 1605 eV
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% ' C/5 rate e 60 © XPS of cathode/electrolyte interface shows
= S 400 | 1 =2 formation of bridging S-S bonds (P,S,)
> 1.5- g 140 E : 5
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_— , , . g Poor electrical
 Diluting IL with DOL improves performance. Optimum G st conduction in
battery performances for low sulfur loading (0.7 mg/cm?) 151 — e cathode
was achieved with 40 pyL of 2M LiTFSI in PYR:DOL=1:1. ol o
: : ' —— 35th
P.orosny of thg cathode needs to be engineered to reach T P e
higher S-loading Capacity / mAh ggq,,"

o Milestone Q2/Y2: Optimize ionic liquid functionalization of cathode/electrolyte interfaces
and characterization




Response to Previous Year Reviewers’ Comments

This project started in FY 2020. It was not evaluated last year

17
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Collaboration and Coordination with other institutions

Team: The project is a collaboration between four faculty-led groups who are all co-located at
University of Louisville.

» Narayanan (Pl) — First-principles atomic-scale modeling, interatomic potential
development

« Wang (co-l) -- Synthesis of sulfide electrolytes

« Sumanasekera (co-I) — Synthesis of cathode architectures and battery fabrication

« Jasinski (co-l) — Electrochemical Characterization

Argonne National Laboratory

Anh T. Ngo, Larry Curtiss, Subramanian Sankaranarayanan
» First-principles data for interatomic potential development
* Machine learning strategies and frameworks

Oak Ridge National Laboratory

Yan Chen, Jagjit Nanda, Niina Jalarvo

 Initiated discussion for neutron-diffraction studies of electrolytes to gain insights into
structure (site disordering) sulfide electrolytes synthesized by liquid phase synthesis

............
18 LOUISVILLE.
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Remaining Challenges and Barriers

« ldentify effect of crystallinity, and extended defects (e.g., grain boundary) on Li-ion
conduction in sulfide electrolyte

» Fundamental understanding of long-time nanoscale dynamics of evolution of
electrified interfaces: reactions, rates, composition of SEI/CEI, ion-transport across
interfaces, effect of electric field

« ldentify reasons for failure of cathode architectures at high sulfur loading, and
successes of ionic liquid functionalization

» Synthesis of mesoporous composite cathodes co-infiltrated with solid electrolyte
and sulfur (high loading > 6 mg/cm?) while maintaining good electronic and ionic
conductivity: Currently used cathode formulation fails beyond S-loading of 3 mg/cm?

« Minimize the amount of liquid functionalizing agents (i.e., ionic liquids)

uuuuuuuuuuuu
19 LOUISVILLE.
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Future Work

Rest of FY 2021
 Rigorous validation of ReaxFF predictions of dynamic properties (ion Our preliminary work on CNC composite
transport) and interface evolution against first-principles calculations, and  cathode shows good promise for achieving
experiments S-loading > 6 mg/cm?

» ReaxFF-MD to understand effect of crystallinity and extended defects on ion
conduction in sulfide electrolytes

« Advanced characterization and first principles modeling to understand role of
IL at cathode/electrolyte interface
- Develop coin cell batteries with cathodes at S-loading > 5 mg/cm? without

compromising on capacity retention at ~100 cycles. Adding CNT and SSE in
cathode; and use 3D current collectors to optimize ionic/electronic conduction

FY 2022

« MD simulations to understand nanosecond atomic-scale dynamics of interfacial evolution: identify reactions, rates,
and ion transport across SEl, electric field effects. kKMC models informed by MD can access higher length/time scale

« MD simulations to gain insights into the connections between ion-conduction, sulfur reduction, and strain in
composite cathodes made of network of carbon nanocages (CNCs)

* Produce CNC based composite cathodes with prescribed architectures guided by computation, to achieve S-loading >
6 mg/cm?that can retain capacity of 600 Wh/kg over at least 500 cycles.

rrrrrrrr

| Any proposed future work is subject to change based on funding levels | 20 %




Summary

Relevance: Enable electrolyte chemistries, cathode architecture, and interfacial functionalization

to deliver solid-state Li/S cells with high S-loading (>6 mg/cm?) that operate for 1000 cycles at > 600
Wh/kg (@C/3)

Approach: Our integrated approach involves 1) liquid phase synthesis, 2) first-principles and
atomic-scale modeling, 3) machine-learning to develop physics-based reactive models, 4) battery
fabrication, and 5) advanced electrochemical characterization.

Technical Accomplishments: Developed an economical, scalable, and rapid solution-based
synthesis method for sulfide electrolytes with excellent control over composition and phase purity;
identified electrolyte composition to simultaneously achieve fast Li ion conduction and form stable
SEI at Li anode; identified the reactions between sulfide electrolyte and anode; developed a new
reactive interatomic potential model for Li-P-S ternary system; identified IL functionalizing agents
that improve contact at the cathode/electrolyte interface

Collaborations: 3 co-PlIs at U. Louisville with expertise in synthesis, characterization and battery
fabrication; first-principles data and machine learning strategies for model development (ANL);
initiated discussion for neutron scattering experiments on sulfide electrolytes (ORNL)

Future Work: Gain insights into ion-conduction, material evolution, and reactions at electrified

interfaces; computationally guided design of composite cathodes; development of coin cells that
operate at S-loading (> 6 mg/cm?) 2 Lomevie



TECHNICAL BACK-UP SLIDES
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Li ion conductivity of electrolytes synthesized by our solvent-based method

are on par with that obtained from state-of-the-art ball milling methods

T(°C)
102 90 80 70 60 50 40 30
e &
K A
; -
N0y B a
@) " A
> B A
= v =
2> » =
O 104 L E
.310 . Li,PS, Y v
g @ Li,PSCl %
O A Li,PSBr 1
v LisPSql
107 ' . . . y
2.7 2.8 2.9 3.0 3.1 3.2 3.3

1000/T (K™)

1073

Li-ion Conductivity c (S cm™)
o

-
e
L)

LigPSsCI-LiCl
-0
L|6PS5CI
\0\\
LigPSsClI- 2L|CI L
—ml— |onin Conductivity
—@— Activiation Energy
0.0 0.5 1.0 1.5 2.0

Excess Cl content (x) in LizPS5Cl-xLiCl

Arnold et al. J. Power Sources 464, 228158 (2020)

0.50

-—0.45
-0.40
-0.35
~0.30

-0.25

0.20

Activiation Energy (eV)

23

rrrrrrrr

lelelelelelele



AIMD simulations of anode/electrolyte interfaces
3 X 3 Li (001) || 1 X 1 LigPS5X (001) for 20 ps at 300 K

~45 A

~10.3 A

4 —

» 6 layers of Li on each side of the electrolyte
» Epitaxial strain at the interface <1 %

« (001) facets are known to be the most stable surface for Li and LigPSsX

» AIMD calculations are performed using VASP

« 300K, 20 ps

» Perdew-Burke-Ernzerhof functional (GGA-PBE)
* Plane-Wave Energy cut off: 500 eV

* K point sampled at I'-point only

24
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Automated machine learning workflow to develop interatomic potentials
Large datasets obtained from first-principles calculations are employed

Co/C (Tersoff) Ta/O (CTIP)

fihs
THE JOURNAL OF

PHYSICAL

Training set from
first principles
(energies, structures)

y/ CHEMISTRY
/// / : :
// Objec"::f‘ ;tsmction Set,sltug J:‘t;est
/’ A=) (Xorr —Xere)” S
i . -

Gold: Nanoclusters to bulk

\
\

W(k) > VEOR(r) + VE (1)

Convergence Perform genetic

. N b ? i
Hybrid Bond Order Potential reached? operations
(HyBOP)
Small Large Bulk
clusters cluilsrs
~ g - y
Pe Optimized Force Field w7 ENERGY CONVERSION AND STORAGE; CATALYSIS; OPTICAL, ELECTRONIC,
*-9%-9 AND MAGNETIC PROPERTIES AND PROCESSES; INTERFACES;
<« ““Q““ NANOMATERIALS AND HYBRID MATERIALS

Increasing size

Narayanan et al., J. Phys Chem. C (2016) H. Chan*, B. Narayanan*, Sankaranarayanan et al.,
., J. . 20

Narayanan et al., Nanoscale (2017) J. Phys Chem. C (2019) (*Equal contribution)

K. S*, Narayanan* et al., Chem. Mater. (2017)

H.C.*, M.C,* Narayanan* et al., Nat. Commun. (2019)
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Large training set from quantum calculations
Li-P-S ternary system

= >=
> 14
oy <
< 2
= 14
LLl
> -
Li-P
P
M QN -
< P4S7 ?ASQ
B Peaz: 085 ~2000 structures/energy
@ ~40 condensed phases
- Equation of state (lattice parameters)
« Elastic constants ~100 elastic constants

« Structure, energies, and charges from AIMD snapshots 26 LOURVILCE
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Battery cycling with S loading of 1.5 mg/cm?
C-S cathode: Super P-S (3:2 ) - 88 wt%, AB binder — 2 wt%, CMC - 5 wt%, SBR — 5
wt%; dr blade coating - 350 um (1.3 — 1.5 mg/cm?) / LigPS;sF, 5Cl, 5 SSE /

Cathode functionalization: 40 uL of 2M LiTFSI in PYR:DOL=1:1.
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