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Timeline Barriers
 Project start date: 12/01/2018 -« Barriers addressed
* Project end date: 12/31/2021 « Cost
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 Life

Budget Partners

 Total project funding $3.125 « UC Irvine: Project Lead Huolin
million Xin

« DOE Share $2.5 million  Virginia Tech: Feng Lin
b « UC Berkeley: Kristin Persson

- Contractor share $625K | 5\ N1 Wu Xu
» Funding for FY 2020: $1.01  American Lithium Energy: Jiang
million Fan

 Funding for FY 2021: $0.97  Collaborations: BNL, NSLSII,
million SSRL, ANL



(104)
ﬁ;{w

UCl Relevance: Objectives
Overall objectives

(A (003) & NMmCs11-Ti Rim
Displace Co while maintaining high-Ni content and high energy A ﬁ

density
17.0 17.5 18.0 18.5 19.0 195 36 38 40 42 44 46 48 50

— Cobalt concentration < 50 mg/Wh or No-Co
— Energy density > 750 Wh/kg (C/3, 2.5-4.4 V) at cathode level (degree)

— 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

« Formulate new electrolytes

— New functional additives
— Understanding of the CElI’s influence on high-Ni low-Co cathodes.

Offer a knowledge base by performing proactive studies
— Thermal stability, oxygen loss, and the degradation of the cathode/electrolyte

interfaces.

Intensity (a.u.) o
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UCI

Milestones

Milestone Status Description
Jan 2019 Computational down-selection to 2—4 elements for synthesis. Achieve
Dopant Selection and Material Completed NMC-D electrode materials with Co content <= 3%, Ni >= 90%, Dopant
Synthesis metal (Ti or Al) = 2%
April 2019 Structural study by synchrotron XRD, and aberration-corrected scanning
Structural Fidelity Completed TEM to confirm that the desired layered structure and 3D composition are
achieved.
July 2019 Evaluate electrochemical performance of BP 1 materials and compare it
Electrode Performance and ~ Completed with the commercial 811 baseline >100 cycles in Li||[NMC cells at 4.5 V
AL LLDIC A cutoff and Gr||[NMC cells at 4.4 V cutoff. Delivery of PPCs to DOE.
Delivery of a high-Ni and low-Co cathode material with an electrochemical
Oggﬁf; é(::g Completed performance comparable to the commercial NMC811 baseline (energy
and capacity retention > 90% of NMC811 @ 100 cycles).
Milestone Status Description
Jan 2020 Completed  Refine prediction of surface/bulk dopants
Dopant Refinement
Synt::sri"szsoffle_up Completed ~ Scale up synthesis of BP 1 materials to 100 g scale.
July 2020 Completed Best of BP1 and BP2 materials achieves a comparable performance to
Performance Evaluation the 811 baseline >300 cycles in Gr|[NMC pouch cells at 4.4 V cutoff.
Delivery of a high-Ni and low-Co cathode that has a comparable
Oct 2020 performance to the NMC811 baseline. (Energy target = 650-750 Wh/kg
Go/No Go Completed

C/3, 2.5-4.4 V at the cathode level; capacity retention: 70%-90% at 500
cycles; cobalt concentration: 50 mg - 70 mg/Wh)




UCI

Milestone Status Description

Mar 2021 Complete Deliver a final model for predicting oxygen retention elements on the surface and in the
Model Delivery P bulk of high-Ni low-Co oxides.

_June 2021 Ontrack  Scale up synthesis of the best of BP 1, BP 2, and BP 3 materials to 100-200 g scale.

Final Scale-up

Sept 2021 Full pouch cell-level study of the best-performing materials >1000 cycles in Gr||NMC

On track
Pouch Cell Study pouch cells at 4.4 V cutoff.
Fabricate 21 Projection Completion Cells (PCCs) and deliver them to DOE with

Dec 2021 On track the following specifications: Energy Target: > 750 Wh/kg (C/3, 2.5-4.4 V) at cathode

PCCs Delivery level; Capacity retention: > 80% at 1,000 cycles; Energy retention: >80% at 1,000

cycles; Cobalt concentration: < 50 mg/Wh; Cost<$100/kWh; Calendar life: 15 years.




UCl Approach/Strategy

« We utilize a three-dimensional (3D) doping technology that is a hierarchical
combination of surface and bulk doping.
— Surface doping stabilizes the interface between the primary particles and the electrolyte

— 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.

— A composition controlled and thermodynamics driven synthesis will be used to accurately
achieve the desired 3D doping structures.

« Use high-throughput computational materials design to screen surface and
bulk dopants for a low-Co environment.

 Formulate new electrolytes that stabilize the cathode/electrolyte interfaces
at deep charging conditions.

 Advanced computational and characterization techniques are developed to
study

— Dopant environment and chemistry
— Thermal stability, oxygen loss, and the degradation of the cathode/electrolyte interfaces.
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Previous Results

Computational Downselection of Oxygen Retaining Surface Dopants
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Upon delithiation, the thermodynamic oxygen release energy

decreases rapidly

At high charge state, e.g. 75% of Li extraction, oxygen is close to
spontaneously release from the surface for pristine LNO
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W, Sb, Ta, and Ti bond more strongly to
oxygen than Ni, Al, Mg, and B, and
reduce the oxygen release.

« W, Sb, Ta and Ti are found to enhance surface oxygen retention of LiNiO,

J. Mater. Chem. A, 2020,8, 23293-23303
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Previous Results

Co-free Chemistry: 3D-doped LiNiO, [Ni 96%, Mg 2% , Ti 2%]

~

7nm

—_—

Improved cycle life

~4.5] Cathode loading: 1.5-1.6 250
E J mAh/Cm2 é 200 F\gs%
—1 4.0 : £ E
% 5 2150
> : =
~ 3.5- : & |
' C/10 86.8% g0
3.0 2544V, 22°C = o ' G
= {1 50 cycles: 95% P 50F . ¢p
> 25- 1st cycle § 0-. GI1CI -
(') 5-0 1(')0 150 2()0 a o0 50 100 150 200 250 300
. . Cycl b
Specific capacity (mAh/g) yele number
—~ Improved thermal stability
AN =10 2105°C—, ~219.9°C
Soft XAS §0.8- Cathodes Charged to 4.4 V
Ni L-edge %0_6- Scan rate: 10°C/min
0.4
Al i :
802 ——LiNiO,
845 850 855 860 865 870 875 'f_éo.o , | | T e el [ S
= 150 200 250
Energy (eV) S Temperature (°C)

3D-doping of Ti and Mg is achieved in LiNiO,. Cycle life and thermal stability are much improved

compared with LiNiO.,.

Chemistry of Materials 31 (23), 9769-9776 8



UCI | Technical Accomplishments and Progress
| Resolving the O1/03 misfit structures in LiNiO,
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« Coexistence of O3/0O1 structures at high voltages.
* Observation of misfit dislocation at the O1/03 phase boundaries
« Severe cation mixing at the dislocation core. Nano Letters, 2021, 21, 8, 3657—3663 9
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Technical Accomplishments and Progress
In-situ Study of a Two-Step Phase Transformation of LiNiO, under Thermal
Abuse Conditions
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Reaction coordination

O1 transform to rock salt faster than * In situ atomic imaging show a two-step pathway involving

03 under thermal abuse conditions. (1) cation mixing and (2) shear along (003) planes.
Matter, 2021, 4, 1-14, 2021 https://doi.org/10.1016/.matt.2021.03.012 1©
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Technical Accomplishments and Progress

U c I Cluster Expansion for Calculating the Thermal Dynamics of Li,NiO, and Doped-

E(Lattice configuration) = ZJ(Cluster) x ¢(Cluster)
J: effective cluster interaction (ECI), i.e., energy associated with this cluster
o occupation variable, i.e., how often does this cluster show up per lattice site
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3. Fit ECIs to DFT energies of sampled structures
using a L1-regularized least-squares regression

Obtain representative Li,NiO,
Flip Li*/vacancy, Ni**/Ni**

cluster e\pdnsion
S gt Y It 3 St

update
occupation

n < MaxNum

 We have employed a cluster expansion technique in
conjunction with MC simulations to calculate the phase
diagrams of Li,NiO, and Doped- Li,NiO,. 11
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Technical Accomplishments and Progress

Full Convex Hull Calculation for Li;_,NiO;, Li;_4Ni;_;Al;0,, Li; _4Ni;_,Ti,0,

Li; _,Ni;_,Al 0,
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* The correct amount of doping can delay or inhibit the formation of Ol related phases.

e O3 phase can be stabilized during the entire charging process in LiNij g5Alg 950, and LiNig gTig105.
12



() 5 9 a = -
—~ 4.5 Sb doped 1%, 2% = i Sb doped 2% {800 B 4.5 £ 250 e 100
3 o < 240 " L Y el = S200 10 ' os
==& > M N, le00 S 54.0] g 1507 e
o = % iNiO, ) ! = Capacity retention: 80% {90
> 25 8 210{=—" S % & 100
2 9] < Sb doped 2% {400 % > 3.5 i N g 50| . Crage 1%
@ s © %) © s 76mv LN, & o 5 100 150 200 250 300 a3dl
3.0 1% Sb D 180 C/5 = [®)] <43 o N 0 50 100 150 200 250 300 350
% 2% Sb _‘;U . ) x 1200 8 3 3.0- L MgMn-LiNIO, Cycle number
> 2.5 o LiNiOZ 5 : ﬁil/:ligb doping LlNl02 C% g . - 4.1 — b
L ~ ' ' O 180 T %0 30 40 80 60" 25 Spect capacy in i) = — - ==4100
Tl Cycle number 0 40 80 120 160 200 £20 -
Cycle number Specific capacity (mAh/g) Z150—— 195
%100_ capacity retention: 80% 190
(d) __ C £ 50 185
(]
Sb ~4.5% :;' 45— 3 C% 0 50 Cycle1 Egmber 150 20800
i PR / c
[ & > : a
: > = =250 i
i 7 Ist E 200“" TT— w100
:}i:_ E % 2nd = los
Sb ~3% :ﬁ § 30‘ ?g}h 86% g 150 loo
£3 - £100
Center ; 2.5 _gg:: C/1 O Z 50 Capacity retention: 67% |gg
3 0 40 80 120 160 200 240 & O© - ‘ ‘ ~ 80
£3 Specific capacity (mAh/g) @ 0 100 c?,?c?e nurﬁﬁgr 400 500
« Two new Co-free chemistries have shown promising electrochemical performance.
J. Mater. Chem. A, 2020,8, 23293-23303, ACS Applied Materials & Interfaces 12 (11), 12874-12882

Previous Results

New Co-free Chemistries Under Investigation

LiNiO, with 2% Sb doping

LiNiO, with 2% Mg, 2% Mn co-doping

Coulombic efficiency (%)

Coulombic efficiency (%)

(%)

Coulombic efficiency
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U CI Technical Accomplishments and Progress

New UCI-Gen 2 Chemistry [High Ni, Co Free]

Structure, capacity, energy density and phase transformation

cv
HAADF-STEM 45 0.6
4 O—— | s UCI| Gen 2
Surface cation mixing I 3'5; 829, 0.4 NS H1-M [
R = | NMest0.C z
M ASAAEES 0.2
| > 25 ev.
(O]
1849 0% O |
35__ r <) _0.2_
3.0- UCI-Gen 2 0.1C |
2.5 -04 | | | | |
0 50 100 150 200 250 2.5 3.0 35 40 4.5
Capacity(mAh/g) Voltage(V vs Li/Li+)
Layered structure Higher 15t cycle Coulombic Efficiency Delayed and reduced H2-H3 transition

Discharge capacity = 210 mAh/kg
Energy density >789 Wh/kg



UCI . Technical Accomplishments and Progress

New UCI-Gen 2 Chemistry [High Ni, Co Free]

Cycling performance
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UCI Gen 2 has excellent cycle lif cycle number

-85% capacity retention after 1000 cycles (Li||UCI-Gen2)
-98% capacity retention after 100 cycles (Gr||UCI-Gen2, 4.2V) 15



Normalized heatflow(mW)

Technical Accomplishments and Progress

New UCI-Gen 2 Chemistry [High Ni, Co Free]

l l Thermal Stability

1.24 DSC LNO 10°C/min Charged to 4.4V
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« Although UCI-Gen2 has much higher Ni content, it has better thermal stability than
622. The thermal stability of UCI-Gen2 is comparable to NMC532.
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U CI | Technical Accomplishments and Progress
' Diagnostic Study of Oxidation State and Dopant Distribution during Synthesis

Precursor 200 °C
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the targeted surface and bulk dopin The Ni oxidation het ity along the radial

direction decreases upon calcination and becomes
insignificant when calcination completes, while the
mosaic-like heterogeneity remains throughout the

whole calcination process.
Yang Z., Lin, F. et al. Advanced Energy Materials, | 1,2002719 (2021) 17
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Technical Accomplishments and Progress

Optimization of DME-based LHCEs for Gr||NMC3811

o 3 new DME-based LHCEs (LiFSI-1.1DME(-0.2EC/FEC)-3TTE) were developed for Gr||[NMC811 cells.
o NMC811: 1.5 mAh cm2; Gr: 1.8 mAh cm2 (Both from ANL CAMP).
o Voltage range: 2.5 - 4.4 V. 1C= 1.5 mA cm2. 3 formation cycles: 1xC/20 + 2xC/10.
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H. Jia, W. Xu, et al., ACS Appl. Mater. Interfaces,

2020, 12, 54893-54903.

E268 7 EO002 EOO2E 7 EOQO2F

Rock salt

Adding additives EC and FEC into DME-LHCE increases reversible capacity, cycling
stability and rate capability.
After 500 cycles, EC-based DME-LHCE forms thicker SEl than FEC, but thinner CEI.

FEC shows good SEI formation but causes a lot of rock-salt layer on NMC811 surface.

18



Technical Accomplishments and Progress

Development of advanced electrolytes for Gr||NMT cells (Go/No-go goal) — Ether-
based LHCE in coin cells

UCI

=  NMT (1.5 mAh cm?) coated at

(a) (b)

PNNL _
= NMC811 (1.5 mAh cm-2) from 2 ‘970 %
ANL CAMP £ 1204 s
= Gr (1.84 mAh cm2) from ANL z 3600
CAMP g :
= Electrolyte amount 50 L v 107 S oo
+ DME-LHCE s | z
. E268 (Baseline) $.| [ T e —
m 25_44V = ¢ Gr||NMT cells using E268 F ®  Gr||[NMC811 cells using LHCE
- Formation: 1x C/20 +2x C/10 & + et e tres 1| 3 GriNMT cale veng LHCE
: gsy‘;"ggi Cr3 R R R EE R

Cell information

[ Gr||[NMC811 + E268 | 132.8 mAh g-!
156.9 mAh g
108.1 mAh g'
163.2 mAh g

Discharge capacity at
C/3 at 500t cycle

Cycle number

retention
75.0%
86.8%
61.1%

95.3%

Cathode specific energy at
C/3 at 500t cycle
~474Wh kg’
~559 Wh kg'!
~395Wh kg'!
~586 Wh kg'!

Cycle number

Specific energy
retention

~72%
~86%
~60%
~94%

v DME-LHCE enables Gr||[NMT and Gr||[NMC811 cells to have higher and more stable capacity and specific

energy than Baseline electrolyte.

» Gr|[NMT cells with DME-LHCE show lower capacity and specific energy, probably due to NMT issue.



Low-flammability LHCEs based on trimethyl

UCI

' phosphate (TMP,) for Gr||[NMC811 batteries at 4.4V

E-Baseline
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v LiIFSI/TMP_-TTE-FEC shows slightly higher capacity and better capacity retention

H. Jia, W. Xu, et al., Angew. Chem. Int. Ed., 2021, . .
than the control electrolyte, and relatively thin SEI and CEl.

DOI:10.1002/anie.202102403
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Technical Accomplishments and Progress

3.5Ahr Pouch Cell Tests

AE-003: LiFSI-1.1DME(-0.2EC/FEC)-3TTE
Baseline: 1.0 M LiPF6 in EC-EMC (3:7 by wt.) with 2 wt% VC

Cycle Life at RT Cycle Life at 45 °C
6000 , 4000
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5000 Baseline 2 3500 N\ — d
—AE-003 1 3000
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< 4000 < 2500
23000 -~ = - £ 2000
'S i
8 L S 1500
& 2000 3
, 1000
3.5 Ahr/cell 1000 Charging: CCCV to 4.4V at C/3 - Baseline
Discharging: CC to 2.5V at C/3 >00 — AE-003
0
0
0 50 100 150 200 250 0 50 100 150 200 250 300
Cycle Cycle
Avg. C.E.
O, H () [ o n
(80% capacity) ) « AE-003 cycle life at 45 °C is
Baseline | 63 95.2 .
(o)
| excellent, with >99.9% C.E.
Baseline 2 70 98.3
AE-003 | 200 (80.17%) 98.99
AE-003 2 200 (83.26%) 99.85
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Responses to Previous Year Reviewers’

Comments

* The approach is systematic, and the strategy covers the path to test several hypotheses to meet the project objectives.

* The work is intending to apply a scientific approach to doping high-Ni metal-oxide cathode materials in order to
replace the function of the Co. The reviewer reported that the project has a good blend of experimental and theoretical
approaches that should help better understand the concept and potential efficacy.

* The reviewer asserted that there was impressive computational work for dopants selection and an excellent
demonstration of the electrolyte formulations on SEI-CEI stability.

* The team has used its collaborations to its advantage. The work done is great and seems that all parts are working
together.

* Even though the project is only 40% completed, the reviewer commented that great progress was made in
demonstrating the feasibility of Co-free nickelates. Due to the high 4.4 V cut-off, in addition to cycle life, the team
needs to demonstrate progress toward achieving the stated 15-year calendar-life goal in fully charged cells. The team
should also demonstrate performance using cathode loadings of 3-4 mAh/cm?2 in order to meet the energy-density
targets.

Response: Our commercial partner ALE has a proprietary electrode formation techniques to form with 3-4 mAh/cm2 high-
Ni electrodes with good rate capabilities. We will supply 0.5 kg of our scaled-up materials to ALE for thick electrode
formation and 2Ahr pouch cell fabrication. Due to COVID-19, we are slightly behind for calendar-life testing but we
expect to fully complete this test by Q3 of 2021.
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U CI . Responses to Previous Year Reviewers’

Comments

* The project 1s very relevant for a program on low-Co cathodes. The PI should elaborate on the uniqueness
of the doped nickelates by taking into consideration the Co-free nickelates effort published by Dahn’s
group—JES 166(4), A429 (2019). While the PI demonstrated feasibility of LiN102 doped with Mg and
Mn, the absence of Mn in Dahn’s LiN10.95Mg0.0502 might reduce the TM- dissolution issue.

* Response: one of the key metrics that our program is trying to address is impoving the thermal stability of
high-N1 Co-free cathodes. We have developed a UCI-Gen 2 chemistry that has delivered a high-Ni Co-free
cathode material that has a thermal that 1s 110 degree Celsius higher than that of NMC-811—reaching the

stability of NMC-532.
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Collaboration and Coordination with Other Institutions

Sub-
recipients

Institution

Tasks

Collaborators

Institution

Nature of
Collaboration

Feng Lin

Kristin Persson

Wu Xu

Fan Jiang

Virginia Tech

UC Berkeley

PNNL

American
Lithium Energy

Synthesis and
X-ray
Diagnostics

High-
throughput
DFT
calculation

Synthesis
scale-up and
electrolyte
formulation

Electrode and
Cell
Fabrication

Xiao-Qing Yang
YoungHo Shin

Bryant Polzin

Ozge Kahvecioglu

Kim Kisslinger

Dennis Nordlund

Jack Kan

Brookhaven National
Lab

Argonne National
Lab

Argonne National
Lab

Argonne National
Lab

Brookhaven National
Lab

SSRL/SLAC

Australian Nuclear Science
and Technology
Organisation. Now at China
Spallation Neutron Source.

X-ray Diagnostics

Sample Supplies

Electrodes and
electrode formation

Synthesis

FIB Sample Prep

Soft X-ray
Absorption

Neutron Scattering
Refinement




UC' Remaining Challenges and Barriers

« Scale-up of calcination to kilograms per batch level for pre-
commercialization validations.
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UCI | Proposed Future Research

* Deploy the developed new chemistries to 2Ahr-scale pouch cells.

* |nvestigation of cathode-anode cross-talk and study the cathode
electrolyte interface and interphases.

Calendar life study of at both the coin cell and pouch cell levels.
* Develop calcination conditions for kilogram scaled up synthesis.

Any proposed future work is subject to change based on funding levels 26




uci

 First-principles calculations in conjunction with diagnostic studies offer insights
into how dopants stabilize the LiNiO, bulk lattices at highly charged states.

« Based on the theory-diagnostic-study driven understanding, We have
successfully developed a new chemistry that meets the energy density and
thermal stability target of the project.

* We have scaled up the coprecipitation/calcination synthesis with improved
hierarchical morphology and tap density control of secondary cathode particles.

» Different LHCEs based on carbonate, ether and phosphate solvents and various
additives were developed and evaluated in Gr-based LIBs with LMR, NMC811
and NMT cathodes. Both solvents and additives significantly affect the battery
performance of LIBs.

* Achieved 500 cycles of Gr||NMT pouch cells with DME-LHCE at capacity
retention at 79.4%, greatly improved performance compared to the baseline
electrolyte.
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e I  Development of DMC-based LHCE for Gr||LMR cells

o LiFSlin DMC-EC-TTE (LHCE) was developed for Gr||Li, ,Co, Mn 5sNij 5O, (LMR) cells.
o LMR: .34 mAh cm™%; Gr: 1.8 mAh cm? (Both from ANL CAMP).
o Voltage range: 2.7 — 4.7 V. |C= 1.34 mA cm2. 3 formation cycles: | x C/20 + 2 x C/I10.
o 25,45 and 60 °C were selected as the operating temperatures.
b p g P
a C
350 i 25 °C 350 ' 45C 350 i 80 °C
= ! —e— E-baseli —o— Charge C/3 - | - i - - — C bl
: 280'& +— LHCE " - Dis:rr‘l':lgom gzno-i +E:é;alna —.—g::rﬁ:r;%B E2M-l‘i ™~ EHDE?I ne +g:;:rr?:r;mm
g 210-*"‘ g 210 | % 3-210- P,
: L g s H l‘
g |2 o1.7%| & |2 £ 2%
3140-3; i Eﬂo-; O 140 45
- § S - % ._5.
& 3 a53%| & ,oé § niE
- -
0., v T T ' + 0 e T v T T T 0 ' . . - T
0 20 40 60 80 100 0 20 40 60 80 100 [] 20 40 60 80 100
Cycling number Cycling number Cycling number

» LHCE cells show much better cycling stability than E-baseline ones under the
same testing temperatures.

Ve
E-baseline 25,9C

I’ :
- ,;\’\,{\(0

TEM images of Gr and LMR surfaces after 100 cycles:

» The thicknesses of SEI and CEl layers in both electrolytes show a
monotonous growth as temperature increases.

v SEls and CEls formed in LHCE are less susceptible towards elevated
temperatures than those in E-baseline.

v" LHCE results in thinner and more uniform SEls and CEls, which are
more protective and can effectively suppress electrolyte decomposition.

X. Zhang, W. Xu, et al., J. Power Sources Adv., 2020, 5, 100024.



o 2 DMC-based LHCEs (LiFSI-2DMC-0.2EC/FEC-3TTE) were developed for Gr||LiNij 6,Mgy 02 Tig0,O, (NMT) cells.
o NMT: 1.5 mAh cm2 (home-made); Gr: 1.8 mAh cm2 (from ANL CAMP).
o Voltage range: 2.5 —4.4 V. |C= .5 mA cm. 3 formation cycles: 1xC/20 + 2xC/I0.

= Pristine
o 210 = _
§ ,'\
= 4\ TSES——
2 140 3 formation cycles
(=1
§ e Control
s 701 e EC-LHCE
E FEC-LHCE 25°C
04— T T T T
@ 0 50 100 150 200
Cycling number
240 240
Cih CiI3 Cr 1C 2C 3C 5C .P..'é' C5 CI3 CR 1C 2C 3C 5C Ci5
- 08§ o0 90000008200000 _ 0e ~ Qo — : R888882 22220000 r
= LTS eno0e -
9180 1 ; "-....,““.““ ceves| 2 180- ; mwoooﬂ
2 S see0e oo K 5 . Layered:
o 4+ o |+
% 120 g § 120 8
; © Charge: xC  Discharge: C/5 § © Charge: C/5 Discharge: xC
3 ¢— Control 2 ©- Control
& 601 e EC-LHCE & 991 0 EC-LHCE
FEC-LHCE FEC-LHCE . .. . ce .
*  Fresh NMT surface has cation mixing layer = Air sensitivity of NMT
0 T T T T 0 : : T T T i
0 10 20 40 0 20 20 s e material.
Cycle number Cycle number

v EC-LHCE enables Gr|[NMT cells to have higher capacity, longer >
cycling stability (97.2% retention after 200 cycles), and excellent

rate capability (up to 5C) in both charge and discharge

)

rocesses.

X. Zhang,# H. Jia,* W. Xu, et al., ACS Energy Lett., 2021, 6, 1324—1332.

» Control electrolyte leads to thick and non-uniform CEl as well as
increased cation mixing layer.

FEC-LHCE leads to relatively thick and non-uniform CEIl and largely
increased cation mixing layer, which is possibly responsible for the fast
decay of capacity after certain cycles.

v'  EC-LHCE yields ultrathin and uniform CEIl and negligible
cation mixing increase.
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UCI L Evaluation of NMT performance in pouch cells

(a) 45 (b) ocas _ _
2544V, C/20, 1C=1.5mA cm” » DME-LHCE leads to slightly lower first cycle
Cathode loading: 1.5 mAh cm2 . .
B e o CE but still comparable to Baseline
—~ 4.0 2 \
£ < 0028 4 .8 electrolyte.
; § 2 \
[ 0.020 < ¢
>
> 354 3 . . . e
o 0018 - s72%| » Cells using DME-LHCE achieved significantly
o
8 1st CE g Gr{INMT SLPCs i i ' '
s Gasdihe  Brms R L N——- |mprove$i capacity r.'etentlons compared with
o —DME-LHCE 86.1% . 2544V those using E-baseline.
0.006 - C/3 eycling (1C = 1.5 mA cm2) = E-Baseline
Gr|[NMT SLPCs * OME-LHCE . _
- - » After 500 cycles, the capacity retentions of
el T s '1{0( i 2)1-5 2l ¢ m e ’é”m”"’ : wosm s = SLPCs and DLPCs using DME-LHCE amounted
real Capacity (mAh cm™ numi . .
to 79.4% and 70.9%, respectively, while those of
(c) 45 (d) SLPCs and DLPCs using E-baseline were merely
i = 2 ]
) A 0.2 2% an .8%, respectively.
e A 57.2% nd 59.8% respectivly
&% e B %91 v DME-LHCE is a highly favorable electrolyte for
5 §oos. the Gr||[NMT cell chemistry.
S 35 8 59.8%
° 0.06 4
> 1st CE
§ Baseline 88.6% gom_ Gr||NMT SLPCs
— DME- % 2 NMT loading 2.0 mAh cm2 , . ,
8 DME-LHCE  86.9% o 2_5_4;?/ . — * The gap (marked as broken lines) in the cycling
Gr{INMT DLPCs 0%1  Croydling (1C=3.0 mAcm?) * DME-LHCE performance is due to the battery tester
25 . , , , , ; , 0.00 e ey ey ey malfunctioning where the cells were still being
0 ! 2 3 4 FrE R BB EEEREEWEEW charged and discharged but the data were not
Areal Capacity (mAh cm2?) Cyde number

recorded.
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UCI . Development of polymer protective coating layers

for NMT cathode

NMT: 1.5 mAh cm2 (synthesized and coated at PNNL) Formation: | x C/20 + 2 x C/10

= Gr: 1.84 mAh cm?2 (from ANL CAMP) = Cycling: C/3
»  Electrolyte: | M LiPF,/EC-EMC (3:7 by wt.) + 2 wt.% VC, 75 pL = |C=200mAg' or I.5 mA cm?
= 25-44V = 25°C
. After storage in dry box for 2 weeks
ccatise ; : ey 100 » Bare and PP-coated NMT powders were
200 ' ) stored in dry box for two weeks before
o
- - e testing cell performance.
O o
160 . .
< 0 & » Among various coating amounts, PP
E i ¥ O 0.25wt.% coated NMT (referred to as PP
Z 85 %G 0.25%@NMT) shows the best cell
[ Q
% 80 i | s 'E performance.
@) L C/3(2.5-44V o : )
Cilen ) = » Gr||NMT cells with PP 0.25%@NMT show
40 - —a—PP 0.25% @NMT 12 4 improved capacity retention of 84.7% after
_ PP 0.5% @NMT :
- 0,750,5@@NMT ' 100 cycles compared with Bare NMT
0 1 L | L | 1 1 L | 1 1 L | 70

0 10 20 30 40 50 60 70 80 90 100 (capacity retention of 49.5%).

Cycle number
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