Energy Efficiency &
Renewable Energy

= FY 2016 Annual Progress
4 Report for Advanced

: d .

“ x| Batteries

August 2017




CONTENTS

I

III.

Introduction ........coeeeveecreensecnsecnnnes 1
LLA.  Vehicle Technologies Office OVEIVIEW ........cc.eecuiriiriiiiiieiieieeie ettt stesiteseeeseeeseeeseeesseesseenseeneeas 1
I.LB. Vehicle Technologies Battery R&D OVEIVIEW........ccvevuieriieriieiiieiieieeieeie e eee e seve e seveseneseeesnee s 1
I.B.1. DOE Battery R&D Goals and Technical Targets ...........cccccueerveervrerieeniienieesieeeieeeeeeeseneenes 1
[.B.2. DOE Battery R&D PIANS ......cccuiviiiiiiieciiecieceeieste ettt ettt et et ees 2
1.B.3. Energy Storage R&D Programmatic StrUCTUIE .........ccceevieriieriieniieniiesieeieeeieeieeieeveeeveeeneeeneens 3
1.B.4. Recent Advanced Battery R&D Highlights ...........ccccoeiiiiiiiieiiieeiie et 5
[.B.5. Organization of this REPOTT.......cc.eecuiiiiiiiiieiieiiestecteeiest ettt ettt eeeae s eseebeeseenseen 17
Advanced Battery Development.................cccueeuuuee.. 19
IILA. USABC Battery Development & MaterialS..........cceeverierienienienieniienieesieesieesie e eee e eae e eae e 19
II.A.1. High Energy Lithium Batteries for Electric Vehicles (Envia Systems)..........ccccceevvvrvuennnne 19
II.A.2. Development of a High Energy Density Cell and Module for EV Applications
(LG Chem POWET, INC.) c.uviiiiiiiiie ettt ettt ettt e et eesaveesiveesebaeessaeestaeesseessseeesseeas 25
I1.A.3. Advanced High-Performance Batteries for Electric Vehicle (EV) Applications
(02N 1010 5 10 ) USSR 30
II.A.4. Development of Advanced High-Performance Batteries for 12V Start-Stop Vehicle
Applications (Maxwell TEChNOIOZIES) .....ccveervieriieiiieiieiieie ettt ees 36
IILA.5. A 12V Start-Stop Li Polymer Battery Pack (LG Chem Power, Inc.).........ccccoevvvevrvennnnnnne. 44
II.A.6. Development of 12V Start-Stop Microhybrid Batteries (Saft)........ccccoeeeeeiiriinienieniennne, 50
II.A.7. Advanced Polyolefin Separators for Lithium-ion Batteries Used in Vehicle
Applications (AMTEK Research, LLC).......cccieouiiiiiriiieiieieeieeieeie ettt eve e eae e e 57
II.A.8. Rapid Commercialization of High Energy Anode Materials (SiNode Systems).................. 64
II.A.9. Hybrid Electrolytes for PHEV Applications (NOHMs Technologies)..........cccccvevvereennnnnee. 68
I1.A.10. A Closed Loop Recycling Process for End-of-Life Electric Vehicle Lithium-ion
Batteries (Worcester Polytechnic INSHIULE) ........eoeveeieriniiiiienenciceeeeeee e 79
II.A.11. Perform USABC/USCAR Benchmarking Activities (FEV) ......ccccoovevieiiiiciciieieeieee, 86
IL.LB. Advanced Lithium Battery Cell Technology ..........ccoceviiiiiiiiniiniiieee e 96
I1.B.1. Development of High-Energy Lithium-Sulfur Battery Cells (Pennsylvania State
UTIIVETSIEY ) 1ttt ette sttt s et e st et e bt et e bt e st et e et e e et e st e st e seenseenseenseenseenseenseenseenseensean 96
II.C. Small Business Innovative Research (SBIR) Projects .........ccceeveviieiiieoiieiieriieiieieecieeveeve e 119
Battery Testing, Analysis, and DeSIZN ....c.cccevvererveresrurnssneesseicseissecsssenssenenes 121
IIT.A. Cost Assessments and Requirements ANaLYSiS .......cccccverrieerriieeriieerieenieerreesreeereesseesneeeeeeesenes 121
IIL.A.1. BatPaC Model Development (ANL) ......ccccovierierieniieniieieeieesieesie et esee e ete e ens 121
II1.A.2. Battery Production and Recycling Materials Issues (ANL) ....ccoccvevieriereenieieeieeieeeene 130
III.A.3. Battery Leasing & Standardization for Medium-Duty Hybrid Electric Vehicles
(NREL) ettt ettt et ettt e h et s bt bt e et e sbe e st et e nbeebeesteneesbeeneenean 137
IILB. Battery TSN . ..ccvertirtiriieieierieeieetetenteeeetet ettt ettt et ettt s saeeste bt sbeebeeste bt sbeebeentesbesneennens 145
II1.B.1. Battery Performance and Life Testing (ANL)......ccceoeririniineneninieeeeneeteieseeeeen 145
I11.B.2. Electrochemical Performance Testing (INL)........c.cccueviirienienienienieecieeie e e eve e 151
II1.B.3. Battery Safety Testing (SNL) ...cccoiriiiriinininirieeneseeeeteese ettt eveennes 157

Advanced Batteries R&D i



Iv.

I11.B.4. Battery Thermal Analysis and Characterization Activities (NREL) .........ccccecvevieevennnnnne. 168

II1.C. Battery Analysis and DeSign ACHVITIES .....c..ccueevieiieiiirieeieeieeeesteseesseeseesseesseesseesseesseesseesseenses 175
III.C.1. Computer Aided Battery Engineering Consortium (NREL/ANL/SNL) ......ccccoceverevcneee 175
II1.C.2. Consortium for Advanced Battery Simulation (CABS) ........ccceevieiiieciieiieiieieeeeeee 193

III.C.3. Development and Validation of a Simulation Tool to Predict the Combined
Structural, Electrical, Electrochemical and Thermal Responses of Automotive

Batteries (Ford Motor COMPANY) .....cccveeevieriieiiieiieieeteeieeeeseeseesaesseesseesseesssesssesseesssesseenses 212

Applied Battery Research for Transportation.............cceeececesvecesveccssnccsnnces 221

TV AL INETOAUCTION ... .eiiiiiietieciieit ettt ettt et e bt e bt eteesse e seesseesseessaensaenseenseenseenseensaenseenseensaensennsean 221

IV.B. Core and Enabling Support FACIIIHIES .........ecuerierieiieniieiieiierieeiteice ittt 223
IV.B.1. Cell Analysis, Modeling, and Prototyping (CAMP) Facility Research Activities

(Argonne National LabOratory) ........ceecveriierienienieniienienienieesitesieesieesseesseesseesseesseenseenseenses 223

IV.B.2. Materials Benchmarking Activities for CAMP Facility (ANL)......ccccovveeveeieciieciiereeene 256

IV.B.3. Post-Test Diagnostic Facility ActivitiesS (ANL) ....cccceeriiriirieniiieeeeieeeeeee e 264

IV.C. Critical Barrier Foci—Enabling High Energy and Next Generation Anodes ............cccccvevverueennen. 271

IV.C.1. Enabling High-Energy, High-Voltage Lithium-Ion Cells for Transportation
Applications — Part 1: Theory & Modeling: Surfaces & Reactivity (ANL, ORNL,

LBNL, NREL) ..ttt ettt st sae st nbe b enaen 271
IV.C.2. Enabling High-Energy, High-Voltage Lithium-Ion Cells for Transportation

Applications — Part 2: Materials (ANL, ORNL, LBNL, NREL).......cccceccveviieciiniirieereeenee 280
IV.C.3. Enabling High-Energy, High-Voltage Lithium-Ion Cells for Transportation

Applications — Part 3: Electrochemistry (ANL, ORNL, LBNL, NREL).......ccccccceeverurnnnenne. 291
IV.C.4. Next Generation Anodes for Lithium-Ion Batteries: Overview (ANL) ......c.ccccceevvvevnens 309
IV.C.5. Next-Generation Anodes for Lithium-Ion Batteries: Fundamental Studies of Si-C

Model Systems, Lawrence Berkeley National Laboratory (LBNL)........cccccvecvvieeieeiennennne. 363

IV.D. Next-Generation Lithium-Ion Chemistries: “Improvements in Cell Chemistry, Composition,

AN PTOCESSINE ... viiiiiiieieete ettt ettt ettt e et e et e e teesbessbeesbeesbeesbessaesssesssesssesssesseesseesseesssenseenses 375
IV.D.1. Advanced High Energy Lithium-Ion Cell for PHEV and EV (3M Company).................. 375
IV.D.2. New High Energy Electrochemical Couple for Automotive Applications (ANL) ........... 415
IV.D.3. High Energy Lithium Batteries for PHEV Applications (Envia Systems, LBNL,

ORNL, GM) ittt ettt ettt st b e et et e et e e et entenbeebesne et e ebesbeeneenaenean 424
IV.D.4. High Energy Density Lithium-Ion Cells for EVs Based on Novel, High Voltage

Cathode Material Systems (Farasis Energy, INC.)......ccccccoovveiiinienienienieeeeeeeveeieeieee 432

IV.D.5. High Energy, Long Cycle Life Lithium-lon Batteries for PHEV Application (PSU) ...... 436
IV.D.6. High Energy High Power Battery Exceeding PHEV40 Requirements (TIAX LLC) ....... 477

IV.E. Process Development and Manufacturing R&D at the National Laboratories ...........ccccceeeerueennen. 485
IV.E.1. Process Development and Scale Up of Advanced Active Battery Materials (ANL)......... 485
IV.E.2. Process R&D and Scale Up of Critical Battery Materials (ANL) .......ccccvevvievieecienrennenne. 502
IV.E.3. Electrode Coating Defect Analysis and Processing NDE for High-Energy Lithium-

Ton BatterieS (ORINL) ....c.coiieiiiiieiieiieiiestesteste ettt ettt esteesteeste e seesseeseesseesseesseenseenses 516
IV.E.4. Towards Solventless Processing of Thick Electron-Beam (EB) Cured LIB Cathodes

(ORNL) ettt ettt ettt ettt st b e s ae et s bt s ae et enesaeeueeanesneeaeennen 524
IV.E.5. Thick Low-Cost, High-Power Lithium-Ion Electrodes Via Aqueous Processing (Oak

Ridge National Laboratory).......ccueecuerierierieeieeieeie ettt sttt sstesstesntesneesneesneeenes 531

ii FY 2016 Annual Progress Report



IV.F.

IV.E.6. Development of Industrially Viable Electrode Coatings (NREL).........cccceeveviieieeiennnnnee. 541

Process Development and Manufacturing R&D with U.S. Industry.........cccceeeveviieciecieecieeieene 548
IV.F.1. Low Cost Manufacturing of Advanced Silicon-Based Anode Materials (Group14

TeChNOlOIES, INC.) ..viiiiieiie ettt eee ettt et e et e e b e e sebeesebaesasaeensaeesneessseesssaeanes 548
IV.F.2. Commercially Scalable Process to Fabricate Porous Silicon (Navitas Advanced

Solutions Group, LLC.) ..cceiiiieieiieeie ettt sttt sttt st st saeeseeesbeesaee s 556
IV.E.3. An Integrated Flame Spray Process for Low Cost Production of Battery Materials

for Lithium Ion Batteries and Beyond (University of MiSSOUIT) .......c.ecoververieneenieenieenieennenn 564
IV.F.4. Low Cost, High Capacity Non-Intercalation Chemistry Automotive Cells (Sila

Nanotechnolo@ies, INC.) .....coiiiiiiciiiiieie ettt et e st esaee e e saeesseees 569
IV.F.5. FY 2015 Vehicle Technologies Incubator Award: New Advanced Stable

Electrolytes for High Voltage Electrochemical Energy Storage (Silatronix)...........ccccceuee.... 575
IV.F.6. A Commercially Scalable Process for Silicon Anode Prelithiation (Amprius).................. 582

IV.F.7. Dramatically Improve the Safety Performance of Li Ion Battery Separators and
Reduce the Manufacturing Cost using Ultraviolet Curing and High Precision Coating

Technologies (Miltec UV INternational) ..........cccueeuerierieniiniieiesie et 587
IV.E.8. Advanced Drying Process for Low Cost Manufacturing of Electrodes (Lambda
TECRNOLOZICS) ..veuveevieniieiiesiteit ettt ettt et e bt e bt e bt e bt e bt e seebeeseebeenseeseenseenseenseenseenseenses 591

IV.F.9. FY 2015 Vehicle Technologies Incubator Award: New Advanced Stable
Electrolytes for High Voltage Electrochemical Energy Storage (Vanderbilt University,

LBNL, ORNL) ..ttt sttt ettt st et e st st e st et e st b e sbe e et ebesbenseneeneeee 602
IV.F.10. Co-Extrusion (CoEx) for Cost Reduction of Advanced High-Energy-and-Power

Battery Electrode Manufacturing (PARC, a XeroX COmpany) ..........ccccceereervenreenreesreesveennes 613
IV.F.11. Electrodeposition for Low-Cost, water-Based Electrode Manufacturing (PPG

Industries, ANL, Navitas, ORNL).........cccccciiiiiiiieiiierirerie et seeeee e sree e ssaeessaeesesee e 621

IV.F.12. Development of UV Curable Binder Technology to Reduce Manufacturing Cost
and Improve Performance of Lithium Ion Battery Electrodes (Miltec UV International) ....629

IV.F.13. Low Cost, Structurally Advanced Novel Electrode and Cell Manufacturing (24M

TECRNOLOZICS) ..eeuveenvieiieiiesiieitesit et et ettt et et e et e te e see st e se e seesseenseeseenseenseeseenseenseenseennes 634
V. Advanced Battery Materials Research (BMR)........cccccceeuureuuennneen. 638
VAL INETOAUCTION ....eiiiiiiieitiecttecit ettt ettt e bt e bt e bt eteese e seesseesseesseessaesseenseenseenseenseenseenseensaensennsean 638
V.B. Advanced Electrode ATCHILECTUTES. ......uevuteriiiriieriieriieriieriteriterite sttt sttt sbe e b 643
V.B.1. Higher Energy Density via Inactive Components and Processing Conditions (LBNL)..... 643
V.B.2. Electrode Architecture-Assembly of Battery Materials and Electrodes (Hydro-
QUEDEC) ettt ettt et ettt et et e bt et et e e s e esbeenseen s e et e enseen s e enseen st enseense e bt enseenseenseenseennean 650
V.B.3. Design and Scalable Assembly of High Density Low Tortuosity Electrodes
(Massachusetts Institute of TEChNOIOZY) ....eecvieriieiiieiieiieie et 659
V.B.4. Hierarchical Assembly of Inorganic/Organic Hybrid Si Negative Electrodes (LBNL) .....665
V.C. Silicon Anode RESEATCH ......c..oiuiiiiiiiiiiiiieteeeeteeee ettt s 671
V.C.1. Development of Si-Based High-Capacity Anodes (PNNL) ......cccccevviiviieriieniienienieesieeiens 671
V.C.2. Pre-Lithiation of Silicon Anode for High Energy Li lon Batteries (Stanford
UDIVETSIEY ) ¢ttt sttt sttt et st b e st re b e enne 680
V.C.3. Novel Non-Carbonate Based Electrolytes for Silicon Anodes (Wildcat Discovery
TECANOIOZICS) ...ttt ettt et sttt st st sbeeaeeneen 696

Advanced Batteries R&D iii



V.D. High Energy Density Cathodes for Advanced Lithium-Ion Batteries............cccecververienieneeneennen. 709

V.D.1. Studies on High Capacity Cathodes for Advanced Lithium-Ion Batteries (ORNL) .......... 709
V.D.2. High Energy Density Lithium Battery (Binghamton University) .......c..cccceceevvereneneeeennes 718
V.D.3. Development of High-Energy Cathode Materials (PNNL) ........ccccevienierienieiieieeieene 724
V.D.4. In situ Solvothermal Synthesis of Novel High-Capacity Cathodes (BNL) ...........ccccu.... 733
V.D.5. Novel Cathode Materials and Processing Methods (ANL) .....c.ccoocievienienieneenieeieeieeeene 743
V.D.6. Lithium-bearing Mixed Polyanion Glasses as Cathode Materials (ORNL).............c......... 751
V.D.7. Design of High Performance, High Energy Cathode Materials (LBNL) ..........c..cccvveeeene 756
V.D.8. Lithium Batteries with Higher Capacity and Voltage (UTA) .....cccoecuveeirvierienienieeieeene 767
V.D.9. Exploiting Co and Ni Spinels in Structurally-Integrated Composite Electrodes
(ANL) ettt ettt b bbb e b s bbbt bt ettt eb e st e et ebe b eneen 773
V.D.10. Discovery of High-Energy Lithium-Ion Battery Materials (LBNL) ........cccccccceeveenennne 779
Y8 T B Ty 0] U SRS 787
V.E.1. Design and Synthesis of Advanced High-Energy Cathode Materials (LBNL)................... 787
V.E.2. Interfacial Processes — Diagnostics, Lawrence Berkeley National Laboratory (LBNL)....796
V.E.3. Advanced in situ Diagnostic Techniques for Battery Materials (BNL)..........cccccevveveenne 804
V.E.4. NMR and Pulse Field Gradient Studies of SEI and Electrode Structure (University of
CAMDIIAZE) ..ttt ettt ettt et et e et e e bt eabe e beesbeenseenseenseenseenseenseenseenseensean 813
V.E.5. Optimization of Ion Transport in High-Energy Composite Electrodes (University of
California, San DICZO0) .....ccverierierieriieriierteseestt et esteesteesteesseesseesseesseeseesseesseesseeseeseeseensen 825
V.E.6. Analysis of Film Formation Chemistry on Silicon Anodes by Advanced In Situ and
Operando Vibrational Spectroscopy (UC Berkeley, LBNL).........cccccevviieriiiencieeeiieeiie e 835

V.E.7. Microscopy Investigation on the Fading Mechanism of Electrode Materials (PNNL) ...... 840
V.E.8. Characterization Studies of High-Capacity Composite Electrode Structures (ANL)......... 845

V.F. Modeling Advanced Electrode Materials.............ccoeveviiriieriieiiieeiieerie e esreesreesreesseeeseeeeneenes 852
V.F.1. Electrode Materials Design and Failure Prediction (LBNL).......ccccoevieiieriiiieiinieeieeee 852
V.F.2. Predicting and Understanding Novel Electrode Materials from First-Principles

(LBINL) ettt b e e b e bt s bt e bt s bt b e e bt b et e st et et et e st et et et eneeneeneenen 860
V.F.3. First Principles Calculations of Existing and Novel Electrode Materials (LBNL).............. 865
V.F 4. First Principles Modeling of SEI Formation on Bare and Surface/Additive Modified

Silicon ANOAE (TAMU)...cccviiiiiieiiieiie ettt et e et e et eestveesr e e ebaeestbeestbeessseasssaesssaeassees 874
V.F.5. A Combined Experimental and Modeling Approach for the Design of High Current

Efficiency Si EIeCtrodes (GM) .....cocuiiiiiiiiieeieeiecieeteee ettt st st 884
V.F.6. Predicting Microstructure and Performance for Optimal Cell Fabrication (Brigham

Y OUNG UNIVETSIEY) c.vvevtetiesiieniiesiiesiiesitenttesteesseenseesseenseenseenseeseenseeseesseenseesesssessseesesnsesnsessses 892

V.G. Metallic Lithium and Solid EIECIIOLYLES .......ccceeeriiiriieiiieiiie ettt sree e eveesereeseree e 899
V.G.1. Mechanical Properties at the Protected Lithium Interface (ORNL)........ccccecveviirviveciennne 899
V.G.2. Solid Electrolytes for Solid-State and Lithium-Sulfur Batteries (U of Michigan,

ORNL, ARL, OXfOTd U)ottt sttt ae s 905
V.G.3. Composite Electrolytes to Stabilize Metallic Lithium Anodes (ORNL).........ccccccvevveennene 913

V.G.4. Overcoming Interfacial Impedance in Solid-State Batteries (University of Maryland).....918

V.G.5. Nanoscale Interfacial Engineering for Stable Lithium Metal Anodes (Stanford
UNIVEISIEY ) c.veevieeiieeeieeiteeiesite et e et e et e st e staestaesstessaesssesstesseessaesseessseasaesssesssesssanssesssesssenssenseenses 931

iv FY 2016 Annual Progress Report



V.G.6. Lithium Dendrite Suppression for Lithium-Ion Batteries (PNNL) .......ccccceevieviieviieiiinnns 940

V.H. Lithium Sulfur Batteries.......cccueriiiieitiesieiiieiieseesitesieesteesieesteesteesseesseesseesseesseesseesseeseessessseeseenses 949
V.H.1. New Lamination and Doping Concepts for Enhanced Li — S Battery Performance
(University of PittSDUIZN) .......ooviiiiiiiiiiece e et e e 949
V.H.2. Simulations and X-ray Spectroscopy of Li-S Chemistry (LBNL) .......ccccccvevieviincirriiennns 966
V.H.3. Novel Chemistry: Lithium-Selenium and Selenium-Sulfur Couple (ANL).......cccveeveeeenn. 974
V.H.4. Multi-Functional Cathode Additives (BNL) ........ccooviiiiiiiiiiiiieciee e 981
V.H.5. Development of High Energy Lithium Sulfur Batteries (PNNL)........cccoocveiienienieieens 998
V.H.6. Nanostructured Design of Sulfur Cathodes for High Energy Lithium-Sulfur Batteries
(Stanford UNIVETSILY) ..ccueereerieesiiesieesieeieeste et esteesteeteesteeteesteeseesbesssesssesssesssesssesssesssesseennes 1008
V.H.7. Addressing Internal “Shuttle” Effect: Electrolyte Design and Cathode Morphology
Evolution in Li-S Batteries (TAMU).......cocoieiiieiiiieie ettt etee e eveesreessseesenee s 1014
V.H.8. Mechanistic Investigation for the Rechargeable Li-Sulfur Batteries (U of Wisconsin)... 1024
V.H.9. Statically and Dynamically Stable Lithium-Sulfur Batteries (UTA).......cccceevvevieeieennnnne. 1036
VI Lithium Air BAttEries ....cc.eeoieiiiiiriieieieienieeteieenc ettt sttt ennens 1045
V.I.1. Rechargeable Lithium-Air Batteries (PNNL) .......ccccoooiiiiiiiiiiiiiecececeee e 1045
V.1.2. Efficient Rechargeable Li/O, Batteries Utilizing Stable Inorganic Molten Salt
Electrolytes (LI0X POWET)......coiiiiiiiiiiiiiieteesce ettt 1053
V.13, Li-Air Batteries (ANL) ..cc.ooiiiiiiiiiiiiieiceseereeeseeteeere ettt st eanens 1063
V.J. Sodium-10n Batteries .......ceoveriiririeiiiiniiriieteesieetetee ettt sttt st sttt ettt ennens 1072
V.J.1. Exploratory Studies of Novel Sodium-ion Battery Systems (BNL).........cccceecverveniennnnnne. 1072
VI. Battery500 Innovation Center..........ccccceeuuee.. 1080
VILA.1. Battery500 CONSOTtIUIM ......ccuveiuieriieriierieeniieniiesteeseeeseeesseesseesseesssesseesseesssesssesssesssesssesseenses 1080
Appendix A: Acronyms A-1
Appendix B: Contributors/CollabDorators.........ceieeeeiessercrseicsseiossncesssissssissssssssasssssssssssssssssssssssssassssassssases B-1

FIGURES

Figure I-1: Battery advancements needed to enable a large market penetration of PEVS .......cccccoovviieiiieinennne 2

Figure I-2: LICs provide better energy density than conventional supercapacitors. Where energy is
important this can reduce the storage device’s volume. The unit on the right, developed in
the USABC project, is half the size/weight, but twice the power and three times the energy

of the standard pack t0 the 1€t ...........ooviiiiiiiei e e 6
Figure I-3: Amprius cell performance: (top) the voltage drift past 500 cycles was less than 4%, and
(bottom) a top-down microscopic view of Amprius silicon nanowire sStructure..............cceeveeverneenne. 7

Figure [-4: Transmission electron microscope image showing Si/graphene composite material in the
region of the graphene Si interface and graph illustrating nano-structured material design
(ITISEL) 1.eveeereeeteete et et et et e et e bt et e bt e bt esbeesseesseesseesseesseesseesseensaesseenseenseenseenseenseenseenseenseensaenssenseenseennes 8

Figure I-5: Coating with nano-alumina allows for a substantial reduction in coat weight required to
achieve high temperature dimensional stability which may improve safety features in the
separator, reduce cost, and IMProve energy denSity........cccerierierierierieniieriieieereeie et eee e 8

Figure I-6: Top graph portrays the baseline and new formation method illustrated as voltage profiles,
showing ten times faster formation time for the new method. Bottom graph exhibits
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binders are nearly identical. The error bars represent 2¢ standard deviation. (¥*weight of the
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condition. Test conditions: C/5 CCCV charge to 4.5 V, C/100 cutoff, variable discharge
rate in the range 0.2 - 2 C 10 3.0 01 2.7 V; 30 “Couerrereeeieeieeeeeee et

Figure IV-197: PSU cross-linked binders for high-loading PSU Si-graphite anodes. The left binary
cross-linked binder enables good electrode quality with the active material mass loading of
4 mg/ cm? and the right ternary cross-linked binder pushes the mass loading to 5.8 mg/ cm?
WIth ZIEat QUALTLY ...ooiieiiiie ettt sttt sttt e st e st e st saeesneeens

Figure IV-198: Half-cell performance of Si-graphite anode with ternary binder II. The mass loading is
5.8 M/ CIN? ..ottt ettt

Figure IV-199: Material fabrication and electrode fabrication of PSU Si-graphite. a,b, SEM images of
Si materials with uniform particle size. c,d, High-quality electrode using Si-graphite
material and ternary binder H...........ccoooiiiiiiieiice et

Figure IV-200: PSU Si-graphite anode optimization including a) mass loading of active material, b)
specific capacity, c¢) electrode with FEC additives and d) electrode with different
ClECITOLYLE SYSLRINIS ...veeutieiieiieeiieetie ettt ettt e et et e st e st e e et e sabe et e esbesateenteenteenteentesnsesneenseenaeennes

Figure IV-201: Full-cell performance optimization including additives and voltage window with the
double-layer pouCh CEIl SYSIEIM .......ccuiiiiiiiiiieriieceerieeeeee ettt ettt seee e ees

Figure IV-202: (a) TOF-SIMS depth profiles of various chemical species from the surface of the
baseline NCM 71515 composite electrodes after 100 cycles at room temperature,
referenced with the pristine electrode (not shown here) as a function of sputtering time; and
visualization of the surface degradation of NCM 71515 electrodes after 100 cycles. (b)
HAADF-STEM images showing the local structure at the primary particle surface; the
scale bars are 400, 20, 2, and 2 nm from left to right; (c) TOF-SIMS mappings showing the
composite electrode surface with cathode secondary particles, additive carbon, and binder;
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Figure IV-203: Two-dimensional TOF-SIMS mapping of baseline NCM 71515 composite electrodes
after 100 cycles, revealing various surface degradation products at the secondary particle
surface as well as additive carbon and polymeric binder. Upper two rows are top views
collected after 100 s- and 1 h-Cs" etching, while the bottom row is taken from the cross-
sectional perspective (100 s-Cs* etching). From left to right, the secondary ions of interest
are total, C%", CoP", POF*, O", LiF*, Ni", NiO", Li", and MnF?, respectively. The scale bars
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Figure IV-204: (a) Rate performance of the LiNigs-«Coo.1 Mno.1+xO> materials at room temperature and
the corresponding discharge profiles of (b) LiNig.goCoo.10 Mng.1002, (c)
LiNig 76Co00.10Mnyg 1402, and (d) LiNig.72Coo.10 Mng 150, at different C rates in the range of
2.7 = 4.5 Vbbbt et be bt a et b bt ae et et e et e teeaeeneenten

Figure IV-205: Left, Nyquist Plots of the LiNigs-xC0o.10Mno.1+xO> materials in thick electrodes at the
charged state of 4.3 V during cycling at C/3 rate after 3 formation cycles at C/5 rate, Right,
DSC profiles of the Lii-sNio.s-xCoo.10Mno.1+x Oz electrodes at the charged state of 4.5V ...............

Figure IV-206: (a) Evolution of discharge capacities of the two samples as a function of cycles in
coin-type Li half cells, (b) galvanostatic electrochemical profiles, and (c) cycling test of
LiNi31C00.14Al0.0502 in pouch-type full cells.........ccceiviiiiiiiiiiiiiicieeeeee e

Figure IV-207: Cross sectional SEM-EDX mapping of the Zr element in the Li»ZrOs-coated
LiNig 7C00.15sMnyg 1502 samples prepared by sol-gel and precipitation methods and capacity
retention of the Li,ZrOs-coated LiNiy.7Co¢.1sMng 150, cathodes prepared by sol-gel and
precipitation methods with a cycling condition of 3.0 —4.5 V, C/3 rate, and 25 °C.........ccccuvenuee.

Figure IV-208: (a) Voltage profiles of bare and coated samples between 2.0 and 4.5 V at C/10 rate (=
20 mA g!) at 25 °C. (b) Cycle performance during 2 initial cycles at C/10 rate and further
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Figure IV-209: (a) Rate capabilities of bare and coated samples with increasing C-rates from C/10 to
10C rate between 2.0 and 4.5 V at 25 °C, and (b) cycle performance during 100 cycles at 1
Crate AN 55 PC .ottt sttt et n e n e st ennen 448

Figure IV-210: Cycling performance of the pristine LiNig7Co00.15Mng.1502 and surface-modified
0.07L12Mn0O3-0.93LiNig 7C00.15Mny.1502 samples in 1.2 M LiPF¢ in a 3 : 7 mixture of
ethylene carbonate (EC) and ethylmethyl carbonate (EMC) electrolyte at (a) 25 °C and (b)
55 °C, and (c) cycling test of 0.07Li2Mn0O3-0.93LiNig 7C0¢.15Mny.1507 in laminated-type
pouch graphite full Cells at 25 OC .....cc.iiiiiiiiiieeeeeee ettt ettt et eee 449

Figure IV-211: (a) SEM image of LiNig76C00.10Mno.1402 (CG). (b) Galvanostatic charge-discharge
curves and (c) capacity evolution of the sample as a function of cycles in pouch-type full

cells with ~ 4 mg cm™? mMass L0AAING ..........coveveveeeeeeeeeeeeeeeee et s s s e se s 449
Figure IV-212: SEM characterization of pristine Si anode from PSU in different magnification. (a).

High magnification (b). Low magnifiCation ............cccccveeriieiieniieniierieeie e eve e 450
Figure IV-213: Capacity retention and Coulombic efficiency of PSU anode /Li half cells with baseline

electrolyte (a) PSU 1000 30 sample 1. (b) PSU 1000 30 sample 2......c.ccceevververvenveneeneennnenne. 450
Figure IV-214: Capacity retention and Coulombic efficiency of AC013/Li half cells with Gen 2

electrolyte in different cutoff voltage. (a). 3.0 V-4.4 V, (). 3.0 V-4.6 V...coeovveviiecieeieeereeeee 451

Figure IV-215: Capacity retention and Coulombic efficiency of PSU 1000 30/ AC013 full cell under
4.5 V cutoff voltage in different electrolyte (a) Gen2 electrolyte (b) Gen2+10% FEC

<] 113 1 4 <SSR 451
Figure IV-216: Chemical structure and name of the synthesized ionic liquid.........cccceeeverienieniienienienieenne 451
Figure IV-217: Scheme 1: Scheme 1. Synthetic step of the ionic liquid electrolyte ..........cccceevveeeiverirenneenen. 452

Figure IV-218: Capacity retention and Coulombic efficiency of Si-Graphite/Li half cells with (a) Gen
2; (b) Gen 2+10% FEC electrolyte in different cutoff voltage from 0.05 Vto 1.5 V.....cccoceeee 452

Figure IV-219: Capacity retention and Coulombic efficiency of Si-Graphite/Li half cells with (a) 1M
LiFSI in Py13FSI; (b) 1M LiFSI in Py13FSI +10% FEC electrolyte in cutoff voltage from
0.05 V10 1.5V ottt bbbttt h et b e s bbb h e b et ae bt ebeen 452

Figure IV-220: Capacity retention and Coulombic efficiency of Si-Graphite/Li half cells with (a) 1M
LiFSI in Py1201FSI; (b) 1M LiFSI in Py1201FSI +10% FEC electrolyte in cutoff voltage

from 0.05 V10 1.5 Vot st et st s 453
Figure IV-221: Structural formulas for different cyclic carbonate ............cccocuevvieiiiieniienieniecieceeeeee e 454
Figure IV-222: Linear oxidation sweep voltammograms of baseline electrolyte and fluorinated

electrolyte containing different carbonate...........ccceecieriieiiieiieiiieicie e 454
Figure 1V-223: Conductivity measurement of different fluorinated formulations (1.0 M LiPFg).................... 455

Figure 1V-224: Electrochemical performance of LiNigsMng3Co020,/graphite cells containing

different electrolyte under room/high temperature. Panel (a) capacity retention and

(b)Coulombic efficiency for these cells as a function of the cycle number and (c)

performance comparison for two electrolytes at both room and high temperatures ....................... 457
Figure IV-225: Photo images of SLMP suspension in toluene and xylene without addition of polymer,

rested for 05 (a), 30 S (D), aNd 120 8 (C).revreriieriieieeie ettt ettt sae e aeenes 458
Figure IV-226: Photo images of SLMP suspension in 0%, 0.5%, 1%, 3%, and 5% SBR binder

solution, rested for 0 s (a), 30 s, (b) and 120 s (¢). The SEM images of SLMP loading on a

graphite surface with 0% (a, b, ¢), 0.5% (d, e, f), 1% (g, h, 1), 3% (j, k, 1), and 5% (m, n, 0)

SBR binder solution. The scale bar for each row of SEM is the same and shown at the

BOLEOIN ..ttt ettt sttt sttt 459
Figure IV-227: The SEM morphology of an SLMP-coated anode surface after pressure activation (a)
(b) and after immersing in electrolyte for 48 h (€) (d) «.eovvevierieiiirieeieeieeeee e 460

Figure IV-228: The SEM images of SLMP loading on graphite surface before, after calendaring, and
after immersing in electrolyte for 48 h with 1% PS (a, d, g), 1% SBR (b, e, h), and 0.5% PS
with 0.5% SBR (c, £, 1) binder SOTUtION ........cccciiiiiiiiiieeie ettt eeaee e enes 461

Figure IV-229: Photo images of SLMP suspension in 1% PS, 1% SBR, and 0.5% PS with 0.5% SBR
binder solution, rested for 0 s (a), 30 s (b), and 120 s (¢). The photo images of SLMP
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loading on a large piece of graphite anode surface with 1% PS (d), 1% SBR (¢e), and 0.5%
PS with 0.5% SBR (f) binder SOIULION .....cc.evuiruiiiiiiiiiieieese et 462

Figure IV-230: The voltage profile for the first cycle (a), and cycling performance (b) for a
graphite/NMC full cell, the first-cycle voltage (c), and cycling performance (d) for graphite
half cell and the first-cycle voltage (e), and cycling performance (f) NMC half cell. The

performance of each cell both with and without SLMP prelithiation is plotted (in red)................. 463
Figure IV-231: The voltage profile for the first-cycle (a) and cycling performance (b) for SIO/NMC

TULL CEIL ettt ettt ettt et e e bt e be e beesbe e be e beenbeesseesseenseensaenseenseesseenseennes 463
Figure IV-232: Cycling performance of Si-graphite composite between 1 V and 0.01 V. The

calculated theoretical capacity is 600 mAh/g with a coating thickness of 80 pm............cccueenen.e. 464
Figure IV-233: Cycling performance of Si-graphite composite between 1 V and 0.01 V. The

calculated theoretical capacity is 800 mAh/g with a coating thickness of 60 pm.............c.cccu....... 465
Figure IV-234: Cycling performance of Si-graphite composite between 1 V and 0.01 V. The

calculated theoretical capacity is 800 mAh/g with a coating thickness of 80 pm.............cccueeeeee. 466
Figure IV-235: Cycling performance of Si-graphite composite between 1 V and 0.01 V. The

calculated theoretical capacity is 1000 mAh/g with a coating thickness of 30 pm......................... 466
Figure IV-236: SLMP coating on 12 cm? pouch cell with the optimized disperse agent, i.e.m 0.5 wt%

SBR and 0.5 wt% PST in Xylene SOIULION.........cccueviiriiiiiiieiieeieeiesee et 467
Figure IV-237: Cycle performance of the NMC and Si-C ABR-1000 pouch full cell in 1.2 M LiPFs in

EC/DEC (30% FEC) €lECIIOLYLE ....eeeuvieeieeiieeiieeeie ettt ettt ettt et st ees 467
Figure IV-238: Voltage-capacity profiles of the NMC and Si-C ABR-1000 pouch full cell in 1.2 M
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Figure IV-241: Cycling performances of three types of full cell systems: a,b) Unlithiated Si| NCM523
with two kinds of voltage winodw, c) unlithiated Si| UTA cathode and d) Lithiated Si|

INCMS23 ettt ettt ettt et e st e bt s b e s e st e st et e s ent e st eb e s en e e st es e st enseneeneebe e e st eseeneetenseneenens 471
Figure 1V-242: Voltage profiles of three types of full cell systems: a) Unlithiated Si| NCM523, b)
unlithiated Si| UTA cathode and c¢) Lithiated Si| NCMS523....c..ccccociiviiiinininiiieneneceeeeeneeeenen 471

Figure 1V-243: Room temperature cycling of baseline CAM-7/Graphite 18650 cells between 2.7 and
4.1 V. C/2 charge - 1C discharge; 1 C discharge from 4.2 V every 150 cycles. Note that
cycling between 2.7 and 4.1 V corresponds to 90% SOC swing. Cells fabricated at TIAX........... 479

Figure IV-244: The table above shows the discharge capacity of the baseline and higher capacity
CAM-7 cathode materials measured in half cells with Li metal anode (3.0-4.3 V) at room
temperature. The bottom figure shows the full DoD cycle life of the higher capacity CAM-
7 at room temperature with graphite anode in 18650 cells. 18650 cell design with equal
electrode lengths, ~2 mAh/cm? cathode active material loading, graphite anode, and
CATDONALE CLECLIOLYLE ..ovvieiiieiieie ettt ettt ettt e et e e sbesaaeesbeesbeenbeesbeensesneesseessnenns 479

Figure 1V-245: Capacity retention and coulombic efficiency for blended graphite/Si-based electrodes
evaluated in lithium metal half cells. 1M LiPFs in EC:DMC:EMC 1:1:1 + 1%VC +
10%FEC electrolyte (EDEV1FEC10) and polymer separator. C/2 CC-CV lithiation to
50mV; C/2 delithiation to 1.2 V; 1 C =600 MAN/Z...ccveiiiiiieiieieeieeieeie et 480

Figure IV-246: Impact of electrode adhesion on full cell ASI at 50% SOC of blended S7 Si-based
anode with various binders. Blended anodes were formulated with 95:0:5 (active
material:conductive carbon:binder), ~1.5-1.6 g/cc density matching a CAM-7 cathode with
~3 mAh/cm? active cathode loading. EDEV1FECI10 electrolyte and polymer separator.
HPPC test with 3 C 10 s discharge and 2 C 10 s charge pulSe.........ccceceevieeiieieeieeieeieeie e 481

Figure IV-247: Comparison of full cell capacity and cycle life of CAM-7 cathode paired with graphite
or with a S7-graphite blended anode. Blended anode was formulated with 95:0:5 (active
material: conductive carbon:binder), ~1.6 g/cc density matching a CAM-7 based cathode
with ~3 mAh/cm? active loading. EDEVIFECI10 electrolyte and polymer separator were
used. Cycling with C/2 charge and 1 C discharge between 2.7 and 4.1 V.....c.occvevvivveiienvecieennnns 481
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Figure 1V-248: Cycle life of the final program demonstration cells combining higher capacity CAM-7
cathode material with a graphite blended S7 Si-based anode in 18650 cells during 2.7-4.1
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Figure IV-317: Example of gravimetric capacity (Wh/kg) for down-selected sample 3 (“DSS-3”)
presented at end of second quarter of the project as compared to baseline presented six

months earlier (“January Baseling Si-C™) .......cccieviiiiiiiiiieice e 552
Figure IV-318: TEM observation of down-selected sample 3 (DSS-3) expansion before lithiation (left)
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Figure IV-319: Example of volumetric capacity (Wh/L) for down-selected sample 1 (“DSS-17)
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Figure IV-320: Example of gravimetric capacity (Wh/kg) for down-selected sample 1 (“DSS-17)

presented on 7-28-2016 compared to the data presented on 10-27-2016.........ccceevvvevreecreecreecreennnns 554

Figure IV-321: Conventional production of porous silicon uses hazardous hydrofluoric (HF) acid and
expensive metal catalyst. Navitas route reduces cost and impact, using SiO; raw material
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Figure IV-322: Schematic diagram of the 1st step reduction/activation. SiO» and reducing metal are
mechanically milled to pre-activate the solid system and partially reduce the oxide ..................... 559

Figure IV-323: Schematic diagram of the 2" step-thermal reduction. Ball milled SiO, /metal
composite is thermally treated under inert atmosphere and converted to Si/metal oxide. The
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formation, where orange is the reduced SIICON..........cccuiieiiiiiiiiiiiieiiecee e 559

Figure 1V-324: SEM micrographs for (a) Si-metal oxide composite structure after thermal treatment,

inset shows the microstructures of the metal-SiO»; (b) final microporous Si structure.................. 560
Figure 1V-325: Schematic diagram of the metal oxide removal process. The Si/metal oxide is treated

using acidic solution to remove the oxide leaving a porous Structure............ccecceeveereeerreeceeeseennenne 560

Figure IV-326: X-ray diffraction pattern for upSi sample tested at ANL confirming the powder
composition consists of crystalline Si and small traces of metal oxide........cceecvevierienienienieeninne 560
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Figure 1V-328: Silicon composite made with commercial Si and upSi (a) half-cell anode formation
data (b) cycling performance with 2.0 mA/cm? 10ading .............cccoevivevieeieieeeeeeeeeeeeeee e

Figure IV-329: Rate capability of a lithium-ion single layer cell with ppSi composite anode and NCM
523 cathode, charged at 0.2C, and discharged at 0.1, 0.2, 0.5, 1.0, and 2.0C ........cccceevvereereernenne.

Figure IV-330: Schematic illustration of the iFSP technology in manufacturing cathode powders with
synthesizing, coating (e.g, alumina), and processing processes integrated...........ccccevveereereerneenne.

Figure IV-331: Left: Arrhenius plot of the GL and LNMC DES showed a Newtonian fluid behavior of
the liquids. 99.7% GL is a product from biomass. Right: The viscosity of the DES
precursor for LNMC materials measured within the temperature range............cceecveveereenieenreenenns

Figure IV-332: DESs of different metal acetate hydrates and that of a mixture to make LNMC
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Figure 1V-333: Left: Arrhenius plot of the GL and LNCA DES showed a Newtonian fluid behavior of
the liquids. 99.7% GL is a product from biomass. Right: The viscosity of the DES
precursor for LNCA materials measured within the temperature range ............ccoeceevvevvereerieennenne

Figure IV-334: The LNMC powders produced in Gen 1.1 1€aCtOT..........cocuiviiriinienierienieneeneeneeseenee e

Figure IV-335: Estimation of the volumetric energy densities of unit stacks achievable with
commercial intercalation-type electrodes and selected conversion-type electrodes. Areal
capacities of anodes and cathodes were matched 1:1 and no extra capacity was considered
fOr the fOrMAtION LOSSES.....ieiuieiieiieiieti ettt ettt ettt ettt e e b e e e et e e beebeesbeesbeesbeenseenseesseessnennes

Figure IV-336: Estimation of the specific energy of unit stacks (calculating units) in rechargeable Li
batteries achievable with commercial intercalation-type electrodes and selected conversion-
type electrodes. Areal capacities of anodes and cathodes were matched 1:1 and no extra
capacity was considered for the formation 10SSES ...........ccverieriieniiiriieiiee e

Figure IV-337: Schematic of the designed and assembled tool for use in metal fluoride cathode
synthesis: (left) view of the entire system, (right) automation control panel...........c.c.cccecvereenennee.

Figure 1V-338: Performance of electrochemical cells with conversion-type electrodes: (A) cycle
stability and a typical charge-discharge profile of iron fluoride-based cathode cycled
against Li anode (capacity is normalized by the mass of the metal fluoride only); (B) cycle
stability and a typical charge-discharge profile of Si-based anode cycled against high
voltage LCO in matched full cell (capacity is normalized by the mass of the Si-containing
COMPOSItEe ANOAE POWAET) ...veeieiiieiie ettt estteeteeetee et e et e esebeesebeesebaessseeassaeesseessseesssasssseesnsseensnes

Figure 1V-339: Impact of electrolyte composition on electrochemical stability of metal fluoride-based
cathode cycled against Li anode ...........ccoeeerieriiiniiiniiieeeetee ettt

Figure 1V-340: Parasitic current results for LiPF6-based electrolytes in a 3 electrode cell (Pt: WE,
Li/Li": CE, RE) ottt ettt ettt ettt ettt et s ettt sea st et aeansnaes

Figure IV-341: Oxidative stability comparison at 30 °C of OS3 vs carbonate control vs fluorinated
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Figure IV-342: a. Oxidative stability comparison at 30 °C; b. parasitic current results at 6 V and 50 °C
Of OS3 famMIly €1ECIOLYLES .....eeivieieiiiieciieeeteee ettt et st esaee e saeesaaesneenes

Figure IV-343: Comparison of LNMO full cell performance with control carbonate electrolyte and
OS3 containing electrolytes (all with 1M LiPFs). Cells are cycled at C/10 for 2 formation
cycles and at C/2 for 10 cycles at 30 °C, then continued 50 cycles at C/2 between 3.5 and
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Figure 1V-344: Differential scanning calorimetry (DSC) test results for de-lithiated LNMO cathodes
formed with various HV electrolyte formulations: Carbonate control (black), 2% OS3
(red), 5% OS3 (blue), 10% OS3 (purple), and 20% OS3 (SrEEN) ...c.vevvereereierieiererieeiieieriereeieeeens

Figure 1V-345: Normalized ESI-MS counts as a function of cluster for OS3/EC/EMC electrolyte
TOTIIMUIATIONS .....tieeiieieeieete ettt ettt ettt e s et e te e taessaessbessbassbesssessaesssesssesnsenseenseessnennes
Figure 1V-346: Calculated fraction of bulk solvents participating in solvation based upon ESI-MS
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Figure 1V-347: Silicon anodes consume and trap significant amounts of lithium, reducing first cycle
efficiency and cell-level energy. Current lab-scale prelithiation methods add extra lithium
and address first cycle loss — but are not scalable...........ccovieriiiiiiiinieneeeeee e
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Figure 1V-348: Cycle life of Silicon-LCO cells with anodes prelithiated in formulations with different
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Figure IV-349: Amprius designed a fixture capable of prelithiating eight silicon nanowire anode-based
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Figure IV-350: UV Ceramic coating affords the separator dimensional stability when heated to

dangerous temperatures, like 1500C fOr 1 hOUT ........c.coociiiiciiiiiiieeeeee e

Figure IV-351: UV Ceramic coating affords the separator dimensional stability when heated to

dangerous temperatures, like 150 °C for 1 hOUT.......c.cooiiiiiiiiiieeeeeee e

Figure IV-352: Digital image of the ADP Pilot oven installed at Navitas. The Power Module (a)
delivers VFM power through the waveguide connected to Process Module (b), which is

placed between the coater and the standard convection OVenN ..........ccceeeveeviierieenieenieecie e

Figure 1V-353: First formation cycle for SLP cells with electrodes (anode and cathode) dried using
Navitas conventional and ADP drying systems; using CC-CV charge and CC discharge

protocols at C/10 from 3.0 10 4.2 V...oiioiii ettt ee e e sb e seseesnnaeenseeeens

Figure 1V-354: Rate capability plots for cells with electrodes dried using conventional and ADP
drying methods. All cells were charged at 0.1 C, and discharged at 0.1, 0.2, 0.5, 1.0 and 2.0

Figure IV-355: Cycle life testing comparison for single layer pouch cells. Baseline cells were dried
with Navitas standard system. Experiments were carried out at C/2 current from 3.0 to 4.2

Figure IV-356: Binder distribution for cathode (NCM523) electrodes dried using (a) standard or
baseline drying and (b) ADP (hot air plus VFM). (c¢) Binder ratios measured at various

zones across the electrode (from near foil to the electrode surface) ........c.ccoceeeevieiiieniiienieennen.

Figure IV-357: BSE micrographs showing binder distribution for anode (graphite) electrodes dried
using (a) standard and (b) ADP. (c) Binder ratios measured at various zones across the

electrode (from near foil to the electrode SUIface) .........oocvevvirieriirieiierieeeceeeee et

Figure IV-358: Cycle life testing for HEC prismatic cells comparing standard and ADP drying
methods. Average values are presented in this plot. Experiments were carried out at C/3
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Figure IV-359: The average power consumed by IR/convection dryer during a 500 mm/min drying

TUN = 9727 KVA Lottt

Figure IV-360: Average power consumed by the VFM power module = 5.422 kVA, while the average
power consumed by the hot air in process module =367 VA during a 500 m/min drying

run. Total = 5.422 + 0.367 =578 KV A ....oooeioiieeieeee ettt st
Figure IV-361: Cycling performance of a Si/PFM slurry cast anode over 14 cycles at 0.1 C..........c.c.u......

Figure IV-362: SEM images of electrospun (a) PFM/PEO fibers spun at 15% relative humidity, (b)
PFM/PEO fibers spun at 75% relative humidity, and (c-f) Si/PFM/PEO fibers containing
(c) 20 wt.% Si spun at 15% rh, (d) 35 wt.% Si spun at 75% rh, (e) 50 wt.% Si spun at 75%
rh, and (f) 50 wt.% Si spun at 15% rh. The PEO carrier polymer content was 1 wt.% in all
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Figure IV-363: SEM images of electrospun mats containing Si nanoparticles, carbon black, and
poly(acrylic acid) (Si/C/PAA) in a 40/25/35 weight ratio. (a) an as-spun fiber mat and (b) a

compacted/Welded fIDEr MAL ..........c.oeiiiiiiiicie e et e e eeree s

Figure IV-364: Electrochemical characterization of as-spun and compacted/welded Si/C/PAA
nanofiber mats: (a) charge/discharge curves and (b) gravimetric capacity over 50 cycles at

0.1 C. The weight ratio of Si/C/PAA was 40/25/35 in both samples...........ccecvevvereenverennennnen.

Figure IV-365: Raman spectra of Si/C/PAA nanofiber anodes (a) before cycling and (b) after 50

cycles at 0.1 C. The Si/C/PAA weight ratio in the electrodes was 40/25/35 .....ccccveevvecieevennnnne.

Figure IV-366: Raman maps over an area of ~ 4.5 x 9.0 um? showing the Raman shift of the
maximum peak for Si/C/PAA fiber mat anodes (a) before cycling and (b) after 50 cycles at
0.1 C. White pixels represent regions where the data were omitted due to low spectral
intensities (i.e., counts < 10). The electrodes contained Si/C/PAA in a 40/25/35 weight
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Figure IV-367: Cross-sectional SEM images of Si/C/PAA nanofiber anodes (a) before cycling and (b)

after 50 cycles at 0.1 C. The Si/C/PAA weight ratio in the electrodes was 40/25/35. .................

Figure IV-368: Electrochemical characterization of a full cell containing an electrospun Si/C/PAA
anode and LiCoO,/C/PVDF cathode. (a) Charge/discharge curve collected at 0.1C and (b)

Cycling stability over 13 cycles at 0.1 C....oo.oeviiiiiiiiiiieieieeeeeeee ettt

Figure IV-369: Electrochemical characterization of an electrospun Si/C/PAA nanofiber anode
containing Si/C/PAA in a 15/50/35 weight ratio. (a) A charge/discharge curve collected at

0.1C and (b) Cycling stability over 50 cycles at 0.1 C........ccoeevieriieriieriieiieieeieereeie e

Figure IV-370: SEM images of (a) Si nanowires and (b) electrospun nanofibers containing Si NWs,

carbon black, and PAA in a 40/25/35 Weight 1atio .......c.ccceevuierierienienieceeeeeceeeee e

Figure IV-371: Electrochemical performance of as-spun Si/C/PAA nanofiber mats where the Si active
material is either in the form of nanoparticles or nanowires: (a) gravimetric capacity and
(b) capacity retention over 50 cycles at 0.1 C. The weight ratio of Si/C/PAA was 40/25/35

10 DOLH SAIMPLES......eieiiieiieiieiieeee ettt ettt ettt e et e et e e bt eabeenseenseenseenseenseenseenseen

Figure IV-372: (Left) The trade-off space between traditional thick and thin battery electrodes. CoEx
can help mitigate the power deficiencies often experiences with thick battery electrodes.
(Right) PARC’s prototype CoEx battery printhead design for a previous ARPA-E project

(DE- DE-AROO00324) ...ttt st s

Figure IV-373: Illustrations of proposed CoEx 1 and CoEx 2 structures. CoEx 1 is a corrugated
structure with open channels for electrolyte to fill the electrode structure. CoEx 2 is a
structure where a more conductive or porous version (red) of the dense blue region will be
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Figure 1V-374: Existing electrode coating line at ORNL BMF with planned CoEx integration for this
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Figure IV-375: Illustrations of the CoEx structures modeled in COMSOL. Region 1 represents a
90/5/5 (NCM523/PCVDEF/Carbon Black) Composition with 33.6% porosity while Region
2 represents pure electrolyte for the CoEx 1 and 3 structures and a more porous formulation

of the 90/5/5 composition fOr COEX 2.....ccuiiiiiiiiiiiieiiecieciteseest ettt sre et sree e

Figure IV-376: CoEx cathode structures. (a) shows the CoEx 1 dried sample print. (b) shows a profile
measurement of the dried CoEx 1 print before and after ~12% calendaring. These samples

are currently being investigated for electrochemical integrity ..........cccceeveerienieneeneenienieeeeen

Figure IV-377: Comparison of the electrochemical rate performance of Showa Denko and Hitachi
MAGE 3 half coin cells made with two different electrolytes: 1.2 M LiPF6 in 3:7 v/v
EC/DEC (Electrolyte 1) and 1.2 M LiPF6 in 3:7 wt% EC/EMC (Electrolyte 2). All cells
were made with slot die-coated anodes calendered to ~35% porosity and dried in a vacuum
oven overnight before use. a) Showa Denko graphite at 2.6 mAh/cm?; 61 um thick with a
total loading of 8.6 mg/cm?; Data is an average of 3 coin cells for each condition. b)
Hitachi MAGE 3 graphite at 2.6 mAh/cm?; 57 pm thick with a total loading of 8.0 mg/cm?;
Data is an average of 4 coin cells for each condition. ¢) Showa Denko graphite at 6
mAh/cm?; 142 pm thick with a total loading of 20.0 mg/cm?; Data with Electrolyte 1 is an
average of 3 coin cells. Data with Electrolyte 2 is an average of 6 coin cells. d) Hitachi
MAGE 3 graphite at 6 mAh/cm?; 130 um thick with a total loading of 18.2 mg/cm?. Data
with Electrolyte 1 is an average of 3 coin cells. Data with Electrolyte 2 is an average of 4
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Figure 1V-378: Electrochemical characterization of the cathode performance for each active material
with and without water exposure. Rate capability (a), initial capacity loss (b), initial
discharge capacity (c), and capacity retention (d) highlights the stability of the commercial

6um material after water processing compared to similar active materials ...........cccceecververueennen.

Figure IV-379: (a.) Mass deposited over time for the e-coat formulations using the PPG active
material and e-coat binders emphasizing the improved deposition kinetics of the PPG
binder system. Photographs of (b) and (c) characterize the film quality and uniformity of

the e-coat materials after 20 s of deposition on Al fOil .........ccoecveeiiieiiiriieiiieeeeee e

Figure IV-380: Electrochemical performance of doctor-blade assembled LFP electrodes using the e-
coat resins (a) PPG-200 and (b) PPG-105. The initial cycle performance demonstrates ideal

...608
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voltage profiles but moderately reduced capacity expected for LFP active materials. (¢)
Electrochemical performance of electrocoat assembled LFP electrodes using the e-coat
resin PPG-200 and 15% by weight carbon material. This electrocoat film exhibits improved
capacity but slightly diminished energy efficiency compared to identical doctor-blade
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Figure IV-381: Pouch cell cycling of 90/7/3 (NMC-C45-UV binder) shows UV coating has stable AC

impedance better than reference PVDF .......c.ccoioiiiiiiiiiiiiicececeeee e 631
Figure 1V-382: UV Cathodes (90/5/5) have equivalent accelerated 60 °C cycling performance as

PVDF cathodes with similar loading in single layer pouch cells............cccoeviieriiiniieniieeeeieeee, 632

Figure 1V-383: UV Cathodes (90/7/3) have equivalent accelerated 60 °C cycling performance as
PVDF cathodes with similar loading in single layer pouch cells............cccovvvieiiiiniiiniieieieee, 632

Figure IV-384: Comparison of 24M’s novel manufacturing processes to conventional lithium-ion
manufacturing approach, highlighting the dramatic reduction of complexity in the electrode

CTEALION STEPS .eeuvteuveeteeteeteeteenteenteeseeseeseesseenseenseansesssesssesssesssesssesssesssesssesseesseesseesseesssesseesssesseenses 635
Figure IV-385: Plot of average anode and cathode electrode weights for large-format (> 250 cm?)
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Figure V-2: Areas of focus in the BMR program with materials discovery aided by modeling and
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Figure V-3: The resistance from 10-second current pulses at every 10% DOD. The cell had an area of
approximately 1.6 cm?. The numbers listed next to each curve are the mAh/cm? of the
electrode. Ignoring the lowest loading electrode, in general, the resistance is dropping with
INCTEASE TN LOAAING ....eviiiiiieiie ettt e st e e e et e e stb e e sabaessteeessaeesseessseensseensseensns 645

Figure V-4: SEMs of the cross section of electrodes prepared with two different molecular weights:
left) low molecular weight binder, right) high molecular weight binder ............ccccoceeviiiininnnnnne. 646

Figure V-5: EDX results of the cross section of the two laminates of an earlier figure. The numbers
embedded in the figures refer to the composition in order from current collector up to the
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Figure V-6: Electrode performance data for uncalendered electrodes of two different molecular weight
binders (red for LMW, blue for HMW). Numbers indicate the area specific capacity
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Figure V-7: Power vs. Energy densities x 2 for laminates at different loadings and porosities ....................... 648
Figure V-8: Energy densities x 2 for laminates at different loadings and a porosity of ca. 30%.......ccccceeeneee 648

Figure V-9: Particle size distribution with different milling conditions (a) 1 mm dia./25%/2200rpm,
(b) 1 mm dia./10 %/2200 rpm, (c) 1 mm dia./10%/3000 rpm, and (d) 0.3mm dia./10%/3000
rpm; bead size/solid content/agitating SPEEd...........cccvveerieerireriiieiiieeiieeee et et ere e 652

Figure V-10: SEM image of Si powder obtained with different milling times (a) 0 hr, (b) 3 hrs, (c) 9
hrs and (d) 24 hrs of wet-milling with 1 mm diameter beads and 2200 rpm agitating speed

in the 20 wt% solid contents of IPA (isopropyl alcohol) SOIUtion ...........ccceeeeviereneneenienencneenns 653
Figure V-11: X-ray diffraction patterns of Si powder milled with different time; (orange) 0 hr, (green)

3 hrs, (blue) 9 hrs and (Ted) 24 RIS .....cc.vivuiiieiiiiieiectececeete ettt s e s e e e sseeseeees 653
Figure V-12: Formation voltage profile of Si powder wet-milled with different times; (a) 0 hr, (b) 3

hrs, (€) 9 hrs and (d) 24 NS ....eoviiieiiieciieeeeeeeee ettt et et e et ebe e be et e e sbeenbeseaesseesanenns 654
Figure V-13: Formation voltage profile of Si/C powder with different binders; (a) Alginate,

(b) Acrylic Resins, (¢) Polyimide and (d) Acrylic Resin + Additive .......ccccveeieeienieeiecieeieeenne, 655
Figure V-14: Cycle retention of (a) different kinds of binders in coin half-cell level test with low

loading level electrode and (b) different kinds of electrolytes in mono full-cell level test............. 655

Figure V-15: Photos of (left) spray-dryer and tubular furnace for lab scale production of 10~100 g
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Figure V-16: SEM images (a) nano-Si/C composite made by spray-dryer, (b)the cross section view of
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Figure V-17: Full cell performance of 1.5 Ah pouch-type cell (a) assembled cell (b) voltage profile
during charge-discharge between 2.75 V and 4.4 V with 0.2 C rate (¢) rate capability with
different current and (d) cycle ability at RT.......c.ccooiiiiiiiiiiiiieee et 657

Figure V-18: Directionally-frozen graphite anode (top) subjected to DST testing (left) yielded voltage-
area capacity results (right). The voltage limits reached on delithiation (discharge of a
lithium-ion cell) become limiting as the graphite anode is systematically delithiated.
Charge acceptance (lithiation of graphite) appears to have significantly faster kinetics than

discharge. The anode tested has 14.7 mAh/cm? theoretical capacity and is 800 um thick ............. 661
Figure V-19: SEM images of low-tortuosity LiCoO2 cathode and MCMB graphite anode prepared by
the magnetic alignment and drying of emulsion droplets ...........ccoeceveierienieniieniienerereeeeeene 662

Figure V-20: a. DST protocol. b, Voltage-net capacity plots of LiCoO; electrodes with or without
aligned pore channels under DST tests. c, Statistic results of areal capacity achieved under
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Figure V-21: a) Areal capacity vs. C-rate for the low-tortuosity MCMB anode in comparison with a
high-tortuosity reference sample. b) 1st cycle lithiation-delithiation voltage profile of the
low-tortuosity MCMB anode tested at 1/20 C. c¢) 1st cycle charge-discharge profile of a
LiCoO2-MCMB full cell tested at 1/20 C. Both electrodes are prepared by the emulsion-
based magnetic alignment approach (theoretical areal capacity: LiCoO2 cathode 13.7
mAh/cm?, MCMB anode 14.4 MAR/CI?) ........cooiiierieeeeeeeeeeeeeeeeeeee e 663

Figure V-22: (a) Chemical structure of PPyMAA conductive polymer binder. (b) Wide angle X-ray
scattering (WAXS) of PPy and PPyMAA polymers. (c) Carbon K-edge sXAS of PPy and
PPyMAA shows that the LUMO energy is intact in PPyMAA, although non-conductive
methacrylic acid groups are introduced. TEM morphology of (d) high-tap-density nanoSi
and (e) regular nanoSi produced by chemical vapor deposition (right). (f) cycling
performance of PPyMAA/high tap density nanoSi..........cccceceeeiieciiecieeiieeieeie e eie e see e 667

Figure V-23: Cycling performance of the SiO/PFM electrodes with or without NaCl. (a) Areal

capacity vs. cycle number, (b) Specific capacity vs. cycle number. (¢) First and (d) thirtieth

cycle voltage curves of samples with or without NaCl............ccecieviiiciiiciieiiiiecieceeeee e 668
Figure V-24: Tomographically reconstructed cross-section and volume rendering of (a) (b) (c) the

control SiO/PFM electrode and (d) (e) (f) the SiO/PFM electrode with porosity generation.

The pores induced by NaCl are marked with arros in the cross-section ............cccceeeveevvereereenneenne. 668
Figure V-25: (a) Schematic illustration of the synthesis of the HC-nSi/G. (b and ¢) SEM images of the

HC-nSi/G composite. (d) C/Si EDX elemental map: (green: carbon; red: silicon). (e) X-ray

diffraction (XRD) PALEINIS .....eevieiieiieiieieeieete e eteeeteeeteeeteestesseesseesteeseeesseesseesseessaesseesseessaesssenses 673
Figure V-26: (a) Initial lithiation/delithiation voltage profiles at 0.05 C, (b) Specific capacity as a

function of cycle number at 0.2 C, and (c) Rate capability of HC-nSi/G at various

discharging C-rates (charging C-rate fixed at 0.2 C) for HC-nSi/G. (d) Plot of areal

capacity retention and coulombic efficiency of HC-nSi/G with an electrode composition

ratio of active material:carbon black:binder = 7:1:2 ......cccoevieiiiiiiicieieeeee e 674
Figure V-27: Cycling stability of porous-Si—graphite electrode with porous Si:graphite ratio of (a) 1:3
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Figure V-28: (a) Cycling stability of NMC—porous-Si—graphite full cell. (b) The cycling stability of

porous-Si—graphite electrodes with and without Ge coating..........c.ccccvevevverciieecieecieeie e 675
Figure V-29: Specific discharge and normalized capacity vs. current density of Si flakes and rods................ 676

Figure V-30: (a) Voltage vs. specific capacity plot for a [nc-Si+(MM’'),Ox]/CNF electrode tested in a
LIB. Inset: differential capacity plots of [nc-Si+(MM’),O«]/CNF nanofiber electrode. (b)
Specific discharge capacity vs. cycle numbers for different active electrodes based on nc-
Si/MM'O composite. Inset table shows the summary of performance of the materials.................. 676

Figure V-31: Specific discharge capacity vs. cycle number for nc-Si/M;O/CNF tested in a LIB. The
current rate for the first 3 cycles was 50 mA g! and the remaining cycles were tested at a
1ate OF 500 MA Z71 (1.4 €)oot 678

Figure V-32: Characterizations and stability of prelithiated SiO NPs. a, TEM image of ball-milled SiO
NPs. b, TEM image of lithiated SiO NPs. ¢, STEM image of lithiated SiO NPs and the
corresponding EELS maps of Li, O and Si distributions. d, XRD pattern of lithiated SiO
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NPs. e, Capacity retention of LixSi/Li,O composites (red), LixSi/Li>O core-shell NPs

(blue), electrochemically lithiated Si electrode (purple) and electrochemically lithiated SiO
electrode (orange) exposed to dry air with varying duration. f, Capacity retention of

LixSi/Li20 composites (red), LixSi/Li>O core-shell NPs (blue) and artificial-SEI coated

LixSi NPs (orange) after 6h storage in the air with different humidity levels. g, The

remaining capacities of lithiated SiO NPs in ambient air (~40% RH) with different

durations. H, XRD patterns of lithiated SiO NPs exposed to ambient air for 6 h (upper) and

to humid air (10% RH) for 6h (DOttOM) ......ccueouiiiiieieiieeee e 683

Figure V-33: Characterizations and electrochemical performance of SiO, NPs before and after thermal
lithiation. a,b, TEM images of sol-gel synthesized SiO, NPs (a) and lithiated SiO, NPs (b).
¢, XRD pattern of lithiated SiO, NPs. d, First cycle delithiation capacity of lithiated SiO;
NPs (red) and SiO NPs (blue). Galvanostatic lithiation/delithiation profile of SiO, NPs in
1st cycle (orange). The capacity is based on the mass of SiO or SiO; in the anode. e, First
cycle voltage profiles of graphite/lithiated SiO, composite (84:6 by weight, red) and
graphite control cell (blue). f, Cycling performance of graphite/lithiated SiO, composite
(84:6 by weight, red), graphite/lithiated SiO composite (84:6 by weight, blue) and graphite
control cell (black) at C/20 for first three cycles and C/5 for the following cycles (1 C =
0.372 A/g C, the capacity is based on the mass of the active materials, including graphite,
Si0 and SiO; in LixSi/Li,O composites). The purple line is the Coulombic efficiency of
graphite/lithiated SIO2 COMPOSILE.......ccverrierieiieiieriereerte et este et steebeeteebeebeebeenseesesnsesnsessnenens 684

Figure V-34: Fabrication and electrochemical characteristics of the N-Co/N-Li,O composite. a,
Schematic of the fabrication process of the N-M/N-Li,O composites. MOs are used as the
starting materials and in situ converted into N-M/N-Li,O composites via the chemical
reaction with molten Li. b, The initial charge potential profiles of the electrodes made with
various Co/Li,O nanocomposites: M-Co/N-Li,O composite, SM-Co/N-Li,O and N-Co/N-
Li,O composites. ¢, The charge/discharge potential profiles of the N-Co/N-Li>O electrode
after the first charge process. d, The initial charge potential profiles of the LiFePO4
electrodes with different amounts of the N-Co/N-Li,O additive in half cell configurations.
e,f, The initial charge/discharge potential profiles (e) and cycling performance (f) of
LiFePOu/graphite full cells with and without the N-Co/N-Li,O additive. The specific
capacities of the cathodes are evaluated based the weight of LiFePO4 and the N-Co/N-Li,O
AAAITIVE ..ottt ettt ettt et h et a e s bt ettt sae e ennennesaeennens 685

Figure V-35: Structure of the N-Co/N-Li,O composite. a, STEM image of the N-Co/N-Li,O
composite, showing that Co nanoparticles are uniformly embedded in a Li,O matrix. b,c, A
HRTEM image (b) and the corresponding fringes of a Co particle (c), showing its
crystallinity and the SMall Particle SIZE ........ceeevieeiieciieciieiieie ettt ae e e e e e 686

Figure V-36: Generalization to other N-M/N-Li,O composites. a,b, The initial charge/discharge
potential profiles of the pristine N-Ni/N-Li,O (a) and N-Fe/N-Li,0 electrodes (b). c,d, The
discharge/charge potential profiles of LiFePOy4 electrodes with 4.8% N-Ni/N-Li>O (c) and
N-Fe/N-Li;0 (d) additives in half cell configurations, respectively. e,f, Cycling
performance of LiFePO4 electrodes with 4.8% N-Ni/N-Li>O (e) and N-Fe/N-Li,O (f)
AddItIVES, TESPECLIVELY c..eitiiieieiieciieete ettt ettt et e st e st esbeesaeesneenns 687

Figure V-37: (a) Digital images of the starting CoF3; powder (left) and the LiF/Co product (right).
XRD patterns of (b) the starting CoF3 and (c) the LiF/Co product. High-resolution XPS
spectra of (d) Co 2p3, (e) Li 1s and (f) F 1s. The XRD peaks at 21° and 27° arise from the
1 01 10) 1 1 71 o1 USSP 688

Figure V-38: (a) TEM and (b) STEM images of the LiF/Co nanocomposite. (c) A HRTEM image and
(d) the corresponding fringes of se-lected Co and LiF nanoparticles, showing their
crystallinity and the small particle size. The HRTEM image shows two sets of equal lattice
plane spacing of 0.20 nm with a plane angle of 60° for Co [111], and two sets of equal
lattice plane spacing of 0.20 nm with a plane angle 90° for LiF [200] .......cccccccvevevievcieenciieniieenn. 689

Figure V-39: (a) The initial charge and discharge curves for the LiF/Co electrode within the potential
range of 4.2—0.7 V at the current density of 50 mA/g. (b) The comparison of the first-cycle
charge and discharge curves of LiFePOj electrodes versus lithium metal in half cells with
and without LiF/Co additive within the potential range of 4.2-2.5 V at 0.1 C. (¢) Cycling
stability for the LiFePO4 electrode with 4.8% LiF/Co additive. .......ccccoveriiiiiiniiniiiiiieceieeee 690
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Figure V-40: (a) STEM and high-magnification TEM images (inset of a prior figure) of the LiF/Fe
nanocomposite and (b) the initial charge and discharge curves for the pristine LiF/Fe
electrode with the potential range of 4.5-2.5 V vs. Lill/Li at the current density of 50
mA/g. The STEM image shows that Fe particles are uniformly embedded in the LiF
matrix. The TEM image at high magnification indicates that the particle size of the LiF and
Fe nanodomains 1S 5—10 NIM....c..ccccecueiiiriiiiriieiiiniinieieeeeeet ettt ne st ennens 690

Figure V-41: a) Low-magnification TEM, (b) STEM, (c) high-magnification TEM and (d) HRTEM
images of the Li2S/Co nanocomposite, showing the intimate mixing of Li2S and Co
nanocrystal domains with particle $izes 0f ~ 5 M ......coeciiiiiiiiiiiie e 691

Figure V-42: (a) Voltage profiles of the 1st charge/discharge for pristine Li,S/Co electrode at the
current density of 50 mA/g with the potential range of 4.0-2.5 V. (b) The comparison of
the first-cycle charge and discharge curves of LiFePO, electrode with and without the
Li,S/Co additive at 0.1 C in the potential range of 4.2-2.5 V. (c¢) Voltage profiles and
(d) cyclibility of a LiFePOj4 electrode with 4.8% LixS/Co additive ........coeevevienenenenienienincnens 692

Figure V-43: Structure and stability characterizations of the as-achieved Li3N flake and powder. a)
Survey and high-resolution N 1s XPS spectra of a LisN flake, indicating that the surface of
Li3N is oxidized/passivated during the synthesis. b) XRD result of a Li3N flake after
exposure to ambient conditions for 30 days. The main phase of the sample is still Li3N,
although LiOH and Li,CO3 are detected. This result indicates that the as-formed LizN has
good envirommental stabilty. ¢) Survey and high-resolution N 1s XPS spectra of the LisN
powder. The N peak in the survey almost disappers, suggesting the further oxidiation of
Li3N during the mechanical grinding. d) EDX spectrum of the LisN powder. The strong O
and weak N signals in survey XPS spectra, and the weak O and strong N signals in EDX
spectrum indicate that only the surface of the Li3N powder is oxidized, and the main
composition of the product is Li3N. e,f) SEM images of the Li3N powder for slurry casting
process, showing that the LisN powder consisits of secondary LisN particles. g,h) TEM
image (g) taken at the the edge area of a Li3N particle and HRTEM image (h) taken at the
area labelled by a rectangle in (g). 1) Oxygen K-edge EELS spectrum collected at the
yellow circle in (g). The TEM and EELS results confirm that the surface of the LisN
particles is passivated by a dense layer consisting of crystalline LiO and Li2COs........coeveeueenneenee 693

Figure V-44: Electrochemical properties of the as-prepared LisN electrodes. a,b) Charge potential
profile (a) and CVs (b) of a Li3N electrode prepared by a slurry manufacturing process. c,d)
Initial charge and discharge curves (c) and cycling (d) of LCO cathodes with and without
the addition of Li3N. e) The comparison of initial charge and discharge potential profiles of
NCM electrodes with and without the addition of Li3N. f) The initial charge and discharge
potential profiles of LFP electrodes with and without the Li3N additive. With the additive
of Li3N, the initial charge capacites of cathodes increase, indicating the lithium “donor”
effect of LizN. Stable cycling performances are achieved for the LCO electrodes with
various amounts of the Li3N additive. This result shows that the LisN additive has

negligible negative effect on the stability of the cathode materials ...........ccceevueevieeciiecieecieeieenne, 694
Figure V-45: Systematic approach to electrolyte development .............ccooeevieniinienienieneeeeeeee e 698
Figure V-46: Additives show synergies with differing solvent formulations............ccceceevverieniienienienieneenne 699
Figure V-47: Best performing high dielectric constant solvents were identified in EMC blends .................... 700
Figure V-48: Evaluation of best performing high dielectric constant solvents with a variety of low

VISCOSIEY SOLVEIILS ...eeuviiiiiieiiieiiieeiie et et e st e et eeesteeesteeesebeessseesssaesssaesnseeassaeassseessseesssessnsseensseensnes 700
Figure V-49: Carbonate-free formulations exceed performance of control electrolyte..........ccccvvevveerriereennnnne. 701
Figure V-50: Carbonate-free formulations achieve 300 cycles to 80% capacity retention...........cccceeeeueeeenees 702
Figure V-51: Room temperature cycle life improved with Wildcat formulations...........cccceeevervenieneeneennnnne. 703
Figure V-52: New formulations outperform control with 10% FEC .........ccccciiiiiiiiiiiieeeeceee e 703
Figure V-53: Capacity after high temperature Storage eXperiment...........ccoecevveeriveerveeriveesireenrreeereesveesseesenes 704
Figure V-54: Area specific impedance of formulations after 60 °C storage for two weeks ........cccceeceeveenneenee. 704
Figure V-55: Wildcat noncarbonate formulation demonstrates feasibility at higher voltage ..............c..c......... 705
Figure V-56: Low temperature performance of formulations............ccceceeieerieeiieiieeiieeieeieeie e eee e eee e 705
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Figure V-57: Wildcat pouch cells perform similarly to high throughput cells on Cycle 1........cccccveevenrennennee. 706

Figure V-58: Cycle life in Wildcat pouch cells is similar to high throughput cells..........ccccocevirvrveninnnnncns 706
Figure V-59: Electrolyte COMPONENT COSES.....uuiiiiriiiriiririirerieerteeeiieeieeeseteesreesseessseesseessseesssaesssaessseeessseensnes 707
Figure V-60: CV of Li,CuO; and Li,Cug sNip s0, cathode composition during 1% and 2nd cycle................... 711

Figure V-61: XRD patterns of cathodes taken from cells charged (and discharged) to different
endpoints during the first full cycle (charge to 4.3 V and discharge to 2.25 V). The top
trace is from a cathode that underwent one full charge/discharge cycle and was recharged

Figure V-62: (Top) TEM characterization of the pristine Li»Cug sNip.s02 sample. (a) A [010] zone axis
SAED pattern from a pristine particle (inset image). (b) STEM-HAADF lattice image from
the [010] zone axis. (¢) STEM-HAADF lattice image from the [001] zone axis. (Bottom)
STEM-HAADF images showing the change in particle morphology after charge-discharge
cycling. (d) pristine particles (e) particle after one charge-discharge cycle (f) particle after
100 charge-diSCharZe CYCIES .......ccuvieriiiiriieeiiecitectee ettt ettt te e et e etaeesbe e sbeesssaessseennseens 712

Figure V-63: TEM observation of a Li,Cuyg sNig 5O, particle after 1 cycle. (a) Low magnification
bright field image showing layered morphology. (b) A SAED pattern from the particle
showing different lattice spacings. (¢) HRTEM image showing the embedded LiNiO,
nanodomains highlighted by dashed red CirCles........ccoovviviiiiiriinieiietee e 713

Figure V-64: XANES of clusters at the (a) Cu K-edge and (b) Ni K-edge used to generate cluster
maps (c) and (d). Dashed lines in (a) and (b) show XANES of CuO and NiO for reference.
Absorption images at () 9115 eV after the Cu K-edge and (f) 8465 eV after the Ni K-edge.
Cu-rich particles are indicated With QITOWS.........cc.eecvieiiieiiieiiieiieie e 714

Figure V-65: Phase maps generated by linear combination fitting using the bulk XANES shown in the
previous figure. Phase maps are from XANES at the (a) Cu K-edge after one full
charge/discharge cycle. (b) Ni K-edge after one full charge/discharge cycle (¢) Cu K-edge
after 43 charge/discharge cycles and (d) Ni K-edge after 43 charge/discharge cycles.................... 714

Figure V-66: (a) Average (bulk) XANES at the Cu K-edge from a cell charged in situ. (b) Magnified
view of the absorption edge in (a). (c) Average (bulk) Cu K-edge XANES from an
uncycled cell and cell charged ex situ. (d) Phase maps from TXM-XANES data collected
in situ during charge at three different regions of the electrode. Phase maps were generated
by linear combination fitting using the bulk XANES shown in panel c. Transmission
images at 9115 eV are also SHOWI ......cc.iviiiiiiiieieciececeee e 715

Figure V-67: Comparison of the total electrochemical capacity extracted from Li,Cug sNigpsO> with the
capacity that can be attributed to the evolution of 0Xygen gas.........ccceceevveeeieeieeieecieeiecie e 715

Figure V-68: The electrochemical behavior of the SnyFe anode vs Li metal: (top) capacity over 500+
cycles. (bottom) capacity as a function of rate (the insert shows the voltage profile); charge
and discharge with the same current rate. The weight of active material is given at the top

181 1 USSR 720
Figure V-69: The capacity vs rate of (left) a Li//CuF; cell and (right) a Li//CuF2-VOPOy4 cell ....................... 721
Figure V-70: Electrochemical cycling of FeF2 and Cu0.5Fe0.5F2 vs Li metal using the PEO solid

<] 111 1 4 <O SSS 721
Figure V-71: Cycling capacity of a LiVOPOj electrode as a function of ball-milling time in hours and

rate of charge/discharge: (left) C/50. (right) C/20.......cceeviieiiieiieiieie et 722
Figure V-72: Cycling behavior (left) and rate capability (right) of a LiVOPO4 electrode..........ccceevereennnee. 722
Figure V-73: (left) First cycle of the individual electrodes vs Li metal, and of the full cell, and (right)

charge and discharge curves for the first 10 cycles of a lithiated Sn-Fe//VOPO4 cell..................... 723

Figure V-74: (a, d) Initial charge/discharge profiles, (b, e) discharge capacity vs. cycle number, and (c,
f) capacity retention vs. cycle number of different NMC cathode materials at C/10 in the
voltage range of (a-¢) 2.7~4.5 V and (d-1) 2.7~4.8 V. corerriiiee ettt 726

Figure V-75: (a-c) Crystal structure of pristine NMC333 cathode. (a) High-angle annular dark-field
(HAADF) Z-contrast image. (b) STEM image and (c) atomic model showing the layered
structure viewed down the [100] zone axis. (d-h) Crystal structure of NMC333 particle
after 100 cycles in the range of 2.0~4.8 V at C/10. (d, ¢) HAADF Z-contrast image and
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STEM images showing significant microcracks and lattice expansion in the cycled particle.
(f) Intensity plot along the yellow dashed line shown in (e). (g) STEM image showing the
disordered rock-salt phase formation at the surface region of the cycled particles. (h)
Atomic model of the Fm-3m disordered rock-salt phase in [110] zone projection. (i-k)
Crystal structure of pristine NMC442 cathode. (i) HAADF Z-contrast image. (j, k) STEM
images showing the layered structure at the surface terminated with (j) a transition metal
(TM) layer and (k) a mix of cations and anions viewed down the [100] zone axis. (I-n)
Crystal structure of NMC442 after 100 cycles in the range of 2.0~4.8 V at C/10. (1)
HAADF Z-contrast image. (m, n) STEM images showing disordered rock-salt phase
formation at the surface region of cycled particle. (0-q) Crystal structure of another cycled
NMC442 particle (after 100 cycles in the range 0f 2.0~4.8 V at C/10) ...ccueevvvevrieviieciieiieieeieeiene 726

Figure V-76: (a) Initial charge/discharge profiles at C/10, (b) cycling performance, and (c) average
discharge voltage of the LiNig.76Mno.14C00.1002 cathodes prepared at different calcination
temperatures at C/3 after 3 formation cycles at C/10 over the voltage range of 2.7~4.5 V.
(d) Rate performance and (e) high temperature (60°C) performance of
LiNig 76Mny.14C00.1002 cathodes prepared at different calcination temperatures. (a-¢)
Electrode loading is about 4 mg active material per cm?. (f) Performance of thick
LiNig 76Mng.14C00.100> cathode prepared at the optimal condition of 750°C. Thick electrode
loading is ~12 mg active material PEr CIN% .............ccovvivreeeereeeceeeeeeee e n e 728

Figure V-77: (a-k) Cross-sectional SEM images of LiNig.76Mng.14C09.1002 cathodes prepared at

different calcination temperatures ranging from 725 to 900°C (a-f) before and (g-k) after

200 cycles at C/3 after 3 formation cycles at C/10. (I-p) Nyquist plots of

LiNig 76Mny.14C00.100> cathodes prepared at different calcination temperatures in the

charged state of 4.3 V during cycling. (1) 1* cycle; (m) 3™ cycle; (n) 10" cycle; (o) 30™

CYCIE; (D) SOT CYCIE ...t en e aeenas 729
Figure V-78: (a) Initial charge/discharge profiles at C/10, (b) cycling performance, and (c) capacity

retention after 100 cycles of the LiNig sMno.22C00.1002 cathodes prepared at different

calcination temperatures at C/3 after 3 formation cycles at C/10 over the voltage range of

2.7~4.5 V. Electrode loading is about 4 mg active material per cm?..............cccovveveeeeeerereeeennnns 729

Figure V-79: (a) Initial charge/discharge profiles and (b) cycling performance of different NMC
cathodes at C/3 after 3 formation cycles at C/10 in the voltage range of 2.7~4.5 V. (c, d)
Charge/discharge profile evolution of (¢) LiNigssMno.22C00.1002 and (d)
LiNi0,76Mn0‘14C00,1002. (e) Cycling performance of LiNi0,76Mn0,14C00,1002 with different
charge-cutoff voltages at C/3 after 3 formation cycles at C/10. (f) Charge/discharge profiles
of LiNig 76Mng 14C00.1002 with different charge-cutoff voltages at C/10 .........ccceeeevievieecieenneenen. 730

Figure V-80: Setup for In situ hydrothermal/solvothermal synthesis. (a) Illustration of a micro-reactor
for t and T-resolved X-ray measurements. (b) Photograph of an autoclave-based reactor
system, equipped with multiple gauges/meters for monitoring T, P, PH values online.................. 735

Figure V-81: Evolution of the temperature (T; red) and pressure (P; blue) during hydrothermal
synthesis (a), and in the ethylene glycol (EG) solvent during solvothermal synthesis (b).............. 735

Figure V-82: Structural evolution in the intermediates with temperature during solid-state synthesis of
Ni-rich layered oxides. (a) TGA curves of the precursors for synthesizing LiNiO; in O;
flow (black line), LiNig$C00.202 in O3 flow (red), LiNipsCo00202 in the air (blue). (b) XRD
patterns of LiNig gCo020; prepared at different sintering temperatures in Oz flow ..........cccecueeee 736

Figure V-83: Real time tracking of structural evolution in the intermediates during solid-state
synthesis of Ni-rich layered oxides in O flow. (a) In situ XRD patterns recorded during
synthesis of LiNig3Co0020:. (b) Evolution of the intensity of (003) and (104) reflections and
the ratio of the two, R =I(003)/I(104) ......ccoriririeiinieieieteneeecree et 737

Figure V-84: Evolution of the involved phases, and structural ordering of LiNig3Co0020> with

temperature during heat treatment in O, flow. a) Concentration of the involved phases,

Ni(Co)O, Li,COs3, and LiNip.8C00.20>. b) Lithium occupancy at 3b sites (Li sites). ¢) Ni-O

and Li—O bond lengths. Lines were used as a guide to the €ye........ccoevviviieiieciieciiciecieeieeeee 737
Figure V-85: Structural evolution of LiNig3Co20, with time during sintering at 800°C in O, flow. (a)

TGA curve during heat treatment, and SEM images from the samples after 5 min, 5 h and

10 h heat treatment (inset). (b) NPD patterns with Rietveld refinements from the samples
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prepared with different sintering time. The peaks associated with residual Li,CO3 were
indicated by green arrows (bottom Panel)........c.cecveecuieiiieriieiiieiieie et 738

Figure V-86: Structural analysis of LiNig3Co020, powder synthesized under optimized conditions (at
800 °C in O3 flow for 5 h), via synchrotron X-ray diffraction, in comparison to the
calculated patterns by Rietveld refInement ...........coeeveviiriiiiiniieneseeeeeeeeee e 738

Figure V-87: Local structural/chemical analysis of individual LiNip8Co0020> particles. (a) A bright-
field TEM image showing the typical morphology of LiNiggCo0.0; particles, and the
single-crystalline layered structure identified by selected area electron diffraction (from the
whole particle; inset). (b) A HRTEM image obtained from the local region marked by
black box in (a). (c, d) Fast Flourier transformation (FFT) patterns obtained from two local
areas marked by red and yellow boxes in (b), indicating the different structure of surface
area (rock-salt) than that of the bulk (layered). (¢) EELS spectra of O K-edge recorded
along the blue line in (a). The spectra generated from the surface region were drawn in
black color, while the ones from the bulk region in blue color, showing formation of a thin
layer of surface rock Salt (~ 2 NIM) .....ociiiiiiiiiiieiecececee ettt esaaeseeeens 739

Figure V-88: Electrochemical performance of LiNiO, and LiNipgCo¢20> synthesized under different
conditions. (a) Voltage profiles of LiNig3Co020> during charge/discharge at 0.1 C in the
voltage range of 2.7-4.3 V (sample: LiNip3Co020> -800-0,-5h, synthesized in O, at 800
°C for 5 h). (b) Cycling performance of the three samples, LiNiO, -750-O,-5h,
LiNip8C00.202 -800-O2-5h, and LiNip8C00202-900-A-20 h at 0.1 C in the voltage range of
2.7-4.3 V, along with the performance of LiNip3C0202-800-O; -5 h in the voltage range
of 2.7-4.6 V, demonstrating achievable higher capacity in the extended voltage range ................ 739

Figure V-89: Schematic illustration of the phase evolution and cationic ordering of the intermediates
towards the final LiNig3Co0.20; as a function of temperature (top), and the corresponding
Li and Ni(Co) slab distances (bottom) during heat treatment ...........cccccevveeveereenienreenieeneeneeneene 740

Figure V-90: In—situ tracking structural evolution of the intermediates during solid—state synthesis of
LiNig7C00.15Mnyg 1502 (NCM71515). (a) Time—resolved in—situ high-energy XRD
(HEXRD) patterns recorded at 800 °C. (b) Contour plots in the selected angle regions
containing (003), (104), (018), (110) refleCtions..........cceecieriereerieerieeieesie e e e esve e eve e ene 741

Figure V-91: (a) X-ray diffraction patterns of targeted LLS compositions, (b) Electrochemical
properties of a 0.25Li,MnO3¢0.75LiMng 375Nig.375C00.2502 cathode with a 7.5% targeted
spinel content (activation: 4.6-2.0 V, subsequent cycles: 4.45-2.5 V), (c) SEM image of
LLS powders from a ~0.5 kg scaled batch of metal hydroxide precursors..........ccceceevverevereennenne. 745

Figure V-92: (a) First-cycle voltage profiles of LiCoOs (black), 0.95LiC00,20.05Li;.1Mn;.904 (red),
and 0.90LiC00,°0.10Li;.1Mn; 904 (blue), (b) corresponding capacity vs. cycle data (4.6-2.0
V, 15 mA/g), (¢) 0.95LiC00,+0.05Li;.1Mn;.904 coated with ~0.5nm AIWFy cycled
between 4.5-3.0 V. (All data vs. Li/Li" at 30°C, 15 mA/g). Inset shows dQ/dV plots of
cycles 1 (black) and 50 (red). Stars indicate phase transitions in LCO...........cccoeeveevieeiiencieneennnnne. 746

Figure V-93: (a) X-ray diffraction patterns of a 0.25Li,MnQ3°0.75LiMny 375Nig375C00.2502 LL
material (0% spinel) with targeted spinel contents of 13% and 26%. Green bars along the
bottom show calculated spinel peaks (Fd-3m symmetry). (b) Enlarged view of the 20 = 20-
38° region showing the formation of spinel-type phases. (c) dQ/dV plots of the 13% spinel
LLS electrode during 50 cycles at 4.45-2.5 V (Li half-cells, 15 mA-g’!, room temperature)......... 746

Figure V-94: Low (a) and high (b) magnification SEM images of lithiated LLS cathode powders
produced at Argonne’s Materials Engineering Research facility (MERF). Particles deliver
~205 mAh/g between 4.45-2.50 V (15 mA/g, 30 °C) after a 1¥-cycle formation between
4.6-2.0 V (N0 SMOWI) ..uviiiiiiiiiiieiie ettt ettt e et e eir e e st e e sereesebeeesbeeeseaeestseeseseessseessseeensseensns 747

Figure V-95: a) Ternary diagram showing NMC compositions investigated. b) First-cycle efficiency
as a function of Li loading compared to the baseline loading (0 on the x axis). ¢) First-cycle
discharge capacity at varied Li loadings for the NMC materials studied............ccceevveevierciervennnnne. 747

Figure V-96: Ternary contour plot of capacity retention (red=high, blue=low) over the NMC
compositions studied. The numbers in the ternary plots denote the reduction of lithium
loading form the baseline Li/NMC during SYNthesis ...........ccccverviiriieeriieerie e e esveesreesvee s 748
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Figure V-97: Depending on borate content, borate can improve 1st cycle irreversible loss, cycling
efficiency, and/or capacity retention (after 50 CYCIES) ...ocviviiriiiiieiieieeieeeeeecee e

Figure V-98: Raman spectroscopy of lithium copper phosphate vanadate glasses with different
amounts of borate (0%, 10%, and 15%0).....ccueiiieriieeiiecee ettt

Figure V-99: The first & second discharges of lithium antimony phosphate vanadate and lithium
antimony borate vanadate ZlasSEs .........ccciiriieririeriiieeriieeiieesee e erreesreesreesbaesreeeseeetaeeereenenae s

Figure V-100: The capacity retention (after 50 cycles) and 1st cycle irreversible loss of Na,Li.-
)CU(SOP-50V) GLASSES ...eutieuieeieiieeie ettt ettt st sttt st esate st esatesatesseesaeesaeesaeesaeesaeesaeesaeennes

Figure V-101: a) In situ X-ray diffraction patterns for NMC-622 undergoing charge and discharge in a
lithium half cell at C/10 rate; b) lattice constant changes as a function of state-of-charge; c)
cell volume changes as a function of state-0f-Charge............ccecveeieviieiieciieiecececece e

Figure V-102: Soft XAS spectra of pristine NMC-622 powder taken in three modes a) Mn L-edge,
b) Co L-edge, ¢) Ni L-edge, d) O K-edge, and e) deconvoluted FY and TEY O K-edge data
with assignments and reference SAMPIES............cccvieiriiieiiieerie ettt eeesreesreesereeenes

Figure V-103: a) Soft XAS data in TEY and FY modes on NMC-622 electrodes as a function of state-
of-charge shown in b; ¢) Co L-edge peak positions as a function of state-of-charge and; d)
Ni L-edge peak positions as function of state-0f-Charge............cceecvevverienienienieneeeeeee e

Figure V-104: a) O K-edge data on NMC-622 electrodes as a function of state-of-charge (solid
line=TEY mode, dashed line-FY mode); b) integrated intensities of lower energy region
PAKS ..ttt ettt e et e et e e ta e ert e taeeabeerbeetbeetbeetaeerbeerbeesaeetaeeseeesbeenseenseenseensean

Figure V-105: a) EELS data from surface to the bulk on NMC-622 electrodes cycled 50 times
between 4.7-2.5V.; b) integrated peak intensity of O pre-edge in the lower energy region as
a function of EELS scanning depth; ¢) Soft XAS spectra of electrodes in the discharged
state collected after 1 and 50 cycles (black= 1 cycle, TEY mode, red=1 cycle FY mode,
green=50 cycles TEY mode, blue=50 cycles FY mode) and; d) and ¢) STEM images of
NMC-622 particles after 50 cycles. White arrows show lithium channels ...........ccocceveviveieriennns

Figure V-106: Elemental association maps of NMC-622 particles prepared by spray pyrolysis,

showing considerably heterogeneity of the particles (surfaces are Ni poor). Results were

obtained using a synchrotron transmission X-ray microscopy teChnique............cceeeveevververeernnenne.
Figure V-107: (left) Polymer membrane immersion test in the LiNO3-KNOjs nitrate electrolyte at 124

°C, (right) Photographs of the polymer membranes after the electrolyte soaking tests..................
Figure V-108: (a) Li-plating voltage curves of Li/Au/LLZO/Au/Li symmetric cells at 0.1 and 0.5 mA

cm. (b) Cross-sectional photograph of LLZO after short-circuit (left) and the

corresponding SEM image for the dark part (tight) ..........ccooeerieniiiieniie e
Figure V-109: Reversible charge / discharge voltage curves of Li/Au/LLZO/Au/Li symmetric cell at a

current density 0of 0.1 MA ¢mM™? aNd 50 OC..........covuimiveeeeeeeeeeeeeeeeeeeeeee e
Figure V-110: (a) XRD patterns of LLZT with different amounts of LiF, (b) The impedance plots of

LLZT and LLZT-2LiF with ion-blocking Au electrodes, (c) C 1s spectrum of LLZT and

LLZT-2LiF, (d) The impedance plots of LLZT and LLZT-2LiF with Li electrodes, the

pellets thickness and surface area are 0.12 cm and 0.69 cm 2, respectively ...........cococveeereerenenn.

Figure V-111: (a) HR-TEM and (b) STEM-HAADF images of LiCog9Nig.102 (600 °C) showing
atomically integrated ‘layered-spinel’ nano-composite Crystals ..........ccocercveriierieniieniienienieeeenne

Figure V-112: (a) XRD patterns, (b) normalized discharge profiles, and (c) differential capacity plots
of LiCo1-xNixO2 materials synthesized at 700 C.........ccoccerviieiiiiiiiieeieeie et

Figure V-113: (a) Normalized 1** discharge profile of Li[C0¢9Nig0sMng0s]O2 synthesized at various
temperatures between 500 and 900 °C, (b-d) differential capacity plots of a Li[Co;.
2xNixMny]O; electrode (x=0.025; 0.05; 0.10) prepared at 900 °C........ceeceevierierceenieneeneeeeeeene

Figure V-114: (a) XRD patterns, (b) initial voltage profiles, (c) relative capacity retention, and (d)
cycle performance comparison of xLix-MnOs¢(1-x)LiCo1.yNiyO; electrode materials
SYNthESIZEA At GO0 C ........ccuiieeiieiieeeiee ettt et e et eeteeeteeesteeesbe e sseessseesssaessseeanseeansseensseenssenns

Figure V-115: (a) Synchrotron X-ray diffraction patterns, (b) the 1st cycle voltage profiles, (c) dq/dV
plots, and (d) cycling performances of the as-produced LiNiO,. Cells were cycled between
4.3 and 2.7 V at C/10, capacity at 1 C was defined as 180 MAI/Z ......cccecveviievieciiecieieeieceeee,
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Figure V-116: Soft XAS spectra for the three pristine LiNiO, samples. (a) Ni L3-edge spectra from
three detection modes with different probing depths (AEY: 1 -2 nm; TEY: 2 - 5 nm; FY: ~
50 nm). Note: all the spectra are normalized with respect to the low energy Ni L3-edge. (b)
L3nigh/L31ow ratios of all three samples at different modes shown in (a) = (€) .eovevvevveevenenenenennns 782

Figure V-117: SXRD of LiNiO at (a) 4.3 V charge states, and (b) 2.7 V discharge states for the
selected cycles. Diffraction peaks related to Al current collectors and H3 phases are
highlighted by black and green dash lines, reSpeCtively ........cccveviiiviiiciieciieiicieeee e 782

Figure V-118: (a) XANES, (b) XANES derivative plots for selected states, and Fourier transform
radial distribution function for the Ni K-edge EXAFS at (c) charge, and (d) discharge states....... 783

Figure V-119: Soft XAS spectra of Ni L3-edge at: (a) pristine state, (b) 1st charge, (c) 2nd charge,
(d) 10th charge, (e) 45th charge, (f) 1st discharge, (g) 2nd discharge, (h) 10th discharge,
(1) 45th discharge. The dash lines provide guidance for comparison of Ni L3-edge between
the 15t CYCle and [ater CYCIES ....uiiiiiriieitieiietiee ettt et e s e steesaaesaeees 784

Figure V-120: (a) X-ray diffraction patterns, (b) the 1st cycle voltage profiles, and (c) selected 1st
cycle dQ/dV plots, (d) cycling performance of LizNi;xCuxO2(x =0, 0.2, 0.4, 0.6) solid
solutions. Cells were cycled at 12 mA/g between 4.6 and 1.5V ....cccovviieviiiiciiiciieeeeeeee e, 785

Figure V-121: Ex situ XRD patterns of Li>NiggCug 202 electrodes at (a) pristine state, (b) 3.8 V
charge, (c) 4.6 V charge, (d) 2.6 V discharge, and (e) 1.5 V discharge, respectively. Dash
lines represent Li+5CuO> phases (0 < 6 < 0.5). NiO, Li,0, and Li>COj3 are indicated by
solid circles, open circles, and open squares, 1eSPeCtiVely.......coevvieviieriiecieeiiieieciece e 785

Figure V-122: a) SAED pattern collected on a S-Poly crystal, b) contrast image taken with one of the
reflections shown in green in Figure a, ¢) high-resolution HAADF STEM image collected
on the crystal sample and d) EELS data collected from the surface-to-bulk region shown in
the HAADF image in Figure c, with the expanded views shown on the left............cccccoeereirnnenne. 789

Figure V-123: a) Mn, b) Co and c¢) Ni L-edge soft XAS spectra collected on recovered separators and
the pristine electrodes, d) Co low/high L3 peak ratio determined from the soft XAS spectra
(AEY, TEY and FY modes ) of the crystals recovered after 45 cycles, €) TM concentration
in the electrolytes recovered after 45 cycles, and f) capacity retention of the various

Li; 2Nio.13Mng 54C00.1302 half-cells cycled between 2.5 and 4.6 V at 20 mA/g.......cccceeveecveeveennnnee. 790
Figure V-124: a) XRD patterns of the crystals synthesized under different conditions and b) SEM
1MAZE Of the 3 ©C/3 OC SAMPIC......eiiuiiieiieiiieiiieieeiecte ettt ettt e s ebeerbeebeeaseenseeanenns 791

Figure V-125: a) Galvanostatic charge-discharge profiles of the crystal electrodes: a) 3 °C/3 °C, b) 3

°C/15 °C, ¢) 3 °C/Q and d) 15 °C/3 °C, e) discharge capacities and f) capacity retention of

the cells, and g) Soft XAS TEY spectra of Mn and Co L3-edges before and after 45 cycles......... 792
Figure V-126: a) XRD patterns of the synthesized LiMxV 1.x)PO4F samples, b) first-cycle voltage

profiles during galvanostatic charge-discharge at 16 mA/g, and c) long-term cycling

performance of the LiMxV(1.PO4F cathodes. * indicates peaks from the Li3V2(PO4); phase....... 793

Figure V-127: Fluorescence spectra of model NMC-111 electrode after two cycles, and reference
spectra of Mn(II) and Mn(IIT)(acac) complexes (a), X-ray absorption spectra of graphite

anodes from NMC/graphite coin cells cycled 850 times (D-d)........cccevvivreriieriieniierieciee e 799
Figure V-128: EELS spectra and STEM images of cycled NMC electrode in three 1M LiPF6-based
] 111 01 ) <SSR 800

Figure V-129: llustration of the SEI layer structure and chemical composition (A), ex situ ATR-FTIR
spectrum (B), and SINS spectra of the Si(111) electrode after the initial cathodic scan to
1.5 and 0.5 V in 1M LiPF6 + 2% LiBOB, EC:DMC (1:1 wt) electrolyte ..........ccccevvevverierrennnnne. 801

Figure V-130: Effect of Fe substitution on the structural evolution and oxygen release during heating
the charged samples of LiNig s.xMn; s.xFeaxO4 (2x=0, 0.2, 0.33). The left panel is the in situ
MS data for oxygen and the right three panels are the in situ XRD data for LiNig s.xMn; s.
«Feax04 (2x=0, 0.2, 0.33). X.-Q. Yang et. al. Adv. Energy Mater., (December 2015), DOLI:
10.1002/28NM.20150T662)....c..ciuiimiiiiieiieiieiente ettt ettt ettt sttt s be et et et s be e neens 807

Figure V-131: The reconstructed 3D TXM image of a particle cluster of fully concentration gradient
LiNipsMng2Co020, sample (left panel) with the color legend indicating the elemental
distribution over the investigated 3D volume. By regrouping the voxels as a function of the
shortest distance from the corresponding voxel to the outer surface, we plot the normalized
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elemental concentration versus the voxel depth. As shown in the right panel, the different
slopes in the concentration gradient were clearly observed. It worth to mention that the
elemental concentration over tens of millions of voxels were retrieved in this experiment,
which provides good statistic of the depth profile as indicated by the color band in right

Figure V-132: In situ XRD of NMC during the first charge. Contour plot of the 003 diffraction peak of
Li;«xNi13Co13Mni302 with increasing x between x = 0 and x = 0.7 during the first charge
process at different C rates (0.1 C, 1 C, 10 C, 30 C, 60 C). Data were collected at X14A at
NSLS with a wavelength of 0.7747 A.......c.ovoooeeeeeeeeeeeeeeeeeeee et 809

Figure V-133: In situ Quick XAS of NMC during the first charge. The x-ray absorption near edge
spectroscopy (XANES) results of NMC at (a) Ni, (b) Co and (¢) Mn K-edges during 30C
charge, respectively. (d) The Ni K-edge energy shift as a function of nominal lithium
content x in NMC during initial charge process at the current rates of 1C, 10C and 30C .............. 809

Figure V-134: Structure of half charged NMC at 30C rate. a) Typical HAADF image taken along the
[110] zone axis of the NMC electrode after 55 s charging at the current rate of 30C. b,c)
The zoom-in image of the areas marked with orange and pink squares, respectively. d)
Corresponding ABF images of NMC electrode after 55 s charging. e,f) The zoom-in image
of the areas marked with orange and pink squares, respectively. The blue and green dots
indicate the TM ions and Li 10nS, T€SPECHIVELY ...c.veeviiiiiiieiieiieieeie et 810

Figure V-135: Coin cells cycled using (A) *C3 EC (B) '3C; EC and (C) *C3 DMC labelled
electrolytes. '3C spectra were acquired with (i) a Hahn echo (HEcho) (ii)'H-*C CP and (iii)

TLA-T3C CP oo 816
Figure V-136: Discharge capacity of Si as a function of cycle nUmMDbEer ...........cccoecvieiieiieiieiieieeeeie e 816
Figure V-137: 1*C, "Li and '°F NMR of electrode samples prepared with 1*C (a) EC (blue) and (b)

DMC (purple) labeled electrolytes following CYCING..........ccocvereiieeriieerirerieecieeeiee et 817

Figure V-138: Schematic showing microscale processes: electrode pore structure becomes more dense
with cycling, restricting Li" diffusion to surface regions near the separator and to surface
regions of large pores. The FIB/SEM electrode cross sections show the increasing density
Of the eleCtrode POTE SIIUCTUIE ........eeevieitieeiieetiecie ettt ete e eteebeeteebeeteseaeesaeeseesseessaesseesseessaessnennes 817

Figure V-139: Proposed FEC/VC reduction products and possible structure for crosslinking site of

POLT(VC) ettt ettt ettt ettt e e et e et e e et e eabeesbeesbeessesssassbesssesssesssesssasssesnsesssenssenssenns 818
Figure V-140: C1s XPS spectra (a, b), 'H-'*C CP dipolar dephasing ssNMR (c, d, MAS = 10 kHz),

and Li single pulse ssNMR (e, f, MAS = 60 kHz) of FEC (red) and VC (blue) precipitates

obtained after reduction with deuterated naphthalene. In ¢ and d, asterisks indicate spinning

sidebands and crosses represent deuterated naphthalene .............ccoccverienienienienienceneeeee 818
Figure V-141: F1s XPS spectrum (a) and '°F Hahn echo ssNMR (b) of FEC precipitates after
reduction with deuterated naphthalene.............ccceceiiiiiiiiiiiiniiiceee e 819

Figure V-142: MRI time series showing the evolution of the "Li electrolyte concentration profile (top)
and the "Li chemical shift image of the metal (bottom) for the cell charged at 0.76 mA cm’
2. The two Li metal electrodes are located at z-positions of approximately, £4 mm. The
intensity increase on the right hand side (RHS) electrode, seen on passing current indicates
the growth of Li microstructure. The onset of dendrite formation is seen in (c) (18.6 hours) ........ 819

Figure V-143: (a) Dendrite intensity and (b) electrolyte depletion near the RHS Li electrode as a
function of current (for 0.31 cm! electrodes). Arbitrary offsets have been applied to the

data N the ¥ dITECHION ......viiiiieeiie ettt et e st e sebaeseseeestaeessseessseessseesnsseensseesnes 820
Figure V-144: Comparison between the Sand’s time and onset of dendrite formation/electrolyte

1415 o) (5 T 1 DTSSR 820
Figure V-145: Differential capacity vs. voltage plots of the NaysMni.yMg,O; (y = 0.0, 0.05, 0.1)

COTMPOSIEIONS ..vveereeiieeeteetieettesetesttesetesttesetesttesseesatesatesbeesseesaeesseesseesseesseesaeesseesseesseesseenseesaeesneessnennes 821

Figure V-146: Ex situ 2*Na MAS ssNMR spectra collected on cells stopped at different points along
the first electrochemical charge/discharge cycle of NaysMn;yMgyO,, where y = 0.0, 0.05,
0.1 for (a), (b), and (c), respectively. Spectra are scaled according to the number of scans
collected during the experiment, the amount of sample in the rotor, and the NMR signal
decay obtained from T, relaxation time measurements. Hashes indicate samples for which
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a lack of experimental data prevent proper scaling of the spectrum. Asterisks indicate
SPINNING SIACDANGS ...eevvviiiiiiiciieciieciect ettt e st e e s bestbesabessbeesbessseesseensesseesseessnennes 822

Figure V-147: a) Oxygen position from refinement results, b) DFT results of the evolution of the
lattice parameters and c) oxygen position with and without oxygen vacancy ..........ccoccceeereernenne. 828

Figure V-148: (a) First cycle voltage profile of NMC 442 and Li-rich, where the voltage range is 2.0 —

4.8V, at C/20 =12.5 mA g'. Soft XAS results (TEY mode) at various states of charge in

the first cycle of O K-edge (b) NMC442 and (c) Li-rich NMC. (d) Comparison of O 3d/4sp

band intensity ratios between NMC442 and Li-rich NMC ..........cccooviiiiiniinienieieieeeeie e 829
Figure V-149: (up) First cycle voltage profile of Li-rich material, where the voltage range is 2.0 — 4.8

V, at C/20 = 12.5 mA g!. (down) Ni 3p, Mn 3p and O 1s XPS spectra at various

charge/discharge states in the firSt CYCIE ... ..ocviiiciiiiiiiiieieeeee e 830
Figure V-150: STEM/ABF images of (a) uncoated Li-rich material and (b) 1wt% LLTO coated Li-

rich. (¢) EELS spectra of 1wt% LLTO coated Li-rich at different regions. (d) Comparison

of capacity and coulombic efficiency for uncoated and LLTO coated Li-rich over the

COUTSE OF 190 CYCIES .ttt ettt ettt ettt e et e st e steesaeesbeesbeesbeesbaesseeseesnaessnennes 831
Figure V-151: ADF-STEM images of the Si in conventional electrolyte (a) after 1 cycle, (b) after 5

cycles, (c) after 100 cycles and the Si in electrolyte containing FEC, (d) after 1 cycle, (¢)

after 5 cycles and () after 100 CYCIES ....oouviruiiriiiieiieeeeee e 832
Figure V-152: (a) BF-TEM image of the partially lithiated Si and color-code (insert), (b)

corresponding orientation map, (c) strain map from a partially lithiated grain............cccecceveeeneenne. 832
Figure V-153: Cycling performance of Si coated compared to the bare Si........ccocovevevvienenininiienencneeiennns 833

Figure V-154: (a) General illustration of the electrochemical half-cell used in our SFG measurements.
(b) The layered amorphous Si anode and its copper current collectors deposited
sequentially on a CaF2 window. By depositing the copper rings and amorphous Si directly
on the CaF2 window we enable the visible and IR beams to propagate through the window
and through the a-Si anode reaching the a-Si / electrolyte interface. The SFG signal then
propagates upwards (back reflection). This design also ensures good electrical conductivity ....... 837

Figure V-155: We present the reorientation effect of FEC on EC at open circuit potentials as probed
by SFG. Left — SFG at the midIR, EC (black curve) has a two peak profile (2980 cm-1 and
3050 cm-1) the addition of FEC at 9:1 (w/w) ratio yields a new strong peak at 2920 cm-1
with a shoulder at 2880 cm-1. Right — SFG at the farIR, EC solution shows a peak at 1820
cm-1 and one at 1780 cm-1. Upon adding FEC a more organized crystalline-like EC
surface arrangement takes place as evident by the increase of the 1780 cm-1 peak.
However, above 7:3 (w/w) ratio the ordered EC interface becomes disordered as the SFG
PIOTIIE DIOAACNS. .....eieiiieiieieeie ettt sttt eetesaaeseaessaessaessaeesseensesnsesnnenes 838

Figure V-156: We show the evolution of SFG (ssp) signal associated with EC:FEC (9:1, w/w) in
contact with a-Si (s-CH2) vibrations under reaction conditions by dividing the SFG spectra
by their former POtENTIALS ........cciviiiiiiiiie ettt ettt e steeeseaeetre e sreessseessseesnsaeanes 839

Figure V-157: Correlation of STEM imaging of structure, EDS mapping of chemical composition and
electrochemical property measurement help to identify the effect of Al,O3 coating effect
for improved battery PerfOrMANCE..........ccueriirierieiierierterte ettt ettt st e e s ees 842

Figure V-158: STEM-HAADF image revealing the distinctive surface plane selective segregation of
Ni and Co in Li-Mn-rich oxide cathodes. Ni exclusively segregates on the (200) type
planes and forming a layer of spinel structure, while Co has a strong preference to
segregate on (20-2)m plane with minimal on other planes and forms rock salt structure............... 842

Figure V-159: STEM bright field image showing the formation of SEI layer on Pt electrode (left
image), the schematic drawing to illustrate the in situ liquid SIMS device for probing the
SEI layer (middle), and the schematic drawing to illustrate the SEI layer chemistry at the
electrode as captured based on in situ liquid SIMS.........cciiiiiiiiiiiiieeeeeeee e 843

Figure V-160: Modeling of LL and LS Structures: Atomic structure in computational unit cell for the
LS 0.4Li,Mn0O3+0.6LiCo0O; system shortly before the onset of the voltage plateau (a, top)
and towards the end of the plateau (a, bottom). (b) Density of O-O pairs with bond lengths
less than 1.7 A as a function of simulation time for delithiated LL (red) and LS (blue)
SETUCTUTES ...ttt eiteeette et e e tte ettt ettt e et e et eeeateeeateeeaee e sseeesseesaseesaseeanseeansseensseesnseesnseesnneeenseennseesnseenn 847
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Figure V-161: Characterization of Li;.,MnQj3_s LS Structures: (a and b) Laboratory XRD of Li,-
MnOs.5 powder samples; (c¢) high-resolution synchrotron XRD spectrum of a structurally-
integrated LS Li».,MnOs3.5 (z=1.0) sample; and (d) corresponding HRTEM electron
QITTACTION IMAZE ....eeveetieiieieeie ettt ete et ettt e te et e eteeteeateesteesaeestessaesaeesseessaesseesseesseesseessnensnenses 848

Figure V-162: Onset of “Spinel” Signatures in LLS Compositions: (a) Nominal (open symbols) and
ICP-measured (closed symbols) compositions of Lij 25-,(Nio.28Mno 53C00.19)Oy layered-
layered-spinel, cathode powders, and (b) XRD patterns of the samples in (a) as a function
of targeted SPINEl CONTENE, X ...eoiiiriiiiieiieiiesiieee ettt et st e st esaeesaeesaeenes 849

Figure V-163: X-ray Characterization of Model Systems: (a) HR-XRD patterns of Li; 2 Tig4Cro402;

and (b),(c) in situ Cr- and Ti K-edge XANES data. Insets in (b) and (c) show magnified

VIEWS Of 1eSPECtIVE PIe-€dZE TEZIONS ..eouvieiieiieiieiieiieieeteeteeteeteeteeteeteeseeseensesnsesnsesnsesssesssenns 850
Figure V-164: (a) Relaxation behavior of Li-S cells previous discharged at different C-rates, which

were recorded after the cells reached end of discharge. (b) Relaxation behavior at different

C-rates of a Li-S cell which has been previously discharged to 1.5 V ata C/10 rate ..................... 855
Figure V-165: (a) In (Eoc-Ess) vs. Time (s); (b) plot of linear region of curves in (b) with fitting line;
(c) extracted slopes of fitting lines at different C-rates..........ccceocvvevieeriiieeiieeie e 855

Figure V-166: (a) Concentration dependent conductivity of two different polysulfide solutions, Li>S¢
and Li,Sg. (b) Concentration dependent conductivity of LiTFSI salt in 1:1 DOL/DME

solvent compared with publiShed reSUILS ........cceeiiiiiiiiiieiieieee e 856
Figure V-167: Conductivity of the LiTFSI salt dissolved in 1:1 DOL/DME solvent combined with
different amounts of polysulfide (Li2Sg) SOIUHION ......eevvieiieiiieiieiieie et 856

Figure V-168: (a) Nyquist plot to estimate the impedance before and after potentiostatic polarization
for two different concentrations of LiTFSI salt. (b) Current profile during potentiostatic
polarization at 10 mV for 0.2 M and 1.0 M LiTFSI salt concentrations. (¢) Transference
number of lithium ions extracted using the Bruce-Vincent method............cccoevvevieiieiiiiecieenne, 857

Figure V-169: (a) Concentration-dependent diffusivity of Li* from LiTFSI salt dissolved in 1:1
DOL/DME solvent. (b) Concentration-dependent diffusivity of polysulfide anions in two
different types of polysulfide salts (Li2Se and Li»Sg) dissolved in 1:1 DOL/DME solvent ............ 857

Figure V-170: (a) Experimentally-obtained performance curves for lithium-sulfur cells discharged at
different C-rates. (b) Comparison between experimental results and computational
predictions at tWo dIfferent C-TateS.......cueviirierieiieriierieerieeie ettt ettt eteeteetesaeesnneeaee e 858

Figure V-171: Comparison of results for a 3C discharge using original porous electrode model,
modified model with porosity gradient, and tortuosity extracted from micro-tomography

data and conductivity simulations, microscale model, and experimental data.............c..cceevennenee. 859
Figure V-172: Illustration of Li,MnQOs crystal structure and low Miller index surfaces ...........ccceceevveeveennnnne. 862
Figure V-173: Energetics illustrating the general rules for surface and ion topology ........cccccevcverierveneeneenne. 863
Figure V-174: A schematic of a migrated Mn ion, impacting the Li site preference in the Li layer-................ 863

Figure V-175: Internal energy of LiCrO» (solid orange line) and LiNiO; (blue dashed line) during
heat-up simulations of their layered ground state configurations from 100 K to 3000 K. The
vertical dashed lines indicate the temperatures of their respective order-disorder phase
transitions. The zero-point of the y axis corresponds to the energy of a fully random cation
ATTANZEINICIIE . ....eeueteeitieeiite ettt et ettt ettt e sttt eeabeeeabeeeabe e e bt e e bt e e sabeesabeesabeesabeeeabeeeabbeesbbeesabeesbteennseesareenn 867

Figure V-176: Correlation of the temperature of the order-disorder transition of different LiITMO;
(TM = Sc, V, Cr, Mn, Fe, Ni, Cu) with the energy difference of the random cation
arrangement (Esqs) and the ordered ground state (EGs) .....cocvereerienienienienieniesieseeseesee e 867

Figure V-177: Screening results for the LiAgsBosO> composition space. A circle represents each
combination AB of transition metals. The color of the circle visualizes the predicted
stability in terms of the estimated mixing enthalpy (bright green: more stable; dark: less
stable), and the size of the circle indicates the tendency to disorder (small circle: strongly
ordered; large circle: likely diSOrdered) ........coecuieeiieiiiiiiie e 868

Figure V-178: Unprocessed x-ray diffraction spectrum of as-synthesized LiCo¢ 5Zro 50> (thin black
line) and refined spectrum based on the disordered rocksalt structure and the Li»ZrOs
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impurity phase (thin orange line). Li»ZrOj; peaks are indicated with stars. The double-peak
intensities are due to signals from Mo Kq1 and Kgz radiation ..........cceceeeeeciieciieciieciiecieecieeieeeeee, 868

Figure V-179: Unlike in the layered structure, Li sites in cation-disordered structures are not
equivalent. The spread of Li site energies manifests itself as additional slope in the voltage

Figure V-180: Calculated voltage range owing to non-equivalent Li sites (red) and tetrahedral Li
(blue) for the Li transition-metal oxides of the first-row transition metals. The dashed line
indicates a voltage of 4.5 V as a guideline for the stability limit of conventional liquid
< IeTeta (o) 4SSO 869

Figure V-181: Local atomic coordination around oxygen in Li-excess materials and schematic of the
band structure for Li-excess layered Li-M OXIdeSs........ccccvevviriiiiririeeniierieerreesreesveeeiee e eeneenes 870

Figure V-182: Atomic configurations and the iso-surface of spin density (yellow) around oxygen (red
spheres) in (a) Li1_17_xNio_25Mno,5302 and (b) Lil_zs_ano,sNbo_zsoz ................................................. 871

Figure V-183: Nudged elastic band reaction energy profiles, illustrating reaction barriers and
exothermicities. (a) LibEDC on Li(100), red and blue denote the detachment of first a
CO?" and then a Oy"; (b) CO2>™ reaction on Li(100); (c) Li,EDC on a-Si, red and blue
denote formation of C—Si bond and then breaking of C—O bond; (d) Li>CO3 decomposition
on Li(100). (¢) Zoomed-in snapshots showing the time evolution of the LiF cluster -
covered Li13Sis (010) surface in contact with a 1.0 M LiPF¢/FEC electrolyte solution and 5
Li,VDC oligomers adsorbed on the surface at 2.25 ps; (f) at 3.36 ps. Only the dissociating
Li,VDC oligomer is shown. FEC molecules are shown in a line display style. From J.
Phys. Chem. C, 2016, 120, 630260313 .....c.cciiiieieieeieieieteete ettt 877

Figure V-184: Snapshots show the sequential association of Li,EDC oligomers on top of a Li-F
partially covered lithiated Si surface. Panel a) shows an extended periodic image for the
case where two Li,EDC oligomers are adsorbed at the surface. Panel b) shows a side view
snapshot of a Li2ZEDC adsorbed on top of the LiF layer. For clarity one oligomer is shown
in a line display style. The pink dashed lines show the closest connections between atoms.
Panel ¢) displays the relaxed structure when six Li;EDC oligomers are attached to the
surface. Dark black circles highlight the O-Li-O bridges between oligomers. Blue sphere
represents Fluorine atoms. Li atoms associated with the oligomer are shown in purple.
From Electrochimica Acta, 2016, 220, 312-321 ....coouiiiiiiieeeeieie et eeeee e e eeee e eaaeeeenes 878

Figure V-185: (a) Drift velocity of Li+ ions in EC under an external electric field. The deviations in
drift velocity are due to the presence of different neighboring molecules around the cations,
which can be present in both coupled ion pairs and solvent-separated ions. There is
threshold electric field where solvent effects are overcome. From J. Phys. Chem. C, 2016,
120, 16322-16332. (b) and (c) Transference numbers for Li+ and PFs™ in EC (b) and PC (c)
calculated using CMD simulations. The percentages reflect full and reduced charges on the
atoms of EC and PC. The NMR diffusion constants at 1 M salt concentration were used to
calculate experimental transference numbers (NMR), and the combined AC impedance and
DC polarization results apply to 0.1 M salt concentration (EIS). The experimental results
show little dependence on salt concentration, and the calculated results agree with the
experimental numbers. From J. Chem. Theory Comput. , 2016, in Press.......ccceeveecveevereeseernnene 879

Figure V-186: Current—voltage curves for electron transport through Li,Si>Os for all Li,Siy clusters.
Inset shows results (black) of EC—LixSiy systems without the SEI layer. From J. Phys.
Chem. C, 2016, 120, 1797817988 ......ooirieieiiriinteteenteneetet sttt sttt st 880

Figure V-187: (a) In situ AFM images during cycling of patterned Si electrode (15 um X 15 um X 225
nm) showing failure of SEI in shear lag zone. (b)The evolution of section height with

cycling (also showing how the crack iS €VOIVING) .....cccuveiieiiieiiieiieie e 886
Figure V-188: Schematic showing deformation of patterned Si island during cycling, and the resulting

impact of volume changes on SEI formation and failure.............cceceeviiriiniieieeicecececeee 886
Figure V-189: A continuum model established to describe how crack generates in the SEI layer .................. 887

Figure V-190: Final configurations of lithiated SiO; layer on Si electrode (a) and lithiated LiF layer on
Si electrode (b) (Si:yellow, O:red, F:green, Li: DIUE) ..cccvevviviiiiiiiieiicececeeeeseee e 887
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Figure V-191: Structural snapshots at the final delithiation stage of (a) fast and (b) slow rates. (c¢) Li
concentration change upon delithation. (d) The concentration profile of a-LixSi core at the

fiNal delithation STAZE ......ecvviiiiieiiie ettt e e e et e e b e e ssseesssaesssaeansseensseensseensseens 888
Figure V-192: The process of making Si-S-doped graphene nanocomposite electrodes...........cccceverreernreenee. 889
Figure V-193: Electrochemical performance of SG=Si.........cccoooiiriiiiiiiiiiiiiieciecteseeseeseeseee e 889

Figure V-194: Stress-strain data for Toda 523 cathode film, compressed in the out-of-plane direction
to imitate the effect of calendering. Both experimental and DPP model results are
indicated. Experiments were performed on 4 different films by sequentially increasing the

SEESS ettt ettt ettt ettt et et ettt ettt ettt oot e bt et e e bt e b et e bt e bt e bt et et e e be e bt e s beenbeenbeenee 894
Figure V-195: Time-lapse simulation results (at t = 0, 3.5 ms, and 7.6 ms, respectively) for a coating
operation using the DPP moOdel.........c.cccveiiiiiiiiiiiiiceeeee et 895

Figure V-196: Photograph of 6-line probe, showing dual sets of external connections on the edges of
the probe, converging to a um-scale sampling region in the center. The probe is mounted in
a computer-CoNtrolled XYZ StAZE ......cccvieviiiiiieciieeiie ettt et eetae e e tr e e s e e enraeennee s 895

Figure V-197: Example of shape factors produced by the inversion model for different geometries .............. 896

Figure V-198: Sequential coarse-graining procedure (left to right) used to speed up finite-volume
CONAUCHIVILY CAICUIATION ...eouiiieiiiieeiie ettt ettt e seb e e seba e et e este e e sseessseessseeensseenens 897

Figure V-199: Wave speed and voltage recorded as the increasing current initiates an electronic short.
SEM micrograph of polished surface of the LLZO sample used in the test .........ccccceceevveriennennen. 902

Figure V-200: Lithium films with different grain sizes, photographed at same 10X magnification. The
inset shows the pop-in effect that varies from spot to spot on the surface. Full depth scale
for the plot 1S 0 0 TO00 NIM ....ec.viiiiiiieiieieei ettt te e te et e st e saaeesaessaessaessaesneessnessaessnennes 902

Figure V-201: Elastic modulus determined by different tests described in text. At left, there are
periodic load holds at four different displacements. Results at small displacement are
distorted by surface contamination. At right, the harmonic oscillation is small and
continuous. The red symbols have been corrected for the underlying glass substrate,
following Hay and Crawford ...........cceeoieriieriieniieiieiteeeie ettt ettt be e ebe e ens 903

Figure V-202: Changes in the lithium profile after 3150 cycles (left) and 1000 cycles (right). Before
cycling the Li is very smooth. The inactive current tab remains smooth, but the active Li
area gradually becomes wavy as show by the stylus profile and photograph ............c.ccccveeveeeenn. 903

Figure V-203: (A) Ball-and-stick model of the lowest energy (100) slab of LLZO (top) and the
associated planar-averaged electrostatic potential (bottom panel, black curve). The
electrostatic potential from a bulk supercell is overlaid (red data). The vacuum level in the
slab supercell corresponds to an electrostatic potential of zero. (B) Position of the
conduction band minimum (CBM) and valence band maximum (VBM) of LLZO for the
lowest energy (100) and (110) surface slabs relative to the Li/Li" level and a hypothetical
5V cathode. The position of the vacuum level is identified with a dotted grey line, while
the band gap center appears as a solid black 1ine [7] ......cceeveiriiiririiieriiecieecee e 908

Figure V-204: Formation of the ¢c-LLZO—Li interfacial layer. (a) Atomic-resolution high-angle
annular dark-field (HAADF) STEM image of the pristine c-LLZO specimen. When this
image was taken, the specimen was mounted on a double-tilt TEM holder instead of the in
situ TEM holder so that its [001] zone axis can be tilted to the electron beam direction. (b)
HAADF-STEM image of ¢c-LLZO in situ contacted with Li. For clarity, the contact point is
arbitrarily designated as the 0 nm position. The variation of the O K-edge across the c-
LLZO-Li interface was examined using an EELS line scan with a 3 nm step size. (¢) O K-
edges obtained in the EELS line scan described in panel b. The two-peaks characteristic of
¢-LLZO are indicated with dashed lines. (d) Schematic illustration of the interfacial
behavior suggested by the EELS 1ine Scan [8]......cccccieriieiiiriiieiiieiieieeieeie et eie et eve e ees 909

Figure V-205: EIS analysis of Li-LLZO-Li cells. The LLZO disks were 12.7 mm in diameter and
Imm thick. 0.8 mm thick Li anodes were scraped and placed against the LLZO disks
compressed at a constant 350 kPa. The equivalent circuit modeling data agree well with the
constant phase elements for RLLZO, Rgrain boundary, and RLi-LLZO, respectively. The
RLi-LLZO value in the table is calculated by dividing the diameter of the RLi-LLZO
resistance by a factor of two since the cell consisted of two Li-LLZO interfaces ...........ccccueunee.... 910
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Figure V-206: (a) EIS analysis of Li-LZP-Li cells. The LZP disks were 12.7 mm in diameter and 1mm
thick. 0.8 mm thick Li anodes were scraped and placed against the LZP disks compressed
at a constant 350 kPa. The EIS data are taken at various time points between 0 and 230
hours at room temperature. The capacitance values in nanoFarads (nF) are indicated for
each EIS spectrum at various time points. Capacitances in the nF range indicates that
charge transfer is the transport mechanism dominating the cell impedance. (b) A wedge cut
from the LZP disk after 230h exposure against Li metal ..........cccceevieriinienieniienieniencenceeeeene 911

Figure V-207: TGA scans of composites (black curves) and individual component phases. For (a), the
composite was spray coated with a slurry containing TEGDME. For (b), the composite was
prepared by dry mill and melt cast, then treated in DMC vapor..........cccoeeveeienienienieneeneeseeeenns 916

Figure V-208: Conductivity of the plasticized polymer and composite electrolytes, compared to the
single phase ceramic and polymer electrolytes. For (a), the polymer (black) and composite
(red) are spray coated from aqueous slurry and contain TEGDME. For (b), the polymer and
composite (green) are melt cast and treated in DMC vapor. The curved arrows emphasize
the relative conductivities of the composites relative to the polymer matrix in both figures.......... 916

Figure V-209: Potentiostatic polarization curves (a) for a spray coated composite with Li contacts to
both faces. At (b), the final current is plotted to obtain the DC conductivity of 0.4 pS/cm............ 917

Figure V-210: (a) EIS plot of cathode/garnet/cathode symmetric cell without gel electrolyte. (b) EIS of
garnet itself. (c) EIS of cathode/gel/garnet/gel/cathode symmetric cell. (d) EIS figure of
symmetric cell with mixed cathode and el ...........cocovviiiiiiiiiiiiii e 921

Figure V-211: Comparison of cathode/electrolyte interfacial impedance on flat and 3D-structured
garnet pellets. (a) EIS plot of garnet without 3D printing and with different 3D printings.
(b) Reduction of interfacial resistance with increase in Surface area...........cceeveevevvereeseeseenneenne 922

Figure V-212: (a) Schematic of a cathode/garnet/cathode symmetric cell with aqueous interface. (b)
Impedance of this cell with aqUEOUS INLETTACE .......ccvveeviiieiiieiieiieciee e 922

Figure V-213: (a) EIS plot of Li/garnet/Li symmetric cell. (b) EIS plot and equivalent circuit of
Li/gel/garnet/gel/Li SymmEtric CEll........covviiiriiiiiiiiiiieiiie ettt e e e e ereessseenenes 923

Figure V-214: Schematic illustration showing the structure of symmetric cells with (a) LLZ or (b) Si-
coated LLZ SSEs. (¢) Electrochemical impedance spectroscopy (EIS) measurements of
symmetric cells where the interfacial resistance of the Si-coated garnet cell significantly
decreased. Inset of (¢) is a digital image of a Li/Si-coated LLZ/Li symmetric cell. (d)
Nyquist plots of the Au/LLZ/Au symmetric blocking electrode system at room
temperature. The solid black line denotes the experimental data while the red line with
hollow spheres represents the fitting data using the equivalent circuit modeling. (e-g)
Nyquist plots of (¢) Li/LLZ/Li and (f) Li/Si-coated LLZ/Li symmetric cells. (g) The

equivalent circuit model used in this StUAY ......c.eocviriiiiiiiiiiii e 924
Figure V-215: Nyquist plots of Li | Garnet SSE | Li (a) and Li | Al-Garnet SSE-Al | Li (b) in the
frequency of 1 MHZ t0 100 MHZ at 20 “C.......ovovvieieeeeecceeeeeecce e 925

Figure V-216: Characterization of garnet solid state electrolyte/Li metal interface. (a) Schematic of the
wetting behavior of garnet surface with molten Li. (b) SEM images of the garnet solid state
electrolyte/Li metal interface. Without ALD Al,O3 coating, garnet has a poor interfacial
contact with Li metal. Inset are photo images of contacts between melted Li metal and
garnet surface. (c) Comparison of EIS profiles of the symmetric Li non-blocking garnet
cells. Inset shows the enlarged impedance curve of the ALD treated garnet cell. (d)
Comparison of Li tripping/plating behavior of the symmetric garnet SSE/Li cells. Inset is
the one cycle of stripping/plating for the ALD treated garnet cell, exhibiting a low overall
impedance and stable interfacial property. (¢) Voltage profile of the ALD treated garnet
symmetric cell at a current density 0f 0.2 MA/CIN? ........coouiveveiieeeeeeeeeeeeeeeeeee e 926

Figure V-217: Calculated mutual reaction energy, AED, of garnet and Li-Al alloy interfaces........................ 928

Figure V-218: Electrochemical window (left) and the decomposition energy AEDopen (right) of the
proposed and previously demonstrated coating layer materials applied between SSE and
cathode materials. The dashed line in (a) marks the equilibrium voltage to fully delithiate
THE TNALETIALS ...ttt ettt s b e bt et e bbbt et e b bt et et b sbeeneens 928
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Figure V-219: Surface wetting of molten Li on different carbon materials, including carbon nanotubes
(CNT) film (a,f), carbon fiber paper (b,g), mesoporous carbon coated on Cu foil (c,h),
electrospun carbon nanofiber (d,i) and GO film ...........ccccceeeviiiriiiniieceee e 933
Figure V-220: Schematic of the material design and the consequent synthetic procedures from a GO
film (left) to a sparked rGO film (middle) to a layered Li—rGO composite film (right). b—d,
Corresponding digital camera images and SEM images of the GO film (b), sparked rGO
film (c) and layered Li—rGO composite film (d). The diameters of the films shown in b—d

ATE ~ A7 TIYL ..ttt ettt ettt ettt et ettt et et e b e bbb e h e s re e ae e aeesaee e nee 933
Figure V-221: Comparison of the cycling stability of the layered Li-rGO and the bare Li electrode at a

current density of (a) 1 mA/cm? and (b) 3 mA/cm? with a fixed capacity of 1 mAh/cm? .............. 934
Figure V-222: Rate capability of the LCO/Li-rGO and LCO/Li foil cells at various rates from 0.2 C to

LO €ttt ettt h bt a et a e bttt h e sbe et et bt b st et sbeeaeennent 934

Figure V-223: Schematic of the fabrication of the Li-PI composite electrode. Electrospun PI was
coated with a layer of ZnO via ALD to form core-shell PI-ZnO. The existence of ZnO
coating renders the matrix “lithiophilic” such that molten Li can steadily infuse into the
matrix. The final structure of the electrode is Li coated onto a porous, non-conducting
POLYIMETIC IMALTIX L..uvieivieiieiieie et et et et eteeteeteeteeeteeeteestessaessaessaesseesssesssessnesssesseesssesseesnsesssennsenns 935

Figure V-224: Electrochemical behaviors of the Li-PI electrodes in EC/DEC electrolyte. (top) Cross-
sectional SEM images of nanoporous Li-PI anode before and after complete Li stripping.
(bottom) Comparison of the cycling stability of the Li-PI and the bare Li electrode at a
current density of 1 mA/cm? with fixed capacity of 1 mMAD/CM? ...........cocoveveveceeeeeeceeeecee e 935

Figure V-225: SEM images and schematics showing the well-confined stripping/plating behavior of
the Li-PI electrode. (a) exposed top fibers after stripping away 5 mAh/cm? Li, (b) exposed
top fibers partially filled with Li when plating 3 mAh/cm? Li back and (c) completely filled
matrix after plating an additional 2 mAh/cm? Li back. The top-right schematic illustrates
the alternative undesirable Li stripping/plating where after striping, Li nucleate on the top
surface, leading to volume change and dendrites shooting out of the matrix ..........cccccceveveevenennee. 936

Figure V-226: Discharge capacity of various Li metal anode- LTO cathode full cells for the first 100
galvanostatic cycles in EC/DEC with 1 vol % vinylene carbonate. Rate was set at 0.2 C for

the first 2 cycles and 0.5 C for later cycles (1 C =170 MA/Z) c..veevvieviieniieeiieeie e 936
Figure V-227: Schematic illustration of the fabrication of the highly lithium-ion conducting
CusN+SBR composite artificial SEL..........cccciiiiiiiciieiiieeie ettt e e esene s 937

Figure V-228: Coulombic efficiency of CusN+SBR artificial SEI protected Cu foil and bare Cu foil at
a current density of (a) 1 mA/cm? (cycling capacity 1 mAh/cm?; inset, the corresponding
voltage profiles at the 20th cycle) and (b) 0.25 mA/cm? (cycling capacity 0.5 mAh/cm?).
(c) SEM image and digital photography of the CusN+SBR protected Li metal foil. (d)
Summary of the RSEI value as a function of cycle number using symmetric cell
Loa) 11 o011 o) o USSR 938

Figure V-229: (a) Cycling stability of Li||[NMC cells using LiPFs electrolyte at different discharge
rates. (b, ¢) Evolution of charge/discharge voltage profiles at C/10 (b) and 1C (c) discharge.
(d) Discharge capacities at C/10 after 150 cycles from (a). For all cells, the formation
cycles were conducted at C/10 rate, and all other charge processes were performed at C/3

Figure V-230: (a-d) Top view and (e-h) cross-section view of Li metal anodes retrieved from Li||[NMC
cells after 150 cycles at different discharge rates at 300C: (a, ) C/10 discharge; (b, f) C/3
discharge; (c, g) 1 C discharge; (d, h) 2 C discharge. (i) and (j) are Nyquist plots of
Li|[NMC cells cycling at different discharge rates. (k) Fitting results of impedance spectra
for cells after 150 cycles at different discharge rates. The inset is the equivalent circuit used
for fitting the impedance spectra. All charge processes were performed at C/3 rate....................... 943

Figure V-231: Schematic illustrations for mechanisms of SEI evolutions on Li metal anodes cycled at
(a) low and (b) high diSCharge C Tates .........cceecveeriiieeiieeiieeie ettt e b e e sreeeseeesereenesee s 944

Figure V-232: Room temperature cycling performance of Li|[NCA cells using LiTFSI-LiBOB and
LiPFg electrolytes in the voltage range of 3.0 and 4.3 V. The cells were cycled at 1 C (i.e.
1.5 mA cm™) after two formation cycles at C/10 Tate..........c.ovevevevereerereeceeeereeeeeeeeeseeesesesesesnens 944
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Figure V-233: Electrochemical behaviors of different electrolytes in Li|[NMC cells. (a) Long-term
cycling performance of the electrolytes with different salts in EC-EMC solvent mixture at
the same charge and discharge current density of 1.75 mA cm™ at 30°C. (b-d) Evolutions
of charge/discharge voltage profiles of Li|[NMC cells using (b) conventional LiPFs
electrolyte, (c) dual-salt (LiTFSI-LiBOB) electrolyte, and (d) additive X-containing dual-
L LA (51011 ¢ 0] 4 <SSP SSS 945

Figure V-234: Morphological images of Li metal anodes. (a-c) Cross-section view and (d-f) top view
of Li metal anodes retrieved from Li||[NMC cells after 100 cycles using (a, d) conventional
LiPFs electrolyte, (b, ¢) dual-salt (LiTFSI-LiBOB) electrolyte, and (¢, f) 0.05 M additive

X-containing dual-salt lECtrOLYLE .......cccviirrieiiieiiii ettt sre e s reeetaeesaeesaeenes 946
Figure V-235: Cycling performance of Li|[NMC cells with 3.0 mAh cm™? NMC loading and using an
additive-containing dual-salt electrolyte at 30 OC .......ccooierierieiierieiieneeree e 946

Figure V-236: Activation barriers E, (eV) for different migration paths of lithium-ions in pure and
1400 1T I B T (O USRS 953

Figure V-237: a) AC impedance based conductivity analysis of D doped Li4SiO4; b) AC impedance
based conductivity analysis of D, doped LisSiO4; ¢) AC impedance based conductivity
analysis of D3 doped Li4Si04 and d) Effect of doping D1, D> and D3 on the conductivity of
LLIASTO coeeteiteee ettt ettt b s bttt h e bt et hesbeeaeens 954

Figure V-238: (a) Electrolyte uptake of CPE membranes (b) Mechanical properties of the CPE
membrane (c) Flame-test depicting the superior safety of the CPE materials (d) Cycling
behavior Of CPE MEMDIANES.........ccvciieiiieiieiieeieesieeie et eieeveeteeteebeebeeseesseesseessesnsessseessesnsenns 956

Figure V-239: XRD pattern of synthesized doped sulfur material showing phase-purity and peak shift......... 957

Figure V-240: TEM images of CFM-1 and S —CFM-1 at different magnifications. (5a, 5c) CFM-1; (5b
ANA 5A) S-CEFM1 oottt ettt ettt s e teeteess e s e ebeeseesseseeasessensesaeessensans 959

Figure V-241: XPS S2p Binding Energy profile of Commercial Sulfur, S — CFM-1 and S — CFM-2............. 960

Figure V-242: XPS S2p binding energy profile of a) commercial separator b) commercial separator
soaked in electrolyte; separators of ¢) commercial sulfur electrode; d) S — CFM-1; ¢) S —
CFM-2 electrodes; (after 200 cycles at 0.2 C Tate) ......veevveeriieriieiiieeieeeiee e eee e esreesereeeenee s 960

Figure V-243: XPS Cls Binding Energy profile of slurry coated electrodes of a) S — CFM-1 before
cycling, b) S —-CFM-1 after 200 cycles, ¢) S — CFM-2 before cycling, and d) S — CFM-2
after 200 CYCLEs At 0.2 C TALE .....uieiirieeieeieeteeeeete ettt sttt et e st e st e st e saeesbeesaeesaeesseesaeenns 961

Figure V-244: XPS S2p Binding Energy profile of slurry coated electrodes of a) S — CFM-1-before

cycling, b) S — CFM-1 after 200 cycles, ¢) S — CFM-2-before cycling and d) S — CFM-2

after 200 CYCIES At 0.2 C TALC...cviecvieiieteetieteete et et et et eteebeebeebeesbeesbeesseesseesseesseenseensesseesssenses 962
Figure V-245: Cycling performance of Sulfur — infiltrated framework material (SFM)........cccccevverieirennne. 963

Figure V-246: (a) XRD patterns showing the infiltration of Sulfur into the Inorganic Framework
Material (IFM) showing retention of IFM structure. (b) Cycling behavior of Sulfur
INFIIFAtEd IFIM..coiiiiiiiiiiic ettt ettt st sr e sttt ennens 963

Figure V-247: Thermodynamics of formation of various lithium polysulfides in DMF (top) and
diglyme (bottom). The separate total entropy (TAS - green), enthalpy (AH - blue) and
Gibbs free energy (AG - purple) are indicated. The free energy of solvation of the

crystalline solid starting materials (Li2S and S8) is provided for reference ...........cccoeeverevervennnnee. 968
Figure V-248: Ratio of total sulfur (on an atomic basis) in the back of the cathode (ST) to the original
amount of sulfur in the back of the cathode (S0) .......cccueviiriiriiiiiiiceeeeee e 969

Figure V-249: X-ray spectra of carbon nanoshells at two sulfur loadings. a. Simulated (Theory — top)
and measured (Expt. — bottom) X-ray absorption spectra of 30wt% (green) and 60wt%
(brown) loaded carbon nanoshells. Dashed vertical lines indicate the positions of the peak
maximum. b. Energy dispersive X-ray spectra (EDS) of nanoshells at the carbon and sulfur
CAEES ettt b e e bt e bt e bt et e e bt bt e bt e bt e bt e bt e bt e te e bt e tee st enteenneenseensaenseenes 970

Figure V-250: Electronic structure of sulfur near graphene. a. (from top to bottom) Calculated sulfur
K-edge X-ray absorption spectra of sulfur molecules >2nm (green), 1 — 2 nm (brown) and
< Inm (blue) from an interface with graphene. The vertical dashed line is the bulk sulfur
“white line” at 2472.6 eV. The XAS of crystalline sulfur at ambient conditions is provided
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(black dash-dot) as reference. b. Molecular dynamics snapshot of the simulation cell,
showing the sulfur atoms (yellow) and the carbon plane. c. Density of sulfur (molecular
center of mass) as a function of distance from the graphene sheet from FPMD simulations.
d. Energy level diagram showing the energy shifts in the 1s core orbital energy (red) and
conduction band minima (CBM — blue) for sulfur molecules at varying distances from the
interface. The data (bars) are averaged over all sulfur atoms within that distance range and
the width of the bar indicates the standard deviation. e. Electronic component of the core
excited state of an interfacial sulfur molecule, with positive (negative) phase indicated in

TEA (ICET1) .ttt ettt ettt et ettt et et et et et et e ate e atesateeatesatesatesateeatesatesateentesatesaeesneenseenas

Figure V-251: (a) HEXRD and (b) Raman of MPC, bulk Se2S5 and Se2S5/MPC; (¢) PDF of MPC,
bulk Se2S5 and nano Se2S5 that formed in the Se2S5/MPC; (d) HAADF STEM image and
TEM elemental mapping images of (e) sulfur and (f) selenium in the Se2S5/MPC
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Figure V-252: In situ XANES measurement for space-confined Se cathode in GenlI electrolyte: (a)
normalized XANES spectra of the cycling cell, (b) voltage profile, (c) linear combination
fitting of residue values and corresponding phase compositions in different state of charge-
discharge. (d) 2D contour plot of in situ XANES measurement of space-confined Se2S5

cathode at 0.2 C (1C=1389 MA 1) ..vviieeeeeeeeeeeeeeee ettt

Figure V-253: Cycle performance of (a) space-confined Se2S5 and (b) Se cathode at 0.1 C within 0.8-
4.0 V; (c) 2D contour plot of in situ XANES data of space-confined Se2S5 cathode at 0.2
C; (d) ab initio calculations on the binding energy of different polyselenides with carbon

Figure V-254: Cycle performance of space-confined Se2S5 cathode in DOL-DME based and ANL-1

electrolytes at C/20 within a voltage range of 1.0-3.0 V.....ccooiiiiiiieiieieieeeeeeeeee e
Figure V-255: S-FeS, Cathode Activation and ShUuttling ............cccoeeieiieiieiiieiiieieee e
Figure V-256: Synthesized and CoOmMmETCIal..........cocuieiiiiiiiiriieniieiieiieiteieeieeteet ettt e e e
Figure V-257: High Power TiS2 Cell Without Carbomn ...........cccoooiieiiiiiiiiiiecie e
Figure V-258: TiS2/Li2S Composite Cell CYCING ......covuiiriieriieiieiieieeie ettt ettt seeseeeseeesnee s
Figure V-259: Sulfur Utilization — 15 DISChATZE.........cccveverieverieeeeeeeeeteeeteeeteeeeee ettt en e nes
Figure V-260: Ti Mapping by EDS ........coooiioiieiieieeiestestestet ettt ettt s eseenseebeenbeenseenseenseensean
Figure V-261: TiS; SA Effect on S:TiS; Hybrid Cell Cycling —2 C .....ooovveiieiieiieiieieeiieieeeeeeieeeee
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Figure V-280: Lest, d Spacing vs. Capacity Plot of TiS2 (001) Plane; Right, d Spacing vs. Capacity

Plot Of TiS2 (004) PLANC......ccueiiieirieiiieiiecieecte ettt ettt ete e teeveeteebesetesaaeeseessaesssessaesanesseenns

Figure V-281: Electrochemical performance of high loading sulfur cathodes containing 5 wt.%
LiTFSI additive: (a) open circuit voltage (OCV) and first discharging profile, (b)
dependence of areal capacities of sulfur cathodes on the sulfur mass loading (blue) and its
comparison with that of electrodes without additives (black), (c) discharging profiles of Li-

S cell at different C rates, and (d) cycling performance............ccccoecuevvereeneenieneenieneeneesieenenn

Figure V-282: AFM topographic images of an HOPG electrode immersed in an 5 M LiTFSI-DOL
electrolyte with and without electrode polarization. (A) Before polarization (at open circuit
potential). Polarized at: (B) 1.0 V, (C) 0.5 V, (D) 0.2 V, (E) 0.1 V. Time after removal of
polarization: (F) 10.4 min, (G) 17.2 min, (H) 20.5 min. Time after addition of free DOL in
(H): (1) 24.2 min. (J) Schematic diagram of electrode-concentrated electrolyte interface

with and without electrode polarization ............cceceevueeriiiriieriiee e

Figure V-283: (a) Charge/discharge curves of LG/S full cell in 5 M LiTFSI/DOL electrolyte without
LiNOs and (b) corresponding cycling stability and Coulombic efficiency. (¢) TEM image
of the graphite after five cycles with 5 M LiTFSI/DOL electrolyte in Li-Graphite half-cell
and corresponding ED pattern (insert). (d) FIB-SEM cross-sectional image of a single
graphite particle after 100 cycles with sulfur cathode. () and (f) Point EDS at the very

edge and core area of the graphite particle in (d), reSpectively......covvevierienierienieeeeee e

Figure V-284: (a) Schematic diagram of surface passivation layer on the graphite anode blocking the
diffusion pathway of electrons, therefore suppressing polysulfide reduction reaction. (b)
Coulombic efficiency of graphite-sulfur batteries using pristine graphite, 1 nm, 2 nm, and 4
nm Al,Os/graphite as the anode. SEM images of (c, d) graphite and (e, f) 2 nm

Al,Os/graphite anodes after CYCING .....c.veovieriieriieie ettt

Figure V-285: (a) photo image of the prepared sulfur cathode with mass loading 4.5 mg cm?, (b)
photo image of 1.6 Ah Li-S pouch cell and (c) first discharge profiles (black-energy density

and bIUe-SPECITIC CAPACILY)...veervrirrrieiiieiiieeie ettt et e stee et eestte e ereessbeeseseesssaessseeasseeesneensseens

Figure V-286: Lithium diffusion mechanism on the surface of various metal oxides. (a-¢) Minimum
energy path for lithium ion diffusion on Al,O3(110), CeO2(111), La,03(001), MgO(100)
and CaO(100) surfaces, respectively. (f) Potential energy profiles for Li* diffusion along

different adsorption sites on the 0Xide SUITACE..........ceeviiriiiiiiiiciececeeeee e

Figure V-287: Schematic of the polysulphide adsorption and diffusion on the surface of various
nonconductive metal oxides. (a) the metal oxide with weak polysulphide adsorption
capability, only few polysulphides can be captured by the oxide; (b) The metal oxide with
both strong adsorption and good diffusion, which is favorable for the electrochemical
reaction and the controllable deposition of sulphur species; (¢) The metal oxide with strong
bonding but without good diffusion, the growth of lithium sulphide and the electrochemical

reaction on the oxide/C surface will be impeded ..........coovevienieriiniieiieeeeeee e

Figure V-288: Atomic conformations and binding energy for Li»S¢ species adsorption on (a) Ni3S,, (b)
SnS;, (¢) FeS, (d) CoS, (e) VS, and (f) TiS,. Here, green, yellow, grey, purple, brown,
blue, red and cyan balls represent lithium, sulphur, nickel, tin, iron, cobalt, vanadium and

titanium atoms, TESPECLIVELY....cuiiiiiiiiieeie e et

Figure V-289: (a) CV curves of the S-VS,@G/CNT electrode at various scan rates. Plots of CV peak
current for the (b) first cathodic reduction process (IC1: S8—Li,Sy), (c) second cathodic
reduction process (Li2Sx—Li2S2/Li,S), and (d) anodic oxidation process (Li2S2/Li,S—S8)

versus the square root Of the SCAN TALES. .......evvieriierieeiieiieie ettt ete e eae e seneeeeeseee e

Figure V-290: Schematic describing the ultrasonic synthesis of the CCs/S composite. Top: Graphical
representation of the CCs synthesis process and the sonochemical sulfur loading technique.
Center: (a) SEM micrograph of a porous CC particle without sulfur. (b) SEM micrograph
of the carbon-sulfur composite produced via the sonochemical sulfur deposition process.
(c) Elemental mapping of the carbon-sulfur composite by EDS color pixel-mapping. Sulfur
is highlighted in green, while carbon is highlighted in red. Bottom: AIMD simulations
showing Sg decomposition in a carbon pore of 2 nm in contact with the electrolyte solution.
Total reduction of C and formation of SC bonds are observed. From J. Electrochem. Soc.

163 (5) AT30-ATAT (2016) wervveereereeeeeeeeeeeeeseeeeeeeseeseesseesessseeeeeesseesessseeesessseesessseeeeesseesessseeen
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Figure V-291: Top left: Reconstructed microstructure of the composite cathode showing the
deposition of Li»S on the carbon pores during discharge. Top right: Calculated evolution of
surface area, porosity, tortuosity, and film thickness. Bottom left: Red circle shows the
calculated discharge curve. Bottom right shows the calculated impedance for the different
QISCRATEE 1EVEIS ....uvieiieiieiieieeie ettt ettt ettt et e e e et e e be e b e esseesse e seenseenseenseenseensaenseensenn 1018

Figure V-292: Left: Adsorption energies of PS species Lizsg (closed and linear) and Lizss to graphene
slit pores of 7.5, 10, and 12.5 A, respectively, calculated by the DFT-D3 approach. The PS
species are dissolved in DME or DOL respectively at their bulk densities at 298 K. From J.
Phys. Chem. C, 2016, 120, 4296-4305. Right: High capacity observed in graphene/sulfur
composite when prepared sonochemically (black circles). red and blue symbols are other
forms of carbon and other synthesis methods for graphene sulfur composites respectively......... 1018

Figure V-293: Left: Schematic of the materials tested computationally as potential retention agents. It
was concluded that a moderate surface reactivity is the key for good retention without
excessive formation of insoluble short chain PS species. Right: Long-cycle stable cycling
capability is observed when thin (1nm) Al,O3 coating is implemented using ALD
L1161 1108 [ | LRSS 1019

Figure V-294: Top: Prediction of a multiscale Li»S growth model on a substrate showing the time
evolution of the growth. Bottom: Experimental observations taken from Fan et al.
Advanced Materials, 27 (2015) 5203 .....ooiieieieeieee ettt st sneens 1019

Figure V-295: Snapshots of the dynamic evolution PS decomposition in contact with Li(111) surface
slab (a) and Li(110) surface slab (b). Here, purple, green, and yellow spheres represent Li
from anode, Li from electrolyte, and S atoms, respectively. The DOL solvent is represented
in a line display style where O (red) and C (gray) atoms are shown. Green lines indicate the
respective crystallography plane; red dashed lines show the orientation where S atoms tend
to accommodate; the blue circle shows where the cluster is localized. From ACS Appl.
Mater. Interfaces, 2016, 8, 4700, 4708. c) and d): Effect of a 1.5 nm film of Li2SO4 on top
of the Li metal anode on the PS and salt decomposition that slow down significantly ................ 1020

Figure V-296: Snapshots of the dynamic evolution of 4M salt decomposition in contact with a Li(100)
surface slab. Purple, green, yellow, light blue, dark blue and red spheres represent Li from
the anode, Li from the electrolyte, S, F, N. and O atoms, respectively. The DME solvent is
represented in a line display style where O (red) and C (gray) atoms are shown. Left two
images correspond to LiTFSI, and the right two images are from LiFSI. The images labeled
“top” have initial configurations at the middle of the simulation cell, and in the ones

labeled “bottom” the salts were initially in contact with the bottom Li metal surface.................. 1020
Figure V-297: Left: CI" incorporated into Li»S has much smaller electrical resistivity than pristine

LiS. Right: Density of states of pristine Li>S and Cl-incorporated LizS.......ccccoceveeveniininennenn. 1021
Figure V-298: The chromatograms of elemental sulfur on different reversed phase HPLC columns............ 1027

Figure V-299: The chromatograms of derivatized solution A (NaxS and Sg in acetonitrile, molar ratio
of Na,S:S is 1:3). A=total ion current chromatogram; B= ion chromatogram for m/z 329;
C= ion chromatogram for m/z 361; D= ion chromatogram for m/z 393; E=ion
chromatogram for m/z 425; F= ion chromatogram for m/z 457; G= ion chromatogram for
m/z 489; H= ion chromatogram for m/z 521; I= ion chromatogram for m/z 553. Inset: The
dependencies of the retention time on polysulfide chain length for the derivatized RS,R
(top graph); The ESI/MS spectrum of protonated derivatized polysulfide [RS;R+H]+ (left
bottom); Enlargement of curve A (full spectrum) in the top graph (right bottom) ....................... 1029

Figure V-300: The chromatograms of derivatized recovered electrolyte from discharged Li-S battery.
A=total ion current chromatogram; B= ion chromatogram for m/z 329(not observed); C=
ion chromatogram for m/z 361; D= ion chromatogram for m/z 393; E= ion chromatogram
for m/z 425; F= ion chromatogram for m/z 457; G= ion chromatogram for m/z 489; H= ion
chromatogram for m/z 521; I= ion chromatogram for m/z 553. Inset: The ESI/MS spectra
of protonated derivatized polysulfide [RS3RHAH].....cocooviviiiiiieiceeeeecceeee e 1030

Figure V-301: Cyclic voltammograms of different electrolytes with 1M LiTFSi/DME on glassy

carbon electrode. Scan rate of 30mV/s. Black line = Sg saturated electrolyte; red line =
simulated electrolyte A; blue line =20 mM methy] triflate; green line = simulated
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electrolyte A after derivatization by methyl triflate; magenta line = Sg saturated electrolyte
With 20 MM MEthy] trITALE .....eevieiieiieiicteeeeeeeee et eenbe e ens 1032

Figure V-302: HPLC chromatogram for the derivatized electrolytes from Li-S batteries polarized at
2.3 V (vs Li/Li"). Black line = ex situ derivatization method; red line = in situ

derivatization MEthOd. .......co.eiiiiiiiiiic ettt 1033
Figure V-303: Cycling performance at C/10 rate of the cells fabricated with various spherical-carbon-

coated separators prepared by (a) tape-casting (tc) and (b) vacuum-filtration (vf) methods ........ 1039
Figure V-304: Self-discharge analysis of cells with and without spherical-carbon-coated separators........... 1040
Figure V-305: Cycling performance of the cells employing various LBL CNF-coated separators at (a)

C/10 and (b) C/5 rates. (c) The corresponding self-discharge analysis.........cccccevceevienverieenieennene 1041
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(2) C/5 aNA (D) C/2 TALES...veeieeerieieeie ettt ettt eteeteetteettesttesttestaesetesseessaesseesseesseesseasseesseesnsannsenns 1041

Figure V-307: (a) Impedance spectroscopy of the cells fabricated with the EO-GO and R-GO coated
separators before and after cycling. Cycling performance of the cells employing the EO-

GO and R-GO coated separators at (2) C/10 and (b) C/5 1ate........cccvevvevveeiesieniesieerieeieeieeiens 1042
Figure V-308: Self-discharge analysis of the cells with and without the R-GO- and EO-GO-coated
separators: (a) OCVs and (b) Cell CAPACILY.......cvvieriieiiieeiie ettt et e e reesereesenae e 1043

Figure V-309: Morphology and crystal structure characterizations of NCO/CF. (a) Scanning electron
microscope (SEM) image of NCO NWs grown on CF; the inset is a high-magnification
SEM image of NCO NWs. (b) Transmission electron microscope (TEM) image of a single
NCO NW. (c¢) Selected area electron diffraction (SAED) pattern of NCO from its single
NW. (d) X-ray diffraction (XRD) pattern of the resulting NCO/CF compoSite .........cccceereeneenee. 1047

Figure V-310: Characterization of lithiated NCO NW. (a) Schematic illustration of NCO nanowire
under lithiation. (b) TEM and (c) high-magnification TEM images of a selected lithiation
area of NCO nanowire. Inset: SAED pattern of lithiated NCO .........cccoeevieciieiiieciieiieiecieeieeee 1048

Figure V-311: Electrochemical characterizations of PL-NCO/CF air electrodes in Li—O; cells cycled
at 0.1 mA cm 2. (a) First-cycle discharge/charge profiles of as-prepared PL-NCO/CF air
electrodes with different lithiation depths (0.02, 0.25, 0.50, and 0.75 V) and the pristine
NCO/CF air electrode. (b) Cyclic stability of four PL-NCO/CF electrodes and the pristine
NCO/CF ClECLIOUE. ...ttt sttt ettt st ettt sbe et e b e bt bt ebeenbesbesbeennens 1048

Figure V-312: Electrochemical performance of Li-O; batteries with three LiTFSI-DMSO electrolytes
cycled under capacity-limited protocol (600 mAh g ') in the voltage range of 2.0 to 4.5 V
at 0.1 mA cm 2. a-c) Voltage profiles for a) LITFSI-3DMSO electrolyte, b) LiTFSI-
4DMSO electrolyte, and ¢) LiTFSI-12DMSO electrolyte. d) The corresponding cycling
stability of the three eleCtrOIYLES ........ccveiiiiiiiiiieeeeeeee e s ees 1049

Figure V-313: SEM images of (A) CNT-based electrodes in top surface view and (B) Li metal anodes
in cross-section view in charged state after 90 discharge/charge cycles with LiTFSI-
3DMSO (a), LiTFSI-4DMSO (b), and LiTFSI-12DMSO (c), as well as the pristine CNT
electrode Without CYCHNE (A) .oovveveieiiiiieiiecie ettt ettt ettt eaneens 1050

Figure V-314: (a-c) Discharge/charge profiles of Li-O; cells with different electrodes: (a) B4C, (b)
TiC, (c) CNT. (d) Discharge capacity with cycles for the three cells. The cells were tested

under 100 mAh g'! capacity limit at a current density of 0.1 mA cm™ within the voltage
TANEZE OF 2.0~4.7 V oottt ettt e st e et e e taeeabeessbeessseeassaeessbeessseensseensseennseens 1051

Figure V-315: Cycling performance of Li-O; cells with CNT-based air electrodes before and after
pretreatment under 1000 mAh g capacity limit at a current density of 0.1 mA ¢cm™ within
the voltage range of 2.0~4.5 V. (a, b) discharge and charge profiles of pristine CNT
electrode (a) and pretreated CNT electrode C. (¢) Capacity with cycling of pristine CNT
electrode and four pretreated CNT €leCtrodes........ccvveeviierieeriieriiesiee e eere e 1051

Figure V-316: a. Li/O; cell galvanostatic cycling (0.25 mA/cm?) in (Li-K)NOs eutectic at 150°C using
nanoporous Au cathode. b. CV (0.1 mV/s) both under Ar and under O, for cells containing
iron nanopowder cathode in (Li-K)NOj3 eutectic at 150 °C .......cccvevcieeiieeiieeieerieeeiee e 1055
Figure V-317: a. Cyclic voltammetry curves for Li/O; cells (0.05 mV/s) in (Li-K)NOj3 eutectic at
150°C using IrO; cathode (red under Ar, blue under O,). b. Li/O; cell voltage profile with
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in situ pressure monitoring (0.1 mA/cm?) using IrO> nanopowder cathode in (Li-K)NO;
CULECHIC At 150°%C ..ottt s 1057

Figure V-318: a. IrO; air cathode SEM analysis: a) before discharge and b) following a discharge

under Oz to a 2.6 V cutoff. b. PXRD of IrO, nanopowder cathode following discharge
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Figure V-319: a. Cell discharge/charge current variation with time (2.72 V constant discharge

voltage/2.92 V constant charge voltage), under O, gas, at 150°C. b. Li/O; cell galvanostatic

cycling in LiNO3-KNOs at 150 °C under O; at 2 mA constant current (500 mA/gcarbon OF

2.5 MA/CMN? CUITENE AENSILY) ....vvoveieieeeeeeeeeeee et en et s s eneseeeeseneeeeessnans 1059
Figure V-320: SEM images of the as-prepared Ni truss nano-architectured electrode, cross-section of

Ni-coated truss, and electrochemically discharged truss electrode showing ORR products
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l. Introduction

I.A. Vehicle Technologies Office Overview

The Department of Energy’s (DOE’s) Vehicle Technologies Office (VTO) develops advanced transportation
technologies that would reduce the nation’s use of imported oil. Technologies supported by VTO include
electric drive components such as advanced energy storage devices (batteries and ultracapacitors), power
electronics and drive motors, advanced structural materials, energy efficient mobility systems, advanced
combustion engines, and fuels. VTO is focused on funding high-reward/high-risk research conducted by
national laboratories, universities, and industry partners and promising improvements in critical components
needed for more fuel efficient (and consequently, also cleaner-operating) vehicles.

During the past year, the U.S. government continued research and development (R&D) support of plug-in
electric vehicles (PEVs) such as plug-in hybrids, extended range electric vehicles, and all-electric vehicles.
One of the objectives of VTO 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
PEVs. Significant penetration of PEVs into the transportation sector could reduce U.S. dependence on foreign
oil, cut back on emissions and mitigate the negative economic impacts associated with crude oil price
fluctuations, thus enhancing U.S competitiveness in the world.

Key stakeholders for the VTO R&D activities include universities, national laboratories, other government
agencies and industry 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 Fiat Chrysler LLC, the Ford Motor Company, and the General Motors Company. Collaboration with
automakers through the US DRIVE (Driving Research and Innovation for Vehicle Efficiency and Energy
Sustainability) Partnership enhances the relevance and the potential for success of the overall research
platform.

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. In fiscal year 2016 (FY'16), the
DOE VTO battery R&D funding was $103 million. The R&D focus continued to remain on the development
of high-energy batteries for PEVs and very high-power devices for hybrid vehicles. This document
summarizes the progress of VTO battery R&D projects supported in FY 2016. An electronic version of this
report is accessible at https://energy.gov/eere/vehicles/vehicle-technologies-office-annual-progress-reports.

VTO competitively awards funding through funding opportunity announcement (FOA) selections, and projects
are fully funded through the duration of the project in the year that the funding is awarded. The future direction
for direct[]funded work at the national laboratories is subject to change based on annual appropriations.

I.B. Vehicle Technologies Battery R&D Overview

I.B.1. DOE Battery R&D Goals and Technical Targets

To meet current VTO objectives, batteries, power electronics, motors, lightweight materials and vehicle
structures must see dramatic advances. Accordingly, performance and cost targets have been established for all
the key technical areas associated with a PEV. Achieving those targets will meet the needs for a range of
vehicle types — including plug-in hybrids as well as short and long range all-electric vehicles. Some of the
technology targets, derived from computer modeling as well as from hardware-in-the-loop simulation of
batteries operating in PEVs under multiple drive cycles, are shown in Figure I-1.
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Figure I-1: Battery advancements needed to enable a large market penetration of PEVs

I.B.2. DOE Battery R&D Plans

The VTO battery R&D effort attempts to advance battery development to improve the market penetration of
electric vehicles. Program targets accordingly focus on overcoming technical barriers. Those targets include:
(1) a significantly reduced battery cost, (2) increased battery performance (power, energy, and durability),

(3) reduced battery weight and volume, and (4) increased battery tolerance to abusive conditions such as short
circuit, overcharge, and crush.

Current battery technology performs far below its theoretical limits. For example, in the near term, even with
existing lithium-ion technology, there is an opportunity to more than double the battery pack energy density
(from 125 Wh/kg to 250 Wh/kg) by using new high-capacity cathode materials, higher voltage electrolytes,
and high capacity silicon or tin-based intermetallic alloys to replace graphite anodes. Despite some recent
promising advances, more R&D is needed to achieve the performance and lifetime requirements for deploying
those advanced technologies in PEVs.

Over the longer term, battery chemistries “beyond lithium-ion” — i.e., solid state, lithium metal, lithium-sulfur,
magnesium-ion, lithium-air, and certain other advanced chemistries — offer the possibility of specific energy
levels significantly greater than those of current lithium-ion batteries and also offer potentially reduced battery
costs. However, major shortcomings in cycle life, power density, energy efficiency, and/or other critical
performance parameters (as well as cost) currently hinder the commercial introduction of state-of-the-art
“beyond lithium-ion” battery systems. Innovative breakthroughs would be needed for those new battery
technologies to enter the market. To facilitate such breakthroughs, VTO launched a new initiative entitled the
“Battery500 Consortium” in 2016. The VTO Battery500 Consortium’s goal is to develop and demonstrate
technologies that achieve 500 Wh/kg and 1000 electric vehicle (EV) charging cycles.

Increases in energy density described above are crucial to achieving VTO cost and performance targets.
Additional R&D efforts, including those related to pack design optimization and simplification, manufacturing
improvements at cell/pack levels, reduced production cost for battery materials, and novel thermal
management technologies will also help reduce battery cost. The associated technical challenges and potential
solutions to those challenges are listed in Table I- 1.
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Table I- 1: Major Lithium-lon Technology Technical Challenges and Potential Pathways

Barrier/Challenge

Reduce cost and improve the
performance of lithium-ion battery
technology

Develop higher energy battery
technology such as next generation
lithium-ion, solid state, lithium
metal, lithium-sulfur and lithium-air

Issues with these materials include
poor cycle life, low power, low
efficiencies, and safety

Improve abuse tolerance
performance of battery technology

Reduce recharge time and increase
utility of EVs through Extreme Fast
Charging (XFC)

Potential Solutions

Improve material and cell durability
Improve energy density of active materials
Reduce inactive material

Improve design tools/design optimization
Improve manufacturing processes

Improve electrolyte/separator combinations
to reduce dendrite growth for Li metal
anodes

Advanced material coatings

New ceramic, polymer, and hybrid structures
with high conductivity, low impedance, and
structural stability

Establish a consortium of industry,
universities, and national laboratories to
collaboratively investigate innovative
solutions

Non-flammable electrolytes
High-temperature melt integrity separators
Advanced materials and coatings

Improve understanding of reactions
Modeling and simulation for safer designs

Battery cell and pack level innovations such
as improved sensing, monitoring, and
failure-avoidance strategies such as thermal
management systems

Higher power density and lower cost active
materials and electrode designs for XFC
applications

Active battery materials tolerant to high
temperatures

New cell and pack designs optimized for
XFC

Innovative cooling systems

Innovative/adaptive battery charging
algorithms to preserve and prolong life

I.B.3. Energy Storage R&D Programmatic Structure

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. These consist of five major program elements which are inter-related and

complementary, namely:

Advanced Battery Development
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e Battery Testing, Analysis, and Design

e Applied Battery Research (ABR)

e Manufacturing and Process Development

e Advanced Battery Materials Research (BMR)

The Advanced Battery Development R&D activity focuses on the development of robust battery cells and
modules to significantly reduce battery cost, increase life, and improve its performance. It takes place in close
partnership with the automotive industry, partially through a cooperative agreement with the United States
Advanced Battery Consortium (USABC). In FY 2016, the USABC supported nine cost-shared contracts with
developers to further the development of batteries for PEVs and Hybrid Electic Vehicles (HEVs). DOE also
works in close collaboration with USABC to develop battery and ultracapacitor requirements for various
vehicle types' and test procedures.? In addition to the USABC projects, DOE often directly supports battery
and material suppliers via contracts administered by the National Energy Technology Laboratory (NETL). In
FY 2016, NETL managed 20 such battery R&D contracts. (In this report, Chapter II focuses on the battery
development program.)

The Battery Testing, Analysis, and Design activity is complementary to the battery development program.
High level projects pursued in this area include performance, life and abuse testing of contract deliverables,
laboratory- and university-developed cells, and benchmark systems from industry; thermal analysis, thermal
testing and modeling; development of new test procedures and maintenance of current test procedures;
development of tools for the computer aided engineering of batteries; requirements analyses; cost modeling;
other energy storage use and life studies; and recycling studies of core materials. Battery technologies are
evaluated according to USABC-stipulated Battery Test Procedures. The manuals for the relevant applications
(PEV and HEV) are available online>*°. Benchmark testing of an emerging technology is performed to remain
abreast of the latest industry developments. (In this report, Chapter III focuses on the Battery Testing,
Analysis, and Design activity.)

The Applied Battery Research (ABR) activity is 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. It
investigates the interaction between cell components (cathodes, anodes, electrolytes, binders, conductive
additives, and separators) as they impact performance and life. Typical issues associated with incorporating
newly developed material into working PEV cells can include: (1) inadequate power capability needed to meet
PEV requirements, (2) insufficient cycle life stability to achieve the 1,000 to 5,000 “charge-depleting” deep
discharge cycles, and (3) poor performance at lower temperatures. ABR is conducted by a team that includes
six national labs and several universities. (In this report, Chapter IV lists all the projects under this activity.)

The Battery Manufacturing and Process Development activity complements the ABR activity. It involves
R&D at the national labs on systematic material engineering and customized scaled processes to produce high
quality material at kilogram-levels. It also involves in-line analysis methods of quality control to detect
electrode flaws and contaminants and development of new atomic layer deposition techniques which would be
more amenable to high-volume manufacturing. It also includes industry partnerships to develop novel
electrode/cell manufacturing technologies utilizing proven as well as emerging battery chemistries, reducing
the ratio of inactive materials to active materials, higher process yields, cost-effective drying, novel separator
coatings, commercially scalable prelithiation methods, and novel battery architectures. (The projects in this
activity are also listed within Chapter IV.)

! See http://uscar.org/guest/article_view.php?articles_id=85

2 See http://uscar.org/guest/article_view.php?articles_id=86

3 Battery Test Manual for Electric Vehicles, U.S. Department of Energy, Vehicle Technologies Office, Revision 3, INL/EXT-15-34184, June
2015. See http://www.uscar.org/commands/files_download.php?files_id=405

4 FreedomCAR Battery Test Manual For Power-Assist Hybrid Electric Vehicles, October 2003, DOE/ID-11069. See
http://www.uscar.org/commands/files_download.php?files_id=58

3 United States Council for Automotive Research, RFP and Goals for Advanced Battery Development for Plug-in Electric Vehicles. See
http://www.uscar.org/guest/teams/12/U-S-Advanced-Battery-Consortium
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The Advanced Battery Materials Research (BMR) activity addresses fundamental issues of materials and
electrochemical interactions associated with lithium batteries. It develops new/promising materials and uses
advanced material models to discover them and their failure modes, as well as scientific diagnostic
tools/techniques to gain insight into why they fail. Battery chemistries are monitored continuously with
periodic substitution of more promising components based on input from activity participants, outside experts,
and from the overall assessment of world-wide battery R&D. This work is carried out by a team of researchers
located at several national labs, universities, and commercial entities. It also studies issues critical to the
realization of beyond lithium-ion technologies, such as solid-state technology, lithium metal systems, lithium
sulfur, and lithium air. Some of the main areas of focus include new methods to understand and stabilize
lithium metal anodes; to contain Li polysulfides to enable the use of sulfur cathodes; and to develop
electrolytes that support lithium air and Li/sulfur cells. The newly-started VTO Battery500 projects are to be
managed in conjunction with this program element. (In this report, Chapter V lists all the projects that are part
of the Advanced Battery Materials Research (BMR) activity and Chapter VI introduces the Battery500
program.)

The Extreme Fast Charging (XFC) activity was initiated in FY 2016 as a means to understand the cost and
technical barriers associated with implementing the 350kW direct current fast-charging of EVs. It is necessary
to reduce EV refueling time through XFC to levels comparable with internal combustion engine vehicles
(ICEVs) to enable the widespread adoption of battery EVs. The convenience brought to consumers by XFC
technology leads to the increased utility of EVs, which in-turn provides consumers with greater choices. A
team from three national laboratories, in consultation with automakers, battery developers, EVSE
manufacturers, and utilities has identified R&D needs for XFC. Those R&D areas include (but are not limited
to) battery materials research, advanced electrode design, advanced cooling systems, enhanced interoperability
of vehicle to electric vehicle supply equipment (EVSE), and infrastructure planning. (Because this activity is
just starting during FY2017, its projects will be reported in the next year’s annual progress report.)

Several Small Business Innovation Research (SBIR) contracts are also supported by VTO, in addition to the
R&D described above. SBIR projects have been the source of new ideas and concepts. These SBIR projects
are focused on the development of new battery materials and components. (A short list of the energy storage
SBIR project-starts is included at the end of Chapter 11.)

The Electrochemical Energy Storage Roadmap describes ongoing and planned efforts to develop
electrochemical storage 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 has established extensive and comprehensive ongoing coordination efforts in energy storage R&D across
all of the DOE complex and with other government agencies. Coordination within DOE and with other
government agencies is a key attribute of the VTO energy storage R&D efforts. VTO coordinates efforts on
energy storage R&D with the DOE Office of Science, and the DOE Office of Electricity. Coordination and
collaboration efforts also include membership and participation in the Chemical Working Group of the
Interagency Advanced Power Group (IAPG), active participation in program reviews and technical meetings
sponsored by other government agencies, and 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 with 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), the G8 Energy Ministerial’s Electric
Vehicle Initiative (EVI), and bilateral agreements between the U.S. and China.

I.B.4. Recent Advanced Battery R&D Highlights

e The world’s leading market for EVs: U.S. is a leading market for EVs and is producing some of the
most advanced PEVs available today. Consumer excitement and interest in PEVs are growing, despite
recent drops in gasoline prices. In 2016, the U.S. PEV sales jumped 37% from 2015 levels and there
were 30 PEV models being offered for retail sale. There were 560,000 PEVs on U.S. roadways at the
end of 2016.
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Successful commercial applications: VTO has a successful track record of planning and executing
R&D on critical battery technologies that move into commercial applications. Hybrid and electric
vehicles on the market from GM, Ford, Fiat Chrysler, BMW, Mercedes, and Land Rover are using
lithium-ion technologies which were developed under DOE VTO projects.

Lithium-ion capacitors (Maxwell Technologies Inc./USABC): In 2016, Maxwell Technologies
announced the first commercial application of lithium-ion capacitors (LIC) for rapid energy
regeneration in a trolley system for the largest Chinese rail manufacturer (the China Railway Rolling
Stock Corporation). This technology was initially developed under a USABC program and is based on
an asymmetric supercapacitor LIC, in which one electrode stores charge exclusively like a classical
capacitor while the other stores lithium ions like in a battery. This hybrid of two technologies provides
several times the capacity of a normal supercapacitor while also retaining excellent power capabilities.
(See Figure 1-2.) The USABC project also launched Maxwell to start in the making of large-scale
supercapacitors in a pouch format. Maxwell’s K2 2.85V 3400F cells, available since 2014, offer 17%
more power and 23% more energy than contemporary state of the art cells. The K2 2.85V
ultracapacitor was recognized as one of EDN’s Hot 100 Products of 2014 and now has found
commercial application in transportation.

Figure I-2: LICs provide better energy density than conventional supercapacitors. Where energy is important this can reduce
the storage device’s volume. The unit on the right, developed in the USABC project, is half the size/weight, but twice the
power and three times the energy of the standard pack to the left

Battery Cost Reduction: The 2016 DOE PEV battery cost reduction milestone of $250/kWh was
accomplished. DOE-funded research has helped reduce the current cost projection for an EV battery
(for three DOE-funded battery developers) to an average $245 per kilowatt-hour of useable energy.
This cost projection is derived by inputting material costs and cell and pack designs from those
developers into ANL’s peer-reviewed public domain Battery Production and Cost model (BatPaC).
The cost projection is based on a production volume of at least 100,000 batteries per year. The cost is
derived for batteries meeting DOE/USABC system performance targets. The battery development
projects focus on high voltage and high capacity cathodes, advanced alloy anodes, and process
improvements. Details of the cost model inputs are available in spreadsheets and also included in
DOE quarterly reports. DOE’s goal is to continue to drive down battery cost to $125/kWh by 2022.

Advanced Cell Development (Amprius/USABC): Silicon has significant potential as a new anode
material since it offers nearly 10 times the theoretical capacity of graphite which is currently used in
lithium-ion batteries for PEVs. However, when intercalated with lithium ions, silicon swells upto four
times its volume, causing mechanical and chemical failures and an inadequate cycle life. Amprius,
Inc. of Palo Alto, California has developed a unique silicon structure — nanowires grown directly on
the current collector without binders — which addresses swelling by enabling silicon to expand and
contract internally. In a multi-year USABC project Amprius is developing cells sized for PEV
applications that are expected to meet DOE targets for energy density and possibly cycle life. The
project’s first-year 2 Ah cells completed more than 550 cycles and exceeded many of the USABC’s
power and energy targets. (See Figure I-3.)
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Advanced Anode R&D (XG Sciences, Inc): In another R&D effort to utilize the high capacity of
silicon anodes while improving their generally poor cycling stability, XGS Sciences of Anne Arbor,
Michigan has developed XG SiG™, a Si/graphene composite anode material that features a nano-
structured material design and low-cost, scalable manufacturing process utilizing graphene to mitigate
the cycling stability issues of Si in lithium-ion batteries. XGS’ optimization of the Si/graphene
composite structure delivers high capacity (600 mAh/g), high first cycle efficiency (~85%), and
cycling stability of >85% at 1,000 cycles in 2 Ah cells with an NCA cathode produced and tested at
A123 Systems. (See Table I-2). Scalable Si/graphene dispersion and coating processes and the low
cost XGS manufacturing process were thus ready for transition to mass production. (See Figure 1-4.)

(600 mAh/g Si/Graphene Anode/NCA Cathode, 165 Wh/kg)

1,000

87%
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Nano-scale

Micron-scale

Figure I-4: Transmission electron microscope image showing Si/graphene composite material in the region of the graphene Si
interface and graph illustrating nano-structured material design (inset)

o Lower Cost, Enhanced Safety Separator Technology (ENTEK Membranes/USABC): Separator
membrane is an essential component of lithium batteries allowing ion transport while keeping the
positive and negative electrodes from touching. Separators impact performance, safety, and cost. To
enhance the features of the separator, ENTEK of Portland, Oregon has developed an innovative
approach of incorporating nanoparticle filler into the bulk structure of the separator and applying an
alumina nanoparticle coating on top of the separator. Figure I-5 illustrates that this nanoparticle
alumina coating approach requires 60% less coating mass compared to conventional coatings (with
~0.5 um diameter particles) to achieve high temperature dimensional stability (i.e., less than 5%
shrinkage in the separator at temperatures above the melting point of the base polyolefin separator).
The nanoparticle alumina coatings enhance safety features, improve energy density, and reduce cost.
Additionally, ceramic coatings may allow for a higher voltage stability (up to 4.9 V), which will
improve the energy density of lithium-ion cells. ENTEK is collaborating with Farasis Energy Inc. to
demonstrate this advanced separator technology in high voltage lithium-ion PEV batteries.

ENTEK alumina coating

— 700 H + ENTEK aluminacoating
R [}
g 60.0 e LI m Conventional coating
o 500 <o
® Conventional coatings
< 400 require >2:5 times
= o  More alumina to
w» 300 achieve low shrinkage ™
%) .
£ 200 (<5% at 180°C)
L)
~ 100 * ]
- © 83‘00 W Pose o0 M o m =
0 02 04 06 08 1 12 14 16 18 2
ceramic coating/ base separator ratio (wt/wt)

Figure I-5: Coating with nano-alumina allows for a substantial reduction in coat weight required to achieve high temperature
dimensional stability which may improve safety features in the separator, reduce cost, and improve energy density

e Advanced Processing R&D (Oak Ridge National Laboratory): For making lithium-ion batteries,
the formation of electrolyte wetting and anode passivation film (called solid electrolyte interphase, or
SEI) are necessary, but expensive due to long wetting and SEI formation periods. It is estimated that
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the wetting/formation cycling cost at $7.5/kWh is much higher than $2.2/kWh for electrode
processing. This process may take up several days, depending on the cell manufacturer, require large
number of cyclers, large footprint, and intense energy consumption for the cyclers and environmental
chambers. Researchers at Oak Ridge National Laboratory (ORNL) have developed a new fast
formation method to generate the SEI in lithium-ion batteries consisting of graphite and

LiNig sMng3Co0020; as the anode and cathode, respectively. The new formation method is shown in
Figure -6 (top, orange line) and is compared with a baseline method (top, blue line). The baseline
method consists of a series of full charge and discharge cycles at a constant C-rate without any
interruption between the lower and upper cut-off voltages (2.5 — 4.2 V). The new method, however,
involves repeated cycling within a high state-of-charge region (4.2 — 3.9 V) after the first charge until
the last cycle where a full discharge takes place. Compared to the baseline, the new method reduced
formation time from more than 9 days to less than a day. The new method at ORNL resulted in similar
capacity retention compared to the baseline (Figure I-6, bottom). Thus, the new method not only
reduced the formation time greatly, it also resulted in similar cell capacity retentions, which could
significantly increase production throughput and reduce capital equipment savings for new battery

plants.
4.5
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Figure 1-6: Top graph portrays the baseline and new formation method illustrated as voltage profiles, showing ten times
faster formation time for the new method. Bottom graph exhibits capacity after the new formation retained more than one
after the baseline. The error bars correspond to 90 percent confidence intervals

e Battery Safety R&D (National Renewable Energy Laboratory): NREL’s Battery Internal Short
Circuit (ISC) Device, the first sensor able to accurately simulate an internal short circuit within a
lithium-ion cell, received the prestigious R&D 100 Award in 2016. Internal short circuits in lithium-
ion batteries, usually caused by latent flaws during manufacturing that can escape detection during
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normal screening. While these defects enter the battery cell coming off the assembly line, significant
time can elapse before a defect surfaces as internal short circuit and later fails catastrophically via
thermal runaway (e.g., the Boeing Dreamliner and Samsung Note 7 battery failures). To evaluate if
new battery designs and materials can improve tolerance to internal short circuits, the battery industry
uses external methods not representative of internal short circuit. The NREL device, shown in Figure
1-7, allows battery developers to evaluate the effectiveness of new materials and cell designs to assess
and address their hazards and bring safer batteries to market. CT imaging (Figure 1-8) provides
unprecedented insights into the failure mechanisms in 18650 cells after initiation of the NREL ISC
Device. An improved version of battery ISC Device has been used by five battery manufacturers to
evaluate the stability of lithium iron phosphate cathodes, combustion gas evaluation after an internal
short circuit, effectiveness of non-flammable electrolytes and shut-down separators, fusible tabs, vent
designs, and propagation testing. In 2016, NREL received over 1,000 orders from NASA and three
different battery manufacturers for the ISC Device to improve safety of lithium-ion batteries.

Figure I-7: Computerized tomography (CT) rendering of Battery ISC Device inside a lithium-ion battery. The yellow and blue
portion of the image is the ISC device in an 18650 cell. Courtesy: Donal Finegan, University College of London

|
|

Figure I-8: Computerized tomography scan of 18650 cell, with the Battery ISC Device implanted on the right side of the cell,
shows cell before going into thermal runaway (top) and while going into thermal runaway (bottom)
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Advanced Cathode R&D (TIAX, LLC): TIAX has developed long-life lithium-ion cells which
exceed DOE energy and power targets (200 Wh/kg and 800 W/kg pulse power, respectively) for
PHEV40 battery cells. The technology pairs a high capacity version of TIAX’s proprietary high
energy and high power CAM-7® cathode material with a blended anode containing Si and graphite
materials. Prototype 18650 cells, with CAM-7 and the Si-based blended anode were built and tested,
delivering higher specific energy and power than baseline cells employing CAM-7/graphite. (See
Figure 1-9.) The specific energy for the program deliverable cell is projected to reach 220 Wh/kg upon
scaling to state-of-the-art 18650 cell hardware and to 250 Wh/kg upon scaling to 15 Ah pouch cells,
which is substantially higher than the 100-160 Wh/kg typical of current PHEV lithium-ion cells.
Moreover, these cells also achieved excellent cycle life, with 85% capacity retention after 1000 cycles
in on-going cycle life testing. By simultaneously meeting the PHEV40 power and energy targets and
providing long life (although below the 5,000 cycle DOE/USABC cycle life target), resulting in a
lithium-ion battery system that can be smaller, lighter, and less expensive than current state-of-the-art
lithium-ion batteries.

CAM-7/Si-based Anode 18630 Cells - 2.7 - 4.1V RT Cycling
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Figure 1-9: Excellent cycle life was achieved in the program demonstration 18650 cells with higher capacity CAM-7 and
blended Si-based anode

Advanced Electrolyte R&D (Daikin Industries of North America): The electrolyte is an important
component in lithium-ion batteries impacting cost, performance, energy density, life and safety.
Increasing the voltage window of state-of-the-art lithium-ion cells increases energy density, but
negatively impacts the cell’s life and safety. Daikin has shown that a typical hydrocarbon electrolyte is
not suitable for battery operation above 4.35 V due to gassing and decomposition of the electrolyte.
Daikin development has led to the introduction of fluorocarbons into the conventional electrolyte,
allowing it to cycle up to 4.5 V in 1 Ah NMC(111)/graphite cells. Cycle life testing (25°C) was
initiated in multiple cell chemistries to determine whether cell failures at higher voltages occur
independent of cell chemistry. Figure I-10 shows the cycle life of hydrocarbon and fluorocarbon
electrolytes in 1 Ah NMC/Graphite cells at 4.2, 4.35, and 4.5 V. Both the hydrocarbon and
fluorocarbon electrolytes are stable at 4.2 V, the hydrocarbon electrolyte at 4.35 is not stable after

150 cycles while the fluorocarbon electrolyte is stable at 4.35 V beyond 250 cycles. At 4.5 volts, the
hydrocarbon electrolyte is not stable while the fluorocarbon electrolyte is stable beyond 250 cycles.
When cycling NMC/graphite cells at 4.5 V, a capacity increase of about 15% is realized, but the
hydrocarbon electrolyte begins to fail after several cycles while more than 250 cycles were achieved
with the fluorocarbon electrolyte with 80% capacity retention.
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Figure 1-10: Cycle life showing capacity of 1Ah NMC/graphite cells with both standard carbonate (top) and fluorinated
(bottom) electrolytes at cycled at a Vmax of 4.2, 4.35, and 4.5V

e Advanced Electrolyte R&D (Silatronix): All automotive lithium-ion batteries use electrolytes that
contain lithium hexafluorophosphate (LiPFs). Although LiPFs has many advantages, a major
disadvantage is that under both high temperature and high charge voltage conditions, in the
(inevitable) presence of water, LiPFs in traditional carbonate solvents decomposes and creates highly
reactive and destructive compounds. When carbonate/LiPFg electrolytes break down inside of a
battery, it leads to gas generation, side reactions, and electrolyte consumption — thus reducing life and
capacity. Silatronix of Madison, Wisconsin, improving upon technology licensed from Argonne
National Laboratory, has developed a commercially available organosilicon material called OS3. This
material has proven to inhibit LiPF¢ breakdown. OS3 benefits are particularly notable during high
temperature operations when traditional electrolytes decompose. OS3 provides benefits to lithium-ion
batteries in concentrations of just 2-5%. The minimal amount of material needed to impact cell
performance makes OS3 cost-effective for all lithium-ion applications. Tests have demonstrated that
0S3 material can reduce cell swelling in a lithium-ion nickel-manganese-cobalt (NMC) cell.

Figure I-11 shows how adding OS3 material can significantly extend battery life during high
temperature operations in lithium-cobalt-oxide (LCO) cells. OS3 material is currently under
evaluation for use by most major lithium-ion battery manufacturers. Silatronix continues to develop
organosilicon chemistry to enable the next generation of high voltage, high energy density EV
batteries.
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Figure I-11: 4.45 V lithium-ion LCO pouch cell battery. Reference cell represents a standard battery. Ref. +OS3 contains 3%
0S3 material. Test conditions: Charge to 4.45 V at 1 C, current cut-off 1/20 C, rest 10 min, discharge to 3.0 V at 1 C, rest 10
min at 45 °C

e Advanced Electrolyte R&D (Argonne National Laboratory): Conventional electrolytes for
lithium-ion batteries, typically comprised of mixtures of various carbonates electrolytes with LiPF¢
salt, decompose above 4.5 V vs. Li"/Li leading to a low Coulombic efficiency, rapid capacity fade,
and severe self-discharge, which worsens at elevated temperatures. To address the stability of the
carbonate electrolytes, scientists at Argonne National Laboratory have developed a new class of
electrolytes based on fluorinated carbonate solvents. A variety of fluorinated carbonates (both cyclic
and linear) were synthesized and the superior voltage stability was examined using density functional
theory calculation and electrochemical cyclic voltammetry. Figure I-12 shows the cycling
performance of the new electrolyte in a 5 V lithium-ion battery using LiNigsMni 504 as a 5 V cathode
and graphite as the anode. Compared with conventional electrolytes, the fluorinated electrolyte shows
much improved performance both in Coulombic efficiency and capacity retention at 55°C. Another
desirable property of the new electrolyte is its non-flammability which is also imparted by the
fluorination, and was demonstrated by lack of any flame or fire after igniting the electrolyte-soaked
testing specimen (glass wool stick) by a torch. Next steps in this work include estimating the
production cost of the fluorinated compounds, and further improving the long-term anode stability.
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Figure 1-12: Capacity retention of LiNipsMn; 504 /graphite cells cycled at 55 °C with F-electrolyte compared with conventional
electrolyte at C/3. (Cutoff voltage: 3.5-4.9 V)
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e Solid State Electrolyte Research (University of Maryland): Through modification of interfacial
layers obtained via computational modeling and controlled interfacial structures by 3D printing, the
University of Maryland has achieved a low interfacial resistance in cells with a solid ceramic
electrolyte comparable to commercial flammable liquid electrolyte batteries. This solves the “large
interfacial resistance” problem, a significant issue for solid-state batteries. The research team used
atomic layer deposition to place a thin film of aluminum oxide on top of the solid ceramic structure
(Figure I-13a and b). With a chemically engineered garnet-based ceramic electrolyte, the team showed
there was a “negligible interface resistance” between the Li metal anode and the ceramic electrolyte
interface: the garnet/Li interfacial resistance was reduced by three orders of magnitude to 1 Ohm*cm?
(Figure I-13d). They also decreased the cathode/garnet interfacial resistance to 7.5 Ohm*cm?, which is
a dramatic improvement over the >3000 Ohm*cm? resistance without surface modification (Figure I-
13c¢). Finally, 3D garnet surface structures were printed to increase the effective surface area relative
to the planar areal surface area, forming structured ion-conductive pathways with varying line spacing.
Resultant interfacial resistance decreased linearly with increased surface area, achieving a 52%
resistance decrease. The battery community is thus getting closer to delivering high energy, high
power, and nonflammable batteries using solid electrolytes.
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Figure I-13: a: Schematic diagram of the wetting behavior of garnet surface with molten Li. b: SEM images of the garnet solid-
state electrolyte/Li metal interface. With and without ALD-Al,0; coating; insets are photos of melted Li metal on top of the
garnet surface clearly demonstrating classical wetting behavior for the ALD-treated garnet surface. c: Comparison of EIS
profiles of the symmetric Li non-blocking garnet cells. Inset shows the much lower impedance curve of for the ALD-treated
garnet cell. d: Comparison of cycling for symmetric cells of Li/bare garnet/Li (black curve) and Li/ALD-treated garnet/Li (red
curve) at a current density of 0.1mAcm?. The inset is the magnified curve of the ALD-treated cell

e Beyond Lithium-ion Research (Stanford University): Lithium metal anode is often known as the
“holy grail” of battery technologies not only due to its high capacity (which is up to ten-fold higher
than commercial graphite anodes materials), but also its challenges. Mainly, there are two such
challenges: lithium dendrite growth, which may result in internal short circuits and possibly thermal
runaway, and a poor cycling stability that shortens cycle life. Stanford University has developed a new
principle on designing Li metal anodes, constructing a “stable host” to reduce the anode’s volume
change during cycling. To achieve this goal, an advanced nanotechnology structure is utilized as
shown in microscopic images (a-c) in Figure I-14. Here, the designed structure consists of stacked
graphene layers with uniform nanoscale interlayer gaps. The gaps provide room for storing Li metal.
This layered stacking nanostructure offers several important advantages: (1) due to the graphene
“host”, the volume change can be significantly mitigated to <20%; (2) the large surface area of the
host can enable uniform Li deposition; (3) the graphene layers provide surface protection to reduce
side reactions on highly-reactive Li metal. This construct successfully suppresses Li dendrites, while
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at the same time allows good cycling. Cells with commercial LiCoO; (LCO) cathode further exhibit
high-power output, with <6 minute charging time.
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Figure 1-14: Schematic of the Li metal anode with “stable host”, which exhibits layered stacking of Li metal and graphene.
(b,c), Scanning electron microscopy (SEM) images of the Li metal anode in cross-section view. (d) Cycling stability of Li-rGO
and Li foil symmetric cells at 1 mA cm-2 and 1 mAh cm-2

Beyond Lithium-ion R&D (Pennsylvania State University): Pennsylvania State University (PSU)
has identified an alternate reaction pathway with a new functional electrolyte to enable high
performance lithium-sulfur (Li-S) batteries. In Li-S batteries, the dissolution of lithium polysulfide
intermediates and an irreversible formation of solid Li>S in conventional ether-based electrolytes leads
to a significant capacity loss and use of a large amount of the electrolyte, thus greatly reducing cell
energy density and cycle life. To address this problem, PSU researchers developed a functional
electrolyte system using dimethyl disulfide (DMDS) as a co-solvent for Li-S batteries. DMDS
promotes the discharge of sulfur through an alternate electrochemical reaction pathway by formation
and subsequent reduction of dimethyl polysulfide species (Figure I-15a-c). The new reaction pathway
not only boosts cell capacity, but also improves electrochemical kinetics and reduces electrolyte
amount. As a result, sulfur cathodes with unparalleled performance are achieved: a stable capacity of
around 1,000 mAh/g sulfur at a very low electrolyte/sulfur ratio of 5 mL/g using practical, high-sulfur-
loading (4 mg S/cm) cathodes, which is almost double the capacity obtained with conventional
electrolytes under the same conditions (Figure I-15d,e). This work represents a major step towards
lowering the electrolyte amount in Li-S batteries in order to increase future energy-density of Li-S
batteries.
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Figure 1-15: Schematic diagrams of the discharge mechanism of (a) conventional ether-based and (b) DMDS-containing Li-S
electrolytes, and (c) photos showing the electrolyte color changes during discharge from A to F in conventional (upper) and
DMDS-containing (lower) electrolytes. (d, e) Electrochemical performance of high-sulfur-loading cathode with low electrolyte
to sulfur (E/S) ratios of 10 and 5 mL g-1 in conventional and DMDS-containing electrolyte

e 1In2016, VTO awarded 14 advanced batteries projects totaling $16.4 million in the areas of high-
voltage electrolytes, solid-state electrolytes, lithium metal protection, advanced characterization
techniques and advanced battery material modeling—(See Table I- 3). Initiated in FY 2017, these
projects will be covered in greater detail in the next year’s annual report.

Table I- 3: FY 2016 Vehicle Technologies Program-Wide Funding Opportunity
Announcement: List of Awardees
Federal Cost
Applicant Location Project Title/ Description Share®

Development of Advanced High-Voltage Electrolytes and Additives, Conformable and Self-Healing Solid State
Electrolytes, and Lithium Metal Protection (Area of Interest 6)

University of Pittsburgh,  Utilize a novel approach to mitigate lithium dendrite $1,250,000
Pittsburgh PA formation by designing a composite lithium anode

Massachusetts Cambridge, Conduct fundamental studies of an alkali halide based $1,250,000
Institute of MA solid-electrolyte to demonstrate self- healing properties

Technology to overcome low cycle life and safety concerns

associated with dendrite formation for lithium metal

Rutgers, The State Piscataway, Design a 3-D metal fluoride all solid-state battery that $1,077,074 (jointly
University of New NJ has the potential for extremely high specific and funded)
Jersey volumetric energy densities (600 Wh/Kg, 1,400 Wh/L).

Daikin America, Inc. Decatur, AL  Develop fluorine containing carbonate solvents that will ~ $1,250,000 (jointly
allow existing lithium-ion batteries to operating above funded)
4.5 V thereby increasing energy density while maintain
performance and safety.

6 Through the Advanced Vehicle Power Technology Alliance between the Department of Energy and the Department of the Army, the Army is
contributing $2.21 million co-funding in several areas where there are joint development opportunities.
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Applicant

Penn State University

Park

University of
Washington, Seattle

West Virginia
University Research
Corporation

The Research
Foundation for the
SUNY Stony Brook
University

University of
Maryland

Location

University
Park, PA

Seattle, WA

Morgantown,
wv

Stony Brook,
NY

College Park,
MD

Federal Cost

Project Title/ Description Share®

Develop protective, self-healing layers for lithium metal $1,139,319
anodes that will allow high cycling efficiency (> 99.7%) and
dendrite-free cycling.

Design a novel gel electrolyte that possesses a self-healing $1,250,000
property to suppress dendrites at the lithium metal electrode

and traps polysulfides that are detrimental to Li-S battery cycle

life.

Develop solid-state electrolytes that integrate a highly- $1,244,012
conductive inorganic nano-fibrous network with a conductive

polymer matrix composite to suppress dendrites in lithium-

metal batteries.

Investigate lithium-metal batteries with a solid state, self- $1,065,975
healing electrolyte/separator with improved electrolyte
conductivity and cycling efficiency.

Design self-healing, 3-D conformal solid state electrolytes to $1,250,000
prevent dendrite formation and achieve in high battery cycle
life.

Development of Advanced Battery Material Characterization Techniques (Area of Interest 7)

General Motors
LLC

University of
California - San
Diego

Texas A&M
Engineering
Experiment Station

University of
California -
Berkeley

Michigan State
University

Warren, MI

La Jolla, CA

Develop a comprehensive set of diagnostic techniques that $1,452,676
enable the understanding of the mechanical/chemical

degradation of the solid electrolyte interface layer to

improve the performance and cycle life of current lithium-

ion batteries.

Develop advanced microscopy and spectroscopy tools to $1,080,000
understand and optimize the oxygen evolution that impacts
the performance of current lithium ion cathodes.

Advanced Battery Materials Modeling (Area of Interest 8)

College
Station, TX

Berkeley,
CA

East
Lansing, MI

Develop a multi-scale modeling approach to study the $1,200,000
chemical structures of electrolytes and the solid
electrolyte interface layers.

Develop a comprehensive model to identify promising $891,000
materials candidates for all solid state lithium batteries.

Develop an electrochemical-mechanical model to design $999,943
artificially solid electrolyte interface coatings.

I.B.5. Organization of this Report

This report covers all the FY 2016 projects that were ongoing (or had started up) as part of the advanced
battery R&D (i.e., energy storage R&D) effort in VTO. Chapter II through V contain descriptions and account
of the progress of various R&D projects supported through VTO funding. A list of individuals who contributed
to this annual progress report (or who collaborate with the energy storage R&D effort) appears in Appendix A.
A list of acronyms is provided in Appendix B.

Advanced Batteries R&D 17



We are pleased with the progress made during the year and look forward to continued work with our industrial,
government, and scientific partners to overcome the remaining challenges to delivering advanced energy
storage systems for vehicle applications.

David Howell

VTO Deputy Director and
Program Manager for
Hybrid and Electric
Systems

Vehicle Technologies
Office

Peter W. Faguy

Manager, Applied Battery
Research and Advanced
Processing R&D

Vehicle Technologies
Office

Tien Q. Duong

Manager, Advanced Battery
Materials Research and
VTO Battery500
Consortium

Vehicle Technologies
Office

Brian Cunningham

Manager, Battery
Development; and Battery
Testing, Analysis and
Design; and Small Business
Innovation Research for
Batteries

Vehicle Technologies
Office

Samuel Gillard

Technology
Development Manager,
Battery Testing,
Analysis and Design

Vehicle Technologies
Office
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Advanced Battery Development

Il.LA. USABC Battery Development & Materials

ILA.1. High Energy Lithium Batteries for Electric Vehicles (Envia Systems)

Herman Lopez, Principal Investigator
Envia Systems

7979 Gateway Blvd., Suite 101

Newark, CA 94560

Phone: 510-962-3687; Fax: 510-510-7012
E-mail: hlopez@enviasystems.com

Oliver Gross, USABC Program Manager
Fiat Chrysler Automobiles

800 Chrysler Drive East

Auburn Hills, MI 48326

Phone: 248-219-3011; Fax: 248-944-3035
E-mail: oliver.gross@fcagroup.com

Start Date: June 2014
End Date: July 2017

Abstract
Objectives
e Develop high capacity silicon-based anode composite electrodes capable of supporting long cycle life
by controlling electrode pulverization, lithium consumption and conductivity loss.
e Develop high capacity cathode blend composites capable of supporting the energy, cycle life, calendar
life, power, safety, and low/high temperature cell requirements.
e Develop a manufacturable and cost-effective pre-lithiation process that enables the fabrication of
large-format high-capacity pouch cells.
e Screen and down-select best electrolyte formulation and separator type for meeting USABC
performance, cost and safety cell targets.
e Design, build, test and deliver large format pouch cells integrating high capacity Si-based anode and

cathode composites along with optimized electrolyte, separator and pre-lithiation process that meet
USABC EV cell goals.

Accomplishments

Achieved >700 cycles from 20Ah pouch cells before reaching 80% capacity retention integrating
down-selected SiOx-based anode and Ni-Co-Mn-based cathode blend.

Screened various SiOx, n-Si, and Si alloy materials and based on capacity, cycle life, irreversible
capacity loss, processability and manufacturability, down-selected SiOx as the anode material to
integrate in future cell builds.

Evaluated different Mn-, Ni-, and Co-rich cathode blends in order to maximize specific capacity,
average voltage, electrode density, loading, DC-resistance, and cycle life.

Nanoscale successfully built and qualified their large roll-to-roll pre-lithiation machine, currently
being used for the anode pre-lithiation development.
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e Improved cell cost model with more reliable cost numbers.

Future Achievements

e Complete iteration #2 cell build integrating down-selected and optimized anode, cathode, electrolyte,
separator and pre-lithiation process.

e Complete final cell build integrating down-selected and optimized anode, cathode, electrolyte,
separator and pre-lithiation process.

e Deliver cell to the National Laboratories for independent cell testing.

e Validate final cell cost model.

Technical Discussion

Background

In order to reduce our dependence on imported fossil fuels (and in the process decrease greenhouse gas
emissions), electric vehicles (EVs) have received intense attention as a possible solution. One of the main
barriers to widespread adoption of EVs relates to the lack of available high energy, low cost and safe energy
storage devices. Lithium-ion batteries (LIBs) are presently the best energy storage solution used in currently
sold EVs. Further improving 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.

Introduction

This project is developing a new battery system based on novel high-capacity Ni-Co-Mn (NCM) cathode
blends and high capacity silicon-based anode composites that could meet the USABC EV cell performance
targets for 2020. In order to enable high Si-content anodes, a manufacturable and cost effective pre-lithiation
process will need to be developed to compensate for the high irreversible capacity loss (IRCL) of the anode. At
the conclusion of the program, Envia will demonstrate LIBs with usable specific energy greater than 350
Wh/kg and usable energy density greater than 750 Wh/l while maintaining other performance requirements of
EV cells, including power, calendar life, cycle life, safety and cost. This will be achieved through a
collaborative effort across several organizations, where each organization provides expertise on specific
components of the material, processing and cell. Ultimately, large format cells meeting USABC goals will be
built and delivered to the National Laboratories for testing.

Approach

Envia is utilizing a system-level approach to screen, develop and optimize critical cell components (cathode,
anode, electrolyte, separator), pre-lithiation processes (process, dose), cell design (N/P ratio, electrode design)
and cell formation and testing protocols that will enable meeting the USABC EV cell level goals for the year
2020. The development will consist of integrating high capacity Ni-Co-Mn cathode blends, pre-lithiated
silicon-based high capacity anodes, high voltage electrolyte and ceramic-coated separator into large capacity
(10-60 Ah) pouch cells. The developed cells will exhibit high energy density and power, good cycle life and
calendar life and acceptable low-temperature performance while meeting cell level cost and safety targets.
Cells will be delivered and tested by the following National Laboratories: Idaho National Laboratory (INL),
Sandia National Laboratories (SNL) and National Renewable Energy Laboratory (NREL).

Envia is leveraging its material, process and cell development expertise to develop, modify and engineer
material and cell-level solutions to meet the cell specifications. During this project, Envia has partnered with
leading companies like Daikin America (electrolyte), Asahi Kasei (separator), Nanoscale Components (pre-
lithiation processing), A123 Venture Technologies (cell manufacturing), 3M (Si alloys), and DuPont (n-Si
composites), to develop the best materials, processes and cells practicable. Having the proper partnerships will
increase the probability of meeting the USABC project goals by leveraging the strength of each of the partner,
with Envia mainly focusing on its core strengths of cathode and anode development, and cell design.
Partnering with large chemical and cell partners also ensures that any developed technology will have a clear
path to high volume production and commercialization.
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The program has been structured so that as it progresses throughout its 3 years, the cell targets increase in
difficulty with respect to specific energy, energy density, cycle life and cell cost (see Figure II-1). The program
consists of 5 cell builds that include the baseline and final program cell build intended to track the projected

cell development timeline.
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Figure II-1: Projected high energy cell development timeline
Envia Systems

Results

Anode Development: Envia has screened multiple high capacity silicon-based anode materials from 3M,
DuPont, and various commercial vendors. Screening of various nano-silicon (n-Si), silicon-based alloys and
silicon oxide (SiOx) composites was performed and evaluated based on capacity, cycle life, irreversible
capacity loss, processability and manufacturability. During the material screening, the materials were tested
following vendor recommendations and by applying Envia’s own electrode formulation, processing and
coating know-how in an attempt to further improve the performance of the silicon materials. In general, n-Si
was tested at various active percent levels, passivated by a variety of coatings and blended with other
graphitic-based active materials and in all cases cycle life was compromised. Si-based alloys showed improved
cycled life compared to n-Si, but showed lower capacity and poor cycle life compared to SiOx-based anode
materials. After evaluating the various Si-based materials, Envia has down-selected SiOx-based materials as
the material of choice to meet the challenging USABC cell targets. SiOx-based materials continue to have
challenges with respect to cycle life and development will continue to further improve the performance.

Upon completion of year 2 of the program, Envia has integrated Si-SiOx-based carbon composite anodes into
the baseline, iteration #1 and multiple internal cell development cell builds. Anode material development has
focused on optimizing the anode composition, electrode formulation and material coating. The composite has
been formed by engineering the precise amount of carbon, type of carbon and processing (see Figure I1-2).
Additional anode surface coatings and electrode designs continue to be explored to further improve the cycling
and energy performance of the cells.
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Figure 11-2: Half-cell electrochemical performance of various SiO,-Si-C anode composites
Envia Systems

Cathode Development: Envia has down-selected a lithium-rich manganese-rich cathode composition, dopant
and surface coating based on capacity, average voltage, DC-resistance, usable energy and cycle life. The
down-selected cathode material (C#24) has shown ~800 cycles to 80% energy retention in graphite cells when
cycled at a C/2 rate at the voltage window of 4.35-2.2 V (see Figure 1I-3). To further optimize the performance
of the cathode, different Mn-rich, Ni-rich and Co-rich cathode blends have been explored to leverage the
advantages of each of the components and will be used in future cell builds.
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Figure II-3: Half-cell electrochemical performance of various Ni-Co-Mn-based cathode blends
Envia Systems

Pre-lithiation Development: A consequence of working with high capacity silicon-based anodes, and
especially with SiOx-based materials, is an inherent high irreversible capacity loss. In order to compensate for
this loss, pre-lithiation is a requirement. Envia has partnered with Nanoscale Components, which pre-lithiates
anodes via a scalable, manufacturable and cost effective roll-to-roll electrochemical process. Early in the
program, Nanoscale successfully pre-lithiated and delivered silicon-based anode electrode (A#7) to support
1Ah capacity build #1 cells. Other anode formulations and compositions have been attempted and will
continue to be optimized during the program to develop a pre-lithiated anode capable of meeting USABC EV
cell targets.
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Nanoscale completed its larger pilot scale pre-lithiation line, which is now able to pre-lithiate electrodes for
large format pouch cells. The new pilot line has the following attributes: 1) 50x larger than the initial line; 2)
5x wider to support a 300 mm anode width with 10x longer length for faster throughput; and 3) designed for
near production levels of automation. The new pilot scale line is currently being used for pre-lithiation trials of
Envia’s high capacity anode formulations. Once the pre-lithiation of Envia’s current A#14 anode formulation
is successful, material will be integrated in cell build #2.

As Nanoscale’s pre-lithiation process is optimized, Envia continues its large capacity cell development
utilizing SLMP (stabilized lithium metal powder) from FMC Lithium as the pre-lithiation material. Using the
SLMP process Envia has routinely made 1, 10 and 20 Ah pouch cells to optimize and down-select the cell
components, design and testing protocols.

Cell Development: In order to meet USABC EV cell targets, multiple high capacity cell builds have taken
place and are scheduled throughout the remainder of the program. Currently, 1, 10 and 20 Ah pouch cells have
been built and tested by incorporating promising active and passive materials, cell components, and cell
designs. Cell build iteration #1 served as the first time that cells were assembled, integrating materials and a
cell design from Envia, pre-lithiation from Nanoscale and cell assembly from A123.

In parallel, smaller cell builds consisting of fewer cells have taken place and will continue to be built to
evaluate and down-select the best electrolyte, separator, cathode, anode, cell design, and testing conditions that
will feed the larger builds. Currently Envia has achieved >700 cycles from 20 Ah cells before reaching 80%
capacity retention (see Figure II-4). The high capacity (20 and 10 Ah) and high-energy (245 and 265 Wh/kg)
cells integrate the down-selected Ni-Co-Mn cathode blend, high SiOx content anode composite, SLMP-type
pre-lithiation and optimized electrolyte, separator and cell design. Similar cells are expected to be built in the
upcoming iteration #2 cell build. Iteration #3 cell build will target specific energies >300 Wh/kg while
integrating similar anode and cathode materials.
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Figure II-4: Cycle life performance from 20 Ah and 10 Ah cells cycling at a C/3 rate and voltage of 4.35-2.3 V

Advanced Batteries R&D 23



Conclusions

Envia has shown >700 cycles before reaching 80% capacity retention from 20 Ah capacity pouch cells
integrating a Ni-Co-Mn cathode blend, high SiOx content anode composite, SLMP-type pre-lithiation and
optimized electrolyte, separator and cell design. 20 Ah cells just finished cycling and tear-down and failure
analysis is planned to understand the failure modes and further improve the cell performance.

Envia will continue to use a system-level approach to further develop and optimize the critical material and
cell components (cathode, anode, electrolyte, separator), pre-lithiation, cell design (N/P ratio, electrode design)
and cell formation and testing protocols that will enable meeting the USABC EV cell targets. Development
will continue with the goal of down-selecting the best materials, components and processes to integrate in the
upcoming cell build iteration #2 and #3. Close interaction with all development partners and careful
postmortem analysis will be central to the effort, and critical to the success of the project.

Products

Presentations/Publications/Patents

1. “High Energy Lithium Batteries for Electric Vehicles”, ES247 Lopez 2015 p, US DOE Vehicle
Technologies Program Annual Merit Review, AMR, 2015.

2. “High Energy Lithium Batteries for Electric Vehicles”, ES247 Lopez 2016 p, US DOE Vehicle
Technologies Program Annual Merit Review, AMR, 2016.
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IlLA.2. Development of a High Energy Density Cell and Module for EV
Applications (LG Chem Power, Inc.)

Mohamed Alamgir, Principal Investigator
LG Chem Power, Inc.

1857 Technology Drive

Troy, MI 48083

Phone: 248-291-2375

E-mail: alamgir@lgchem.com

Chulheung Bae, USABC Program Manager
Ford Rescarch & Innovation Center

2101 Village Road

Dearborn, MI 48121

Phone: 313-410-1398; Fax: 313-248-4077

E-mail: cbae@ford.com

Start Date: February 2015
End Date: January 2018

Abstract

Objectives

Development of a high energy density, low-cost cathode material to meet the requirements of the
USABC targets for long-range EV battery.

Development of a high capacity Si-based anode that is capable of long cycle-life.

Understanding/Optimization of high capacity electrode structures that will enable the manufacturing
of low-cost, long-life EV batteries.

Fabrication and testing of modules comprising high capacity cathodes and Si-based anodes using a
suitable thermal management system. Since cells using Si anodes are expected to undergo
considerable volume changes, the objective is to develop a mechanical structure that will be effective
in retaining the cells as well as thermally managing them to prolong life and abuse-tolerance.

Accomplishments

Studies were carried out to improve the durability of Mn-rich cathode materials using scaled-up ALD
coating and doping. This included work to eliminate first cycle inefficiency and gassing especially
when charged to high voltages using chemical activation.

Preliminary studies to use high Ni-content cathode materials have been performed. The use of ALD
coating leads to improved durability.

Comprehensive studies to characterize Si-based anode materials, including development of
appropriate binders, conductive additives and electrolytes, are currently in progress.

Two batches of baseline cells have been fabricated and delivered to the USABC for testing.

Studies of electrode structures were carried out with the goal of developing high loading electrodes.

Future Achievements

Work will focus on improving the durability of Ni-rich cathode using surface coatings and electrolyte
optimizations.

Cycle-life issue of high loading Si-based anodes will be addressed using optimized electrolytes and
electrode structure.
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e Cells made using the most optimized cathode/anode from the above studies will be built into modules
to characterize their thermo-mechanical behavior in order develop an optimized mechanical and
thermal management system that will be robust with respect to life and abuse-tolerance.

Technical Discussion

Background

Mass-scale commercialization and adoption of EVs critically depends on the development of high energy-
density, low-cost EV batteries. This is a 3 year program that aims to advance the EV battery technologies to
help achieve this overall objective.

Introduction

The development of high energy density, low-cost EV battery meeting USABC requirements necessitates the
use of very high capacity cathodes as well as of high energy density anodes. A survey of the current crop of
cathode and anode materials having the potential for meeting the performance, life and cost targets show that
high energy density cathodes such as Li rich NCM or high Ni-content NCM and Si-based anodes are the most
attractive choices for this purpose. The current program is aimed at utilizing these electrode materials for
achieving those objectives.

Approach

In order to achieve the program objectives, the following key approaches are being pursued.

e Use of high capacity NCM cathodes. This entails both Mn rich as well as high Ni content cathode
materials.

e Use of high capacity Si-based anode that has the best cycle-life at a high loading level.

e Development of high loading electrode to realize high energy density.

Results
The following is a summary of the progress made this year.

Cathode Development

We have been pursuing dual approaches to develop a high capacity and long-life cathode material. These are:

e Use of Mn-rich NCM
e Use of Ni-rich NCM

Although the Mn-rich NCM has a very high capacity (~250 mAh/g), when charged to voltages as high as 4.6V,
it encounters several well-known drawbacks such as inferior life, gassing, voltage fade as well as a high
resistance value at low SOCs. We have pursued multiple avenues such as ALD coating, doping, chemical
activation as well as various electrolyte additives to solve these issues. While these approaches yielded
relatively good improvement, the data shown below indicate that the magnitude of improvement was not large
enough to warrant continued studies with this material in this program. For example, Figure 11-5 shows the
data for a cell built using our most optimum Mn-rich cathode and a high loading Si-based anode we prepared
as our first baseline deliverable. The data show considerable impact on the delivered capacity as the function
of upper voltage cutoff of 4.4 and 4.6V. The cycle-life of the cell was, however, considerably poor as the
capacity faded to less than 80% after 25 cycles at room temperature. More dramatic fade was observed during
storage at 60°C and SOC=80%. Structural evolution, Mn dissolution and thick SEI formation are attributed to
such rapid decay in cell performance. Given those poor life characteristics, studies with this cathode material
were discontinued.
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Figure II-5: Results from a Mn-rich cathode/high loading Si-anode cell. Top) effect of charge voltage on delivered capacity;
Bottom left: cycle-life of the cell at room temperature at the C/3 discharge rate and C/10 charge rate. Bottom right) Storage
at 60 °C and 80% SOC

Consequently, Ni-rich NMC was selected as our primary path for the cathode chemistry. We selected ALD
coating as one of the routes for improving the durability of the cathode. Data showed that the capacity and the
rate capability of the cathode are not adversely affected by the coating and, in fact, it showed a slightly higher
capacity and better capacity retention compared to its untreated counterpart (see Figure 11-6).
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Figure II-6: Top) Rate Capability of ALD-coated Ni-rich cathode/graphite cells. Bottom) Capacity retention and resistance
increase during charging and discharging between 2.5 and 4.2 V at room temperature at C/3

Cells using the highest amount of Si-anode loading (30%) and Ni-rich cathode were then built to test their
performance. The data show considerable monotonously increasing resistance rise below SOC 70%. However,
unlike their Mn-rich counterparts, these cells showed considerably better cycle-life. They showed close to 80%
capacity retention after 100 cycles compared to the 80% capacity retention after 25 cycles for the Mn-rich
cathode cells (see Figure II-7, Figure 11-8). In addition, the Mn-rich based cells vented after 60 cycles due to
excessive gassing.

Higher temperature cycling at 45°C leads to a further fade in the capacity with a concomitant rise in cell
resistance. Studies will be carried out to stabilize the interface and suppress the side reactions that lead to this
capacity fade and resistance rise. Although there is a larger fade of these cells at 45°C, we note here that these
data are significantly superior to those we obtained using the Mn-rich cathode.
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Figure 11-8: Cycle-life results at 45 °C for high loading Si-anode/Ni rich cells. Cells were cycled between 2.5 and 4.2 V at C/3

Conclusions

Extensive studies involving doping, surface treatment and electrolyte optimization, among others, did not lead
to any significant improvement in the durability of Mn-rich cathode cells. Consequently, work on this cathode
was discontinued in favor of the Ni-rich cathode which showed a much superior performance. ALD coating
appears to improve the durability of the cells. Preliminary studies with high loading of Si-based anode showed
reasonably good cycling at room temperature but the capacity fade and resistance rise at elevated temperature

are still unsatisfactory. Future studies will be focused on improving the durability of this cell by further

optimizing the electrodes and electrolyte.
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Start Date: January 2015
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Abstract

Objectives

Amprius is engaged in a three-year, anode-focused USABC project to develop and deliver vehicle-

size cells that meet USABC’s technical requirements. Throughout the project, Amprius will improve

its silicon nanowire anode material and cell performance in a baseline cell, and then transfer learnings

to larger cells. At project’s end, Amprius will deliver ~40 Ah cells with end of life specific energies of

350 Wh/kg and energy densities of 750 Wh/L.

o The project addresses the key performance and production challenges to the commercialization of
high-capacity cells and batteries with silicon nanowire anodes. The barriers addressed include:

— Energy: Low Wh/kg and Wh/L
— Cycle Life: <1,000 Cycles

— Size: Small Anodes and Cells
—  Cost: High $/kWh

Amprius’ goal is to deliver cells that meet USABC’s EV battery goals. Amprius will deliver high-
capacity pouch cells at the conclusion of the project’s first, second and third years. Idaho National
Laboratory will independently test the performance and safety of Amprius’ cells according to
USABCs test protocols.
o  Specific technical targets:

— Available Energy Density @ C/3 Discharge Rate: 750 Wh/L

— Available Specific Energy @ C/3 Discharge Rate: 350 Wh/kg

— DST Cycle Life: 1,000 Cycles

— Peak Discharge Power Density, 30 s Pulse: 1500 W/L

— Peak Specific Discharge Power, 30 s Pulse: 700 W/kg

— Peak Specific Regen Power, 10 s Pulse: 300 W/kg

— Calendar Life: 15 Years

— Selling Price @ 100K units: $100

—  Operating Environment: -30°C to +52°C

— Normal Recharge Time: <7 Hours

— High Rate Charge: 80% ASOC in 15 min

— Peak Current, 30 s: 400 A
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— Unassisted Operating at Low Temperature: > 70% Useable Energy @ C/3 Discharge Rate at -
20°C

— Survival Temperature Range, 24 Hr: -40°C to+ 66°C

— Maximum Self-discharge: < 1%/month

Accomplishments

e Designed the project’s interim, Year 2 cells, to achieve a target capacity of > 10 Ah. Began to make
hardware changes to prepare for building larger anodes and the project’s interim, Year 2 cells.

e Built Silicon-NCM cells with average capacities of 10.5 Ah, specific energies of 336 Wh/kg, and
energy densities of 826 Wh/L.

e Tested the DST cycle life of the project’s baseline, Year 1 cells, all with capacities > 2 Ah. The
Silicon-NCM cells that Amprius tested achieved more than 550 cycles.

e [Exceeded numerous USABC performance goals. Amprius’ > 2 Ah Silicon-NCM cells exceeded
USABC’s targets for Peak Discharge Power Density, Peak Specific Discharge Power, Peak Specific
Regen Power, High Rate Charge, Unassisted Operation at Low Temperature (-20°C), Maximum Self-
Discharge. Amprius’ cells also met USABC’s targets for Operating Environment and Survival
Temperature Range (24 Hour).

e Reduced the main gap in performance, cycle life, by tuning anode structure and identifying electrolyte
additives that improve Solid Electrolyte Interphase (SEI) stability and extend cycle life.

e Sourced and tested advanced cell components (e.g. separators) and cathode materials.
Designed the project’s final, Year 3 cells, to achieve a target capacity of > 40 Ah. Began to design fixtures to

prepare for building larger anodes and the project’s final, Year 3 cells.

Future Achievements
e Test the cycle life of the project’s interim, Year 2 cells with capacities > 10 Ah.
e Deliver to Idaho National Laboratory cells with capacities > 10 Ah.

e Continue to extend cycle life by tuning anode structure and identifying electrolyte additives that
improve Solid Electrolyte Interphase (SEI) stability.

e Build the project’s final, Year 3 cells, with capacities > 40 Ah.

Technical Discussion

Background

Today’s lithium-ion cells have limited room to improve specific energy or energy density; their active
materials — a graphite anode paired with one of several commercially available cathodes — are used at energy
capacities close to their fundamental limits and their packaging has already been optimized. New active
materials are needed to boost performance and extend driving range.

Introduction

Silicon has significant potential as a new anode material; silicon offers nearly 10 times the theoretical energy
capacity of graphite. However, when charged with lithium ions, silicon swells up to four times its volume,
causing capacity fade and mechanical failure. Because of swelling, conventional approaches to silicon anodes
have not produced cells with the long cycle life required for electric vehicle applications.
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Approach

Amprius has innovative silicon technology — an anode made of silicon nanowires — that is capable of
addressing silicon swelling, unlocking silicon’s potential, and meeting USABC’s commercialization criteria.

Amprius’ technology is unique in three respects: (1) material, (2) structure, and (3) results. First, Amprius’
anode material is made of silicon rather than graphite or a graphite-silicon composite. Second, Amprius’ anode
structure is composed of nanowires rather than particles. Third, Amprius has demonstrated both high energy
and long cycle life in full cells with silicon nanowire anodes.

Amprius’ unique, patent-protected material and structure — nanowires that are “growth-rooted” (i.e. grown
directly on the current collector, without binders) — addresses swelling by enabling silicon to successfully
expand and contract internally. Because the nanowires are attached to the current collector, Amprius does not
rely on particle-to-particle contact and is able to achieve not only long cycle life, but also high electrical
conductivity and power.

Before the USABC project, Amprius achieved >700 Wh/L at start of life and >400 C/2 cycles at 100% depth
of discharge (DOD). To meet USABC goals, Amprius will during the project:

e Increase specific energy and energy density by tuning anode structure and using advanced components
(e.g. thinner substrates and separators). Amprius will also transition from LCO to NCM.

e Extend cycle life by optimizing anode structure and identifying and/or developing electrolyte
formulations that improve the solid electrolyte interphase (SEI) stability and cell performance.

e Increase anode and cell size by developing methods for (1) handling larger anodes; (2) improving the
uniformity of silicon growth and deposition technologies; (3) reducing defect density; and (4) utilizing
manufacturing methods that inherently scale to larger dimensions.

Results

Amprius designed the project’s interim, Year 2 cells, to achieve a target capacity of > 10 Ah. Amprius began
to make hardware changes to prepare for building larger anodes and the project’s Year 2 cells.

Amprius doubled the length and depth of the baseline, Year 1 cells, to achieve Year 2’s target capacities (see
Figure II-9).
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Figure 11-9: Amprius designed the project’s Year 2 Silicon-NCM cells to achieve capacities = 10 Ah

Amprius built Silicon-NCM cells with average capacities of 10.5 Ah, specific energies f 336 Wh/kg, and
energy densities of 826 Wh/L.

Amprius substantially increased the energy per unit of weight and volume of its silicon anode-based cells (see
Table 1I-1).
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Table II-1: Amprius’ Year 2 Cells Achieved High Specific Energies and Energy Densities

Cell Ah Wh WhiL Whikg
1 10.5 34.2 838 336
2 10.5 34.1 814 337

Amprius evaluated the cycle life of the project’s baseline, Year 1 cells, all with capacities > 2 Ah. The Silicon-
NCM cells that Amprius tested achieved more than 550 cycles.

Amprius demonstrated long DST cycle life. Voltage drift during cycling past 500 cycles was less than 4%.
After an average of 553 cycles, Amprius’ cells could not deliver the initial Available Energy within the

operating voltage range (see Figure 11-10).
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Figure 11-10: Nominal voltage and capacity plot (left) and Potential vs. Capacity plot for cycles number 2, 100, 200, 300, 400
and 500 during DST cycle life evaluation of Amprius’ Silicon-NCM cells

Amprius’ cells exceeded several USABC performance goals.

e Amprius’ > 2 Ah Silicon-NCM cells exceeded USABC'’s targets for Peak Discharge Power Density,
Peak Specific Discharge Power, Peak Specific Regen Power, High Rate Charge, Unassisted Operation
at Low Temperature (-20°C), Maximum Self-Discharge. Amprius’ cells also met USABC’s targets for
Operating Environment and Survival Temperature Range (24 Hour) (see Table 11-2).

Table 11-2: Amprius’ Silicon-NCM Cells Exceeded USABC Performance Goals

Characteristics at 30°C ‘ USABC Goals Amprius > 2Ah Cells
and End of Life Units - (NCM-523)
Cell Level Cell Level

Peak Discharge Power
Density, 30 s Pulse W/L 1,500 2,089/2,368
Peak Specific Discharge
Power, 30 s Pulse Wikg 700 906/1,025
Peak Specific Regen Power, Wikg 300 646 at 1% DOD
10 s Pulse
Operating Environment °C -30 to +52 -30to 52
High Rate Charge Minutes 80% ASOC in 15 min 86% ASOC in 15 min
Unassisted Operating at o >70% Useable Energy @ C/3 > 72% Useable Energy @ C/3
Low Temperature ? Discharge Rate at -20°C Discharge rate at -20 °C
Survival Temperature

o ~ + _ +
Range, 24 Hr C 40 to +66 40 to +66
Maximum Self-discharge %/mon <1 0.2%
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e Amprius reduced the main gap in performance, cycle life, by identifying electrolyte additives that
improve Solid Electrolyte Interphase (SEI) stability.

For example, in Q6, Amprius screened 15 electrolyte formulations made with a previously selected group of
four additives. In Q7, Amprius evaluated the best of those formulations and new ones at high temperature
(50°C). For screening, Amprius measured the relative capacity retention after either storing the cells at full
charge at 50°C or after cycling the cells at 50°C for a number of cycles. For concentration optimization,
Amprius used a design of experiment methodology to reduce the number of combinations. In cycling, Amprius
used a typical test method: CC-CV at C/2 rate with 10% current taper and C/2 discharge rate, over the full
voltage range (2.85-4.25V).

A sample set of results are shown in Figure II-11. The corresponding formulations are highlighted in the
formulations matrix. Formulation ELY241 was developed in Year 1 and was used in Amprius’ Year 1 cell
deliverables. A few of the formulations screened in Q7 better or significantly better cycle life compared to
ELY241. In particular, ELY243 gave the best cycle life at room temperature.

105 T T T T T T
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100 o x X X  ELY-243 _|
o X o X  ELY-278
o x o O ELY-279
o o o X  ELY-280
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cycle index
Figure II-11: Accelerated cycle life evaluation of electrolyte formulations in a screening design of experiment

Amprius designed the project’s final, Year 3 cells, to achieve a target capacity of > 40 Ah. Amprius also began
to design fixtures to prepare for building larger anodes and the project’s final, Year 3 cells.

Amprius selected the VIFB—/99/300 form factor for > 40Ah cells. This cell is a pouch cell with tabs on
opposite sides. Amprius will use cell components (e.g. separator, pouch material and electrolyte) selected
and/or optimized in smaller Year 1 and Year 2 form factors. Amprius modeled the following cell
specifications:

e Rated Capacity: 40 Ah at C/3 rate
e Vmax100=4.2V

e Vmin0=2.5V

e Cell weight=382¢g

e Cell size = 5.0x99x300 mm

e 348 Wh/kg and 902 Wh/L
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Conclusions

During the project’s second year, Amprius continued to make significant progress increasing cell energy,
extending cell cycle life, and demonstrating that its silicon nanowire anode-based cells exceed USABC’s
goals. In January, Amprius will build and deliver > 10 Ah cells for independent testing at Idaho National
Laboratory.

During Year 3, Amprius will continue to (1) increase cell energy by optimizing anode structure and exploring
advanced components, (2) extend cell cycle life by tuning anode structure and testing new electrolyte
formulations, and (3) finish making hardware changes and start building larger anodes and the project’s final
cells with capacities > 40 Ah.

Products

Presentations/Publications/Patents

1. “Advanced High-Performance Batteries for Electric Vehicle (EV) Applications”, ES41 Stefan 2016,
US DOE Vehicle Technologies AMR, 2016.
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Start-Stop Vehicle Applications (Maxwell Technologies)

Scott Jorgensen, USABC Program Manager
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30500 Mound Road
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Start Date: October 2014
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Abstract

Objectives

The objective of this program is to develop a hybrid lithium ion/ultracapacitor energy storage system that
meets or exceeds all USABC technical and economic goals for 12V Start-Stop vehicles applications.
Technical Barriers:

In order for 12V stop start systems to achieve mass adoption they must be affordable, have excellent
performance, and be easy to integrate into vehicles. The barriers addressed include:

e Performance: Cold cranking.
e Integration: Mass and volume.

e Cost: $/pack.

Technical Targets:

e (Cold Cranking: Withdrawal of 360Wh followed by cold soak to -30°C, and then perform 3 successive
crank cycles of 0.5 seconds at 6kW, 4 seconds at 4kW, and 10 seconds at rest.

e Mass: 10kg.
e Volume: 7L.
o Cost: USABC ultimate goal $180 (not-under hood application), contracted project goal $230.

Accomplishments
e Baseline Ultracapacitor pouch cells delivered to ANL for testing and currently on RPTS.
e Final delivery Ultracapacitor pouch cells delivered to ANL for testing and currently on RPTO.
e Proof of Concept (POC) modules delivered to ANL for testing and currently on RPTO.
e Proof of Concept (POC) modules delivered to NREL and have completed thermal testing.
e Proof of Concept (POC) modules delivered to Sandia for abuse testing.
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e Failure Analysis (FA) completed on risk reduction POC cold crank failure.

Technical Discussion

Introduction

There is a strong technical and economic case developing in the energy storage industry for the hybrid
combination of ultracapacitors and batteries in a variety of applications. It is a natural fit for applications that
share a healthy requirement for both energy and power and for those applications that are required to function
at very low temperatures. The emerging hybrid electric vehicle market is such an application.

The growing proliferation of start-stop or micro hybrid technology in mainstream passenger vehicles
demonstrates the value, benefit and ease of adoption of such an electrical hybrid configuration. As the costs of
battery cells and ultracapacitors continue to fall, the value proposition of that combination in the micro hybrid
market becomes even more compelling.

This 19-month program will determine the technological and economic feasibility of adopting a hybrid energy
storage system consisting of lithium-ion batteries and Maxwell ultracapacitors to an automotive start-stop
application as specified by USABC and the Department of Energy. The proposed Maxwell 12V Start-Stop
system consists of a single pack containing lithium-ion battery cells and the “to be developed” optimized
Maxwell UCAP cells controlled by a single electronic management system.

Ultimately, the program failed to produce a module that fully met USABC gap chart goals. Some initially
promising results had to be re-evaluated in light of Failure Analysis conducted on an early risk reduction
module late in the program, resulting in a final prototype design that missed gap chart targets in both cost,
mass, and volume. Nevertheless, the program did provide insight into how to best hybridize different forms of
energy storage technologies for compact, high performance, and cost effective solutions, which provide both
cost and weight advantages over a baseline battery only design.

Approach

The program was conducted via two parallel development tracks. The first track (Task 1) used a proof-of-
concept module to study the electrical, life cycle and control/communication performance of the hybrid pack.
The second track (Task 2) included the development of the optimized configuration of the Maxwell
ultracapacitor: needed for weight, volume and cost conformance. When combined, the results of each of these
development tracks provide a complete, verified comparison of the proposed system’s performance and cost
against the USABC 12V Start-Stop Gap Chart.

Results

Task 1
Design and build of the POC modules

The first task was to design and build a working ultracapacitor and LFP module to evaluate a direct parallel
hybrid system against USABC goals. These POC modules consisted of off-the-shelf components including
Maxwell 3000F ultracapacitors and A123 20AH LFP batteries. As shown in Figure II-12, the design utilized
separate LFP and ultracapacitor packs connected together via bus bars in a Group 31 form factor. In addition, a
combined battery and capacitor monitoring board was included to maintain balance in each of the cell strings
and report health status. The baseline POC design was finished in the first half of the year, and then built and
tested to USABC 12V start-stop requirements. Figure 11-13 shows the baseline POC module as packaged prior
to shipping to ANL for testing.
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Figure 1I-12: The baseline POC module design

A WARNING

Figure 1I-13: The baseline POC module deliverable

Testing and model optimizations of the POC modules

A Matlab Simulink model of the hybrid system was built using parameters measured from HPPC testing of
individual UCAP and LFP cells. This model, shown in Figure 11-14, was able to replicate HPPC results over
temperature as well as permitted prediction of cold crank performance at both beginning and end of life.
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Figure 11-14: The Simulink model of the hybrid system

Risk reduction testing and FA

The initial sizing of the POC modules using this module indicated that a pack of 8 20Ah LFP cells in parallel
with a single string of 6 3000F Ucap cells would meet the program goals. However, after RPT2 of risk
reduction testing at Maxwell, a POC built to this configuration failed to meet the cold crank test. A full FA was
preformed resulting in a resizing final prototype module to a dual string of 6 3600F Ucap cells. A mockup of
this larger module passed the cold crank test at -30°C, as shown in Figure I1-15.
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Figure 11-15: Cold crank of the mockup post FA duel string module
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The prototype CAD model

This large module was reflected in the prototype CAD shown in Figure II-16, whose size and weight were
used for the final program gap chart numbers

Brass SAE BCMS Cell harness
post terminals hoard

/

connectors

Cell stack
cover

Steel
compression
straps

16Ah
LFP

Poron cells

Nylon 3000F  spacer
Sealed polypropylene compression  ycaP  foam

case in a LN1 form factor plates cells

Figure 1I-16: The prototype module CAD

Task 2
Optimized Ucap Cells

To optimize cell cost and packing volume, the program target was to achieve a pouch cell ultracapacitor. Early
research identified the key hurdle to achieving a pouch cell ultracapacitor was reduction of cell gassing, as
pouch cells are not as gas tolerant as can cells. Figure 1I-17 shows the gas analyses of Ucap cells at increasing
voltages. Based on these results, it was determined that the reaction shown in Figure 1I-18 was the dominant
cause of gas generation that needed to be addressed. Developments under this program achieved a 3X
reduction in gassing for the final pouch design configuration as shown in Figure I1-19.

2.5V 65°C 2.7V 65°C  2.85V 65°C 3V 65°C
MC2600 MC2600 MC2600 MC2600

Hydrogen (Ha) 65.01 78.95 89.51 92.81
Methane (CHa) 0.20 0.22 0.13 0.12
Co 31.29 17.54 7.67 3.94
CO, 0.61 0.44 0.13 2.09
1,1,1 TFE (CH5CF3) 0.04 0.22 0.13 0.93
Acetonitrile (CH3CN) 2.84 2.63 2.43 0.12

Figure 1I-17: Gas analysis of Ucap cells

40 FY 2016 Annual Progress Report



TEA +H20 ——> TEAOH+H*
H*+ ne — H2

Figure 11-18: The reaction between TEABF4 and water
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Figure 11-19: The final pouch cell deign configuration and test results

Conclusions

As shown in the final program gap chart projections shown in Table II-3, this project was unable to fully meet
all the USABC gap chart requirements. However, the developments under this have substantially progressed
the state of the art with regards to Ultracapacitor gas management as well as hybrid energy storage systems.
The final prototype design represents a significant improvement in the hybrid supercapacitor - battery system.
Maxwell is continuing work on both gas reduction, in the hopes of achieving higher temperature rated cells
rather than pouch format cells, as well and hybrid start stop solutions, though no longer in an integrated
module format. It is expected that the developments in these areas started under this program will yield

commercial stop start products within the next few years.

Table 1I-3: The Final Program Gap Chart Projections

End of Life Characteristics Units USABC - Not SOW Results of Final
under hood proposal the FA test deliverable
results
Discharge Pulse, 1s kW 6.0 6.5 14 14
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End of Life Characteristics Units USABC - Not SOW Results of Final

under hood proposal the FA test deliverable
results

Max current, 0.5s A 900 1200 2000 1000
Cold cranking power at - kW 6kW for 0.5s 3 Cranks 3.0 Cranks 1.5 Cranks
30°C (three 4.5s pulses, 10s followed by
rests between pulses at lower 4kW for 4s
SOC)
Min voltage under cold crank Vdc 8.0 8.2 8.0 8.0
Available energy (750W Wh 360 360 450 450
accessory load power)
Peak recharge rate, 10s kW 2.2 2.6 2.6 2.6
Sustained recharge rate W 750 750 750 750
Cycle life, every 10% life engine 450k/150k 450k 3200k 3200k
RPT with cold crank at min starts/m
SOC iles
Calendar life at 30°, 45°C if Years 15 at 30°C 15 at 30°C 23 23
under hood
Minimum round trip energy % 95 95 97 97
efficiency
Maximum allowable self- Wh/day 2.0 1.7 at 30°C 1.3 at 30°C 1.3 at 30°C
discharge rate
Peak operating voltage, 10s Vdc 15 15 14.4 14.4
Sustained Operating Voltage Vdc 14.6 14.6 14.0 14.0
- Max
Minimum operating voltage Vdc 10.5 10.5 11.8 11.8
under Autostart
Operating temperature range °C -30 to +52 -30 to +52 -30 to +52 -30 to +52
(available energy to allow
6 kW (1s) pulse)
+30 to +52 Wh 360 360 460 460
0°C Wh 180 180 440 440
-10°C Wh 108 108 420 420
-20°C Wh 54 54 400 400
-30°C Wh 36 36 220 220
Survival temperature range °C -46 to +66 -46 to +66 - -
(24 hours)
Maximum system weight kg 10.0 9.6 10.2 7.2
Maximum system volume L 7.0 7.0 10.4 6.8
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End of Life Characteristics Units USABC - Not SOW Results of Final

under hood proposal the FA test deliverable
results
Maximum system selling $ $180 $230 with $437 $297
price (@250k units/year) path to $199

Products

FY 2016 Publications/Presentations

1. 2016 DOE Annual Peer Review Meeting Presentation.
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Phone: 248-291-2375

E-mail: alamgir@lgchem.com
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Start Date: January 2015
End Date: December 2016

Abstract

Objectives

e The goal of this program is to develop a low-cost, abuse-tolerant 12V Start-Stop lithium-ion battery
that will be capable of meeting the life, cold-cranking and cost targets of USABC.

e Technical Barriers
o In order for 12V lithium-ion-based Stop-Start battery systems to achieve mass adoption they must
be affordable, have excellent performance, and easy to integrate into vehicles.
o Barriers addressed:
—  Performance: Cold cranking.
— Integration: Mass and volume.
—  Cost.

e Technical Targets
o Cold Cranking: Withdrawal of 360 Wh followed by cold soak to -30°C, then perform 3 successive
crank cycles of 0.5 seconds at 6 kW, 4 seconds at 4 kW, and 10 seconds at rest.
o Mass: 10 kg.
Volume: 7 L.
Cost: USABC goal: $220 (underhood application) project goal: $240.

Accomplishments

e [LMO and LTO having different morphologies, surface properties and compositions using various
conductive additives in the electrodes were evaluated for power, durability and manufacturability.

e (Cathodes and anodes having different porosities were studied with respect to cell performance and
durability.

e Considerable focus has been placed on work to minimize gassing at high temperatures.
e Cells show outstanding thermal performance and abuse-tolerance.
e Several iterations of cells have been delivered to the National Labs for testing/validation.

e A battery pack with a simple mechanical and thermal design and simplified BMS has been developed
and will be delivered to USABC for testing and validation.
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Technical Discussion

Introduction

12V Start-stop batteries are gaining increasing attention as cost-efficient solution for reducing carbon emission
on a global scale. To achieve this objective, Lithium-ion batteries offer promising alternative to lead-acid
batteries because of their much higher specific energy and longer life. Key challenges for realization of this
objective are cold-cranking power and cost. The objective of this proposal is to address these key issues.

Approach
To achieve the above objectives, the following approaches were pursued.

e Develop a long-life, abuse-tolerant cell using LTO/LMO active materials.

e Manipulate cathode and anode material properties such as morphologies/surface area to increase
power.

e Optimize cathode and anode compositions, their porosities as well as electrolyte compositions, with
respect to life and power.

e Develop a low-cost battery pack using including a simple BMS.

Results

The following summarizes the progress LGCPI has made in this program.

Optimization of the Cathode

Three generations of cells have been developed in course of this program. In order to develop high power cells,
we evaluated different types of LMO cathode materials. These materials had different particle sizes, surface
area, dopings and doping levels as well as surface coatings. Further, we also evaluated cathodes having
different compositions by varying type and amount of conductive agents and binder. These characteristics were
optimized to lower electrode resistance and increase cell power. Approaches similar to these were also pursued
to develop a high power LTO anode. A number of electrolyte compositions as well as separators of different
thickness and porosities were also examined.

In addition to varying the electrode material properties, we also carried out studies to improve processing
conditions such as electrode manufacturing and aging. For example, LTO is a nano-material and has the
propensity to adsorb moisture that is deleterious for cell performance such as life and swelling. Thus,
appropriate processing conditions need to be developed that ensures well-functioning LTO electrode.

The above studies have led to considerable improvements in the cell life and power. Data in Figure 11-20 show
the continuous improvement in performance we were able to achieve in course of this program. While the
preliminary sample faded rapidly at 60°C and 70% SOC, the A1 sample showed considerable improvement in
the storage characteristics of the cell.

One of the key challenges of lithium-ion batteries for Start-Stop applications is meeting the cold-cranking
power requirement of the USABC. While the first generation cells achieved the cold-cranking power at 100%
SOC, the various modifications we have brought about in the cell have resulted in significantly improving the
cold-cranking power capability. For example, the data below in Figure II-21 display the improvement we have
achieved via the optimization of the separator. As the data show, we currently meet the cold-cranking power
using the proposed cell at 70% SOC. These are beginning-of-life data and cold-cranking power at end-of-life
will be verified.
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Figure 11-20: The storage properties of the cells improved as improvements were achieved in the material and processing
conditions of the LTO/LMO cells
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Figure 11-21: The storage properties of the cells improved as improvements were achieved in the material and processing
conditions of the LTO/LMO cells

The cells we developed in this program demonstrate outstanding abuse tolerance. A summary of the test data
acquired per USABC test protocols is given in Table 11-4. The data show that even during the 32A overcharge
(Figure 11-22), there was only venting of the cells, without any smoke, indicating the high level of safety of this
cell. None of the test results exceeded an EUCAR hazard level of 4, and only during the thermal stability test
to 250°C was smoke observed.
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Table II-4: Summary of Test Data Acquired Per USABC Test Protocols

LGChem cell
1D

0022

0023

0021

0028

0029

0030

Test

Thermal Ramp

Thermal Ramp

Overcharge

Overcharge

Blunt rod, into
face

Blunt rod, into
face

Condition

100% SOC
heated at
5°C/min

100% SOC
heated at
5°C/min

1C (12A), room
temperature

32A, room
temperature

3 mm rod,
0.1 mm/s, 55°C,
100% SOC

3 mm rod,
0.1 mm/s, 55°C,
100% SOC

End Condition

250°C, hold for
15 min, or
failure

250°C, hold for
15 min, or
failure

250°C, hold for
15 min, or
failure

250°C, hold for
15 min, or
failure

Failure,
>100 mV drop,
or full
penetration

Failure,
>100 mV drop,
or full
penetration

Notes

Venting and
smoking, no
self-ignition

Venting and
smoking, no
self-ignition

Vent, no
smoking

Vent, no
smoking

No vent or
outgassing: full
penetration
achieved

No vent or
outgassing: full
penetration
achieved
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Figure 11-22: Overcharge test for 32 A

Development of the 12 Battery Pack

The focus of our battery pack design was to efficiently package and thermally manage the 12V battery pack as
well as develop a simplified BMS system in a cost effective manner. A number of options to hold the cells in a
mechanically robust manner were evaluated for down-selection. Several approaches that can efficiently shield
the cells from exterior heat while being able to shed heat from the cells during operation were also studied.
[lustrative simulations were carried out to estimate the amount of heat generated during typical operation. For
example, experimental data acquired from the pack at 75°C for 4 hours agreed quite well with these
estimations indicating that the cells remain below 50°C during this storage.

At the end of 2016, a number of packs will be built for delivery to the national labs for testing and validation
according to USABC protocols. Figure I1-23 shows the schematic of such a pack.
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Figure 11-23: Schematic of the 12 V lithium-ion Start-Stop battery pack developed in this program

Conclusions

LG/LGCPI developed a 12V Start-Stop lithium-ion battery pack using an LTO/LMO cell chemistry.
Modifications primarily to the cathode, anode and the separator resulted in significant improvement in the
cold-cranking power of the battery. The packs will be delivered to the USABC for full characterization, life
and abuse-tolerance tests.

There is, however, still a gap to the USABC target of meeting the cold-cranking power at the bottom of the
SOC, and a gap in cost. Further development work is needed to bridge these gaps. Scaling up the battery size,
however, enables us to meet the target power albeit with a battery cost that is higher than the USABC target.

Products

Presentations/Publications/Patents

1. “A 12V Start-Stop Li Polymer Battery Pack”, ES249 Alamgir 2016 p, US DOE Vehicle
Technologies AMR, 2016.
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Abstract

Objectives

Saft proposes to develop an advanced, high-performance battery module for 12V Start-Stop (12VSS)
vehicle applications. This technology is based on Saft’s proprietary LTO lithium-ion battery
technology and will advance the work undertaken in the first Phase development project with
USABC.

Technical Barriers

o A number of key technical barriers need to be overcome to achieve both a commercial product
and widespread adoption. The cost of a lithium-ion battery product is generally the most
challenging requirement for deployment in the automotive industry. With this in mind Saft has
proposed to undertake a novel design to eliminate numerous features that contribute to the overall
cost of a battery whilst retaining the performance and lifetime characteristics that are necessary
for an automotive application.

o Barriers addressed:
— Achieving cold-crank requirements
— Extending the lifetime performance of the technology through alternative chemistries
— Optimization of system control for communication and cell balancing

Technical Targets

o Minimize gas generation by electrochemical methods.

o Reduce impedance growth at high temperature to meet cycle life requirements, whilst retaining
low temperature (-30°C) performance characteristics.

o  The overall performance targets outlined by the USABC for the final battery are shown in
Figure 11-24 below.
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First Cell Deliverables
End of Life Characteristics
Discharge Pulse, 1 s
Max discharge current, 0.5 s (minimum design)
Cold cranking power at -30 °C (three 4.5 s pulses,
10 s rests between pulses at min SOC)
Min voltage under cold crank
Available energy (750 W accessory load power)*
Sustained Recharge Rate

Cycle life, every 10% life RPT with cold crank at
min SOC

Calendar life at 30 °C, 45 °C if under hood
Minimum round trip energy efficiency
Maximum allowable self-discharge rate

Peak Operating Voltage, 10 s — Max
Sustained Operating Voltage — Max
Minimum Operating Voltage under Autostart

Operating Temperature Range — to allow 6 kW
(1s) pulse

30°C-52°C
0°C
-10°C
-20 °C
-30°C

Survival Temperature Range (24 hours)

Figure 11-24: USABC targets and initial Saft results

Accomplishments

Units
kW
A
kW
kW
Vde
Wh
W

Engine starts/
miles

Years
%
Wh/day
Vde
Vdc
Vdc
°C

Wh
Wh
Wh
Wh
Wh
°C

Gap Analysis Chart

Under Hood Target
6
900
6 kW for 0.5 s
4 kW for 4 s
8
360
750
450 k/150 k at 45 °C

15 at 45 °C
95
2
15
14.6
10.5
-30to 75

360

180

108

54

36
-46 to 100

RPT2, 46,000 cyc
10.5
1000
6 kW

7.4

493

750
46,000

0.11
15
14.6
10.5
-10°C to 75 °C

502
437
139

e Identification of an electrolyte blend system giving promising results for low temperature

conductivity.

e Further analysis of electrolyte blends to investigate gas evolution, with identification of potential

methods of significant gas reduction.

Technical Discussion

Introduction

This project will result in the development and delivery to USABC of fully functional prototype modules with
cells in prismatic format as part of a 12 V start-stop battery system. The cells will be placed in series which

also incorporates battery management electronics.

Approach

Innovative Approach: This project is primarily focused on developing a low cost lithium-ion product for the
automotive industry. Ultimately, we aim to provide to USABC deliverable modules in the form of multiple,
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fully functional prototypes. In addition, Saft proposes to include other innovative design, development, and
process improvement ideas which will reduce cost, reduce formation time several-fold, and provide simple,
robust battery monitoring electronics.

e Design and manufacture a single monoblock while matching the mechanical limitations required by
USABC. In particular the focus will be on achieving the performance characteristics within the 7 liter
volume provided for the final module.

e Achieve cold crank performance at a temperature of -30°C as defined in the USABC test manual. This
will be achieved by coupling an LTO negative electrode with a LMO based positive electrode. The
electrolyte selection is also key to achieving good conductivity at low temperatures.

e Achieve increased high cycle-life/calendar life of up to 450 k cycles by limiting the impedance growth
over time and preventing/accommodating significant gassing.

e Achieve a cost target of <$220/monoblock incorporating a system control unit capable of preventing
overcharge on the battery and communicating with the vehicle for voltage/temperature monitoring.

Results

The project efforts were initiated in January 2016 and we have achieved the following progress:

Electrode Development

A number of variables were optimized on the electrodes in order to meet cold crank performance and mitigate
gassing.

Further testing on the LTO electrode using different material suppliers and carbon concentrations were carried
out. The results of this testing is consolidated into the data table shown in Figure 1I-25 below. In it we can see
a snapshot of different materials that were reviewed and their impact on cold-crank performance. In general, a
higher 1st 6kW pulse voltage is represented in green and offers the best opportunity for success. Supplier 4
grade 1 with graphite and carbon black as percolating network give the best cold crank performance.
Moreover, with a mix of graphite and carbon black, the overall gas generation of the cell should be reduced.

Voltage at 0.5S first pulse
95% SOC 70%SOC 55% SOC 40-45% SOC 30-25% SOC 15% SOC
1.89 1.85 1.83 1.84 1.82 1.68
Supplier 4 grade 1 + 4% carbon 1.85 A 1.80 1.79 1.79 1.77 1.55
2 1.84 : 1.80 1.78 1.77 1.75 1.59
1.86 1.51 1.47 1.41
Supplier 1 + 4% carbon 2 e 1.82 170 1.62 1.62 1.55 1.32 1.40
1.85 1.64 1.56 1.48
1.73 1.65 1.57 1.51 1.45 1.33
Supplier 4 grade2 + 1% i 1.82 1.80 173 173 1.66 1.68 159 | MO | ast | Y| 139
carbon + 3% graphite1 1.83 1.72 1.64 1.57 1.45 1.31
1.86 1.76 1.70 1.61 1.53 1.42
1.87 1.82 1.75 1.67 1.59
Supplier 4 grade 1+ 1% carbon 2 1.86 1.76 == 1.67 1.55 1.43
. 1.79 1.71 1.62 1.52
+ 3% graphite 1 1.87 1.80 1.71 1.63 1.54
B T A 1.65 1.48 1.46 1.41 1.38 1.27
upplier 1 + 1% carbon +
graphite1 1.68 1.66 1.52 1.49 1.48 1.46 1.45 1.42 1.40 1.27
1.63 1.46 1.42 1.39 1.34 1.24
1.73 1.61 1.58 1.53 1.48 1.38
1.66 1.477 1.446 1.274
Supplier 1 + 2% carbon + 2% 133 1.231 1.179 0.876
graphitel 1.28 1.099 1.080 0.968

Figure 11-25: LTO supplier screening and changes in electrode formulations
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LMO material supplier screening showed that supplier 1 grade 2 offers some improvement at lower SOC.
Furthermore it was possible to reach 30% porosity for the LMO electrode at lab scale. A 30% porosity for the
LMO does not compromise cold crank performance and should be targeted from now on.

Moving forward, Saft will continue to utilize the highest performance materials. With regards to the separator,
there is a wide selection of separators available and the inter-electrode distance can be critical to the
performance of the cell. This is especially true at cold temperatures, where the electrolyte has a more
significant impact on the cell impedance. Ultimately, through testing we were able to identify that the PP with
a thickness of 12 um had the best performance and this was chosen as the best separator for the first cell
deliverables as well as the most likely candidate for the monoblock.

Electrolyte Development

The level of gassing from blends of acetonitrile without additives were far too high. However, even with the
additive it was above the level of gassing which we considered acceptable. Furthermore when we carried out
cold crank testing on cells prepared with the acetonitrile + 2% additive we found the performance was severely
affected. We also carried out testing with zeolite to absorb excess moisture, but found no benefit as the water
just desorbed again under higher temperatures.

It was decided that the focus of electrolyte development would transition toward our other electrolyte
composition, ester-based blend for which we had looked at two separate but chemically similar blends
containing solvents A, B or C.

These compositions do not have any nitrile electrolyte and should offer significantly better stability than the
acetonitrile blend. We can also see from Figure I1-26 that the performance of solvent A- and B-based
electrolyte still gives reasonable performance down to about 25% SOC, which should give a good opportunity
to pass the cold crank performance.

LMO //electrolyte//LTO, single layer
Col crank testing at -30°C, scaled to 6kW pulse for 0.5s followed by 4kW pulse for 4s

2.6 Blue lines: 80-90% SOC
‘ Green lines: 60% SOC Continous lines: : Ester A:carbonate 1 (85:15) 1.2M LiPF6
Orange lines:  44% SOC Dashed lines: Ester B:carbonate 1 (85:15) 1.1M LiPF6

Red lines: 25% SOC

Potential (v)

1.2

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
time (s)

Figure 11-26: Comparing Ester A and Ester B based electrolyte blends on cold crank performance
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In order to select the best electrolyte to pass cold crank performance, ionic conductivity at -30°C was measured
by Soulbrain for ester A, B and C blends with carbonate 1 and 2 using different volume ratios. As depicted in
Figure 11-27, ester C based electrolytes have the highest conductivity. Soulbrain’s DOE also showed no major
difference in ionic conductivity using LiPF¢ or LiFSi salt. LiFSi salt should help decrease gassing according to
scientific articles. Saft will be testing gassing and stability of ester C based electrolyte blends.

EA:Cl mB:Cl mC:CI mA: C2 mB:C2 mC:C2
E . E 628
v i i
g £
> =
> =
£ = 4.12
H 364 367 g 392
T

5 s
) . . )

A: Cl B: Cl C:C) A:C2 B: C2 cic2

Figure 11-27: Soulbrain ionic conductivity for ester A, B and C based blends at -30 °C

First cell deliverable

The first cell deliverables were manufactured and shipped to INL. However, Saft also retained a number of
cells for in-house testing. Cells had an average of 1.5Ah capacity. Initial self-discharge testing was also carried
out with the results demonstrating reasonable self-discharge whereby the cells had an average of 0.11Wh/day.
The final testing profiles carried out were for the cell impedance and again we found an average of 0.77m€Q
impedance. The gassing results of this testing for three different cells manufactured with the same cell
composition are shown in the Figure 11-28. The data is very consistent between cells and it is expected that
increasing the carbonate content should decrease the gassing rate to a value closer to the target.

Aged at 60°C
—=o—first cell deliverable cell 1 =li—first cell deliverable cell 2
first cell deliverable cell 3 3= target
0.14 -
0.12 -

o
[EEN
1

0.08 - /

Gas Generation Rate (ml/Ah-hr)

0.06
0.04
x Il \\ \\ Il \\
0.02 -
O T T T T 1
0 50 100 150 200 250

Aging Time (hrs)

Figure 11-28: Gassing rate of 3 different cells manufactured as part of 1st deliverable batch and filled with 85:15 ester:
carbonate electrolyte blend; Target rate is 0.03 ml/Ah-hr
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The three cells filled with 1.2M LiPFs ester A: carbonate 1 (85:15) passed the 0.5s scaled 6kW pulse for the
three consecutive pulses as can be seen in Figure 11-29. There is no loss in capacity at 45°C, 55°C and 65°C
after 2 months calendar life testing at 50% SOC. Impedance increases during calendar life testing but the

power capability of the cells at 45°C, 55°C and 65°C remain above the 6kW discharge pulse and 2.2kW charge
pulse requirements as shown in Figure 11-30.

2" Run first cell deliverable, LMO (supplier 1 grade 2) //1.2M LiPF6 ester A: carbonate 1//LTO (supplier 1
grade 1), 1.5 Ah pouch cells
Cold crank testing at -30°C, scaled to 6kW pulse for 0.5s followed by 4kW pulse for 4s

—103 =108 120 123 = Series6
28 40.0
r 35.0
26
30.0
24
R—— e — -
K' W—' \ 25.0
22
20.0
5 2
3 ' I /{ \I i
2 2 150 %
£ \ :
o [-Y
A 10.0
| v \ i A
N 1 5.0
16 ~
\ 0.0
14
-5.0
12 -10.0
0 5 10 15 20 25 30 35
Time (s)
Figure 11-29: Cold crank performance of cells manufactured as part of 1st deliverable batch and filled with 85:15 ester:
carbonate electrolyte blend
HPPC-Low testing for cells on 45°C calendar life HPPC-Low testing for cells on 45°C calendar life
1s Discharge pulse Regen Pulse
120 100
Blue lines: RPTO
100 - 80 - Orange lines: RPT1
. Red lines: RPT2
E " §' 60
o / g |
% 60 |/ Blue lines: RPTO S
% / Orange lines: RPT1 T 40
= [T}
a2 Red lines: RPT2 =
8 40 1]
[ wv
20
20 |
Target 6kW Discharge pulse Target 2.2kW Regen pulse
0 i ’ . . s 0 T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Scaled Energy (Wh) Scaled Energy (Wh)

Figure 11-30: Discharge capacity of the first cell deliverable before testing, after 1 month and after 2 months testing
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The cells passed thermal performance testing down to -10°C taking into account the degradation imposed on
the cells when tested in the specific order of 75°C, 30°C, 0°C and -10°C. Saft modeled the survivability testing
conditions to determine the environment the cells would be subjected to. Cells will be tested at 70°C instead of
105°C.

The cells pass cold crank performance for the first two 6kW pulses at RPTO. For RPT1 and RPT2 the cells
don’t pass the 6kW pulses.

Cell/Module Development

Over the course of 2016, Saft investigated numerous polymer types to determine whether they would be
successful at acting as a barrier to moisture penetration into the electrolyte. It was determined that the overall
risk to the lifetime of the module was too high and therefore it was decided to pursue alternative case
construction for the module design. The overall goal is still to manufacture a prototype module at 46 Ah, and
achieve all of the performance-based requirements from the gap analysis above. The final assembly will
include an integrated, cost-effective battery monitoring system. An analysis of the functions required to
adequately manage the electrochemical system has been initiated.

Conclusions

Electrode/Electrolyte Development

For the electrolyte studies, we will continue to investigate gassing and electrolyte conductivity and the impact
on cold crank performance. Additional electrolytes and blends will be studied which combine good
conductivity with reduced gas generation. Additives and coatings will also be investigated to reduce gassing.
C-size full cell studies will be carried out with multi-layer electrodes with cold crank performance testing.
Additionally, electrode optimization studies will be initiated with work on optimizing positive and negative
electrode formulation (binder, percolating network etc.)

Cell/Module Development

Saft will continue to optimize the different cell formats to achieve a more precise understanding of potential
module performance and cost. Saft will identify the PCB specifications and determine appropriate industry
standards to follow for circuit design, with a focus on the target cost. Additionally, we will focus on the
interconnection design and determine the optimal solution for packaging, reliability, and cost for connections
between the cells/busbars and the PCB.
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IlLA.7. Advanced Polyolefin Separators for Lithium-ion Batteries Used in
Vehicle Applications (AMTEK Research, LLC)

Robert Waterhouse & Weston Wood, Project Manager & Principal Investigator
AMTEK Research LLC

250 N. Hansard Avenue

Lebanon, OR 97355

Phone: 541-259-3901; Fax: 650-331-2199

E-mail: wwood@entek.com

Brian Cunningham, DOE Technology Development Manager
U.S. Department of Energy

Vehicle Technologies Office

1000 Independence Avenue, SW

Washington, DC 20585

Phone: 202-287-5686

E-mail: Brian.Cunningham@ee.doe.gov

Start Date: June 2015
End Date: June 2017

Abstract

Objectives

To develop advanced separators with improved high voltage oxidation resistance, safety features (high
temperature dimensional stability, lower shutdown temperature), and lower cost for lithium-ion batteries for
electrified vehicle applications.

Technical Barriers

One of the main technical challenges in this project is the development of lithium-ion batteries with voltage
stability up to 5 V. This technical barrier applies to the whole system, in which the proper electrodes,
electrolyte additives and advanced separator must be properly selected so that the integrated system meets the
high voltage requirements. The other main challenge is finding a solution to the proposed USABC targets that
is both technically feasible and cost effective. The proposed work suggests adding value to the separator in
terms of cell performance, high-voltage oxidation resistance, safety (low shrinkage, shutdown), while
simultaneously reducing cost.

Technical Targets
e Voltage tolerance: 4.5-5.0V
e Air permeability: Gurley less than 250s/100cc
e Electrical resistance: MacMullin Number <9
e High temperature dimensional stability: shrinkage less than 5% at 180°C
e Shutdown Temperature: 105°C (stretch goal)
e Wetting rate: >20% improvement compared to baseline

e Cost: <$1/m?

Accomplishments

e Produced separator with moderate loading of inorganic filler in the bulk resulting in higher porosity,
lower impedance and improved wetting characteristics.
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e Demonstrated enhanced shutdown with low-melting polymer wax coating.

e Developed higher voltage (4.4 V) 18650 cell with enhanced stability electrolyte during cycle life and
storage testing.

Technical Discussion

Introduction

ENTEK has proposed to develop an advanced separator with high voltage oxidation resistance, improved
safety features, and reduced cost to meet the EV requirements given by the USABC Program. The current
program consists of three phases: Phase I develops and incorporates the desired features into the separator;
Phase II develops approaches for reducing cost; and Phase III proves out the technology in large format, high
voltage cells built by Farasis Energy.

Approach

Phase I is based on our existing process technologies (extrusion-extraction of base films together with coatings
on these base films), to incorporate value-added features (such as improved wettability, lower temperature
shutdown, reduced thermal shrinkage, and improved oxidation resistance) into the separator.

In Phase II, we investigate incorporation of these features into separators by using lower cost, in-line
technologies compatible with our existing manufacturing process. In-line process capability, as opposed to an
off-line secondary process, will be critical for achieving the lowest possible cost structure.

In both Phase I and phase 11, the developmental separator materials will be thoroughly characterized for their
mechanical, chemical, and electrical properties, including cycling in coin cells and 18650 cells built by Farasis.
The 18650 cells will be tested for electrochemical performance (cycle life, power (HPPC), and calendar life)
and thermal abuse.

In Phase III, the best candidate separator films from Phase II will be delivered to Farasis Energy for
incorporation into larger format (25 Ah) lithium-ion batteries with high voltage spinel positives and graphite
negatives. These cells will be delivered to USABC/DOE for testing. Prior to building the 25 Ah deliverable
cells, there will be a prototype build of 2 Ah pouch cells, to confirm the performance of the high voltage
chemistry in a pouch cell design and to provide the data for a Go/No Go decision with USABC, on whether to
proceed with the final deliverables.

Results
The main tasks for January 2016 through October 2016 were:

e Production and characterization of separator with moderate loadings of inorganic filler.
e Investigation and characterization of coatings with lower temperature shutdown.
e Development of improved 18650 cell design and chemistry for improved 60°C storage test results at a
higher charge voltage (4.4 V).
Inorganic filler formulation trials

Two production trials were conducted in efforts to investigate the potentially improved properties from the
addition of moderate levels of inorganic filler particles to the base sheet formulation:

Trial #4: Inorganic fillers were incorporated into the base separator for improving wetting, increasing porosity,
and controlling pore size. All separators were prepared with 2.5% filler by volume. The fillers were fumed
silica and fumed alumina, both plain and with a hydrophobic silane treatment.

Trial #5: Silica filler loading levels from 2.25wt% to 20wt% were investigated. Both untreated and
hydrophobic, silane-treated silica were used in this investigation. Additionally, the silica was fed to the
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extruder in two different forms: as a powder and as a pellet. The separator processing conditions were
maintained constant throughout the trials for all the filler compositions.

A summary of the physical properties of selected samples from each trial is shown in Table II-5. The
commercial ENTEK 20 EPH separator (20 um nominal thickness, ~48% porosity) was used as a control
sample for comparison.

Table II-5: Physical Properties of Samples Selected from Inorganic Filler Trials #4 and #5

Sample Description Porosity EMVECO Basis Gurley MacMullin ~ Puncture
% Thickness weight s/100cc Number gf
pm g/m2 Dim’less

20 EPH Control, 20um 48.1 21.0 9.9 179 7.5 571

Trial #4: 2.5% alumina, 52.4 21.4 10.1 123 6.3 481

treated

Trial #4: 2.5% silica, 54.0 25.7 11.1 114 6.0 495

untreated

Trial #4: 2.5% silica, 52.1 21.7 10.1 131 7.1 516

treated

Trial #5: 5% silica, treated 50.4 20.7 9.9 154 7.5 533

Trial #5: 10% silica, 54.9 21.9 9.2 121 4.5 511

treated

Trial #5: 10% silica, 59 21.9 8.7 95 3.6 440

untreated

Trial #5: 20% silica, 65.3 21.5 7.8 75 3.2 393

untreated

Table II-5 shows that increasing levels of filler resulted in greater porosity, higher air permeability (lower
Gurley test seconds) and lower electrical resistance (MacMullin Number). While the puncture strength
decreased with increasing filler level (consistent with the decrease in polymer volume fraction in the
separator), the puncture strength was still higher than the values specified in the USABC separator Gap Chart.

Thermal and mechanical properties of the control and trial samples are shown in Table II-6. For Trials 4 and 5,
separator shrinkages increase and mechanical properties decrease with increasing filler content. The decreased
mechanical strength is consistent with the higher porosity and reduced polymer volume fraction. The increase
in shrinkage is also a direct result of the increase in porosity. Application of a ceramic coating to the filled
separator will be required to control the shrinkage at high temperatures.
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Table II-6: Thermal and Mechanical Properties of
Samples Selected from Inorganic Filler Trials

Sample Description 120°C 120°C MD XMD MD XMD
shrinks 30 shrinks ~ Tensile  Tensile FElongation Elongation
min 30min  kg/em?>  kg/em? (%) (%)
MD% XMD%

20 EPH Control 9.0 4.0 1190 763 109 286
Trial #4: 2.5% alumina, treated 7.5 4.8 1371 594 87 300
Trial #4: 2.5% silica, untreated 8.5 2.3 907 542 93.5 365
Trial #4: 2.5% silica, treated 8.9 4.5 1509 596 67.5 353
Trial #5: 5% silica, treated 14.8 9.6 1154 722 75 263
Trial #5: 10% silica, treated 15.6 13.1 1142 725 81.3 238
Trial #5: 10% silica, untreated 16.2 11.9 815 722 72.8 198
Trial #5: 20% silica, untreated 17.4 14.0 803 532 57 241

Shutdown testing was conducted on control and trial samples under constant heating rate and pressure. The
electrolyte used for shutdown testing was 1M LiTFSI in 1:1 v:v ratio of polyethylene carbonate: triethylene
glycol dimethylether. This electrolyte was chosen because of its lack of flammability and its high boiling
temperature. The separator was wetted in the electrolyte, sandwiched between graphite sheets, and heated at a
rate of 60°C/min under a pressure of 450 psi. The electrical ac impedance of the separator was measured as a
function of temperature. “Shutdown temperature” was defined as the temperature at which the impedance
increased to 1000x the impedance at 100°C.

Shutdown testing was conducted on control and trial samples under constant heating rate and pressure.
Shutdown results are shown in Table II-7. Separators prepared with 10wt% inorganic filler show similar
shutdown curves to that of control samples. When increasing the silica loading level to 20wt%, samples still
display shutdown characteristics, although the slope of the impedance/temperature curve decreased
considerably, resulting in a higher measured shutdown temperature.

Table II-7: Thermal and Mechanical Properties of
Samples Selected from Inorganic Filler Trials

Sample Description Impedance = 1000x Shutdown
at 100°C Temperature

Ohms °C
20 EPH Control 4.7 160
Trial #4: 2.5% alumina, treated 4.4 159
Trial #4: 2.5% silica, untreated NA 163
Trial #4: 2.5% silica, treated NA 156
Trial #5: 5% silica, treated 4.1 162
Trial #5: 10% silica, treated 39 162
Trial #5: 10% silica, untreated 3.5 171
Trial #5: 20% silica, untreated 4.1 176
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The wetting characteristics of the Trial 5 samples were determined using a droplet wetting test. A droplet of
controlled volume (5ul) was placed on the separator and the wetted area was measured after 5 minutes for each
sample. Propylene carbonate/tri(ethylene glycol)dimethyl ether in proportions of 1:1 by volume was used as
the liquid for the wetting experiment. The largest wetting improvement came from the sample with 20wt%
untreated silica, which resulted in a 34% improvement in the droplet wetting test relative to the EPH control
material. (See Figure 11-31.)

90
80 |
70 -
60 -
50 -
40
30 A
20
10

0
A‘r’::t;‘:tderEPH control, 10wWt% 20wt%
Smin, 20pm Untreated Untreated

mm? Silica, 20um  Silica, 20um

Figure 11-31: Wetting characteristics of selected samples

Investigation and characterization of low temperature shutdown coatings

Polymer coatings that will soften in a temperature range higher than the anticipated operating temperature of
the battery and lower than the melting point of the polyethylene in the separator film were investigated as a
route to reducing the shutdown temperature of the separator. The requirements of the polymer to be used in the
coatings are:

e Thermal transition (melting) near 100°C;
e Insoluble in electrolyte solutions at elevated temperatures;
e Must maintain mechanical integrity at elevated temperatures.

Based on these requirements, polyolefins (e.g., PE, PP waxes) were identified as potential candidates for this
application. Two polyethylene waxes, with different softening points and particle sizes were investigated. Each
grade of polyethylene wax was incorporated into a ceramic based coating at concentrations ranging from 4 to
47 wt%.

Figure II-32 shows shutdown curves of EPH control separator coated with alumina/polyethylene (Wax 1

and 2). The coated separators exhibited a shift to lower shutdown temperatures compared to the EPH control
sample. Coated separator incorporating Wax 1 showed a characteristic increase in impedance near 100°C. The
magnitude of this peak increased with increasing loading level up to 47wt%. In contrast, Wax 2 did not show
this characteristic peak. At the highest loading level of 47wt% for Wax 2, the initial impedance was near 1100
Ohms, and Gurley values were too dense to test. The greatest improvement in shutdown temperature (-13°C)
was obtinaed with a coating containing 12% of Wax 2.
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Figure 11-32: Wetting characteristics of selected samples

Improved 18650 cell design for performance characterization of separators

Cylindrical 18650 cells were used for performance evaluation of five different separators in cycle life and
storage tests at full charge and elevated temperature (60°C). In storage testing, the cells exhibited a lot of
variation within each group and overall poor stability with high rates of self-discharge. Farasis investigated the
root cause of the behavior and developed an improved cell design with a more stable electrolyte and higher
voltage capability (4.4 V vs. 4.2 V). Seven groups of cells are currently on test with the new cell design. Early
results for the 60°C storage test are very promising, as shown in Figure I1-33.
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Figure 11-33: Wetting characteristics of selected samples

Conclusions

The incorporation of moderate amounts of fumed silica into the base sheet yields large improvements
in separator porosity and resistance. While the mechanical strength is reduced, it is still acceptable.
The shutdown function is preserved, although at a higher temperature.

Coatings of polyolefin waxes combined with alumina ceramic can be used to lower the shutdown
temperature of the separator.

Farasis has developed an improved 18650 cell design for evaluating the performance of separators
developed under this program. The new design operates to a higher voltage of 4.4 V and exhibits good
stability and cell-to-cell uniformity. (See Table II-8.)
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e Future work will continue the development of coatings for the improved base membrane focusing on
high temperature stability, voltage resistance, and cost. New, lower cost methods of applying the
coatings will be explored.

References

e None

Table 11-8: USABC Gap Analysis Chart of Selected Base and Ceramic Coated Membranes

Parameter

Nominal Thickness

Permeability

MacMullin

Wettability

Average Pore size

Puncture

Thermal Stability

Tensile Strength

Cost

Shutdown
Temperature

High Voltage

Resistance

Units

um

s/10cm’

None

None

um

gf/25.4um
film

MD%
shrink,
90°C (1 h)

MD%
shrink,
180°C (30
min)

PST at 2%
offset

$/m?

°C

20 EPH

20

14.8

7.9

Wets in
electrolyte

<0.2

588

24

>60

7040

160.0

Trial 5:
10% silica

20

9.5

43

Wets in
electrolyte

<0.2

506

2.8

>60

4509

<1.20

170

Trial 5:
20% silica

20

6.7

3.6

Wets in
electrolyte

<0.2

424

2.8

>60

4850

<1.20

170

Advanced
Separator
Goal

<25

<25

<9

>20%
improvement

<0.2

>300

<3

<5

>3000

1.00

10°C Less
than
baseline*

USABC
Goal

<25+1

<25

(Energy)
<11

(Power)

<8

(Energy)
<4 (Power)

Wets in
electrolyte

<0.2

300

<5

1000 psi
at 2%
offset

0.60

105
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Abstract

Objectives

The project entitled “Rapid Commercialization of High Energy Anode Materials” has been established with
the aim of extending, benchmarking and demonstrating the performance of SiNode System’s advanced silicon-
based anode materials in battery form factors and designs relevant for electric vehicle applications.

Accomplishments

e SiNode has achieved an 80% first cycle efficiency and a 99.4% average coulombic efficiency for
initial material stabilization trials.

e Manufacturing scale-up has begun internally with current production rates of ~1kg/month.
e Materials production is on track to exceed 2kg/month in Q4 (early 2017).

e Cell prototype development with A123 systems has begun and is on track for 1Ah cell delivery in Q5
(~April-May 2017).

Technical Discussion

Background

As the global popularity of electric vehicles steadily increases, so have its power and energy requirements to
meet mainstream needs. Performance trajectories of traditional lithium-ion technology, despite an annual 3—
5% improvement in energy density since inception, suggest that long term electric vehicle needs will not be
met without an evolution beyond traditional energy storage materials (i.e., graphitic anodes). SiNode Systems
has developed a novel Si-based, negative-electrode materials technology which can enable a quantum leap in
battery energy and power density, and can significantly impact battery weight and run-times that burden
today’s electric vehicles. Herein, we report the technical highlights and accomplishments from the first seven
months of the USABC project entitled: “Rapid Commercialization of High Energy Anode Materials”.
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Introduction

The market adoption of silicon-based anodes has been primarily challenged by rapid cycle life degradation, a
result of extreme anode volume changes during charge and discharge. Cycle life degradation in silicon-based
alloys is well understood and can be broken down into two fundamental failure modes: a. electrical
disconnection and b. unstable solid electrolyte interface (SEI).

The electrical disconnection of electrochemically active particles occurs as a consequence of extreme anode
volume changes, and is evidenced as irreversible capacity losses. Researchers have leveraged SEM and
electrochemical characterization techniques to demonstrate that these irreversible losses can occur either by
particle fracture and/or isolation from conductive supports (i.e., carbon black conductive additives etc.) In
either case, irreversible capacity losses due to electrical disconnection are not readily solved by the addition of
excess conductive agents, binders or traditional coatings.

Cycle life degradation in alloy anode systems is also a function of SEI instability. In the absence of a stabilized
interface, lithium is continually consumed at the active surface, ultimately impacting available lithium ion
redox transport. Interface stability is particularly challenging in alloy anode systems, as new surfaces are
continuously exposed during expansion-fracture. As in the case of electrical disconnection, irreversible losses
due to SEI instability are not readily solved by traditional methods (i.e., low surface area coatings) due to the
large volume changes during charge and discharge.

Approach

SiNode Systems has demonstrated a novel high energy density (>300 Wh/kg) Si-based negative-electrode
materials technology that has the long-term potential to replace graphite-based anodes in lithium-ion batteries.
SiNode’s technology uses a proprietary silicon alloy-graphene material architecture to achieve: i) category-
leading performance and ii) solutions to long-standing Si anode technical hurdles. The proprietary combination
of silicon-based alloys and a flexible 3D graphene network helps stabilize the active material during charge
and discharge (see Figure 11-34) by providing an interfacial barrier between the active material and the
electrolyte which can accommodate large volumetric changes through a laminar graphene sliding mechanism.
The 3D graphene-silicon architecture results in: a. minimization of capacity losses due to electrical
disconnection, b. significantly improved active utilization (mAh/g) and c. partial stabilization of the SEI
interface with a flexible physical barrier between electrolyte and active material.

Electrical Disconnection '

Figure 11-34: Si-anode failure mechanisms (left), SiNode graphene-wrapped advanced silicon anode architecture (right)

Cycle Life Degradation

Advanced Allov Anodes

SiNode has made continuous improvements against key USABC advanced electrode metrics, demonstrating an
attractive trajectory towards USABC advanced electrode goals. The program goal is the advancement and
commercialization of advanced silicon-based active materials for high energy/high power EV batteries.
Specifically, the program aims to demonstrate that SiNode technologies can: a. exceed USABC electric vehicle
performance targets in USABC-recognized cell form factors, b. produce at-scale by commercially viable
methods and c. reach USABC cost targets at scale. To this end, a set of tasks were developed to address the
core technology gaps and associated barriers: Task 1: Materials Stabilization and Analysis, Task 2.
Manufacturing Scale-Up, Task 3. System Cost Reduction, Task 4. Cell Prototype Evaluation, Task 5.
Downstream Cell Process Optimization and Task 6. Cell Characterization and Performance Evaluation.
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Results

Task 1 - Materials Stabilization and Analysis: It has been recognized that SEI stabilization is one of the key
technological challenges in achieving USABC cycle life objectives (i.e., 1000 cycles). First cycle efficiency
(FCE) and average coulombic efficiency (CE) are two of the commonly referenced key performance indicators
(KPIs) for cycle life. SiNode, in collaboration with strategic commercial partners, is pursuing several technical
routes to achieve USABC performance targets, including graphene wrapping optimization, silicon alloy
compositions (i.e., Si:0), active material surface modifications, electrolyte additives and physical mixtures
with graphite anode materials.

Figure I11-35 highlights the pace of innovation for average CE and FCE for the program to date. First cycle
efficiencies have shown a 9.6% improvement (Q2 FCE=80%) from program start, and have been achieved by
optimizing the graphene type and composition at the active material:electrolyte interface. Average CE has been
improved from 98.6% to 99.4%, and has been achieved by altering the average Si:O ratio. Although both
average CE and FCE require further improvements, an attractive pace of innovation to extend SiNode cycle
life capabilities and meet USABC goals has been demonstrated.
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Figure 11-35: Average Coulombic Efficiency vs Cycle Number (left), First Cycle Efficiency (Right)

Task 2 — Manufacturing Scale-Up: Task 2 addresses the production readiness of SiNode’s anode technology.
Activities involve commercial partnerships to demonstrate scalable products using commercially viable
methods. Over the next several quarters, materials production will be ramped up and will transition from lab-
scale operations to pilot scale operations by Q1 2017. Figure I1-36 summarizes the latest forecast from August
2016 to April 2017. The introduction of additional production throughput will come on-line in early 2017 to
keep excess production work shifts to a minimum. Partners are expected to transition operations internally by
early Q1 2017. Product validation will be regularly addressed to insure both quality and scale.
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Conclusions

SiNode has entered the 7th month of this 30-month-long project. Over the next quarter, manufacturing scale-up
and cell prototype production will begin to ramp to our 1Ah pouch-cell deliverables. This will be a major
milestone for SiNode, and successful demonstration of performance in commercially relevant cells will mark
the achievement of a minimum viable product.

Several challenges face the project over the coming year, including consistent improvements of the average
coulombic efficiency, electrode expansion, multi-kilogram production, successful battery electrode design and
line-of-sight on materials cost reductions (i.e., graphene and silicon).

SiNode has demonstrated a cadence of innovation and product development over the past 7 months, and looks

optimistically towards demonstration of viable performance in commercially relevant EV cells.

Products

Presentations/Publications/Patents

1. “Advanced Silicon-Graphene Composites for High Performance Applications,” C. Hayner, J. Lau, S.
Ha, J. McKinney, F.P. Wang, S. Mayekar, International Meeting on Lithium Batteries, Chicago,
Illinois, June 21, 2016.

2. “High Energy Anode Material Development for Lithium-ion Batteries,” C. Hayner, Department of
Energy Annual Merit Review, Washington, D.C., June 7, 2016.
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Abstract

Rechargeable lithium-ion batteries are promising energy storage options for plug-in-hybrid electric vehicles
(PHEVs) and all-electric vehicles (EVs). However, among other requirements for lithium-ion batteries to be
viable for transportation applications, a high energy density cathode is required. High voltage cathodes have
the potential to provide a solution for low cost, longer-range electric vehicles. This new class of electrode
material can deliver capacity >250 mAh g !, that is ~65% higher than that delivered by current state-of-the-art
cathodes. To access this high capacity, one has to operate the cell at a higher potential >4.5 V vs Li/Li+,
whereas conventional lithium ion cells do not exceed 4.2 volts. Conventional lithium-ion battery electrolytes,
however, are NOT stable above 4.2 Volts and complementary development of electrolytes that are stable at
these higher voltages is critical to make use of this class of high voltage cathodes. An electrolyte innovation
that enables temperature-stable 5V cell operation would transform the industry and enable rapid growth of new
market segments.

Research and Development at NOHMs has resulted in a family of novel electrolyte formulations, which
include ionic liquids to improve energy density, safety, and high temperature durability of Plug-In Hybrid
Electric Vehicle (“PHEV”) lithium-ion batteries. NOHMSs’ proprietary functional ionic liquids in-development
for lithium-ion battery electrolytes have displayed excellent electrochemical and thermal stability compared to
state-of-art lithium-ion battery electrolytes, and when compared with previously reported ionic liquid
electrolytes demonstrate improved stability against graphite-containing anodes and high voltage cathodes, as
well as improved rate capability and low temperature performance.

To meet the USABC long term criteria for electrolytes (1) cost (2) high-voltage stability (3) low-temperature
performance, and (4) abuse tolerance, NOHM s is partnering with A123 Systems (A123) for manufacturing and
testing commercial-grade cells as well as with a chemical consultant company (Xerox) to develop and scale a
low-cost, high-purity synthesis process for its ionic liquid electrolytes.

The objective of this program is to develop functional ionic liquid based electrolyte combinations with
appropriate co-solvent combinations that exhibit high ionic conductivity, excellent cathodic and anodic
stability and high thermal stability for applications in 5V lithium-ion batteries. The proposed work will build
on the success of NOHMs electrolytes to create optimized electrolyte formulations that are non-flammable and
simultaneously overcome traditional barriers, effective SEI layer formation and cation co-intercalation in
graphite associated with ILs. The final goal of this project is to demonstrate the feasibility of these ionic liquid
electrolyte systems in 2Ah and 10Ah Graphite//LiMn; sNig 504 (LNMO) and Graphite//Li; 2Mng.55Nig.15C00.102
(NMC532) full cells.
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Objectives

To achieve these goals, we propose to pursue the following technical objectives during the proposed
electrolyte development:

e Functional ionic liquid design and synthesis (NOHMs)

e “5.0 V” Electrolyte formulation and optimization (NOHMs and A123)

e Prototype cell assembly and testing (A123 and NOHMs)

e Design and cost study of electrolyte production (NOHMs and Xerox)

e Building 2Ah and 10 Ah pouch cells for USABC deliverables (A123 and NOHMs)

Accomplishments
e Identified stable functional ionic liquid with both cathodic and anodic stability
e Developed electrolyte formulations showing high voltage stability (>4.5V)
e Delivered 2Ah NMC532 cells (30 pcs) for independent testing at national labs (INL, SNL)
e Developed insights into working mechanism of NOHMs electrolyte formulation at 4.5V against

NMC532 cathode using various analytical methods (EIS, FTIR, XPS)

Future Achievements

Delivery of 2 Ah LNMO pouch cells (30 pcs) for national lab testing

e Delivery of 10 Ah NMC532 pouch cells (30 pcs) for national lab testing
e Delivery of 10 Ah LNMO pouch cells (30 pcs) for national lab testing

e Cost estimation of electrolyte formulations

e Fundamental understanding of electrolyte working mechanism

Technical Discussion

Background

Because the energy density of a battery is proportional to the cell potential and the power density is
proportional to the square of the cell potential, it is understood that electrode couples capable of operating at
higher voltages provide synergistic benefits. Therefore, new strategies for designing lithium-ion batteries with
higher energy and power demand alternative high potential cathode materials with superior capacities, in
comparison to standard oxides (LiCoO,, LiMn,0O4) and olivine phosphates (LiFePOjy) type electrodes in
current use. Among various insertion cathode materials, LiMn; sNip 504 (LNMO) spinels, layered Li,MnO3
stabilized LiMO; (M = Mn, Ni, Co) oxides (NMC), and LiMPO4 olivines (M= Mn, Mn and Fe, Co) are
actively investigated as next generation cathode materials for high voltage applications. To access the high
capacity from any of these high voltage cathodes, one has to electrochemically activate the cathodes by
charging to a potential >4.5 V vs Li/Li+. Conventional lithium-ion battery electrolytes, however, are not stable
above 4.2 Volts and complementary development of electrolytes that are stable at these voltages is critical to
safely use this class of high voltage cathodes.

Introduction

Recent progress in synthesis and electrochemical analysis of room temperature ionic liquids (ILs) has
established the promise of this unique class of materials as electrolytes for next-generation lithium batteries.
ILs are organic salts having melting points below 100°C and generally consist of a bulky cation and an
inorganic anion. The large cation size allows for the delocalization and screening of charges, resulting in a
reduction in the lattice energy and thereby the melting point or glass transition temperature. Because of their
unique combination of physicochemical properties, such as negligible vapor pressure, non-flammability, good
room-temperature ionic conductivity, wide electrochemical window, and favorable chemical and thermal
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stability, ILs possess many synergistic attributes that make electrolytes based on ILs viable materials of choice
for lithium batteries. The vast range of anion and cation chemistries that can be combined to create ILs tailor-
made or explicitly designed to complement a specific combination of electrode chemistries also provide a
largely untapped materials library that can address important concerns about battery safety.

Approach

Research and Development at NOHMs has resulted in a family of novel electrolyte formulations containing
pyrrolidinium-based ionic liquids showing excellent high voltage stability. Ethylene carbonate (EC) is the
main functional component of the state-of-the-art electrolyte due to its excellent SEI film forming ability on
carbon-based anode materials. This trait has earned it stature among the other low melting point solvents used
in electrolytes for LIBs. Other solvents such as sulfones, fluorinated carbonates and di-nitiriles with excellent
high voltage stability and SEI forming ability suffer from high melting temperatures. Hence, to widen the
liquidus temperature range of these solvents, we have designed and optimized NOHMs functional ionic liquids
that impart desirable traits. By manipulating functional group and amount of ionic liquid, it is possible to
adjust the interactions between host solvent molecules and functional ILs. Building on these results, we
developed and evaluated novel electrolyte formulations suitable for NMC532 (4.5V) and LNMO (4.9V)
cathode materials.

Results

Stability against Graphite anode

It has been reported that the cation of the ionic liquid co-intercalate into the graphitic panels and also
electrochemically reduce at higher voltages than the lithium-ion co-intercalation potential. NOHMs-designed
ionic liquids show excellent stability against graphite anode, Figure 11-37 depicts the initial cycle capacity loss
or irreversible capacity loss (ICL) measured in Li-Graphite half cells.
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Figure 11-37: Irreversible capacity loss of graphite anode as a function of ionic liquid type. EC/EMC 3:7 1MLiPF6 electrolyte
with 16 wt% of ionic liquid was used to measure the capacity loss. Among the various ionic liquids investigated NOHMs
designed ionic liquids showed excellent stability against graphite anode. Graphite anodes were supplied by A123

ICL provides insight into the SEI formation and stability of ionic liquids. Variety of ionic liquids at 16 wt%
were added to the baseline electrolyte (EC:EMC 3:7 1M LiPF6). As shown in Figure 11-38, NOHMs designed
ionic liquids show a very low iCL comparable to base line electrolyte (No-IL). This confirms the stability of
NOHMs ionic liquid even at very high concentration (16 wt%).
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showing the stability of NOHMs designed ionic liquid

High voltage stability

Building on these screening results, we developed electrolytes and evaluated high voltage stability against
NMC532 and LNMO using floating voltage measurements. Figure 11-38 compares the measured ICL and Li-
Graphite half cell cycle life. The NOHMs electrolyte showed excellent stability against graphite anode.

High voltage stability of NOHMs electrolyte formulation HVE157 was measured using floating voltage
measurements. Figure 1I-39 compares the measured leak current density of LNMC532-Li half cells containing
baseline and NOHMs electrolyte formulations. Low leak current density indicates reduced oxidation at the
specified voltage. NOHMs designed formulations showed excellent oxidative stability.
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Figure 11-39 Floating voltage profiles of NMC532|Li coin cells. The voltages are held for 10 hrs at 4.7V & 5.0V for NMC532.
Leak current describes the severity of the oxidative reactions with the cathode surface

NOHMs HVE157 electrolyte formulation showed excellent stability at Graphite anode and NMC532 cathode.
Figure 11-40 compares the ionic conductivity of NOHMs HVE157 with baseline electrolyte. We found that
conductivity values are comparable over a wide temperature range.
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2 Ah NMC532 cells

Based on promising results for single layer pouch cells, we selected HVE157 as the electrolyte candidate for 2
Ah NMC532-Graphite cell build. A123 systems delivered 30 2Ah cells to DoE labs (Idaho and Sandia) for
independent testing. Figure 11-41 compares the 1C discharge profiles for 2 Ah cells. The cells showed very
minimal cell to cell variation.
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Figure 11-41: Discharge profiles of five 2 Ah NMC532 cells. Discharge profile were collect at 1 C rate. Very minimal cell to cell
variation was observed

A123 has started testing the 2 Ah pouch cells constructed with graphite anodes and NMC 532 cathodes for
HPPC, cold crank, and high temperature storage. Results for HPPC and cold crank tests are summarized in
below Figure 11-42). A battery scaling factor (BSF) of 1620 was calculated, extrapolating from available
information in the HPPC curves, and has been used for the cold crank and charge depleting cycle life.
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Figure 11-42: HPPC testing of 2 Ah NMC532 pouch cells using NOHMs electrolyte

BOL cold crank testing, using the BSF of 1620 and at 50% SOC, provided results well above the cutoff. Figure
I1-43 shows the cold crank test results. The initial results are looking very promising.
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Figure 11-43: Cold crank results from testing of 2 Ah NMC532 cells @ 50% SOC
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The charge-depleting cycling test is ongoing and initial results are looking very promising. Figure 11-44 shows
the ongoing cycling test results for 2Ah cells.
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Figure 11-44: Charge depleting cycle life test for 2 Ah NMC532 cells containing NOHMs electrolyte

Mechanistic understanding of the high stability of NOHMs HVE 157 electrolyte

Groups of 29 mAh NMC532|Graphite single layer pouch (SLP) cells were constructed and activated with
(30:70) EC:EMC 1MLIiPFs (Baseline) and HVE 157. The two electrolytes were cycled using an upper cut-off
voltage of either 4.1V or 4.5V. The cells underwent a C/10 constant current and C/20 constant voltage two
cycle formation, followed by a C/3 cycling, and utilizing a 3V lower voltage cut-off. During the formation and
every 10 cycles thereafter, an impedance measurement (EIS) was collected using a potentiostat.

Cells cycled at 4.5V generated an additional ~50 mAh/g initial capacity when compared to their counter-part at
4.1V. A capacity retention profile (Figure 1I-45) reveals an expected increase in capacity decay associated with
the 4.5V when compared to 4.1V samples, regardless of electrolyte. When focusing specifically at 4.5V cells,
samples with HVE157 show greater capacity retention, and a 5% increase at 100 cycles. At 4.1V, both sample
groups appear stable with little decay. The differentiation between the HVE157 and baseline in Figure 11-45 at
4.1V appears to have been instigated during the rest steps for impedance collection, but not demonstrative of
capacity fade. Given these outcomes, the HVE157 appears to specifically contribute toward higher voltage
stability. It offers little benefit in fade characteristics at the lower 4.1V cut-off used for commercial
electrolytes.

Impedance analysis was used as a method for monitoring the electrochemical reactions involved in the
capacity fade. There are multiple interpretations that can be applied to interfacial impedance changes;
however, a continuous growth over a cycling period is a good indicator of a continuously reactive surface.

Unlike the 4.5V cells, the 4.1V baseline cells demonstrated no significant growth in interfacial impedance.
(Figure 11-46(a)) This confirms that the voltage cut-off is indeed safe for the commercial electrolyte, as
expected. The electrolyte HVE 157 initiates with slightly higher interfacial impedance post formation and
grows slight after 10 cycles, but then decreases at 40 cycles and even further at 60 cycles. When looking at the
4.5V for HVE 157 (Figure 11-46 (b)), although it remains relatively unchanged there are small decreases in
interfacial impedance witnessed during cycling.
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Figure 11-46: EIS spectra of NMC532-Graphite 29mAh SLP cells after being charged to 3.8 V. (a) cycled using 4.1 V upper limit
and (b) cycled using 4.5 V upper limit. Impedance data collected from 0.1 Hz to 1 MHz

Hence, the impedance growth in case of baseline electrolyte explains the rapid capacity fade at the elevated
charge cutoff voltage and the stable impedance for NOHMs designed HVE157 electrolyte formulation
confirms the high voltage stability along with excellent SEI characteristics on Graphite anode as well.

To further understand the working mechanism of HVE157, X-ray photoelectron spectroscopy (XPS) was
employed on the cycled NMC532 cathodes. These XPS results have helped us identify a potential surface film
on the cathode unique to HVE157 samples. The surface film thickness appears to be exceed that of the baseline
sample and contains a composition with lower carbon and higher oxygen, phosphorus, and lithium
concentrations. The oxygen, phosphorus, and carbon are also slightly different in molecular assembly inferring
additional or separate decomposition species depending on electrolyte.
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XPS allows us to analyze the elemental composition of the electrode surface and/or any surface films that may
exist. This information can in turn be used to identify electrolyte species involved in the electrochemical
reactions. XPS was completed using an Al source on a Kratos Ultra DLD. Samples were briefly exposed to
atmosphere (120 sec) prior to pulling vacuum on the XPS chamber. A glovebox entrance was made operational
for future analyses to ensure no atmospheric exposure going forward. A survey scan (broad resolution) was
completed on all samples followed by regional scans (narrow resolution) on particularly significant elements
identified during the survey scans. No surface treatments or etching were completed on the samples. Two
replicates per group were completed and found to be remarkably close in elemental composition.

Our findings suggest that the NOHMs additive in HVE157 undergoes a decomposition at the cathode surface,
leaving behind remnants of the original molecule. This is supported by the lack of Si, but presence of higher P
and O concentrations in HVE157 samples when compared to baseline. (Figure 11-47 b,c)

The absence of Mn, reduction in Ni, and increased presence of Li in the HVE157 compared to the baseline,
reveals a thicker film formation in samples containing HVE157 (Figure 11-47 b, c). This is further defended by
the drastic changes in O, P, F, and C compositions along with shifts in their binding energies compare to the
pristine NMC bare sample. Lastly, a key shift in the F binding energy reveals an absence of PVDF (cathode
binder) in HVE157, but not in baseline electrolyte.

The majority of the F on the cycled cathodes can be identified as LiF via a 685¢V marker (Figure 11-48d).
Little involvement from the ionic liquid cation is suspected as there were no identified changes in nitrogen
concentrations or shifts in binding energy. The P in baseline aligns with a phosphite molecule inferred from
LiPF¢ involvement in the electrochemical reactions. The same phosphite peak is found in HVE157 samples,
but an additional second peak reveals a molecule with a PxOy — Phosphate structure (Figure 11-48 c). This
molecule is presumed to be a decomposition of the NOHMSs additive, based on its attributes.

The rich presence of O and shifts in binding energy for O and C elude to the presence of carbonate solvent
decomposition. The specific shift at C for HVE 157 fits neatly with O-C=0 molecules. Complementary, the
shifts at O for the same correspond with R-CO2 type molecules (Figure 11-48 a). There appears to be a stronger
carbonate involvement in HVE157 samples than in the baseline.
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Figure 11-47: XPS board scans of cathode surface. An elemental selection and backgrounding process yields the sharp peak
views. The table reveals the element (Name), binding energy (Pos.), and Composition (At%). (a) Bare Pristine NMC cathode
(b) Post Cycling NMC Cathode with Baseline Electrolyte (c) Post Cycling NMC Cathode with HVE157 Electrolyte
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Figure 11-48: XPS element specific scans of cathode surface. Curves are coded as follows: Pristine NMC (green), Baseline
Electrolyte (red), HVE157 (black). (a) Oxygen 1s (b) Carbon 1s (c) Phosphorus 2p (d) Fluorine 1s

Conclusions

Variety of functional ionic liquids were synthesized and screened against graphite anode and high voltage
cathodes (NMC532, LNMO) for both cathodic and anodic stability. Based on numerous screening tests (both
at NOHMs and at the A123 facility), we developed the HVE157 electrolyte formulation and delivered thirty 2
Ah for testing to DoE labs. Initial results conducted on the delivered 2Ah 4.5V NMC532 cells at A123 facility
shows promise.

Fundamental understanding of the working mechanism of NOHMs designed electrolytes is ongoing to
optimize the electrolyte composition to meet the USABC PHEV goals.

In collaboration with A123, we will be delivering thirty 2Ah LNMO (4.9V), thirty 10Ah NMC532 and finally
thirty 10Ah LNMO cells for independent testing.

Cost studies are ongoing for the functional ionic liquid molecule to estimate the cost of the electrolyte
formulations developed during the course of this study.

Presentations/Publications/Patents

1. Hybrid electrolytes for PHEV applications, Surya Moganty et al., DOE Annual merit review meeting,
June 2016.
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IILA.10. A Closed Loop Recycling Process for End-of-Life Electric Vehicle
Lithium-ion Batteries (Worcester Polytechnic Institute)

Yan Wang, Principal Investigator
Worcester Polytechnic Institute

100 Institute Road

Worcester, MA 01609

Phone: 508-831-5453; Fax: 508-831-5178
E-mail: yanwang@wpi.edu

Renata Arsenault, DOE Program Manager
Ford Research & Innovation Center

2101 Village Road

Dearborn, MI 48121

Phone: 313-805-5133; Fax: 313-248-4077
E-mail: rarsenad4@ford.com

Start Date: February 2, 2016
End Date: January 15, 2018

Abstract

Objectives

The objective of this program is to scale up and demonstrate Worcester Polytechnic Institute’s (WPI) novel
and efficient lithium-ion battery recycling process, verify its claim of no or minimal sorting, and develop
PHEYV cell designs with a lower cost structure for improved industry sustainability.

Accomplishments

Confirmed that:

e Different discharge methods do not affect WPI recycling process.

e The purity of recovered NMC111 is comparable with commercial control powder.

e The tap density of NMC111 synthesized with recycled materials has reached ~2.6 g/cc (target is >2.30
g/cc).

e The recovered NMC111 shows good electrochemical properties, as confirmed by tests conducted by
A123 Systems.

e The recovery efficiencies of each of Ni, Mn and Co are over 80% (efficiency target > 80%).

e The recovery efficiency of Li is over 70% (efficiency target >70%).

Future Achievements

Finalize the precursor and cathode synthesis parameters to obtain NMC111 with ~10um (D50)
Increase the concentration of spent battery materials during co-precipitation reaction

Shred FCA casing material and incorporate it into the recycling stream

Synthesize NMC111 with recovered Li2CO3

Deliver recovered NMC111 material to A123 Systems for testing with coin cells

Scale up to 3kg and 10kg experiments (measured by mass of incoming shredded battery materials) to
be used for 2Ah and 25Ah cells
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Technical Discussion

Background

Prof. Wang’s team at WPI has developed a patent pending recycling process to generate new LiNiMnCoO»
(NMC) cathode materials from spent lithium-ion batteries. The process recovers new NMC cathode materials
from a mixture of lithium-ion batteries and does not need the incoming stream of lithium-ion batteries to match
the stoichiometry of the recovered NMC material. Additionally, copper, steel, aluminum, graphite, and plastics
are also recovered. In the USABC project, WPI is partnering with A123 Systems, an expert in cell
manufacturing for EV/HEV/PHEV applications, to recycle spent lithium-ion batteries from EVs, HEVs and
PHEVs and generate new cathode materials for new PHEV cells. By completing the research, not only will the
team provide a path towards lowering the cost of PHEV batteries but also will contribute to improved industry
sustainability.

Introduction

The purpose of this USABC project is to successfully recycle multiple 10 kg size batches of end of life EV
batteries consisting of different incoming cathode chemistries via the recycling process developed at WPI and,
produce PHEV format cells of a single chemistry using the recovered NMC111 cathode. Over the course of the
two year development program, WPI/A123 systems will improve the performance of the recovered cathode
materials so that they exhibit performance equivalent to current commercial materials, as confirmed by A123
and National lab testing using USABC PHEYV test procedures. Other materials including steel, copper,
aluminum, etc. will also be recycled. The recycling process and recovery of cathode materials will follow a
patent pending process developed at WPI. To date, this process has been conducted on a laboratory scale (up to
lkg) at WPI and the resulting recovered cathode materials have low impurity concentrations, dense particles,
and electrochemical properties closely approaching those of new commercial materials. The USABC
development program will advance the WPI recycling technology through the completion of three major tasks:
1) optimize synthesis parameters of the recovered LiNig 33Mng 33C003302 (NMC111) cathode materials to
improve particle density and electrochemical performance; 2) improve the recycling efficiency of cathode
materials and lithium and 3) scale the process from the existing 1 kg scale to the 10 kg scale. Figure 11-49
below provides a schematic representation of the program in terms of the hardware that will support
evaluations at each of the three main stages.
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Figure 11-49: WPI program overview
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Approach
The project goals will be achieved through execution of the key tasks detailed below:

Improve the electrochemical performance of NMC111. One of the major tasks of the program is to increase
the capacity and expected life of NMC111 that is recovered from a mixture of PHEV/HEV/EV batteries to be
equivalent to commercially available cathode material, or show no more than 5% difference in the metrics
being tracked. WPI will further refine the ability to tailor the Ni, Mn and Co stoichiometry to consistently
deliver the 1:1:1 product regardless of incoming chemistry variations. The project will advance from current
status involving coin cell testing through an intermediate 2Ah cell to final deliverable 25Ah cells. To improve
the electrochemical performance, WPI will work with A123 systems to evaluate and improve the properties of
the recovered cathode material. By optimizing process parameters such as precipitation time and stirring rate, it
is believed that WPI can increase the particle density and specific capacity, which are key to successful
commercialization of the recycling technology. The project will strive to increase the reversible capacity of the
recycled cathode from 150mAh/g to 155mAh/g. That said, project emphasis will be on the relative difference
between cells made with recovered material and commercial NMC versus absolute performance of both, as the
latter can be affected by many factors tangential to our focus.

Improve the recovery efficiency. There are two facets to recovery efficiency: minimizing losses of desirable
components in the various processing steps and minimizing the quantity of virgin materials required to
supplement the incoming stream of spent batteries. Both aspects will be addressed in order to deliver the most
favorable economics. To maximize the recovery efficiency of Ni, Mn, and Co as Nij;3Mn;3Co13(OH)2, the pH
will be closely monitored and controlled. The most important step is the impurity removal step in which Al, Cu
and Fe impurities are removed as hydroxides. The amount of Ni, Mn and Co lost depends upon two primary
factors: their concentration in solution and the pH. The lowest pH which can be obtained while maintaining
impurity levels below targets will be determined, so as to allow for the maximum recovery efficiency. To
maximize the recovery efficiency of lithium carbonate, the amount of water that is evaporated will be
strategically tuned. By determining the concentration of the impurities ions present in solution (Na, SO4) from
measured concentrations of sodium and sulfur, the exact volume point at which sodium sulfate becomes
insoluble can be calculated using the Ksp of sodium sulfate at the temperature in question. This will be used to
optimize the water added and subsequently evaporated, along with other purification and temperature related
refinements to minimize unnecessary dilution and maximize yield.

Scale-up. The significant challenge of going from 1kg to 10kg experiments will be accomplished by
conducting the scale-up in stages. First, the work will proceed from 1kg experiments to 3kg (increase factor of
3), and then to 10kg (increase factor of 3.3). The process used will be similar to that already demonstrated on
the 1 kg scale. The following steps will be optimized for maximum efficiency: (a) demonstrate safe discharge
and shredding of the batteries. This project will demonstrate that entire shredded modules can be recycled.

(b) separate any casing and metallic module components using magnetic separation, (c¢) separate copper and
aluminum by density separation, (d) demonstrate complete leaching of cathode materials, (e) efficiently
remove any impurities, (f) achieve the optimized precipitation conditions for NMC(OH); in the larger chemical
reactor, (g) synthesize NMC cathode materials. At each scale (1 kg, 3 kg, 10 kg), recovered material properties
will be compared against commercial cathode material using both powder and resultant cell attributes in
clearly defined, measureable Milestones.

Results

NMC111 Synthesis. Figure I1-50 shows the SEM images of the NMC111 precursor (NMC(OH),) synthesized
from recycled lithium-ion batteries. At 10 hours, the particles are uniformly spherical. At 20 hours, small
particles begin to form. At 30 hours, a bimodal distribution is observed. From the image with higher
magnification, the particles are dense and spherical. The synthesized NMC111 cathode material is shown in
Figure II-51 and, like the precursor, exhibits a dense morphology and a bimodal distribution in particle size.
The tap density is >2.5 g/cc, as tested at A123 Systems, which is higher than the target tap density (2.3 g/cc).
Measured impurity levels of synthesized NMC111 precursor and cathode materials are comparable to the
commercial NMC111, as confirmed by Inductive Coupled Plasma (ICP). In addition to feeds consisting of GM
Volt batteries (same cells as Ford Focus Electric Vehicles), FCA Fiat 500-e batteries were also processed, and
similar results were obtained. For example, Figure II-52 shows the synthesized NMC111 from different feeds
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including two separate batches of GM Volt batteries and one batch of FCA Fiat 500-¢ batteries. Very similar
tap density (~2.7 g/cc) and morphology (spherical shape) of NMC111 was obtained from all three batches,
clearly demonstrating the flexibility of the recycling approach for different recycling streams.

WD 10.0mm 100

0.0KY

Figure 11-51: The morphology of NMC111 cathode material
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Figure 11-52: The synthesized NMC111 cathode material from different feeds

Optimize Recycling Process to Improve the Recycling Efficiency. The efficiency which we are focusing on
is cathode recovery efficiency. For elements of Ni, Mn, and Co, there are four possible loss points for cathode
materials including shredding and sieving L1, leaching process L2, removal of impurities L3, and co-
precipitation reaction L4. The following equation is used to calculate efficiency.

Efficiency = (1-L1) x (1-L2) x (1-L3) x (1-L4)
Experiments conducted thus far have enabled quantification of loss parameters for each stage, L1 through L4.
The loss of cathode materials during shredding and sieving (L1) is about 2%. There is no detectable loss
during the leaching (L2) and co-precipitation (L4) steps. Loss during removal of impurities L3 is shown in
Table I1-9. Therefore, the efficiency of Ni, Co and Mn is 80.1%, 85.0% and 89.7%, respectively, which is
above the target efficiency (80%). Similarly, the recovery efficiency for lithium was determined to be 70.07%,
which is also above the target efficiency (70%). Subsequent work will focus on minimizing the use of
purchased raw materials and maximizing yield of the process overall.

Table 11-9: The Loss of Ni, Mn and Co During Removal of Impurities

Before repl‘oving Aﬁer remgving Loss (L3)
1mpurities 1mpurities
Volume(L) 1.60 2.02
Ni (mol/L) 0.17 0.110 18.3%
Mn (mol/L) 0.60 0.435 8.5%
Co (mol/L) 0.16 0.110 13.3%

Electrochemical Testing Results. A123 tested various lots of WPI recovered NMC111 and control powders,
and the results are shown in Table 1I-10. A123’s test results demonstrate that synthesized material (for example
sample 09212016) from WPI has similar electrochemical performance as the commercial material although the
particle size of WPI powder is large. Efforts will continue to improve the recovered material as scale-up
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progresses, to reduce particle size and to match high rate power and other performance metrics of the

commercial control NMC111.

Table 11-10: Comparison between WPI Synthesized NMC111 with Commercial NMC111

Commercial WPI Sample WPI Sample ~ WPI Sample ~ WPI Sample
Test Units Control P 0817201602 08272016 09212016
07292016
Powder
Tap Density g/cc 2.84 2.51 2.51 2.38 2.57
DSO Particle um 9.2 16.8 14.5 16.2 22.6
Size
Dry Adhesion Pt NA NA NA NA NA
(Avg)
FCC/FDC mAh/g 174.7/157.2 NA 170.9/150.3  177.2/155.4  176.8/159.7
Efficiency % 90.0 NA 88.0 87.7 90.3
1C mAh/g 130.9 NA 110.4 121.5 130.8
2C mAh/g 119.4 NA 95.8 107.8 117.3
5C mAh/g 40.4 NA 32.0 33.8 30.3
Conclusions

Since the kickoff meeting on February 2, 2016, the WPI/A123 team has made significant progress towards
achieving project objectives. Spherical NMC111 with high tap density and purity has been synthesized from
both spent GM Volt (Ford Focus) and Fiat 500e batteries. Figure 11-53 shows the evolution of tap density and
particle size since the program began. These are key attributes that are used to track optimization progress, and
the trends in both exemplify WPI’s ability to tune the process parameters towards desired technical results. The
recovery efficiencies for both cathode material and lithium exceed the target efficiencies subscribed to in the
SOW. The electrochemical properties of recovered NMC111 are very close to those of the commercial powder
control selected by A123. Future work will strive to reduce the NMC111 particle size, which is directly related
to the power, while further scaling the process to the 10 kg batch size required for the final deliverables.
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Figure 11-53: The Progress of tap density and particle size in the program
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Products

Presentations/Publications/Patents

1. Joseph Heelan, Eric Gratz, Zhangfeng Zheng, Qiang Wang, Mengyuan Chen, Diran Apelian, Yan
Wang, Current and Prospective Lithium-ion Battery Recycling and Recovery Processes, JOM, DOI:
10.1007/511837-016-1994-y. (JOM Editor’s Choice Article)

2. Yan Wang, A Novel Low Temperature Approach to Recycle Lithium ion Batteries with Mixed
Cathode Materials, 11th U.S.—China Electric Vehicle and Battery Technology Information Exchange,
Denver, CO, April 25-26, 2016.

3. Yan Wang, Zhangfeng Zheng, Qiang Wang, A Closed Loop Process for the End-of-Life Electric
Vehicle Lithium-ion Batteries, U.S. DOE 2016 Annual Merit Review and Peer Evaluation Meeting,
Washington, D.C., June 6-10, 2016.

4. Yan Wang, Cathode to Cathode Recycling Process for Lithium-ion Batteries, Lithium-Ion Battery
recycling Workshop, Argonne National Laboratory, IL, September 28-29, 2016

References
1. None
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IILA.11. Perform USABC/USCAR Benchmarking Activities (FEV)

Xiao Guang Yang, USABC Battery Benchmarking Workgroup Lead
Ford Rescarch & Innovation Center

2101 Village Road

Dearborn, MI 48121

Phone: 313-805-5191, Fax: 313-248-4077

E-mail: xyvangl 1 @ford.com

Tom D’Anna, Principal Investigator
FEV North America, Inc.

4554 Glenmeade Lane

Auburn Hills, MI 48326

Phone: 248-724-2861, Fax: 248-373-8483

E-mail: danna@fev.com

Michelbacher Christopher, Brian Cunningham, DOE Program Manager
Vehicle Technologies Office

U.S. department of Energy

1000 Independence Avenue, SW

Washington, DC 20585

Phone: 202-586-3384

E-mail: Christopher.Michelbacher@EE.DOE.Gov; Brian.Cunningham@ee.doe.gov

Start Date: October 1, 2015
End Date: December 31, 2016

Abstract

Objectives

This project is to conduct a complete benchmarking study of the 2015 Volkswagen e-Golf battery electric
vehicle including vehicle testing, key component (test stand) testing, and teardown analysis.

Accomplishments

e After the 2015 VW e-Golf BEV was fully instrumented, the team has completed the following
evaluation tests
o On-road testing
— Neutral coast down
— Vehicle acceleration and passing
— Coast down and recuperation
— Maximum vehicle speed
— ABS and stability control events
— Power analyzer testing and ripple current measurements
o Fuel economy testing including a number of regulated cycles
— UDDS, US06, Multi Cycle Test (MCT), SC03, Cold CO

e Vehicle charge capability testing
o At different temperatures
o Using Level 1 (L1), Level 2 (L2) and DC fast charge modes

e Test data analysis and knowledge transfer
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Future Achievements

Key component functional test and tear-down/dimensional analysis including e-Motor, transmission, power
electronics, and high-voltage battery pack

Technical Discussion

Background

The US Advanced Battery Consortium (USABC), USCAR Transmission Benchmark Workgroup (TWG) and
Power Electronics Workgroup are interested in evaluating new transmissions, hybrid vehicle, and electric
vehicle technologies in production vehicles. FEV North America, Inc. was contracted by the USABC/USCAR
to benchmark the 2015 Volkswagen eGolf.

Introduction

For years, FEV has been one of the competitive benchmarking suppliers for USCAR including the Engine
Benchmarking Group (EBG), Transmission Working Group (TWG), and USABC including projects focused
on in-vehicle and component-level (test bench) investigations. This specific benchmarking study includes
conducting evaluations of the vehicle’s fuel economy and performance along with component testing/analysis
of the electric motor, power electronics, and high-voltage battery system.

Approach

FEV procured a representative 2015 VW eGolf vehicle which was equipped with an 85kW AC synchronous
permanent magnet electric motor and a single speed transmission. The vehicle is rated with an MPGe of 126 /
105 / 116 (city, highway, combined). The 24.2 kWh lithium-ion battery pack can be recharged by an on-board
charger using L1 charging @ 110 V for 20 hours, or L2 charging @ 240 V for 4 hours. The vehicle is also
capable of accepting DC fast charging to return 80% capacity in 30 min. Three driver selectable regenerative
braking modes and three driving modes (normal, ECO, ECO+) are available for different customer driving
preference/needs.

After receiving the new e-Golf, FEV conducted break-in driving and neutral coast-down testing to determine
the road load coefficients of the test vehicle. FEV fully instrumented the e-Golf with a CAN bus monitoring
system in order to analyze CAN signals of the vehicle buses, together with a set of various discrete sensors and
associated data acquisition equipment.

Vehicle-level on-road tests were conducted according to a pre-defined operating condition matrix and driving
modes to investigate the vehicle performance and maneuverability. Fuel economy (MPGe) tests were
conducted on a chassis dynamometer according to the standard U.S. EPA testing cycles. FEV also performed
selected tests with a power analyzer (also on a chassis dynamometer) in order to measure AC power and loss
factor. Vehicle charge tests were conducted to evaluate the battery recharge capability and on-board
electrical/thermal control strategies throughout a wide range of temperatures. Following the vehicle tests, FEV
removed the required components to support the component level investigations/teardown of the E-Motor,
transmission, power electronics, and high voltage battery (which are currently ongoing). Upon completion of
all vehicle/component testing, FEV will perform a detailed teardown analysis of the EV components.

After the completion of all of the USABC required testing of the vehicle/components, FEV will critically
evaluate all data from the vehicle and prepare a final report documenting the test preparation, procedure and
results. The report will include FEV’s comments on the unique aspects of the design and control strategies
captured during the vehicle benchmarking activities.
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Results

Unless noted otherwise, all on-road tests were performed at a test track with flat, smooth surface. Vehicle
performance was evaluated on-road under numerous driving conditions. Part of the on-road performance

testing included characterization of drive strategies under different drive modes (‘normal’, ‘Eco’, Eco+).

Figure II-54 shows a comparison of a full load acceleration for the different drive modes.
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Figure 11-54: Full Load Acceleration (Mode Comparison)

Figure II-55 shows the vehicle launch behavior in normal mode including the high voltage battery current and
voltage among other key measurement signals. The highest current during constant power operation of the E-
Motor is around 285A with a voltage of approximately 315V which results in a HV power of approximately
89.7kW.
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Figure 11-55: Full Load Acceleration (HV Signals)

The drive mode comparison shown in Figure I1-56 represents a 50-80mph passing maneuver. Vehicle
acceleration is reduced in Eco and Eco+ mode. In Eco+ mode, vehicle speed is limited to S6mph unless the
kickdown (detent at the accelerator pedal) is applied.
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In a similar way, the vehicle can utilize different mode settings for the regenerative braking (D1 - D3, B). The
differences in operation during coast down (no brake pedal applied) are outlined in Figure II-57. The different
modes have also been tested during vehicle braking with different deceleration rates.
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Figure 11-58 compares the braking with 2m/s* deceleration rate. Instead of vehicle acceleration, driveline
torque is shown in this comparison together with brake pressure to better illustrate the differences in blended

braking.
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For completeness, HV battery power for these braking events is shown in Figure 11-59.
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Figure 11-59: Different Regenerative Braking Settings (2 m/s? Deceleration Rate)

While driving the city profile, 16 UDDS cycles could be completed; during the 17th cycle the vehicle stalled
due to a depleted battery. Figure 1I-60 shows an example of the UDDS cycle together with the energy used
(based on HV current and voltage).
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Figure 11-60: Example of the UDDS Drive Cycle

Below 20% SOC the pedal map of the vehicle changes and it requires a higher pedal input to follow the speed
trace of the test cycle, as noted on Figure II-61. During the UDDS testing, this occurred during the 15th test
run of the UDDS cycle.
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Figure 11-61: Change in Accelerator Pedal Map at 20% SOC

The operating strategy of the drive modes to the A/C unit was investigated during the SCO test cycle. While
A/C power is limited in Eco mode, the A/C unit is not utilized in Eco+ mode in order to increase the range of

the vehicle, see Figure 11-62.
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Figure 11-62: A/C Power and Cabin Vent Temp. During SC03 Test Cycle (Different Drive Modes)
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Energy consumption of the HV system is shown in Figure I1-63 for these modes when completing the SC03

test cycle.
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Figure 11-63: HV Power and Energy Usage During SC03 Test Cycle (Different Drive Modes)

Battery charge testing with the Level 2 charge system was completed at different temperatures as outlined on
Figure 11-64. Although charge time is increased at cold temperatures (-30°C), charging at this temperatures
does not cause any issues/abnormal behavior.
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Figure 11-64: Level 2 Vehicle Charging at Different Temperatures
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The VW e-Golf is also equipped with a Level 3 charging option (DC charging); Figure II-65 compares
charging time and current for Level 2 and Level 3 charging.
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Figure 11-65: Level 2 vs. Level 3 Charging at Room Temperature

Conclusions
A summary of the completed VW e-Golf testing is as follows:

e The vehicle uses a synchronous AC permanent magnet motor with 85kW and a fixed gear single
speed drive ratio.

e The battery is a 323V, 24.2 kWh lithium-ion pack.

e Temperature spread between individual battery modules of up to 10°C could be witnessed throughout
vehicle testing.

e Discharge currents of up to ~280A were recorded during WOT acceleration.

e Up to 0.2V spread between lowest and highest cell voltage could be noticed at high battery loads (e.g.
WOT). The spread is reduced with lower battery current draw.

e Drive modes (normal, eco, eco+) affect the accelerator pedal map and max motor performance.
When performing a kickdown, drive modes do not limit the maximum output power.

e The vehicle has an optional brake (B) mode, which has higher recuperation during coast downs.
o Deceleration rates of up to -1.5 m/s* were measured during coast down in B.
o The brake lights were found to turn on under these conditions.
o  E-Motor regenerative torque was found to be around -63 Nm.

e The vehicle uses blended braking.
e Up to 45 kW regenerative power was noticed during braking events.

e When coming to a full stop, the vehicle does not apply creep torque when releasing the brake pedal,
but launches after initial accelerator pedal tip-in. Once the vehicle is launched and did not exceed
~10 kph, creep torque is applied (e.g., for stop and go traffic).

e A clear linear correlation between used energy and battery SOC was demonstrated.
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e The vehicle has a ‘launch assist / hill hold’ function on inclines.
o The foundation brakes hold the vehicle for up to 3 seconds after brake pedal release.
o Once rolling back, e-motor torque is increased until the vehicle comes to a full stop.

e The vehicle is rated with a fuel economy of 126/105/116 (city/highway/combined) MPGe and a
driving range of 83 miles

e Starting at 20% SOC and below, the vehicle switches automatically into the Eco mode with modified
pedal map and reduced AC / heating for extending the driving range.

e DCDC power is reduced at low SOC.

e The usable battery SOC is between 96% and 7%; remaining SOC is about 6.5% when the vehicle does
stop due to fully depleted battery.

e Summary and raw data for all vehicle-level tests are delivered. Key component functional testing are
on going.

Products
Presentations/Publications/Patents
None

References

None
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II.B. Advanced Lithium Battery Cell Technology

II.B.1. Development of High-Energy Lithium-Sulfur Battery Cells
(Pennsylvania State University)

Donghai Wang, Principal Investigator
134 MRL Building

University Park, PA 16802

Phone: 814-863-1287; Fax: 814-863-4848

E-mail: dwang@psu.edu

Subcontractor: EC Power
Subcontractor: Argonne National Laboratory

Christopher Johnson, Project Manager
National Energy Technology Laboratory
3610 Collins Ferry Road

Morgantown, WV 26507

Start Date: September 30, 2011
End Date: September 15, 2015

Abstract
Objectives
e Develop a novel nanocomposite sulfur cathode for lithium-sulfur batteries with high energy density,
efficiency, and cycle life.
e Develop a novel Li-rich composite anode for Li-S batteries to improve cell cycle life.
e Develop novel electrolyte and electrolyte additives for Li-S batteries to improve cell efficiency,
stability, and safety.
e Design, fabricate, test, and optimize the design of Li-S batteries using the above new technologies to
maximize energy, power, abuse tolerance, and other favorable traits.
e Perform thermal testing of the developed Li-S cells and materials.

Accomplishments

Cycled high sulfur content, nitrogen-doped graphene (NG) cathodes with NG-coated separators.
Optimized the coating thickness and mass loasing of PSU-7/sulfur composite cathodes.

Studied the cycling efficiency of LiP electrode.

Fabricated and delivered twenty eight 1 Ah LiP/S pouch cells to Idaho Nation Lab (INL).

Developed a Li foil anode on copper mesh current collector to greatly decrease anode weight and
increase cell specific energy (> 200 Wh/kg) of 2 Ah pouch cells.

Fabricated and delivered twenty four 2 Ah Li foil / S pouch cells to Idaho Nation Lab (INL).

Investigated an organo-fluorine compound, 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether
(TTE) as the electrolyte solvent and showed a reduction in the polysulfide shuttle effect.
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Future Achievements

e Deliver baseline cells with energy density 280 Wh/L and 80% capacity retention after 500 cycles at
1C rate.

e Develop carbon-sulfur cathode material composed of at least 85 wt% sulfur with capacity of at least
1300 mAh/g, coulombic efficiency > 95%, and 90% capacity retention in 100 cycles at C/3 charge and
discharge rate.

e Develop anode with capacity of 1500 mAh/g and capacity retention of 90% after 100 cycles at C/3.

e Full cell tests with cell irreversible capacity < 15%, coulombic efficiency > 95%, and self-discharge <
0.3% per day.

e Thermal stability characterization of the lithiated electrode via DSC.

e Scale up active material production to the 1 kg level.

e Design pouch cells with energy density > 500 Wh/l, 80% capacity retention after 300 cycles at C/2.
e Nail penetration testing at USABC EUCAR Level 3.

Technical Discussion

Background

Lithium-sulfur batteries need to overcome many technical barriers, including the following:

e Polysulfide dissolution and shuttling, combined with degradation of the lithium metal anode and
formation of an unstable SEI layer, can severely limit cell lifespan.

e High sulfur loading in the cathode is required for achieving a high energy density; however, high
loading often leads to parts of the electrode becoming inaccessible to electrolyte, thereby decreasing
energy density and cycle life.

e (Cathodes must have high active material loading — however, the low density of sulfur and common
composite materials (porous carbon, etc.) make thin, crack-free, high-loading electrodes difficult to
achieve.

e Electrolyte modifications that decrease polysulfide solubility or improve SEI layer stability often
come at the cost of increased impedance and other issues.

Introduction

DOE goals require the development of a high-energy, high-power, high-efficiency, long-lasting, low-cost, and
safe battery. This project aims to meet these goals by using the extremely promising lithium-sulfur battery
chemistry. The Li-S cathode has a theoretical capacity of 1672 mAh/g with a nominal voltage of 2V. In
addition, sulfur does not experience any significant size change during lithium insertion/extraction, making it
very stable in principle.

Lithium-sulfur’s great promise comes with a major challenge. Lithium polysulfides — intermediate
charge/discharge states of the cathode — are highly soluble in traditional electrolytes and can move throughout
the battery, experiencing redox reactions and thus causing poor efficiency and loss of active material.
Additionally, lithium metal commonly used as the anode is vulnerable to mossy lithium and dendrite growth
and cannot generally form a stable SEI layer, causing further capacity loss and safety concerns. These,
combined with optimization and thermal safety considerations, necessitate a significant body of work to bring
the Li-S to the commercialization stage.
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Approach

To design a superior lithium-sulfur battery, we will focus on several aspects of cathode, anode, electrolyte, and
whole-cell study and design.

Our sulfur cathode study will hit four main points. To improve volumetric energy density, we will test new
methods of generating well-structured carbon frameworks. To improve sulfur loading, we will optimize the
pore geometry of our carbon framework and investigate new framework materials and structures. Since
mitigating polysulfide dissolution is critical to improving battery stability, we will investigate additives and
novel materials that promise to adsorb polysulfides and find an optimal composition and synthesis method.
Additionally, with an eye toward commercialization, we will optimize our production methods and conditions,
particularly in regards to designing cathode materials that can be easily made into electrodes with realistic
active material loading and which can be produced in large batches.

On the anode side, we will investigate promising options for generating lithium powder-based and silicon-
based anodes, that we may promote stable SEI formation and prevent dendrite growth. Anode coating methods
will also be investigated to this end, and anode-electrolyte compatibility will be studied to ensure excellent
whole-cell performance.

Our study of electrolyte options for our sulfur battery will aim to improve SEI stability, decrease active
material loss, increase active material utilization, and ensure battery safety. To this end, we will develop new
electrolyte systems and additives and test the effects of existing additives on our full battery system, with
particular focus on silane/siloxane-based systems and ionic liquid additives.

Additionally, we will optimize cell fabrication and design parameters, such as electrode size and N/P ratio,
number of electrodes per stack, etc., to get the most out of our cutting-edge materials. In particular, we will
take on the challenge of making electrodes with commercially-viable loadings by optimizing electrode
composition and fabrication techniques. Cell modeling and experimental testing will be combined to inform
these efforts. The thermal stability and abuse tolerance of our cell components and full cells will also be tested,
ensuring safe batteries. Finally, the self-discharge and other half-cell and full-cell properties of the battery
system will be fully characterized and optimized.

Results

High sulfur content, nitrogen-doped graphene (NG) cathodes with NG-coated separators

Nitrogen-doped graphene (NG) was investigated as an adsorbent of lithium polysulfides and a host for sulfur.
Previous studies have shown that nitrogen functional groups enhance the adsorption of lithium polysulfides.
Because of nitrogen’s strong chemisorption ability, we not only tested this material for use in the cathode, but
also on the separator.

NG has a greater surface area and pore volume than nitrogen-doped mesoporous carbon (MPNC), as shown in
Table II-11. The nitrogen content in the NG was ~10%. The increased surface area and pore volume can
accommodate a higher sulfur content and can ensure a uniform distribution of sulfur in the cathode.
Polysulfide intermediates can be kept electrochemically active in both the cathode and on the separator as well.

Nitrogen-doped graphene/sulfur (NG-S) composites with 70% and 80% sulfur content were cycled in coin
cells at a C/10 rate for the Ist cycle, then at C/5 for subsequent cycles. A separator with a thin coating of NG
(~0.2 mg/cm?) was used in both cycling tests. After initial activitation, the coloumbic efficiency is ~99% for
150 cycles for both NG-S70 and NG-S80. NG can effectively adsorb sulfur and polysulfides, evidenced by the
good cycling performance.
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Table I1I-11: A Comparison between the Surface Area and Pore Volume of NG and MPNC

Surface Area Pore Volume
(m*/g) (cm’/g)
NG 920 4.2
MPNC 840 1.4

Optimization of PSU-7/sulfur composites

PSU-7/sulfur composite cathode were optimized for coating thickness and electrode composition. The cycling
performance for PSU-7 with different coating thickness, and this different sulfur mass loadings, is shown in
Figure 11-66. The electrode composition of these cells were 7:2:1 (wt) PSU-7 (80 wt% sulfur)/carbon
additives/PVDF. All cells were cycled at a C/20 (1C = 1675 mAh g''-sulfur) rate for the first 3 cycles and then
at a C/10 rate for all subsequent cycles. Cells with a sulfur mass loading greater than 6 mg cm™ had a capacity
decrease between 20% and 35% when switched to the higher cycling rate. At mass loadings under 6 mg cm?,
the capacity was more stable. The specific capacity after 15 cycles was nearly equivalent for the 600 um and
700 pm coating thickness. A 700 um coating thickness was determined to be optimal for sulfur mass loading
and electrochemical performance. An 8:1:1 electrode composition at the optimized coating thickness was also
tested, but the specific capacity was about 4-6 times lower than the 7:2:1 cell throughout 15 cycles.

70% PSU-7 (80% wt% sulfur), 20% carbon additives, 10% PVDF)

Coating Gap (um) | Mass loading (mg-sulfur cm)
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Figure 11-66: Cycling performance of PSU-7 electrodes with different coating thicknesses

Cycling efficiency of LiP electrode

LiP composite anode (Li powder + non-graphite particles) has been developed for high-capacity anode (e.g.
1,000-1,500 mAh/g) in Li-S battery with good cycling performance and feasible fabrication, based on ECP’s
proprietary Li powder composite anode technology. In this annual report, cycling efficiency of LiP electrode
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was studied in coin cells to understand LiP electrode behavior during charge and discharge and its degradation
mechanisms.

Three different formulations of LiP electrode were tested in LiP / Li foil coin cells, and they are LiP0: 90 wt%
Li Powder + 10 wt% binder; LiP1: 80 wt% Li Powder + 10 wt% additive + 10 wt% binder; LiP2: 60 wt% Li
Powder + 20 wt% additive + 20 wt% binder. The electrolyte used was 1.0 M LiTFSI in DME/DOL (1:1 in
vol.) with 0.4 M LiNOs. The lithium in LiP electrode was initially dissolved at 0.50 mA/cm? until cut-off
voltage at 1.0 V. Subsequently, Li deposition to LiP electrode at 0.50 mA/cm? for 10.5 mAh (constant for all
cycles) and Li full dissolution from LiP electrode at 0.50 mA/cm? until 1.0 V were repeated. Accordingly,
cycling efficiency is the Li full dissolution amount each cycle divided by the 10.5 mAh of Li deposition
amount. As a result, we can obtain lithium loss on LiP electrode during cycling in terms of cycling efficiency
and study how content of additive affects cycling efficiency.
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Figure 11-67: Voltage changing with (a) Li deposition amount (mAh) to LiP electrode and (b) Li dissolution amount (mAh) from
LiP electrode at the 36th cycle in LiP / Li foil coin cells
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Figure 11-68: Cycling efficiency of LiP electrode in LiP / Li foil coin cells, varying with cycle number
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As shown in Figure I11-67(a) for the 36th cycle, when Li deposits to LiP electrode at a constant current (i.e.,
0.50 mA/cm?), the voltage of LiP electrode versus Li foil decreases to a negative value and shortly rebounds to
a stable voltage (around -20 mV for LiP1 and LiP2 but only about -4 mV for LiP0). Such small voltage (i.e., -4
mV) on LiP0 suggests that micro internal short occur due to lithium dendrite growth.
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Figure 11-69: Nyquist plots of electrochemical impedance spectra measured at (a) 0% Li deposition (b) 50% Li deposition to LiP
electrode at cycle 2 in LiP / Li foil coin cells

Figure I1-67(b) exhibits the voltage profile during Li dissolution from LiP electrode at a constant current (i.e.,
0.50 mA/cm?). When the voltage of LiP electrode increases to 1.0 V, Li full dissolution amount is determined:
1.5 mAh for LiP0, 8.0 mAh for LiP1 and 10.2 mAh for LiP2. Thus there is a huge Li loss on LiP0 electrode
(i.e., 10.5 mAh — 1.5 mAh = 9.0 mAh loss) and the cycling efficiency is only 14%. The lost Li is wasted for
lithium dendrite growth and “dead” Li formation. Whereas, LiP1 and LiP2 have cycling efficiency of 76% and
97%, respectively. Figure 11-68 illustrates their cycling efficiency varying with cycle number. The cycling
efficiency of LiP2 keeps above 85% for 66 cycles and decreases to 61% at the 67th cycle. LiP1 shows
fluctuating cycling efficiency above 76% before decreasing to 63% at the 48th cycle. The cycling efficiency of
LiP0 stays above 90% for 27 cycles and falls to 52% after 28 cycles. The sharp decrease of cycling efficiency
is at the 67th cycle on LiP2, at the 48th cycle on LiP1 and at the 28th cycle on LiP0, and hence it indicates the
additive in LiP1 or LiP2 electrode is beneficial to inhibiting lithium dendrite growth to delay micro internal
short.

Nyquist plots of electrochemical impedance spectra (EIS) at cycle 2 are shown in Figure 11-69. When the Li
deposition amount is 0% in Figure I1-69(a), the semi-circular arc on LiP0 electrode (110 ohm wide) is much
greater than that on LiP2 (only 16 ohm wide), which suggests that the interfacial resistance on LiPO (i.e., Cu
foil with 0% Li deposition on LiP0) is much higher than that on LiP2 with 20% additive. In Figure 1I-69(b) at
50% Li deposition amount, the semi-circular arcs on LiP0 and LiP2 become smaller than 0% Li deposition
amount, but LiPO still has higher interfacial resistance than LiP2 (6.6 ohm vs. 4.2 ohm). Figure II-70 shows the
ohmic resistance (high frequency intercept at real axis) and the interfacial resistance (mid-frequency semi-
circular arc width) obtained from the EIS Nyquist plots, varying with Li deposition amount to LiP electrode at
cycle 2. LiP0 has a higher ohmic resistance than LiP2. Accordingly, the 20 wt% additive in LiP2 electrode
helps to improve electronic conductivity and reduce the ohmic resistance. Also, the interfacial resistance on
LiP2 is lower than LiPO0 at all different Li deposition amounts [Figure I11-70(b)].
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Figure 11-70: (a) Rohmic and (b) Rinterface obtained from Nyquist plots varying with charge amount (Li deposition amount) to
LiP electrode at cycle 2 in LiP / Li foil coin cells

Fabrication and delivery of twenty eight 1 Ah LiP/S pouch cells

Twenty 1 Ah LiP/S pouch cells were fabricated. Eighteen of them were delivered to Idaho Nation Lab (INL),
and the other two cells (#54 and #56) were cycled in EC Power. Figure II-71 is a picture of eighteen pouch
cells delivered to INL. Each pouch cell had 6 double-sided LiP anodes, 2 single-sided LiP anodes, and

7 double-sided sulfur cathodes. Each electrode size was 4.4 cm x 5.6 cm. The electrolyte used was 1.0 M
LiTFSI in DME/DOL (1:1 in vol.) with 0.4 M LiNOs. The total weight of each pouch cell was ~22 g.
Unfortunately, INL found a leaking problem in some pouch cells. Subsequently, EC Power team troubleshot
the leaking problem from the pouch sealing process. And then ten 1 Ah LiP/S pouch cells were fabricated and
delivered to INL again to make up the leaking pouch cells in the last batch.

Cycling Performance of 1 Ah LiP/S Pouch Cells

Two 1 Ah LiP /S pouch cells (#54 and #56) were cycled at room temperature. They were charged and
discharged at C/20 rate for initial 2 cycles and then C/10 rate between 1.6 V and 2.6 V. The two pouch cells
present similar capacity fade with cycling (Figure 1I-72 and Figure II-73).

Pouch cell #54 shows a stable discharge capacity above 1.3 Ah for 25 cycles while the coulombic efficiency is
above 85% (Figure 11-72). Subsequently, the discharge capacity decreases to 1.0 Ah after 48 cycles and to 0.8
Ah after 56 cycles. As shown in Figure II-72(b), its S specific capacity is 998 mAh/g at cycle 2 and decreases
to 541 mAh/g at cycle 55. Correspondingly, its cell specific energy 144 Wh/kg at cycle 2 and 77 Wh/kg at
cycle 56.

Discharge capacity of pouch cell #56 keeps above 1.3 Ah for 27 cycles, and decreases to 1.0 Ah after 50 cycles
and then quickly decreases to 0.8 Ah after 55 cycles (Figure 11-73). Its S specific capacity is 1080 mAh/g at
cycle 2, and its cell specific energy at cycle 2 is 158 Wh/kg.

If we define 0.8 Ah as the cycle life of the 1 Ah pouch cells, the two cells exhibit almost the same cycle life, 55
or 56 cycles.
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Figure 11-71: Picture of eighteen 1 Ah LiP/S pouch cells delivered to INL
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Figure 11-72: Cycling performance of 1 Ah LiP / S pouch cell (#54) (a) Charge and discharge capacity and coulombic efficiency;
(b) S specific capacity and cell specific energy
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Figure 11-73: Cycling performance of 1 Ah LiP / S pouch cell (#56) (a) Charge and discharge capacity and coulombic efficiency;
(b) S specific capacity and cell specific energy

High energy 2 Ah Li foil / S pouch cells

In order to increase cell specific energy of pouch cells, the cell weight shall be decreased from anode, cathode

and electrolyte amount.

Li foil anode was one layer of 60 um thick Li foil pressed on both sides of Cu mesh foil (9 um thick Cu foil
with @1 mm pores and 40% porosity). The Li foil anode weighed about 43% of the LiP anode used previously

for 1 Ah pouch cells.

Electrolyte amount takes a significant part in a pouch cell. Accordingly, different electrolyte amount was
attempted in 2 Ah pouch cells to search for the minimum but good electrolyte amount. The electrolyte used

was from Argonne National

Lab (ANL).

Three Li/S pouch cells with electrolyte amount of 7.2 g, 8.2 g and 9.8 g, respectively, were charged and
discharged at C/20 rate for initial 2 or 3 cycles and subsequently C/10 rate between 1.6 V and 2.6 V. As
illustrated in Figure I11-74, their initial discharge capacity is above 2.0 Ah and their cell specific energy is
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above 200 Wh/kg. However, their discharge capacity decreases quickly with cycling. The pouch cell with 9.8 g
electrolyte shows better cycling performance than the other two cells with less electrolyte, but its discharge

capacity still decreases quickly to 1.5 Ah in 6 cycles.

Armounl of electialyte: T2 g
Weight of esll 19.7 g

Cell voltage,

— 151, G20
dnd, G20
Jrd, CR20Q
—4th, CHD
Sth, G110

0.5 18 1.3

Cell capacity, &h

Amaunt of elecirolyie B2 g

. 1 Weight of cell: 20.7 g —_— st 20
23 —and, G20
Ard, G20
w 1 —— am, G0
E g Sth, IO
e = \ 10th, /10
2 1 18th, G
g 24 \ Sth, C10
8 134
18 4
1.7 4
18 4
(b)
15 i - 1 . . . . . |
ue LE 1.8 1.8 a8 a8
Cell capaciy. Ah
A =
& CCap !
*  DCap
3
“u
Z i,
= I "y
i} . .
g "
L& - s A
. ‘-.'.'-"I-l-..
L
-
C
; (c) \
a 5 10 15 0 25
Cycle number

Figure 11-74: Cycling performance of 2 Ah Li foil / S pouch cells (a) 7.2 g electrolyte; (b) 8.2 g electrolyte; (c) 9.8 g electrolyte
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A pouch cell with 12.0 g electrolyte was tested. The cycling C-rate was kept at C/20 rate between 1.6 V and
2.6 V. Its initial discharge capacity is 2.7 Ah and initial cell specific energy is 213 Wh/kg (Figure 11-75). Its
discharge capacity slowly decreases to 2.3 Ah at cycle 13, but quickly decreases to 1.0 Ah at cycle 14. The
quick decrease is likely attributed to micro-shorting due to the growth of Li dendrite during charging.

A pouch cell with thick Li anode was tested. The thick Li anode was two layers of 60 um thick Li foil pressed
on both sides of Cu mesh. The previous pouch cells used a thin Li anode that was one layer of 60 pm thick Li
foil pressed on both sides of Cu mesh. The pouch cell with thick Li anode and 12.0 g electrolyte had slightly
higher capacity than the one with thin Li anode, but its cycling performance and cell specific energy were
similar to the latter one (Figure II-75). Accordingly, the thick Li anode did not defer the quick capacity
decrease comparing with the thin Li anode.
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Figure 11-75: (a) Discharge capacity, (b) cell specific energy of 2 Ah Li foil /S pouch cells with 12.0 g electrolyte

Fabrication and delivery of twenty four 2 Ah Li foil / S pouch cells

Twenty six 2 Ah Li foil / S pouch cells were fabricated, and their picture is shown in Figure II-76. They used
thin Li anode and 12 g electrolyte. Each pouch cell had 9 double-sided Li foil anodes, 2 single-sided Li foil
anodes, and 10 double-sided sulfur cathodes. Each electrode size was 4.4 cm x 5.6 cm. The electrolyte used
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was ANL electrolyte with 0.1 M LiNOs. The total weight of each pouch cell was ~23.5 g. Twenty four of them
are delivered to Idaho Nation Lab (INL) and the other two cells are being cycled in EC Power and Penn State.

Figure 11-76: Picture of twenty six 2 Ah Li foil / S pouch cells

Cycle performance and coulombic efficiency

An organo-fluorine compound, 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (TTE), was investigated
for the first time as the electrolyte solvent in the lithium-sulfur battery. The new fluorinated electrolyte
suppressed the deleterious shuttling effect and improved the capacity retention and coulombic efficiency in cell
tests. In addition, it was found to eliminate the self-discharge of the lithium-sulfur battery.

2

Capacity (mAhg)

Capadity (mAh/d)

Figure 1I-77: Galvanostatic potential profiles of Li-S cells with 1.0 M LiTFSI DOL/DME (5/5) and 1.0 M LiTFSI DOL/TTE (5/5)
electrolyte at a 0.1C rate
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Figure 11-78: Capacity retention (a), and coulombic efficiency (b) of Li-S cells with 1.0 M LiTFSI DOL/DME (5/5) and 1.0 M
LiTFSI DOL/TTE (5/5) electrolyte at a 0.1 C rate

Figure 11-77(a) shows the initial voltage profiles of a Li-S cell with the fluorinated electrolyte consisting of 1.0
M LiTFSI DOL/TTE (5/5 volume ratio). These profiles show two plateaus in the discharge. The higher voltage
plateau at 2.2~2.4 V is due to the reduction of elemental sulfur to lithium polysulfides (Li2Sx, where x=4-8),
and these polysulfides are reduced to lower order species (Li2S; and/or Li,S) at the lower voltage plateau,
~2.1~2.0 V. Compared with the Li-S cell using the baseline electrolyte of 1.0 M LiTFSI DOL/dimethoxy
ethane (DME) (5/5), the fluorinated electrolyte cell showed a slightly lower voltage and a much higher
capacity in the first discharge due to the low viscosity and low conductivity of the fluorinated electrolyte. A
significant difference was observed for both cells during the subsequent charge. The TTE-based electrolyte cell
displayed a long and flat plateau and a drastic voltage rise at the end of the first charging step without any
redox shuttling behavior. The voltage profiles remain unchanged even at deep cycles (Figure I1-77(b). The low
polarity of the TTE helps reduce the dissolution of polysulfides into the electrolyte as confirmed by the fact
that the synthesized Li»S¢ does not dissolve in the TTE solvent. In contrast, the baseline electrolyte cell could
not charge completely at each cycle due to the severe shuttling of dissolved polysulfides. The capacity
retention and the CE of Li-S cells with two electrolytes are presented in Figure I11-78(a) and (b). Low initial
capacity and rapid capacity fading with low CE are observed for the Li-S cell using baseline electrolyte due to
the dissolution of lithium polysulfide intermediates into the electrolyte, which leads to active sulfur loss and
redox shuttle reactions. In contrast, after several formation cycles, the TTE cell maintains a stable discharge
capacity of 1100 mAhg-1 for 50 cycles with a CE of 98% (Figure II-78(b)), indicating the effective inhibition
of the polysulfide shuttling effect in the fluorinated electrolyte.

Aurbach et al. reported that the shuttle effect can be suppressed by addition of LiNOs to the electrolyte. The
LiNO:s participates in the formation of a stable passivation film on the surface of the Li anode, which protects
the dissolved polysulfides from chemically reacting with the Li anode. However, the capacity still fades with
cycling, indicating the LiNO; could not eliminate the active material loss. Fluorinated compounds are
thermodynamically unstable in contact with lithium metal and tend to chemically react with it. As a
perfluorinated ether, TTE reacts with lithium forming a conjugated C=C bond and LiF. The formation of this
composite layer on the Li anode surface acts as a physical barrier, thereby inhibiting the chemical and
electrochemical reaction of polysulfides with the Li anode.

Advanced Batteries R&D 109



T
(d) c (e)
—— DOLDNE-1 OMLITFS! 1 ——DOLMTE-1.0M iTFS1] |

Lk W Y 1

0 1

N -
£
o
o
-
N
«©
»
o

KeV KeVv

Figure 11-79: SEM images of (a) pristine sulfur electrode, (b) discharged sulfur electrode using 1.0 M LiTFSI DOL/DME, and (c)
discharged sulfur electrode using 1.0 M LiTFSI DOL/TTE; EDS spectra of sulfur electrode at the first discharge using (d) 1.0 M
LiTFSI DOL/DME and (e) 1.0 M LiTFSI DOL/TTE electrolytes

We also determined the morphological changes of the sulfur electrode discharged in two electrolytes. Figure
II-79(a) is a typical SEM image of the pristine sulfur/carbon electrode. After the first discharge in the baseline
electrolyte, the surface of cathode had been deposited with large quantities of crystal-like discharge products
(Figure I1-79(b)) of insoluble lithium sulfides (Li,S and/or Li,S,). Further analysis of the deposit by energy-
dispersive x-ray spectroscopy (EDS) revealed a sulfur-rich agglomeration, as shown in Figure 11-79(d).
However, when using the DOL/TTE fluorinated electrolyte, the discharged electrode showed morphology
similar to the pristine cathode filled with fine discharged product particles/flakes hidden in the porous structure
of the sulfur-carbon composite, as illustrated in Figure II-79(c). Additionally, much less lithium polysulfide
deposition was detected from the EDS spectrum (Figure 1I-79(e)). These analysis results indicate that the SEI
layer formation through reductive decomposition on the surface of the cathode suppressed the polysulfide
dissolution and agglomeration of the discharged species, an observation that is supported by the improved
specific capacity and superior CE for the fluorinated electrolyte versus baseline cell (Figure 1I-77(c) and (d)).

Self-discharge improvement

A fundamental analysis reveals that the charge-discharge efficiency, redox shuttling phenomenon, and self-
discharge are all facets of the same issue, which in principle could be solved by a single solution. In practice,
LiNOj; has become a mandatory additive in conventional DOL/DME-based electrolyte in order for Li-S cells to
operate normally. The main function of LiNO3 is to reduce shuttling of the soluble LiPS during charge-
discharge cycles. Surface analysis shows that, in the presence of LiNO3, a protective film composed Li,NOy
and LinSO, is generated on the surface of the lithium anode. However, LiNOs alone is still not able to
completely eliminate the active material loss caused by shuttling, and repeated cycling destroys the protective
film. Figure 11-80(a) shows the self-discharge result of a Li-S cell with DOL/DME-1.0 M LiTFSI in the
presence of 0.2 M LiNOs. A 3.8% loss in discharge capacity was observed after 10 hour rest at room
temperature, indicating much less self-discharge had occurred during the storage of the battery compared to the
cell without LiNOs3 additive. However, when the 10 hour rest was performed at 55 °C, the capacity loss
resulting from self-discharge increased to 8.6% (Figure I1-80(b)), which is likely due to increased diffusion
rate of LiPS and instability of the protective layer on the Li surface at elevated temperatures. In comparison,
LiNO3 was found to further suppress self-discharge in combination with the fluorinated electrolyte. As shown
in Figure 11-80(c), with the addition of 0.2 M LiNO3 in the DOL/TTE-1.0 M LiTFSI electrolyte, only

minor capacity loss (0.7%) was observed for the cell rested at room temperature. More surprisingly, negligible
self-discharge was also evident when the cell was stored at fully charged state at 55 °C for 10 h, as shown in
Figure 11-80(d).
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Figure 11-80: The 5th and 6th cycle voltage profile for Li-S cells with high-loading sulfur cathodes rested between the 5th
charge and 6th discharge, with (a, b) DOL/DME-1.0 M LiTFSI+0.2 M LiNO; electrolyte and (c, d) DOL/TTE-1.0 M LiTFSI+0.2 M
LiNO3 electrolyte rested at (a, c) room temperature and (b, d) 55 °C

TTE electrolyte cell mechanism study

The function mechanism was proposed in the schematic illustration of Figure 11-81(a) and (b). The high
solubility of polysulfides (PS) in the conventional DOL/DME solvent results in the diffusion of the PS species
into the electrolyte and their reaction with the lithium anode causes severe shuttling phenomenon and loss of
active materials. However, the PS intermediates have low solubility in the TTE electrolyte and tend to
accumulate inside the electrode structure, thus the chances of its migration to the anode side and subsequent
parasitic reaction with Li are extremely low. To confirm the effect of fluorinated solvent on the cell
performance, solubility test was conducted by synthesizing 1.0 M of Li»Sx (Li2Syx, x=8 based on stoichiometric
amounts of Li,S and sulfur) in DOL/DME and DOL/TTE mixture solvents according to the method reported
by Rauh et al. The images after 48 hours of agitation are shown in Figure 11-82. Li,Sg completely dissolves in
DOL/DME solvent and a dark-brown and viscous solution was obtained. However, less dissolution and more
precipitate are observed for the DOL/TTE solvents by the lighter color of the mixture. The mixture solvent
with the highest fluoroether concentration DOL/TTE=1:3 has the lowest solubility of polysulfides; however, it
should be noted that the high ratio of DOL/TTE has a significant effect on the solubility of the LiTFSI salt.
The low solubility of polysulfide and LiTFSI accounted for the poor cell performance of DOL/TTE=1:3
electrolyte.
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Figure 11-82: Polysulfide solubility in fluorinated electrolyte solvents: 1.0 M Li2S8 (based on stoichiometric amounts of Li,S
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Figure 11-83: The 1st charge and discharge voltage profiles for Li-S cell containing DOL/DME (1/1)-1.0 M LiTFSI and four

fluorinated electrolytes with different DOL/TTE ratios 2/1, 1/1, 1/2 and 1/3
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Figure 11-83 shows the first charge/discharge voltage profiles of Li-S cells with different fluorinated
electrolytes. Overpotential was observed in both high-order and low-order plateau from charge and discharge
curves for the fluorinated electrolyte cells. This is caused by the lower ionic conductivity of the fluorinated
electrolytes. Interestingly, for the TTE electrolyte cells, the contribution to the overall capacity from the high-
order polysulfide reduction (the first plateau on discharge profile at ~2.3 V) becomes smaller with the
increasing amount of TTE. For baseline cell, the contribution from the high-order plateau is 37.5% (600 out of
1600 mAhg-1), and this value decreases to 33.0% for DOL/TTE=2:1 (500 out of 1500 mAhg-1), 16.5% for
DOL/TTE=1:1 (260 out of 1620 mAhg-1) and 14.2% for DOL/TTE=1:2 (200 out of 1400 mAhg-1). These
results imply that the reduction reaction from elemental S to high-order PS is transient and the kinetics of the
high-order PS further conversion to low-order ones is more favorable when the fluorinated electrolytes are
present. This phenomenon is associated with the appearance of a 3rd “plateau”, corresponding to the slope on
the discharge profile as indicated by an arrow. Differential capacity profiles (dQ/dV) (not shown) confirmed
this plateau is associated with the reductive decomposition of the fluoroether TTE on the surface of the
sulfur/carbon particles during the discharge, forming a passivation layer as the so-called solid-electrolyte
interphase (SEI). The SEI acts as a protection layer on the cathode surface and further mitigates the dissolution
of the polysulfides thus enable the high reversibility of the sulfur redox reaction. This finding is consistent with
the SEM observation which will be discussed later.

Ex situ analysis methods such as HPLC and UV-VIS spectroscopy were employed to characterize the active
species in the electrolyte after cycling. The standard polysulfide samples of Li»S4 and Li,S¢ with different
molar concentrations were first measured by HPLC. Figure 11-84 shows the HPLC chromatograms of standard
Li,S¢ samples with sulfur concentration of 3.0, 6.0, 12.5, and 50.0 mM. Three peaks were detected at retention
times of 4.8-5.0, 5.8 and 6.1 min (major peak), corresponding to the elution of polysulfides with different
chain length and size for Li,S¢ reference sample. Since the major peak at 6.1 min is symmetrical and well-
resolved, as is the baseline around this area, its position and integrated intensity at different concentrations
were used to generate the calibration plot shown as the inset of Figure II — 19. Based on this highly linear plot,
one can perform quantitative analysis of the polysulfide dissolution in the cycled baseline cell and the TTE-
based electrolyte cell.
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Figure 11-84: HPLC chromatograms of Li,S¢ reference sample major peak at 6.1 min (inset for calibration plot). The
concentration is normalized to sulfur

The harvested baseline and fluorinated electrolyte from a Li-S cell cycled 10 times were analyzed by HPLC
using the identical condition as the Li»S¢ standard sample. As shown in Figure II-85, polysulfide peaks were
observed for baseline and fluorinated electrolytes at 4.8, 5.2 and 6.1 min, indicating that the dissolved
polysulfide species is close to Li>Se, not Li»S4. Actually, the major peak at 6.1 min is identical to that of the
Li,S¢ standard solution. Based on the peak intensity and integration area at 6.1 min, the concentration of the
dissolved polysulfide in the cycled cells was calculated from the calibration plot. When cycled with the
baseline electrolyte, the sulfur concentration is measured to be 12.5 mM, whereas it is only 8.0, 3.0 and 2.9
mM for the cells with DOL/TTE/LiTFSI electrolyte with solvent ratios of 1:1, 1:2, and 1:3, respectively. Thus,
when the ratio of fluorinated solvent was increased, much lower concentration of polysulfide was generated, as
well as much less diffusion of these species in the electrolyte. This finding serves as a direct evidence to
understand the improved performance the Li-S cell in coulombic efficiency, sulfur utilization, and capacity
retention with the fluorinated electrolyte.
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Figure 11-85: HPLC chromatograms of harvested electrolytes from Li-S cells after 10 cycles with DOL/DME (1/1)-1.0 M LiTFSI,
DOL/TTE (1/1)-1.0 M LiTFSI, DOL/TTE (1/2) 1.0 M LiTFSI and DOL/TTE (1/3) 1.0 M LiTFSI

Sulfur cathode surface characterization

To further understand the effect of fluorinated solvents on the Li-S battery performance, we performed XPS
analysis of the surface of cathodes retrieved from cycled cells. Figure 11-86(a) shows the S2p binding energy of
pristine and cycled sulfur electrodes in DOL/DME electrolyte. The S2p peaks at 164.4 eV and 165.7 eV are
characteristic of S-S bonds of elemental S8 in the pristine cathode. After the first discharge, the S-S peak
disappeared, and two new peaks emerged in the lower energy area at 162.6 and 163.8 eV, confirming the
conversion of elemental S to S2- through electrochemical reduction with generation of the discharge product
Li,S or Li>S», and these peaks remain unchanged even in fully charged state, indicating the loss of the active
material due to this irreversible reaction. However, for the electrode cycled in DOL/TTE electrolyte, the S2p
peaks at 162.6 and 163.8 eV in the first discharge completely vanished at the first charge, as shown in the top
curve in Figure I1-86(b). This highly reversible process explains the high specific capacity and coulombic
efficiency of the DOL/TTE-containing cell, as discussed in the electrochemical performance. The lower
oxidation S2p peaks exist throughout the cycling and accumulate with cycling for the DOL/DME-containing
cell (Figure 11-86(c)); however, the electrochemical reversibility is maintained with the depth of cycling for the
DOL/TTE-containing cell. No recognizable peaks appeared until the 20th cycle, as seen from Figure 11-86(d),
and the intensity of these S2p peaks was still small when DOL/TTE was used as electrolyte. This observation
is in good agreement with the improved specific capacity and capacity retention of the DOL/TTE-containing
cell.

The Cls, Lils and F1s XPS spectra of sulfur cathodes at different charge and discharging cycles are shown in
Figure 11-87. In the pristine cathode, the Cls peak at 248.8 eV was attributed to the C-C, and peaks at 286.4 eV
and 291.0 eV (Figure 1I-87(a) and (b)) were assigned to C-H and C-F bonds from the PVDF binder in the
electrode. At the first discharge, the Cls peaks were covered by new species (C=0 at 290.2 eV and CF2 at
293.4 eV) due to the SEI formation and the deposition of the discharge products on the electrode surface.
Interestingly, for the DOL/TTE-containing cell, the binding energy of the C-F peak (CF2) has high intensity,
and this peak does not disappear even at the fully charged state (Figure II-87(b)). In the Lils spectra, the peak
at 55.5 eV was assigned to the Li-S bonds from Li,S/Li,S; at the discharge state for the DOL/DME-containing
cell (Figure II — 22(c)) and DOL/TTE-containing cell (Figure 1I-87(d)). However, in the charge state, this peak
disappeared, and a new peak emerged at a shifted position at 56.2 eV, corresponding to the formation of the
Li-F bond for the DOL/TTE-containing cell (Figure 11-87(d)), whereas the peak remained unchanged in terms
of position and intensity for the DOL/DME-containing cell (Figure 11-87(c)). The LiF-rich SEI formed on the
sulfur surface further improves the coulombic efficiency and capacity retention.
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Figure 11-86: S2P XPS spectra of sulfur electrode at pristine state, the 1st discharge state and the 1st charge state with (a) 1.0
M LiTFSI DOL/DME (1/1) and (b) 1.0 M LiTFSI DOL/TTE (1/1); S2p XPS spectra of sulfur electrode at the 20th charge state with
(c) 1.0 M LiTFSI DOL/DME (1/1) and (d) 1.0 M LiTFSI DOL/TTE (1/1)
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Figure 11-87: XPS spectra of sulfur cathodes at pristine state, the 1st discharge state, the 1st charge state, the 20th discharge
state and the 20th charge state cycled with DOL/DME (1/1)-1.0 M LiTFSI electrolyte (a) C1s, (c) Lils, (e) F1s and cycled with
DOL/TTE (1/1)-1.0 M LiTFSI electrolyte (b) C1s, (d) Lils, (f) F1s

Conclusions

Novel cathodes, anodes, and electrolytes have been investigated throughout the course of this project. During
this fiscal year, nitrogen-doped graphene (NG) was experimented with as both a sulfur-confining cathode
material and as a polysulfide-adsorbent coating on the separator. The thickness and mass loading of PSU-7
cathodes was optimized for use in pouch cells. Li powder (LiP) and Li foil with copper mesh anodes both
demonstrated a greater than 1.5 Ah capacity. Between the two anode materials, more than 50 pouch cells were
fabricated and delivered the Idaho National Laboratory (INL).

A deeper understanding of high performance Li-S battery with DOL/TTE fluorinated electrolyte was gained by
using electrochemical methods and various analytical techniques such as HPLC, XPS, and SEM. The lithium
polysulfide species generated in a Li-S cell with this electrolyte were quantitatively analyzed. The results
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suggested that the improved performance of a Li-S cell with TTE as co-solvent is due to multiple reasons: (1)
less solubility of high-order polysulfides as confirmed with solubility test and HPLC experiment mitigates the
shuttle effect of polysulfide and promotes the reversible electrochemistry of insoluble Li,S/Li>S»; (2) the SEI
formation on the sulfur cathode by reductive decomposition of fluoroether further prevents the dissolution of
the polysulfide and improves the sulfur utilization; and (3) the electrochemical/chemical reaction of fluoroether
with lithium anode forms a protective layer acting as a physical barrier eliminating the parasitic reactions of
dissolved polysulfides with lithium.

Products

Presentations/Publications/Patents

Publications

1.

Song, J. X., Gordin, M. L., Xu, T., Chen, S. R., Yu, Z. X., Sohn, H.S., Ly, J., Ren, Y., Duan, Y. H.,
Wang, D. H. Strong Lithium Polysulfide Chemisorption on Electroactive Sites of Nitrogen-Doped
Carbon Enables High-Performance Lithium-Sulfur Battery Cathodes. Angewandte Chemie
International Edition. (2015), 54(14), 4325. DOI: 10.1002/anie.201411109

Chen, S. R., Dai, F., Gordin, M. L., Yu, Z. X., Gao, Y., Song, J. X., Wang, D. H. Functional
Organosulfide Electrolyte Promotes an Alternate Reaction Pathway to Achieve High Performance in
Lithium—Sulfur Batteries. Angewandte Chemie International Edition, 2016, 55, 4231.

Sohn, H., Gordin, M. L., Regula, M., Kim, D. H., Jung, Y. S., Song, J. X., Wang, D. H. Porous
Spherical Polyacrylonitrile-Carbon Nanocomposite with High Loading of Sulfur for Lithium-Sulfur
Batteries. Journal of Power Sources, 2016, 302, 70.

N. Azimi, Z. Xue, I. Bloom, M. L. Gordin, D. Wang, T. Daniel, C. Takoudis, and Z. Zhang*.
Understanding the Effect of Fluorinated Ether on the Improved Performance of Lithium-Sulfur
Batteries. ACS Appl. Mater. Interfaces. (2015), 7(17), 9169-9177. DOI: 10.1021/acsami.5b01412.

Chenxi Zu, Nasim Azimi, Zhengcheng Zhang and Arumugam Manthiram. Insight into lithium-metal
anodes in lithium-sulfur batteries with a fluorinated ether electrolyte. J. Mater. Chem. A, (2015), 3,
14864-14870.

Nasim Azimi, Zheng Xue, Libo Hu, Christos Takoudis, Shengshui Zhang, Zhengcheng Zhang*.
Additive Effect on the Electrochemical Performance of Lithium-Sulfur Battery. Electrochim. Acta,
(2015), 154, 205-210.

Nasim Azimi, Zheng Xue, Nancy Dietz Rago, Christos Takoudis, Mikhail Gordin, Jiangxuan Song,
Donghai Wang, Zhengcheng Zhang*. Fluorinated Electrolytes for Li-S Battery: Suppressing the Self-
Discharge with an Electrolyte Containing Fluoroether Solvent. J. Electrochem. Soc., (2015), 162 (1),
A64-A68.

Presentations

1.

Wang, D. (Author Only), (November 2016). “DEVELOPMENT OF MATERIAL AND
ELECTROLYTE FOR SULFUR BATTERIESS,” Materials Research Society Fall Meeting, Boston,
USA, Invited. International.

Chen, S., Wang, D. (Presenter & Author), (October 2016). “High-Capacity Lithium-Sulfur Batteries at
Low Electrolyte/Sulfur Ratios,” 230th Electrochemical Society (ECS) Meeting, Honolulu, USA,
Accepted. National.

Wang, D. (Presenter & Author), (September 19, 2016). “DEVELOPMENT OF CATHODES AND
ELECTROLYTE FOR HIGH PERFORMANCE LITHIUM-SULFUR BATTERIESS,” International
Conference on Electrochemical Energy Science and Technology, Kunming, China, Invited.
International.

Chen, S., Gao, Y., Wang, D. (Author Only), (August 24, 2016). “Functional Organosulfide Electrolyte
for High Performance Lithium—Sulfur Batteries,” 252th ACS National Meeting Fall 2016,
Philadelphia, USA, Invited. National.
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5.

Wang, D. (Presenter & Author), (July 2016). “Development of Functional Nanocomposite Materials
for Energy Storage Applications,” 11th Sino-US Nano Forum, Nanjing University, Nanjing, China,
Invited. International.

Song, J., Wang, D. (Author Only), (April 2016). “Advanced Sulfur Cathode Enabled by Highly
Crumpled Nitrogen-doped Graphene Sheets for High-Energy-Density Lithium-Sulfur Batteries,”
Materials Research Society Spring Meeting, Phoenix, USA, Accepted. International.

Chen, S., Dai, F., Gordin, M., Yu, Z., Gao, Y., Wang, D. (Author Only), (April 2016). “Functional
Electrolyte Promotes an Alternate Reaction Pathway for High-Performance Lithium-Sulfur Batteries,”
Materials Research Society Spring Meeting, Philadelphia, USA, Accepted. National.

Patents

1.

Wang, D. H., Chen, S., Dai, F. Liquid Electrolyte for Increasing Capacity and Cycling Retention of
Lithium Sulfur Battery, US Utility Patent Application (14/108,094) and PCT Application
(PCT/US2013/075481) 2013.

Wang, D. H., Song, J., Xu, T. Doped Carbon-Sulfur Nanocomposite Cathode for Lithium-Sulfur
Batteries, US Utility Patent Application (13/938,527) and PCT Application (PCT/US2013/49870)
2013.

118 FY 2016 Annual Progress Report



II.C. Small Business Innovative Research (SBIR) Projects

Brian Cunningham (SBIR Projects Manager)
U.S. Department of Energy

Vehicle Technologies Office

1000 Independence Avenue, SW

Washington, DC 20585

Phone: 202-287-5686

E-mail: Brian.Cunningham@ee.doe.gov

Objectives

Use the 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 Energy Storage
effort within the Vehicle Technologies Program Office.

Introduction and Approach

The Energy Storage effort of the Vehicle Technologies Office supports small businesses through two focused
programs: Small Business Innovation Research (SBIR) and Small Business Technology Transfer (STTR).
Both of these programs are established by law and administered by the Small Business Administration. 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. These programs are administered for
all of DOE by the SBIR Office within the Office of Science. Grants under these programs are awarded in two
phases: a 6-9 month Phase I with a maximum award of $150K and a 2 year Phase II with a maximum award of
$1M. Both Phase I and Phase Il awards are made through a competitive solicitation and review process.

The Energy Storage team participates in this process by writing a topic which is released as part of the general
DOE solicitation. In FY'12, the Energy Storage 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 Il Awards Made in FY 2016

Under the SBIR/STTR process, companies with Phase I awards that were made in FY 2015 are eligible to
apply for a Phase II award in FY 2016.

Two Phase II grants were awarded in FY 2016 from four Phase I grants that were conducted in FY 2015.

Novarials Corporation (Nashua, NH, 03062-1441): Under this work, an ultrahigh safety battery separator
technology will be developed that is a critical technology for manufacturing high safety and long term stability
lithium ion batteries that are desired by electric vehicles, hybrid electric vehicles, and plug-in hybrid electric
vehicles.

SilLion, LLC (Boulder, CO, 80301-5465): Despite the slow rate of improvement in lithium-ion technology,
demand for a battery double the specific energy of current state-of-the-art (400 Wh/kg) is growing. To address
this issue, this venture proposes to enable a safe, ~400 Wh/kg Si/Li-Mn-rich full-cell, compatible with the
existing battery-manufacturing infrastructure, by utilizing a room temperature ionic liquid electrolyte.
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Phase | Awards Made in FY 2016

Five Phase I grants were awarded in the Summer of FY 2016.

ADA Technologies, Inc. (Littleton, CO): The growing demand for higher energy density and safer energy
storage devices has prompted the search for next generation battery materials. ADA Technologies Inc. and
partner propose to the development of a high energy and power density, safe, and cost competitive
rechargeable lithium-ion battery suitable to meet various power needs.

Coulometrics (Chattanooga, TN): This project will develop state-of-the-art processes for the conversion of
natural flake graphite into high quality lithium-ion battery (LIB) grade anode materials.

Pneumaticoat Technologies LLC (Broomfield, CO): This project will implement a low-cost, lean-
manufacturing approach to providing safety and stability to lithium-ion battery materials using a
nanotechnology-enabling coating solution. Expected outcomes are lower cost batteries, higher retained
performance under extreme conditions, and a roadmap toward rapid commercialization and domestic
production of next generation lithium-ion battery materials.

Saratoga Energy Research Partners, LLC. (Berkeley, CA): Developing a breakthrough process to
manufacture low-cost, fast charging graphite — a key component of lithium-ion batteries — from carbon
dioxide. This SBIR project will address the optimization of the process and demonstrate fast charging
capability with different cathode materials.

XG Sciences, Inc. (Lansing, MI): Small, lightweight batteries storing increased energy are required for
consumer products including electric vehicles, smartphones, e-bikes, and many other devices that enable the
emerging mobile, connected society. XG Sciences will develop advanced silicon materials that store more
energy than today’s materials thereby enabling longer electric vehicle range and extended electronics runtimes.
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lll. Battery Testing, Analysis, and Design

lllLA. Cost Assessments and Requirements Analysis

lllLA.1. BatPaC Model Development (ANL)

Shabbir Ahmed, Principal Investigator

Kevin G. Gallagher, Paul A. Nelson, Naresh Susarla, Dennis W. Dees
Argonne National Laboratory

9700 S. Cass Avenue

Argonne, IL 60439

Phone: 630-252-4553

E-mail: ahmeds@anl.gov

David Howell, DOE Project Manager
U.S. Department of Energy

Vehicle Technologies Office

1000 Independence Avenue, SW
Washington, DC 20585

Phone: 202-586-3148

E-mail: David.Howell@ee.doe.gov

Start Date: October 2012
End Date: October 2018

Abstract

BatPaC is a spreadsheet model that enables the design of lithium-ion battery packs for electric-drive vehicles
using a range of selections and specifications (chemistry, power, energy, etc.) The model has been improved
this year in terms of features such as charge time calculations and use of a blended cathode material, and
fidelity though the setup of independent models to study the battery manufacturing process. These studies
include the cathode manufacturing process, the cathode drying and solvent recovery process, and the formation
cycling process. The results indicate that the cathode drying and recovery of the n-methyl pyrrolidone require a
high energy demand because of the large amount of air that is heated in the process. The formation cycling
process indicates opportunities for cost reduction through the use of fewer charge-discharge cycles and through
the recovery and recycle of the discharged power.

Objectives

To develop and utilize efficient simulation and design tools for lithium-ion batteries to predict
e Overall and component mass and dimensions

e Cost and performance characteristics when manufactured in large volume

Accomplishments

e Developed an analytical expression, derived from experimental data and transport modeling, to
calculate the optimum electrode loading.

e Modeled the production of NMC cathode material to estimate the energy use and cost of production.

e Modeled the cathode drying and NMP recovery process to estimate the energy use and cost
contribution to the battery pack.

e Modeled operations of the Dry Room in the battery manufacturing plant to estimate the energy use
and cost contribution to the battery pack.

e Conducted a preliminary assessment of the formation cycling step in the battery manufacturing plant
to estimate the energy use and cost contribution to the battery pack.
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e Released a new version of BatPaC with cost updates, more input options and generated results, and
improved calculation methodologies.
o Calculates the time required for charging
o Adds the option to use a blended LMO-NMC cathode material
o  Reports the inventory of metals in the battery pack that can be potentially recovered for recycle

Future Achievements

The features and fidelity of the BatPaC model will be improved by setting up independent models and studies
of the steps in the manufacturing process, such as the formation cycle, the production of materials used in the
pack, etc.

Technical Discussion

Background

The penetration of lithium-ion (Li-ion) batteries into the vehicle market has prompted interest in projecting and
understanding the costs for this family of chemistries to electrify the automotive powertrain. Additionally,
research laboratories throughout the DOE complex and various academic institutions are developing new
materials for lithium-ion batteries every day. The performance of the materials within the battery directly
affects the energy density and cost of the integrated battery pack.

Introduction

A performance and cost model (namely, BatPaC) was developed at Argonne to design automotive lithium-ion
batteries that can meet the vehicle specifications, and then to estimate the cost of manufacturing such a battery
in large volume. 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 lithium-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 design batteries. This facilitated
the next step, which was to extend the effort to include modeling of the manufacturing costs of the batteries.

The BatPaC model has been peer reviewed and is available on the web. It captures the interplay between
design and cost of lithium-ion batteries for transportation applications. 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 then used to determine what mileage (i.e. CAFE) and CO, emission standards are optimal
from a cost-benefit analysis.

Approach

The battery pack design and cost calculated in BatPaC are based on projections of a 2020 production year and
a specified level of annual battery production of 10,000-500,000. As the goal is to predict the future 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 it is also assumed that some problems have been solved to
result in a more efficient production process and a more energy dense battery. Our proposed solutions do not
have to be the same methods used in the future by industry. We assume the leading battery manufacturers,
those having successful operations in the year 2020, 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 modules 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:
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e improving the design capability by considering additional relevant design constraints, e.g., coating
thicknesses to reflect charge/discharge rates, etc.,

e reducing the uncertainty of model predictions by setting up independent models of the manufacturing
process that include energy and cost breakdowns,

e updating the cost of the materials, and

e validating the results through discussions with manufacturers, and component developers.

Results

Charging Time: The fastest rate at which a cell can be charged is constrained by the charger capacity, the
maximum allowable current density (lithium deposition can occur at higher current (Gallagher, et al., 2016)),
or the available cooling rate (to prevent the cell temperature from exceeding a maximum set value). Based on
these three specifications, BatPaC calculates the shortest time needed to increase the state of charge (SOC) of
the pack. Table I1I-1 compares three EV batteries with similar energy and power requirements, with respect to
their charging time and cost, when the charger has a cap