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Figure 60. Rietveld refinement results(a) synchrotron Xay and (b) neutron diffraction of the

x = 0.75 sample. (c) Synchrotromay diffraction of the x = 1.0 samplé........ccccvvvvvvvereennnnnn. 84
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Figure 61. Spontaneous oxygen evolution and its impact on the nearest cation. For instance,
surface Mrt*(purple octaledral site) to MA* (yellow site) by first oxygen evolution
(VEHOW SIEE 1N C/U)..eetteiiieeeeeeeee ettt e e e e e e e e e e e eeeaaaeeens 87

Figure 62. The-drbital density of state (DOS) of the defect site in the surface (top) and at the
bulk (bottom). Cr defect prefers the surface as reflected by the butkugesurface
DOS behavior (a). Ni shows the opposite behavior.(h)...........ccccviviieiviiieeeieeeeee, 87

Figure 63. Sidby-side comparison of the rigid micig-line probe consisting of metal deposited
on a glass substrate (left), and the flexible miiex-line probe consisting of metal
deposited on a polyimide substrate (Ffight)............ueeeeeiieiiieiieieee e, 89

Figure 64. Effect of electrolyte composition on lithiation and SEI formation in a silicsiar.
(@) EC/LiPE (b) EC only. (c) Same as (b) with enlarged silicon atoms. Si (yellow),
Li (purple), O (red), @rey), H (white), F (light BIUE)...........cceeveeereeeeeteeeeeceeee e 92

Figure 65. Snapshot of a classical molecular dynamics simulation of a model silicon anode after a
constant electric field of 1 V/A is applied. The model anode is in a larger cell
containing also the electrolyte phasad the cathode. The charge is simulated by
applying a constant potential to the cell. Si (blue), Li (yellow), Li (electrolyte, pink),
C (green), H (white), O (red), P (orange), F (light Blue)...........ooovveiiiiiiiiieiieeeeeee 92

Figure 66. (left) Nucleation of2CiQ over graphite eletrode. Lithium ions interact with adsorbed
oxygen atoms at the graphite edge. (right) Electrostatic potential (eV) of the
nucleating phase on the solid electrode. Note the discontinuity at the interface
[aTe a1 o] g1 C=Te ) RO RPPPR 94

CAIdzNB cT® DI dzFEAILY NIA 2 Tl DI K SEPOERE) Bdnsling 2y a4 dz3 3 S 4

compared to pure EC (right). Correlations are calculated for ps compared to ns in
thE LEEDC CASE.....ciieieiiiiii ettt e e ettt e e e e e e e e e e e e et bbb e e e s e e eeeeeas bt b eaeaaas 94

Figure 68. Schematic showing deformation of patterned silicon island during cyalihtnea
resulting impact of volume changes on SEI formation and failure...............cccccvvvvvvvnnnee, 97

Figure 69. (a) Finite element model of a sliding silicon island electrode on a current collector;
(b) Length change of the silicon island versus cycle number.........................c.c il 97

Figure 70. (a) Bhnumber of lithium atoms reached silicon thin film after 150ps molecular
dynamic simulations, and the corresponding structure of silicon initially coated with
(b) SIQ, (€) SIGLIF, @nd (d) LiE.....coeeiiiiiiie e 97

Figure71. (ac) Accordindo the prestressed lithiunscenario, tensile stresses act within lithium
metal, and compressive stresses act inside electrolyté. Ritlaxed lithium assumes
stressfree condition for lithium metal and electrolyte. During operation, when fresh
lithium gets deposited, bulk lithium etal, electrolyte, and the newly deposited
[ItNIUM EXPErIENCE COMPIESSION. ... .utiiiiieeiiiiiiite e e e e ettt e e e e e e e s e et e e e e e e s nnneeeeeeas 100

Figure 72. (@) Variation in effective exchange current density around the dendritic protrusion. If
the current at the peak is greater than that at the valley, dendrites gfajvor pre
stressed lithium. (b) For initially relaxed lithium. (c) Ratio of the effective exchange
current density at the protrusion peak over that at the valley. For initially relaxed
lithium, dendrite growth never occurs at low current operatian....................ooeeeeeeeeeeenes 100
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Figure 73. Maximal transition metal site distortion relative to the original bond lengths in ordered
LiTMQ ground state structures and in catiahsordered LiTM@structures.
Contribution of the four symmetsd NS I { A y 3y 2 NOKINE ga8HR 34 = A
Site diStOrtioNS Are SNOWN........cco i e e e e e e e e e e e e e e e e e eeaeeeas 103

Figure 74. Energy and relative transition metal (TM) site distortion indLiNO, and
LiMny sNiosO.. Each data point correspds to a single atomic structure. The error
bars indicate the range of distortions for all sites of one TM species within that

oY 111 L3 11 = 103
Figure 75Performed first attempts at characterizing mechanical properties of lithium films post

eleCtro-ChemMICAICYCIING.........oo i e e 107
Figure 76. (a) 28m thick lithium film. (b) &m thick lithium film. The residual hardness

impressions are approximately bin along each face.........cccovvvvveeiveviin, 107

Figure 77. Firggeneration LLLZGSulfur+carbon cells. By wt.; 46% S, 37% KJB, 8.5%aRuDF,
8.5% Super P. Cycled at 0.06 mA/am 1M LiTFSI, DOL:DME. Electrodes were
~30 to 35-um thick; 0.8 mgjcm? loading. (a) Schematic diagram of test cell.
LLZO membrane physically isolated lithium from the liquid electrolyte. (b) First two
cyclescomparing a typical aliquid cell (red) and hybrid cell (blue data). Specific
capacities normalized by grams S. (c) Sulfur specific capacity versus cycle number,
and @ulombic efficiencyersus cycle number. Aiguid cell (red), hybrid cell
[(o]17) Yo F= 1 r= VTP PPP ORI 109

Figure78. (leftjRoomtemperature conductivity comparing the composites with (red) and
without (orange) plasticizers. TEGDME is added to the spray coat and DMC to the
melt samples. (right) Arrhenius results for the spcaated electrolytes i shown
along with those for the singlphase Ohara (blue) and polymer (black) electrolytes....... 111

Figure 79. (left) Room temperature conductivity of the spragted composite with different
amounts of the Ohara ceramic. The conductivity was recorded haftating the
composite to 80°C and cooling. (right) Similar results for composites formed with
different concentrations of dissolved lithiutriflate salt.............cccccoiiiii e 111

Figure 80Characterization of Hayer garnet and performance of NMC battefg) Cross
sectimnal scanning electron microscopy (SEM) image-teiyldr garnet. (b) SEM of
garnet grains coated with carbon nanotube (CNT). (c) Cyclic voltammetry of the
NMC battery with CNanode. (d). Electrochemical impedance spectroscopy of the
NMC battery with CNTrade after lithiation. (e) Cycling performance of the
NMC battery at 0.1 C rate. (f) Rate test of the NMC battery at 0.1C and 0.05 C rates..114

Figure 81. CE of artificial SEI protected Cu foil and bare Cu foil at a current density of
(a) 1 mAcmP? (cycing capacityl mAhcmt?; Inset: the corresponding voltage
profiles at the 28 cycle) and (bD.25mA cmP? (cycling capacity 0.5 mAh &f.................... 117

Figure82. Topview scanning electron microscopy images and corresponding digital photographs
of lithium depodiion after five cycles on (a/@rtificial SEI protected Cu and
(b/d) bare Cuoil. (e)Configuration of nanéndentation measurements. (f) Elastic
modulus versus depth for indentation test...............coooo oo 117
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Figure 83. (a) Highest occupied molecular orbital (HONK@)J@wvest unoccupied molecular
orbital (LUMO) energies of lithium salts (LiRFTFSI, LiBOB) and solvents (EC, EMC).
The vertical lines indicate the electrochemical stability window of related lithium
salts and solvents. (b) Schematic illustration dent@tisig that LiPkadditive in
LITFSLIBOB duagalt electrolyte improves the stability of the Al current collector
and the LHMEtal 8NOTE...........cuuiiiiei e re e e e aanees 120

Figure 84. (a) The impedance plots of-& lhattery. (blCharge and discharge voltage profiles of a
LS battey with LLZT and LLZLiF as a separator. (c) Charge and discharge voltage
profiles of a LGS battery with LLZPLIF at different current densities. (d) Capacity
retention and cycling efficiency of thegBi battery........cccc e, 123

Figure 85. Cycling stability and @Ehe LiS cell without solid electrolyte nor Lin@&dditive.................... 123

Figure86. Xray photoelectron spectroscopy results forlitkium peak to establish
[ @ I ] (= = Tox 1o o PP 125

Figure 87. Xay photoelectron spectroscopy results for titanium [2gaks to trak valence state
Lo 8 117> o111 ] o 125

Figure 88. (a) Density functional theory calculated reaction path for lithium migration from
LpCQ to the Li(100) surface. (b) lllustration showing migration of one lithium (blue)
ACIOSS the INTEITACE.......cc e e e e e e e e e e e e e e e e e e e e e 125

Figure89. Sigificant improvement in Coulombic efficiency of lithium afforded by use of
MUILIHAYET POTOUS FOBIMIS......eiiiiiiiiiii ettt e e e e e e e e s e e reeeeeeaaaa 127

Figure 90. Voltage hysteresis plot of composite polymer electrolytes (black) showing superior
Coulombic efficiency and stability as compared to commaésgparators with liquid
L2l [=Tot £0] )Y (=T (£ ) IO PO TP PP PP PPPPPPRPPP 127

Figure9l. Scanning electron microscopy images of the morphology of (a) lithium electrode and
(b) lithium structurally isomorphous alloy {&IiA) electrode cycled at high current
density~1 A/g (30cycles)A clear absence of dendritic structures observed in the
IS VN 1 =T ot To [ PR 127

Figure 92: Mechanical behavior of composite polymer electrolyte showing superior strength of
engineered SyNthesis MEethOd............oooi e 131

Figure 93. (a) Fourier transform infrared spectf@amposite polymer electrolyte (CPE) after

Figure 94. Structure of-8 nanospheres. (a) Schematic of the 60 wt% (left) and 30 wt% (right)
carbon nanosphere morphology. (b) Associated {asiggle annuladarkfield
images. (¢) Simulated (bottom) and measurecyabsorption spectra of 30t%
(green) and 6@vt% (brown) loaded carbon nanoshells. Dashed vertical lines indicate
the positions of peak maximum. Bottom insets: Models used when calculating the
X-ray absorption spectroscopy of the -83G% and 68m% nanoshells, respectively.
(d) Energy dispersiverdy spectra of nanoshells at the carbon and sulfur edges........... 134

Figure 95Schematic for the voltage profile and polysulfides solubility test of {H&#l in two
(o 1 {=T €T 0 =T [= o 1 0] Y7 (=TSP 137
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Figure 96(a) Estimated maximursulfurandseleniumloading versus pore volume of carbon
materials. (b) Pore size distribution of a newly developed carbon material for high
loading SeS system. (c)-#ay diffracion pattern showing crystalline selenium

formation iN the COMPOSITE..........uiiiiii e 137
Figure 97. TiRffect on sUlfur ULIIZAtION..............oooo e a e e e 140
Figure 98. Energy density at electrode [QVEL............coo e 140

Figure 99. Slurry mixing process methods versuygdiEibution (energy dispersév
spectroscopy) within coated CathOdE..............cuvviiiiiiiiiiieee e, 141

Figurel00. (a)Dependence of electrode porosity on thickness.Gh)culated electrolyte amount
for electrodes with different porosities. (c) Dependence of volumetric energy
density on electrode thickness. (@)cling stability of electrodes at different
ENICKNESSES. ...t e e e e e et e e e e e e a e e e a i ae s 143

Figure 101. Crystal structures and calculated band structures for bulk phases e8{a) Ni
(b) Sng, () FeS, (d) Co%e) Va and (f) Tis The red dashed lines mark the
FeImMIi €NEIGYEVEL. ... e e e e e s 146

Figure 1@. (a) Firstycle charge voltage profiles of:8iLbLS, SnSLbS, FehibS, CoSLpS,
VS-LbS, TigLeS, and G/CNIpSelectrodes (b) Energy profiles for the
decomposition of L5 cluster on N&, Sng FeS, CoSVS, TiSg, and gaphene. Top
view schematic representations of the corresponding decomposition pathways for
(c) NiS, (d) Sng (e) FeS, (f) Cakg) V& (h) Tizand (i) graphene. Here, green,
yellow, grey, purple, brown, blue, red, cyan, and beige balls symbolizeniith
sulfur, nickel, tin, iron, cobalt, vanadium, titanium, and carbon atoms, respectively.
Snrepresents the sulfur atom in thesBi ClUSEer............oooooi i 146

Figure 103. First coordination shell of a lithium ion (purple) surrounded byrDdlEculesleft)
at 1M LiFStoncentration, and solvated by salt anions and Divtitecules at
4M LiFSI concentration (right). Camacho Forero, Smith, Balbuena, JPCC, 2017.

O (red), C(grey), S (YEOW), N (DIUE)a....c.ceeeeere ettt 149
Figure 104. Cell performance is affected by chemical reactiotteimnode side: (a) effect of
chemical reaction kinetics; and (b) effect of discharge rate............cccccooiiiiiiiiiiiienennn. 149

Figure 105. DMIBased electrolytes with elemental sulfur contacted with lithium metal at
different times.From top to bottom:electrolytes with sulfur and withat Li metal,
electrolytes with sulfur and Li metal for 1 day, electrolytes with sulfur with Li metal
for 2 days, electrolytes with sulfur with Li metal for 4 days, and electrolytes with
sulfur with Li metal for 8 day&rom left to rightLiTFS/DME electige, LiTFSI/DME
electrolyte, LIDFOB/DME electrolyte, LIBOB/DME electrolytes/DRE electrolyte,
LiPE/DME electrolyte, LICKUDME electrolyte LITFSI/DME/DOL electrolyte..................... 152

Figure 106In situ electrochemical optical cell (left bottom). Full set(lgft top). Example
photos at various stages of galcanostatic chargB.(@..........ccccccvveeeeeeeeii e, 152

Figurel07.Dynamic cycling performance of the cells fabricated with (a) spherical cgriiogle
walled carbon nanotube (SWCNDated separators, (b) laydxy-layer (LBL)arbon
nanofiber (CNFgoated separators, and (EBL CNToated separators..............ccceeeennnnnnnes 154
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Figure 108. Initial dischargdharge profiles of KB70 cathodes in (&pnventional, (b) 0.25 M
polysulfidecontaining, and (c) 50 vol% dimettjsulfide(DMDS)kontainirg
electrolytes with electrolyte/ sulfur ratios of 5 and &L ¢* at a current density of
0.2mA cn¥?, with (d) their corresponding cycling performance...........c.cccceevevveveeriernennes 157

Figure 109. Cycling performance of 2 wt% sutfomtaining polymers with different sulfur
contents as additives. (a) PSD containing different sulfur contenteSb)containing
different SUIFUN CONTENTS........oiiiiiiiiiii e 157

Figure 110. Morphologies of lithium metal deposited onto stainless steel substrate. Scanning
electron microscopy images of lithium metal deposited onto bare stainless steel
substrate in the electrolyte withhte addition of 8 wt% the sulfur composite product
(511 2 2RSSR 157

Figure 111. Discharge curves efkicells using carbon nanotube air electrodes ard LiCIG-
DME electrolyte cycled at various temperatures (from@@o-20 C) and at a
discharge current @nsity 0f 0.1 MA CMA.......cocviiiiiieeiiie e 161

Figure 112. Morphological images of the discharged products on the carbon nanotube (CNT)
based air electrodes after discharge at various temperaturep énd the pristine
CNTS Air €1eCIIO0E (N)areceiiiieiiieiee e e e e e e e e e e e e aaa e 161

Figure 113. (a) Galvanostatlischarge curves for L§€ell containing a LINEKNQ electrolyte
and a carborbased air electrode (T= 18D, P@= 1.4 atm, j= 0.32 mA/cth
(b) Cycling profile of a molten nitrate Li/€ell containing a carbofree air
electrode (T= 15, j= 0.13nA/cn?¥, boron carbide loading:-3 mg/cn¥).
(c) Correspondinin situ pressure analysis for cell depicted in (B).......cccccvvvvvviieiiineeeeneen. 164

Figure 114. (a) Lithium plating/stripping onto Cu (ALi=ACu=0.582atir 0.5 mA/crh at 150C,
under Ar, in LINOKNQmelt (Inset: Qvs cycle number and lithium plating/stripping
load curve). (b) Cycling curve comparison betwedti symmetric cell and{Gu cell
employing LINOKNQ melt, at 0.5 mA/cm, at 150C. (c) Electrochemical
impedance spectroscopy data derived from cycled symmetric cell (estimated
electrolyte thickness: 0.5 MM, ALI= 0.5022EM.......ccccieiieeeeie e 164

Figure 115. (a) Transmission electron microscopy (TEM) image of PHuotlawy graphene
nanocages (PHGNSs). (b,c) Higmagnification TEM images of-AGNSs.
(d) Darkfield s@nning transmission electron microscopy {BFEM) image of

Figurell6. Galvanostatic discharge/charge profiles @2 batteries with (a) hollow graphene
nanocages (HGNs) and (bHRNs ascathode catalysts at 100 mA/g in the voltage
range of 2.2¢ 4.5 V vs. Li+/Li with the fixed capacity of 1000 mAh/g.
5A380KI NBHSk OK I NBaterieS\RhHC) PriStitie HEMs ahdNHRENS
cathode catalysts at different current densities.............oiviieiii e e, 167

Figure 117. (aEx situX-ray diffraction patterngleft) for \b.CT upon electrochemical
sodiation/desodiation cycling (right). (b) Schematic illustration of the
expansion/contraction behavior oLbET during sodiation/desodiation process: the
interlayer distance of XCkis increased upon Néantercalation during sodiation
process, then partially reduced upon Nkeintercalation due to the trapped
Na" between UCT layers that behaves as a pillar during desodiation process............... 171
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Table 1Experimental conductivity results (with 95% coefide intervals) from using uNLP and
MFLP on the same electrode SamMPIe...........cooooiiiiiiiiiiiiii e 89
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A Message from the BWilgranManager

A MESSAGE FROM THE ADVANCED BATTERY
MATERIALS RESEARRRDGRAMANAGER

The Advanced Battery Materials Research (BMR) Program continues to expgadtfolio to include new
materials and processes that have the potential to reduce the cost and improve the performance of batteries.
With this comes the addition of several world renowned investigators to our already diverse Team. A list of
the newefforts is provided below:

I In situ Diagnostics of Coupled Electrochemiddechanical Properties of Solid Electrolyte Interphases on
Lithium Metal for Rechargeable Batterjéé§ngcheng Xiag General Motors

I Advanced Microscopy and Spectroscopy for Probimg) @ptimizing Electroddlectrolyte Interphases in
High-Energy Lithium BatteriesShirley Meng University of California San Diego

AdvancedLi-lon Battery Technology: Higholtage ElectrolyteJoe SunstronDaikin America

Multi-Functional, SeHHealing Plyelectrolyte Gels for Longycle-Life, High-Capacity Siur Cathodes
in Li-S BatteriesJihui Yang University of Washington

I Solid-State Inorganic Nanofiber NetwoHRolymer Composite Electrolytes for Lithium Batteties
NiangiangWu, West Virginia Univeriy

High Condudtity and Flexible Hybrid SolieState ElectrolyteEric WachsmanUniversity of Maryland

SeltForming Thin Interphases and Electrodes EnablibgS3ructured HigkEnergyDensity Batteries
Glenn AmatucgciRutgers University

I Dual Function Satl-State Battery with Sefforming SelfHealing Electrolyte and Separgtdgsther
Takeuchj Stony Brook University

I SeltAssembling Rechargeable thium Batteries from Alkali and Alkalingcarth Halides Yet-Ming
Chiang Massachusetts Institute of Technglog

Engneering Approaches to Dendrkgee Lithium AnodesPrashant KumtdJniversity of Pittsburgh

Dendrite Growth Morphology Modeling in Liquid and Solid Electrolyt®sie Qi, Michigan State
University

I Understanding and Strategies for CongdlInterfacal Phenomena in Lion Batteries and Beyon&erla
BalbuenaTexas A&M University

—_— -

—_— -

—_—C =

I First Principes Modeling and Design of Solistate Interfaces for éhProtection and Use of MMetal
Anodes Gerbrand CedetJniversity of California Berkeley

| Electrochengally Responsive SefFormed Liion Conductors for Hig-Performance |-Metal Anodes
Donghai Wang PenrsylvaniaState Wiversity (Penn State)

A few notable achievements for this quarter include:

~

I LiF was used to stabilize the LLZO solid electrolyte agaimsisture and Cg&in air. In a LiS battery, this
solid electrolyte blocked the shuttle reaction, reduced the intemésistance, and improved theulbmlic
efficiency. (Task 7.7, JohB. Goodenough)

I A method was demonstrated for surface lattice dopongnhance the cycling stability of INch
NMC cathode materials at a high charget-off voltage of 4.5/. (Task3.3, JiGuangZhang and
JianmingZheng)
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I The existence of the reconstruction raeht layer on NME532 surface was found to improve cell
performance by inhibiting impedance growth during cycling. (Task 5.2, Robert Kostecki)

I It was demonstrated that prelithidi@e and GeO nanopatrticles can be incorporated isitacan electrode
and used as a prelithiation agent. (Task 2iZui)

Sinceely,

Tien Q. Duong

Tien Q. Duong

Manager, Advanced Battery Materials Research (BMR) Program
Energy Storage R&D

Vehicle Technologies Office

Energy Efficiency and Renewable Energy

U.S. Department of Energy

BMR Quarterly Report XVi FY 2017 Q1 (v. 2Mar 2017)



Task I Advanced Electréddaehitectures

TASK HADVANCED ELECTRODE ARCHITECTURES

Summay and Highlights

Energy density is a critical characterization parameter for batteries for electric véBM&as there is only

so much room for the battery and the vehicle needs to travel over 200 mileb. STH&epartment of Energy
(DOE) targets & 500 Wh/L on a system basis and 750 Wh/L on a cell basis. Not only do the batteries have to
have high energy density, they need to do so and still deliver 2000 Wh/L for 30 seconds on the system level.
To meet these requirements paty entails findingnew, highenergydensity electrochemical couples, but also
highly efficient electrode structures that minimize inactive material content, allow for expansion and contraction
for several thousand cycles, and allow full access to the active materiale klethrolyte during pulse
discharges. In that vein, the DO¥&hicle Technologies Office (VTQupports twagrojects in theAdvanced

Battery Materials Research (BMR) ProgramderTask 17 Advanced Electrode Architecturefask 1.1i

Higher Energy Densitywia Inactive Components and Processing Condititasvrence Berkeley National
Laboratory (IBNL); andTask 127 PreLithiation of Slicon Anode for HighEnergy Lilon BatteriesStanford
University (Stanforil

The two tasks takeifferentgeneral enginegrg approaches to improving the energy density. Tdsktiempts

to increase energy density by making thicker electrodes and reducing the overall amount of inactive components
per cell. TasklL.2 attempts to increase the energy density ebhicells byreplacing graptiic anodes with
high-capacity Sibased active materials and a process for prelithiating the anode to make up for the poor
first-cycle irreversible capacity lossBoth attempts insist on establishing an appropriate methodology for
introdudng the changes.

The problem being addressed with the first approach is that as electrode thickness increases, the drying time
can decreas&hich allows additional time for segregation of the electrode components. Another problem being
addressed is th#hick electrodes may still have to be wound around a mandrel in a cylindrical cell configuration.
For a thicker electrode, winding leads to more hoop stress on the outer portion of the laminate. Both problems
can result in delamination of the laminaterfr the current collectoAnother problem with thicker electrodes

is that they tend to not cycle as well as thinner electrodes and thus reach-tifdifendondition sooner,
delivering fewer cycles. The source of the cycling problem is still not clear.

The problem being addressed by the second approach is that akiimegioffers higher specific capacity for
lithium, it experiences a 300% increase in volume during the lithiation process. The change in volume results
in freshly exposed surface areatectrolyte during the charging process and large amount of lithium ions

to be consumed in forming thelid electrolyte interphas&El) on the anode. Thushe full advantage of
siliconcannot be realized because excess cathode material is teedpgly the lithium for SEI formation on

the anode.

Highlight. This quartey Task 1.2 Cu i 6 s ) Hasdemopstrate the ability to prelithiate germaniumand
germanium oxid@anoparticles that can therincorporate into asilicon electrode aa prelithiation agent.
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Task 1.1 Battaglid,BNL

Task 1.1 Higher Energy Density via Inactive Components and Procesamg Conditio

(Vincent Battaglia, Lawrence Berkeley National Laboratory)

Project Objective. Thicker electrodes with small levels of inactive components that can still deliver most of
their energy at €@ates of C/3 should result batterieof higher energy density. Higher energy density should
translate to more miles per chargesomnaller less expensive batteries. Unfortunately, the limit to making
thicker electrodes is not based on power capability but on mechanical capéatiig,the thicker electrodes
delaminate from the current collectduring calendering or slicing. The objective ofttésearch is to produce

a highenergydensity electrode with typical {ion components that does not easily delaminate and still meets
the EV power requirements through changes to the component®mrahitant changes to the processing
conditions.

Project Impact Today 6s batteries cost too much on a per kWl
allow cars to be driven over 300 miles on a sirdlarge T h e p rrespaech addresses bgioblems
simultaneously. By developing thicker, higher enedgysity electrodes, the fraction of cost relegated to
inactive components is reduced and the amount of energy that can be introduced to a small volume can be
increased. Macroscopic modelingygests that this could have as much as a 20% impact on both numbers.

Out-Year Goals. In the outgoing yearsthe projectwill make changes to the binder molecular weight,
conductive additive, and size distribution o€ thctive material and whatever chges are necessitated by
electrode processing conditions to increase the energy density while maintaining power capability. Changes in
the processing conditions can include the time of mixing, the rate of casting, the temperature of the slurry during
castng, drying conditions, and hot calenithg. Chemical modifications may include multiple binder molecular
weights and changes in the conductive additive size and shape.

Collaborations. This project ollaboraeswith Z a g h irdup @drgQuebec, HQ for maerials and cell
testing Wh e e | mupdBighan Young University, BU) f or model i ng (BN bnysi s;
polymer properties; Arkema ftninders and a commercial cathode material supplier

Milestones

1. Fabricate #@Athicko | Highithe afte@ of catefderingGMdiffarenttempesatuees.
(Q1i Completé

2. Determine to what extent electrode performance can be improved through the use of an active material of
two particle size distribution$Q2)

3. Determine the degree to which sevenadates in materials and processing are affecting cyclal§iiy)

4. Go/NoGo. Determine if a binder of a mixture of molecular weights is worth pursuing to achieve thicker
electrodes based on ease of processing and level of performance. If no, patbuef a single molecular
weight binder(Q4)
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Task 1.1 Battaglid,BNL

ProgressReport

Milestonel (Complete)i Fabr i cate Athicko | aminates of NCM and
different temperatures. Electrodes were calendered between 25 an8C2%he electroel at 100C showed
slightly lowerrate performancéut significantly better cycling performance

A single laninate of NCM of approximately mAh/cn? was
fabricated and allowed to dry by natural convection in the
glovebox. Once dry, the calemmthg machine was turned pand

the temperature of the rollevgasadjusted and allowed to come
to equilibrium at several different temptnees (27, 50, 75, 100,
and 125°C). A section of the laminate was calendered to the
30%porosity at each of the differetemperatures. Acanning
electron microscopy (SEM) imageas taken of theompressed
electrode. The SElkvealed that for all of the electrodes, the
secondary particles of NCM were flattened and, for some
Figurel. Laminate calendered at om0 particles, craqked. An example is providedrigure 1, which
30%porosity. Notice flattened amdacker showsthe laminate calendered at 200

particles.

Once the electrodes were calendered, they were assembled in coin
R0 o s O OB e 38 56 710G cells for electrochemical testing. The electrodes were put through
a rate performance test and laiegm cycling. The rate tests
revealed that the laminate calendered afChowed the poorest
rate capability at approximately & (Figure 2). The cell
calendered at 106G and a 5C dischargaate was completely
discharged in Bninutes instead of 12 minutes like the others.

10

Capacity / mAh cm™

Once theate performance test was completed, the cells were put
on full charge and discharge cycling tests at O/Be electrodes
calendered at 10Q cycled the best. At 350 cycles, these
electrodes only displayed a 12.5% capacity fade. The others were

01

j/mA em?

Figure2. Rate performance of a lami very nar to or greater than 20% capacity fade, which is
calendered at different temperatures. considered endf-life.
isoto  Loading-38mAnem’ The projectcontinues to gather information regarding processing

conditions. Manyfindings, such as this onegquire additional
investigation. It is not understooevhy the ratgerformance and
the cycling performance would be counter to each otheould

be speculated thalhe particles calendered at 2G0remain fully
encapsulated by bindewhich promotes cohesion among the
particles but also limits the transport of salttie active material
surface. Further investigationngeded
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Task 1.2 Cui,Stanford

Task 1.2 Prelithiation of Silicon Anode feEH@ygy Lithiulon Batteries

(Yi Cui, Stanford University)

Project Objective. Prelithiation of highcapacity electrode materials suchsidigon is an important means to
enable those materials in higimergy batteries. This stugyrsueswo man directions:(1) developingacile
and practicainethodgo increaséirst-cycle Coulombic efficiency{CE) of Li-ion batteriesand(2) synthesizing
fully lithiated siliconand othetithium compounds for prstoring lithium

Project Impact. Thefirst-cycle CE of lithium-ion batteries will be increased dramaticallg prelithiation.
Prelithiation of highcapacity electrode materialéll enable those materials inextgenerationhigh-energy
densitybatteriesT hi s pr oj e c makehigheneoyedensitgli-ionibatteriegor EVs.

Out-Year Goals. Compounds containing large quantity of lithium will be synthesized for prstoring
lithium ions inside batterie§irst-cycle CE (1 CE) will be improved and optimized\er95%) by prelithiation

with the synthesized Liich compoundsThestability of prelithiation reagents in the air conditions and solvents
will be improved

Collaborations. The project works withhte following collaborators: (IBMR principalinvestigators(PIs),
(2) Stanford LineaAccelerator Center (SLACin situX-ray, Dr. Michael Toney, and (3) Stanford: mechanics,
Professor Nix.

Milestones

1. Synthesize LF/metal nanocomposite for cathode prelithiatieith high capacityand good air stability
(> 500 mAh/g) (March20161 Complet)

2. SynthesizeliSi-Li2O compositedor anode prelithiation with improved stabiliip ambient airwith
40%relativehumidity. (June20167 Completé

3. Synthesize stabilized LisN for cathode prelithiation with high capacity of 1700mAh/g.
(SeptembeR0167 Completd

4. Synthesize LixGe nanoparticles and J&e-Li»,O compositesfor anode prelithiation with improved
air-stability. (January2017i In progresy
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Task 1.2 Cui,Stanford

ProgressReport

Previously the projectdemonstratethat metallurgicdy synthesized LSi nanopartiles (NPs) can serve as a
high-capacity prelithiation reagett effectively increase thé'CE of anode material&roup IV elements such
asgermaniumhave relatively high specific capacitiek640 mAv/g for Ge) and similar volumetric capacities
to silicon (2574 mAh/cm for Si; 2275 mAh/cm for Ge), making them also suitable for teringlithium.
Ball-milled GeNPs and Ge&©NPs were used as the starting materiagb form LixGealloy and
LixGe-Li,O compositematerials respectivelySEM wasutilized to characterize the morphology of t@e&and
GeQ NPs before and after lithiation. After ball milling, the sizeGaf NPs is in the range of 16©300 nm,
while that of GeQ NPsis in the range of 15 350 nm asshown inFigure 4a/d. The skes of the derived
LixGe alloy and LixGe-Li2O compositewere larger thanthose of the starting materialdbecause of the
volume expansion (Figure4b/e).
X-raydiffraction (XRD)  confirms
the crystaline nature of balmilled
Ge powder(PDFno.00-004-0545
and a small pation ofGeQ
(PDFno.00-036-1463 resulting
from the high-energy balmilling
process in air(Figure 4G upper)
XRD confirms the complete
transformation of Ge in both
Gepowder and the intrinsic oxide
Gex to crystalline LixGes
(PDFnNo.01-081-6059 during the
thermal alloyingprocess Figure £,
lower). The small peaks of LiO
(PDF no.00-012-0254 come from
the conversion othe small amount
of intrinsic oxide GeQ.
XRD analysis also shows the
complete formation of crystalline
Li»Ge and LpO duringthe thermal
alloying processf GeQ powder and
moltenlithium. To measure the
prelithiation capacies of the
LixGe alloy and LixGelLiO 025 020 500 8001000 1200 1400 0-26 200400 6008001000 1200
composite, the electrodes wer SPeC'ﬁC capacity (MAN/g) Specific capacity (mAh/g)
charged to 1.5 V directly at a slov - Ao by Seanming olect _ , . icles (NP
— lgure anning electron miCcrosco Imageso enanopartcies S
rate of C/20(1C=1640mA/g for be%ore(a)(:nd) aftel(b)thgermal litration. (c)(—fﬁgﬁrac%orpatterm of F(J3e NPs t()eforg,'
Ge _ar_1d1_126mA/g for G_eQ)' The (upper) and afté¢bottom) thermadithiation.(d, €) SEM imagesf GeQNPs befor¢d)
prelithiation capacities WEr€ and aftel(e)thermal lithiation(f) Firstcycle delithiation capaieis of lithiated Ge NPs
1335mAh/g and 892mAh/g based (blue) and lithiad Ge@NPs (redjThe capacity is based on the masSedr GeQ in
on the masses GeandGeQ in the the anode(g) Firstcycle delithiation capa@sof lithiated Ge NPs_(quQ) and I_it_hiated
electrode respectively (Figure 4f). GeQ NPs (red) before (solid) and after (dasiposureto ambientir condition

: 2 ) (30%~40% RFy 6h.
To test the air stabilityof Li.Ge,
LixGe NPs wre exposed to ambient air (30%¢4t@6 relative humidity for 6 h, exhibiting a high extraction
capacity of 947 mAh/g (30% capacity log3gure 4j). Although the specific capacity is relatively lower,

LixGe-Li O NPs exhibit superior ambieatr stability witha higher capacity retention a85% (15% capacity
loss)comparedo bareLixGe NPs.

Intensity (a.u.)

—— Original (Li-Ge) !
- Ambient air 6h (Li-Ge) |

12 —Onglnal (Li-GeO,)

- Ambient air 6h (Li- GeG )

Voltage (V)
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Task 1.2 Cui,Stanford

Patents/Publications/Presentations

Publication

I Zhao,J. Sun, andA. Pei K. Yan, G. Zhou, Y. Liu, D. Linand Y. Cui* fiA General Prelithiation Approach
for Group IV Elements and Corresponding Oxidd®\CS under review.
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Task 1.8 Zaghib, HydroQuebec

Task 1.8 Electrode ArchitectAssembly of Battery Materials and Electrodes

(Karim Zaghib, HydroQuebec

Project Objective. The projectgoal is to develop an electrode architecture based onS3iamaterials and

design a full cell having high energy density and long cycle life. To achieve the objective, this project
investigates the structure of naBomaterials that provide acceptable volume change to achieve long cycle life,
while still maintaining the higlcapacity performance dfilicon. The project scope includes control of the
particle size distribution of nar®i materials, crystallinitysilicon composition and surface chemistry of the
naneSi materials. The focus is to develop electrode formulations and electrode architectures based on
naneSi materials which require optimized nar®i/C composites and functional binders, as well as a
contolled pore distribution in the electrode and the related process conditions to fabricate the electrode.

Project Impact. Silicon is a promising alternative anode material with a capacity of ~4200 mAh/g, which is
more thara magnitude higher than that ofaghite. However, many challenges remain unresolved, inhibiting
commercialization afilicon; this ismainly due to the large volume variationsiiton during charge/discharge
cycles that result in pulverization of the particle and poor cycling stalflilgcedsl development of highly
reversiblesilicon electrodes with acgeable cost will lead to highemergydensity and lowecost batteries

that are in high demand, especially for expanding the market penetration for EVs.

Approach. The projectappoach will encompass the following:

I Explore various synthesis methods to produce loast haneSi materials with controlled purity and
particle morphology.

| Develop an appropriat&licon anode architecture that can tolerate volumetric expansion andi@rani
acceptable cycle life with low capacity fade.

I ldentify a binder and electrode composition by investigating parameters that define the electrode, structure
such as porosity, loadingand electrode density. The optimized-aBdde will be matched witta
high-voltage NMC cathode to fabricate large formatdu cells.

I Usein situ techniques such as SEM and impedance spectroscopy to monitor the particle and electrode
environment changes during cycling.

I Achieve cost reduction by moving from more codlicon (> $50/kg) to metallurgicasilicon, which is
projected to be $3~$5/kg.

Out-Year Goals. At this stage of the project, a major effort will be allocatedailure mode analysis of
nanceSi anodes before and after cycling. Dbhabm (electron + iompicroscopy and TOISIM (Time-of-Flight
Secondary lon Mass Spectrometry) techniques will be used to analyze the rhinlualcontents in the
structure of delithiated nar®i anodes. This analysis will help to understand the failure mode of the ambde an
help guide the effort to improve the particle morphology and the electrode architecture.

Collaborations. This project ollaboraeswith severaBMR Pls: V. Battaglia and G. Liu (LBNL), C. Wong
andJason ZhangPacific Northwest National LaboratoryNRIL), and J. Goodenough (University of Texas
uT).

Milestones

1. Failure mode analysis of the naB@C composite electrode before and after cycling. Improve the structure
of the naneSi/C composite based on the results of failure mode analyksch20171 In progresy
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Task 1.8 Zaghib, HydroQuebec

ProgressReport

Li-ion pouchlaminated cells based &MC//nanaSi/C composite with a capacity of 1Ak wereassembled

(Figure ). The loadings are 2.2 and 10.3 mg#dor the anode and cathode, respectivélye anode/cathode

ratio was 1.5 based on the capacities obtained with the half cells of the cathode and anode materials. The
electrochemical performance (formation capacity, rate capability and cycle stability) was evaluated. The
capacity of the cell a0.2C rate revealed a disarge apacity around 1400 mAbetween 2.7% and 4.4V,

which is95% ofthe designed cell capacity (Rige 5).
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Figure5. Full cell performance of 14h pouchype cell (a)assembled cel(b)voltage profile during chargiescharge between 2.%5
and 4.4V at0.2C ratg(c)rate capability with different curreamnd(d)cyclelife atroom temperature

The rate capabilitgf the cells was evaluatedth different currerg (0.1 ta2C). At 2C, the cell delivered@0% of

the capacity obtained at 0.XEigure ). The voltage profiles showed similar behavior at the different rates,
and the cells havéow IR drop. Howeverthe cycling stability of theseells shows high capacity fade
(Figure5d). During the90 cyclesthe capacity decreases continuously veiyble number with aretentionof

just 40%.This capacity fades attributedto theinstability of the anode materialhe loss of contact between
silicon anode patrticles and timeechanicabisintegration of the anode film are the main cawdehis capacity

fade. Posmortem analysis is planned to improve understanding of the low cycling performance of this
Li-ion cell chemistry.
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Task 1.4 Chiang, MIT

Task 1.4 Design and Scalable Assembly eDeligity, LoWortuosity Electrodes

(YetMing Chiang, Massachusetts Institute ofdggchnol

Project Objective. The project objective is tdevelop scalablénigh-density low-tortuosity electrode designs
and fabricabn processes enabling increased -t®iel energy densitycompared to conventional
Li-iontechnology It will also daracterize and optimize the electronic and ionic transport properties of
controlled porosity and tortuosity cathodes as well as dessefred reference samples. Success is measured
by the area capacity (mAh/@nthat is realized alefinedC-rates or current densities.

Project Impact. The high cost ($/kwWh) and low energy density of current autombiien technology is in

part dugo the need for thin electrodes and associated high inactive materials ctiraeatessfulthis project

will enable use of electrodes based on known families of cathode and anode laatiweth at leasthreetimes

the areal capacity (mAh/d@nof current technology while satisfying the duty cycles of vehicle applications.
This will be accomplished via new electrode architectures fabricated by scalable methods with higher active
materials density and reduced inactive contant will in turn enabléigherenergydensity and lowecost

EV cells and packs.

Approach. Two techniques are used to fabricate thiugh-density electrodes with low tortuosity porosity
oriented normal to the electrode plangt) directional freezing of aqueous suspensiarg] (2) magnetic
alignment. Characterization includes measurement of spiiglee material electronic and ionic transport using
blocking and notblocking electrodes with ac and dc techniques, electrokinetic measurements, awgialeve
tests of electrodeusing appropriate battery scaling factors for EVs.

Out-Year Goals Identify anodes and fabrication approaches that enable full cells in which both electrodes
have high area capacity under EV operating conditions. Anode approach will include identifyipgunds
amenable to same fabrication approach as cathode, or use of very high capacity anodes such as stabilized lithium
or Stalloys that in conventional form can capagitatch the cathodes. Use data from dpestorming
electrochemical couple in teso-economic modeling of EV cell and pack performance parameters.

Collaborations. Within BMR, this project collaborates with Antoni P. TaemgLBNL) in fabrication of
low-tortuosity, highdensity electrodes by directional freezasting, and with Gao LilLBNL) in evaluating
silicon anodes. Externally, the project collaborates witandall Erb (Northeastern Umiksity) on magnetic
alignment fabrication methods for letertuosity electrodes.

Milestones

1. Go/NoGo: Fabricateand test haltells and fullLi-ion cell in which both cathode and anode are prepared
by magnetic alignment, and in which at least one electrode is prepared-bynterimg proces<riteria:
Measured area capacity of a hedl is at least 10 mAh/ctrand of a full cell is at least 8 mAdfr.
(December 2016 Complete)
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Task 1.4 ChiangMIT

ProgressReport

Go/No-Go Milestone. Fabricate and test hatells and fullLi-ion cell in which both cathode and anode are
prepared by magnetic alignment, and in which at least one electrode is preparedsbytaromg pocess.
Measured area capacity of a hedfll is at least 10 mAh/chand of a full cell is at least 8 mAh/ém

This quarter, results are reported for ka@fls containing LiCo@(Umicore) cathodes and MCMBZB (Osaka
Gas) anodesrespectively that are pepared by nosintering magnetic alignment proce$esults of full
Li-ion cells consisting of LiCograthode and MCMB anodge also reported

a b c
LCO Cathode

MCMB 6-28 Anode LCO-MCMB Full Cell
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IS
o

w
3

3.5

Potential vs Li*/Li (V)
Voltage (V)

=
o

Potential vs Li*/Li (V)
=

9.06mAh/cm?
0 5 10 15 0 5 10 15 0 5 10 15
Areal Capacity (mAh/cm?) Areal Capacity (mAh/cm?) Areal Capacity (mAh/cm?)

25

Figure6. Electrochemical test results of kadfls and full cells that contain electrodes prepared bgimening magnetic alignment

process.(a) Voltage ersusareal capacity plot of a LCO cathddeVoltage ersusareal capacity plot of a MCMB graphite anode.
(c) Chargedischarge voltage profile of a LMGMB full cell.

Figure 6a shows thefirst-cycle chage-discharge voltage ersusareal capacity profile of a lotortuosity
LiCoO,cat hode (430 em in thickness, LCO:carbon bl ack:
at 1/15 C to 4.2 V and then held at 4.2 V until the current dropped toCl/46en the LCO electrode was
discharged at 1/15 C to a low euff voltage of 2.5 V, which deliveret2.58 mAh/crareal capacity, 96.4%f

its theoetical areal capacity. Figureo&hows thdirst-cycle lithiationdelithiation voltage grsis capacity

profile of the lowtortuosity MCMB anode (MCMB:carbon black:binder = 96:2:2). This electrode was lithiated

at C/20 to 10 mV and then delithiated to 1.5 V, which delivafe@1 mAh/cr areal capacity.

Figure & shows thdirst chargedischarge voltage prdé of a LCOMCMB full cell tested at C/20. Both
electrodes werpreparedy the emulsiorbased magnetic alignment approach. The LCO cathet#9ism in

thickness and has a theoretical areal capacity of 13.3 mAh/crThe MCMB anode i a8d 419 ¢
has a slightly higher theoretical areal capacity of 16.4 mAh/smthat the AC ratio is ~1.23:1. Upon charge

to 4.2 V (CGCV charge), the LCEMCMB full cell reaches a capacity of 145 mAh/g (calculated based on the
weight of the LCO cathode). Howevetyring discharge the full cell only delivers a capacity of 95.1 mAh/g,

~66% of the charge capacity. Based on the result frorvieIB-Li half-cell test (Figure B), thefirst-cycle

capacity loss of the full cell should mostly be attributed to the lose &CMB anode, which clearly requires

further improvement. Nevertheless, the LMTMB full cell delivers an areal capacity 806 mAh/cnt. The

results above meetiths g u@ofNb 8amifestone
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Task 2 Silicon AnodResearch

Task D SiliconAnode Research
Summary and Highlights

Most Li-ion batteries used in stapé-the-art EVs contain graphite as their anode material. Limited capacity of
graphite (LiG, 372mAh/g) is one barrier that preventhe long-range opetion of EVs required by the

EV Everywhere Grand Challenge propodedthe DOE Office of Energy Efficiency & Renewable Energy
(EERB. In this regardsilicon is one of the most promising candideds an alternative anode faribn battery
applications. Silicoms environmentally benign and ubiquitous. The theoresipatific capacity of silicon is

4212 mAh/g (L#:Sis), which is 10 times greater than the specific capacity of graphite. However, the high
specific capacity of silicon is associated with large volume changes (more than 300 percent) when alloyed with
lithium. These extreme volume changes can cause severe cracking and disintegration of the elecande and
lead to significant capacity loss.

Significant scientific research has been conducted to circumvent the deteriors&idraséd anode materials

during cycling. Various strategies, such as reduction of particle size, generation of active/inactive composites,
fabrication of Si-based thin films, use of alternative binders, and the synthesis of
onedimensional silicon nanostructures have been implerdelyeseveralresearch groups. Fundamental
mechanistic research also has been performed to better understand the electrochemical lithiation and delithiation
processes during cycling in terms of crystal structure, phase transitions, morphological chahgeestaon

kinetics. Although significant progresisas been made on develoyg Si-based anodes, many obstaciél

prevent their practical application. Lotgrm cycling stability remasthe foremost challenge for-Based

anode, especialifor the high loading electrode (83mAh/cn¥) required for many practical applications. The
cyclability of full cells usingSi-based anodes is also complicated by multiple factors, sutifitsson-induced

stress and fracturdpss of electrical contact among silicon particles and ketvedicon and current collector,

and the breakdown of SEI layers during volume expansion/contraction processes. The design and engineering
of a full cell with aSi-based anode still needs to be optimized. Critical research remaining in this areajnclude

but is not limited to, the following:

I Low-cost manufacturing processesist be found to produce nasstructured silicon with the desired
properties.

I The effects of SEI formation and stability on the cyclability Sibased anodes need to be further
investigated. Electrolytes and additives that can produce a stable SEI layer need to be developed.

I A better binder ané conductive matrix need to be developed. They should provide flexible but stable
electrical contacts among silicon particles and bebtwyearticles and the current collector under repeated
volume changes during charge/discharge processes.

~

I The performances of full cells using silicbased anode need to be investigated and optimized.

The main goal of this project is to have a fundamentdeustandingn the failure mechanism on-Based
anode and improve its lortgrm stability, especially fohick electrode operated at fdéll conditions. Success
of this project willenable Liion batteries with a specific energy d850 Wh/kg (in cellevel), 1000deep
discharge cyclesl5year calendar life, ané$s than 20% capacity fade over ayg@rperiodto meet the goal
of theEV EverywhereGrand Challenge

Highlight. The PNNL group developed a letemperature thermite reaction $60°C) methd to synthesis
poroussilicon anode with stable cyclability.
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Task.1i Liu,LBNL

Task Z i HighCapacitand Long Cycle Life Silicon Carbon Composite Materials and E

(Gao Liu, Lawrence Berkeley National Laboratory)

Project Objective. This project willsynthesizeSi/C anode composite materials at 1,000 mAh/g capacity at a
cost less than $10/kg and fabricate a lopgelife electrode similar to a gphite electrode for
high-energydensityLi-ion batteries

Project Impact. Low energy density and limited lifetimare two majordrawbacks of the automobile
Li-ion batteries folEV and plugin hybrid electric vehicleRHEV) applications Theprojectwill develophigh
capacity and lorgjfe Si/C composite anodes to prolong battery cycling and storage lifetime, pravide an
in-depthunderstanding ddilicon electrode design strategiesstiabilize silicon material volume changandto
prevent surface sideeactions This research effort will generate new intellectual propettigsedon the
fundamentatiscovery of novel materiaEndnew synthesis processesdwill bridge the R&D gaps between
the fundamental research aride applied materials discoveryo pave the way for the suczsful
commercialization o$ilicon materials

Approach. This work combines novel materials design and innovative synthesis process to synthesize
mechanically robust and dimensionally stable Si/C composite materials. In additwill use low-cost
Si/C precursor materials and a scalable pssde generate lowost Si/C product

Out-Year Goals. The work progresses toward studyf the physical and chemical properties andfl
electiochemical properties of the legost precursomaterialsNovel synthesis strategy will be developed and
used to fabricate materials to tailor the morphology, structure, composite compameéatectrochemical
properties of the Si/C composite materials. The morphologic and structural $eamaresbctrochemical
properties will be characterized for the -fagpared 9SC composited with functional binder
during electrochemicatesting The goal is to achieve a higlapacity longlife Li-ion batery using this
Si/C compositeanode

Collaborations. This project is a single investigator project. However, the proposed work requires extensive
collaboration with DOE user facilities at nationaldadtories and industriesThese includéhe National Center

for Electron Microscopy (NCEM) and the Advance Hhig Sources (ALS) program atBNL,

in situ electrochemicatransmission electron microscopyEM) facilities at the Environmental Molecular

Sciences Laboratory (EMSL), the national user facilitPtNL, IREQ General Motors (GM) R&D Center,

and LBNL BMR laboratories The project will also involve collaboration with BMR participants at LBNL,
including Dr. Marca Doeffés.group and Dr. Vince Bai

Milestones

1. Set up thesilicon materials and carbon precursors libragd finish characterizing théasting materials.
(Deeember 2016 Completg

2. Conduct preliminary tests to generate Si/C composite particles with the spray m@terds 20171
In progresy

3. Electron microscopy image analyses of the Si/C samples and development of functional besetemba
Si/C composite structures. (R@2017)

4. Electrochemical analysis to demonstratB390 mAh/g and 83 mAh/cn¥ of the Si/C composite electrodes.
(Sepember2017)
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Task2.1i Liu,LBNL

ProgresReport

The Si/C materialslibrary has beenstablished including a widesizerange of silicorparticlesand various
types oforganicsas carbon precursorkigure 7is an example of theilicon materials library.The initial
materialslibrary will be enrichedduring thisproject as nevsilicon materials and organic precursdrscome
available on the market and in the literatiMane to micra-scalesilicon powdersof diametergrom 20 nm to
10 em have beemcquiredfor this project.The silicon materials also have different leself purity, ranging

from metallurgic grade tohigh pure
Chemical . . .
Name type |Particle size Purity Vendor

samples. Thesilicon samples come with
different morphologies as shown in
. Nanostructured
Silicon PNaZO 30-50 nm 98% & Amorphous
Nanopowder SUCe] Materials Inc.
. Nanostructured

Figure8 (increasing particle size8a-d).
However, samplsab are fused
nanoparticles, while samplex/d are

separated ~microsize particles.  The[SSlEEl Naro o070 nm 908% By ———
electrochemical  properties of  thedhGleENEED Materials Inc.
siliconmaterials arebeing evaluaed The Silicon Nano- Nanostructured
. . . . i - 0,

binders being considered for this worlNENGRILE (ioe - 7osomm 9% & Amorphous
. A . . Powder Materials Inc.
include LBNLO sfunctional conductive Ssmess s) . US Researdh
polymer binders industrial binders such Powder Powder 10m 99% i
as CMC, PVDF and andher commory - : _

d binder PAA. Vari Al Silicon (Si) EEVEN L Sm 99.90% US Research
use inder . Various organis Bowdar ——— 99% Materials Inc.

and polymers were selected as the
carbon precursors. Figure9  shows Figure 7Sample silicon materials library.
high-temperature decomposition of selectc _

organics undethernogravimetric analysisT{GA) evaluation.
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Figure 8.Silicon particles ofdifferent average diameter siz Figure 9.Thermogravimetri@analysis of a few carbo
(a) 3660 nm, (b) 500 nm, ¢) 70130 nmand ¢l ) 13 m. precusor candidats, at a heating rate ofG/min from roo

temperature to 800, undenitrogenatmosphere.
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Task.2i Zhang/LilPNNLKumta, U Pittsburgh

Task 2.2 Development of Silil8@sed HigBapacity Anodes
(JtGuang ZharamdJun Liu, &cific Northwest National Laboatagytant Kumta,

University dittsburgh)

Project Objective. Theprojectobjective is to develop higbapacity and lowostSi-based anodes with good
cycle stability and rate capability to replace graphiteLiinon batteries. In one approaghthe low-cost
Si-graphitecarbon (SGC) composite willebdeveloped to improve lostgrm cycling performance while
maintaining a reasonably high capacititb8sed secondary particles wiémaneSi content of ~10 to 1&t%

will be embedded in the matriX active graphite and inactive conductive carbon materials. Controlled void
space will be prereated to accommodate the volume changsiliobn. A layer of highly graphitized carbon
coating at the outside will be developednhinimize the contact betweesiliconand electrolyteand hence
minimize the electrolyte decomposition. New electrolyte additives will be investigated to improve the stability
of the SEI layer. In another approach, nanosedleon andLi-ion conducting lithium oxide compositesliwi

be prepared byn situ chemical reduction methodsThe stability of Sibased anode will be improved by
generating the desired nanocomposites containing nanostructured amorphous or nanocsifstatias well

as amorphous or crystalline lithium ogidSi+LO) by the direct chemical reduction of a mixture and variety
of siliconsub oxides (SiO and Sipand/or dioxides. Different synthesis approaches comprising direct chemical
reduction using solution, solistate and liquidvapor phase methods wibhe utilized to generate the
Si+Li»,O nanocompositeFhe electrode structures will be modified to enable high utilization of thick electrode.

Project Impact. Si-based anodes have much larger specific capacities comparecbnigntional graphite
anodes.However, the cyclability of Shased anodes is limited becausf the large volume expansion
characteristic of these anodebhis work will develop a lowcost approach to extendiet cycle life of
high-capadty, Si-based anodesThe success of this worlill further increse the energy density of
Li-ion batteries and accelerate market acceptance of, ESpecially forthe PHEVs required by the
EV Everywhere Grand Challenge.

Out-Year Goals The main goal of the proposed work is to enablehibatteris with a specific energy of
> 200 Wh/kg (in cell level for PHEVs), 5000 dedjscharge cycles, Hear calendar life, improved abuse
tolerance, andelss than 20% capacity fade over ayg@r period.

Collaborations. This project collaborates witKingcherg Xiao (GM): In situ measurement of thickness
swelling silicon anode.

Milestones

1. Synthesize microsized silicon with the desired porosity andh situ grown graphene coating
(Q17 In progres}

2. Synthesize lowcost Si-based nanocompiie anode materialssing highenergy mechanical milling
(HEMM) and other economical template derived meth@@27 In progres¥

3. Identify new electrolyte additive to impve the stable operation of-Based anode. (Q3)
4. Fabricate and characterizel@ised anode with desiretectrode capacity (~3 mAh/én(Q4)
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Task.2i Zhang/LilPNNLKumta, U Pittsburgh

ProgresReport

This quarter, theswelling of the porousSi-graphite compositelectrode was investigated. First, through
collaboration withthe GM team, electrode swelling was measurednbsitu electrohiemicaldilatomeer. The
electrode loading is ~®Ahcm? with porous Si/C and

graphitein 1:2 ratia Figure 10 shows the chargdischarge

profiles (black curves) and the electrode thickness change (red

curves).Initial electrode swelling is 20% after full lithation

and ~7% after delithiation The exsitu SEM study further

carroborats that the composite electrodes have limited

swelling upon cycling. The pristine electrode before cycling

has a thickness of 22mm. The cycled electrode dithiated

state is ~90mm thicknesswhile ~80nm atdelithiatedstate.

The electrode swelling adelithiated and lithiated state i: Figure 10 /n situ measurement of the electroc
~11%and25%, respectively Calendeng effect to the SWelling upon dischargkscharge process
electrode performance was also investdaihe electrode can

be calended to a densityf ~1.5 g/cc. The porousilicon

structure can be maintained after calrimd). Hence,

electrochemical performance was not affedigphificantly by

calendeing. The electrode after calemthg still shows good

cycling stability with capacity retention fo~90% after

200cycles. In another effect, a letemperature thermite

reaction was developed. The reaction initiating temperature can

be as low as 300°C by adding selected salt into the reaction

system. Preliminary ressltFigure 11) showthat the porols  Figure 11 Cycling performance of porous silicc
siliconobtained can deliver a high specific capacity obbtained by the lo'emperature thermite reaction.
~2100mAh/g and good cycling stability of 85% retention

over 100 cycles.

Electrochemically active silicon was alsted by the reduction of silicon precursor (SiX) utilizing inorganic
redudants (IR) by a lowemperature solid-state reduction (LTSRapproach Commercifly obtained

(~ 40 nm) IR was ball milled for & in argonatmosphere to reduce particle size to belaowr2 A homogenous
mixture of HEMM derived IR (2 nm) and supporting picursor serving as a flux along with stoichiometric
amount of SiXwassealed in stainless steel autoclavargonatmosphere. The sealed mixture was heated and
maintained at 20C for 6h to complete the reaction. The XRD pattern of the fregited mixtue indicaes
formation ofsilicon, but no peaks corresponding to IR after reduction of SiX at@@f@r 6h. The undesired
intermediate phases ene dissolved in 1WMHCI to obtain silicon. The hgh reaction conversion
efficiency (~90-95%) of this approdc shows its potential

commercialiability.

The LTSRderived silicon was then embeded in carbon

nanofibers (CNF) using a solution coating technique followed by

thermally induced carbonization at PG0for 1h and then

followed by testing as an active amodmaterial for

Li-ion application. At a current rate of 50 mA/g, the

SI/CNF material showed a firsiycle discharge and charge

capacity of 2870 mAh/g and- 2067 mA/g, respectively, with

first-cycle irreversibléoss of ~25 - 30%. During initial gcles of  Figure 12.Specific discharge capacitgrsuscycle
the longterm cycle test (Figre 12), SiICNF show a capacity of numbers for the lowtemperature, sokistate
~2161mAh/g and ~1210mAh/g at current rates of 08/g and denlj)cf}'boe”mg‘rl)sc's%]aggirtza(#bggiﬂﬂgﬁnr/;fgbfg? .
1 A/g, respectively.More efforts arein progressto further ihreecycles is 30'3nA,g' andfor the remaining
improve stability of tis promisingSi-based anodmaterial. cycles is 1A/g.
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