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A Message from the Bri&granvanger

A MESSAGE FROM THE AIBED BATTERY
MATERIALRESEARCHROGRAMANAGER

This report summarizes the results of research investigations performed in the ten, BMR topic areas, namely
cell analysis, silicon anodes, advanced cathodes, liquid electrolytes, diagnostics, electrode modallicg, met
lithium and solid electrolytes, lithium sulfur batteries, lithium air batteries, and sodium ion batteries. The
work was performed during the period frépril 1, 2015, through Jung0, 2015.

A few selected highlights from the BMR projects are sunmadrbelow:

MI'T (Ceder s Group) us e d -stoithmmetrio glassy poatingooh olidne s i g n
cathodes to solve the rate problems with LiFe0.6Mn0.4P0O4 cathodes. The resulting material shows a
capacity of 165mAh/g at low rates with greatean 100 mAh/g at a 60C rate.

Brigham Young University (Wheelerbs Group) i s
conductivity of composite electrodes and has designed a method to measure the anisotropy in
conductivity between the iplane and oubf-plane directions. Using layered material based cathodes,

the Group has shown that the -@fiplane conductivity is a factor of two lower than theplane
directions, suggesting that further electrode improvements are needed.

Lawrence Berkeley Natioh&daboratory C h e n 6 s) idéntifieduthee crystal structure ofdland Mn
rich layered oxide crystals by using complementary microscopy and spectroscopy techniques at multi
length scale.

Lawrence Berkel ey Nati onal L a latedr that wansjtion (métals t e c |
complexes cause impedance increase of the graphite anode by inhibitirangport within the solid
electrolyte interface.

Cambridge University 3 N&nesiudBR t6study Ng methleanodd in p e d
sodiumion bateries.

University of California, San DiegdMe n g 6 s ) sBawel that FEC additive improves 8nhode
cycling by forming uniform and stable SEI that covers th&ilparticles with a high LiF content.

Pacific Northwest National LaboratofWa n g 6 s ) dé@monsurgped atomicesolution visualization
of ion mixing between transition metals (Ni, Co, Mn) and lithium in layered oxide cathodes using
aberration corrected STEM imaging and DFT calculations.

Argonne National LaboratoryT(hac ker ay 6 s G rmodelpsystersety mvestigate dhe
mi gration mechani sms ofx (cMMN®G mathasles and to aimddrstahtidthe i n
connection between experiment and theory.

Oak Ridge National Labor at or-gapaitiN eathada dosnpdighy o u p )
Li,CuysNip50,, and showed that 50 % nickel substitution improved the electrochemical retention and
stability compared to LCuQ..

Brookhaven National Laboratory (Patrick Looney, Feng Wang Team) developed areaictor that
enables combinatorialceeening of a large number if cathode compositions by varying synthesis 5
par ameters. The i ni-Cuv@&tathbda.vesti gati on was the U

Argonne National Laboratory( Zhangos Group) d e v ebhsedp heghroltage f | u o
electrolyte for 5V LiNiggNiisO4 spinel cathode that has high compatibility with graphite and
enhanced thermal stability.
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A Message from the BM&granvianager

Our next BMR quarterly report will cover the progress made during July through September and will be
available December 2015.

Sincerely,

Tien Q. Duong

Manager, Advanced Battery Materials Research (BNPR)gram
Energy Storag&&D

Office of VehicleTechnologies

Energy Efficiency and Renewalimergy

U.S. Department dEnergy
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Task I Advanced Electréddgehitectures

TASK BDADVANCED ELECTRODE ARCHITECTURES
Summary and Highlights

Energy density is aritical characterization parameter for batteries for electric vehigigen the limited

space dr the battery antequirements for travel of more thaA0 miles. The DOE targets are 500 Wh/L on a
system basis and 750 Wh/L on a cell basis. Not onlthedatteries have to have high energy density, they
must alsastill deliver 1000 Wh/L for 30 seconds on the system level. To meet these requirements not only
entails finding new, high energy density electrochemical couples, but also highly effici¢rtideestructures

that minimize inactive material content, allow for expansion and contraction from one to several thousand
cycles, and allow full access to the active materials by the electrolyte during pulse discharges. In that vein,
the DOE OVT supportsfive projects in theBMR Program under Electrode Architecturés) Physical,
Chemical, and Electrochemical Failure Analysis of Electrodes and Cé&lBNit, (2) Assembly of Battery
Materials and Electrodeat HQ, (3) Design and Scalable Assembly of Hidénsity, Lowtortuosity
Electrodesat MIT, (4) Hierarchical Assembly of Inorganic/Organic Hybrid Si Negative ElectratdeBNL,

and(5) Studies in Advanced Electrode FabricatiohBNL.

One of the more promising active materials for higher enrdemgty Li-ion batteries is Sised aghe anode.

It has a specific capacity of over 3500 mAh/g and an average voltage during delithiation of 0.4 V vs. the
Li/Li+ electrode. This material suffers from two major problems both associated with the 300% volume
change the material experiences as it goes from a fully delithiated state to a fully lithiatét) eine:volume

change results in a change in exposed surface area to electrolyte during cycling that consumes electrolyte and
results in a lithium imbalancesbveen the two electrodes, af) the volume change causes the particles to
become electrically disconnected (which is further enhanced if particle fracturing also occurs) during cycling.
Tasks 2, 4, and 5 are focused on Si to make it a more robusbeééebtr finding better binders.

Another approach to higher energy density is to make the electrodes thicker. The problem with thicker
electrodes is that the salt in the electrolyte has to travel a farther distance to meet the current needs of the
entireelectrode throughout the discharge. If the salt cannot reach the back of the electrode at the discharge
rates required of batteries for automobiles, the battery is said to be running at its limiting current. If the
diffusional path through the electroetortuous or the volume for electrolyte is too low, the limiting current

is reduced. The other problem with thicker electrodes is that they tend to not cycle as well as thinner
electrodes and thus reach the -efdife condition sooner, delivering fewaycles. Tasks 1, 3, and 5 are
focused on increasing the limiting current of thick electrodes while maintaining cycleability through the
fabrication of less tortuous electrodes or of electrodes with less binder and more room for electrolyte.

If these progcts are successful, they will result in a 25% increase in energy density as a result of replacing
graphite with Si, and another 20% increase in energy density by moving from 2 mAh/cm2 electrédes
mAh/cm2 electrodes. This would result in a net inaaHH0% in energy density of the cell, and so a battery
that once allowed a vehicle to travel only 200 miles may altaw travel of 300 miles.
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Task 1.1 Battaglid,BNL

Task 1.1 Physical, Chemical, and Electrochemical Failure Analysis of Electrodes and

(Vincent Battaglia, Lawrence Berkeley National Laboratory)

Project Objective. This project investigates failure modes of targeted chiesssas defined by the BMR
Program and its Focus Groups. The emphasis of this effort for 2015 will be on th&/dligge and Si

Anode Focus Groups. The objectives are to identify and quantify the chemical and physical aspects of cell
cycling and aginghat lead to reduced electrochemical performance. Specifically, research will focus on the
effects on material stability as a result of increasing the cell voltage of Graphite/NCM cells from 4.2 V to 4.7
V. In addition, differeces in performance betwedbragphite/NCM and Si/NCM will be investigated.
Specifically, investigations into the differences in cell performance as a reQdtlafmbic inefficiencies and

the effects of increased electrode loadings on cycleability will be carried out.

Project Impact. Success with understanding and improving the stability of NCM in the presence of
electrolyte at voltages greater than 4.3 V vs. Li/Li+ will translate to an increase in capacity and voltage and
hence a compounding improvement in energy density by a$ @ 45%. Improvement in the loading of
anodes and cathodes from 2 to 5 mAh/cm2 could result in larger fractions ofraatiéals in cells and a
projected increase in engy density by an additional 20,

Out-year Goals. Provide a prescription of thehpsical and structural properties required to increase the
accessible capacity of layered oxide materials. Demonstrate high loading cells with an increased energy
density of 20% with no change in chemistry or operating parameters.

Collaborations. This pioject engages in collaborations witlany BMR principal investigators

Milestones

1. Measure and report the difference in capacity fade in mAh/h between LCO ahdC8Vat 4.3 V in
mAh/h. (12/31/14 Complete

2. Identify and report the electrochemical phenomeseponsible for the capacity fade of the LCO and
HV-LCO cells at 4.3 V(3/31/15 Completg

3. Measure and report the phenomena responsible for the capacity fade of a 3 mAh/cm2 cell in mAh/h
(6/30/15 Ongoing

4. Measure and report the sdischarge rate dhe baseline Li/S cell in mA/(g of S) and decide if this is an
appropriate baseline desigf/30/15 Ongoing
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Task 1.1 Battaglid,BNL

ProgressReport

Milestone 3. Measure and report the phenomena responsible for the capdeityf fa 3mAh/cm2 cell
in mAh/h.

Research in therea of higher loading electrodes is how set to begin in the October at the beginning of the
next fiscal year. For the rest of this fiscal year, research will be focused on completing thenhagkich of

cathodes and electrolytes at high voltage. Indhester, the baseline electrolyte (1M LiPF6 in EC:DEC 1:2)

was tested in a NCM hatfell and compared sidey-s i de t ovod tidlgiedoh el ect-rol yte
America in a cell of the same chemistry. Both cells were cycled to 4.5 uppeif vottage. The cycling

data of the baseline electrolyte is provided in Figure 1. The cell shows very good capacity retention for the
first 100 cycles. Similar cycling data of the higbltage electrolyte is provided in Figure 2. This cell also

shows excellent cyaig performance for the first 100 cycles. The difference in capacity is just 1.7%, which is
approximately 0.017% per cycle.
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Figure 1. Capacityersuscycle number of a half Figure 2. Capacityversuscycle number of a
cell of NCMcycled between 2.8 and 4.5 v with half cell of NCM cycled between 2.8 and 4.5 v
baselineslectrolyte. with high voltageslectrolyte.

A bigger difference in the two electrolytes can be observed when the voltage curves versus capacity are
superimposed on each other (Figureargl 4). Here we see the side reaction in the cell with baseline
electrolyte is resulting in an exaggerated sliding to the right of the voltage curves with each cycle. The sliding
is at a rate of 0.27% per cycle, which is ca. 15 times greater thandhd fatle of the cell. Next quarter the
electrolytes will be tested in full cells. In most full cells, we have seen capacity sliding of the anode at a rate

of ca. 0.2% per cycle. It will be interesting to see if the sliding of the cathode, or lackfthetps or hurts
the capacity fade of the full cell.
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Figure3. Superimposed voltage curves for Figure4. Superimposed voltage curves for high
baseline electrolyte. voltage electrolyte.
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Task 1.2 ZaghibiHydroQuebec

Taskl.2i Electrodérchitectur&ssemblgfBatteryMaterialandElectrodes

(Karim ZaghidydroQuebec)

Project Objective. The projet objective is ® develop higkcapacity, lowcost electrodes with good cycle
stability and rate capability to replace graphite indn batteries

The aim is to overcome the limit of electrochemical capacity (both gravimetric and volumetric) of
conventioml carbon anodes. Thigill be achieved by developing loaost electrodes that utilize a high
capacity material such as silicon. Controlling the compositioat (s loading of the active material, ratio of
binder and carbon additive) of the electrodd wigld a more tolerant anode with acceptable volume change,
useful cycle life and low capacity fade. A higknergy largeformat Li-ion cell will be produced using
optimized Sibased anode and higimergy cathode electrodes.

Project Impact. Productionof Si nhanepowder using commercially scalable and affordable methods will
justify replacing the graphite anode without jeopardizing the cost structure of conventional batteries. In
addition, the energy density of cells is increased to > 250 Wh/kg by asigh content of Si (> 50%) with
reasonable loading (2 mAh/cm2). The results obtained in-fargeat cells (> 20Ah) will enable us to study

the wide spectrum of electrochemical performance under actual vehicle operation conditions.

Out-Year Goals. Outyear goals include the following:

I Complete the optimization of the electrode composition by varying the carbon additive ratio and the
type of carbon. In addition e situ SEM analysedn situimpedance spectroscopy will be employed

to enhance the undeasiding of capacity fade of the-Biaterial. These analyses will clarify the
mechanism leading to electrode failure and guide further improvement and design of the electrode
architecture.

Complete optimization of the method to synthesiza&io powder deatoped at HQ.

As a final goal, the optimized @8hode and higenergy cathode will be coated in the pilot line and
then assembled in lardermat cells (> 20Ah) using the new automatic stacking machine at HQ.

—_C =

Collaborations. This project collaboratesvith BMR members: V. Baaglia and G. Liu from LBNL,
C.Wong and ZJiguang from PNNLand J. Goodenough from the University of Texas.

Milestones

1. Complete optimization of the nat®-anode formulation(12/31/14 Completé

2. Complete optimization of the synttie of nanesize Si developed at HQ. Go/M&o decision: Terminate
the Si synthesis effort the capacity is less than 120@\h/g. (3/31/15 Completé

3. Produce and supply laminate films &i-anode and LMN@athode (1@n) to BMR principal
investigators(6/30/15 Completé

4. Praduce and supply larg®rmat 20Ah high-energy stacking cells (4) to BMPBrincipal investigators.
(9/30/15 Ongoing)
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Task 1.2 ZaghibiHydroQuebec

ProgressReport

After the last quarterly report, Hydi@Quebec focused on increasing the loading of the anode ategtban

2 mg/cnt of total solids content. This goal was set in order to reach a specific energy density of 250Wh/kg for
a full cell when combined with an NCM cathode. From our extensive studies, it was discovered that at low
loading levels (<0.5 mg/ctthe cycle life at 40% DOD cycling in hatklls exceeded 900 cycles. However,

if the loading level was increased, the capacity retention decreesadtidally: 260 cycles at 1.0 mg/ém

and 120 cycles at 1.26 mg/&m

In the previousreport,we reported tht a watebase binder showed a huge amount of gas generated during

the mixing and coating process@x overcome this barrier, theanoS i particl es-6oatadur f ac e
with poly acrylic acid (PAA) by using a spralyy technique. The gas generationsvaippressedowever,

the retention of cycle life (Fige 5¢) was less than the reference anode without the PAA coatingy¢Big

compared té&c).

3500
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Figureb. Cycle life of Li/Si cells with different materials:  Figure6. Photos of anode powders (@3n6Si, (b)naneSi/PAA/C
naneSiIPAAIC, (b) naneSi/C ~ simple mixing, and  composite.
(c) naneSi/IPAA composites made by spdaying.

To increase the cycle life of the anode, in a second trial with PAA treatment, the carbon additive was
premixed wih thenanoSi and PAA, and then spralried, followed by heatreatment at 200°C in vacuum
for 12 hours. AnancSi/PAA/C composite with @econdary particle size of 1 to 10 um (g 6b) was
obtained.The Stanode based on thigocessdlemonstratedespetable improvemenin cycle life (Figure 5a)
and even exceeded the performance of the refessrame which wasobtainedby simply mixing the nanc Si
andcarbon additiveThe reversible capacity of tmanoSi/PAA/C composite increased bgarlya factor ¢
two compared to the Si/PAA compositnd by a factor of 1.25 of the referem@noSi/C. After resolving
the problem of gas generation and improving the performance of-dmo8é efforts were again directed at
increasingthe loading of the anode.ldetrodeswith a loading of ca. 3mAh/cnf were attemptedbut the
adhesion strength of tHaminate to the current collectovas foundto be poor. Focus will now turn to
increasingthe adhesion strength of thimnoSi/PAA/C composite electrod@owards thisgoal, alternative

binderssuch as polyimideype will be investigatedo increase the anode performance both electrochemically
and mechanically.

Deliverable: A our seconddeliverable 10 m of naneSi anodecontaining gpolyimide binder was supplied
LBNL for evaluation.
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Task 1.8 ChiangVIT

Task 1.8 Design and Scalable Assembly eDeligity, LoWortuosity Electrodes

(Yet Ming Chiang, Massachusetts Instifetehnnblogy)

PROJECT OBJECTIVEThe project objective is tdevelop scalablehigh-density low-tortuosity electrode
designs and fabrication processes enabling increaselt\agllenergy density compared to convendl Li-

ion technology and to baracterize and optimize the electronic and ionic transport properties of controlled
porosity and tortuosity cathodes as well as densietgred reference samples. Success is measured by the
area capacity (mAh/cm2) thatnsalized at defined €ates or current densities.

Project Impact. The high cost ($/kwWh) and low energy density of current automotive litfoartechnology

is in part due to the need for thin electrodes and associated high inactive materials tosienessfulthis

project will enableuse of electrodes based on known families of cathode and anode actives but with at least
threetimes the areal capacity (mAh/cm2) of current technology while satisfying the duty cycles of vehicle
applications. Thiwvill be accomplished via new electrode architectures fabricated by scalable methods with
higher active materials density and reduced inactive cqntestvill in turn enable higher energy density and
lower-cost EV cells and packs.

Approach. Two techniges are used to fabricate thick, high density electrodes with low tortuosity porosity
oriented normal to the electrode plangt) directional freezing of aqueous suspensions; @)dnagnetic
alignment. Characterization includes measurement of spigie® material electronic and ionic transport
using blocking and nehlocking electrodes with ac and dc techniques, electrokinetic measurements, and
drive-cycle tests of electrodes using appropriate battery scaling factors for EVs.

Out-Year Goals The outyea goals are as follows:

I 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 identifying compounds
amenable to same fabrication apgech as cathode, or use of vdrgh capacity anodessuch as
stabilized lithium or Salloys that in conventional form can capaaitatch the cathodes.

I Use data from best performing electrochemical couple in teebonomic modeling of EV cell and
packperformance parameters.

Collaborations. Within BMR, this project collaborates with Antoni P. TamgLBNL) in fabrication of
low-tortuosity, high-density electrodes by directional freezasting and withGao Liu (LBNL) in evaluating
Sianodes. Outside &MR, the project collaborates with Randall Erb (Northeasterndysity) on magnetic
alignment fabrication methods for letertuosity electrodes.

Milestones

1. Fabricate and test at least one anode compound in an electrode structure having at least anf0 mAh/
theoretical capacity. (12/31/14Completé

2. Demonstrate at least 5 mAh/Emapacity per unit area at 1C continuous cycling rate for at least one
candidate anode. (3/31/18Completg

3. Downselect at least one anode composition for folbmmwvork. Go/NeGo milestone: Demonstrate an
electode with at least 7.5 mAh/dnthat passes the USABC dynamic stress test (DST) with peak
discharge @ate of 2C. (6/30/15 Complet@

4. Demonstrate an electrode with at least 10 mAR/trat passes the USABC dynamic stress test (DST)
with peak discharge-@ate of 2C. (9/30/15 Complet¢
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Task 1.8 ChiangVlIT

ProgressReport

Go/No-Go Milestone. Demonstrate an electrode with at least 7.5 mAh/cm2 that passes the USABC dynamic
stress test (DST) with peak dischargea® of 2C. (6/30/15).

This quarter, a new magne@atignment
approach to fabricating losortuosity SUSPENSION MAGNETICALIGNMENT CONSOLIDATION — SINTERING

high-density electrodes is reportetth results ammamtn "

that meet the Go/N@o Milestone for this \

year. As schematized in kEigg 7 a LiCoQ — } ‘ I ‘ ‘ ’ | I I "IIIII
pgrtlcle suspension was prepared _and MiX | o s

with short nylon rods that were magizetl by MaynaRzed Sintered electrode
coating with iron oxide nanoparticles. Th ’ b . | with aligned
suspension was placed in a dc magnetic fie ‘ AT
and the rods aligned upon application of tt
field for a short period of time (<1 min). The
electrode was then pyrolyzed in air to remoy
the nylon rods, themintered toca. 60% of
theoretical density.

The shtered samples with aligned _ -

| . . h : Figue 7. Schere for magnetic alignment of removable pore f
.OW-tOI‘tUOSIty porosity were then ;ectloned followed by pyrolysis and sintering. Lower right image showsn
into electrodes of 200 to 226m thickness view of aligned pores.

and tested in Li hai€ells using the DST ] -

protocol. This test protocol applies chaayel discharge pulses ) \

of defined Grate and duration, as shown in &ig8 (top). The y == L_LJ Y
|

C-rate

highest Crate pulse discharge is 2C for 30 seto test the 5 1.
effectiveness of the electrode fabrication technique, a control

sample consisting of sintered LiCo@ith homogenous porosity 200 250 500 550 600 650 700
and similar sintered density and thickness was prepared for Time [sec]

testing via the same DST protocol. As shown in g 8 0
(bottom), the DST protocol was run repeatedly on each electrode,

beginning with a fully charged cell, until a lower it voltage S , | i

of 3.0 V was reached during pulse discharge. As showngin '--'n‘xns&wd';l"”HHHIIHNHH||
Figure 8 the sample with aligned pore channels exhibits mgrg | *
than twice the discharge capacity of the sample with
homogeneously distributed pores, and reaches an area capacity, g ' , ! ,
8.1 mAHcn?. This performance meets the GofSo Milestone 0 30 60 90 120K

of 7.5 mAh/cni under DST testing. Capacity [mAh/g] 8.1 mAh/cm’

—— Aligned pore channels
Homogenous pores

Based on these promising test results, it is proposed that _

subsequent milestones also be modified to emphasize- drivg.'gures' DST test protocol (top) and comparisor
. . ischarge capacity for homogeneous and alig

cycle testing that' more meanlngfully reflects realrld EV porosity electrodes of same density and thicknes

performance requirements. It is proposed thatdheh quarter

Go/Nogo Mi |l est one Danonstatd anfelecrade with at led€fmAh/cm that passes the

USABC dynamic stressst (DST) with peak discharger@te of 2C 0
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Task 1.4 LiuLBNL

Task 1.4 Hierarchical Assembly of Inorganic/Organic Hybrid Si Negative Electrodes

(Gao Liu, Lawrence Berkeley Natadaahtory)

Project Objective. This proposed work aims to enable Si as a-e@gbacity and long cyclife material for
negative electrode to address two of the barriers -@briichemistry for EV/PHEV application: insufficient
energy density ahpoor cycle life performance. The proposed work will combine material synthesis and
composite particle formation with electrode design and engineering to devglepapiacity, longife, and

low-cost hierarchical Sbased electrode. State of the aridm negative electrodes employ graphitic active
materials wih theoretical capacities of 372Ah/g. Silicon, a naturally abundant material, possesses the
highest capacity of all ktion anode materials. It has a theoretical capacity of 4200 mAh/g forthigition to

the Li.Sis phase. However, Si volume change disrupts the integrity of electrode and induces excessive side
reactions, leading to fast capacity fade.

Project Impact. This work addresses the adverse effects of Si volume change and minimizedethe
reactions to significantly improve capacity and lifetime to develop negative electrode viith &forage
capacity over 2000 mAh/g (electrode level capadiy)l significantly improve the dlilombic efficiency to

over 99.9%. The research and develeptractivity will provide an irdepth understanding of the challenges
associated with assembling large volume change materials into electrodes and will develop a practical
hierarchical assembly approach to enable Si materials as negative electrodes ibdtteries.

Out-Year Goals There are three aspects of this proposed wouk assembly, surface stabilizatjcend
Li enrichmenttheseare formulated into 10 tasks in a feygrar period.

| Develop hierarchical electrode structure to maintain electradehanical stability and electrical
conductivity. pulk assembly)

I Formin situ compliant coating on Si and electrode surface to minimize Si surface reaction (surface
stabilization)

I Use prelithiation to compensate first cycle loss of the Si electroden(idhment)

The goal is to achieve a-Based electrode at higher mass loading ah&ican be extensively cycled with
minimum capacity loss at higboulombic efficiency to qualif for vehicle application.

Collaborations. This projectcollaborates withthe following: Vince Battaglia and Venkat Srinivasah
LBNL; Xingcheng Xiaoof GM; Jason Zhangnd Chongmin Wang d?NNL; Yi Cui of Stanford and the Si
Anode Focus Group.

Milestones

1. Design and synthesizbreemorePEFM polymerswith differentethylene @ide EO) content to study the
adhesion and swellingropertiesof binder to the Sélectrode performanceCémpletg

2. Go/No-Go: Down select Si vs. Si alloy particles and particle sizes (nano vs. minite)ia: Down select
based on cycling results. (Cplate

3. Prepare one type of Si/conductive polymer composite particles and test its electrochemical performance.
(Jure On )schedul e

4. Designand synthesize one type of vinylene carbonate (VC) derivative that is targeted to protect Si surface
and test it with Sbased electrod¢Seg e mb e r JOn schedul e
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Task 1.4 LiuLBNL

ProgressReport

High-capacity and higliensity, functionatondictive-polymerbinder/SiO electrodes were fabricated and
calendered to various porosities. The effect of calendering on thickness, porosity, and dessity w
investigated. The SiO patrticle size remained unchanged after edgndVhen compressed to an apgiate

density, an improved cycling performance was shown compared to the uncalendered electrode-and over
calendered electrode. The calendered electrode has a high Si densitylo? g/cni. A highloading
electrode with an areal capacity @ 3.5 mAHcn? at a C/10 rate is achieved using functiecahductive
polymerbinder and a simple calesthg method.

diameter (um)

C I d C/10 = uncalendared
o 3 ¥ o —— 1000 " * 51% porosity
= 3 T \—*N\*\.‘__\h ~~ g s Rl A 47% porosity
5 . e g 2z. v 43% porosity
<é: 2 ' e E 1 /.2.
= > 500 ke,
."(.3' 11 uncalendered | © i
o 51% porosity 8 2C
Q. +  47% porosity © Ve Al
8 0L 43% porosity (&) 0 i : . 29 isc
0 50 100 150 0 10 20
cycle number cycle number

Figure9. (a) Chemical structure of PFM conductive polymer binder. (b) Particle size analysis via light scattering for the SiO pristine
particles embedded is the SEM image of the particles with a scale bar of 10yalin@performance of the SiIO/PFM electrode after
beingcalendered into different porositiéd) Rate performance.

Figure9 (a and bshows the chemical structure of the PFM contive-polymerbinder and the morphology

of the SiO anode, respectively, used in this work. A 47% porosity was determined to deliver the best cell
cycling performance (FigurBc) among e four options and had a higro@ombic efficiency. Electrodes

with 51% porosity may still have too much porositiie charge transport path is not improved to an ideal

case, although the performance is indeed improved compared to the uncalendered electrode. The electrodes
with 43% porosity, on the other hand, are over casged. The improved electrochemical performance is

also evident in the rate performance shown in Fi@areThis highloading electrode with high density is
enabled by the dual strategy of utilizing conducpedymerbinder and optimizedalendering.
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Task 1.4LiuLBNL

Paents/Publications/Presentations

1. Ai, Gug, andYiling Dai, Yifan Ye, Wenfeng Mao, Zhihui Wang, Hui Zhao, Yulin Chen, Junfa Zhu,
Yanbao Fu, Vincent Battaglia, Jinghua Guo, Venkat Srinivesath(Gao Liu filnvestigation ofSurface
Effects Through theApplication of Functional Binders inLithium Sulfur Batteriesd Nano Energyl6
(2015) 28-37.

2. Ling, Min, andJingxia Qiu, Sheng Li, Cheng Yan, Milton Kiefei, Gao Lamd Shanging ZhangiMulti-
functional SAPProDOTBInder forLithium lon Batteriesd Nano Letterdl5, no.7 (2015) 44404447.

3. Qiao, Ruimin, and Kehua Dai(cofirst author), Jing Mao, TstChien Weng, Dimosthenis Sokaras,
Dennis Nordlund, Xiangyun Song, Vince Battaglia, Zahid Hus$z@wm, Liu andWanli Yang
fiRevealing andSuppressing Surface Mn(ll) Foation of Ng4MnO, Electrodes for Naon Batteriesd
Nano Energyl6 (2015)186-195.

4. Feng,Caihong,andLe Zhang, Menghuan Yang, Xiangyun Song, Hui Zhao, Zhe Jiainge®un, and
Gao Liu fi @e Pot Synthesis of Copper Sulfide Nanowires/Reduced Graphenge¥inocomposites
with Elithium Storage Properties as Anode Materials for Lithium latt8iesd ACS Applied Materials
& Interfaces(2015: Article ASAP.

5. Presentationat Electrochemical Society 29Meeting, 2015 Spring, Chicago (May 228, 2015)

I AToward a Better Understanding of the Surface Effect throlugbesignof Bindersin Lithium Sulfur
Batteryo; Guo Ai.

I AToward Practical Application of Functional Conductive Polymer Binder for a-Higgrgy Lithium
lon Battery Desiga Hui Zheo.

I AToward a Singldon Nanocomposite Electrolyte for Lithium BattegBlui Zhaa
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Task 1.5 Battaglia, LBNL

Task 1.5 Studies in Advanced Electrode Fabrication

(Vincent BattaaylLawrence Berkeley Nati@talratory)

Project Objective. This project support8MR principal investigata through the supply of electrode
materials, laminates, and cells as defined byBiMi& Focus Groups. The emphasis of the 2015 effort will be

on the HighVoltage Focus Group, the-Binode Focus Group, and a nascent Li/S effort. The objectives are

to screen sources of materials, define baseline chemistries, and benchmark performance of materials targeted
to specific Focus Group topics. This provides a common chemistry and performance metrics tBafiRther
institutions can use as a benchmark for their efforts on the subjectin addition, test configurations will

be designed and built tdentify and isolate problems associated with poor performaAtsn, Li/S cells will

be designed and tested

Project Impact. ldentification of baseline chemistsieand availability of baseline laminates will allow a
group of BMR principal investigatorso work as a team. Such team work is considered crucial in the
acceleration of t h e -ioa dnd &ifs systemesn t Sincefall df thel facysb gsoues a
dedicatedo some aspect of increased energy density, all of this work will have an iomthis area.

Out-Year Goals This framework of a common chemistry will accelerate advancements in energy density
and should lead to baseline systems with areased energy density oflaaist 40%. It should also provide a
recipe for making el#rodes of experimentahaterialsthat are of high enough performance to allow for
critical downselecd an important part of the process in advancing any technology.

Collaborations. This project collaborates with maBMR principal investigators

Milestones

1. Identify and report the source of additibimapedance of a symmetric cgll2/31/14i Completé

2. Measure and report the gas composition of a symmetric cathodelkeatblb and an anode/anode cell
(3/31/15 Compl et e

3. ldentify the first iteation of the baseline Li/S ce(6/30/15 Ongoing

4. Measure and report gas volumersusrate of side reaction at several upper voltageoffupoints
(9/30/15 Ongoing
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Task 1.5 Battaglia, LBNL

PragressReport
Milestone 3. Identify the first iteration of the baseline Li/S cell.

Work in the area of Li/S cell is gaining less importance as investigations into electrolytes with high
solubilities of polysulfides hae made little progress. To increaseeggy densitythe DOE is more focused

on finding Lion cathodes with higher capacities foriths at higher voltages and cell constructions that
result in lower fractions of inactive components. Before moving in this direction, it was important to
estdlish good cycleability in pouch cells for the purpose of testing full cells. (It was recently discovered that

full cells assembled in coicell hardware do not cycle as well th®sein pouch cells. A mechanism for the
short coming is under investigatio

Full pouchcells were made wh excess anode capacity of 2.8% an&2d see if this greatly affects the
cycleability of the cells. In these cells, the anode has 9% more superficial area than the cathodes. Cells with
excess anode capacity are expgdtehave less total cell capacity because the side reaction on the anode will
require lithium from the cathode, which leads to premature discharge of thecamoplared tahat expected

from a perfectly balanced cell. (Cells with too little anode capaisk lithium deposition near the top of
charge.)

Figure D shows the cycling performance of the full cell with just 2.8% more anode capacity than cathode
capacity. The cell was cycled between 2.8 and 4.2 V at a C/2 charge and C/1 discharge ratecandduas

700 cycles with a small amount of capacity faeigure11 shows the average voltage of the charge and of the
discharge during each cycle.

200 e B ' e 4.2 T : ;
el V4V 1o NMC/MCMB (2.8%) - 2.8V-4.2V
LIPF-EC/DEC (10 M 1:2wt) 3
=k o © Y o © & © . - ' | = Charge
o 10, | ! f
o 2 g 06 g & o % 0 o _~Ci20 Ch. & Disch. | L © Discharge
< f—-——E_H% < __~GI10 Ch. G/10 Disch. f :
E j0.8 w C/2 Ch. C/1 Disch.
<1901 /20 ch. & Disch. S :
S C/10 Ch. & Disch. =
E 1 {07 g
© s
o 50 C/2 Ch. C/1 Disch. ‘
LiPF -EC/DEC (1.0 M,1:2wt)| @ Charge 406
| © Discharge
@ CE 5 | i i I
0 200 40 600 800 1000 0 200 400 600 800 1000
Cycle number Cycle number

Figure 0. Capacityversuscycle number for a Graphite/NCN Figure 11 Average voltage on charge and discharge plott
cell cycled between 2.8 and 4.2 V atefiffeates. versuscycle number.

The difference between the two is a measure of the average resistance of the cell. One sees that this resistance
has increased less than 10% from cycle 100 toec§0D. The capacity fade appears to accelerate after the
first 600 cycles even though the difference in average voltage appears to be leveling off. This could still be an

effect of resistance rise, if the resistance rise at the top of charge or enchafghsis accelerating faster than
the average.
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Task 2 Silicon AnodResearch

Task D SiliconeAnode Research
Summary and Highlights

Most Li-ion batteries used in the statkthe-art electric vehicles (EVs) contain graphite as their anode material.
Limited capacity of graphite (K16, 372 mAh/qg) is one of the barriers that prewbetiong range operation of

EVs required by the EV Everywhere Grand Challenge proposé¢hieliyOE/EERE. In this regard, Silicon (Si)

is one of the most promising candidate as an alternative anodei-fon Lbattery applications. &
environmentally benign and ubiquitous. The theoretical specific capacity of silicon is 4212 mAh/g (Li21Si5),
which is 10 times greater than the specific capacity of graphite. However, the high specific capacity af silicon
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 electrachn sl to significant
capacity loss.

Significant scientific reseah has been conducted to circumvent the deterioration of sliased anode
materials during cycling. Various strategies, such as reduction of particle size, generation of active/inactive
composites, fabrication of silicamased thin films, use of alteative binders, and the synthesis of -one
dimensional silicon nanostructures have been implemented by a number of research 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 changes, and reaction
kinetics. Although significant progredsss been made on develiog silicorn-based anodes, many obstadgl

prevent their practical applidah. Longterm cycling stability remains the foremost challenge for Si based
anode, especigllfor the high loading electrode (8mAh/cm2) required for many practical applications. The
cyclability of full cells using silicorbased anodes is also comptied by multiple factors, such as diffusion
induced stress and fracturégpss of electrical contact among silicon particles and between silicon and current
collector, and the breakdown of SEI layers during volume expansion/contraction processes. The design and
engineering of a full céwith a siliconbased anode still needs to be optimized. Critical research remaining in
this area includes, but is not limited to, the following:

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

I Low cost manufacturing processes have to be found to producesmantured silicon with the
desired properties.

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

I The performances of full cells usisdicon-based anode need to be investigated and optimized.

The main goal ofhe Battery Materials Researglask 2is to gaina fundamental understanding on the failure
mechanism D©Si based anode and improve its long term stability, especially for tlickade oprated at full
cell conditions. The Stanford group will address the problem of large first cycle loss-a&td anode by novel
prelithiation approaches. Wo approaches will be investigated in this stu@ly developingacile and practical
methodsto increasdirst-cycle Coulombic efficiencyf Si anodesand(2) synthesizing fully lithiated Si to pair
with high capacity lithiurfree cathode materialsThe PNNL/UP/FSU team will explore new electrode
structures using nano Si and i@ enablehigh-capacity and lowcost Sibased anodes with good cycle
stability and rate capabilitfNanocomposites of silicon lithium oxide will be prepared by navsitu chemical
reduction methods toeduce thefirst cycle loss Mechanical and eleachemical &bility of the SElayer
formed on the surface of Si particlesll be investigated by electrochemicaValuationand in sitexsitu
microscopic analysisSuccess of this project wikhccelerate largecale application of Si based anode and
improve the eergy density of Lion batterieso meet the goal of E\Everywhere.
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Task2.1i Zhang/LilbNNLKumtaUnivPitts.ZhengPSU

Task 2.1 Development of Sili8@sed High Capacity Anodes

(Jt-Guang Zhang/Jun Liu, PNNL; Prashant Kumta, Univ. of PittsburgRSliln Zheng,

Project Objective. The objective of this project is to develop hicgpacity and lowcost Sibased anodes
with good cycle stability and rate capabilityreplace graphite in Lion batteries. Nanocomposites of silicon
and Lkion conducting lithium oxide will be prepared by nowekitu chemical reduction methods to solve the
problems associated with large first cycle irreversible capacity loss, whilevexhacceptable Coulombic
efficiencies. Large irreversible capacity loss in the fiyelle will also be minimized by prdoping Li into the
anode using stabilized lithium metal powder or additional sacrificial Li electidue.optimized materials
will be used as the baseline for both thick electrode fabrication and studies to advance our fundamental
understanding of the degradation mechanism -4faSed anodes. The electrode structures will be modified to
enable high utilization of thick electrode. Mextical and electrochemical stability of the SEI layer will be
investigated by electrochemical method, simulation @nditu microscopic analysiso guide their further
improvement

Project Impact. Si-based anodes have much larger specific capacitiesazethwiith conventional graphite
anodes. However, the cyclability of-Based anodes is limited becausf the large volume expansion
characteristic of these anodes. This work will develop adast approach to extend the cycle life of high
capacity, Sbased anodes. The success of this work will further increase the energy densiprof Li
batteries and accelerate market acceptance of electrical vehicles (EV), especitly garg-in hybrid
electrical vehicles (PHEV) required by the EV Everywheran@rChallenge proposed the DOE/EERE.

Out-Year Goals. The main goal of the proposed work is to enabl@hibatteries with a specific energy of
>200 Wh/kg (in cell levelfor PHEVS), 5000 deegischarge cycles, ¥ear calendar life, improved abuse
tolerance, anddss than 20% capacity fade over ayg@r period.

Collaborations. We will continue to collaborate wittme following battery groups on anode development:
Dr. Karim Zaghib, Hydro Quebegpreparation of nan®i

Prof. Michael SailorJCSD, prepration of porous Si

Prof. David Ji Oregon State Universityreparation of porous Si by thermite reactions

~
~

Milestones

1. ldentify the stabity window of SEI formed on Sbhased anod€12/31/2014 Completé¢
2. Optimize the synthesis conditions of the rigkkleton supported Si composi{g/31/2015" Completé

3. Demonstrate the operation of full cell using Si anode and selected cathode with >80% capacity retention
over 100 cycles. (6/30/2015Completé

4. Achieve >80% capacity retention over 200 cycles okteilectrodes (~3 mAh/cm2) through optimization
of the Si electrode structure and binder. (9/30/200mgoing
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Task2.1i Zhang/LilbNNLKumtaUnivPitts.ZhengPSU

ProgresReport

Porous Si made by electrochemical etching was matched with
NCA cathode for full cell demonstration. The NEA full cell

was tested between 2 and 4.3V at the current density of ~0.375
mA/cn?. The porous Si electrode was flithiated before full cell
assembly. The areal capacity of the full cell is ~1.8 mAR/amd

the capacity retention is ~80% after 100 cycles (Fig@e Ih
another effort, a new type of ternary caeleell structured
graphite/nanesi/hard carbon composite (SGChas been
developed. Nan&i and graphite were dispersed into 1.5M
carbonhydrate solution and hydrothermally treated after stirring
for 1h. It is a bw cost, scalableonestep synthesis. The ratio of
graphite, nandi, and hard cdoon from polymer carbonization
can be well controlled. Figre 13 shows the
schematic view (a), SEM image (b) and TEM
(c)image of the SGC composite. At a high
loading of 25 mAh/cnf, the optimized sample
exhibits a specific capacity of ~800 mAh/g
based on active materials weight at 0.2C rate
with minimal capacity loss in 60 cycles.

In another effort, a nanocomposite comprised of
amorphous and/omc-Si and a light weight
intermetallic  matrix  exhibiting  excellent
mechanical properies has been generated by a
singlestep mehanochemical reduction of a-&ntaining alloy.
The nanocompow comprised of Si and the HEMNEerived
mechanically compliant electrochemically indive matrix
obtained after milling for 20h shows a reversible capaoity
~800mAh/g, validating the efficacy of the simple approach
(Figure 14). The observed reversible capacdibeit lower than the
expected theoretical capacity (~1300 mAhig)primaily due to

the incomplete reduction of the Si alloy. Further experiments
continuefor induang complete reduction of the $bntaining alloy
with a suitable reducing agent that will likely exhibit higher
specific capacity. Results of these studies wilpbesented in the
next report.

The relationship between ti$MP to SINPSCNTs anode ratiand
thefirst cycle Coulombic efficiency was systematically investigated
as shown in Figre15. At a SLMP and anode mass ratio of around
0.25, the charge capacigquals to the dischaggcapacity, or the
Coulombic efficiency closes to 100%. At low SLMP loadings, the

Hard
Carbon
"

Graphite

discharge capacity was greater than the charge capacity, whichg

means that anode would consume Li from the cathode when a Li
ion battery was fully chargk at high SLMP loadings, the discharge

capacity was less than the charge capacity, which means that anod

would not be able to be fully dischargéde prelithiation method
has been used to preparesymmetrical button cell supeapacitor
usinghierarchcal porous carbon (HPGyith a specific capacitance
of 107 F/g.
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Task2.1i Zhang/LilbNNLKumtaUnivPitts.ZhengPSU

Patents/Publications/Presentations

1. Presentation at MRSpring 2015San Francisc¢April 8, 2015: fiHigh Loading SiAnode for Practical
Li-lon Batteries; Xiaolin Li, Sookyung Jeong, Yulin ii&n Pengfei YanChongmin WangXiulei Ji,
Wei Luo,Chunlong Chenlun Liu,andJi-Guang Zhang

2. Presentation at the Symposium on Energy Storage Beyeiwh M\1Il, Oak Ridge, TN (June 3, 2015):
fiHierarchically Porous Material$or Energy Storage Applicansd;, Luis Estevez, Genggeng Qi,
Konstantinos Spyrou, Sookyung Jeong, MiarkeEngelhard, Xiaolin Li, Wu Xu, Emmanuel P. Giannelis,
and JiGuang Zhang.
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Task.2i Cui, Stanford

Task 2.2 PreLithiation of Silicon Anode for High Energy Li lon Batteries

(Yi Cui, Stanford University)

Project Objective. Prelithiation of high capacity electrode materialgls as Si is an important means to
enable those materials in higinergy batteries. This study pursts main directions(1) developingacile
and practicaimethodsto increasdirst-cycle Coulombic efficiencyf Si anodesand (2) synthesizing fully
lithiated Si to pair with high capacity lithiufree cathode materials.

Project Impact. Thefirst-cycle Coulombic efficiencyf anode materials will be increased dramatically via
prelithiation. Prelithiation of high capacity electrode materiai enable lhose materials inextgeneration
high-energydensitylithium ion batteriesT hi s pr oj e c t 0 shigsanergydessitylithumlioh mak e
batteriedor electric vehicles.

Out-Year Goals Compounds containing large quantity of Liwill be synthesizeddr prestoringLi ions
inside batteriesFirst-cycle Coulombic efficiency(1® CE) will be improved and optimizedyer 95%) by
prelithiating anode materials with the synthesizedidh compounds.

Collaborations. The Project works with the following cobarators: (1) BMR program principal
investigators, (2B5LAC: in situx-ray, Dr. Michael Toney, and (Btanford:mechanicsProf. Nix.

Milestones

Prelithiate anode materials by direct contact of Li metal foil to an¢dmsiaryi Completg
Synthesize LiSi nanoparticles with high capacity (>1000mAh/g. &iulyi Completg

Prelithiate anode materials with dayr-stable LiSi-Li2O coreshell nanoparticle¢April i Completé

A w0 DR

Synthesizartificial-SEI protected.i,Si NPs (JulyT Completg
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Task.2i Cui, Stanford

ProgressReport

Usually, Li.Si nanoparticles NP9 maintain their
capacity in air with low humidityonly for relatively
short durationswhich could imit its potential use in 2
largescale  applications.  Therefore,  nanosce
prelithiation reagents with higher capacity dar
improved stability should be explored. Here dexelop

a facile reaction process utilizing the highly reacti Artificial-SEI coating
nature of LiSi NPs to reduce -fluorodecane, thereby

producing a continuous and dense coating over ¢
NPs (Figure 163 The synthesiss inspred by the :
SElformation process in regular battery anodglke
TEM image (Figire 16 showsthat the surface of
synthesized LEi NPs is cleanAfter modified by
1-fluorodecanen solution each LjSi NP is wrapped in
a uniform ~13wm thickness coatingas shown in
Figure16c

Cyclohexane
Room temperature

100 nm

Compositional analysis of the synthesized eshell

NPs was acqu"ed beRD, XPS and Raman Figure 16. (a) Schematic diagram of the artifiSial
spec_troscopy. All _p(_eaks in the XRD patte_m _(FE#?:”a) co%Jting forrgle?d by reducinglllogodecane on the surfac
are indexed as kiSis (PDF# 06018-747),indicating a  of LiSi NPs in cyclohexane. TEM images:8i NPs (b)
crystalline LiSi core ad an amorphous coating laye before andd) after coating.

XPS analysis (Figre 1b) confirms the chemical

composition of the coating layer with the

presence of F, O, C and Li. As shown in the

inset of Figure 17b, the Fls spectrum

contains a single peak at 684.8V,

supporting the msence of LiFBesides the

strong hydrocarbon peak, theXPS

of C shows two min peaks at 289.8 eV and

286.4eV, corresponding to two types of C as

in O(C=0)0 and GO-, respectively

(Figurel7c). The peak assignments were

further supported by Raman spestiopy

(Figure 17d. The Raman spectrum reveals a

strong peak at 1762 ¢mwhich corresponds

to the C=0 stretching vibration mode, with a

similar peak position to that of iGO..

Compositional analysisdemonstrates the

conformal coating consists oLiF and

Li alkyl carbonate with long hydrophobic _ L : :
bon chainswhich effectively suppresses Figure 17.(a) XRD parn of g_rnﬁuaSEl coatgd L$i NPs sealed_lr
car y pp Kapton tape. (b) XPS of artifi§iél coated k$i NPs. Correspondin

the reactivity of LiSi NPs under ambient nighresolution XPS spectrum around F 1s peak region is shown
conditions inset. (c) Highesolution XPS spectra of C 1s. (d) Raman spec
reveals the peak near 1762'@a® the stretching vibration mode of C=
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