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Abstract

A high energy Xray diffraction technique is employé&d a new wayo makeoperandothrough
thicknessmeasurements $ide a large formatcommercialLi-ion pouch cell The techniquge
which has a sulnm in-planespatial resolutionsimultaneouslyletermineghe localtemperature,
the local state of charg®f both electrodegas opposed to the global average state of eharg
determinedelectrochemically)and the local in-planeelasticstrainin the current collectagy all
without embedding any intrusive sensors that may bt#erybehavior As both thermalstrain
and mechanical straidevelop duringthe chargelischarge cycling ofhee pouch cella novel
approachdeveloped hereimakes it possibléo separateghem allowing for measurement difie
local temperature insidéebattery. Theoperandoexperiment revealthat thetemperature inside
the cellis substantially higher than trexternaltemperatureWe propose that mechanical strain
is dueprimarily to load transfer fronthe electrode to the current collector during lithiation.
Detailed local SOC mapping illustrates nomform degradation of the tiary pouch cellThe
possibility for 3D measurements is proposéék believe that this new approach gamovide

critically neededdata for validation of detailed models of processes inside commercial pouch

cells.
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1. Introduction

Todays electric vehicles generally use pouch cells rather than the tragigonal cylindrical
cells. An important advantage of pouch cells isrtheich higler surfaceto-volume ratiofor a
given capacity which permits better cooling.Batteries tend to héaup because ofhe hot
environments that cars experienteernalelectric resistancheating andexothermicchemical
reactiors during operation. fie performance of batteries fades awae, andhigh temperatures
(say, abovel5 C) greatlyacceleratehe fade raté’ and may promote thermal runawamaking
temperature control critichl. Ideally, temperature control should be guided by the temperature
inside the pouch cell, but making measuremanrdile an operating pouch cbls beewlifficult.
Instead, the outside temperature hasually been taken as a surrogate for the internal
temperatur&®,

If pouch cells are sufficiently thin, and tfie thermal conductivitys high enoughthen it is
reasonabléo assume thahe temperature measured anx-y locationon the outside of a pouch
cell, with a thermocouple or wita thermalinfrared (IR)camera, is close to the temperatate
thatx-y locationall the way through its thicknessHoweverauto makersre motivaiedto make
pouch cells thic&r, reducingthe number of expensive seatectrical connectionsand controls
Since local temperature inside a thick cellmight well be too high under some conditions
knowledge ofthe spatial distribution ahternal temperaturis of vital importancefor achieving
long life at low cost

A number of techniquebave been deloped to measure interneéll temperaturg®®’, but
measurement adbcal temperaturegor unalteredcommercial(thick) cells can be challenging
The temperaturean alsobe estimated using electrieermal modefs® 22, but they require
accurateinternal temperaturdata and thermal constarfty validationand calibration In this
paperwe describea novel method fomaking line-of-sight operandointernal measurements
mapsthat simultaneously providecal temperaturejocal state of chargeSOQO, and local
mechanial straininside alarge fornmat Li-ion pouchcell by using high energy >ay diffraction
(HE-XRD) to monitor the lattice spacinghangesin the electrodes andn the Cu current
collectors Nominal in-plane spatial resolutioris 0.3 mm permitting observation ofspatial
variations orheterogeneitiés®>%° of properties involve in performanceand fade This work
follows our previous studies using neutron diffraction in which ma&de 2D time-dependent
SOC mapsdemonstratinghat failure in our pouch cell was strongly heterogend@iié’; and
the work ofPaxtonetal?®, using Xrays,who also observed heterogeneities in celléie present
work alsoclarifies the role of mechanically induced str&ifl, which has beerignoredin some
recent diffraction studiesof internal temperaturesarried out withboth neutron and Xay
sourced"™®* We believe thatextending the technique to 3D may be possiblth further
development of theneasurement technidile Monitoring the time evolutionfahese2D and 3D



81 mapswill allow us to determine loal internal thermal conductivitids®® as well astime-
82 dependenheat transferates from the pouch interior to the environm&hnt

83 2. Experimental procedure

84 A commercial 4.7Ah pouch cellwith dimensios 140 x 102 x 14 mm was used in this study.
85 The battery matéls were enclosed in a rigidhluminum casing. The cathode was
86 LiyNiyMn,Co.y.,) O> (NMC). We note that the space group is R3_m (#166). The lattice

87 parameters vary a bit with the exact composition, but for N838@ we havea = b = 2.86

88 angstroms and = 14.227 angstroms. The transition metal is in 3a sites, Li is in 3b, and O is in
89 6¢. The carbonanode wasapparentlyamorphousbased on our inability to sesediffraction

90 signature The high-energy Xray diffraction HE-XRD) studywas carried ouat the 11-ID-C

91 beam line at the Advanced Photon Source, ArgoNational Laboratgr A Si (311) single

92  crystal monochromatovas used to provide a 115 keVrXa y  0(10798-A) with beam size of

93 0.3 mm x 0.3nmthat is incident perpendicular to the plane of the pouince properties may

94  vary though the pouch thickness, we refer to our measents as linef-sight averaged.

95 Absorption of these high energyrdys is low, allowing XRD measurements to be made through
96 thick cells and minimizing angamage to the electrode materials

97 The experirental set up is shown iRigure 1. The plane of thebattery (the x-y plane)was

98 perpendicular to the -Xay beam The incident beam passed through theni thick cell and
99 was detected with Erge aregixel detectoplaced on the -2heta axis.Diffraction rings were
100 recorded by the pixel detectand analyzedAn automatedx-y translation stagevas used to
101 position the battery relative to the-rdy beam linefor ex-situ 2D mapping of spatial
102 variation/heterogeneity of battepyoperties For the presentoperandomeasuremest the beam
103 line passed through the center of the cell.

104 Changes inlattice spacing @-spacing of crystalline electrodematerials(cathode anode and
105 current collector®) during charging and discharging of lghium ion batery stem from
106  volumetric changes due to lithiatitif® thermal expansidfi and stress/mechanical
107  deformatiofi® *>*®, for example, iparticlesimpinge on one another,

108 Dd = d¥*" d"B" d¥= Eq(1)

109 whered is the total latticespacechange measured by the HKRD, of anelectrodeor current
110 collector material aghe cellis being charged/discharge8iince neither th@luminumnor the
111 coppercurrent collectors are lithiated during normal cell operatiehavé®

112 Dd,, = 4" D Eq (2)

113 The total straine from the latticespacing measurement results can be calculated as:
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whered is the measured lattice spacing at given state of charge and temperatwui®jsaite
lattice spacingatareference state.

In the present worka set of experimentsasdevised teseparatehermal and mechanicatrain
in the current collectoby monitoring XRD spectraluring chargingat constant temperature in
one séof experiments, anduringheatingat constant SOC in a second set of experiments.

In theconstant temperaturegerimens, thetemperatureavas contréded with a pair ofaluminum

heat sinksclamped to the celWater at the desired temperatures was circulated to control the
heat sinkkemperatureandthe battery was charged atelativdy slow charging rate d.25C at

three different temperaturesd C, 25 C, and 40C. Time resolved RD datawas taken witha 5
secondexposure time Since thethermal strainis unchangedn these constant temperature
experimentsthe change ithe current collectotattice spacinggives the mechanicatraindue to
lithiation at thefixed internaltemperaturd

<

— Eq (9

where dr and d’r are the measuredlattice spacing of the current collectoat the same
temperature (We show below that themechanicaktrain is always in the elastic reginmeour
study)

For the constant SOC experiments, we heated the cell fro8tb®5C and then from 2% to

40 C, at 100% SOC, witla slow heating rate of approximatelyCImin to help ensure that the
internal temperature was relatively uniform. The results from such experiments were used to
determine theeffective thermal expansion coefficients of current collectors and electrode
materials, which can be used to simultaneously measurepéendolocal temperature, elastic
strain, and local SOC insideur large format commercigbouchcell. In our experiment, the
thermal expansion coefficient was determined by regression analysibtam an averaged
value over the temperature range of interest.

— dCC - d(c:)c

a. = T- TO Eq(5)

During typical battery operation, both temperature and @¢change. Thelastic mechanical
strainin the current collectoi&,. is given in the following more generfairm:
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T° and d’ are theinternaltemperature and lattice spacingaateference state, for example, at
25 C and 0% of SOC.

We hypothesize thahé originof most ofthe mechanicaktrainin the current collectois load
transfer from the adjacent electrogewhich is strainedas it lithiates® 2. Other factors
contributing to the mechanical strain in the current collectard include thermal expansion
mismatch between current collector and electrodernal pressure buildup during operation and
aging of the battery, and external stresses from bgttpackaging. We note thatin our
experimeral setup,we measurehe line-of-sight avelage strain in the plane of the current
collecor, whichis perpendicular to the direction of thery beam.

Finally, in the lasket of experimenisve charged the cedit 2C and 20C withouhe heat sink

so that he surface of the battery wagposedo free air convectionJnder such relativg fast
charging rats, especiallyat the 20C charging ratehe internaltemperaturecan beexpected to

rise. The HE-XRD exposure timewas 1 s for the 2C testsand 0.2s for the 20C tests The
(external)surfacetemperature of the battery was recorded with a Ighermocouplen the

20C testForthe 20C charging rate, an infrared thermal inmggcamera waslsoused to record

the surface temperature distribution as function of charging Tihebattery surface was painted
black to have uniform emissivity to ease the conversion of measured infrared intensity to
temperatureResults from the above constant temperature and constant SOC experiments were
used to determine simultanebuthe changs in temperature and mechanical strain of the battery
under relatively fasbperandoconditions.

In addition to theabove operando measuremest we also conducted 2[@xsitu mapping
experimentgo determindocal SOC fade of the battesfter degradationFigure 2 shows the
locations ofthe local SOC measurementA total of 1785 locations on a 51 by 35 gridere
measuredThespacingoetween the measurement locasisras 2mm, with beam size of 0:3m.

Diffraction data were analyzed by Rietveld refinement with the GSAS (General Structure
Analysis System) software.

3. Results

An X-ray diffractionspectrumof the cell in thefully discharged conditioms shownFigure 3a.
Multiple diffraction peaks were observed. These peaks were fitted with known diffraeiaixs
of the battey materials Three phases weidentified the NMC cathode Al from the case and
the positive current collectarand the Cu negativecurrent collector. Graphitpeaks were not
identified in the profile, which suggests that thearbonanodematerialwas amorphougThe
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weak feature at®~ 1.5 degreess thoughtto comefrom electrolyte or additives in the celis t
did not change during cyclingQperandoX-ray diffraction profiles collected during cyctrat
2C are shown ifrigure3b. No new phasewereobserved during cycling.

As shown inFigure 3b, 2d for the (003 line of the NMC cathodematerialin a fresh cell
decreass during chargingindicatingan increase of lattice parameterin agreement with the
reportedattice parameter change for NM€ Figure4 shows the changes in lattice parameters
and a as functios of SOC (measured bgoulomb couting and assuming that the SOC is
uniform in this fresh ceJlfor charging and discharging at 2C and &l at 25C. The relative
change in lattice parameteris about 5 times larger than thatafvhen the battery is charged
from 0 to 100% SOC (2% vs 0.4%). Furthermooe Jdttice parametet, but not fora, theeis a
relatively linear ananonotonic relationshipetween the lattice spacing and SQ8us,thelocal
lattice spacingparameterc can be usedto determine thdocal SOC The charging ratehas
amost noinfluence onthese curvedPeak shifts in Cu and Al were also observEde pouch cell
had an Al casing, and we could not sepasé&jaalsdue to theAl casingfrom signalsdue tothe
Al current collectors. Therefore,we usedthe Cu lattice spaing changesto determine the
internal temperature and mechanical stresses

Figure5 shows thathe lattice spang change correlates with the imposed temperatheange
during constant SOCheating (1 C/min heating rate)Regression curve fittingvith Eq ()
determinedan effectivethermal expansion coefficient fdne Cu current collectoiof abouta =
22 x 10° K, in reasonablegreement with the literature value 6fx10° K. Similady, we
estimateda for the cathode materiato be40x10° K. We note thatd the extent that there is a
large mismatchin thermal expansion coefficientbetween the current collecsoiand the
compositeelectrode there will becyclic thermal stregs® that could lead todegradation of
batteries from temperatuexcursionsfor example fronbinder fatigue failur€.

Figure 6 presentshie measured lattice spacing change and the total strain of the Cu current
collectorduring constant temperatuharging/discharging testsr three different temperatures
10 C, 25 C, and 40C. The reference temperature and SOC for total stadoulationwere 25C

and 0%(2.4V) respectively. The left axis shows the lattice spacing change of Cy ¢tHilg the

right axis showshanges of the total lattice stramalculated with Eq3). It is evident that both
temperature and SQG@s determined fronthe voltage have strong influence on the lattice
spacing and total strainvhich includes both temperature strain and elastic mechanical strain,
the Cu current collector.

Figure7 comparegheisothermalcyclic changesn theelastic mechanical lattice strain in the Cu
current collector due to battery charging/dischargiiog three differentconstanttemperature
tests The changes in elastic mechanical stmaerecalculated using Eq (4)Ve note thatsince
the tests are isothermatemperaturenduced mechanical straifrom thermal expansion



211 mismatchis excluded.This makes it possible texaminethe influence of SOC on the elastic
212 mechanical straionly. We note that the modulus of copper is about 50 times greater than the
213 modulus of PVDF.

214 As shown in the figurethe elastic stramat all three temperatusegeneraly increase as a
215 function of SOC but the Hects of temperatureare weak to within the strain measurement
216 uncertaintiefon the order of 18). Therefore, we wilassumeas a first order of approximation,
217 thatthe correlation betweethe isothermalelasticmechanical strain and SOC is independent of
218 temperaturen our study This cansimplify the analysis of temperature and mechanical strains
219 under more general battery operating conditions where tamtiperatureand SOC changes
220 during charging andischarging.We also see a modest and reversible change in strain in the
221 current collector as weharge and discharge the c&lle note here thahe measuredtrains are
222 all small enough to be well within the elastic regirme. (belowabout2 x 107). It is likely that

223 the presence of the soft separator substantially reduces any load transfer from the positive
224  electrode to the Cu current collectdiherefore, we assign the mechanitzdtice strainin the

225 current collectoprimarily to elasticload transér from thecarbon/PVDFelectrodeas it lithiates

226 and delithiates

227 Figure shows the evolution of thital lattice strainof the Cu current collectoas a function of

228 time during a 2C charge and dischardguring charge, both thermal and mechanical strains are
229 postive, and we measura combined strain of abo@t5 x 10*. During discharge, the thermal

230 strain is again positive (the cell continues to get hotter), but the mechanical strain is regative
231 the negativeelectrode delithiates Since we observe thathe strain falls during discharge,

232 mechanical strain dominates. We note, however, that even though the mechanical strain is
233 completely reversedt the end of the full cyclé-igure 7.the total lattice strain ends up positive,

234 atabouBx 10°. We assign hi s “ strais tbadamperature rise &f / 3.5 C.

235 In order totestthis logic, we epeatthe experimenat 20C, as shown in Figure 9a. Again, during
236 charge, both thermal and mechanical strains are positive, leadingdombined strain 08.9 x

237 10* shown in Figure 9b. During discharge, the thermal strain is again positive but the
238 mechanical strain is negativélowever,at 20G where the temperature risegreatethanit was

239 at 2C the thermabkndthe mechanical straiare comparablesothe total strains approximately

240 constantduring discharge Since the mechanical strain has been reversed at discharge, the
241 residual thermal strain B9x 10 corresponding to a temperatuige at the end of the cycle of
242 around 18C.

243  Further aalysis maypossiblefor the 20C casevherewe also have the external cell temperature
244  (from a thermocouple) during charge and discharge, Figure Bs expectedthe external
245 temperature change is smaltban the 18 C internal temperature riseApproximately 45% of
246 the externaltemperature rise occurs during charge and about 55% during disch@drgss



247 electrical energy is available during discharge than was used during.¢hasgeiming thathe

248 internal temperature rise is proportional to te&ternaltemperature risé then the internal

249 temperature rise at the end of the charging step was ab@ut8rresponding ta thermal strain

250 of 1.8 x 10*. Since the total strain at the end of charge was 3.9"xvi®estimatea mechanical

251 strain during charge of 2.1 x 20 More speculativelyif the temperature rise during 2C charge is
252 again 45% of the ultimate temperature rise, we obtain, following the same logic, a thermal strain
253 at the end of a 2C charge of 0.4 X*1dmplying a mechanical strain during charge of 2.1 X.10
254  Such close agreement between the estimated mechanical strains at 2C and 20C is.foltuitous
255 combination of additional measurements and detailed modeling will be required thetssst
256 approximate alculations but if the mechanical strain is generally insensitive to charging rate,
257 separating strain and temperature will be much easier

258 4. Discussion

259 a. MechanicalStresses

260 Most electrode active materials change their volume upon lithf&iBrand this can lead to

261 stress buildup in pouch cells®. We hypothesizethat the mechanical stresses that we
262 observe in the Cu current collectaweredue primarily to load transfer from the expanding

263 carbonelectrodeas it lithiatedand potentially,to thermal expansion mismatch in the 20C

264 experiment Graphite particlesexpand byaround 10%upon lithiation*, but t hat doe:
265 us how mucha porous composite electrode expafidsVithout some knowledge of the

266 properties of the carborits microstructure, and the binder in our pouch cell, we cannot
267 confirm this hypothes?$™*,

268

269 We suggestusing mechanical strainn the current collectorso make semiquantitative

270 operandoestimats for the evolution of local electroemurrent collector adhesiorin pouch

271 cells compressive forcebolding electrodes togethean below, so a debonded electrode

272 might well be in poor electrical contact with the current collecteducingcapacity®. We

273 should be able to identify whemd wherehisimportant failure mechaniswccurs®®®. We

274 have previously demonstrated heterogeneity in debonding in a graphite electrode using a
275 simple exsitu optical method, as seen in Figure 1 of referenc8 2@/e proposehat an

276 underlying cause of delamination can be the lachemical andthermal expansion

277 mismatci® between the current collecgmand the electrode material

278

279 b. 2D Mapsof heterogeneous SOC

280 In traditional macrehomogeneous battery mod¥|sbattery electrodesind particlesare

281 analyzedas 1D, homogeneouand isotropic. While these models do an excellentirjob

282 accounting forbattery performanceye haveargued that such modet not in general

283 capturedetailed failure mechanisiis’”*®%%. The reason is thatike all materialspattery

284 failure initiatesat weak points and heterogeneiteswhi ch by defini-tion d
285 homogeneous modelsThus, any detailed failure analysis can benefit from spatial maps, in
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2D or—ideally—in 3D** %% that provide the locatigrpropertiesandintensity of these
weak points. For example, & believe thatell-to-cell variability of these heterogeneities
canexplainwhy the durability ofnominally identicacommercial cells is so variaife”.

Figure8 shows a surface temperature distribution measurexhbyfrared camera when the

cell was exposed to air and was charged to 5% SCQ&L28C charging rateThe external
temperature at the centef the battery is about 1C higher tharat the edge(lt is worth
pointing out that, to the extent that the surface has a higimame thermal diffusivity than

the interior, the internal temperature heterogeneity may be greater than what is observed
here.) In order tointerpret andpredict such nomniformities, titure work will focus on
obtaininglocal internal heat transport/thermal conductivity constastfunctions of the

SOC. For example, ahermally isolatedcell could be discharged rapidly to a givéocal

SOC creatinginitial internal temperature gradientdBy monitoring localrelaxationin the

2D temperature mapith time, as the cell rests, it will be possible to derive lantdrnalin-

plane heat transport/therrhaonductivity constants athat SOC And by averaging the
temperature over the entire cell as a function of time after a rapid charge/discharge, we can
measurelocal heat transfer coefficiegtto the environment. Measuementsof these
constans couldenale morequantitativevalidatiors of 3D cell modelg +> 40 >8

Using the relationshipbetweenSOC and the c lattice parameteof NMC (Figure 4), we
generatd an exsitu 2D SOC map(Figure9) at the 1785 positionsshown inFigure 2 for a
batterythat had lost 40% of its initiacapacity after about3,200high ratecyclesat high
temperature While the degradation of the battery in this studyréatively uniform
compared to other commercial batteries studied beforé®, it nevertheless exhibitsore
severe degradation around the edge than the camt@pparentlgommon patternCharged

to 4.0V, the center region of the battery hads®C of approximately 40%, whereas the left
and right edgeof the batterywerecharged tamnly about 36 to 37%.

Line-of-Sight Averaging

We have previously used diffraction measurementgrévide 2Dmayps of the SOC of a
LMO pouch cell using the spallation neutron source at ORNL While those
measurements were also Hoksight averages, there was no reason to expect th&QRke
should varysystematicallyalong the line of sightthat is, from one electrodgheetto the
next. The binding strengthof the electrodes to their currentliectorsmay also not vary
systematicallyalong the line of sight. However,we do expect aystematicincrease in
temperature as we go toward the central electrode pair in the p¥velcan estimate the
temperature on the pouch centerlihere can guess the functional form fibie temperature
profile through the cell In principle, this analysjgperformed at every(y) location,could
provide a full 3D temperature malm the future, we will directly measure the linésight
average émperature profile through the thickness of the cell by having thay>eam

10
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incident on the edge ohé cell instead of on its fac&he technique of Paxtoet al.*® can
also be used to provide information in the third dimensidhe use of 30hermalmodels
will be required to interpret much of this data.

d. Failure Mechanisms

In addition to indicating where degradation has taken place, our technique can also shed

light on local degradation mechanismespeciallyin cases where diffraction patterns from
both electrodesind both current collectorre available, as in our previowork’. This
might be accomplished by comparing SOC swings tire electrodes. For example,
degradation in the graphite electrode would be indicated if we seemMhi® the cathdeis
still substantially lithiated Similarly, degradation in the cathodeuld be indicated if it is
delithiated even while the graphite electrode is at;4iGn cases where active Li log®
SEI or other parasitic reactions) has occurredmight seea reduction irthe SOCextremes
for both electrodes.

5. Conclusiors

In this paper wealescribehow we usal HE-XRD from the Advanced Photon Source at Argonne
to make simultaneousperandoline-of-sight non-contactmeasurements of local SO@cal
temperature, antbcal mechanical straimf the current collectos inside a commerciall4mm
thick) pouch cell. The temperatureise is measured from the expansion of the Cu current
collectorafter removal of mechanidgtinduced strain We alsasuggestiow the peak centerline
temperaturenight be estimatedWe believe thatite mechanical strain in the current collegsor
duelargely to load transfer from the negative electraae it lithiates and delithiatesSeveral
local degradation mechanismdoss of active Li, loss of active anode or cathode materad
debonding of an electrode from its current colle€tS—can be identified.

Althoughall of theoperandodata described here comes frarsinglelocationin the pouch (the
center),we areextending our approach tmake 2D SOGdependentperandomaps of tle
temperature, strain, and SO fresh anddegraded cells Such maps can be used to measure
local thermal conductivity antleat transfer coefficients within the cell and to the environment as
a function of SOC.The spatial resolutiof maps such as thahown inFigure9 is limited only

by the beam diameter (0.3 mherg, by the amount of time available to take the data and to
carry out the analysignd bywhat makes physical sens@/e note thator this workeach point
was interrogated for onlgn the order of 1 seconslo greatlyimprovel signatto-noise ratis are
feasibk with longer averaging times

11
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575 Figure 2 Locations of 2D Mapping of local SOC of the commercial battery. The icabed of the four
576  corners of mapping are shown in mm.
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591 Figure 6 Results of the constat@mperature chaging/discharging test.attice spacing of G111)and
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595 Figure 7 Isothermal elastic strain changes as function of SOC in 10C, 25C and 40C constant temperature
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612 Figure 8 Surface temperature distribution measured by Infrared camera at 5% SOC at 20C charging rate
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615 Figure 9 2D mapping of local SOC in a degraded battery with 60% overall remaining capacity, charged
616 to 4.0V. The location of SOC mapg is illustrated with actual battery in background.
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