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Synchrotron Operando Depth Profiling Studies of State-of-Charge
Gradients in Thick Li(NiygMn,,Co, )0, Cathode Films

Zhuo Li, Liang Yin, Gerard S. Mattei, Monty R. Cosby, Byoung-Sun Lee, Zhaohui Wu, Seong-Min Bak,
Karena W. Chapman, Xiao-Qing Yang, Ping Liu, and Peter G. Khalifah™

ABSTRACT: Higher energy densities in rechargeablebatteries can be achieved using 00 o rrrr e
thicker cathode films, though it is a challenging endeavor since the electrochemical § 0.2} Current collector ]
performanceof thick electrodesis substantiallyworse than that of the conventionalthin o 04} ; g , .
electrodesdue to a varietyof transportlimitations,whichare thus far poorlyunderstood. 2 os{- i §§ §
Operandosynchrotronstudieshave been, for the first time, applied to thickfilm samples 8 g v i
to determinethe depth-dependentstate of charge (SOC) distributioninside 170 micron ;o Lovuten 1 iSSP 101000
thick Li(NiygMn,;Coy;)O, cathode films using an unconventionalradial diffraction 0 2 4 GT_ S(hrs;o 12 14 16
ime

experimentgeometry,allowingthe SOC to be probed with both high spatial resolution

(20 microns) and high temporal resolution (hundreds of time steps) in a single

experiment.The resulting data allow the evolution of vertical inhomogeneitywithin these thick cathode films to be determined
duringcyclingand they reveala numberof unexpectedphenomena,such as the continuationof chargingat some heightswithinthe
cathode during the dischargecycle of the cell. The new availabilityof comprehensivedepth-dependentSOC data will drive the
parameterizatiomnd advancementof whole-cellmodels,leadingto an improvedunderstandingpf large-scaletransportphenomena
and enhanced capabilitiesfor the rationaldesign of thick electrodes with improvedperformance.

In modern society, batteries are a nearly ubiquitous
technology for energy storage and are found within a
multitudeof high-techapplications. > Presently, the necessity
to develop batteries with higherenergy densitiesis being most
stronglydrivenby the needs of the automotiveindustry,where
vehicular range is a key consumer metrics’™® While the
performance of a battery depends strongly on the specific
chemical redox processes supported by the active material
(both at the cathodeand the anode), the full expected capacity
of these electrodes will not be realized unless the overall
battery device is designed to avoid performancelimitations
associated with potential bottlenecks in the transport of
electrons and ions within these devices’
Experimentsinvestigatingchanges in the cathode material
during electrochemicalcycling are typically designed so that
the battery cathodes operate in a homogenous manner
throughouttheir volume using a thin cathode film (typically
less than 50 microns thick) together with a higher capacity
anode (n/p ratio> 1) and excess electrolyte.In order to meet
the industrialtargets for energy density, it is necessary to be
able to fabricate and efficiently operate thick battery films
whose anticipatedthicknesses(100—250 microns) may exceed
those of typicallaboratorytest cells by an order of magnitude’
In such thick films, it is virtuallyguaranteedthat there will be
depth-dependent inhomogeneity when cells are cycled at
practical rates.”'" In order to achieve maximalperformance
from thick films, it is criticalto be able to quantifyand model
the verticalinhomogeneityas this will allow the aspects of the

cell that are mostly responsible for the inhomogeneityto be
identified and mitigated.

Conventionalelectrochemicaltechniquesfor evaluatingcells
are poorlysuited for understandinghis inhomogeneityas they
lack spatial sensitivity. While this limitationcan nominallybe
addressed through the use of computationalmodels,”"” in
practice, the large number of model parameters,whose values
are uncertainor are strongly dependent on the cell state of
charge (e.g., electronicand ionic conductivityof the cathode),
makes it implausibleto validate models based only on simple
electrochemical responses of cells. Similarly, conventional
operando X-ray diffraction methods*~'® that are routinely
used in the battery field are unable to probe the vertical
inhomogeneitysincea beam travelingperpendicularto the film
surface will simultaneously sample powders at all heights
within the film, thus convolutingtheir signals.

Very recently, a promising new approach for operando
diffraction experimentshas been demonstratedthat utilizes a
radial geometry in which a narrow beam (~20 pm) aligned
parallelto the plane of the sampleis scannedacrossits vertical
height (~200 gm).'”* This method was shownto be sensitive
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to the verticalinhomogeneityin thick pellets. However, these

thick pellets were typicallyfabricatedwith a low mass fraction
of active material (60%) and large amounts of conductive
carbon (20%) and binder (20%) and thus substantiallydiffer

from the standard commercialcastfilm batteries, for which it

has been shown that active material loadings exceeding 95%

are achievable,providinga pathwaytoward overall cell energy
densities of 500 Wh/kg or higher/”*"** In our work, radial
depth profiling methodsare for the first time adapted to study
industrially relevant cast films rather than pellet samples
formulated to simplify operando experiments. Experimental
approachesfor overcomingthe challengesof studyingfilms in

the thin{film geometry are described. It is shown that these

thick films can be probed with good spatial and temporal
sensitivity, and when the data are analyzed, a variety of
unexpectedphenomenathat give insightsinto the likely origin
of the inhomogeneousbehaviorare observed.

B EXPERIMENTAL SECTION

NMC811/Li batteries were prepared for operando studies.
Commercial LiNi; §Co, ;Mn, ;0, particles(NCM811, Ecopro) were
used as the cathode-active material. Carbon black (Super C65,
TIMCAL) and poly(vinylidene fluoride-hexafluoropropylere)
(PVDF-HFP, Kynar Flex 2801) were used as the conductingagent
and binder, respectively. A binder solution with a 10 wt %
concentrationwas prepared by dissolving PVDF-HFP in n-methyl-
2-pyrrolidone (NMP, Sigma-Aldrich).NCM811 and carbon black
were mixedin a ratio of 90:5 (by weight) for 15 min using an agate
mortar and pestle. The binder solution and additional NMP were
then added to this powdered mixtureto form the cathode slurryin a
90:5:5 weight ratio of NCM811: carbon black: PVDE-HFP. The
slurry was milled overnight with ZrO, balls at a 1:1 ball-to-powder
weight ratio. The slurrywas then cast on an Al foil using the doctor
blade method with the active materialloadingcontrolledto be 50—60
mg/ cm? for these electrodes,whichwere then dried in a vacuumoven
at 120 °C. The electrodes were then punchedinto 15 mm diameter
disks and calendared to have a porosity of 20%, resulting in a
thickness of 170 microns as measured using a micrometer and a
calculateddensityof 3.27 g/cm’. For operandostudies,an electrolyte
of LiPF,; (1.0 M, BASF) in ethylene carbonate (EC, BASF) and
dimethyl carbonate (DMC, BASF) in a ratio of 1:1 by weight was
preparedin an argonfilled glovebox. The cell anode was a 250 ym
thick lithium metal foil (MTI). Glass fiber (1 micron pore size,
Whatman GF/B) was used as the separator; its thickness was
measuredto be 0.68 mm prior to use.

Operando diffraction studies were carried out in a custom cell
design inspired by the previously reported RATIX cell.'” The cell
body was cut froma solid Teflon (PTFE) rod with a diameterof (3/
8”, 9.5 mm) and a drilled bore of 1/4” diameter. Near the sample
position, the wall thickness was reduced by millingto 10 to 15 mil
over a height of about 3 mm. Stainless steel cylindricalpills (1/4”
dia.) were used to hold the cell level and to provideelectrical contact
to the battery currentcollectors, with recessed O-ringson these pills
used to seal the cell environment. An insulating C-clamp was
constructed to hold the cell components together under constant
pressure, with longer stainless steel cylinders spanningthe distance
between the pills and the threadedscrewson the ends of the C-clamp
used both to applypressureand to electricallycontactthe battery cell.

The operando cells were assembled in an argonfilled glove box.
One stainless steel pill was first put into a holder to support the
cathode material. The NMC film was punched to obtain a 5 mm
diameterdisk that was placed on the pill. Next, one layer of glass fiber
(1 micronpore size, Whatman)was placed on top of the cathodefilm,
and two drops of electrolyte were added. A slightly larger diameter
(7/32", 5.6 mm) of a punchedLi metal disk was placed on top of the
separator and capped with another stainless steel pill. The
preassembled Teflon cells were heat-sealedin a plastic pouch inside
a glove box and then shippedto the AdvancedPhoton Source (APS)

synchrotron. There, within the glove box, the sealed pouch was
opened and mountedin a C-clampholder. Three operandocells were
studied in tandem duringthe experiment(Figure S1), with a Maccor
4300 cycler used to control the currentor potential across the cells.

Synchrotronexperimentswere carriedout at the 11-ID-Bbeamline
of the APS usinga wavelengthof 0.2113 A. The size of the beam was
reduced to 20 X 250 ym (vertical X horizontal) using slits. Vertical
depth profiling diffraction data were collected along the z-axisnormal
to the plane of the electrode film usinga line scan of 41 verticalsteps
(incrementof 20 microns) that was repeated every 6 min. Diffraction
data were collected on a PerkinElmeramorphoussilicon-basedarea
detector (2048 X 2048 pixels with 200 xm sides) at 0.1 s subframe
time and a total acquisitiontime of 1 s per image.

Electrochemicalcycling was carried out at a voltage range of 2.8—
4.4 V. One cell was cycled slowlyat a rate of C/10 (calculatedusinga
nominalcathode capacity of 200 mAh/g, correspondingto a current
0f 0.1793 mA and an areal currentdensityof 1.01 mA/cny’) usingthe
CC—CV (constant current-constant voltage) protocol where the
constantvoltage was held for 2.5 h. The second cell was cycled more
quickly (C/3 rate) using the galvanostatic(CC) protocol. This cell
was cycled twiceat the C/3 rate, three timesat the 1C rate, and finally
seven moretimesat the C/3 rate. For the last five C/3 cycles,a 6 min
CV hold was added to the end of each charge and dischargestep so
that at least one diffraction pattern could be collected for the cell at
the end of each CC step before reversingthe cell polarity. The time
and capacity for each cycling step are given in Tables SI and S2.

The 2D X-rayscatteringimages were integrated using GSAS-I
Data from a CeO, powder standardin a 1.1 mm diameter capillary
mounted next to the cell were first used for coarse calibration (a
distance of ~947 mm). Next, finer custom distance calibrationwas
carried out using diffraction patterns for the pristine NMC samples
separately for each height using data collected within the operando
cell immediatelyprior to cyclingas an internalstandard.Areas of the
image were masked to exclude both the central beam stop and the
detector edge (data within 20 pixels of edge), with data integrated
over a 20 range of 0.5 to 12°.

Modeling of diffraction patterns was carried out using TOPAS
software(version 6, Bruker AXS). First, a single patternat each height
was refined to obtaina reasonablestartingmodel. In additionto peaks
fromthe mainNMC phase, diffractionpatternshad peaks from PTFE
(from the cell wall) at all heightsand peaks from Fe (from pills) and
Al (from the current collector) at some heights (due to cell tilt
misalignment). The PTFE contributionwas dominated by a single
peak observed near an angle of 2.48° (d = 4.90 A), which was
incorporated into refinements as a single peak phase. The
contributions from Fe and Al were modeled as separate phases
using the Pawley method. After finishing the single pattern
refinements at each height, sequential refinements across all scans
for a given height were subsequentlyrun usinga Python script.

For NMC, Rietveld refinements were used to determine the
parametersof interest,includinglattice parameters,crystallitesize and
strain, isotropic atomic displacement factors, site occupancies, and
antisite defect concentrations.The influence of geometricaberrations
due to the long beam path length throughthe sample and due to tilt
misalignment is discussed in more detail in the Supporting
Information(Figures S2—S6) and elsewhere?* Due to the significant
cell misalignment, many diffraction patterns during cycling were
observed to have two pairs of NMC peaks as a result of beam
samplingboth the frontand the back of the cathode film while they
signficantly differed in their state of charge. To account for this,
patterns of this type were explicitly fit using two different NMC
phases differing in their state of charge. This was done for a slowly
charged(C/10) cell at positionsfrom+89 to —171 micronsand fora
rapidly charged (C/3) cell at positionsfrom +106 to —114 microns.
The relative scale factors of the two NMC phases were first refined
usinga pattern collected at the end of the first charge cycle and then
fixed at this ratio for use at all times duringsequentialrefinements.In
the two-phaseregions, reported parametersare the weighted average
of those of the two NMC phases.
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B RESULTS AND DISCUSSION

Slow Cycling. Initial investigationswere carried out using
the cell containing the Li(NijgMny,Co,;)O, cathode
(denoted NMC811) cycled between 2.8 and 4.4 V (vs Li*/
Li) againstLi metal at a rate of C/10 (based on a nominal
capacityof 200 mAh/g) usingthe CC—CV protocol (constant
current-constantvoltage) with a CV hold time of 2.5 h. This
rate correspondsto a currentdensity of 1.0 mAh/cn? at the
cathode. These conditionsled to an experimentallyaccessible
specific capacityof 189 mAh/g, which should producevertical
inhomogeneitywithin the films since it is only ~85% of the
maximumpracticallyaccessibly capacityfor this system (~220
mAh/g) and ~ 70% of the theoreticalcapacityassociatedwith
full delithiation(275.5 mAh/g).

Data collectionon the cell startedin its pristinestate without
the use of any preliminaryformationcycles to preconditionthe
cell, allowing the use of known cathode lattice parameters
(separately measured on a high-resolution powder diffrac-
tometer 11-BM)** for accurate calibration of the detector
geometry. A depth profiling scan comprising41 diffraction
patterns was collected every 6 min during cycling, with the
total acquisitiontime for each vertical scan being about 45 s
(including motion) due to the short acquisitiontime of each
pattern (1 s). The time steps for depth profiling were short
relative to the time requiredfor each charge or dischargestep
(60—600 min).

Each of the more than 5000 diffraction patterns were
analyzed through Rietveld refinement, with some representa-
tive refinements shown in Figure S7. Due to the complex
absorptionbehavior of the beam passing through the sample
cell, the primaryrefined quantitiesof interest were the a and ¢
lattice parameters,which could be effectively extracted at all
states of charge by fitting to the initial R-3 m symmetrya-
NaFeO, structure type despite the multiple subtle structural
transitionsthat occur during cycling” Representativeplots of
lattice parameters obtained at a beam height of z = +189
microns(relative to the sample center) are shown in Figure 1.
The refined lattice parametersvary smoothlyas a function of
time, indicatingthat the measurementprecisionis very high
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Figure 1. (a) Evolution of a- and c-lattice parameters during an
operandoscan at z = +189 microns(relative to the center of the film)
that exclusively probed the front of the NMC811 electrode. (b)
Voltage profile duringcycling.

relative to the magnitude of lattice parameter changes that
occur duringcycling.

On charging,the c-lattice parameterfirst increasesand then
greatly decreases,a behaviorwhich is fully consistentwith the
bulk behavior Gpreviously reported for this and other NMC
compositions:® The behavior of the c-lattice parameter is
essentially reversed during discharge, though it can be seen
that the maximumvalue of this parameteris slightly lower
duringdischargethan duringthe charge cycle, suggestingthat
there are irreversiblestructuralchanges that occur duringthis
transformation.There is also evidence of irreversiblechanges
in the behaviorof the a-lattice parameter,whichis observed to
change nonmonotonicallyduring charging (decreases during
the CC charge up to 4.4 V but then increasesduringthe CV
hold at 4.4 V). However, during discharge, the a-lattice
parameter changes monotonically,in contrast to the charge
cycle. This behaviorsuggeststhat the different electrochemical
responses observed during the first charge cycle of NMC811
compounds(often called a formationcycle) when chargingto
4.4 V hasan intrinsicstructuralorigin,ratherthan being purely
associated with interphase formation or extrnsic surface
contaminants.

Whilethe structuralchangesobservedat z = +189 generally
reflect the expected behavior of the NMC811 samples
previouslyobserved in bulk studies;*"*’ a comparisonof the
lattice parameterchanges measuredat different heightsin the
present depth profiling experimentsindicates that other parts
of the cell experiencesignificant limitationsin their ability to
cycle. Comparisonsof the variationin lattice parameters for
the four scans collected at the front of the cathode (closest to
the separator) and the four scans collected at the back of the
cathode (closest to the currentcollector) are shown in Figure
2a,b. The front layers of the thick cathode behave nearly
indistinguishablyand can reach a state of charge (SOC)
comparable to that which can be obtained in conventional
thinfilm studies. In contrast, the scans that probe the back of
the cathodeshowa muchgreaterdegree of inhomogeneityand
have lattice parameters which vary less, indicating that this
portionof the thick cathodefilm cannotbe fullycharged.It can
thus be concludedthat transportlimitationsare most severe at
the back of the present cell near the current collector. This
strongly suggests that ionic transport limitations are mostly
responsible for the reduced capacity of the thick films, as
electroniclimitationswould result in the lowest local capacity
instead being seen at the front of the cathode film.

It is possibleto obtain more direct chemicalinsightsinto the
depth-dependentcycling behavior than are provided by the
lattice parametersalone. Although both the a- and c-lattice
parameters exhibit complex, nonmonotonicbehavior during
cycling, the overallunit cell volumebehavesin a much simpler
manner since the removal of ions from the solid-statelattice
typically results in a linear change in the unit cell volume.
When the volume data are plotted (Figure 2¢), it can be seen
that the unit cell volumefor the frontlayers of the cell changes
nearly linearly during constant current charging with a
shallower slope at low states of charge and a higher slope at
high states of charge. These two different slopes are attributed
to two subtly different structuralphases being present at low
and high states of charge, each havingdifferent sensitivitiesto
the removal of Li ions. This conclusionis consistent with the
different voltage profile slopes in these two regimes.

Since the unit cell volume changes monotonicallyduring
chargeand discharge,it is straightforwardo use this volumeto
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Figure 2. Depth-dependentevolution of (a) c-lattice parameter, (b)
a-lattice parameter, and (c) cell volume during electrochemical
cyclingat C/10 with (d) the recordedvoltage profile. Data from four
scans probingthe frontlayers of the cathode closest to the separator
(z=+189, +169, +149, and +129 microns)are shownin red—orange,
while data from four scans probing the back layers of the electrode
closest to the current collector (z = —191, —171, —151, and —131
microns) are shown in purple—blue.

calculatethe local state of charge (SOC) at every depth within
the cathode at every point during the operando electro-
chemical cycling of this cell. Instead of calculatingthe true
SOC, which would require complementary operando dif-
fractiondata for a thin{ilm samplethatis confirmedto cycle in
a completelyhomogeneousmanner,we have instead calculated
the relativequantityof an accessiblestate of charge (ASOC) in
which the highest observed volume during cycling is given a
value of 0 and the lowest observed volume during cycling is
given a value of 1. This calibration was done using the
volumetricdata collected on the front-mostlayer of this cell
duringthe first dischargecycle, as describedin the Supporting
Information (Figure S8). It should be noted that the
occurrence of irreversible structural changes during the first
cycle results in the lowest volume observed during the first
dischargebeinglower than that of the pristinephase measured
beforethe start of cycling,resultingin the pristinephase having
an assigned ASOC of 0.12 rather than the expected value of
zero. Moreover, the magnitude of the perturbation due to
irreversiblestructural changes is small relative to the overall
magnitudeof changes during cycling and thus has a minimal
impacton the overallanalysisin additionto only affecting the
interpretationof the results of the first charge cycle.

The resulting ASOC behavior for the front four and back
fourlayersis plotted in Figure 3. On the whole, the data show
that the local state of chargecan be probed with a combination
of spatial resolution (20 microns), temporalresolution (more
than 100 points duringeach charge and dischargecycle), and
high sensitivity(a typical point-to-pointcatter of less than 1%
in ASOC) in a mannerthat has not been previouslyachieved
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Figure 3. (a) Evolution of ASOC during operando studies of an
NMC811 cathode comparedfor fourscansat the frontof the cathode
(purple—>blue) and four scans at the back of the cathode (red—
orange), plotted with (b) the voltage profile during cycling. Dashed
and solid lines indicate the end of the CC and CV stages during
cycling, respectively.

for an industrially relevant thinfilm sample. This unprece-
dented combinationof sensitivityand speed allows a number
of unusualand unexpectedfeaturesto be resolvedin the data.

The difference in ASOC at different heights within the
sampleis an expected consequenceof the transportlimitations
that prevent the full capacity of the thick film cathode from
beingaccessed. However, it is unexpectedthat the differencein
ASOC between the front and back of the cathode rapidly
accelerates about halfway through the first charge cyde
(vertical arrow in Figure 3), a point at which the back of the
cell is approximatelyhalf-chargedand beyond which it does
not signiicantly change its ASOC. This suggests that the
mobilitylimitationhas grownto the pointat whichthe back of
the cathode is no longer electrochemicallyactive. Curiously,
this change is accompanied by acceleration in the rate of
charging of the front portion of the cathode, another
unexpected feature. It is not yet known if this discontinuous
behavior is a consequence of the properties of the material
(e.g., change in physical properties resulting in improved
transport on crossing a structural phase transition) or a
consequence of the inhomogeneousenvironmentof the cell
(e.g., large changes in the local electrolyte concentration
leading to poor mobilityat certain depths).

Second, while the front of the cathode cycles in a manner
alignedwith the drivingpotential,the back of the cathodedoes
not. In fact, it can be seen that when the battery cycle switches
over from chargingto discharging(around 12 h, solid vertical
line), the back of the cathode continuesto increaseits state of
charge to up to two additional hours (horizontal arrow in
Figure 3) before joining the rest of the cell in discharging.
Furthermore,the rate of chargingof the back cathode layers
duringdischargeis faster than at any pointin the chargecycle.
This is especiallyremarkablesince this back portionof the cell
stopped actively charging about halfway through the charge
cycle, withits ASOC changingby less than 10% in the last 6 h
of charging.

The origin of the fast chargingbehaviorduringdischargeis
tentatively attributed to changes in the electrolyte concen-
tration.Duringcharging,the removalof Li* ions from the solid
ceramic cathode will lead to a transientincrease in the local
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cathode solutionconcentrationbefore these ions can diffuse to

and deposit on the Li metal anode. When the rate of Li"

removalis faster relative to the rate of diffusion of the ions in

solution, it is expected that the electrolyte solution will be

enrichedin Li* near the cathode and depleted in Li* near the

anode. These differences are expected to be particularly
pronouncedfar from the anode, namely, at the back layers of
the cathode. However, this gradientwill be reversedduringthe

dischargeprocessin which the local Li* concentrationswithin
the electrolytein the cathode will be reducedas Li* ionsin the

electrolyte are intercalated into the solid cathode. In this

manner, the ability of the front cathode layers to promptly
begin intercalatingLi* ions at the beginningof the discharge
cycle may result in a drop in the local Li" electrolyte
concentrationswithin the cathode film, thus permitting the

accelerated chargingof the back cathode layers. These effects

maybe furtherampliied by the stronglypeaked dependenceof
Li" ion mobilityon the solutionconcentrationof Li*, whichin

the case of the present EC/DMC electrolyte occurs near a

concentrationof 1 M.”

Fast Cycling. Data were collected for the NMC811
cathode galvanostaticallycycled between 2.8 and 4.4 V (vs
Li*/Li) againstLi metal at a rate of C/3 (based on a nominal
capacity of 200 mAh/g) for 9 total cycles, though with the
insertionof an additional3 cycles carried out at a rate of 1C
after the 2nd C/3 cycle. Specific dischargecapacitiesof 40—55
mAh/g were obtainedduringC/3 cycling,as detailedin Table
1. This correspondsto about a third of the nominalcapacityof

Table 1. Specific Capacity Charge (Electrochemical) at C/3

specific capacity (mAh/g)

cycle # charge discharge excess
1 77 42 25
2 58 51 7
3 60 54 6
4 53 43 10
5% 50 48 2
6 58 46 12
7¢ 57 46 11
8¢ 62 51 11
9 58 50 8

“Includes capacity from 6 min constantvoltage (CV) hold

the cell, resultingin each charge and discharge cycle taking
around1 h. In general,the observed charge capacitywas larger
than the discharge capacity by about 10 mAh/g and
electrochemical behavior that would typically be attributed
either to electrolyte decomposition at the cathode (CEI
formation)or to self-dischargeprocesses. However, operando
diffraction studies of the SOC evolution suggest a different
origin of the excess charge capacity.

The time variation of ASOC during fast (C/3) cycling
extractedfromoperandodiffractionanalysesis shownin Figure
4a for vertical scans with 20 um steps across a 320 ym total
range. Intermediatescans between the highest and the lowest
beam vertical position average the response from multiple
heights within the thick film due to the relatively large
misalignmentof the film (~2.4°), and the plotted ASOC was
obtained using the weighted average of fits to two-phase
Rietveldrefinements(different phasesfor frontand back of the
cell). Duringfast cycling, the difference in ASOC between the
front and back of the cathode film was very large, with
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Figure 4. (a) Evolution of the depth-dependent ASOC during
operando studies of an NMC811 cathode during fast cycling. (b)
Comparison of the accessible SOC (ASOC) calculated from
diffraction and the electrochemicalSOC (ESOC) calculated from a
potentiostat, which was linearly rescaled and offset to match the
ASOC scale. (c) Voltageprofile duringcycling of the NMC811 film.

differences up to 0.6 being observed. While the front of the

cathode thick film cycles fairly well and reaches an ASOC of
0.8, whichis only 20% less than that is seen duringcycling at

C/10, the back of the thick film (current collector side) is

generallyinsensitiveto the changingpotentialand changesin

ASOC by less than 0.1 duringcycling. This directlyshows that

both the drivingforce for and the timescaleof electrochemical
processesare very different at different vertical positionswithin
the thick cathode films at high rates.

In addition to capturingthe local cathode inhomogeneity,
the averageresponseof the cathode can also be extractedfrom
measurementssince diffraction scans near the center of the
misalignedthick film equally probe all heights of the cathode,
as schematically illustrated in Figure S5 (green line). A
comparison of the cell-averaged specific state of charge
measured from diffraction (ASOC, solid cyan line) and that
measured electrochemicallyusing a potentiostatused to cycle
the cell (ESOC, dashed black line) is shown in Figure 4b.
Remarkably,the results of these two different types of SOC
measurementsare in nearly perfect agreement,indicatingthat
the excess charge capacityis a real featureof the cathoderather
than the signatureof a parasiticprocess.

Based on the operando diffraction data, the origin of the
excess capacity can be attributedto the slow timescale of the
electrochemicalprocessesnear the currentcollector.Instead of
seeing the voltage being applied by the potentiostatat a given
point in time, the back layers of the cathode closest to the
currentcollector are expected to experiencethe time-averaged
potential during charge—discharge cycles, which roughly
correspondsto the potential needed to drive these layers to
a half-chargedstate. The depth profiling data indeed shows
that the ASOC of the back layers increaseby about 0.45 over
18 h of fast cycling, indicatinga slow evolution to medium
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states of charge. As a consequenceof the slow increasein the
ASOC of the backlayers, it can be seen that over time the front
cathode layers exhibit both a smaller total change in their
ASOC and reacha highermaximumstate of ASOC at the end
of charging. This indicates a complex interplay of electro-
chemical processes with different timescales across the
different vertical heights of the thick cathode film.

B CONCLUSIONS

The excellentspatialand temporalresolutionof depth profiling
measurementswere used to provideunprecedentedresolution
of electrochemicalprocesseswithinthe thick film cathodesthat
representa currentfrontierin efforts to develop higherenergy
density rechargeable batteries. Multiple unexpected electro-
chemical phenomena were resolved through these measure-
ments, includinglocalized charging within a dischargingcell,
the fastest observed local discharge rates occurringafter the
end of a dischargecycle, and a gradualincreasein the whole-
cell state of charge over manyhoursdue to slow local kinetics.
Althoughwhole-cellmodels capable of exactlyreproducingthe
behaviorobserved duringthese experimentshave not yet been
demonstrated,the ability of the operando methods described
here to collect state-of-chargedata with fine slicing in both
space and time will providethe data parameterizatiorrequired
to develop accurate predictive models, which can be used to
design advanced battery architecturescapable of signiicantly
increasingenergy storage densities.
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