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ABSTRACT: LiNiy4Coy,Mn,,0, (NCM622) undergoes crystallographic (i

and electronic changes when charging and discharging, which drive the %

cathode material close to or even beyond its stability window. To unravel the N >

charge compensation mechanism of NCM622, spatially resolved atomic force /‘\ j:l
microscopy (AFM) measurements in electrochemical strain microscopy |,
(ESM) and conductive AFM (C-AFM) modes are obtained, and the

spectroscopic information and crystallographic information are compared. All ?'ﬂ
experiments are performed with two sets of samples: state-of-the-art samples /‘\ /‘\ "r‘\
that are composed of a binder, a conductive additive, and an active material | ,
and polished samples for single-particle analysis. Near-edge X-ray absorption > x° e
fine structure spectroscopy shows that ionic Ni** reacts to give Ni** when ‘? (l VVVVV VY
charging and forms covalent bonds with its oxygen neighbors. A Ni**/Ni** » 0 'Occupied
gradient across the particles balances out with the increasing state of charge,
as verified by ESM. Therefore, the results also provide an important view that
improves the mechanistic understanding of ESM in electrode materials. Finally, the interplay between the electronic and ionic
conductivities and the crystallinities of NCM622 cathodes is elaborated and discussed.

KEYWORDS: NCM622, state of charge, electrochemical strain microscopy, conductive atomic force microscopy,
near-edge X-ray absorption fine structure spectroscopy

1. INTRODUCTION This work focuses on NCM622 as it is well-explored, its
specific capacity of 160—200 mA h/g is quite promising, and it
demonstrates good thermal stability.'*"> Furthermore, Cui et
al. revealed that among NCM (111), (422), (523), (525), and
(71515), NCM 622 had the highest diffusivity.'® Therefore,

A significant increase in the energy demand and drastic climate
changes have driven the development of renewable power
sources. Energy storage systems such as Li-ion batteries are a

key technology to reduce greenhouse gas emissions in the o 3 )
. NCM622 with its excellent electrochemical properties has the
transport sector because of an outstanding well-to-wheel

efficiency of up to 70%, a compact design, and exceptional pote.ntla.l to be used extenswely.r in Li-ion b.atterles for various
3 applications such as the emerging automotive sphere.

specific and volumetric energy densities.' ™ e e ) )
. - . . .23 Kinetic limitations are often determined using pulse
Although the electric vehicle market is rapidly growing, - - :
techniques such as impedance spectroscopy, galvanostatic or

the limited range and charging time of Li-ion batteries are still ; N ; o or g )
potentiostatic intermittent titration techniques, charge—dis-

challenging.‘"5 The energy density and kinetic limiting b ) disti fch S0C -~
component is the cathode, and in most commercial batteries, tc irgﬁfﬁ)ses at distinct states of charge ( s), or simple rate
ests.

lithium transition metal oxides (LiMeO,, Me = Ni, Co, and I d oxid ot £10°15 2 51 152021 g
Mn) have a rhombohedral crystal lattice.”°™® Ni-rich ayered oxides are in the range o mes owever,

The as-determined diffusion coefficients of Ni-rich

higher capacities, cathodes such as NCM622 (60% Ni) and
NCMS811 (80% Ni) have been commercialized and have

11,14

thombohedral layered oxides ([Ni]/([Ni]+[Mn]+[Co]) ratio the discrimination among the ionic and electronic conductiv-
>0.6) offer the highest energy densities with specific capacities —
of 175—210 mAh/g at discharge rates of 0.2—1 C and cutoff Received:  October 10, 2021 R e
voltages of 3.0 and 4.3 V.~ Accepted:  January 13, 2022 FJ
As a higher Ni content results in a better performance and Published: January 24, 2022 : WXE =

become promising materials for automotive applications.
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ities, spatially resolved conductivities, and energy density and
kinetic limiting factors are hardly known due to the missing
links between the available characterization techniques.”*>*’

An atomic force microscope operated in different modes can
be used to reveal the spatially resolved properties of electrodes,
that is, the ionic and electronic conductivities of the layered
oxides.”*™*” Electrochemical strain microscopy (ESM), for
example, allows the study of electrical properties such as
electrochemical strain across particles and electrodes, the
distribution of Li ions, and ionic mobility.”*~*° Applying a bias
to the atomic force microscope tip thereby induces Li-ion
diffusion, resulting in a local electrochemical strain.””*®
Conductive atomic force microscopy (C-AFM) can be used
to study the changes in the electrical properties at different
SOCs, which measures the current at a bias voltage applied
between a sample and the conductive tip and determines the
local electronic conductivity.” The results of both ESM and
C-AFM provide important information about the local ionic
and electronic conductivities of the samples on various scales
and at different SOCs. Moreover, different methods of sample
preparation enable studying the matrix effects of a binder,
conductive carbon, and active material.

The present work aims to unravel the electronic and ionic
properties of cathode materials at different SOCs using
correlative techniques such as ESM, near-edge X-ray
absorption fine structure (NEXAFS) spectroscopy, synchro-
tron X-ray powder diffraction (SXPD), the galvanostatic
intermittent titration technique (GITT), and C-AFM.
LiNij 4Co,,Mn,,0, (NCM622) is studied as a state-of-the-
art cathode material to reveal the spatially resolved
conductivities of the active material, binder, and conductive
carbon using different AFM modes. Time-resolved SXPD and
soft NEXAFS spectroscopy are applied to correlate the
crystallographic and electronic changes of the samples to the
AFM data.

2. EXPERIMENTAL SECTION

2.1. Electrochemical Cycling and Sample Preparation.
2.1.1. Cumulative (Unpolished) Samples. The slurry of the cathode
of unpolished cumulative samples was composed of three materials:
active material LiNij4Co,Mny,0, (NCM622, L&F), electron
conductor Super-P (Timcal), and binder polyvinylidene fluoride
(PVDF). The three components exhibited a wt % ratio of 94:3:3,
which were prepared using N-methyl-2-pyrrolidone (NMP). Corre-
spondingly, the slurry for the anode electrode was composed of two
materials: an active component (natural graphite, BTR) and a binder
(carboxymethylcellulose and styrene-butadiene rubber). The anode
slurry was prepared in deionized water with a wt % ratio of 97.4:2.6.
Then, the electrode slurries were cast on the surfaces of 15 ym Al
(cathode) and 14 ym Cu (anode) current collectors using a doctor
blade. Subsequently, they were dried at 100 °C for 12 h. After drying,
the load level was maintained at 14.0 mg/ cm? for the cathode and 9.1
mg/ cm? for the anode. The N/P ratio, which is the areal capacity ratio
of the anode to cathode, was kept at 1.23.

The prepared cathode (NCM622) and anode (natural graphite)
were cut to @14 (diameter of 14 mm). Then, 2032 coin cells were
assembled with the electrodes and a @16 (diameter of 16 mm)
polyethylene separator. A solution of 1.15 M LiPFg dissolved in a
mixture of ethylene carbonate (EC) and ethyl methyl carbonate
(EMC) at a volume ratio of 3:7 (Enchem Co., Ltd.) was used as the
electrolyte (approximately 400 uL per cell). The assembly process was
performed in a dry room with a dew point below —50 °C. In total, 18
(nine cathodes and nine anodes for nine cells) samples were prepared
and electrochemically tested based on the different parameters.

The prepared cells, except the pristine electrode samples, were first
charged and discharged at a C rate of 0.1 C (assuming a total capacity
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of 150 mA h/g) to form a solid—electrolyte interphase (SEI). All
cycles were conducted in the voltage range between 3 and 4.2 V. To
stabilize the SEI, they were cycled three more times at a 0.2 C rate.
Thereafter, the samples were cycled at 0.3 C, and their various states
were analyzed. The samples of the first cycle after the SEI formation
process were taken at SOCs of 0%, 50% (75 mA h/g), and 100% (150
mA h/g) when charging and at SOCs of 50% (75 mA h/g) and 0%
when discharging. All the abovementioned charge—discharge tests
were implemented using a galvanostatic cycler (Toscat 3000, Toyo
Systems). The cycled cells were then disassembled, rinsed with
dimethyl carbonate, and left for 12 h in a vacuum oven for further
characterization.

2.1.2. Polished Samples. Electrode preparation of the polished
samples was performed using 92.5 wt % cathode material (powder), 4
wt % Timcal Super C6S, 3.5 wt % PVDF (Solef), and 6.5 mg of NMP
as the solvent. The slurry was casted on an Al foil and dried at 80 °C
to obtain a mass loading of approximately 14 mAh/g. Next, the
samples with a diameter of 11 mm were punched out of the dried
electrodes, and the obtained samples were dried in a Biichi oven (107
mbar, 120 °C) prior to assembly. The batteries were assembled in an
argon-filled glovebox using Swagelok cells with two glass-fiber
separators (diameter of 11 mm, glass microfiber 691, VWR,
Germany), 60 uL of LPS7 (1 M LiPF in EC/EMC, 3:7 by weight,
<20 ppm H,O, BASF SE, Germany), and lithium as the counter
electrode (diameter of 11 mm, 99.9%, Rockwood Lithium, United
States). Five NCM622 (BASF SE, Germany) versus Li cells were
charged and discharged at 0.05 C (theoretical capacity of 180 mAh/g)
to SOCs of 100, 50, and 0%, corresponding to 180, 90 ,and 0 mAh/g
(3.0—4.3 V), respectively. After cycling, the cells were disassembled in
an argon-filled glovebox. To achieve smooth surfaces for the AFM
measurements, the NCM samples were polished. The NCM622 layer
remained attached to the Al current collector and was fixed between
two copper blocks using a clamp, as illustrated in Figure S1. This
setup ensured that a cross-section of the electrode was exposed. The
samples were embedded in epoxy resin (EpoFix), subsequently
ground, and polished with Al plates contacting the bottom. Figure S2
demonstrates the rate performance, capacity, and cycling efficiency of
NCM622.

Figure S3 summarizes the detailed conditions of all the samples
(unpolished and polished samples) used for the ESM measurements.
White circles show the measurements of the unpolished, cumulative
samples, whereas the black circles correspond to the experiments
performed with the polished samples.

2.2. AFM and X-Ray Analysis. For the ESM and C-AFM
measurements, the same cantilevers (EFM, NanoWorld AG, Switzer-
land) with a conductive Pt/Ir coating, a nominal force constant of 2.8
N/m, and a nominal resonance frequency of 75 kHz were used and
calibrated individually. Slow scanning speeds between 0.1 and 0.5 Hz
were chosen to ensure reliable tip—sample interaction. The amplitude
results were normalized with respect to the resonance peak Q-factor
and drive amplitude for each individual sample, and the corrected
amplitude is referred to as the “ESM amplitude” in the figures.

All the measurements of the unpolished cathode material were
obtained by employing a commercially available atomic force
microscope (Cypher ES model, Asylum Research, USA) at room
temperature in an ambient environment. For the ESM measurements,
the dual AC resonance tracking piezoresponse force microscopy
(DART-PFM) mode was used, which is equivalent to the DART-
ESM mode. DART-ESM mapping was conducted with a drive
amplitude of 2 V and a loading force of 50 nN. For each sample, at
least 10 different places were measured for the statistical analysis. The
scan size was kept at § X 5 um? the same as that for the scanning
electron microscopy (SEM) images (Figure S4).

For measuring the polished NCM material, a commercially
available atomic force microscope (Bruker, Santa Barbara, USA,
Dimension Icon Microscope) operating inside a glovebox (MBraun,
Stratham, USA, O, < 0.1 ppm, H,0 < 0.1 ppm) was used. On the
Bruker system, the contact resonance frequency (CRF) and amplitude
were tracked using a phase-locked loop (HF2LI, Zurich Instruments,
Switzerland). The applied drive amplitude and normal load were 4 V

https://doi.org/10.1021/acsaem.1c03173
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Figure 1. Topography (i) and ESM amplitude (ii) mappings of NCM622 electrodes as well as the corresponding histograms (iii) in (a) the pristine
state, (b) at 0% SOC, i.e, fully lithiated, after four SEI formation/stabilization cycles, (c) at 50% SOC, and (d) at 100% SOC, that is, fully
delithiated. While the topography does not show significant variations at different SOCs, the ESM amplitude varies significantly as a function of the

SOC, and this result is visible in the histograms.

and 56 nN, respectively. For each sample, multiple NCM particles
were analyzed. The CRF between the samples and tip was observed to
be between 300 and 390 kHz. Both the topographical and amplitude
signals were obtained simultaneously.

To investigate the electronic conductivity of the different samples,
the C-AFM mode was implemented using an ES dual gain cantilever
holder (ORCA, Asylum Research, USA) and an EFM cantilever with
a conductive Pt/Ir coating and a force constant of 2.8 N/m
(NanoWorld AG, Switzerland). All of the measurements were
performed with a controlled loading force of 55 nN with a bias of
1 V applied to the samples. At least five images of the current
distribution on the different regions were recorded for the statistical
analysis. For the C-AFM measurements performed on the polished
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samples, a DC bias of 4 V was applied to the sample. The cantilevers
used were CONTPt from Nanosensors (Switzerland) with a nominal
force constant of 0.2 N/m and a Pt/Ir coating. The average current
was calculated solely for areas that were identified as NCM particles in
the topography.

Time-resolved operando SXPD of the first NCM622/Li cycle
[samples (I-III)] was performed at beamline I11 (Diamond Light
Source, UK) using the position sensitive detector of the beamline.””
The energy of the X-ray beam was 25 keV, which corresponds to a
calibrated wavelength of 0.489951(10) A. The batteries were
mounted on an xyz-stage, and each cell was adjusted to the center
of diffraction. The cells were cycled at C/3 between 3.0 Vand 4.3 V at
room temperature. The 2D data were refined using the software

https://doi.org/10.1021/acsaem.1c03173
ACS Appl. Energy Mater. 2022, 5, 1731-1742
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Figure 2. Topography (i) and ESM amplitude (ii) mappings of NCM622 embedded in epoxy glue and polished as well as the corresponding
histograms (iii) of the ESM amplitude of marked NCM622 particles at different SOCs: (a) 0% SOC, (b) 50% SOC, and (c) 100% SOC, as
measured on the first discharge (see Figure S3 for the cycling history of the samples).

package Fullprof (26 range: 0—65°). Al (current collector) and Li
(counter electrode) showed preferential orientations; therefore, the
phases were included in the refinements using the Le Bail method.

NEXAFS measurements of Ni L, 3, Co L, 3, Mn L, 3, and O K of the
polished samples were carried out in fluorescence yield (FY)
detection mode at the Karlsruhe synchrotron light source KARA
(Germany). The photon energy resolution was set to 0.2—0.4 eV, and
energy calibration (using a NiO reference), dark current subtraction,
division by I, background subtraction, data normalization, and
absorption correction were performed.**>*

3. RESULTS AND DISCUSSION

The long-term performance of NCM622, which includes the
rate performance, capacity, and cycling efficiency, is shown in
Figure S2a. After 82 cycles, the cathode material shows a
capacity retention of 94%. The discharge capacity of the
second cycle is 182 mAh g™' with two dgq/dV peaks at
approximately 3.7 V (Figure S2b,c) upon charge (positive y-
axis) and discharge (negative y-axis). During cycling, Li ions
are reversibly deintercalated/intercalated from/into the
NCM622 host structure, while electrons are extracted/
inserted, which requires the material to have good electronic
and ionic conductivities at the same time.
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ESM is sensitive to the mobility of ionic charge carriers and
the number of mobile Li ions; therefore, this technique can
capture a more complete picture of the mobility of Li* in
NCM622.2°%**757 Figure 1 shows the topography as well as
the simultaneously recorded ESM amplitude signal of the
NCM622 electrodes at various SOCs. Note that these samples
contain a binder (PVDF) and conductive carbon (C65) and
have not been polished after electrochemical cycling; therefore,
the signal is composed of contributions from both the active
NCM material and the inactive matrix to the signal. A rather
high and homogeneous ESM amplitude signal is observed for
the pristine state before electrochemical cycling (Figure la). A
significantly lower ESM signal that shows an overall decay and
a more heterogeneous distribution is found with the increasing
SOC [measured after four initial cycles between 3 V and 4.2 V
in a graphitelINCM622 cell, that is, after the formation of the
cathode—electrolyte interphase (CEI)].>**” A detailed scheme
of the experimental procedure and nomenclature of the
samples as well as a correlation of the topography shown in
the AFM images with SEM images is presented in the
Supporting Information (Figures S3 and S4, respectively).
Figure 1 reveals that the signal mainly covers an NCM particle,
although it is evident that next to the NCM particle, clear ESM

https://doi.org/10.1021/acsaem.1c03173
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amplitude values arise from the supporting matrix. This signal
can be attributed to PVDF being piezoelectric and interfering
with the applied ESM bias.

To reveal the spatially resolved changes depending on the
SOC of only the NCM622 particles, polished electrode cross-
sections were probed on a larger scale (scan size of 20 X 20
pm?), as illustrated in Figure 2. Due to the polishing, a bare
NCM622 surface faces the AFM tip, allowing us to probe only
the active material.

Individual NCM particles embedded in the binder are
clearly identified and encircled for all SOCs. Such a
classification is especially based on the clear difference between
NCM and the surrounding matrix in the ESM amplitude signal
and is less obvious in the topography, validating a previous
study that observed a significantly weaker amplitude signal for
piezoelectric materials than that for ionic materials.*’

A very similar overall behavior to the cumulative NCM and
binder signal shown in Figure 1 is observed, proving that even
if the particles are embedded in a binder/conductive carbon
matrix, the observed trends can be associated with the active
material. The majority of the discharged NCM622 signals (0%
SOC) show a relatively high amplitude with a broad
distribution [Figure 2a(iii)]. The results in Figure 2 exhibit a
strong gradient in the ESM signal across the NCM622
particles, and boundary regions show much higher amplitudes
than the bulk material.

The high amplitudes are assumed to account for the overall
high Li concentration within the pristine/discharged samples,
while the broad width of the signal, as shown in the histogram,
implies a very inhomogeneous Li concentration within the
particles. However, in pristine or discharged NCM622 (x = 1
in Li,Niy (C0g,Mny,0,), hardly any Li vacancies are present,
which are needed for Li migration throughout the bulk
structure (hopping mechanism). Therefore, the Li diffusion
coeflicient is relatively small at low SOCs, which is proven by
the GITT measurements (Section 2, Supporting Information).

The migration of Li ions while applying an electric field
between the AFM tip and current collector is assumed to be
the origin of the ESM signal, but given the poor ionic
conductivity in the absence of Li vacancies, the observed high
signal is rather unexpected; notably, a clear correlation
between the amount of Li in the Me—O host structure and
the amplitude of the signal has been observed earlier’’ and is
discussed in more detail further. When charging (Figure 2b:
50% SOC and Figure 2c: 100% SOC), the amplitude
distributions narrow, and the maximum signal decreases.

Figure 3a shows the corrected ESM average amplitude of the
NCM622 samples as a function of the SOC. As a general trend,
the ESM signal decreases from the discharged state to the
charged state, that is, from a high overall Li content to a lower
overall Li content within the cathode material. At first glance,
this seems to support the correlation between the amount of Li
ions present and the ESM signal. Regarding the unpolished
cumulative active material and binder samples, the pristine,
fully lithiated material exhibits the highest ESM amplitude.
This value is not reached again after charging and discharging,
which is attributed to the formation of the CEI, accompanied
by a decreased amount of mobile or active Li ions due to either
the total amount of Li ions decreasing or a change in the
oxidation states (the electronic structure).”' ~**

Although a direct comparison between the obtained ESM
signal values for both samples is challenging due to the
uncalibrated variations in the tip—sample properties, the same
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Figure 3. (a) Average ESM amplitude as a function of the SOC when
charging and discharging both the pure NCM particles (blue) and
cumulative NCM with a supporting matrix (red). The gray arrows are
a guide for the eye, showing the decreasing or increasing ESM
amplitudes. A close-up of the fully lithiated (0% SOC) NCM622
particle (b) topography, (c) ESM amplitude response, and (d) CRF
and corresponding line scans.

effect might explain the overall lower ESM amplitude in the
case of the cycled electrodes (@—® in Figure 3). The pure
NCM values (I-III in Figure 3) exhibit the same trend;
however, a much stronger increase in the ESM signal is
observed from 50% SOC to 0% SOC (III—in Figure 3), albeit
with larger standard deviations than that with the initial 0%
SOC (I in Figure 3). This behavior is also reflected in the
histograms depicted in [Figures 1 and 2a(iii),b(iii) ], where the
range of the measured amplitude strongly decreases at these
SOCs. This observation indicates the already discussed highly
heterogeneous nature of the individual NCM particles.
Generally, comparing the cases between cumulative (D-® in
Figure 3) and pure NCM (I-III in Figure 3), significantly
higher standard deviations are observed on the cumulative
NCM. This can be attributed to two distinct regions with the
cumulative approach: hard active NCM particles and softer
binder material (Figure S4). As both materials exhibit different
individual ESM signals,40 a larger variation across full ESM
images can be expected compared to that with pure NCM
particles.

A close-up of an individual particle at 0% SOC is shown in
Figure 3b—d. Significant variations are detected inside the
typical particle within the topography as well as in the ESM
amplitude signal that are not directly related to each other. A
closer inspection of the line sections depicted in Figure 3
indicates that elevated areas correspond to higher ESM
amplitudes. Although the ESM signal is prone to be influenced
by the surface topography, a direct correlation between both
signals is not found, as indicated by the different shapes of the
respective line sections. This is in agreement with the earlier
observations of the cross-talk between the ESM signal and the
sample’s topography on a solid-state electrolyte.*
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Figure 4. Ni L,; edge (a,c) and O K edge (b,d) NEXAFS spectra of NCM622, measured in the discharged state (0% SOC) at SO mA h/g
(approximately 27% SOC), at 100 mA h/g (55% SOC), at 250 mA h/g (83% SOC), and in the charged state (100% SOC) using the TEY
detection mode (a and b) and the FY detection mode (c and d). The probing depth of the TEY mode is ~10 nm, while the probing depth of the

FY mode is a few hundreds of nanometers.

The cross-section measurements prove that the amplitude is
higher at the boundary than that inside the particles, which
confirms that the charge/discharge proceeds inhomogeneously
across the particles, as suggested earlier.*”*> However, lithium-
depleted regions were previously located at the boundary,
which would suggest that the ESM measurements are not
sensitive to the Li content because the highest amplitude is
observed at the boundary. Except for a region roughly in the
center of the particle where ESM shows a very low signal, the
particle exhibits fluctuating but rather high ESM values, as also
demonstrated in Figure 2a(i).

An important observation is made with respect to the CRF
shown in Figure 3d: close to the boundary of the particle with
the surrounding matrix, the CRF is slightly higher, indicating a
difference in the mechanical properties of the material, thereby
supporting a potentially different oxidation state of the
material.

Differences between the boundary and bulk chemistry of
NCMG622 are therefore investigated using NEXAFS spectros-
copy, which was performed in the surface-sensitive total
electron and the more bulk-sensitive fluorescence yield modes
(TEY and FY modes). Absorption correction of the FY data
was performed as described in refs 46 and 47, which allows the
comparison of the relative peak intensities of the TEY and FY
data. Please note that the absorption correction had minor
effects on the FY spectra due to the relatively high conductive
carbon content (molar ratio of carbon to the investigated
element in NCM622) in the composite electrode (see the
Experimental Section).

The observed peaks in the Ni L spectra (Figure 4a,c) can be
assigned to ionic Ni** (>96% Ni 3d® O 2p® and <4% Ni 3d° O
2p®, peaks marked with red triangles) and very covalent Ni**
(approximately 30% Ni 3d’” O 2p°® and 70% Ni 3d* O 2p°,
peaks marked with blue diamonds), as revealed earlier.””

In the discharged state, significantly more Ni** is present on
the surface (Figure 4a) than that in the bulk (Figure 4c). This
implies a gradient in the electronic properties from the outside
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to the inside with more ionic Ni** on the surface. With the
increasing SOC, the Ni** peaks decrease (red triangles), while
the peaks of very covalent Ni** (blue diamonds) increase
(Figure 4a,c). The electronic structure thus turns to a more
covalent structure, which is confirmed by the changes at the O
K edge.

With increasing covalence (Ni** configuration), the Ni—O
hybrid peaks at 529 eV and 530 eV increase (Figure 4b,d,
purple circles).”>*>** At the end of charging, the Ni**/Ni**
ratios of the TEY and FY data are nearly aligned with each
other, although the ratio decreases significantly upon charging
in both cases (Figure 4a,c).

The observed changes are the same at the boundary and in
the bulk: ionic Ni** reacts to give covalent Ni’t, forming Ni—O
hybrid states, as discussed in the prior report.”> However, in
the discharged state, much more Ni**, the redox active species
that enables the charge transport, is present at the boundary
than that in the bulk, which might explain the much higher
ESM amplitude at the boundary (Figure 2a, 0% SOC). This
gradient is also reflected in the observed CRF: as the bonding
becomes more covalent, a stiffer region is expected at the rim
of the particle, and thus, an increase in the CRF is found. With
the increasing SOC, more covalent Ni**, which forces the
charge carriers to stay localized, is formed, and the Ni*"
gradient from the boundary toward the bulk balances out.
This also agrees with the ESM results since the inhomogeneity
is significantly reduced at high SOCs and was found for NCA
(LiNip5Cog015Alp050,) as well.”*

The chemical properties of NCM622, that is, its electronic
structure, also correlate with the crystallographic changes, as
depicted in Figure S. The 003 and 101 reflections shifting in
opposite directions (Figure Sa) imply that anisotropic changes
occur in the crystallographic structure of NCM622 during
delithiation/lithiation. The a and b lattice parameters decrease
with an increasing SOC (Figure Sc), which is due to the
increasing covalence of the Me—O bonds.*”
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Figure S. Powder diffraction data of NCM622: (a) operando synchrotron powder diffraction data of NCM622 during the first charge/discharge
cycle, (b) the proposed Li migration mechanism in NCM622, and (c—e) changes in the g, b, and c lattice parameters and microstrain when

charging and discharging NCM622, respectively.

Li diffusion proceeds from octahedral sites to tetrahedral
sites in the Li layer (Figure Sb). The interstitial tetrahedral
sites in the Li layer, namely, the attractive interactions between
O and Li, determine the activation barrier of Li migration.32’48
The smaller the tetrahedra are, the larger the attractive
interactions between Li and O are, and thus, the higher the
activation barrier of the migration process is. The size of the
tetrahedra, in turn, is defined by the c lattice parameter, which
increases until approximately 90% SOC (Figure 5d) and then
drops at higher SOCs.*> This agrees with the oxidation/
reduction process; between 150 mA h g~' and the charged
state, the NEXAFS spectra hardly differ or even return,
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showing that there are other, probably irreversible reactions
occurring (Figure 5e).*”

While Li mobility is assumed to increase with the increasing
SOC due to the increasing c¢ lattice parameter, which is
confirmed by the increasing (Li) diffusion coefficient (Figure
S5d), the ESM amplitude decreases due to either the lower
amount of Li ions present or the changes in the electronic
structure (see the discussion about the NEXAFS data).

Moreover, the anisotropic lattice strain mainly observed in
the ¢ direction (Figure Se) increases with the increasing SOC
(in more detail, between 0 and 90% SOC), which implies a
more inhomogeneous Li distribution across the particles with a
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Figure 6. Topography (i) images of (a) the pristine sample and cumulative samples at (b) 0% SOC and (d) 100% SOC as well as the polished
samples at (c) 0% SOC and (e) 100% SOC. (ii) Respective C-AFM images of NCM622 with a bias of 1 V (pristine and cumulative samples) or 4

V (polished samples).

lower Li content (higher SOC), as observed previously.">*>*’

This contrasts with the ESM and NEXAFS findings, where the
discussed gradient balances out with an increasing SOC.
Between 90% and 100% SOC, the microstrain increases
significantly, as shown in Figure Se. Impedance spectroscopy
has shown that cathode materials run into blocking conditions
at these SOCs because no mobile charge carriers are present.*’
This is confirmed by the fact that at this point, the diffusion
coefficient drops (Figure S5c) and the Ni** content in the bulk
(i.e, the redox active sites in NCM622) is suppressed to zero
(Figure 4c).23’32’33

Given that the spatially resolved ESM measurements follow
the NEXAFS data, this is a strong indication toward the
conclusion that ESM is rather sensitive to the electronic
structure, that is, the mobility of charge carriers, and is less
likely to be directly affected by the Li distribution in electrodes.

To obtain more insights into the changes in the electronic
structure of NCM622, C-AFM was performed in addition to
ESM on the state-of-the-art (cumulative) electrode and the
polished samples, as illustrated in Figure 6. Figure 6a shows the
representative topography and C-AFM mappings of the
pristine NCM622 electrode. Moreover, the obtained top-
ography and C-AFM mappings at 0% SOC (fully lithiated) and
100% SOC (fully delithiated) are provided in Figure 6b—e for
comparison.

High current signals arise from the support matrix (binder
and conductive carbon), as shown in Figure 6a,b(ii), while the
signal of the active material is rather low. This is in agreement
with the previous studies where the conductivity of Super-P
and PVDF show larger conductivities than NCM,”">* despite
the fact that NCM, with its higher Ni content, might have even
higher ionic conductivity.”’ Moreover, it is known that the
electrode—electrolyte interphase is less electronically con-
ductive;>* thus, its presence in samples 2—6 might have
affected the conductivity of the particle surface. Even though
the amount of the binder and Super-P is only 5 wt %, the
regions where the support matrix is present drastically
contribute to the high conductivity of the cathode [Figure
6a,b,d(i),d(ii)], impressively demonstrating the importance of
homogeneously embedding NCM particles in the binder/
conductive carbon matrix to obtain good electronic and ionic
conductivities.
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To probe the C-AFM response on only the NCM622
particles, additional polished samples were analyzed, as shown
in Figure 6¢ce. A position in close vicinity to the current
collector was chosen to improve the electric connection to the
current collector. Although the obtained value is much lower
than that for the unpolished samples, possibly due to the epoxy
glue in which the electrode was embedded (Figure S1), a clear
current signal that stems from the NCM particles is observed
(Figure 6¢,e).

Figure 7a illustrates the average trends of the electrical
conductivities of NCM622 as a function of the SOC. A clear
relation between the SOC and average current by C-AFM is
observed for both samples, that is, including and excluding the
effects of the binder and Super-P.

With a decreasing SOC and an increasing degree of
lithiation, the average current in the measured areas increase.
Thus, it can be concluded that the electronic conductivity
decreases upon charging because the NCM particles become
more covalent. This argument agrees with the NEXAFS results.

Furthermore, larger parts of the NCM particles exhibit a
current signal in the fully lithiated (discharged) state (SOC
0%). With the decreasing Li content, the areas of high
electronic conductivity decrease. This observation is also
attributed to the changes in the electronic structure of the
material as a function of the SOC, as probed by NEXAFS
spectroscopy and discussed earlier in this article.

Importantly, the current signal within the NCM particles is
not uniform but reminiscent of the ESM results of ionic
conductivity, showing a more pronounced signal at the
boundary of the particle than that at the center. This
inhomogeneous distribution of electronic conductivity within
the individual particles additionally points to a strong
correlation between the electronic state and conductivity of
the material.

To rule out an experimental artifact, C-AFM and ESM were
conducted at identical positions of the polished sample at 0%
SOC, as shown in Figure 7b. The overlapping region is
indicated by a dashed red line.

Although the overall ESM and C-AFM signal distributions
within a single particle are similar, clear differences are found.
In particular, a difference is found at the boundary between the
particle and binder/conductive carbon matrix, where high
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Figure 7. (a) Plot of the average current with respect to the SOC.
The current was averaged over the whole image of the cumulative
samples of active material and the supporting matrix, whereas it was
averaged for the visible NCM particles in the case of the polished
samples. (b) Comparison between the ESM and C-AFM images of
the same area (marked with a slashed red line), where a(i) and a(ii)
are the simultaneously obtained topography and ESM images and b(i)
and b(ii) are the simultaneously obtained topography and C-AFM
images, respectively.

ESM values are found, while the C-AFM signal fluctuates.
Additionally, one of the particles [right-hand side in Figure
7a,b(ii)] shows a clear ESM response but appears to have
either lost its electronic connection or is indeed locally less
conductive. It can be concluded that in addition to the
inhomogeneous delithiation, as already discussed in the
literature,”>*>*>* the electronic conductivity varies strongly
within the samples. Both effects can be traced back to local

variations in the material composition, leading to deviations in
the Li-ion transport resistance and electronic state.

In summary, the C-AFM and NEXAFS results indicate a
stronger covalent bonding situation in the case of delithiated
(charged) NCM622, leading to the decreasing current and
Ni** content with the increasing SOC. Consequently, the ESM
amplitude and C-AFM values mainly respond to the local
oxidation state and bonding conditions of the Me—O host
structure, especially when the SOC is close to 100%. These key
observations and findings from all the discussed techniques are
summarized in Table 1.

This explanation is further supported when calculating the
Li-ion diffusion length based on the Li diffusion constant of
~10* nm* s for 100% SOC (Figure SS) and an applied AC
frequency, which is on the order of 320 kHz. As a result, a
movement of only ~0.05—0.06 nm is expected per alternating
field, which is far below the lattice constant of NCM; thus, the
typically applied Vegard strain mechanism of ESM is a minor
source of the amplitude signal in this system.

4. CONCLUSIONS

ESM and C-AFM were applied on state-of-the-art NCM622
electrodes, and spatially resolved studies were performed on
polished NCM622 surfaces. Furthermore, the SOC-dependent
chemical composition and crystallographic structure were
investigated using NEXAFS spectroscopy and powder
diffraction. With this correlative approach, it was demonstrated
that there was a gradient in the chemical composition and
electronic properties of NCM622 particles from the
boundaries toward the bulk, which was more pronounced in
the discharged state and balanced out when charging. While
the ESM signal was found to be proportional to the overall Li
content and thus to the SOC of the material, a closer
inspection revealed that the origin of the observed ESM
amplitude and the trends when charging and discharging can
be related to the electronic configuration of Ni, which
promoted or inhibited the charge transfer. Therefore, a direct
correlation between the ESM signal and the amount of Li ions
present in the structure was restricted.

In summary, this work contributes to the understanding of
the local electrochemical and electrical phenomena, the origin
of microscopic changes at different SOCs, and the interplay
between the electronic/ionic conductivities and crystallo-
graphic structures. These findings can point toward further
quantitative analysis of the ESM results, which will help design,
optimize, and improve electrodes for future Li-ion batteries by
improving the understanding of the chemical and physical
processes at multiple scales. The results can guide future

Table 1. Summative Observations

section

key findings

ESM ESM amplitude has a strong negative correlation with the NCM622 SOC, which is attributed to the changes in the local electronic structure of the

Me—O host and the resulting mobility of charge carriers.

NEXAFS  Ionic Ni** reacts to give Ni** upon charge (increase of the SOC in NCMs) while forming covalent bonds to its oxygen neighbors. This forces the
charge carriers to stay localized and reduces the ESM amplitude. The Ni**/Ni** gradient across the particle balances out with the increasing SOC.

XRD The a and b lattice parameters decrease with the increasing SOC, which is due to the increasing covalence of the Me—O bonds. The anisotropic lattice
strain mainly observed in the ¢ direction increases with the higher SOC, which implies a more inhomogeneous Li distribution across the particles with

a lower Li content, contrasting with the ESM results.
C-AFM

With a higher SOC, the average current in the measured areas of NCM622 reduces. The electronic conductivity decreases as the NCM particles

become more covalent. This observation agrees with the NEXAFS results.

Overall Although the Vegard strain is not the dominant mechanism for the observed ESM amplitude, ESM is successfully applied to study the system. As the
ESM signal is in accordance with the NEXAFS data but in contrast to the effect of the c-lattice parameter, ESM rather probes the Li-ion mobility than

the local Li distribution in the system.
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macro- and nanoscale engineering of Li-ion batteries and gas
sensors that require high precision and accuracy of the
electrochemical strain and delithiation/lithiation estimations.
Finally, the further comprehension and development of AFM
techniques will allow operando experiments to be performed
and “online” chemical reactions and changes in battery
properties to be studied.
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