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1 | INTRODUCTION

The electrochemical performance of cathode materials in Li-ion batteries is
reflected in macroscopic observables such as the capacity, the voltage, and the
state of charge (SOC). However, the physical origin of performance parameters
are atomistic processes that scale up to a macroscopic picture. Thus, revealing
the function and failure of electrochemical devices requires a multiscale (and -
time) approach using spectroscopic and microscopic techniques. In this work, we
combine near-edge X-ray absorption fine structure spectroscopy (NEXAFS) to
determine the chemical binding state of transition metals in LiNij s Coy ,Mng ,0,
(NCM622), electrochemical strain microscopy to understand the Li-ion mobil-
ity in such materials, and nanoindentation to relate the mechanical properties
exhibited by the material to the chemical state and ion mobility. Strikingly, a clear
correlation between the chemical binding, the mechanical properties, and the
Li-ion mobility is found. Thereby, the significant relation of chemo-mechanical
properties of NCM622 on a local and global scale is clearly demonstrated.

KEYWORDS
atomic force microscopy (ESM), correlative spectroscopy and microscopy, hardness, nanoin-
dentation, NCM622, NEXAFS, Young’s Modulus

cations and reviews are available on these materials.!' 8!

Various spectroscopic and microscopic techniques have

Lithium transition metal oxides like NCMs (LiMeO, with
Me = Niy, Coy, Mn, and x+y+z = 1) are state-of-the-
art cathode materials in Lithium Ion Batteries (LIBs) and
because of their importance, numerous scientific publi-

been employed to unravel the chemical nature of the tran-
sition metals under different states of charge (SOC) as well
as to gain information about topographical variations. %3]
Near-edge X-ray absorption fine structure spectroscopy
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(NEXAFS) can be used to unravel the electronic structure
of the transition metal oxides if performed on edges allow-
ing core electrons to be excited into valence states (3d and
O 2p orbitals in case of NCMs) following dipole selection
rules.!'*"°] By investigating the oxidation state of the active
redox species (Ni in NCM622,[9]), as a function of the SOC
and its distribution between the core and the rim of par-
ticles, important information about the binding nature is
obtained. Variations in the electronic structure and thus
in the binding state, might in turn manifest in changes in
the local Li-ion diffusivity and mechanical properties of the
material. To shed light on these mutual dependencies is the
aim of this study.

Upon charging and discharging of the material detri-
mental processes such as surface morphology changes,
oxygen release, and transition metal dissolution are
observed.[”!7] Next to the local Li-ion mobility in cath-
ode materials, mechanical properties are also of significant
importance and need to be studied with high spatial
resolution, because cracking of NCM particles under elec-
trochemical conditions has been identified as a crucial
factor for their poor cycling stability.[lg] Nanoindentation
offers an approach to studying the mechanical stability of
NCM particles. Especially, the Zhao group has pioneered
the technique with respect to battery materials.!'"22 De
Vasconceloz et al. investigated NCM532 under wet and dry
conditions by nanoindentation and found no significant
differences between both conditions.['®] Thereby, it can
be concluded that the overall lower performance of NCM
cathode materials in contact with solid electrolytes over
liquid electrolytes is caused by the mechanical rigidity of
solid-state electrolytes. Xu et al. studied NCM532 as a func-
tion of the SOC and found a reduced Young’s Modulus and
Hardness with an increasing SOC.!?!

Electrodes in Li-ion batteries are not homogeneous since
they are a composite of the active material, conductive car-
bon, and binder, as schematically illustrated in Figure 1a.
As the active material undergoes severe changes upon
charge and discharge, mechanical properties are of the
same importance to understanding SOC-dependent func-
tions, especially as stress, volumetric expansion, deforma-
tion, and fraction occur between the active material and
the inactive support matrix upon electrochemical reac-
tions. Furthermore, the heterogeneous distribution of the
active material within the electrode might be prone to
cause variations in the electronic properties of the cath-
odes. This will lead to limitations in the kinetics upon
cycling and needs to be mapped out carefully to improve
the overall performance of the electrodes.

In this work, NCM622 is chosen as a model material
as it is well-characterized already and shows the highest
diffusivity among various NCM materials.”| The rela-
tion between the chemical binding state of the transition
metals revealed by NEXAFS, and the mechanical proper-
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FIGURE 1 (a)Depiction of the composite structure of

LiNi, ¢Co,,Mn,,0, (NCM622) with the active material (particles
depicted as blue spheres), conductive carbon (nanoparticles
depicted as dark grey spheres), and binder (PVDF) matrix in which
the active material and conductive carbon are embedded (red
background). The active material, conductive carbon, and binder
matrix are casted on an Al foil depicted in light grey at the bottom of
the picture. (b) Distribution of the chemical nature of Nickel in
(dis)charged and charged NCM622 particles. While charged
particles consist mainly of covalent Ni**, a significant gradient of
Ni?* at the rim of the particles to covalent Ni3* in the core of the
particles is found. On an individual particle basis, the physical
properties of layered oxides such as NCM622 change upon charge
and discharge because Li-ion and electron extraction lead to a
higher covalence of transition metal-oxygen bonds.

ties of the material investigated with nanoindentation and
correlative electrochemical strain microscopy (ESM) illus-
trate local Li-ion mobilities for the first time. The unique
combination of different techniques provides a holistic
characterization approach and demonstrates the strong
correlation between (electro)chemical and mechanical
behavior.

2 | EXPERIMENTAL PROCEDURE

2.1 | Electrode preparation

NCM622 was synthesized as described.!°! Electrodes were
prepared using 92.5 wt% cathode material (powder), 4 wt%
Timcal Super C65, 3.5 wt% PVDF (Solef), and 6.5 mg of
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NMP as processing solvent. The slurry was cast on an Al
foil and then dried overnight at 80°C. The obtained mass
loading was approximately 14 mAh/g. For electrochemical
cycling, samples with a diameter of 11 mm were punched
out of the electrode sheets. The samples were dried in a
Biichi oven (10~ mbar, 120°C) prior to cell assembly in
an argon-filled glovebox using Swagelok cells with two
glass-fiber separators (diameter of 11 mm, glass microfiber
691; VWR), 60 uL of LP57 (1 M LiPFy in EC:EMC), 3:7
by weight, < 20 ppm H,0, BASF SE) and lithium as the
counter electrode (diameter of 11 mm, 99.9%; Rockwood
Lithium).

2.2 | Atomic force microscopy

Five NCM622 (BASF SE) versus Li cells were charged and
discharged at 0.05C (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). To achieve smooth surfaces for
the atomic force microscopy (AFM) and nanoindentation
measurements, the NCM samples were mechanically pol-
ished. The NCM622 layer remained attached to the Al
current collector and was fixed between two steel blocks
using a clamp. This setup ensured that a cross-section
of the electrode was exposed. The samples were embed-
ded in epoxy resin (EpoFix), subsequently ground and
polished with Al plates contacting the bottom. ESM exper-
iments are obtained using a commercial atomic force
microscope (Dimension Icon; Bruker) operating inside a
glove box (MBraun). Cantilevers with a conductive Pt/Ir
coating, nominal force constant of about 3 N/m, and
nominal resonance frequency of 75 kHz (SCM-PIT-V2,
Bruker and ESM, NanoSensors) were employed and cal-
ibrated individually. Slow scanning speeds between 0.1
and 0.5 Hz were chosen to ensure reliable tip-sample
interaction. As the ESM results do not represent the core
findings described in this manuscript the interested reader
is referred tol?*! for further experimental details about the
ESM measurements.

2.3 | Near-edge X-ray absorption fine
structure spectroscopy

The electrodes were charged and discharged with C/20
at 25°C. Samples were taken in the charged state, at 50%
SOC, and in the discharged state. The cells were disas-
sembled in an argon-filled glovebox. All samples were
vacuum dried in a Biichi oven (10~ mbar, 25°C) prior to
the measurements without contact with air to avoid out-
gassing in the UHV chamber. An argon-filled transfer case
was used for the sample transfer from the glovebox to

the measuring chamber of the beamline. NEXAFS mea-
surements were performed at IQMT’s soft X-ray beamline
WERA at the Karlsruhe synchrotron light source KARA.
The photon-energy resolution in the spectra was set to 0.2-
0.4 eV. Energy calibration (using a NiO reference), dark
current subtraction, division by I;, background subtrac-
tion, data normalization, and absorption correction were
performed as described.?>2°] Data was collected in Fluo-
rescence Yield (FY) and Total Electron Yield (TEY) mode,
simultaneously. Absorption correction was performed as
described in.!*’!

2.4 | Nanoindentation

Indentation experiments have been performed employing
a Hysitron Triboindenter TI980 (Bruker) under ambient
conditions. A diamond indenter with a Berkovich tip shape
has been employed and calibrated prior to measurements
on fused quartz. Thereby, the reduced modulus (E,) and
the hardness (H) are obtained via stress-strain curves as
described in the main part of the manuscript following the
Oliver-Pharr method.!?’! The maximal applied load was
450 uN with 0.1 s for loading, holding, and unloading,
respectively for each of a total of 441 indents performed per
map.

3 | RESULTS AND DISCUSSION

NCM622 is a polycrystalline powder of 5-10 um big sec-
ondary, spherical particles that consist of 100-250 nm big,
single crystallites. The particles exhibit different gradients
of ionic Ni** and covalent Ni** between the outer rim
of the particles and the inner core in the discharged and
charged state, as depicted schematically in Figure 1b.[24]
NEXAFS has been employed to verify this aspect in detail
for NCM622 in the charged state, at 50% SOC, and in
the discharged state to correlate the obtained results with
mechanical and microscopic information. Therefore, data
was measured in total electron (TEY; sampling depth
of ~10 nm) and fluorescence yield mode (FY, sampling
depth of ~100s nm), simultaneously. The FY data is
self-absorption corrected.[?’] Figure 2 shows the NEX-
AFS spectra (Ni L edge) from the surface near regions
(TEY) and from the more bulk-like material (FY) for
a), discharged, b), 50% SOC, and c), charged NCM622
particles.

When focusing on the TEY spectra of discharged
NCM622 (blue dashed line, Figure 2a), pronounced Ni’*
peaks are observed at 853 and 871 eV (L3/L, edge), respec-
tively, while smaller peaks at 855.5 eV and 873 eV (Ls/L,
edge) correspond to a Ni** configuration. The assignment
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spectroscopy (NEXAFS) spectra (Ni L edge) of (a), charged

LiNi, ¢Coy,Mn,,0, (NCM622), (b), NCM622 at 50% state of charge

(SOC), and (c), discharged NCM622. The blue spectra are measured
in fluorescence yield (FY), and the red spectra in total electron yield
(TEY) mode.

of the peaks to individual transition metal configurations
is given in [?°]. While Ni?* is a very ionic configuration,
Ni** leads to holes in the p-band and thus to a very cova-
lent configuration.!">*’! In comparison, the FY spectra
exhibit rather similar peak intensities for both species as
depicted by the red curve in Figure 2a, while the Ni** con-
figuration is much more dominant in the TEY spectrum
(blue dotted line). Although self-absorption effects may
alter the spectra and cannot be completely eliminated with
corrections,!?2°] the differences in the spectral weight of
the Ni?* and Ni** peaks measured in TEY and FY mode
are significant. That the deviations are real can also be seen
comparing the spectra at higher SOCs: Upon charge, the
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------- TEY (Surface) FY (Bulk) TEY and the FY spectra assimilate and the initial gradient g

(a) NiZ*Ni** N Ni** levels off. If the differences in the TEY and FY spectra were %
_ , i due to self-absorption effects, the difference between the g
= TEY and FY spectra in Figure 2a—c would remain. In the %
%‘ bulk material as well as at the surface, the Ni2* peak dras- %
& M tically decreases from 0 to 100% SOC. This confirms that 5
= g the particles used in this study exhibit a Ni**/Ni3* gradient :
% with a highly ionic Ni?* at the rim when in the discharged H
E state and more covalently bound Ni** in the core of the par- H
o 8
z ticles, in agreement with earlier work.?*3°] This gradient :
: , : , disappears when the particles are charged to 100% SOC. g

(b) Advanced AFM is a powerful tool to investigate cath- &
3 ¢ & 50% soc ode materials since it simultaneously provides informa- g
% ; 3, tion about the morphology, nanoelectrical, and nanome- E
'§ chanical properties with high spatial resolution. ESM, g
2 an AFM-based technique, has been pioneered by Balke g
§ et al.l*'l and has been employed since then for different ]
'Té cathodel?#32-3] and anode materials,[3%37] as well as on 5
s solid-state electrolytes.[***?] Figure 3 shows ESM results ]
on the NCM622 particles employed in this study. g

(©) . L . H Figure 3a depicts the topography of an ensemble of sg
- NCM622 particles in the sample and reveals that the par- %
= arge ticles are partially connected to each other while others §j
= are more separated. Figure 3b shows the ESM Amplitude ":;’
= g
5 signal, being correlated to the local Li-ion mobility.**! In z
ﬁ both channels variations within individual particles are 2
N observed. However, in the ESM amplitude channel, vari- B
£ b ations between the outer part of the particles and the g
o / T . . i
z / inner part are more pronounced. Lushta et al. studied g
' ' ' ' the relation between the amplitude signal and the con- d

850 860 870 880 tact resonance frequency (CRF) in ESM and found that E
Energy [eV] the exact correlation indicates the predominant excitation 2

o mechanism.!**] However, the CRF also depends critically 5

FIGURE 2 Near-edge X-ray absorption fine structure :
1

3

3

:

g

g

£

2

9

i

H

§

5

g

g

H

3

8

2

8

g

g

g

:

8

on the tip-sample stiffness and hence, reacts very sensi-
tively to variations in the mechanical properties of the
sample such as hardness and modulus. Figure 3c illus-
trates the corresponding CRF image of the same position
as shown in Figure 3a,b. The CRF on NCM622 is increased
compared to the surrounding binder material. While indi-
vidual particles exhibit a heterogeneous distribution of the
CREF across the surface, the images also indicate that the
outside typically shows a tendency to larger CRFs at 0%
SOC. This observation implies a stiffer substrate at these
locations compared to reduced contact resonances, being
related to softer materials in the more central parts of
the particles. Therefore, the mechanical properties of the
NCM particles can be compared to the NEXAFS data that
show clear evidence for alterations in the electronic struc-
ture of NCM particles between their surface areas and the
bulk material as described earlier in this manuscript (cf.
Figure 2). Furthermore, NEXAFS revealed that the elec-
tronic structure variations are more severe between surface
and bulk structures for 0% SOC and weakest for 100% SOC.
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FIGURE 3

(a) Topography of an ensemble of LiNi, cCo,,Mn,,0, (NCM622) particles at 0% state of charge (SOC). (b) Simultaneously

recorded ESM Amplitude imaging, revealing the local Li-ion mobility within the particles. Yellow colors indicate high mobility while blue
color represents a low ESM amplitude. Clear variations are observed in individual particles. (c) Contact resonance frequency of the tip-sample

contact for the same position in (a) and (b). Variations in the stiffness of the material induce variations in the observed signal. Thereby, the

NCM particles can be clearly distinguished from the surrounding binder material. Although less clear than for the ESM Amplitude signal,
slightly higher contact resonance frequencies (red colors) are found at the outer parts of the particles.

Figure 4 illustrates the topography and CRFs at SOCs of
0%, 50% and 100%.

Single particles are identified in the topography images,
revealing similar height variations between 1 and 2 um. As
already shown in Figure 3c, the difference in CRF between
the NCM622 particle and surrounding medium allows us
to distinguish both materials at 0% SOC. However, this dis-
similarity decreases at 50% SOC and 100% SOC and the
CREF at the particle and binder material align. This obser-
vation implies that the entire NCM622 particle becomes

(a) 0% SOC (b)

-0.5
-1

Topography
(um]

304.45
. 9> 304.4
© o ~ 1304.35
t c % o
c Q ox 304.3
O g g '
o
304.25
FIGURE 4

contact resonance frequency at 0%, 50%, and 100%.

softer at higher SOCs. Furthermore, and in agreement with
the NEXAFS data (cf. Figure 2), the particles at 50% SOC
and at 100% SOC do not show such a clear heterogene-
ity within one particle as compared to those at 0% SOC.
Similarly, the Li-ion mobility is influenced as shown in an
earlier report on polished as well as unpolished NCM622
cathode materials.[?*] When combining both, NEXAFS
and AFM, it might be concluded that the changes in elec-
tronic structure and thus, chemical bonding states are
also reflected in the mechanical properties of the NCM

50% SOC (c) 100 % SOC

5 0 ‘
X [um] X [um]

(a-c) Topography at 0%, 50%, and 100% state of charge (SOC), respectively. (d-f) Corresponding simultaneously recorded
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(a) important parameters can be extracted: The hardness H of
dt:’rV:;' the sample, That is the resistance against deformation, is
= calculated as the maximal applied load Fy . divided by
= e 2 the contact area A. Please look at the given Equation (1)
w > z
E: g %, below:
S &
FN max
H=—— 1
= M
Time [s]
Additionally, the reduced modulus E, is calculated
(b) according to Equation (2), where S is the slope in the
__________ Pumec load—displacement curve when relaxing the load.
Z] s=aFn
:2 ] an E. = S\/7_7" _ Eindenter Esample (2)
g re T2 _ 2
91 2 2\/Z 1 Uindenter 1 Usample
& g
> 5 The elastic Modulus E;pgenter and Poisson ratio vi,genter
———— are 1141 GPa and 0.07, respectively.!?’! As the exact value
Depth h . . o
epth hinml for the Poisson ratio vgmple for the NCM material is not
FIGURE 5 (a)Depiction of the indentation experiment: At known, the conversion of E; to Young’s modulus is omit-

each position, the indenter tip is pressed on the substrate for a
defined time until the predefined maximum load is applied. After
holding it at this load the sample is unloaded. (b) Typical
load-displacement (Depth) curve from the experiment: The load is
increased until the predefined load is reached, and the
corresponding displacement of the tip is recorded.

particles. However, direct mechanical studies based on
AFM might be subject to errors due to the compliance of
the cantilever. Therefore, the AFM cantilever as well as the
sample surface might undergo deformations and both sig-
nals must be deconvoluted for reliable results. The same
effect makes fully quantitative experiments by AFM-based
methods challenging.

In Nanoindentation a fixed tip is pressed into the sample
that is not deflected itself and thus, the measured displace-
ment is a direct response of the sample.!?”**] To study the
mechanical configuration of individual NCM particles in
greater detail, nanoindentation has been performed on the
identical samples as have been used for NEXAFS and ESM
investigations.

As nanoindentation is not a standard technique for
the characterization of energy materials, Figure 5 illus-
trates the fundamental method. The indenter tip presses
against the sample while the load and the displacement
are recorded. Figure 5a shows the applied load as a func-
tion of time. The load acting on the sample is constantly
increased for 0.1 s until the maximum load of 450 uN is
reached. Then, the load is held for 0.1 s before the pressure
isrelaxed again in 0.1 s. When the load versus displacement
is depicted, typical load—displacement curves, or stress-
strain diagrams, as shown in Figure 5b are yielded and

ted. A value for vnom Of 0.3 has been assumed in the
literature for NCM(532).["%!

Indentations have been made in a 30 x 30 um grid of
NCM622 samples with a total of 441 indents. Figure 6a pro-
vides an image of the NCM622 particles at a SOC of 0%
recorded in the SPM mode of the nanoindenter, thereby
revealing the topography of the sample. The image is very
reminiscent of Figure 3a, obtained by AFM. Even small
residues with triangular shape, resembling the shape of
the indenter, are resolved on top of the NCM particles.
Such a morphology is also observed by AFM (cf. Figure 3a).
The difference in shape between AFM and nanoindenter
is due to very different tip sizes. While the small AFM
tip is capable of resolving the structure, the shape of the
large indenter tip is mirrored. However, it is clearly verified
that the indenter is also capable of revealing images with a
spatial resolution that allows to identify individual NCM
particles. Furthermore, the image depicted in Figure 6a
provides the basis to perform indentations every 1.5 um.
From the individual indents color maps of the reduced
modulus E, and hardness H are extracted and presented
in Figure 6b,c. An influence of the small particles on top of
the NCM particles is not discernible and thus, not expected
due to the dimensions of each indent.

Individual NCM particles can be identified based on the
distribution shown in Figure 6a. The particles exhibit an
increased E, and H compared to the positions between
them. Interestingly, pronounced variations at the rim of
NCM622 particles compared to their inner regions are
observed, both in E; and H. Compared to the Li-ion mobil-
ity investigated by ESM and CRF shown in Figure 3b,c
the similarity is striking. Additionally, it verifies the obser-
vation by the contact resonance frequency and indicates

B5UB9 |7 SUOLIWIOD dAIEaID a|qedldde au Aq peusenoh are sapie YO 95N Jo Sa|nJ 10y Akiqi 8uluQ AS|1A UO (SUO N IPUOD-PUE-SLUBI/WOY A3 1M Aeld 1 puluo//:sdiy) SUOIPUOD pUe SWLB | 8Y1 39S *[7202/2T/8T] Uo ARiqiauljuQ AB|IM ‘BIueD Yyoiessay HAWS Yd1ine wnnuszsbunyssiod Aq 2 T000EZ02 €S B/200T 0T/I0p/wod 8| 1M Areiq i puijuo-adoine-Ans iweyd//sdny wouy pepeojumoq ‘9 ‘4202 ‘LL658692



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Electrochemical Science Advances doi.org/10.1002/elsa.202300017

(a) Morphology (b)

Reduced Modulus (c)

X [um]

Hardness

30 0 5 10 15 20

X [um]

25 30

FIGURE 6 (a)Morphology of the area where the indentation experiment on LiNi, sCo,,Mn,,0, (NCM622) @ 0% state of charge (SOC)
was conducted afterwards. (b) Reduced Modulus map and (c) calculated Hardness map at the position shown in (a). A clear variation at the

rims of the particles is observed, exhibiting a higher reduced modulus as well as a higher hardness.

variations between the inner and outer regions of indi-
vidual particles. However, the differences are far more
pronounced in the quantitative nanoindentation experi-
ments than in the contact resonance frequency maps in
AFM, although AFM provides a higher spatial resolution.
This is probably related to the significantly larger inden-
tation depth in nanoindentation compared to the direct
tip-surface interaction in AFM. Furthermore, it seems that
the size of the individual NCM particles influences the
overall gradient, as the particles towards the lower right
and in the center of the region under investigation do not
exhibit such high values at their rim in comparison to the
larger particles on the top and left. However, it might be
that those particles show a slightly reduced E, at the rim as
well as in the middle of the particle and hence, still display
a gradient from the outside to the inside. Such a gradient is
also found in the NEXAFS experiment, although the infor-
mation depth for TEY showing the higher Ni>* content is
rather limited to the initial ~10 nm and hence, cannot be
quantified in the mechanical experiments. However, the
NEXAFS data clearly reveal a fading off the gradient as
a function of SOC. For 100% SOC the difference in the
electronic states between the bulk material and the sur-
face is vanished. To verify that the mechanical properties
of NCM622 are directly related to the electronic structure,
respectively the Ni oxidation state, mechanical properties
are also quantified as a function of SOC. Figure 7 displays
the reduced modulus of individual NCM622 particles at 0
%, 50 % and 100 % SOC.

Figure 7a is the same as in Figure 6b and shows the sit-
uation at 0% SOC. With increasing the SOC to 50% the
particles still exhibit a significantly increased E, compared
to the binder material, but do not show a distinct vari-
ation between the outside and the core of the particles.
Please note that the respective positions are not identical
between different images. At 100% SOC, no particles can

be identified based on their reduced modulus. That this
effect of reduced E, and more homogeneous distribution
across individual particles is indeed due to the particles
is confirmed by the E, values of the binder that remain
almost unchanged as a function of SOC. Table 1 provides
different statistical data and the exact values obtained
from the nanoindentation maps depicted in Figure 7. As
the NEXAFS data presented in Figure 2 also supports a
more homogeneous distribution between Ni?* and Ni**
within the charged NCM622, a close correlation between
the electronic structure of the cathode active material and
the mechanical properties is evident. Ni*, predominantly
located at the rim of the particles, exhibits an ionic nature,
while Ni** shows a more covalent character.!°]

The obtained hardness maps of the NCM622 at different
SOCs are shown in Figure 8.

In agreement with the observations made for E, the
hardness of the binder material is not changing as a func-
tion of SOC. Table 2 provides different statistical data and
the exact values obtained from the nanoindentation maps
depicted in Figure 7. However, the strong gradient at 0%
SOC within individual particles diminishes at 50% SOC
and no particles can be identified anymore at 100% SOC

TABLE 1 Summary of statistical values obtained from the data
shown in Figure 7. All values in [GPa].
Reduced modulus SOC 0% SOC 50% SOC 100%
Mean Value 55.99 37.66 23.70
Maximum 155.77 296.58 85.12
Minimum 7.25 4.26 4.69
Standard Deviation 33.92 26.07 11.85
75% Percentile 82.38 54.28 30.39
50% Percentile 52.66 32.77 21.25
25% Percentile 26.66 17.84 14.74
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(b)

X [um]

100% SOC

X [um]

Reduced Modulus

FIGURE 7 Color maps of the obtained E, for (a) 0% state of charge (SOC), (b) 50% SOC, and (c) 100% SOC. It is important to note that
the images are obtained from different regions of the respective samples. At 50% SOC, the pronounced differences between the rim and the
core of the particles diminish, but LiNi, ;Co, ,Mn,,0, (NCM622) still exhibits an increased E, compared to the binder material. At 100% SOC,

no particles can be identified from the reduced modulus map anymore.

5

X [um]

Hardness

FIGURE 8 Color maps of the obtained H for (a) 0% state of charge (SOC), (b) 50% SOC, and (c) 100% SOC. It is important to note that
the images are obtained from different regions of the respective samples. A severe gradient is observed within the LiNi, 4Co,,Mn, ,0,
(NCM622) particles at 0% SOC between the outside and the center. At 50% SOC, the pronounced differences diminish, but NCM622 still
exhibits an increased H compared to the binder material. At 100% SOC, no particles can be identified from the hardness map anymore.

as depicted in Figure 8c). This finding clearly supports the
interpretation of a more ionic species, namely Ni** at the
rim of NCM622 particles in the discharged state (0% SOC)
and more covalently bound Ni** towards the center of the
particles as well as a decrease of Ni** species with higher

TABLE 2 Summary of statistical values obtained from the data
shown in Figure 8. All values in [GPa].
Hardness SOC 0% SOC 50% SOC 100%
Mean Value 2.12 1.42 0.79
Maximum 9.77 5.15 3.68
Minimum 0.07 0.14 0.08
Standard Deviation 1.73 1.08 0.63
75% Percentile 2.99 1.98 1.01
50% Percentile 1.53 11 0.57
25% Percentile 0.78 0.52 0.34

SOCs (cf. Figure 1b). This is also verified by the NEX-
AFS results shown in Figure 2 as well as indicated by the
contact resonance frequency shift, observed in AFM-based
experiments (cf. Figure 4).

The obtained mean values for reduced modulus and
hardness are depicted in Figure 9 for the individual SOCs
and taken from the entire image, that is, NCM622 par-
ticles and surrounding binder. Thus, due to the gradient
found at 0% SOC (fully lithiated) and the clear difference
in mechanical properties between the binder material and
the NCM622 particles, the error bars are larger than for
100% SOC.

Interestingly, the differences in reduced modulus and
hardness between the different SOCs are severe, espe-
cially when considering that the binder does not change
its mechanical values and hence, the hardness and reduced
modulus for NCM622 at 0% SOC is rather underestimated.
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NN
o
Reduced Modulus [GPal

Hardness [GPa]
O =~ N W b

State of Charge

FIGURE 9 Summary of the found values for hardness and
reduced modulus for LiNi, 4 Co,,Mn,,0, (NCM622) particles and
surrounding binder material as a function of state of charge (SOC).
Error bars correspond to the standard deviation.

Clearly, such mechanical alterations must be considered
when discussing the formation of cracks upon charge and
discharge in a real battery, particularly since the matrix
does not behave accordingly.

Although the trend seems to indicate a linear rela-
tionship between Hardness/reduced modulus and SOC,
a closer inspection reveals that the drop is slightly over-
proportional between 0% and 50% compared to 50% and
100%. However, this trend is in clear accordance with
ESM data, representing the Li-ion mobility, as reported
by Jetybayeva et al. for the same NCM particles.[>*]
The decreasing hardness and reduced modulus with an
increasing SOC are concomitant with the decreasing ionic
character of the electronic structure of NCM622. Thus, a
correlation between electronic and mechanical properties
appears evident. Further experiments need to verify this
relation.

4 | CONCLUSION

For the first time, a close link between the electronic
structure of NCM622 and its mechanical behavior is
demonstrated in this work. Nanoindentation of NCM622
particles as a function of the state of charge clearly verifies
a strongly heterogeneous character at 0% SOC, exhibiting
a much higher hardness and increased reduced modulus
at the surface of the particles compared to the inner part.
ESM measurements of the same samples demonstrate that
also the Li-ion mobility is influenced in a similar way. This
observation might be attributed to the gradient in the elec-
tronic structure of the NCM622 from outer to inner parts of

the NCM particles as revealed with NEXAFS spectroscopy,
although the experimental length scales are not identical.
The relation is further supported by the behavior of differ-
ent SOCs, leading to rather homogeneous structures and
almost no differences in mechanical properties between
NCM622 and surrounding binders at high SOCs. NEXAFS
and AFM also reveal that the gradient between the inner
and the outer part of the particles levels off with an increas-
ing SOC. The correlative approach of microscopy (ESM,
Li-ion mobility), spectroscopy (NEXAFS, electronic struc-
ture), and indentation (Quantitative mechanical informa-
tion) represents a new diagnostic approach and will pave
the way to a more holistic picture of processes in energy
materials.
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