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Abstract
Nickel- layered materials LiNi,.,Mn,Co,O, are promising candidates for high energy density
lithj attery cathodes. Unfortunately, they suffer from capacity fading upon cycling, especially

withh high voltage charging. It is critical to have mechanistic understanding of such fade. Herein,
sy -based techniques (including scattering, spectroscopy, and microcopy) and finite element
an e utilized to understand the LiNiy¢Mng,Coq,0, material from structural, chemical,

mogphd al, and mechanical points of view. The lattice structural changes are shown to be relatively
during cycling, even when 4.9V charging was applied. However, local disorder and strain
by high voltage charging. Nano-resolution 3D transmission X-ray microscopy data
machine learning methodology reveals that high-voltage charging induced significant
ate inhomogeneities in the cycled particles. Regions at the surface have rock-salt type
lower oxidation state and build up the impedance while regions with higher oxidization
state are scattered in the bulk and are likely deactivated during cycling. In addition, the development of
micro-cracks is highly dependent on the pristine state morphology and cycling conditions. Hollow
parficles seem to be more robust against stress-induced cracks than the solid ones, suggesting that
morphology engineering can be effective in mitigating the crack problem in these materials.

The ma ption of fossil energy and the associated environmental deterioration have led

to global concerns and called for renewable energy. Energy storage is a vital component in the

landscape of en;sV because it is the key part for all types of renewable energy, including solar,

<C
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wind, and geothermal energies. Lithium ion batteries (LIBs) are becoming more and more important

energy storage technology in consumer electronics and electric vehicles (EV).!*

T

Affordable stringent requirements on their power batteries, including high energy density,
high powe , 1ong cycle/calendar life, and low cost. The performance of batteries is closely

H I
related to €he properties of the cathode materials used. Layered LiNij..,Mn,Co,0, (NMC) material

emerges @tical cathode material due to its balanced good properties, including high
reversible capacity (~200 mAh/g)“’Sl and low cost compared to commonly used cathode material
LiCoOz.le'Slm\lMC families, materials with high Ni content (Ni-rich NMC) have become the
focus of the currefit research because of the improvement in the specific capacity.[a' S0 However,
Ni-rich NM ial is reported to suffer from relatively poor high-voltage stability compared to
compound wer Ni content.™**? Besides, significant capacity fading during cycling has been

observed im NMC.™! The EV application calls for battery solutions with emphasis on power

and en to deliver high accelerating power and long driving range, which demand the

capability of Itage operation. Therefore, it is very important to investigate the degradation

mechanism of Ni-rich NMC materials during high-voltage cycling.

The transi | elements Ni, Mn, and Co contribute to the performance of NMC in different
ways. Ni is @ ible to most of the charge compensation, Mn is highly related to the structural
integrity an al stability,“o' 4 while Co helps stabilizing layered structure.?® The dissolution
of tranﬁnto electrolyte has been revealed as an important factor contributing to material
degradatiofl during high-voltage cycling for Ni-rich NMC materials.” ¥ Dissolved transition metal

ions accelerate c;acity fading through formation of passivation layer on both cathode and anode

materia&ujes metal dissolution, other factors may also aggravate degradation. In our
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previous publications, it was shown that for LiCoO2 particles, charge-state heterogeneity can be

22231 For multi-element materials like NMC, the

generated through electrochemical cycling.
heteroghd be even more serious. The charge-state heterogeneity has been observed in
NMC333 was reported to be persistent even after the particle is fully relaxed.?¥
UnfortuHaiWheterogeneity in NMC particles upon high voltage cycling, especially for Ni-rich
NMC, has ngt b systematically studied. Furthermore, although the role of surface reconstruction
in Ni-rich uradation has been studied and reported in the literature,™ 2*?% the effects of
charge-stawgeneity on performance degradation of Ni-rich NMC materials have not been
thoroughl:ated and reported. Here, we report our experimental observation and try to

establish ons between inhomogeneity (chemical and morphological) and performance

fading of C622 material, especially at high-voltage charging condition.

In heterogm—\aterials, local oxidation states of transition metals can be significantly deviated

from t ge and the local electrochemical reactions can be quite different from the bulk

average. Thes mical “outliers” bring big challenges for characterization of heterogeneity since
they are usually small in the total population and sparse in the spatial distribution. The conventional
bulk averﬁd techniques are, therefore, not sensitive to these “outliers” as the bulk signal is
dominatedQnajority of the material. However, the effects of these “outliers” on performance

degradation be very important, sometime even critical. Experimental probes with sufficient

spatial res&tion and good chemical sensitivity are needed to reveal the effects of local “outliers” on

the mac“rformance.m] Such an approach also requires advanced computing methods to

efficiently ana!yzSIarge amount of experimental data sets and reduce its dimensionality in a

supervised, unsrfvised or hybrid manner.”® These techniques were utilized in this study.
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In this work, Ni-rich NMC material with composition of LiNiggMng,Coq,0, (NMC622) was chosen as a
representative.”” Samples with multiple cycle histories over different voltage windows (3V-4.4V, 3V-
4.6V anMNere studied. Although the lattice structural changes are relatively reversible and
the oxidati transition metals fully recovered after full charge- discharge cycles in the bulk
average,-simj\rge-state inhomogeneity, and morphological defects were observed with clear
charging-voltagepdependent behavior. Such inhomogeneity and the consequently induced micro-

cracks are to be responsible for the capacity fading during high-voltage charging. Through a

machine I%proach developed herein, we are able to identify and visualize the outliers in the

particles -voltage cycling history (over the voltage windows of 3V-4.6V and 3V-4.9V).

Visualizati spatial distribution of these outliers suggests that the more-reduced and more-

oxidized re!'ons coexist, showing the inhomogeneity of the high voltage cycled particles in oxidation

state. The n and evolution of these local outliers might be the origins for cycling induced
0

mechanical s is evident from the bulk X-ray powder diffraction (XRD) data), which eventually

triggered ation of micro-cracks in the cycled particles. Based on these results, a possible
mitigati is proposed and discussed.

2. Resul iscussion

Scanning e icroscopy (SEM) images (Figure S1) show that the pristine NMC622 secondary

particles a! in spherical shape with diameter around 10 um. Each secondary particle is composed of

nano-siw particles (~ hundreds of nm). Synchrotron XRD data indicates that the pristine

material hg layer structure with the symmetry described by the R3m space group (Figure

S2). By using Rietveld refinement, detailed structural information is extracted and shown in Table S1.

This article is protected by copyright. All rights reserved.
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Li atoms mostly occupy the 3a site (0, 0, 0), transition metals (Ni, Mn, and Co) mostly occupy the 3b
site (0, 0, 0.5), while oxygen atoms occupy the 6c site (0, 0, 0.241). There is around 2.6% cation
mixing I:Mnd transition metal (presumably Ni) according to the Rietveld refinement result.
To gain ins valence state of each transition metal element, X-ray absorption near edge
structure Ewere used and the results show that Ni is somewhere between divalent and

trivalent, Cos trixalent, and Mn is tetravalent (Figure S3) for the pristine sample.

The cathod ing NMC622 material was assembled into cells to test the electrochemical
performan ous cycling voltage windows. Charging the material to high voltage is a common

strategy to utilize ie high energy density potential of high-nickel-content materials. The cells were

cycled at a C/8 (about 0.11 mA/cm’ current density) to different charge cut-off voltages
(4.4v, 4.6 , respectively) but the same discharge cut-off voltage (3V). The charge-discharge
curves arem Figure 1a. The NMC622 material shows a typical sloping charge profile which
indicat i ution type reaction. The cycling performance is closely related to the charge cut-

off voltage. MC622 is cycled between 4.4V and 3V, it can deliver a capacity of around 175
mAh/g with excellent reversibility. When the charge voltage is increased to 4.6V, the delivered
capacity o!the first cycle can be as large as 200 mAh/g. However, it starts to show significant
capacity fa cycling. Increasing the charge voltage to 4.9V can further increase the capacity,
but it rapi eased from 225 mAh/g for the 1st cycle to only 180 mAh/g for the 30th cycle.
Furthermog, the over potential between charging and discharging processes is proportional to the

charge Mge, indicating the faster impedance growth at higher charge cut-off voltage. The

long-term cyc!m5erformance of NMC622 material is tested by cycling the cell between 2.8V and

<C
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4.5V with 1C charging and discharging current (~0.9 mA/cm?) at room temperature. The results are

shown in Figure S4 and are comparable to those reported in recent literatures.***!

i

Previously, acity fade was proposed to be caused mainly by the irreversible lattice structural
changes.®* , our ex-situ XRD results for NMC622 materials at different voltages show
H I

generally réyersible changes during all charge-discharge processes at different charge voltage limits
(Figure 1b®ll preserved XRD features indicate that the average lattice structure of NMC622

material is almiﬁi intact against deep delithiation, or high voltage charge. Even when NMC622 goes

through a cycle, all the peaks in the pristine XRD pattern were well recovered in the

discharged XRD ddta with no extra peaks observed. The pattern for sample at 5.2V charged state

(Figure S2b)gi ch alike that of the highly delithiated LiNiO,.*® Therefore, the accelerated
degradatio material performance through high voltage charge is unlikely due to the
irreversiblttice structural damages. However, a closer look at the XRD patterns reveals that
the pea ened for the cycled samples. This is clearly seen from the Williamson-Hall (W-H)

plot which is in Figure 1c. In the W-H plot, the full width at half maximum (FWHM) of the

Bragg peak is multiplied by cos® and plotted as a function of sinB. In this way, the strain of the
sample is iSicated by the slope of the extrapolated line and the size of coherent domain is indicated
by the inteQ of the line on the y axis.®” It clearly shows that cycling the NMC622 material

through hig tage charge induces larger strain in the structure. The build-up of the mechanical

strain is b!eved to be responsible for the development of cracks and charge heterogeneity inside
particle%her structural information was obtained through Rietveld refinement of XRD

results. Figure ows the dependence of lattice parameters of cycled NMC622 materials on the

charging voltage f it. Lattice parameter a decreases as the charging cut-off voltage increases while

This article is protected by copyright. All rights reserved.
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lattice parameter c increases. Previous in situ XRD results showed that lattice parameters are closely
related to the state-of-charge, or the Li content in NMC materials.%4! Generally, as the Li content
decreasMarameter a decreases and lattice parameter c increases. Smaller a parameter and
larger ¢ pa be associated with less Li content. Figure 1d indicates that NMC622 cannot
be fuIIyﬂtI!Mer multiple cycles. When a higher charging voltage is applied, less lithiation can

be achieveadischarging. This is an evidence of the loss of active Li caused by cycling. Atomic

displaceme eter (ADP), which is a measure of the structural disorder, was also fitted and the

ADP at trametal site is shown in Figure S5. It indicates that when a higher charging voltage is
applied, m tural disorder is induced in the cycled samples. Therefore, to understand the
NMC mat egradation mechanism upon cycling to high charge cut-off voltage, we need to
investigateshe relationship between the mechanical strain and chemical inhomogeneity at the

particle ley,

In additi hanges in the lattice structure as suggested by XRD patterns, the reaction of

different tra metal elements during high-voltage cycling is investigated using X-ray absorption
spectroscopy (XAS). Results of the XAS measurements on the pristine and cycled samples are shown

in Figure zs he X-ray absorption near edge structure (XANES) in Figure 2a shows that, after multiple
cycling, th oxidation state of Ni, Co, and Mn are mostly the same as those in the pristine
samples. Sgy, this is even true for the 4.9V-3V cycled samples. These results suggest that
there sho£ be no obvious oxygen release from the bulk when this material is charged to high

voItage.“ different from the Li-rich NMC in which oxygen release from the bulk is a serious

problem.”}l: In c05rast, the extended X-ray absorption fine structure (EXAFS) data, which is more

sensitiv&emical and structural changes, shows amplitude reduction for the metal-oxygen

This article is protected by copyright. All rights reserved.
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and metal-metal peaks. To gain better understanding on this observation, the EXAFS patterns (Figure
2b) are fitted against the layered lattice structure model. The results show that the Debye-Waller
factor, Mndicator of the local structural disorder, keeps increasing with rising charge cut-
off voltage i’s data (Figure 2c), while those of the Co and Mn show much less variation. This
indicategt)smmttice structure around Ni atom is likely to change more severely than that of Co
and Mn, suggesting that Ni is mainly responsible for the increased strain. Such mechanism clearly

tells us tha e detailed microscopic investigation of the sub-particle level spatial variation of

Ni’s oxidatWis needed.

As suggested by tRe detailed analysis of XRD and XAS data, an in-depth particle level microscopic
study with ical sensitivity is highly necessary. Although the primary particles are the

fundamen of the NMC622 material, the secondary particles are no less important from

practical pme since they are architectural building blocks of the electrode. In the secondary

particle ch as the grain boundaries and pores exist throughout the entire particle. Such
defects are c related to the build-up and evolution of the mechanical strain and chemical

heterogeneity."™ Therefore, synchrotron based nano-resolution spectro-microscopy study was

carried ouf@with a nominal spatial resolution at ~30 nm, to resolve the sub-particle structural and
chemical (QM] By coupling the energy scan with the full-field imaging method, we can
effectively early one million (1024 by 1024 pixels per field of view) spatially resolved XANES
spectra at !i K-edge over the course of ~15 minutes./* On the one hand, such spectro-microscopic

datasetMluable information for revealing the morphological and chemical characteristics

of secondary pa§les. On the other hand, the volume and the complexity of the dataset cause

challenges for E:Iysis and interpretation. In our previous works on LiCoO, material, machine

This article is protected by copyright. All rights reserved.
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learning approaches were proven to be effective in extracting key information from huge

datasets.” When prior knowledge of the anticipated chemical species in the system is available, a

supervisedk ine learning approach can be used to map out the spatial distribution of these
chemical s |_When unknown chemical species could exist, more sophisticated clustering

algorithﬁwsﬁnee o be implemented to conduct the search in an unsupervised manner.”

Ill

Unanticipated chemical “outliers” can be identified and mapped out, helping us to discover new

reaction pa mechanisms.**!

In this wom)rid supervised and unsupervised machine learning approach is developed to

identify and visuaie the chemical outliers in the NMC622 particles at the discharged state. These

NMC parti gone through 30 cycles over different voltage windows. As discussed above
(Figure 1a) ery that was cycled between 3V and 4.4V showed only negligible capacity fade,
suggestingfith e reactions occurred in this voltage window are of good reversibility. An
unsupe ine learning algorithm was implemented to conduct a clustering analysis of the

spectro-micro data over particles that were cycled between 3V and 4.4V. Figure 3 shows the
2D projection images of representative NMC622 particles that are categorized into different clusters.
As shown s the top row, two clusters (denoted 2# and 3#) were identified with distinctive
spectroscopi rprints for particles cycled between 3V and 4.4V (Figure S6). These two clusters
(2# and 3#) related with two different oxidation states of Ni with 2# as more reduced average

oxidation £te (average-) and 3# as more oxidized average oxidation state (average+). The random

distribuwveraga (3#) and average- (2#) within the secondary particle shows the charge

heterogeneity aESe particle level. Since Ni is mainly responsible for the charge compensation during

electrochemical :Iing, the heterogeneous distribution of Ni oxidation states indicates non-uniform

This article is protected by copyright. All rights reserved.
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Li distribution within the particle, which is in good agreement with previous reports in similar
systems.ml The clustering result is then used as the training dataset to facilitate a supervised
machinelerocedure to process the data from particles that were cycled more aggressively.
Spectra wi aracteristics to one of the two clusters (2# and 34, identified in the 3V-4.4V
cycled EarEare assigned to the corresponding group, while the ones that are sufficiently
different arg,labeled as chemical outliers. All the chemical outliers go through another round of
unsupervis ring, resulting in the separation of two groups, the more-reduced than average
(1#) and t}woxidized than average (4#) groups in Figure 3 (the corresponding spectroscopic

ﬁngerprint: found in Figure S6). More details regarding the hybrid supervised and
unsupervis ine learning approach can be found in the supplementary information (Figures

$7-59).

We obsermof the more-reduced and the more-oxidized domains in the particles that were

cycled i indows of 3V-4.6V and 3V-4.9V. While the more-reduced domains (1#) seem

mainly distrib t the surface of secondary particle, in contrast, the more-oxidized domains (4#)
are not confined to the surface but scattered inside the particle as isolated domains. It is worthwhile

to note thatlin the 3V-4.6V cycled particle, the amount of the more-oxidized domains is rather small

[

(~1%). To y uncertainties in the domain locations deduced from the 2D XANES mapping

0

results, 3D apping results are shown in Figure 4 for an arbitrarily selected particle that were

cycled betWeen 3V and 4.9V. Through comparison between 3D rendering of chemical domains’

M

spatial ief) (Figure 4a) and the corresponding virtual slices through the particle center

(Figures 4b an ), the more-reduced domains 1# (blue, also highlighted by black arrows) are

ut

indeed located the particle surface. In contrast, the more-oxidized domains 4# (yellow) are

This article is protected by copyright. All rights reserved.
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scattered all over the particle and are isolated from one another. The more-reduced domains 1# is
close to Ni** (as suggested by its spectroscopic finger print) and mainly appearing on the secondary
particlemto ~200 nm thick). A rather confined and concentrated distribution of cluster 1#
in a thin la rface is presented in the current observation (marked by color blue in Figure
4). Ther-ef(!mrigin could be attributed to the widely studied surface reconstruction in NMC
materials. paint out here that, due to the limitation in the spatial resolution of the x-ray spectro-
tomograph que, the conventionally defined “particle surface” with a thickness of a few
atomic Iaywt be resolved in our data. The over reduced local valence state of Ni within the

blue Iayer;4, however, suggests that there is a depth dependent pattern at the mesoscale,
i.e. the s

particle scale, where the region near the surface experiences more severe

undesired !ttice structure transformation from layered structure to NiO-like rocksalt phase.> 2%

This layer der diffusion pathways of the charge carriers and could impede the particle’s
contribution¥ t e cell level electrochemistry. In particles cycled between 3V-4.9V, larger
proportEe—reduced domains 1# are observed than that in particles cycled between 3V-
4.6V. It i t high voltage cycling would aggravate surface reconstruction. As for the more-

oxidized domains 4#, although the average of the sample is at discharged state, these local domains

seems to remain a{ more oxidized state and are not fully contributing to the capacity.® They are

very Iikerr electrochemically active during subsequent cycling. Deactivation of material
could b(ﬂirreversible local lattice structural changes, isolation from conducting network or
even segregation Of transition metal cations. Actually, similar disconnected grains are observed
inside othj cathode material particles and are reported to be partly responsible for the

capacity lol omparing the portion of more-oxidized domains 4# in particle cycled between

<C
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3V-4.6V and between 3V-4.9V, it can be clearly seen that more domains are deactivated with higher
cycling voltages. It could be caused by large mechanical strain induced by high voltage cycling and
the hugﬂvolume change of Ni-rich material when deeply delithiated.™ 3* %! |t’s been
reported lattice change induced by high voltage charging may cause irreversible

formatio-n F! intragranular dislocations and cracks.®® In fact, the more-oxidized domains 4# we

observed arg quite small and are very likely initiated by the intragranular cracks. It should be noted
that local i

lon may not be exclusively indicated by the regional more-oxidized domains 4# in

a dischargw. The deactivated parts could be in different oxidization states. Mapping out all

these regi e more in-depth analysis and will be carried out in future studies. Some parts of

the particl deactivated indicates nonuniform delithiation process occurs throughout the

secondary \garticles. High voltage cycling would intensify this heterogeneity and cause isolation of

more dommh eventually accelerate the capacity fading with cycling.

Moreo th pointing out that the blue domains (1#) do not cover the entire particle in

Figure 4, pos ue to non-uniform electronic contact and electrolyte wetting over the particle
surface. It has been reported that the electrolyte is a key player that critically affects the particle’s
surface chﬂistry.m' > The non-uniform development of the more-reduced domains 1# on particle

surface ca deterioration of the charge carriers’ diffusion pathway, which, in turn, could

further agg charge heterogeneity inside the particle leading to increased more-oxidized

domains 4!35 highlighted by the white circles. This is in good agreement with the observation in 2D

maps shMre 3.

With the aid of mShine learning approach, XANES mapping provide insights on the sub-particle level

chemic%\eity. Some unanticipated chemical species in the high voltage cycled particles are

This article is protected by copyright. All rights reserved.
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closely related to the surface reconstruction and local deformation. These defects have been

reported to cause morphology degradation including the formation of cracks.”! In

Figure 5, the
nano—reway tomographic images of four particles that have gone through different cycling
history are 3D rendering of the particles are shown in the left column with a few virtual
slices inthe Tadre. The right column of Figure 5 displays the void space within the corresponding
secondary particles. In both the pristine particle (Figure 5a) and the particle that was cycled between

3V and 4.4V 5b), only the central hole is observed, suggesting that no morphological defects

were dete€tedupdh cycling with relatively low charge cut-off voltage. More isolated void space is,

S

however, he particle cycled between 3V and 4.6V (Figure 5c). Further increment in the

U

charge cut age to 4.9V leads to the formation of even more morphological defects, which

visually apBear to be interconnected crack network (Figure 5d). Large fractions of pores expose

A

many new aterial surfaces to the liquid electrolyte and could induce the solid electrolyte

d

interphase {SE rmation inside of the secondary particle, which could in turn intensify the

heterogen cause further morphological degradation. These morphological defects interplay

Y

with th efects as discussed before, self-feed and synergistically accelerate the particle’s

degradation during high voltage cycling.

[

In addition eresting to point out that, for some particular NMC622 materials in this study, a

O

hole can b ved at the center of secondary particle regardless of the cycling history. This

feature colld be introduced during synthesis process intentionally by the manufacture to help

g

bufferi and deformation in order to mitigate capacity fading during electrochemical

t

(52]

cycling.” [t has n reported that grains in the interior of the particle are easily isolated from the

U

conducting netwoauk and deactivated therefore resulting in large capacity loss in the first few

A
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cycles.[47'48] The hole at the center of secondary particle may cause smaller packing density but might
be able to suppress capacity loss in the first few cycles. Such hollow design would also make the
particlestust against the crack formation and propagation. To verify this hypostasis, the
compariso ographic results between a densely packed and a hollow NMC622 secondary
particles-isrovmln Figure 6 (the particle with and without hole at the center was selected from
different sampleybatches using different synthesis procedures). It was observed that the closely

packed pa more severely damaged as it went through similar cycling history. Therefore,

impedanc%copic measurement was performed, and the results are shown in Figure 6¢. The

results cleg more rapid development of the impedance in the electrode made of particles
) g

without h esting the degradation of the integrity, which is likely caused by the severe

particle cragking (see Figure S10 for the virtual slices through the center of a cycled solid particle).

To undersm observed difference in the mechanical robustness between solid and hollow

NMC62 e employ finite element modeling (FEM) to investigate the chemo-mechanical

behavior of t As shown in Figure 7, theoretical models are built by aggregating polygonal
primary particles for both solid (without hole) and hollow NMC secondary particles. The mechanical
deformati(! caused by Li extraction induces a field of stress within the secondary particles and
facilitates t tion and propagation of intergranular cracks. Figure 7a shows the profiles of the
equivalent distribution in the particles upon the completion of charging. The solid NMC
secondary!article clearly experiences a higher stress in both tension (red color) and compression

(blue coWue hollow particle. The difference is attributed to two reasons. One is that the

empty space at the center of the hollow particle accommodates deformation and reduces the

internal stress. :he other reason is that the shorter diffusion length within the hollow particle

This article is protected by copyright. All rights reserved.
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leads to a more homogeneous Li distribution which further reduces the mismatch strain. Figure 7b

and c show the evolution of Li concentration and hoop stress along the radial direction of the solid

t

P

and hollow"N particles as a function of the normalized charging time Dt/R’, where R represents
the radius secondary particle. Upon delithiation, a gradient of Li concentration exists in
both pa’ci s. The outer shell has a lower Li concentration than the core regime. As a result, the
secondary partigle is subject to a tensile stress near the surface and a compressive stress at the

center. Be the additional free surface and a more homogeneous Li distribution, the

maximum gensife dtress in the hollow particle is nearly 50% lower than that in the solid counterpart.

S

This indica mechanical disintegration happens more likely in the solid NMC particle. The

U

empty spa e center of hollow secondary particle helps in buffering the stress causing the

disintegrati@n of particles during cycling. Previously, the enhancement of secondary particle integrity

)

was mostl d chemically such as surface coating and grain boundary protection.®*** The

d

coating layefs ates the cathode from electrolyte and, therefore, reduces solid-liquid interfacial
reaction, s es intergranular cracking and surface structure degradation. Though the hollow

structu

Y

completely prevent the cathode particle from contacting electrolyte, it helps to

reduce crack formation by releasing the mechanical stresses induced by cycling and, therefore,

T

decreasing the solid-liquid interfaces as well. Either mechanically or chemically, minimizing side

reaction bel athode material and electrolyte would better preserve the particle integrity

during cyc he deep de-lithiation state, one may expect that cracks propagate from the

surface towar bulk because of the tensile stress generated near the surface (see the hoop

th

stress profi ure 7c). However, other factors, for instance, the presence of initial defects, the

Ui

heterogen tact of NMC particles with the conductive network, liquid electrolyte infiltration,

A
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and surface reconstruction could all play certain roles in the crack formation and propagation.
Therefore, whether the cracking is formed first at the surface or in the bulk is a complicated
problemh to discuss this important issue in detail in another future work. These results
provide v rmation about the engineering design of the material synthesis: the
morpho’o%ﬁ!oe synthesized material (with or without hole at the center of the secondary

particles) is :Iso:ery important and a balance between the high packing density and the structural

integrity a

)

In this wos, EEe :\IMC622 cathode particles that were cycled extensively over different voltage

longed cycling, especially at high voltage charging is needed.

windows were studied. While the bulk averaged X-ray diffraction technique revealed that the overall
NMC'’s lat

ture changes are highly reversible, the elemental specific X-ray spectroscopy
suggest local structure around Ni cation is more severely disordered upon cycling to high
charge Ege. For better understanding of such effect, we conducted nano-resolution X-ray
spectro-microscopic study of the particles that have gone through different cycling history. We
developedhsupervised and unsupervised machine learning approach to identify and visualize
the chemirs in the NMC secondary particles. We observed that the more-reduced and
more-oxidiz ains coexist in the particle. These chemical outliers are attributed to different
unwan tions. The more-reduced domains are likely to be rock-salt structure and mostly

occur at !* sur!ace, building up the impedance. The more-oxidized domains occur in the bulk,

leading to local d@activation of isolated domains. We further investigate the 3D morphological

defects%secondary particles and proposed that the degree of particle cracking can be

This article is protected by copyright. All rights reserved.
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tuned by carefully engineering the as-made particle morphology. The work presented in this
manuscript offers valuable insights into the particle level degradation mechanism when cycled to
high chhf voltage, which is very important in both the fundamental and practical
perspectiv ine learning approach developed is also applicable to a wide range of research

fields wal yond Dbattery science.
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cycled over a voltage window of 3-4.9V. Panel a shows a 3D rendering of different domains, color
coded according 1@ the legend on the bottom of the figure. The non-transparent visualization in
panel “a”
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respectivelfl). The white circles in panels b and c highlight the isolated more-oxidized domains 4#
that scatter over the whole particle. The black arrows in panels a and ¢ point to the more-reduced
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