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Abstract

Nickel-rich layered materials LiNiixyMnxCoyO. are promising candidates for high energy
density lithium-ion battery cathodes. Unfortunately, they suffer from capacity fading upon
cycling, especially with high voltage charging. It is critical to have mechanistic understanding
of such fade. Herein, synchrotron-based techniques (including scattering, spectroscopy, and
microcopy) and finite element analysis were utilized to understand the LiNio.sMno.2C00.202
material from structural, chemical, morphological, and mechanical points of view. The lattice
structural changes are shown to be relatively reversible during cycling, even when 4.9V
charging was applied. However, local disorder and strain were induced by high voltage
charging. Nano-resolution 3D transmission X-ray microscopy data analyzed by machine
learning methodology reveals that high-voltage charging induced significant oxidation state
inhomogeneities in the cycled particles. Regions at the surface have rock-salt type structure
with 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 particles 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.

1. Introduction

The massive consumption 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 energy because it is the key part for all types of renewable energy, including
solar, wind, and geothermal energies. Lithium ion batteries (LIBs) are becoming more and more
important energy storage technology in consumer electronics and electric vehicles (EV).[1]
Affordable EVs put stringent requirements on their power batteries, including high energy
density, high power density, long cycle/calendar life, and low cost. The performance of batteries
is closely related to the properties of the cathode materials used. Layered LiNii-x.yMnxCoyO2
(NMC) material emerges as a practical cathode material due to its balanced good properties,
including high reversible capacity (~200 mAh/g)*>! and low cost compared to commonly used
cathode material LiC00,.[%8 Among NMC families, materials with high Ni content (Ni-rich
NMC) have become the focus of the current research because of the improvement in the specific
capacity.[® *1% However, Ni-rich NMC material is reported to suffer from relatively poor high-
voltage stability compared to compounds with lower Ni content.*'*2 Besides, significant
capacity fading during cycling has been observed in Ni-rich NMC.!*¥I The EV application calls
for battery solutions with emphasis on power and energy density to deliver high accelerating
power and long driving range, which demand the capability of high voltage operation.
Therefore, it is very important to investigate the degradation mechanism of Ni-rich NMC
materials during high-voltage cycling.

The transition metal elements Ni, Mn, and Co contribute to the performance of NMC in
different ways. Ni is responsible to most of the charge compensation, Mn is highly related to
the structural integrity and thermal stability,'® 4 while Co helps stabilizing layered
structure.!>%81 The dissolution of transition metal into electrolyte has been revealed as an
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important factor contributing to material degradation during high-voltage cycling for Ni-rich
NMC materials.> "2 Dissolved transition metal ions accelerate capacity fading through
formation of passivation layer on both cathode and anode material.?>?!l Besides metal
dissolution, other factors may also aggravate degradation. In our previous publications, it was
shown that for LiCoO2 particles, charge-state heterogeneity can be generated through
electrochemical cycling.[?22%l For multi-element materials like NMC, the heterogeneity could
be even more serious. The charge-state heterogeneity has been observed in NMC333 particle
and was reported to be persistent even after the particle is fully relaxed.[?*! Unfortunately, the
heterogeneity in NMC particles upon high voltage cycling, especially for Ni-rich NMC, has not
been systematically studied. Furthermore, although the role of surface reconstruction in Ni-rich
NMC degradation has been studied and reported in the literature,*? 25-261 the effects of charge-
state heterogeneity on performance degradation of Ni-rich NMC materials have not been
thoroughly investigated and reported. Here, we report our experimental observation and try to
establish connections between inhomogeneity (chemical and morphological) and performance
fading of NMC622 material, especially at high-voltage charging condition.

In heterogeneous materials, local oxidation states of transition metals can be significantly
deviated from the bulk average and the local electrochemical reactions can be quite different
from the bulk average. These chemical “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 averaged techniques are, therefore, not sensitive to these
“outliers” as the bulk signal is dominated by the majority of the material. However, the effects
of these “outliers” on performance degradation might be very important, sometime even critical.
Experimental probes with sufficient spatial resolution and good chemical sensitivity are needed
to reveal the effects of local “outliers” on the macroscopic performance.?”l Such an approach
also requires advanced computing methods to efficiently analyze large amount of experimental
data sets and reduce its dimensionality in a supervised, unsupervised or hybrid manner.[2%l
These techniques were utilized in this study.

In this work, Ni-rich NMC material with composition of LiNiosMno2C00202 (NMC622) was
chosen as a representative.*® Samples with multiple cycle histories over different voltage
windows (3V-4.4V, 3V-4.6V and 3V-4.9V) were studied. Although the lattice structural
changes are relatively reversible and the oxidation states of transition metals fully recovered
after full charge- discharge cycles in the bulk average, strain, charge-state inhomogeneity, and
morphological defects were observed with clear charging-voltage dependent behavior. Such
inhomogeneity and the consequently induced micro-cracks are believed to be responsible for
the capacity fading during high-voltage charging. Through a machine learning approach
developed herein, we are able to identify and visualize the outliers in the particles with high-
voltage cycling history (over the voltage windows of 3V-4.6V and 3V-4.9V). Visualization of
the spatial distribution of these outliers suggests that the more-reduced and more-oxidized
regions coexist, showing the inhomogeneity of the high voltage cycled particles in oxidation
state. The formation and evolution of these local outliers might be the origins for cycling
induced mechanical strain (as is evident from the bulk X-ray powder diffraction (XRD) data),
which eventually triggered the formation of micro-cracks in the cycled particles. Based on these
results, a possible mitigation strategy is proposed and discussed.

2. Results and Discussion

Scanning electron microscopy (SEM) images (Figure S1) show that the pristine NMC622
secondary particles are in spherical shape with diameter around 10 um. Each secondary particle
is composed of nano-sized primary particles (~ hundreds of nm). Synchrotron XRD data
indicates that the pristine material has a pure layer structure with the symmetry described by
the R3m space group (Figure S2). By using Rietveld refinement, detailed structural information
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is extracted and shown in Table S1. 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
6¢c site (0, 0, 0.241). There is around 2.6% cation mixing between Li and transition metal
(presumably Ni) according to the Rietveld refinement result. To gain insight into the valence
state of each transition metal element, X-ray absorption near edge structure (XANES) were
used and the results show that Ni is somewhere between divalent and trivalent, Co is trivalent,
and Mn is tetravalent (Figure S3) for the pristine sample.

The cathode using NMC622 material was assembled into cells to test the electrochemical
performance in various cycling voltage windows. Charging the material to high voltage is a
common strategy to utilize the high energy density potential of high-nickel-content materials.
The cells were cycled at a rate of C/8 (about 0.11 mA/cm? current density) to different charge
cut-off voltages (4.4V, 4.6V and 4.9V, respectively) but the same discharge cut-off voltage
(3V). The charge-discharge curves are shown in Figure 1a. The NMC622 material shows a
typical sloping charge profile which indicates a solid-solution type reaction. The cycling
performance is closely related to the charge cut-off voltage. When NMC622 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 of the first cycle can be as large
as 200 mAh/g. However, it starts to show significant capacity fade upon cycling. Increasing the
charge voltage to 4.9V can further increase the capacity, but it rapidly decreased from 225
mANh/g for the 1st cycle to only 180 mAh/g for the 30th cycle. Furthermore, the over potential
between charging and discharging processes is proportional to the charge cut-off voltage,
indicating the faster impedance growth at higher charge cut-off voltage. The long-term cycling
performance of NMC622 material is tested by cycling the cell between 2.8V and 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.0-3

Previously, such capacity fade was proposed to be caused mainly by the irreversible lattice
structural changes.[**2%1 However, our ex-situ XRD results for NMC622 materials at different
voltages show generally reversible changes during all charge-discharge processes at different
charge voltage limits (Figure 1b). The well preserved XRD features indicate that the average
lattice structure of NMC622 material is almost intact against deep delithiation, or high voltage
charge. Even when NMC622 goes through a 5.2V-3V cycle, all the peaks in the pristine XRD
pattern were well recovered in the discharged XRD data with no extra peaks observed. The
pattern for sample at 5.2V charged state (Figure S2b) is much alike that of the highly delithiated
LiNiO2.B%1 Therefore, the accelerated degradation of the material performance through high
voltage charge is unlikely due to the irreversible global lattice structural damages. However, a
closer look at the XRD patterns reveals that the peaks are broadened for the cycled samples.
This is clearly seen from the Williamson-Hall (W-H) plot which is shown in Figure 1c. In the
W-H plot, the full width at half maximum (FWHM) of the Bragg peak is multiplied by cos6
and plotted as a function of sinf. In this way, the strain of the sample is indicated by the slope
of the extrapolated line and the size of coherent domain is indicated by the interception of the
line on the y axis.*™) It clearly shows that cycling the NMC622 material through higher voltage
charge induces larger strain in the structure. The build-up of the mechanical strain is believed
to be responsible for the development of cracks and charge heterogeneity inside particles.[® 1*
381 Other structural information was obtained through Rietveld refinement of XRD results.
Figure 1d shows the dependence of lattice parameters of cycled NMC622 materials on the
charging voltage limit. Lattice parameter a decreases as the charging cut-off voltage increases
while lattice parameter ¢ 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.3®*1 Generally,
as the Li content decreases, lattice parameter a decreases and lattice parameter ¢ increases.
Smaller a parameter and larger ¢ parameter can be associated with less Li content. Figure 1d
indicates that NMC622 cannot be fully lithiated after multiple cycles. When a higher charging
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voltage is applied, less lithiation can be achieved during discharging. This is an evidence of the
loss of active Li caused by cycling. Atomic displacement parameter (ADP), which is a measure
of the structural disorder, was also fitted and the ADP at transition metal site is shown in Figure
S5. It indicates that when a higher charging voltage is applied, more structural disorder is

induced in the cycled samples. Therefore, to understand the NMC material’s degradation
mechanism upon cycling to high charge cut-off voltage, we need to investigate the relationship
between the mechanical strain and chemical inhomogeneity at the particle level.

In addition to the changes in the lattice structure as suggested by XRD patterns, the reaction of
different transition 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 2. The X-ray absorption near edge structure (XANES) in Figure
2a shows that, after multiple cycling, the average oxidation state of Ni, Co, and Mn are mostly
the same as those in the pristine samples. Surprisingly, this is even true for the 4.9V-3V cycled
samples. These results suggest that there should be no obvious oxygen release from the bulk
when this material is charged to high voltage. This is very different from the Li-rich NMC in
which oxygen release from the bulk is a serious problem.*? In contrast, the extended X-ray
absorption fine structure (EXAFS) data, which is more sensitive to local chemical and structural
changes, shows amplitude reduction for the metal-oxygen 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, which is an indicator of
the local structural disorder, keeps increasing with rising charge cut-off voltage for the Ni’s
data (Figure 2c), while those of the Co and Mn show much less variation. This indicates that
local lattice 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 that a more detailed microscopic investigation of the sub-particle level spatial variation of
Ni’s oxidation state is needed.

As suggested by the detailed analysis of XRD and XAS data, an in-depth particle level
microscopic study with chemical sensitivity is highly necessary. Although the primary particles
are the fundamental units of the NMC622 material, the secondary particles are no less important
from practical perspective since they are architectural building blocks of the electrode. In the
secondary particles, defects such as the grain boundaries and pores exist throughout the entire
particle. Such defects are closely related to the build-up and evolution of the mechanical strain
and chemical heterogeneity.1*®] Therefore, synchrotron based nano-resolution spectro-
microscopy study was carried out with a nominal spatial resolution at ~30 nm, to resolve the
sub-particle structural and chemical defects.** By coupling the energy scan with the full-field
imaging method, we can effectively collect nearly one million (1024 by 1024 pixels per field
of view) spatially resolved XANES spectra at Ni K-edge over the course of ~15 minutes.[**l On
the one hand, such spectro-microscopic dataset contains valuable information for revealing the
morphological and chemical characteristics of secondary particles. On the other hand, the
volume and the complexity of the dataset cause challenges for analysis and interpretation. In
our previous works on LiCoO. material, machine learning approaches were proven to be
effective in extracting key information from huge datasets.[?®l When prior knowledge of the
anticipated chemical species in the system is available, a supervised machine learning approach
can be used to map out the spatial distribution of these chemical species.[?81 When unknown
chemical species could exist, more sophisticated clustering algorithms need to be implemented
to conduct the search in an unsupervised manner.[! Unanticipated chemical “outliers” can be
identified and mapped out, helping us to discover new reaction paths and mechanisms.[?®!

In this work, a hybrid supervised and unsupervised machine learning approach is developed to
identify and visualize the chemical outliers in the NMC622 particles at the discharged state.
These NMC particles have gone through 30 cycles over different voltage windows. As
discussed above (Figure 1a), the battery that was cycled between 3V and 4.4V showed only
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negligible capacity fade, suggesting that the reactions occurred in this voltage window are of
good reversibility. An unsupervised machine learning algorithm was implemented to conduct a
clustering analysis of the spectro-microscopic 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 in the top row, two clusters (denoted 2# and
3#) were identified with distinctive spectroscopic fingerprints for particles cycled between 3V
and 4.4V (Figure S6). These two clusters (2# and 3#) are correlated with two different oxidation
states of Ni with 2# as more reduced average oxidation state (average-) and 3# as more oxidized
average oxidation state (average+). The random distribution of the average+ (3#) and average-
(2#) within the secondary particle shows the charge heterogeneity at the particle level. Since Ni
is mainly responsible for the charge compensation during electrochemical cycling, the
heterogeneous distribution of Ni oxidation states indicates non-uniform Li distribution within
the particle, which is in good agreement with previous reports in similar systems.l?*! The
clustering result is then used as the training dataset to facilitate a supervised machine learning
procedure to process the data from particles that were cycled more aggressively. Spectra with
similar characteristics to one of the two clusters (2# and 3#, identified in the 3V-4.4V cycled
particles) are assigned to the corresponding group, while the ones that are sufficiently different
are labeled as chemical outliers. All the chemical outliers go through another round of
unsupervised clustering, resulting in the separation of two groups, the more-reduced than
average (1#) and the more-oxidized than average (4#) groups in Figure 3 (the corresponding
spectroscopic fingerprints can be found in Figure S6). More details regarding the hybrid
supervised and unsupervised machine learning approach can be found in the supplementary
information (Figures S7-S9).

We observed both of the more-reduced and the more-oxidized domains in the particles that
were cycled in voltage windows of 3V-4.6V and 3V-4.9V. While the more-reduced domains
(1#) seem mainly distributed at 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 that in the 3V-4.6V cycled particle, the amount of the more-oxidized
domains is rather small (~1%). To avoid any uncertainties in the domain locations deduced
from the 2D XANES mapping results, 3D XANES mapping 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’ spatial distribution (Figure 4a) and the
corresponding virtual slices through the particle center (Figures 4b and 4c), the more-reduced
domains 1# (blue, also highlighted by black arrows) are indeed located on the particle surface.
In contrast, the more-oxidized domains 4# (yellow) are 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 particle surface (up to ~200
nm thick). A rather confined and concentrated distribution of cluster 1# in a thin layer on the
surface is presented in the current observation (marked by color blue in Figure 4). Therefore,
its origin could be attributed to the widely studied surface reconstruction in NMC materials.
We point out here that, due to the limitation in the spatial resolution of the x-ray spectro-
tomography technique, the conventionally defined “particle surface” with a thickness of a few
atomic layers cannot be resolved in our data. The over reduced local valence state of Ni within
the blue layer in Figure 4, however, suggests that there is a depth dependent pattern at the
mesoscale, i.e. the secondary particle scale, where the region near the surface experiences more
severe undesired lattice structure transformation from layered structure to NiO-like rocksalt
phase.l*? 25281 This layer could hinder diffusion pathways of the charge carriers and could
impede the particle’s contribution to the cell level electrochemistry. In particles cycled between
3V-4.9V, larger proportions of more-reduced domains 1# are observed than that in particles
cycled between 3V-4.6V. It implies that high voltage cycling would aggravate surface
reconstruction. As for the more-oxidized domains 4#, although the average of the sample is at
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discharged state, these local domains seems to remain at more oxidized state and are not fully
contributing to the capacity.!®! They are very likely no longer electrochemically active during
subsequent cycling. Deactivation of material could be caused by irreversible local lattice
structural changes, isolation from conducting network or even segregation of transition metal
cations. Actually, similar disconnected grains are observed inside other Ni-rich cathode
material particles and are reported to be partly responsible for the capacity loss.[*”#81 Comparing
the portion of more-oxidized domains 4# in particle cycled between 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 huge unit
cell volume change of Ni-rich material when deeply delithiated.[*> %6 491 |t’s been reported that
severe lattice change induced by high voltage charging may cause irreversible formation of
intragranular dislocations and cracks.[® In fact, the more-oxidized domains 4# we observed are
quite small and are very likely initiated by the intragranular cracks. It should be noted that local
deactivation may not be exclusively indicated by the regional more-oxidized domains 4# in a
discharged particle. The deactivated parts could be in different oxidization states. Mapping out
all these regions require more in-depth analysis and will be carried out in future studies. Some
parts of the particle being deactivated indicates nonuniform delithiation process occurs
throughout the secondary particles. High voltage cycling would intensify this heterogeneity and
cause isolation of more domains, which eventually accelerate the capacity fading with cycling.
Moreover, it is worth pointing out that the blue domains (1#) do not cover the entire particle in
Figure 4, possibly due 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 chemistry.[?® 51 The non-uniform development of the more-reduced domains
1# on particle surface causes the deterioration of the charge carriers’ diffusion pathway, which,
in turn, could further aggravate charge heterogeneity inside the particle leading to increased
more-oxidized domains 4# as highlighted by the white circles. This is in good agreement with
the observation in 2D maps shown in Figure 3.

With the aid of machine learning approach, XANES mapping provide insights on the sub-
particle level chemical heterogeneity. Some unanticipated chemical species in the high voltage
cycled particles are 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-resolution X-ray tomographic images of four particles that
have gone through different cycling history are shown. The 3D rendering of the particles are
shown in the left column with a few virtual slices in the middle. 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 (Figure 5b), only the
central hole is observed, suggesting that no morphological defects were detected upon cycling
with relatively low charge cut-off voltage. More isolated void space is, however, seen in the
particle cycled between 3V and 4.6V (Figure 5c). Further increment in the charge cut-off
voltage to 4.9V leads to the formation of even more morphological defects, which visually
appear to be interconnected crack network (Figure 5d). Large fractions of pores expose many
new fresh material surfaces to the liquid electrolyte and could induce the solid electrolyte
interphase (SEI) formation inside of the secondary particle, which could in turn intensify the
heterogeneity and cause further morphological degradation. These morphological defects
interplay with the chemical defects as discussed before, self-feed and synergistically accelerate
the particle’s degradation during high voltage cycling.

In addition, it is interesting to point out that, for some particular NMC622 materials in this study,
a hole can be observed at the center of secondary particle regardless of the cycling history. This
feature could be introduced during synthesis process intentionally by the manufacture to help
buffering the strain and deformation in order to mitigate capacity fading during electrochemical
cycling.[®? It has been reported that grains in the interior of the particle are easily isolated from
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the conducting network and deactivated therefore resulting in large capacity loss in the first few
cycles.[78 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 particles more robust against the crack formation and propagation. To verify this
hypostasis, the comparison of the tomographic results between a densely packed and a hollow
NMC622 secondary particles is shown in Figure 6 (the particle with and without hole at the
center was selected from different sample batches using different synthesis procedures). It was
observed that the closely packed particle is more severely damaged as it went through similar
cycling history. Therefore, impedance spectroscopic measurement was performed, and the
results are shown in Figure 6c. The results clearly show more rapid development of the
impedance in the electrode made of particles without holes, suggesting the degradation of the
integrity, which is likely caused by the severe particle cracking (see Figure S10 for the virtual
slices through the center of a cycled solid particle).

To understand the observed difference in the mechanical robustness between solid and hollow
NMC622 particles, we employ finite element modeling (FEM) to investigate the chemo-
mechanical behavior of them. 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 deformation caused by Li extraction induces a field of stress within the
secondary particles and facilitates the initiation and propagation of intergranular cracks. Figure
7a shows the profiles of the equivalent stress distribution in the particles upon the completion
of charging. The solid NMC secondary particle clearly experiences a higher stress in both
tension (red color) and compression (blue color) than the 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.®®l The other reason is that the
shorter diffusion length within the hollow particle 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 and hollow NMC particles
as a function of the normalized charging time Dt/R?, where R represents the radius of the NMC
secondary particle. Upon delithiation, a gradient of Li concentration exists in both particles.
The outer shell has a lower Li concentration than the core regime. As a result, the secondary
particle is subject to a tensile stress near the surface and a compressive stress at the center.
Because of the additional free surface and a more homogeneous Li distribution, the maximum
tensile stress in the hollow particle is nearly 50% lower than that in the solid counterpart. This
indicates that mechanical disintegration happens more likely in the solid NMC particle. The
empty space at the center of hollow secondary particle helps in buffering the stress causing the
disintegration of particles during cycling. Previously, the enhancement of secondary particle
integrity was mostly achieved chemically such as surface coating and grain boundary
protection.5%° The coating layer separates the cathode from electrolyte and, therefore, reduces
solid-liquid interfacial reaction, suppresses intergranular cracking and surface structure
degradation. Though the hollow structure could not completely prevent the cathode particle
from contacting electrolyte, it helps to reduce crack formation by releasing the mechanical
stresses induced by cycling and, therefore, decreasing the solid-liquid interfaces as well. Either
mechanically or chemically, minimizing side reaction between cathode material and electrolyte
would better preserve the particle integrity during cycling. At the deep de-lithiation state, one
may expect that cracks propagate from the surface toward the bulk because of the tensile stress
generated near the surface (see the hoop stress profiles in Figure 7¢). However, other factors,
for instance, the presence of initial defects, the heterogeneous contact of NMC particles with
the conductive network, liquid electrolyte infiltration, 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 problem. We hope to discuss this important
issue in detail in another future work. These results provide valuable information about the

8



engineering design of the material synthesis: the morphology of the synthesized material (with
or without hole at the center of the secondary particles) is also very important and a balance
between the high packing density and the structural integrity against prolonged cycling,
especially at high voltage charging is needed.

3. Conclusion

In this work, the NMC622 cathode particles that were cycled extensively over different voltage
windows were studied. While the bulk averaged X-ray diffraction technique revealed that the
overall NMC’s lattice structure changes are highly reversible, the elemental specific X-ray
spectroscopy suggested that the local structure around Ni cation is more severely disordered
upon cycling to high charge cut-off voltage. 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 developed a hybrid supervised and unsupervised machine
learning approach to identify and visualize the chemical outliers in the NMC secondary
particles. We observed that the more-reduced and more-oxidized domains coexist in the particle.
These chemical outliers are attributed to different unwanted side reactions. The more-reduced
domains are likely to be rock-salt structure and mostly occur at the surface, building up the
impedance. The more-oxidized domains occur in the bulk, leading to local deactivation of
isolated domains. We further investigate the 3D morphological defects within the secondary
particles and proposed that the degree of particle cracking can be 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 charge cut-off
voltage, which is very important in both the fundamental and practical perspective. The
machine learning approach developed is also applicable to a wide range of research fields well
beyond battery science.
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Figure 1. (a) Electrochemical cycling at various voltage windows, (b) ex situ XRD of NMC622
at discharged state after cycling in different voltage windows, (c) the Williamson-Hall plot of
the various cycled samples and (d) lattice parameters of NMC622 cycled with different
charging cut-off voltage from Rietveld refinement.
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Figure 3. Two-dimensional mapping of mesoscale SOC heterogeneity in NMC secondary
particles that were cycled over different voltage windows. In additional to the anticipated
reduced and oxidized domains (2# and 3#), the machine learning approach developed in this
work identified two types of the chemical outliers in the particles cycled between 3-4.6 V and
3-4.9 V. While the more-reduced domains 1# mostly occur on the particle surface, the more-
oxidized domains (4#) randomly distribute in the particle. The transmission images of the whole
particles are shown in the right column. The area percentage of each cluster is shown in the
corresponding inset. The scale bar in the upper left panel is 5 um and is applicable to all panels.
The color scheme represents the amount of X-ray attenuation at the corresponding pixels.
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Figure 4. Three-dimensional distribution of the SOC within an NMC secondary particle that
was cycled over a voltage window of 3-4.9V. Panel a shows a 3D rendering of different domains,
color coded according to the legend on the bottom of the figure. The non-transparent
visualization in panel “a” highlights the chemical complexity over the surface of the secondary
particle. Panels b and c are virtual slices over the center of the particle in different orientations
(in yz and xy plane, respectively). The white circles in panels b and ¢ highlight the isolated
more-oxidized domains 4# that scatter over the whole particle. The black arrows in panels a
and c point to the more-reduced domains 1#, which appear on the particle surface.
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Figure 5. The evolution of the particle morphology upon cycling over different voltage
windows. The left column is 3D renderings of the secondary particle structure. The middle
columns are the virtual slices through different depth of the particle. The right column is the 3D
rendering of the void volume (in blue) within the secondary particles. All the particles are about
8-10 microns in diameter.
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Experimental details

Sample sources and preparation: The hollow NMC622 samples used in this study were
manufactured by Ecpro company. The solid NMC622 samples were synthesized by ourselves
through a co-precipitation method which has been described before in details. The composite
cathodes were prepared by spreading the slurry (N-Methyl-2-pyrrolidone as the solvent)
containing active materials (NMC, 90 wt.%), acetylene carbon (5 wt.%) and polyvinylidene
difluoride (PVdF, 5 wt.%) as the binder and casting it on carbon-coated aluminum foils. The
electrodes were then dried overnight at 120 °C in a vacuum oven and transferred into an Ar
filled glove box for future use. The active mass loadings for the electrodes were 4.5 mg/cm?.
CR2032 coin cells were assembled in an Ar-filled glovebox (02<0.5 ppm, H.0<0.5 ppm) using
the composite cathode, lithium foil (MTI) anode with thickness of 250 um, Celgard 2500 as the
separator and electrolyte made of 1M LiPF6 dissolved in ethylene carbonate (EC) and ethyl
methyl carbonate (EMC) (1:2 in volume) with 2 wt.% vinylene carbonate (VC) as additive. All
coin cells were cycled at at a rate of C/8 (corresponding to a current density of 0.11 mA/cm?)
at 23 °C. For the long term cycling performance test, same coin cells were assembled with
controlled amount of electrolyte (100 puL) and cycled at a rate of 1C (corresponding to a current
density of 0.9 mA/cm?).

ex-situ X-ray spectro-microscopic measurements: We conducted the measurements of the
NMC electrode particles using the transmission X-ray microscope installed at beamline 6-2C
of Stanford Synchrotron Radiation Light Source (SSRL) of the SLAC National Accelerator
Laboratory. The NMC particles were scratched off the aluminum current collector and were
loaded into quartz capillary of 10-microns wall thickness and 100-microns diameter. Steady
and slow helium flow was applied to ensure that samples were not exposed to air during the
measurement. The nominal spatial resolution of our setup is at 30 nm. More details of the
synchrotron beamline configuration and the concept of TXM spectro-microscopy can be found
elsewhere.[!! In the 2D spectro-microscopic scan, the energy of the incident X-rays is scanned
from 8200 eV to 8600 eV with 107 energy points recorded. Over the region near the Ni K edge
(8323 eV to 8394 eV), we choose the energy step at 1 eV to ensure sufficient energy resolution.
The pre-edge and post edge regions were scanned with energy steps of 10 eV to cover a
relatively wide energy window for normalization of the spectra. While the total amount of time
needed for such a scan is about 15 minutes. In our spectro-tomographic scan, we collected
tomographic data at 39 energy points. The particles were rotated at 1-degree step to ensure the
quality of the angular sampling. An iterative tomographic reconstruction algorithm (known as
algebraic reconstruction technique, ART) was used to further enhance the signal to noise ratio
in the final reconstructed slices. The imaging data reduction and analysis were performed using
an in-house developed software package known as TXM-Wizard.[!

X-ray absorption spectroscopy (XAS) measurements: The measurements were performed at
7BM beamline of the National Synchrotron Light Source 11 (NSLS 1) at Brookhaven National
Laboratory (BNL) in the transmission mode. The X-ray absorption near edge structure
(XANES) and Extended X-ray absorption fine structure (EXAFS) spectra were processed using
the Athena software package.’!l The AUTOBK code was used to normalize the absorption
coefficient, and separate the EXAFS signal, y(k), from the isolate atom-absorption background.
The extracted EXAFS signal, y(k), was weighted by k3 to emphasize the high-energy
oscillations and then Fourier-transformed in a k range from 3.0 to 12 A-1 to analyze the data in
R space.

X-ray diffraction (XRD) measurements: The XRD data were collected at the 28-1D-2 beamline
of NSLS Il using X-ray radiation with an energy of 66.7 keV (A =10.18597 A). A large area 2D
PerkinElmer detector (2048x%2048 pixels, 200x200 mm2 pixel size) was mounted orthogonal
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to the beam path at 1598 mm down-stream of the sample. The raw 2D data was integrated into
1D intensity versus 26 profiles by using the program FIT2D."! Detailed analysis on the structure
was carried out by Rietveld refinement using the program TOPAS.E!
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Computational method details

We performed finite element modeling (FEM) to understand the mechanical failure of NMC
particles during Li reactions. The models were built by aggregating polygonal primary particles
whose size, shape, and grain orientations are generated randomly using the VVoronoi tessellation.
The In the hollow particle, the inner radius is chosen one third of the outer radius. The surface
of NMC particles is subject to a Li outflux and its magnitude is calculated from a galvanostatic
charging rate of C/8. The kinetics of Li diffusion in NMC particles follows the Fick’s law,
dC/dt = DV2C, where C and D are the Li concentration and Li diffusivity in NMC,
respectively. Li diffusivity is set as D = 1 x 107> m?/s and the initial Li concentration
Cmax = 20110 mol/m3 is calculate from the specific capacity of 175 mAh/g for NMC622
cycled at a rate of C/8 and between the voltage window 3-4.4V. In the simulation of stress
distribution, the anisotropic deformation of NMC has been considered. The mechanical strain
associated with Li extraction is assumed to be proportional to Li concentration and its
magnitude is determined by a prior study.!® According to the Bragg peak shifting in in-situ
XRD scanning experiments, the lattice change during the charge from 3V to 4.4V is —2.1%
(shrink) in a-axis (b-axis) and 0.7% (expansion) in c-axis, respectively. The stress field is solved
within the framework of elasticity theory under a 2D plane-strain condition. The mechanical
properties for NMC622 are selected as follows: Young’s modulus E = 140 GPa and Poisson’s

. ) ) f3
ratio v = 0.3. The equivalent stress is defined by g, = > SijSij where s;;represents the

deviatoric stress. In the calculation of Li concentration and hoop stress, the anisotropic
deformation of NMC is neglected for a better quantitative argument. Finite element software
COMSOL 5.3 is used to solve the co-evolution of Li concentration and mechanical stresses in
NMC particles.!’]
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Figure S1. SE'I\f/Image of pristine NMC622 secondary particles.
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Table 1 Rietveld refinement result of pristine NMC622 material.

space group: R3m

a=2.9535(1) A
b =2.9535(1) A

c=14.6398(3) A

a=p=90°

y = 120°

atom X Y z occupancy | Beq [A?]
Li 0 0 0 0.974(1) | 0.63(12)
Ni 0 0 0 0.026(1) | 0.63(12)
Ni 0 0 05 0574(1) | 0.33(1)
Mn 0 0 05 0.2 0.33(1)
Co 0 0 0.5 0.2 0.33(1)
0 0 0 0.2410(1) 1 0.72(3)
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Figure S3. XAS spectra of pristine NMC622 material at Ni, Mn and Co K-edge in comparison
with corresponding standard materials.
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Figure S6. The cluster centroid spectra. Clusters 2# and 3# are anticipated chemical species
found by clustering data from particles cycled between 3V and 4.4V. Clusters 1# and 4# are
both chemical outliers found in the particles that were cycled more aggressively. Cluster 1# is
more reduced compared to clusters 2#. Cluster 4# is more-oxidized (see the standard spectra in
Figure S7). The signal to noise ratios of clusters 1# and 4# are not as good as that of the clusters
2# and 3# due to the fact that fewer pixels are associated with them.
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The machine learning approach for identifying the chemical outliers in the nano-resolution
spectro-microscopic data is described below in detail. As shown in the reference spectra in
Figure S7, the change in Ni’s valence state from 2+ to 3+ is accompanied by significant changes
in the height of the white line in the XANES spectrum, while the shift in the edge energy is not
very obvious. In order to improve the clustering algorithm’s sensitivity, we choose the intensity
in the normalized spectrum within energy range of [8325 eV, 8394 eV] as features. We first
calculated the square of the intensities, which effectively weight the features by their
corresponding intensities and further enhance the contrast between different spectroscopic
features.

Normalized yu (a.u.)

Energy (eV)
Figure S7. Standard reference spectra of Ni* and Ni*".

After the data preparation steps described above, we conduct unsupervised clustering of the
data corresponding to particles that were cycled over a voltage window of (3V-4.4V). Two
distinct clusters (clusters 2# and 3# in Figure 3) were identified. Their spatial distributions and
the corresponding centroid spectrums are used to guide the next steps. After that, we investigate
the data from particles that were cycled over voltage windows of (3V-4.6V) and (3V-4.9V) by
comparing them against the clusters identified in the previous step. We calculate the similarity
between the target spectrum and the clusters’ centroid signatures. If there is sufficient similarity,
the target spectrum is assigned to the corresponding cluster. If a data point is not sufficiently
similar to either clusters, it is labeled as an outlier. In the similarity evaluation, two times of
the standard deviation of the original clusters (2# and 3#) are used as the threshold to catalogue
the new data points. The process is repeated until all spectra have been assigned. After that, the
data points labeled as outliers are used for another round of clustering, which classifies the
outliers into two groups. The workflow is illustrated in Figure S8. The pseudo code is shown
in Figure S9 as well.
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Training data: Data from particles cycled between 3V and 4.4V
Target data: Data from particles cycled between 3V and 4.6V/4.9V

data I e
[-
2 clusters of K-migans | . Qutliers in the
outliers clustering | target data
Figure S8. Workflow of the hybrid supervised and unsupervised machine learning approach
developed in this work.
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Algorithm: spectra similarity to outlier

Input: Centroid spectra of two clusters C={C,, Cz}, Spectra
over 4.6V and 4.9V S={S\, Sa, ..., Su}, Threshold 0
Output: Outliers O={}
for Si € Sdo
CS1 = calculate similanty{C1, Si)
CS: = calculate similanity(Cs, Sj)
CSm= lTlEiX{CSI. CSE]
if CSp == ) then
Cm = reshape(Cu, Si)
else
O —0USs;
end if
end for
return O

ral = R AR ATl bl

[EE—

Figure S9. The pseudo code of the developed algorithm.

We have implemented in our program several clustering algorithms including K-Means,®!
Single-Pass,®! Gaussian Mixture Model,[*®! and DBSCAN.!* For this study, we report the
result of K-Means clustering. The K-Means clustering algorithm scales well to large dataset,
which is important for the presented case study as a huge number of spatially resolved spectra
are acquired within short time frame in a full-field spectro-microscopic experiment.

The K-Means algorithm clusters data by trying to separate samples in k groups, minimizing a
criterion known as the inertia or within-cluster sum-of-squares. This algorithm requires the
number of clusters (k) to be specified. In this work, we determine the value of k using the
Calinski-Harabasz (CH) score.[*? We try values of k from 1 to 5 and repeat k-means clustering
several times at each k-value to avoid locally optimal solutions. By computing the CH score for
each k-value, we find that k-means clustering works best when k=4. According to the clustering
result, we find that there are two clusters containing too few elements (less than 0.5%).
Additionally, the spatial distribution of those elements on the image is very much scattered and
the noise level of those elements are too large. As a result, we consider them as meaningless
outliers and remove them from the data set. After that, we set k=2 and perform k-means
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clustering again on the remaining data , obtaining two clusters as final clustering result in the
evaluation of the training dataset.

When calculating the similarity of each spectra and each cluster, we computed the Euclidean
metric between the spectra and cluster centroid, using the reciprocal of metric as the
similarity.[*® If the similarity between spectra and cluster is higher than a threshold (determined
by two times of the standard deviation of the original clusters (2# and 3#)), they are assigned
to the same group. The centroid spectra of all the four clusters are shown in Figure S6.
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Figure S10. Three dimensional visualization of the severe cracks developed in a densely packed
NMC622 secondary particle.
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Significant oxidation state inhomogeneities induced by high-voltage charging are revealed for
Ni-rich Li ion battery cathode material by the machine learning methdology data analysis of
nano-resolution 3D transmission X-ray microscopy. Formation and propagation of micro-
cracks are proven to be dependent on morphology of secondary particles and cycling conditions.
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