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Abstract: Understanding how reaction heterogeneity impacts cathode materials during Li-ion battery (LIB) electro-
chemical cycling is pivotal for unraveling their electrochemical performance. Yet, experimentally verifying these
reactions has proven to be a challenge. To address this, we employed scanning μ-XRD computed tomography to
scrutinize Ni-rich layered LiNi0.6Co0.2Mn0.2O2 (NCM622) and Li-rich layered Li[Li0.2Ni0.2Mn0.6]O2 (LLNMO). By
harnessing machine learning (ML) techniques, we scrutinized an extensive dataset of μ-XRD patterns, about
100,000 patterns per slice, to unveil the spatial distribution of crystalline structure and microstrain. Our experimental
findings unequivocally reveal the distinct behavior of these materials. NCM622 exhibits structural degradation and lattice
strain intricately linked to the size of secondary particles. Smaller particles and the surface of larger particles in contact
with the carbon/binder matrix experience intensified structural fatigue after long-term cycling. Conversely, both the
surface and bulk of LLNMO particles endure severe strain-induced structural degradation during high-voltage cycling,
resulting in significant voltage decay and capacity fade. This work holds the potential to fine-tune the microstructure of
advanced layered materials and manipulate composite electrode construction in order to enhance the performance of
LIBs and beyond.

Introduction

In recent years, Li-ion batteries (LIBs) have sparked a
revolution in the realm of portable electronics, driving the
advancement of electric vehicles (EVs), facilitating the
integration of renewable energy sources, and providing
reliable portable power solutions across diverse
industries.[1–5] The composite positive electrode used in LIBs
consists of numerous electrochemically active crystallites
embedded within a conductive carbon and binder matrix.[6,7]

The microstructure of the composite cathode plays a crucial
role in determining the performance of LIBs by influencing
electronic and ionic transport properties, as well as chem-
ical-mechanical behaviors.[8–10] Extensive research efforts
have been dedicated to investigating the fatigue behaviors of
active cathode materials,[11–13] including particle cracks,[14,15]

disintegration,[16,17] and (de)activation.[18,19] Unfortunately, a
limited number of studies have thoroughly clarified the
structural degradation of cathode materials when interacting
with a carbon/binder matrix due to the inherent challenge in
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acquiring the spatial distribution of particle and carbon/
binder phases.[20–22]

Indeed, the significance of fatigue behaviors occurring at
the interphase between the cathode material and the
conductive agent, as well as within relatively small particles,
becomes apparent when considering the release or reception
of electrons from the cathode materials and their traversal
through the carbon conductive network.[23,24] Previous re-
search has indicated the presence of local heterogeneity
within the electrode,[4,25–27] including variations in individual
particle reaction kinetics[28,29] and the uneven distribution of
transition-metal (TM) ions in terms of their chemical
composition and valence state.[3,30–32] Nowadays, synchro-
tron-based X-ray tomography is widely adopted to achieve
precise, reliable, and efficient visualization of composite
electrodes. This method enables three-dimensional imaging
of electrode materials at both the electrode[33,34] and particle
levels[35,36] under operating conditions. The combination of
synchrotron-based transmission X-ray microscopy (TXM)
and X-ray absorption near-edge structure (XANES)
imaging[37,38] offers crucial insights into the local chemistry of
LIBs. For instance, Jiang et al.[39] effectively utilized a
combination of TXM and phase contrast tomography,
augmented by machine learning, to visualize the evolution
and gain insight into the electrochemical interactions
between battery particles and the conductive matrix. How-
ever, relying solely on the TXM method limits the analysis
to morphological features of the materials, without the
ability to further examine local phase variations.[40–42]

Although Transmission Electron Microscopy (TEM) is
proficient in probing the crystallographic structure of
cathode materials, its limited field of view restricts observa-
tion to very thin regions of the sample. Moreover, the
interaction of high-energy electron beams with samples can
induce electron beam radiation damage, leading to the
destruction of sample structure.[43]

Recently, there has been a deployment of micro-focused
beam scanning X-ray diffraction (μ-XRD) computed tomog-
raphy (CT) to delve into the structural heterogeneity within
electrode materials during operation.[38,44] However, such
experiments, which involve extended periods of maintaining
a specific voltage (not representative of real operational
conditions) and necessitate spatially resolved X-ray diffrac-
tion signals, are time-consuming due to the need for sample
rotation during raster scanning. μ-XRD CT typically yields a
substantial amount of imaging data, with over 10,000 μ-
XRD patterns per slice, posing challenges for traditional
methods to handle effectively. Machine learning, on the
other hand, offers a promising approach to efficiently
identify and categorize specific structures within images. By
swiftly and accurately pinpointing valuable areas, machine
learning facilitates the extraction of meaningful features
from complex datasets, enhancing our ability to compre-
hend, articulate, and streamline crucial information within
imaging data. Additionally, prior research has indicated
minimal changes in both the crystallographic structure and
electrochemical capacity of electrode materials after just a
single cycle.[11,13,45] Hence, delving into the structural hetero-

geneity of fatigued composite electrodes after prolonged
cycling holds more significance.

Herein, the high sensitivity and high spatial resolution of
X-ray diffraction computed tomography (XRD-CT) is
harnessed to investigate the localized structural degradation
of two specific materials: Ni-rich layered LiNi0.6Co0.2Mn0.2O2

(NCM622) and Li-rich layered Li[Li0.2Ni0.2Mn0.6]O2

(LLNMO). The μ-XRD pattern allows for the reconstruc-
tion of the phase mapping of active particles and carbon/
binder based on their distinct reflection positions. Recon-
structing and visualizing the layered particles in conjunction
with the carbon/binder allows for tracing the spatial
heterogeneity of the local crystalline structure across the
entirety of secondary particles. To ensure comprehensive
statistical representation, a combination of unsupervised and
supervised learning methods is employed to categorize the
carbon/binder, layered, and spinel phases within a series of
μ-XRD tomographic slices of powder materials. The
statistical analysis, aided by machine learning, reveals that
the degradation of NCM622 is significantly related to the
size of secondary particles and whether they come into
contact with carbon/binder. On the contrary, after
100 cycles, a pronounced increase in the unit-cell volume of
the layered structure and significant microstrain are ob-
served in both the surface and bulk of LLNMO. This severe
structural fatigue leads to rapid voltage decay and capacity
fade over extended cycling periods. Additionally, we
addressed an intriguing question concerning an oxide with a
layered/spinel/rock-salt-type heterostructure, specifically
whether these three phases exist within a single particle or
in different particles.

Results and Discussion

The experimental setup of simultaneous micro-focused x-ray
diffraction (μ-XRD) and fluorescence (μ-XRF) measure-
ments (tomography and 2D-raster scan) is shown schemati-
cally in Figure 1a and Supplementary Figure S1. Utilizing a
Kirkpatrick-Baez (KB) mirror system, the incident pencil
beam was precisely focused, resulting in a beam size of
approximately 1.0×1.0 (H×V) μm2. Micro-focused x-rays are
directed onto a capillary with a diameter of 0.1 or 0.5 mm,
which contains either as-synthesized oxide materials or
mixed powders extracted from the electrode. The tomog-
raphy experiments were carried out by recording simulta-
neously both the XRD 2D patterns and XRF spectra at
selected positions in the x direction, in steps of 1 or 2 μm,
and at 180 sample orientations equally spaced by a rota-
tional angle of 1° (ω). The μ-XRD CT method primarily
scrutinizes the active cathode materials and fatigue electro-
des. It processes 2D diffraction images obtained at varied
sample rotations (ω) and positions (x), converting them into
one-dimensional (1D) diffraction patterns (Figures S2–S3).
This conversion condenses the stack of images into a three-
dimensional (3D) dataset, incorporating sample position (x),
scattering angle (2θ), and tomographic angle (ω). Summing
the linear 1D XRD patterns across x and ω (Nx×Nθ) yields a
1D sum pattern, facilitating the identification of main
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Figure 1. Microstructural analysis of pristine NCM622. a Schematic illustration of experimental setup at the microXAS beamline (Swiss Light
Source, Paul Scherrer Institut) of synchrotron-based 2D and 3D μ-XRD and μ-XRF measurements. At each position (x, ω), the 2D diffraction
pattern integrates across the scattering angle (2θ), producing the respective 1D XRD pattern, denoted as f(2θ). These individual 1D diffraction
patterns are then aggregated across x and ω to form a scattering sum pattern for the entire sample. Simultaneously, each 1D f(2θ) pattern is
integrated across the azimuthal angle, resulting in a total scattering intensity represented as a function of (x, ω), constructing the global sinogram.
Specific sinograms for distinct phases, identified by a diffraction peak (green rectangular in sum pattern) or a particular scattering contribution
(yellow rectangular), can be extracted. Consequently, a reconstruction comprising axial slices of the respective phases is generated using these
sinograms. b The cross-sectional image delineates the spatial distribution of various phases: the spherical-like NCM622 particles are depicted in
green, while the yellow ring represents the glass capillary. c Corresponding XRD patterns over these regions of interest (ROIs) in the Figure b
unveil a consistent homogeneous layered phase within NCM622. d SEM image, and simultaneous Rietveld refinement against e SXRD
(λ=0.4131 Å) and f NPD (λ=1.5483 Å) patterns of NCM622.

Angewandte
ChemieResearch Article

Angew. Chem. Int. Ed. 2024, 63, e202403189 (3 of 13) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2024, 30, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202403189 by K

arlsruher Institut F., W
iley O

nline L
ibrary on [24/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



phases. Generating a cross-section of the whole diffraction
involves creating a global sinogram via integrated 1D
diffraction patterns across 2θ concerning x and ω. Alter-
natively, selecting a region of interest (ROI) or specific
reflections on the 1D diffraction patterns can construct
sinograms over particular 2θ ranges, depicted as green and
yellow rectangles in sum pattern in Figure 1a. Each XRF or
XRD intensity contributes to constructing sinograms, which
are subsequently employed in a simultaneous iterative
reconstruction technique (SIRT).[40] This particular method
involves a reverse analysis using XRD sinograms for
recovering local crystalline phases and XRF sinograms for
determining local chemical compositions. Both signals
furnish depth-resolved information in a two-dimensional
manner. Thus, for every voxel (about 1 μm) associated with
a specific 3D spatial sample position, both the local XRD
pattern and the local XRF spectrum are derived. This
approach enables comprehensive analysis of materials at a
micro-scale level.

Figure 1b shows one reconstructed (x, y) slice of the as-
prepared LiNi0.6Co0.2Mn0.2O2 powder (NCM622) derived
from the sinograms of Figure 1a. The NCM622, highlighted
in green and enclosed within a capillary outlined by a yellow
ring, distinctly displays a spherical-like shape, consistent
with the scanning electron microscopy (SEM) image in
Figure 1d. Furthermore, SEM image illustrates that the
NCM622 is composed of multiple small platelet-like crystal-
line grains that agglomerate into larger quasi-spherical
secondary particles. The average size of secondary particles
of NCM622 measured by light scattering is around 6 μm.
The averaged XRD pattern of NCM622 over the entire 2D
scanned area matches its synchrotron-based XRD (SXRD)
pattern (see Supplementary Figure S4), confirming the
reliability of the 2D μ-XRD data processing and analysis.
The scanning μ-XRF images in Supplementary Figure S5
reveal a homogeneous distribution of Ni, Co, and Mn ions in
NCM622. As shown in Figure 1c, the local XRD patterns of
NCM622 across four distinct lines reveal that all reflections
can be assigned to a single layered phase (space group R
3m). There are no detectable impurities or shifts in
reflection, affirming the successful synthesis of pure layered
NCM622. Simultaneous Rietveld refinement results against
SXRD and neutron powder diffraction (NPD) patterns
further confirm (Figure 1e and f) that the as-synthesized
NCM622 possesses a single layered phase with the same
space group of R3m. Refinement results yield lattice
parameters of a=2.8753(2) Å, c=14.2356(6) Å and unit-cell
volume V=101.9250(9) Å3, and a reliable structure model of
[Li0.95Ni0.05]oct[Li0.05Ni0.55Co0.2Mn0.2]octO2 (the subscript “oct”
denotes the octahedral sites), see Supporting Information
Table S1. Hard X-ray absorption spectroscopy (XAS) was
utilized to trace the bulk oxidation states of TM ions in
NCM622. X-ray absorption near edge structure (XANES)
region of XAS spectra (Supplementary Figure S6) show that
oxidation states of Ni, Co and Mn are predominately
assigned to Ni2.6+, Co3+ and Mn4+, respectively, consistent
with an average oxidation state of 3+ for the transition
metals.

To elucidate the correlation between crystallographic
structure and electrochemical property, the prepared
NCM622 was fabricated into a CR2032-type coin cell for
assessing its electrochemical performance. The NCM622/Li
cells were galvanostatically cycled at 0.1 C (28 mAg� 1)
between 2.7 and 4.3 V at room temperature (see Figure S7).
Figure 2a exhibits the cyclic performance and the corre-
sponding charge/discharge voltage profiles of NCM622. The
initial discharge capacity of NCM622 at 0.1 C is approx-
imately 178 mAhg� 1. After 100 cycles, the specific discharge
capacity of NCM622 decreases to about 154 mAhg� 1, with a
capacity retention of 87%, which is comparable to the
reported value in the literature.[25,46] The contour profiles of
the evolution of several main reflections in the in situ SXRD
patterns of the NCM622 cathode during the first cycle are
depicted in Figure S8a. The reflections sensitive to changes
in the c-axis, such as 003 and 018, initially shift towards
lower scattering angles and then move to higher angles
during the charging process. Simultaneously, reflections
associated with variations in the a-axis, such as 101 and 110,
shift to higher 2θ angles. The continuous shift of all
reflections reveals a solid solution reaction mechanism
during the Li-ion extraction-insertion process. The lattice
parameters of NCM622 obtained from Rietveld refinement
are exhibited in Figure S8b. Upon de-lithiation, the lattice
parameter a of NCM622 progressively decreases, while the
parameter c initially increases and then declines dramati-
cally. These changes in lattice parameters are quite similar
to the previously reported results.[47,48] Notably, there is a
minimal variance, less than 0.2%, in the lattice parameters
of NCM622 before and after the initial cycle. Therefore, it is
crucial to delve into the structural fatigue of the NCM622
cathode after extended cycling.

Figure 2b displays the averaged μ-XRD pattern of
fatigued NCM622 cathode after 100 cycles at 0.1 C in the
discharged state. A noticeable shift to lower scattering
angles in all reflections of the fatigued NCM622, compared
to the pristine powder, suggests an expanded lattice
parameter within its layered structure. Furthermore, the Full
Width at Half Maximum (FWHM) of all reflections in the
sum XRD pattern of the fatigued NCM622 appears broader,
while the splitting of reflections in the 006/012 and 018/110
doublets is reduced. These findings might arise due to higher
lattice disorder or distortion in the long-range range, rather
than the diverse states of lithiation within individual
particles, as evidenced by the absence of any reflection shift
in the local μ-XRD pattern of the fatigued particles (visible
below). Significantly, weak reflections linked to the carbon/
binder phase (around 2.3°) and spinel phase (approximately
8.2°) are discernible in the cycled NCM622 cathode. These
reflections are distinguishable from the layered oxides.
Thus, these specific scattering angles can be utilized to
determine the spatial distribution of layered phase, spinel
phase and carbon/binder matrix. While the spinel phase
frequently emerges in Ni-rich cathode materials after long-
term cycling,[10,49,50] a pertinent question remains unan-
swered: where precisely is the spinel phase located within
the cycled Ni-rich electrode?
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Figure 2c illustrates how the local μ-XRD pattern reveals
critical details about different components within fatigued
electrode, including the cycled NCM622 particles, carbon/
binder matrix, capillary, and empty regions. Analyzing a
vast dataset of approximately 100,000 μ-XRD patterns
involves a blend of unsupervised and supervised learning
techniques. Details of classification and strain analysis are
shown in Figures S9–S19. Initially, preparing the data
involves cleaning and normalizing it for consistency. Dimen-
sionality reduction techniques like Principal Component

Analysis (PCA) condense the dataset to three core features.
Unsupervised clustering algorithms such as k-means or
density-based spatial clustering of applications with noise
(DBSCAN) assist in identifying similar patterns, providing
an initial view of spatially linked phase distributions.
Subsequently, the XRD patterns are classified into five
distinct categories—empty spaces, capillary, carbon/binder
matrix, fatigued NCM622 particles, and particles with
carbon/binder. To refine the precision of predicting spatial
phase distributions, we meticulously labeled the dataset and

Figure 2. Machine-learning (ML)-assisted analysis of local structural degradation of the NCM622 cathode after long-term cycling. a Cycling
performance of NCM622 electrode between 2.7 and 4.3 V at a current density of 0.1 C, inset is the corresponding charge–discharge voltage profiles.
b Comparison of averaged μ-XRD patterns between pristine NCM622 powder (red curve) and fatigued NCM622 electrode in discharged state after
over 100 cycles (blue curve), illustrating the presence of conductive carbon/binder matrix (broad reflection at approximately 2.3°) and spinel phase
(a faint reflection at around 8.2°) in the cycled NCM622 electrode. c Schematic depiction of the data preprocessing approach employed for
visualizing distinct spatial phase distributions from approximately 100,000 μ-XRD patterns, utilizing a combination of unsupervised and supervised
learning methods.
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subsequently trained supervised models. The model’s reli-
ability is assessed through cross-validation. In light of the
inherent variability in XRD patterns across different materi-
als, the effectiveness of a singular machine learning
approach cannot be universally guaranteed across all data-
sets. Consequently, to address this variability, we explore
the application of four diverse machine learning methods:
support vector machine (SVM), artificial neural network
(ANN), k-nearest neighbor (KNN), and convolutional
neural network (CNN). This ensemble learning aims to
identify the most suitable model for the given dataset,
ensuring a robust and adaptable solution. These methods
showcase an accuracy exceeding 92%, signifying their
effectiveness in accurately classifying the spatial phase
distribution of fatigued Ni-rich cathode materials.

To investigate the structural degradation and reaction
heterogeneity of cycled NCM622 cathode, a tomographic
scanning of three slices using μ-XRD technique was
conducted. Figure 3a displays the resulting μ-XRD tomo-
graphic reconstructions for these slices. Analyzing the local
distribution of various compounds in slice 1, i.e. carbon/
binder & layered & spinel phases, was aided by machine-
learning (ML) techniques, as depicted in Figures 3b, c, and
e. Figure 3d present the corresponding reconstructed μ-
XRD patterns of each voxel selected from surface to bulk of
large secondary particles (line 1). Within the inner part of
large agglomerates, all reflections are identifiable as a
rhombohedral layered structure (R3m). No reflection shift
indicates consistent lattice parameters throughout the par-
ticle and a uniform state of lithiation. Notably, in the
interphase between the larger particle and carbon/binder,
new reflections attributed to a cubic spinel phase (Fd3m),
such as 111S (subscript S denotes spinel phase) at around
8.2°, emerge. This transformation from a layered to a spinel
phase confirms significant structural degradation specifically
on the surface of the larger particle in contact with the
carbon/binder. While the primary phase can be still
attributed to the layered structure (R3m) within smaller
light blue spots wrapped by carbon/binder, the presence of
the spinel phase is noticeable both on the surface and within
the bulk of the particle. This evidence is illustrated in the μ-
XRD patterns along line 2 in Figures 3e and f. These small
spots in cross-sectional image are associated with either
small particles or the surfaces of large agglomerates. Fig-
ure 1d clearly depicts small secondary particles with a
diameter of 1–2 μm. Consequently, it can be interred that
the degradation pathways of NCM622 particles are notably
affected by the size of secondary particles and their
interaction with the particle/carbon matrix.

To investigate the relationship between particle-carbon/
binder interphase and local lattice strain in the NCM622
cathode material, the lattice strain (ɛ) of all NCM622
particles was estimated using the Williamson–Hall (W–H)
method,[51,52] as described below:

bhklcosqhkl ¼
Kl

D
þ 4e sinqhkl (1)

where bhkl is the integral breadth of the hkl reflection
corrected by instrumental contributions, K is shape factor
(0.9), λ is wavelength, D is the volume weighted averaged
crystallite size. The 2D maps of the local strain within both
pristine NCM622 powder and cycled NCM622 particles are
displayed in Figures 4a and b. The analysis clearly reveals an
increased micro-strain in the cycled NCM622 particles,
particularly in smaller particles, highlighted in yellow color.
To accurately quantify the microstrain changes after pro-
longed cycling, we assessed lattice strain extracted from
individual voxels or μ-XRD patterns, as depicted in Figur-
es 4g–i. The average microstrain of NCM622 particles
increased from 5.9×10� 4 in their pristine state to approx-
imately 7.9×10� 4 after 100 cycles. Moreover, the observed
increase to an average microstrain of 9.4×10� 4 in cycled
NCM622 particles interacting with carbon/binder reinforces
the understanding that the surface area of active materials in
contact with carbon/binder experiences more pronounced
structural deterioration. Specifically, the surface-near re-
gions of larger secondary particles show heightened lattice
strain (depicted in light yellow in Figure 4e) compared to
their inner regions (shown in dark blue). The presence of
mixed spinel and layered phases in small light blue spots
leads to a substantial lattice strain due to the layered-to-
spinel phase transition, showcased in Figures 4b,c,e, and f.
Even within smaller green spots displaying a single layered
phase, their lattice strain surpasses that of larger agglomer-
ates. Hence, these smaller spots are most likely associated
with the small particles. These findings unveil a robust
correlation between lattice strain and the size of secondary
particles. Irrespective of whether smaller particles undergo a
phase transition, their interaction with carbon/binder ren-
ders them more susceptible to encountering lattice strain
and structural degradation.

Li- and Mn-rich layered oxides are considered promising
cathode materials due to their high capacity and low cost.[53]

However, they suffer from severe voltage decay over
cycling, which hinders their practical application.[54] A typical
Co-free Li-rich layered cathode material, i.e. Li-
[Li0.2Ni0.2Mn0.6]O2 (LLNMO), was chosen to interpret the
structural origin of voltage degradation (Supplementary
Figures S20–S21 and Table S2). Clearly, it can initially
deliver a discharge capacity of 252 mAhg� 1 at 0.1 C within
the voltage range of 2.0 to 4.8 V at room temperature, as
shown in Figure 5a. During the initial 10 cycles, there is a
rapid capacity fade from 252 to approximately 210 mAhg� 1,
followed by a slight linear decrease with an increasing
number of cycles. After 100 cycles, the discharge specific
capacity of LLNMO is around 163 mAhg� 1, with a capacity
retention of approximately 65%. The corresponding
charge–discharge voltage profiles of the LLNMO/Li cell
indicates a significant voltage decay and capacity fade. These
charge–discharge characteristics align well with the findings
reported in the literature.[4,55,56]

To gain new insights into the origin of voltage fade in
the LLNMO cathode material, μ-XRD tomography was
employed. By comparing the averaged μ-XRD pattern of
the pristine LLNMO powder with that of the LLNMO
cathode after 100 cycles, a noticeable shift of all reflections
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to lower 2θ angles is observed. This movement suggests a
higher degree of long-range cationic disordering within the
layered structure, transitioning from Li� O� [Li/TM] chains
in the monoclinic layered structure to [Li/TM]� O� [Li/TM]
linkages in the disordered structure.[9,10] After 100 cycles, the
unit-cell volume of the layered structure expands to

208.35 Å3, marking a significant increase from its initial
202.01 Å3. In particular, the unit-cell volume of LLNMO
increases by 3.13%, surpassing that of NCM622, which only
experiences a 1.26% increase. The μ-XRD tomographic
reconstructions for pristine LLNMO are displayed in Fig-
ure 5c and d. Figure 5e shows the local μ-XRD patterns

Figure 3. Visualization of the spatial phase distribution in the fatigued NCM622 cathode after 100 cycles at 0.1 C in the discharged state. a
Illustrative μ-XRD scanning tomography diagram for three slices. b Cross-sectional view of local distribution of carbon/binder & layered & spinel
phases in the cycled NCM622 cathode, the right figure emphasizes the predominant formation of spinel phase (light blue color) within small spots
surrounded by carbon/binder matrix. Selected region of phase distributions with c single layered phase and e without single layered phase, and the
corresponding μ-XRD patterns along d (line 1) and f (line 2) in figure c.
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selected from various voxels. No shift or additional reflec-
tions are observed, suggesting that the prepared LLNMO
consists of many layered crystallites with the same mono-
clinic structure (C2/m) and unchanged lattice parameters.
After 100 cycles, the disappearance of superlattice reflec-
tions (e.g. 020) suggests the vanishing of Li/TM cation
ordering in the TM layer of layered structure. While the
surface and interior of fatigued LLNMO particles exhibit
minimal change in reflection shifts, these reflections in the
μ-XRD pattern consistently shift towards lower scattering
angles compared to the original LLNMO powder. Analysis
of the Ni and Mn K-edges XANES spectra reveals no
discernible alteration in fatigued LLNMO compared to its
pristine state (Figure S22), indicating that the oxidation state
of Ni and Mn ions remains unchanged as Ni2+ and Mn4+.

Thereby, the observed reflection shifts suggest a uniform
increase in long-range cationic disordering across the
secondary particles. This disordering likely induces height-
ened lattice strain within the fatigued LLNMO particles, as
depicted in Figures 5i and j. The average microstrain of
LLNMO particles increases to approximately 1.0×10� 3 after
100 cycles, up from 6.0×10� 4 in the pristine powder (Fig-
ure 5k). Notably, there is no significant rise in microstrain
observed in cycled LLNMO particles in contact with carbon/
binder, contrasting with the degradation behavior observed
in the NCM622 cathode. These findings highlight the
transition from Li-rich monoclinic layered oxide to the Li-
containing disordered layered phase as a crucial element
influencing the voltage fade behavior in Li-rich layered

Figure 4. Intrinsic relationship between structural degradation and microstrain in fatigued NCM622 cathode after extended cycling (in the
discharged state). a,d The 2D maps of local microstrain distribution of pristine NCM622 powder. b,e The microstrain distribution maps and c,f
corresponding phase distribution maps of fatigued NCM622 cathode. Histograms for microstrain distribution and Gaussian fitting curve of g
pristine NCM622 powder, h cycled NCM622 particles without contact with carbon/binder and i cycled NCM622 particles in contact with carbon/
binder, revealing that the surface of cycled NCM622 particles attached to the high-conductivity carbon experiences more intense strain.
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cathodes during long-term cycling, which aligns seamlessly
with the conclusions drawn in the previous study.[9]

Discussion

On the basis of all results described above, it is found that
the degradation pathways of Ni-rich oxide and Li-rich

Figure 5. Structural degradation of the LLNMO cathode during high-voltage cycling. a Cyclic performance of LLNMO cathode within the voltage
range of 2.0 to 4.8 V operating at a current density of 0.1 C, and the corresponding selected charge–discharge voltage curves (inset). b Averaged μ-
XRD pattern over the whole 2D scanned area of pristine LLNMO powder (red curve) and cycled LLNMO electrode after 100 cycles (blue curve).
Phase distribution maps of c fresh LLNMO powder and f fatigued LLNMO cathode. d Magnified view of the region highlighted in figure c; e local
μ-XRD pattern corresponding to the various voxels in figure d. g Magnification of the region given in figure f, and h the corresponding local XRD
patterns over the various voxels in g. Histograms for microstrain distribution and Gaussian fitting profile of i pristine LLNMO powder, j cycled
LLNMO particles without contact with carbon/binder and k cycled LLNMO particles in contact with carbon/binder.
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cathode materials are different, although both oxides
possess a similar layered structure. This is to say, Ni-rich
NCM622 oxide experiences a transition from “Li-rich”
layered phase to “Li-poor” spinel phase upon extended
cycling at room temperature, while LLNMO cathode under-
goes a transition from Li-rich ordered layered phase to Li-
containing disordered layered phase, see Figure 6. Given the
NCM622’s retention of around 87% capacity after
100 cycles between 2.7 and 4.3 V at 0.1 C, it’s likely that
capacity fade stems more from the structural fatigue of small
particles under higher strain than from larger particles with
lower strain. Considering μ-XRD’s 3D spatial limit of 1 μm,
the definition of small particles here includes secondary
particle sizes below 3 μm and above 1 μm. The shorter Li-
ion diffusion length in these small secondary particles makes

them vulnerable to the layered-to-spinel phase transition,
resulting in significant lattice strain and subsequent capacity
fading. In the case of LLNMO, both surface and bulk
crystallites experience strain-induced structural earthquake,
leading to pronounced voltage decay and capacity loss
during high-voltage cycling.

Additionally, the combination of μ-XRD and μ-XRF
represents powerful tools for investigating the interaction
between structure and chemical signatures in hetero-struc-
tured cathodes, providing a 3D spatial resolution of 1 μm.
Addressing the spatial resolution of elemental distribution
and its correlation with the crystalline phase in spinel/
layered/rock-salt heterostructured materials has been a
long-standing concern for scientists.[57] To address this
question, we successfully synthesized a “Li0.9Ni0.2Mn0.6O1.9”

Figure 6. Schematic illustration of the progressive structural deterioration in NCM622 and LLNMO cathodes, illustrating the heterogeneous
degradation occurring within the particles over extended cycling.
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oxide with a layered/spinel/rock-salt-type heterostructure
(LNMO-LSR). This was confirmed by the electrochemical
features (Supplementary Figure S23–S24) and SXRD pat-
terns (Figure S25). The weight fractions of monoclinic
layered, cubic spinel, and rock-salt-type phases are found to
be approximately 46, 42 and 12%, respectively (Supporting
Information Table S3). To visualize the spatial distribution
of layered, spinel, and rock-salt-type phases in the LNMO-
LSR, we conducted tomographic scanning of 12 slices using
μ-XRD. The resulting μ-XRD tomographic reconstructions
for the 12 slices with the step size of 1 μm are presented in
Figure S26. Figure S26c showcases the averaged μ-XRD
pattern of LNMO-LSR specifically for slice 1, which exhibits
precise correspondence with its high-resolution SXRD
pattern (Supplementary Figure S25). Figures S26d–g illus-
trate the μ-XRD tomographic reconstructions, and Fig-
ure S26h–k display the corresponding 2D μ-XRF reconstruc-
tions. It’s apparent that these three phases predominantly
coexist within the particles. Some particles exhibit a
combination of spinel and layered phases with minimal
content of the rock-salt-type phase. An unsupervised
clustering algorithm was employed to analyze the μ-XRD
imaging data of LMNO-LSR, illustrated in Figure S27b. In
Region 1, the blue regions highlight the distribution of
layered (C2/m) and spinel (Fd3m) phases, closely mirroring
the phase distribution depicted in Figure S27a. Figure S27c
displays the corresponding XRD patterns for lines 1 and 2.
The orange curve represents the distribution of l layered
(C2/m) and spinel (Fd3m) phases, while the blue curve
exhibits features of layered (C2/m), spinel (Fd3m), and
rock-salt-type (Fm3m) phases. These findings offer compel-
ling evidence of the phase distribution’s inhomogeneity
within LMNO-LSR particles. Moreover, Ni and Mn ele-
ments demonstrate a uniform distribution within LNMO-
LSR particles at the micrometer level, as evidenced by 2D
μ-XRF maps (refer to Supplementary Figure S26h–k). Given
the beam spot size used was approximately 1 μm2 in cross-
section, the disparity in crystalline and chemical composition
is expected to be more pronounced in LNMO-LSR.

Conclusion

Overall, this work combines μXRD tomography with other
advanced techniques to provide a comprehensive picture of
microstructure and microstrain in the layered cathode
materials for LIBs. These results could open new perspec-
tives in the material synthesis and electrode manufacture,
one promising application involves incorporating controlled
hierarchical structures and gradients into the electrode
materials.

Supporting Information

Experimental sections, description of data processing for μ-
XRD and μ-XRF scanning tomography, 2D μ-XRD images,
2D μ-XRF images, SXRD patterns, and crystallographic
parameters of the samples.
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