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ABSTRACT: Correlating local materials properties with global battery
electrochemistry is nontrivial, because battery particles and electrodes are
heterogeneous and defect-rich. Pinpointing the root cause of battery
performance improvement or degradation can be challenging. Herein, we
discuss our recent progress in understanding electrode heterogeneities and
structural defects in Li ion and Na ion cathodes ranging from individual
particles to electrode ensembles, with a focus on leveraging spectroscopic
imaging techniques. Based on our recent studies, this Perspective attempts
to shed light on these questions: How heterogeneous are the electro-
chemical reactions within and among active particles? What are the roles of
structural defects (point defects, dislocations, grain boundaries, cracks) in
directing electrochemical reactions? Are analytical techniques capable of characterizing these heterogeneities with good statistical
representativeness? How will the characterization results inform better design of chemical heterogeneity, such as engineered dopant
distribution, to improve battery performance? Can we tailor structural defects to improve battery performance? Given the prevailing
heterogeneities reported in our studies and others’, we also discuss potential pitfalls of high-resolution data interpretation and
highlight the significance of combining characterizations at different length scales and using advanced data analytics to improve result
robustness.

1. INTRODUCTION

Rechargeable Li ion batteries have extensively permeated every
aspect of daily lives, with applications focusing on consumer
electronics and electric vehicles. In 1991, the Sony
Corporation first commercialized Li ion batteries, which
adopted LiCoO2 as the cathode and graphite as the anode.1

Over the last decades, the battery community has made great
efforts in developing high-energy cathode materials to meet the
increasing energy need. Meanwhile, enhancement of the
energy utilization efficiency of individual battery particles is
equally significant regardless of the types of cathode materials.
A typical cathode architecture contains cathode active
materials, conductive additives, and binder. To extensively
exploit the energy of the cathode, each of the active electrode
particles should fully contribute to the capacity. However, do
all active material particles deliver the capacity completely and
simultaneously? In other words, are electrochemical reactions
homogeneous within and among active particles? If not, how
heterogeneous are the electrochemical reactions within and
among active particles? What are the roles of structural defects
(point defects, dislocations, grain boundaries, cracks) in
directing electrochemical reactions? Are analytical techniques
capable of characterizing these heterogeneities with good
statistical representativeness? How will the characterization
results inform better design of chemical heterogeneity, such as
engineered dopant distribution, to improve battery perform-

ance? Can we tailor structural defects to improve battery
performance?
Recent studies have recognized a large extent of state of

charge (SOC) heterogeneity in the state-of-the-art layered
cathode materials, which can induce undesired capacity loss,
local overcharge/discharge, etc.2,3 For example, Xu et al.
investigated SOC distribution in individual LiCoO2 cathode
particles upon electrochemical cycling.2 When charged to 4.6 V
at the current rate of 1C (nC represents a full charge or
discharge of the electrode in 1/n hour), ∼82% of the LiCoO2

particle was at the charged state. After the subsequent
discharging to 3 V at 1C, only ∼50% of the LiCoO2 particle
reverted to the discharged state, which suggested a highly
heterogeneous, asymmetric reaction process and inefficient
utilization of active particles upon battery cycling.2 Further-
more, the SOC heterogeneity also widely exists in olivine (e.g.,
LiFePO4) and spinel (LiMn2O4) cathode materials.4−6 For
example, Lim et al. monitored the Li dynamics and phase
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separations in individual LiFePO4 cathode particles upon
charging and discharging using operando scanning trans-
mission X-ray microscopy (STXM).5 At a high discharging rate
of 2C, the lithiation is relatively uniform. However, at a lower
charging/discharging rate of 0.6C, there is a relatively large Li
composition variation and SOC heterogeneity across the
particles. The authors also calculated the single-particle C rate
at different SOC. The computational results suggest that the
(de)lithiation in single particles is faster with increasing global
C rate.5 Readers are recommended to refer to a more
comprehensive review of charge heterogeneity in different
cathodes at various length scales.7 The SOC heterogeneity
depends not only on the extrinsic factors during battery
cycling, such as current rates and temperature, but also on
electrode intrinsic properties, which can originate from the
reaction heterogeneity during an electrode synthesis.8 Our
recent studies showed that phase transformations during
cathode synthesis are highly heterogeneous and exhibit in
various forms, which can induce chemical heterogeneity both
on the surface and in the bulk of cathode particles.8−10 The
SOC heterogeneity and chemical reaction heterogeneity can
not only induce capacity loss but also give rise to electrode
structural and mechanical degradation, such as crack formation
in electrode particles, which may undermine the battery cycle
life.11 Beyond the single particle scale, mechanical degradation
is also heterogeneous across the electrode and shows a depth-
dependent feature across the electrode vertically to the current
collector.12 The mixture of active materials, conductive
additives, and binder is not perfectly uniform, which may
induce a local mismatch between the ionic conductivity and
electronic conductivity and further aggravate the chemical and
structural heterogeneity.13 Therefore, electrode materials show
a high heterogeneity at multiple length scales, and it is essential
to understand and modulate the electrode heterogeneity to
optimize the battery performance.
The SOC heterogeneity and chemical reaction heterogeneity

are universal in various electrode materials, which can
contribute to the formation of different crystallographic defects
in electrode particles.7 On the other hand, the crystallographic
defects can modify the electrode lattice structure and thus
modulate the charging reactions and battery perform-
ance.10,14−17 For example, Signer et al. studied the nucleation
and dynamics of dislocations at different SOCs and illustrated
how the formation of partial dislocations promotes the voltage
fade in lithium-rich layered oxides.14 The Bragg coherent
diffraction imaging (BCDI) results suggested that the displace-
ment field does not change much upon charging to 4.2 V. At
4.3 V, the authors observed two singularities of the
displacement field, indicating the formation of edge
dislocations. Charging to a higher voltage (4.4 V) induces
additional dislocation formation.14 Crystallographic defects in
electrode particles can be categorized in multiple dimensions,
that is, zero-dimensional (0D) point defects (e.g., doping),
one-dimensional (1D) line defects (e.g., dislocation), two-
dimensional (2D) planar defects (e.g., grain boundaries), and
three-dimensional (3D) bulk defects (e.g., voids, cracks).18,19

Our recent studies showed that engineering the crystallo-
graphic defects and electrode particle microstructure at
multiple dimensions can effectively modulate the SOC
distribution and enhance battery performance.10,15−17 For
example, engineering 3D dopant distribution in electrode
particles can enhance the performance stability of Ni-rich, Co-
free cathodes.16,17 Modulating the crystallographic orientation

can guide the charge distribution and improve the battery
performance of Ni-rich layered oxide cathodes.10 We also
observed the evolution of microstructural defects in Li- and
Na-layered cathodes under Kr ion irradiation and concluded
that structural defects can be manipulated using a high-energy
ion irradiation.20 Therefore, manipulating the chemical and
structural properties of electrode materials at the mesoscale
can be an effective and promising approach to modulating
battery performance. However, it is not trivial to characterize
electrode properties at nanoscale or microscale, especially
under operando/in situ conditions. In the last five years, we
applied synchrotron X-ray imaging techniques extensively to
investigate heterogeneous, defect-rich battery materials.
Synchrotron X-rays are superior to lab-source X-rays

because of their continuous high flux and brightness, which
enables a higher signal intensity and less data acquisition
time.21 Conventional X-ray spectroscopy and diffraction
techniques acquire ensemble-averaged information based on
numerous particles, such as X-ray diffraction (XRD). However,
the intraparticle or interparticle variations cannot be well-
distinguished after averaging. Synchrotron imaging techniques
play a complementary role by directly visualizing and analyzing
the particle-by-particle differences at multiple length scales.22

For the acquisition and interpretation of morphological data,
3D imaging is generally favored over 2D imaging, because 2D
imaging averages the depth information. Compared to electron
microscopy (EM), synchrotron X-ray imaging techniques have
the advantage of probing multiple length scales due to the
energy tunability of synchrotron X-rays and many available
imaging modalities.21,23,24 To acquire 3D morphological
information with EM, focused ion beam scanning electron
microscopy (FIB-SEM) is generally employed, being destruc-
tive to the samples.25 Transmission electron microscopy
(TEM)-based tomographic reconstruction can also offer
nanometric morphological and chemical information about
battery particles.26 A wide range of studies identified different
types of defects and their effects on the structure and
performance of cathode materials using TEM or scanning
transmission electron microscopy (STEM).27,28 However, its
limited field of view has greatly undermined the statistical
representativeness of the results, especially when the materials
of interest have a large particle size and are heterogeneous,
such as practical battery cathode materials. This challenge can
be mitigated by either performing TEM measurements on
many particles and over different regions of each particle or
complementing the TEM measurements with some ensemble-
averaged measurements, such as X-ray spectroscopy. We found
that a combination of TEM and X-ray spectroscopy can
provide critical, statistically significant insights into the surface
chemistry of oxide cathodes.17,29−32 Synchrotron X-ray
imaging techniques can noninvasively obtain 3D or higher-
dimensional chemical and structural information, which
enables operando/in situ experiments even under practical
battery cycling conditions. It is worth noting that the beam
damage can potentially deteriorate the sample and bring
inaccuracy to the operando/in situ experiments.33,34 Such
damage can be mitigated by regulating the operation
conditions (e.g., increasing X-ray energy35) and modifying
operando/in situ cell design.36 The interaction between beam
radiation and matter as well as potential beam damage should
be considered when designing operando/in situ experiments.
Applying synchrotron X-ray imaging techniques to recharge-
able batteries, one can correlate the electrochemical perform-

The Journal of Physical Chemistry C pubs.acs.org/JPCC Perspective

https://doi.org/10.1021/acs.jpcc.1c01703
J. Phys. Chem. C 2021, 125, 9618−9629

9619

pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c01703?rel=cite-as&ref=PDF&jav=VoR


ance with the chemical and structural evolution at multiple
length scales in electrodes.22

2. RECENT PROGRESS IN UNDERSTANDING
HETEROGENEITY AND STRUCTURAL DEFECTS IN
ACTIVE PARTICLES AND ELECTRODES

A well-functioning Li ion battery with superior electrochemical
performance requires the coordination of each component at
different length scales. The architecture of Li ion batteries is
hierarchical, ranging from the battery-assembly scale in
centimeters down to the atomic scale in nanometers (Figure
1). Taking a commercial cylindrical battery as an example, the
main components include a cathode, separator, electrolyte, and
an anode (Figure 1a). Generally, the cathode has more choices
of materials, and the structure is more complicated than other
components. The cathode assembly consists of active
materials, conductive additives, and a binder (Figure 1b).
The active materials are composed of numerous micron-sized
particles, which can be either single-crystal particles or
polycrystalline secondary particles comprising nanosized
single-crystal primary particles oriented randomly or in a
certain pattern (Figure 1c,d). Zooming into single-crystal
grains, Li ions and transition-metal ions are arranged in an
ordered and repeated manner in the lattice. For example,
Figure 1e shows the lattice structure of a layered cathode with
alternate layers of Li ions and transition-metal ions.
Throughout different length scales, many of the local chemical
and structural heterogeneities may interfere with global
electrode properties and electrochemical performance. There-
fore, a comprehensive understanding of the heterogeneity at
different length scales is crucial.
2.1. Compositional Heterogeneity. A homogeneous

transition-metal ion distribution in cathode particles has been
considered as a critical criterion to achieve a decent
electrochemical performance of alkali ion batteries. However,
our recent studies show that sodium-layered cathode materials
with highly 3D heterogeneous transition-metal distributions
exhibited good performance.37,38 Three cathode materials with

the same chemical formula of Na0.9Cu0.2Fe0.28Mn0.52O2 but
different transition-metal distributions were synthesized
(CFM-Cu, CFM-Mn, and CFM-Fe).27 Among these cathodes,
CFM-Cu showed the best performance in Na ion cells with an
initial discharge capacity of 125 mAh g−1 at 0.1C between 2
and 4 V and no capacity fading after 100 cycles.37 3D full-field
transmission X-ray microscopy (TXM) was used to quantify
elemental distributions. TXM is powerful to probe elemental
distribution and electronic state (e.g., oxidation state)
distribution at a fast data acquisition speed with a resolution
of tens of nanometers.21 However, potential pitfalls in data
analyses should be addressed to avoid data misinterpretation,
which will be discussed in the next section. Herein, the
elemental association maps of CFM-Cu based on TXM
suggested the elemental distribution in a large number of
nanodomains deviates from the global stoichiometry
(Na0.9Cu0.2Fe0.28Mn0.52O2). Specifically, the surface is domi-
nated by single and binary metal associations (Figure 2a),
while the bulk mostly comprises ternary metal associations
(Figure 2b). This study really opens up a few questions. Are
great performing materials in the literature always homoge-
neous in elemental distributions? This question can essentially
be applied to any multielement oxide cathodes. Does the
elemental heterogeneity create different charge distributions in
battery particles? Can the elemental heterogeneity be designed
to benefit battery performance?
We applied the elemental 3D distribution approach to Li ion

batteries by introducing dopants as point defects to nanosized
single-crystal grains. The dopant distribution can be modulated
during the cathode synthesis. We used a multielement-doped
cathode material LiNi0.96Mg0.02Ti0.02O2 (Mg/Ti-LNO) as a
platform to investigate the dopant redistribution during
synthesis. A combination of X-ray photoelectron spectroscopy
(XPS) and Ni K-edge extended X-ray absorption fine structure
(EXAFS) wavelet transform analysis suggests that both Mg and
Ti are enriched at the surface of the mixed metal hydroxide
precursor (schematically represented in Figure 2c). Upon
calcination, both Mg and Ti diffuse into the nickel hydroxide

Figure 1. Schematic illustration of the length scales and corresponding battery components. (a) A cylindrical battery of several centimeters. (b)
Cathode assembly from tens to hundreds of micrometers.52 Copyright 2019 Elsevier. (c) Polycrystalline cathode secondary particle of several
micrometers. (d) Cathode primary particle from tens to hundreds of nanometers. (e) Atomic layers in cathode primary particle within several
nanometers.
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matrix.8 After the calcination protocol completes, Mg
distributes homogeneously throughout the cathode particle,
while Ti is enriched at the particle surface (Figure 2d). The
resulting cathode material Mg/Ti-LNO with a 3D hierarchical
dopant distribution showed smoother charge and discharge
profiles (due to less phase transformation) and higher capacity
retention than pure LiNiO2 under the same operating
conditions (Figure 2e).16 The homogeneously distributed
Mg may suppress phase transformations and thereby enhance
the bulk structural stability. Meanwhile, the surface-enriched Ti
may mitigate the surface oxygen loss by forming strong ionic
bonds with O and reducing the hybridization between
transition-metal 3d and oxygen 2p orbitals.16 By applying the
3D dopant distribution approach, we also observed a stability
enhancement in other cathode materials such as Ti-doped
LiNi0.8Mn0.1Co0.1O2 (NMC811-Ti).17 The STEM-energy
dispersive X-ray spectroscopy (EDS) mapping of NMC811-
Ti implied that Ti was enriched at the cathode particle surface
(Figure 2f). The bulk of the particles had a layered structure,
while the surface had a deactivated reconstruction layer
(Figure 2g). Similar to that observed in Mg/Ti-LNO, the
surface-enriched Ti in NMC811-Ti particles also reduced the
covalency between transition metals and oxygen.17 The

chemical environment of Ti is highly reversible upon charging
and discharging, which contributes to excellent oxygen
reversibility and electrochemical cycling stability (Figure
2h).17 Overall, our results showed engineering the elemental
distribution in individual cathode particles can modulate the
global electrochemical performance. However, the electro-
chemistry within individual particles, such as local charge
distribution, was not fully understood. Therefore, we extended
our work to further investigate the chemical-electrochemical
correlation at the mesoscale.

2.2. Phase Propagation Heterogeneity and SOC
Heterogeneity. Most commercial Li ion batteries work
based on ion intercalation/deintercalation concurrently with
redox reactions in cathodes during discharging or charging.
Because of the nonuniformity of redox reactions, SOC
distribution heterogeneities can widely exist ranging from
individual particles to ensembled electrodes.3,7,39 The SOC
heterogeneity can be created by different operating conditions
during battery cycling or result from intrinsic electrode
properties that are related to electrode material synthesis or
active material casting and drying.5,8,40,41 Recently, we studied
the precursor-to-layered oxide phase transformations at
different stages of calcination using transition-metal oxidation

Figure 2. Elemental distribution heterogeneity in various cathode particles at different length scales. (a) 3D elemental association map of pristine
Na0.9Cu0.2Fe0.28Mn0.52O2 (CFM-Cu) at the particle surface. (b) A selected virtual slice cut through the bulk of the same CFM-Cu particle in (a),
the bottom of (a, b) shows the color-coded elemental association.37 Copyright 2018. Royal Society of Chemistry. Schematic illustration of
elemental distribution in (c) precursor and (d) product of the Mg/Ti-LNO cathode material.8 Copyright 2020. John Wiley and Sons. (e) Voltage
profiles of Li cells containing LiNiO2 and Mg/Ti-LNO at 0.1C (20 mA g−1) and 22 °C within 2.5−4.4 V, where the inset shows the discharge
capacity change as a function of cycle number.16 Copyright 2019. American Chemical Society. (f) STEM-EDS mapping of NMC811-Ti after 300
cycles at 1C within 2.5−4.5 V. (g) STEM image of pristine NMC811-Ti. The dashed line indicates the distinction between the surface
reconstruction layer and bulk layered structure. (h) Ti L-edge soft XAS spectra at different SOCs.17 Copyright 2019. American Chemical Society.
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states as a proxy for phase propagation (Figure 3a).8 The phase
transformations are highly heterogeneous, which exhibit in
different forms. The mosaic-like heterogeneity remains
throughout the whole calcination process (Figure 3a). On
the other hand, there is a radial heterogeneity from the surface
to bulk at the early stage of calcination, which becomes trivial
in the product.8 To further decipher the mechanism of
heterogeneous phase transformations in layered cathode
materials, we performed in situ TXM to map the phase
propagation fronts and developed a model to identify the
distribution of the parent phase and new phase at the
mesoscale under thermal abuse conditions.42 In this study, the
reductive phase transformations experienced a phase prop-
agation from the new phase (more reduced with lower Ni K-
edge energy) to the parent phase (more oxidized with higher
Ni K-edge energy).42 A localized region was selected to
visualize the phase propagations, where the evolution of local
valence curvatures at the isosurface was displayed at different
Ni K-edge energy (Figure 3b). At the low energy (8339 eV),
the sites were discrete, and the positive curvatures dominated.
As the phase propagated with the energy increasing to 8339.5
eV, the discrete sites aggregated and formed a joint region with
a neck shape (Figure 3b). The necklike region was populated
with highly negative curvatures, which implies the new phase
domains merged.42 As the phase propagation continued to
high energy (8340 and 8340.5 eV), the joint region grew, and
the necklike feature disappeared eventually. The negative

curvatures at the neck structure mostly turned to neutral/
positive curvatures (Figure 3b). The results showed the phase
transformations were highly heterogeneous and the initiation
of the phase transformation was potentially more rapid at grain
boundaries and surface.42 The reaction heterogeneity during
the electrode material synthesis may lead to a chemical
heterogeneity in electrode particles.8 Jiang et al. revealed the
chemical inhomogeneity at the surface of polycrystalline
cathode particles using a combination of soft X-ray nanoprobe
and hard X-ray nanoresolution spectro-tomography.9 The Ni
oxidation state map over the entire NMC811 cathode particle
surface exhibited a high degree of inhomogeneity, and the
deeply charged domains (represented by red regions) and
deeply discharged domains (represented by blue regions)
tended to be isolated (Figure 3c). It is worth noting that the
charge distribution analysis and degradation at the particle
surface should be location-sensitive. Therefore, statistical
analyses are suggested to be taken for the surface-sensitive
ultrahigh resolution techniques to validate the representative-
ness of selected regions. Furthermore, we observed a high
degree of Ni oxidation state heterogeneity in the bulk of
NMC811 cathode particle at the first charged state (Figure
3d).10 With advanced synchrotron X-ray microspectroscopic
imaging tools, we were able to resolve the SOC heterogeneity
in different electrodes at multiple length scales. To
comprehensively understand the battery working and failure

Figure 3. Phase transformation heterogeneity and SOC heterogeneity within various cathode particles at different length scales. (a) Ni K-edge 3D
TXM at different states during the calcination of the Mg/Ti-LNO cathode material.8 Copyright 2020 John Wiley and Sons. (b) The isosurface
evolution and phase front propagation as a function of the Ni K-edge energy.42 Copyright 2018 Springer Nature. (c) 3D Ni oxidation state
distribution at the surface of NMC811 particle based on full-field hard X-ray spectromicroscopy. The cylindrically projected map is provided for a
better visualization.9 Copyright 2020 Chinese Physical Society. (d) 3D Ni oxidation state in the bulk of NMC811 particle at the first charged
state.10 Copyright 2020 Springer Nature.
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mechanisms, further correlation of the SOC distribution with
structural evolutions is demanded.
2.3. Microstructural Heterogeneity. The chemical

heterogeneity and SOC heterogeneity can originate from
microstructural heterogeneity, and thus manipulation of the
microstructure can, in turn, modulate the electrochemical
performance.14,43 Our recent study has shown that different
types of crystallographic defects exist in individual grains of
layered cathodes.15 Specifically, four categories of defects,
namely, geometrically necessary dislocations (GNDs), tilt
boundary, tilt boundary mixed with GNDs, and stacking tilt
boundaries, were quantified to share 42%, 25%, 10%, and 17%
of defect-present Laue diffraction patterns (Figure 4a). We
then chose the particles that have only GNDs to investigate the
correlation with redox reactions, charge distribution, and
density of GNDs in battery cathode materials using in situ
Laue X-ray microdiffraction (LXMD) and synchrotron X-ray
spectroscopic imaging techniques (Figure 4b). LXMD can
identify the location of different crystallographic defects at the
mesoscale. Combined with spectroscopic imaging, the
structural and chemical properties can be correlated, whereas,
given the high resolution, the data representativeness should be
evaluated. Herein, two representative particles with increasing

streaking extent (from particle 1 to particle 2, Figure 4c)
identified by LXMD patterns are in situ chemically delithiated
to a low SOC. Co Kα fluorescence mapping, LXMD, and
micro-X-ray absorption near-edge structure (XANES) are
performed for both pristine and in situ delithiated samples.15

In its pristine state, Co has a relatively low oxidation state in
both particles (Figure 4d). After chemical delithiation, particle
2 with a larger streaking extent (higher density of GNDs)
shows a higher Co oxidation state, which implies GNDs can
promote delithiation during the initial charging (Figure 4e).15

Our further study discovered that high-energy ion radiation
can create dislocations controllably in both density and
distribution in Li- and Na-layered cathodes.20 We expect that
controlling structural defects through high-energy ion radiation
can offer an effective path toward tailoring electrochemical
properties of battery materials. In addition, a Ni−Li antisite
defect is universally observed in layer oxide cathodes during
synthesis and electrochemical cycling, which hinders Li
transport and reduces capacity.44 Recently, Lin et al. identified
that Ni−Li antisite defect-rich regions can serve as nucleation
sites for promoting the formation of intragranular cracks in Ni-
rich layered cathodes.27 Furthermore, a typical planar defect,
that is, stacking faults, is one of the origins of the

Figure 4. Defect engineering and crystallographic orientation modulating at mesoscale. (a) Percentage of each defect in LiCoO2 particles based on
37 particles (over 10 000 Laue diffraction patterns). (b) Schematic illustration of dislocation within electrode particles. (c) Streaking extent based
on LXMD of particle 1 and particle 2 at pristine state. The charge distribution based on Co K-edge micro-XANES of particle 1 and particle 2 (d) at
pristine state and (e) after in situ chemical delithiation. The dashed lines in (c−e) define the areas for study.15 Copyright 2020 John Wiley and
Sons. (f) Schematic illustration of the valence gradient model for Ni oxidation state distribution analysis. Ni oxidation state distribution in the (g)
rod-NMC and (h) gravel-NMC particles at the first charged state. Here the Ni oxidation state is represented by the relative energy shift of the Ni
K-edge XAS. The equivalent stress of (i) rod-NMC and (j) gravel-NMC at 100% SOC. Compared with rod-NMC, the stress is more
heterogeneous and concentrated at the grain boundaries in gravel-NMC.10 Copyright 2020 Springer Nature.
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electrochemical irreversibility and sluggish Li diffusion in Li-
rich layered oxides.14,45 Synthetic control is crucial to regulate
those defects and enhance the electrochemical perform-
ance.46,47

Beyond manipulating defects within single grains, we found
that charge distribution and chemomechanical properties can
be modulated through architecting the grain crystallographic
orientation of polycrystalline battery cathode particles.10 We
developed a mathematical model to quantitatively analyze the
correlation between charge distribution and crystallographic
orientations (Figure 4f). Specifically, a valence gradient vector
was defined to dictate the Ni oxidation state difference
between the central voxel and its surrounding six voxels, which
had their own local Ni oxidation states determined by TXM.
By summing the partial valence gradient vectors along x, y, and
z directions, a total valence gradient vector (u) can be
obtained. Another vector v was defined by connecting the
central voxel to the gravity center of the particle. The angle θ
between u and v is an indicator for distinguishing different
charge distribution patterns, and the size of u increases with a
higher charge heterogeneity between two voxels. On the basis
of the developed valence gradient model, we evaluated two
types of NMC811 cathodes with two grain crystallographic
orientations, namely, rod-NMC (Figure 4g) and gravel-NMC
(Figure 4h), and quantitatively analyzed the charge distribu-
tions in the two cathodes. More valence gradient vectors with θ
≈ 90° are identified in rod-NMC than gravel-NMC, which is a
fingerprint for the radially aligned Ni oxidation state (Figure
4g).10 In contrast, gravel-NMC shows a relatively random Ni
oxidation state distribution (Figure 4h). In collaboration with
the Zhao group at Purdue, using the finite element modeling,

we found less stress buildup between the grains in rod-NMC
than in gravel-NMC, which can be potentially attributed to the
cooperative alignment of the grains (Figure 4i,j). It has been
reported that hollow particles are more resistant to stress-
induced cracks compared to solid particles, which suggests
another effective strategy of morphology manipulation to
mitigate mechanical degradation.48 To summarize, our recent
studies have shown that manipulating microstructure and
engineering structural defect within electrode particles can
modulate local charge distributions, which provides a bottom-
up approach to enhance battery performance from the single-
particle scale.

2.4. Chemomechanical Interplay and Heterogeneous
Damage at Multiple Length Scales. The prevailing SOC
heterogeneity in rechargeable battery electrodes, coupled with
crystallographic defects and phase transformations, may induce
hot spots of mechanical stress and lead to a chemomechanical
breakdown of electrodes, such as crack formation.49 The cracks
lead to poor electronic conductivity and expose more fresh
surface of electrode particles, which induces more side
reactions between the electrode and electrolyte and deterio-
rates the battery performance eventually.11 Understanding the
chemomechanical interplay in electrodes is critical to
enhancing electrode integrity and battery cycling stability.
Synchrotron X-ray imaging techniques coupled with mechan-
ical analysis enable the visualization and quantification of
chemomechanical interplay at multiple length scales. For
example, in collaboration with the Liu group at the SLAC
National Accelerator Laboratory, we reported the mesoscale
morphological evolution of LiNi0.6Mn0.2Co0.2O2 (NMC622)
secondary particles that are caused by a chemomechanical

Figure 5. Morphological defects and heterogeneous damage in various cathode particles at different length scales. (a) 3D rendering showing the
cracks in the bulk and corresponding electron traffic map over the surface of particles after different cycling history.50 Copyright 2018 Elsevier. (b)
Chemical evolution and segmentation of the cracks with different exposure durations to thermal abuse at 380 °C. (c) Quantitative analyses of
porosity and surface area before and after being heated at 380 °C for ∼4 h.51 Copyright 2018 Royal Society of Chemistry. (d) Different extent of
damage on the first layer of particles near separator side (top) and near current collector side (bottom) after 10 cycles at 5C. (e) Fracturing profiles
across the electrode after 10 cycles at 5C.12 Copyright 2019 John Wiley and Sons. (f, i) 3D rendering of two regions of interest showing the
distribution of NMC, void, and CBD. (g, j) 3D rendering of calculated local relative electrical resistance distribution. (h, k) The same particles in
(g, j) without showing voids.13 Copyright 2020 Springer Nature.
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degradation at different charging rates and correlated with
SOCs.50 Using a combination of 3D X-ray tomography and
simulation, we observed that more cracks formed in cathode
particles upon cycling at a high charging rate, leading to a more
heterogeneous local current distribution (Figure 5a). High
charging rates may exacerbate heterogeneous charge distribu-
tions, leading to a more aggressive buildup of local stress.
A chemomechanical breakdown is generally more prominent

and detrimental in extreme environments, such as thermal
abuse conditions. A thorough understanding of chemo-
mechanical interplay under thermal abuse conditions can
also create insights into studying battery failure.51 Wei et al.
correlated the chemical evolution and mechanical degradation
of charged NMC622 particles under thermal abuse con-
ditions.51 The operando heating Ni K-edge XANES mapping
results suggest Ni reduction upon heating, and the in situ
nanotomography implied more radial crack formation after
thermal abuse (Figure 5b). The authors further quantified the
microstructural properties. The results showed that both
porosity and surface area were dramatically increased upon
heating (Figure 5c). These results collectively suggest that the
chemical and mechanical evolutions are closely correlated at
the mesoscale. Beyond the single-particle scale, the electrode-
scale chemomechanical interplay also plays a significant role in
determining battery performance.52 The application of X-ray
phase contrast nanotomography enables the probing of
thousands of cathode active material particles in the electrode
ensemble simultaneously.12 The extent of damage of different
particles was categorized as least damaged, mildly damaged,
and severely damaged.12 The statistical analysis showed
different extents of damage across the electrode (Figure 5d).
Specifically, more active particles were severely damaged near
the separator side (33%) than near the current collector side
(10%, Figure 5d). After 10 cycles at 5C, severely damaged
particles increased in both near separator regions and near
current collector regions, and the damage pattern was depth-
dependent across the electrode (Figure 5e). In practical
electrode assemblies, active materials are embedded in the
carbon/binder domain (CBD), which further complicates the
charge distribution scenario. On the basis of the machine-
learning-assisted analysis, Liu and co-workers investigated over
650 active particles through phase-contrast X-ray tomography
to identify the detachment of CBD from active particles.13 The
CBD network attached to active particles provided paths for
electron transfer. The voids between CBD and active particles
were infiltrated with electrolytes, which enabled Li ions to
diffuse (Figure 5f,i). Partial CBD detachment creates more
voids around the active particle (Figure 5f), leading to a more
severe and heterogeneous local electrical resistance at the
active particle surface (Figure 5g,h). In contrast, electrical
resistance was less accumulated for the active particle with less
CBD detachment (Figure 5j,k). The CBD detachment and
nonuniform voids distribution induce a mismatch between
ionic conductivity and electronic conductivity, which com-
promises the effective utility of active particles. Furthermore,
the electrode fabrication process can introduce additional
heterogeneity. For example, the motions of active material
particles in the electrode assembly during the electrode
solidification were measured using a combination of fast X-
ray microtomography (FXT) and a special data analysis
method.41 In collaboration with the Xiao group at Brookhaven
National Laboratory, we found that the particle motion was
highly geometric location-dependent and that tuning the

solvent evaporation rate to optimize the motion of active
material particles was crucial to obtain a high-quality electrode
assembly.41 In summary, the chemical, structural, and
mechanical heterogeneities are prevalent in electrode materials
from the atomic scale up to the electrode assembly. Properly
regulating the electrode heterogeneities can effectively
optimize the overall battery performance.

3. POTENTIAL PITFALLS AND STRATEGIES TO
MITIGATE

Synchrotron imaging techniques serve well to probe various
chemical and structural properties of battery materials at
multiple length scales thanks to the high energy and resolution
capabilities. In the meantime, the inappropriate data
interpretation and high resolution-induced unrepresentative-
ness can potentially bring bias to understanding materials
properties. Herein, we provide a few examples of synchrotron
characterization data analysis and discuss the significance of
legitimate data interpretation.
The quantity of raw data for synchrotron imaging character-

izations is usually enormous, and processing these data
involves complicated computational algorithms. As a state-of-
the-art synchrotron imaging technique that is widely used in
characterizing energy storage materials, TXM is taken as an
example to illustrate the potential concerns and strategies of
data processing. To obtain chemical mapping, a typical TXM
data process procedure involves multiple steps such as
tomographic reconstruction, image rescaling and alignment,
spectra filtration, edge energy or white-line energy determi-
nation, least-squares linear combination fitting, and data
analysis and potential mathematical modeling.53,54 Depending
on the algorithms, each of the aforementioned steps can
potentially generate artifacts and errors that may interfere with
the ultimate chemical mapping results. However, a universal
protocol for data processing and a standard of error tolerance
has not been established yet. Therefore, great caution should
be taken during data processing, and error analysis is highly
recommended for data interpretation.
A potential concern of nanometer-scale or micron-scale

imaging techniques is if the measured region of interest (ROI)
is representative of the entire bulk material. Taking
rechargeable battery electrode materials as an example, a Li
ion battery cathode ensemble is composed of numerous
cathode particles, and the heterogeneity of materials properties
may exist within a single particle and among particles. For
characterizations performed at the single-particle scale, it is
essential to evaluate if the phenomenon observed can be
generally applied to the entire electrode assembly. To avoid
misleading results, measurements and analyses based on a large
number of particles are recommended. Some of our
collaborative studies can well-represent our efforts in this
direction. For example, Yang et al. performed hard X-ray
phase-contrast tomography, which enables the simultaneous
acquisition of chemomechanical information on thousands of
particles and statistical analyses of the entire electrode.12

To interpret the enormous amount of data, an emerging
frontier is to apply machine learning for statistical analyses.
Our group participated in a number of studies using machine
learning methods for TXM data analysis led by the Liu group
at the SLAC National Accelerator Laboratory. Jiang et al.
reported a machine learning-based segmentation approach to
quantify the degree of detachment of over 650 NMC811
cathode particles, which showed superior data reliability to the
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conventional segmentation method.13 Mao et al. classified and
quantified different SOC domains of NMC622 cathode
particles within different voltage windows using a hybrid
supervised and unsupervised machine-learning approach.48

Besides, the machine learning-assisted analysis can reveal
additional information that conventional analyses are not able
to approach. For example, Zhang et al. identified the
functionally important minority phases of over 100 LiCoO2
cathode particles under battery operating conditions with data-
mining approaches.55

Considering the limited allocated beamtime and potential
time-consuming experimental design for synchrotron imaging
characterizations, it is not always feasible to acquire enough
particles for statistical analyses of 3D measurements. There-
fore, 2D measurements are recommended as a complement to
3D measurements because the data acquisition time is much
shorter for 2D measurements, and thus information on more
particles can be acquired. Our recent study demonstrated such
a 3D/2D combined effort to understand the phase propagation
from metal hydroxide precursor to layered oxides.8 In addition,
a direct comparison of the selected ROI and the entire bulk
material is preferred to verify the data representativeness. For
example, Xu et al. compared the particle volume, particle size,
and neighbor distance of representative volume element
(RVE) with the entire electrode to ensure the selected RVE
is statistically representative of the heterogeneous damage in
the entire electrode.52 Furthermore, complementary character-
ization tools at different length scales should always be
considered whenever possible to eliminate the potential bias.
For example, Singer et al. performed synchrotron powder
diffraction on the ensemble-averaged electrode to confirm the
dislocations in the selected particles identified by operando
BCDI are representative.14 Overall, drawing a universal
conclusion for a large-scale ensemble from a limited set of
individual particles can potentially be problematic and
misleading to some degree. Given the multiscale heterogeneity
we discussed in this Perspective, data representativeness should
always be put on top of the mind when designing and
performing high-resolution imaging experiments at small
scales.

4. CONCLUSION AND OUTLOOK
Multiscale chemical and structural heterogeneities widely exist
in various electrode materials, and we find properly regulating
these heterogeneities can improve battery performance. We
show that engineering elemental distributions in electrode
particles can enhance the structural stability of both the surface
and bulk of electrode particles. Further correlating the
chemical evolution with local electrochemical change, we
find the SOC distribution is highly heterogeneous at the
surface and in the bulk of electrode particles, which can result
from extrinsic battery operation conditions as well as originate
from the intrinsic electrode properties associated with
heterogeneous chemical reactions during synthesis. The SOC
heterogeneity can give rise to defect formation in electrode
particles. Alternately, engineering structural defects within
electrode particles can modulate charge transport and enhance
global electrochemical performance. The manipulation of the
microstructure of electrode particles, such as engineering
crystallographic orientation, has become an emerging approach
to efficiently increase battery energy density without changing
chemical compositions or global crystal structures of electrode
materials. Heterogeneous SOC distribution and phase trans-

formations can give rise to mechanical degradations, such as
crack formation. Given the chemical, structural, and mechan-
ical heterogeneities throughout the electrodes we have studied,
we emphasize the importance of regulating multiscale
heterogeneities and structural defects and provide several
promising approaches to enhance battery performance in a
bottom-up manner. We highlight that it is crucial to ensure the
data representativeness when evaluating local materials proper-
ties. To make characterization results practically relevant, it is
crucial to perform characterizations on battery materials that
show typical battery performance. Efforts should be made, if
possible, to avoid making conclusions from characterizing
poorly synthesized, low-performance, less representative
materials.
From the technical standpoint, the application of synchro-

tron X-ray imaging techniques in rechargeable batteries gives
rise to an unprecedented understanding of chemical and
structural interplay at multiple length scales. On the other
hand, the emerging needs for probing more fundamental
battery mechanisms drive the characterization tools toward
more advanced functions.56 With the rapid development of
synchrotron source and instruments, higher spatial and
temporal resolutions as well as signal-to-noise ratio will be
obtained, which pave the way for materials characterizations at
smaller length scales and under ultrafast operation con-
ditions.57−59 An emerging trend of understanding rechargeable
battery operation and failure mechanism is to probe the
interplay of electrochemical-chemical-structural properties at
different length and time scales using a combination of
multiple characterization tools, such as the combination of X-
ray CT, spectroscopic imaging tools, and X-ray diffraction. In
the future, synchrotron X-ray imaging techniques that are
coupled with more characterizations are worth exploring.60,61

In addition, X-ray ptychography is a promising imaging
technique with a high spatial resolution that takes the
advantages of both STXM and coherent diffraction imaging
(CDI), which is powerful to resolve various structural
properties in energy storage materials.62 Furthermore,
interdisciplinary studies will provide further insights into data
interpretation and fundamental understanding of materials
properties, with machine learning-assisted analysis being a
typical example applied in materials science recently.63,64
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