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ABSTRACT

Rechargeable battery technologies have revolutionized electronics, transportation and grid energy storage.
Many materials are being researched for battery applications, with layered transition metal oxides (LTMO)
the dominating cathode candidate with remarkable electrochemical performance. Yet, daunting challenges
persist in the quest for further battery developments targeting lower cost, longer lifespan, improved energy

density and enhanced safety. This is, in part, because of the intrinsic complexity of real-world batteries,

featuring sophisticated interplay among microstructural, compositional and chemical heterogeneities,

which has motivated tremendous research efforts using state-of-the-art analytical techniques. In this

research field, synchrotron techniques have been identified as a suite of effective methods for advanced

battery characterization in a non-destructive manner with sensitivities to the lattice, electronic and

morphological structures. This article provides a holistic overview of cutting-edge developments in
synchrotron-based research on LTMO battery cathode materials. We discuss the complexity and evolution
of LTMO’s material properties upon battery operation and review recent synchrotron-based research

works that address the frontier challenges and provide novel insights in this field. Finally, we formulate a

perspective on future directions of synchrotron-based battery research, involving next-generation X-ray

facilities and advanced computational developments.
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INTRODUCTION

Layered transition metal oxide
battery cathode

With a broad range of applications in electric ve-
hicles (EV), grid storage and consumer electron-
ics, the lithium-ion battery (LIB) has become a
major player in global energy storage solutions in
recent years [1-3]. It is predicted that, by 2025,
the global lithium-ion battery market will rise to
nearly $100 billion and the shipment volume will
reach nearly 440 GWh [4]. The rapid growth of the
LIB portfolio is attributed to its favorable charac-
teristics including high energy density, high power
density and environmental friendliness, which also

set the targets for further research efforts in this
field. Although all the battery components are im-
portant to the ultimate performance and are sub-
ject to intense research, the LIB cathode remains
the most significant bottleneck for further improv-
ing the energy density. Among the materials that
have been considered and researched as candidates
for the battery cathode, layered transition metal ox-
ides (LTMO) [5,6] are the most auspicious. Exam-
ples of successfully commercialized LTMO battery
cathodes include lithium cobalt oxide (LCO) [7-9]
for powering consumer electronics and lithium
nickel cobalt manganese oxide (NMC) [10-12]
in EV applications, demonstrating a tremendous
market value.

© The Author(s) 2021. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original

work is properly cited.


https://doi.org/10.1093/nsr/nwab146
http://orcid.org/0000-0001-6025-5986
http://orcid.org/0000-0002-1105-9070
mailto:linsenli@sjtu.edu.cn
mailto:xyu@iphy.ac.cn
mailto:liuyijin@slac.stanford.edu
mailto:liuyijin@slac.stanford.edu
http://creativecommons.org/licenses/by/4.0/

Natl Sci Rev, 2022, Vol. 9, nwab146
a b Electron energy level ©
A
Oxygen release
:D Co™ - e, Y9
: 3t Layer-spinel transition _» 'Reduced-valence’
“—» Oxygen M V" e, e cationic redox
S .
—» TM slab CI 3,/4‘: Surface reactions ™ Large pore
7Y
Niﬁ#/4+ . t
oL Mn® ,ztg Cation migration/ \Dis\ocations
ity
Q0 2. Oxygen redox
0:2p
OTM
Density of states
Micro-tomography Projection microscopy Nano-tomography TXM FIB-SEM STEM
Cathode asssssaass
Separator SNS
Anode N
Al sssssasene
Cu e
0 mr 100 um 20 um 10 um 1nm
Cell Electrode Particle assembly Particle Lattice
Macroscale Microscale Mesoscale Nanoscale -

Figure 1. Overview of the lattice structure, electronic structure and micro-morphology of the LTMO cathode. (a) Crystal model of layered LTMO (TM: 3d
transition metal cations, Ni, Co, or Mn). (b) Schematic illustration of the electronic structures of the key elements in LTMO. (c) Schematic illustration of
the oxygen evolution and the associated degradation mechanisms to the LTMO cathode. Adapted with permission from [18], Copyright 2018, Springer
Nature. (d) Multi-scale and high dimensional characterization for real-world LTMO-based LIB.

The LTMO features a layered lattice struc-
ture that is essential to the reversible lithium
(de)intercalation. As illustrated in Fig. 1a, LTMO
exhibits an «-NaFeO, structure with R-3m space
group, in which lithium ions and transition metal
cations occupy octahedral 3a and 3b sites, respec-
tively, while oxygen anions occupy the octahedral
6¢ sites with cubic close packing [13]. In the layered
LTMO lattice, the diffusion of lithium ions strongly
favors an in-plane, two-dimensional geometry and
is mediated by a divacancy mechanism, in which
one lithium ion hops to a vacant site that is part of
divacancies through a tetrahedral site [14,15]. Upon
battery charging, extraction of lithium ions from
the host LTMO matrix is accompanied by redox
reactions of transition metal cations and, potentially,
oxygen anions. The LTMO’s lattice structural stabil-
ity is closely associated with these intertwined redox
centers [11,16]. We show, in Fig. 1b, the electronic
structure of four representative elements in LTMO
compounds: nickel, cobalt, manganese and oxygen.
The overlap of the Co* /Co*" t,, band with the top
of the O*~ 2p band indicates that the empty states
undergo a strong anion-p/M-d covalent admixture.
For example, the 0%~ 2p molecular orbitals tend to
trap itinerant holes when the LCO is charged above
4.5V, leading to O3 — H1-3 phase transitions [17].
The Ni**/Ni*" ¢, band has a smaller overlap with
the O%~ 2p band. As a consequence, the Ni** state
can be partially reached by extracting more lithium
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ions without severely jeopardizing the lattice struc-
tural stability. Unlike Ni and Co, the Mn®*/Mn**
e; band has no overlap with the 0% 2p band,
resulting in a superior structural robustness. The
chemical evolution of oxygen anions in LTMO can
have a more profound impact beyond deteriorating
the LTMO’s structural stability through oxygen
release and the associated multi-scale structural
degradation. Recently, the oxygen redox mecha-
nism in LTMO has drawn a lot of attention (see
illustration in Fig. 1c) because, if this could be made
controllable and reversible, it is hoped it could sup-
port higher capacity and power [18,19]. In LTMO
with multiple co-existing transition metal cations,
the interplay among all the different redox centers
could distort their respective electronic structures
in a complex, interdependent, and dynamic manner,
formulating a highly sophisticated electrochemical
reaction upon battery cycling.

The strong desire to further advance the en-
ergy/power density and the stability/safety has mo-
tivated development of several new types of LTMO
[6,20], featuring an even higher degree of hierar-
chical and high-dimensional complexity in structure,
morphology, composition and local chemistry. For
example, compositional gradient [21,22] and or-
dered primary particle packing [23,24] are found
to be effective for improving the cycling stability.
The lattice defect engineering and grain boundary
modification, on the other hand, could improve
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the energy density by promoting stability at deeply
charged states [25-27]. Engineering of particle for-
mation, for example single-crystallization [28-30],
is another active research direction. To truly unleash
the potential of these new LTMO materials, ratio-
nal microstructure design at the electrode level is in-
dispensable. In Fig. 1d, we illustrate the multi-scale
morphological complexity in a real-life LTMO cath-
ode from the cell level down to the atomic scale. A
practical LTMO composite cathode accentuates dis-
tinct surface and bulk reactions that are fundamental
to the battery performance. An in-depth and com-
prehensive understanding of the depth-dependent
structural and chemical interplay in LTMO could
critically inform research efforts in this field. It not
only exhibits tremendous scientific significance, but
also is closely relevant to the battery industry. With
the enormous amount of effort being devoted to
this research direction, here we present a high-level
overview of this field with an emphasis on the valu-
able insights offered by advanced synchrotron char-
acterization techniques.

Synchrotron characterization techniques

A systematic investigation of the fundamental yet
complicated reaction mechanisms in LTMO relies
on advanced characterization techniques. In this re-
spect, synchrotron X-ray techniques have demon-
strated unique advantages with excellent multi-scale
resolution and multi-modal sensitivity. The principle
of synchrotron radiation is based on classical elec-
trodynamics: when a charged particle traveling at a
speed close to the speed of light is forced to change
its moving direction, electromagnetic radiation will
be emitted [31]. When X-rays are delivered to the
sample, they interact with the matter in a few dif-
ferent ways at different likelihood, leading to sev-
eral signals that are associated with different material
properties, respectively. Generally speaking, absorp-
tion, phase-shifting and scattering are three different
basic interactions between the X-rays and the mat-
ter, which derive various X-ray characterization tech-
niques that are sensitive to the lattice structure, elec-
tronics structure [32] and the micro-morphology
(seeillustration in Fig. 2). A more detailed introduc-
tion to these techniques is available in the Supple-
mentary data, section I and the following sections.
We acknowledge that there are several high-
quality reviews [31,33-35] in the literature, featur-
ing battery materials research using synchrotron
X-ray techniques. These articles often highlight
the characterization techniques with a broad range
of case studies covering many different battery
materials and components. They not only highlight
the tremendous research efforts in this field, but also
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reflect the enormous complexities in both the tech-
nical and the material perspectives. Considering the
critical role of LTMO in today’s lithium-ion batter-
ies and the enormous research interests from both
industry and academia, here we formulate a critical
review of recent advances in research into LTMO
using synchrotron X-ray techniques. More specifi-
cally, in this review, we choose to focus on discussing
the Ni/Co/Mn-based LTMO, which dominates
today’s market while showing prominent potential
as a next-generation battery cathode candidate. The
synchrotron techniques reviewed here are broadly
applicable to the other relevant material systems and
the broader impact of these synchrotron techniques
for energy material research can be extrapolated
from our review. In this article, the application of
synchrotron techniques in studying LTMO battery
cathode materials will be reviewed from three dif-
ferent perspectives: the lattice structures, electronic
structures and multi-scale morphology, as illustrated
in Figs 1 and 2. We will systematically discuss the
relevant techniques and the scientific implications
will be summarized with a focused theme on the
depth-dependent structural and chemical interplay
and evolution in LTMO upon battery cycling.
Finally, we will conclude our review by discussing
the future perspectives, including the data science
approaches, the projected major synchrotron and
X-ray free electron laser upgrades, and their impact
on the research for next-generation high energy and
power density battery materials.

SYNCHROTRON CHARACTERIZATION
OF LTMO'S LATTICE STRUCTURAL
COMPLEXITY AND EVOLUTION

In an ideal electrochemical process, the lattice struc-
ture of LTMO would periodically contract and ex-
pand as the lithium-ions reversibly intercalate and
deintercalate. In practice, however, the reversibil-
ity of lattice structure can be affected by a number
of factors, including their intrinsic properties, the
delithiation amount, the charging/discharging pro-
tocols, etc. While some detailed descriptions of the
LTMO’s lattice structural complexity can be found
in the Supplementary data, section II, here we dis-
cuss a few recent examples of synchrotron character-
ization of LTMO’s lattice structures.

The lattice structures of cathode materials are
intimately correlated with the battery performance
metrics, for example power and energy density,
cyclic span and safety [36]. Thus, an in-depth under-
standing of the structure—performance relationship
is pivotal to optimization of the current cathode
material systems as well as to developing new ones
with superior electrochemical properties. This
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Figure 2. Schematic illustration of the interaction between the synchrotron X-rays and
the material. A number of synchrotron characterization techniques are listed, highlight-
ing their respective sensitivity to the lattice structure, the electronic structure and the
micro-morphology. Adapted with permission from [32], Copyright 2017, I0P.

necessitates the study of structural evolution as the
system undergoes the electrochemical reactions,
including changes in the lattice parameters, phase
transformation and atomic occupancy. In situ X-ray
diffraction (XRD) is a widely used method for prob-
ing the crystal structure and phase transformation
for crystalline electrode materials during cycling.
For instance, Zhou et al. utilized in situ XRD to
investigate the structural evolution of the Li;MoO;
cathode during the charge-discharge process and
found an ‘abnormal’ unit cell breathing mechanism
for the cathode materials [37]. As presented in Fig.
3a, the XRD peaks of pristine and charged Li;MoO;
can be indexed according to a layered structure
with the R-3m space group. The in situ XRD data
of the Li,_ MoOj electrode upon battery charging
demonstrated a solid solution reaction in the region
of 0 < x < 0.5. All the major X-ray reflections are
found to shift toward the lower angle side, indi-
cating a larger d-spacing of phase L. Subsequently,
a new phase (phase II), which shares a similar
layered structure with phase I but with larger lattice
parameters, emerges in the region of 0.5 < x < 1,
suggesting the occurrence of a two-phase reaction.
With delithiation further proceeds over x >1, a
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solid solution reaction of phase II occurred, while
phase I disappeared. Interestingly, while the widely
used layered LIMO, (M = Co, Ni, Mn) shows
shrinkage in the lattice parameters of a and b during
charging, the Li,MoO; exhibits a reversed trend in
the lattice parameter’s evolution. Such ‘abnormal’
behavior can be explained by the specific attributes
of metal-metal bonding in the materials that control
the a(b) evolution during charging.

When it comes to the design of battery materials
for high power applications, it is crucial to establish
a fundamental understanding of the structure evolu-
tion that happens in the electrode materials during
the fast charge-discharge process, which could be
quite different from the case at small C-rates. Thus,
time-resolved X-ray diffraction (TR-XRD) emerges
as a powerful technique for investigating the fast
dynamic properties of electrode materials at high
current densities. Taking advantage of the fast data
acquisition capability and high brightness of syn-
chrotron X-ray, Zhou et al. conducted in situ syn-
chrotron TR-XRD to study the phase transition
process of layered LiNi; ;3Mn; 3Co; /30, under dif-
ferent cycling rates [38]. As shown in Fig. 3¢, both
the charging processes of the material under the cur-
rentrates of 0.1 and 1 C show two different regions of
solid solution reactions involving hexagonal phases
of H1 and H2, between which there is another re-
gion with the coexisting H1 and H2 phases. Impor-
tantly, with the charging rate further increased to
10 C, a new intermediate phase emerged between
the two solid solution reaction regions, while the
peaks of this structure become increasingly pro-
nounced at even higher rates of 30 C and 60 C. Be-
sides, an abnormal Li-poor region with tetrahedral
Li occupation and a normal Li-rich region with octa-
hedral Li occupation were visualized in the partially
charged sample with scanning transmission electron
microscopy (STEM). This suggests that the inter-
mediate phase can serve as a buffer zone between the
Li-rich and Li-poor phases, which could reduce the
local stress and strain that are induced by the charge
heterogeneity and, therefore, stabilize the material
structure.

Although XRD techniques are useful for struc-
tural analysis of crystalline materials, they provide
limited structural information for samples without
long-range order, such as amorphous materials and
materials in the form of nano-sized crystals. For
example, it is challenging to utilize XRD for probing
the reaction mechanism of conversion-type elec-
trode materials because of the nature of highly disor-
dered nano particles formed during the conversion
reaction process. To resolve this issue, the pair distri-
bution function (PDF) has been used for battery re-
search, complementing the XRD approaches. While
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XRD concerns only Bragg scattering and probes’
averaged long-range structural features, the PDF
technique can investigate the local structure of the
materials with short-range ordering using the total
scattering signal, including both Bragg and diffuse
scattering [39]. Specifically, this can provide local
information regarding atomic pair distribution,
which is closely related to the electrochemically
driven chemical, structural and morphological
transformations.

A typical example to explain how PDF reveals
the short-range ordering in LiNipsMng sO, mate-
rial is provided by Breger et al. (Fig. 3d). They re-
ported that there is a strong site occupation corre-
lation between Ni and Mn cations in the first and
second coordination shells, which results in non-
random distribution in the short-range scale [40].
A reverse Monte-Carlo (RMC) simulation of the
PDF data was conducted using a ‘big box struc-
ture model, which contains hundreds to thousands
of atoms. In RMC simulation, one can build a three-
dimensional non-periodic atomic structure to quan-
tify the local ordering over a longer distance [41,42].
This approach offers sensitivity to the short-to-mid-
range ordered local coordination environments that
could be overlooked in conventional crystallogra-
phy. Through this approach, several hidden struc-
tural features of short-range ordering in the material
arerevealed. One is that the Ni cations are likely sur-
rounded by Mn and Li cations in the first and second
coordination shells, respectively. Another structural
characteristic is that about 10% of the Li/Ni mixing
exists in the structure, meaning that about 10% of the
Liions from the Lilayer exchange with the Ni cations
in the TM layers. Moreover, the Li ions in the transi-
tion metal layer are more likely to be surrounded by
Mn cations rather than by Ni cations in their first co-
ordination shell. These local structural features can-
not be deduced from fitting the conventional XRD
patterns, which are associated with the averaged bulk
structure of the material. Therefore, combining PDF
data with advanced fitting/simulation methods can
be an effective method to unlock the hidden struc-
tural information for battery materials.

In addition to the PDF analysis, X-ray absorption
fine structure spectra (XAFS) offers another power-
ful technique for studying the local structure around
active atoms at atomic and molecular scales. Based
on the energy range, an XAFS spectrum can be sep-
arated into two regions, X-ray absorption near edge
structure (XANES) and extended X-ray absorption
fine structure (EXAFS). While the XANES spec-
tra are sensitive to the electronic structure and lo-
cal chemical environment, the EXAFS spectra are
often used to determine the local structural infor-
mation, including bonding distances, coordination
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number, neighboring atom species, lattice distor-
tion and phase transformation. As the local lat-
tice structure is important for modulating the ionic
diffusion, phase composition and electrochemical
reaction mechanisms, probing the local structural
properties is crucial to constructing a full view of the
material structure and to enabling a rational material
design for improved electrochemical performance.
EXAFS analysis has also been utilized to evaluate
the cycling-induced change of crystal structures and
structural instability of LTMO cathode, which is
closely related to the capacity degradation mech-
anism of LTMO. For example, Kim and Yo used
EXAFS to investigate the interatomic distance
of LiCoggsAlp.150,
during battery charging [43]. As elucidated by the
k-space and R-space spectra from EXAFS analysis,
all bond pairs exhibit a decrease in interatomic

and structure distortions

distance and the crystal structure becomes more dis-
torted as evidenced by the increased Debye-Waller
factor. Thus, a change of local structures of the
cathode material can be a major reason for the
capacity degradation. Separately, Tsai et al. con-
ducted in situ XAFS to study structural evolution
in the NMC cathode upon cycling [44]. The in situ
XAFS data confirmed that the charge compensation
mechanism of the NMC cathode is mainly con-
tributed by Niand O, as demonstrated by the change
of Ni—O bond length with Ni** oxidization. While
the structural distortion is revealed by the change
of Debye-Waller factor as the Ni*™ is the JT effect
active species, which can cause a change in the bond
length during the charge and discharge process.
Further, Yu et al. applied in situ XANES and EXAFS
to study the local structure changes around Ni, Mn
and Co in Li-rich layered Li; ;Nij ;sMng s5Cog 1 O,
during the first charge [45]. Although the edge
energy of the Mn and Co K-edge spectra maintains
the same position during the first delithiation,
the shape of the XANES spectra and the Fourier
transformed (FT) EXAFS spectra demonstrate
significant changes in the peak intensity of Co-O
and Mn—O bonds. This phenomenon suggests
that Mn and Co are responsible for the charge
compensation process for this electrode material
during delithiation, and have varying tendencies
for the process in different states of charge (Fig.
3e-g) [45]. Based on the EXAFS analysis, it was
proposed that Co and Mn are mainly related to the
voltage slope and voltage plateau regions, respec-
tively. Further analyzing the Debye-Waller factors,
changes in the local environment around Mn also
suggest Mn-related structural distortion behavior,
which could be an important reason for the capacity
decay over prolonged cycling. Thus, in situ EXAFS
has been used for elucidating the local structure
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Figure 3. Synchrotron-based structural studies of LTMO cathode materials. (a) /n situ
XRD pattern and charge curve of Li,_,Mo0O3 cathode during delithiation. Adapted with
permission from [37], Copyright 2014, Springer Nature. (b) Structure models for two
phases formed during the charge process. Adapted with permission from [37], Copy-
right 2014, Springer Nature. (c) /n situ XRD of LiNi;3Mn 3C01,30; during the first charge
at different C rates (0.1, 1, 10, 30 and 60C). Adapted with permission from [38], Copy-
right 2016, WILEY-VCH. (d) Pair distribution function Glr) of LiNigsMngs0, obtained
from synchrotron X-ray total scattering and in-plane cation ordering of LiNig5Mng50;
derived from reverse Monte-Carlo (RMC) refinement. Adapted with permission from
[40], Copyright 2005, American Chemical Society. (e—g) Fourier transformed EXAFS Mn,
Co and Ni K-edge spectra of Li; 2Nig.15C0g1Mngss0, collected during the initial charge
process. Adapted with permission from [45], Copyright 2013, WILEY-VCH.

evolution and charge compensation mechanism for
Li-rich layered Li; ;Nig15C001MngssO,, which is
different from that of conventional NMC.

Taken together, these studies on the electro-
chemical behavior of various cathode materials have
constructed a comprehensive understanding of the
electrochemistry for the LIBs, which is of significant
value to the design, synthesis and development of ad-
vanced cathode materials in the future.

SYNCHROTRON CHARACTERIZATION OF
LTMO’S ELECTRONIC STRUCTURAL
COMPLEXITY AND EVOLUTION

The electronic structure of transition metal cations
and oxygen anions in LTMO plays a pivotal role
in the battery’s functionality. We demonstrate,
in detail, the electronic structural complexity of
LTMO in real-world operating batteries in the
Supplementary data, section IIL. Synchrotron-
based X-ray spectroscopy techniques have distinct
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advantages in revealing the evolution of LTMO’s
electronic structures effectively and efficiently.
Here, we discuss the application of three popular
X-ray spectroscopy tools (namely X-ray photo-
electron spectroscopy (XPS), X-ray absorption
spectroscopy (XAS), and resonant inelastic X-ray
scattering (RIXS)) for studying LTMO’s electronic
structures.

Depending on the X-ray energy and the detected
signals, several different X-ray spectroscopic tech-
niques have been broadly applied to energy mate-
rial research. Before going into more detailed dis-
cussions, we first clarify that some of these X-ray
spectroscopic techniques are not limited to the syn-
chrotron facilities. For example, the tabletop X-ray-
based XPS, which detects and resolves the energy
of photoelectrons, is widely available for character-
izing the chemical states over the material surface.
The use of a tabletop X-ray source is associated
with a relatively low intensity and a very limited en-
ergy tunability (e.g. Al Ko radiation of 1.49 keV)
[46], which set some practical constraints, for exam-
ple in probing depth (< Snm for 1.49 keV) and in
chemical sensitivity. When implemented with a syn-
chrotron source, XPS can be carried out at differ-
ent photon energies, opening up significant scientific
opportunities. For example, the probing depths can
be effectively adjusted by varying the incident X-ray
energy for hard X-ray photoelectron spectroscopy
(HAXPES, 13 nm at 3.0 keV, 29 nm at 6.9 keV and
40nm at 10keV) [47]. The chemical state can, there-
fore, be characterized in a depth-dependent manner
through this approach. In the study of materials with
very fine particle size (~100 nm or smaller), it can
even be considered as a ‘bulk sensitive’ technique.
HAXPES has been utilized to study the chemical
state, composition and their depth-dependent inter-
play in LTMO cathode materials. Here we discuss a
HAXPES study, by Assat et al,, on the charge com-
pensation mechanism for the anion redox in Li-rich
NMC cathode [48]. As shown in Fig. 4a, the first
charged and discharged Li-rich NMC cathodes were
tested using HAXPES with different probing depths.
The surface deposits’ contribution to the O 1Is
photoelectron signal decreases as the incident pho-
ton energy increases from ~1.5 keV to 6.9 keV. The
intensity of O" and its ratio (the percentage of ox-
idized lattice oxygen) do not change significantly as
a function of the depths, suggesting that the O"~ ex-
ists both on the surface and in the bulk. The charge-
compensation mechanism can be speculated based
on evolution of the O™ fraction as a function of the
state-of-charge. The authors also reported that the
variation of the O" fraction is rather consistent in
the first and second cycles, suggesting fairly good re-
versibility of oxygen redox in the early cycles of this
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material. The incomplete reduction of oxygen when
discharged to 2.0 V hints at its sluggish kinetics and
can be associated with the capacitylossin the first cy-
cle. It is suggested that a potentiostatic hold at 2.0 V
may be necessary in the discharging process for re-
ducing O"" toward the full extent.

As we discussed in the previous section, when an
X-ray photon is absorbed by the material, a core-
level electron is excited to the unoccupied states
above the vacuum or Fermi level. When the energy
of the photon resonates with the ionization poten-
tial of a certain quantum state, the absorption cross-
section is maximized and the resulting discontinu-
ity in the absorption spectrum is referred to as an
‘absorption edge’. The energy shift of the spectrum
often reflects a change in oxidation state, while the
spectrum shape is related to the local chemical en-
vironment and the ligand geometry. Therefore, the
X-ray absorption spectrum is often used to finger-
print different chemical species. Table S2 lists the
absorption edges and their corresponding energies
for the primary elements in LTMO material [49].
Here we discuss a few different spectroscopy tech-
niques, including soft X-ray absorption spectroscopy
(sXAS), XANES and RIXS, all of which have demon-
strated valuable contributions to understanding of
the electronic structures in LTMO materials.

Most of the sXAS beamlines can cover the
transition metal L-edges and O K-edge and can
probe the valance band of TM 3d and O 2p states.
In a sXAS scan, different signals can be detected, for-
mulating different operation modes include Auger
electronyield (AEY), total electron yield (TEY) and
fluorescence yield (FY). The probing depth of these
signals varies, featuring different depth sensitivities:
1-2 nm for AEY, 2-5 nm for TEY and 50 nm for FY
[S0]. In most cases, these signals can be detected
concurrently for a depth-dependent electronic
structural analysis. To study the electronic struc-
tures of nickel in NMC materials, Lin et al
performed Ni L-edge XAS at different states of
charge (SOC) of the first cycle (Fig. 4b) [SO].
The Ni Lj-edge splits into high-energy (L3-high)
and low-energy (L3 o) peaks as a result of Ni 2p
— Ni 3d electrostatic interaction and the crystal
field effects. The ratio between Lpnigh and Lo
is positively correlated with the nickel’s oxidation
state. By comparing the AEY, TEY and FY signals,
a depth-dependent variation in nickel’s oxidation
state was observed in the charged electrode (Fig.
4b). The reduced Ni cation on the surface of the
NMC cathode is often attributed to the surface
reconstruction effect, which refers to the trans-
formation of layered structure into spinel/rock
salt structures. A follow-up study by the same
group highlights that the liquid electrolyte plays a
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significant role in the surface reconstruction process
and that the Ni is more prone to reduction at higher
SOC [51]. The application of this depth-dependent
sXAS approach was further extended to studying
the thermal stability of LTMO, which is relevant
to the lattice structure degradation, oxygen release
and exothermic side reactions that could provoke
a battery thermal runaway. In this respect, sXAS
can reveal the thermal decomposition paths and
the related degradation mechanisms. Alvarado et al.
showed the evidence of reduction of Co and Ni in
delithiated LiNiggMng;Cog 0, (NMC811) after
heating using Co and Ni sXAS spectra [52]. The
intertwined and depth-dependent redox reactions
of different TM cations highlight the complexity in
the thermally induced cathode degradation, which is
relevant to both the battery performance and safety.

Although there are a few nice demonstrations
in the literature [53,54], the limited penetration
capability of soft X-rays sets practical constraints on
the experiment, in particular, for in situ/operando
types of studies. In this regard, hard X-ray ab-
sorption spectroscopy demonstrates considerable
advantages. The features in the transition metal
K-edges’ spectra can provide information on
the electronic and local lattice structures. This is
widely used to probe the chemical valance state
of the TM elements in LTMO. Depending on
the scanned energy window, hard XAS includes
XANES and EXAFS, the former is sensitive to
the materials’ electronic structures and the lat-
ter is often used to probe the lattice structural
information and was discussed in the previous
section. Pioneered by Yang et al, in situ XANES
has been employed to study the evolution of TM
elements in LTMO during the cycling process [SS].
A comprehensive study of the Ni, Co and Mn in
LiNi; 3Mn;,3Co0,/30, (NMC333) using in situ
XANES was reported by Yoon et al. [56], in which
the in situ cells were charged up to 5.1 V at a charg-
ing rate of 0.05 C while the XANES data over the
K-edges of Mn, Ni and Co were collected at set in-
tervals (Fig. 4c). As the Liion is deintercalated from
the cathode, the Mn XANES spectrum changes
its shape without apparent energy shift, while
the Ni XANES spectrum shifts toward a higher
energy, hinting that the average oxidation state of
Ni increases and that of the Mn cation is relatively
stable during the charging process. Interpretation
of the Co K-edge XANES data is a bit more compli-
cated because it is not obvious whether the subtle
differences in the spectra are caused by the energy
shift or by the line-shape deformation [57]. From
a more fundamental perspective, the features in
the XANES spectra are ultimately associated with
transitions between different electronic states [56].
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Figure 4. Synchrotron-based X-ray spectroscopic studies of LTMO cathode materials. (a) Depth-dependent XPS signal from
Li-rich NMC cathode revealed by HAXPES. Adapted with permission from [48], Copyright 2017, Springer Nature. (b) Soft
X-ray absorption spectroscopy (sXAS) data on NMC cathode in Auger electron yield (AEY), total electron yield (TEY) and
fluorescence yield (FY) modalities. Adapted with permission from [50], Copyright 2014, Royal Society of Chemistry. (c) Hard
X-ray XANES data over the K-edges of Ni, Mn and Co in an NMC cathode. Adapted with permission from [56], Copyright
2005, American Chemical Society. (d) Soft X-ray RIXS data on a Li-rich NMC cathode at different state-of-charge. Adapted

with permission from [67], Copyright 2017, Springer Nature.

In the normalized K-edge XANES spectra, the weak
pre-edge absorption is associated with the electric
dipole-forbidden transition of a 1s electron to an un-
occupied 3d orbital. The first shoulder features (to
the left of the main absorption edge) are assigned to
a shakedown process, which involves the 1s — 4p
transition and is followed by ligand-to-metal charge
transfer. The features in the main absorption edge
are attributed to the purely dipole-allowed 1s — 4p
transition. A more advanced approach for quantify-
ing the XANES data is to conduct a comprehensive
and thorough fitting of the entire XANES energy
region in terms of a well-defined set of structural
parameters using a method called MXAN [S8].
However, this method requires a fairly well-defined
model and is relatively more time-consuming and
computationally expensive. Generally, XANES is
a powerful method for analyzing the valence state
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of the TMs in the bulk of the LTMO cathode. The
interpretation of XANES data is usually straight-
forward but might require extra effort when the
changes in the spectrum features are subtle.

In all the above discussed spectroscopy tech-
niques, the sample’s response to the incident
X-rays at a given energy is measured as a scalar. By
adding energy resolving power to the detector for
an XAS measurement, an additional dimension of
the data is extended and more detailed chemical
information can be retrieved. Resonant X-ray
emission spectroscopy (RXES), often called RIXS,
can probe electronic, orbital, magnetic and lattice
excitations for the targeted element [$3]. The
photon-in-photon-out (PIPO) test mode makes
RIXS bulk-sensitive and its probing depth can
reach hundreds of nanometers in soft X-ray regime.
The detector’s energy resolving power makes it
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possible to reject unwanted photons and to single
out the signal from a specific chemical state. More
specifically, the total fluorescence yield (TFY)
mode of sXAS may suffer from a signal mixing
effect. For example, the TFY sXAS over the Mn
L-edge contains a fairly strong contribution from
oxygen, which leads to a distortion of the spectral
line-shape. Unlike TFY sXAS, the partial fluores-
cence yield (PFY) and inverse partial fluorescence
yield (iPFY) extracted from the RIXS map, can
probe the bulk Mn chemical states without any
line-shape distortion. To further demonstrate
the rich information in a RIXS map, we show in
Fig. S3 the Mn L-edge RIXS data acquired using a
superconducting transition edge sensor (TES) de-
tector at beamline 10-1 of SSRL. With energy reso-
lution for both the incoming X-rays and the detected
X-rays, the RIXS maps can be used to extract spec-
troscopic signatures in different modalities, for
example TFY, PFY, iPFY and XRF, opening up
vast opportunities. It has also been demonstrated
that RIXS can be sensitive to anion redox re-
action (ARR), which often overlaps with the
transition metal signals and, therefore, could
be challenging to investigate using the conven-
tional sXAS approach. ARR, for example oxygen
redox, widely exists in both Li-rich and conven-
tional LTMO. Oxygen redox could offer extra
capacity upon deep delithiation of the cathode.
Its reversibility during the electrochemical cycling
is often far from satisfactory, however. Despite
tremendous efforts in this field, there is still a lack
of conclusive understanding of the fundamental
mechanism for the oxygen redox reactions. The
core question of the oxygen redox mechanism rests
on O is oxidized in which form. In 2016, Luo
et al. proposed a charge compensation mechanism
for oxygen redox in a Li;3Nig13Co013Mng 540,
cathode [59]. Upon deep delithiation, O atoms
coordinated with Mn** and Lit could generate
localized electron holes near the top of the 0%
valence band, which compensated the charge and
suppressed O release from the lattice. House et al.
suggested formation of molecular O, during the
oxygen redox in Li-rich materials [60,61]. Upon
charging, O*~ was oxidized to molecular O,. When
occurring on the particle surface, this process
is accompanied by layered-to-disordered phase
transition. In the bulk, however, the formed O,
is trapped in vacancy clusters and can be reduced
back to O*~ upon discharging. The order-disorder
rearrangement is irreversible, causing a change
in the coordination environment around O and
leading to the voltage hysteresis. In addition, other
mechanisms such as reductive-coupling-assisted
formation of peroxides (0,%7) [62], formation
of O-O peroxo-like dimers [63] and lattice
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O™ (n < 2) [48] have also been proposed to
explain the oxygen redox behavior in the Li-rich
materials. An in-depth discussion on oxygen
redox is beyond the scope of this review. More
comprehensive pedagogical descriptions of the
oxygen redox can be found in recent literatures
[64-66]. Here we focus on discussing how RIXS
reveals the oxygen redox in the LTMO materials. As
is shown in Fig. 4d, soft X-ray RIXS over the oxygen
K-edge was used to probe the evolution of oxygen re-
dox activity in Li; 17Nig2; CogosMng 5405, a model
Li-rich layered cathode [67]. In the pristine and 4.35
V-charged electrodes, excitation into the unoccu-
pied TM 3d — O 2p* (Eexcitations 528-533 eV) and
TM 4sp — O 2p™ (Eexcitation > 533 €V) states results
in similar emission energy profiles (Eemissions 522~
527 eV), corresponding to a decay from the delocal-
ized oxygen valance band states to fill the excited O
1s core hole. However, for the 4.6 V-charged elec-
trode, a new emission feature at 523.25 eV emerges.
It is clearly distinguished from the TM-O hybridized
states and can be attributed to the excitation to the
new unoccupied O redox state at 530.8 eV. This
feature is considered to be direct evidence of the
lattice oxygen redox. Interestingly, this O redox
feature reversibly appears even after 500 cycles,
suggesting that the anion redox in 3d Li-rich NMC
could be active over long-term cycling. Recently,
Li et al. investigated the oxygen redox behaviors in
Li-rich NMC under a mildly elevated temperature
(up to ~100°C) [68]. A bulk-oxygen-to-surface-
TM charge transfer was observed at ~100°C. This
observation indicates thermally driven redistribu-
tion of lithium-ions. In addition to the Li-rich NMC
cathode, conventional LiNi;;3Co1/3Mn;/30, and
LiNiO, are also reported to show the anion redox
feature at high potentials [69,70]. Understanding
the anionic redox mechanism can critically inform
the designs for next-generation high voltage LTMO
cathodes and the RIXS technique has demonstrated
unique capability in unraveling the anionic activity
with superior sensitivity and accuracy. It is worth
pointing out that theoretical modeling of the
RIXS data could greatly assist the interpretation.
Compared with the existing modeling effort for
conventional XAS, there are a lot of opportunities
for developing novel modeling tools in RIXS.

SYNCHROTRON CHARACTERIZATION
OF LTMO’S MORPHOLOGICAL
COMPLEXITY AND EVOLUTION

We elaborated on the multi-scale and high-
dimensional morphological complexity in LTMO-
based lithium-ion batteries at the beginning of this
article (see Fig. 1d). Here we reiterate that such a
hierarchical structure entails complicated function
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and degradation mechanisms that collectively
govern the behaviors of the LIB across a broad
range of time and length scales. This has motivated
many synchrotron-based imaging studies on bat-
teries from different perspectives. By virtue of high
brightness and low beam emittance, synchrotron
X-ray has demonstrated prominent advantages in
non-destructive and high-dimensional imaging,
which endow the capability of characterizing
LTMO-based LIB with different spatial and tempo-
ral resolutions and with structural, compositional
and chemical sensitivities. In the Supplementary
data, section IV, we discuss a few examples of
synchrotron-based imaging study of LIB from the
cell scale down to the particle level. These studies
target different phenomena that are of both scientific
and industrial significance to battery research and
serve as good examples to highlight the effectiveness
of synchrotron-based imaging techniques in battery
research.

We have already touched on redox heterogene-
ity in the LTMO battery cathode in the previous
section, here we dive deeper into this topic and
will highlight the interplay between the redox and
lattice heterogeneities in the later part of this sec-
tion. While the redox heterogeneity is ubiquitous
in LTMO materials and is often regarded as an un-
wanted phenomenon because it tends to escalate
asymmetric stress and cause structure disintegration
[71], we highlight that engineering the particle with
patterned redox heterogeneity can potentially im-
prove the cycling stability. For example, incorpora-
tion of zirconium into the cathode as a coating layer
or a trace dopant could effectively modulate the sur-
face heterogeneity for a single-crystal NMC particle
and suppress the interfacial lattice reconstruction,
benefiting the electrochemical stability at high cut-
off voltage [72].

We choose to highlight two studies that elucidate
evolution of the redox heterogeneity in LTMO as
a function of the electrochemical states. The first
example is a recent study by Zhang et al. on the
depth-dependent redox stratification effect in a
Li-rich NMC (Lil.zNio'13Mn0_54C00_1302) cathode
[73]. The complexity in this material lies with
the co-existing and intertwined cation and anion
redox reactions upon charging to high voltage.
Involvement of the lattice oxygen anions in the
redox reaction has been reported using advanced
synchrotron spectroscopic tools, for example RIXS,
which reveals the electronic state of the oxygen
anion when the cathode is deeply delithiated, as
we elaborated in the previous section of this article,
without offering spatial resolution to probe the
chemical heterogeneity. The authors employed
the nano-resolution spectro-tomography method
to probe evolution of the depth-profiles for the
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oxidation states of all three transition metal cations
in the system (Mn, Co and Ni). While an anticipated
depth-dependent particle polarization effect was
observed in the particle that was charged to a low
voltage of 4.3 V, surprising nonmonotonic depth
profiles were found in material that was charged to
4.8 V (Fig. 5a), with the core and the outermost
layer of the fully charged particle showing high Mn
valence and the Mn in the transition layers being
relatively reduced. Further testing revealed that the
valence of Ni gradually increases from the particle
surface to the core region of the fully charged particle
and that Co’s valence state has a similar distribution
tendency to that of Mn’s valence state. It has been
reported that the oxygen redox reaction in a Li-rich
LTMO cathode onsets at around 4.4 V. Therefore,
development of the nonmonotonic redox profiles
for the transition metal cations was attributed to
the involvement of oxygen activity, which also
demonstrates a depth-dependent profile that can be
inferred indirectly from the behaviors of the tran-
sition metal cations. While this example highlights
the difference in the spatial profile of the chemical
heterogeneity at different electrochemical states for
the LTMO cathode, an experimental observation of
the LTMO particles under in situ conditions would
be viewed as a desirable improvement to this study,
in particular, for capturing the dynamic evolution
over repeated electrochemical cycling. This has
motivated a range of synchrotron-based in situ and
operando imaging studies, including the second
example that we will cover next. In work by Xu et
al., a single LiCoO, particle inside a working pouch
cell was monitored as the cell underwent a designed
electrochemical cycling process [74]. An unam-
biguous inverse correlation between cycling C rate
and the recovery rate was reported for this particular
particle, highlighting that a single cathode particle is
able to respond differently to different externally ap-
plied reaction driving forces. In addition to the rate
dependence, the rearrangement of the SOC spatial
pattern also changed under stabilized and repeated
cycling conditions (0.2C, from the 3rd to the 21st
cycles). The results indicated that, in addition to the
electrochemical redox heterogeneity being highly
dependent on the C rate, an electrochemical reac-
tivation process with a small C rate can potentially
be designed to recover some of the lost capacity
from previous fast charging operations. This type of
in situ and operando synchrotron spectro-imaging
measurement has been employed to study the
correlation between redox and morphology (size
and crystal plane [75]) of the cathode particles
under high C rate. These insights are valuable to the
design of high-power-type LTMO materials.

While the redox heterogeneity is pervasive
in LTMO materials, it is often attributed to the
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Figure 5. Synchrotron-based X-ray imaging studies of redox and lattice heterogeneities in LTMO cathode materials. (a) The
depth-dependent redox stratification effect in a Li-rich NMC (Li; 2Nig 13Mng54Coq.130,) cathode. Adapted with permission from
[73], Copyright 2020, Springer Nature. (b) The inhomogeneous redox and lattice strain in cycled LiNiggMng;Cog 10, particle.
Adapted with permission from [76], Copyright 2021, American Chemical Society. (c) Titanium doping effect on lattice variation
in the LiCo0; particle. Adapted with permission from [77], Copyright 2020, Elsevier.

morphological complexities, the inhomogeneous
distribution of Li ions and, thus, the local SOC
variations. Here we point out that the atomic
structural arrangements, including the lattice dis-
tortions and defects, have a very significant role in
affecting the redox heterogeneity and the battery
performance. These lattice heterogeneities could be
induced by imperfect nucleation and crystallization
processes during the synthesis, they could also be
induced by undesired side reactions that occur
during the battery operation. Synchrotron offers
various experimental probes with sensitivity to
the material’s lattice arrangements, for example
XRD, EXAFS and PDF, which we have covered in
the previous designated section. Here we discuss
experimental approaches to resolve the lattice
heterogeneity in LTMO at the mesoscale with
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nano-resolution. In a recent development that com-
bines the full-field nano-resolution transmission
X-ray microscopy/tomography with the EXAFS
scan, Qian et al. visualized and correlated the redox
teatures and the lattice bonding features in a cycled
poly-crystalline NMC particle (Fig. Sb) [76]. In the
presented TXM-EXAFS measurements, the authors
extracted the Ni’s valence state from the XANES
region and the Ni—O bond length from the EXAFS
region. To address the challenge of low signal-to-
noise in the EXAFS spectra, the authors formulated a
machine-learning-assisted data clustering approach
for reduction of the noise and the dimensionality
of the data. Upon recovering a map of the Ni—O
bond length over the particle, the authors further
quantified the amplitude of the gradient, which was
then attributed to a strain-induced lattice distortion.
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While a general position correlation between the
redox and the strain was observed, in good
agreement with the common wisdom, localized
regions with a strain-redox decoupling effect
were also observed and attributed to different
degradation mechanisms. Combined with 3D
nano-tomography, it was found that the regions of
high Ni valence and low strain are likely detached
from the particle because of cracks, and no longer
participate in the electrochemical reaction. The
regions of low Ni valence and high strain, on the
other hand, populate on the particle surface and
may be the result of surficial lattice reconstruction.
This redox-strain coupling/decoupling behavior
features the complexity of degradation mechanisms
in LiNigsCo¢1Mng ; O, materials upon prolonged
battery operation. This study largely benefits from
the correlation analysis of the redox and lattice
heterogeneities in the LTMO cathode.

Another approach to directly reveal the lattice
heterogeneity is to conduct a spatially resolved XRD
measurement using a small X-ray focal spot. For
this purpose, the hard X-ray nanoprobe (HXN)
has demonstrated exceptional capability of detect-
ing the lattice structures and their variations in space
[77]. In an HXN study of quasi-single-crystalline
LTMO material, the X-rays were focused to a spot of
~30 nm onto a sample, producing a spotty diffrac-
tion pattern with peaks in the orientations that sat-
isfy the Bragg conditions. The sample can be rocked
over a small angular range and a 2D raster scan is
often conducted to collect the signals from differ-
ent parts of the sample. In a recent work by Hong et
al.,, the authors investigated the Ti dopant’s impact
on the structure of LiCoO,. They conducted HXN-
based mapping to detect the degrees of lattice dis-
tortions in Ti-dopped LiCoO, and in bare LiCoO,
[77]. Their results (Fig. Sc) suggest that incorpora-
tion of a trace amount of Ti into the LiCoO, lattice
has significantly distorted the host lattice because of
the incompatibility of the dopant with the LiCoO,
matrix. The heterogeneous lattice configuration in-
creases the energy barrier of the anisotropic micro-
strain in the LiCoO, particle during delithiation to
4.6V, suppressing undesired O3 to H1-3 phase tran-
sition, as evidenced by the improved stability of the
Ti-doped LiCoO, cathode.

Coherent diffractive X-ray imaging is another
method that has demonstrated some success in
evaluating the evolution of lattice defects in LTMO
upon battery operation. Singer et al. studied the
nucleation of dislocation defects and their dynamics
in lithium-rich LTMO cathode materials during
battery charging using a Bragg coherent diffractive
imaging (BCDI) technique [78]. In their experi-
ment, a rather sophisticated phase retrieval method

Page 12 of 17

was used to reconstruct the dislocation networks
inside the particle from the Bragg diffraction pattern.
As the cathode was charged to a higher voltage,
more dislocation defects were formed, which
could be associated with the oxygen evolution.
Unfortunately, this effect prevented the authors
from evaluating the particle at a voltage above 4.4 V
because the phase retrieval method failed at the
state with abundant lattice defects. Although this is
an exciting development with promising future, the
technical challenges associated with coherent X-ray
imaging must be addressed for practical and routine
applications of this method.

CORRELATIVE SYNCHROTRON
TECHNIQUES AND SCIENTIFIC
DATA MINING

In LTMO-based battery material, the electrochemi-
cal delithiation/lithiation process is rather intricate,
involving morphology and composition effects, elec-
tronic and lattice structural evolutions and sophis-
ticated interplay between the active material and
inactive components, for example carbon, binder
and electrolyte. An in-depth understanding of this
process requires thorough and systematic investi-
gation into different aspects of the material. In the
previous sections, we elaborated on the respective
strength of various synchrotron-based experimen-
tal techniques. Here we highlight that performing
these characterizations in a correlative manner can
provide unique insights that are otherwise inaccessi-
ble. This is particularly the case for the multi-modal
imaging of battery materials and we choose to briefly
discuss two examples of this kind below.

While it is broadly appreciated that the battery
charging/discharging is ultimately a bulk reaction
but that the surface chemistry has an important
role to play in this process, a detailed picture and
a fundamental understanding of this surface-to-bulk
interaction is rather elusive because of a lack of di-
rect experimental observations. In work by Li et al.,
a single poly-crystalline LiNipgMng;Cog 10, par-
ticle was imaged correlatively using both soft and
hard X-ray probes with nanoscale spatial resolu-
tion (see illustration in Fig. 6) [79]. The hard X-
ray nano-tomography reconstructs the 3D internal
structure of the particle non-destructively. Mean-
while, the soft X-ray nanoprobe can precisely map
out the surface chemical distribution, elucidating the
heterogeneous surface reconstruction and passiva-
tion effect. Correlating these two measurements, it
was observed that the regions with higher porosity
in the bulk tend to suffer more severe surface lat-
tice reconstructions. This experimental observation
informed systematic finite element modeling that
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Figure 6. Synchrotron-based correlative analysis of LTMO cathode materials. Adapted
with permission from [79], Copyright 2020, Springer Nature. Adapted with permission
from [72], Copyright 2021, Elsevier.

revealed the coevolution of Li distribution, stress
and the morphological damage in the NMC sec-
ondary particle.

Qian et al. combined the nano-resolution
full-field hard X-ray spectro-tomography and the
scanning hard X-ray nanoprobe techniques to inves-
tigate a single-crystalline NMC particle with a trace
amount of zirconium doping [ 72]. By correlating the
dopant and the SOC distributions at the mesoscale,
the authors revealed an interesting pattern of Ni
redox inhomogeneity, which suggests that the
mesoscale electrochemical kinetic is modulated by
facet-selective Zr segregation. It is useful to highlight
that this study leverages the high sensitivity of the
scanning nanoprobe and the high efficiency of the
full-field spectro-tomography. By putting these two
datasets together, it is revealed that the lithium dif-
fusion path parallel to the (003) plane was blocked
by a Zr-rich layer segregated on the side edge of the
particle, forming kinetically favored particle corners.
This result is helpful to understand the dopant’s
influence and to design novel LTMO materials
with engineered compositional arrangements.
Considering the limited resolution of synchrotron-
based imaging analysis, combination with electron
microscopy could be an effective way to obtain
comprehensive chemical and structural information
of samples. X-ray microscopy can provide chemical,
electronic and magnetic information of the material,
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while electron microscopy could quantify the ele-
mental composition with atomic-resolution [80].
A correlative combination of these complementary
techniques could offer valuable multi-modal exper-
imental data that are critical to understanding of
the functioning and degradation mechanisms of the
battery materials.

Finally, we would like to bring the reader’s
attention to a new research direction that combines
state-of-the-art synchrotron experimental tech-
niques with novel computational developments,
for example machine learning and data mining, for
battery studies. In general, these novel computa-
tional methods can greatly assist battery researchers
and synchrotron scientists in reducing large-scale
experimental data and extracting scientifically im-
portant information. Machine learning approaches
have been used to guide high-throughput syn-
chrotron experiments for material screening [81],
to conduct classification and dimension reduction
for chemical imaging data for capturing undesired
side reactions in batteries [76,82,83], to assist with
battery imaging data processing, segmentation
and quantification [73,84] and to construct a
numerical model for battery failure and lifetime
prediction [85,86].

For example, to evaluate the chemomechanical
breakdown of LTMO cathode particles, great care
is required in the statistical analysis to avoid any
pitfalls in interpretation of the imaging data. This
is because the damage pattern is highly heteroge-
neous and particles within the same electrode can
exhibit very significant differences in their respec-
tive degrees of cracking. As an example, we show
in Fig. 7 the synchrotron nano-tomographic results
of a NMC composite cathode that is recovered
from a fast-cycled coin cell. Within this electrode,
the particles exhibit very different cracking patterns
as demonstrated by the selected slice-views shown
in the bottom row of Fig. 7. The image frames in
the bottom row of Fig. 7 are color-coded to the
degree of damage in the corresponding particles,
which is determined by quantifying the crack-surface
areas within these particles. Moreover, the parti-
cle clusters can also demonstrate different degrees
of damage, indicating differences in their engage-
ment of the electro-chemo-mechanical processes.
The two selected clusters, only ~50 pm apart, are
very different in structural integrity. It is worth point-
ing out that, for this dataset, the traditional image
segmentation approach has low accuracy in iden-
tifying and segmenting the severely cracked par-
ticles. Machine learning methods can offer much
needed assistance in identifying and quantifying the
thousands-to-millions of particles in the electrode,
with superior accuracy and efficiency. Evaluation of



Natl Sci Rev, 2022, Vol. 9, nwab146

the massive number of NMC particles (shown in
Fig. 7) largely benefits from such a development by
Jiang et al., with the source code made openly avail-
able to the research community [87].

This is a highly interdisciplinary and rapidly
evolving research field. We anticipate significant
growth in research endeavors in this direction from
researchers of different backgrounds.

CONCLUSION AND PROSPECTS

Rechargeable battery technologies have demon-
strated a tremendous impact on modern society,
facilitating groundbreaking developments in con-
sumer electronics, electric vehicles and grid energy
storage, all of which have enormous market value.
A practical battery is a highly complicated multi-
component device, featuring structural and chem-
ical evolutions at different time and length scales
upon battery operation. These battery components
work in a synergistic way to fulfill the energy stor-
age functionality. There are very active research ef-
forts looking into different battery components, but,
at present, the cathode material remains the major
bottleneck for improving energy density. Therefore,
we chose LTMO, a group of leading cathode mate-
rials, as our focus for this review and looked into the
complicated thermo-electro-chemo-mechanical in-
terplay in the LTMO cathode.

When studying such a material system with
enormous structural and chemical complexities,
advanced characterization tools are indispensable.
In particular, the study of a practical LTMO cathode
with intertwined microstructural, compositional
and chemical heterogeneities needs a holistic suite
of experimental methods with different sensitivi-
ties. Synchrotron techniques stand out as a suite
of effective methods for non-destructive battery
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Figure 7. Quantification for NMC particle cracking in real-world composite cathode. These particles exhibit very different
cracking patterns (bottom row). The particle clusters also demonstrate different degrees of structural disintegration (top row).
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characterization with sensitivities to the lattice,
electronic and morphological structures. In this
article, we discuss the complexity and evolution
of the LTMO cathode’s structural and chemical
properties under different working conditions. We
further review relevant synchrotron-based research
works that address the frontier challenges in this
field and provide novel insights for understand-
ing the battery degradation mechanisms and for
informing the effort to improve the battery cathode.

This is a highly active research field. State-of-
the-art developments involve efforts from material
science, synchrotron development and advanced
computing. In our review, we included a few re-
cent works that integrate these cutting-edge devel-
opments, for example in situ/operando battery stud-
ies at synchrotron, cross-beamline and cross-facility
multi-modal synchrotron studies for battery cath-
ode, machine learning and data mining assisted bat-
tery studies at synchrotron. These case studies serve
as good examples to highlight the interdisciplinary
nature of this research field. While the synchrotron
characterization techniques could offer valuable in-
sights into the battery research, there are some draw-
backs that have to be considered. For example, the
radiation damage could potentially jeopardize the
study, especially the long-time in situ/operando ex-
periments. X-ray induced damage can come in differ-
ent forms and, therefore, a careful dose management
plan is often needed for the experiment. In addition,
the spatial resolution of X-ray microscopy is often
limited to a-few-nanometers to tens-of-nanometers
level, which is insufficient to visualize some of the lo-
calized features. Therefore, a multi-modal approach
incorporating other high resolution characterization
tools, for example scanning transmission electron
microscopy with atomic resolution [88], would be
beneficial. Another example is the correlation of
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neutron tomography with X-ray tomography [89].
The interaction of neutrons with the materials could
offer unique sensitivity to elements (e.g. lithium)
that are hard to probe using X-rays.

Looking forward, we envision that the future
research challenges in this field will be associ-
ated largely with the growing complexity in novel
battery materials and systems. In particular, the
battery materials’ dynamic transformation, involv-
ing metastable phases that are functionally criti-
cal, is often overlooked in conventional studies,
and could be important for novel battery mate-
rial design. Such a complexity can be further am-
plified as the batteries are operated under extreme
conditions for different applications, for example
ultra-fast charging, cold/hot climate and space ex-
ploration. The ongoing and projected major up-
grades of the synchrotron and free electron laser
(FEL) facilities bring scientific opportunities to this
research field. Enhancements in X-ray brightness
and brilliance could facilitate X-ray experiments
with unprecedented resolution and sensitivity, crit-
ical to investigation of next-generation battery ma-
terials. As a concluding remark, we are confident
that, with collaborative efforts from material scien-
tists, synchrotron scientists and computational sci-
entists, this community is making substantial im-
pacts on the energy storage technology and moving
toward a global energy solution with much desired
sustainability.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.

FUNDING

Stanford Synchrotron Radiation Lightsource is supported by
the U.S. Department of Energy (DOE), Office of Science, Of-
fice of Basic Energy Sciences under Contract No. DE-AC02-
76SF00515. The work at Institute of Physics, Chinese Academy
of Sciences was supported by the Natural Science Foundation of
Beijing (Z20J00042) and Newton Advanced Fellowships. This
work was also supported by a faculty start-up grant of Shanghai
Jiao Tong University (to L.S.L.), the National Natural Science
Foundation of China (22008154 to L.S.L.) and partially by the
Sichuan Science and Technology Program (2021JDRCO001S to
LSL.).

Conflict of interest statement. None declared.

REFERENCES

1. Zeng X, Li M and Abd El-Hady D et al. Commercialization of
lithium battery technologies for electric vehicles. Adv Energy
Mater2019; 9: 1900161.

2. Armand M and Tarascon JM. Building better batteries. Nature
2008; 451: 652—7.

Page 15 0of 17

3.

20.

2

22.

Li W, Erickson EM and Manthiram A. High-nickel layered ox-
ide cathodes for lithium-based automotive batteries. Nat Energy
2020; 5: 26-34.

.Fan E, Li L and Wang Z et al. Sustainable recycling technology

for Li-ion batteries and beyond: challenges and future prospects.
Chem Rev2020; 120: 7020-63.

. Whittingham MS. Lithium batteries and cathode materials.

Chem Rev2004; 104: 4271-302.

. Manthiram A, Knight JC and Myung S-T et al. Nickel-rich and

lithium-rich layered oxide cathodes: progress and perspectives.
Adv Energy Mater 2016; 6: 1501010.

. Ozawa K. Lithium-ion rechargeable batteries with LiCoO, and

carbon electrodes: the LiCo0,/C system. Solid State lon 1994;
69: 212-21.

. Wang L, Chen B and Ma J et al. Reviving lithium cobalt oxide-

based lithium secondary batteries-toward a higher energy den-
sity. Chem Soc Rev 2018; 47: 6505-602.

. Mizushima K, Jones PC and Wiseman PJ et al. LiyCoO,

(0<x<—1): a new cathode material for batteries of high energy
density. Mater Res Bull 1980; 15: 783-9.

. Ohzuku T and Makimura Y. Layered lithium insertion material of

LiCo1/3Ni1/3Mny/30 for lithium-ion batteries. Chem Lett 2001;
30: 642-3.

. LiuW, OhPand Liu X et al. Nickel-rich layered lithium transition-

metal oxide for high-energy lithium-ion batteries. Angew Chem
Int Ed 2015; 54: 4440-57.

. Myung S-T, Maglia F and Park K-J et al. Nickel-rich layered

cathode materials for automotive lithium-ion batteries: achieve-
ments and perspectives. ACS Energy Lett 2017; 2: 196-223.

. Xu J, Lin F and Doeff MM et al. A review of Ni-based layered

oxides for rechargeable Li-ion batteries. J Mater Chem A 2017,
5: 874-901.

Van der Ven A. Lithium diffusion in layered LixCoQy. Electrochem
Solid State Lett 1999; 3: 301.

. Kang K and Ceder G. Factors that affect Li mobility in layered

lithium transition metal oxides. Phys Rev B 2006; 74: 094105.

. Manthiram A, Vadivel Murugan A and Sarkar A et al. Nanos-

tructured electrode materials for electrochemical energy stor-
age and conversion. Energy Environ Sci 2008; 1: 621-38.

. Xia H, Lu L and Meng YS et al. Phase transitions and high-

voltage electrochemical behavior of LiCaO; thin films grown by
pulsed laser deposition. J Electrochem Soc 2007; 154: A337.

. Yang W. Oxygen release and oxygen redox. Nat Fnergy 2018; 3:

619-20.

. HuE, YuXand Lin R et al. Evolution of redox couples in Li- and

Mn-rich cathode materials and mitigation of voltage fade by re-
ducing oxygen release. Nat Energy 2018; 3: 690-8.

Sun HH, Ryu H-H and Kim U-H et al. Beyond doping and coating:
prospective strategies for stable high-capacity layered Ni-rich
cathodes. ACS Energy Lett. 2020; 5: 1136—-46.

. Sun Y-K, Chen Z and Noh H-J et al. Nanostructured high-energy

cathode materials for advanced lithium batteries. Nat Mater
2012;11: 942-7.

Sun Y-K, Myung S-T and Park B-C et al. High-energy cathode
material for long-life and safe lithium batteries. Nat Mater2009;
8:3204.


https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwab146#supplementary-data
http://dx.doi.org/10.1002/aenm.201900161
http://dx.doi.org/10.1002/aenm.201900161
http://dx.doi.org/10.1038/451652a
http://dx.doi.org/10.1038/s41560-019-0513-0
http://dx.doi.org/10.1021/acs.chemrev.9b00535
http://dx.doi.org/10.1021/cr020731c
http://dx.doi.org/10.1002/aenm.201501010
http://dx.doi.org/10.1016/0167-2738(94)90411-1
http://dx.doi.org/10.1039/C8CS00322J
http://dx.doi.org/10.1246/cl.2001.642
http://dx.doi.org/10.1002/anie.201409262
http://dx.doi.org/10.1002/anie.201409262
http://dx.doi.org/10.1021/acsenergylett.6b00594
http://dx.doi.org/10.1039/C6TA07991A
http://dx.doi.org/10.1149/1.1391130
http://dx.doi.org/10.1149/1.1391130
http://dx.doi.org/10.1103/PhysRevB.74.094105
http://dx.doi.org/10.1039/b811802g
http://dx.doi.org/10.1149/1.2509021
http://dx.doi.org/10.1038/s41560-018-0222-0
http://dx.doi.org/10.1038/s41560-018-0207-z
http://dx.doi.org/10.1021/acsenergylett.0c00191
http://dx.doi.org/10.1038/nmat3435
http://dx.doi.org/10.1038/nmat2418

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Natl Sci Rev, 2022, Vol

Xu Z, Jiang Z and Kuai C et al. Charge distribution guided by grain crystallo-
graphic orientations in polycrystalline battery materials. Nat Commun 2020;
11: 83.

Kim U-H, Ryu H-H and Kim J-H et al. Microstructure-controlled Ni-rich cath-
ode material by microscale compositional partition for next-generation electric
vehicles. Adv Energy Mater2019; 9: 1803902.

Zhang J-N, Li Q and Ouyang C et al. Trace doping of multiple elements enables
stable battery cycling of LiCoO, at 4.6 V. Nat Energy 2019; 4: 594-603.

Xu G-L, Liu Q and Lau KKS et al. Building ultraconformal protective layers on
both secondary and primary particles of layered lithium transition metal oxide
cathodes. Nat Energy 2019; 4: 484-94.

Yan P, Zheng J and Liu J et al. Tailoring grain boundary structures and chemistry
of Ni-rich layered cathodes for enhanced cycle stability of lithium-ion batteries.
Nat Energy 2018; 3: 600-5.

Bi 'Y, Tao J and Wu Y et al. Reversible planar gliding and microcracking in a
single-crystalline Ni-rich cathode. Science 2020; 370: 1313—7.

Qian G, Zhang Y and Li L et al. Single-crystal nickel-rich layered-oxide battery
cathode materials: synthesis, electrochemistry, and intra-granular fracture. £n-
ergy Storage Mater 2020; 27: 140-9.

Qian G, LiZand Meng D et al. Temperature-swing synthesis of large-size single-
crystal LiNiggMng,Cog 20, cathode materials. J Electrochem Soc 2021; 168:
010534.

Lin F, Liu Y and Yu X et al. Synchrotron X-ray analytical techniques for study-
ing materials electrochemistry in rechargeable batteries. Chem fev2017; 117:
13123-86.

Xu R, Sun H and de Vasconcelos LS et al. Mechanical and structural degra-
dation of LiNixMnyCo,0; cathode in Li-ion batteries: an experimental study.
J Electrochem Soc 2017; 164: A3333-41.

Gu Q, Kimpton JA and Brand HEA et al. Solving key challenges in battery re-
search using in situ synchrotron and neutron techniques. Adv Energy Mater
2017; 7: 1602831.

Gong Z and Yang Y. The application of synchrotron X-ray techniques to the
study of rechargeable batteries. J £nergy Chem 2018; 27: 1566—-83.

Bak S-M, Shadike Z and Lin R et al. In situ/operando synchrotron-based X-ray
techniques for lithium-ion battery research. NFG Asia Mater2018; 10: 563-80.
Hu E, Wang X and Yu X et al. Probing the complexities of structural changes
in layered oxide cathode materials for Li-ion batteries during fast charge-
discharge cycling and heating. Acc Chem Res 2018; 51: 290-8.

Zhou Y-N, Ma J and Hu E et al. Tuning charge-discharge induced unit cell
breathing in layer-structured cathode materials for lithium-ion batteries. Nat
Commun 2014; 5: 5381.

Zhou Y-N, Yue J-L and Hu E et al. High-rate charging induced intermediate
phases and structural changes of layer-structured cathode for lithium-ion bat-
teries. Adv Energy Mater 2016; 6: 1600597.

Zhu H, Huang Y and Ren J et al. Bridging structural inhomogeneity to function-
ality: pair distribution function methods for functional materials development.
Adv Sci2021; 8: 2003534.

Breger J, Dupre N and Chupas PJ et al. Short- and long-range order in the pos-
itive electrode material, Li(NiMn)g502: a joint X-ray and neutron diffraction,
pair distribution function analysis and NMR study. J Am Chem Soc 2005; 127-
7529-37.

Kitamura N, Ishida N and Idemoto Y. Atomic-configuration analysis on
LiNig5sMng 50, by reverse Monte Carlo simulation. Flectrochemistry 2016; 84:
789-92.

42.

43.

44.

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

.9, nwah146

Kitamura N, Kubo Y and Ishida N et al. Study of atomic ordering across the layer
in lithium-rich layered positive electrode material towards preparation process
optimization. J Power Sources 2019; 437: 226905.

Kim MG and Yo CH. X-ray absorption spectroscopic study of chemically and
electrochemically Li ion extracted Li,Cop g5Alg 1502 compounds. J Phys Chem
£1999; 103: 6457-65.

Tsai YW, Hwang BJ and Ceder G et al. In-situ X-ray absorption spectro-
scopic study on variation of electronic transitions and local structure of
LiNiy/3C01/3Mn4/30; cathode material during electrochemical cycling. Chem
Mater 2005; 17: 3191-9.

Yu X, Lyu Y and Gu L et al. Understanding the rate capability of high-energy-
density Li-rich layered Liy 2Nig.15C0g.1 Mng 550, cathode materials. Adv Energy
Mater2014; 4: 1300950.

Foix D, Sathiya M and McCalla E et al. X-ray photoemission spectroscopy study
of cationic and anionic redox processes in high-capacity Li-ion battery layered-
oxide electrodes. J Phys Chem C 2016; 120: 862—74.

Assat G, ladecola A and Foix D et al. Direct quantification of anionic redox over
long cycling of Li-rich NMC via hard X-ray photoemission spectroscopy. ACS
Energy Lett2018; 3: 2721-8.

Assat G, Foix D and Delacourt C et al. Fundamental interplay between an-
ionic/cationic redox governing the kinetics and thermodynamics of lithium-rich
cathodes. Nat Commun 2017; 8: 2219.

Ravel B and Newville M. ATHENA, ARTEMIS, HEPHAESTUS: data analysis for
X-ray absorption spectroscopy using IFEFFIT. J Synchrotron Rad 2005; 12: 537—
41.

Lin F, Nordlund D and Markus IM et al. Profiling the nanoscale gradient in sto-
ichiometric layered cathode particles for lithium-ion batteries. Energy Environ
Sci2014; 7: 3077-85.

. Tian C, Xu Y and Nordlund D et al. Charge heterogeneity and surface chemistry
in polycrystalline cathode materials. Joule 2018; 2: 464—77.

Alvarado J, Wei C and Nordlund D et al. Thermal stress-induced charge and
structure heterogeneity in emerging cathode materials. Mater Today 2020; 35:
87-98.

Yang W and Devereaux TP. Anionic and cationic redox and interfaces in bat-
teries: Advances from soft X-ray absorption spectroscopy to resonant inelastic
scattering. J Power Sources 2018; 389: 188-97.

Liu X, Wang D and Liu G et al. Distinct charge dynamics in battery electrodes
revealed by in situ and operando soft X-ray spectroscopy. Nat Commun 2013;
4: 2568.

Liu D, Shadike Z and Lin R et al. Review of recent development of in
situ/operando characterization techniques for lithium battery research. Adv
Mater2019; 31: 1806620.

Yoon W-S, Balasubramanian M and Chung KY et al. Investigation of the
charge compensation mechanism on the electrochemically Li-ion deinterca-
lated Li1.xCo1/3Ni1/3Mn1 30, electrode system by combination of soft and hard
X-ray absorption spectroscopy. J Am Chem Soc 2005; 127: 17479-87.

Wei C, Hong Y and Tian Y et al. Quantifying redox heterogeneity in single-
crystalline LiCoO, cathode particles. J Synchrotron Rad 2020; 27: 713-9.
Benfatto M, Della Longa S and Natoli CR. The MXAN procedure: a new method
for analysing the XANES spectra of metalloproteins to obtain structural quan-
titative information. J Synchrotron Rad 2003; 10: 51-7.

Luo K, Roberts MR and Hao R et al. Charge-compensation in 3d-transition-
metal-oxide intercalation cathodes through the generation of localized electron
holes on oxygen. Nat Chem 2016; 8: 684-91.

Page 16 of 17


http://dx.doi.org/10.1038/s41467-019-13884-x
http://dx.doi.org/10.1002/aenm.201803902
http://dx.doi.org/10.1038/s41560-019-0409-z
http://dx.doi.org/10.1038/s41560-019-0387-1
http://dx.doi.org/10.1038/s41560-018-0191-3
http://dx.doi.org/10.1126/science.abc3167
http://dx.doi.org/10.1016/j.ensm.2020.01.027
http://dx.doi.org/10.1016/j.ensm.2020.01.027
http://dx.doi.org/10.1149/1945-7111/abdde0
http://dx.doi.org/10.1021/acs.chemrev.7b00007
http://dx.doi.org/10.1149/2.1751713jes
http://dx.doi.org/10.1002/aenm.201602831
http://dx.doi.org/10.1016/j.jechem.2018.03.020
http://dx.doi.org/10.1038/s41427-018-0056-z
http://dx.doi.org/10.1021/acs.accounts.7b00506
http://dx.doi.org/10.1038/ncomms6381
http://dx.doi.org/10.1038/ncomms6381
http://dx.doi.org/10.1002/aenm.201600597
http://dx.doi.org/10.1002/advs.202003534
http://dx.doi.org/10.1021/ja050697u
http://dx.doi.org/10.5796/electrochemistry.84.789
http://dx.doi.org/10.1016/j.jpowsour.2019.226905
http://dx.doi.org/10.1021/jp990753b
http://dx.doi.org/10.1021/jp990753b
http://dx.doi.org/10.1021/cm048027v
http://dx.doi.org/10.1021/cm048027v
http://dx.doi.org/10.1002/aenm.201300950
http://dx.doi.org/10.1002/aenm.201300950
http://dx.doi.org/10.1021/acs.jpcc.5b10475
http://dx.doi.org/10.1021/acsenergylett.8b01798
http://dx.doi.org/10.1021/acsenergylett.8b01798
http://dx.doi.org/10.1038/s41467-017-02291-9
http://dx.doi.org/10.1107/S0909049505012719
http://dx.doi.org/10.1039/C4EE01400F
http://dx.doi.org/10.1039/C4EE01400F
http://dx.doi.org/10.1016/j.joule.2017.12.008
http://dx.doi.org/10.1016/j.mattod.2019.11.009
http://dx.doi.org/10.1016/j.jpowsour.2018.04.018
http://dx.doi.org/10.1038/ncomms3568
http://dx.doi.org/10.1002/adma.201806620
http://dx.doi.org/10.1002/adma.201806620
http://dx.doi.org/10.1021/ja0530568
http://dx.doi.org/10.1107/S1600577520002076
http://dx.doi.org/10.1107/S0909049502018137
http://dx.doi.org/10.1038/nchem.2471

60.

6

62.

63.

64.

65.

66.

67.

68.

69.

70.

7

72.

73.

74.

Natl Sci Rev, 2022, Vo

House RA, Maitra U and Pérez-Osorio MA et al. Superstructure control of
first-cycle voltage hysteresis in oxygen-redox cathodes. Nature 2020; 577:
502-8.

. House RA, Rees GJ and Pérez-Osorio MA et al. First-cycle voltage hysteresis

in Li-rich 3d cathodes associated with molecular O, trapped in the bulk. Nat
Energy 2020; 5: 777-85.

Sathiya M, Rousse G and Ramesha K et al. Reversible anionic redox chemistry
in high-capacity layered-oxide electrodes. Nat Mater 2013; 12: 827-35.
McCalla E, Abakumov AM and Saubanére M et al. Visualization of 0—0
peroxo-like dimers in high-capacity layered oxides for Li-ion batteries. Science
2015; 350: 1516-21.

Rahman MM and Lin F. Oxygen redox chemistry in rechargeable Li-ion and Na-
ion batteries. Matter 2021; 4: 490-527.

Assat G and Tarascon J-M. Fundamental understanding and practical chal-
lenges of anionic redox activity in Li-ion batteries. Nat Fnergy 2018; 3:
373-86.

House RA, Marie J-J and Pérez-Osorio MA et al. The role of O, in O-redox
cathodes for Li-ion batteries. Nat Energy 2021; 6: 781-9.

Gent WE, Lim K and Liang Y et al. Coupling between oxygen redox and cation
migration explains unusual electrochemistry in lithium-rich layered oxides. Nat
Commun 2017; 8: 2091.

Li S, Lee S-J and Wang X et al. Surface-to-bulk redox coupling through ther-
mally driven Li redistribution in Li- and Mn-rich layered cathode materials.
JAm Chem Soc 2019; 141: 12079-86.

Lee G-H, Wu J and Kim D et al. Reversible anionic redox activities in conven-
tional LiNiy/3Co1/3Mnq 30 cathodes. Angew Chem Int Ed 2020; 59: 8681-8.
Li N, Sallis S and Papp JK et al. Unraveling the cationic and anionic redox
reactions in a conventional layered oxide cathode. ACS Energy Lett 2019; 4:
2836-42.

. XuZ, Rahman MM and Mu L et al. Chemomechanical behaviors of layered cath-

ode materials in alkali metal ion batteries. J Mater Chem A2018; 6: 21859-84.
Qian G, Huang H and Hou F et al. Selective dopant segregation modulates
mesoscale reaction kinetics in layered transition metal oxide. Nano Energy
2021; 84: 105926.

Zhang J, Wang Q and Li S et al. Depth-dependent valence stratification driven
by oxygen redox in lithium-rich layered oxide. Nat Commun 2020; 11: 6342.
Xu'Y, Hu E and Zhang K et al. In situ visualization of state-of-charge hetero-
geneity within a LiCoO; particle that evolves upon cycling at different rates.
ACS Energy Lett. 2017; 2: 1240-5.

75.

76.

77.

78.

79.

80.

81.

83.

84.

85.

86.

87.

88.

89.

.9, nwab146

Hong L, Li L and Chen-Wiegart Y-K et al. Two-dimensional lithium diffusion
behavior and probable hybrid phase transformation kinetics in olivine lithium
iron phosphate. Nat Commun2017; 8: 1194.

Qian G, Zhang J and Chu S-Q et al. Understanding the mesoscale degradation in
nickel-rich cathode materials through machine-learning-revealed strain—redox
decoupling. ACS Energy Lett. 2021; 6: 687-93.

Hong Y-S, Huang X and Wei C et al. Hierarchical defect engineering for LiCoO,
through low-solubility trace element doping. Chem 2020; 6: 2759-69.
Singer A, Zhang M and Hy S et al. Nucleation of dislocations and their dynamics
in layered oxide cathode materials during battery charging. Nat Energy 2018;
3:641-7.

Li S, Jiang Zand Han J et al. Mutual modulation between surface chemistry and
bulk microstructure within secondary particles of nickel-rich layered oxides.
Nat Commun 2020; 11: 4433.

Lo YH, Liao C-T and Zhou J et al. Multimodal x-ray and electron microscopy of
the Allende meteorite. Sc/ Adv2019; 5: eaax3009.

Ren F, Ward L and Williams T et al. Accelerated discovery of metallic glasses
through iteration of machine learning and high-throughput experiments. Sci
Adv2018; 4: eaaq1566.

. Mao Y, Wang X and Xia S et al. High-voltage charging-induced strain, hetero-
geneity, and micro-cracks in secondary particles of a nickel-rich layered cath-
ode material. Adv Funct Mater2019; 29: 1900247.

Zhang K, Ren Fand Wang X et al. Finding a needle in the haystack: identification
of functionally important minority phases in an operating battery. Nano Lett
2017;17: 7782-8.

Yang Y, Xu R and Zhang K et al. Quantification of heterogeneous degradation
in Li-ion batteries. Adv Energy Mater2019; 9: 1900674.

Severson KA, Attia PM and Jin N et al. Data-driven prediction of battery cycle
life before capacity degradation. Nat Energy 2019; 4: 383-91.

LiW, ZhuJand Xia Y et al. Data-driven safety envelope of lithium-ion batteries
for electric vehicles. Joule 2019; 3: 2703-15.

Jiang Z, Li J and Yang Y et al. Machine-learning-revealed statistics of the
particle-carbon/binder detachment in lithium-ion battery cathodes. Nat Com-
mun 2020; 11: 2310.

Lin R, Bak S-M and Shin Y et al. Hierarchical nickel valence gradient stabilizes
high-nickel content layered cathode materials. Nat Commun 2021; 12: 2350.
Ziesche RF, Arlt T and Finegan DP et al. 4D imaging of lithium-batteries using
correlative neutron and X-ray tomography with a virtual unrolling technique.
Nat Commun 2020; 11: 777.

Page 17 of 17


http://dx.doi.org/10.1038/s41586-019-1854-3
http://dx.doi.org/10.1038/s41560-020-00697-2
http://dx.doi.org/10.1038/s41560-020-00697-2
http://dx.doi.org/10.1038/nmat3699
http://dx.doi.org/10.1126/science.aac8260
http://dx.doi.org/10.1016/j.matt.2020.12.004
http://dx.doi.org/10.1038/s41560-018-0097-0
http://dx.doi.org/10.1038/s41560-021-00780-2
http://dx.doi.org/10.1038/s41467-017-02041-x
http://dx.doi.org/10.1038/s41467-017-02041-x
http://dx.doi.org/10.1021/jacs.9b05349
http://dx.doi.org/10.1002/anie.202001349
http://dx.doi.org/10.1021/acsenergylett.9b02147
http://dx.doi.org/10.1039/C8TA06875E
http://dx.doi.org/10.1016/j.nanoen.2021.105926
http://dx.doi.org/10.1038/s41467-020-20198-w
http://dx.doi.org/10.1021/acsenergylett.7b00263
http://dx.doi.org/10.1038/s41467-017-01315-8
http://dx.doi.org/10.1021/acsenergylett.0c02699
http://dx.doi.org/10.1016/j.chempr.2020.07.017
http://dx.doi.org/10.1038/s41560-018-0184-2
http://dx.doi.org/10.1038/s41467-020-18278-y
http://dx.doi.org/10.1126/sciadv.aax3009
http://dx.doi.org/10.1126/sciadv.aaq1566
http://dx.doi.org/10.1126/sciadv.aaq1566
http://dx.doi.org/10.1002/adfm.201900247
http://dx.doi.org/10.1021/acs.nanolett.7b03985
http://dx.doi.org/10.1002/aenm.201900674
http://dx.doi.org/10.1038/s41560-019-0356-8
http://dx.doi.org/10.1016/j.joule.2019.07.026
http://dx.doi.org/10.1038/s41467-020-16233-5
http://dx.doi.org/10.1038/s41467-020-16233-5
http://dx.doi.org/10.1038/s41467-021-22635-w
http://dx.doi.org/10.1038/s41467-019-13943-3

