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The operation of modern society and the advancement of the electric vehicle industry are intrinsically
linked to high-performance lithium-ion batteries (LIBs). However, the inherent structural instability of
traditional cathode materials under high voltage (high capacity) and rapid charging conditions leads to
swift degradation of battery voltage and capacity. This significantly impedes the commercialization of LIBs
and contributes to issues such as “range anxiety”. Currently, the failure mechanisms of cathode materials
remain highly debated, with most research focusing on material modification and interfacial transport
kinetics. Recent studies indicate that the accumulation of nanoscale strain and lattice displacement within
cathode materials are critical driving forces behind structural degradation and oxygen loss. Despite their
fundamental importance, lattice displacements and nanoscale strain remain among the least understood
structural characteristics in battery materials. This review highlights the latest research advancements con-
cerning the electrochemical-mechanical coupling mechanisms and advanced modification strategies of
cathode materials. We begin by elucidating the electrochemical-mechanical failure mechanisms of
cathode materials, spanning from the atomic to the macroscopic scale, and the interconnections among
various failure mechanisms, with particular emphasis on lattice defects and microscopic mechanical an-
isotropy. Subsequently, we discuss advanced strategies and recent progress in modifying layered oxide
cathode materials, which hold promise for furthering the development of the new energy industry. Finally,
in the context of a carbon-neutral future and the evolving high-performance electric vehicle industry, we
summarize and provide insights into the application prospects and developmental directions of layered
oxide cathode materials from perspectives of cost, performance, safety, and environmental friendliness.

The development of lithium-ion battery technology has profoundly transformed human life and is expected to revolutionize
the electric vehicle industry. The cathode is the highest-cost component of the battery pack, and the battery’s overall perform-
ance, particularly energy density and cycling stability, largely depends on it. However, due to the inherent structural instabil-
ity of conventional cathode materials, key performance parameters like voltage and capacity deteriorate rapidly under
extreme conditions such as high voltage and fast charging, hampering the growth of the electric vehicle market and contri-
buting to issues like “range anxiety”. The accumulation of nanoscale strain and lattice displacement within cathode particles
is a key driving force for structural degradation, yet this may be among the most enigmatic characteristics of battery
materials. In this review, we elucidate the electrochemical-mechanical failure mechanisms of cathode materials from atomic
to macroscopic scales, emphasizing the interrelations between various failure mechanisms, particularly lattice defects, nano-
strain and microscopic mechanical anisotropy. We also provide an outlook on the application prospects and development
directions of layered oxide cathode materials concerning cost, performance, safety, and environmental friendliness.
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1. Introduction

Over the past 30 years, LIBs have revolutionized human living
standards,’ and led to the award of the Nobel Prize in
Chemistry in 2019. The cathode constitutes the highest-cost
component within the battery pack,” and the overall perform-
ance of the battery, particularly its energy density and cycling
stability, is largely dependent on the cathode. Over the past 25
years, the energy density of LIBs has increased at an approxi-
mate rate of 3% per year.® However, in recent years, the rate of
improvement in energy density has slowed, with the most
advanced commercial LIBs currently achieving energy den-
sities of only 300-330 W h kg and 750-830 W h L™, which
falls short of meeting societal demands.”® Various govern-
ments have set ambitious targets for rechargeable batteries.
According to “Made in China 2025”, the energy density of
power batteries is expected to reach 500 W h kg™ by 2030.
Thus, developing the next-generation LIBs with superior
electrochemical properties has become a top priority, with the
crux of the matter lying in the pursuit of suitable cathode
materials.

In the context of power systems in new energy vehicles, the
ideal next-generation lithium battery cathode material should
exhibit the following performance characteristics: (1) high
specific capacity and energy density (>500 W h kg™" and 1000
W h L™"),° thereby enhancing driving range while reducing the
size and weight of the battery pack; (2) excellent ionic conduc-
tivity and rate capability to ensure fast-charging performance
and reliable operation in cold conditions;”® and (3) robust
cycling stability, which extends the battery’s operational life-
span.” However, current cathode materials face significant
challenges in increasing the operating voltage to enhance
capacity, enabling fast charging, and performing under
extreme environmental conditions.'*™*

During a battery’s charge-discharge process, the insertion
and extraction of Li" ions within the layered structure induce
a lithium concentration gradient that varies from the surface
to the interior. This process simultaneously generates non-
uniform elastic strain and volume changes. The extent of
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these volume changes, whether the lattice expands or con-
tracts, and whether such expansion or contraction is sym-
metric are closely related to the electrochemical properties
and microstructure of the cathode material."® Generally, char-
ging reduces the lattice parameters due to the extraction of
Li" from the structure, while the re-insertion of Li' during
discharging increases lattice size. The expansion rates of sec-
ondary cathode particles range from 3.3% in NCM111 to
7.8% in NCMS811. In the confined space within a battery, the
volume cannot change, leading to substantial stress gener-
ated by the expansion or contraction of microscopic
particles."®'” This phenomenon is particularly pronounced
in solid-state batteries. If the tensile component of this inter-
facial stress exceeds the material’s strength, it may result in
brittle fracture.

Most cathode materials exhibit brittleness, leading to frac-
ture when subjected to excessive stress, “a phenomenon” par-
ticularly observed in polycrystalline materials.'® Data analysis
on the micromechanical behavior of cathode materials
reveals that the fracture toughness of single crystals of
LiNiy sMn, 3C0,.,0, is 0.3 MPa m*?, while that of polycrystal-
line agglomerates is 0.1 MPa m"%."® During prolonged char-
ging and discharging, the active cathode material responds to
the electrochemical loads induced by lithium insertion and
extraction within the host structure, similar to the fatigue
effects observed in mechanical structures subjected to cyclic
external loads. For cathodes, these changes result in the
accumulation of irreversible damage at both the macroscopic
and microscopic levels. At the macroscopic level, this mani-
fests as stress-induced particle fracture, traditionally con-
sidered a primary cause of cathode degradation.”®>® At the
microscopic level, nanoscale strains develop, yet the destruc-
tive impact on structural stability remains unclear due to the
extreme difficulty in detecting atomic-scale changes. In
summary, one of the most promising strategies to mitigate
mechanical instability is to eliminate the gradient of elastic
strain at the microscopic level, which is inevitably generated
by localized and non-uniform Li" transport kinetics.**
Although this task may appear formidable, with its atomic-
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scale mechanisms still under debate, a significant amount of
current research is centered around this concept.

Recent studies have demonstrated that microstrains
caused by structural defects, such as dislocations and stack-
ing faults, play a critical role in the degradation of layered
transition metal oxides.>®> On the one hand, localized and
non-uniform Li" transport kinetics lead to the concentration
of local stresses and the generation of crystalline defects.
These lattice distortions directly affect the material’s electri-
cal conductivity and ionic mobility, thereby influencing the
battery’s overall performance and cycle life. At the nanoscale,
the impact of lattice distortions is particularly pronounced,
where even minor distortions, such as crystal plane bending,
lattice rotation, stacking faults, and tensile/compressive stres-
ses, can trigger significant performance degradation.”®?” On
the other hand, lattice distortions can also lead to phase tran-
sitions and crack formation, further accelerating material
degradation and failure. Therefore, an in-depth investigation
of the failure mechanisms driven by electrochemical-
mechanical coupling at the microscopic level is crucial for
understanding the root causes of cathode material failure.
This understanding not only provides a theoretical foun-
dation for developing advanced electrode materials with
enhanced stability and longer cycle life but also offers gui-
dance for optimizing battery design and improving overall
battery performance.

This paper reviews recent advances in the study of failure
mechanisms of layered oxide cathode materials under
extreme conditions, such as high voltage and fast charging,
with a particular focus on the relationship between electro-
chemical failure and anisotropic mechanical strain. Firstly,
the electrochemical-mechanical failure mechanisms of
cathode materials are explained from the microscopic to the
macroscopic scale, highlighting the interrelations between
various failure mechanisms, especially lattice defects and
microscopic mechanical anisotropy. Secondly, representative
strategies and recent advancements in modifying layered
oxide cathode materials are discussed. Finally, layered oxide
cathode materials’ application prospects and future deve-
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lopment directions are summarized and projected from
cost, performance, safety, and environmental friendliness
perspectives.

2. Structure and kinetics
fundamentals

Layered oxides have the most widespread application and
promising development prospects among the various
cathode materials. Therefore, they can be primarily categor-
ized into three main types: lithium cobalt oxides (LiCoO,,
LCO), lithium ternary oxides (LiNi;_,,Co0,Mn,0,, NCM,
LiNi; _,_,C0,Al,0,, NCA), and lithium-rich manganese-based
oxides (xLi,MnO;:(1 — x)LiMO,, LRMO, where M mainly rep-
resents Ni, Co, and Mn). LCO possesses a high energy
density, making it dominant in the consumer electronics (3C)
sector, where high volumetric and energy density are criti-
cal.?® In NCM, a large amount of Ni is used to replace the
expensive Co,*® significantly reducing costs, leading to its
widespread adoption in electric vehicles.?**> LRMO cathode
materials exhibit an extremely high specific capacity (exceed-
ing 250 mA h g™'); however, they face several technical chal-
lenges, including low initial coulombic efficiency and poor
cycling stability. If these issues can be effectively addressed,
LRMO has the potential for broad application, especially in
the EV field.>***

LCO and layered ternary oxides exhibit similar crystal struc-
tures, adopting the o-NaFeO,-type layered structure with the
R3m space group; the closely packed hexagonal oxygen layers
form the structural framework, where Li and transition metal
(TM) ions are arranged in an alternating manner to occupy the
octahedral sites of the oxygen framework. The oxygen layers
exhibit an ABCABC-stacking sequence; hence, this structure is
referred to as the O3 structure.’***3% In contrast, LRMO can
be viewed as composites of the LiMO, (the same as LCO) and
Li,MnO; phases. The heterogeneity of this structure deter-
mines the electrochemical instability of LRMO materials.>®

According to the bipolar diffusion theory, the effective
diffusion coefficient Dy; of Li® is given by Dy; = 2Dy;-De/(Dy;- +
D). Here, Dy is the diffusion coefficient of Li*, and D, is the
diffusion coefficient of electrons. In the cathode, D, is gener-
ally much greater than Dy ;.. Therefore, the diffusion rate of Li"
limits the diffusion kinetics within each cathode particle. In
an ideal layered structure, transition metal (TM) and oxygen
ions are immobile, and Li" diffuses through a vacancy mecha-
nism. However, when the level of delithiation is relatively high,
the layered structure of the cathode material becomes
unstable, and the cathode particles tend to decompose to elim-
inate these lithium vacancies (this will be discussed in detail
in the phase transition section of the next chapter).
Conversely, lithium vacancy concentration is extremely low at
high lithium insertion levels, causing a sharp decline in Dy;.
This is one of the reasons for the low initial coulombic
efficiency of layered cathodes.?”
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3. Mechanisms of electrochemical—
mechanical failure

For LCO and NCM cathodes, the reaction equations during the
charging process can be expressed as follows (where M mainly
represents Ni, Co, and Mn):

LiIMO, — Li; ,MO, + xLi* + xe~ (1)

In contrast, the situation becomes more complex for
LRMO. According to results of previous research, when the
voltage is below 4.4 V, the LiMnO, domain undergoes prefer-
ential oxidation, accompanied by the extraction of Li":

xLi,MnO; - (1 — x)LiIMO, — xLi,MnO; - (1 — x)MO, + (1 — x)Li
(2)

But when the charging voltage exceeds 4.5 V, the reaction
equation is as follows:

xleMn03 . (1 — x)MOZ
— (x — 5)L12Mn03 . SMHOZ . (1 — x)MOZ + SLIZO

(3)

As the charging capacity increases, the Li,MnO; domain
becomes activated in the second stage. In this process, Li* and
oxygen are released in the form of Li,O, forming a MnO, rock-
salt structure and a significant number of oxygen vacancies.
Simultaneously, an uneven electrochemical-mechanical coup-
ling spans both micro- and macro-scales.

In layered cathode materials, the electrochemical-mechani-
cal coupling processes span from the atomic to the macro-
scopic scale, forming a complex and interconnected frame-
work of failure mechanisms. Fig. 1 systematically illustrates
the multiscale characteristics of these mechanisms and their
interactions. At the atomic and nanoscale, Li" extraction
induces irreversible lattice instabilities, phase transitions, and
oxygen loss, which lay the foundation for structural degra-
dation. Progressing to the microscale, uneven lithium extrac-
tion and anisotropic volume changes generate heterogeneous
stress distributions within particles, leading to particle fracture
and planar gliding. At the further macroscale, due to the con-
strained volumetric changes within the battery, these particu-
late-level damages amplify through cumulative effects among
particles, ultimately compromising the overall mechanical
integrity and electrochemical performance of the electrode.

These multiscale failure processes are closely coupled and
mutually reinforcing, collectively determining the degradation
behavior of layered cathodes during cycling. Therefore, under-
standing the interconnections among these failure mecha-
nisms is crucial for revealing the nature of electrochemical-
mechanical coupling and provides valuable insights for
improving the performance of cathode materials.

3.1 Atomic-scale microstructural evolution

3.1.1 Lattice instability. Recent studies have found that the
lattice stability within cathode particles significantly influ-
ences and controls the high-voltage cycling performance of
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batteries. The lattice parameters change during the charge and
discharge process as Li* is deintercalated and intercalated.®
This lattice expansion/contraction heterogeneity will generate
and accumulate stress within the particles, as illustrated in
Fig. 2. Taking NCM as an example, researchers measured the
in situ XRD patterns of NCM materials with different Ni con-
tents over a charge-discharge cycle. The shifts in the Bragg
reflections of the (003) and (001) peaks represent changes in
the lattice spacing of the c-axis and a-axis, respectively.’® As
shown in Fig. 2A-C, with increasing charging voltage, the
c-axis lattice spacing gradually increases and then sharply
decreases upon severe delithiation. The initial expansion of
the c-axis spacing is typically attributed to the reduced shield-
ing effect of Li, which increases the repulsive force between
adjacent oxygen planes, while the subsequent sudden contrac-
tion is due to the reduction of this repulsive force. In contrast,
the a-axis lattice spacing almost consistently decreases, mainly
because the ionic radii of transition metal ions decrease at
higher oxidation states, leading to contraction of the a-b
plane. The c/a ratio reflects the anisotropy in lattice spacing
changes between the a-axis and c-axis, with the c-axis exhibit-
ing significantly larger changes than the g-axis, regardless of
Ni content in NCM. This anisotropic lattice strain, combined
with the non-uniform (de)intercalation of Li', results in sub-
stantial internal stress within the crystals. When this stress
accumulates to a certain extent, it can lead to irreversible
phase transitions or even particle fracture, adversely affecting
the performance of the battery materials. Similar conclusions
have been demonstrated through experiments and calculations
in LCO, suggesting that this phenomenon may be generally
present in layered cathode materials.*®

LRMO consists of two structurally coherent nanoscale
domains (LiTMO, and Li,MnOj3), electrochemically activated
through different reactions within distinct voltage ranges. This
nanoscale heterogeneity contributes to more pronounced
mechanical anisotropy in lithium-rich cathodes.’®"” As shown
in Fig. 2D,* in the initial state, both nanoscale domains
exhibit a randomly distributed and coherent lattice structure.
During charging, the LiTMO, domain is activated first, leading
to increased local electrostatic repulsion and a tendency for
lattice expansion. At this stage, the Li,MnO; domain remains
inactive, and its lattice expansion is constrained, resulting in
significant nanoscale strain at the boundary between the two
domains. Lattice strain begins at the particle surface and
gradually extends into the bulk, peaking when the LiTMO,
domain is nearly fully delithiated. This strain substantially dis-
rupts the structural stability, causing decomposition of
Li,MnO; and oxygen release. This strain will gradually
accumulate in long-term cycles, inevitably leading to structural
degradation and rapid electrochemical decay.

Researchers employed a three-dimensional continuous
rotation electron diffraction method (cRED), and auxiliary
high-resolution transmission electron microscopy (HRTEM), to
investigate the structural differences at the atomic level
between two commercial LiCoO, materials: a normal LCO
(N-LCO) and a high-voltage LCO (H-LCO). The most prominent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The failure mechanism of the cathode. All figures are reproduced with permission.

structural difference between the two LCOs is the degree of
curvature in their cobalt oxide layers, particularly in the near-
surface region, where the occurrence of curvature is signifi-
cantly more frequent in N-LCO (Fig. 3A and B). The curvature
of the cobalt oxide layers near the surface plays a crucial role
in determining the material’s structural stability at high poten-
tials, which, in turn, influences its electrochemical
performance.*®

Surface layer bending is a ubiquitous phenomenon in
layered oxide cathode materials, and layer bending has also
been observed in LRMO. Fig. 3C presents a HAADF image of
LRMO after 50 cycles, with Fig. 3D and E displaying magnified
images. Nano-voids induced by O release are concentrated at
locations with the highest curvature in the bent layers and pro-
pagate inward from the exterior (indicated by the red dashed
box) to the interior (indicated by the blue dashed box).
Detailed Electron Energy Loss Spectroscopy (EELS) analysis

© 2025 The Author(s). Published by the Royal Society of Chemistry

20,27,38-43

reveals the presence of a significant number of oxygen
vacancies at the location of maximum curvature, accompanied
by a slight reduction of Co (Fig. 3F). Layer bending not only
accumulates stress, causing the layered structure to become
unstable but also induces the release of oxygen, ultimately
leading to rapid capacity fade.*®

Rotation is another form of lattice instability. Fig. 4A-F
illustrate the issue of lattice rotation in high-nickel cathodes.””
In high-nickel materials, interlayer expansion/contraction is
reversible during charge-discharge cycles; however, lattice
rotation is difficult to reverse and exhibits a significantly
greater magnitude of change than interlayer spacing. During
the continuous cycling process, irreversible lattice rotations
lead to the accumulation of plastic deformation and mechani-
cal degradation, disrupting Li* diffusion and the reversible
deintercalation/intercalation of Li*, ultimately leading to
severe capacity decay of the cathode particles.

EES Batteries, 2025,1,73-99 | 77
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The rotational stacking faults (RSFs) in lithium-rich cath-
odes arise from specific stacking sequences at various
angles.”® STEM and GPA analyses demonstrate that the pris-
tine cathode containing RSFs undergoes severe deformation
after 10 cycles, exhibiting numerous mechanical failures and
dislocations (Fig. 4G and H). Adjusting the annealing tempera-
ture can reduce RSFs in the pristine material and maintain
fewer cracks and mechanical failures after cycling.

A distinct lattice degradation pathway is observed in solid-
state batteries compared to traditional liquid batteries. The
surface structural frustration caused by oxygen loss, combined
with the interlayer shear induced by delithiation, destabilizes
the layered oxides and forms a rock salt phase layer with frag-
mented lattice structures on the particle surface.>® Fig. 5A and
B display EDS and EELS line scan images at the interface
between the sulfide solid electrolyte LPSCl and NCM811 par-
ticles, respectively, revealing the distribution of sulfur (S) and
phosphorus (P) as well as evident Ni reduction at the surface.
Atomic resolution imaging indicates the formation of a
~10 nm disrupted lattice layer on the particle’s exterior
surface, composed of extremely small nanocrystalline domains
(denoted by dashed circles). FFT analysis confirms that these
nanocrystals are electrochemically inactive NiO phases
(Fig. 5C). This finding suggests significant oxygen loss at the
cathode/solid electrolyte interface, with primary particles
directly interfacing with the solid electrolyte being more prone

78 | EES Batteries, 2025, 1, 73-99

to surface instability compared to particles located within sec-
ondary particles.

Meanwhile, in solid-state batteries, the crystal orientation
at the cathode/electrolyte interface is also critically important.
In traditional composite cathodes, due to the crystallographi-
cally diverse cathode/electrolyte interfaces formed by randomly
oriented particles, introduce complexities arising from varying
(electro)chemical compatibilities. To investigate this issue,
researchers have utilized an epitaxial model system to precisely
control the crystal orientation of the cathode and solid electro-
Iyte while employing in situ electron microscopy to monitor
the interface in realtime during the co-sintering process.’
Experimental results demonstrate that interfacial reactions
during sintering are highly dependent on crystal orientation/
alignment, particularly on the availability of open ion chan-
nels. NCM interfaces with open ion channels exhibit greater
mutual diffusion but tend to stabilize by forming an early-
stage passivation layer. In contrast, interfaces with closed ion
channels exhibit stability at intermediate temperatures but
deteriorate rapidly at higher temperatures due to oxygen
release, increasing interfacial resistance. The elucidation of
these distinct interfacial behaviors highlights the necessity of
decoupling collective interfacial properties to enable rational
design in solid-state batteries.

3.1.2 Oxygen mobility and coupled electrochemical-
mechanical degradation. In the reaction described in eqn (1),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A and B) Schematic illustration of the LCO structural evolutions during charge. (A) N-LCO. (B) H-LCO. The flatness of the cobalt oxide layers,

especially in the near-surface region, clearly shows the LCO structural stability at high potentials. Reproduced with permission from ref. 40.
Copyright 2021, The Author(s), under exclusive license to Springer Nature Limited. N-LCO, normal LCO. H-LCO, high-voltage LCO. (C) The high-
angle annular dark-field (HAADF) STEM image of the LRMO after 50 cycles. (D) In the enlarged STEM image of (C), the yellow dashed arrow rep-
resents the degree of bending. (E) The enlarged STEM image of the region is marked by the dashed green box in (D), indicating severe O release at
the point of maximum curvature. (F) The atomic-resolution STEM image in the region of maximum curvature. Reproduced with permission from ref.

48. Copyright 2023, Wiley-VCH.

the valence state of the transition metal (TM) ions increases,
making them more oxidizing and more likely to capture elec-
trons from the lattice oxygen. From an electronic structure per-
spective, the Fermi level of the TM ions continuously decreases
during delithiation, leading to an overlap between the TM t,,
and O 2p bands, thereby involving oxygen in charge compen-
sation. Increasing the voltage of the cathode material can
extract more lithium; however, during deep charge compen-
sation, the lattice O*~ loses electrons, forming highly reactive
oxygen species.”> These reactive oxygen species may be
released as oxygen gas or react with the electrolyte to produce
byproducts such as CO, or CO, leading to electrolyte
decomposition.>®™>> The series of side reactions triggered by
lattice oxygen release negatively impacts the electrode’s electro-
chemical performance. Additionally, the accumulation of com-

© 2025 The Author(s). Published by the Royal Society of Chemistry

bustible gases can easily lead to explosions and fires, severely
compromising the battery’s safety.>*>’

Due to the direct contact of the cathode particles’ surface
with the binder, conductive carbon black, and electrolyte, and
the shorter diffusion distances for oxygen atoms and Li" in the
surface region, the release of lattice oxygen induced by an elev-
ated state of charge (SOC) starts at the surface and gradually
extends towards the interior of the particles. As shown in
Fig. 6A and B, after 40 cycles at 4.6 V, nano-voids associated
with oxygen loss appear on the LCO surface. When heated to
400 degrees Celsius, these voids expand dramatically, causing
severe degradation of the cathode particles.>® EELS line scans
display a gradual decrease in the O/Co ratio from the interior
to the surface, which becomes more pronounced after heating.
This indicates that oxygen release begins at the surface and
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expansion and contraction (top) and lattice rotation (bottom). (E and F) Comparison of d-spacing variation (E) and lattice rotation magnitude (F) of
the selected particles in (A) to (C). Reproduced with permission from ref. 27. Copyright 2024, The American Association for the Advancement of
Science. SDXM, scanning diffraction X-ray microscopy. (G and H) STEM/GPA analyses of pristine (G) and tenth-cycled O2-Li,(Lig 25Nig.05Mng 7)O2 (H)
electrodes. The colored trapezoids in the STEM images represent the respective stacking sequence of the transition-metal layers. The white and red
dotted boxes indicate the regions where intragranular cracks and dislocation defects occurred. The yellow circles in the figures indicate singularity
points, and the white boxes show areas where the singularities are linearly distributed. Reproduced with permission from ref. 49. Copyright 2024,
The Author(s), under exclusive license to Springer Nature Limited.

progressively diffuses inward. The consumption of oxygen
atoms forms oxygen vacancies, which accumulate on specific
crystal planes, generating cracks and creating new surfaces in
contact with the electrolyte. Simultaneously, oxygen vacancies
accelerate the migration of TM ions and, together with the
accumulation of strain, lead to irreversible phase transitions
from the layered phase to the spinel phase and eventually to
the rock salt phase. This series of transformations is con-
sidered a primary cause of battery performance degradation.
The issue of oxygen release is particularly pronounced in
LRMO cathode materials.®®®" As shown in Fig. 6C, during the

80 | EES Batteries, 2025, 1, 73-99

initial charge of the LRMO cathode, a distinctive voltage
plateau appears, corresponding to oxygen loss during the first
charge, a phenomenon referred to as “cathode activation”.*'
Moreover, the voltage of LRMO rapidly decays over cycling,
severely impeding its commercialization. Recent studies indi-
cate that in lithium-rich cathode materials, O°~ is continu-
ously oxidized to O, during charging and reduced back to 0>~
during discharging. The produced O, is stored in nanoscale
voids within the cathode material (Fig. 6D).>° Marie et al.
observed these oxygen-storing nanoscale voids in LRMO. It
noted that the decline in voltage and capacity during cycling is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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due to the reduced reversibility of the O>7/O, redox process. As
shown in Fig. 6E, the O, stored in the voids gradually loses its
reactivity, resulting in an increasing amount of inactive O,.
This expansion of voids hinders the transport of electrons and
Li', ultimately leading to particle fracture and oxygen release.

3.2 Nanoscale phase transition processes

In recent years, the development of cathode materials has
leaned towards adopting high-voltage strategies to enhance
capacity. High voltage implies a greater degree of delithiation,
which is thermodynamically unstable and can lead to the
decomposition of the cathode to eliminate lithium vacancies,
especially when heated, and this process is accompanied by a
series of side reactions triggered by the release of
lattice oxygen. The greater the oxygen loss, the closer the TM
to O ratio in the cathode particles approaches 1, resulting in
more severe phase transitions. For example, in lithium cobalt
oxide, as delithiation and oxygen loss progress, the
initial layered LiCoO, gradually transforms into the spinel
phase Co;0, (Fd3m) and eventually into the rock salt phase
CoO (RS, Fm3m).*® The atomic configurations and corres-

© 2025 The Author(s). Published by the Royal Society of Chemistry

ponding HAADF images of these three structures are shown in
Fig. 7A-F.®

The layered phase LCO and the spinel phase LiCo0,0,
possess structures that allow Li" diffusion, while the Co;0,-
type TM-rich spinel and rock salt phases theoretically do not
provide Li" diffusion channels. The electrochemically inert
shell formed on the surface slows down the lithium intercala-
tion kinetics of the underlying layered phase, thereby reducing
the overall electrochemical performance of the cathode par-
ticles. Furthermore, the brittle rock salt phase is more prone
to fracture and crack under stress, severely affecting the per-
formance of the cathode material. Fig. 7G and H show the
reconstructed layer on the surface of the cathode particles
after cycling. Due to more severe oxygen loss at the particle
surface, the surface in contact with the electrolyte exhibits a
thicker inert rock salt phase.*?

Furthermore, phase transitions have a significant impact
on the fast-charging performance of batteries. The rate per-
formance of the cathode is determined by the Li" insertion
kinetics at the atomic level. After the surface of the cathode
material undergoes oxygen loss and transitions to an inert

EES Batteries, 2025,1, 73-99 | 81
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rock-salt phase structure, the Li" insertion kinetics of the par-
ticles are reduced. Consequently, Li* cannot be inserted and
extracted quickly and efficiently, thereby impacting the rate
performance of the particles.

However, the phase transition from the layered phase to the
rock-salt phase can also occur through Li/TM ion disorder
without changes in chemical composition. Unlike the pure
rock-salt phase that contains only TM ions, the cation-dis-
ordered rock-salt phase can provide Li* diffusion pathways.®*®
Due to the pillar effect, an appropriate amount of cation
mixing is beneficial for enhancing the stability of the crystal
structure and suppressing harmful phase transitions.

As delithiation progresses, the cathode material undergoes
a series of O3 (H1)-O1 phase transitions. As shown in Fig. 8A-
C, the oxygen ions in the O3 phase (containing three TM-O6
octahedra per unit cell) are stacked in an ABCABC sequence,
while in the O1 phase (containing one TM-O4 octahedron per
unit cell), the oxygen ions are stacked in an ABAB sequence.®®
This phase transition process can be observed at the micro-
scopic level by examining the atomic columns in HAADF
images: the O1 structural units exhibit a rectangular shape,
while the O3 structural units exhibit a parallelogram shape.
This phase transition process is typically characterized using

82 | EES Batteries, 2025, 1, 73-99

in situ XRD and dQ/dV curves at the macroscopic level. As
shown in Fig. 8D, the pristine LCO sample exhibits a pure H1
phase (03 type) with a (003)H1 peak at 18.92°.%° As the degree
of delithiation increases, continuous phase transitions to H2,
M1, and H3 occur, and the H1-3 and O1 phases appear upon
deep charging to 4.8V, accompanied by changes in interlayer
spacing. It is generally believed that the irreversible H1-3
phase transition is one of the reasons for the poor reversibility
of LCO at high voltage. As shown in Fig. 8E, the dQ/dV peak
intensity of single-crystal NCM material significantly decreases
and shifts after long cycling, indicating that single-crystal
NCM particles suffer from irreversible structural evolution and
electrochemical degradation under high voltage.*”

It is generally believed that the O3-O1 phase transition is
achieved through layer shearing induced by delithiation,
although mechanical bending during electrochemical oper-
ation may also lead to the O3-O1 phase transition. Fig. 8F
shows atomic-resolution and super-resolution images of a
locally deformed region near the surface of a charged (second
cycle) NCM-811 primary particle, with the bent region indi-
cated by pink dashed lines. The unbent area on the left
remains in the O3 phase (highlighted with red symbols), while
the O1 phase appears at the right end of the bent region (high-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A to F) The atomic structural models (A to C) and corresponding high-resolution HAADF-STEM images (D to F) of the layered, spinel, and

rock-salt phases, respectively. The black rhomboids indicate similar unit cells with cubic close-packed oxygen arrays. Reproduced with permission
from ref. 62. Copyright 2020, Wiley—VCH GmbH. The subscript: L: layered, S: spinel, R: rock-salt. (G and H) Surfaces in direct contact with the liquid
electrolyte (G) and surfaces that did not have contact with the electrolyte (H). Reproduced with permission from ref. 42. Copyright 2020, American

Chemical Society.

lighted with orange symbols). The absence of the O1 phase in
the adjacent unbent area indicates a positive correlation
between lattice bending and the presence of the O1 phase.
Fig. 8G presents an atomic-scale schematic of the O3/01 phase
transition under mechanical bending deformation. The 03/01
transformation is accomplished via layer-by-layer interlayer
shear under a resolved shear stress introduced by the bending
deformation. This stress-driven phase transition pathway is
widely observed in bending bands and kinks.®”

Recent research has revealed that the layered-to-rock salt
phase transition and the O3-O1 phase transition occur sequen-
tially, with mechanical shear displacement linking these two
transitions. As shown in Fig. 9, atomic-level in situ transmission
electron microscopy has captured the two-step transformation
process from the O1 phase (denoted by yellow symbols) to the
rock-salt phase (denoted by orange symbols), which involves
cation mixing followed by shear displacement along the (003)

© 2025 The Author(s). Published by the Royal Society of Chemistry

plane (Fig. 9A and B). The nudged elastic band (NEB) calcu-
lations are consistent with the experimental observations, indi-
cating that the energy barrier for the migration of transition
metals to the lithium layer is lower in the O1 phase compared
to the O3 phase (Fig. 9C). Consequently, the O1 phase provides
preferential nucleation sites for the transition to the rock salt
phase. This novel phase transition mechanism bridges the gap
between the two traditional phase transition pathways.®®

Phase transition is also an issue in LRMO.°® LRMO consists
of a coexisting phase of hexagonal LiMO, (space group R3m)
and monoclinic Li,MnO; (space group C2/m). There are two
main perspectives in the academic community regarding its
structure. Thackeray et al. proposed that lithium-rich manga-
nese-based materials are a single-phase solid solution formed
by LiMO, and Li,Mn0;.*° In contrast, Lu et al. argued that
lithium-rich manganese-based materials are composed of a
two-phase composite of LiMO, and Li,Mn0O;.”°

EES Batteries, 2025,1, 73-99 | 83
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The phase transitions occurring in LRMO cathode materials worth noting that the layered structure consists of the R3m
typically progress from a layered structure to a spinel-like struc- phase and the C2/m phase, and phase transitions can also
ture and eventually to a disordered rock-salt structure.”’ It is occur between these two similar structures. Furthermore, in

84 | EES Batteries, 2025, 1, 73-99 © 2025 The Author(s). Published by the Royal Society of Chemistry
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addition to the formation of the spinel phase driven by con-
ventional electrochemical processes, other factors such as
composition and calcination temperature can also induce
phase transitions. Theoretical calculations and experimental
results have shown that oxygen vacancies promote TM (tran-
sition metal) ion migration and structural transformation in
LMR cathode materials. However, there are differing perspec-
tives on the pathways of these phase transitions. Gu et al.
reported that the phase transition behavior differs among the
various layered phases within the LRMO cathode material.”?
The transition from the LiTMO, R3m phase to the spinel
phase occurs through the migration of TM ions to Li sites
without disrupting the lattice, leading to the formation of
spinel grains with an intergrown structure within the parent
particles. In contrast, the transition from the Li,MnO; C2/m
phase to the spinel phase involves the removal of Li" and 0>~
generating significant lattice strain, which destroys the parent
lattice and leads to randomly oriented spinel grains within the
same particle. Zheng et al. proposed an alternative phase tran-

© 2025 The Author(s). Published by the Royal Society of Chemistry

sition pathway for LMR cathode materials.”® According to their
study, the electrode material undergoes a transformation from
a layered structure (initially transitioning from the activated
C2/m phase to the R3m phase) to a low-temperature LiCoO,
(LT-LiCoO,)-type defective spinel structure (with the Fd3m
space group), and finally to a disordered rock-salt structure
(with the Fm3m space group).

3.3 Microscale mechanical behavior abnormality

During the electrochemical cycling of the cathode, the
accumulation of anisotropic stress leads to the gradual for-
mation of cracks in the cathode particles.”* These cracks
impede the transport of Li*, resulting in the degradation of
electrochemical performance. Studies have shown that cracks
in layered cathodes preferentially propagate along the 003
plane of the layered phase. The kinetics of crack growth
remain controversial. One viewpoint suggests that the rock-salt
phase, formed from oxygen loss starting at the particle
surface, gradually infiltrates the particle’s interior. Due to its
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brittleness, the rock-salt layer lattice is disrupted by the stress
induced by electrochemical cycling, leading to the formation
of (003) cracks. Cracks near the particle surface expose unpro-
tected active material surfaces, causing more severe oxygen
loss, phase transitions, and further crack propagation.

Insertion and extraction rates of Li" accelerate during fast
charging, leading to a larger lithium concentration gradient
and a more pronounced stress mismatch among various com-
ponents. When the energy release rate or stress exceeds a
certain threshold, cracks can form in the cathode particles,
accompanied by the fracture of the CEI film and the loss of
contact between the particles, conductive carbon, and binders.
The phenomenon of mechanical pulverization induced by fast
charging has been confirmed in materials such as NCM and
LCO'75778

The failure mechanisms induced by fast charging are
deeply interconnected: first, cracks result in poor electrical
contact; second, cracks expose more fresh surfaces to react
with the electrolyte; and the high temperatures generated
during fast charging accelerate these side reactions. These
reactions, in turn, promote the growth of the SEI, exacerbating
impedance increase, loss of active material, and loss of
lithium inventory. Finally, the electrolyte consumption reduces
the electrode surface’s wettability, hindering ion transport.
This interconnected positive feedback loop of failure mecha-
nisms accelerates the degradation of the cathode under fast-
charging conditions.”®

Due to differences in microstructure, the impact of char-
ging speed on LRMO differs from that on other materials.*’
Slow charging primarily induces oxygen vacancies in LRMO,
which subsequently leads to progressive phase transitions and
the formation of nanoscale voids. In contrast, fast charging
results in lattice displacement dominated by oxygen distortion,
dissolution of transition metal ions, and changes in lithium
sites, causing more significant damage to the mechanical
structure of the layered material.

In addition to the formation of cracks during Li" (de)inter-
calation, NCM and LCO cathode materials also face the issue
of planar gliding. Researchers observed planar gliding and
microcracks perpendicular to the c-axis on the surface of
single-crystal NCM particles charged to 4.8V (Fig. 10A). After
discharging to 2.7V (Fig. 10B), although some “traces” (indi-
cated by red boxes) were visible, the glided layers nearly
returned to their original positions.®! High-resolution HAADF
images (Fig. 10C) confirmed that the interlayer spacing of the
(003) planes remained constant at 0.48 nm on both sides of
the slip plane (yellow dashed line), and the layered structure
was well-maintained after the slip traces appeared (Fig. 10D).
EELS analysis showed that Ni, Mn, Co, and O were still uni-
formly distributed near the slip plane (Fig. 10E). The reversible
formation of microstructural defects is related to local stress
caused by the gradient of lithium atom concentration in the
lattice. Similarly, planar gliding was also observed in LCO.*
Fig. 10F and G show SEM images of LCO before cycling and
after 300 cycles, respectively. Before cycling, LCO mostly
existed as uniform individual particles and aggregates.
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However, after 300 cycles at 0.1 C, widespread particle fracture
and shear were observed, with many cycled particles exhibiting
a step-like morphology. This is due to planar gliding along the
layered direction driven by electrochemically induced mechan-
ical stress during cycling. Severe planar gliding exposes fresh
surfaces to the electrolyte, leading to significant surface degra-
dation and side reactions.

The microscale stress induced by lithium extraction ulti-
mately leads to mechanical deformation, which in turn affects
the transport pathways of Li". Stress or strain within cathode
particles profoundly impacts the diffusion kinetics of Li* by
altering the defect formation energy and migration energy.

First-principles calculations have shown that external stress
or strain can significantly alter the Li" migration energy barrier
in LiCoO, cathode materials, thereby affecting the diffusion
coefficient and electrical conductivity. Tensile strain (3%-5%)
applied along the c-axis can enhance the Li" diffusion coeffi-
cient by 3 to 5 orders of magnitude, whereas compressive
strain increases the migration energy barrier, weakening
diffusion kinetics.®* Similarly, in-plane strain (within the ab
plane), although having a weaker effect on diffusion, is still
non-negligible. For instance, even 1% tensile strain in the
plane can more than double the ionic conductivity of the
material, while out-of-plane strain may have an even more pro-
nounced impact, leading to conductivity changes exceeding an
order of magnitude.®® This stress-regulation effect suggests
that by designing appropriate mechanical strain, the charge-
discharge performance of LIBs cathodes can be effectively
optimized.

3.4 Macroscopic inhomogeneities

3.4.1 Stress concentration and particle damage caused by
macroscopic heterogeneity. In addition to the anisotropy
within individual cathode particles at the microscopic level, we
must also acknowledge the heterogeneity among particles at
the macroscopic scale. Finite element analysis, as illustrated in
Fig. 11A-C, shows that at the particle level, regions near the
surface retain a higher lithium concentration and are sub-
jected to greater equivalent stress.®* On the electrode level,
NCM particles near the separator experience higher states of
charge (SoC) compared to those near the current collector. The
surfaces of particles in these high SoC regions are subjected to
greater stress, inducing further phase transformations that
lead to increased cracking and reduced contact area between
the particles and the conductive network, as depicted in
Fig. 11D and E.”* X-ray phase contrast holotomography data of
the cathode particles were used to statistically analyze the
relationship between particle properties and the evolution of
battery performance. As shown in Fig. 11F-H, after 50 cycles,
the distance between severely damaged particles is signifi-
cantly reduced, indicating that strong heterogeneity eventually
leads to synchronized damage.®> A machine learning frame-
work was employed to analyze over 2000 accurately identified
NCM particles, extracting attributes such as their location,
chemical composition, particle structure, and local mor-
phology. The interrelationships among these attributes and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 The planar gliding in layered cathode materials. (A to E) Planar gliding in single-crystalline NCM76. (A) SEM image of single-crystalline
NCM?76 initially charged to 4.8 V (versus Li* /Li). (B) SEM image of single-crystalline NCM76 discharged to 2.7 V (after being charged to 4.8 V versus
Li*/Li). (C) HAADF-STEM image from around the slicing area. The upper inset is a magnified image of the gliding area enclosed by the red square. (D)
SAED of the gliding area. (E) EELS mapping of the gliding area. Reproduced with permission from ref. 81. Copyright 2020, The American Association
for the Advancement of Science. SAED, selected area electron diffraction. (F and G) planar gliding in LCO. (F) SEM images of pristine coated —LiCoO,
particles. (G) Coated —LiCoO, particles extracted from cells after 300 cycles. Reproduced with permission from ref. 39. Copyright 2018, American

Chemical Society.

their contributions to particle damage were explored through
attribute correlation and damage regression methods. In the
early cycles, individual particle characteristics (e.g., position Z,
VSratio, Sphericity, and Elongation) predominantly deter-
mined their respective damage levels. However, in the later
cycles, interactions between neighboring particles (e.g,
Contact, DisNearest, OrienIso, and PDensity) became more sig-
nificant, suggesting that the local arrangement of particles can

© 2025 The Author(s). Published by the Royal Society of Chemistry

critically influence the transition from asynchronous to syn-
chronous damage.

Liquid electrolytes naturally provide complete coverage of
active materials, whereas in solid-state batteries, the electrolyte
forms point contact with the active materials. This insufficient
contact limits both stability and electrochemical performance.
At the atomic scale, the (electro)chemical instability between
solid electrolytes and high-nickel cathode active materials

EES Batteries, 2025,1, 73-99 | 87


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4eb00022f

Open Access Article. Published on 14 January 2025. Downloaded on 3/18/2026 11:00:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Review EES Batteries

,—\

Top view

1
(near separa or) o, (GPa)

~ Bottom view
(near current collector)

Cracks/NMC

Norm. Volume Percentage (%)

(=)

Pristine Low Voltage High Voltage

35
NMC with CBD/NMC surface area

=304 29%
= 26%
g 254
<
5 204
8
5 15
o
£ 10
S
Z 5

04

Pristine Low Voltage High Voltage

(H)

10 cyc
50 cyc

=
(6)}

)]

Relative frequency (%)
>

/‘}
/%‘,‘M” L[ _ :
0 10 20 30 40 50 60
Distance to neighbor (um)

Fig. 11 The heterogeneity among particles at the macroscopic scale. (A to C) Finite element analysis of the heterogeneous electrochemistry and
mechanics in an NCM composite electrode. (A) A 3D rendering of the nanotomography data of an arbitrarily selected region in the NCM622
cathode. (B) The normalized Li concentration within the NCM particles and the local Li flux (arrows) within the electrolyte in the composite elec-
trode. (C) The cross-sectional view of Li concentration (left) and the internal stress o (right) in the NCM particles near the separator (upper) versus
near the current collector (lower). Reproduced with permission from ref. 84. Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (D)
The reconstructed 3D volume and quantified cracking volume percentage of NCM811 thick electrode after cycling between 4.4 and 2.8 V (left),
between 4.7 and 2.5 V (right) (green, cracks; red, NCM particles). (E) The reconstructed and quantified contact surface areas between NCM particles
and carbon-binder domain components after cycling between 4.4 and 2.8 V (left) and 4.7 and 2.5 V (right). Reproduced with permission from ref. 74.
Copyright 2022, Elsevier Inc. (F and G) The spatial distributions of the severely damaged particles in the (F) 10-cycled and (G) 50-cycled electrodes.
(H) Probability distributions of the distance between two neighboring severely damaged particles in 10-cycled and 50-cycled electrodes.
Reproduced with permission from ref. 85. Copyright 2022, The American Association for the Advancement of Science.

leads to resistive by-products at the interface, resulting in at the interface can induce structural degradation of the active
increased impedance, reduced ion mobility, and ultimately materials, reducing capacity retention and long-term
suppressed rate performance. Furthermore, chemical reactivity reliability. In addition, the solid contact issue is exacerbated
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during charge-discharge cycling due to the volumetric expan-
sion and contraction (approximately 5.7%) of layered cathodes,
which promotes localized stress concentration and mechanical
strain, ultimately causing premature electrode degradation
and capacity fading.®®

3.4.2 Particle surface degradation. In LiCoO,, the following
reversible reaction exists:

LiCoO, = Li,O + CoO (4)

Thermodynamically, this reaction is negligible, but the
Li,O produced by the reaction will be gradually consumed by
the following reactions, which will continuously drive the
equation to proceed further to the right, resulting in a greater
extent of LiCoO, decomposition:

LiPFs + H,0 + Li,O — 2HF + 2LiF | + LiPOF (5)

The Li,O produced by the decomposition of lithium cobalt
oxide is consumed in side reactions, while cobalt oxide
remains. Since these side reactions are more concentrated on
the surface, a cobalt oxide layer forms on the surface of the
lithium cobalt oxide particles. According to recent studies, the
curvature of the cobalt oxide layer significantly determines
the high-voltage stability of the cathode material (as discussed
in previous sections).

Additionally, the O, released from the cathode can react
with carbon in conductive carbon black or organic carbon-con-
taining electrolytes to produce CO, and CO. CO, can then react
with Li,O to form Li,COj;. This is a reversible reaction; residual
Li,CO; from the cathode preparation process can decompose
into gases such as CO, and CO as the temperature rises and
the battery cycles, ultimately leading to cell swelling.?” It is
important to note that Li,CO; and LiF are primary com-
ponents of the cathode-electrolyte interphase (CEI).

Side reactions occurring on the cathode surface reduce the
valence state of TM ions, making them more prone to detach-
ment from the lattice and dissolution into the electrolyte.®®
This causes cathode degradation and results in the migration
of dissolved TM ions to the anode side, leading to excessive
growth of the solid electrolyte interphase (SEI) and adversely
affecting battery performance.®

When a battery is charged at a high rate, the overall heat
generation significantly increases, which not only accelerates
degradation but also poses potential safety risks.”%!
Moreover, the thermal runaway behavior of the battery
changes after fast charging.”*®®> For instance, ARC
(Accelerating Rate Calorimetry) tests on high-energy soft-pack
batteries after fast charging showed that the thermal runaway
temperature of fast-charged batteries is noticeably lower than
regular batteries. However, these effects appear reversible if
sufficient rest time is provided. The re-intercalation of lithium
can explain this phenomenon in the anode during the resting
period and the reaction of plated lithium with the electrolyte
to form a new SEI layer.

A series of chain reactions trigger thermal runaway.
Typically, thermal runaway in batteries is initiated by a short

© 2025 The Author(s). Published by the Royal Society of Chemistry
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circuit, followed by reactions involving the electrolyte, leading
to the battery reaching its peak temperature. The thermal
runaway process can be divided into three stages for batteries
after fast charging.”® In the first stage, the reaction between
plated lithium and the electrolyte causes the battery to heat
up, but the temperature remains relatively low. In the second
stage, a large amount of lithium metal is consumed during its
reaction with the electrolyte, resulting in a rapid temperature
rise. In the third stage, reactions occur between the cathode,
anode, and electrolyte and between the cathode and anode
themselves. Eventually, the battery reaches its peak tempera-
ture and undergoes thermal runaway.

4. Structural stabilization strategy
4.1 Surface coating and bulk doping

Surface coating and bulk doping are the most commonly used
methods for cathode modification. Surface coating can regu-
late Li" transport on the particle surface and suppress surface-
side reactions, enabling normal ion transport in cathode
materials even at high voltages. Bulk doping, on the other
hand, can alter the concentration and distribution of
elements, thereby modifying the material’s intrinsic pro-
perties. As a result, this allows cathode particles to maintain
good mechanical stability during fast charging.

The traditional method for surface coating is the wet
chemical approach. However, this method has the drawback
of being difficult to form uniform coatings and accurately
control the coating thickness. Recently, with advancements
in technology, new vapor-phase methods have emerged, such
as atomic layer deposition (ALD) and chemical vapor depo-
sition (CVD).”>°® These methods enable the construction of
uniformly controlled coatings with precise thickness, and
they have been widely adopted in modifying cathode
materials.

An ideal surface coating should exhibit the following
characteristics: firstly, the coating must be sufficiently thin
and provide channels for electron and ion transport, other-
wise, it may hinder the insertion/extraction of Li*. Secondly,
the coating layer should uniformly cover the entire cathode
particle, ensuring no exposed surfaces are in contact with the
electrolyte. Lastly, the coating should be inactive towards
delithiation reactions and effectively suppress oxygen
evolution.””

Currently, various materials are used for surface coating,
including oxides, fluorides, phosphates, and polymers.'®*%*
Fig. 12A-E illustrates examples of perovskite phases used as
coating layers to enhance the stability of cathode materials.”®
Researchers have exchanged Li" with La*" and Ca®" on the
surface of LCO, reconstructing the surface lattice into a
lithium-deficient perovskite structure protective shell. The
surface of the modified material is divided into a three-layer
structure, with the outermost Region I confirmed as
La;_,Ca,,Co0;_s. A buffer layer with a gradient strain struc-
ture, namely Region II, appears between Region I and the
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(A) HAADF-STEM of La-LCO surface (after heat treatment) showing an architecture consisting of Region |, Il, and lll, separated by the

dashed lines. (B) HAADF-STEM of Region I. (C) FFT pattern of (B) matching perovskite La;_,Ca,CoOs_s. (D) HAADF-STEM of Region lIl. (E), FFT
pattern of (D). Reproduced with permission from ref. 98. Copyright 2023, The Author(s), under exclusive license to Springer Nature Limited. (F) The
in situ delithiated HE-LNMO and LNO strain state was obtained by geometrical phase analysis (GPA). Reproduced with permission from ref. 99.
Copyright 2022, The Author(s), under exclusive license to Springer Nature Limited. HE-LNMO, LiNig gMng 13Ti0.02Md0.02Nb0.01M0g 0202. LNO, LiNiO,.

layered Region III. Subsequent experiments confirmed that the
constructed surface structure physically separates the organic
electrolyte from the cathode particles. High-voltage cycling
stability has been greatly enhanced, up to 4.8 V versus Li'/Li,
including in practical pouch-type full cells. The strong Co-O
bonds in the perovskite phase and its capacity to store oxygen
species stabilize the lattice oxygen in the surface layer, thereby
mitigating oxygen release and reducing side reactions.

Another widely adopted method for modifying cathode
materials is bulk doping.'®® The layered structure of these
materials naturally facilitates the incorporation of doping
elements, resulting in high solubility for many elements,
especially at elevated temperatures. Therefore, doping is typi-
cally carried out via high-temperature annealing. Mg, Al,**
and Ti'°® are among the most commonly used doping
elements,'” as they can expand the interlayer spacing,
enhance electrical conductivity, and enhance structural stabi-
lity (also known as the pillar effect).*® Tang et al. employed Zr
doping to enhance nickel-rich cathode’s Li* diffusion and
mechanical properties. Due to the stronger Zr-O bonds, the
modified cathode exhibited a high capacity retention rate of
97.6%, even during rapid charging at a rate of 5C."*' In

90 | EES Batteries, 2025, 1, 73-99

addition to single-element doping, co-doping can be employed
to leverage the synergistic effects of various elements, thereby
collectively enhancing the performance of the cathode
material."*> Fig. 12F illustrates a high-entropy-doped, high-
nickel, cobalt-free layered cathode material, specifically
LiNig gMng 13Tio.02Mg0.02Nbg.01M0g 0202 (HE-LNMO).*®
Characterization techniques such as X-ray diffraction, trans-
mission electron microscopy, and nano-tomography reveal
that HE-LNMO exhibits nearly zero volumetric change over a
wide electrochemical window, significantly reducing lattice
defects and locally strain-induced cracks. In situ, TEM delithia-
tion experiments were conducted on HE-LNMO and LiNiO,.
Strain analysis indicates that HE-LNMO maintains an almost
defect-free and strain-free state during delithiation, whereas
LiNiO, forms numerous dislocations. The enhanced thermal
stability and zero volumetric change of HE-LNMO lead to a
substantially improved capacity retention rate.

However, it must be noted that dopants tend to cause a
lower initial discharge capacity and higher capacity loss.'*?
Therefore, careful consideration should be given to the selec-
tion of dopant dosage to avoid increased costs and decreased
capacity resulting from excessive doping levels.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4.2 Stabilizing the lattice

As discussed in previous sections, cathode materials’ fragile,
layered structure is highly susceptible to damage during high-
voltage cycling. Lattice instability can trigger a series of side
reactions, such as oxygen loss and phase transformations, ulti-
mately leading to a decline in battery performance. Therefore,
the core issue in modifying cathode materials is stabilizing the
lattice.

In recent years, numerous approaches have been developed
to stabilize the lattice, including introducing a more stable
structure to act as a scaffold."'®'"” As shown in Fig. 13A,
researchers have incorporated the perovskite variant phase
La,[LiTM]Og (LLMO) as a “rivet” into the layered structure,
forming a mechanically stable crystal structure.'*
HAADF-STEM images display the coherent growth of the
LLMO phase along the [100] direction within the layered NCM
(Fig. 13B). This robust structure exhibits high stability during
subsequent electrochemical cycling, attributed to the rivet
phase’s high phase transformation barrier (or pinning effect).
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This strategy significantly suppresses structural distortion and
planar gliding within the layered structure, thereby achieving a
pseudo-zero-strain cathode. Compared to traditional materials,
the modified material demonstrates nearly a 70% reduction in
lattice strain per cycle, demonstrating long-term cycling stabi-
lity even at a high cutoff voltage of 4.6 V, with a capacity reten-
tion rate of up to 94.7% after 200 cycles.

Another method of stabilizing the lattice involves adjusting
the annealing temperature, duration, and other process para-
meters to enable certain elements to occupy Li* sites.'*® These
elements exhibit strong interactions with the neighboring
oxygen atoms, making the layers less prone to sliding, thus sta-
bilizing the lattice and inhibiting harmful phase
transitions.''®™**! Researchers have developed chemical short-
range disorder (CSRD) LCO, as shown in Fig. 13C-F.'™ In the
HAADF images of both the bulk and edge, several positions
within the Li layer display varying contrasts, indicating the
presence of Co ions at these sites. Neutron powder diffraction
(NPD) refinement results reveal that approximately 2.6% of Co
occupies Li sites, which is the cause of the CSRD structure
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(A and B) Introducing perovskite phase as a rivet’ to stabilize the lattice (A) HAADF-STEM images of D-NCM. Scale bars, 2 nm. Inset: the

corresponding fast Fourier transform of the whole HAADF-STEM image. (B) Schematic illustrations of material structural design. D-NCM designed
strain-retardant NCM. Reproduced with permission from ref. 114. Copyright 2022, The Author(s), under exclusive license to Springer Nature Limited.
(C to G) CSRD configuration of LiCoO,. (C) Atomic-resolution STEM-HAADF image and the corresponding FFT pattern (inset) of the as-prepared
CSRD-LiCoO, material. (D and F) The magnified bulk and edge regions from (C). (E) Line profiles along the horizontal direction of the bulk and edge
regions, in which the green arrows denote the local short-range disorder distribution of Co. (G) NPD pattern of the as-prepared CSRD-LiCoO,
material recorded at a temperature of 300 K. Reproduced with permission from ref. 115. Copyright 2024, The Author(s), under exclusive license to
Springer Nature Limited. CSRD, chemical short-range disorder. NPD, neutron powder diffraction.
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(Fig. 13G). In addition to the “rivet effect”, the introduction of
local disorder reduced local strain in several adjacent coordi-
nation layers due to the weaker Li-O interactions. Additionally,
it alters the electronic structure of the cathode, effectively
closing the bandgap and thereby enhancing the electronic con-
ductivity of the cathode material. Compared to traditional
cathodes, this CSRD cathode material exhibits exceptional
cycling stability even under high voltage conditions (4.6 V) and
fast charging rates (5C). CSRD holds significant promise for
tuning advanced oxide materials’ electronic and structural pro-
perties and other related compounds.

4.3 Constructing zero-strain cathodes

As previously discussed, layered oxide cathode materials
undergo anisotropic volume changes during lithium (de)inter-
calation, which is a fundamental cause of battery failure. Zero-
strain materials can address this issue, thus offering signifi-
cant prospects in high-voltage and fast-charging environ-
ments.’*® In these materials, the lattice parameters do not
change or are restricted to a very narrow range during lithium
insertion and extraction, resulting in a net strain of zero.'*
Li,Ti;O,, is a well-known zero-strain material, but its low
voltage limits its large-scale commercial application.'**
Extensive doping of conventional cathode materials can
impart zero-strain characteristics; however, this approach often
significantly reduces specific capacity. In contrast, high-
entropy doping is a promising solution to achieve near-zero
strain with minimal dopants without compromising
capacity.”® In addition to modifying existing materials, explor-
ing new zero-strain materials is a promising direction for
developing cathode materials. Well-calibrated first-principles
calculations have established general principles for designing
low-strain cathodes based on materials with FCC anion frame-
works. Transition-metal redox centers with non-bonding elec-
tronic configurations, isotropic structures, cation disorder,
inactive elements, and octahedral-to-tetrahedral migration of
lithium during charging can reduce volume changes associ-
ated with delithiation. Experimentally determined that
Li; 3V.4Nbg 30, and Li; 5V 55Nbg201.0Fg1 are representative
examples of nearly strain-free cathodes.'*

4.4 Single-crystallization

Polycrystalline NCM particles contain numerous spherical
primary particles of various sizes and orientations. These par-
ticles contain substantial internal voids and experience stres-
ses of differing magnitudes and directions during lithiation/
delithiation processes. The development of these stresses
leads to an increasing number of intergranular cracks, which
expose fresh layered structures to the surface, triggering
intense side reactions. Converting cathode particles into single
crystals can resolve these issues.'”® Single-crystal NCM, con-
sisting of numerous single-crystal particles, not only elimin-
ates the problem of intergranular cracks during cycling but
also allows for higher pressures during calendaring. This sig-
nificantly enhances the tap density and energy density of the
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cathode material while reducing the occurrence of harmful
phase transitions and cracks,’” as illustrated in Fig. 14A."%°

Single-crystal cathodes pose new requirements for the syn-
thesis process.'®®'*° It is necessary to synthesize the cathode
material at a relatively low temperature to reduce the degree of
cation mixing. Additionally, selecting high-quality precursors
is crucial to ensure rapid crystal growth after nucleation. As
shown in Fig. 14B, B-doped micron-sized single-crystal cobalt-
free LRMO was prepared using a molten salt (LiNO; and
H;BO,) assisted sintering method."®” The results indicate that
low-melting-point molten salts can serve as a liquid-phase
medium to improve the efficiency of atomic mass transfer,
crystal nucleation, and growth. The modified single-crystal
LRMO cathode can resist anisotropic stress and strain accumu-
lation during cycling, reducing interfacial side reactions and
achieving excellent high-voltage stability and kinetic
performance.

However, several challenges remain despite the enhanced
cycling stability of single-crystal NCM particles. Firstly, due to
the absence of diffusion pathways along grain boundaries, the
Li" migration path is relatively long, particularly in larger
single-crystal particles. This can lead to a significant decline in
performance during high-rate charging. Secondly, single-
crystal particles experience more severe planar gliding during
high-voltage cycling, forming additional cracks compared to
polycrystalline particles. The long-range layered structure
within single-crystal particles is more susceptible to structural
stress induced by variations in Li" concentration during
lithium extraction/insertion, which promotes planar gliding
and compromises the mechanical stability of the particles.
Therefore, selecting an appropriate particle size, constructing
Li-ion channels along grain boundaries, and optimizing
internal vacancies are promising strategies for modification.

4.5 Macroscopic regulation strategies

To enhance battery performance under high-voltage and fast-
charging conditions, it is essential to modify cathode particles
at the microscopic level, optimize the overall performance of
the cathode electrode at the macroscopic level, and improve
charging strategies, which also play a pivotal role.

Macroscopic modification strategies significantly enhance
the electrochemical performance and mechanical stability of
LIBs by optimizing the overall design of the battery. Compared
to microscopic modification methods, such as surface coating,
elemental doping, and lattice stabilization, macroscopic strat-
egies focus more on the structural engineering of the electro-
des and the battery. Specifically, these strategies address
issues caused by mechanical stress, chemical degradation, and
interfacial failure during cycling by regulating the geometric
structure of the electrode, optimizing the surface properties of
current collectors, designing functional electrolytes, and
strengthening interfacial interactions.

The optimization of electrode structures and current collec-
tors is one of the core strategies for macroscopic modifi-
cations. Adjusting the electrode thickness, porosity, and
coating uniformity can enhance ion/electron transport rates

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) 3D tomographic reconstruction and multislicing analysis of a representative PC9622 and SC9622 secondary particle after long-term

cycling. Reproduced with permission from ref. 126. Copyright 2021, American Chemical Society. SC9622, a novel single-crystalline ultrahigh-Ni
layered cathode with a designed composition of LiNig.9eMng 02C00.020,. PC9622, a baseline polycrystalline cathode with the same designed compo-
sition. (B) B-doped micron-sized single-crystal Co-free LRMO were obtained by molten-salt (LINO3 and H3BOs3)-assisted sintering. Reproduced with

permission from ref. 127. Copyright 2024, American Chemical Society.

while reducing local current density and alleviating polariz-
ation effects. For instance, appropriately increasing the elec-
trode porosity can provide Li* with more accessible transport
pathways, thereby reducing ionic migration resistance within
the material."*" Additionally, surface modifications of current
collectors, such as the introduction of conductive carbon coat-
ings or chemically inert protective layers, can significantly
improve the stability of the electrode-current collector inter-
face while enhancing electrical conductivity."*>'** In recent
years, the adoption of porous metal current collectors and
multilayer structured current collectors has further improved
the mechanical stability and electrochemical uniformity of
electrodes.'®*"3*

Flexible electrode design offers an effective approach to
address stress accumulation caused by material volume expan-
sion. These designs typically integrate highly elastic binders
with conductive materials to form a three-dimensional flexible
conductive network, effectively mitigating the volume changes
of cathode materials during charge and discharge cycles."**'3¢
For example, crosslinked polymer-based binders, benefiting
from meticulously engineered hydrogen-bonding segments
and exceptional adhesion properties, provide outstanding flexi-
bility. Even under significant electrode deformation, they
maintain structural integrity and enable stable cycling per-
formance and voltage output during dynamic deformation
tests.

The modification of electrolytes and interfaces plays a
crucial role at the macroscopic level, particularly in enhancing
the interfacial stability between electrodes and electrolytes. By

© 2025 The Author(s). Published by the Royal Society of Chemistry

introducing specific functional additives, such as lithium salts
or interfacial stabilizers, stable solid electrolyte interphase
(SEI) or cathode electrolyte interphase (CEI) can be formed on
the electrode surface, thereby reducing the occurrence of side
reactions."*” Meanwhile, optimizing the wettability of the elec-
trolyte can significantly improve the contact performance
between the electrode and electrolyte, further lowering inter-
facial impedance."*® Additionally, electrolyte strategies incor-
porating solvent-free or all-solid-state designs have been
demonstrated to effectively minimize side reactions and miti-
gate the risks of thermal runaway associated with conventional
liquid electrolytes."®®

Although many material-level modification strategies show
promising application prospects, they remain some distance
away from large-scale commercialization. In contrast, optimiz-
ing charging strategies currently represents the simple and
most efficient approach to fast charging.”” The CC-CV (con-
stant current-constant voltage) charging strategy is the most
commonly used protocol due to its simplicity and wide appli-
cability across various charging scenarios. This strategy con-
sists of two stages: first, charging under constant current (CC
stage) until the set cutoff voltage is reached, followed by con-
stant voltage (CV stage) charging until the current decreases to
nearly zero. However, a significant drawback of the CC-CV
method is the extended duration of the CV stage, which limits
the overall charging speed.'**'*' To address this limitation,
the MCC (multi-constant current) charging strategy has been
proposed, which introduces two or more constant current
steps before the constant voltage stage.'*> For example, a
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higher charging current can be applied in the initial charging
stage since the anode potential is less likely to drop to the
lithium plating potential, thereby shortening the total char-
ging time. Another common fast-charging method is the pulse
charging strategy, in which the charging current varies period-
ically."*® This approach effectively reduces concentration polar-
ization, prevents the local potential from becoming negative
and mitigates the mechanical stress caused by localized Li"
extraction. One of the advantages of pulse charging is that it
does not exhibit significant differences from traditional CC-
CV charging in terms of capacity degradation over the same
charging duration. Studies have shown that CC-CV is more
suitable for fast charging in high-power batteries. In contrast,
MCQC is typically employed when lithium plating risks must be
avoided. Researchers have proposed variable current charging
strategies for more complex fast-charging requirements, such
as VCD (Varying Current Decay) and UVP (Universal Voltage
Protocol)."***> These strategies dynamically adjust the char-
ging current profile based on the battery’s aging state and
internal resistance changes. Typically, the internal resistance
is relatively high during the initial charging phase (low SOC),
so the charging current remains low. As SOC increases, the
internal resistance decreases, allowing the current to rise
rapidly and peak in the low SOC range. Subsequently, as the
Li" intercalation level increases and Li" diffusion becomes
more limited, the charging current gradually decreases.

Most fast-charging strategies are only effective under stan-
dard temperature conditions and for specific battery configur-
ations. Since high current induces greater mechanical stress
within electrode particles and leads to significant non-unifor-
mities in current and temperature distribution, caution is
required when applying fast charging to different types of bat-
teries. The general applicability of many current charging strat-
egies still needs further experimental validation. With the
expansion of electric vehicles in low-temperature regions,
more research is needed to develop fast-charging strategies
suitable for low-temperature conditions. Furthermore, the bat-
tery’s internal temperature, rather than the ambient tempera-
ture, determines its performance. Therefore, changes in
battery temperature during the charging process must also be
considered.

In solid-state batteries, to overcome the challenge of poor
contact between the electrolyte and active materials and to
fully utilize the capacity of all-solid-state batteries (ASSBs),
novel electrode fabrication techniques have been explored. The
dry electrode process has been actively investigated for LIBs
cathodes as an alternative to conventional slurry-based wet
processes. This technique enables the fabrication of high-
loading cathodes (>5 mA h cm™?), thereby increasing energy
density. In recent years, this process has also been applied to
the cathodes of ASSBs. In wet processes, the solvent-drying
step often leads to carbon black agglomeration and cracking
due to binder migration under high-loading conditions. In
contrast, the dry process, through solvent-free processing,
achieves uniform mixing and intimate contact between the
active materials and solid electrolytes, resulting in superior
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rate capability and cycling stability. Lee et al. systematically
studied the shear force effects of the dry process by comparing
binder-free hand-mixed particles, wet-processed electrodes,
and dry-processed electrodes.®® Based on microscopic image
analysis, they proposed the concept of coverage, a critical para-
meter defined as the area ratio of active material in contact
with the solid electrolyte. In dry-processed electrodes, the cov-
erage was significantly improved to 67.2% due to the ductility
of sulfide-based solid electrolytes. Physicochemical modeling
revealed that coverage is a key determinant of electrode per-
formance, as it influences rate capability by limiting Li* solid-
state diffusion within the active material.

5. Summary and prospects

Over the past 30 years, LIB technology has significantly con-
tributed to advancing human society and protecting the
Earth’s environment, with cathode materials playing a crucial
role. However, due to the limited reversible capacity, charging
speed, and thermal stability of existing cathode materials, the
electric vehicle industry faces growing concerns over range
anxiety and safety. Operating under high voltage, rapid
charge-discharge rates, and a wide range of temperatures
accelerates the degradation of cathode materials. Therefore,
research on cathode materials’ failure mechanisms and modi-
fication strategies is critically important. In this paper, we
provide a comprehensive review of recent advances in the
study of key failure mechanisms, representative stabilization
strategies, and advanced characterization methods for cathode
materials from the microscopic to the macroscopic level.
Based on this understanding, special attention is given to the
relationship between electrochemical failure and anisotropic
mechanical strain and modification strategies. These strategies
hold the potential to drive further progress in the renewable
energy sector; however, achieving large-scale commercializa-
tion will require continued efforts from both academia and
industry.

Firstly, in layered cathode materials, electrochemical-
mechanical coupling extends from atomic to macroscopic
scales, forming a complex and interconnected framework of
failure mechanisms. At atomic and nanoscales, Li* extraction
induces irreversible lattice instability, phase transitions, and
oxygen loss, which lay the foundation for structural degra-
dation. Progressing to the microscale, uneven lithium extrac-
tion and anisotropic volume changes generate heterogeneous
stress distributions within particles, leading to particle fracture
and planar gliding. At the macroscopic scale, these particle-
level damages are amplified through cumulative effects
between particles due to constrained volume changes within
the battery, ultimately compromising the electrode’s overall
mechanical integrity and electrochemical performance.
Although numerous studies in recent years have revealed the
complexity of failure mechanisms and material behaviors
induced by electrochemical-mechanical coupling, particularly
the connection between nanoscale lattice mechanical behavior
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and high-pressure/fast-charging conditions, these mechanisms
remain incompletely elucidated. To ensure the long-term stabi-
lity of batteries under ultra-fast charging and ultra-high
voltage conditions, it is essential to clarify the material failure
and capacity degradation issues induced by electrochemical-
mechanical coupling across various scales.

Secondly, ensuring the utmost safety of batteries under
complex electrochemical-mechanical coupling conditions is
crucial, especially in scenarios where rapid charging could
induce thermal runaway. In recent years, the modification
strategies applied to cathode systems have continuously
evolved, providing new insights for the large-scale commercial
application of high-voltage, fast-charging automotive batteries.
Beyond traditional methods such as coating and doping, both
academia and industry have gradually recognized that micro-
scopic lattice stability is a more fundamental cause of cathode
failure. Based on this understanding, novel structural modifi-
cation techniques have been developed, including chemical
short-range disorder, high-entropy doping, zero-strain
material, gradient strain-buffering layers, and perovskite
“rivet” structures, with preliminary successes. Moreover, many
new electrode materials have been proposed that may improve
the fast-charging capabilities of LIBs, though their stability,
degradation mechanisms, and ease of manufacturing still
require further exploration. LRMO offers lower cost and higher
capacity; however, its heterogeneous two-phase structure is
highly susceptible to severe electrochemical-mechanical coup-
ling failures. To become a mainstream cathode material for
LIBs, it is essential to address these challenges related to per-
formance degradation and stability.

Thirdly, modifications at the macroscopic level and optim-
ization of charging strategies are also crucial. Regulating elec-
trode structures, optimizing the surface properties of current
collectors, and improving the CEI layer can significantly
enhance the electrochemical performance and mechanical
stability of batteries. Meanwhile, the introduction of flexible
electrode designs and porous metal current collectors effec-
tively mitigates issues such as volumetric expansion and inter-
facial failure during cycling. In terms of charging strategies,
the traditional CC-CV mode is straightforward but time-con-
suming. In contrast, strategies such as MCC, multi-step con-
stant current, pulse charging, and variable current charging
adjust the current profile to reduce charging time while mini-
mizing the risks of lithium deposition and mechanical stress.
However, studies on fast-charging protocols remain largely
empirical or experimental, meaning their performance has
only been evaluated under limited battery chemistries, physi-
cal dimensions, and operating conditions. These results
cannot be easily generalized to other battery types or environ-
mental temperatures, as findings from different researchers
often contradict each other. On the other hand, many model-
based charging optimization studies rely on models such as
the single particle model or the equivalent circuit model,
which may become inaccurate under high-current conditions.
Moreover, their results are typically validated only against
other models. Accurate and validated cell and pack models
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and improved understanding of limiting phenomena are
needed to enable the design of charging protocols without the
need for extensive laboratory testing.

Fourthly, to date, there is a lack of reliable methods for
comprehensively detecting the stress-strain distribution and
its corresponding structural evolution mechanisms at the
microscale, especially under practical operating conditions
(e.g., fast charging, high voltage, and high temperature). The
stress—strain behavior within cathode materials under such
complex environments often exhibits highly dynamic and loca-
lized characteristics, making real-time and precise characteriz-
ation a highly challenging task. Existing experimental tech-
niques, while capable of partially revealing structural evol-
ution, are limited by resolution, time scale, and testing
environment, making it difficult to simultaneously capture the
distribution patterns of microscale stress and strain and their
coupling mechanisms with structural changes in the material.
Therefore, advancing more sophisticated characterization tech-
niques and multi-scale simulation methods to investigate
stress-strain behavior and structural evolution mechanisms of
cathode materials under real-world operating conditions with
high spatiotemporal resolution has become critical to address
this scientific challenge. For instance, X-ray absorption near-
edge structure spectroscopy (XANES), as part of synchrotron
radiation techniques, can be employed to study the valence
state changes of elements within the material and the
dynamic evolution of the local chemical environment.
Similarly, three-dimensional X-ray fluorescence (3D-XRF) can
reveal materials’ internal elemental distribution and migration
patterns during dynamic charge-discharge processes, provid-
ing crucial insights into the electrochemical heterogeneities
induced by microscale stress-strain. Characterization methods
based on neutron scattering are also gaining widespread atten-
tion. Neutron diffraction, which is more sensitive to light
elements such as lithium, can directly analyze the distribution
of Li" and their insertion/extraction behavior across different
crystal lattices, offering a novel perspective for studying stress-
induced Li" transport barriers. Furthermore, in situ and ex situ
4D-STEM, which combines spatial and momentum resolution,
provides detailed information on the local electronic structure
and chemical bonding within materials. These advanced tech-
niques can capture dynamic material evolution across
different temporal, spatial, and energy scales, providing multi-
dimensional analytical tools to unveil complex scientific
phenomena. Consequently, they offer critical theoretical
support and experimental evidence for designing and optimiz-
ing battery materials.

Cathode materials are entering a golden era of develop-
ment, with numerous scientific discoveries being rapidly trans-
lated into productivity. Ongoing interdisciplinary research and
collaboration between industry, academia, and research insti-
tutions are expected to overcome the aforementioned chal-
lenges and advance the practical application of high-perform-
ance cathode materials. This provides potential solutions for
safer and more energy-dense energy storage, paving the way for
sustainable and efficient societal development.
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