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Layered transition metal oxide cathodes (NaxTMO2) for sodium ion batteries have stood out among various

cathode materials owing to their advantages in cost and electrochemical performance. However, their

further practical application is hindered by deep-seated structural degradation, interfacial instability, and

poor air stability. Among these issues, microcracks serving as a critical bridge between intrinsic defects in

NaxTMO2 and macroscopic performance decay have emerged as a central focus of current research.

Accordingly, this review systematically summarizes the origins of microcrack formation in NaxTMO2 and

the corresponding mitigation strategies. The influence of primary structural defects introduced during

material synthesis is first examined. Subsequently, the structural and chemical roots of microcrack

formation during electrochemical processes are elucidated. Finally, crack formation pathways induced by

environmental factors and interfacial evolution, particularly those associated with air exposure and

cathode–electrolyte interfaces, are discussed. Building on these mechanistic insights, we critically

compare current suppression strategies, including electronic structure regulation, lattice strain

engineering, and interfacial engineering. The failure mechanisms and mitigation approaches related to

microcracks summarized in this review are expected to contribute to the overall performance

enhancement of NaxTMO2 and to provide important guidance for their industrial application in sodium-

ion batteries.
1 Introduction

With the growing demand for large-scale energy storage and new
types of power systems, sodium-ion batteries (SIBs) are gaining
attention as an important complementary solution to lithium-ion
batteries (LIBs) by virtue of the advantages of abundant resources,
low cost, and relative safety of the system.1 Among them, SIB
cathode materials represented by layered transition metal oxides
for sodium-ion batteries (NaxTMO2) are considered to be a class of
cathode materials with the most promising prospects for indus-
trialization due to the advantages of high reversible capacity, high
operating voltage and a mature preparation process.2,3 However,
compared with the LIB system, Na+ has a larger ionic radius,
which makes NaxTMO2 more prone to dramatic lattice distortion,
phase structure degradation, and anionic redox irreversibility
during cycling, leading tomore complex phase transition behavior
and rapid performance decay.4–6
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In terms of crystal structure, NaxTMO2 consists of transition
metal (TM) layers stacked alternately with Na layers. According
to the coordination environment in which Na+ is located and
the stacking mode of the oxygen layer, NaxTMO2 can be divided
into O3, P2, P3 and other structural types of oxides.7–9 During
the charging and discharging process, the repeated de-
embedding of Na+ drives the relative slip of the TM layers and
induces periodic changes in the layer spacing and TM–O bond
length.10–12 In particular, under high voltage and deep des-
odiation conditions, various phase transitions are oen
accompanied by strong anisotropic lattice strains, resulting in
the formation of a complex multiphase coexistence and strain
gradient eld inside the particles, in addition to the irrevers-
ibility of the structural evolution that is further exacerbated by
the concomitant Na+/TM migration and oxygen anionic redox
reactions. These structural features make the lattice framework
of NaxTMO2 exible but easy to be destabilized in the sense of
chemical–mechanical coupling, and once the local stress
cannot be released in time, stress relaxation oen occurs in the
form of dislocations, twins, phase boundary migration, and
even macroscopic cracks.13–16

In recent years, a large number of in situ and ex situ char-
acterization studies have shown that microcracks generated
during cycling are one of the key factors in the failure of Nax-
TMO2.17,18 Within the primary particles, the sites of stress
Chem. Sci., 2026, 17, 10329–10354 | 10329
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concentration due to uneven Na+ (de)intercalation and defect
enrichment are oen the rst to produce cracks, while in
secondary particles, the stress accumulation between grains
and at grain boundaries tends to induce particle rupture. The
appearance of cracks not only changes the local stress distri-
bution, but also amplies the structural instability originally
conned to the interior of the crystal to the entire electrode by
exposing fresh interfaces and destroying the electrode lm and
conductive network. Specically, cracks signicantly increase
the contact area between particles and electrolyte, induce
violent interfacial side reactions, and lead to repeated rupture
and reorganization of cathode electrolyte interphase (CEI)/solid
electrolyte interphase (SEI) membranes, resulting in rising
interfacial impedance and continuous loss of active Na.19,20 At
the same time, cracks and holes provide channels for oxygen
escape, gas aggregation and localized thermal runaway, exac-
erbating the safety risk. With the advancement of cycling, the
structural and interfacial degradation triggered by microcracks
will gradually accumulate, which will ultimately be manifested
in the simultaneous deterioration of energy density and lifetime
of the whole battery. However, previous studies have mostly
focused on material composition, phase-transition chemistry,
oxygen redox, or interfacial degradation as separate topics,
while microcracks are oen treated only as onemanifestation of
failure rather than as the central thread linking these processes
across multiple length scales.21,22 In this Review, we place
microcracks at the center of the discussion and use them as
a cross-scale descriptor connecting synthesis-derived defects,
electrochemically driven structural evolution, environmental/
interfacial corrosion, and electrode-level performance decay.
By organizing the literature from the perspective of crack origin,
propagation, and suppression, this Review aims to provide
Fig. 1 (a) Research hotspots of crack in layered oxide cathodes from 20
2026). (b) Three contributing factors to microcrack initiation in sodium-
microstrain, stacking faults from processing); electrochemical behavior in
accumulation); environment and interface factors (air/electrolyte corros

10330 | Chem. Sci., 2026, 17, 10329–10354
a more integrated mechanistic framework for the rational
design of high-energy-density and long-lifetime NaxTMO2

cathodes.23–25
2 Formation of microcracks

To explore themechanism of performance degradation in sodium
ion battery layered transition metal oxides (NaxTMO2), a large
number of articles have been published on microcracking, which
indicates that the antecedents and consequences of micro-
cracking have received much attention from researchers (Fig. 1a).
Based on this, we will also provide a systematic summary of what
is relevant. Microcracks in NaxTMO2 usually originate as a result
of an imbalance between the stress eld and the local strength of
the material induced by chemical and structural evolution.26,27 As
shown in Fig. 1b, from the available studies, the causes leading to
microcracks can be traced back to three levels: rst, primary
defects such as microstrain, dislocations, and stacked lamina-
tions introduced during the material synthesis process; second,
structural defects caused by corrosive effects in air and electrolyte
environments in combination with mechanical stresses; third,
phase transitions, interlayer slip, Na+/TM migration with anionic
redox behaviors induced due to intercalation, and migration of
Na+/TM during electrochemical processes. Therefore, clarication
of the above three types of origins will help to increase the
understanding of the structural degradation mechanism of
layered oxide cathodes for sodium-ion batteries (SIBs).
2.1 Origin of microcracks during material synthesis

In contrast to the structural and chemical evolution during
electrochemical processes, NaxTMO2 may carry signicant
16 to April 2026 (the data were collected via Web of Science, January
based layered oxide cathodes: synthetic and inherent defects (residual
duction (phase-transition/slab-glide driven anisotropic strain and stress
ion and reconstructed shells enabling stress–corrosion feedback).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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microstrain and crystal defects at the synthesis and initial
processing stages. These primary structural features can
signicantly affect the threshold and pathway of microcrack
formation under stress during subsequent electrochemical
processes. Factors such as precursor composition homogeneity,
primary/secondary particle morphology, phase transition and
temperature gradient during sintering, cooling rate, and
atmosphere control can leave residual stresses, dislocations,
and stacked laminar faults in the product that are difficult to be
completely eliminated by subsequent treatment.28–31

Using full-eld 3D transmission X-ray microscopy (TXM)
coupled with X-ray absorption near-edge structure (XANES)
spectroscopy, Amine et al. proposedmicrostrain screening as an
idea for evaluating the initial stress state inside the particles.
Comparison of a series of NaxTMO2 with the same composition
but different synthesis processes reveals that some particles
have a clear concentration of high microstrain regions inside
the particles, which spatially tend to correspond to a slight
segregation of precursor compositions, incomplete elimination
of multiphase reactions, or localized sintering insufficiency.32 In
contrast, some other particles exhibit a more uniform strain
distribution and a lower overall level. During subsequent
electrochemical cycling, the former particles are more prone to
preferential dislocation slip, localized phase transitions, and
crack initiation in the high-strain regions, while the latter
particles show structural failure only at a higher number of
cycles. These results suggest that the primary microstrain itself
constitutes a reserved stress eld, which when superimposed
with the subsequent electrochemically induced strain can
signicantly lower the threshold for crack formation. The rst-
cycle charge–discharge process is oen a critical stage for the
activation and rearrangement of primary microstrain and defect
structures (Fig. 2a and b). Amine et al. also found that the
average lattice parameter of some NaxTMO2 materials (O3–
NaNi0.4Mn0.4Co0.2O2) did not change drastically in the rst
cycling process, but a large number of new dislocations,
stacking faults, and layer defects were generated inside the
grains, and the strain eld undergoes signicant remodeling.33

These nascent defects become preferential crack-generating
sites in subsequent cycles, causing the material to exhibit only
a slow capacity decay in early cycling, but a sudden change in
behavior similar to structural collapse aer a certain number of
cycles (Fig. 2c and d). From this perspective, both stages of
synthesis and rst cycles have a signicant impact on the defect
and strain distribution within the particle, laying the structural
foundation for the formation of subsequent crack networks.34
Fig. 2 (a) Schematic illustration of full-field 3D TXM-XANES
measurement and data reconstruction; (b) in situ 3D TXM-XANES
results of Ni0.8Mn0.1Co0.1(OH)2 during calcination. Reprinted with
permission from ref. 32 Copyright 2024, Springer Nature. (c) Contour
plot of in situ SXRD patterns for O3–NaNi0.4Mn0.4Co0.2O2 across the
2–4.4 V voltage range; (d) schematic diagram of the nanogap
morphology of O3–NaNi0.4Mn0.4Co0.2O2 during cycling. Reprinted
with permission from ref. 33 Copyright 2022, Springer Nature.
2.2 Origin of microcracks upon cycling

In NaxTMO2, deep desodiation is usually accompanied by
signicant structural and chemical evolution.35–38 These evolu-
tions manifest macroscopically as a series of phase transitions
and interlayer slip such as P2–O2, P2–OP4, O3–P3, etc. At the
microscopic level, they involve various pathways such as the
ordered–disordered transformation of Na+/vacancy, Na+/TM
migration, and anionic redox behavior.39–42 These evolution
processes can be reversible within a reasonable voltage window
© 2026 The Author(s). Published by the Royal Society of Chemistry
and structural constraints, but under extreme conditions, they
oen occur in a highly non-uniform and strongly coupled
manner, thereby affecting the unit cell parameters, local coor-
dination environment, and bond strength. Thus, this chemical
process will establish an anisotropic elastic strain eld and
a highly concentrated chemical stress eld within the parti-
cles.43 When the strength of the superposition of these two
elds exceeds the local fracture critical point, microcracks will
emerge in the interface region.44–46

From the perspective of structural evolution, phase transi-
tion and interlayer slip are among the most direct sources of
electrochemically driven stresses.47,48 In situ X-ray diffraction (in
situ XRD) and structural analysis based on NaxTMO2 show that
the a-axis changes during charging are relatively mild, while the
c-axis shrinkage oen reaches several percentage points or even
higher, reecting much larger volume changes along the
interlayer direction than in the in-plane direction.49 For indi-
vidual grains, such a volumetric anisotropy change implies that
even if the overall phase transition is reversible, the strains
between different regions within the grain are difficult to be
coordinated by uniform elastic deformation. As a result, once
the phase transformation becomes asynchronous in time and
space, the phase boundaries and their neighboring regions are
prone to accumulate large internal stresses, which can induce
microcracks. Regarding this, Somerville et al. used Na2/3[Ni1/3-
Mn2/3]O2 and P2–Na2/3[Ni1/6Mn1/2Fe1/3]O2 as models, using in
Chem. Sci., 2026, 17, 10329–10354 | 10331
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situ XRD and FAULTS tting to reveal that the former under-
went a P2–O2 phase transition above approximately 4.1 V, with
TM–O interlayer slip accompanied by a signicant rightward
shi and signicant broadening of the (002) peak, indicating
a strong anisotropic volume mutation.50 While the latter intro-
duced the OP4/Z phase as an intermediate layered stacking, the
Na desorption process showed an asymptotic evolution of P2–
OP4–O2, with a smaller and more continuous overall c-axis
contraction. At the same Na deintercalation depth, the different
phase transition paths thus correspond to very different strain
magnitude and spatial gradient distributions, providing
different structural initial conditions for the subsequent
susceptibility to the formation of strain concentrations and
microcracks (Fig. 3a–c). In P2–Na2/3Ni1/3Mn2/3O2, Sui et al.
observed a more direct correlation between phase transition
and crack formation.51 Through electron diffraction and crystal
plane spacing analysis, the (002) crystal plane spacings of P2
and O2 phases were measured to be approximately 5.6 Å and 4.4
Å, respectively, with the contraction along the interlayer direc-
tion being much larger than the change in the lattice parame-
ters in the plane direction. In the coexistence of P2/O2,
scanning transmission electron microscopy (STEM) showed
signicant lattice mismatch and strain concentration near the
phase boundary and related to the layered stacking, with the
cracks preferentially located at these phase boundaries and
related to the specic crystal directions, and gradually extend-
ing into the grain interior in subsequent cycles, eventually
Fig. 3 (a and b) In situ XRD results for Na2/3[Ni1/6Mn1/2Fe1/3]O2 and corre
view) of Na2/3[Ni1/6Mn1/2Fe1/3]O2 and its color-mapped representation o
2019, Royal Society of Chemistry. (d) HAADF-STEM observation of in-gr
corresponding atomic resolution images; (g) schematic diagram showing
Copyright 2018, Elsevier. (h) SEM images of Na[Ni0.5Mn0.5]O2 at different c
from ref. 52 Copyright 2020, John Wiley and Sons. (i) In situ TEM ima
charge–discharge cycles. Reprinted with permission from ref. 53 Copyri

10332 | Chem. Sci., 2026, 17, 10329–10354
evolving into a crack network throughout the particle (Fig. 3d–
f). This work clearly shows that the anisotropic strain induced
by the P2–O2 phase transition is difficult to be fully released at
the phase boundaries by localized elastic relaxation, and that
microcracks sprouting and expanding become an important
pathway to release the internal stresses driven by the phase
transition (Fig. 3g). In O3-type materials, phase transformation
is also one of the core reasons for the generation of microcracks.
Yu et al. took O3–Na[Ni0.5Mn0.5]O2 as an example and demon-
strated through in situ XRD and morphology characterization
that this material undergoes multiple phase transitions such as
O3–O03–P3–P03 during the charging process.52 Among them, the
phase transformation from P30 into O30 accompanied by
a signicant c-axis change and peak shape broadening is the key
stage of rapid capacity decay. Meanwhile, under the conditions
of high cutoff voltage and multi-turn cycling, a large number of
cracks extending along the grain boundaries and intra-
crystalline can be observed inside the secondary particles of the
material, and the secondary particles are gradually cut and
pulverized (Fig. 3h). Therefore, it can be found that the phase
transition front tends to rst appear at grain boundaries while
the pristine phase is still retained in the interior, resulting in
a signicant strain gradient in the radial direction. While the
phase transition front advances within the grains, this strain
gradient continues to accumulate along a particular grain
surface or grain boundary, which ultimately evolves into
macroscopically visible microcracks in the cycle.57 In
sponding fault simulation results; (c) intensity contour map (bird's eye
ver a wider 2y range. Reprinted with permission from ref. 50 Copyright
ain cracks formed in P2–Na2/3Ni1/3Mn2/3O2 after cycling and (e and f)
crack's nucleation and growth. Reprinted with permission from ref. 51
harge/discharge states during the first cycle. Reprinted with permission
ges of the structural evolution of Na0.7Ni0.3Mn0.6Co0.1O2 during four
ght 2021 American Chemical Society.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Averaged ptychography amplitude image from all elemental edges; color composite map of conventional STXM images from the
(b) O and Na K-edge, (c) Mn2+, Mn3+, and Mn4+ edges; (d) trends in Mn oxidation states and distribution of O and Na content across different
sample regions; (e) compositional changes in Mn, Fe, Ni, O, and Na after cycling; (f) quantitative XAS analysis in different regions. Reprinted with
permission from ref. 54 Copyright 2025, American Chemical Society. (g) In situ XRD patterns of P2–Na0.7Mg0.2[Fe0.2Mn0.6,0.2]O2 in the voltage
range of 1.5–4.5 V (0.1C), along with (h) the corresponding contour plots and (i) evolution of lattice parameters; (j) contour plots of the evolution
of the (002) peak at 0.1 and 10C. Reprinted with permission from ref. 55 Copyright 2021, John Wiley and Sons. (k) HAADF STEM images of
Na0.72[Li0.24Mn0.76]O2 of different charge/discharge states on the particle surface; (l) schematic diagram of P2 and O2 structures. Reprinted with
permission from ref. 56 Copyright 2019, Elsevier.

Review Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/1
1/

20
26

 4
:1

2:
24

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Na0.7Ni0.3Mn0.6Co0.1O2, Huang et al. observed by in situ trans-
mission electron microscopy (in situ TEM) that the TM–O layer
appeared to be signicantly arched and folded in localized
regions to form a kinking structure, with signicant changes in
layer spacing along the kink bands with interlayer bonding.
Under the repeated accumulation of stresses during cycling, the
local strains near these kink bands are oen difficult to be
completely eliminated by elastic recovery, thus gradually
evolving crack initiation.53 This result shows that internal
localized layer slip and deformation may also be the initiation
location of microcracks even in the absence of an obvious phase
transition front.58

In addition to the above structural drivers, the chemical
stresses introduced by Na+/TM migration and anionic redox
further exacerbate the inhomogeneity of the stress eld. Liu
et al. show that for O3–NaLi1/9Ni2/9Fe2/9Mn4/9O2 the charge
compensation mechanisms in different regions within the
particles are signicantly different during the high voltage
charging process.54 Certain regions are dominated by O-redox,
© 2026 The Author(s). Published by the Royal Society of Chemistry
accompanied by the formation of O–O short bonds, local
oxygen vacancy generation and volume contraction, while some
other regions mainly rely on the oxidation of TM with relatively
mild structural distortion. Scanning transmission X-ray
microscopy (STXM) imaging further reveals that aer multiple
cycles, the former regions tend to exhibit increased stiffness
and structural densication, while the latter remain relatively
so, with hard–so interfaces forming between the two, where
stress concentrations are signicantly higher than the material
average, and cracks are oen preferred along the paths with the
largest gradients in chemistry and valence states (Fig. 4a–f). The
aforementioned studies have shown that when the O-redox is
strongly coupled to Na+/TM migration and shows a high degree
of spatial localization, it is oen accompanied by signicant
local volume contraction and stiffness changes, which are
important sources of chemical stresses during electrochemical
processes. However, it has also been shown that the anionic
redox behavior can be transformed into a low-strain form by the
design of the electronic structure and local coordination, thus
Chem. Sci., 2026, 17, 10329–10354 | 10333
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signicantly attenuating its driving force for microcracking.
Taking P2–Na0.7Mg0.2[Fe0.2Mn0.6,0.2]O2 as an example, Li et al.
constructed local coordination units such as Na–O–,, Mg–
O–,, and so on, by introducing Mg as a strut and TM vacancies
in the Na layer, so that the charge compensation proceeds
reversibly in a near-solid solution manner within a wide voltage
window of 1.5–4.5 V. The P2 phase is always maintained
throughout the cycling process, which exhibits only minimal
lattice parameter changes and mild structural transitions, and
no drastic laminar phase transitions, such as P2–O2, are
observed (Fig. 4g–j).55 Similarly, P2–Na0.72[Li0.24Mn0.76]O2

stabilizes high-valent Mn with O-redox with the help of Li–O–Li
localized conguration, and its structural evolution is still
conned to a limitedmagnitude of lattice strain while obtaining
a high capacity of more than 200mAh g−1.56 Meanwhile, none of
the morphological characterization techniques such as STEM
showed severe particle pulverization and crack networks
(Fig. 4k and l). This type of low-strain O-redox system suggests,
conversely, that it is not the participation of oxygen anions in
the charge compensation process per se that really drives
microcracking, but whether it is accompanied by a drastic and
spatially highly non-uniform bulk response.59 Homogenization
of anionic redox reactions and weakening of the chemical stress
gradient through compositional and local coordination engi-
neering are expected to signicantly reduce the microcracking
tendency during electrochemical processes while maintaining
high energy densities.60
Fig. 5 (a and b) TOF-SIMS spectrum of the O3–NaNi0.7Mn0.15Co0.15O2

electrode after 24 hours of exposure. Reprinted with permission from
ref. 64. Copyright 2018, American Chemical Society. STEM images of
NaNi1/3Fe1/3Mn1/3O2 after storage for 12 hours in (c) water vapor, and
for 48 hours in (d) O2 and water vapor and (e) humid air; (f) schematic
diagram of the degradation mechanism of NaxTMO2 in air. Reprinted
with permission from ref. 65. Copyright 2024, American Association
for the Advancement of Science.
2.3 Environmentally and interface-induced cracks

Under actual electrode processing and battery operating condi-
tions, NaxTMO2 is not only subjected to internal stresses from
electrochemical processes, but also to exposure to complex
chemical environments such as humid air, CO2, and electrolytes
and their decomposition products.61–63 Under the combined
effect of mechanical stress and chemical attack, NaxTMO2 may
undergo stress corrosion cracking similar to that found in
conventional alloys and ceramics, i.e., in the presence of corro-
sive media, the mechanical threshold required for crack initia-
tion and expansion is signicantly reduced. For NaxTMO2, air
exposure, electrolyte decomposition, and thermally induced
decomposition at high states of charge (SOC) are currently
among the core causes driving microcracking at the environ-
mental and interfacial levels.66,67

Among many environmental factors, air sensitivity is one of
the most typical and difficult to circumvent problems of Nax-
TMO2. It has been shown that aer NaxTMO2 is exposed to
humid air, Na+/H+ exchange occurs rapidly, generating residual
bases such as sodium carbonate and sodium hydroxide on the
surface of the material, accompanied by some cation mixing
and local structural remodeling, which results in the formation
of corrosive phases on the surface layer of the particles with
a composition and structure signicantly different from that of
the main laminar phase.68 The differences in lattice parameters
and elastic modulus between these corrosive phases and the
internal lamellar phase result in signicant residual stresses at
the interface between the two, and these interfacial regions are
10334 | Chem. Sci., 2026, 17, 10329–10354
prone to become crack initiation sites during the subsequent
charge/discharge process under the combined effect of volume
changes and the external environment. Against this backdrop,
ne nanoscale studies reveal how the corrosive phases caused
by humid air can be used as the microcrack initiation regions.
Manthiram et al. used O3–NaNi0.7Mn0.15Co0.15O2 as a research
model and showed that in humid air Na+ continues to migrate
out of the bulk structure, and the particle surface sequentially
accumulates NaOH, Na2CO3, and its hydrate, accompanied by
the dissolution of Ni to produce NiO.64 This corresponds to the
coating of a multilayer insulating layer of residual alkali and
NiO outside the laminate bulk corrosion shell layer (Fig. 5a and
b). Further interface chemical analysis shows that the residual
alkali group will undergo a de-uorination reaction with the
PVDF binder, generating NaF and signicantly weakening the
overall adhesion strength of the electrode. This can easily
translate into extended stress corrosion cracks along the shell–
body interface under volume changes and external forces from
subsequent electrochemical cycling. More recently, a systematic
study of O3–NaNi1/3Fe1/3Mn1/3O2 by Hu et al. took a more
macroscopic view to distinguish the roles of different air
components in the corrosion process and directly observed the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Failure analysis of NaxTMO2 cathodes in different electro-
lytes. Reprinted with permission from ref. 71 Copyright 2023, John
Wiley and Sons. (b and c) Effects of different electrolytes on the SEI.
Reprinted with permission from ref. 72 Copyright 2022, Springer
Nature. (d) Schematic diagram illustrating the thermal decomposition
of the desodiated NaxTMO2; (e) in situ high-temperature TEM of P2–
Na0.8Ni0.33Mn0.67O2. Reprinted with permission from ref. 74 Copyright
2025, John Wiley and Sons.
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coupling between chemistry and microcracking evolution in
humid air.65 The results show that water vapor alone triggers
more reversible hydration and surface adsorption, while the
H2O + CO2 combination drives acidic corrosion with Na+/H+

exchange, forming regions of proton enrichment and Mn
valence reduction. H2O + O2 triggers oxidation–reduction cycles
and surface rock salt-like remodeling. STEM reveals that these
proton-enriched and remodeled zones tend to spatially corre-
spond to the hotspots of interlayer bending and localized
expansion, which become preferred locations for crack germi-
nation and expansion in subsequent electrochemical cycles
(Fig. 5c–e). More importantly, this work proposes composition–
structure design guidelines targeting the reduction of cation
competition coefficients, optimization of the operating voltage
window, and particle scaling, which provide quantitative refer-
ences for the reduction of environmentally driven microcracks
from the external dimension of air chemistry (Fig. 5f).

At the electrode–electrolyte interface, chemical reactions and
mechanical stresses combine to cause the generation of
microcracks.69,70 Polarization decomposition of the carbonate
electrolyte at high voltage generates acidic species such as HF
and strong oxidizing intermediates, and these reactive compo-
nents preferentially attack the high-energy crystal surfaces and
grain boundaries exposed to the electrolyte, triggering
a continuous loss of Na+ and dissolution of TM and driving the
gradual reconguration of the surface layer from layered to
rock–salt or anti-spinel phases. As a result, a heterogeneous
interfacial layer with low Na content, high TM valence and
defect density, and signicantly worse ionic conductivity and
ductility than the main layered phase is formed, which causes
the main layered-phase interface to experience higher stress
concentration in the subsequent volume change, thus gener-
ating the risk of microcrack initiation. On this basis, a positive
feedback loop readily forms between the phase transformation
of the bulk phase and the interfacial corrosion. The internal
stresses accumulated by the phase transition and anisotropic
bulk response during cycling preferentially drive microcrack
generation near the defects and grain boundaries of the inter-
facial layer. At the same time, once the microcracks are gener-
ated, the cracks will provide a high-ux channel for the
intrusion of the electrolyte, and the freshly exposed internal
surfaces will undergo accelerated corrosion and secondary
remodeling, generating a new, mechanically more fragile rock-
salt/anti-spinel interfacial layer. As the cycle advances, the
interfacial layer thickens and becomes brittle, and the crack tip
expands to the deeper part of the particle under the dual driving
force of stress concentration and localized chemical erosion,
manifesting an evolutionary path in which crack expansion and
interfacial degradation are mutually reinforcing, thus trans-
forming the microcrack from a mere by-product of bulk phase
transition into a key source of environmentally induced struc-
tural failure. Interfacial engineering and electrolyte design
conrm this understanding from the opposite side. Wei et al.
constructed a composite electrolyte of gel polymer electrolytes
and 4-triuoromethylphenylboronic acid, so that PF6

− prefer-
entially decomposed at the interface to form NaF and B-
containing inorganic complexes, and then the organic–
© 2026 The Author(s). Published by the Royal Society of Chemistry
inorganic composite CEIs were obtained, which were mainly
inorganic, with a moderate thickness and spatial distribution
uniformity.71 Compared with the thick, so and complex CEI
formed under the traditional liquid electrolyte, the interfacial
lm remains continuous and dense under high voltage and
long cycling conditions, which signicantly suppresses inter-
facial corrosive cracking and particle edge cracking (Fig. 6a).
Similarly, the inorganic enriched SEI/CEI constructed using
weakly polar solvents coupled with high concentrations of
NaFSI effectively weakened HF generation and TM dissolution,
so that the interfacial layer no longer experienced drastic side
reactions (Fig. 6b and c).72 From the perspective of microcrack
origin, when the interface chemistry is conned in a protective
layer with a continuous structure and high modulus, the posi-
tive feedback chain of crack generation–electrolyte inltration–
localized corrosion–interfacial embrittlement–crack extension
will be signicantly weakened, and the threshold of environ-
ment- and interface-induced microcrack generation will be
signicantly elevated as a result.73 In addition, under high SOC
and external abuse conditions, thermally induced oxygen
release and structural remodeling constitute an extreme case of
environment–mechanics coupling. In situ high-temperature
TEM analysis of P2–Na0.8Ni0.33Mn0.67O2 shows that with
increasing temperature, lattice oxygen is gradually released, and
the structure is transformed from a layered into a rock-salt or
more disordered phase, which is accompanied by localized pore
generation and drastic volume contraction (Fig. 6d and e).74
Chem. Sci., 2026, 17, 10329–10354 | 10335
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This process is prone to generate a large number of new cracks
or promote the rapid expansion of existing cracks, posing
a signicant threat to the thermal safety of the cell.

Overall, environmental and interfacial reactions lower the
mechanical threshold for microcrack initiation in NaxTMO2 by
altering local composition, structure, and mechanical proper-
ties, thereby accelerating crack nucleation and propagation
through stress–corrosion coupling. From a practical perspec-
tive, several environmental variables should be prioritized for
control. First, humid-air exposure time and humidity level
should be minimized during powder handling, electrode pro-
cessing, and storage, because prolonged exposure promotes
Na+/H+ exchange and the buildup of residual alkali species.
Second, the roles of H2O and CO2 should be distinguished, as
H2O mainly induces hydration and adsorption, whereas H2O +
CO2 more readily drives acidic corrosion and proton-enriched
surface degradation. Third, the residual alkali level should be
carefully monitored, because it can trigger parasitic reactions
with binders and electrolytes and further weaken interfacial
mechanical integrity. Fourth, electrolyte chemistry, especially
HF generation tendency and CEI composition, should be opti-
mized to suppress corrosion-assisted crack growth. Finally,
special attention should be paid to highly desodiated or high-
SOC states, where thermal instability, oxygen release, and
rapid surface reconstruction can sharply increase crack sensi-
tivity. These factors provide a more actionable framework for
reducing environmentally and interfacially induced micro-
cracks in practical NaxTMO2 systems.75–77
3 Microcrack suppression and
material design strategies

With strategies for microcrack inhibition and material design
aer exploring the multiple sources of microcracks, further
research is needed on how to weaken the chemical and structural
stresses that drive the formation ofmicrocracks throughmaterial
and electrode design, and to enhance the material's tolerance to
microcracks. The existing research can be summarized from
three dimensions: rst, the regulation of the electronic structure,
by controlling the properties of TM–O bonds, the arrangement of
Na+/vacancies, and the O-redox behavior, to weaken the harmful
phase transitions and volume changes at the chemical level;
second, the engineering of lattice strain and phase pathway, by
designing near-zero-strain reaction pathways, constructing
heterostructures, and optimizing stacking patterns, to alleviate
anisotropic deformation at the crystallographic level; nally, the
engineering of the interface, to disperse stress, block crack
propagation channels, and stabilize the interface environment at
the particle and electrode scales.78–81
3.1 Electronic structure guided crack suppression

In NaxTMO2 cathodes, the Na content, TM valence combina-
tion, and oxygen anions together determine the phase transi-
tion path, lattice strain, and structural stability. Numerous
studies have shown that if the driving force of irreversible phase
transition and irreversible anionic redox is reduced at the
10336 | Chem. Sci., 2026, 17, 10329–10354
electronic structure levels, and the strain distribution is
homogenized at the local scale, the microcrack generation and
extension inside and on the surface of the particles can be
signicantly suppressed.82,83

From the phase diagram point of view, the Na content and
the total amount of TM together determine the average TM
valence state as well as the possible phase transition paths.
Modulation of the Na/TM ratio and TM valence state is one of
the effective means to suppress microcracking. High Na content
can enhance the shielding of Na+ against the interlayer
coulombic repulsion of TMO2, and reduce the tendency of
interlayer slip and c-axis collapse during deep desodiation.
Meanwhile, reasonable control of the average valence state of
TM canmitigate irreversible oxidation and oxygen release in the
high-voltage region. To address this point, Hu et al. found that
P2–Na45/54Li4/54Ni16/54Mn34/54O2 with high Na content main-
tains a single P2 phase and highly reversible lattice parameter
evolution aer long cycling.84 Moreover, neither the P2–O2 nor
the P2–OP4 phase transition is observed, which reduces the
driving force for stress accumulation and crack extension at the
structural level, and provides better structural integrity than
conventional Na-containing P2 materials' (Fig. 7a). In a similar
line of thought, Qiao et al. synthesized Na0.7Fe0.1Mn0.75,0.15O2

by introducing an appropriate amount of TM vacancies into the
Na0.7Fe0.33Mn0.67O2 system, so that a part of the local charge
compensation is borne by the Na+/vacancy rearrangement
instead of stress relief through long-range layered stacking
transitions, which can maintain the P2 structure within a wide
voltage window and avoid the signicant P–O phase transi-
tion.85 Quantitatively, the vacancy-doped sample delivers 70.1%
capacity retention aer 200 cycles at 1C (2.0–4.3 V), and in situ
XRD shows a much smaller (002) peak shi than the vacancy-
free counterpart, indicating substantially suppressed c-axis
strain swing during charge. And the degree of pulverization and
crack density of the particles aer cycling are signicantly lower
than those of the vacancy-free samples (Fig. 7b–d). These results
suggest that a reasonable combination of Na/TM ratio and TM
vacancies can shi the charge compensation mode from
a phase transition accompanied by drastic stack slip with large
volume changes to a path dominated by local Na+/vacancy
rearrangement with limited lattice-scale strain, thus weakening
the stress driving force of microcracks on a macroscopic scale.

Based on the appropriate Na/TM ratio, further modulation of
the local structure and strain eld by high-entropy design is
another important route to suppress microcracks.90,91 Doping
can not only change the lattice parameters and charge
compensation modes, but also inuence the crack initiation
and extension paths by constructing regions with specic
mechanical properties and chemical stability inside and on the
surface of particles through site-selective and polarization
behaviors.92,93 The site-selective doping study by Wei et al.
showed that, in P2–Na2/3Ni1/3Mn2/3O2, introducing a small
amount of Sr2+ into the Na layer or introducing Sr2+ together
with high-valent Y3+/Mo6+ into the TM layer can effectively
suppress the irreversible P2–O2 phase transition at high
voltage, signicantly reduce lattice-volume change, and thereby
mitigate internal stress accumulation and microcrack
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Structural evolution mechanism of high-sodium P2 oxides in
electrochemical processes. Reprinted with permission from ref. 84
Copyright 2020, American Chemical Society. (b) Schematic diagram of
the P–O phase transition; (c) in situ XRD patterns of Na0.7Fe0.33Mn0.67O2

and (d) Na0.7Fe0.1Mn0.75,0.15O2, along with corresponding FAULTS
simulation results. Reprinted with permission from ref. 85 Copyright
2024, Springer Nature. (e) Schematic illustration of enhanced reaction
kinetics induced by selective doping. Reprintedwith permission from ref.
86 Copyright 2025, American Chemical Society. (f) Schematic illustra-
tion of the suppression effect of doping–segregation on interfacial
microcracks. Reprinted with permission from ref. 87 Copyright 2019,
John Wiley and Sons. (g) HAADF-STEM images and (h) corresponding
EDS maps of Na8Mn11O24 in the charged state; (i) schematic illustration
of the structural evolution of Na0.67Mn0.011[Mg0.1,0.07Mn0.83]O2 and
Na8Mn11O24. Reprinted with permission from ref. 88 Copyright 2025,
Springer Nature. (j) Schematic diagrams of the morphologies of
NaNi0.25Mg0.05Cu0.1Fe0.2Mn0.2Ti0.1Sn0.1O2 and NaNi0.4Fe0.2Mn0.4O2.89

Copyright 2022, American Chemical Society.
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formation (Fig. 7e).86 Mechanistically, the total DOS indicates
enhanced electronic conductivity by changing the electron
distribution around the Fermi level, and the ELF analysis
suggests that stabilized O–Sr coordination and electron locali-
zation effects around oxygen associated with Mo6+ promote
oxygen-redox charge transfer. Accordingly, the cathode shows
85.8% retention aer 2500 cycles at 20C and 99.2% retention
aer 800 cycles at 1C, even at −20 °C, while suppressing inter-
granular cracking. The spatial distribution of dopant elements
also affects the microcrack evolution. The traditional view tends
to pursue the complete homogeneity of doping, but in some
systems, amoderate doping bias can play the role of mechanical
reinforcement instead. The Mg-rich precipitated phase is
formed in the Na layer during the cycling process, which
constructs a three-dimensional “pillar”-like skeleton and
changes the high-voltage structural evolution from the P2–O2
phase to the P2–OP4 phase with smaller volume change, thus
signicantly reducing the lattice strain associated with the
© 2026 The Author(s). Published by the Royal Society of Chemistry
phase transition and suppressing the generation of cracks
inside the particles, which reects the inhibition of the inter-
facial microcracks by doping–partitioning (Fig. 7f).87 Another
representative type of work is the synergistic regulation of
anionic redox and structural evolution by TM vacancies and site
engineering. In the P2–Na0.67MnO2 system, Amine et al. con-
structed Na–O–Mg and Na–O–, conformations in the TM layer
by introducing both Mg2+ and vacancies in the TM layer and
inducing about 1.1% Mn ions to occupy the Na layer sites. This
conguration can increase the number of non-bonded O 2p
orbitals that are favorable for highly reversible anionic redox,
inhibit the voltage decay caused by the Na–O–, conguration,
and allow the Mn ions occupying the Na layer to act as “rivets”
to the oxygen layer in the deeply desodiated state to limit the
interlayer slip, thus enhancing the stability of the high-voltage
structure and mitigating crack generation (Fig. 7g–i).88 In this
“near-zero-strain” design, the maximum lattice-volume varia-
tion is ∼1.47%, delivering 155.1 mAh g−1 (14 mA g−1) and
87.5% retention over 200 cycles (140 mA g−1). On the basis of
the doping strategy, high-entropy layered oxides generalize the
multidoping to an equimolar polycation conguration. In the
case of high-entropy O3-type cathodes such as
NaNi0.25Mg0.05Cu0.1Fe0.2Mn0.2Ti0.1Sn0.1O2, for example, the
conformational entropy is signicantly increased by intro-
ducing multiple transition metals in the TM layer and
expanding the thickness of the TMO2 layer as well as weakening
the Jahn–Teller distortion and Na+/vacancy ordering trends. In
situ structural characterization reveals a more gentle phase
transition and less lattice strain over a wider voltage window,
with signicantly fewer cracks inside the particles than in the
comparison samples aer long cycling (Fig. 7j).89 These high-
entropy congurations show more homogeneous structural
evolution and crack distribution on the macroscopic level,
which improves the crack initiation threshold and the overall
crack resistance.98,99 These doped and high-entropy systems
exhibit compressed lattice strain, shorter residence time in the
O–P biphasic region, and more homogeneous in-plane strain
distribution. Taken together, recent high-entropy and multi-
cation designs further support the view that microcrack
suppression is not merely a consequence of stronger average
bonding, but also of a more spatially homogeneous chemo-
mechanical response, a shortened residence time in highly
strained biphasic regions, and a reduced tendency toward local
structural deconstruction during cycling. These advances rein-
force high-entropy design as a promising route for simulta-
neously stabilizing bulk phase evolution and lowering crack
susceptibility in high-voltage sodium layered oxides.

The same compositional modication can correspond to
different electronic structure responses.100 If the charge
compensation is mainly concentrated in a certain valence-
sensitive TM or a certain narrow voltage interval, it is easy to
cause local structural distortion and strain concentration. In
contrast, if the charge compensation is dispersed to a wider
energy level and spatial range by modulating the TM–O cova-
lency and the involvement of anionic redox, a low-strain window
can be constructed under the premise of high capacity. In this
context, Zhao et al. demonstrated a typical behavior of this kind
Chem. Sci., 2026, 17, 10329–10354 | 10337
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Fig. 8 (a) Schematic diagram of interlayer O–O repulsion changes during Na+ deintercalation. Reprinted with permission from ref. 94 Copyright
2024, John Wiley and Sons. (b) Schematic comparison of oxygen reduction reactions between disordered Na7/9[Li1/9Ni1/9Mg1/9Mn6/9]O2 and
ordered Na7/9[Li1/9Ni1/9Mg1/9Mn6/9]O2 structures, along with a schematic diagram illustrating the perspective design of materials featuring
dispersed andmultistage O redox. Reprinted with permission from ref. 95 Copyright 2024, JohnWiley and Sons. Schematic illustration of anionic
redox behavior and Mn oxidation state evolution in (c) Na0.8Li0.24Mn0.76O2 and (d) Na0.8Li0.24Al0.03Mn0.73O2, along with the voltage decay
suppression effect of Al in oxygen electron localization. Reprinted with permission from ref. 96 Copyright 2024, Royal Society of Chemistry. (e)
Charge density contour map on the (102) crystal plane in O3–Na0.898K0.058Ni0.396Fe0.098Mn0.396Ti0.092O2; (f) time evolution curves of the
displacement of each element in O3–Na0.898K0.058Ni0.396Fe0.098Mn0.396Ti0.092O2; (g) TM migration path in Na0.987Ni0.396Fe0.204Mn0.402O2 and
(h) O3–Na0.898K0.058Ni0.396Fe0.098Mn0.396Ti0.092O2. Reprinted with permission from ref. 97 Copyright 2024, John Wiley and Sons.
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by enhancing the participation of anionic oxygen in charge
compensation through the strategy of “pushing charge transfer
on anions”. Taking Na[Li1/4Ni1/3Ru5/12]O2 as an example, the
comparative study shows that, compared with the Ni redox-
dominated system, the samples enhanced with anionic redox
have signicantly reduced the changes of the a- and c-axis
during the charging and discharging process, and the multiple
phase transitions of O3–P3–O1 have been suppressed signi-
cantly.94 And the in situ strain analysis reveals that the lattice
microstrain changes are smaller and more uniformly distrib-
uted, which can be achieved at high rate and long cycling
(Fig. 8a). This result suggests that the moderate introduction of
stabilized anionic redox helps to reduce the Na-storage lattice
strain under high-voltage, high-capacity operation. In high-
voltage P2-type NaxTMO2, how to avoid O2 release and frame-
work collapse while expanding the capacity by using anionic
redox is another key issue. Zhao et al. proposed that by con-
structing gradient and de-clustered anionic redox centers in the
TM layer, spatial de-clustering and radial gradient distribution
of anionic redox can be achieved in the crystals, so that the
anionic redox in the high-voltage region is spatially dispersed.95

Notably, the resulting cathode delivered a reversible capacity of
10338 | Chem. Sci., 2026, 17, 10329–10354
247 mAh g−1 (20 mA g−1) and maintained nearly zero lattice
deformation during cycling (Daz 0.02%, Dcz 0.54%, and cell-
volume variation z 0.5%) with solid-solution behavior and no
detectable phase transitions. From the strain-crack perspective,
it can be inferred that this de-clustering and gradient electronic
structure design is conducive to reducing the cyclic stress
concentration, thus weakening the driving force for crack
initiation (Fig. 8b). To address the voltage decay of high-capacity
oxygen-redox-active NaxTMO2, Zhang et al. found that the
voltage decay is closely related to the spatial inhomogeneity of
the local Mn redox and the accompanying structural distortion
by systematically analyzing the local structural evolution of the
lattice oxygens involved in the redox process.96 Weakening the
Mn–O covalency by strong Al–O bonding can signicantly
suppress the voltage decay and maintain the integrity of the
lattice framework (Fig. 8c and d). Such studies reveal how
irrational anionic redox induces structural fatigue with poten-
tial crack sources at the electronic structure level, and give
specic methods for crack-resistant design at the electronic
level by modulating the nature of TM–O bonds. Furthermore, Li
et al.'s systematic work around coordination chemical–elec-
tronic structures shows that by regulating the degree of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Schematic illustration of the preparation process of shale-like NaxMnO2. Reprinted with permission from ref. 104 Copyright 2021,
Springer Nature. The HRTEM images of (b) O3–Na0.8Ni0.4Fe0.2Mn0.4O2 and (c) Na0.8Ni0.3Fe0.2Mn0.3Li0.1Mg0.02Ca0.05Sb0.03O2. Reprinted with
permission from ref. 105 Copyright 2023, John Wiley and Sons. (d) Schematic diagram of B and Al co-doping O3–NaNi1/3Fe1/3Mn1/3O2 to
stabilize phase transitions and lattice oxygen. Reprinted with permission from ref. 106 Copyright 2025, John Wiley and Sons. (e) Schematic
diagram of structural changes in Na0.9Ni0.32Zn0.08Fe0.1Mn0.3Ti0.2O2 and (f) O–O length and repulsion changes of
Na0.9Ni0.32Zn0.08Fe0.1Mn0.3Ti0.2O2 during Na+ extraction; HAADF-STEM image of (g) Na0.9Ni0.32Zn0.08Fe0.1Mn0.3Ti0.2O2 and (h)
Na0.9Ni0.4Fe0.1Mn0.5O2 after 400 cycles. Reprinted with permission from ref. 107 Copyright 2024, John Wiley and Sons.
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distortion and the connection mode of the TM–O polyhedral,
the anisotropic lattice strain can be signicantly reduced and
the reversibility of structural evolution can be enhanced while
ensuring the continuity of Na+ migration channels. This class of
materials exhibits small volume changes with good structural
reversibility over a wide potential window, indirectly suggesting
that structural toughness can be provided for microcrack
suppression through coordination chemical–electronic struc-
ture synergistic design (Fig. 8e–h).97 Correspondingly, the cycled
particles remain crack-free and TM migration, and the KT-
NFM‖HC pouch cell maintains >90% capacity retention aer
2000 cycles while delivering a reversible capacity of 138.6 mAh
g−1 and an energy density of 135.6 Wh kg−1. From an electronic-
structure standpoint, stabilizing anionic redox and delocalizing
O-2p states help convert highly localized O-redox, which is
associated with strong local volume contraction and stiffness
increase, into a more spatially homogeneous redox process. In
situ strain mapping and spectroscopic imaging reveal that such
designs signicantly atten the gradients of local valence state
and chemical strain, thereby lowering the peak stress at inter-
faces and suppressing the initiation of microcracks along these
regions.

Taken together, compositional and electronic structure
modulation not only alters the average structural stability
through Na/TM ratio, doping, and high-entropy congurations,
but also establishes a favorable synergistic relationship between
© 2026 The Author(s). Published by the Royal Society of Chemistry
the electronic structure and lattice strain by modulating the
charge compensation mode and coordination chemistry. The
design around low strain window and controllable anionic
redox enables the NaxTMO2 to maintain low internal stress and
limited structural damage even at high specic capacity and
high operating voltage, thus suppressing the generation and
accumulation of microcracks at the intrinsic level, and
providing a solid foundation for the subsequent structural and
interfacial engineering strategies.101–103
3.2 Strain and phase engineering

Under dened electronic structure conditions, phase transition
paths and lattice strains are a direct source of microcrack evolu-
tion. The compositional strategies discussed in the previous
section largely dene the accessible phase space, whereas the
present section focuses on how to explicitly regulate the spatial
distribution and accumulation of chemo-mechanical strain
through structural design at both the crystallographic and particle
levels. The evolution of NaxTMO2 in multiphase intervals such as
O3/P3/OP2 or P2/O2/OP4 is commonly accompanied by
pronounced c-axis contraction and anisotropic lattice distortion. If
these strains are not homogeneous in time and space, stress
concentrations and crack initiation can be induced inside the
grains, at phase boundaries, or along internal grain boundaries in
secondary particles.40,108 In this section, we discuss how to weaken
Chem. Sci., 2026, 17, 10329–10354 | 10339
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Fig. 10 (a) Evaluating the anisotropic strain distribution of electrode
materials via theWilliamson–Hall method. (b) Schematic diagrams ofO3–
NaNi0.3Cu0.1Fe0.2Mn0.3Ti0.1O2 and O3–NaNi0.3Cu0.1Fe0.2Mn0.3Sn0.1O2

structures; HAADF-STEM images after cycling: (c and d) O3–NaNi0.3-
Cu0.1Fe0.2Mn0.3Sn0.1O2, (e and f) O3–NaNi0.3Cu0.1Fe0.2Mn0.3Ti0.1O2.
Reprinted with permission from ref. 114 Copyright 2024, Springer Nature.
(g) Schematic of the structural evolution of NaNi0.3Fe0.4Mn0.3O2 and
NaCu0.1Ni0.2Co0.2Fe0.2Mn0.15Ti0.15O2 during charging and discharging
processes; HAADF-STEM images after cycling: (h) NaNi0.3Fe0.4Mn0.3O2, (i)
NaCu0.1Ni0.2Co0.2Fe0.2Mn0.15Ti0.15O2. Reprinted with permission from ref.
115 Copyright 2025, American Chemical Society.
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the driving force of microcracks at the structural level through low-
strain phase-path design, negative-expansion or near-zero-strain
structures, heterogeneous/gradient architecture, and more
recently, single-crystal particle design that reduces grain-boundary-
mediated stress accumulation and crack-initiation sites.109–111

The ratio of Na layer spacing to TM layer spacing has a direct
effect on the phase transition path and volumetric strain.112 Yang
et al. constructed shale-like Mn-based P2-type layered oxides by
water-mediated treatment as an example, and signicantly
enlarged the Na+ layer spacing, which can achieve a near-zero
strain structure with almost zero volumetric change during the
charge/discharge process.104 In situ XRD and strain analyses show
that these materials can maintain a stable P2 structure under long
cycling and high rate conditions, and macroscopically exhibit
ultra-long lifetimes and excellent rate performance (Fig. 9a). This
type of “Na-layer spacing engineering” essentially involves
geometrically shrinking the a/b planes and expanding the c-axis to
compensate for each other at the bulk scale, thus signicantly
reducing the driving force for microcrack initiation. In the high-
voltage O3-type system, multiple doping and high-entropy
congurations are used to modulate the multiphase evolutionary
paths such as O3–P3–OP2 and their accompanying volume
changes, thereby moderating the accumulation of stresses asso-
ciated with the phase transitions. Xia et al. used the O3–
Na0.8Ni0.3Fe0.2Mn0.3Li0.1Mg0.02Ca0.05Sb0.03O2 as a representative
example and showed that the synergistic doping of multiple
cations can signicantly suppress the harmful phase transition
and irreversible structural rearrangement above 4.1 V, so that the
O3 framework still maintains a better structural reversibility in the
high-voltage region, the volume change is compressed, and the
structural degradation during cycling is delayed (Fig. 9b and c).105

In situXRD further shows a reduced 003 peak shi (D2qz 0.24° vs.
0.53°) and a smaller c-axis variation (Dc z 1.2337 Å vs. 1.5493 Å),
consistent with an improved capacity retention of 85.0% aer 250
cycles (vs. 67.2% for the undoped counterpart). Similarly, Sun et al.
enhanced the framework stiffness and stabilized the lattice oxygen
by employing Al and B double doping in O3–NaNi1/3Fe1/3Mn1/3O2,
using the strong covalent bonding of Al–O and B–O. This signi-
cantly moderated the O3–P3–OP2multiphase evolution associated
with the bulk strain and structural irreversibility (Fig. 9d).106

Furthermore, more extreme “strain compensation” at the bulk
scale can be achieved by constructing O3-type NaxTMO2 with
negative expansion behavior.113 Li et al. introduced Zn/Ti co-
doping in the O3–Na0.9Ni0.4Fe0.1Mn0.5O2 system, which produces
a non-monotonic c-axis response (c expands by ∼3.7% upon
charging and then contracts by∼1.7%), leading to a much smaller
net Dc (∼2.0% vs. ∼5.0% in the parent) and substantially reduced
interslab/volume changes (2.4%/1.9% and 5.2%/9.8%) (Fig. 9e
and f). The post-cycling multiscale characterization shows that the
materialmaintains good structural reversibility at high voltage and
long cycling, reecting the potential of the negative expansion
design in suppressing structural destabilization (Fig. 9g).107 High-
entropy O3-type NaxTMO2 extends the low-strain design to the
in-plane scale from another perspective. Hu et al. have constructed
O3–NaNi0.3Cu0.1Fe0.2Mn0.3Ti0.1O2 and its Sn4+ substitution
comparison system NaNi0.3Cu0.1Fe0.2Mn0.3Sn0.1O2. The systematic
analysis shows that the former has a smaller andmore uniform in-
10340 | Chem. Sci., 2026, 17, 10329–10354
plane strain during charging and discharging, and its structural
reversibility and cycling stability are signicantly better than that
of the latter (Fig. 10a and b). The maximum planar strain is
reduced from 2.38% to 0.51% on charge and from 3.43% to 0.93%
on discharge. O3–NaNi0.3Cu0.1Fe0.2Mn0.3Ti0.1O2 shows a reversible
capacity of 120 mAh g−1 at 5C with 86% capacity retention aer
500 cycles, compared to 76 mAh g−1 capacity and 59% capacity
retention for NaNi0.3Cu0.1Fe0.2Mn0.3Sn0.1O2. Combining in situ
diffraction and strain analysis, it is clearly pointed out that planar
strain is a key indicator affecting the stability of high-entropy
layered oxide structures, and a more favorable planar stress state
can be obtained by reasonably selecting high-entropy components,
thus attenuating the driving force of microcrack sprouting and
expansion (Fig. 10c–f).114 On this basis, the effect of high entropy
modulation on the O–P phase transition path and anion behavior
was further revealed by the entropy-tailored design of the O3–
NaNi0.3Fe0.4Mn0.3O2 system. Amine et al. constructed a high
entropy solid solution by introducing a variety of chemically
compatible elements, such as Cu, Co, Ti, etc., to the TM layer, and
the high entropy samples were found in the O3 region. The high-
entropy samples exhibited greater lattice parameter changes in the
O3 region, but the duration of the O–P biphasic region was
signicantly shortened. In addition, the Na+ diffusion kinetics and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) Finite element-based mechanical stress simulation results.118 Copyright 2025, John Wiley and Sons. HAADF-STEM images of P2–Na0.67-
Li0.1Fe0.37Mn0.53O2 at different charge states: (b) 4.3 V, (c) 4.5 V; (d) schematic of LiO6/TMO6 distortion in the charged P2–Na0.67Li0.1Fe0.37Mn0.53O2

structure viewed along the (001) direction. Reprinted with permission from ref. 119 Copyright 2024, Springer Nature. (e) Schematic diagram illustrating
the degradation mechanism of P2–Na0.72Ni0.2Co0.25Mn0.55O2 and the surface gradient desodiation structure design concept for P2–
Na0.72Ni0.20Co0.21Mn0.55Mg0.036O2 materials; (f) structural and valence state evolution of P2–Na0.72Ni0.2Co0.25Mn0.55O2 and P2–
Na0.72Ni0.20Co0.21Mn0.55Mg0.036O2 cathodes after 150 cycles. Reprinted with permission from ref. 120 Copyright 2024, John Wiley and Sons.
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high rate performance were signicantly improved, while the
irreversible oxygen loss and TM migration during deep des-
odiation were effectively suppressed, and the surface structural
remodeling was signicantly weakened (Fig. 10g–i).115 Similarly,
themultidoping work for zero-Li and zero-CoNaxTMO2 shows that
the synergistic introduction of multiple aliovalent cations into the
TM octahedral sites effectively slows down the lattice strain accu-
mulation during cycling, enhances the oxygen stability, and
reduces the magnitude of the volume change, thus suppressing
the near-surface structural deconstruction, interfacial side-
reactions, and the formation of microcracks.116 These high-
entropy and multication designs together give a pathway from in-
plane strain, volume vibration to interface chemistry synergistic
optimization, enabling high-voltage NaxTMO2 to maintain more
robust structural stability while obtaining high energy density and
fast-charging capability, which provides an important comple-
ment at the structural level for microcrack suppression.117

From the above results, it can be seen that whether the near-
zero-strain structure is constructed by using Na-layer spacing
engineering, or the O3/P3/OP2 phase diagram and planar strain
are adjusted by multidoping and high-entropy conguration,
the core idea is to transform the strain originally concentrated
at a specic phase transition point or crystallographic direction
into a spatially more homogeneous and amplitude-small
© 2026 The Author(s). Published by the Royal Society of Chemistry
structural response, thus suppressing the microcrack forma-
tion at the structural level.121 In addition, the utilization of
heterogeneous structures and structural gradients to achieve
stress redistribution within particles has also been one of the
important directions in recent years to mitigate microcrack-
related failures.122 Recently, Xiao et al. took the construction
of the P2/O3 heterostructure cathode as an example. By con-
structing a radial two-phase structure of O3 core and P2 shell
within a single particle, the difference in structural evolution
behavior and mechanical response between the P2 shell layer
and the O3 core can be exploited, so that the shell layer can
participate in and share the stresses of the O3 phase at high
voltage. Experimental characterization and nite element
simulations show that this P2/O3 heterostructure exhibits
higher capacity retention and more moderate plastic deforma-
tion than a single O3 material under high-voltage long cycling,
and the overall structural stability is signicantly improved
(Fig. 11a).118 From the microcracking perspective, the P2 shell
layer is equivalent to providing a mechanical buffer for the O3
core, which helps to reduce the risk of localized strain
concentration within the single phase. Multiphase and hetero-
geneous structures can also emerge in more complex multilayer
designs. Qiao et al.'s study of P2–Na0.67Li0.1Fe0.37Mn0.53O2

materials showed that deep desodiation induces the formation
Chem. Sci., 2026, 17, 10329–10354 | 10341
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of layer dislocations in the neighboring O-type stacks, giving
rise to a P/O intergrowth structure (Fig. 11b and c). The ordered
OP4 phase obtained at 4.3 V SoC (Na0.26) can be regarded as the
boundary between the P2–OP4 and OP4–O2 transitions. In this
regard, the combined state of P-type and O-type stacking can be
controlled to form a more favorable coupling between the
laminar stacking evolution and the anionic redox process, thus
maintaining high voltage stability while keeping high reversible
capacity and realizing pouch batteries with high energy density
(270Wh kg−1, 1.5–4.3 V). This suggests that the structural strain
associated with the phase transition can be moderated without
disrupting the overall layered skeleton by introducing moderate
P/O layer dislocations and intergrowth inside the crystal
(Fig. 11d).119 The surface gradient structure provides a means of
easing stress and suppressing surface structural degradation
along the shell–core direction of the particles. In P2-Na0.72-
Ni0.2Co0.25Mn0.55O2, Zhang et al. constructed a gradient cation
distribution by enriching Mg in the near-surface region.
Thereby, a certain amount of Na+ pillars can be retained in the
surface layer aer high-voltage desodiation, thus suppressing
excessive desodiation-induced TM migration and layered-rock
salt phase transition. Deep-resolution structural and chemical
analyses show that this surface gradient desodiation design
signicantly reduces the structural remodeling andmicrocracks
on the particle surface, which is conducive to maintaining
a more coordinated structural evolution between the shell and
the core during long cycling (Fig. 11e and f).120 In addition,
Xiang et al. reported that ultrafast lattice engineering using
nonequilibrium high temperature shock (HTS) treatment can
reconstruct the defects and local structures of layered oxides in
a short time. In the Na0.67MnO2 system, the HTS treatment can
suppress the Mn vacancies in the TM layer, increase the sites
that can participate in the redox and modulate the Mn 3d
orbital energy levels, and also controllably introduce the tran-
sition metal layer stacking faults, which attenuates structural
transformation and Na+/vacancy ordering during cycling. The
treated materials are signicantly better than the conventional
solid-phase synthesized samples in terms of energy density, rate
performance, and cycling stability, suggesting that optimization
of the defect structure through nonequilibrium lattice engi-
neering can mitigate structural fatigue without changing the
topology of the layered skeleton.127 From a microcracking
perspective, the above designs, although having different
focuses, still share a common feature: instead of simply
pursuing the minimization of the overall volume change, the
stresses associated with phase transitions are spatially
dispersed and moderated by carefully arranging regions within
the particles with different structural responses. This mecha-
nism of strain redistribution is expected to increase the crack
initiation threshold and reduce the probability of cracks
running through the particles along a single path, providing
a new structural design idea for microcrack suppression in
high-voltage, high-capacity NaxTMO2.

Beyond stress redistribution through heterostructure
coupling and surface-gradient regulation, reducing crack-
initiation sites at the particle level has also emerged as an
effective strategy. In conventional polycrystalline layered oxides,
10342 | Chem. Sci., 2026, 17, 10329–10354
grain boundaries are natural locations for anisotropic strain
accumulation, intergranular separation, and subsequent elec-
trolyte penetration. In this context, single-crystal or quasi-
single-crystal layered oxides have recently attracted increasing
attention because they can suppress grain-boundary-related
cracking while simultaneously reducing the surface exposed
to electrolyte and humid air. Recent studies on O3-type sodium
layered oxides show that this design can moderate lattice
deformation, alleviate interfacial parasitic reactions, and
improve long-term structural integrity under high-voltage
cycling. For example, single-crystal O3–Na[Ni0.3Mn0.35Cu0.1-
Ti0.25]O2 exhibited clearly improved durability, retaining 84.4%
of its capacity aer 200 cycles at 0.5C, and its corresponding full
cell still maintained 81.5% capacity retention aer 1000 cycles
at 2C, reecting the benet of reducing grain-boundary-
mediated degradation.128 In parallel, the grain-boundary-free
O3–Na[Ni0.3Mn0.5Cu0.1Ti0.1]O2 further demonstrates that stabi-
lizing the exposed crystal surface can simultaneously suppress
interlayer sliding and interfacial degradation under high
voltage, while single-crystalline Na
[Ni1/3Fe1/3Mn1/3]0.9Cu0.05Ti0.05O2 in the commercially relevant
O3-NFM system shows substantially reduced intergranular
cracking together with improved cycling and moisture
stability.129,130 These results suggest that the main advantage of
single-crystal design lies not simply in eliminating grain
boundaries, but in weakening the coupled pathway of stress
concentration, crack formation, and crack-assisted chemical
attack. Nevertheless, single crystallization should not be viewed
as a universal solution, because excessively long diffusion
pathways or insufficient bulk structural regulationmay still lead
to reaction heterogeneity and intragranular damage. Therefore,
for sodium layered oxides, a more promising direction may be
to combine single-crystal particle architecture with additional
phase/bonding engineering to achieve both crack resistance
and reaction homogeneity.131
3.3 Interphase engineering for crack tolerance

Under high voltage and long cycling conditions, NaxTMO2

commonly faces electrolyte erosion, surface lattice remodeling,
transition metal dissolution, and the resulting induced stress
concentration and microcrack propagation. The coating helps
mitigate structural–mechanical failure by modulating interfa-
cial chemistry, charge and ion transport, and the mechanical
boundary conditions of the surface layer. Therefore, increasing
the material threshold for cracking and weakening the positive
feedback between cracking and interfacial corrosion by opti-
mizing the interfacial layer properties from the particle and
electrode level is the third key dimension for achieving long-life
NaxTMO2.132

Oxide-based interfacial layers, including simple metal
oxides, mixed oxides, perovskite-type oxides, and layered/
tunnel-type oxide shell layers, represent one of the earliest
and most systematically studied classes of interphase engi-
neering tools for suppressing surface degradation and crack
propagation in NaxTMO2.133,134 In general, these coatings can
achieve the purpose of inhibiting the erosion of corrosive
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Schematic illustration of the surficial evolutions of (a) Na0.67Zn0.1Mn0.9O2 and (b) Al2O3@Na0.67Zn0.1Mn0.9O2 electrodes. Reprinted with
permission from ref. 123 Copyright 2020, Elsevier. (c) Schematic illustration of the structural evolution and modification mechanisms of O3–
NaNi1/3Fe1/3Mn1/3O2 and O3–NaNi1/3Fe1/3Mn1/3O2@CaZrO3 during electrochemical cycling. Reprinted with permission from ref. 124 Copyright 2025,
John Wiley and Sons. (d) HRTEM image alongside their corresponding fast Fourier transforms of O3–NaNi0.5Mn0.5O2@5% P2–Na2/3MnO2; (e) SEM
images after 200 cycles of O3–NaNi0.5Mn0.5O2 and O3–NaNi0.5Mn0.5O2@5% P2–Na2/3MnO2. Reprinted with permission from ref. 125 Copyright
2022, Elsevier. (f) RIXS spectra of Na0.75Li0.25Mn0.75O2@10mol% Na0.44MnO2 under different charge–discharge states, along with in situ DEMS results
of (g) Na0.75Li0.25Mn0.75O2 and (h) Na0.75Li0.25Mn0.75O2@10mol% Na0.44MnO2 during the first cycle; (i) schematic diagram of the mechanism for
multifunctional tunnel structure modification. Reprinted with permission from ref. 126 Copyright 2025, Royal Society of Chemistry.
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species such as HF, slowing down the lattice remodeling,
promoting the migration of Na+, improving the thermal
stability, and assuming the role of the stress buffer layer
between the bulk phase and the electrolyte to a certain extent,
by constructing a dense, continuous and chemically stable
protective layer on the particle surface.135 Among the general
oxide coatings, Al2O3 coating is one of the most typical repre-
sentatives. Yang et al. utilized atomic layer deposition to
construct a uniform Al2O3 coating on the surface of Na0.67-
Zn0.1Mn0.9O2 to form a CEI layer with uniform composition and
dense structure, which signicantly inhibited further decom-
position of the organic electrolyte and accumulation of uorine-
containing by-products.123 This results in a at and continuous
surface topography of the cathode aer long cycling while
increasing the coulombic efficiency of the material and
decreasing the interfacial impedance (Fig. 12a and b). The
optimized material maintained 83% capacity aer 100 cycles at
a current density of 12 mA g−1. Similarly, Liu et al. found that
the TiO2 coating could also inhibit the particle surface side
reactions and maintain the structural integrity aer the simul-
taneous introduction of Ti doping with TiO2 surface coating in
O3–NaNi0.33Fe0.33Mn0.33O2. Accompanied by Ti4+ doping, it not
only enlarges the Na layer spacing and improves the Na+

diffusion kinetics, but also simultaneously reduces the Mn3+

content, attenuates the Jahn–Teller distortion, and integrally
enhances the stability of the lamellar skeleton.136 Similarly, Xu
© 2026 The Author(s). Published by the Royal Society of Chemistry
et al. reported that combining bulk Al doping with a surface
ZnO coating in P2-Na2/3Ni1/3Mn2/3O2 effectively alleviated lattice
stress and suppressed interfacial side reactions during
cycling.137 Aer long cycling, the coated samples showed more
complete particle proles and signicantly fewer surface cracks.
In such coating systems, the coating mainly weakens electrolyte
decomposition and TM dissolution. And by improving the
interface electron/ion transmission network, the body stress
can be released more uniformly, which helps to reduce the risk
of crack propagation caused by local stress concentration at the
surface. In addition to this, more complex oxide interfacial
layers include perovskite-type coatings, among others.133,138–140

For example, Ji et al. introduced Ca, Zr, and F multisite doping
in the O3–NaNi1/3Fe1/3Mn1/3O2 bulk phase and constructed
a CaZrO3 perovskite-type interfacial layer on the particle
surface, which can realize synergistic reinforcement from the
atomic scale to the particle scale. Structural and morphological
characterization shows that the CaZrO3 shell layer remains
continuous and dense aer high-voltage cycling, signicantly
reducing surface lattice distortion and interface shear strain,
and aer cycling, the particle surface changes from the previous
blocky fragmentation to a atter interface morphology
(Fig. 12c).124 Electrochemically, the polarization aer 100 cycles
is markedly reduced (DE z 200 mV vs. 557.2 mV), and the
capacity retention at 2C can reach 83.80% aer 300 cycles. This
kind of perovskite coating with high modulus and chemical
Chem. Sci., 2026, 17, 10329–10354 | 10343
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stability is benecial to buffer the stress generated by the phase
transition of the bulk phase and retard the surface structural
degradation process. There is another class of strategies for
constructing lattice-matched oxide interfacial layers.144,145 It
mainly utilizes layered or tunneled oxides that are highly
matched with the bulk crystal structure as the coating layer to
synergistically regulate the phase transition, redox, and strain
evolution behaviors at the interface, thus reducing the risk of
structural degradation induced by non-uniform intercalation of
Na+.146 Wei et al. constructed a P2/O3 core–shell structure by
coating O3–Na0.8[Ni0.33Mn0.67]O2 with P2–Na0.8[Ni0.5Co0.2Mn0.3]
O2.147 The P2 shell layer exhibits milder lattice parameter vari-
ations and phase transition behaviors in the high-voltage range,
providing a lattice-matched buffer shell for the internal O3 core,
thus protecting the core region. A similar structural design was
demonstrated by Sun et al.who epitaxially grew a P2–Na2/3MnO2

shell layer of about 15 nm on the surface of O3–NaNi0.5Mn0.5O2

to construct a highly lattice-matched layer–layer interface.125

The P2 shell layer can provide stable Na+ migration channels
and a dense protective layer, reducing electrolyte erosion and
surface structure reconguration, and also sharing part of the
lattice distortion and volume change during multiple phase
transitions, making the charge–discharge curve smoother and
signicantly improving cycle and rate performance. The char-
acterization results showed that the surface degradation and
particle pulverization degree of the coated samples were
signicantly reduced (Fig. 12d and e). Additionally, Xiao et al.
constructed a Na0.44MnO2 tunnel phase coating on the surface
Fig. 13 (a) Schematic diagram of the structure of NaMgPO4@NaNi0.4Cu0
Reprintedwith permission from ref. 141 Copyright 2023, JohnWiley and S
through NaCaPO4 coating and interphase Ca2+ concentration gradient
Mn0.4Mg0.05Ti0.05]O2 and (f) Na[Ni0.4Fe0.1Mn0.4Mg0.05Ti0.05]O2@NaCaPO
2025, Springer Nature. (g) Schematic diagram of in situ formation of p
Reprinted with permission from ref. 143 Copyright 2023, American Chem

10344 | Chem. Sci., 2026, 17, 10329–10354
of P2–Na0.75Li0.25Mn0.75O2, utilizing the excellent lattice
matching of the tunnel structure with the layered bulk phase
and three-dimensional channels. Under high-voltage anionic
redox conditions, the lattice oxygen was stabilized by the tunnel
interface. In situ XRD, resonant inelastic X-ray scattering (RIXS)
and differential electrochemical mass spectrometry (DEMS),
and stress simulations show that the tunnel interface can
signicantly suppress irreversible oxygen release and simplify
the intrinsically complex multiphase transformation into
a near-solid-solution-like evolution process. At the same time, it
reduces stress peaks and local structural damage in the bulk
phase, thereby attenuating the driving force for crack initiation
and propagation arising from the coupling of anionic redox and
phase transformation (Fig. 12f–i).126 The capacity retention of
the optimized material aer 100 cycles at a current density of
0.2C is 91.24%, much higher than that of P2–Na0.75Li0.25-
Mn0.75O2, 23.33%, which veries the effectiveness of the
tunneling structure modication strategy in terms of electro-
chemical performance.

Fast ion conductors, especially NaTi2(PO4)3 (NTP) and
NaMgPO4 with NASICON structure Na+ conductors, due to their
high Na+ conductivity and excellent chemical stability, show
unique advantages in NaxTMO2 interface engineering. First,
such relatively rigid PO4 tetrahedral skeletons are insensitive to
redox-induced local structural distortions, which is conducive
to maintaining a stable structural framework at the interface.148

Secondly, these materials are Na+ conductors themselves, which
can act as a protective layer for the “a solid-electrolyte-like
.1Mn0.4Ti0.1O2-2, (b) infrared spectroscopy results and (c) STEM image.
ons. (d) Schematic of a combined strategy enhancing structural stability
doping; STEM and corresponding SAED results for (e) Na[Ni0.4Fe0.1-

4 after 200 cycles. Reprinted with permission from ref. 142 Copyright
lastic crystals enhancing the comprehensive properties of materials.
ical Society.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (a) Phase structure evolution of 2% BEMS@NaNi1/3Fe1/3-
Mn1/3O2 during charging and discharging cycles; HAADF-STEM
images for (b) O3–NaNi1/3Fe1/3Mn1/3O2 and (c) 2% BEMS@NaNi1/3-
Fe1/3Mn1/3O2. Reprinted with permission from ref. 153 Copyright 2025,
Elsevier. (d) TEM cross-sectional images of O3–NaNi0.65Co0.08-
Mn0.27O2@AlF3 and O3–NaNi0.65Co0.08Mn0.27O2 after 200 cycles.
Reprinted with permission from ref. 154 Copyright 2018, American
Chemical Society. (e) Schematic structural models and (f) HAADF-
STEM images of O3–NaNi1/3Fe1/3Mn1/3O2 and 1 wt%-CoxB@NaNi1/3-
Fe1/3Mn1/3O2. Reprinted with permission from ref. 155 Copyright 2024,
JohnWiley and Sons. (g) Schematic diagram of the structural evolution
of NaNi1/3Fe1/3Mn1/3O2 and Ca–NaNi1/3Fe1/3Mn1/3O2. Reprinted with
permission from ref. 156 Copyright 2025, American Chemical Society.
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protective layer” without increasing the obvious diffusion
resistance. Wang et al. formed a thin layer of NTP on the surface
of P2–Na0.67Ni0.28Mg0.05Mn0.67O2 by in situ coating. The NTP
coating can effectively inhibit the structural collapse caused by
the P2–O2 phase transition. Because NTP itself is a Na+

conductor, the coating not only plays the role of a physical
barrier, but also helps to maintain a relatively uniform Na+

distribution during cycling, reducing the strain gradient due to
localized Na-rich/poor regions.149 Similarly, Liu et al. con-
structed NTP coatings on the P2–Na0.65Mn0.7Ni0.16Co0.14O2

system using a similar strategy, and also observed that the
phase transition was delayed, the structural stability was
enhanced, and the long-cycling capacity decay was slowed
down, which further supports the universality of the NASICON-
type shell layer in terms of the interfacial stability of Nax-
TMO2.150 In addition to crystalline shell layers such as NTP,
work on constructing NaMgPO4 solid electrolyte layers using
residual base conversion provides new ideas for interfacial
engineering of ionic conductors. Hu et al. converted residual
base NaOH/Na2CO3 on the surface to the NaMgPO4 phase by
reaction with a Mg source on an O3-type lamellar cathode
(Fig. 13a), yielding a solid NaMgPO4 layer with a thickness of
around 8 nm and showing only a slight increase (to∼9 nm) aer
100 cycles, while full cells were reported to run stably for over
300 cycles at 1.2C.141 A protective layer rich in inorganic
components with good Na+ conductivity is formed on the
particle surface. This interfacial layer can signicantly reduce
the side reaction between conventional residual alkali and
electrolyte, reduce the thickness of non-conductive organic SEI,
and at the same time provide rigid structural support for the
surface layer, so that the volume change induced by the phase
transition of the bulk phase is more uniformly transferred to
the electrolyte side, which is conducive to avoiding the inter-
facial region from being a source of crack sprouting (Fig. 13b
and c). NaCaPO4 coatings are representative of a group of
phosphate interfacial layers that are chemically stable and
elementally regulated stabilization and elemental modula-
tion.151 In early studies, the high energy density O3 cathode
surface was constructed with a NaCaPO4 layer through
a biomimetic strategy, which can signicantly enhance the
high-pressure cycling stability.152 Recently, Sun et al. further
constructed a NaCaPO4 coating on O3–NaNi1/3Fe1/3Mn1/3O2 via
a phosphate conversion reaction and realized the gradient
introduction of Ca elements from the surface to the bulk phase
(Fig. 13d).142 This strategy improves the interface corrosion
resistance, reduces electrolyte decomposition and TM dissolu-
tion, and optimizes the Na+/TM arrangement and phase tran-
sition path in the bulk phase through Ca gradient doping,
making the lattice parameter evolution during high-voltage
cycling smoother. Overall, under the joint action of the
NaCaPO4 coating and the internal Ca doping, the volume
anisotropy of the layered structure during the deep desodiation
process is signicantly reduced, and at the particle scale, it is
manifested as a more complete surface morphology and fewer
cracks in the secondary particle boundaries (Fig. 13e and f).
Meanwhile, the cycling stability data also remain consistent
with this stabilized interface: 81.0% capacity retention aer 300
© 2026 The Author(s). Published by the Royal Society of Chemistry
cycles at 0.5C, and even under a higher cutoff of 4.5 V
a discharge capacity of 109.9 mAh g−1 with 71.2% retention
aer 150 cycles. It is worth noting that some phosphate inter-
face layers also have the characteristics of both a solid electro-
lyte and exible interface. In the research of Hu et al. on the in
situ construction of plastic crystal Na3−3xAlxPO4 coating, the
plastic crystal shell provides high Na+ conductivity while also
having certain plasticity and self-regulation ability.143 It can
alleviate the local stress generated by the volume change in the
bulk phase through structural rearrangement during the
cycling process (Fig. 13g). This kind of “so–rigid” interfacial
layer is helpful to avoid new stress concentration at the interface
due to the over-constriction of the rigid shell layer, thus
improving the interfacial stability of the material. Overall, these
fast ionic conductor coatings not only reduce the side reaction
on the electrolyte side by introducing a structurally stable
skeleton phase with good Na+ conduction on the particle
surface, but also provide a low-impedance Na+ migration
channel between the bulk phase and the interface, resulting in
Chem. Sci., 2026, 17, 10329–10354 | 10345
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a more homogeneous stress release and a more controllable
structural evolution in the process of intercalation, which is
macroscopically manifested in the maintenance of better
geometrical integrity and lower decay rate of the particles under
the high-pressure and long-cycling.

In addition to oxides and fast ionic conductors, other inor-
ganic coatings, such as uorides, metal borides, and element-
enriched interfacial layers, also show unique advantages in
regulating interfacial chemistry, phase transition paths, and
stress distribution.79,99,157–159 By constructing interfacial layers
with specic chemical functions or special mechanical proper-
ties, they inhibit high-pressure phase transitions, reduce
interfacial side reactions and thermodynamic driving forces,
and achieve the purpose of redistributing the strain between the
bulk phase and the interface to a certain extent.160 Fluoride
interfacial layers usually play the roles of both HF-scavenging
and modulation of phase transition pathways. Pan et al. ach-
ieved selective doping of elements such as Ca and Li as well as
surface uorination modication by the eutectic uoride salt
method in O3–NaNi1/3Fe1/3Mn1/3O2 (Fig. 14a).153 Structural
analysis shows that this strategy signicantly reduces the cell
volume change during the O3–P3 phase transition (cellulariza-
tion decreases from 2.5% to 1.2% during charging and di-
scharging) and forms a stable uoride-enriched layer at the
interface, which mitigates the structural and interfacial side-
reactions at high pressures and rates. At a current density of
1C, the full battery achieves a capacity retention rate of 82%
even aer 1000 cycles. Smaller volume changes and more stable
interfaces mean that the strain gradient between the interior of
the grains and the surface layer is weakened, which is conducive
to reducing the driving force for microcrack initiation and
propagation during long cycling (Fig. 14b and c). Mullins et al.
achieved the goal of protecting the internal gradient structure
from rapid erosion by preferentially depleting the outer layer of
AlF3 against corrosive species, such as HF, during high-voltage
cycling by forming an AlF3 coating on the secondary particles of
gradient Ni enriched O3–NaNi0.65Co0.08Mn0.27O2 nanorods154

(Fig. 14d). Metal boride coatings have high electronic conduc-
tivity and excellent chemical stability, and when combined with
oxide shell layers can form a bilayer interface with both chem-
ical protection and a conductive “backbone”. Wen et al. con-
structed a CoxB-spinel bilayer coating in situ. The CoxB in the
inner layer of the coating provides a highly electronically
conductive network, while the spinel coating in the outer layer
assumes the roles of chemical protection and mechanical
support (Fig. 14e).155 This double-layer interface can signi-
cantly attenuate the surface lattice remodeling and TM disso-
lution aer high-voltage cycling, allowing the cathode material
to maintain a more intact surface structure. Meanwhile, due to
the interface conductivity and mechanical support, the stress
generated by the bulk phase transition can be more uniformly
transferred to the electrolyte side, which helps to avoid localized
crack initiation (Fig. 14f). Element-enriched interfacial layers,
on the other hand, simultaneously regulate the phase transition
path and interface chemistry by constructing a surface phase
with a special crystal structure and an elemental gradient. Wang
et al. introduced a Ca-enriched rock-salt shell layer and an
10346 | Chem. Sci., 2026, 17, 10329–10354
internal Ca gradient doping on the surface of O3–NaNi1/3Fe1/3-
Mn1/3O2, which simplied the phase transition sequence
during the high-voltage charging process and improved the
corrosion resistance of the interface to the electrolyte at high
voltages.156 Multiple characterization studies show that this
design can signicantly attenuate the drastic phase transition
like P3–OP2 and reduce the anisotropic strain in the crystals,
which in turn reduces microcrack sprouting and connectivity
inside and outside the secondary particles (Fig. 14g). Another
type of multiphase “riveted” interfacial structures is character-
ized by the in situ generation of multiphase composite interfa-
cial layers on the cathode surface.161 This type of interfacial layer
can inhibit the surface lattice slip and structural degradation
through the interfacial pinning effect betweenmultiphases, and
at the same time, it also plays the role of “riveting” mechan-
ically, so that the volume change of the bulk phase is more
uniformly transferred to the surface layer. The combined results
show that the structural integrity of the particle surface is
signicantly improved aer high-pressure cycling, and the
interface morphology is smoother, which is reected in the
reduction of the number of cracks and the restriction of
expansion paths at the microcrack level. Overall, these inor-
ganic boundary layers achieve multi-dimensional modulation
from reaction thermodynamics to strain eld distribution at the
interface through specic chemical functions (HF trapping,
phase transition simplication, elemental gradients, etc.) and
special mechanical responses (highly conductive skeleton,
multiphase pinning, sacricial layer, etc.). Although the toler-
ance degree of microcracks varies among different systems, the
general structural characterization results show that a reason-
able interfacial layer design can maintain a more complete
particle structure and interfacial morphology for the cathode
material during high-pressure cycling, thus signicantly delay-
ing the capacity decay on a macroscopic scale, which provides
a strong design guidance for understanding and suppressing
the failure of layered cathodes caused by microcracks.

Although the above strategies act at different levels, they
share a common purpose: to suppress microcrack initiation and
propagation by reducing the driving force for structural damage
or by interrupting the positive feedback between cracking and
chemical degradation. To facilitate a more direct comparison
across these approaches, Table 1 summarizes representative
crack-mitigation strategies for layered oxide cathodes in
sodium-ion batteries from the perspectives of strategy category,
representative system, dominant crack scenario, key anti-
cracking mechanism, electrochemical outcome, and practical
limitation. This comparison is intended not as an exhaustive
catalog of reported materials, but as a compact framework for
clarifying the main design logic and applicability of different
anti-cracking routes.

4 Summary and outlook

In summary, microcracking is a key factor in the structural
degradation process of NaxTMO2 cathodes. In terms of the
origin of microcracks, rstly, the stress accumulation triggered
by the electrochemical reaction process is the most direct
© 2026 The Author(s). Published by the Royal Society of Chemistry
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causative factor. The deep intercalation of Na+ leads to a series
of phase transitions and interlayer slips, etc., accompanied by
anisotropic bulk and localized chemical stress eld changes.
When these internal stresses are unevenly distributed within
the grains and exceed the local strength threshold of the
material, microcracks sprout at phase boundaries or specic
grain surfaces and gradually expand into a crack network
through the grains. Secondly, environmental and interfacial
factors greatly reduce the energy barrier for crack formation.
Exposure of NaxTMO2 to humid air, CO2, and electrolyte
decomposition products tends to cause erosive reactions at the
material interfaces, e.g., when exposed to air, the Na+/H+

exchange reaction is prone to take place, which leads to the
generation of residual bases such as sodium carbonate and
sodium hydroxide. Transition metal ions such as Mn are easily
dissolved when side reactions occur between the electrode and
electrolyte during electrochemical processes. The mismatch
between these corrosive phases and the internal body layered
phases in terms of lattice parameters and elastic modulus leads
to a signicant increase in the interfacial residual stresses, thus
lowering the threshold for crack initiation. Again, internal
strains and defects during material synthesis likewise set the
stage for microcracks. Precursor co-precipitation and sintering
conditions may introduce microscopic defects such as disloca-
tions and stacking faults, thereby leading to a pre-existing non-
uniform stress distribution within the cathode particles. These
defects are oen inconspicuous during the initial cycle, but
gradually evolve into crack sources aer repeated charging and
discharging, causing a structural collapse-type capacity drop
aer the material undergoes a short period of stabilization.
Therefore, once formed, microcracks have a profound impact
on the electrode performance, and can be considered as a key
hub linking the intrinsic evolution of the material to the battery
failure, both in terms of mechanical stress-driven internal
particle fragmentation and chemical stress-driven interfacial
side reactions.

To address the hazards of microcracks, various material
design strategies have been proposed and validated, and the
main idea is to reduce the generation of microcracks and
minimize their effects at the countermeasure level. In addition
to their effectiveness, however, the trade-offs and practical
boundary conditions associated with these strategies also
deserve explicit consideration, especially when translating
crack-resistant design principles into high-energy-density and
scalable cathode systems. (1) Composition and electronic
structure regulation: modulate the bonding properties of the
TM layer and oxygen layer through elemental doping or
substitution to improve the intrinsic mechanical toughness and
phase transition behavior of the material. For example, doping
Mg2+, Al3+, etc. can enhance the TM–O bond strength and
stabilize the lamellar skeleton, thus alleviating the lattice
distortion during deep desodiation and reducing the tendency
of structural cracking. Nevertheless, this route is oen accom-
panied by non-negligible trade-offs, e.g., excessive aliovalent
doping may dilute redox-active species or perturb Na+/vacancy
ordering, which canmanifest as compromised energy density or
increased polarization in practical electrodes. High-entropy
10348 | Chem. Sci., 2026, 17, 10329–10354
multidoping is also one of the extension strategies, which
helps to reduce the anisotropic strain difference while
increasing the structural disorder and modulating the anionic
redox activity, contributing to the reduction of microcracks
within the material aer long cycling. However, the high-
entropy benet is not unconditional. The broadened local
coordination distribution may complicate phase identication
and mechanistic attribution, and in some compositions the
elevated cation disorder can penalize Na+ transport kinetics,
making the balance between strain smoothing and rate
capability/voltage hysteresis an important practical boundary
condition. (2) Structural and lattice strain engineering: control
the phase transition paths and strain magnitude through
material structure design, and try to avoid drastic and localized
volume changes. For example, the introduction of reversible
transition phases (e.g., OP4/Z phase) to replace the direct P2–O2
phase transitionmakes the evolution of lattice parameters more
continuous and smoother, and signicantly reduces the stress
concentration at the phase boundary. As another example,
a negative expansion component is constructed to counteract
the interlayer shrinkage and realize a near-zero strain interca-
lation process. These structural optimization tools reduce the
intensity of the stress source from the cell level, which reduces
the driving force for microcrack initiation at the source.
However, such structural and strain engineering strategies are
not free of cost. Their effectiveness oen depends on precise
phase compatibility, interfacial coherence, and microstructural
uniformity, while the associated synthesis complexity, compo-
sitional tolerance window, and scalability may impose practical
constraints on their broader implementation. In some cases,
the structural stabilization achieved through heterostructure
construction or phase-path regulation may also be accompa-
nied by trade-offs in tap density, voltage output, or processing
reproducibility, which should be carefully balanced in practical
cathode design. (3) Microstructure and interfacial engineering:
starting from the particle and electrode level, the modulation of
interfacial chemistry is used to improve the material's tolerance
to cracks. A typical approach is to construct nanocoating or
functional gradient shell layers on the cathode surface, such as
inorganic protective layers of oxides, fast ionic conductors, and
solid electrolytes. These coatings, on the one hand, isolate the
active materials from direct contact with air and electrolyte to
inhibit interfacial side reactions and harmful phase transitions,
and on the other hand, act as an elastic cushion or skeleton
support to redistribute the stress eld on the particle surface. At
the same time, coating strategies are inherently two-sided:
overly thick/insulating layers may impede interfacial Na+

transfer and amplify concentration polarization, whereas
insufficiently robust layers can fracture or undergo chemical
reconstruction during long cycling, turning into heterogeneous
interfaces that accelerate crack-percolation and interfacial
degradation. Therefore, coating chemistry, thickness unifor-
mity, lattice/elastic matching, and scalable manufacturability
must be co-optimized rather than treated as separable variables.
Experiments show that NaxTMO2 with surface coating or
structure optimization can maintain the intact particle
morphology aer long cycling, and at the same time, the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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number of cracks is signicantly reduced, and the capacity
decay rate is signicantly reduced. Overall, the above multidi-
mensional strategy, which is centered on three aspects such as
composition, structure, and interface, can effectively mitigate
the failure process of NaxTMO2 due to microcracks, which
provides important guidance to enhance the stability of cath-
odes in SIBs (Fig. 15).

However, in order to further solve the microcracking chal-
lenges and push the research results into practical applications in
the future, we believe that we need to focus on the following two
directions. First, in situ and quasi-in situ characterizationmethods
need to be further advanced. Deepening the revelation of the
whole process of microcracks from germination to expansion
means that more advanced in situ and quasi-in situ characteriza-
tion techniques need to be developed. At the experimental level,
the use of synchrotron X-ray diffraction and neutron diffraction
can realize the real-time monitoring of the crystal structure
evolution and stress distribution under the battery operating
conditions; based on transmission X-ray imaging (e.g., full-eld
three-dimensional X-ray microtomography STXM, etc.), it is ex-
pected that the nucleation and expansion path of the cracks
inside the particles can be directly observed. Meanwhile,
combined with the electrochemical techniques of in situ trans-
mission electron microscopy, microscopic details such as local-
ized slip, kink, and crack germination of the layered structure of
NaxTMO2 during electrochemical processes can be captured in
real time at the nanoscale. For processes that cannot be observed
continuously, quasi-in situ approaches can also complement these
observations by providing high-resolution information. Through
Fig. 15 Schematic summary of microcrack suppression and material de

© 2026 The Author(s). Published by the Royal Society of Chemistry
the fusion of multi-scale and multi-dimensional characterization,
researchers can more clearly correlate the causal chain between
phase transitions, stress elds and microcracks during electro-
chemical processes. This will not only help to validate the effec-
tiveness of existing inhibition strategies, but will also reveal crack
triggers that have not yet been claried, providing a basis for new
strategy development. Second, there is a need to further advance
the validation of applications at the engineering scale. Pushing
the microcrack inhibition strategy from the laboratory to the
actual battery requires comprehensive validation and optimiza-
tion at the battery engineering level. On the one hand, the effec-
tiveness of various material modication strategies should be
evaluated under conditions close to commercial applications,
such as pouch batteries and cylindrical batteries. For example, in
thicker electrode lms and larger scale cells, the intra-particle
stress distribution and crack evolution may show different
behaviors from those in laboratory button batteries, which need
to be veried through pilot experiments. On the other hand,many
factors may affect the formation of microcracks during the
industrialized preparation process. Future research needs to focus
on optimizing the batch synthesis process of cathode materials to
reduce the intrinsic defects and initial stress accumulation during
the synthesis process. Also, humidity and residual alkali should
be strictly controlled to avoid air erosion during the preparation
and storage stages. In addition, at the battery lifetime level,
appropriate cell mechanical design and stress buffering strategies
should also be introduced, such as optimization of binder and
electrolyte formulations, which may also reduce stress accumu-
lation during cycling. The value of microcrack suppression
sign strategies for NaxTMO2.
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schemes for enhancing the long cycle life and reliability of
batteries can only be truly demonstrated through repeated tests
under conditions close to practical applications, laying the foun-
dation for their adoption in industrialized SIBs.162,163
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