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and Yao Xiao *ab

Sodium-layered transition metal oxide (NaxTMO2) is recognized as a promising cathode material for high

energy density sodium ion batteries (SIBs). Nevertheless, its practical implementation is hindered by

persistent issues such as structural degradation, sluggish Na+ diffusion kinetics, and air sensitivity. To

counteract these drawbacks, a lattice-coherent interface is employed to reform NaxTMO2. Herein,

recent progress related to the construction of lattice-coherent interfaces in NaxTMO2 cathodes is

summarized in this review, including bi-phase and tri-phase heterostructures. The constraining of

interlayer sliding and phase structure degradation as a result of the high thermodynamic energy barrier

originating from the lattice-coherent interface is comprehensively analyzed. The ion transport kinetics

and moisture stability of NaxTMO2 with regard to the lattice-coherent interface are also disscussed in

depth. The relationships between the interface interlocking heterostructure in the lattice and

electrochemical performance are elucidated. To explore the lattice-coherent configuration, we

emphasized AI and state-of-the-art in situ characterization techniques during the design and

construction of NaxTMO2 cathodes. These insights are expected to establish a new design paradigm for

high-performance layered cathode materials for SIBs.
1 Introduction

The global energy transition, driven by fossil fuel depletion and
the dual-carbon strategy, relies on advanced electrochemical
energy storage. However, the dominant lithium-ion batteries
(LIBs) are constrained by scarce lithium resources.1–4 As depic-
ted in Fig. 1a, lithium accounts for only 20 mg L−1 in the Earth's
crust, and the reserves are highly concentrated in specic
regions of Chile, Argentina, and Australia, which account for
approximately 80% of the total reserves. Such geographical
disparity will inevitably result in price volatility and vulnerable
supply chains.5–9 With the high crustal abundance (23
600mg L−1) and uniform distribution of sodium resources, SIBs
present promising application prospects for the future.
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Furthermore, the cost of SIBs is also 30–40% lower than that of
LIBs (Fig. 1b).10–14

Because of these advantages, SIBs are promising alternatives
for energy storage. Compared with LIBs, SIBs are more suitable
for equipment with low energy density requirements, such as
grid scale energy storage and low-speed electric vehicles.15–19

Accordingly, high-performance cathode materials are desirable
for practical applications of SIBs. Currently, cathode materials
for SIBs are generally classied into three major categories:
polyanionic compounds, Prussian blue analogues (PBAs), and
NaxTMO2.20–24 The polyanionic compounds present exceptional
thermal stability and long cycle life, yet their practical applica-
tions are hindered by intrinsically low electronic conductivity,
limited specic capacity, and low redox potential.25–29 PBAs
achieve ultra-high rate performance through open frameworks,
but are unstable due to crystalline water-induced side reactions.
The NaxTMO2 emerge as promising cathodes because they
combine high capacity, suitable voltage, and compatibility with
existing production methods.30–32

Typically, the crystal structure of NaxTMO2 features alterna-
tive stacking of Na+ layers and transition metal oxide (TMO2)
slabs along the c-axis. In this conguration, the TMn+ ions
occupy octahedral sites within the TMO2 layers, coordinated by
oxygen atoms, while Na+ ions reside in either octahedral or
trigonal prismatic interlayer sites.33–37 The particular polymorph
observed in NaxTMO2 is dictated by the arrangement of the
oxygen layer and the local coordination geometry of Na+.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) A comparison of the abundances of Li and Na in the Earth's crust.2 Copyright 2022, Royal Society of Chemistry. (b) A comparison of the
costs of LIBs and SIBs (the data originated from the HiNa Battery Technology Co., Ltd). (c) Research hotspots and (d) the number of publications
with regard to NaxTMO2 cathodes (the data were collected using the Web of Science during November 2025).

Fig. 2 The key challenges faced by NaxTMO2 during application.
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For instance, the P2 phase exhibits prismatic Na+ coordina-
tion and an ABBA stacking pattern, resulting in wide interlayer
spacing that thereby facilitates Na+ transport.38 However, this
structure typically exhibits a limited reversible capacity, which
originates from its low Na content. In contrast, the O3 phase is
dened by octahedral Na+ coordination and an ABCABC oxygen
stacking sequence, with three transition metal (TM) layers in
a unit cell.39,40 There is more abundant Na content and higher
capacity in the O3-type structure.41–45

Beyond the layered phases, spinel- and tunnel-type struc-
tures have also been investigated to serve as the cathodes of
SIBs. The spinel phase with a three-dimensional (3D) tunnel
framework supports nearly isotropic and rapid Na+ migration,
yielding outstanding rate capability and structural robustness,
albeit at the expense of limited theoretical capacity. Addition-
ally, the tunnel-type structures, characterized by one-
dimensional S-shaped channels formed by edge sharing and
corner sharing of the MnO6 octahedron, exhibit exceptional
mechanical stability during cycling, resulting in long cycle life
and outstanding rate capability.46–51

Unfortunately, NaxTMO2 is also affected by inadequate
interfacial air stability, sluggish ion transport kinetics, and
inherent structural instability (Fig. 2).40,52–55 Studies focused on
such drawbacks have been comprehensively conducted
(Fig. 1c), with yearly increases in the research (Fig. 1d). The
primary strategies to address these challenges include compo-
sitional regulation, surface coating, and phase engineering.
Elemental doping effectively stabilizes the bulk crystal
© 2025 The Author(s). Published by the Royal Society of Chemistry
structure, while the intricate interactions between dopant and
host element complicate a precise understanding of underlying
mechanisms. Consequently, extensive research is required to
systematically identify the optimal phase structures that yield
superior electrochemical performance.54 Currently, surface
coating is performed by physically isolating the electrode from
Chem. Sci., 2025, 16, 22852–22869 | 22853
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electrolytes and air. However, it requires tedious secondary
treatments.

The construction of a lattice-coherent interface in the layered
lattice has been proven to be a valid method to enhance the
electrochemical performance of layered oxides.56–58 A lattice-
coherent interface refers to a stable boundary formed at the
atomic scale between multiple heterogeneous crystal structures
through sharing lattice sequences, and is characterized by low
defect density and strong bonding.59–61 Its essential distinction
from a simple physical mixture lies in the fact that the former
achieves strong interactions and synergistic enhancements
between phases via atomic-scale lattice continuity, akin to an
integral mortise and tenon structure, whereas the latter involves
only weak physical contacts between distinct grains, with clear
phase boundaries that readily trigger performance degradation
and irreversible phase transitions.62,63 Specically, when the
lattice-coherent boundaries formed between different phase
structures are used, the phase structure, interfacial integrity,
and ionic transport kinetics of the bulk phase can all be rein-
forced (Fig. 3).64–68 By precisely regulating the compositions or
synthesis conditions, the phase composition can be tailored
to promote the formation of thermodynamically stable coherent
boundaries.69–72

The resulting coherent interfaces can effectively accommo-
date crystallographic strain during Na+ (de)intercalation,
inhibit the initiation and propagation of microcracks, and
mitigate particle pulverization, thereby signicantly improving
structural strength and cycling lifespan.73–76 Furthermore, the
introduced heterogeneous phases such as spinel and tunnel
congurations supply a robust and high-porosity 3D framework
for ionic conduction.77–81 To increase the interface stability, the
Fig. 3 A schematic representation of the performance enhancement m

22854 | Chem. Sci., 2025, 16, 22852–22869
coherent interface in the core–shell architecture is constructed
as well through component regulation at the interface,82–86

which effectively suppresses parasitic reactions and enhances
the atmospheric durability.87–89 Consequently, the construction
of a coherent interface presents a pioneering design paradigm
for high-performance layered cathodes. In this review, recent
advances in lattice-coherent interface engineering are system-
atically summarized and additional insights are disscussed, so
that to provide more propositions to construct high-perfor-
mance NaxTMO2 cathodes.
2 Lattice-coherent interface in
NaxTMO2

2.1 Enhancing phase stability

As is well known, NaxTMO2 generally undergoes detrimental
phase transitions, which can induce severe volume changes and
structural degradation, particularly under high-voltage
operation.90–92 Relying on the mutual stabilization effect
between phase boundaries, an interlocked interface structure
exhibits intrinsic structural stability compared to single phase
materials. Xu et al. successfully constructed a P2/O3 biphasic
Na0.85Ni0.34Mn0.66−xTixO2 (x = 0, 0.11, 0.22, 0.33, and 0.44,
denoted as NM, NMT1, NMT2, NMT3, and NMT4, respectively) by
regulating the Ti content in the lattice.93 This biphasic archi-
tecture combines the exceptional structural stability of the P2
phase with the high capacity of the O3 phase, with the lattice-
coherent interface between them enhancing the overall struc-
tural integrity.
echanisms for the lattice-coherent interfaces in NaxMnO2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The introduction of Ti substitution triggered a phase evolu-
tion from P2 to O3 during synthesis. The optimal NMT3 was
consistent with a 24.8 wt% P2 phase and 75.2 wt% O3 phase. As
conrmed in Fig. 4a, a single O3 phase structure was observed
at a higher Ti content (x = 0.44). Furthermore, in situ XRD
analysis (Fig. 4b) demonstrated that the NMT3 cathode under-
went a highly reversible phase transition of P2/O3 / P2/P3 /

OP4/OP2 within a broad voltage window, effectively suppressing
the detrimental P2 / O2 phase transition. The intergrown
structure of the P2 and O3 phases could be regarded as
a heteroepitaxial conguration, where the two phases shared
polyphase boundaries. During charge and discharge within
specic voltage ranges, the TMO2 slabs in single phase may slip,
while those in the adjacent phase remained stationary or slip-
ped in the opposite direction. This opposing slippage behaviour
effectively restrained layer gliding and mitigated lattice strain
induced by sodium (de)intercalation.

Upon cycling, the P2 phase exhibited a volume change of
8.7% when charged to 4.4 V, whereas the O3 phase showed only
a 5.7% change, which is signicantly lower than the 23%
observed in single phase P2-NM (Fig. 4c). Moreover, NMT3

exhibited exceptional cycling durability, retaining 80.6% of its
original capacity over 200 cycles at 1 C and delivering a revers-
ible capacity of 82.4 mAh g−1 even at a high current rate of 10 C
(Fig. 4d). Similarly, Zhang et al. developed a P2/O3 biphasic
Na0.732Ni0.273Mg0.096Mn0.63O2 (the actual chemical composition
of P2/O3-Com950 0.8 measured aer synthesizing) through Mg
doping, achieving precise control over the phase ratio.94 The
Fig. 4 (a) The phase changes in Na0.85Ni0.34Mn0.66−xTixO2 as a function o
charge/discharge cycle at 0.1 C within 2.2–4.4 V. (c) The volume changes
of NM, NMT1, NMT2, NMT3, and NMT4 at various current densities.93 Cop
O3, and P2/O3 bi-phase Na0.736Ni0.264Mg0.1Mn0.636O2. (f) TEM images of
NaNi0.4Mg0.1Mn0.5O2, P2/O3-Com950 0.8, P2/O3-Com950 0.67, P2/O3-
corresponding charge and discharge curves (i) as well as the phase con

© 2025 The Author(s). Published by the Royal Society of Chemistry
coexistence of the (101) plane of the O3 phase and the (004)
plane of the P2 phase in high-resolution transmission electron
microscopy (TEM) images (Fig. 4f) indicated the formation of
a lattice-coherent interface rather than separated particles.

Fig. 4e demonstrates the superior thermodynamic stability
of the P2/O3 intergrown structure, with a formation energy of
−7.2 eV, which is signicantly lower than those of the single P2
(−6.25 eV) and O3 (−6.43 eV) phases, and suggests that P2/O3-
Com950 0.8 favours a biphasic conguration. The P2/O3-Com950

0.8 material also displayed highly reversible structural changes
upon charge and discharge, as illustrated in Fig. 4h and i. This
outstanding reversibility stemmed from the interlocking
mechanism enabled by the coherent P2/O3 interface, which
efficiently suppressed the interlayer gliding that was commonly
encountered in single P2 or O3 structures.

As evidenced in Fig. 4g, the remarkable rate capability was
captured, and was attributed to its robust structural framework.
It also manifested a specic capacity of 65.9 mAh g−1 under
a high rate of 20 C, with a capacity retention of 50.7%. This
performance marks a signicant enhancement over single-
phase materials and other biphasic congurations with
different phase ratios. Therefore, the P2/O3 biphasic structure
with an atomical lattice-coherent interface is able to effectively
inhibit lattice slipping and volumetric strain, and subsequently
enable highly reversible structural evolution and anion redox
activity.

Except for the P2/O3 interface, a lattice-coherent interface in
the P2/P3 biphasic conguration is also efficient for
f Ti content. (b) Operando XRD patterns of P2/O3-NMT3 during the first
of NM, NMT3, and NMT4 when charged to 4.4 V. (d) Rate performances
yright 2022, Elsevier. (e) Crystal structure diagrams and Ef values of P2,
P2/O3-Com950 0.8. (g) Rate capabilities of Na0.67Ni0.23Mg0.1Mn0.67O2,
Com950 0.5, and P2/O3-Com950 0.33. (h) In situ XRD patterns and
figurations of P2/O3-Com950 0.8.94 Copyright 2023, Elsevier.

Chem. Sci., 2025, 16, 22852–22869 | 22855
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strengthening the structural stability of layered bulk skeleton.
Regardless of the glidingmode (P2/P3/O2/O3 or P2/P3/O2/
O1), the formation energy of the new structures is higher than
that of the original P2/P3 conguration, indicating that gliding
is a thermodynamically unfavourable process.65,95,96 Lu et al.
successfully synthesized a well-designed P2/P3 biphasic Na0.46-
Mn0.9Ni0.1O2 (P2/P3-NaMNO).65 As shown in Fig. 5a, trans-
forming to structure 1 resulted in P2/ O2 and P3/ O3 phase
transitions during desodiation, which was dictated by the
oxygen-stacking sequence. However, the O3-type structure
become a high-energy conguration upon desodiation, which
would markedly increase the formation energy of the P2/P3 /

O2/O3 transition. Conversely, sodiation-induced sliding at the
phase interface produced an O2-type structure that was Na-rich,
yet energetically unfavourable.

An analogous situation was observed for sliding mode 2,
where the original P3 phase was transformed into the
uncommon and unstable O1 phase. The inherent conict in the
preferred sliding directions of the two phases resulted in
a mutual suppression of TMO2 layer gliding within the P2/P3
composite. Consequently, as evidenced by the absence of new
diffraction peaks in Fig. 5c, the material retained its original
biphasic conguration over the full charge/discharge cycle,
conrming its exceptional structural stability. The full-cell with
an activated carbon (AC) anode delivered 81.2% capacity
retention aer 500 cycles (Fig. 5d), surpassing those of single-
phase P2-NaMNO (67.1%) and P3-NaMNO (69.2%).

Our group synthesized a heterostructure layered phase via
regulating the composition of tunnel type Na0.44MnO2 (NMO).97
Fig. 5 Schematic diagrams of phase evolutions induced by the probabl
Contour maps of in situ synchrotron XRD patterns for P2/P3-NaMNO d
Copyright 2025, Springer Nature. (e) A schematic diagram of the dynamic
different phase structures. (f) The powder XRD pattern, (g) SEM image, an
of Chemistry.

22856 | Chem. Sci., 2025, 16, 22852–22869
Specically, by introducing Co into Na0.44Mn1−xCoxO2, the
phase structure gradually transformed to the layered P2/P3 or
even P3 congurations (Fig. 5e), yielding the target material
Na0.44Mn0.7Co0.3O2 (NaMC-0.3). The XRD pattern of NaMC-0.3
in Fig. 5f manifested mixed hexagonal P2 and P3 phases. As
shown in Fig. 5g, the morphology of NaMC-0.3 composed of
micrometre-scale platelets and nanoscale granular particles,
markedly differed from the rod-like shape of pristine NMO,
which highlighted the role of Co substitution in driving the
structural transformation.

This P2/P3 heterostructure, stabilized by mutual constraint
at the coherent interface, exhibited remarkable structural
reversibility. In situ XRD results (Fig. 5h) conrmed that upon
cycling, a highly reversible phase transition sequence of P2/P3
/ OP4 / P2/P3 occurred for NaMC-0.3. Collectively, these
ndings establish the construction of P2/P3 biphasic systems
with lattice-coherent interfaces as a viable approach to
improving the structural stability of layered oxide cathodes.

Beyond the interface interlocking conguration that resulted
from the layered-layered biphasic structures, the hetero-
structures such as P2/spinel and P2/tunnel provide an available
method to construct a robust interlocking interface.98–100 For
instance, our group synthesized Na0.44Mn0.8Mg0.2O2 through
Mg doping, which promoted a transition from the tunnel phase
to P2 phase at high temperature, ultimately forming a P2/spinel
biphasic structure within the lattice.101 As depicted in Fig. 6a,
the crystal structure of Na0.44Mn0.8Mg0.2O2 displayed two
distinct atomic arrangements, corresponding to the P2 and
spinel phases, and conrming the coexistence of both
e interphase gliding behaviours according to pattern (a) 1 and (b) 2. (c)
uring the first cycle. (d) Cycling performance over 500 cycles at 2 C.65

structural evolution of NMO, NaMC-0.3, and Na0.44Mn0.5Co0.5O2 with
d (h) in situ XRD patterns of NaMC-0.3.97 Copyright 2024, Royal Society

© 2025 The Author(s). Published by the Royal Society of Chemistry
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structures. Herein, the layered/spinel architecture effectively
distributed mechanical stress between the two phases via
a tightly bonded lattice-coherent interface, thereby enhancing
the stability of the lattice framework.

The two-dimensional contour map in Fig. 6b and c, illus-
trating the von Mises stress distribution in the pristine crystal
structure, revealed that the pure layered material exhibited the
highest stress concentration, while the layered/spinel biphasic
system showed the most uniform stress dissipation. This result
theoretically veried that the spinel phase mitigated mechan-
ical stress through the lattice-coherent interface. Furthermore,
the heterostructure formed by the compatibility of cubic closely
packed oxygen arrays demonstrated high mechanical strength
(Fig. 6d).

The XRD results (Fig. 6e) indicated that unlike the pure P2
structure, the P2 phase in the P2/spinel composite prevented
detrimental phase transitions, and the spinel phase preserved
its structural integrity during cycling. These ndings conrmed
that the spinel phase served as a structural stabilizer to impede
undesirable phase transitions through the lattice-coherent
interface. Consequently, Na0.44Mn0.8Mg0.2O2 exhibited
improved cycling stability, maintaining a capacity of 93 mAh
g−1 aer 500 cycles at 5 C, outperforming the pristine material
(Fig. 6f).102

The enhanced rate performance of the products originates
from the unique tunnel structure, which is known for its long-
term cyclability. This structure comprises fully lled pentag-
onal tunnels and partially occupied S-shaped tunnels,
Fig. 6 (a) An ABF-STEM image of Na0.44Mn0.8Mg0.2O2. The von Mises
schematic representation of the layered/spinel structure. (e) In situ XRD p
performance of the Na0.44Mn0.8Mg0.2O2.101 Copyright 2025, Wiley-VCH
(h) Ex situ XRD patterns of Na0.6Mn0.93Fe0.04Mg0.03O2 in the first cycle.
cycles.102 Copyright 2024, Elsevier.

© 2025 The Author(s). Published by the Royal Society of Chemistry
collectively providing ample vacant sites for ion migration. P2-
type materials, in contrast, face challenges such as the detri-
mental P2 / O2 phase transition at high voltage and Jahn–
Teller distortion caused by Mn3+ at low voltage. Consequently,
constructing a robust architecture is imperative to mitigate
lattice distortion and prevent the cracking of ion diffusion
pathways.

Drawing from prior work, Liu et al. developed a P2/tunnel
biphasic Na0.6Mn0.93Fe0.04Mg0.03O2 via a sol–gel method and
subsequent calcination. This dual strategy, which integrated
bulk phase modulation with crystallographic optimization,
successfully established a stable lattice-coherent interface. As
illustrated in Fig. 6g, such an interface was critical for enabling
the synergistic interplay between layered and tunnel phases.
The tunnel phase reinforced the structural stability during Na+

insertion/extraction through this coherent interface, reducing
structural degradation and lattice strain under high rates and
long-term cycling.

As shown in Fig. 6h, during the initial cycle, both phases
maintained structural integrity without observable P2 / O2
transition, which was commonly observed in P2-type layered
oxides, corroborating the high stability of Na0.6Mn0.93Fe0.04-
Mg0.03O2. A full cell with the Na0.6Mn0.93Fe0.04Mg0.03O2 cathode
and hard carbon anode retained a reversible capacity of 67.8
mAh g−1 aer 400 cycles at 5 C, demonstrating exceptional
cycling performance (Fig. 6i). Therefore, the heterostructures,
such as P2/spinel and P2/tunnel, integrated via a lattice-
coherent interface, can achieve synergistic improvements in
stress of (b) P2 and (c) P2/spinel structures in the pristine state. (d) A
atterns of the Na0.44Mn0.8Mg0.2O2 cathode in the first cycle. (f) Cycling
GmbH. (g) A schematic illustration of the P2/tunnel biphasic structure.
(i) Cycle performance of Na0.6Mn0.93Fe0.04Mg0.03O2 at 5 C over 400
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mechanical stress dissipation, phase transition suppression,
and ion transport.

In addition to the bi-phase interface interlocking strategy,
there has been increasing interest in tri-phase heterostructures
as well. Similar to biphasic intergrown congurations, the tri-
phase intergrown architectures develop intricate lattice-
coherent interfaces across the three phases, which facilitate
multidimensional anchoring and can enhance structural
integrity.103–105 For example, for the P2/P3/spinel tri-phase
interlocking Na0.5Ni0.05Co0.15Mn0.65Mg0.15O2 (LLS-
NaNCMM15) prepared through a thermal polymerization
route,106 the modication mechanism primarily involved Mg
substitution for Ni, and tailoring the local chemical environ-
ment to establish stable lattice-coherent interfaces among the
three phases. This approach effectively mitigated lattice
mismatch and irreversible phase transitions, thereby yielding
an enhanced electrochemical performance.

As illustrated in Fig. 7a, the as-synthesized LLS-NaNCMM15
displayed a tri-phase composite structure, in which the (220)
plane of the spinel phase, (002) plane of the P2 phase, and (003)
plane of the P3 phase were closely interwoven, resulting in
a robust interlocking conguration. Over a voltage window of
1.5–4.3 V, the material experienced only a straightforward phase
transition from P2/P3/spinel to P2/P300/spinel (Fig. 7b and c). It
Fig. 7 (a) A HR-TEM image of P2, P3, and spinel structures. (b) In situ
XRD patterns and (c) corresponding intensity contour maps of LLS-
NaNCMM15 during the first and second charge/discharge processes at
0.1 C in the voltage range of 1.5–4.3 V. (d) A schematic illustration of
the crystal structure evolution during cycling.106 Copyright 2022,
Wiley-VCH GmbH. (e) HRTEM images and (f) in operando powder
diffraction patterns of Na/LS-NMNF.107 Copyright 2022, American
Chemical Society.

22858 | Chem. Sci., 2025, 16, 22852–22869
also exhibited minimal volumetric variation and negligible
strain upon Na+ (de)intercalation (Fig. 7d), attesting to its
outstanding structural stability. These outcomes were ascribed
to the strain engineering approach utilized in the tri-phase
heterostructure oxide cathode.

As reported by Bhaskar et al., LS-Na1/2Mn2/3Ni1/6Fe1/6O2 (LS-
NMNF) with an interlocked P2/P3/spinel structure was synthe-
sized via a sol–gel process assisted by citrate.107 The P3 and
spinel phases, interconnected through lattice-coherent inter-
faces, served as structural buffers and pinning sites to effec-
tively inhibit slip and lattice distortion within the P2 layers
during Na+ insertion and extraction, and thus enhance the
structural stability. Fig. 7e shows the coexistence conguration
of P2, P3, and spinel phases in LS-NMNF, conrming successful
synthesis of the tri-phase system. Throughout electrochemical
cycling, the spinel phase was remained, and no detrimental P2
/ P02 phase transition signal emerged, implying excellent
structural stability of the P2/P3/spinel intergrown conguration
(Fig. 7f).

The existence of lattice-coherent interfaces efficiently sup-
pressed adverse phase transformations, and nearly 100%
coulombic efficiency was observed aer the second cycle.
Hence, the construction of tri-phase intergrown cathode mate-
rials enables mutual anchoring between heterogeneous struc-
tures, which provides structural constraints and alleviates
internal stress so that irreversible phase transitions and
progressive structural deterioration are suppressed.

In summary, the P2/O3, P2/P3, P2/spinel, P2/tunnel, and
complex tri-phase heterostructures demonstrate the critical role
of lattice-coherent interfaces in stabilizing the intrinsic struc-
ture of layered oxides. These interlocking interfaces enable
mutual anchoring and constraints between heterogeneous
phases, thereby effectively suppressing detrimental phase
transitions, alleviating lattice strain, inhibiting interlayer
gliding, and enhancing structural reversibility during cycling.
2.2 Improving ion transport kinetics

To further improve rate capability, the P2/tunnel intergrowth
structure has been developed, which synergistically combines
the high capacity of the layered phase with the open diffusion
channels of the tunnel phase.78,108,109 The Na0.6MnO2 (LT-NaMO)
with a P2/tunnel biphasic intergrowth structure was synthesized
via thermal polymerization.110 This unique layered/tunnel
conguration exhibited a lattice-coherent interface. As illus-
trated in Fig. 8a, the interlocking conguration was constructed
by leveraging the complementary strengths of each component:
the P2-type phase was characterized by its high specic capacity,
while the tunnel-type structure delivered exceptional rate
performance and excellent structural strength.

TEM images of LT-NaMO (Fig. 8b) show close connectivity
between the layered and tunnel regions, forming efficient ion
transport pathways. Relying on the lattice-coherent interface,
LT-NaMO exhibited superior rate capability (Fig. 8c). Further-
more, based on the equation i = avb, the b values for the
oxidation peaks of LT-NaMO were all greater than 0.5, indi-
cating that the sodium storage mechanism was primarily
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) A schematic diagram, (b) TEM image, (c) GITT plots, and (d)
log(i) vs. log(v) plots for Na0.6MnO2.110 Copyright 2023, American
Chemical Society. (e) A schematic diagram of the phase transition
process for Na0.44Mn1−xMoxO2 with increasing Mo content. (f) GITT
curves and correspondingNa ion diffusion coefficients for NMO-3M.111

Copyright 2024, Elsevier.
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dominated by capacitive behaviour and demonstrated fast ion
transport kinetics, which was consistent with its outstanding
rate performance (Fig. 8d). The LT-NaMO‖hard carbon full cell
delivered an 85.0% capacity retention aer 100 cycles, indi-
cating promising potential for practical application.

In a different synthetic approach, trace Mo doping was used
to disrupt the Mn3+/Mn4+ charge balance in NMO, promoting
a partial transition from tunnel to a P2-layered structure and
resulting in a layered/tunnel interlocking architecture. Using
a solid-state sintering method, they prepared Mo-doped
Na0.44Mn1−xMoxO2 (x = 0, 0.01, 0.03, and 0.05 are designated
as NMO, NMO-1M, NMO-3M, and NMO-5M, respectively.
Fig. 8e).111 As shown in Fig. 8f, NMO-3M exhibited rapid
desodiation/sodiation kinetics, revealing that the target mate-
rial with a layered/tunnel composite structure retained the
capability for fast sodium ion diffusion.

As indicated earlier, designing bi-phase systems such as P2/
O3 or P2/tunnel-type successfully combines the advantages of
different phases, markedly boosting the ionic transport kinetics
and electrochemical behaviour of layered oxides.112,113

Advancing from bi-phase to tri-phase structures will result in
© 2025 The Author(s). Published by the Royal Society of Chemistry
complementary advantages and weakness mitigation at a more
intricate level, leading to a synergistic outcome where “1 + 1 + 1
> 3” in attributes such as ion conduction and compensating for
the inherent limitations in some biphasic structures.80,114,115 For
example, the deployment of multiphase lattice-coherent inter-
faces allows concurrent multipath diffusion and establishes an
extended lattice-coherent network, resulting in more contin-
uous ion transport channels.

Luo et al. employed a targeted uorine quenching method to
produce a P2/P3/O3 tri-phase coexistence structure Na0.89Ni0.3-
Mn0.55Cu0.1Ti0.05O1.94F0.06 (Fig. 9a), which featured a gradual O3
/ P3 / P2 distribution from surface to core. The lattice-
coherent interfaces among these phases provided additional
Na+ diffusion routes (Fig. 9b). The quenching treatment intro-
duced high-density surface dislocations and defects, which
facilitated dislocation motion during cycling and curtailed
crack growth. Additionally, aer F− integration, the Ni content
was increased. Herein, Ni ions with a larger radius and low
valence as well as the introduction of robust TM-F bonds were
conducive to effectively immobilize the TM ions, markedly
curtailing the dislocations and convolution features, and thus
stabilizing ion transport paths (Fig. 9a).116

Nudged elastic band (NEB) simulations conrmed a sharply
decreased diffusion barrier energy for Na+ along the octahedron
/ tetrahedron / octahedron route in the optimized O3 phase
structure (Fig. 9c). Accordingly, the articial dislocations and
defects at coherent interfaces provide low activation energy
diffusion paths via the dislocation pipe effect, which also
facilitates ion migration and alleviates internal stress during
cycling. The multiple metal–semiconductor lattice-coherent
interfaces within the material (Fig. 9d) would induce internal
electric elds with diverse strengths, thus increasing the elec-
tronic conductivity.

Beyond P2/P3/O3 congurations, Luo et al. fabricated an
interlocked O3/spinel/P2 triphasic
Na0.98Ni0.3Cu0.1Ti0.05Mo0.05Mn0.5O2−dSd (NNMO-S) through an
in situ targeted element quenching strategy.117 The spinel phase
created constrained regions between the O3 and P2 phases.
Specically, the quenching process produced numerous
microcracks and defects in the inside of material particles,
which propelled S2− from the quenching agent to permeate into
the Na0.98Ni0.3Cu0.1Ti0.05Mo0.05Mn0.5O2 (NNMO) matrix and
react with Mo6+, eventually yielding a Na2MoS4 spinel phase
(Fig. 9e).

The density functional theory (DFT) analyses indicated
a markedly lower migration barrier energy along specic
trajectories in NNMO-S (Fig. 9f). In this case, the spinel phase
relieved the internal stress via lattice-coherent interfaces and
then accelerated Na+ diffusion and improved the structural
durability. As conrmed by the galvanostatic intermittent
titration technique (GITT) results shown in Fig. 9g, the Na+

diffusion coefficients of NNMO-S were consistently higher than
those of NNMO throughout the entire charge/discharge
process. These exceptional characteristics stemmed from the
distinctive O3/spinel/P2 tri-phase coherent conguration in
NNMO-S.
Chem. Sci., 2025, 16, 22852–22869 | 22859
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Fig. 9 (a) A schematic diagram of the structures of Ni0.3Mn0.55Cu0.1Ti0.05 before and after quenching. (b) Schematic illustrations of the structural
enhancement mechanisms in P2/P3/O3-NMCT and P2/P3/O3-NMCTF. (c) The Na+ diffusion barrier energies in O3-NMCT and O3-NMCTF
collected using NEB calculation. (d) A schematic diagram of the built-in electric field formed between a semiconductor and ametal upon contact
between different structures.116 Copyright 2025, Wiley-VCH GmbH. (e) XRD pattern and Rietveld refinement plot and (f) the Na+ migration
roadmap in NNMO-S as well as the Na+ migration barrier energies in NNMO-S and NNMO. (g) The GITT plots of NNMO and NNMO-S in the first
cycle within 1.5–4.25 V.117 Copyright 2025, Elsevier.
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Therefore, the lattice-coherent interface is a key factor to
ameliorate the ionic transport kinetics of layered phases. By
establishing a coherent interface with interconnected diffusion
pathways characterized by low energy barrier, rapid Na+

migration can be achieved while maintaining congurational
integrity, which will then improve the rate performance of
NaxTMO2.
2.3 Reinforcing air stability

As to the poor surface stability of layered oxides in air, the
coherent interface design would also constrict the surface side
reactions resulting from H2O and CO2.118–120 Liu et al. fabricated
an O3/P2 biphasic structure Na(Ni2/9Fe1/3Cu1/9Mn1/3)1−xMnxO2

(NFCM-MX) via gradient Mn doping. It consisted of a P2-type
shell and an O3-type core, where atomic scale interlocking at
the lattice-coherent interface rmly bonded the P2-type shell to
the O3-type core. Such a conguration effectively shielded the
material from external H2O and CO2 to improve its air stability.
When additional Mn and Na sources were introduced, the Na
and Mn atoms diffused during the heating process. Because of
the slower diffusion rate of Mn relative to Na, a P2-phase shell
was formed, ultimately yielding the O3/P2 biphasic structure
(Fig. 10a and b).121

Aer exposure to air, the (003) peak of NaNi2/9Fe1/3Cu1/9Mn1/

3O2 (NFCM) exhibited a signicant shi, indicating expansion
and degradation of the layered structure. In contrast, the XRD
patterns of Na(Ni2/9Fe1/3Cu1/9Mn1/3)0.98Mn0.02O2 (designated as
NFCM-M2) remained virtually unchanged under identical
22860 | Chem. Sci., 2025, 16, 22852–22869
conditions. This material exhibited a P2-phase proportion of
41.7% (Fig. 10c), demonstrating the exceptional stability of this
biphasic structure connected via a lattice-coherent interface.
Furthermore, NFCM-M2 delivered an optimal electrochemical
performance with a capacity retention of 67.85%, dramatically
higher than those of counterparts with different P2-phase
proportions (Fig. 10d).

The O3/P2 biphasic NFCM-MX with an atomic scale inter-
locking conguration at the coherent interface was able to
integrate the high-capacity O3 phase and the stable P2 phase.
Compared to NFCM, the optimized NFCM-M2 exhibited supe-
rior stability due to atomic scale synergistic interlocking at the
lattice-coherent interface (Fig. 10e). Furthermore, NFCM-M2
maintained its integrity even aer exposure to air for a long
time. Similarly, Sun et al. employed a wet chemical method and
subsequent high-temperature calcination to construct an O3/P2
lattice-coherent interlocked conguration (Fig. 10g).122

Microstructural analysis conrmed the P2-Na2/3MnO2 (P2-
NMO)-coated O3-NaNi0.5Mn0.5O2 (O3-NNMO), as evidenced in
Fig. 10f. The lattice-coherent interface enabled the protective
layer to be tightly anchored to the O3 particle surface, effectively
preserving the original O3 phase structure even aer prolonged
exposure to humid air (55% relative humidity for 3 days). The
structural evolution induced by exposure was directly evidenced
in the X-ray diffraction patterns by the splitting of the original
O3-NNMO (003) peak. This phenomenon signied the emer-
gence of two distinct phases: an O3 phase resulting from the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) A schematic diagram of O3/P2-type NFCM-MX. (b) A HRTEM image of NFCM-M2. (c) XRD patterns of NFCM and NFCM-M2 after
exposure to air for 3 days. (d) Cycling stability at 55 °C of NFCM and NFCM-MX. (e) A schematic diagram of the structural enhancement
mechanisms for Mn-doped NCFM.121 Copyright 2024, Elsevier. (f) A HRTEM image of O3@5% P2 heterostructure. (g) A schematic diagram of the
synthesis, morphology, and crystal architecture of O3/P2-type O3@2% P2, O3@5% P2, O3@15% P2, and O3@40% P2. XRD patterns of (h) O3-
NNMO and (i) O3@5% P2 after exposure to air (with a relative humidity of 55%) for 3 days. (j) The rate capability of O3-NNMO and O3@5% P2 after
exposure to air.122 Copyright 2022, Elsevier.
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lattice expansion along the c-axis, and a distorted monoclinic
O03 phase.

This phenomenon demonstrated that a water molecule had
intercalated into the interlayer (Fig. 10h). In contrast, O3@5%
P2 remained unchanged under the same conditions, conrm-
ing that the lattice-coherent interface effectively maintained the
structural stability of the heterogeneous cathode material
(Fig. 10i). Finally, air-exposed O3@5% P2 delivered a higher
capacity retention (93.8% at 0.1 C vs. 86.9% for O3-NNMO)
(Fig. 10j). Moreover, the HC/O3@5% P2 full cell demonstrated
a high-capacity retention of 80.1% aer 250 cycles at a high
current density of 8 C, outperforming the HC/O3-NNMO cell
(75.4%). Clearly, the atomic scale interlocking at the lattice-
coherent interface enabled protective heteroepitaxial growth
and supplies an effective strategy for enhancing the air stability
of layered oxides.

Previous studies have demonstrated that tunnel-type Nax-
MnO2 (x # 0.44) with abundant S-channels can stabilize the
phase structure, which provides sufficient space for rapid Na+

transport and effectively mitigates lattice strain, beyond that, it
also presents exceptional moisture resistance.98,123–125 Accord-
ingly, a bifunctional modulation strategy that simutaneously
regulating the ion transfer kinetics and air satbility of layered
phase by combinning with tunnel architecture had been con-
ducted.126 The P2/tunnel biphasic Na2/3Mn1−xTixO2 (x = 0, 1/9,
2/9, and 1/3, denoted as L/T-NaMT-X (X = 0, 1, 2 and 3)) were
synthesized through solid-state reaction.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Fig. 11a illustrates the Ti substitution process at Mn sites,
demonstrating the dynamic crystal structure evolution from
layered to tunnel conguration. The L/T-NaMT-1 and L/T-
NaMT-2 exhibited heterogeneous structures composed of P2-
type layered and tunnel phases (Fig. 11b). Because of the
lattice-coherent interface interlocking effect between layered
and tunnel structures, the optimized materials achieved
enhancedmoisture stability that resulted from the incorporated
tunnel structure (Fig. 11c).

Hydrophobicity evaluations of L-NaMT-0 and L/T-NaMT-1
(Fig. 11d and e) revealed that the water could not wet the L/T-
NaMT-1 surface, showing an average contact angle of 115.13°.
Whereas, L-NaMT-0 underwent complete wetting and
spreading, with a contact angle of merely 61.68°. This superior
moisture stability originated from lattice-coherent interface
interlocking within the layered/tunnel structure, which effec-
tively prevented water molecule intercalation and enhanced
interface matching between the P2-phase and tunnel
structures.127–129

Recently, a multifunctional interfacial modulation strategy
that integrated the advantages of P2 and tunnel structures was
proposed.130 The researchers selected a typical P2-type Na2/3Ni1/
3Mn1/3Ti1/3O2 (NaNMT) that was characterized by poor moisture
stability and severe lattice oxygen escape when it was charged to
high voltages. As shown in Fig. 11f, by integrating tunnel-type
NMO, the large S-channels would signicantly dominate the
lattice arrangement at the P2-phase interface. This interaction
Chem. Sci., 2025, 16, 22852–22869 | 22861
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Fig. 11 (a) A schematic representation of the crystal configurations of Na2/3Mn1−xTixO2 with different Ti contents. (b) A TEM image of L/T-NaMT-
1. (c) A schematic diagram of the crystal configuration of Na2/3Mn1−xTixO2 with a P2/tunnel structure. Contact angles of (d) L-NaMT-0 and (e) L/
T-NaMT-1.126 Copyright 2024, Elsevier. (f) A comparison of the crystal structures and physical/electrochemical properties for P2- and P2/tunnel-
type cathodes. Average contact angles of (g) NaNMT-L and (h) NaNMT@5% Tunnel-L.130 Copyright 2025, American Chemical Society.
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was designed to induce an enlargement of the interlayer
distance along the c-axis.

Such structural expansion effectively diminished the diffu-
sion energy barrier of Na+, which in turn culminated in superior
fast-charging capability. Furthermore, the moderated NMO
acted as a protective layer, forming an intricate interlocking
structure with the internal P2 lattice. Fig. 11g and h demon-
strates the excellent air/water stability of NaNMT@5% Tunnel-L
(large-scale test sample of NaNMT@5% Tunnel). The average
contact angle on the surface of NaNMT@5% Tunnel-L was
higher (118.85°) than that of NaNMT-L (102.15°) Collectively,
lattice-coherent interfaces can be used to construct effective
protective barriers on the surface of layered oxide particles,
signicantly enhancing their air stability by suppressing mois-
ture/CO2 corrosion and associated side reactions. This
approach provides a crucial design strategy for developing
environmentally adaptable cathode materials for SIBs.

3 Summary and prospects

This review provides a systematic assessment of lattice-coherent
interface engineering as an innovative approach for optimizing
the structural-properties of NaxTMO2. This interlocked interface
conguration can effectively improve the air stability of layered
phases, mitigate structural degradation, and enhance ion
transport kinetics.131–133 The P2/O3 interlocked structure is the
most prominent composition because it effectively alleviates
lattice mismatch, suppresses high-voltage volume strain, elim-
inates irreversible phase transitions, and improves Na+ diffu-
sion efficiency, as conrmed by the works listed in Table 1.
22862 | Chem. Sci., 2025, 16, 22852–22869
The P2/O3 cathode materials manifest a signicant
improvement in capacity retention, increasing from approxi-
mately 40% to 68–81% aer 200–500 cycles. For P2/P3 biphasic
layered oxides, the coherent interface formed by shared TMO2

layers induces a notable lattice contraction.61,134–136 The layered/
tunnel biphasic structure provides low barrier energy pathways
for ion transport, so that to achieve high rate capability and
excellent cycling stability through lattice-coherent interface.
The P2/P3/O3 tri-phase layered oxide enables multipath parallel
diffusion and forms an extended lattice-coherent network,
thereby establishing more continuous ion transport channels.

In O3/P2 core–shell architecture, the P2 shell prevents direct
contact between O3 core and electrolyte or air, signicantly
enhancing atmospheric stability,137–140 which signicantly
enhances the cycling stability and reversibility of layered phase
via lattice-coherent interfaces. By leveraging these multiphase
intergrowth mechanisms, lattice-coherent interfaces estab-
lished a universal paradigm for developing layered cathode
materials with high stability, fast ion transfer kinetics, and
superior environmental adaptability, greatly advancing the
development of NaxTMO2.

The construction of lattice-coherent multiphase systems
requires precise control over phase ratios and atomic coupling,
which demands extreme renement of synthesis parameters,
and is a challenge that traditional trial and error methods
inefficiently address.141–144 The scalable construction of lattice-
coherent interfaces is governed by thermodynamic and kinetic
factors. Thermodynamically, when two phases achieve atomic-
scale lattice matching, minimal lattice mismatch prominently
reduces the interfacial energy, lowering the total free energy of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The phase structures, voltage windows, phase transition behaviours, and cycling stability of the as-reported layered oxide cathodes with
a lattice-coherent interface. The abbreviations “T” for tunnel and “S” for spinel are used throughout this work

Cathode material Phase
Voltage
range (V) Phase transition

Capacity retention
(pristine/modied) (%) References

Na0.85Ni0.34Mn0.33Ti0.33O2 P2/
O3

2.2–4.4 P2/O3 / P2/P3 / OP4/OP2 / P2/P3 / P2/O3 40.4%/80.6% (200n, 1 C) 93

Na0.732Ni0.273Mg0.096Mn0.63O2 P2/
O3

2.0–4.3 P2/O3/ P2/O3/O03/ P2/O3/O03/OP4/ P2/O3/O03
/ P2/O3

37.2%/68.17% (500n, 5 C) 94

Na0.46Mn0.9Ni0.1O2 P2/P3 1.8–4.0 P2/P3 68.2%/81.2% (500n, 2 C) 65
Na0.44Mn0.7Co0.3O2 P2/P3 1.5–4.3 P2/P3 / OP4 / P2/P3 67.5%/84.7% (200n, 5 C) 97
Na0.5Ni0.05Co0.15Mn0.65Mg0.15O2 P2/

P3/S
1.5–4.3 P2/P3/S / P2/P300/S 65.6% (100n, 5 C) 106

LS-Na1/2Mn2/3Ni1/6Fe1/6O2 P2/
P3/S

1.5–4.0 S/P2/P3/ Sl/P2/O3/ S/Z/ S/P2/O3/ S/P2/P3/
S/P2/O03

61.0% (100n, 1 C) 107

Na0.44Mn0.8Mg0.2O2 P2/S 2.0–4.0 P2/S / P2'/S / P2/S 46.5% (500n, 5 C) 101
Na0.6Mn0.93Fe0.04Mg0.03O2 P2/T 1.5–4.5 P2/T 71.5%/72.5% (1000n, 5 C) 102
Na0.6MnO2 P2/T 2.0–4.0 P2/T / OP4/T / P2/T 50%/70.5% (300n, 5 C) 110
Na0.44Mn0.97Mo0.03O P2/T 2.0–4.0 P2/T 77.8% (100n, 1 C) 111
Na0.89Ni0.3Mn0.55Cu0.1Ti0.05O1.94F0.06 P2/

P3/
O3

1.5–4.5 P2/P3/O3 / P2/P3 / OP2/OP4 / P2/P3 / P2/P3/
O3

66.3%/90.4% (200n, 1 C) 116

Na0.98Ni0.3Cu0.1Ti0.05Mo0.05Mn0.5O2 O3/S/
P2

1.50–4.25 O3/P2/S / O3/P3/P2/S / P3/P2/S / OP2/P2/S /
P3/P2/S / O3/P3/P2/S / O3/P2/S

64.25%/86.65% (200n,
50 mA g−1)

117

Na(Ni2/9Fe1/3Cu1/9Mn1/

3)0.08Mn0.02O2

O3/
P2

2.0–4.1 O3/P2 / P3/P2 / O3/P3/P2 / O3/P2 41.54%/67.85% (100n, 1
C)

121

NaNi0.5Mn0.5O2@5.2 mol% Na2/
3MnO2

O3/
P2

2.0–4.0 O3/P2 / O03/P2 / P3/P2 / O3'/P2 / P3/P2 /
O03/P2 / O3/P2

74.8%/85.3% (150n, 1 C) 122

Na2/3Mn8/9Ti1/9O2 P2/T 1.5–4.3 P2/T / OP4/T / P2/T 15.2%/71.0% (300n, 1 C) 126
Na2/3Ni1/3Mn1/3Ti1/3O2@5%
Na0.44MnO2

P2/T 2.5–4.15 P2/T / OP4/T / P2/T 68.49%/80.87% (4000n, 2
C)
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the heterostructure below that of single-phase or incoherent
systems, which drives the spontaneous formation and stabili-
zation of the interface. Kinetically, the atomic diffusion and
migration rates are critical. The epitaxial nucleation of a second
phase on the parent conguration can be surface-enabled by
precisely controlling cooling rates or compositional gradients to
facilitate the formation of a coherent interface.

Among the synthesis methods for multiphase coherent
interfacial structures, thermal polymerization offers a well-
dened processing route and favorable scalability, although
its high-temperature processing may incur substantial energy
consumption. The sol–gel approach achieves efficient replica-
tion of complex multiphase structures through molecular-level
homogenization of precursors, yet faces challenges of compo-
sitional segregation and reproducibility during scale-up
production.

Quenching technology serves as a critical strategy for con-
structing sophisticated architectures such as tri-phase inter-
growth, although the rapid kinetic freezing of metastable
phases may introduce lattice defects or impurity phases. Prac-
tical implementation of the syntheses methods requires
comprehensive consideration of the cost, operability, and
scalability limitations. The development of more precise, effi-
cient, and stable synthesis methodologies is a primary research
direction for further studies.

As shown in Fig. 12, by navigating this multi-variable design
space and rapidly identifying optimal lattice-coherent inter-
faces, the establishment of pre-constructed databases,
© 2025 The Author(s). Published by the Royal Society of Chemistry
combined with advanced in situ characterization techniques
and machine learning, has become indispensable.145–147

Variable-temperature X-ray diffraction (VT-XRD) can be
employed to dynamically track the phase evolution pathways
during synthesis, as documented in previous studies and
experiments, revealing temperature-driven phase trans-
formation behaviours and thermodynamic stability.148 These
ndings are integrated into a database for consolidated anal-
ysis. Additionally, aberration-corrected scanning transmission
electron microscopy (AC-STEM) enables direct atomic-scale
resolution of lattice matching, interfacial defects, and struc-
tural evolution at heterogeneous interfaces, providing direct
visual evidence for understanding the formation mechanisms
of coherent interfaces.149,150

By leveraging data acquired from such in situ characteriza-
tion techniques, researchers are able to rene the training of
machine-learning models to predict the design of multiphase
structures. For instance, for P2/O3/spinel multiphase struc-
tures, the synthesis data are rst retrieved from the database.
The VT-XRD data reveal the specic temperatures for the
formation of P2, O3, and spinel phases, while the AC-STEM data
determine whether the atomically resolved interfaces obtained
under specic synthesis conditions match the desired cong-
urations. Subsequently, the database is used to train machine
learning models.

Through iterative learning based on thousands of data
instances, these models extract underlying patterns and estab-
lish complex mappings between composition/processing
Chem. Sci., 2025, 16, 22852–22869 | 22863
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Fig. 12 The applications of characterization techniques and machine learning during the development of layered oxide cathodes with a lattice-
coherent interface.
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parameters and structural stability. Then, the trained models
can evaluate the formation probability of various candidate
combinations, effectively narrowing the exploration scope from
the vast ‘whole chemical space’ to a focused pool of the most
promising candidates. This approach enables high-throughput
screening of potential interfacial congurations before
committing to costly experimental efforts.151–154

Upon cycling, in situ characterization techniques and
machine learning build a deeply integrated synergy. Speci-
cally, synchrotron-based in situ XRD dynamically monitors
phase evolution during desodiation and sodiation, providing
critical kinetic feedback for machine learning models. Addi-
tionally, in situ TEM directly resolves the evolution of interfacial
atomic arrangements throughout the cycling. These real-time
characterization data are continuously fed into the machine
learning models for optimization, creating a self-improving
intelligent closed-loop system that enables precise control
over the synthesis of multiphase heterostructures. Conse-
quently, this intelligent closed-loop framework, which inte-
grates characterization, simulation, and validation, replaces
traditional trial and error approaches with data-driven rational
22864 | Chem. Sci., 2025, 16, 22852–22869
design, signicantly reduces the number of experimental iter-
ations, diminishes research costs, and greatly improves the
efficiency of the development of new material systems.

Currently, SIBs are regarded as a critical area in the eld of
energy storage.155–157 Unlike LIBs, for which the goal is primarily
high energy density, the aim with SIBs is to achieve a balanced
performance prole at a moderate energy density, with cost
effectiveness, safety, and a long cycle lifespan. With such
a strategic position, they are suitable for unique application
scenarios where reliability and economic efficiency take prece-
dence over energy density.158–162

The broad market penetration of SIBs will critically depend
on developing efficient material recycling protocols and
building a sustainable value chain from production to full-life
recovery. Innovative recycling technologies that enable the
high-value regeneration of electrode materials can reduce reli-
ance on raw materials, establish a sustainable circular model,
and generate multiple economic and environmental benets.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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