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Layered transition metal oxides (LTMOs) are regarded as a compelling candidate for the prospective com-
mercialization of sodium-ion batteries (SIBs), attributed to their simplistic architectural design, elevated
operating potential window, and the feasibility of synthesis and tailoring. Nevertheless, a prevalent issue
with many of these materials is their susceptibility to degradation under ambient conditions and subopti-
mal electrochemical behaviors. In light of these considerations, the multiphasic and synergistic effects
exhibited by composite structural LTMOs for SIBs have emerged as a potent strategy to mitigate the
aforementioned challenges. Furthermore, at present, the mechanistic insights into the synergistic inter-
actions among multiple phases remain fragmented. This review offers a comprehensive synopsis of the
advancements in research pertaining to composite structural LTMOs in SIBs, encompassing layered
heterogeneous phases, multiphase composites, core—shell structures, and concentration gradient struc-
tures. Notably, this extensive overview delves into the intricate structure—function—performance relation-
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prehensive materials characterization techniques, in order to pave a new avenue for future research,
endeavors focused on composite-structured LTMOs, and fostering the development of more robust and
rsc.li/EESBatteries efficient sodium-ion battery materials.

Broader context

Sodium-ion batteries (SIBs) are regarded as an important supplement to lithium-ion batteries (LIBs) due to their advan-
tages of abundant resources and low cost, showing great potential, especially in large-scale energy storage. In the field of
SIB research, the development of high-performance cathode materials represents a crucial objective. Layered transition
metal oxide (LTMO) cathode materials have attracted considerable attention due to their high specific capacity, structural
diversity and component tunability. However, conventional single-phase layered oxide cathodes typically present a number
of challenges, including irreversible phase transition, poor air stability and interfacial side reactions. Nevertheless, recent
studies have demonstrated that composite structural LTMO cathode materials can effectively stabilize the phase transition
of the material, enhance structural stability and markedly improve sodium-ion diffusion kinetics. Currently, the mecha-
nism of synergistic interactions between each phase remains poorly understood. This review provides a comprehensive
summary of the research progress in composite-phase layered oxides in sodium-ion batteries, discusses the possible
mechanisms of composite-phase materials, and provides insights into future research directions.

1. Introduction
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of sodium, which is situated in close proximity to Li in the per-
iodic table, are analogous to those of lithium and result in a
comparable rocking-chair mechanism.'®'" Furthermore, the
reactive resistance between Na and Al negates the necessity for
costly Cu current collectors, thereby conferring a substantial
cost benefit.'"> Besides, a puncture experiment demonstrated
that sodium-ion batteries (SIBs) exhibit high stability during
the reaction process and are less prone to decomposition.*?
Currently, the primary cathode materials for SIBs include
layered oxides,"*™*° polyanionic compounds,'”*® Prussian blue
analogs,'®?° and organic materials.>"*> Layered oxides have
attracted considerable research attention due to a number of
favorable characteristics, including a high specific capacity,
rapid sodium-ion diffusion rates, structural simplicity, and
cost-effectiveness. Sodium-ion transition metal layered oxides
are capable of forming layered oxides with a variety of
elements (Ni, Co, Mn, Fe, Ti, V, Cr, and Cu),>® whereas lithium
exhibits electrochemical activity only with a selected few
elements (Ni, Co, and Mn).>* Nevertheless, despite their prom-
ising attributes, several impediments persist, hindering the
commercialization of LTMOs. A notable challenge is the pro-
pensity of layered oxide cathode materials to frequently
undergo irreversible phase transitions under high voltages,>*>°
which are typically accompanied by significant volume fluctu-
ations, further triggering the fracture of particles or their
detachment from the current collector and impairing the
diffusive kinetics of sodium ions. On the other hand, LTMOs
exhibit heightened susceptibility to degradation with water
(H,0) and carbon dioxide (CO,) molecules readily absorbed
and intercalated into the layered structure when exposed to
humid air; LTMOs are rapidly degraded, leading to a loss of
active sodium and the formation of surface alkaline residues,
which adversely affect electrode fabrication and battery
performance.””*

To tackle these challenges, researchers have devised multi-
faceted strategies, including element doping,>*3* surface
coating,**** and the design of structure and morphology’® to
bolster performance. Nevertheless, non-uniform doping may
lead to local phase structure instability, which in turn affects
the consistency and stability of the material’s performance
during electrochemical cycling. Additionally, the thickness of
the coating and imperfections at the interface between the
coating layer and the substrate can undermine structural integ-
rity and performance.’”’*° Amidst this backdrop, composite
structural layered cathode materials have emerged as a vibrant
frontier in high-performance SIB research (Fig. 1).

Scientists are now exploring the development of composite
structural materials that offer superior integrated electro-
chemical properties compared to single-phase materials.
Reflecting on past studies, the development of composite struc-
tural materials has yielded numerous achievements, primarily in
the areas of materials synthesis and performance
optimization.**** Nevertheless, a notable gap persists in the
comprehensive understanding of the fundamental mechanisms
underpinning their functionality. Moreover, the sintering temp-
erature, along with the precise stoichiometry of transition metals

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of composite structural LTMO design in SIBs.

and sodium ions, as well as the strategic doping of other ions,
profoundly impacts the formation of the ultimate structure of
composite materials. These factors further complicate the
characterization and design of their structure. In the regard, this
review delves into the remarkable endeavors and advancements
achieved in composite structural LTMOs in recent years, embark-
ing from the spatial heterogeneity in their crystalline structures.
It meticulously summarizes the diverse categories of composite
structural LTMOs, encompassing layered heterostructures, multi-
phase composites, intricate core-shell configurations, and inno-
vative concentration gradients. By offering an encompassing
overview, it elucidates the mechanisms underpinning phase
regulation at varying scales, highlighting how these intricate
interactions influence the crucial properties of materials such as
high-rate performance, cycling stability, and air stability.
Furthermore, this review sheds light on promising avenues for
future research, providing a roadmap for exploring the untapped
potential of these innovative materials.

2. Limitations and structural
prediction of LTMOs

In SIBs, sodium based LTMOs with the composition
Na,TMO, (TM = transition metal, 0 < x < 1) are a typical type
of cathode material. Based on their morphology, transition
metal oxides can be classified into two main categories:
layered and tunnel structures.”>** The layered structure is
composed of transition metal oxide octahedra (TMO,) with
shared edges, in which Na" is located between TMO, sheets.
Delmas first categorized the LTMOs into O-type and P-type
structures by delineating the distinctive chemical environ-
ments that surround the Na* layers within the layers.*® In the
O-type structure, sodium ions occupy the octahedral sites
formed by oxygen atoms (2/3 < x < 1), while in the P-type
structure, they occupy the prismatic sites formed by oxygen
atoms (1/2 < x < 2/3). Conversely, at lower sodium contents (x
< 1/2),*° the oxides predominantly adopt a tunnel-like struc-
ture.”” Although three-dimensional tunnel oxides possess a
stable structure, the initial sodium content is insufficient,
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resulting in a low initial charge-discharge capacity ratio and,
consequently, limiting their practical application.*®*° The
number of unit layers within a single cell allows for further
classification of O-type and P-type materials into 02, O3, and
P2, P3. The majority of reported layered metal oxides are
found in 03°°>* and P2°*"® forms, where the numerals 2
and 3 represent the minimal layer counts of the periodic
sequences formed by oxygen stacking, ABBAABBA and
ABCABC, respectively. In the O3 type, sodium ions are inter-
connected with transition metal ions in an edge-sharing
manner, occupying octahedral sites, exhibiting a higher
sodium content and increased initial capacity. As depicted in
Fig. 2a, the diffusion of sodium ions occurs primarily
through the edge-sharing tetrahedral sites positioned
between these layers in the O3 structure. This process
encounters substantial energy barriers, stemming from the
unfavorable accommodation of sodium ions within the tetra-
hedral sites, a phenomenon attributed to inherent size mis-
matches. Conversely, in the P2 structure, sodium ions tra-
verse a relatively roomy plane, facilitating a decrease in
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energy barriers and thereby accelerating the diffusion kine-
tics. Nevertheless, this configuration’s limitation lies in its
reduced sodium content, ultimately leading to a diminished
specific capacity.’” Since these single-phase structures
exhibit a range of distinctive strengths and weaknesses, the
accurate prediction of the structure of synthesized materials
can result in significant savings in terms of manpower and
resources by enabling the targeted preparation of desired
products and accelerates the development of new LTMOs. As
illustrated in Fig. 2b, Zhao et al. discovered that a ratio of
approximately 1.62 between the interlayer distances d(o-na-o0)
in the alkali metal layer and d(o-m-o) in the transition metal
layer can serve as an indicator to distinguish between P2 and
03 type structures.’® Subsequently, Zhao et al. put forth the
concept of the “cationic potential” parameter to guide the
design, synthesis, or optimization of layered oxide cathode
materials, which is defined as follows:

¢TM (pNa
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Fig. 2 Crystal structures of O3 and P2 phases and predictive methodologies for their identification. (a) Crystalline structure of layered oxide
cathode materials and the Na* migration path.>” Copyright 2024, Royal Society of Chemistry. (b) The ratio of the interlayer distance between the
alkali metal layer d(o-na—0) and the transition metal layer d(o_TM_o).SB Copyright 2018, Wiley-VCH GmbH. (c) Various sodium based LTMOs with the
O3 and P2 structures, which show clear tendency toward each structure depending on the sodium ionic potential and the overall cationic poten-
tial.>® Copyright 2020, The American Association for the Advancement of Science.
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@y is the weighted ionic potential for transition metal ions.
w;, n; and R; correspond to the stoichiometric coefficient,
charge, and ionic radius of species, respectively. @y, is the
weighted ionic potential for the sodium ion site, @apion is con-
sidered to be constant at 28.571 nm™' (4/Ro,-). Extensive
experiments have revealed a preference for the formation of
the 03 phase when @y, > 0.4065@yi0n + 1.572 nm !
(Fig. 2c).>® Upon reversing this inequality, the P2 phase
emerges as the preferred configuration. An increased ratio
favors the formation of the O3 phase, whereas a decreased
ratio promotes the genesis of the P2 phase. This underscores
the viability of the design and prediction of layered structures
as a strategic approach. Moreover, the relentless pursuit of
novel sodium-ion materials, coupled with the optimization of
the composition and structure of existing materials, holds
paramount significance for advancing the practical application
of SIBs.

3. Layered heterogeneous phases

Layered heterogeneous materials refer to the materials com-
posed of two or more layered phases with different properties,
which are distributed unevenly on a macroscopic or microscopic
scale. In the realm of battery electrode materials, these materials
exhibit a special spatial arrangement of elements or crystal struc-
tures, endowing them with a diverse array of physicochemical
attributes. For instance, layered heterogeneous materials may
incorporate an active phase renowned for its high specific
capacity, alongside an inactive phase that safeguards structural
stability to mitigate the volume expansion, and bolster its high-
rate charge-discharge capabilities simultaneously.

In 2014, Lee et al. pioneeringly embarked on exploring the
incorporation of Li into O3-NaNi,sMngs0,, culminating in
the formation of a topotactic intergrowth O3 (primary phase)/
P2-Na,_,Li,Ni, sMny 50,4 composite material (Fig. 3a).®°
Particularly, upon initial cycling, this doped material evolved
into a P2/P3 intergrowth structure, which electrochemically
stabilized, circumventing the energy costs typically incurred
during the repeated O3 to P3 phase transition (Fig. 3c).
Consequently, this structurally robust layered material opti-
mizes sodium-ion diffusion between the trigonal prismatic
sites throughout the majority of the charge-discharge pro-
gression, unhindered by macroscopic lattice rearrangements.
The corresponding Li-NMR spectroscopy result reveals that Li
is predominantly located within the alkali layers of the phases,
while a minor fraction of Li incorporated as a dopant within
the TM layers induces the nanoscale intergrowth of phases.
This intergrowth effect serves to stabilize the structural
changes associated with phase transitions, thereby improving
the electrochemical performance of the material.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Apart from the partial substitution of Li within the alkali
metal layers, the introduction of dopants in the transition
metal layers can also modulate the ratio of heterogeneous
phases, such as with Mg,°" Ti,**®** sn®*®” and Cu.®® Yu et al.
prepared a series of Nag g5Nig 34Mng g6, Ti O, layered oxides by
strategically adjusting the content of Ti (denoted as NM,
NMT,, NMT,, NMTj;, and NMT, for x = 0, 0.11, 0.22, 0.33, and
0.44, respectively). As the content of Ti increases, the pro-
portion of the O3 phase in the material correspondingly
increases, and when x = 0.44, the material exclusively embo-
dies the O3 phase (Fig. 3d). This phenomenon can be eluci-
dated by the “cationic potential”, wherein Ti'" possesses a
lower potential compared to Mn**, which favors the formation
of the O3 phase. The high-resolution transmission electron
microscopy (HRTEM) and high-angle annular dark field
(HAADF) images clearly distinguish between interlayer dis-
tances of 5.4 A and 5.6 A, affirming the topological intergrowth
structure of P2 and O3 phases at the atomic level in P2/03-
NMT; (Fig. 3e-g). The P2/0O3 heterogeneous phases undergo a
more intricate phase transition sequence during cycling.
During the initial charging process, the P2 phase serves as a
stabilizing scaffold, alleviating the structural stress associated
with the O3 to P3 phase transition. As the voltage increases,
P2-NM and P3-NMT, undergo complete transformations into
the O2 and OP2 phases, respectively, a process that is
accompanied by substantial volume fluctuations and structural
stresses. The P2 phase in the P2/O3 heterogeneous phases
remains inert, generating stress in the opposite direction of
the gliding plane, thereby hindering the sliding motion of the
P3 transition metal layer. The interlocking effect of the P2 and
O3 phases mitigates lattice mismatch and minimizes the
sliding of the transition metal layers, contributing to enhanced
structural stability.

In another study,®® a series of heterogeneous phase
materials was meticulously crafted through a dealloying and
annealing process. As the Co content in the material increased,
the proportion of the P3 phase within the composite
phase gradually increased (Fig. 3h). In particular, upon achiev-
ing a Co addition of 30%, the P3 phase proportion peaked at
37.8%. The doping of Co in the transition metal layer deli-
cately modulated the Na environment, triggering a cationic
rearrangement that facilitated the emergence of the P3 phase
structure with lower sodium ion diffusion barriers. The fast
Fourier transform (FFT) pattern along the [110] direction
revealed the optimized intergrowth of non-phasic domains in
the Nag ¢;Mng 64C0p 30400602 (MCA-3) sample (Fig. 3i), under-
scoring its optimized microstructure. During the cycling
process, the unique P2/P3 phase structure effectively sup-
pressed the P2-P2' phase transition, with no discernible for-
mation of extra phases, according to the mitigation of the
Jahn-Teller effect in the MCA-3 cathode. Contemporary
research endeavors have convincingly demonstrated that the
incorporation of dopants into a lattice can proficiently engen-
der alternating heterostructured nanoarchitectures and incite
localized lattice distortions, thereby fostering the stable coexis-
tence of disparate phases.
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Fig. 3 The influence of doping on the phase transformation of layered heterogeneous phase structures in SIBs. (a) XRD patterns of
Naj;_LixNig sMno 50,.4 When the Li content varies from 0 to 1 and the major phase evolution as a function of Li content is summed up by color
switches in the right. (b) High-resolution TEM images that show the P2 and O3 lattice intergrowth stacking of different magnitudes. (c) In situ syn-
chrotron X-ray diffraction of Nag ;Lip 3Nig.sMng 5O, during initial charge—discharge.60 Copyright 2014, Wiley-VCH GmbH. (d) Schematic diagram of
the phase proportion at different Ti contents. (€) HRTEM image of NMTs3, (f) STEM image of ABF and (g) HAADF image of NMTs3 at the [010] zone
axis.®? Copyright 2022, Elsevier. (h) Schematic illustration of the synthesis of MCA cathodes by the dealloying—annealing strategy. (i) STEM-HAADF
image of the P2/P3 MCA-3 sample.®® Copyright 2014, Wiley-VCH GmbH.

Moreover, in the synthesis process, the sintering tempera- characteristics, phase composition, and ultimate -electro-
ture also has a profound effect on the composite phase chemical behaviors.”””" Throughout the sintering process, the
materials, intricately intertwined with their microstructural extent of temperature elevation influences the lattice energy,
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which dictates the tenacity of ionic bonding and the facility of
ion diffusion, consequently affecting the crystallization and
grain growth of the material. Guo et al. illuminated the syner-
gistic advantages of the P2 and P3 phases in the hybrid
cathode Nag ;Lip0sMgo.06Nig.20MNg 6,0,, utilizing high-temp-
erature in situ XRD to track phase evolution across a tempera-
ture range from 450 °C to 900 °C.”* As shown in Fig. 4a, the P3
phase is produced at 670 °C, while the P2 phase emerges
above 750 °C, and pure P3 and P2 structures are formed below
750 °C and above 830 °C, respectively. Upon increasing the
temperature, the diffraction peaks of the P3 phase gradually
diminish and eventually vanish, while the diffraction peaks of
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the P2 phase progressively emerge and intensify. What’s more,
with increasing calcination temperature, sodium layer gliding
in the P-type layered cathode is observed, and it can be clearly
observed from the HRTEM diagram that P2 (104) and P3 (012)
have a symbiotic structure (Fig. 4b), indicating that the P3-P2
phase transition necessitates substantial energy to facilitate
breaking/reforming the Me-O bonds.

Obviously, the sodium content and the ratio of transition
metals play a crucial role in tailoring the material’s phase
structure. By adjusting these parameters, researchers can
further optimize the performance of the material. Sodium-rich
stoichiometric approaches tend to favor the promotion of the
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Fig. 4 The impact of sintering temperature, sodium content, and transition metal elements on the phase transformation of layered heterogeneous
phase structures in SIBs. (a) The roadmap of high-temperature in situ XRD patterns of the obtained precursor. (b) The P2/P3-
Nag 7Lio.06Mgo.06Nio 22Mng 670, composite HRTEM images.”? Copyright 2019, Elsevier. (c) XRD patterns of Na,Nig sMng 3C00 20, composites (0.50 <
x < 1.00). (d) Phase evolution derived from the XRD analysis. (e) Rate capability of the Na,NigsMng 3Co,0, cathodes.”® Copyright 2018, American
Chemical Society. (f) Synthesis phase diagram of Na,Mn,Ni;_, O, with a sintering temperature of 900 °C. (g) Cationic potentials (black dots) of each
Nag.gsMng sNip 4Mo 10, (M = Ti, Co, Fe, Cu, Ni, and Mn) material and its corresponding P2 ratio (red dots). (h) Cycling performances of
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120 mA g%).”° Copyright 2021, Elsevier.

© 2025 The Author(s). Published by the Royal Society of Chemistry EES Batteries, 2025, 1,100-118 | 105


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4eb00017j

Open Access Article. Published on 14 2568. Downloaded on 7/1/2569 17:40:40.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

03 phase, while sodium-deficient methods are more inclined
to encourage the formation of the P2 phase.”>”* An increase in
sodium content within a specific voltage range can result in an
enhanced capacity but introduce more complex phase
transitions under a high voltage, emphasizing the paramount
importance of meticulously examining sodium concentration
and the composition of transition metal elements during
the material selection process’>”’ For instance, a study
showed fabrication of a class of nickel-based layered
Na,Nig sMn, 3C00,0, oxide composites by adjusting the
sodium content and annealing temperature (Fig. 4d).”® When
the sodium content is relatively low (x = 0.5 and 0.6), the P2/P’
3 phase dominates. As the sodium content escalates, so does
the quantity of the P'3 phase. Upon increasing the sodium
content to 0.7, the presence of the P2 phase is further dimin-
ished, with the emergence of the O'3 phase leading to a coexis-
tence of P'3/P2/0’'3 phases. Upon elevating the sodium content
to 0.8, a distinct tri-phase composite of P'3/03/0'3 is observed,
while the O3 and O'3 phases become dominant, with the con-
comitant disappearance of the NiO impurity phase at a
sodium content of 0.9. Among these, the P2/P'3/Q'3-tri-phase
composite exhibited a high specific capacity of 126 mA h g™*
within a voltage range of 1.5-4.2 V and a high-rate capability of
approximately 72% of its initial capacity at 5C (Fig. 4e).
Analogously, Xiao et al have systematically investigated
Na,Mn,Ni,TM;_,_,O,-based cathode materials (Fig. 4f), lever-
aging the cation potential to fine-tune phase proportions
through elemental substitution, and further promoting the
structural robustness and electrochemical performance of the
materials.”® The ratio of O3 to P2 phases, taken as the charac-
teristic of the O3/P2 structure, can be modulated by partially
replacing other transition metals (TMs) with Mn substituents
with various TMs, revealing that the P2 phase preferentially
forms in Mn-rich environments following sequentially by Ni,
Cu, Fe, Co, and Ti in descending order (Fig. 4g), whereas a
pure O3 phase emerges in multiple element doping. Notably,
the Nag gsMny 5Niy 4Tip 10, cathode material stands out, deli-
vering an impressive specific capacity of approximately 130 mA
h ¢~ within the 2 to 4 V voltage window, accompanied by a
remarkable capacity retention rate of 91% after 500 cycles
(Fig. 4h). Extensive research has demonstrated that meticu-
lously modulating the cation potential via the compositional
fine-tuning of transition metals and sodium is instrumental in
governing phase ratios and mitigating the growth of non-
uniform intergrowth phases. The cornerstone of developing
heterogeneous phase materials lies in understanding and con-
trolling the interactions between different phases and their
impact on the overall material properties. The formation of
heterogeneous phases is influenced by a variety of factors.
Doping can change lattice parameters and grain boundary pro-
perties to improve ion transport and electrochemical stability
of materials. Moreover, temperature plays a critical role in
affecting the diffusion of sodium and transition metals within
the bulk phase, subsequently impacting the microstructural
features and interfacial attributes of the material. By meticu-
lously optimizing these pivotal factors, one can significantly
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bolster the cycling stability and energy density of the material,
thereby catering to the stringent demands of advanced battery
applications.

4. Multiphase composites

Beyond layered materials, tunnel-type’® and spinel-
structured® ~®! materials have also garnered significant inter-
est due to their unique 3D crystallographic structures and
expanded tunnels for sodium insertion/extraction. In pursuit
of augmenting the electrochemical performance of materials,
efforts have been directed towards integrating layered cathodes
with tunnel-type and spinel structures.

Xiao et al. introduced a novel layered-tunnel intergrowth
structure, comprising the stoichiometric composition
Na, ¢MnO,, which has been effectively synthesized via a
straightforward thermal polymerization technique in conjunc-
tion with a solid-state reaction process.’” In situ X-ray diffrac-
tion (XRD) analysis reveals a phase transformation from P2-02
to P2-OP4 within the originally monophasic material. The OP4
phase, distinguished by an alternating sequence of P-O-P-O,
mitigates the substantial interlayer spacing variations associ-
ated with the P-O transition due to the presence of the P-type
structure. Consequently, the layered-tunnel multiphasic struc-
ture of Na, {MnO, displays superior cycling stability, retaining
85.1% of its capacity after 100 cycles at a 1C rate. Furthermore,
building upon the Na, MnO, material, Gao et al. have con-
ducted further investigations into the inducing effects of
sodium content and cobalt substitution on the heterogeneity
of the layered tunnel structure. A hybrid P2 + Tunnel phase,
Na,Coy1Mn, o0, (0.44 < x < 0.7), is distinguished by a multi-
tude of interfacial features that facilitate high-performance
sodium storage.”” HRTEM images clearly demonstrate the
coexistence of the P2 and T phases with the presence of lattice
fringes with the interspacing of 2.84 A and 5.49 A, respectively,
which correspond to the (100) planes of the P2 structure and
the (050) planes of the tunnel structure, respectively. Fig. 5a
provides a clear delineation of the interface between the two
phases within the material, confirming the formation of
growth regions in the P2 + Tunnel composite material. The
corresponding FFT patterns (Fig. 5al’-a3’) demonstrate the
FFT diffractions, which can be indexed along the [100] and
[050] zone axes, respectively. The interface is observed to mani-
fest as a loose polycrystalline structure, which can be attribu-
ted to the irregular arrangement of atoms, suggesting the pres-
ence of a coherent orientation relationship between the inter-
growth of nanoscale domains. The tunnel phase effectively
accelerates sodium-ion diffusion and exhibits remarkable
structural stability, while the layered P2 phase significantly
contributes to achieving a high specific capacity. Moreover, the
P2 + Tunnel phase interface provides additional channels and
active sites for charge transfer and surplus charge storage. As a
consequence, the prepared Na,Co,1Mng o0, (0.44 < x < 0.7)
exhibits an impressive discharge capacity of 219 mA h g™" at
0.1C, retaining 117 mA h g* even at a high rate of 5C.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In addition to the composite of layered and tunnel struc-
tures, the hybridization of layered and spinel structures has
emerged as a potent approach to bolster the electrochemical
performance and stability of cathode materials. As reported by
Xiong and colleagues, a Li doped O3/spinel composite
material, Lij ,5Nag g;Nig 4Feg ,Mng 40,15 (LSNFM), was success-
fully fabricated. HRTEM images vividly depict the nanoscale
integration of the layered O3 (003) and spinel structured (111)
planes in intimate contact (Fig. 5c), while the phase interfaces
are observed to be tightly packed together with excellent struc-
tural compatibility and connectivity.®® Following 50 cycles, the
retention of both layered and spinel structures underscores the
robust structural stability of LSNFM. The rate of charge trans-

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

fer within the LS-NFM cathode is faster than that of O3-NFM.
The results of the galvanostatic intermittent titration (GITT)
measurement from the charge-discharge processes reveal that
the LS-NFM cathode boasts a superior diffusion rate, initiating
from the initial charge and persisting up to an electrode poten-
tial of 3.75 V (Fig. 5d-f). Specifically, the diffusion coefficient
of LS-NFM was determined to be 2.4 x 107" cm? s™* at 2.67 V,
significantly outperforming the 1.44 x 10™** cm® s™* of NFM at
2.80 V. Furthermore, across the entire potential range, the
LS-NFM electrode sustains a diffusion rate during discharge
that is an order of magnitude higher than that of the NFM
electrode. This result is consistent with the observed behavior
of layered-spinel materials in LIBs®®*°" and the integration of
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3D spinel and 2D layered phase channels results in a reduction
of the sodium-ion diffusion pathway, thereby enhancing the
rate capability.

In conclusion, the fusion of stable tunnel-like or spinel
structured materials with layered materials offers a promising
avenue to amplify the high-capacity characteristics and
superior rate performance advantages of both. However, the
formidable challenge in crafting multiphasic cathode
materials resides in the intricate integration of layered archi-
tectures with tunnel or spinel structures. The aim is to harness
the synergistic strengths while mitigating the inherent limit-
ations of each phase, thereby achieving unparalleled electro-
chemical performance. It is essential that the interfaces
between phases are compatible and connected, providing
additional conduits and active sites for accelerated sodium
transport and charge storage. Moreover, the spatial distri-
bution and ratio of the two phases must be subjected to meti-
culous consideration, as tunnel-type materials are inherently
susceptible to sodium deficiency, and an insufficiency in
sodium content may result in a reduction in the material’s
capacity.

5. Core-shell structure

Despite the high theoretical capacities exhibited by most O3-
type LTMOs,” their structural fragility and heightened reactiv-
ity in humid environments®®* give rise to residual alkali
formation,”>°¢ ultimately curtailing the cathode’s longevity. In
order to protect the layered matrix, certain coatings have been
incorporated, including metal oxides (such as Al,0; °”*® and
Mg0?°), metal phosphides,'®® and other inert materials.'®*%*
However, these coatings are typically only around 10 nm thick
and are electrochemically inert. To reconcile the need for
material stability with high-capacity retention, researchers
have devised core-shell structures as a solution to this issue.
The design of core-shell structures has yielded several promis-
ing outcomes in LIBs,'%*™'% inspiring the current study’s pro-
posal for a heterostructured cathode. A rational design of a
hetero-structured cathode is proposed, combining a high-
capacity O3-type core with a structurally stable P2-type
Na,;;MnO, coating on the surface (Fig. 6a).'"® The protective
P2-Na,,;3sMnO, layer not only bolsters the cathode’s resilience
against air and heat exposure but also enhances electro-
chemical kinetics and minimizes charge transfer resistance. A
half-cell with this optimized heterostructure cathode retains
85.3% of its capacity after 150 cycles at 1C (Fig. 6b). HRTEM
imaging coupled with FFT analysis demonstrates that the O3-
type core particles are encapsulated within a P2-NMO protec-
tive shell with an approximate thickness of 15 nm. The lattice
fringes within the O3 phase core were measured at 2.43 and
5.34 A, and correspond to the rhombohedral symmetry of the
R3,, space group, a characteristic of the O3 phase. On the par-
ticle surface, the (110) and (004) planes attributed to the P2
phase are observable, with the interface between the two
phases exhibiting a high degree of connectivity, thereby ensur-
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ing facile sodium ion transport. XRD results indicate that the
lower sodium content in the P2 phase leads to an increase in
the c-axis parameter of the heterostructure, enhancing the
repulsive forces between adjacent layers and expanding the
interlayer spacing, which improves the kinetics of ion
transportation.

In a parallel study, a groundbreaking O3/0'3-P2 core-shell
composite material was successfully synthesized,'®” character-
ized by a nanoscale coherent P2/O3 intergrowth architecture
seamlessly bridging the microscale P2 shell and the O3-type
core (Fig. 6¢c). This innovative design imparts exceptional
reversible capacity, outstanding rate performance, and
enhanced cycling stability to the material. The cross-sectional
electron probe micro-analysis (EPMA) results of the 03/0'3-P2
core-shell composite material reveal a distinct gradient in
transition metal concentrations, with Ni and Co enriched in
the core and Mn predominantly concentrated on the surface.
The distribution of transition metals alters the material’s elec-
tronic structure and crystallographic properties, while X-ray
photoelectron spectroscopy (XPS) identified a lower oxidation
state of surface Ni, attributed to the Mn-rich P2 shell that par-
tially reduces nickel cations to a lower oxidation state, further
corroborating this specific transition metal ion concentration.
A comparative postmortem examination of the 03/0'3 and O3/
0’3-P2 electrodes after 50 cycles underscores the significant
protective role of the P2 shell. SEM cross-sections of the cycled
electrodes show significant microcracks in the 03/0'3 elec-
trode without a P2 shell, while the 03/0'3-P2 electrode, with
its uniform P2 phase shell, suppresses volume phase changes
during cycling and prevents electrolyte penetration into micro-
cracks, thus decelerating material degradation (Fig. 6d and e).
Analysis of the electrodes’ CV curves highlights minimal shifts
in peak positions and intensities within the 2.3-3.0 V range
for the O3/0'3-P2 electrode, signifying reduced polarization
and sustained structural integrity before and after cycling
(Fig. 6f and g).

The segregation in the elemental composition of particle
surfaces is a common phenomenon in metal oxides, driven by
surface Gibbs free energy.'°® This phenomenon can be inten-
tionally exploited to modulate the electronic and chemical pro-
perties of the surface, thereby facilitating the preparation of
composite materials. Yan et al prepared a P2@P3
Nay 75CUg 33_yZN,Mn, 6;0, composite without Ni and Co to
further reduce the price, which sheds light on the intricate
redox behavior of Cu®>"**.** Zn doping not only triggers the
formation of a P3 phase, but also fosters the emergence of a
P3 nanometer-scale thickness and a phase as a protective
coating layer, characterized by a distinct discernible organiz-
ation of crystals and atoms. This composite structure provides
a high and flat voltage profile, demonstrating excellent electro-
chemical performance, improved structural and electro-
chemical stability, and moisture resistance.

In essence, the role of the core-shell structure in layered
cathode materials for batteries is to encapsulate high-capacity
core materials within a shell that possesses high electrical con-
ductivity and chemical stability, thereby protecting the active

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

core and providing expedited pathways for ion and electron
transport. This architecture not only bolsters the structural
integrity of the material and mitigates volume expansion
during charge-discharge cycles but also enhances the electro-
chemical performance by elevating charge-discharge rates,
augmenting cycling stability, and ameliorating safety.

6. Concentration gradient structure

Currently, layered oxide materials featuring a concentration gra-
dient have showcased remarkable electrochemical performance,

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

as evidenced in various studies.'**™'® The introduction of a
spatial variation in chemical composition within the material
allows for the modulation of electrochemical properties, which
then leads to enhanced structural stability and the promotion of
uniform strain distribution during charge-discharge cycles.
Furthermore, the concentration gradient serves as a regulatory
mechanism, enhancing electronic conductivity and optimizing
ion diffusion pathways, which in turn bolsters rate capability and
cycling stability, contributing to an overall improvement in
battery performance.

For instance, Hwang et al. have ingeniously crafted high-
density spherical particles that exhibit a unique structural tran-
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sition from the inner end (Na[Nig;5C000,Mng3]0,) to the
outer end (Na[Niy 55C00.06Mng 36]0,) (Fig. 7a)."'° This material
features a radially aligned layered prismatic structure, exhibit-
ing a chemical compositional gradient that progressively varies
from the core towards the periphery. The heightened nickel
content within the particle core facilitates the multi-electron
reactions of Ni**/Ni** and Ni**/Ni** in layered oxide cathodes
for SIBs, thereby ensuring a high energy capacity. Meanwhile,
the enriched manganese concentration at the exterior
reinforces the material’s structural stability. The narrow inter-
stices between these prismatic structures not only augment tap
density but also minimize undesired side reactions. This
singular architecture harmoniously combines high specific
capacity, extended cycling stability, and enhanced tap density.

View Article Online
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As depicted in Fig. 7b, the precursor’s XRD pattern reveals a
distinct layered hydroxide structure, which, upon thermal
treatment, transforms into an O3-type layered structure as
seen in Fig. 7d. Notably, the spherical secondary particles
maintain a uniform size of approximately 10 um, both prior to
and following the sintering process. The radially aligned pris-
matic structure remains intact, with no discernible migration
of transition metals observed, as evidenced in Fig. 7c-e. The
rationally designed concentration gradient cathode material
exhibits favorable temperature performance, with these results
attributed to the distinctive chemical properties that facilitate
Ni redox reactions and minimize the surface area in contact
with corrosive electrolytes. Consequently, following 300 cycles
at 0.5C and assembly in a full cell with hard carbon, the
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capacity retention of the RAHC cell remains at 80%, which is
significantly higher than that of the bulk material
NaNig 60C09.0sMng 350, with a capacity retention of 49.2%
under the same test conditions. Subsequently, their team
further explored such spoke-like nanorods of Na
[Nig.61C00.12Mng,7]0, with a concentration gradient.""”
Mechanical strength assessment revealed that the particle
strength of these secondary nanostructured assemblies (SNAs)
was superior to their constant concentration (CC) counter-
parts. In addition, to further validate the high stress tolerance
of the radially aligned hierarchical prismatic structures, both
types of cathodes were immersed in the electrolyte and sub-
jected to increasing discharge currents. Optical microscopy
showed that the spherical particles of the CC control group
fragmented, while the SNAs remained intact. This difference
demonstrates the excellent electrochemical and mechanical
properties of SNAs, which result from their radially arranged
prismatic  structure with a concentration gradient.
Concentration gradients can typically enhance the bonding
performance at material interfaces, especially in composite
materials. This enhanced interfacial bonding helps to improve
the overall mechanical properties of the material, particularly
in terms of tensile strength and impact resistance.

What’s more, a novel concentration gradient oxide (CG)
Nay,67Nig 1;Mng 660, With a P2 structure was designed and pre-
pared using the co-precipitation approach (Fig. 7f)."** This
unique composition boasts a gradation of Mn concentration,
progressively intensifying from the core to the outer surface of
each individual spherical primary particle, whereas the Ni con-
centration follows an inverse trend. To demonstrate the con-
centration gradient structure, the elemental cross-sectional
distribution of individual precursor particles of CG was exam-
ined through energy dispersive spectroscopy (EDS) measure-
ment to reveal a linear escalation of Mn concentration toward
the particle surface, accompanied by a marginal decrease in Ni
and Co content. In situ XRD tests were conducted to further
elucidate the impact of the concentration gradient structure
on the structural evolution of the cathode during cycling
(Fig. 7h). During the charging and discharging processes, the
002 peak initially shifts to a lower degree due to the intercala-
tion of sodium ions, subsequently reverting to its original posi-
tion upon ion extraction. Significantly, the absence of O2
phase-related characteristic peaks in the high-voltage region
underscores the efficacy of the Mn-rich surface concentration
gradient in stymieing the P2-O2 phase transition, thereby
mitigating the capacity fading.

P3-type LTMOs have garnered significant attention due to
their high theoretical specific capacity and cost-effective syn-
thesis methods. These materials demonstrate favorable
sodium ion diffusion kinetics, attributed to their large open
channels in prismatic sodium sites, and can be synthesized at
lower solid-state reaction temperatures (below 750 °C) com-
pared to P2-type and O3-type materials, which require temp-
eratures exceeding 850 °C, enhancing energy efficiency during
production.''® However, the presence of both Mn** and Mn**
oxidation states within P3 materials can lead to Jahn-Teller (J-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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T) distortions, negatively impacting discharge capacity and
promoting disproportionation reactions that cause the dis-
solution of active materials into the electrolyte (Fig. 7i). To
address these challenges, compositionally graded (CG) struc-
tures in P3-type manganese-based Nags5[Nig16MnNg 754]0;
(NaNMO) particles have been developed,'** where the atomic
ratio of nickel increases linearly from the core to the surface
while the atomic ratio of manganese decreases, enhancing the
concentration of stable Mn*" ions at the surface. This concen-
tration gradient structure effectively mitigates J-T distortions
and improves overall structural stability, resulting in
CG-NaNMO cathodes that exhibit remarkable cycling perform-
ance with a high reversible capacity of approximately 170 mA h
g~ '. The CG-NaNMO electrode demonstrates enhanced cycling
stability at 50 °C compared to bulk-NaNMO (Fig. 7j). These
advancements underscore the potential of CG structures in
enhancing the performance of sodium-ion batteries.

In conclusion, the pursuit of novel layered oxide cathodes
featuring concentration gradient structures presents a highly
promising avenue for advancing battery technology. The con-
centration gradient acts as a buffer, alleviating the detrimental
consequences of cation mixing and phase transitions com-
monly encountered in cathode materials, thereby extending
the service life and reliability of the battery. Compared to core-
shell structures, where a concentration gradient outer layer
replaces the shell, the intrinsic gradient acts as an internal
stabilizer, optimizing the material’s resilience against the
mechanical and chemical stresses inherent to electrochemical
energy storage. This addresses the fundamental issue of the
tens-of-nanometer gap and structural disparity often encoun-
tered between core and shell particles in core-shell architec-
tures, which can impede ion and electron transfer pathways
within the core.''®'®° Nevertheless, the precise synthesis of
concentration gradient structures poses a formidable chal-
lenge, necessitating the development of more intricate and
sophisticated synthetic methodologies to meticulously control
elemental distribution and gradient formation.

7 Summary and outlook

To conclude, SIBs hold substantial potential for large-scale
energy storage systems and small electric vehicles owing to the
low cost and broad temperature operating range (Fig. 8). In the
research of sodium-ion batteries, layered oxide cathodes have
garnered significant attention due to their high energy density.
However, with the advancement of technology, the limitations
of single-phase layered structures have gradually become
apparent. Specifically, while these materials theoretically show
superior electrochemical performance, they often face chal-
lenges in practical applications, such as insufficient stability
and slow ion diffusion rates. Therefore, designing novel com-
posite structures that integrate the advantages of layered
oxides with the properties of other materials has become an
effective approach to enhancing battery performance (Fig. 8).
Recent research endeavors have illuminated that composite-
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structured LTMOs can stabilize phase transitions, bolster
structural stability, and improve both capacity and rate per-
formance. Specifically, heterogeneous phase materials can
refine electrochemical performance and mitigate phase tran-
sitions by meticulously regulating phase interfaces within sec-
ondary particles, without the need for direct modification of
individual phase characteristics. Furthermore, nanoscale inter-
growth of different phases can stabilize a specific phase or
heterogeneous phases through a locking mechanism during
the cycling process, minimizing strain energy at phase inter-
faces and inhibiting interlayer slipping of transition metals,
thereby fostering cycling stability and rate performance.
Moreover, the incorporation of additional phases, such as
tunnel and spinel phases, can create three-dimensional path-
ways that enhance the diffusion rate of sodium ions, thereby
facilitating the rapid migration of these ions. The core-shell
structure exhibits reduced layer expansion during charging,
attributed to shell layer compression and crack suppression.
The robust shell safeguards the high-capacity core, enhancing
both material and air stability. In addition, robust core-shell
interfacial adhesion is crucial for preventing phase delamina-
tion during cycling, highlighting the importance of controlla-
ble shell thickness and distribution in future developments. In
this regard, the unique concentration gradient architecture
augments the electrochemical kinetics of the material and
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mitigates side reactions, as well as suppressing the dissolution
of transition metals at the interface during cycling. The inter-
facial stress within heteroepitaxial structures further inhibits
phase transition phenomena during charge-discharge cycles.
Additionally, the accumulation of inactive phase components
on the material’s surface safeguards against atmospheric
erosion by water and carbon dioxide, reducing transportation
and storage costs. This review comprehensively summarizes
the current advancements in composite-structured LTMOs,
categorizing the types and mechanisms of composite phase
structures, and emphasizing the impact of interfacial and
spatial heterogeneity distribution in multiphase materials on
their performance as summarized in Table 1.

While composite structures hold immense potential in aug-
menting the materials properties significantly, the inherent
heterogeneity of these materials poses additional layers of com-
plexity in the research endeavors. Presently, the understanding
of single-phase materials has progressed considerably, yet the
exploration into the intricate mechanisms that dictate multi-
phase interactions stands as a relatively uncharted territory. To
further extend the utilization of composite phase LTMOs in
SIBs and cutting-edge energy storage applications, elucidating
the mechanisms of composite phases is not only necessary but
also of paramount importance; thus future research endeavors
should consider the following aspects:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of the electrochemical properties of select composite structural LTMO positive electrode materials for SIBs
Discharge Voltage
capacity (mA  range (V, Capacity
Materials Phases hg™ vs. Na/Na') retention Comment Ref.
Nay ;Lig.3Nig sMng 50544 P2/03 ~130 at 2-4.05 No long-term ~120 at 150 mA g " 47
15mAg™’ cycling
Nag g6Lig.1sMNg 71Nig 51C00.0502+5 P2/03 200 at 10 mA  1.5-4.5 75% after 150 High energy density 127
94.2%:5.8% -t cycles at 0.5C 640 mAhg™!
y g
Nay ¢7Lig.11Fe0.36MNg 36 Ti.1702 P2/03 235 at 0.1C 1.5-4.2 85.4% after Triggering reversible 128
63% :37% 100 cycles at anionic redox activi
y
1C
Nay 67Mnyg 55Nig 25Li0 .0, P2/03 158 at 12 mA  1.5-4.2 84% after 50 Raising average 129
(85.1%:14.9%) g " cycles at 24 mA  discharge voltage
—1
Nag gLig,Feg,Mng O, P2/03 174 at 0.1C 2.0-4.6 82% after 100 Li acting as the structure 130
34% : 60% cycles at 0.1C stabilizer
y
Nayg g5Nig 34Mnyg 33Tig 330, P2/03 126.6 at 0.1C  2.2-4.4 80.6% after 82.4 mAh g ' at 10C 49
24.8% :75.2% 200 cycles at
y
1C
Nay ¢,Lig ,Feq.Mng O, P2/03 227 at 10 mA  1.5-4.5 83.5% after 60  Suppressing P2-Z phase 131
(89.1%: 6.6%) gt cycles at 10 mA  transition and Jahn-
1 Teller distortion
Nay,3Lig 1sMng gFeg ,0, P2/03 (mainly 125 at 0.1C 1.5-4.2 69.6% after The O3 phase appearsto 132
P2) 100 cycles at be electrochemically
0.1C inactive
Nag 7sNig sFeo36Mg 4205 P2/03 86 at 0.1C 2.5-4.0 92% after 100 56.8 at 10C, and 90% 133
31.7%: 68.3% cycles at 0.1C after 1500 cycles
y y
Nay.73Nig.4sMng 4Tiy,0, P2/03 140 at 20 mA  1.5-4.4 ~73% after 50  Almost 100% initial 50
(33%:67%) g! cycles at coulombic efficiency
200 mA g ™"
Nag gsMnyNi,;M;_,_,O, (M =Ti, Fe, Cu, Mn)  O3/P2 2.0-4.0 Constructing phase 79
diagram
M=Ti 03 131 at12 mA 2.0-4.0 91% after 500
gt cycles at
120 mA g™
M =Fe P2/03 130 at 12 mA  2.0-4.0 86.2% after
gt 500 cycles at
120 mA g™*
M =Cu P2/03 117 at 12 mA  2.0-4.0 90.6% after
gt 500 cycles at
120 mA g~*
M =Mn P2/03 ~112 at 2.0-4.0 81.6% after
12mAg™" 500 cycles at
120 mA g™*
Nay oCug Feq,sMng 5,0, P3/03 (mainly 125 at 10 mA  2.0-4.0 99.3% after Revealing the charge 68
03) gt 100 cycles at compensation
10mA g™ mechanism
Nay.75C00.125CUg.125F€0.125Nig.125MNg 505 P2/P3 90 at 0.1C 2.0-4.0 96% after 500 84.2% in a full cell after 134
(36.9% : 59.6%) cycles at 1C 1000 cycles at 1C
Nay.67Mng 64C00.30Al0.0602 P2/P3 160 at 20 mA  1.5-4.0 73% after 100 83 mAhg 'at1700 mA 56
62.2%: 37.8% -t cycles at -
g y g
200 mA g
Nay ;Lig.06Mgo.06Ni0.20MnNg 670, P2/P3 119 at 0.2C 2.0-4.4 97.2% after High average voltage 59
46.7% : 53.3% 150 cycles at 3.36 V) and ener
y 8y
0.1C density (218 W h kg ™)
Na,_;Niy sMng 3C0( .0, P2/P'3/0'3 126 at 0.1C 1.5-4.2 68.4% after Layered heterogeneous 135
100 cycles at phase regulation
0.5C achieves equilibrium
Nag 45C00 1Mng o0, P2/T 219 at 0.1C 1.5-4.4 80% after 50 1C=176 mA g " and 70
32.4% : 63.6% cycles at 0.1C  retains 117 mAh g™* at
y g
5C
Nay sMnO, P2/T 198.2 at 0.2C  1.5-4.3 85.1% after Highly reversible 69
100 cycles at structural evolution
1C
Naj ¢Mng oCug 10, P2/T ~168 at 0.1C  2.0-4.1 80% after 100 85mAh g " at 8C 136
86.8%:13.2% cycles at 1C
y
Nayg_50Niy/6C01/6Mny 30, P2/spinel 145 at 75 mA  2.0-4.5 60% after 100 85mAhg'at1500 mA 137
gt cycles at 0.2C g™
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Discharge Voltage
capacity (mA  range (V, Capacity
Materials Phases hg™ vs. Na/Na') retention Comment Ref.
Nag g7Lig.25Nig 4Feg ,Mng 40545 0O3/spinel 131at12mA 2.0-4.2 86% after 100 112 mA g"1 at 100 mA 71
gt cycles at g™t
100 mA g™’
Nay,5[Nig,C0g.15Mny 65]0; P3/P2/spinel ~180 at 0.1C  1.5-4.0 87.6% after 105 mA h g™t at 10C 138
100 cycles at
0.1C
03-NaNi, sMn s0,@P2-Na,;sMnO, 03@5%P2 141.4 at 0.1C  1.5-3.9 85.3% capacity 103.7 mA h g™! at 15C 78
retention after  crack suppression
150 cycles at
1C
Nay g[Nig 5C00,Mng 3] 03/0'3@P2 146 at 0.1C 1.5-4.0 75% after 200 Crack suppression 76
0,@Nay g[Nig 33Mng 6,]0, cycles at 0.1C
Nay.75Cug.57Zng osMng 670, P2@P3 84 at 1C 2.5-4.1 85% after 200 Revealing a possible 88
cycles at 1C Cu®"** redox reaction
mechanism
Na[Nig 75C00.02Mny 23]0, (center) Na Concentration 157 at15mA  1.5-4.1 80% after 100 Good temperature 89
[Nig56C00.0sMnyg 36]O0, (Surface) gradient —1 cycles at 0.1C performance
Na[Nig 75C00.0sMny 17]O, (center) Na Concentration 160 at 15 mA  1.5-4.1 ~81.6% after 130mAhg™'at 95
[Nig.55C00.14Mny »5]O, (surface) gradient gt 100 cycles at 1500 mA g~*
0.5C
Nag ¢7Nig.17C00 17MnNg 660, Concentration 143.2 at 2.0-4.5 91.5 after 100 Restraining phase 96
gradient 20mA g™ cyclles at 20 mA transition

(1) Design: The conventional approach to materials develop-
ment, often a synthesis-followed-by-verification methodology, is
significantly influenced by a myriad of factors such as compo-
sition, synthesis routes, and environmental conditions, thereby
consuming substantial labor and resources. Artificial intelli-
gence (AI) and machine learning (ML) merge as powerful allies
in the pursuit of novel materials development.”*! In the future,
Al-assisted development, coupled with a profound understand-
ing of the intricate interactions between their constituent phases
such as the concept of “cation potential” and the principles of
solid-state reaction thermodynamics, could systematically
unravel the intricacies of the formation mechanisms of coexist-
ing composite phase LTMOs. The establishment of universal
design and synthesis principles would not only provide a robust
theoretical framework but also pave the way for the innovative
development and design of oxide-based cathode materials.

(2) Synthesis: The current synthetic approaches for layered
oxide materials primarily encompass high-temperature solid-
state reactions, co-precipitation, sol-gel processes, spray pyrol-
ysis, and ion exchange, among others. Particularly, LTMOs
exhibit heightened sensitivity to the distribution of transition
metal elements, where the solid-state high-temperature sintering
process can expedite the diffusion of transition metal ions,
potentially disrupting the delicate heterogeneous material struc-
ture."”* The co-precipitation method allows for the regulation of
secondary particle composition and spatial heterogeneity by con-
trolling the concentration of precursors, droplet acceleration,
and stirring velocity. The precursors generated via co-precipi-
tation exhibit an advantageous distribution of transition metals,
and enable a decrease in sintering temperature and a reduction
in the duration of the heat treatment due to the reduced reliance
on solid-state diffusion. In addition, the optimal particle size

N4 | EES Batteries, 2025, 1,100-118
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and morphology exploration remains an underexplored frontier,
necessitating further probing. It is also paramount to acknowl-
edge that the final morphology and grain size of the resultant
material are intricately influenced by temperature, composition,
and synthetic conditions, rendering the reproducibility of
materials with intricate nanoscale interfaces challenging.'*?
This, in turn, can obfuscate the accurate portrayal of the
material’s inherent performance. Furthermore, the production of
materials with composite structures incurs higher costs and
lower efficiencies compared to simpler materials, hindering their
progression towards industrial-scale production. Consequently,
the exploration of cost-effective, safe, and reliable synthetic
methods is of significant importance for the realization of high-
performance composite-structured cathode materials.

(3) Characterization: The inherent heterogeneity of compo-
site structures poses a formidable challenge in the characteriz-
ation process, necessitating the utilization of high spatial
resolution techniques for an accurate understanding of the
structure-performance relationships.”>*?® For instance,
advanced microscopy techniques such as STEM and TXM can
uncover detailed information at the atomic or molecular level,
making them applicable for characterizing nanoscale phase
interfaces. Crystallographic techniques like XRD and SXRD are
utilized to investigate phase transition phenomena during the
cycling processes. Furthermore, delineating the length scales
of heterogeneous structures is crucial, as the nanoscale phase
intergrowth and mechanical mixing of secondary particles sig-
nificantly impact phase transitions, charge transfer, and inter-
facial side reactions. A comprehensive application of multiple
characterization techniques can provide a holistic view of elec-
trode materials, including the interface structure of coexisting
regions, as well as the chemical composition and valency.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Additionally, there is a pressing need to explore more in situ
characterization methods and establish systematic characteriz-
ation protocols tailored to diverse composite structures, foster-
ing the development of mixed-structure materials. The judi-
cious application of cutting-edge characterization techniques
will facilitate a more profound understanding of these
materials, thereby expanding the spectrum of hybrid-structure
compounds and capitalizing on the synergistic merits of com-
posite architectures.

In conclusion, numerous studies have convincingly demon-
strated the substantial potential of composite structures in
achieving remarkable improvements in integrated electro-
chemical performance. Nonetheless, the development of
layered composite structural materials is still confronted with
challenges, chief among them being the rational prediction of
the structures of materials, the comprehensive optimization of
synthetic approaches, and the efficient application of charac-
terization techniques to understand the phase evolution
during synthesis and electrochemical processes. As future
research endeavors delve deeper into the systematic explora-
tion of composite structures, it is anticipated that multiphase
composite layered metal oxide materials will emerge as prom-
ising contenders for SIBs. These materials hold promise for
delivering high energy density and unparalleled cycling stabi-
lity, thereby addressing the pressing demands of modern
energy storage systems. By addressing the aforementioned
challenges and leveraging the latest advancements in materials
science and engineering, we can pave the way for the wide-
spread adoption of these advanced composites, revolutioniz-
ing the landscape of energy storage technologies.
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