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Research progress on molybdenum- and
tungsten-based materials for sodium-ion batteries:
fundamental mechanisms and optimization
strategies

Bingrong Shen,? Chenhui Yan,? Hui Peng, ©2 * Guofu Ma (22 and Yuxi Xu (2 *®

In sodium-ion battery (SIB) anode systems, molybdenum (Mo)- and tungsten (W)-based materials have
shown great potential in the field of energy storage due to their high theoretical capacity, adjustable
layered structure, and multi-electron characteristics. However, their practical applications are limited by
challenges such as structural collapse caused by volume expansion, instability of the solid electrolyte
interface (SEI) due to interface side reactions, and poor conductivity. To date, many reports have shown
that through strategies such as structural design, compounding and hybridization, defect and interface
engineering, their conductivity can be significantly improved, mechanical stress alleviated and ion trans-
port paths optimized, achieving a breakthrough in cycling stability. In this review, we first analyze the chal-
lenges faced by Mo- and W-based materials in SIB anodes. Then, we systematically focus on the sodium
storage mechanisms and performance optimization strategies for Mo- and W-based materials, as well as
research progress on Mo- and W-based oxides/chalcogenides, carbon composites and polymetallic mol-
ybdenum/tungstate. Finally, we discuss the bottlenecks they face and provide an outlook for the future
development of Mo- and W-based materials in the SIB field.

With growing demand for sustainable energy storage, sodium-ion batteries (SIBs) are emerging as a promising alternative to lithium-ion batteries (LIBs) due
to their abundant sodium resources, low cost, and environmental friendliness. However, the slow diffusion kinetics of Na* in traditional anode materials

remains a major challenge limiting the development of high-performance SIBs. This is not only due to limitations of the anode material, but also closely

related to its sodium storage capacity, structural stability, and interfacial dynamics. Molybdenum (Mo)- and tungsten (W)-based materials, with their unique
layered structures and rich valence states, offer a high theoretical capacity, structural stability, and excellent rate performance in SIBs, demonstrating great

application potential. Nevertheless, issues such as interfacial stability, volume effects, and conductivity still hinder their performance improvement.

Therefore, improving the overall performance of SIBs requires some efficient and significant optimization strategies. Against this backdrop, we highlight the
recent progress made in sodium storage mechanisms and optimization strategies for SIB anode materials. In addition, we also conducted an in-depth ana-
lysis of research progress on various Mo- and W-based materials. Therefore, continued progress in these directions is expected to accelerate the practical

application of SIBs in next-generation energy storage applications.

1. Introduction

current market, they face severe challenges due to the uneven
distribution of lithium resources and sharp price fluctuations,

At a critical time in the global energy transition, efficient and
low-cost energy storage technology has become a core element
in supporting the large-scale deployment of renewable
energy."” Although lithium-ion batteries (LIBs) dominate the
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which seriously restrict their application in the -electro-
chemical energy storage area.>! Sodium-ion batteries (SIBs)
are widely regarded as an important representative of the next
generation of energy storage systems due to the abundance of
sodium resources in Earth’s crust, low raw material costs, high
intrinsic safety, outstanding fast charging capabilities, green
sustainability, and a similar working mechanism to that of
LIBs (Fig. 1).>” However, the large radius and molar mass of
sodium ions (Na') lead to sluggish diffusion kinetics in tra-
ditional anode materials, causing significant volume strain
and capacity decay during charging and discharging, which
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Fig. 1 Classifications and advantages of Mo- and W-based materials
for SIBs.

has become the main bottleneck in the development of high-
performance SIBs.®™°

As the core component of SIBs, the performance of anode
materials directly affects the energy density, cycle life and rate
capability of batteries."'™® The ideal anode needs to have a
high specific capacity, excellent ionic/electronic conductivity
and structural stability to achieve efficient and stable operation
of the battery."*™*® Although traditional hard carbon materials
have a good cycling performance, their limited theoretical
capacity makes it difficult to meet the needs of high energy
density, and new materials are urgently needed to break
through the performance bottleneck.'””"® Among the many
candidate materials, molybdenum (Mo)- and tungsten (W)-
based materials stand out with their significant advantages
and they have become the most promising candidate materials
for anodes.>® > From the perspective of structural character-
istics, Mo- and W-based materials mostly present a layered
crystal structure with natural ion transport channels between
layers, and their interlayer spacing can be flexibly controlled
by means of intercalation and exfoliation.>*>> Compared with
other materials, this adjustable interlayer spacing not only pro-
vides a more suitable space for Na' insertion/de-insertion,
effectively reducing the insertion energy barrier, but also
buffers volume changes during charging and discharging,
maintaining structural stability.>®° At the level of the Na*
storage mechanism, the rich valence changes of Mo/W
elements enable multiple redox reactions such as intercala-
tion, conversion and alloying to occur, providing a high theore-
tical capacity, far exceeding that of traditional hard carbon
anode materials (250-350 mAh ¢™*).>*** In addition, Mo- and
W-based materials also have good chemical stability and
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thermal stability, and can maintain their structural integrity
under extreme conditions such as high temperature and high
voltage, greatly improving the safety and environmental adap-
tability of the battery.**” Meanwhile, its unique electronic
structure endows the material with excellent intrinsic elec-
tronic conductivity, and the ion transport advantages brought
by the layered structure can effectively improve the rate per-
formance of the battery.*®**' In 2025, Liu et al. thoroughly
investigated the effect of W doping on the electrochemical per-
formance of a manganese phosphate material with a NASICON
structure (sodium superionic conductor type structure), analyz-
ing the mechanism of W doping and proposing an optimiz-
ation framework to improve its cycling stability and rate per-
formance.*” On the other hand, Khammuang et al. integrated
the electrochemical mechanisms of Mo,C, Mo0,CO,, and
MXenes through density functional theory (DFT) calculations,
highlighting Na® adsorption, diffusion, and maximum
capacity under different strains, and the Mo-based MXenes
exhibited lower energy diffusion barriers and excellent den-
drite suppression capabilities compared to existing
materials.”® These studies provide a theoretical basis for the
performance optimization of Mo- and W-based materials and
point the way for further improving the performance of SIBs.
In recent years, research has focused on further unlocking the
performance potential of Mo/W based materials through strat-
egies such as nanostructure design and atomic-level regu-
lation. By enhancing the exposure of active sites in materials
and optimizing interfacial charge transfer efficiency, SIBs are
being pushed toward the practical goal of high energy density
and long cycle life.**™*”

Mo- and W-based materials have shown multi-dimensional
performance advantages and application potential in the field
of SIB anodes, but there are still many technical difficulties to
be overcome before large-scale commercial applications.*®™*
This review introduces research on Mo- and W-based materials
in SIB anodes through the aspects of material classification,
sodium storage mechanisms, performance optimization strat-
egies, practical application challenges and future development
directions, and provides a comprehensive overview and ana-
lysis of recent research strategies for high-performance SIB
anode materials.”>>® With continued in depth research and
development, Mo- and W-based anode materials will become
the core breakthrough to overcome the performance bottle-
neck of SIBs, help the global energy storage industry move
toward a green, efficient, and sustainable direction, and inject
new impetus into the energy transformation goals.>®>°

2. Challenges of Mo- and W-based
materials in SIB anodes

Mo-based materials have the advantages of high temperature
stability, strong corrosion resistance, relatively excellent con-
ductivity, good compatibility with carbon materials, and
environmental protection and non-toxicity.°”®" W-based
materials have the advantages of high density, high strength,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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high hardness, high chemical stability, excellent thermal conduc-
tivity and good electrical conductivity.®*** However, both of them
face multiple challenges when applied in SIB anodes: when
storing sodium, multiple reactions such as intercalating-conver-
sion-alloying will cause volume expansion, resulting in pulveriza-
tion and shedding of electrode materials, structural instability,
and shortened cycle life; although the intrinsic conductivity is
better than some materials, the interlayer electron conduction re-
sistance is large, and the conductivity is still lower than that of
carbon-based materials; the abundant active sites on the surface
react with the electrolyte to form an unstable SEI membrane,
which continuously consumes sodium ions and electrolyte,
exacerbating capacity decay and increased internal resistance.®* %
The above features and challenges are described in Fig. 2.

Although both Mo-based and W-based materials show
potential as anode materials for SIBs, significant differences
exist between them that affect their performance. W has a
higher atomic mass than Mo, leading to differences in specific
capacity and mass energy density. At the atomic level, W-based
materials generally exhibit higher theoretical capacity and
energy density than Mo-based materials, but considering the
actual material density, their volumetric efficiency is lower
because the higher atomic mass of tungsten reduces the actual
density of the material. Furthermore, due to stronger atomic
bonds, W-based materials typically possess higher structural
stability than Mo-based materials, which can mitigate volume
expansion during cycling. However, this advantage often
comes with higher synthesis complexity and higher material
costs, making W-based materials less cost-effective than Mo-
based materials for large-scale applications. When selecting
the appropriate material for a specific application, the trade-
offs between cost, capacity, and scalability are -crucial,
especially in balancing battery energy density and overall cost
to enable the practical large-scale application of SIBs.%”%®

\
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2.1 Volume expansion and poor cycling stability

During the Na' insertion/de-insertion process, Mo- and
W-based materials undergo significant volume changes.
Taking MoS, as an example, because Na" has a relatively large
radius, when it is intercalated into the layered structure of
MoS,, it will expand the interlayer distance and cause changes
to the lattice parameters.®® This volume expansion will cause
serious damage to the crystal structure of the material. Upon
charge and discharge cycling, the layered structure is gradually
stretched and distorted, and even interlayer peeling occurs.”
From a microscopic perspective, the bond lengths and bond
angles between atoms will also change, causing the crystal
structure of the material to gradually degenerate, which in
turn affects the electrochemical properties of the material.”*
After multiple cycles, the layered structure of MoS, may trans-
form into a disordered nanoparticle stacking structure, which
will not only reduce the specific capacity of the material but
also affect the diffusion path and kinetic process of Na*.
Volume expansion will cause stress concentration inside
the material. Since the expansion degree of different parts of
the material may be different, stress gradients will form inside
and between particles.”” This stress concentration will acceler-
ate the pulverization process of the material. When the stress
exceeds the tolerance limit of materials, cracks will appear in
the material. As the number of cycles increases, the cracks con-
tinue to expand, eventually causing the material to break into
fine particles.”® Taking WS, nanosheets as an example, during
the sodification process, the stress distribution at the edges
and inside of the nanosheets is uneven, and the edges are
more susceptible to stress and curl and break. After the
material is pulverized, the electrical contact between the active
material and the current collector deteriorates, and electron
transmission is hindered, resulting in increased internal resis-
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Fig. 2 Features and challenges of Mo- and W-based materials in SIB anodes.
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tance of the battery and accelerated capacity decay. In
addition, the pulverized particles may also fall off from the
electrode surface, further reducing the active material loading
of the electrode, seriously affecting the cycling stability and
rate performance of the battery.”

Structural damage and pulverization will seriously weaken
the cycling stability of the material. As the number of cycles
increases, the structure of the material gradually deteriorates,
resulting in the obstruction of Na' intercalation/deintercala-
tion, reduced specific capacity, increased battery polarization,
reduced energy efficiency, and even safety hazards.”> The key
to improving the cycling stability of Mo- and W-based
materials lies in the synergy of “structural confinement” and
“interface optimization”, building physical support through
nano-scaling and composite formation, combining doping
and defect engineering to enhance chemical stability, and reg-
ulating the electrolyte to stabilize the interface reaction, balan-
cing volume expansion and long life requirements, providing
key technical support for the commercialization of SIBs.”®

2.2 Insufficient conductivity

In the actual application of the SIB anodes, the insufficient
conductivity of Mo- and W-based materials has a significant
negative impact on battery performance. Firstly, the low con-
ductivity will greatly increase the ohmic resistance inside the
electrode, leading to severe overpotential during the charge
and discharge process, which will reduce the energy efficiency
of the battery, limit the power density, and make it difficult to
meet the needs of high-power fast charging and discharging.””
Secondly, the hysteresis of the electron conduction rate directly
restricts the intercalation/deintercalation kinetics of Na'. The
active materials cannot fully participate in the electrochemical
reaction, resulting in a decrease in the battery’s specific
capacity. Especially under high rate conditions, the capacity
decay is more obvious.”® Furthermore, uneven conductivity
can cause imbalanced current distribution inside the elec-
trode, resulting in local overheating and stress concentration,
accelerating the structural destruction and pulverization of
active materials, and significantly shortening the cycle life of
the battery.”®

The poor conductivity of Mo- and W-based materials is
mainly restricted by the characteristics of electronic structure
and crystal structure. From the perspective of electronic struc-
ture, Mo- and W-based materials are mostly semiconductors or
insulators, all of which have relatively wide band gaps. The
energy consumption of the electron transition is high, result-
ing in fewer free electrons and a weak electron conduction
ability.®° Taking MoS, as an example, the chemical bonds
within its layers are mainly covalent bonds, while the inter-
layers are bound by weaker van der Waals forces. This struc-
ture greatly hinders the conduction of electrons between
layers.®! In terms of crystal structure, there are often problems
with lattice defects, which scatter electrons and increase the re-
sistance to electron transmission.?>%? At the same time, Mo-
and W-based materials will undergo phase changes (i.e. con-
version reactions or alloying reactions) during the Na* interca-

EES Batteries

View Article Online

EES Batteries

lation/deintercalation process. The stress and structural
changes generated during the phase change will further
destroy the conductive network of the material, exacerbating
the problem of insufficient conductivity.®*

To address the aforementioned issues, researchers have
conducted a lot of research on material structure design, com-
posite modification, etc. In terms of structural optimization,
nanofabrication can significantly shorten the electron trans-
mission path, and the introduction of porous structures can
improve the transmission efficiency of electrons and ions.
Heterogeneous structure design utilizes interface effects to
regulate the distribution of electron clouds, thereby improving
the overall conductivity of the material.**®” In terms of the
composite strategy, constructing a continuous conductive
network by combining it with highly conductive carbon
materials can not only effectively improve the conductivity of
the electrode, but also buffer the volume change during char-
ging and discharging. These methods provide theoretical gui-
dance for the design of high-performance Mo- and W-based
anode materials in SIBs.%%%°

2.3 Interfacial side reactions

In the anode system of SIBs, Mo- and W-based materials have
become research hotspots due to their high theoretical
capacity and unique layered structure, but interfacial side reac-
tions seriously hinder improving their performance.’”! The
interface side reaction will first lead to irreversible capacity
loss, consume limited Na" and electrolyte resources, greatly
reduce the initial coulombic efficiency of the battery, and con-
tinuously consume active materials during the cycling process,
accelerating capacity decay.”>®® Meanwhile, the side reaction
products will form an unstable SEI layer on the electrode
surface. The repeated rupture and regeneration of the mem-
brane will not only increase the internal resistance of the
battery, but also cause the electron transfer efficiency to
decrease, thus deteriorating the rate performance of the
battery.”*°°

In addition to the issue of interfacial side reactions, the
instability of the SEI layer remains a significant challenge for
Mo- and W-based anodes. The chemical composition of the
SEI on Mo- and W-based materials is still not fully understood.
Studies have shown that, in carbonate-based electrolytes, the
SEI consists of both inorganic components such as Na,COj3
and organic fragments derived from solvent decomposition,
such as alkyl carbonates and ester compounds. In ether-based
electrolytes, the SEI may contain more organic components,
with the presence of compounds like Na,O and ether-derived
organic salts.”® The differences in the SEI composition
between these two types of electrolytes highlight a major issue
for Mo- and W-based materials, namely electrolyte compatibil-
ity. This issue is less pronounced in more widely used anode
materials like hard carbon or titanium-based oxides, where the
SEI layer tends to be more stable. Additionally, high-concen-
tration electrolytes can further complicate SEI formation due
to their different interactions with the surface of Mo- and
W-based materials. In these systems, the SEI tends to be

© 2026 The Author(s). Published by the Royal Society of Chemistry
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thicker and less stable, leading to increased internal resistance
and reduced overall performance. These differences under-
score the need for further research into the stability and com-
position of the SEI layer on Mo- and W-based anodes, as well
as strategies for improving electrolyte compatibility and inter-
face stability.®”

The root cause lies in the thermodynamic and kinetic
incompatibility between Mo- and W-based materials and the
electrolyte. In terms of thermodynamics, there are a large
number of unsaturated coordinated atoms and active sites on
the surface of Mo- and W-based materials, which have high
reactivity with organic solvents and electrolyte salts in the elec-
trolyte and are prone to reduction and decomposition.’®*° For
example, after the carbonate solvent in the electrolyte gains
electrons on the electrode surface, it decomposes to produce
gases such as CO, and CO as well as organic fragments. These
fragments combine with Na' to form SEI membrane com-
ponents.'?® Kinetically, during the Na* intercalation/deinterca-
lation process, the material structure changes significantly,
exposing new active surfaces, resulting in continuous electro-
lyte infiltration and side reactions.'®* In addition, surface
defects and grain boundary regions of the material will further
reduce the activation energy of the reaction.

The problem of interface byproducts needs to be solved
through aspects such as material structure optimization and
interface modification. In terms of material structure optimiz-
ation, nano-scaling can be used to reduce the material size,
shorten ion diffusion paths, reduce local concentration gradi-
ents, and reduce side reactions caused by uneven ion
migration.'”>'% In terms of interface modification, atomic
layer deposition (ALD) technology is used to coat the material
surface with inert oxide layers such as Al,O; and TiO,, or con-
ductive polymers are coated by chemical deposition. This can
not only inhibit electrolyte penetration, but also optimize elec-
tron conduction and reduce interfacial charge accumulation.
Element doping can also be used to regulate the surface elec-
tron cloud density and weaken the reaction activity of active
sites with the electrolyte. %1

3. Sodium storage mechanisms in
Mo- and W-based materials

In research on SIBs, Mo- and W-based materials have attracted
much attention due to their diverse crystal structures and rich
redox chemistry.'”® Their sodium storage mechanism is not
dominated by a single mode, but is a complex and synergistic
system composed of intercalation/deintercalation, conversion
reactions, and pseudocapacitive behavior.'”” Among them, the
intercalation/deintercalation mechanism lays the foundation
for reversible cycling, relying on the reversible diffusion of Na"
in the material interlayer or tunnel; the conversion reaction
mechanism contributes a high specific capacity through
violent phase transitions, but is also accompanied by struc-
tural reconstruction and challenges; and pseudocapacitive be-
havior, as a surface-controlled rapid process, significantly

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Sodium storage mechanism of Mo- and W-based materials in
SIBs.

improves the rate performance of the material (Fig. 3).’°*"° A
deep understanding of the interaction and balance of these
three mechanisms, and the ability to artificially control them
through nanostructure design, composite formation and
defect engineering of materials, is key to unlocking the high-
performance sodium storage capacity of Mo- and W-based
materials.

3.1 Intercalation/deintercalation mechanism

In the SIB system, Mo- and W-based materials exhibit unique
sodium storage properties, and their intercalation/deintercala-
tion mechanism is the key to understanding their energy
storage performance. (1) Some Mo-based oxides have layered
or tunnel-like structures. For example, in layered MoO;, there
are certain gaps between the layers, which provide channels
for the insertion of Na". When the battery is charged, electrons
in the external circuit flow into the material and combine with
incoming Na’. Na" is gradually intercalated in the MoOj; inter-
layer, resulting in an increase in the interlayer spacing. This
process is accompanied by a change in the oxidation state of
the Mo ions, from a high valence state to a low valence state,
to maintain the electrical neutrality of the material.""" During
the discharge process, Na' is deintercalated from the interlayer
and returns to the electrolyte, while electrons flow out through
the external circuit, and the oxidation state of Mo ions returns
to a higher valence state, completing a complete intercalation/
deintercalation cycle. Mo sulfide also has a special structure
for sodium storage.''” (2) Taking Mo-based sulfides as an
example, MoS, has a sandwich-like structure consisting of a
Mo atomic layer sandwiched between two S atomic layers."*?
When storing sodium, Na* tends to embed into the interlayer
van der Waals gap of MoS,. As Na' is intercalated, the crystal
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structure of MoS, expands to a certain extent, and the electron
cloud distribution of Mo atoms and S atoms changes, causing
slight changes in the Mo-S bond length and bond angle."**
This structural change affects the intercalation/deintercalation
dynamics of Na* to a certain extent. In the subsequent extrac-
tion and insertion process, the structure gradually recovers.
After multiple cycles, the repeated structural changes may
cause partial structural damage to the material, affecting the
cycling stability of the battery.'™ (3) For some Mo-based com-
posites, the sodium storage mechanism is more complicated.
When Mo-based materials are composited with carbon
materials, the carbon materials can improve the conductivity
of the materials. In addition, their porous structures or func-
tional groups can provide additional adsorption sites for
Na".'*® During the charge and discharge process, in addition
to the Na' intercalation/deintercalation reaction of the Mo-
based material, the carbon material may also participate in
sodium storage, storing a certain amount of Na' through
surface adsorption or the formation of weak chemical bonds.
This synergistic effect helps to improve the overall sodium
storage capacity and rate performance of the material.'"’
Moreover, W-based materials (such as WO,) undergo similar
redox reactions and accompanying crystal phase transitions to
those of Mo-based materials when storing sodium. When Na"
is embedded, the original crystal structure may transform
from one crystal phase to another crystal phase that is more
conducive to the accommodation of Na'. This process is also
accompanied by a change in the oxidation state of W ions to
balance the charge. During the deintercalation process, the
crystal phase undergoes a reverse transformation. At the same
time, some defects or amorphous areas on the surface of the
material may also play an important role in the rapid adsorp-
tion and desorption of Na', affecting the overall sodium
storage kinetics.''®

The sodium storage mechanism of Mo- and W-based
materials involves many factors, such as changes to the
material structure, changes to the ion oxidation state, and
synergistic effects with other composite components.
Understanding these mechanisms is of great significance for
further optimizing the sodium storage performance of
materials.

3.2 Conversion reaction mechanism

The conversion reaction mechanism of Mo- and W-based
sulfide compounds in the SIB system is the core path for
sodium storage, which is characterized by “chemical bond
breakage and recombination-product phase change-reversible
redox”. At the beginning of discharging, Na" is intercalated in
the layered structure, triggering the dissociation of Mo/W-X (X
= S/Se) bonds, and generating metallic Mo/W nanoparticles
and Na,X (such as Na,S, Na,Se) through electrochemical reac-
tions. This process is accompanied by the influx of electrons
and the collapse of the crystal structure to form a nano-
composite phase. The reverse reaction theoretically restores
the original material during the charging process, but in
reality, it is affected by product agglomeration, side reactions
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and kinetic hysteresis, resulting in capacity decay.''* "
Structural differences in the materials will affect the conver-
sion process. Compared with MoS,, the high oxidation state of
W in WS, results in a higher reaction potential and stronger
W-S bond energy, leading to slower initial intercalating kine-
tics. MoSe, and WSe, have a large Se atomic radius, wide inter-
layer spacing and ion diffusion channels, but the difference in
Se electronegativity changes the electron cloud distribution,
resulting in different Mo/W-Se bond dissociation energies."** It
is worth noting that although W-based materials follow a similar
transformation path, the high oxidation state of W makes the
reaction potential higher, the interlayer van der Waals force
weaker, and the ion diffusion energy barrier lower; this increases
the risk of structural collapse during cycling.'**'**

To overcome the problems in the conversion reaction faced
by Mo- and W-based materials when applied to SIBs, various
strategies have been adopted.'” On one hand, by carefully
designing the microstructure of the material, such as con-
structing nanostructures and porous structures, the influence
of volume changes can be mitigated, the structural stability of
the material can be increased, and the transmission and
diffusion of Na" can be facilitated. On the other hand, by
adopting the strategy of forming composites with other
materials, such as composites with highly conductive carbon
materials, the overall conductivity and rate performance of the
Mo- and W-based materials can be improved, which will indi-
cate the direction for designing high specific energy and long-
life anode materials for SIBs.'>*"?’

3.3 Pseudocapacitive behavior

The pseudocapacitive behavior of Mo- and W-based materials
and the sodium storage mechanism originate from the rapid
and reversible redox reaction and ion adsorption process on
the surface."”® This mechanism uses the atomic layer (edge
sites or defect areas) on the surface of the material as the
active center. Na' diffuses to the surface of the material
through the electrolyte, and rapid electron transfer occurs with
the surface active site, triggering a change in the valence state
of the Mo/W ions. At the same time, it is accompanied by
surface adsorption or short-range embedding of Na', forming
a pseudocapacitive response.'**'*® This process is different
from traditional diffusion-controlled intercalation/deintercala-
tion, in that its kinetics only depends on the surface ion
adsorption-electron transfer rate.’*' Specifically, during the
Na' intercalation/deintercalation process, Mo-based oxides
and sulfides can achieve multi-electron transfer through the
valence change of the Mo element (such as Mo®" — Mo*" —
Mo°), and the rapid adsorption and desorption reaction of
surface ions produces pseudocapacitive behavior.'*> For
example, MoO; nanosheets construct a high specific surface
area structure, allowing Na' to undergo rapid redox reactions
on the surface, significantly improving the rate performance,
while the layered structure of MoS, not only enables Na* inter-
calation, but also accelerates ion storage dynamics through
pseudocapacitive reactions at the edge active sites."** W-based
materials also exhibit excellent pseudocapacitive properties.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Analysis of the storage mechanisms of Mo- and W-based materials in SIBs
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Sodium storage

Representative substances mechanisms Sodium storage principle Main causes of failure  Ref.
Mo-based sulfides (MoS,)  Intercalation/ Reversible diffusion and intercalation of Na" between the Interlayer spacing 118
deintercalation layers; the Mo valence state reversibly changes in conjunc- changes/unstable SEI
tion with electron/Na* coupling to maintain electrical layer
neutrality
Mo-based materials/ Intercalation/ Carbon enhances electronic conductivity, and the porous Volume change 115
carbon composites deintercalation structure/functional groups provide additional Na* adsorp-
(MoS,/C) tion sites
W/Mo-based selenides Conversion reaction  This is a “bond breaking-product phase transition—- Structural collapse 119
(WSe,/MoSe,) reversible redox” reaction pathway; Se influences the bond
energy and reaction kinetics
Mo-based sulfides (MoS,)  Conversion reaction  The reaction involves a transformation from interlayer Phase transition or 120
intercalation to Mo-S bond breaking; the charging volume change
reversibility is limited by kinetics
Mo-based sulfides (MoS,)  Pseudocapacitive Na' undergoes rapid and reversible redox reactions at Structural collapse 135
behavior surface defects; its kinetics depend on the surface reaction

rate, not bulk diffusion

The high valence state and stable lattice structure of the W
element help maintain the reversibility of the pseudocapacitive
reaction. After nano-scaling or composite modification, the
active sites can be further exposed."**"**> However, the struc-
ture and defect engineering of materials have a significant
impact on pseudocapacitive behavior. Nanosizing can signifi-
cantly increase the specific surface area and expose more edge
active sites, while the introduction of defects such as oxygen
vacancies and sulfur vacancies can optimize the electronic
structure and reduce the reaction energy barrier.">*'*”

However, the pseudocapacitive behavior of Mo- and
W-based materials still faces challenges in practical appli-
cations. On one hand, the surface structure is easily destroyed
by repeated intercalation/deintercalation of ions during long-
term cycling, resulting in pseudocapacitive capacity decay. On
the other hand, insufficient intrinsic conductivity limits the
surface reaction rate.'*® Current research optimizes the elec-
tron transmission pathways and surface activity of materials
through defect engineering, nanostructure design and carbon-
based composite strategies, synergistically improving the pseu-
docapacitance contribution and cycling stability, which will
provide important theoretical support for the development of
high-performance sodium-ion battery electrode materials.'*°
Table 1 summarizes the analysis of sodium storage mecha-
nisms for some representative molybdenum and tungsten
materials. Generally, a thorough understanding of the three
sodium storage mechanisms (intercalation/deintercalation,
conversion reactions and pseudocapacitive behavior) is key to
unlocking the high-performance sodium storage capabilities
of W- and Mo-based materials.

4. Performance optimization strategy
for Mo- and W-based materials
4.1 Structural design

4.1.1 Nanoscale design. The preparation of nanostruc-
tured Mo- and W-based materials by different methods has a

© 2026 The Author(s). Published by the Royal Society of Chemistry

significant effect on improving the performance of materials.
Nanostructured Mo- and W-based materials have a high
specific surface area and can provide more active sites to
promote the adsorption and reaction of Na".'**"'*? studies
have shown that for layered MoS,/WS, materials, the optimal
interlayer spacing for optimizing Na' diffusion pathways and
improving the performance is in the range of 0.8-1.2 nm.
This range facilitates efficient Na' intercalation and mini-
mizes the negative effects of volume expansion, while exces-
sively large or small interlayer spacings can adversely affect
cycling stability. During the charge and discharge process,
more active sites allow sodium ions to embed and extract
from the material more quickly, thereby improving the rate
performance of the battery.'*® Nanostructures can shorten
the diffusion path of Na'. Due to their small size, the
diffusion distance of Na' ions inside the material is signifi-
cantly shortened, allowing them to reach active sites faster
and participate in electrochemical reactions. This enables the
battery to respond to current changes more quickly during
the charging and discharging process, reduces electrode
polarization, and improves the charging and discharging
efficiency of the battery. The nanostructure can also effec-
tively alleviate the volume change problem during the char-
ging and discharging process. Due to the small size of nano-
particles, the internal stress generated during volume expan-
sion and contraction is relatively small."** Furthermore,
nanoscale design strategies also have a significant impact on
the initial coulombic efficiency (ICE). While a larger specific
surface area provides abundant reaction sites, it also means
that a larger amount of SEI film will form during the first
charge-discharge cycle, consuming more sodium ions and
typically leading to a lower ICE. To mitigate this problem,
research often employs surface engineering (such as carbon
coating) or pre-sodiation to guide the formation of a thinner
and more stable SEI on the surface of the nanostructure,
thereby reducing irreversible sodium loss and improving the
first-cycle efficiency while still leveraging the kinetic advan-
tages of the nanostructure.'*>
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The design of Mo-based nanostructured materials can be
achieved through a variety of methods, each with its own
characteristics and advantages. The hydrothermal method is a
commonly used method for preparing nanostructured Mo-
based materials. Taking the preparation of nano-MoS, as an
example, the molybdenum source and the sulfur source react
chemically in a high-temperature and high-pressure aqueous
solution environment in the hydrothermal reaction system.
The sulfur source decomposes to produce sulfur ions, which
combine with molybdenum ions to gradually form MoS, nano-
structures. As shown in Fig. 4a, Nabilah Al-Ansi et al. prepared
carbonized polymer dots (CPDs) by a hydrothermal method
and annealing treatment using citric acid and ethylenedia-
mine as raw materials. After hydrothermal treatment with
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Na,MoO,, thioacetamide and CPDs at 180 °C for 24 h and
annealing at 700 °C under a H,/Ar atmosphere for 2 h, a
MoS,@CPD material with a uniform 3D nanoflower-like micro-
sphere structure was prepared (Fig. 4b). Its large specific
surface area and rich pore structure enable it to maintain a
practical capacity of 302.8 mAh g™ after 500 cycles at a current
density of 0.5 A g~* (Fig. 4c)."*® By precisely controlling the
reaction conditions, the size and morphology of nano-MosS,
can be regulated. Specifically, MoS, with a relatively uniform
nanosheet structure can be obtained when the concentration
ratio of the molybdenum source and the sulfur source is
appropriate.

Similarly, Bai et al used Na,MoO, and thiourea as raw
materials with multi-walled carbon nanotubes (MWCNTS)

- MoS:@CPDs

MoS:2

e |
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(a) Schematic demonstration of the synthesis of CPDs, MoS,, and MoS,@CPDs. (b) SEM image and (c) cycling performance of MoS,@CPDs-2

at 0.5 A g~*. Reproduced with permission from ref. 146. Copyright 2023, Wiley. (d) SEM image of the MoS,/MWCNT composite. (e) Cycling of the
MoS,/MWCNT and MoS; electrodes. Reproduced with permission from ref. 147. Copyright 2018, American Chemical Society. (f) Schematic of the
synthesis process and (g) SEM image of NCF@V-MoS,. Reproduced with permission from ref. 148. Copyright 2022, Elsevier.
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through a hydrothermal reaction at 190 °C for 36 h to syn-
thesize a nanoflower-shaped neuron-like MoS,/MWCNT com-
posite material in one step (Fig. 4d). As shown in Fig. 4e, the
nanoflower microspheres are connected by carbon nanotubes,
which have both a large specific surface area and high conduc-
tivity. The discharge capacity is maintained at 527.7 mAh g™*
after 110 cycles at 100 mA g, and the capacity retention rate
is about 100%.'*” Hu et al. anchored MoS, nanosheets with S
vacancies on a 3D flower-shaped nitrogen-doped carbon frame-
work (NCF@V-MoS,) by a similar hydrothermal method to
prepare a nanoflower-shaped microsphere structure (Fig. 4f
and g)."*® In the experiment, ammonium molybdate was used
as a molybdenum source and thiourea as a sulfur source, and
the pre-prepared N-doped carbon flower was used as the
supporting framework for a hydrothermal reaction at 220 °C
for 24 h. The practical capacity of NCF@V-MoS, remained
at 413 mAh g™ after 300 stable cycles at a current density of
1Ag .
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In the study of the sodium storage mechanism and struc-
tural design of W-based sulfide compounds, Yang et al
adopted a solvothermal strategy to prepare a 3D hollow micro-
flower-like WS,-based hybrid material (H-WS,@NC) by in situ
interlayer modification of a nitrogen-doped carbon matrix
using 2D WS, nanosheets with extended interlayers as build-
ing blocks for bottom-up self-assembly (Fig. 5a). As shown in
Fig. 5b, a 3D nano/micro-hollow structure was constructed
with WS, nanosheets with extended interlayers as building
blocks, which provided mass transfer and electron transfer
channels, an internal space to adapt to volume changes, and
reduced ion diffusion energy barriers, so that the SIBs per-
formed better (Fig. 5¢)."*° With continued improvement of the
performance requirements for transition-metal dichalcogenide
(TMD)-based electrode materials, Wang et al made new
attempts to expand the application scenarios and optimize the
performance of WS, materials. As shown in Fig. 5d and e, they
developed a hybrid nanostructure of nitrogen-doped graphene
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(a) Illustration of the synthesis process for H-WS,@NC. (b) TEM images of H-WS,@NC. (c) Long-term cycling performance of the H-WS,@NC

electrode. Reproduced with permission from ref. 149. Copyright 2019, Wiley. (d) SEM image and (e) TEM image of the NGQD WS,/3DCF nanoarchi-
tecture. (f) Cycling performance of the 3DCF, WS,/3DCF and NGQDs WS,/3DCF. Reproduced with permission from ref. 150. Copyright 2013, RSC.
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quantum dots decorated with WS, nanosheets and anchored
with porous 3D carbon foam (NGQDs-WS,/3DCF). The porous
structure of carbon foam is used to provide mechanical
support and shorten the ion diffusion path. The strong inter-
face effect of NGQDs is used to anchor the WS, nanosheets to
inhibit stacking and volume expansion, so that the material
has a practical capacity of 268.4 mAh g~ at 2000 mA g " and a
capacity retention rate of 97.1% after 1000 cycles (Fig. 5f).">°

The aforementioned research systematically demonstrates
the results of exploring Mo- and W-based nanomaterials in
SIBs, covering various aspects from material structure design
to innovative preparation methods. From the high number of
active sites and short diffusion paths given by the nano-
structure to the precise control of material morphology such
as by means of a hydrothermal method and breakthroughs in
structural design and mechanistic analysis of W-based
materials, researchers continue to explore the potential for
improving material performance through multi-dimensional
exploration. Overall, nanoengineering has significantly
improved the rate performance and cycling stability of Mo-
and W-based anode materials, endowing them with more
active sites, shorter Na* diffusion pathways, and greater toler-
ance to volume changes. However, as research transitions from
the laboratory to practical applications, the engineering feasi-
bility urgently needs to be evaluated. Hydrothermal/solvo-
thermal synthesis methods offer advantages in controlling
material morphology and size, but large-scale preparation
faces challenges such as uneven heat and mass transfer, long
reaction times, and energy consumption and cost issues
associated with high-temperature processing.'>" Therefore,
future nanostructure design should focus on scalable synthesis
routes, simplified post-processing techniques, and compatibil-
ity with high-loading electrode manufacturing to achieve an
effective transition from fundamental research to engineering
applications.

4.1.2 Porous and hollow structure design. The design of
porous and hollow structures is an effective optimization strat-
egy for constructing electrode materials with structural fea-
tures.'®® From the perspective of structural characteristics, the
porous structure increases the specific surface area, provides
more active sites, and accelerates ion diffusion through the
pore network, and the hollow structure buffers the volume
expansion stress and improves the cycling stability through the
internal hollow space.'”® In terms of design and preparation,
researchers have achieved precise control of the porous-hollow
structure through templating methods, self-assembly
methods, and hydrothermal methods.'** For example, the
hard template method can control the size and shape of the
pores, the soft template method can self-assemble the material
through intermolecular forces, and the combination of a
hydrothermal method and a self-assembly method can
prepare multi-level pore structures, which will lay the foun-
dation for performance optimization and the large-scale prepa-
ration of materials. Similarly, the design of porous and hollow
structures has a dual impact on the ICE of the material. On
one hand, their high specific surface areas and abundant
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pores provide more active sites while also intensifying the
contact between the electrode and the electrolyte, potentially
leading to more significant SEI formation and irreversible
sodium consumption, thus reducing the ICE. On the other
hand, by precisely controlling the pore structure (such as pore
size) and surface chemical properties, and combining strat-
egies such as carbon coating or pre-sodiation, it is possible to
effectively guide the formation of a stable and dense SEI, utiliz-
ing its structural advantages to buffer volume expansion while
reducing irreversible loss of active sodium. Therefore, fine-
tuning of the surface and interface engineering of porous/
hollow structures is a key research direction for balancing
their kinetic advantages and first-cycle efficiency.'>>**°

In research on anode materials for SIBs, although the meso-
porous structure is effective at improving the exposure of
active sites, further enhancing the interfacial bonding between
the active components and the carbon matrix to inhibit struc-
tural instability during the cycle remains an urgent problem to
be solved. In response to this challenge, Wei et al. used a SiO,
template-assisted solvothermal reaction and subsequent high-
temperature pyrolysis to synthesize a composite material that
grew ultra-thin metal-phase MoS, nanosheets on the inner
surface of mesoporous hollow carbon spheres (M-MoS,@HCS)
(Fig. 6a—c)."”” The mesoporous hollow carbon spheres provide
flexible support and ion diffusion channels to inhibit MoS,
aggregation and volume expansion, thus M-MoS,@HCS has a
practical capacity of 401.3 mAh g~ at 0.1 A g~ for 100 cycles
(Fig. 6d). Its composite structure significantly improves the
reversibility of the sodium storage conversion reaction by
synergistically accelerating electron transport, optimizing ion
paths and buffering volume changes. On this basis, in view of
the problems of poor conductivity, large volume changes and
particle agglomeration of MoS, as the anode of SIBs, Ma et al.
adopted a template-free two-step dissolution thermal synthesis
strategy to prepare a MoS,/C composite material of ultrathin
nanosheets assembled on lignite-based carbon (Fig. 6e). As
shown in Fig. 6f and g, the hollow structure alleviates volume
expansion and shortens the Na* diffusion path, and the strong
interface between lignite-based carbon and MoS, improves the
conductivity and inhibits agglomeration. Thus, the practical
capacity of the MoS,/C composite material is still 431 mAh g™*
after 2000 cycles at 20 A g~ (Fig. 6h), and the sodium storage
performance is optimized through the synergistic mechanism
of “hollow structure buffering-carbon-based enhanced con-
ductive dispersion”.'>® With an in-depth understanding of the
structure-performance relationship, researchers have further
expanded the design of porous-hollow structures from single
materials to multi-component composite systems. Cui et al.
used a hard template method to synthesize a composite
material of hollow porous double-shell N/S-doped
carbon@WS, nanospheres (NSC@WS,) (Fig. 6i and j)."*° The
constructed hollow porous double-shell structure effectively
buffers the volume expansion during the cycle and shortens
the Na' diffusion path. The N/S-doped carbon inner shell
improves the conductivity of the composite material and accel-
erates electron transfer. As shown in Fig. 6k, the reversible

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Ilustration of the synthesis process, (b) TEM image, and (c) HRTEM image of M-MoS,@HCS. (d) Cycling performance of the

M-MoS,@HCS electrode at 1.0 A g~*. Reproduced with permission from ref. 157. Copyright 2021, American Chemical Society. (e) Illustration of the
synthesis process, (f) SEM image, and (g) TEM image of MoS,/C. (h) Long cycle life of the MoS, and MoS,/C electrodes at 20.0 A g~*. Reproduced
with permission from ref. 158. Copyright 2025, Springer Nature. (i) SEM image and (j) TEM image of NSC@WS,. (k) Cycling performances and (l) rate
performances of the NC, WS,, and NSC@WS, electrodes. Reproduced with permission from ref. 159. Copyright 2025, Elsevier.

capacity of the material remains at 428 mAh g™ after 400
cycles at 1 A g~'. The material improves the rate performance
through the collaborative design of “hollow structure to buffer
volume changes-doping carbon to improve conductivity-ultra-
thin double shell to optimize ion transport”, overcoming the
application bottleneck of WS, (Fig. 61).

4.2 Composite and hybrid design

A carbon coating, as a core composite strategy for SIB electrode
materials, constructs a conductive network-mechanical
barrier-interface regulation synergistic system by regulating
the structure, composition and thickness of the carbon
layer.'®%'®! Research has shown that when Mo- and W-based

© 2026 The Author(s). Published by the Royal Society of Chemistry

materials are hybridized with carbon, a carbon content of
5-10% can significantly enhance conductivity while maintain-
ing a high specific capacity and good cycling stability.
However, if the carbon content exceeds 15%, the specific
capacity may decrease because the carbon layer occupies too
many active sites. It is worth noting that rational composite
and hybridization designs are also crucial for controlling the
ICE. While the introduction of a carbon layer can improve con-
ductivity and buffer volume changes, it may also consume a
certain amount of sodium ions during the first cycle due to
the formation of the SEI, thus affecting the ICE. By precisely
controlling the thickness, crystallinity, and surface chemistry
of the carbon layer, high ICE can be achieved. For example, by
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constructing a uniform and dense thin carbon coating, intro-
ducing appropriate surface functional groups, or performing
pre-sodiation treatment, it is possible to promote the for-
mation of a more stable and thinner SEI without significantly
sacrificing active sites. This allows for the synergistic optimiz-
ation of ICE by effectively reducing irreversible sodium loss
while simultaneously leveraging the structural protection and
conductivity enhancement effects of the carbon layer.'®* In the
study of structural-functional synergistic optimization of
anode materials for SIBs, Tan et al. developed a 2D hetero-
structure composite material of carbon-coated MoSe,/MXene
(MoSe,/Mo0,CT,/C). From the unique structure of MXene-
coated MoSe, particles with loose carbon connections, the
MXene layer enhances the surface activity of MoSe,, and the
carbon layer provides rich pores, which synergistically improve
the ion diffusion efficiency (Fig. 7a and b). As shown in
Fig. 7c, there is a good specific capacity at different current
densities after 2200 cycles. This heterostructure effectively
inhibits MoSe, agglomeration and enhances structural stabi-
lity and ion conductivity through the synergistic effect of
MXene interface activation and carbon layer pore optimization,
as well as charge transfer regulation.'®® Lu et al. further dee-
pened the “interface-component” synergistic strategy and pro-
posed an innovative path for strengthening the N-rich nitride
substrate (Fig. 7d-f), which used the Mo-aniline skeleton as a
precursor to prepare a composite material of carbon-coated
N-rich Mo,N modified few-layer MoSe, nanosheets
(MoSe,@Mo,N/C-I) through calcination, selenization and nitri-
dation processes. The carbon layer effectively enhances the
structural stability and conductivity of Mo,N, and nitrogen-
rich Mo,N and few-layer MoSe, form a rich heterogeneous
interface, providing a large number of active sites to accelerate
Na' diffusion and charge transfer. As shown in Fig. 7g,
the reversible capacity is 178.6 mAh g~ after 10 000 cycles at
20 A g™, and the capacity retention rate is 98.8%."%*

In the study of W-based carbon composites, Wang et al. pre-
pared a carbon—uniformly encapsulated WS, precursor by a one-
pot method combined with a high chloride hydrolysis method
(Fig. 7h). Then selenization-co-carbonization were carried out
to finally obtain a WSSe,/C composite material (Fig. 7i and j),
which significantly enlarged the lattice spacing by constructing
a built-in electric field, thereby ensuring fast and stable Na"
transport. The WSSe,/C-1 anode showed a high specific capacity
of 7153 mAh g after completing 200 cycles at 1 A g*
(Fig. 7k).'®® This strategy of combining carbon encapsulation
and a dual anion effect provides a reference for the develop-
ment of high-power density W-based SIB anode materials.

In summary, the carbon coating strategy has built a multi-
functional composite system for Mo- and W-based anode
materials that integrates conductivity enhancement, structural
stability, and interface optimization by precisely controlling
the structure, composition, and dimensions of the carbon
layer. From a single carbon layer coating to the multi-hetero-
geneous structure design, this strategy not only systematically
solves the intrinsic electronic insulation, volume expansion,
and interface instability problems of the material, but also
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achieves a cross-dimensional improvement in the sodium
storage performance through the synergistic mechanism of
conductive network construction, mechanical stress buffering
and ion transport acceleration.

4.3 Defect and interface engineering

4.3.1 Heteroatom doping. Heteroatom doping (such as N,
P, and Sn) is an effective modification strategy in Mo- and
W-based anode materials for SIBs.'®® N doping adjusts the
electron cloud density and reduces the ion diffusion energy by
introducing lone pairs of electrons. At the same time, N atoms
form strong chemical bonds with Mo and W atoms, enhance
the structural stability of the material, and inhibit volume
changes and structural collapse during charging and dischar-
ging.'”” P doping changes the reaction mechanism of the
material by forming a highly active phosphide phase, which
can reduce the charge transfer resistance of the material,
enhance electronic conductivity, and provide additional
sodium storage sites. In addition, P doping can also improve
the interface properties of the material, inhibit electrolyte
decomposition, reduce side reactions, and improve the cou-
lombic efficiency and long-term cycling stability of the elec-
trode. Sn doping mainly improves the performance by chan-
ging the crystal structure and electronic properties of the
material. The atomic radius of Sn is similar to those of Mo
and W, and it is easy to replace Mo and W atoms in the lattice,
causing lattice distortion, expanding the interlayer spacing,
and shortening the Na* diffusion path.'®® Therefore, doping
with elements such as N, P, and Sn synergistically improves
the conductivity, ion diffusion rate, and structural stability of
Mo- and W-based anode materials through multiple mecha-
nisms such as regulating the electronic structure, optimizing
the crystal structure, and improving the interface properties.
Furthermore, element doping plays a crucial role in regulating
the ICE of materials. By introducing heteroatoms such as N
and P, the surface chemical state and electronic structure of
the material can be adjusted, promoting the formation of a
more stable and denser SEI, thereby reducing the irreversible
consumption of active sodium during the first cycle. For
example, N doping leads to an electron-rich surface that facili-
tates the formation of a uniform SEI, while P doping forms a
stable interface layer that suppresses electrolyte side reactions.
By rationally selecting doping elements and controlling their
concentration and distribution, targeted regulation of the SEI
composition and structure can be achieved without sacrificing
Na' transport kinetics, thus synergistically improving the
material’s initial efficiency and long-term cycling stability,
further promoting its practical application.'®**”°

In the study of the structure-function synergistic design of
anode materials for SIBs, MXene is an “all-around” two-dimen-
sional material that combines high conductivity, hydrophili-
city, excellent mechanical strength, and tunable surface chem-
istry. Therefore, Yu et al. synthesized a composite material
(MoO3/MoS,/NC/MXene) with a N-doped carbon (NC) coating
on MoO3;/MoS, modified on MXene nanosheets through gas-
phase sulfidation and NC coating processes (Fig. 8a)."”" As

© 2026 The Author(s). Published by the Royal Society of Chemistry
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165. Copyright 2024, Elsevier.

shown in Fig. 8b and c, the sulfurization treatment retains the
MoO; nanobelt structure to improve conductivity, the con-
struction of the MoO;/MoS, heterostructure accelerates ion/
electron diffusion, while the introduction of NC and MXene
enhances the conductivity and inhibits volume expansion.
Thus, the composite material has a high discharge capacity of
464 mAh g™' at a current density of 0.1 A g~ and still main-
tains 202 mAh g ™' capacity at a high current density of 5 A g~*
(Fig. 8d). This work laid the foundation for subsequent inter-
face defect regulation.

Gao et al. converted the original MoO; into heterogeneous
MoO;3/MoO, and proposed a heterogeneous MoO3;/MoO,@NC

© 2026 The Author(s). Published by the Royal Society of Chemistry

(Fig. 8e)."”* As shown in Fig. 8f and g, the MoO3/MoO, compo-
site structure was successfully synthesized. The hybrid MoO;/
MoO, structure significantly improved the electronic conduc-
tivity and introduced oxygen defects, and the external N-doped
carbon layer enhanced the structural stability. The MoOs/
MoO,@NC material has a capacity of 190 mAh g™ at 0.5 A g™*
after 5000 cycles, and shows an outstanding pseudocapacitive
effect and wide temperature adaptability. Dong et al. proposed
a spherical MoS, block coated with a polydopamine-derived
N-doped carbon sphere (MoS,@NC) material for SIBs."”? As
shown in Fig. 8i and j, the MoS,@NC core-shell structure
spontaneously reorganizes into ultrafine nanosheets during
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Copyright 2023, Elsevier.

the cycle, improving material utilization and shortening the ion
transmission distance. The outer flexible NC shell maintains
the spherical structure of the electrode, inhibits agglomeration,
and promotes the formation of a stable SEI layer. As shown in
Fig. 8k, the material has been cycled for more than 10000
cycles at a high current density of 20 A g™*, and the capacity still
reaches 428 mAh g~'. The core-shell structure enhances the
structural integrity and electronic conductivity and reduces the
ion diffusion resistance through the synergistic mechanism of
core structure reorganization and shell stability protection.
Research on W-based materials presents a dual-track break-
through of component innovation and bio-templating. For

EES Batteries

example, Fu et al. used a step-by-step method to prepare laurel
leaf-shaped CooSg/WS,@N doped carbon bimetallic sulfide
(CoSs/WS,@NC) materials (Fig. 9a)."”* As shown in Fig. 9b
and c, one can see the laurel leaf-shaped morphology of the
CogSg/WS,@NC material and the corresponding crystalline
phase. The synergistic structure of large interlayer spacing WS,
and CoySg and the van der Waals force interface are used to
inhibit WS, aggregation, buffer volume changes and improve
the electron transfer efficiency. The charge and discharge
capacities of the CoySg/WS,@NC anode are 510 and 406 mAh
¢~ ', respectively, and the initial coulombic efficiency is 79.6%
(Fig. 9d). As the current density increases from 0.1 A g™* to 5.0

© 2026 The Author(s). Published by the Royal Society of Chemistry
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A g7', it provides a practical capacity of 359 mAh g™, and the
capacity retention rate is 78.0% (Fig. 9e). Kang et al. took
advantage of the bio-template and confined a small amount of
layered WSe, nanosheets in a composite material of N,P co-
doped carbon (WSe,/N,P-C-2) derived from Chlorella (Fig. 9f
and g)."”> With the help of the bio-templating effect of
Chlorella, the ultra-thin WSe, nanosheets were uniformly dis-
persed in N,P co-doped biochar (Fig. 9h), forming a high
activity carbon matrix confined nanosheet structure, which
effectively inhibited the agglomeration and volume expansion
of WSe,. As shown in Fig. 9i, the material has a good rate per-
formance at different current densities, and has both wide
applicability and ultra-stability. Besides, Liu et al. prepared Sn/
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N co-doped metallic phase tungsten selenide (1T-WSe,-Sn)
materials using chitosan as a precursor and nanoreactor
through a simple calcination technique."”® Sn doping induces
WSe, to transform from the 2H phase into the highly conduc-
tive 1T phase, while expanding the interlayer spacing and pro-
moting electron/ion transport (Fig. 9j). N doping and chito-
san-derived carbon layers improve the structural stability and
form a conductive active phase stable carbon matrix synergistic
structure.

In summary, the heteroatom doping strategy provides a sys-
tematic solution to the sodium storage problem of Mo- and
W-based anode materials through atomic-level electronic struc-
ture regulation and multi-scale performance optimization.
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of the WS,, CogSg@NC, CogSg/WS,@NC electrodes. Reproduced with permission from ref. 174. Copyright 2021, Elsevier. (f) Schematic synthesis of
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Reproduced with permission from ref. 175. Copyright 2020, Elsevier. (j)

Schematic illustration of the synthesis of the 1T-WSe,-Sn composite. Reproduced with permission from ref. 176. Copyright 2023, Springer Nature.
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From the dual improvement of electron conduction and inter-
face stability by N doping, to the phase structure transform-
ation and interlayer spacing expansion induced by Sn doping
and the reaction mechanism innovation brought about by P
doping, researchers have gradually constructed a synergistic
modification system of electronic structure optimization, ion
transport acceleration, and mechanical stress buffering
through single heteroatom doping, multi-heteroatom co-
doping and bio-template integration. These studies not only
reveal the structure-activity relationship between doping
elements and material properties, but also achieve a leap from
basic performance optimization to the practical application
potential of materials through the combination of green syn-
thesis processes and structural engineering.

4.3.2 Heterojunction interface design. In the study of
defect engineering, it has been explicitly stated that “lower
defect densities help to improve the cycling stability and struc-
tural integrity of the battery, reducing structural breakdown
caused by volume expansion”. A moderately higher defect
density (such as 10° defects per cm?) can effectively facilitate
charge transfer, improve the diffusion rate of electrons and
ions, and enhance the power performance and rate capability
of the battery."”” However, when the defect density becomes
too high, particularly above 107 defects per cm?, it may lead to
structural instability, increase the brittleness and decompo-
sition risks of the material, and subsequently affect the long-
term cycling stability and reliability of the battery. As a key
optimization strategy, the heterojunction interface design con-
structs a composite interface between different components or
phases to synergistically improve the material performance
through three aspects: electronic structure regulation, ion
transport acceleration and structural stability enhancement.'”®
(1) At the electronic structure regulation level, the heterojunc-
tion can induce charge redistribution and optimize the band
structure.’”® (2) Ion transport acceleration is another core
advantage of heterojunction design. Lattice mismatch and
interface defects between different materials can form abun-
dant ion adsorption sites and shorten the Na' diffusion
path.'®® (3) In terms of structural stability enhancement, the
heterojunction uses physical confinement and chemical
synergy to alleviate volume changes.'®" Furthermore, the
design of the heterojunction interface plays a crucial role in
controlling the ICE of the material. By constructing an internal
electric field at the interface and optimizing charge distri-
bution, the heterojunction can guide Na' to intercalate/dein-
tercalate more uniformly and promote the formation of a more
stable and thinner SEIL. For example, in heterostructures such
as MoS,/WS,, the electron redistribution at the interface can
reduce the initial sodium ion intercalation barrier while sup-
pressing excessive electrolyte decomposition on the active
surface, thereby reducing irreversible sodium loss. By ration-
ally selecting components, controlling the interface coupling
strength, and combining surface modification, it is possible to
effectively balance the first-cycle efficiency while leveraging the
synergistic effect of the heterojunction, further improving the
overall electrochemical performance of the material.'®*

EES Batteries
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Compared with 2H-MoS,, 1T-MoS, is an attractive energy
storage material due to its large interlayer spacing and excel-
lent conductivity. The electron filling engineering of the Mo 4d
orbital is the core idea to induce the efficient transformation
of the 2H phase into the 1T phase. Based on this theory, Peng
et al successfully constructed uniform heterogeneous
nanosheets (CuS@MoS,) by coprecipitation and a hydro-
thermal method (Fig. 10a—c).'®® Electron-rich CuS acts as an
electron donor, and part of the electrons at the heterogeneous
interface are transferred from Cu to Mo, triggering rearrange-
ment of the Mo 4d orbital and the formation of a strong built-
in electric field at the interface, and causing the irreversible
phase transition of MoS, from 2H to 1T (Fig. 10d). The practi-
cal capacity of CuS@MoS, remains at 464.18 mAh g~ after
2700 cycles at a current density of 10 A g~* (Fig. 10e). This
work provides a new perspective for developing high-perform-
ance sodium storage anode materials based on 1T-rich MoS,.
On this basis, She et al. focused on the structural design of
anode materials for SIBs and constructed a 3D porous hollow
heterostructure (MXene@MoS,) (Fig. 10f)."** The 3D flower-
like structure promotes electrolyte penetration by virtue of its
high specific surface area and porous channels (Fig. 10g),
effectively inhibits the self-aggregation of MoS, and buffers the
volume expansion, while the solid heterogeneous interface
formed by MXene and MoS, accelerates electron transfer
(Fig. 10h). Thus, the practical capacity of MXene@MoS,
remains at 494.4 mAh g~ after 1000 cycles at 5 A g~* (Fig. 10i).
This study reveals the influence of the electrode material struc-
ture on the sodium storage mechanism through the strategy of
template construction of the 3D structure and heterogeneous
composite formation. Following the research context of struc-
tural optimization and interface regulation, Zhao et al
designed and prepared a composite material of layered MoS,/
WS, heterostructure nanostructures (HC@Mo0S,/WS,@NC)
coated with double carbon layers to address the challenges of
insufficient reaction kinetics and large volume changes
(Fig. 10j)."®> The double carbon constrained structure of the
internal hard carbon core and the external nitrogen-doped
carbon shell is used to anchor MoS,/WS, to inhibit volume
expansion, while the high conductivity of the double carbon layer
is used to accelerate electron transport (Fig. 10k). Therefore, the
HC@MOoS,/WS,@NC material maintains a practical capacity of
333 mAh g " after 1000 cycles at 2 A g~* (Fig. 10l and m).

In summary, heterogeneous interface design has estab-
lished a 3D performance improvement path of electronic struc-
ture optimization, ion transport acceleration, and structural
stability enhancement for Mo- and W-based anode materials
through a multi-dimensional synergistic mechanism across
components and scales (Table 2). From the charge transfer
regulation of two-component heterojunctions to the interface
engineering innovation of 3D porous structures and core-shell
composite systems, this strategy not only reveals the intrinsic
relationship between interface effects and sodium storage per-
formance, but also achieves precise control from atomic-level
interface regulation to macroscopic structural design through
preparation techniques such as the template method and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Preparation process for the CuS@MoS, heterostructure. (b) SEM image and (c) HRTEM image of CuS@MoS,. (d) Diffusion energy barriers

of Na* in CuS, MoS,, and CuS@MoS.. (e) Long-term cycling performance of CuS@MoS,. Reproduced with permission from ref. 183. Copyright 2025,
Wiley. (f) Illustration of the synthesis process, (g) SEM image and (h) HRTEM image of MXene@MoS,. (i) Long cycling performance of the
MXene@MoS; electrode. Reproduced with permission from ref. 184. Copyright 2024, Elsevier. (j) SEM image and (k) HRTEM image of HC@MoS,/
WS,@NC. (1) XRD patterns of MoS,/WS,, HC@MoS,/WS,, and HC@MoS,/WS,@NC. (m) Rate capability of MoS,/WS,, HC@MoS,/WS,, and HC@MoS,/
WS,@NC at different current densities. Reproduced with permission from ref. 185. Copyright 2024, Elsevier.

in situ growth. In general, heterojunction interface engineering
provides an effective approach to simultaneously tune the elec-
tronic structure, accelerate Na' transport, and enhance the
structural stability of Mo- and W-based anode materials.
However, the complexity of their structure and composition
also poses challenges for engineering feasibility. Multi-com-
ponent heterostructures typically require precise control over
the phase composition, interfacial contact, and spatial distri-
bution of active regions, making their synthesis conditions
sensitive and difficult to scale up.'®® Furthermore, long-term
interfacial stability under repeated sodiation/desodiation
cycles remains a critical issue, especially when different com-
ponents exhibit mismatched mechanical or electrochemical

© 2026 The Author(s). Published by the Royal Society of Chemistry

behavior. Therefore, future heterojunction engineering should
focus on the systematic evaluation of simplified structures and
scalable synthesis methods to ensure that the inherent advan-
tages of interface tuning can be effectively translated into prac-
tically viable anode materials for SIBs.

5. Research progress on Mo- and
W-based materials in SIB anodes
5.1 Mo-/W-based oxides

Metal oxides have attracted much attention in research on
anode materials for SIBs due to their high theoretical specific
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Table 2 Comparison of the electrochemical performance of Mo- and W-based materials in SIBs

Cathode Current density Capacity retention ICE Capacity retention
Materials material (ag™ (mAh g™ (half/full) (%)/cycles Ref.
MoS,@CPDs-2 Na,V,(PO,);F; 0.5 472.4 82.3% (full) 62.5/500 146
Mo0S,/MWCNT — 0.1 527.7 67.5% (half) 100.0/110 147
NCF@V-MoS, — 1.0 413.0 64.8% (half) —/300 148
NGQDs-WS,/3DCF Nay_44MnO, 2.0 268.4 65.1% (half) 97.1/1000 150
M-MoS,@HCS — 0.1 401.3 34.6% (half) —/100 157
MOoS,/C Na,Fe,(PO,); 1.0 515.8 88.7% (full) 94.3/1000 158
NSC@WS, — 5.0 234.8 71.2% (half) 51.2/900 159
MoSe,/Mo,CT,/C — 2.0 238.4 47.3% (half) 86.3/2200 163
MoSe,@Mo,N/C-1 — 20.0 178.6 42.9% (half) 98.8/10 000 164
WSSe,/C-1 AC 1.0 715.3 56.4% (full) 70.1/200 165
H-Mo00O3/MoO,@NC — 0.5 190.0 38.9% (half) 38.9/5000 172
MoS,@NC Na,V,(PO,); 20.0 428.0 64% (full) 98.7/10 000 173
CogSg/WS,@N — 5.0 359.0 81.7% (half) 78.0/120 174
WSe,/N,P-C-2 NazV,(POy); 1.0 155.0 59% (full) —/5300 175
CuS@MOoS, Na,V,(PO,); 5.0 506.0 78% (full) 98.2/3200 183
MXene@MOoS, Na,V,(PO4);/C 5.0 494.4 78.2% (full) 79.9/1000 184
HC@MO0S,/WS,@C Na,V,(PO,); 2.0 333.0 64% (full) 39.8/1000 185

capacity. Among them, Mo- and W-based oxides, as potential
anode materials, exhibit unique physical and chemical pro-
perties and are expected to provide new solutions for improv-
ing the performance of SIBs.'®” Mo-based oxide has a variety
of oxidation states, such as MoO,, MoOs;, etc. Its crystal struc-
ture and electronic structure enable it to undergo reversible
redox reactions during the insertion and de-insertion of Na',
thereby achieving charge storage.'®® W-based oxides, such as
WO3, WO,, etc., also have rich crystal structures and chemical
properties and show potential application value in the field of
energy storage. Through the structural design, morphology
control and compounding of Mo/W oxides with other
materials, their electrochemical properties can be further opti-
mized to improve the energy density, cycle life and rate per-
formance of SIBs.

5.1.1 MoO, and WO,. MoO, and WO, have attracted much
attention as anode materials for SIBs in recent years, showing
a high theoretical specific capacity and rich sodium storage
mechanisms. Their redox properties and unique crystal struc-
tures provide abundant active sites for the reversible insertion/
extraction of sodium ions. For example, Zhang et al. syn-
thesized MoO, nanoparticles by a simple hydrothermal reac-
tion and further applied them to SIB anode materials
(Fig. 11a)."® This study verified that the vinyl acetate (VC)
additive could affect the film formation mechanism of the
MoO, anode in SIBs and improve its cycling stability.
Specifically, the capacity retention rate increased from 20.1%
to 96.5% after 1000 cycles at 0.3 A g”* (Fig. 11b and c). The
average mass loading of MoO, in the electrode was 1.02 mg
em ™2, and NaPF, was used as the electrolyte, which provided
some reference for the ratio of electrode active material to con-
ductive agent (E:C). Similarly, Li et al. constructed amor-
phous/crystalline MoO, (a/c-M00,) homojunction materials
with multiple interfaces and defects in the a/c-MoO, nano-
clusters by a one-pot solvothermal method."”® Theoretical
simulations show that electrons are redistributed at the

EES Batteries

uniform interface of a/c-MoO, to form a built-in electric field
effect, which can significantly improve the adsorption capacity
of Na' and reduce the diffusion energy barrier, promote the
intercalation/deintercalation of Na’' in the material and
improve the cycling stability. As a result, a/c-MoO, achieves a
practical capacity of 307 mAh g™* at 0.1 A g™, and can achieve
3000 stable cycles (Fig. 11d and e). At the same time, the
in situ X-ray diffraction (XRD) test reveals its “adsorption-
embedding-conversion” sodium storage mechanism (Fig. 11f).
Based on the improvement in the performance of SIBs by
interface defects, Zhou et al designed a heterojunction
material with a carbon-free layered structure (MoS,/M00,).***
The HRTEM image confirms that the hybridization between
MoS, and MoO, forms a large amount of heterogeneous inter-
faces (Fig. 11g). In addition, the heterojunction enhances the
Na' adsorption energy and reduces the Na' diffusion energy
barrier, promoting efficient ion transport (Fig. 11h). Thus, the
capacity of MoS,/Mo0O, is maintained at almost 100% after 100
cycles at 1 A g7 (Fig. 11i).

Compared with MoO, materials, WO, also has good appli-
cation potential in SIB anode materials. For example, Xu et al.
constructed a porous WO,/WS,-reduced graphene oxide (WO,/
WS,-rGO) hetero-composite anode and P-doped biomass
carbon cathode by a hydrothermal method combined with
freeze drying and calcination processes.'®> They also optimized
the Na“ diffusion kinetics through heterogeneous interface
synergy and 3D porous design, providing new ideas for low-cost,
high-performance energy storage devices. As anode materials
for SIBs, MoO, and WO, have made significant progress in
structural design, interface engineering and electrolyte optimiz-
ation. Through strategies such as nanostructuring, hetero-
structure construction, element doping and crystal surface regu-
lation, the electron transport, ion diffusion and structural stabi-
lity of the materials have been effectively improved. This will
provide an important theoretical basis and technical inspiration
for the development of high energy density and long life SIBs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) SEM image of MoO, powders. (b) Corresponding schematic illustration and TEM images of the MoO, electrodes after 1000 cycles with

baseline electrolyte and 2 wt% VC-containing electrolyte. (c) Comparison of the cycling stability of the MoO, electrodes without and with VC addi-

tive. Reproduced with permission from ref. 189. Copyright 2020, Elsevier.

(d) HRTEM image of a/c-MoOs,. (e) Rate and cycling performance of the

MoO; electrodes. (f) Contour plot of the (020) peak evolution with the corresponding discharge—charge profiles in the initial two cycles and d(g20)-

spacing change as a function of applied potential. Reproduced with permi

ssion from ref. 190. Copyright 2023, Elsevier. (g) HRTEM image of MoS,/

MoO,. (h) Calculated Na* ion adsorption energy of MoO,, MoS,, and MoS,/MoO,. (i) Cycling performance of MoS,/MoO,. Reproduced with per-

mission from ref. 191. Copyright 2025, Wiley.

5.1.2 MoO; and WO;. MoO; and WO; have become the
research focus in the field of anode materials due to their
unique crystal structures and redox properties.'”> MoOQj; is an
environmentally friendly and low-cost anode material that can
provide a high capacity through insertion and conversion reac-
tions."®* More importantly, the layered structure of MoO; pro-
vides insertion sites and Na* diffusion channels, which signifi-
cantly improve the electrochemical performance.'

© 2026 The Author(s). Published by the Royal Society of Chemistry

Meanwhile, WO; enhances the Na' storage capacity and
cycling stability through porous structure design and defect
regulation.

As an anode material for SIBs, MoO; has made significant
progress in recent years through multidimensional structural
engineering strategies. Different researchers have collabora-
tively solved bottleneck problems such as poor conductivity,
severe volume expansion and insufficient cycling stability from
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different angles. From the perspective of interlayer engineer-
ing, Wang et al. developed a two-step synthesis strategy based
on partial reduction and organic molecular intercalation.'®® By
introducing bismuth thiol (DMcT) molecular intercalation, the
interlayer spacing of MoO; was extended from 6.92 A to
10.40 A (Fig. 12a), significantly improving the diffusion kine-
tics of Na'. This DMcT-MoO; structure not only reduces the
charge transfer resistance, but also enhances the interlayer
stability through intermolecular forces (Fig. 12b and c),
thereby improving the Na' insertion-extraction kinetics.
Furthermore, it has a long cycling stability and high rate per-
formance (Fig. 12d). On this basis, Yang et al. further opti-
mized the material structure through a nano-sizing strategy. As
shown in Fig. 12e, the layered MoO; nanoplates (MoO; NPs)
were prepared by pyrolysis of Mo-based metal organic frame-
works, the unique 2D nanostructure of which effectively alle-
viated volume expansion during the charging and discharging
process. Thanks to the shortened ion diffusion path and
exposed active sites, the material maintained a practical
capacity of 154 mAh g™' after 1200 cycles at 50 mA g™*
(Fig. 12f)."” This nano-design approach complements inter-
layer engineering and jointly solves the problem of structural
stability. In terms of mass loading, the MoO; electrode in the
assembled coin cell reportedly had a mass loading of 1-2 mg
cm™2, and the electrolyte was NaClO, in a 1: 1 mixture of ethyl-
ene carbonate (EC) and diethyl carbonate (DEC). To further
improve the electrochemical kinetics, Yu et al. synthesized a
nanorod-shaped MoO3;-MoS, heterostructure by a two-step
method (Fig. 12g). The built-in electric field of the heterojunc-
tion formed by interface engineering significantly accelerated
charge transfer, allowing the material to maintain a practical
capacity of 316 mAh g™* at an ultra-high current density of 10
A g7, and still maintain a practical capacity of 286 mAh g
after 2300 cycles at 5 A g~ ". In situ XRD revealed that the high
specific capacity of MoO3;-MoS, was attributed to the synergis-
tic energy storage mechanism between the intercalation reac-
tion of MoOs and the conversion reaction of MoS, (Fig. 12h
and i). Additionally, the study reported a mass loading of
5.47 mg cm™> for the MoO;-MoS, electrodes prepared via 3D
printing technology, demonstrating that the areal capacity
increased with the mass loading, reaching up to 5.47 mg
Cm_2.198

These studies have systematically improved the sodium
storage performance of MoO;-based anode materials through
multi-dimensional innovations such as interlayer regulation,
nanostructure design, heterogeneous interface engineering,
morphology optimization and composite strategies. From the
basic interlayer expansion to macroscopic structure design,
and from single material optimization to multi-component
synergy, it demonstrates the strong vitality of material engin-
eering strategies in solving key material problems of SIBs, and
provides an important technical route for the subsequent
development of high-performance energy storage devices.

Unlike the rich layered structure of MoOs;, WO; has great
application potential in the anode materials of SIBs because of
its controllable porous structure and defects. Garcia-Garcia
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et al. prepared a WO; film with a porous nanocolumn struc-
ture, the unique pores and surface properties of which signifi-
cantly improved the Na' diffusion efficiency and storage
capacity. The separated nanocolumns and large number of
pores allow Na* to penetrate deeply and evenly into the film,
improving the cycling stability of the material."®® Inspired by
this, Zimmer et al. tried to make further breakthroughs from
the structural dimension. They synthesized hollow WO; micro-
spheres constructed by self-assembling interconnected
nanosheets through a hydrothermal method. Their unique
interconnected hollow structure provided abundant active sites
and volume expansion buffer space, achieving a high revers-
ible capacity of 431 mAh g~' at 100 mA g~'. The practical
capacity recovered to 220 mAh g™ after cycling, significantly
optimizing the sodium ion diffusion kinetics and cycling
stability.>°°

MoO;- and WOj-based materials have significantly opti-
mized the sodium storage kinetics and cycling stability
through interlayer engineering, heterogeneous structure
design (such as MoO3;-MoS, interface electric field) and multi-
dimensional composite systems (such as vertical nanosheet
arrays and 3D hollow microspheres). This will be key in struc-
tural innovation and mechanistic exploration, providing
theoretical support and technical pathways for the develop-
ment of the next generation of low-cost, high-safety SIBs.

5.2 Mo-/W-based chalcogenides

Mo- and W-based chalcogenides typically possess a layered
structure, with weak van der Waals forces between the layers,
facilitating the intercalation and deintercalation of Na',
thereby enabling charge storage and release. Furthermore, Mo-
and W-based chalcogenides exhibit multi-electron reaction
activity, offering higher theoretical specific capacities. For
example, MoS, boasts a theoretical capacity of up to 670 mAh
¢7! significantly higher than that of traditional graphite
anode materials. Moreover, their electronic structure can be
optimized by tuning their structure and composition, thereby
improving the electrochemical performance and cycle life.
Introducing defects, doping with other heteroatoms, or com-
positing with carbon-based materials can further enhance the
conductivity and structural stability of these materials.”** In
SIBs, the electrolyte plays a crucial role in the stability and per-
formance of Mo- and W-based anodes. Compared to carbon-
ate-based electrolytes, ether-based electrolytes generally exhibit
better compatibility with Mo- and W-based layered sulfides
and selenides. Ether solvents can form a more stable SEI layer
on the surface of Mo- and W-based materials, protecting the
anode during cycling and minimizing side reactions. However,
the oxidative stability of ether-based electrolytes at high vol-
tages remains a concern, as they are prone to decomposition
under extreme conditions, potentially leading to undesirable
side reactions. On the other hand, commonly used carbonate-
based electrolytes also have limitations when paired with Mo-
and W-based materials. While they tend to form a more stable
and robust SEI layer, the high reactivity of unsaturated active
sites on the Mo- and W-based surface with carbonate solvents

© 2026 The Author(s). Published by the Royal Society of Chemistry
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mission from ref. 198. Copyright 2024, Wiley.

leads to significant decomposition and the formation of
gaseous byproducts, such as CO, and CO. These byproducts
not only increase internal resistance but also degrade the SEI
layer, exacerbating capacity fading and shortening the cycle
life.?°> To improve the compatibility of electrolytes with Mo-
and W-based anodes, future research should focus on develop-
ing electrolyte systems that are better matched to the unique
surface chemistry and structural characteristics of these
materials. This may include exploring novel high-concen-
tration electrolytes to reduce side reactions and enhance SEI
stability, as well as optimizing solvent selection to improve

© 2026 The Author(s). Published by the Royal Society of Chemistry

their oxidative stability at high voltages. Furthermore, solid-
state electrolytes possess excellent chemical stability and
minimal side reactions, offering a promising solution to
address electrolyte compatibility issues. They can provide a
stable interface, thereby improving the overall performance
and lifespan of Mo- and W-based anodes in SIBs.

5.2.1 MoS, and WS,. As 2D layered transition metal sul-
fides, MoS, and WS, have great potential in the field of anode
materials for SIBs due to their unique crystal structures and
physicochemical properties.’®® Their layered structure is con-
ducive to the intercalation/deintercalation of Na*, and the rich
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surface sites provide conditions for sodium storage.”** In
phase engineering, MoS, has two typical phase structures, 1T
and 2H. The 2H phase is semiconducting in nature, with a
stable structure but low conductivity, while the 1T phase is
metallic and has excellent electronic conductivity.'*®?%° The
characteristic differences between the 1T and 2H phases and
the heterogeneous structure design can optimize electron
transport and sodium storage activity, and interlayer spacing
regulation can improve the sodium storage efficiency and
enhance structural stability through ion intercalation and
other means.?*°

Interlayer spacing regulation provides the basic conditions
for Na* transport and storage. Therefore, Tao et al. focused on
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optimizing the interlayer spacing of MoS, by ion intercalation,
and used density functional theory simulations to determine
the ideal spacing range of 0.80 to 1.01 nm (Fig. 13a). At the
same time, by regulating the mass ratio of 1-butyl-3-methyl-
imidazolium acetate ((BMIm]Ac) ionic liquid to cellulose, the
controllable intercalation of cellulose oligomers was achieved,
and then porous carbon-supported interlayer expanded MosS,
was synthesized. As shown in Fig. 13b and c, this structure not
only reduces the diffusion barrier of Na* and shortens the Na*
diffusion path, but also limits the loss of sulfur in the cycle
through the carbon matrix, thereby improving the cycle life, so
that the material still maintains a practical capacity of
517.79 mAh g~ after 250 cycles at 0.1 A g~', highlighting the
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dual improvement of interlayer spacing optimization on
sodium storage efficiency and structural stability (Fig. 13d and
e).>°” Based on the regulation of interlayer spacing, electronic
structure optimization has become a key extension to improve
the sodium storage activity. Fan et al. optimized the electronic
structure by replacing atomic elements within the MoS, layer,
thereby changing its inherent physical properties. By reducing
the band gap, the surface Na" adsorption energy and electronic
conductivity were enhanced, thereby effectively optimizing the
electrochemical performance of sodium storage.”’® Defect
engineering breaks through the performance bottleneck of tra-
ditional structures at the atomic scale. As shown in Fig. 13f, Li
et al. developed a hollow micro-cubic framework constructed
of ultra-thin MoS, nanosheets (HMF-MoS,) rich in molyb-
denum defects through a zeolite-like framework-driven strat-
egy. The hollow micro-cubic framework can be clearly seen
from the SEM and TEM images in Fig. 13g and h. This struc-
ture has a good practical capacity of 267 mAh g™' after 125
cycles at a current density of 1 A g~ (Fig. 13i).>°° The abun-
dant Mo vacancies in MoS, can accelerate charge transfer and
enhance the interaction between MoS, and Na', thereby pro-
moting sodium storage. Sun et al. successfully prepared 1T
phase ultrathin MoS, nanosheets (1T MoS,) from 2H MoS, by
thermally driven sodium ion insertion assisted exfoliation.
Compared with 2H MoS,, 1T MoS, has a lower Na" diffusion
barrier, higher electronic conductivity, atomic mobility, and
sodium affinity, as well as inhibiting the release of sulfur
species and reducing phase changes during sodiation (Fig. 13j
and k). Its capacity retention rate after 200 cycles at 1 A g™ * is
as high as 94%, and it has good cycling stability (Fig. 131).>'°
Similarly, in order to optimize the structural stability and
electrochemical performance of WS, in the anode material of
SIBs, researchers have made important progress through inno-
vative material design strategies. They conducted research
from the dimensions of structural regulation, interface engin-
eering and composite system construction, and gradually
formed a technical path of multi-dimensional synergistic
strengthening. Choi et al. prepared 3D reduced graphene oxide
microspheres modified with layered WS, nanosheets (WS,-3D
rGO) by a two-step method of spray pyrolysis combined with
sulfurization. In this design, the 3D rGO skeleton not only
effectively inhibits the stacking of WS, nanosheets, but also
provides a buffer space for volume expansion during the inter-
calation/deintercalation of Na', giving full play to the synergis-
tic advantages of the high theoretical capacity of WS, and the
high conductivity of graphene.*" However, WS, obtained by
traditional chemical stripping still faced the problem of
limited interlayer stripping efficiency, which prompted
researchers to explore more efficient stripping techniques.
Zhang et al. developed a molten salt electrolytic stripping
method (Fig. 14a), using Na’ to uniformly intercalate WS,
under an electric field, and they successfully prepared a
material with a few-layer lamellar structure (WS,-NacCl)
(Fig. 14b). By optimizing the molten salt system and electroly-
sis parameters, the obtained WS,-NaCl-25 mA electrode still
maintained a reversible capacity of 373 mAh g' after 100

© 2026 The Author(s). Published by the Royal Society of Chemistry
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cycles at 0.1 A g', and also showed a good cycling perform-
ance and rate performance. The mass loading of the WS,
material used as the anode in the SIB was 1.5 mg cm ™2, and
the electrolyte used was a NaClO, solution dissolved in propy-
lene carbonate (PC) with the addition of 5% fluoroethylene
carbonate (FEC) (Fig. 14c).>'* In terms of structural engineer-
ing, Lin et al. developed a different approach for constructing
a hollow bimetallic heterojunction WS,@MnS material.
Fig. 14d shows different views of the simulation model before
and after Na" insertion into the structure. WS,@MnS has a
much lower Na' diffusion energy than pure WS, due to its
unique heterostructure preparation; this successfully demon-
strates that the construction of a functional heterostructure is
beneficial for Na® diffusion kinetics. The designed hollow
structure both relieves cycling stress and increases the specific
surface area (Fig. 14e). As shown in Fig. 14f, this synergistic
effect enables the material to achieve 2000 ultra-long cycles at
0.1 A g **" It is worth noting that the above-mentioned
powder electrode materials still face the cumulative effect of
volume expansion. For this reason, the Dey team pioneered
the embedding of WS, nanotubes (WS,NTs) into the (SiOC)
ceramic fiber matrix. The 3D ceramic fiber network prepared
by electrospinning combined with high-temperature pyrolysis
not only effectively inhibited volume change to the WS, nano-
tubes, but also blocked the dissolution of polysulfides through
the chemical stability of the carbon oxide carbide matrix.>**

From the above research, although MoS, and WS, materials
have application potential in SIBs, there are problems such as
structural degradation, kinetic sluggishness and side reac-
tions. Researchers achieved performance breakthroughs
through in multi-scale modification strategies: (1) at the micro-
scopic level, the interlayer spacing was precisely controlled
with the help of DFT calculations, and the diffusion kinetics
and electronic structure were optimized by combining ionic
liquid intercalation technology and element substitution. (2)
At the mesoscopic and macroscopic scales, hollow microcubic
frameworks containing molybdenum vacancies and 1T/2H
heterogeneous phase coral reef-like structures were con-
structed, and defect engineering and special structural design
were used to provide sodium storage sites and alleviate volume
expansion. At the same time, 3D graphene was composited
and a conductive network was constructed by molten salt strip-
ping to improve the conductivity and structural stability. These
studies have solved material application problems from
different angles and provided important technical references
for the development of high-performance SIBs.

5.2.2 MoSe, and WSe,. As a typical type of transition metal
selenide, MoSe, and WSe, have shown significant advantages
in the field of anode materials for SIBs due to their unique
layered crystal structures and adjustable electronic properties.
The weaker van der Waals forces between the layers provide a
natural channel for the reversible intercalation/deintercalation
of Na', and the larger interlayer spacing is more conducive to
the diffusion of Na' than sulfides, reducing the embedding
energy barrier.”’> MoSe, and WSe, have multiple crystal
phases, among which the metallic 1T phase has excellent elec-
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Fig. 14 (a) Illustration of the electrochemical exfoliation process for WS, in molten salt. (b) SEM image of WS,—NaCl-25 mA. (c) Rate performance

at various current densities of pristine WS, and WS, treated with different molten salts. Reproduced with permission from ref. 212. Copyright 2023,
Springer Nature. (d) Optimized model of WS,@MnS heterostructures before or after Na* insertion and energy barriers of the diffusion behavior of
Na* in pure WS, and WS,@MnS heterostructures. (e) TEM image of WS,@MnS heterostructures. (f) Cycling performances of pure WS,, pure MnS
and WS,@MnS electrodes. Reproduced with permission from ref. 213. Copyright 2024, Elsevier.

tronic conductivity, while the semiconducting 2H phase has a
stable structure. By regulating the ratio of the two phases
through phase engineering or constructing a heterostructure,
the conductivity and structural stability of the material can be
synergistically optimized.”'® In addition, the abundant active
sites on its surface can promote the adsorption and storage of
Na', and the lower electronegativity of selenium atoms makes
the material more susceptible to redox reactions during the
charging and discharging process, thereby improving the
theoretical specific capacity.

In the study of anode materials for SIBs, different research
teams have conducted multi-faceted explorations of the key
bottlenecks of layered transition metal disulfides. In response
to the problem of selenium dissolution and kinetic limitations
on the surface of layered transition metal sulfides (TMDs),
Kang et al. proposed a heterogeneous MoSe, nanoflower struc-

EES Batteries

ture modified with surface amorphous MoO; (MoSe,/MoOj3)
(Fig. 15a). Through a solvothermal reaction combined with a
controllable oxidation strategy, a uniform amorphous MoO;
protective layer was constructed on the surface of the flower-
like MoSe, to form a unique heterogeneous interface (Fig. 15b
and c). As shown in Fig. 15d and e, the material has a first-
cycle discharge capacity of 729 mAh g™ at a current density of
50 mA g~ ', reaching 89% of the theoretical capacity, and has a
>'7 The breakthrough in interface
engineering laid the foundation for subsequent structural

good rate performance.

design. Liu et al. proposed the concept of 2D nanosheets com-
bined with 3D porous carbon for collaborative design, and
developed a composite material of 3D ordered macroporous
carbon loaded with ultra-thin 2D MoSe, nanosheets. This
system shortens the Na" diffusion path through the 0.76 nm
ultra-large interlayer spacing of 2D MoSe, and alleviates

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 (a) SEM image and (b) HRTEM image of MoSe,/MoOs composite. (c) XRD patterns of MoSe, nanostructure and MoSe,/MoO; composite. (d)
Typical discharge/charge profiles of MoSe,/MoOs composite anode. (e) Rate capability for MoSe, and MoSe,/MoOz composite. Reproduced with
permission from ref. 217. Copyright 2018, Elsevier. (f) The detailed formation mechanism of the MoSe, nanoparticles. (g) XRD patterns of MoSe,
nanoparticles and MoSe; bulk. (h) Rate performance of the MoSe, nanoparticles electrode. Reproduced with permission from ref. 219. Copyright
2022, Elsevier. (i) Schematic and the synthesis process, (j) SEM image of Sn-MoSe,@GN. (k) GCD profiles, () Long-term cycling performance of the
Sn-MoSe,@GN electrode. Reproduced with permission from ref. 220. Copyright 2022, Wiley.

volume expansion with the ordered cavities of 3D ordered
macroporous (3DOM) carbon.?'® As the 3D structure design
gradually matured, Li et al. shifted the focus of their research
from macroscopic structure to microscopic synthesis mecha-
nisms, exploring the regulatory effect of polymers on the
growth of nanoparticles.

As shown in Fig. 15f and g, by introducing polyvinyl pyrroli-
done into a hydrothermal method, the excessive aggregation of
MoSe, nanosheets was suppressed by its steric hindrance
effect, and the orderly assembly of MoSe, nanosheets was
guided to form uniform nanoparticles. The hierarchical struc-
ture formed optimized the electron transmission path and
exposed more active sites. The reversible capacity of the
material reached 374.9 mAh g™ after 100 cycles at 500 mA g™,
and it also had a good rate performance. For the SIB appli-
cation, the material loading of MoSe, nanoparticles was

© 2026 The Author(s). Published by the Royal Society of Chemistry

2.0 mg cm™>, and the standard electrolyte for SIBs was used

(Fig. 15h).”'® While the structural design and synthesis
process are being continuously optimized, Hu et al. shifted
their focus to the regulation of the intrinsic properties of the
material. By doping tin into MoSe, nanosheets grown in situ
on a graphene (GN) substrate, they prepared an anode material
(Sn-MoSe,@GN) (Fig. 15i and j).”*° As shown in Fig. 15k, due
to the formation of the SEI layer, the initial discharge/charge
specific capacity of the material is 786.2/506.8 mAh g~", and
the initial coulombic efficiency is 64.46%. In addition, the
practical capacity remains at 268.5 mAh g~ after 1600 cycles at
1 A g™ (Fig. 151), providing a new paradigm for the combined
application of chemical doping and electrochemical
regulation.

Based on the optimization of a single energy storage func-
tion, Cho et al. prepared a mesoporous WSe, reduced gra-
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phene oxide (WSe,-rGO) composite material by spray pyrolysis
(Fig. 16a). As seen from Fig. 16b and c, the WSe,-rGO compo-
site particles have both well-dispersed rGO nanosheets and
many well-faceted WSe, nanocrystals with folded edges. The
discharge capacities of the WSe,-rGO composite particles and
the bare WSe, particles in the 100th cycle under Na' storage at
a current density of 0.5 A g~ ' are 238 and 36 mAh g™, respect-
ively (Fig. 16d). Due to the synergistic effect of rGO and WSe,,
the rGO network improves the electronic conductivity, the
mesoporous structure shortens the ion diffusion path, and the
wrinkled WSe, nanocrystals expose abundant active sites,
thereby improving its electrochemical performance.”*" As the
research deepened, Shinde et al. proposed an atomically thin
(WO3/WSe,) heterostructure (Fig. 16e) to address the challenge
of slow Na" diffusion kinetics in aqueous sodium storage. As

View Article Online
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shown in Fig. 16f, an atomically thin WO3;/WSe; hetero-
structure was constructed by a hydrothermal method com-
bined with chemical vapor deposition (CVD) and anchored on
a carbon fiber substrate. The WO3;/WSe; electrode has a
specific capacitance of 378.1 F g~' at 1 A ¢™*, and its perform-
ance is stable over more than 10 000 cycles (Fig. 16g), provid-
ing theoretical and experimental dual verification for the inter-
face electronic regulation of 2D heterojunctions (Fig. 16h).***
These studies revolve around the core bottleneck of layered
TMDs in the anode application of SIBs, and innovations have
been made at multiple levels, including surface engineering,
3D architecture, synthesis regulation, chemical bonding,
doping optimization, and heterogeneous interfaces. They have
constructed a theoretical system for the coordinated optimiz-
ation of “structure—interface-function”, and formed a com-
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(a) SEM image, (b) TEM image, and (c) HRTEM image of the WSe,—rGO composite. (d) Cycling performances of the WSe,—rGO electrode.

Reproduced with permission from ref. 221. Copyright 2018, Elsevier. (e) SEM image of the WO3z/WSe, heterostructures. (f) Two-step synthesis proto-
col for the WO3/WSe, heterostructures on CF. (g) Cycling stability measured for 10 000 cycles at 10 A g~*. The inset displays the schematics for the
improved electrochemical performance of WO3/WSe,. (h) Schematic illustration of Na* ion storage in the WO3/WSe; heterostructure. Reproduced

with permission from ref. 222. Copyright 2024, Wiley.
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plete research chain from macroscopic design to microscopic
mechanistic analysis. From the synergistic effect of flower-like
nanostructures and surface amorphous layers to the spatial
coupling of 3D porous carbon substrates and 2D nanosheets
and the charge transfer optimization of heterogeneous inter-
faces, researchers have successfully achieved breakthroughs in
the sodium storage dynamics of materials, structural stability,
and versatility.

5.3 Mo- and W-based carbon composites

Mo- and W-based carbon composites combine the unique
sodium storage mechanism of Mo- and W-based materials
with the excellent conductivity and structural stability of
carbon materials, showing great research value in the field of
SIB anodes. In terms of sodium storage performance, Mo- and
W-based materials combined with carbon materials provide
adsorption sites and promote electron transfer to achieve a
high specific capacity. In terms of cycling stability, carbon
materials buffer the volume changes of Mo- and W-based
materials, reduce structural damage, and improve cycling
stability. In terms of conductivity, carbon materials construct
electron transfer networks, make up for the conductivity
defects of Mo- and W-based materials, and improve the rate
performance.””? In terms of electrode density and volumetric
energy density, Mo- and W-based carbon composite materials
generally exhibit a higher packing density than that of tra-
ditional hard carbon materials, which helps to improve the
volumetric energy density of batteries. Typical MoS,/WS,-
carbon composites have a higher packing density than tra-
ditional hard carbon. This higher packing density not only
increases the amount of active material per unit volume but
also reduces the loss in volumetric energy density, thereby
improving the overall energy density of the battery. By optimiz-
ing the carbon content and material structure, Mo- and
W-based carbon composites can significantly increase the elec-
trode density while maintaining the specific capacity, reducing
the volume loss caused by low-density materials.?**?*>* In
terms of electrolyte compatibility, carbon materials improve
the interface compatibility, form a stable SEI membrane, and
improve the coulombic efficiency and overall performance;
this provides strong support for the development of SIBs.

In the study of Mo-based carbon composite material
systems, researchers have continuously broken through the
performance limits of traditional materials through multi-
dimensional structural design strategies. Based on this
problem of slow interlayer diffusion and insufficient cycling
stability of 2D MoS,-based SIB anode materials, Wang et al.
constructed vertically oriented MoS,/C nanosheet array (MoS,/
C NSA) materials on the surface of 3D carbon cloth through
micro-area etching and functionalization strategies (Fig. 17a
and b). The MoS, interlayer spacing was expanded to 0.99 nm
through heterogeneous interface engineering, and the Na®
diffusion coefficient was increased by 3 times by combining
the surface contact advantages of the carbon cloth substrate,
achieving a high sodium storage capacity and fast charge and
discharge capabilities. The material maintained a practical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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capacity of 271 mAh g™ after 10000 cycles at 3 A g~'. The
material consists of MoS,/C heterostructures on carbon cloth,
with a mass loading of 1.1 mg cm™>. The electrolyte used in
this study was NaClO, in a typical PC solution, with the
addition of 5 wt% FEC as an electrolyte additive (Fig. 17c and
d). This 3D heterogeneous interface system solves the bottle-
neck of interlayer diffusion kinetics.**®

With the in-depth development of the concept of interface
engineering, researchers began to explore the synergistic
optimization of multi-composite systems and reaction mecha-
nisms. Luo et al. fabricated a new type of hierarchical ZnS/
MoS, bimetallic sulfide through a sulfurization reaction, in
which ZnS/MoS, nanoparticles were encapsulated in a nitro-
gen-doped carbon framework derived from a Zn/Mo bimetallic
imidazole framework (Zn/Mo BIFs) and covered with reduced
graphene oxide (ZnS@MoS,/NC@rGO) (Fig. 17e and f). The
nitrogen-doped carbon and rGO nanosheets obtained could
improve the conductivity and accommodate the volume
changes of ZnS and MoS,. At the same time, the ZnS-MoS,
heterostructure accelerates the diffusion kinetics in the inter-
face and increases the charge transfer rate. The material con-
sists of ZnS-MoS, nanocomposites, with a mass loading of
approximately 1.0 mg cm™2. The electrolyte used in this study
is a mixture of NaClO, in a carbonate solution of PC and EC,
with 5 wt% FEC added (Fig. 17g).>*”

Zhao et al. developed a different approach, using biomass-
derived carbon fibers and MoO, composites, and designed a
feasible core-shell structure C@Mo0O, sunflower seed shell
cellulose carbon sphere (C@Mo0O, SSCCM) by coating MoO,
nanoparticles on the surface of biomass carbon spheres
(Fig. 17h—j). This structure effectively inhibits volume changes
during Na* charging and discharging, making up for the low
theoretical specific capacity of biomass carbon. Compared
with pure MoO, materials, the composite material has a better
rate performance, with a practical capacity of 345.6 mAh g™*
after 180 cycles at 0.2C (Fig. 17k and 1).**® To solve the
common problem of high rate and long cycle life, Liu et al.
prepared encapsulated MoSe,@hollow carbon nanosphere
(MoSe,@HCNS) materials, that is, encapsulated multilayer
MoSe, nanosheets with an interlayer spacing extended to
1.02 nm in hollow carbon spheres using a spatial confinement
strategy to construct a core-shell confinement and interlayer
expansion synergistic system.>”* The MoSe,@HCNS material
has a practical capacity of 382 mAh g™* at 10 A g™ ultrafast
charge and discharge, and a coulombic efficiency of over
99.5%. Innovations in preparation processes are also driving
breakthroughs in material systems. The MoSe, nanosheets
used in this study had a loading of 1.1 mg cm™2, which was
below the typical range of 2-3 mg em™>. Zhang et al. syn-
thesized self-supporting MoO, nanosheets embedded in
carbon nanofibers through electrospinning and sintering. The
high specific capacity and cycling stability of MoO, nanosheets
are due to changes in the release volume of carbon nanofibers,
which provide a 3D conductive diffusion network. The self-
supporting structure can prevent particle shedding caused by
polarization and improve the electrode stability. In this study,
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d MoS,/C NSAs flexible battery. Reproduced with permission from ref. 226.

Copyright 2017, Elsevier. (e) SEM image and (f) HRTEM image of ZnS@MoS,/NC@rGO. (g) Cycling performance of different samples. Reproduced
with permission from ref. 227. Copyright 2023, Elsevier. (h) Schematic description of the preparation of SSCCM. (i) SEM image and (j) HRTEM image

of the SSCCM composite. (k) Rate behaviors and (l) cycling performance
mission from ref. 228. Copyright 2022, Elsevier.

the MoO, and carbon fiber material had a loading of 1.5 mg
cm 2, which was below the 2-3 mg cm™ range. The electrolyte
used was a mixture of carbonates (PC and EC) with NaClO,,
and 5% FEC was added.”*°

In the study of composite systems of tungsten-based sulfide
and carbon materials, researchers have continuously broken
through the limits of material performance through multi-
dimensional structural design and interface engineering strat-
egies. Liu et al. prepared a double-layer WS,/hollow carbon
composite material by an in situ hydrothermal method, which
involved growing WS, on the surface of nanoscale hollow
carbon spheres. The high specific surface area, excellent con-
ductivity and unique structure of hollow carbon spheres
provide a growth substrate for WS,, enhancing the conductivity
and provide abundant active sites.>*' Based on this structural

EES Batteries

s of SSCC, MoO, and the SSCCM composite at 0.2C. Reproduced with per-

advantage, Li et al. further innovated the interface design strat-
egy and constructed a flower-like WS,/multi-walled carbon
nanotube (WS,/MWCNT) hybrid structure. Through an in situ
growth process, the petal-shaped WS, nanosheets are tightly
wrapped around the surface of 1D multi-walled carbon nano-
tubes to form a core-shell structure with strong interface
bonding. This heterogeneous design makes the specific
capacity of the composite material more than three times that
of pure WS, due to the synergistic effect of the 3D electron
high-speed channels constructed by MWCNTs and the fast ion
diffusion path of WS, nanosheets. The material has a loading
of 1.0 mg cm™2, which is below the 2-3 mg cm™ threshold.
The electrolyte used is based on NaClO,, with 5% FEC
added.*? In response to the interface optimization problem of
multi-component composite materials, Wang et al. proposed a

© 2026 The Author(s). Published by the Royal Society of Chemistry
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partial selenization strategy and designed a composite material
with a core-shell structure (MoWSe,/WO/C) by a solvent-
assisted method (Fig. 18a-c). This material forms a WSe, het-
erojunction through controllable selenization of the WO;
surface, expanding the interlayer spacing between MoSe, and
WSe, to 0.677 nm, and the carbon coating layer effectively
improves the overall conductivity. As shown in Fig. 18d, the
material still maintains a practical capacity of 384.3 mAh g™*
after 950 cycles at an ultra-high rate of 10 A g™, Its perform-
ance advantage stems from the low diffusion barrier brought
by the expanded layer structure and the fast charge transfer
characteristics of the heterogeneous interface (Fig. 18¢).”** In
the in-depth exploration of the energy storage mechanism of
2D materials, Wei et al. constructed a 3D multi-level porous
foam WS,/graphene (WS,/RGO) composite material by in situ
anchoring of WS, on the reduced graphene oxide skeleton
(Fig. 18f and g).>** Its unique 3D interpenetrating porous
structure effectively inhibits the stacking of WS, layers and
enhances the exposure of active sites. Combined with the high
conductivity and flexible support of RGO, it exhibits a high
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reversible capacity of 419 mAh g~ and excellent rate perform-
ance as an anode for SIBs at a current density of 100 mA g™*.
The mass loading of WS, in the composite material was less
than 2-3 mg cm™>. The electrolyte used was a 1.0 M NaPF,
solution in EC/DMC, with the addition of 5% FEC (Fig. 18h).
This material provides a reference for the multi-level pore and
reversible transformation synergistic strategy for application in
2D metal sulfide-based energy storage materials and SIB
anode designs.

Through multi-composite strategies and innovative prepa-
ration processes, Mo- and W-based carbon composites have
made significant progress in the application of anodes in SIBs.
Techniques such as the hydrothermal method and in situ
growth method effectively utilize the excellent conductivity
and buffering properties of carbon materials, and cooperate
with the sodium storage advantages of Mo- and W-based
materials, to achieve a comprehensive improvement in cycling
stability and rate performance. From expanding the interlayer
spacing to promote ion embedding, to constructing a 3D
porous structure to optimize the transmission path and from
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anchoring nanomaterials to enhance structural stability, to
using heterogeneous interfaces to accelerate charge transfer,
different studies explore the paths to improve the material per-
formance from multiple dimensions.

5.4 Polymetallic molybdenum/tungstate

In the exploration of anode materials for SIBs, transition metal
molybdates and tungstates stand out due to their unique struc-
tural advantages and electrochemical properties, while also
facing some limitations. Polymetallic molybdate/tungstate
exhibit significant advantages in Na' storage, particularly due
to their inherent structural buffering characteristics. The
strong covalent bond network of the metal-oxygen polyhedra
(Mo0,>"/WO,>") provides a stable framework structure, which
helps mitigate volume expansion during cycling, thereby
improving cycling stability. Furthermore, the synergistic effect
of multiple cations in these materials can improve the electro-
chemical kinetics and overall Na* storage performance. These
materials typically possess layered or tunnel-like crystal struc-
tures, providing fast migration channels for Na', resulting in
an excellent rate performance. Their multi-electron reaction
characteristics allow for theoretical capacities of 300-600 mAh
g”', significantly higher than those of traditional carbon-
based anode materials. In addition, the strong covalent bond
network of the metal-oxygen polyhedra (MoO,> /WO,>") effec-
tively suppresses structural collapse during cycling, ensuring
long-term stability.>*> However, the use of polymetallic molyb-
date/tungstate also presents some limitations. Synthesis com-
plexity is a major challenge, as the multi-metallic nature of
these compounds requires more complex synthesis routes,
leading to increased production costs and greater synthesis
difficulty. Furthermore, the mass fraction of inactive com-
ponents in these materials may be relatively high, which can
reduce the overall efficiency of sodium-ion storage. For
example, some phases in the multi-metallic system may not
directly participate in Na' storage, or their electrochemical
activity may be lower than that of simpler MoO, or MoS,
systems. Despite these challenges, the structural stability and
multi-cation synergistic effects offered by polymetallic molyb-
date/tungstate make them promising candidates for future
anode materials.?*¢

To solve the problem of volume expansion of antimony-
based anodes caused by alloying reactions, Lu et al con-
structed hierarchical Sb,MoOg microspheres by a surfactant-
free microwave-assisted hydrothermal method. The material is
self-assembled from 1D nanobelts to form a 3D porous struc-
ture (Fig. 19a and b). The material has a good cycling perform-
ance at different current densities (Fig. 19¢). The mass loading
of the Sb,Mo0Os material in this study was 1.0 mg cm™2, and
the electrolyte used was a mixed solution of NaClO, in PC and
EC, with the addition of 5% FEC. The unique sodium storage
mechanism originates from the in situ generated Na-Mo-O
conductive buffer matrix (NaMo3;O, constructs an electronic
network and Na,MoVIOX inhibits volume expansion). This
unique design offers a new direction for high-energy-density
self-buffered anodes.**” In the field of cathode material devel-

EES Batteries

View Article Online

EES Batteries

opment, to solve the bottleneck of kinetic performance optim-
ization, Huu et al. innovatively used a low-temperature steam-
assisted solid-phase method to synthesize orthogonal
Fe,(Mo0O,); nanosheets. As a cathode material for SIBs, the
Fe,(M0O,); nanosheets were subjected to electrochemical
testing under a mass loading of approximately 1.1 mg cm™?,
using a 1 M NaClO, solution in PC as the electrolyte, with the
addition of 5 wt% FEC. Through the synergistic effect of the
3D stacking morphology and surface pseudocapacitance effect,
the capacity decay rate of this material after 1000 cycles at 1C
is only 0.012%/time, and the capacity retention rate at 5C at
—20-60 °C is 78%. This combination of a low-temperature
green synthesis strategy and amorphous/crystalline phase
interface regulation provides a new paradigm for the design of
sodium superionic conductor cathodes suitable for all cli-
mates.>®® In response to the structural stability challenge of
molybdate anodes, Ali et al. developed a different approach
and synthesized a nanocomposite material (Na,MoO,/C) by
ball milling. This Na,M00,/C nanocomposite was evaluated as
an anode material for SIBs under a loading of approximately
3.5-3.8 mg cm™>, using a 1 M NaClO, electrolyte dissolved in a
mixed solvent of DEC, EC, and PC (volume ratio 1:1:1). This
process nanoscales the micron-sized particles to 50 nm and
uniformly composites them with the carbon matrix to form a
“nano-confinement-carbon  coating”  synergistic = system
(Fig. 19d and e). As shown in Fig. 19f, the capacity retention
rate of the material after 1000 cycles is as high as 96%, and
the volume strain is only 0.68%. In situ synchrotron radiation
characterization confirmed the reversible coordination change
mechanism of the Mo-O tetrahedron and the role of the rigid
crystal framework in suppressing lattice distortion.>*° To
further improve the extreme performance of sodium superion
conductor (NASICON) cathode materials, Sheng et al. devel-
oped a composite material of graphene-wrapped Fe,(M0O,);
nanoparticles (Fig. 19g). The 3D conductive network con-
structed by the microemulsion method combined with the
annealing process greatly improved the electronic conductivity.
In this work, the performance of the graphene-wrapped
Fe,(MoO,); nanoparticle composite material was evaluated
with a cathode material mass loading of 1.5-3.0 mg cm™>
using 1 M NaClO, dissolved in a mixed solvent of ethylene car-
bonate and dimethyl carbonate as the electrolyte. The material
maintained a practical capacity of 64.1 mAh g™" at a high rate
of 100C, and the capacity retention rate reached 76% after 100
cycles at 10C (Fig. 19h). This “conductive network wrapping-
nanostructure regulation” synergistic strategy successfully over-
comes the dual defects of NASICON materials: long ion
diffusion paths and poor electronic conductivity.>*°

Turning to the multi-metal tungstate system in the field of
layered oxide cathode interface engineering, Han et al. devel-
oped a one-step calcination grain boundary modification strat-
egy to in situ construct a Na,WO, network on nanomaterials
(NM), and obtain micron-level spherical particles
(NWOs@NM) by adjusting the molar ratio of Na:Ni:Mn,
which increased the volume density of the material by 18%
(Fig. 20a). In this work, researchers evaluated a grain-bound-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 (a) SEM image and (b) TEM image of Sb,MoOg microspheres. (c) Rate performance of the Sb,MoOg electrodes at 200 to 5000 mA g~
Reproduced with permission from ref. 237. Copyright 2019, Elsevier. (d) SEM image and (e) TEM image of carbon composite with Na,MoQO,. (f)
Cycling test of the composite electrode at 0.05C. Reproduced with permission from ref. 239. Copyright 2021, American Chemical Society. (g)
Schematic illustration of the formation of the Fe;(MoO,4)s/graphene composite. (h) Cycling performance and coulombic efficiency of FMO-MG at a
rate of 10C. Reproduced with permission from ref. 240. Copyright 2016, Elsevier.

ary-modified O3-type nickel-rich layered cathode material with
added Na,WO, under SIB conditions. The mass loading was
approximately 2.8-3.2 mg cm ™2, and the electrolyte consisted
of 1 M NaClO, dissolved in a mixed solvent of EC, PC, and
DEC (volume ratio of 1:1:1), with the addition of 5 wt% FEC.
The practical capacity of NWO;@NM reached 126 mAh g™*
after 100 cycles at 1C (Fig. 20b). Mechanistic studies show that
the Na,WO, phase at the grain boundary has three functions:
serving as a fast channel for Na', reducing the charge transfer
barrier, and inhibiting electrolyte side reactions through physi-
cal barriers (Fig. 20c). This coating-free in situ grain boundary
ion conductor implantation technology has achieved the leap
from bulk doping to precise interface control of the layered
cathode.>*! In response to the common problem of easy stack-
ing of graphene composites, Wang et al. proposed an innova-
tive solution: constructing a 3D FeWO,/graphene mesoporous
composite material through an in situ self-assembly hydro-

© 2026 The Author(s). Published by the Royal Society of Chemistry

thermal method (Fig. 20d). As shown in Fig. 20e and f, the
heterogeneous nucleation of FeWO, nanospheres and gra-
phene forms an interpenetrating network structure, success-
fully expanding the interlayer spacing, and achieving a stable
capacity of 377 mAh g~ after 50 cycles at a current density of
20 mA g~ for SIBs (Fig. 20g). This simple and scalable syn-
thesis strategy provides a new idea for the development of uni-
versal energy storage materials compatible with multiple
ions.**?

These breakthroughs systematically solve the core problems
of volume expansion, ion diffusion kinetics and interface
stability of electrode materials through a precise synthesis
methodology (microwave hydrothermal, low-temperature solid
phase, ball milling composite, etc.) and multi-scale structural
regulation (graded microspheres, core-shell nanosheets, grain
boundary modification, etc.). The molybdate system has made
significant progress in the design of self-buffered anodes and
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(a) SEM image of NaWOs@NM. (b) Capacity retention of NM and NaWOs@NM. (c) EIS spectra of NM and NaWOs@NM. Reproduced with

permission from ref. 241. Copyright 2024, Elsevier. (d) Schematic illustration of the formation process of mesoporous FeWO,/graphene composites.
(e) SEM image and (f) TEM image of the FeWO,/graphene nanosphere. (g) FeWO,/graphene nanosphere for SIB under different current densities
over 50 cycles. Reproduced with permission from ref. 242. Copyright 2014, American Chemical Society.

the development of high-rate positive electrodes, while the tung-
state system has broadened the application boundaries through
structural evolution analysis and interface engineering inno-
vation, jointly promoting the movement of SIBs toward high
energy density, long cycle life and all-climate adaptability.
Overall, significant progress has been made in research on
Mo- and W-based materials as anodes for high-performance
sodium-ion batteries. Mo-/W-based oxides (such as MoO,,
MoO;, WO;) typically provide a high theoretical capacity
through conversion reactions, but their poor intrinsic conduc-
tivity and severe volume expansion lead to a poor rate perform-
ance and cycling stability. Mo-/W-based chalcogenides (such
as MoS,, WS,, MoSe,) possess open layered structures, which
facilitate Na' intercalation and conversion reactions, exhibiting
a high specific capacity and good rate potential; however, they

EES Batteries

are prone to interlayer stacking deactivation during cycling. To
overcome these bottlenecks, Mo-/W-based carbon composites
have become a research hotspot. Introducing a carbon matrix
effectively improves the conductivity of the material and
buffers volume changes, thereby significantly improving the
cycle life and rate performance. In addition, multi-metallic
molybdenum/tungsten compounds (such as molybdates)
further optimize the sodium storage kinetics and structural
stability through the synergistic effect between different metal
components. Table 3 presents a comparison of the electro-
chemical properties of some Mo- and W-based materials that
have been reported in recent years. In general, nanostructur-
ing, composite materials, and structural design are key
approaches for improving the electrochemical performance of
such materials.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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6. Summary and outlook

In recent years, Mo- and W-based materials have significantly
improved the sodium storage performance in research on SIB
anodes through structural optimization and multi-mecha-
nism synergy. Single-atom catalysis and dynamic in situ
characterization technology provide atomic-level theoretical
support for performance breakthroughs, and green processes
and resource recycling promote sustainable development.
However, volume effects, insufficient conductivity, and inter-
face stability are still key bottlenecks. In the future, we need
to focus on multi-mechanism material design, sodium
storage mechanism research, electrolyte matching and inter-
face optimization, synthesis methods and process improve-
ments, etc., to promote the development of high-energy, long-
life, low-cost SIBs, and help large-scale energy storage and
new energy applications.

With their multi-dimensional advantages, Mo- and
W-based materials have shown broad and promising appli-
cation prospects in the field of SIBs. Their high theoretical
specific capacity characteristics provide core support for SIBs
to achieve high energy density, and are expected to meet the
needs of electric vehicles, energy storage power stations, etc.
for large-capacity batteries. The unique sodium storage mecha-
nism has opened a new path for performance improvement.
With the in-depth study of the material structure and compo-
sition, its reversible specific capacity and cycling stability will
be further optimized. In terms of structural design, nano-
sizing, porosity and composite strategies give the material flex-
ible designability, which can not only improve the charging
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and discharging efficiency by increasing the specific surface
area and optimizing the ion transmission path, but also effec-
tively alleviate the volume changes, enhance the structural
stability, and ensure the long-term stable operation of the
battery. Good electrolyte compatibility enables Mo- and
W-based materials to form a stable interface with ether-based
electrolytes, reduces resistance, inhibits side reactions, and
significantly improves the overall performance of the battery.
In addition, thanks to abundant and cheap sodium resources
and the relatively considerable reserves of Mo and W elements,
this type of material has outstanding cost advantages in large-
scale applications, which meet the urgent needs of large-scale
energy storage, distributed energy and other fields for low-cost
energy storage technology.

When comparing Mo- and W-based materials with more
widely used anode materials such as hard carbon, alloy anodes
(e.g., Sn, Sb, P), and titanium (Ti)-based oxides, several factors
should be considered, including cost, sustainability, safety,
and scalability. Mo- and W-based materials generally have
higher costs due to the need for specific processing methods
and relatively expensive Mo and W resources. However, their
potential for cost reduction through large-scale production
and resource recycling, coupled with the abundance of
sodium, make them competitive in the long term. In terms of
sustainability, Mo- and W-based anodes are more environmen-
tally friendly than lithium-based systems, benefiting from the
availability of sodium and the ability to incorporate green syn-
thesis methods. Safety is another strength, as Mo- and
W-based materials offer strong structural stability, while alloy
anodes face issues related to volume expansion and mechani-

Table 3 Comparison of the electrochemical performance of some Mo-/W-based materials in SIBs reported in recent years

Mo-/W-based materials Cathode material Half/full cells Current density (Ag™") Load mass (mg cm™>) Capacity retention%/cycles  Ref.
VC-MoO, Na;V,(PO,); Full 0.3 1.02 96.5/1000 189
a/c-MoO, — Half 1.0 — 86.0/3000 190
MoS,/Mo0O, — Half 5.0 — 100.0/400 191
DMcT-MoOs Na;V,(PO,),0,F  Full 0.2 — 99.2/100 196
Mo0O;-MoS, Na;V,(PO,); Full 5.0 5.47 84.0/2300 198
HMF-MoS, — Half 1.0 — 93.7/125 209
1T MoS, Na,V,(PO,); Full 1.0 — 94.0/200 210
MoSe,/MoO; — Half 10 — 55.4/200 217
MoSe, — Half 0.5 2.00 86.7/100 219
Sn-MoSe, Na,V,(PO,),F5/C  Full 1.0 — 40.1/1600 220
ZnS@MoS,/NCGO Na,V,(PO,),/C Full 0.2 1.00 43.5/100 227
MoSe,@HCNS — Half 10 1.10 99.5/1000 229
Sb,M00g NazV,(PO,),/C Full 2.0 1.00 98.7/450 237
Fe,(M00,); MPC Full 0.091 1.10 100.0/1000 238
Na,MoO,/C — Half 0.05 3.5-3.8 96.0/1000 239
Fe,(M00,); — Half 9.1 1.5-3.0 76.0/100 240
WO,/WS,-1GO PAC Full 5.0 — 79.0/6000 192
WO, — Half 0.25 — 100.0/300 199
WO, — Half 0.5 — 74.0/100 200
WS,-NaCl Na,V,(PO,); Full 0.1 1.50 81.4/100 212
WS,@MnS Na;V,(PO,); Full 0.1 100.0/2000 213
WSe,-rGO — Half 0.5 — 80.0/100 221
WO,/WSe, MnSe/MnSe, Full 1.0 — 92.9/10 000 222
WS,/hollow carbon Na;zV,(PO,);/C Full 0.1 — 57.5/200 231
MoWSe,/WO,/C AC Full 10.0 — 50.3/950 233
NWO,@NM NaNig 1sMng 1,0, Full 0.2 2.8-3.2 65.6/100 241
© 2026 The Author(s). Published by the Royal Society of Chemistry EES Batteries
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cal stress during cycling. Although Ti-based oxides offer excel-
lent stability, their lower theoretical capacity limits their
energy density. While Mo- and W-based materials face chal-
lenges of synthesis complexity, they show great potential for
scalability due to advancements in green manufacturing pro-
cesses. In general, Mo- and W-based materials are a promising
alternative for high-performance, long-life, and low-cost SIBs,
especially as advancements in material design and manufac-
turing processes continue. In the future, the main research
focuses of Mo- and W-based materials in SIB anodes are as
follows:

(1) Material structure and performance optimization. Even
though nanoparticles can shorten the diffusion process of
Na', they still face the problem of agglomeration during the
preparation process, and it is difficult to obtain an ideal struc-
ture. Therefore, researchers can try to prepare metal chalco-
genide quantum dots to store sodium. The ultra-small size of
quantum dots can significantly improve the utilization rate of
electrode materials and increase active sites. Moreover, there
are few studies in this area. Specifically, for Mo- and W-based
anode materials, relevant research directions can be explored
in the future. For example, quantum dots based on Mo/W
compounds (i.e. MoS,, WS,) could be prepared through
advanced synthesis techniques such as hydrothermal or solvo-
thermal methods. The ultra-small size and high specific
surface area of these quantum dots can enhance the sodium
storage capacity and promote more efficient Na' intercalation
and deintercalation. In addition, coupling Mo- and W-based
materials with other materials (such as carbon or metal
oxides) to construct heterostructures further improves the elec-
tronic conductivity and stabilizes the interface. These struc-
tures can alleviate aggregation problems and optimize charge
transfer, which is crucial for high-performance SIBs. In the
future, these advancements will not only improve the sodium
storage performance but also address key challenges such as
capacity decay and stability in Mo- and W-based anode
materials.

(2) Electrolyte matching and interface optimization. For
future research on electrolyte systems, specific focus should be
placed on pairing Mo- and W-based anodes with low-viscosity
ether/carbonate blends to enhance ion conductivity and
reduce resistance. Another promising avenue is interface
design for high-concentration electrolytes, which can signifi-
cantly reduce side reactions and improve the overall stability of
SIBs. Furthermore, there is a need for operando characteriz-
ation techniques, such as XRD, X-ray absorption spectroscopy
(XAS), and tomography, which are currently underutilized but
essential for providing real-time insights into structural and
electrochemical changes during cycling. These advancements
could play a crucial role in addressing the challenges Mo- and
W-based anodes face in SIBs. In addition, researchers can
explore solid electrolytes, known for their excellent chemical
stability, which could further enhance the interface effect in
SIBs, reduce side reactions, and alleviate volume expansion.
This may become a key breakthrough in the next generation of
sodium storage technology.
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(3) Improved synthesis methods and processes. Since the
reaction conditions for traditional preparation methods are
difficult to control, researchers could use spray pyrolysis in the
future to synthesize nanoparticles with uniform size and good
dispersion in one step, and regulate the components and con-
struct porous-hollow structures, which could significantly
shorten the Na' diffusion path and improve the specific
capacity and rate performance of SIBs. Specifically, researchers
can explore the optimization of precursor concentration and
spray rate. By adjusting the precursor concentration and spray
rate, the particle size distribution can be controlled, improving
the uniformity of the nanoparticles. This will help improve dis-
persion and minimize aggregation, thus enhancing the electro-
chemical performance of Mo- and W-based materials.
Furthermore, porous hollow structure design can be
implemented. Spray pyrolysis can prepare porous and hollow
nanostructures, which is beneficial for increasing the specific
surface area and reducing the internal diffusion resistance of
Na'. These structures can also mitigate volume expansion
during cycling, thereby improving the cycling stability of the
material. At present, there are few studies using this method,
the design of which is worth the attention of researchers.

Mo- and W-based materials show strong application
potential in the field of SIBs. At present, researchers have
been able to inject new impetus into the technological
upgrading of SIBs through structural optimization and multi-
mechanism synergistic innovations. However, the develop-
ment of such materials is still in the exploratory stage, and
there are many challenges to be explored and solved. With
the in-depth application of cutting-edge technologies such as
single-atom catalysis and in situ characterization, as well as
the large-scale promotion of green manufacturing processes,
Mo- and W-based materials are expected to make the leap
from laboratory research to industrialized applications. This
will not only promote the application of SIBs toward the
goals of achieving high energy density, long cycle life and low
cost, but also provide solid technical support for the global
energy structure transition and sustainable development
strategy.
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