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Supercapacitors, as highly promising charge storage systems, have attracted much attention due to their
fast charging and discharging rates, high power density, and longer service life. However, compared to
rechargeable batteries, the low energy density of supercapacitors limits their practical applications.
Rational design of advanced electrode materials shows great potential to address the above issue. In
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recent years, transition metal sulfides (TMSs) have become a promising material for hybrid
supercapacitors due to their low cost, excellent redox reversibility, and electronic conductivity. This
DOI: 10.1039/d5cc01411le comprehensive review summarizes the recent progress in synthetic methods of transition metal sulfides.

Additionally, the improvement strategies for the electrochemical performance of TMSs are highlighted.
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1. Introduction

With the rapid industrialization, environmental pollution and
energy scarcity have become increasingly prominent. The
demand for sustainable clean energy sources, including wind,
solar, and biofuels, is rising exponentially.' However, these
sources are highly dependent on natural conditions.
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Finally, the challenges and perspectives of TMSs for supercapacitors in the future are discussed.

Consequently, developing efficient energy storage systems is
critical for addressing global energy demands.*® Over the past
few decades, rechargeable batteries and supercapacitors (SCs)
have gained traction as energy storage solutions in hybrid
electric vehicles, portable electronics, and industrial power
systems.®® While SCs offer high-power density, rapid charge/
discharge rates, and long cycle life, their low energy density
remains a significant limitation.°™** SCs are generally categor-
ized into symmetric and asymmetric types (ASCs), based on
electrode material differences. By utilizing electrodes with
differing potential windows, ASCs can extend the device’s
operational voltage range during charging and discharging.
According to the energy storage formula E = 0.5 CV>, ASCs
typically exhibit higher energy density than symmetric SCs.
Notably, ASCs achieve significantly greater energy density than
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conventional batteries or fuel cells, while maintaining their
inherent advantages in power density and cycling stability."*"*
As a result, ASCs hold broad application prospects in future
energy systems.'®*?

Electrode materials can be categorized into three main types:
metal compounds, carbon materials, and conductive polymers.
Among metal compounds, TMSs are of particular interest due to
their ability to undergo faradaic redox reactions (a hallmark
of pseudocapacitance), which enable high theoretical specific
capacitances.”’® > Hu et al.*>® synthesized urchin-like Co-NiS,/C
composites with sulfur vacancies via coprecipitation and sulfida-
tion. Benefiting from the enhanced conductivity, the optimized
electrode retained 89.2% of its capacity after 8000 cycles. Ni
et al** fabricated Co05S,@NiCo0,S, microspheres with a core-
shell structure. Their unique architecture and synthesis method
endow them with excellent performance, reaching a high
specific capacitance of 2697.7 F g~ at 1 A g~'. The most
extensively studied TM-based materials include sulfides, phos-
phides, hydroxides, and oxides. TMSs and their composites
have emerged as promising candidates for ASCs due to
their high specific capacity, improved conductivity, and optimal
electrochemical activity.”>° However, TMSs still face critical
challenges including intrinsic low electrical conductivity, limited
active sites, and suboptimal cycling stability.**™> Recently,
although numerous synthesis methods and performance
enhancement strategies for TMSs have been developed, a com-
prehensive summary and review of their intrinsic interconnec-
tions remain lacking.

In this review, the classification and energy storage mecha-
nism of supercapacitors are firstly introduced. Then, the synth-
esis strategies for preparation of advanced TMS-based electrodes
are summarized and compared with the highlight of the mor-
phology. Meanwhile, the electrochemical performance of TMSs
is improved by different methods, including elemental doping,
introduction of sulfur vacancies, and recombination with carbon
materials, which have been comprehensively discussed. Finally,
the research progress of TMSs in supercapacitor electrode mate-
rials is summarized and prospected (Fig. 1).

2. Supercapacitors

SCs fundamentally comprise three main parts: electrode, electrolyte
and current collector. The electrochemical performance of super-
capacitors is predominantly determined by electrode materials.
Notably, high capacitance can be achieved by using porous materi-
als that can effectively increase the interfaces between the electrode
surface and the electrolyte. Moreover, the porous electrode also
allows more charge to accumulate or adsorb on the electrode,
thereby greatly increasing the capacitance of the supercapacitor
and making supercapacitors exhibit higher energy density than
conventional capacitors while retaining high power density.>*"*
Noteworthily, the morphology, size and porosity can determine the
specific surface area of the electrode material. Hierarchical
morphologies (e.g, spherical, flower-like) with multi-scale pores
enhance ion accessibility, while dense structures (e.g;, cubic) may
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Fig. 1 Overview of the topics covered in this review.

limit electrolyte penetration, directly affecting capacitance. The
pore size also influences capacitance performance. Chmiola
et al.*® revealed that microporous carbon materials with pore sizes
smaller than 1 nm exhibit an anomalous increase in capacitance.
This finding highlights the complex interplay between pore geo-
metry and electrochemical performance, indicating that nanoscale
pore engineering plays a crucial role in capacitance optimization.
According to the energy storage mechanisms, SCs can be divided
into electric double-layer capacitors (EDLCs), pseudocapacitors
(PCs) and hybrid supercapacitors (HSCs).*”*® The three types of
SCs will be discussed in detail as follows (Fig. 2).

2.1. Electric double-layer capacitors

EDLCs do not undergo chemical reactions at the electrodes.
The operation of EDLCs is through a non-Faraday process,
which accumulates a double layer of charge at the electrode-
electrolyte interface by applying a voltage to the electrode.®>***°
This accumulation of the double layer of charge is mainly
caused by electrostatic phenomena. The reason why EDLCs
can show excellent cycle stability is mainly due to the absence
of redox reaction during the charge and discharge process and
its high reversibility, which also reduces the rate of perfor-
mance degradation of EDLCs and the volume change.*! Com-
pared with traditional supercapacitors, EDLCs rely on a larger
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Fig. 2 Schematic diagram of the energy storage mechanisms of (a)
EDLCs, (b) PCs, and (c) HSCs.
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specific surface area and smaller electrode spacing, enabling
higher power density (not energy density) due to rapid charge/
discharge kinetics.*>** Generally, EDLCs commonly use aqu-
eous electrolytes such as KOH, H,SO,, or neutral salts (e.g.,
Na,S0,). The electrolyte provides positive and negative ions,
and the transport of these ions in the EDLCs is mainly affected
by several factors, such as the wettability of the solution to the
pore surface, the affinity of the tortuous mass-transfer path, the
electrical phenomena associated with the solution, and the area
limitation within the pore surface of the electrode.

2.2. Pseudocapacitors

PCs store energy via reversible faradaic redox reactions on/near
the electrode surface, distinct from irreversible battery-type
reactions on electrode surfaces and electrolytes. In a reversible
process, no new chemicals are formed, whereas in an irreversible
Faraday process, new chemical components will be generated.
PCs are stored in the same way as EDLCs, when an external
voltage is applied to the PCs, the charged atoms or ions in the
electrolyte will move towards the electrode with the opposite
charge.”*™° As a result, an electric double layer will form at the
interface between the electrode and the electrolyte, and the
charged atoms or ions within the double layer will lose electrons
to the electrode surface, which will therefore be charged.*”*°
The charge transfer mechanism in the Faraday reaction depends
mainly on the applied voltage, so performance of PCs is deter-
mined by the voltage. In general, the electrochemical process
in PCs can be divided into three types, which are the doping
and de-doping of the electrode material, the redox reaction of
electrolyte ions, and the surface adsorption of ions in the
electrolyte on the electrode. The first chemical process mainly
relies on surface processes, so the surface space of electrode
materials has no significant effect on the capacitance of PCs.
However, these processes are surface-controlled, thus the per-
formance of PCs strongly depends on the electrode’s specific
surface area. Normally, the preferred electrode materials for PCs
are conductive polymers, metal oxides, and carbon-based mate-
rials, all of which have large specific surface areas.>>>!

By triggering redox reactions on the electrode surface, the
capacitance of PCs is many times higher than that of EDLCs.>>
However, compared with EDLCs, PCs still have some short-
comings in performance, e.g. the contraction and expansion of
the electrode material caused by mechanical stress during the
charging and discharging process, which will result in the
insufficient cycle life and unsatisfying mechanical stability of
PCS.53’54

2.3. Hybrid supercapacitors

Given the insufficient energy density and power density of
EDLCs and PCs, hybrid supercapacitors (HSCs) have emerged
and attracted attention as a new generation of energy storage
devices.”"°

Hybrid supercapacitors (HSCs) integrate battery-type electro-
des (e.g., lithium-intercalation materials) with capacitive electro-
des (EDLCs or PCs) or combine EDLC materials with PC
materials, enabling them to exhibit both high energy density
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and high-power density. Operating with asymmetric electrode
configurations, HSCs are also termed asymmetric supercapaci-
tors (ASCs). This structural asymmetry enables ASCs to achieve a
wider voltage window. Since the energy stored in supercapacitors
is proportional to capacitance and the square of the operating
voltage, ASCs can deliver significantly higher energy densities
than pure EDLCs or PCs. Meanwhile, this unique architecture
effectively mitigates the drawbacks of individuals making ASCs
more suitable for practical energy storage applications.’”™°

For example, Li et al®® reported an ASC using MoS,/
NiCo0,S,@C hollow microspheres (HMSs) as the positive elec-
trode and activated carbon as the negative electrode. This device
achieved a high energy density of 36.46 W h kg™ " at an ultrahigh
power density of 73.75 kW kg™ ', maintaining 90.1% capacity
retention after 10000 charge-discharge cycles at 10 A g~ . Sun
et al.®" reported another ASC with CosSg@NiCo,S, as the positive
electrode and activated carbon as the negative electrode, demon-
strating an impressive energy density of 58 W h kg™ " at a power
density of 800 W kg™ ', along with 92.9% capacity retention after
10000 cycles. Each type of SC has unique characteristics, and the
hybrid structure based on EDLCs and PCs following asymmetric
assembly offers a method to integrate two storage principles,
thus positioning ASCs as versatile energy storage devices for
broad applications.

3. Synthesis strategy

In recent years, compared with transition metal oxides, TMSs
have good electrical conductivity, which is mainly due to the fact
that the lower electronegativity of sulfur compared to oxygen
weakens the metal-chalcogen bond strength, promoting struc-
tural flexibility and enhanced ion diffusion kinetics in TMS, and
the electron transfer is more rapid, which greatly improves the
electrochemical performance of the materia.®>** At the same
time, TMSs are also superior to other materials in terms of
mechanical stability.®**® Of course, TMSs also have problems
such as large volume changes and slow reaction kinetics.®” These
problems can be improved by choosing different preparation
methods, and the three commonly used preparation methods
are hydrothermal, electrodeposition, and chemical vapor deposi-
tion. In this section, we focus on the use of these three methods
to improve the morphology of materials, so as to improve the
existing problems of transition metal dichalcogenides and
improve the electrochemical performance of TMSs.

3.1. Hydrothermal method

The hydrothermal method mainly refers to the process of
dissolving and recrystallizing insoluble reactants in water in a
closed space under certain temperature and pressure condi-
tions. It is noteworthy that different temperatures and reaction
times in hydrothermal processes have a significant impact on
the morphology of transition metal sulfides. Therefore, select-
ing appropriate hydrothermal reaction conditions is crucial for
improving morphology and enhancing performance. Wang
et al.®® systematically investigated the morphological evolution

This journal is © The Royal Society of Chemistry 2025
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of NiCo,S, by varying hydrothermal reaction times. As the
reaction time increased, the tips of NiCoS nanorods became
progressively rougher, resembling budding flower structures.
After hydrothermal treatment for 4 h, the diameter of the
nanorods stabilized, and the flower-like architecture became
more distinct. Extending the reaction time to 5 h caused the
“buds” at the nanorod tips to fully “bloom”, resulting in
narrower nanorods. Notably, the NiCoS sample prepared by
4 h exhibited the largest specific surface area due to its
optimized morphology, exposing more electrochemical active
sites and enabling superior electrochemical performance. Gal-
vanostatic charge-discharge (GCD) curves revealed that the
specific capacitance was 2096 F g~ by 3 h, 3093 F g" ' by 4 h,
and 1878 F g~ ' by 5 h. In addition, Gou et al.*®® found that the
NiCoS sample contained abundant nanospheres after hydro-
thermal treatment for 1 h, and the nanospheres gradually
disintegrated into nanoparticles as the reaction time increased.
The sample prepared in 14 h exhibited a porous, fluffy structure
with only trace residual nanospheres. After 18 h, the spherical
structure nearly disappeared, indicating the critical role of
reaction time in morphology regulation. BET surface area
analysis showed that the sample prepared in 14 h exhibited a
specific surface area of 29.9 m> g™, significantly higher than
27.9 m* g~ (10 h) and 19.6 m> g~ (18 h). Remarkably, the
optimal electrode delivered excellent electrochemical stability,
retaining 68.0% of its initial capacitance after 4000 cycles.

The hydrothermal temperature can also affect the final mor-
phology and electrochemical performance. It was found that the
particle size of NiS/NizS, composites could be regulated by
hydrothermal temperature.”® At 160 °C and 180 °C, the average
particle sizes were 820.9 nm and 620 nm, respectively. When the
temperature was increased to 200 °C, the average particle size was
greatly reduced to 290.1 nm. Notably, its superior rate capability
was confirmed by retaining 56.0% of the specific capacitance at
2 A g~ when the current density increased to 20 A g™, compared
to those of 43.7% (160 °C) and 49.4% (180 °C). Impressively, it
achieved specific capacitances of 1944 mA h g ' at 2 A g~ " and
1331 mAh g 'at 10 A g, along with excellent cycling stability
(89.5 mA h g~ retained after 5000 cycles at 10 A g™ ').

The precursor concentration is also a key factor in tailoring
the morphology. Moorthi et al.”' synthesized Mo;_,V,S, via
a one-step hydrothermal method. By adjusting the Mo:V ratio,
the morphology of Mo, ,V,S, transitioned from pure MoS,
nanosheets into hierarchical flower-like microspheres. When the
Mo:V ratio was 1:1, the material exhibited well-defined micro-
spheres composed of interconnected petal-like nanosheets, featur-
ing a smooth surface and a porous thin-layer structure. This
unique structural configuration significantly increased the specific
surface area and the number of electrolyte-accessible sites, result-
ing in superior electrochemical performance. Notably, a super-
capacitor assembled using this material achieved an energy
density of 19.5 W h kg ' and a maximum power density of
900 W kg~ . After 10000 charge-discharge cycles, the capacitance
retention rate remained 86.3%. Mian Muhammad Faisal et al.”
found that increasing the concentration of Na,S precursor caused
severe particle agglomeration, reducing the specific surface area

This journal is © The Royal Society of Chemistry 2025
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and potentially impairing the electrochemical storage capacity.
The electrode prepared with 0.4 mmol of Na,S exhibited optimal
performance due to its uniform morphology, achieving a specific
capacitance of 2696.2 F g, higher than those of 998.7 F g™ *
(0.2 mmol) and 1911.5 F g~ ' (0.6 mmol). The assembled device
demonstrated a high capacity of 420.10 C g~ ', a maximum energy
density of 75.96 W h kg™ ", a power density of 2865 W kg ',
and outstanding cycling stability (85% capacitance retention after
5000 cycles).

Moreover, hydrothermal methods can construct unique
morphology and structure. Ni et al.”* successfully transformed
ZIF-67 templates into Ni-Co-Mn ternary sulfide double-layered
nanoporous cages through ion exchange and hydrothermal
methods. As shown in Fig. 3(a), the outer layer of these hollow
cages consists of mixed metal sulfides, while the inner layer is
composed of cobalt sulfide. Notably, the surface of the hollow
cages features a nanosheet architecture, which not only pro-
vides abundant active sites and shortens ion/electron transport
pathways during electrochemical processes but also mitigates
volume expansion of the electrode material during prolonged
cycling, thereby significantly enhancing its cyclic stability.
Through precise structural and compositional optimization,
the composite exhibits a remarkable specific capacitance of
2460 F g~ ' at 1 A g ', while maintaining 80.8% of its initial
capacitance after 5000 charge-discharge cycles. Yang et al.”*
developed a facile hydrothermal strategy to synthesize ultrafine
nickel-molybdenum sulfide ((Ni,Mo0)S,/G) enriched with active
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Fig. 3 (a) Schematic of cathode NMCS and anode TPC preparation
processes. Reproduced with permission from ref. 73. (b) Schematic illus-
tration of the formation process of (Ni,Mo)S,/G via a two-step solvother-
mal approach. Reproduced with permission from ref. 74.
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edge sites anchored on graphene nanosheets. As shown in
Fig. 3(b), the (Ni,Mo)S, phase comprises a heterogeneous
mixture of NiS, nanoparticles and MoS, nanosheets. The
abundant active sites inherent in the (Ni,Mo0)S, nanosheets,
combined with the synergistic effects between (Ni,Mo)S, and
graphene, synergistically accelerate faradaic redox reactions,
thereby improving both rate capability and specific capacity.
The optimized (Ni,Mo)S,/G composite demonstrates a high
specific capacitance of 2379 F g~ at 1 A g~ . This enhanced
electrochemical performance underscores the effectiveness of
the designed heterostructure in facilitating charge transfer
kinetics and structural stability.

3.2. Electrodeposition method

Electrodeposition relies on applying a controlled overpotential
to drive the reduction of metal ions at the electrode surface to
obtain the required metal components, which is influenced
by both ion concentration and redox thermodynamics. The
electrodeposition method mainly changes the morphology of
electrode materials by adjusting different parameters such as
current density, deposition time, deposition cycle, and adding
surfactants. As shown in Fig. 4(a), in 2019, Wang et al.” fabricated
NizS, nanosheets on carbon nanotubes (CNTs) via electrodeposi-
tion, subsequently introducing an outer CNT layer through dip-
coating and drying processes, followed by crystallization of Ni,S,
nanoparticles via annealing treatment. The inner CNT layer
electrodeposited with Ni;S, nanoparticles significantly enhanced
active site density, while the outer highly conductive CNT network
served as efficient pathways for rapid electron transport, collec-
tively endowing the material with exceptional electrochemical
performance. The CNT-Ni;S,-CNT composite electrode demon-
strated a remarkable areal capacitance of 13400 mF cm > at
10 mA cm ™2, coupled with outstanding cycling stability—retain-
ing 90.6% of its initial capacity after 10000 charge-discharge
cycles As shown in Fig. 4(b), in 2020, Ma et al’® obtained
CoMoS,@NiCoS nanotube hybrid arrays with layered core-shell
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hollow structures through different electrodeposition cycles.
When the deposition period was 6 cycles, the hollow CoMoS,
nanotubes were not uniformly covered by NiCoS nanosheets,
therefore it could not provide porous channels for electrolyte
permeation or sufficient active sites. When the deposition period
was 10 cycles, the electrode material was tightly wrapped by overly
dense nanosheets, resulting in uneven arrangement and self-
aggregation of the nanosheets on the hollow CoMoS, nanotubes.
This also greatly suppressed the contact between the electrolyte
and the electrode, leading to a decrease in electrochemical
performance. When the deposition period was 8 cycles, the hollow
CoMosS, nanotubes were tightly wrapped by NiCoS nanosheets,
providing sufficient pores for adjacent core-shell nanotube arrays,
as well as porous structure and abundant electrochemical active
sites for electrolyte permeation. The 3D stacking CoMoS,@ NiCoS
electrode achieved a specific capacitance of 2208.5 F g~ ! at a
current density of 1 A g™, along with excellent cycling stability.
The capacitance retention rate is as high as 91.3% after 5000
cycles at 3 A g~ . In addition, the assembled CoMoS,@NiCoS//AC
ASC also exhibited excellent electrochemical performance, provid-
ing an energy density of 49.1 W h kg™" at a high-power density
of 800 W kg~ '. Meanwhile, it also exhibited excellent cycling
stability, maintaining an initial capacity of 90.3% even after
10000 cycles.

As shown in Fig. 4(c), in 2021, Pu et al’’ synthesized
the hierarchical coral-like architecture of Ni nickel cobalt hydro-
xysulfide nanosheet arrays (NiCo-SOH) featuring interconnected
macropores and mesopores, facilitating rapid ion diffusion,
through a one-step electrodeposition strategy. This hierarchical
coral-like architecture features abundant surface micropores
that facilitate both electron transfer and electrolyte diffusion,
thereby optimizing electrochemical kinetics. The NiCo-SOH
exhibited a high specific capacitance of 2092 F g¢" at 1 A g™/,
along with superior rate capability—maintaining 1696 F g~
even at an elevated current density of 10 A g~ ', This performance
enhancement stems from the synergistic combination of
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hierarchical porosity and intrinsic redox activity inherent to the
ternary metal composition.

At the same time, the addition of surfactants can also
regulate the morphology of electrode materials. In 2023, Amala
Georg et al.”® changed the morphology of the electrode material
by adding hexadecyltrimethylammonium bromide (CTAB).
The addition of CTAB reduced the aggregation of CuCo,S,
nuclei, thereby promoting the uniform distribution of particles
on the surface. Meanwhile, during the annealing process, CTAB
decomposed into carbonaceous residues and gaseous products
(e.g., CO,, NHj;), creating a porous network and exposing
additional active sites, thereby improving the electrochemical
performance of the material. The CuCo,S, nanotubes achieved
a high specific capacity of 1199 C g™* at a current density of
10 A g '. Even when the current density was up to 30 A g °,
CuCo,S; metal nanotubes still have an initial capacity of
83.17% after 5000 charging and discharging cycles. At the same
time, the ASC also exhibited excellent performance with a
specific capacity of 360.27 C g * at a current of 10 A g .
Remarkably, it retained 95.23% of capacity value after more
than 5000 cycles at a current density of 30 A g~ .

3.3. Chemical vapor deposition method

As one of the earlier methods used in material deposition,
chemical vapor deposition refers to the process of using gas-
eous or vapor substances to react at the gas-solid interface and
generate solid deposits on the substrate. The chemical vapor
deposition (CVD) method can deposit a wide variety of sedi-
ment types, usually resulting in high purity and dense struc-
ture. The deposition process can be controlled by adjusting the
deposition parameters. Zhao et al.”® prepared a carbon cloth
loaded NiPS; nanosheet array using the chemical vapor deposi-
tion method. The SEM images showed that the surface of each
carbon cloth fiber was uniformly covered with dense nano-
structures, which is also conducive to the electrochemical
performance of the material. The NiPS; electrode delivered a
high specific capacitance of 1148 F g~ at a current density of
1 A ¢ '. Meanwhile, the cycling stability of NiPS; was tested
under a current density of 10 A g, and it still maintained a
capacitance retention of 81.4% after 5000 cycles. The ASC
assembled by NiPS; also displayed a specific capacitance of
61.3 F g~ " at a current density of 1 A g~ and an energy density
of 19.2 W h kg ™" at a power density of 750 W kg™'. As shown in
Fig. 5(a) and (b), A. Raza et al® synthesized molybdenum
disulfide (MoS,) and heterostructured magnesium sulfide
(MgS)/MoS, nanocomposites on nickel foam via a chemical
vapor deposition (CVD) method. The CVD-derived composite
exhibits a high specific surface area of 170 m* g, which not
only exposes abundant electrochemically active sites but also
enhances electrolyte—electrode interfacial contact, thereby
endowing the material with exceptional electrochemical perfor-
mance. The assembled supercapacitor demonstrates remark-
able cycling stability, retaining 95% of its initial specific
capacitance (Csp) after 10 000 charge-discharge cycles at a high
current density of 20 A g~ '. Meanwhile, chemical vapor deposi-
tion can also be used in conjunction with other methods to
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construct more complex morphologies and structures. There-
fore, materials synthesized by combining chemical vapor
deposition with other methods generally show better perfor-
mance than those synthesized by just chemical vapor deposi-
tion. As shown in Fig. 5(c), Zhang et al.®' synthesized NiCo,S,
nanocone arrays (NCAs) using chemical vapor deposition and
subsequent hydrothermal methods. First, 3D nanoparticles
with small pore diameters were prepared by chemical vapor
deposition. The small pores of 3D graphene (3D Gr) not only
improved its conductivity, but also increased its contact area
with the electrolyte solution. Then, NiCo,S, NCAs were verti-
cally grown on 3D Gr by a hydrothermal method. Due to the
synergistic effect between 3D Gr and NiCo,S, NCAs, the specific
capacitance of NiCo,S; NCAs/3D Gr electrode was 948.9 F g~ ' at
a current density of 1 A g~ ', and the capacitance retention at
10 A g~ " was 84.3% after 10000 cycles. In addition, an ASC
(NiCo,S,; NCAs/3D Gr/AC) also delivered a power density of
1153.8 W kg~ " and an energy density of 64.1 W h kg™, After
10000 cycles, the capacitor can still maintain 90% of its initial
specific capacitance. Besides, the CVD method can also be
combined with the electrodeposition method. Yu et al®?
synthesized a nano-honeycomb manganese cobalt sulfide/
three-dimensional graphene foam nickel composite by a CvD
method and electrodeposition method. Specifically, the three-
dimensional graphene on foam nickel was prepared by the CVD
method, and then depositing nano-honeycomb manganese
cobalt sulfide on the as-prepared three-dimensional graphene
by the electrodeposition method. The material showed a three-
dimensional crossing porous structure. Due to this structure,
the electrode exhibited a larger specific surface area in contact
with the electrolyte, which can provide more active sites and
enhanced electrochemical performance. The nano-honeycomb
manganese cobalt sulfide/three-dimensional graphene foam
nickel material delivered a specific capacitance of 1938 F g~ *
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at a current density of 5 A g~'. The specific capacitance of this
material is 1320 F g~ " after 4000 cycles at a current density of
50 A g '. Notably, the material also showed excellent rate
capability and maintained a specific capacitance retention of
76.8% at 100 A g~ .

However, the reaction conditions of the chemical vapor
deposition method are relatively harsh, especially, traditional
CVD often requires extremely high temperatures. Although new
technologies, e.g. laser-assisted technology, can reduce its reac-
tion temperature, the chemical vapor deposition method has not
been fully developed in the preparation of electrode materials for
ASCs due to its excessively harsh reaction conditions.

In summary, various synthesis methods including hydro-
thermal synthesis, electrodeposition, and CVD methods, have
been explored to synthesize advanced TMS-based electrodes.
The hydrothermal method enables precise control over nano-
structures (e.g., nanorods, porous structures) under mild reac-
tion conditions, making it suitable for large-scale production.
Electrodeposition allows uniform material deposition onto
substrates with flexible process parameters (e.g., current den-
sity, deposition time). In contrast, CVD produces high-purity
materials with dense structures, making it particularly effective
for synthesizing delicate nanostructures such as nanosheet
arrays. Despite these advantages, scaling up these synthesis
methods for practical applications presents several key chal-
lenges. The hydrothermal method suffers from lengthy reaction
times and difficulty maintaining uniformity during mass pro-
duction. Electrodeposition is highly dependent on conductive
substrates, leading to higher equipment costs. Additionally,
CVD demands harsh reaction conditions (high temperature,
vacuum), complex apparatus, and substantial energy consump-
tion, increasing scalability costs.

4. Strategies for increasing specific
capacitance

In recent years, researchers have conducted extensive research on
nanostructured electrodes for high-performance supercapacitors.
Especially, TMSs have attracted much attention due to their
excellent conductivity, abundant redox active sites, and excellent
electrochemical activity compared to transition metal oxides. How-
ever, their low specific capacitance and poor cycling stability—at-
tributed to structural degradation during redox reactions—remain
critical challenges. To address these limitations, researchers have
developed methods to improve transition metal dichalcogenide
performance. At present, we mainly optimize the structure of TMSs
through elemental doping, introduction of sulfur vacancies, and
conformity with carbon materials to improve the electrochemical
performance of transition metal dichalcogenides.®**° In the follow-
ing sections, we will highlight some of these details.

4.1. Element doping

Element doping is considered as one of the reliable strategies to
improve capacitance performance and cycling stability by
adjusting the morphology of electrode materials to increase
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electroactive sites and improve conductivity.”” For example,
Praphaiphon et al® adjusted the morphology of NiCo,S/
Ni;S, by doping Mn. Compared with pure electrodes, introduc-
tion of Mn could obtain thinner nanosheets and larger pores.
Interestingly, it resulted in agglomeration on the electrode with
the increasing of Mn amount. Both experiments and calcula-
tions indicated that doping Mn ions in the NiCo,S, lattice
could improve the interaction between electrolyte OH™ ions
and Co metal centers, thus enhancing the conductivity of the
electrode. The experimental results showed that the maximum
capacity of Mn doped electrodes is 145 mA h ¢ ' (1350 F g™ ),
which is much higher than that of undoped electrodes.
Meanwhile, it also maintained outstanding cycling stability
and rate capability. Yan et al.®® used a one-step hydrothermal
method to prepare vanadium doped nickel sulfide (VNS) by
using nickel foam as the nickel source. Due to the doping of
vanadium, nickel sulfide was assembled into a nanoflower
structure from nanosheets, which was conducive to charge
exchange and electrolyte permeation during the reaction pro-
cess. Benefiting from the unique structural features, the VNS
electrode provided more active sites for redox reactions.
Besides, the optimal ratio was also determined by controlling
the doping amounts of V. When the V doping amount was
0.7 mmol, the specific capacitance of the electrode can reach
2072 F g " at a current density of 1 A g~ ". In addition, the HSC
assembled with the VNS cathode and activated carbon anode
also exhibited excellent performance. It delivered an energy
density of 81.33 W h kg™" at a power density of 160 W kg™ .
Notably, the HSCs can still maintain a capacitance retention
rate of 82.2% after 10000 charge and discharge cycles. As
shown in Fig. 6(a), Lu et al°® fabricated a porous hollow
structure integrating nitrogen-doped carbon quantum dots
(NCDs) with NiCoS through a combined water bath and hydro-
thermal reaction strategy. This hierarchical hollow architecture
synergistically enhances performance through three mechanisms:
abundant active sites, internal electrolyte reservoirs, and opti-
mized ion/electron transport pathways. The composite demon-
strates a high specific capacity of 764.1 C g ' at 1 A g~ ". The
assembled supercapacitor based on the NCD/Ni; 5Co,S configu-
ration exhibits remarkable energy density (73 mW h cm™? at
1.39 W cm %) and exceptional cycling stability, retaining 96.5% of
its initial capacity after 10 000 charge-discharge cycles. As shown
in Fig. 6(b), Njemuwa Nwaji et al.°" successfully synthesized iron-
doped cubic cobalt-based MOFs, subsequently transforming them
into sulfur vacancy-rich hollow core-shell nanocubes via a facile
ambient-temperature conversion method. The iron doping effec-
tively modulates the electronic structure, creating additional
active sites and enabling efficient charge transfer, thereby signifi-
cantly enhancing the electrochemical performance. At 10 A g™/,
the iron-doped material maintains 96.5% capacity retention after
6000 cycles, outperforming its undoped counterpart (84% reten-
tion). This improvement stems from the synergistic effects of
sulfur vacancy engineering and optimized electron transport
kinetics within the hollow heterostructure. As shown in
Fig. 6(c), Cao et al.*> prepared NiCo0,S,@C and NiS@C composite
nanoparticle samples by using solvothermal and chemical vapor

This journal is © The Royal Society of Chemistry 2025
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(@) Schematic illustration of the preparation of NCDs/NiCoS nanocomposites and the formation of the hollow structure. Reproduced with

permission from ref. 90. (b) Schematic illustration of the two-step synthetic route for vacancy engineered nanostructures. Reproduced with permission
from ref. 91. (c) (I) CV and (Il) GCD curves of NiCo,S4@C, NiS@QC, NiCo-MOF and Ni-MOF electrodes, (IIl) CV curves of the NiCo,5,@C electrode, and (IV)
GCD curves of the NiCo,S4@C electrode. (V) Specific capacity of NiCo,S,@C, NiS@C, NiCo-MOF and Ni-MOF electrodes measured at different current
densities. (VI) Schematic illustration of the sulfide microsphere composed of carbon-coated nanoparticles. Reproduced with permission from ref. 91.

deposition methods. The SEM and TEM images further revealed
the introduction of Co in the bimetallic MOF could increase the
porosity of the material, resulting in a rougher surface of
the sphere. The increase in porosity was more conducive to the
penetration of electrolyte into electrode materials, and provided
more active sites to increase capacity. Notably, for a current
density from 1 to 10 A g %, the specific capacitance retention of
bimetallic nickel-based electrodes NiCo,S,@C was 73.9% and
83.2% for NiCo MOF, and the specific capacity retention of single
metal nickel-based electrodes NiS@C was 34.9%, and for Ni MOF
was 18%. Thanks to the structural characteristics of nanoparticles
and the advantages of multi-component composite materials, the
specific capacity of bimetallic NiCo-MOF is 948.9 C g ' at a
current density of 1 A g~ '. In contrast, the single-metal Ni MOF
exhibited a lower specific capacity of 631.0 C g ' from
NiCo,S,@C. The ASC provided an excellent energy density of
43.8 W h kg™ " at a power density of 799.1 kW kg " at a voltage
of 1.6 V.

Meanwhile, emerging ternary TMSs have demonstrated
superior electrical conductivity and redox activity. Lai et al.®
successfully synthesized Fe-doped NiCo,S, nanosheets on
N,S-doped ordered mesoporous carbon (N,S-CMK-3), creating
an Fe-NiCo,S,;@N,S-CMK-3 composite. Fe doping endows
Fe-NiCo,S, with enhanced electronic conductivity and higher
adsorption enthalpy toward ionic liquid electrolytes, which
collectively contribute to the excellent electrochemical perfor-
mance. Notably, an ASC device assembled with a Fe-NiCo,S,
cathode electrode and N,S-CMK-3 anode electrode achieved a

This journal is © The Royal Society of Chemistry 2025

high energy density of 107.5 W h kg™ ' at a power density of
100 W kg™, accompanied by a wide operating voltage window
of 4 V.

4.2. Introduction of sulfur vacancies

The presence of sulfur vacancies can reduce band gaps
and increase carrier density, thereby significantly enhancing
electronic conductivity and facilitating faster electron and ion
transport.”® The main method to create sulfur vacancies in TMS
include argon plasma low-pressure treatment, pulsed laser
deposition (PLD), and reduction. Among them, the reduction
method is a facile way to introduce vacancies in sulfides by
using reducing agents, such as glucose,” hydrazine,”® and
NaBH,.”” NaBH, is a mild reducing agent with many advan-
tages such as simplicity, low energy consumption, safety, and
room temperature reaction.’® The presence of sulfur vacancies
can optimize electronic structures, effectively improve interfa-
cial reaction activity, and promote reaction kinetics. Mean-
while, these vacancies are also considered as electrochemical
active sites, and further enhance capacity.”®° Therefore, super-
capacitors assembled from electrode materials with sulfur
vacancies exhibit favorable electrochemical performance. Zong
et al.'® synthesized sulfur vacancy-rich Bi,S; anchored on
nitrogen-doped carbon nanofibers (S-NCNF) via a simple sol-
vothermal method, followed by high-temperature annealing. The
resulting dr-Bi,S;/S-NCNF composite features a supporting
matrix of nitrogen-doped carbon nanofibers uniformly coated
with bismuth sulfide nanoparticles enriched in sulfur vacancies.
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Due to the incorporation of sulfur vacancies, the material exhibits
excellent electrochemical performance. DFT calculations further
revealed that the adsorption energy of OH™ ions on dr-Bi,S;/S-
NCNF (—3.15 eV) is much lower than that on df-Bi,S;/S-NCNF
(—3.06 eV), indicating that the initial adsorption of OH™ ions
more readily occurred on the surface of the dr-Bi,S;/S-NCNF
electrode, thereby accelerating the subsequent faradaic reactions.
Notably, an ASC assembled with dr-Bi,S;/S-NCNF and S-NCNF
achieved a high energy density of 22.2 W h kg™ " at a power density
of 677.3 W kg . Li et al.'®" prepared sulfur vacancy enhanced
cobalt molybdenum sulfide nanosheet (Vs CMS) integrated cath-
odes by using hydrothermal and NaBH, reduction methods. Due
to the introduction of sulfur vacancies, the surface morphology of
CMS nanosheets was greatly changed. The introduced nanosheets
were interconnected to form a honeycomb-like microstructure,
resulting in a rough surface and a larger specific surface area of
the electrode material. Introducing sulfur vacancies in CMS not
only provided more active sites for the two-phase redox reaction,
but also accelerated the electron transfer. This synergistic effect
arises from the combination of increased active sites provided by
sulfur vacancies and improved charge transport facilitated by
the layered structure, the optimal Vs-CMS integrated cathode
displayed a high area capacity of 0.56 mA h cm > at
1 mA cm 2 good rate performance of 0.34 mA h cm ? at
30 mA cm 2, and cycling stability of 96.7% after 10000 cycles.
In addition, the capacitive porous framework activated carbon
(PFAC) anode was coupled with the optimal Vs CMS cathode for
assembling HSC. The obtained PFAC anode delivered a high
specific capacitance of 112.1 F g~ at 0.25 A g~ ', a high-rate
capacity of 46.3 F g ' at 10 A g ', and good cycling stability of
95.5% after 10000 cycles. The maximum energy density of the
assembled HSC was 73.2 W h kg™, and the power density was
3014.7 W kg™ . Besides, it exhibited excellent cycling stability of 93.3%
after 10000 cycles. Qu et al.’® prepared rich sulfur-vacancy NiS
(r-Ni3S,) by hydrothermal and NaBH, reduction processes. The r-
Ni;S, electrode material was in a shape of pleated nanoparticles,
which were composed of petal-like flakes. Due to the larger specific
surface area and sulfur vacancies, more active sites are exposed, so
that the Gibbs free energy was reduced, resulting in a significant
improvement in electrochemical performance. Impressively, the
specific capacitance is 1571.8 F g~ " at a current density of 1 A g™ ",
and the capacitance retention rate is 32%, higher than that of the
original nickel sulfide. In addition, the ASC composed of r-Ni;S,
also showed excellent performance with an energy density of
33.7 W h kg™ " at a power density of 1167.8 W kg . In addition
to the NaBH, reduction method, other methods can be used to
introduce sulfur vacancies. Qian et al.’® synthesized hollow zinc-
cobalt sulfide dodecahedron with abundant sulfur vacancies
(Zn,Cos_,S,) by co-precipitation and solvothermal vulcanization.
The abundant sulfur vacancies and hollow dodecahedral structure
delivered a large specific surface area, high electronic conductivity
and mass transfer efficiency of the Zn,Co;_,S, electrode, which is
conducive to improving the electrochemical performance of super-
capacitors. Notably, the prepared Zn, ;Co, S, electrode displayed
an enhanced specific capacitance of 545.9 C g at a current density
of 1 A g " along with a high capacitance retention rate of 84.7%

2
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after 1000 cycles. In addition, the supercapacitor assembled by
Zn, ;Co, ;S, and activated carbon also delivered excellent per-
formance with a high energy density of 15.58 W h kg™ ' at a
power density of 800.11 W kg™ * as well as a capacity retention
rate of 71.2% after 5000 cycles at a current density of 4 A g~ .
Huang et al.'®* synthesized hollow carbon-coated nickel sulfide
nanocrystals (H-NiS;_x/C) with sulfur vacancies by an ion
exchange strategy and subsequent thermal annealing. Thanks
to its hollow structure and sulfur vacancy, the optimal S-vacancy
sample (H-NiS; _x/C-50) exhibited a high specific capacitance of
1728 F g " at a current density of 1 A g~ . After 8000 cycles, it
could still maintain 72% of the initial specific capacitance. The
ASC assembled by H-NiS;_x/C-50 also achieved a high energy
density of 36.88 W h kg™ '. As shown in Fig. 7(a), Cui et al'®
developed a PS-NiS/CoySs@NC composite featuring molecular-
level NiS/CosSg heterojunctions, sulfur vacancies (SVs), and
nitrogen-doped carbon (NC) coatings. The atomic-scale hetero-
junction engineering, combined with the polyhedral star-like
nanostructure, synergistically increased active site exposure and
optimized interfacial electron environments. The SV defects and
NC coating collectively enhanced electrical conductivity and
charge transfer kinetics. This structural optimization resulted
in an outstanding specific capacitance of 1902 F g~ " at1 A g ",
along with reliable cycling stability—80.1% capacitance reten-
tion after 7000 cycles. The hierarchical design effectively bal-
ances high energy storage capacity with long-term durability. As
shown in Fig. 7(b), Shao et al.'°® enhanced the electrochemical
performance of Fe,Sg through dual modification with phos-
phorus doping and sulfur vacancies. The P-Fe,Sg electrode
demonstrated exceptional cycling stability, retaining 84.9% of
its initial specific capacity after 8000 cycles—significantly super-
ior to Fe;S, counterparts. Furthermore, the assembled NiS//P-
Fe,Sg asymmetric supercapacitor achieved a high energy density
of 134.8 W h kg™ " at a power density of 1042.1 W kg™, showcas-
ing remarkable energy-power balance. As shown in Fig. 7(c), Tian
et al.'” synthesized a 3D sea-urchin-like NiCo,S,/C composite
via a one-step sulfidation-carbonization strategy using NiCo-
based metal-organic frameworks (MOFs) as templates. Precise
control of the Co/Ni ratio optimized interfacial interactions,
generating structural defects and synergistic effects between
the two metals to enhance electrochemical activity. During
high-temperature pyrolysis, the nanorods underwent contraction
and structural remodeling, forming fibrous carbon matrices.
The in situ formed NiCo,S, nanoparticles were uniformly dis-
persed within the carbon framework, creating abundant active
sites and efficient charge transport pathways. The composite
exhibited a high specific capacitance of 1934 Fg ' at 1 Ag™ " with
excellent rate capability. The assembled hybrid supercapacitor
delivered an energy density of 50.24 W h kg™ at 800 W kg™ %,
demonstrating practical energy storage potential (Table 1).

4.3. Composite with carbon materials

It is well established that the charge storage capability of TMS is
significantly influenced by their structural and morphological
features, such as surface area, porosity, and crystallinity. Thus,
the rational design and synthesis of nanostructured materials

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (a) Synthesis procedure and structure function of the polyhedral
star PS—NiS/CogSg@NC. Reproduced with permission from ref. 105. (b)
Schematic illustration for the formation of P-Fe;Sg and NiS as electrode
materials for the ASC. Reproduced with permission from ref. 106. (c)
Schematic illustration of the fabrication routes of Ni;Co;—BTC, NiCo,O4@-
NiO (NCO), NiCo0,S4/C (NCSC) and NiCo,S4 (NCS). Reproduced with
permission from ref. 107.

are pivotal for optimizing the electrochemical performance of
TMS-based electrodes, primarily due to enhanced active site
exposure and improved ion diffusion pathways. Carbon-based
materials, particularly those with high specific surface areas,
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excellent electrical conductivities, and hierarchical porous
structures, are ideal candidates for hybridization with TMS.
These properties facilitate efficient charge transport and pro-
vide abundant redox-active sites. At present, hollow/porous
transition metal sulfide/carbon composites have attracted
extensive attention due to their abundant redox active sites,
excellent structural roughness, large surface area and shor-
tened ion diffusion path."'®''" As shown in Fig. 8(a), Fan
et al'® synthesized NiCo,S,teduced graphene oxide
(NiC0,S,-tGO) composites by a hydrothermal method. The
TEM image showed that NiCo0,S,-TGO (16%) displayed a hier-
archical porous structure composed of rGO nanosheets, and
this integrated structure could greatly improve the electron
transport and specific surface area, and provide sufficient
active sites for redox reactions. Thanks to the synergistic effect
between NiCo,S, and rGO, the NiCo0,S,-TGO composite main-
tained 90% of its initial specific capacitance after 5000 cycles at
5A gfl, while the NiCo,S, only maintained 48% of the initial
specific capacitance under the same conditions. In addition,
the assembled ASC in which the NiCo0,S,-rGO composite served
as the positive electrode and porous carbon skeleton-rGO was
employed as the negative electrode, also showed excellent
electrochemical properties. Notably, the device delivered a high
energy density of 35 W h kg~ " and excellent cycling perfor-
mance with a capacitance retention rate of 95% after 8000
cycles. In addition to coupling with reduced graphene oxide,
NiCo,S, can also be combined with other carbon materials. Li
et al."*? synthesized NiCo,S; nanoparticle composites on the
inner surface of lignin-derived 3D hierarchical porous carbon
(HPC) in situ by a one-step solvothermal method. The SEM
results showed that the NiCo,S, nanoparticles spontaneously
stacked and connected with each other before recombination
with HPC, which greatly limited the exposure of active sites on
the surface. However, after the recombination of NiCo,S,
nanoparticles and HPC, NiCo,S, nanoparticles were grown on
the surface of the HPC. This composite structure effectively
avoided the aggregation of nanoparticles and increased the
specific surface area of NiCo,S, composites, so that more active
sites were exposed to the electrolyte and improved the electro-
chemical performance. The NiCo,S,/HPC composites exhibited
an excellent specific capacitance of 1264.2 F g~ ' at a current
density of 1 A g '. At the same time, the ASC assembled
with the NiCo,S,/HPC positive electrode and activated carbon
negative electrode also obtained excellent electrochemical
properties with an energy density of 32.05 W h kg™ * at a power
density of 193.9 W kg~ ". As shown in Fig. 8(b), Zhang et al.'*®

Table 1 Performance comparison of TMS synthesized by different enhancement strategies

Material Specific capacitance (F g ™) Cycling performance Enhancement strategies Ref.
V-Ni;S, 2072 (1A g ) 82.2% (10 000 cycles) Element doping 89

NCDs/Ni,CoS 1698 (1A g™ 96.5% (10000 cycles) Element doping 90

1-Ni3S, 1571 (1A g™ 74% (5000 cycles) Sulfur vacancies 102
NiCo0,5,4/C 1934 (1A g 93.2% (5000 cycles) Sulfur vacancies 107
NiS/rGO 2157 (2Ag ) 92.4% (30000 cycles) Composite with carbon materials 108
NiC0,S,-tTGO 1260 (1A g™ 90% (5000 cycles) Composite with carbon materials 109
This journal is © The Royal Society of Chemistry 2025 Chem. Commun., 2025, 61, 8314-8326 8323
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Fig. 8 (a) Schematic illustration of the fabrication procedure for NiCo,S,-
rGO composites. Reproduced with permission from ref. 109. (b) () CV
curves of the prepared NiS/rGO nanocomposites, (Il) CV curves of the NiS/
rGO-2 sample at different scan rates and (Ill) the NiS/rGO-2 sample,
(IV) GCD curves of the NiS/rGO-2 sample under different current densities,
(V) rate performance of the prepared NiS/rGO nanocomposites, and
(VI) Nyquist plots of the NiS/rGO-2 sample. Reproduced with permission
from ref. 108. (c) Schematic illustration of the designed electrode fabrica-
tion process and the formation mechanism of CoSx HNPs covered with
onion-like carbon. Reproduced with permission from ref. 113.

prepared NiS/reduced graphene oxide nanocomposites by high-
temperature calcination. Compared with the initial NiS, the
dispersion, size and morphology of NiS nanoparticles loaded
on the surface of reduced graphene oxide were significantly
improved. The limited space between the graphene oxide layers
restricted the agglomeration of Ni nanoparticles, ensuring the
uniform dispersion of Ni nanoparticles. When Ni nanoparticles
were converted to NiS by vulcanization reaction with elemental
sulfur, the well-dispersed NiS nanoparticles formed a loose layered
structure and were loaded on well-separated GO nanosheets,
thereby obtaining excellent electrochemical properties. The
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NiS/rGO nanocomposites delivered an ultra-high specific capaci-
tance of 299.7 mA h g~ at a current density of 2 A g~ . At the same
time, the composite material also presented a favorable rate
capability, and a specific capacitance of 161.2 mA h g™ ' at a
current density of 15 A g . In addition, the composite-based
supercapacitors also exhibited excellent electrochemical perfor-
mance, providing an energy density of 56.1 W h kg™ " at a specific
power density of 880 W kg™ '. Meanwhile, the device also showed
excellent cycling stability with a high capacitance retention rate of
92.4% after 30000 cycles. As shown in Fig. 8(c), Liu et al''?
synthesized a CoS,/C hybrid nanofiber architecture through a
combined electrospinning and hydrothermal strategy. The CoS,/
C nanofibers feature CoS, hollow nanoparticles (HNPs) encapsu-
lated within porous carbon nanofibers (PCNFs), endowing the
material with multiple structural merits. Firstly, the PCNF matrix
effectively confines the migration of Co®" and S>~ ions, preventing
their aggregation while providing buffer space to accommodate
volume expansion of TMS during cycling. Additionally, the onion-
like carbon layers enveloping the CoS, HNPs significantly enhance
the overall electrical conductivity of the hybrid electrode, thereby
optimizing its electrochemical kinetics. The asymmetric super-
capacitor assembled with CoS,/C hybrid//PCNF electrodes demon-
strates a high energy density of 15.0 W h kg™ " at a power density of
413 kW kg ', showcasing its potential for high-power energy
storage applications.

5. Conclusions

In this paper, important advances of TMS and its composites in
supercapacitors have been summarized, and various strategies
to enhance the electrochemical performance of TMS have been
highlighted and critically evaluated. Due to their excellent
electrical conductivity, high specific capacitance, low produc-
tion cost, and versatile structural configurations, TMS materi-
als exhibit significant potential for use in ASCs, and there are
still some challenges and issues that need to be addressed for
further commercial application of ASCs.

(1) The electrochemical performance of transition metal
sulfides (TMS) is closely intertwined with their nanostructures.
Therefore, researchers should pay more attention to the mor-
phological regulation of TMS. By integrating atomic-level reg-
ulation with nanoengineering, it becomes possible to address
the trade-offs among energy density, cycle life, and scalable
production. Besides, it is necessary to shift from “performance-
oriented”” laboratory research to ‘“cost-performance balanced”
industrial development. Meanwhile, incorporating computa-
tional materials science and green processing techniques will
be crucial to bridging the gap between academic innovation
and real-world implementation.

(2) While most TMS studies are based on experimental
observations, there remain significant challenges in scaling
up these materials for industrial production and practical
operation. Bridging the gap between lab-scale experiments
and large-scale manufacturing is crucial for realizing the full
potential of TMS. To better understand the intricate
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relationship between nanostructures and electrochemical prop-
erties of TMS, greater emphasis should be placed on developing
robust mathematical models and conducting detailed simula-
tion calculations. These efforts will guide researchers in design-
ing more rational structures with enhanced performance.
Although this work is extremely challenging, it will provide
valuable guidance for researchers to construct more rational
structure.

(3) One of the primary limitations of ASCs remains their
insufficient energy density. Beyond optimizing cathode materi-
als, careful selection of suitable anode materials and electro-
lytes is essential. Research into developing advanced anode
materials and electrolytes with superior performance is critical
for enhancing overall device performance and advancing com-
mercialization. However, there is still a lack of relevant
research, and the development of anode materials and electro-
lytes with excellent performance is of great significance in the
commercialization process of ASCs.

(4) The synthesis method is usually complicated and expen-
sive. In order to meet the needs of commercial application and
large-scale production, it is still necessary to explore a low-cost
and simple synthesis method to prepare high-performance
electrode materials.

(5) Current research places excessive emphasis on single
performance indicators such as specific capacitance and energy
density, but lacks a systematic evaluation of the feasibility of
large-scale production (such as the scaling-up effect of the
synthesis process and equipment compatibility), resulting in
most of the achievements remaining at the theoretical level and
being difficult to translate into practical applications. In the
future, production feasibility indicators (such as synthesis
yield, equipment compatibility, and cost models) can be intro-
duced at the material design stage to make “manufacturability”’
a core parameter in research and design.
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