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The growing demand for efficient and sustainable energy storage has accelerated the
development of supercapacitors as devices that bridge the performance gap between
conventional batteries and dielectric capacitors. Although supercapacitors offer high
power density, rapid charge—discharge rates, and long cycling stability, their performance
is strongly dependent on the choice of electrode materials. Transition metal
chalcogenides (TMCs) have emerged as promising candidates due to their rich redox
chemistry, layered crystalline structures, tunable electronic properties, and multiple
oxidation states. This review provides a critical and comprehensive analysis of the recent
advances in TMC-based electrodes, including monometallic, bimetallic, and doped
systems. In contrast to prior reviews, this study systematically correlates synthesis
strategies, compositional tuning, and defect engineering with charge storage mechanisms
to establish a unified structure-property-performance framework. Key design and
synthesis approaches are evaluated in relation to their influence on electrochemical
behavior, with particular emphasis on redox reactions and ion intercalation. Performance
metrics such as specific capacitance, energy density, power density, and cycling stability
were comparatively assessed to identify material trends. Unlike prior reviews, this study
explicitly identifies the key limitations of TMC-based electrodes, including conductivity
constraints, chemical instability, phase degradation, and non-standardized testing
conditions, and systematically correlates these challenges with targeted material design
strategies to establish a unified structure—property—performance framework. Persistent
challenges, including limited conductivity, structural degradation, and scalability, are
critically discussed, along with potential solutions such as hybridization and defect
modulation. Finally, future research directions are outlined to enable the development of
robust, high-performance, and sustainable TMC-based supercapacitor electrodes are
outlined.

1. INTRODUCTION

and long operational stability; however, their relatively low
energy density remains a critical challenge that is strongly

The increasing global demand for efficient and sustainable
energy storage systems, driven by the rapid expansion of
renewable energy technologies, portable electronics, and
electric vehicles, has intensified the need for advanced
electrochemical energy storage solutions [1-3]. Conventional
batteries, such as lithium-ion and sodium-ion systems, offer
high energy densities; however, their performance is limited
by their low power density, sluggish charge—discharge kinetics,
and structural degradation during prolonged cycling [4-6]. In
contrast, dielectric capacitors exhibit excellent power
capability and long cycle life but suffer from inherently low
energy densities [7]. Supercapacitors bridge this gap by
delivering high power density, rapid charge—discharge rates,
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governed by electrode material design [8-10].
Electrochemical energy storage in supercapacitors is
generally classified into three mechanisms: electric double-
layer capacitance (EDLC), pseudocapacitance, and battery-
type faradaic reactions. EDLC originate from electrostatic
charge accumulation at the electrode—electrolyte interface and
are characteristic of carbon-based materials with a high
surface area and excellent cycling stability [11, 12].
Pseudocapacitance involves fast and reversible surface or
near-surface redox reactions, which enable a higher
capacitance with relatively rapid kinetics. In contrast, battery-
type behavior is governed by diffusion-controlled faradaic
reactions involving bulk phase transformations, which are
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typically associated with pronounced redox peaks, slower
kinetics, and limited rate capability. Importantly, many
transition metal-based electrodes, including transition metal

chalcogenides (TMCs), exhibit a combination of
pseudocapacitive and battery-type characteristics; thus, a
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careful distinction between these mechanisms is essential for
the accurate interpretation of electrochemical performance. A
schematic comparison of pseudocapacitive/battery-type
charge storage and EDLC mechanisms is illustrated in Figure
L.
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Figure 1. Sketch showing charge storage mechanisms in (a) transition metal chalcogenides and (b) electric double-layer
capacitors (EDLC)

Among the emerging electrode materials, TMCs have
attracted significant attention owing to their rich redox
chemistry, layered crystal structures, tunable -electronic
properties, and multiple oxidation states [13]. Compared to
transition metal oxides, TMCs generally exhibit improved
electrical conductivity owing to reduced metal—chalcogen
bond ionicity, which enhances the charge-transfer kinetics and
pseudocapacitive behavior [14, 15]. Furthermore, their layered
architectures facilitate ion diffusion and near-surface
intercalation, contributing to the improved electrochemical
utilization of active materials. Despite these advantages, the
practical application of TMC-based supercapacitor electrodes
is hindered by several critical material- and device-level
challenges.

A major limitation is the insufficient electrical conductivity
of many monometallic TMCs, such as MoS: and WSz, which
restricts electron transport and rate capability at high current
densities [16-21]. Additionally, structural instability and phase
degradation during repeated faradaic cycling, caused by
volume expansion, lattice distortion, and surface
reconstruction, lead to progressive capacitance fading,
particularly in Ni- and Co-based sulfides [22-33]. Another key
issue is the chemical instability of sulfide- and selenide-based
systems, including oxidation and metal dissolution in aqueous
electrolytes, which compromises their long-term cycling
stability [34, 35]. Moreover, most reported electrochemical
performances are obtained under low mass loading and
idealized laboratory conditions, limiting their relevance to
practical device configurations and obscuring realistic energy
metrics and power. Challenges associated with scalability,
synthesis reproducibility, and environmental considerations,
particularly for multimetallic systems, hinder large-scale
deployment.

To address these limitations, various design strategies have
been explored, including nanostructuring, compositional
tuning, hybridization with conductive carbon matrices and
elemental doping. However, a systematic understanding of
how these approaches influence the conductivity, structural
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stability, redox activity, and electrochemical utilization across
different classes of TMCs remains limited. In particular, the
comparative roles of monometallic, bimetallic/ternary, and
doped systems in overcoming these intrinsic challenges
require critical evaluations.

In this context, this review provides a comprehensive and
structured analysis of transition metal chalcogenide-based
electrodes for supercapacitor applications. The review is
organized as follows: first, monometallic TMCs are discussed
as model systems to understand fundamental charge storage
mechanisms and inherent limitations; next, bimetallic and
ternary TMCs are examined with emphasis on synergistic
redox activity, improved electrical conductivity, and enhanced
structural stability; subsequently, doped TMCs are analyzed in
terms of defect engineering and electronic modulation; and
finally, structure—property—performance relationships are
established to correlate material design with electrochemical
behavior. Based on this analysis, key challenges and future
research directions are outlined to facilitate the development

of high-performance, stable, and scalable TMC-based
supercapacitor technology.
Despite the significant progress in the reported

electrochemical performance, direct comparison of TMC-
based electrodes across different studies remains challenging
because of variations in the testing conditions. Parameters
such as current density or scan rate, mass loading, electrolyte
composition, voltage window, and measurement configuration
(three-electrode versus full-device systems) can significantly
influence the reported values of specific capacitance, energy
density, and cycling stability. In many cases, high capacitance
values are obtained under low mass loading and idealized
three-electrode configurations, which may overestimate the
practical performance. Therefore, careful consideration of the
testing conditions is essential for the accurate evaluation of the
structure—property—performance  relationships and  for
assessing the true applicability of TMC-based materials in
real-world supercapacitor devices.



2. CLASSIFICATION OF TRANSITION METAL
CHALCOGENIDES

Transition metal chalcogenides are extensively divided into

Monometallic TMCs
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MosS, NiS, NiMnS

CoS,

monometallic, bimetallic (ternary), and doped categories
(Figure 2). The crystal structure, morphology, electronic
configuration, and defect chemistry have a strong impact on
their electrochemical behavior.
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Figure 2. Types of transition-metal-chalcogenides

2.1 Monometallic transition metal chalcogenides

MoS;, NiS,, CoS,, CuS, and WS, have also been of great
interest as pseudocapacitive electrode materials because of
their rich redox chemistry, structural diversity, and desirable
electrochemical properties. Such materials generally have fast
reversible faradaic reactions at or near the electrode surface,
allowing them to have higher capacitance than charge storage
mechanisms that are entirely electrostatic. The crystal
structure, electronic conductivity, defect density, and
morphology also have a strong effect on their electrochemical
behavior and are therefore essential model systems for
understanding the processes of pseudocapacitive charge
storage [36-41].

Molybdenum disulfide (MoS) is one of the most widely
studied materials among monometallic TMCs, considering its
graphene-type S-Mo-S layer structure. The van der Waals
interaction of adjacent layers is weak, and this allows available
interlayer spaces, offering easy access to ion diffusion by
electrolytes and near-surface ion intercalation to assist in
higher charge storage [16]. Figures 3(a) and (a’) represent the
layered MoS, nanosheet morphology, highlighting its 2D-
architecture which is favorable for pseudocapacitive behavior
[42, 43]. Despite these advantages, pristine MoS, has an
inherently low electrical conductivity and a high propensity to
restack nanosheets during electrode production and operation,
further decreasing the electrochemically active surface area
and preventing excellent rate performance. Therefore,
electrodes made with MoS; tend to have moderate specific
capacitance  values unless structural = modification/
hybridization methods are adopted [44-46].

The introduction of various accessible oxidation states (e.g.,
Ni** /Ni** and Co? " /Co>") makes nickel and cobalt sulfides
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(such as NiS, Ni3S;, NiS;, and CoS,) especially likely
pseudocapacitive materials, which can be easily accessed with
different oxidation states, allowing high theoretical
capacitance [47, 48]. The intrinsic electrical conductivity of
these materials is typically higher than that of MoS,, enabling
quicker electron flow and enhanced redox rates. However,
frequent faradaic cycling of nickel- and cobalt-based sulfides
can cause serious volume expansion, lattice deformation, and
surface rearrangement, eventually causing progressive
capacitance decay and cycle instability. These problems of
structural degradation remain a significant hurdle to the long-
term use of their structural degradation in supercapacitors.

Another group of monometallic TMCs that have been
considered as supercapacitor electrodes are copper sulfide
(CuS) and tungsten disulfide (WS,). CuS is a moderately
pseudocapacitive material, with surface redox reactions
controlling its behavior. However, its surface conductivity is
relatively poor, and the chemically active sites are relatively
small, leading to a lower specific capacitance compared to
nickel- and cobalt-based sulfides. Likewise, WS, has a layered
structure like MoS,, but with good chemical stability and often
limited electrochemical performance owing to sluggish
charge-transfer kinetics and restacking effects. As a result, the
performance of both CuS-and WS, based electrodes usually
necessitates incorporation with a conductive matrix or
structural engineering to be competitive [17-21].

Therefore, monometallic TMCs can provide important
information regarding the underlying pseudocapacitive
processes. They are useful materials in many ways because of
their comparatively simple structure and synthetic pathways,
although their limitations in terms of electrical conductivity,
structural integrity, and electrochemical utilization of active
materials have been noted. Table 1 presents a comparative



overview of typically represented monometallic TMC-based
electrodes, which highlights trends in performance based on
different materials.

These shortcomings have led to increasing interest in more

complicated systems based on materials, such as bimetallic,
ternary, and doped TMCs, which counteract the inherent
weaknesses of their monometallic counterparts using a
synergetic electronic and structural response.

Table 1. Comparative electrochemical performance of representative monometallic transition metal chalcogenide (TMC)
electrodes under reported testing conditions

Material Morphology Specific Capacitance (F g) Mass Electrolvte Cycling Stability Key Ref
System (Synthesis Method) at Current Density (A g') Loading y / (Configuration)  Limitations :
Nanosheets, N
MoS: nanoflowers 120-350 Low (<1 70-85% (3000~ Low [36-39,
.  KOH (1-6 M) 5000 cycles) / (3- conductivity,
(pristine)  (Hydrothermal, CBD, at 1-2 mg cm?) . 49]
. electrode) restacking
sputtering)
Layered hybrid o
MoS:z-based networks 500-580 >80% (25000 Polym§r
. Low KOH / H2SO4 cycles) / (3- degradation, [50-52]
composites (Hydrothermal + at~1 e .
N electrode) stability issues
polymerization)
Porous, hollow. Volume
. . - ’ 80-97% (2000— .
I\TISX (N.IS, nanowires 500-2000 Low— KOH (1-3 M) 5000 cycles) / expansion, [22-28]
Ni3Sz, NiS2) (Hydrothermal, at 1-10 moderate structural
.. (3-electrode/ASC) .
electrodeposition) degradation
Hollow spheres, o A .
hierarchical networks 1000-3000 Low- 70-90% (3000~ Stoichiometric
CoSx KOH 10000 cycles) / (3- instability, phase [29-33]
(Hydrothermal, at 1-5 moderate
.. electrode/ASC) change
electrodeposition)
. Poor
~809 -
Nanoparticles, clusters <300 KOH / 80% (3000-5000 conductivity,
CuS (Hydrothermal, Low cycles) / (3- L . [53-55]
at~1 Naz2S04 limited active
solvothermal) electrode) sites
. oo g
Thin films, nqnosheets 300-500 80% (3000-5000 Restacking,  [17-20,
WS (Sputtering, at 12 Low KOH cycles) / (3- sluggish kinetics 56-59]
hydrothermal) clectrode) £g

Note: CBD = Chemical Bath Deposition, ASC = Asymmetric Supercapacitor

2.2 Bimetallic and ternary transition metal chalcogenides

Bimetallic and ternary TMCs, including Ni-Mn sulphide,
Ni—Co selenides, CuCo,Ss and FeCo,Ss, have emerged as
highly promising electrode materials for supercapacitor
applications due to their superior electrochemical performance
compared to monometallic counterparts. Ni- and Co-based
sulfides adopt hierarchical architecture, as shown in Figures
3(b) and 3(b’), where nanorods, nanoparticles, or nanosheets
assemble into a porous, flower-like framework. The
incorporation of two or more metal cations into a single
chalcogenide framework introduces synergistic effects that
significantly enhance the redox activity, electrical
conductivity, and structural stability. Consequently, these
multimetallic systems generally exhibit higher specific
capacitance, improved rate capability, and enhanced cycling
durability [60-62].

The primary advantage of bimetallic and ternary TMCs is
the coexistence of multiple redox-active metal centers, which
broadens the accessible redox potential window and increases
the density of electrochemically active sites. For instance, in
Ni-Mn sulfides, the presence of both Ni**/Ni** and Mn?"/Mn>*
redox couples enables richer faradaic reactions than single-
metal sulfides, thereby contributing to a higher charge storage
capacity. Similarly, Ni-Co selenides benefit from the
complementary redox behavior of nickel and cobalt ions,
which facilitates rapid charge transfer kinetics and improves
the utilization of the active material [61, 63, 64].

In addition to enhanced redox chemistry, bimetallic and
ternary TMCs often exhibit improved intrinsic electrical
conductivities. The interaction between different metal cations
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can modify the electronic band structure, reduce the charge
transfer resistance, and promote faster electron transport
during electrochemical cycling. This improvement in
conductivity is particularly evident in selenide-based systems,
where the lower metal-chalcogen bond ionicity further
enhances the electronic mobility. Consequently, these
materials typically demonstrate superior rate performance,
maintaining high capacitance even at elevated current
densities [65-67].

Structural stability is another key advantage of
multimetallic TMCs. The incorporation of multiple metal
species can stabilize the crystal lattice and mitigate the volume
expansion and mechanical stress associated with repeated
redox cycling. For example, spinel-type structures such as
CuCo2Ss and NiCo02S4 provide robust 3-D frameworks
(Figures 3(c) and 3(c’)) that accommodate reversible ion
insertion and extraction with minimal structural degradation.
This structural robustness translates into improved cycling
stability, making these materials more suitable for long-term
supercapacitor operation [42, 68-71].

Despite these advantages, the synthesis of bimetallic and
ternary TMCs is generally more complex than that of
monometallic systems, requiring precise control over the
composition, phase purity, and morphology. Variations in the
synthesis  parameters can  significantly  influence
electrochemical performance, highlighting the importance of
optimized fabrication strategies. Furthermore, while multi-
metallic systems offer enhanced performance, issues related to
material cost, scalability, and environmental impact,
particularly for cobalt-containing compounds, must be
carefully considered [70, 71].



Figure 3. Representation of morphologies of transition metal chalcogenide electrodes: (a) layered MoS, nanosheets [42] (inset
(a’) [43]), (b) hierarchical Ni-Co sulfide architecture ([60]) (inset (b”) ([67])), and (c) spinel-type / (NiC02S4[42] (inset (c’)
CuCo,S4 [68])

Table 2. Comparative electrochemical performance of representative bimetallic and ternary transition metal chalcogenide (TMC)
electrodes under reported testing conditions

Morphological Specific Mass Ener
Material P g Capacitance (F g) . Cycling Stability gy Key Key
System Features at Current Density Loading / Configuration Density Advantages Limitations Ref.
(Synthesis Method) (Agh / Electrolyte) (Wh kg)
Ni-Mn Porous hierarchical ~1000-1100 Low- >80% (>3000 Synergistic ~ COmposition
sulfides structures at ~1-2 moderate cycles) / (ASC) ~36 redox activity sep;ltn.nty, (61]
(Sol—gel, hydrothermal) / (KOH) stability issues
. High
~ -1 () _R&5_0()°
Ni—Co Nanoparticles, nanorods 1300 C g (~high Low / . 85-90% (25000 conductivity, Cost, chemical
selenides (Hydrothermal) capacity) (KOH / solid- cycles) / ~42 fast charge instabili [62]
y at~1-5 state gel)  (ASC/solid-state) & ty
transfer
Hierarchical nanowire ~80-90% Fast electron  Structural
CuCo2S4 arrays 2(;(:(1_12_4500 M(Olgeorﬁt)e / (>10000 cycles)/  ~33  transport, high degradation at [63]
(Hydrothermal) (ASC) capacitance  high cycles
Crosslinked nanowire Structural
~337 mAh g’! Moderate /  ~80-90% (>5000 robustness,  Limited rate
FeCo2S4 networks ~40 - [69]
at~1 (KOH) cycles) / (ASC) stable capability
(Hydrothermal)
framework
Multimetallic composite Multile redox Complex
Cuz2FeSnS4 framework ~300-350 ~80% (=3000 plere synthesis,
. . Low / (KOH) ~73 centers, high o [71]
composites (Solvothermal / hybrid at ~1 cycles) / (ASC) . scalability
. energy density .
synthesis) issues
Note: ASC = Asymmetric Supercapacitor
Overall, bimetallic and ternary transition metal without significantly changing the crystal structure. The

chalcogenides represent a significant advancement over
monometallic TMCs by combining enhanced redox activity,
improved electrical conductivity, and greater structural
stability. These attributes make them strong candidates for
next-generation high-performance supercapacitor electrodes
and provide a foundation for further performance optimization
through compositional tuning and structural optimization.
Table 2 shows the comparative performances of bimetallic and
ternary TMC-based electrodes reported in the literature.

2.3 Doped transition metal chalcogenides

Elemental doping has also become an efficient approach for
optimizing the electronic structure, defect density, and
electrochemical behavior of TMCs for use in supercapacitors.
Doping can be used to adjust the concentration of charge
carriers, change the band structure, and create more
electrochemically active sites by introducing foreign metal
ions into the host chalcogenide lattice, thus improving the
pseudocapacitive behavior. Relative to compositional
modification via multimetallic structures, doping provides a
simple and flexible method for performance adjustment
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electrochemical properties of TMC-based electrodes have
been widely improved by doping with transition metals,
including Fe, Ni, Co, Cu, and Cr.

These dopant ions can either replace host metal cations or
replace interstitial lattice sites, resulting in lattice deformities
and defects that enhance rapid ion diffusion and faster charge-
transfer behavior. Dopant-induced vacancies and anisotropic
edge sites increase the density of electrochemically active
surface sites, thereby enhancing the specific capacitance and
rate capability. Furthermore, the insertion of dopants can
enhance the intrinsic electrical conductivity by altering the
local electronic setup and reducing the charge-transfer
resistance at the electrode-electrolyte interface [72-74].

In addition to enhancing electronic properties, elemental
doping is also essential for inhibiting particle agglomeration
and stabilizing nanostructured morphologies during
electrochemical cycling. Dopants can also be used as structural
stabilizers, preventing crystal growth and aggregation, leading
to smaller particle sizes and surface areas. This morphological
stabilization helps improve electrochemical usage and cycling
stability, especially when the current density is high [75-77].

Regardless of these benefits, TMC-based electrodes may be



negatively impacted by high dopant concentrations on their
structural integrity and long-term electrochemical stability.
Excessive dopant levels can cause excessive lattice distortion,
break long-range crystallinity, and cause internal strain in the
crystal structure. These structural distortions can increase the
rate of material degradation during long cycling, which causes
fading in capacitance and a low operational life. Therefore,
maximizing the dopant type, concentration, and distribution is
crucial to ensure a balance between performance increase and
structural stability.

In general, doped transition metal chalcogenides are an
essential category of pseudocapacitive materials that can be
halfway between monometallic and multimetallic. Doping can
be used to boost redox activity, electrical conductivity, and
morphological stability, thereby improving electrochemical
performance when designed appropriately. Mechanistic

dopant optimization and understanding of dopant-host
interactions should be the basis of future research to ensure
that the potential of doped TMCs as supercapacitor electrodes
is fully realized. Table 3 presents an overview of selected
studies on the effect of doping on the electrochemical
performance of TMC electrodes under reported testing
conditions.

It is important to note that the reported electrochemical
performance metrics vary significantly depending on the
experimental conditions, including the current density, scan
rate, mass loading, electrolyte type, and testing configuration.
As a result, direct comparison of values across different
studies should be interpreted with caution, particularly when
high capacitance values are obtained under low mass loading
or three-electrode configurations

Table 3. Effect of doping on the electrochemical performance of Transition metal chalcogenides (TMCs) electrodes under
reported testing conditions

Specific
Host Dopant(s) Structural /  Capacitance (F Mass Loading Cycling Stability / Key Key Ref
T™MC P Electronic Effect g'') at Current / (Electrolyte) (Configuration) Advantages Limitations )
Density (A g’
Increased defect ~1000 at ~80-90% (=5000 Enhanced active  Structural (70, 78
MoS: Cr, Fe, Mn, Co density, improved -1 Low / (KOH) cycles) / (3- sites, faster distortion at 7’9] ’
conductivity electrode) charge transfer  high doping
Reduced particle Improved
. agglomeration, up to ~900 at ~80% (=3000 surface area, Morphology
Mn$ Ni, Cu, Fe improved ~1-2 Low /(KOH) cycles) / 3-electrode better ion non-uniformity [72]
morphology diffusion
Increased . i
. ~40% increase Low/ o Excess lattice
CuS Ni POTOSILY, o pristineat  (KOH / ~80% (23000~ Improved charge (. hioer 80, 817
enhanced cycles) / 3-electrode transfer kinetics .
T ~1 Na2SO04) doping
conductivity
Increased redox Higher
activity. capacitance at Limited long-term Enhanced Poor cycling
Cu$ Fe additional active low scan rate at Low / (KOH) stability 3-electrode ria;:t(iiiifs durability [74]
sites ~1
o Enhanced rate
. Band structure Low—moderate ~80-90% (=5000 o Dopant
NiSez / Lo ~800-1200 capability, .
WSes Co, Mn tuning, 1mpr9ved at ~1_5 / cycles) / (3- reduced optimization [75, 76]
conductivity (KOH) electrode/ASC) resistance required

Note: ASC = Asymmetric Supercapacitor

2.4 Structure-property-performance relationships

The relationship between the structure and performance of
TMC-based electrodes is governed by the interplay between
morphology, defect chemistry, and electrode architecture.
These factors collectively influence the charge storage
mechanisms, ion transport pathways, and electron transfer
kinetics, thereby determining the overall electrochemical
performance of the electrode. Nanostructuring increases
electrochemical activity by enhancing the surface-to-volume
ratio and shortening the ion diffusion distances in favor of
surface-controlled pseudocapacitive reactions. Vacancies,
edge sites, and lattice defects are other common redox-active
sites that enhance charge storage kinetics when properly
managed. Conductive carbonaceous materials are hybridized
to create a good electron transport chain and counteract the
effects of mechanical degradation during cycling. The charge-
transfer kinetics and redox stability in bimetallic and doped
systems are further optimized by synergistic electronic
interactions to enhance the performance of bimetallic and
doped systems and significantly improve cycling stability [46,
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50-54].

In terms of materials chemistry, it is possible to see the clear
differences between sulfide- and selenide-based systems.
Selenides tend to have increased electrical conductivity and
reduced ionicity of the material-chalcogen distance bond,
which can provide faster kinetics of the model charge transfer.
Nevertheless, most of them can be characterized by their
subordination in terms of chemical stability and material cost.
Conversely, sulfides are heavier and less harmful to the
environment; however, they are chemically stronger and
generally require defect engineering or conductive
hybridization to counteract their inherent conductivity
shortcomings. Correspondingly, Ni- and Co-based TMCs are
more likely to provide larger contributions to pseudocapacitive
than Cu- and Fe-based systems because several different
oxidation states can be accessed, where structured
optimization and composite design are more heavily
dependent on high performance. Bimetallic and doped systems
also have an added advantage of synergistic redox
mechanisms and improved electronic structures.



3. OUTLOOK AND PERSPECTIVE

Transition metal chalcogenides have become a useful
family of pseudocapacitive-based electrode materials with rich
redox chemistry, tunable electronic structures, and structural
diversity, which are incredibly appealing for advanced
supercapacitors. As indicated in this review, monometallic
TMCs can provide useful insights into the underlying charge-
storage processes, but are typically limited by poor electrical
conductivity, structural instability, and electrochemical use.
Conversely, bimetallic, ternary, and doped TMC systems
exhibit superior electrochemical behaviors in terms of
synergistic redox interactions, optimized charge-transfer
kinetics, and structural robustness.

Despite these improvements, several significant challenges
remain in terms of material chemistry. Long-term sulfide and
selenide systems are chemically and electrochemically stable
in aqueous electrolytes, oxidation reactions, and phase
changes during cycling, and the mechanical degradation
caused by the volume remains a limitation for practical
applications. These degradation pathways are material-
dependent; layered TMCs (e.g., MoS,) suffer from restacking,
whereas Ni/Co sulfides undergo volume expansion-induced
mechanical failure and metal dissolution under alkaline
conditions. In addition, most of these performance measures
are reported under laboratory-scale operating conditions with
low mass loading, indicating the necessity of common testing
procedures and realistic device-level testing.

Future rational material design strategies should focus on
combining defect engineering, controlled doping, and
hierarchical nanostructuring with scalable and reproducible
synthesis pathways. Special focus should be paid to the study
of the relationship between the electronic structure, ion
pathways, and mechanical stability during extended cycling.
In addition, metal and chalcogen elements and chalcogen
components must be selected based on sustainability, that is,
elemental abundance, toxicity, and environmental impact,
which are of primary concern for large-scale energy storage.

Overall, the further development of transition metal
chalcogenide-based supercapacitors relies on the ability to
bridge the gap between high-performance laboratory work and
operational devices. Mechanistic knowledge and chemistry-
guided design principles should play a decisive role in the
translation of these materials into trustworthy and
commercially feasible energy storage technologies.
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