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The rapid growth of technologies and miniaturization of electronic devices demand advanced the use of
high-powered energy storage devices. The energy storage device are utilized in modern wearable
electronics, stretchable screens, and electric vehicles. Due to their favorable electrochemical properties,
nanomaterials have been used as electrodes for supercapacitors (SCs) with high power density, but they
generally suffer from lower energy density than batteries. Compared to various nanomaterials, MXenes
and transition metal chalcogenides (TMCs) have shown great potential for energy storage applications
such as SCs. TMCs are gaining attention due to their stable electrochemical nature, adjustable surface
activity, high electric conductivity, abundant chemically active sites, and stable cycling performance.
However, the interlayer restacking and agglomeration of 2D materials limit their cycling performance.
To overcome this, TMCs@MXene heterostructures have been developed, offering structurally stable
electrodes with enhanced chemical active sites. In this review, we discuss recent advances in the
development of different TMCs@MXene-based hybrids for the design of high performance SCs with
Received 14th January 2025, improved specific capacitance, cycling life, energy density, and power density. The recent developments
Accepted 24th March 2025 of this research field focusing on MXene-transition metal sulfides, MXene-transition metal selenides,
DOI: 10.1039/d5cc00223k and MXene-transition metal tellurides are elaborately discussed. Theoretical calculations carried out
to understand the charge-storage mechanisms in these composites are reviewed. The importance of
rsc.li/chemcomm bimetallic TMCs and MXene heterostructure for enhanced energy storage is also highlighted.
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1. Introduction

The development of novel and high-performance electrode
materials for electrochemical energy storage applications has
received huge attention in recent years owing to the increasing
need for renewable energy.'™ Due to their unique physical and
chemical properties, including large surface area, structural
and phase tunability, pore size distribution, and availability of
abundant binding sites, 2D materials are gaining attention for
energy applications.>° Furthermore, their remarkable flexibil-
ity and good mechanical properties owing to their atomic
structural arrangements make them suitable candidates for
flexible energy storage devices and wearable electronics.’' ™
However, to date, no 2D material has demonstrated all the
necessary properties to achieve high energy storage perfor-
mance in terms of maximum energy/power density and cycle
life. For example, in the case of graphene-based supercapaci-
tors (SCs), the state-of-the-art capacity in non-aqueous electro-
Iytes is reported to be less than 250 F g™, while the theoretical
gravimetric capacitance is predicted to be over 550 F g *.'*"
Having discovered in 2011, 2D MXenes have shown great pro-
mise for energy storage and SC applications due to their high
electrical conductivity and excellent mechanical properties.®
MXenes are generally represented by the chemical formula,
M, X, Ty (n = 1-4), where M represents the transition metal
(Ti, Nb, V, and Mo), X denotes C/N/C,N,, and T, represents the
surface terminations (-OH, = O, and -F). Most of these MXenes
are derived from their respective parent MAX phases by selec-
tive etching of the “A” layer, which usually consists of elements
from groups 13-16 (Al and Si). Recently, MXenes have been
vastly used in SC applications owing to their intrinsic high
conductivity, hydrophilic surface, large surface area, variable
oxidation states (because of the presence of transition metals
in it) and pseudo-capacitive mechanism.”®*”"*° However, the
layered structure of MXenes, formed via van der Waals inter-
actions, undergoes inherent layer restacking into a dense
structure during prolonged operation. Hence, this restacking
tendency and aggregation limit their advantages for charge
storage, hinder electrolyte ion movement and reduce the acces-
sible surface area for electrochemical reactions. On the other
hand, transition metal chalcogenides (TMCs) such as SnS,
SnS,, MoS,, MoSe,, WS,, VS,, VSe,, VTe,, NiC0,S,;, MnCo,S,
and NiMoS, have emerged as promising electrode materials for
SC applications. Their appeal lies in their earth abundance, low
cost, tunable physicochemical properties, and variable oxida-
tion state due to the presence of transition metals.>*%20724
Hence, to tackle the restacking issues, the incorporation of
TMCs with MXenes has gained significant attention in recent
years.'®*>?® The integration of TMCs with MXenes enhances
the electrochemical activity and maintains a larger number of
interlayer voids, facilitating ion movement through dual syner-
gistic effects and resulting in overall improved structural integ-
rity and electrochemical stability. Furthermore, fine-tuning and
engineering the interlayer spacing in MXenes, along with
optimizing the porosity of their hybrids, are necessary to pro-
mote charge transport capability, enhance electrolyte-accessible
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Fig. 1 Schematic showing the materials (TMCs@MXene) and key topics
discussed in this review.

surface area, and achieve the predicted full charge storage
performance.

In this feature article, we discuss recent advances in TMCs@
MXene-based materials for SC applications (Fig. 1), highlight-
ing their improved energy storage performance in terms
of capacitance, cycling life, energy density, and power density.
We present recent developments in this research field carried
out by our research group, with the sub-sections focusing
on MXene-transition metal sulfides, MXene-transition metal
selenides, and MXene-transition metal tellurides. Furthermore,
the future perspectives and challenges of this emerging
research field are discussed. The importance of bimetallic
TMCs and MXene heterostructure for enhanced energy storage
is noted. The theoretical calculations carried out to understand
the charge-storage mechanisms in these composites are also
discussed.

2. Design of MXene-based
heterostructure for supercapacitors

Since MXenes are usually 2D layered materials, they act as ideal
substrates, templates, or scaffolds for the growth of other
nanomaterials (0D, 1D, and 2D) on their surface (Fig. 2). For
example, a 0D MoS,-Ti;C, composite, prepared via electrostatic
adsorption followed by its controlled growth using CTAB as
the capping agent, effectively enhances electronic conductivity,
facilitates Li" transport kinetics, and minimizes volume expan-
sion.?® Furthermore, 2D-2D heterostructures of WS,-MXene, fab-
ricated via a sonication-assisted procedure, prevent aggregation,
while the WS, nano-spacers help to avoid the restacking of MXene
sheets and increase the number of chemically active sites, leading
to boosted energy storage performance.>® Notably, 1D nanobeads
of NiCo,S, anchored on 2D MXenes prevent restacking through
the confinement effect and the backing of electrostatic attraction
between the materials.®® The spinel NiCo,S, grown on Ti;C,
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Fig. 2 Schematic of the classification of 2D MXene-based hybrids with
nanomaterials of different dimensions (0D, 1D, 2D, and 3D) utilized for SC
applications.

MXene sheets offers enhanced structural robustness and high
mechanical strength, making it suitable for the fabrication of
flexible SCs with high performance. Furthermore, precisely con-
trolled and engineered morphologies, composition, interface
structures, and interlayer spacing in 2D MXenes have been
reported to effectively prevent restacking.**** Radhakrishnan
et al. demonstrated that ternary hybrids based on MXene-VTe,-
CNTs are viable electrode materials for flexible micro-super-
capacitors, offering high capacity, outstanding rate capability,
and long-term cycling stability.** The formation of MXene-based
hybrids/heterostructures involves different mechanisms, including
electrostatic interactions, hydrogen bonding, surface charges,
covalent bonding, and combined hybrid forces.>>** Precise control
over bonding, the selection of appropriate secondary material,
experimental condition, and other assembly factors play crucial
roles in fabricating MXene-based hybrid materials with exceptional
properties suitable for SC applications.

The different heterostructures with MXene are discussed
here, highlighting variations in their structures, interfaces, and
interactions. For example, 0D nanomaterials such as nanoclus-
ters and quantum dots of TMCs exhibit quantum confinement
effects, which lead to excellent optical and electronic properties
in 2D-0D MXene@TMC heterostructures. Furthermore, 1D
nanomaterials such as nanorods, nanowires, and nanotubes
of TMCs enable efficient electron transport in 2D-1D MXe-
ne@TMC heterostructures. Notably, 2D nanomaterials such as
TMC nanosheets provide a high surface area, flexibility, and
tunable electronic properties in 2D-2D MXene@TMC hetero-
structures. Additionally, 3D nanomaterials such as TMC nano-
flowers provide a large surface area and enhanced mechanical
strength in 2D-3D MXene@TMC heterostructures. Furthermore,
the impact of interface interactions in different heterostructures is
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necessary for achieving excellent synergistic effects and enhan-
cing material properties. The different heterostructures of MXe-
ne@TMC lead to enhanced performance, improved stability,
increased conductivity, and tunable properties for energy storage
applications. For instance, Chen et al. addressed the poor cycle
stability and rate capability of pure MoS, electrodes by preparing
MoS, on MXene heterostructures, which exhibited exceptional
metallic properties.®® In another example, Wang et al. resolved
severe restacking, weak chemical immobilization ability, and
poor catalytic effects of pure MXene by utilizing heterostructures
based on Ti;C,T,-TiN.*® Hence, incorporating nanomaterials of
different dimensions open up unique properties tailored for
required applications. The transition metals used in the nano-
materials also have equal importance for property enhancement
in the heterostructure.

3. Theoretical aspects of
MXene-based supercapacitors

Theoretical simulation studies have predicted that MXenes
have unique electrical and thermal conductivity, tunable elec-
tronic band gap, various magnetic ordering, low diffusion
barriers, and high Young’s modulus, which make them excel-
lent candidates for high-performance energy storage device
applications.>” *® MXenes show promising energy storage per-
formance in aqueous supercapacitors due to their metallic
conductivity, which results from a high density of states at
the Fermi level.*' The layered structures of 2D MXenes allow
rapid ion transport and provide more redox-active sites, making
them ideal candidates for achieving high rates and long cycle
life in SCs. Furthermore, the tunable properties due to the
transition metal sites and surface functional groups favor both
double-layer type capacitance and rapidly reversible redox
reactions near or at the surface, leading to pseudo-type
capacitance.”” Pristine MXenes are predicted to show metallic
conductivity due to the higher density of states (DOS) corres-
ponding to M-d states near the Fermi level.*> However, func-
tionalization changes the electronic properties of MXenes,
causing them to show characteristics ranging from metallic to
semiconducting, depending on several factors, including
the nature of the M, X, and T groups. Some MXenes, such as
(M'53M"13),CO, (M’ = Mo and W; M” = Sc and Y), are predicted
to become semiconductors after functionalization due to a shift
in Fermi level, whereas most other MXenes retain their
metallicity.”® Theoretical calculations of the electronic band
structure, band dispersion, and Fermi surfaces of OH-termi-
nated MXenes show that the presence of nearly free electron
(NFE) states near Fermi level, and their partial occupation
contributes to higher electron conductivity by minimizing
atomic scattering with surface vibrations.***>

Theoretical calculations on MXenes towards charge storage
mechanisms in different aqueous electrolytes provide impor-
tant information for designing and optimizing the performance
of the SC electrodes.***” The dielectric constant of the electro-
Iyte solvent, such as water molecules embedded between the
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MXene electrode and adsorbed ions, plays an important role in
the performance of the devices due to the formation of the
EDLC.*® From a detailed comparative study, Sugahara et al.
found that the capacity to accommodate larger amounts of
water in MXene followed the order of Li" > Na" > K" > Rb",
with the best energy storage performance observed in the case
of Li* (Fig. 3a and b).*® This trend, predicted via theoretical
calculations for different ions, is attributed to the increasing
hydration energy of cations (Li* > Na' > K' > Rb") as their
bare ionic radii decrease (Fig. 3c—e).

Similarly, using DFT calculations, Ando et al. revealed that
fully hydrated metal cation intercalation leads to the EDLC
behavior of MXenes, with the hydrated shell shielding the
orbital coupling between cation and MXene.*® Furthermore, it
has been reported that partially or completely de-solvated
cations couple with the MXene electronic orbitals, leading to
pseudo-capacitance. MXene-based electrodes are reported to
exhibit higher capacitance in acidic electrolytes than alkaline
(or neutral) electrolytes since protons undergo rapid redox
reactions with the MXene surface. DFT calculations and the
implicit solvation model for the surface of Ti;C,T, (T = O and
OH) MXene in the H,SO, electrolyte revealed the dominance of
redox reactions over capacitance.”” Furthermore, it was found
that the proton redox process takes place between the —O site
surface and interface water molecules, with the reaction rate
being related to the number of intercalated water layers, and
single-layer water exhibits the highest redox rate.

Different models are employed to estimate the theoretical
capacitance values of MXene-based SCs, which helps in the
design and optimization of newly emerging materials.**™>*

6442 | Chem. Commun., 2025, 61, 6439-6461

Ji et al. predicted that O-functionalized MXene in a neutral
solution yields a capacitance of 56.6 F ¢~ ', and the integrated
capacitance values of Ti,CF, and Ti,CO, in Na-ion capacitor are
291 Fg ' and 252 Fg ', respectively (Fig. 4a and b).*® As shown
in Fig. 4c, the DOS and integral DOS aligned with the SHE are
calculated to reflect the effect of terminations on the charge-
storage ability of the Ti;CNT, (T = F, O, or OH) monolayer.
In the Ti;CNO, monolayer, a large number of unoccupied
partial density of states (PDOS) of Ti atoms above the Fermi
level, in the range of an electrolyte window, indicates the
enormous electronic capability of Ti atoms.>® DFT combined
with effective screening medium and reference interaction site
model calculations revealed that depending on the halogen
termination elements present in Tiz;C, MXene (with an order of
I > Br > CI > F), the EDLC values increased.”” Smaller valence
electron numbers of the terminating atoms with lower electro-
negativity facilitated the accumulation of electrons at the elec-
trode surface (Fig. 4d). Molecular dynamics-based theoretical
studies are employed to understand the transport processes of
charge carriers in aqueous SCs to gain insights into the charge
storage mechanisms of MXene-based electrodes.’*>® These
studies provide important information on the diffusion
mechanisms of hydrated protons and electrolyte ions, migra-
tion energy barriers, and the effects of water molecules, with
highly accurate insights into the molecular systems.

DFT calculations of TMCs/MXene-based SC electrodes provide
insights into their electronic structure, orbital contribution,
quantum capacitance, diffusion energy barrier, and induced
voltage.””®* In the case of 1T VS,@MxXene hybrids, a lower
diffusion energy barrier is observed compared to the pristine

This journal is © The Royal Society of Chemistry 2025
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VS, and MXene.”® Furthermore, the lower induced voltage at
different concentrations of K' and the synergistic effect
between the two materials mediated by the charge carriers
from the Ti 3d orbitals of MXene to the 3p orbital of S in VS,,
contributes to achieving higher capacitance for the hybrid
structure of VS,@MXene. Similarly, in the case of B-SnS@
MXene hybrids, charge transfer from the Ti 3d orbitals of
MXene to the Sn 5p orbitals of the -SnS surface contributes
to the enhanced energy storage performance of the composite
(Fig. 5).°” The discrepancy in the work function between B-SnS
(5.37 eV) and MXene (3.90 eV) creates an inherent electric field
facilitating electron transfer from MXene to B-SnS (111) surface,
which is found to be the cause for the growth, stability, and
enhanced performance of the material. The large surface area
of B-SnS (111)@MXene nanocomposites and the charge transfer
processes produce additional states in the density of states near
the Fermi level, significantly contributing to the better charge
storage performance of the SCs. In the case of MXene-TMC-
based ternary hybrids, such as MoWS,@BCN@Ti;C,T,, theore-
tical calculations suggested the interlayer interactions and
charge transfer from the Mo 4d orbitals of MoWS, and the C
2p orbitals of BCN to the C 2p orbitals of MXene are the primary
driving forces behind the enhanced energy storage perfor-

59

mance.” DFT calculations provided important information

on the quantum capacitance calculations of B-doped 1T-MoS,

This journal is © The Royal Society of Chemistry 2025

hybridized with Ti;C,T, and validated the experimental obser-
vations of its charge storage performance.®® Similarly, it is
predicted that metal selenides such as NiCoSe,, CrSe,, and
VSe, hybridized with MXene show higher quantum capacitance
values than their pristine counterparts, supporting the experi-
mental findings.®*"®* In the case of CrSe,@MXene, the calcu-
lated work function is found to be reduced to 4.49 eV compared
to the pristine CrSe, (5.66 eV) due to the creation of defects
(Fig. 6).°> Further calculations and Bader charge analysis show
that quantum capacitance values are higher for the hybrids due
to contributions from the created defects and an enhanced
density of states near the Fermi level. For VTe,@TizC,Ty
MXene, DFT calculations predicted an enhancement of electro-
nic Te 5p states near the Fermi level because MXene led to
boosted performance.®*

4. MXene and transition metal
chalcogenide hybrids for
supercapacitor applications

MXenes and TMCs have wide applications such as energy
storage, energy conversion, sensors, and catalysts. Although

the individual materials show a lack of potential in terms of
electrical conductivity, surface area, cycle stability, and rate

Chem. Commun., 2025, 61, 6439-6461 | 6443
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capacitance, their uniformly stacked layers help them achieve
high energy-density SCs. Generally, the goal is to enhance the
electrical conductivity of TMCs and prevent the restacking of
MXene by preparing TMCs@MZXene composites. A single mate-
rial exhibiting the required properties for an application is
quite impossible, hence developing composite materials with
suitable and tuned properties to complement their quality and
enhance overall performance is preferred. The advantage of
these composites include enhanced electrochemical activity,
large interlayer voids for ion movement, and synergistic effects
that improve structural and electrochemical stability. However,
there are some drawbacks: (i) MXenes and TMC are not
thermally stable, (ii) agglomeration of TMC particles can lead
to bulk structures that reduce their active surface area and ion

6444 | Chem. Commun., 2025, 61, 6439-6461

diffusion pathways, and (iii) some materials in the composites
may be weakly bonded during synthesis, leading to material
instability during electrochemical cycling. Additionally, there
are challenges with TMCs@MXene composites, including
synergistic interactions, compatibility, stability, scalability, and
interfacial bonding. Effective synergistic interactions between
MXenes and TMCs in hybrid systems can be complex and
require careful design. The compatibility and stability of the
materials are crucial for long-term performance within a hybrid
structure. The synthesis procedures currently produce a less
amount of active materials, so further optimizations are
required to scale up the production of TMCs@MXene hybrid
materials while maintaining their properties and performance.
Poor interfacial interactions between MXenes and TMCs in the

This journal is © The Royal Society of Chemistry 2025
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hybrid material can lead to reduced performance. Some of
the problems and difficulties associated with TMCs@MZXene
hybrids have been addressed recently by various research
groups, which are discussed here. TMCs based on sulfides,
selenides, and tellurides, when combined with MXenes, are
being studied for energy storage applications. TMCs consist of
a metallic component (transition metals) and chalcogens (S, Se,

This journal is © The Royal Society of Chemistry 2025

or Te) to form compounds with a wide range of properties,
including semiconducting, metallic, and even superconducting
characteristics. There are different possible chemical composi-
tions according to the metallic composition, which forms
monometallic TMCs (MX, where M is a transition metal and
X is chalcogens) and bimetallic TMCs (M;M,X, where M; and
M, are transition metals and X is chalcogens). Monometallic
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TMCs (MTMCs) are stable but depend on the specific transition
metals, whereas bimetallic TMCs (BTMCs) exhibit higher sta-
bility due to the presence of two metals. MTMCs exist in the MX
or MX, form. Zinc sulfide, for example, is one of the MTMCs in
the MX form, where the sulfide atoms pack in cubic symmetry,
and Zn>" occupy half of the tetrahedral holes. MTMCs with the
MX, structure are covalently bonded, where a single metal atom
layer sandwiched between two chalcogens atom layers. MoS,,
WS,, MoSe,, WSe,, and MoTe, exhibit a direct band gap and
can be used in electronic applications. The strong spin-orbit
coupling in MX, type MTMCs leads to a spin-orbit splitting of
several hundred meV in the valence band and a few meV in the
conduction band, which allows for the control of the electron
spin by tuning the excitation laser photon energy. BTMCs
(M;M,X, or M;(M,),X,) exhibit diverse bonding types, including
ionic, covalent, or metallic due to the presence of two metals.
Their various oxidation states, improved electrochemical activity,
increased electronic conductivity due to a reduced band gap, and
higher structural stability are the reasons for their application in
energy storage. Furthermore, the metals play a crucial role in the
properties of the TMCs. For example, the ternary NiCo,S, out-
performs NiCo,0,, as well as single-component Ni and Co oxides
and sulfides, with its higher conductivity and more complex
redox chemistry, making it highly valuable for applications.®®
For future directions, heterostructure composites of MTMCs and
BTMCs (NiC0,S,/Mo0S,, CuCoS,/WS,, and CoNi,Se,/SnS,) can
be explored. In this section, a detailed discussion of different
TMCs and MXene composite materials for SC application are
discussed.

4.1. MXene and transition-metal sulfides

Transition metal sulfides are generally layered metal sulfides,
where one metal layer is present between the two sulfur layers.
These layers are bonded via weak van der Waals force.®® MoS,,
SnS,, WS,, etc. are examples of metal sulfides with layered
structures. Furthermore, the layered metal sulfides are repre-
sented by nX, where n is the number of layers, and X is the
structural phase of the material. Examples of these phases
include IT, 2H, and 3R, which represent single-, bi-, and tri-
layered tetragonal, hexagonal, and rhombohedral structures,
respectively.®” Non-layered metal sulfides also exist, where the
chemical bonding between the metals and sulfur atoms occurs
in an octahedral arrangement. Due to their high theoretical
capacitance, variable oxidation states, low cost, superior redox
reversibility, and ease of synthesis, transition metal sulfides are
potential candidates for SC applications.®®®® Transition metal
sulfides such as VS,, CoS, CoS,, Co;S,, NiS, Ni;S,, CuS, MoS,,
SnS, SnS,, and WS,, are vastly use for SC applications.>®
However, the self-restacking and aggregation of layered metal
sulfides have prompted efforts to enhance the electrochemical
performance by forming hybrids structures with MXene.
In MXene-transition metal sulfide composites, the engineered
layered structure depicts excellent properties, including
improved conductivity, large specific surface area, and numerous
ion-accessible active chemical sites.”"*® Furthermore, binary tran-
sition metal sulfides such as MoWS,, NiCoS, NiCo0,S,, Co,CuS,,
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ZnCoS, and MnCoS combined with MXenes are extensively used
in SCs, where the synergistic effect of bimetals enhances the
charge-storage performance.”®”*

The unique 2D structure of vanadium sulfides provides
better charge-transfer kinetics and ion mobility. 1T-VS,@
MXene hybrid electrode materials, such as 2D-2D type hetero-
structure material, were synthesized by Sharma et al’® by
optimizing with different concentrations of MXene. The VS,-
MX-50, where 5 mg mL™" of MXene was added to form the
optimized composite, showed the highest specific capacitance
of 106.38 F g~ " at 0.2 A g~". The mass loading of the active
material was maintained at 2 mg in the electrode. The com-
parative CV and CD profiles of different 1T-VS,@MZXene are
shown in Fig. 7a and b. To understanding the charge storage
nature, the hybrid structure and its total density states (TDOS)
are plotted in Fig. 7c and d, respectively. Due to the addition of
MXene, an enhancement of electronic states near the Fermi
level is observed. The hybrid 1T-VS,@MXene shows a lower
diffusion energy barrier for electrolytic ions, which supports
the increase in charge storage. Both effects—the enhanced
density of states and lower diffusion barrier—explain the better
charge storage performance of the 1T-VS,@MXene hybrid.
Furthermore, the asymmetric supercapacitor VS,@MXene//
MXene was fabricated with an operating potential of 1.6 V.
The highest energy density achieved was 41.13 W h kg™
at a maximum power density of 793.50 W kg '. Similarly,
Chen et al.”” reported a VS,@MXene composite prepared via
a hydrothermal process, forming a 2D-2D-type heterostructure,
which showed a specific capacitance of 1791.4 F g~ * (895.7 C g ")
at 1 A g7, with high rate capability (1175 F g~ ') at 20 A g *
(Fig. 7f), where the mass loading of the active materials was
approximately 5 mg cm 2. The comparative CV of MXene, VS,,
and VS,@MZXene is given in Fig. 7e, which depicts a high area
under the curve for the hybrid composite. Moreover, the solid-state
asymmetric supercapacitor device VS,@MXene//Fe;O0,@rGO was
fabricated, showing a specific energy of 73.9 W h kg " at a speci-
fic power of 728.2 W kg™, with 90.7% capacity retention after
10000 cycles at 8 A g~'. Furthermore, the discharge time of the
device was found to be higher in the case of the parallel configu-
ration confirmed by the respective CD profile (Fig. 7g) and
validated by blue LED illumination (Fig. 7h). Wang et al. proposed
a flower-like VS, decorated on Ti;C, MXene, forming a 2D-3D-type
heterostructure, which showed an increase in electrical conductiv-
ity, and a specific capacity of 191.3 mAh g " at 1 Ag ™", with 91.6%
capacity retention over 5000 cycles at 2 A g, and the mass loading
on the electrode was 1-2 mg cm ™ >.”® Moreover, incorporating
carbon materials into the TMC@MZXene composites supports the
structure, increasing electrochemical activity and durability. The
optimized VS,@MXene@CNT 2D-2D/1D-type heterostructure
composite was prepared using the hydrothermal method with
50 mg of MXene.”” The details of the synthesis method are
depicted in Fig. 7i. The hybrid composite, with a mass loading
of 2 mg on the electrode, achieved a specific capacitance of
505 F g~ at 0.2 A g™ ', with excellent rate capability (Fig. 7j).
Furthermore, the composite showed 89.2% capacitive contri-
bution at 20 mV s~ ', calculated from the current-voltage

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (a) Comparative CV curves of VS, and different VS,@MXene at a scan rate of 30 mV s~
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! (b) comparative CD curves of VS, and different

VS,@MXene at a current density of 0.6 A g7, (c) side view of VS,@MXene with the (001) layer of 1T-VS, and the (002) layer of MXene; purple, cyan, pista
green, and pink colors represent V, S, Ti, and C atoms, respectively, and (d) TDOS plot for 1T-VS, and VS,@MXene.>® Comparative (e) CV curves and
(f) rate capability of VS, MXene, and VS,@MXene. (g) CD profiles of two VS,@MXene//Fes0,4,@rGO devices connected in series and parallel

configurations. (h) Photographs of blue LED illumination.”®

(i) Schematic of the synthesis procedure and (j) rate capability for VS,, VS,@MXene, and

VS,@MXene@CNT. (k) Capacitive- and diffusion-controlled charge-storage contributions for VS,@MXene@CNT. (l) Ragone plot demonstrating the
energy and power density of the device, with insets showing the LED illumination.”” Comparative (m) CV and (n) CD profile of CoS,@MXene with pristine
samples. (0) Cycle stability, with inset showing LED test, and (p) Ragone plot of the device.”®

equation (Fig. 7k). Hence, the incorporation of MXene and
CNT increases the number of surface active sites, further
enhancing surface activity and capacitive contributions due
to their synergistic effect. The VS,@MXene@CNT//CNT device
was also designed to achieve an energy density of 59.85 W h kg™*
and a maximum power density of 7303.72 W kg ', with a wide
1.7 V potential window (Fig. 71). The performance of an asym-
metric SC device using VS, and MXene as electrodes was studied
by Sharma et al. in a working potential of 1.3 V.”® The device VS,//
MXene showed an areal capacitance of 70.9 mF cm > at 5 mV s~ %,
with 75% cycle stability over 3000 cycles, which is 4.5 and 6 times
higher than the VS, and MXene symmetric devices, respectively.
VS, showed a lower diffusion barrier, leading to better charge
kinetics, which improved the charge storage performance.
Cobalt disulfide exhibits high specific capacity and contains

This journal is © The Royal Society of Chemistry 2025

active redox site, making it suitable for SC applications. However,
the material undergoes volume expansion during charge storage,
which can be avoided by forming a suitable composite with
MXene. Liu et al.”® synthesized CoS,@MXene composites in a
2D-0D heterostructure separately using cobalt chloride hexahy-
drate (CCH) and cobalt nitrate hexahydrate. The CoS,@MXene
synthesized with CCH exhibited improved capacitance perfor-
mance, achieving 1320 F ¢ ' at 1 A g~ ', as confirmed by the
comparative CV and CD shown in Fig. 7m and n. The CoS,
nanoparticles decorated on MXenes importantly increased the
chemically active sites of metal ions during redox reactions.
Moreover, the CoS,@MXene//rGO asymmetric SC device, with a
total mass loading of 5.8 mg of active materials, exhibited a
high energy density of 28.8 W h kg™ ' at a power density of
800 W kg, along with 98% of specific capacitance retention
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after 5000 cycles at 5 A g~ (Fig. 70 and p). Pan et al.®® reported
the CoS,@MXene//rGO device, which exhibited a higher energy
density than the CuS@Ti;C,//Ti;C, device (15.4 W h kg™ ).
The transition metal nickel sulfide has abundant availability
as raw material, high theoretical specific capacity, and good
conductivity, making it a promising material for energy storage
applications. Furthermore, when combined with MXene, the
composite shows better rate capability and cycle stability. Liu
et al.®" prepared a flower-like NiS on Ti;C,T,, forming a 2D-3D-
type heterostructure through a single-step hydrothermal pro-
cess, as shown in the schematic of the synthesis procedure
(Fig. 8a). The optimized NiS@MXene composite demonstrated
a specific capacity of 554.1 mAh g ' (857.8 Fg ') at1 A g *,
which is four times higher than that of pristine MXene. The NiS
nanoflakes formed voids in the layered structure of the MXene,
facilitating better transfer of ions and charges. The comparative
CV (—0.2 to 0.8) and CD profiles are depicted in Fig. 8b and c,
respectively. The larger area under the CV curve and the longer
discharge time in the CD profile imply the improved capaci-
tance of the optimized composite. The specific capacities of
other composites with varying Ni compositions were reported
as 392.4 mA h g7', 471.7 mA h ¢, and 130.3 mA h g~ ". The
asymmetric device NiS@MXene//Graphene@AC exhibited 97.7%
capacitance retention after 3000 cycles, with an energy density of
17.688 W h kg " at a power density of 750 W kg ". Similarly, the
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NiS@Ti;C, composite, prepared in a 2D-0D-type heterostructure
configuration, delivered a specific capacity of 840.4 C g™ ' at
1 A g~ ! with 64% retention in capacity. In this study, the mass
loading of the active material was approximately 2.1 mg cm™ 2%
The superior performance is attributed to the presence of electric
channels in the MXene, which enhance electron transport at the
interface of the composite, and the increased surface area, which
boosts the number of redox-active sites at the composite. Another
form of nickel sulfide, Ni;S,, is also notable due to its low cost,
driven by the availability of natural minerals, and its high
theoretical specific capacitance. Zhao et al.®® synthesized a 2D-
2D heterostructure of Ni;S,@Ti;C,, confirmed by TEM micro-
graph (Fig. 8d) and the (003) planes of Ti;C, with a plane
separation of 0.24 nm (Fig. 8e). The composite, with a mass
loading of 1.5 mg, exhibited a specific capacitance of 2204 F g~ at
1 A g ! compared with pristine NizS, and MXene. The rate
capability plot provided in Fig. 8f depicts 60% capacity retention
at 10 A g~ " for the composite. The hybrid Ni;S,@MXene//AC
device exhibited an energy density of 23.6 W h kg ' and a
maximum power density of 4004.4 W kg ', with 76.7% capacity
retention after 5000 cycles (Fig. 8g). Copper sulfide (CuS) is an
attractive TMC for various energy storage applications due to its
metal-like electronic conductivity and chemical stability. Further-
more, combining CuS with MXene enhances the properties and
surface area of materials, leading to improved electrochemical
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capacitance. 2D Ti;C, decorated with a CuS nanoparticle in a
2D-0D type heterostructure was reported by Pan et al.,* in which
the nanoparticles were uniformly distributed in the composite
(Fig. 8h). The CuS@MXene composite, with a mass loading of
2.5 mg cm 2, showed a specific capacity of 169.5 C g™ " at a
current density of 1 A g™, approximately five times higher than
that of Ti;C,. The boost in capacity is due to the synergistic effects
of the excellent electronic conductivity of Ti;C, and the better
electrochemical activity of CuS. The CuS@MZXene//MXene device
showed favorable CV and CD characteristics at different scan rates
and current densities, respectively (Fig. 8i and j). The device
achieved a high energy density of 15.4 W h kg™" at a power
density of 750.2 W kg~ ', with 82.4% capacity retention main-
tained after 5000 cycles at 2 A g (Fig. 8k).

Notably, 2D transition-metal dichalcogenides (TMDs) are
TMCs that are characterized by variable oxidation states,
unique sheet-like morphology, and large surface area with rich
physio-chemical properties. MoS, is one such TMC, known for
its layered structure, enhanced ionic conductivity, and large
interlayer spacing. However, MoS, also has drawbacks such as
low mass transport rate and poor electrical conductivity, which
inhibit its electrochemical performance. Hence, forming a
heterogeneous 2D layered hybrid structure of MoS, and MXene
can enhance its properties, resulting in excellent supercapaci-
tance performance. Several research groups have studied
MoS,@MZXene composites and their modified structures for SC
applications.®>®*"®” Kirubasankar et al.®*® reported MoS,@M-
Xene composites in a 2D-2D type heterostructure, achieving a
specific capacitance of 583 F g~ ' at 1 A g~ with a rate capability
of 82.5% compared to the pristine materials. The mass loading
was maintained at 2.5 mg cm in this work. The comparative
CD profiles at 2 A g~ ' are depicted in Fig. 9a. The reported
hybrid device MoS,@MXene//Ni(OH), exhibited an active
potential window of 1.6 V (Fig. 9b) and consistent CV curves
across a scan rate range of 5 to 100 mV s~ ' (Fig. 9c). Further-
more, the device showed an energy density of 54 W h kg™ ' at a
power density of 0.86 kW kg~ '. The MoS,@MXene hybrid
structure in a 2D-2D configuration, reported by Chandran et al.,*®
showed a specific capacitance of 342 F g~ " at a current density
of 0.4 A g ', with a maintained mass loading of 1.5 mg cm 2.
A mixed-dimensional MoS,@MZXene in a 2D-2D/3D hetero-
structure, synthesized by Hou et al,*® showed accelerated
electron transfer and reduced aggregation of MoS,, resulting
in improved electrochemical performance. The composite, with
a mass loading of 5 mg cm ™2, achieved a specific capacitance of
303.8 F g~ at a current density of 1 A g™, which was five times
higher than that of MoS, and three times higher than MXene
alone. The symmetric SC device exhibited a specific capacitance
of 115.2 F ¢ ' at 0.5 A g~', with 72.3% capacitance reten-
tion after 10 000 cycles, and delivered a high energy density of
5.1 W h kg " at a power density of 2908 W kg '. Furthermore, a
porous MoS,@MXene hybrid structure in a 2D-3D configu-
ration was synthesized. The electrodes were tested with mass
loading ranging from 0.25 to 0.75 mg cm > The composite
displayed a specific capacitance of 439 F ¢ ' at 5 mV s~ and
demonstrated long-term cycle stability. The symmetric device

This journal is © The Royal Society of Chemistry 2025
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retained 91% of its capacitance after 10 000 cycles of repeated
charge and discharge.®’

Furthermore, incorporating heteroatoms into the material
changes the structure and intrinsic properties of the composite.
These property changes result from defects, lattice distortion,
and bond modifications, which affect the electron properties of
the material. Hence, extensive research has been carried out,
where heteroatom is doped or incorporated into TMCs or
MXenes to improve material properties and, hence, electroche-
mical performance. Boron-modified 1T-MoS,@MXene in a 2D-
2D heterostructure enhances the charge-storage performances
of the composite because boron activates the basal planes in
the structure.®® Simulation studies also support these findings,
indicating that hybridization with Ti;C,T, and B substitution
enhances the conductivity of the 1T-MoS, system. The detailed
micro-SC fabrication process is given in Fig. 9d. The compo-
site electrode demonstrated a capacitance of approximately
420 F g ' in a two-electrode system and an areal capacitance
of 72.31 mF cm ™2 in a symmetric micro-SC configuration. The
charge storage process is primarily capacitive, and the detailed
electrochemical reactions involved are given in Fig. 9e. Simi-
larly, MXenes can also be modified for enhanced performance.
Nitrogen-doped MXenes were used to synthesize MoS,@
N-MXene-carbon in a 2D-2D heterostructure, which exhibited
a specific capacity of 189 mA h g ' at 4 A g~ " when used as an
anode material in Na-ion batteries. The mass loading was
estimated to be 1-1.5 mg cm >.*° Furthermore, tin sulfides
(SnS), known for their high electron mobility and theoretical
capacitance, are promising electrode materials. SnS exists in
different crystal phases, especially o, B, and © phases. Patra
et al® studied the effect of different SnS phases in SnS@
MXene composites (2D-0D type heterostructure) on their elec-
trochemical performance. f-SnS@MXene showed a compara-
tively higher capacitance of 615 mF cm > at a flow rate of
4 mA cm > compared to 9-SnS and n-SnS. The improved
performance is due to charge transfer from the Ti 3d orbitals
of MXene to the Sn 5p orbitals of the B-SnS surface, as
confirmed by the partial density of states analysis. The CV
profile of the optimized B-SnS@MZXene is given in Fig. 9f.
Furthermore, the hybrid SC B-SnS@MXene//MXene displayed
a high areal capacitance of 109 mF cm ?, along with an
energy density of 34.06 pW h cm > at a power density of
6.28 mW cm > (Fig. 9¢ and h). WS, typically shows poor
capacitance and weak electronic conductivity; however, its
electrochemical performance can be substantially enhanced
by forming a potential composite with MXene. The specific
capacitance enhanced after inserting 1T-WS, nanospacers
into the matrix of MXene, forming a 2D-1D heterostructure
synthesized via a sonication-assisted method.*® The WS,@
MXene composite, synthesized in a 2D-2D heterostructure via
a hydrothermal method, exhibited a specific capacitance of
373 Fg 'at 0.4 A g ', which is substantially higher than WS,
(47Fg 'at0.4Ag ')and MXene (71 Fg ' at 0.4 A g ").°° The
EIS results indicated a low charge transfer resistance of 2.29 Q
for the composite, which enhances charge kinetics and overall
performance. Furthermore, incorporating carbon materials
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into the WS,@MZXene composite further enhances the stabi-
lity of the structure and its performance. Hussain et al.®®
prepared WS,@MXene@GO nanocomposites in a 2D-2D hetero-
structure, which exhibited a specific capacitance of 1111 F g~ " at
2 A ¢! with excellent rate capability. The mass loading of the
active material was maintained at 3 mg cm™ 2. The WS,@MXe-
ne@GO//AC device (Fig. 9i) demonstrated a specific energy of
114 W h kg™ ' at 1010 W kg™ ', with 93.1% capacitance retention
after 15000 cycles. A similar CV at different potential windows
confirmed the stability of the device, with a specific capacitance
of 320 F g " (Fig. 9j and k).
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4.2. MXene and transition-metal selenides

Transition-metal selenides commonly consist of metals com-
bined with selenium. Selenium (Se), an element belonging
to the oxygen group, has a lower electronegativity than both
oxygen and sulfur. Because of its lower electronegativity,
Se shows higher electrical conductivity, nearly on the order of
10* S m™’. Transition-metal selenides and their composites
are extensively studied for SC applications due to their proper-
ties, including high electrical conductivity and excellent
chemical activity/stability. Selenides can be classified as either
monometallic or bimetallic. Examples of selenides include

This journal is © The Royal Society of Chemistry 2025
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NiSe,, CoSe,, MoSe,, VSe,, WSe,, CrSe,, SnSe,, NiFe,Se,, and
NiCo,Se,.®*°1°% Furthermore, forming composites of selenides
with layered MXenes prevents agglomeration of selenides and
increase the specific capacitance of the composite.

Nickel selenides (NiSe,) exhibit good chemical activity and
multiple oxidation states, making them suitable as SC electrode
materials. However, their low cycle stability, rate capability, and
conductivity hinder their application as electrode materials,
which can be overcome by synthesizing suitable composite
materials with MXene. NiSe,@MZXene, in a 2D-1D-type hetero-
structure configuration with 8 mg cm™> mass loading, was
reported by Jiang et al.°* and exhibited a specific capacitance of
531.2 Fg ' at 1 A g . The strong interaction in the composite
is due to the wrapping of NiSe, crystals with ultrathin MXene.
Vanadium diselenide (VSe,) is a layered TMC containing a V
layer sandwiched between two Se layers via van der Waals
interactions. Due to the overlapping bands and interlayer
gaps, VSe, possesses high electronic conductivity and chemical
activity, which are helpful for energy storage applications.
Further by synthesizing a heterostructure of VSe, with MXene,
the limitation of damaging the sample due to agglomeration
during cycling can be resolved. The VSe,@MXene layered
composite in a 2D-2D configuration, prepared via a hydro-
thermal method, showed a specific capacitance of 144 F g~
at 1 A g~' with 2 mg mass loading with 92.8% retention after
5000 charge-discharge cycles.®® The enhanced states at the
Fermi level, improved charge distribution, and lower ion diffu-
sion barrier in the structure supported the improved charge
storage performance (Fig. 10a—c). An electronic charge transfer
occurs from the Ti 3d orbital of MXene to the V 3d orbital
of VSe, due to the interaction between the layers. Moreover,
the hybrid SC device VSe,@MXene//MoS,@MWCNT demon-
strated an energy density of 42 W h kg™ ' at a power density of
2316 W kg™ " with a 90% capacity retention after 5000 CD cycles.
Furthermore, Siddu et al.*® synthesized a ternary composite by
adding CNT into the VSe,@MXene, forming a 2D-2D/1D hetero-
structure with 1.2 mg mass loading, which showed superior
energy storage performance. The VSe,@MXene@CNT (Fig. 10d)
provided structural stability and a specific capacitance of
151 F g~ ". The CD comparison profile shown in Fig. 10e indicates
a longer discharge time for the composite material compared to
the pristine materials. Furthermore, due to the addition of MXene
and CNT into the structure, the capacitive nature of charge storage
is the dominant contribution (77.6% at high scan rates) in the
composite (Fig. 10f). The hybrid device VSe,@MXene@CNT//
MoS,@MXene exhibited an energy density of 35.91 W h kg™ at
a power density of 1280 W kg™, with 99% capacity retention after
5000 cycles. MoSe, exhibits outstanding electrochemical activity
and a high hypothetical capacitance for SC applications. The
MoSe,@MXene hybrid composite (2D-2D-type heterostructure),
synthesized by Arulkumar et al.,”* demonstrated a high specific
capacitance of 1531.2 F g ' at 1 A g !, where mass loading was
1.5 mg cm 2 There is an increase in electrical conductivity,
charge transfer rate, and active sites in the composite compared
to the pristine samples. Similarly, the MoSe,@MXene hybrid
materials (2D-3D-type heterostructure), prepared by Chen et al.,”*
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showed a specific capacitance of 1358.5 F g~ at 1 A g~ " and
2.6 mg cm™ > mass loading. The capacitance of the composite
was higher than that of MoSe, and MXene, as confirmed by the
CV profile comparison shown in Fig. 10g. Further EIS analysis
(Fig. 10h) confirmed a lower charge-transfer resistance (1.46 Q)
for the composite compared to the pristine materials. In
addition, the hybrid device MoSe,@MXene//AC showed a simi-
lar CV profile in a 1.6 V potential window (Fig. 10i) and
exhibited an energy density of 55.6 W h kg™ " at a power density
of 800.3 W kg ', with 94.1% capacitance retention after 10 000
cycles at a high current of 5 A g~ '. Hussain et al.°> synthesized a
symmetric device using the MoSe,@MXene composite material
(2D-2D-type heterostructure), which delivered a capacitance
of 350 F g~ with 93% capacitance retention after 5000 cycles,
and a specific energy of 48 W h kg ' at a specific power of
500 W kg~ '. Hence, the MXene composite supports the highly
active MoSe, and enhances the active surface area and porosity.
CrSe, consists of covalently bonded Se-Cr-Se monolayers,
which are weakly bound together via the van der Waals forces.
The structure shows strong Cr-Cr in-plane and Se-Se interlayer
interactions. The intrinsic physical and electrical properties
make it a suitable candidate for energy storage applications.
CrSe,@MXene, in a 2D-2D-type heterostructure, was prepared
and studied for an all-solid-state symmetric supercapacitor
(ASSS),*” where the composite electrode, prepared with a
1 mg cm ™ mass loading, showed a maximum areal capacitance
of 133 mF cm ™ at 2 mA cm ™2 (Fig. 10j). Furthermore, the ASSS
device (Fig. 10k) exhibited a maximum energy density of
7.11 mW h em™? at a power density of 355 mW cm™>, retaining
82% of its capacitance after 5000 CD cycles (Fig. 101). Addition-
ally, WSe,@MXene hybrid materials in a 2D-1D type hetero-
structure were prepared, showing improved interfacial inter-
actions and conductivities.’® The electrode achieved a specific
capacitance of 840 F g " at 2 A g~ ", The fabricated symmetric
device using eWSe,@MXene exhibited a capacitance of 246 F g~
at 2 A g '. Therefore, transition-metal selenides generally exhibit
poor capacity retention, but the hybrid structures with MXene act
as a reservoir for electrolytes, enhancing electrochemical activity
and making the structure suitable for energy storage applications.

4.3. MXene and transition-metal tellurides

Tellurium (Te) is a solid material at room temperature and a
semiconductor. Te shows higher electrical conductivity than
sulfur, which has led its recent focus in energy storage applica-
tions. Metal sulfides and selenides are extensively studied for
SC applications, whereas tellurides are less explored among
TMCs. Since research on Te is still in its early stages, fewer
articles have been reported, and we discussed some of them in
this section. The high electrical conductivity, large atomic size,
and low electronegativity of Te make tellurides suitable for
energy storage applications. CoTe and NiTe have been reported
for energy storage applications, where CoTe exhibited an energy
density of 43.84 W h kg~ at a power density of 738.88 W kg™,
and NiTe showed a specific capacitance of 807 F g~".°7%% The
Co-doped NiTe electrode showed a specific capacitance of
1645.6 F ¢~' at 1 A g '. The fabricated Co-doped NiTe//AC
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Fig. 10 (a) Density of states plot for VSe, and VSe,@MXene, (b) charge density difference between VSe,@MXene and VSe; (VSe; in red and the charge-
losing MXene in blue), and (c) diffusion barrier plot comparing VSe, and VSe,@MXene for positive electrolyte ions.®® (d) SEM image of VSe,@MXe-
ne@CNT, (e) comparison of the CD profile of the pristine samples with the VSe,@MXene@CNT composite, and (f) CV curves showing the charge-storage
contributions.®® (g) CV comparison, (h) Nyquist plot of MoSe,@MXene with MXene and MoSe; (inset shows the fitted equivalent circuit), and (i) CV profile
of the device at different scan rates.®® (j) Rate capability comparison of CrSe2@MXene, (k) schematic of the ASSS device, and () cycle stability and
coulombic efficiency of the device (inset depicts the photographic image of device).®?

device displayed a capacitance of 103.4 F g~ ' and maintained
95% capacitance retention for 5000 CD cycles, with an energy
density of 36.8 W h kg *.”°

Furthermore, the unique properties of Te and its composites
with MXene provide high electrolyte accommodation in the
hybrid electrode, improving electrochemical performance.
Vanadium telluride (VTe,) is metallic and shows better electro-
chemical activity. VTe, has stronger interlayer coupling than
other chalcogens, which makes it suitable for creating hetero-
structures that enhance the energy storage activity. VTe,@MXene
heterostructure, in a 2D-2D configuration, was synthesized

6452 | Chem. Commun., 2025, 61, 6439-6461

through a hydrothermal process, where the VTe, nanosheet
grown vertically on the MXene surface was confirmed by
FESEM (Fig. 11a).°* The composite delivered a specific capaci-
tance of 250 F g~ * with a mass loading of 1 mg cm ™2, showing
high cycle stability compared to the pristine samples (Fig. 11b).
Computation studies confirmed an enhanced density of states
near the Fermi level in the VTe,@MXene due to the interaction
with the MXene layers (Fig. 11c). Furthermore, density func-
tional theory calculations showed improvement in the electro-
nic Te 5p states near the Fermi level due to the presence of
MXene, leading to improved performance of the VTe,@MXene

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 (a) FESEM image of VTe,@MXene, (b) rate capability profile for VTe, and VTe,@MXene, and (c) optimized structures and total DOS for VTe,,
MXene, and VTe,@MXene (vanadium, tellurium, titanium, and carbon atoms are denoted by red, sky blue, grey, and black spheres).®* (d) CV profile
comparison of VTe,, VTe,@MXene, and VTe,@MXene@CNT, and (e) and (f) capacitive and diffusive contributions to charge storage in

VTe,@MXene@CNT.3?

for SC applications. Consequently, the fabricated device, VTe,@
MXene//MoS,@MXene, exhibited excellent performance with an
energy density of 46.3 W h kg™', a maximum power density
of 6400 W kg™', and 87% cycle stability after 7000 cycles.**
Radhakrishnan et al. synthesized a VTe,@MXene@CNT compo-
site material in a 2D-2D/1D-type heterostructure for micro-SCs.>>
In this ternary composite, MXene and CNT avoided the restacking
of VTe, and simultaneously enhanced its electrochemical activity.
The comparative CV profile in Fig. 11d confirms the enhanced
specific capacitance for VTe,@MXene@CNT ie. 136 mF cm™~ at
0.03 mA cm ”. Additionally, the composite showed a rise in
capacitive contribution from 45% (at 10 mV s ') to 99%
(100 mv s™"), as shown in Fig. 11e and f. Hence, MXene and
CNT enhance charge adsorption, thereby increasing the capacitive
contributions. Furthermore, the fabricated micro-SC showed
an energy density of 6.84 YW h cm™> and a power density
of 3047 UW cm 2, with 78% retention in capacitance after
10000 cycles. The device also showed stable CV characteristics
even after bending, demonstrating its potential application in
flexible electronics. The CoTe,@MXene and ZnTe@MXene hetero-
structures (2D-3D type) were synthesized by Pan et al'® and
exhibited specific capacities of 193.4 and 184 mA h g~ ', respec-
tively, for K-on storage. However, the capacities reduced to

This journal is © The Royal Society of Chemistry 2025

62.2 and 64.7 mA h g after 1000 cycles for CoTe,@MXene and
ZnTe@MXene, respectively. CoTe@MXene was also used as a
catalyst separator to enhance the conversion of polysulfide in Li-
S batteries. The mass loading of active materials was maintained at
1.2-1.8 mg cm ™ in this study.'®" This also improved the thermal
durability of the separator while accelerating Li,S nucleation and
decomposition. The Li-S batteries fabricated using CoTe@MXene
as separators exhibited a capacity of 1664 mA h g~ with high cycle
stability. Kamat et al.'®* synthesized MoTe,@MXene via a modified
hydrothermal route, and the composite displayed a reversible
specific discharge capacity of 566 mA h g at 0.1C and retained
71% of its initial capacity during rate performance. The composite
material enhances Li-ion exposure and sustains structural stability
for better performance. The discussion concludes with the
potential applications of tellurides and MXene for energy storage
applications. Furthermore, other metal tellurides in MXene-based
composites can be explored for SC applications.

4.4. MXene and bimetallic chalcogenides

Bimetallic TMCs have gained attention due to their higher
electrochemical activity, which results from the presence of
two metals in their structure.'®® Additionally, the chemical
activity arising from the multi-oxidation states of some metal

Chem. Commun., 2025, 61, 6439-6461 | 6453


https://doi.org/10.1039/d5cc00223k

Published on 26 March 2025. Downloaded on 6/9/2026 1:40:47 PM.

Feature Article

ions contributes to stable and efficient cycle stability. These
bimetallic TMCs also experience less rate capabilities and
volume expansion during the chemical process. Hence, synthe-
sizing suitable heterostructure with MXene can enhance capa-
citance retention and maintain a stable structure to minimize
volume expansion. Patra et al. used MXene as a template to
synthesize MoWS, (MWS) nanosheets (2D-2D-type heterostruc-
ture), where the composite exhibited high chemical activity, as
confirmed by the comparative CV profile (Fig. 12a).”° The specific
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capacitance of 259 F g~ was achieved at 0.2 A g~ " with an active
mass loading of 1 mg cm > Furthermore, the hybrid device
MoWS,@MXene//CoSe,@CNT@rGO exhibited an energy density
of 14 W h kg™ ' at a specific power of 8000 W kg™, with 93%
capacitance retention after 6000 cycles. The device showed capa-
citive- and diffusion-controlled contributions of 92% and 8%,
respectively, at 60 mV s~ ' (Fig. 12b and c). Li et al. have reported a
1T-MO0y 71Wy 20S,@MXene heterostructure (2D-2D-type hetero-
structure) with a specific capacitance of 284 F g at 1 A g~ *.”"
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Fig. 12 (a) Comparative CV profiles of MoOWS, and MoWS,@MXene, (b) charge storage contributions at 60 mV s~
(d) Rate capability comparison of NiCo,S;@MXene samples, (e) CV comparison of a device fabricated using the

contributions at different scan rates.”°

NiCo,S,@MXene samples, where AC was used as the negative material, and (f) cycle stability of the optimized NiCo,S;@MXene//AC device.”?

! and (c) bar diagram of charge storage

(9) Rate

capability of NiCoSes@MXene, (h) Ragone plot of NiCoSe,@MXene//AC device with inset showing the LED test and (i) TDOS plot and PDOS for Se 4p for

NiCoSe, and NiCoSe,@MXene composite.®

ZnTe@MXene for 500 cycles, and (1) specific capacity of the device for 80 cycles.
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(j) charge density difference and work function of CoTe2@ZnTe, (k) cycle performance of CoTe2@

100
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The composite shows high structural stability resulting from the
combined effect of strain caused by W doping and in situ growth
on MXene. Furthermore, the constructed symmetric SC device
showed excellent electrochemical performance, which is tabulated
in Table 1.

Furthermore, Patra et al.>® introduced boron carbon nitride
to the MoWS,@MZXene composite (2D-2D-type heterostructure)
to form a ternary composite, MoWS,@BCN@MXene, for enhanced
capacitance. The ternary composite was used to fabricate a solid-
state symmetric device, which showed a specific capacitance of
289 mF cm™? at 0.6 mA cm™ >, with 91% capacitance retention
over 5000 cycles at 10 mA cm > The calculated quantum
capacitance was improved and correlated with the observed
capacitance. Furthermore, the charge transfer from the Mo 4d
orbital of MoWS, and C 2p orbital of BCN to the C 2p orbital of
MXene was analyzed through computational calculations, con-
firming the improvement in the charge kinetics of the ternary
composite. A 3D hybrid composite of NiCo,S,@MXene (2D-3D-
type heterostructure) was prepared and optimized for a high
specific capacitance of 1266 F g ' at 0.5 A g ', with 95%
capacitance retention after 10000 cycles.”” The specific capaci-
tance comparison at different current densities for composites
synthesized with different material mass ratios is depicted in
Fig. 12d. Asymmetric SC devices of all the composites were
separately fabricated, where AC was used as the negative elec-
trode material. The device with a 1:2 mass ratio of electrodes
showed a high specific capacitance of 621 F g™, as confirmed by
the comparative CV profile (Fig. 12e), and maintained 90.88%
capacitance retention over 10 000 cycles at 5 A g~ " (Fig. 12f). The
device exhibited an energy density of 72.82 W h kg™ * at a power
density of 0.635 kW kg . Pathak et al.'® separately used NiCo,S,
and MXenes as the positive and negative electrodes, respectively,
for the fabrication of an asymmetric SC device that delivered
areal and gravimetric energy densities of 14.86 mW h cm ™2 and
14.86 W h kg *, respectively. The same research group synthe-
sized the NiCo,S,@MXene composite (2D-3D/0D-type hetero-
structure), which delivered a specific capacitance of 1076 F g*
with 80% capacitance retention over 5000 cycles. Active mass
loading of 1 mg cm ™ was used for this study.®* An asymmetric
device, NiCo,S,@MXene//MXene, was fabricated that exhibited
an energy density of 11.5 yW h cm™> with 80% capacitance
retention and showed good stability after bending at various
angles. Again, NiCo,S, was anchored on nanocarbon (rGO@
MWCNT), and NiC0,S,@rGO@MWCNT//MXene device perfor-
mance was observed to be lower than the NiCo,S,@MXene//
MXene composite. By contrast, the device with nanocarbon
showed high capacitance retention due to the presence of
carbon materials. Similarly, Pathak et al. prepared MnCo,S,@
MXene and NiCo,S;@MXene (2D-3D-type heterostructure)
on the carbon-cloth electrode via a hydrothermal synthesis
process, which exhibited areal capacitances of 274 and
206 mF cm™? at a current density of 0.6 mA cm 2, respec-
tively.'® The MnCo,S,@MXene//AC solid-state flexible device
exhibited a maximum areal energy density of 20 W h cm™> at
750 mW cm > compared to the NiCo,S;@MXene//AC device.
NiCoSe,@MXene (2D-2D-type heterostructure) was prepared by

This journal is © The Royal Society of Chemistry 2025
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Samal et al,’’ where the dual metal presence and unique
morphology showed excellent charge-storage performance.
The NiCoSe,@MXene//MXene device demonstrates a specific
capacitance of 254.10 mF cm > at 5 mV s ' (Fig. 12g) with
an energy density of 32.05 W h kg™' at a power density of
0.2 kW kg~ " and maintains 15.39 W h kg™ " of energy density at
a power density of 0.92 kW kg~ (Fig. 12h). The computational
study confirmed that charge transfer from MXene to NiCoSe,
enhances the electronic states at the Fermi energy, thereby
improving the chemical activity for high charge storage
(Fig. 12i). Patel et al.*®® synthesized the Co-NiSe,@MXene com-
posite (in 2D-1D-type heterostructure), where the nanorod-like
Co-NiSe, wrapped around MXene, exhibiting a specific capaci-
tance of 1394.8 F g~ ' at 1 A g~ ! with 67% capacitance retention
over 5000 cycles at 20 A g’l. Furthermore, Cu,5C0¢.5Se,
nanosheets were prepared by Dakka et al'®” and used as
positive electrodes in the Cug s5C0¢ 5Se,//MXene device. The
device operated at a working potential of 1.6 V and delivered
a high energy density of 84.17 W h kg™ * at 0.604 kW kg™ *, with
91% capacitance retention after 10 000 cycles. Dual transition
metal tellurides (CoTe,@ZnTe) are anchored on the MXene
(2D-3D-type heterostructure) to form a composite structure
proposed by Pan et al.,"°® where interface engineering regulates
the electronic state and improves the K* kinetics in the compo-
site (Fig. 12j). The composite delivered a specific capacity of
365.3 mA h g " at 0.1 A g, which is higher than that of
CoTe,@MXene and ZnTe@Mxene. The material maintained a
capacity of 339.1 mA h g~ ' after 500 cycles (Fig. 12k), with a
mass loading of active material ranging from 1.2 to 1.8 mg cm™ >
Furthermore, the full-cell device using CoTe,@ZnTe@MXene
and Prussian blue potassium as anodes and cathodes showed
a specific capacity of 85 mA h g ' at 0.1 A g~ ' and maintained
93% of its capacity after 400 charge-discharge cycles (Fig. 121). Li
et al.'®® studied the Coy 5Niy sTe,-grafted MXene heterostructure
(2D-3D-type heterostructure), which enhanced the sulfur redox
kinetics in Li-S batteries. The heterostructure exhibited high
polar active sites that enhanced the chemical adsorption of
polysulfides and provided an accelerated pump for rapid Li"
diffusion, as observed in performance analysis, theoretical cal-
culations, and in situ Raman spectroscopy. Table 1 shows the
detailed electrochemical performance of the TMC@MXene
structures.

5. Summary, challenges, and future
perspectives

Recently, SCs have gained attention because of their promising
performance and possible uses in electronic gadgets and
flexible devices. SCs offer higher power density, fast charge
kinetics, and longer life cycles than batteries. However, the
lower energy density of SC hinders their practical applications.
Hence, different strategies such as surface modification,
functionalization, composite materials synthesis, and hetero-
material doping have been adapted to synthesize new hybrid
electrode materials. TMCs are a class of materials basically
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sulfides, selenides, and tellurides, emerging for energy storage
applications due to their unique physical and electrochemical
properties. Metal sulfides have been vastly studied, and tell-
urides have recently attracted interest for energy storage appli-
cations. Furthermore, to improve the energy storage properties
of TMCs, carbon-based materials and MXene are used to form
composites. Since the discovery of MXene in 2011, MXene
(Ti3C,Ty) has gained immense attention for energy storage
applications due to its redox sites and high ion adsorption
sites, owing to its 2D structure. Therefore, MXene provides a
larger surface area for charge adsorption, and its interlayer
facilitates ion intercalation. Furthermore, by forming compo-
sites with TMCs, the restacking or structural damages of MXene
can be reduced. Hence, TMC@MXene heterostructures are
being explored for energy storage applications. In this review,
different TMCs (sulfides, selenides, and tellurides) and MXene
composites for SC are extensively discussed. The structural
design, device fabrication, and electrochemical properties of
several TMC@MXene are discussed. Furthermore, computa-
tional analyses of these composites have been carried out in
several reports to study the mechanisms behind the charge
storage process. To solve the problems associated with these
composite materials for SC, further research is ongoing at a
rapid pace. Key factors that need to be addressed for the
practical utilization of these composite materials include mate-
rial availability, production costs, device stability, chemical
toxicity, device scalability, and environmental safety.

Although much research has been conducted on MXene and
TMC composites, there are further challenges to address for
better device fabrication and commercialization of SCs.
MXenes have challenges like the scalability of the material,
precursor availability, toxic synthesis routes, production costs,
and stability. Furthermore, TMCs@MZXene composites used in
SC are limited because of less electronic conductivity, synthesis
complexity, environmental sensitivity, restacking/agglomera-
tion issues, cyclic instability, and limited insights into the
characteristics of materials. The self-restacking and agglomera-
tion of theses composites cause damage to the electrodes
during cycles and further limit their application in flexible
electrode fabrication. Hence, future ideas and systematic
research should be conducted, as summarized below (Fig. 13):

e Theoretical work is helpful for understanding and redu-
cing the experimental work for better electrode synthesis.
Hence, computational studies are required for TMCs@MZXene
composites to enable the preparation of more chemically active
electrodes, thereby reducing the time and cost of the research.

e Recently, new classes of MXenes, such as V,CT,, Nb,CT,,
and Nb,C,;T,, have been explored. These materials provide
different metal redox sites that need further analysis. Hence,
hybrid materials based on these MXenes and TMCs need to be
explored. Furthermore, heterostructure composites of mono-
metallic and bimetallic TMCs (NiC0,S,/M0S,, CuC0S,/WS,, and
CoNi,Se,/SnS,) could be explored.

¢ Tellurides have been less explored for energy storage appli-
cations. Hybrid materials combining tellurides and MXenes may
emerge as promising candidates for energy storage. Materials such

This journal is © The Royal Society of Chemistry 2025
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Fig. 13 Schematic depicting the challenges and future perspectives for TMCs@MXene composites for SC applications.

as Bi,Tes, GeTe, PbTe, Si,Te;, and AgAuTe, and their MXene-based
hybrids could be explored for energy storage applications.

e TMCs@MXene composites contain both TMCs and
MXenes, and the characteristics of both materials influence
the charge-storage performance. So, both materials need to be
optimized separately and in combination, focusing on factors
such as metal concentration, synthesis time, stability, and synth-
esis process, to achieve better electrochemical performance.

¢ The MXene synthesis process is toxic because of the use of
acids for etching. Furthermore, the synthesis of TMCs@MXene
composites is a complex process. A green synthesis route
should be developed for environmental safety, and acid-free
electrodes would reduce unwanted reactions during the
chemical process, which further improves the stability of the
device.

e The energy densities of SCs made from the TMCs@MZXene
composites still need to be enhanced. Recently, metal-ion
capacitors have been vastly studied, and the utilization of these
composites in metal-ion hybrid capacitors needs to be further
explored. Furthermore, other electrolytes (organic and gel type)
should be considered to improve the overall performance of the
device. Problems with the potential window, thermal stability,
and safety of the device are mainly related to the electrolytes.

e To develop high-performance SCs, the reaction mecha-
nism during the charge storage process needs to be under-
stood. Hence, in situ TEM, XRD, RAMAN, and XPS, along with
advanced characterization techniques, need to be studied and
analyzed. This analysis will provide insights into the chemical
reactions and facilitate the fabrication of environmentally safe
devices.
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