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phosphide/ molybdenum disulfide
heterostructures towards advanced
electrochemical energy storage:
recent progress and challenges
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Transition metal phosphide @ molybdenum disulfide (TMP@MoS2) heterostructures, consisting of TMP as

the core main catalytic body and MoS2 as the outer shell, can solve the three major problems in the field

of renewable energy storage and catalysis, such as lack of resources, cost factors, and low cycling

stability. The heterostructures synergistically combine the excellent conductivity and electrochemical

performance of transition metal phosphides with the structural robustness and catalytic activity of

molybdenum disulfide, which holds great promise for clean energy. This review addresses the

advantages of TMP@MoS2 materials and their synthesis methods—e.g., hydrothermal routes and

chemical vapor deposition regarding scalability and cost. Their electrochemical energy storage and

catalytic functions e.g., hydrogen and oxygen evolution reactions (HER and OER) are also extensively

explored. Their potential within battery and supercapacitor technologies is also assessed against leading

performance metrics. Challenges toward industry-scale scalability, longevity, and environmental

sustainability are also addressed, as are optimization and large-scale deployment strategies.
1. Introduction

Renewable resources have become the new target, considering
the need to substitute existing fossil fuel sources as the overall
energy demand is increasing.1,2 This consequently generates
a high demand for high-performance energy conversion and
storage devices.3 While solar and wind power are very attractive
renewables, their intermittent nature necessitates effective and
scalable solutions for storing energy.4 Batteries, super-
capacitors, and hybrid storage devices are the necessary solu-
tions for the challenge but are typically restricted by their high
cost, short life cycle, and more considerably their scalability.5–8

Heterostructure materials, formed of at least two constitu-
ents combined for their synergistic functionalities, have drawn
substantial interest.9–11 TMP@MoS2 heterostructures are
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particularly important because they combine the high electrical
conductivity and catalytic nature of transition metal phos-
phides (TMPs) with the structural strength and large molyb-
denum disulde (MoS2) surface area.12–14 Together, they create
synergy, leading to enhanced charge transfer, electrochemical
stability, and catalytic activity, thus rendering these composites
promising for both electrocatalysis and energy storage
devices.15–17

TMP@MoS2 synthesis and characterization improvements
have demonstrated their potential for next-generation energy
technologies. Various fabrication techniques, such as hydro-
thermal synthesis,18,19 electrodeposition,20–22 and chemical
vapor deposition,23,24 enable the precise engineering of hetero-
structures with tailored properties.25,26 The structural and elec-
trochemical properties of the materials are extensively
investigated using the techniques of X-ray diffraction (XRD),27–29

scanning electron microscopy (SEM),29–31 transmission electron
microscopy (TEM),32 and X-ray photoelectron spectroscopy
(XPS)33,34 to conrm their composition, morphology, and
chemical states. Moreover, TMP@MoS2 heterostructures
possess increased efficiencies in such important electro-
chemical reactions as hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER),2,3,13 that play a critical role in
water splitting and fuel cell applications. Though bulk-scale
synthesis, interface stability of the materials, and
RSC Adv., 2025, 15, 13397–13430 | 13397
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electrochemical durability are needed to commercialize the
materials,35,36 these also need to be accounted for. Herein, we
review the recent efforts we made on the TMP@MoS2 hetero-
structure from two aspects: the synthesis strategy of
TMP@MoS2 and the electrochemical properties & application.
We also discuss the major methodologies used for character-
ization, highlight the bottlenecks that currently exist in the
eld, and suggest a set of recommendations for the optimiza-
tion of the materials for practical applications. By interlinking
the fundamental studies with technical applications, the review
is focused on delivering useful insights into the role of
TMP@MoS2 heterostructures toward green energy storage and
catalysis.
2 Synthesis methods of transition
metal phosphides (TMPs),
molybdenum disulfide, and TMP@MoS2
heterostructures

Design and modication of advanced materials like
TMP@MoS2 are mainly done through proper control and
modulation of their physicochemical and electrochemical
properties to render a well-developed energy storage perfor-
mance. A suitable choice of synthesis methodology would mark
a signicant difference in structural stability, conductivity,
surface area, and accessibility to active sites. Therefore, mate-
rials' scalability, cost, and quality are considered essential
concerns for developing and extending the utilization of het-
erostructures. This section describes in detail various synthesis
techniques, their fundamental principles, advantages, and
limitations to guide future research and development.
2.1 Ball milling

Ball milling is a mechanochemical method that introduces
mechanical force to the materials through grinding balls in
rotating or vibrating chambers; breakdown and reformation into
nanoscale material occur accordingly. The signicant contribu-
tion generally comes from high-energy ball collisions with
material introducing localized heat and pressure, driving the
desired transformations. Therefore, the advantages are: the setup
is simple and economy-friendly; it effectively leads to the gener-
ation of ne and uniform nanoparticles. Scalability for batch or
continuous production is advantageous, whereas potential
contamination from milling media is a disadvantage. There is
a limitation in tight control of particles' size andmorphology, and
milling conditions need optimization to avoid degradation.37–39

Enabling specic mechanochemical approaches in one-shot
or continuous production. The most common batch methods
are the shakers pot methods and the planetary mills, and
constant processes are oen accomplished with twin-screw
extruders. The widespread use of TSE in continuous produc-
tion is partly responsible for the heightened attention toward
the use of these mills.40,41

Several reviews and research studies documented the avail-
able commercial instruments' distinct features and
13398 | RSC Adv., 2025, 15, 13397–13430
corresponding advantages and drawbacks. For example, shaker
mills are simple and efficient only on a small scale; planetary
mills give high-energy impacts that reduce ne and uniform
particle size.42,43 On the other side of the spectrum, TSE-based
extruders provide continuous production and, thus, are more
scalable but are likely to be more complex to set up and run.44,45

The equipment and additives selected heavily inuence the
mechanisms underlying these reactions. Some recent develop-
ments introduced new methodologies involving additives for
improving reaction simulation or for better outcomes or spec-
ied reactivities and have advanced the eld signicantly. Many
studies employ such additives to promote efficiency, reaction
pathway control, and desired product features, realizing new
improvements in elds such as pharmaceuticals through
materials science.46,47 The constant development of ball milling
techniques and careful strategies in using additives underline
the dynamics of mechanochemical processes, thus affording
many more possibilities for innovations and applications in
science and industry.48–50 Some key parameters that affect ball
milling outcomes are Milling Time,51,52 Ball-to-Powder Ratio
(BPR), Rotation Speed, and Milling Atmosphere. The longer
timer is equal to a smaller particle size and higher surface area.
Excessive milling may also lead to agglomeration, amorphiza-
tion, or degradation of sensitive materials.51,53 Increased BPR
increases the impact of energy. Thus, particle renement occurs
at higher rates. On the other hand, a high ratio might lead to
contamination due to the wearing of milling media.54,55 Higher
collision speeds increase the frequency and energies of the
collisions and yield smaller particles,54,56,57 which enable higher
frictional heat and the possibility of damaging phase transition
by pressure and heat. Oxidation, reduction, and phase forma-
tion are strongly dependent upon inert gas (e.g., Ar, N2) or
chemically reactive environments (e.g., H2, O2).8,11,55 In the
process of ball milling, the continuous collision between
particles and balls causes local heat and pressure and results in
(1) distortion of the lattice and the formation of defects, which
enhance the reactivity of the material. (2) Phase trans-
formations, e.g., amorphization or formation of metastable
phases.58–60

Solid-state reactions by the combination of reactants at the
atomic level make chemical synthesis independent of the use of
solvents.28,61 Ball milling is exible for batch or continuous
production.62,63

Batch processing (Shaker and Planetary Mills) advantages:
high-energy collisions allow for rapid particle size reduction.10,64

Limitations: Limited throughput with scaling-up difficulties.65

Continuous processing (Twin-Screw Extruders-TSE) advan-
tages: it offers continuous production and is suitable for
industrial use.66,67 Limitations: it involves complex setup and
process optimization to regulate the reaction (Fig. 1).71,72
2.2 Electrochemical deposition (electrodeposition)

Electrochemical deposition is, in principle, based on reducing
metal ions from an electrolyte solution onto an electrically
conductive substrate under applied potential. Indeed, this
technique has been extensively used in preparing thin lms and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of (a) ball milling process, (b) Shaker Mill, (c) Planetary Mill, (d) and (d0) Single and Twin-Screw Extruder.
Reproduced from ref. 68–70 with permission from [Wiely], copyright [2024].
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composite materials since it enables excellent thickness and
composition control. Advantages: highly controllable process
with accuracy in thickness and morphology, inexpensive and
easy to handle for laboratory-scale applications, up-scalable for
industrial applications, with minimal waste production. Limi-
tations include being only suitable for conductive substrates,
uniform deposition over complex, complicated shapes, and
deposition rate and material properties dependent upon elec-
trolyte composition and applied conditions.73–75

Electrochemical deposition is the electrodeposition process,
typically requiring two or three electrodes for better control.76

During synthesis, conditions like temperature, solution pH,
concentration of reactants, and impurity are modied.77 These
parameters inuence how fast the material dissolves in an
electrolyte, thus affecting deposition.78 These may alter the
dissolution rate of the materials in the electrolyte and thereby
affect deposition. It is a comparatively low-cost method by
which the thickness of the deposit can be managed, and the
desired properties of the coating are obtained.79 Electrodepo-
sition can deposit large amounts of various materials, including
metal-matrix composites, onto substrates.80 The technique
produces materials that enhance the surface properties of
corrosion resistance and electrical conductivity for small-scale
labs and large industries.81 However, uniform deposition over
complex shapes requires constant concentrations of electro-
lytes.82 Optimizing the process parameters avoids cracking or
peeling of deposited layers.83 As they are possibly harmful
© 2025 The Author(s). Published by the Royal Society of Chemistry
substances to humans and the environment, electrode position
materials must be handled and disposed of safely.84

For the TMP@MoS2 heterostructures, direct deposition with
control over lm thickness is facilitated by electrodeposition
and is a good alternative for hydrothermal and solvothermal
methods.85 Uniform distribution of TMP into MoS2 is difficult
due to varying nucleation rates across the surface.86 Homoge-
nous coverage and prevention against agglomeration are guar-
anteed through optimization of the electrolyte concentration,
applied potential, and deposition time.87 Electrodeposited
TMP@MoS2 composites are found as potential supercapacitors
and battery candidates with superior electrochemical perfor-
mances through synergism between the two (Fig. 2).89,90
2.3 Hydrothermal/solvothermal synthesis

This technique precipitates the materials from the solution
inside the high-temperature and high-pressure autoclave. It is
employed extensively for the synthesis of TMP@MoS2 hetero-
structures since it is capable of regulating the crystal growth
and composition. Hydrothermal and solvothermal synthesis
has provided highly uniform and crystalline nanostructures
through the regulation of factors like temperature, pressure,
and reaction time. In contrast to electrodeposition, the
processes here possess better phase purity and uniform struc-
ture but require longer synthesis time and higher energy
requirements. They have the advantages of being efficient and
versatile in the generation of tailored morphologies, being
RSC Adv., 2025, 15, 13397–13430 | 13399
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Fig. 2 Schematic of electrodeposition process in three-electrode
system. Reproduced from ref. 88 with permission from [IOP Science],
copyright [2008].
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suitable for large-scale fabrication, and allowing size, phase,
and crystallinity to be controlled precisely. Also, limitations
include the requirement for high-cost equipment with unique
features, such as an autoclave. Reaction times can be long, and
lower throughput and Surfactants that are not well controlled
might cause the introduction of impurities.91,92

One of the most powerful approaches for the synthesis of
isolated inorganic compounds in the liquid phase is hydro-
thermal and solvothermal synthesis.93 Both approaches facili-
tate the uniform deposition of TMP onto MoS2 layers with
enhanced electrochemical performance for the function of
energy storage. They consist of the reaction between phosphoric
materials and metal nitrates or metal chlorides to yield uniform
emulsions. The structure is controlled through the incorpora-
tion of surfactants into the mixture. The obtained emulsion is
subsequently dissolved and recrystallized under high tempera-
tures and pressures within a hydrothermal reactor, e.g.,
a stainless-steel autoclave lined with Teon.94
Fig. 3 Schematic of solvothermal technique's equipment. Reproduced

13400 | RSC Adv., 2025, 15, 13397–13430
During the synthesis process, the vapor saturation pressure is
higher than 100 °C, with the autogenous pressure becoming
100 MPa. The high-pressure autoclave produces well-crystallised
structures, and therefore, highly pure inorganic compounds are
synthesized with high yields. The reaction must be adjusted
properly for TMP@MoS2 to avoid phase segregation and maxi-
mize electrical conductivity. Various inorganic compounds like
phosphates and complex oxides are prepared using various
techniques.95 Surfactants allow for precise control of the particle
morphology and size, improving the material's properties.96 The
methods are also expected to be scaled up for industry and are
suitable for research and commercial use.92 They are ideal for
both research and commercial use. The hydrothermal and sol-
vothermal methods, however, have a few disadvantages. The
need for extended reaction times (several hours to days) limits
rapid material production, which is a drawback compared to
faster methods like electrodeposition. As the high temperatures
and pressures demanded require unique apparatuses,97 mainly
of an expensive nature and complicated to operate,98 it is time-
consuming since the period taken for dissolution and recrystal-
lization runs into hours.98 Moreover, other additives and
surfactants can be introduced to induce impurities if not regu-
lated.95 It is also challenging to have homogeneity in TMP@MoS2
heterostructures due to nucleation rate and reaction kinetic
discrepancies at different temperatures and pressures. Lastly,
such techniques cannot be applied to inorganic materials of
some natures that have a propensity to become unstable under
required conditions (Fig. 3).100
2.4 Chemical vapor deposition

CVD is a standard method for depositing material or thin lms
onto substrates by chemical reaction between precursors in the
vapor phase. It is widely applied in synthesizing TMP@MoS2
heterostructures due to the possibility of depositing uniform,
high-quality coatings with dened stoichiometry and
morphology. This technique has many advantages in terms of
from ref. 99 with permission from [Elsevier], copyright [2023].

© 2025 The Author(s). Published by the Royal Society of Chemistry
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thickness and stoichiometry control, pure material production,
large-format uniform coating, and use with complex geome-
tries. Limitations include high processing temperatures, oen
complex equipment, and well-controlled reaction conditions in
many cases. Moreover, specic precursors can be toxic, highly
expensive, and even environmentally hazardous, thus creating
problems in handling and waste management.101–103

It is an excellent technique for forming ultra-pure, smooth,
thin lms on heated surfaces through chemical reactions.101 For
TMP@MoS2, it enables the growth of MoS2 nanosheets with
controlled thickness, facilitating improved electrochemical
performance in energy storage applications. Compared with
PVD techniques, CVD produces highly uniform and conformal
coatings, giving it more exibility because of the strong bonds
to the substrate.104–106 Nevertheless, CVD has its shortcomings.
It is generally accompanied by the application of elevated
temperatures, which, if poorly optimized, can lead to phase
segregation in TMP@MoS2 and is restricted by substrate
material type.107 Besides, the choice of TMP precursors is also
important in determining nucleation, growth rate, and material
properties in general, necessitating optimal selection.
Substances used in the process will probably be toxic; therefore,
handling and disposal must be done carefully.108 Additionally,
integrating TMP with MoS2 requires precise reaction conditions
to prevent unwanted secondary phases. The complexity
increases the equipment costs compared with PVD methods.109

Despite these limitations, the high regard for CVD has been
retained due to its capacity to form exceptionally high-quality
lms with excellent uniformity, making it virtually indispens-
able in many industries (Fig. 4).107

2.5 Phosphorization methods

The general trend of phosphorization usually includes the
conversion of precursors to corresponding phosphides by their
reactions in the solid state,111 gas phase,112 or solution with active
Fig. 4 Scheme of the chemical vapor deposition apparatus. Reproduce

© 2025 The Author(s). Published by the Royal Society of Chemistry
phosphorus-containing agents.113 Advantages include simplicity,
versatility for various phosphides, material properties-
conductivity, electrochemical activity, and multiple starting
materials.114 Limitations: the methods in the gas phase require
handling hazardous phosphorous gases.91 Solid-state reactions
involve treatment at high temperatures for extended periods.115

Although very popular, some solution-based techniques always
risk producing inhomogeneities with chemical waste.116

Phosphorization is one of the most used methods in mate-
rials science, mainly for synthesizing metal phosphides applied
in electrocatalysis117 and battery118 electrodes. Phosphorization
within TMP@MoS2 heterostructures is accountable for the
conversion of transition metals to phosphide phases, hence
enhancing electrochemical performance by providing improved
conductivity and charge transfer kinetics.

There are three major techniques currently in use: solid-state
reactions,119 gas-phase phosphorization,120 and solution-based
techniques.113 Though simple to carry out and suitable for
large-scale production, solid-state reactions require high
temperatures and long processing times.121,122 Requires strict
temperature control to prevent unwanted side reactions. Gas-
phase phosphorization achieves better control; however, the
hazardous gases involved create signicant environmental and
safety concerns.123–125 Necessitates advanced containment
measures due to toxic precursors. Solution-based techniques
have potential because the temperature ranges used are lower126

and nanostructured materials are possible; however, they oen
yield inhomogeneous products127 and chemical waste as by-
products.102,118 Enabling nanostructured TMP@MoS2 synthesis
with tailored morphologies; however, achieving uniformity
remains challenging (Fig. 5).

2.6 Ultrasonic method and calcination

Ultrasonic processing and calcination serve critical roles in
material synthesis, particularly in enhancing the structural and
d from ref. 110 with permission from [Beilstein], copyright [2017].

RSC Adv., 2025, 15, 13397–13430 | 13401
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Fig. 5 Phosphorization process for synthesizing NiCoP by NaH2PO2. Reproduced from ref. 128 with permission from [Elsevier], copyright [2019].

Fig. 6 Schematic of (a) ultrasound system (water bath type), (b) calcination process. Reproduced from ref. 139 and 140 with permission from
[Wiely], copyright [2022].

13402 | RSC Adv., 2025, 15, 13397–13430 © 2025 The Author(s). Published by the Royal Society of Chemistry
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electrochemical properties of TMP@MoS2 heterostructures.
The application of ultrasonic processing has been extensive in
the production of uidic cavitation for chemical reaction
intensication.129 Calcination is generally the heat treatment
process for crystallization enhancement and/or removal of
impurities from materials.130 Merits of the ultrasonication
method it has fast processing with low energy input. It offers
highly homogeneous nanoparticles.131 Drawbacks: it is non-
scalable for large-scale synthesis. It is expensive in terms of
equipment for a particular frequency and setup.132 Ultrasonic
Table 1 Advantages and limitations of different synthesis methods for m

Synthesis
method

Applications
(energy storage) Advantages

Electrochemical
deposition

Batteries,
supercapacitors, and
electrocatalysts

Fast, low-cost,
control over sy

Electroless deposition Batteries,
supercapacitors, and
electrocatalysts

Simple, scalab
quality deposit

Photo deposition
(photochemical
deposition)

Primarily
electrocatalysts

Enhanced mat
properties (cry
conductivity)

Sonochemical methods Electrocatalysts,
supercapacitors

Improved mas
surface cleanin

Hydro/Solvothermal
synthesis

Batteries,
supercapacitors, and
electrocatalysts

Efficient, inexp
versatile (parti
properties)

Vapor-phase
hydrothermal method

Batteries,
supercapacitors, and
electrocatalysts

High purity, go
scalability

Hot-injection method Batteries,
supercapacitors, and
electrocatalysts

Narrow size di
controlled mor

Solid-state thermal
treatment

Batteries,
supercapacitors, and
electrocatalysts

Potentially sim
scalable, energ
controlled part
wide material

Ball-milling Batteries,
supercapacitors,
electrocatalysts

Simple, cost-eff
scalable

Temperature-
programmed reduction

Batteries,
supercapacitors, and
electrocatalysts

Precise control
reduction cond
versatile

High-temperature
shock

Rechargeable batteries,
electrocatalysts

Rapid processi
material prope

Arc melting Primarily
electrocatalysts

Fast startup, m
contamination

Microwave-assisted Electrocatalysts,
supercapacitors

Faster synthes
power consum

Chemical vapor
deposition (CVD)

Batteries,
supercapacitors, and
electrocatalysts

High purity

Plasma-enhanced CVD Batteries,
supercapacitors, and
electrocatalysts

Lower tempera
CVD, better l

© 2025 The Author(s). Published by the Royal Society of Chemistry
processing creates a high-frequency sound that is used in
producing cavitation in liquid media, resulting in the collapse
of tiny bubbles at a very fast rate. This collapse creates localized
pressure and heat. Benets of calcination: the process enhances
material crystallinity and purity,133 eliminating residues of the
impurities and solvent residues.134 In TMP@MoS2 synthesis, it
facilitates phase transformation and stabilizes the hetero-
structure. Limitation: the limit to this is high energy
consumption with the probability of grain growth; this may
reduce the integrity of the nanostructure.135
etal phosphide electrodes in energy storage and electrocatalysis

Limitations Ref.

precise
nthesis

Requires careful optimization
of parameters, limited to
conductive substrates

73 and 149–152

le, high-
s

Needs surface pretreatment,
limited bath life (frequent
solution replacement), and
environmental concerns

152–155

erial
stallinity,

Poor reproducibility
(results may vary)

156–158

s transport,
g

Complex setup with
specialized equipment, limited
adoption

159–161

ensive,
cle

High pressure & temperature,
time-consuming reactions,
limited scalability

115 and 162–165

od Low yield of material per batch 166–169

stribution,
phology

Expensive chemicals,
challenging to scale up
production

144 and 170–172

ple,
y-efficient,
icle size,
range

High temperatures, long
reaction times, non-uniform
products, limited control over
composition, particle
agglomeration (increases with
complexity)

173

ective, Contamination from milling
media, limited control over
nal particle size

174–176

over
itions,

Requires careful temperature
control, sometimes slow

177–179

ng, unique
rties

Potential material
degradation, expensive
equipment

180

inimal Compositional inhomogeneity
for large samples

144, 172 and 181

is, lower
ption

Expensive equipment and
limited scalability for
large-scale production

172, 182 and 183

High temperatures 172, 179, 184 and
185

tures than
m properties

High equipment cost,
complex process

186–188
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The process is also referred to as sonochemistry, and it is
a process in whichmaterial chemistry is altered by exposing it to
the application of ultrasonic sound waves with a high
frequency.136 Destabilization of the liquid material is presumed,
with very small bubbles forming and collapsing aerward.137

The collapse is extremely rapid, generating huge pressure and
heat, which deposits highly homogeneous nanoparticles with
very little energy input.138 Ultrasonic processing and calcination
offer special advantages and restrictions. Ultrasonic processing
creates highly uniform ultra-ne nanoparticles with high effi-
ciency. However, restricted sound wave penetration does not
support large-scale production. In contrast, calcination creates
highly pure, crystalline material. However, it consumes high
energy and can degrade product quality due to grain growth and
prolonged processing times (Fig. 6).141,142
2.7 Other methods

Other commonmethods for preparingmetal phosphides include
electroless deposition, which enables uniform coatings without
external electrical power;143 photochemical deposition, which
uses light energy to drive reactions, allowing precise nanoscale
modications;102 or hot injection, provides rapid nucleation and
controlled particle growth, essential for tuningmorphology.144 In
Table 2 Comparison of synthesis methods for metal phosphides@MoS2

Synthesis method Applications (energy storage) Advantag

Hydrothermal
synthesis

Electrocatalysts,
supercapacitors, batteries

Simple, l
cost-effec
structure

Phosphorization
synthesis

Batteries, electrocatalysts Enhance
improves
kinetics

Emulsion polymerization &
pyrolysis

Electrocatalysts Uniform,
scalable,
nanostru

Plasma-assisted
phosphorization

Electrocatalysts Fast reac
coatings,
propertie

Electrodeposition Supercapacitors,
electrocatalysts

Precise c
composit
simple, c
scalable

Ultrasonic method &
calcination

Electrocatalysts Enhance
surface a
relatively

Chemical vapor
deposition (CVD)

Electrocatalysts High pur
over thic
composit

Solvothermal method Electrocatalysts High crys
particle s
structure

Melt-diffusion method Batteries High-pur
straightfo
high con

High-temperature
carbonization

Electrocatalysts High sur
thermal s
enhanced

13404 | RSC Adv., 2025, 15, 13397–13430
solid–solid and solid/gas–solid processes, temperature-
programmed reduction (commonly used in solid-state and gas–
solid processes to reduce metal precursors at controlled
temperatures) is usually used;102 however, joule thermal shock
Utilizes rapid heating to synthesize nanomaterials with unique
phase compositions,145 arc melting a high-energy technique to
produce dense and crystalline materials,146 and microwave
treatment enables fast, energy-efficient synthesis by selectively
heating precursors147,148 can also be performed. These techniques
have oen been extensively applied in fabricating super-
capacitors, batteries, and electrodes. A comparison between the
advantages and disadvantages is presented in Tables 1 to 3. Also,
scheme one comparatively analyses all of the synthesis methods,
crystal structure (XRD), and morphology (SEM) for MoP/MoS2,
CoP/MoS2, and CoP/Ni2P/MoS2 heterostructures. The dense-
packed distribution of the nanosheets suggests the high
surface area potential, shown in the SEM image in (a). XRD
analysis in (a) shows the successfully synthesized MoS2 and MoP
phases with clear evidence of the heterostructure. This archi-
tecture's combination of molybdenum disulde and phosphide
is expected to yield unique properties, enhancing catalytic
performance. Heterostructures promise much in many electro-
chemical applications with their enhanced conductivity,
stability, and catalytic activity.
heterostructures: applications, advantages, and limitations

es Limitations Ref.

ow-temperature,
tive, tailorable
s

Requires autoclaves, limited
crystal growth observation

12, 189 and 190

s LiPS anchoring,
activity and

Complex process, limited
single-catalyst performance,
stability concerns

12 and 191

stable structures,
high surface area
ctures

High energy consumption,
polymerization control
challenges, potential
environmental impact

192

tions, uniform
improved catalytic
s

Specialized equipment, high
costs, potential safety
hazards

193

ontrol over
ion and thickness;
ost-effective,

Requires conductive
substrates, potential
adhesion issues, non-
uniform deposition

13 and 20

d mixing, high
rea nanoparticles,
low cost

Uneven particle sizes, high
energy consumption, limited
scalability

194

ity, high control
kness and
ion, scalable

Requires high temperature,
expensive equipment,
potential safety hazards

195

tallinity, uniform
ize, tailorable
s

Requires high pressure, long
reaction times, limited
scalability

196 and 197

ity products,
rward process,
trol over diffusion

High-temperature
requirement, potential
phase separation, limited to
specic materials

198

face area, high
tability, and
conductivity

High energy consumption,
potential environmental
impact, complex process

192
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Table 3 Synthesis methods for MoS2: applications, benefits, and limitations

Synthesis method Applications (energy storage) Advantages Limitations Ref

Hydrothermal synthesis Electrocatalysts,
supercapacitors, batteries

High yield, low cost,
controllable morphology

Prolonged reaction time,
high pressure required

199–201

Phosphorization synthesis Electrocatalysts,
supercapacitors, batteries

Enhanced electrical
conductivity, improved
activity

Complex process, use of
toxic phosphorous

202–204

Emulsion polymerization &
pyrolysis

Batteries, supercapacitors Uniform particle size, high
surface area

Multiple steps require
surfactants

205,206

Microwave-assisted Electrocatalysts
supercapacitors batteries

Rapid synthesis, energy-
efficient, uniform heating

Limited scalability,
expensive equipment

207–209

Electrodeposition Electrocatalysts,
supercapacitors, batteries

Simple, cost-effective,
reasonable control over
thickness

Requires conductive
substrates, lower purity

210–212

Ultrasonic method Electrocatalysts
supercapacitors batteries

Simple, scalable, fast
reaction

In inhomogeneous particle
size, potential damage to
materials

213–215

Chemical vapor deposition
(CVD)

Electrocatalysts
supercapacitors batteries

High purity, reasonable
control over thickness, large-
area growth

High cost, complex setup,
high temperature

216–218

Solvothermal method Batteries supercapacitors
electrocatalyst

High crystallinity, uniform
particle size

Prolonged reaction time
requires autoclaves

219–221

Calcination Electrocatalysts
supercapacitors batteries

Simple process, high yield,
reasonable control over
structure

High energy consumption,
potential loss of material
properties

222–224

High-temperature
sulfurization

Electrocatalyst High crystallinity,
reasonable control over
phase

High temperature required,
sulfur vapor hazards

225
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Based on previous reports summarized in Tables 1–3, the
synthesis methods enormously inuence the properties and
performance of metal phosphide electrodes in energy storage
and electrocatalysis. Hydrothermal and solvothermal methods
are highly exible and inexpensive and allow for control over
particle properties; however, they oen require a very long
reaction time and are difficult to scale up. Electrochemical and
electroless deposition is inexpensive and fast but substrate-
limited and environmentally detrimental. Microwave, sono-
chemical, and plasma-based methods improve reaction rate
and product quality and render them energy efficient but at the
expense of highly specic equipment and conditions. Hydro-
thermal synthesis is still the most popular method to prepare
TMP@MoS2 heterostructures due to its ease and versatility.
However, the catalytic properties are auspicious for phospho-
rization or plasma-assisted techniques. Versatile methods have
been used for hydrothermal and chemical vapor deposition in
MoS2 for this material. Simultaneously, these approaches are
accompanied by their restrictions on reaction conditions, type
of equipment, and product properties. The optimal synthesis
route is a function of such factors as desired material proper-
ties, cost, scalability, and environmental footprint for a specic
application.

In conclusion, this section delved into advanced synthesis
techniques to establish a basis for comprehending their prac-
tical roles in electrochemical processes, particularly in
hydrogen evolution reactions (HER). In this case, materials like
the TMP@MoS2 heterostructure have key structural character-
istics and catalyzing efficacy that take center stage in the
© 2025 The Author(s). Published by the Royal Society of Chemistry
optimization of HER performance. The essential characteris-
tics, such as improved electron transfer, improved active site
exposure, and better structure stability, offer the fundamental
platform for optimization in catalysis. Moreover, studies in the
acidic and alkaline media point to the importance of such
studies in acquiring essential information that can be used in
the design of energy-conversion devices.
3. Physical properties of TMP@MoS2
heterostructures
3.1 Morphology & structural features

The morphologies of the TMP@MoS2 heterostructures are
various, including layered morphologies, nanowires, and core–
shell morphologies. For the enhanced hydrogen evolution
reaction, core–shell structured CoP@MoS2 has been employed
as an electrocatalyst. In the heterostructure, Maximization of
the active site exposure is an available way to offer enhanced
catalytic performances. Typically, electron microscopes analyze
morphologies; the morphology of the CoCo-PBA possessed
a smooth surface with an average particle size ∼of about
400 nm. The aggressive PH3 released by NaH2PO2 during the
phosphorylation on the nanocubes of the CoCo-PBA produces
a rough surface. In the current work, the nanocubes' surface of
the CoP-350 was completely covered with nanosheets of
MoS2.226 Besides, copper phosphate nanowires enriched with
phosphorus were reported for use in lithium-ion batteries. XRD
pattern of CuP2 nanowire powder in this form has structures
identical to those of AgP2 with the same space group (P21/c). All
RSC Adv., 2025, 15, 13397–13430 | 13405
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the diffraction peaks easily characterized the crystalline
monoclinic form of CuP2 with the following lattice parameters:
a= 5.802 Å, b= 4.807 Å, c= 7.525 Å, and b= 112.68°; JCPDS 65-
1274. Since CuP2 is a 10-member ring polyphosphide with
a shared edge, some XPS analytical results offered evidence that
the CuP2 nanowires remained stable and oxide-free aer being
stored in air over a period of more than one month.227 The
triple-layer ternary metal phosphide has been among the
layered morphologies that have been utilized to synthesize low-
cost efficient bifunctional water-splitting electrocatalysts.
Triple-layered ternary metal phosphorite is a typical one of the
stackedmorphologies that have been utilized in the synthesis of
efficient and low-cost bifunctional water-splitting electro-
catalysts Ni0.51 Co0.49 P lm has been thoroughly explained in
detail. Particles are hundreds of nanometers in diameter, and
the shapes of the particles are asymmetrical. The mass transfers
the particles to form a uniform type of sheet where the charges
are permeable. The particles' surface, where the vertically
ordered nanosheets are closely stacked and aligned.228 In
molybdenum disulde/nickel phosphide, we can observe that
XRD patterns of the MoS2/Ni2P hybrids are presented in curves,
but the diffraction patterns of MoS2/Ni2P hybrids consist of
a very weak diffraction peak of MoS2, which indicates that the
MoS2 is amorphous. In addition, the diffraction peaks related to
MoS2 and Ni2P are observed, thus suggesting the successful
combination between MoS2 and Ni2P. It may be indexed to
proof of the fabrication of the MoS2/Ni2P hybrid. Compared
with pure Ni2P, the diffraction intensity of Ni2P crystal for three
MoS2/Ni2P hybrids becomes weak. However, with the increase
of Ni2P addition, intensities of diffraction peaks attributed to
Ni2P become strong, and those of MoS2 show a descending
trend, which indicates that Ni2P plays a major role in the crys-
tallinity of the hybrids.229,230
3.2 Electrical conductivity & charge transfer TMP@MoS2

The electrical conductivity and charge transfer behavior of
TMP@MoS2 heterostructures are essential to their electro-
chemical activity. While the intrinsic bandgap (∼1.8 eV) of MoS2
results in low conductivity, the presence of metallic TMPs (e.g.,
FeP, CoP, Ni2P) enhances the charge transport through mini-
mizing interfacial resistance and enhancing electron mobility.
Research has shown that the heterostructures of FeP/MoS2
surpass those of individual FeP and MoS2, owing largely to the
synergistic interaction between the semi metallic nanoparticles
of FeP and the 2D ultrathin nanosheets of MoS2, acting as
a conductive substrate and promoting the transfer of charges.
Further, the electrochemical impedance spectroscopy (EIS)
veries that the charge transfer resistance (RCT) in the case of
FeP/MoS2 is much lower compared to that in pure MoS2, indi-
cating enhanced electron transfer. Further, the turnover
frequency (TOF), the density of catalytic sites, and the electro-
chemical surface area (ECSA) are higher in the case of FeP/
MoS2, which results in enhanced hydrogen evolution reaction
(HER) activity. In spite of the lower ECSA due to the possible
agglomeration of FeP, the better intrinsic conductivity makes
up for the disadvantageous aspect. Density functional theory
13406 | RSC Adv., 2025, 15, 13397–13430
(DFT) calculations also corroborate the ndings, with the Gibbs
free energy (jDGjH) value for the case of FeP/MoS2 closer to the
optimum value, thus increasing the efficiency in catalysis.
These ndings prove that the judicious dispersion of the TMP
on the substrate of MoS2 optimizes the conductivity as well as
the dynamics of the transfer of charges, making TMP@MoS2
a suitable candidate for applications involving energy
conversion.231

3.3 Mechanical properties & structural stability

Mechanical stability in transition metal phosphides (TMPs) is
dominated by stoichiometry and bonding in the M–P system.
TMPs exhibit both covalency and ionic bonding, making them
thermally and chemically stable with high hardness. In metal-
rich phosphides (x : y $ 1), metallic conductivity, as well as
even superconducting properties, develop due to the occurrence
of M–M interactions. High-phosphorus-content phosphides (x :
y < 1), on the other hand, are characterized by low electrical
conductivity and lower stability due to the lack of M–M
bonding. Nickel phosphides (NixPy), for example, demonstrate
varying Ni–P coordination with varying P content. An increase
in the content of phosphorus leads to the weakening of the Ni–
Ni interactions, increasing the distance between the bonds and
the formation of P–P dimers. While Ni2P exhibits higher
conductivity, Ni12P5 displays greater resistance to corrosion
induced by an acidic environment. These phenomena demon-
strate the contribution made by stoichiometry and bonding
towards the provision of structural stability for catalysis and for
purposes related to energy.232 Mechanical properties in MoS2
depend on thickness, structural phase, and pressure. In-plane
properties describe monolayers, but stability and function in
the case of MoS2 depend on interlayer interactions in the bulk.
MoS2 exists in various phases (2H, 3R, 1T, 1T0, 1T00) with
different electronic and catalytic properties. While the stable
semiconductor form exists for the case of 2H–MoS2, the higher
charge transfer properties for the case of 1T-MoS2 make it
suitable for use in electrochemical applications. Pressure also
affects the electronic and mechanical properties of MoS2,
making it suitable for lubrication and the storage of energy.
Since experimental syntheses of good-quality crystals are diffi-
cult, simulations have to be performed computationally to
predict mechanical behavior of MoS2. While it is clear that
pressure-induced changes in 2H MoS2's properties exist, their
effect on other phases is poorly understood, suggesting that
more research is needed.233

3.4 Thermal & chemical stability of TMP@MoS2

In catalysis and energy storage, the stability of the TMP@MoS2
heterostructures is the determinant of their efficiency and life-
span.9 Their long-term durability relies on various factors,
including surface property, stability performance, and corro-
sion resistance.102

3.4.1 Phosphidation process & high-temperature effects.
The phosphidation process, which forms a critical step in the
synthesis of transition metal phosphides (TMPs), takes place at
elevated temperatures.234 The high-temperature process
© 2025 The Author(s). Published by the Royal Society of Chemistry
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impacts the crystallinity, phase composition, and the material's
morphology.94 If well controlled, the phosphidation process
leads to a highly ordered heterostructure with active sites
dispersed uniformly without degrading the layered architecture
of the MoS2.235,236

3.4.2 Oxidation resistance. MoS2, with its antioxidative
properties, forms a protective shell that prevents oxidation of
the TMPs further on.237,238 Passivation enhances the long-term
stability of the TMP@MoS2 in the area of electrochemistry
and catalysis.239

3.5 Surface area & active site exposure

3.5.1 BET surface area analysis & MoS2 growth. The
increase in surface area presents more active sites to the envi-
ronment, consequently increasing catalytic performance.240 The
BET surface area analysis can also be carried out to investigate
the role of MoS2 nanosheets in enhancing the porosity and
surface area.241 Moreover, the 2D building block nature of MoS2
yields a highly exposed surface that is favorable for charge and
ion transport in energy storage applications.242

3.5.2 Edge site exposure & catalytic performance.
Compared with the inert basal plane, the edge sites on the MoS2
are more catalytically active.243 Vertical growth of the MoS2 in
the heterostructures increases the number of edge sites, which
considerably enhances the hydrogen evolution reaction (HER)
activity.244 Edge-dominant catalysis has a signicant function in
the synthesis of high-performance electrocatalysts.245

3.6 Hydrophilicity & wettability in electrochemical reactions

The hydrophilicity of the electrode materials inuences their
interaction with the electrolyte and, thus, the electrochemical
reactions.246 Hydrophilicity increases the diffusion of ions and
the transfer of charges, and the efficiency of the overall elec-
trocatalysis becomes higher.247 Supercapacitors, batteries, and
fuel cells benet from optimized kinetics through the better
wettability found in MoS2-modied electrodes.248 Since both
Sn4P3/Co2P and MoS2 possess this characteristic, a hetero-
structure with both compounds would be expected to result in
better wettability.247,249

4. Characterization techniques
4.1 Physical characterization

4.1.1 X-ray diffraction (XRD). X-ray diffraction (XRD) is
a critical technique for the identication of the crystalline
phases of the TMPs (e.g., FeP, CoP)232 and the MoS2 (1T/2H
polytypes) by the indexation of the peaks, with respect to the
reference data, for example, JCPDS 37-1492 for the 2H–MoS2.250

XRD also plays an important role in the stability analysis under
thermal and electrochemical cycling conditions.251 The example
of XRD analysis results is provided in Fig. 8 in this review paper.

4.1.2 Raman spectroscopy. Raman spectra provide
a distinct indication of vibrational modes associated with
TMP@MoS2 heterostructures.192 Raman spectra of the
composites, as well as pure MoS2, offer valuable information
about their structural interaction as well as disorder levels. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
appearance of characteristic E1
2g (381 cm−1) and A1g (406 cm−1)

Raman peaks indicates the presence of MoS2, and any shi in
the peaks indicates the level of interaction with the supporting
matrix.252 Raman's characterizations also prove the existence of
CoP. The 367 and 394 cm−1 vibration peaks refer to the in-plane
and out-of-plane vibrations of the Mo–S bond, respectively.
Moreover, the vibration peak around 228 cm−1 is attributed to
the Ag. Mode of the Co–P bond, indicating the existence of CoP
on the material surface.253 Raman spectroscopy is a powerful
analytical technique for the structural interaction and vibra-
tional properties analysis of TMP@MoS2 heterostructures. The
occurrence of characteristic MoS2 and CoP peaks conrms their
presence and interaction within the composite, demonstrating
the power of the Raman analysis in the analysis of the bonding
and the material composition.

4.2 Morphological and microstructural analysis

4.2.1 Scanning electron microscopy (SEM). The morphol-
ogies of the samples prepared are normally examined using
SEM, and FESEM, and transmission electron microscopy
(TEM). SEM ndings of the hierarchical tubular MoP/MoS2
composite include information about its tubular nature.254

Additionally, it provides information on particle size, such as
Molybdenum disulde-coated nickel–cobalt sulde with
a nickel phosphide core–shell structure.255

4.2.2 Transmission electron microscopy (TEM). Trans-
mission Electron Microscopy (TEM) is commonly used to
analyze the structural and morphological properties of
TMP@MoS2 heterostructures. Additionally, Energy Dispersive
Spectroscopy (EDS),256 in combination with TEM, provides
elemental composition information.257

For instance, in syntheses of molybdenum phosphide (MoP)
nanorods with graphene assistance on silicon, high-resolution
TEM (HR-TEM) micrographs indicate distinct fringes of
a well-dened lattice with a spacing of 0.278 nm corresponding
to hexagonal Mop's (100) plane. Furthermore, the fast Fourier
transform (FFT) pattern also conrms the high crystallinity of
MoP nanorods to authenticate their structure.258

4.3 Chemical and electronic structure

4.3.1 X-ray photoelectron spectroscopy (XPS). X-ray photo-
electron spectroscopy is a powerful method for the study of
various phenomena in gases, liquids, and solids. X-ray photo-
electron spectroscopy provides information on local physical
phenomena in X-ray photoemission, facilitating spectrum
modeling and derivation of vital information such as core-level
line shapes, binding energies, built-in potentials, and band-
edge discontinuities in complex oxide heterostructures. The
binding energy and shape of a photoemission peak are inu-
enced not only by the atomic number, valence, and orbital of
the ejected electron but also by intricate many–body interac-
tions that occur during the photoemission process.259

XPS analysis showed CoP@MoS2-75. The binding energies of
Mo 3d and S 2p in CoP@MoS2-75 were displaced from those of
pure MoS2. The Mo and S shis were approximately consistent
(∼1 eV) due to the presence of Mo–S bonds, which is attributable
RSC Adv., 2025, 15, 13397–13430 | 13407
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to the strong contact between MoS2 and CoP. The binding ener-
gies for the Mo 3d and S 2p in the CoP@MoS2-75 were shied
away from those for pure MoS2. The shis for the Mo and S were
about the same value (∼1 eV) as a result of the presence of the
Mo–S bonds due to the close contact between the MoS2 and the
CoP. The shi in binding energy and the other tting peaks in the
Co–S bands in the spectra for the Mo 3d and the S 2p (Fig. 6(a)
and (b)) attest to the strong bonding contact between the CoP and
the MoS2, possibly enhancing the HER activity of the MoS2.15
4.4 Electrochemical characterization

This evaluation typically employs a three-electrode system
comprising a saturated calomel reference electrode, a platinum
plate counter electrode, and the as-prepared working electrode.
These techniques are cyclic voltammetry (CV), galvanostatic
charge–discharge (GCD), and electrochemical impedance
spectroscopy (EIS). They can be used to evaluate the electro-
chemical performances of supercapacitors,260 electro-
catalysts,261 and batteries.262 These methods are benecial to
detect improvement of electrochemical performances in heter-
ostructure; for example, the CV curves of FeCoP/CC, NiCoP/CC,
and FeCoP@NiCoP/CC electrodes at a scan rate of 5 mV s− 1

display a growth on redox peaks with apparent potential sepa-
ration. Additionally, the GCD curves exhibit a longer discharge
time in the case of FeCoP@NiCoP/CC. EIS can evaluate the
reaction kinetics and the electrical conductivity. In this case, the
FeCoP@NiCoP/CC electrode exhibits the lowest Rs value of
0.624 U, compared to 0.638 U for the FeCoP/CC electrode and
0.655 U for the NiCoP/CC electrode. These results demonstrate
the signicant improvement in electrochemical performance
achieved through heterostructures.263 Therefore, all these
measurements are crucial for evaluating the performance and
efficiency of energy storage equipment.

4.4.1 Cyclic voltammetry (CV). CV is a fundamental tech-
nique to examine the redox behavior, capacitance, and charge
storage mechanism of TMP@MoS2 heterostructures.264 In this
technique, cyclic sweeps of the working electrode occur at a pre-
set voltage range, and the current is recorded.265 The curvature
of the CV curves provides valuable information on charge
storage kinetics, pseudocapacitive contribution, and revers-
ibility of reactions.266–268

For TMP@MoS2 materials, their CV curves will show
a combination of faradaic redox peaks and non-faradaic double-
layer charging dependent on the heterostructure composi-
tion.269,270 The scan rate dependency of the CV curves also
provides information on charge transfer kinetics with higher
scan rates leading to higher capacitive currents.271

4.4.2 Galvanostatic charge–discharge (GCD). GCD
measurements consist of subjecting working electrodes to
current densities that are constant and measuring voltage
response with time.272 The technique provides valuable infor-
mation on specic capacitance, energy density, power density,
and cycling stability.273 The charge–discharge behavior of
TMP@MoS2 heterostructures can be linear (capacitive) or
nonlinear (pseudocapacitive/faradaic).274 Higher capacitance is
seen in a longer discharge time at a given current density.275
13408 | RSC Adv., 2025, 15, 13397–13430
Cycling stability of TMP@MoS2 electrodes is determined by
subjecting electrodes to repeated charge–discharge cycling and
monitoring capacity retention with time.276

4.4.3 Electrochemical impedance spectroscopy (EIS). Elec-
trochemical Impedance Spectroscopy (EIS) is utilized to examine
charge transfer resistance, ionic diffusion kinetics, and interfa-
cial properties of TMP@MoS2 heterostructures.277–279 EIS
measurements include imposition of AC voltage perturbations
over a range of frequencies and measurements of resultant
current response.280 The impedance data is represented in
a Nyquist plot with high-frequency semicircle due to charge
transfer resistance (RCT), and low-frequency tail due to diffusion
phenomena of ions.281 EIS tting optimizes electrode structure to
increase charge transfer and decrease resistance to increase
electrochemical performance in batteries and supercapacitors.282
5. General mechanisms of
heterostructures in energy storage and
catalysis
5.1 General mechanisms in supercapacitors

Energy storage has been the backbone of all renewable energy
systems in modern times, acting as a link between generation
and consumption.283 Supercapacitors have emerged as a critical
component because they can store energy rapidly and release it
with a very long cycle life.284 This differs from batteries in that
supercapacitor energy storage is done through purely electro-
static mechanisms, consequently allowing faster charge and
discharge processes.285 This section describes the super-
capacitor performance based on electrical double-layer capaci-
tance, pseudocapacitance, and a hybrid mechanism for their
potential role in developing energy storage solutions for high-
power and sustainable applications. In general terms, there
are three ways through which energy is stored in all electro-
chemical supercapacitor types, which are introduced below.

5.1.1 Electrical double-layer capacitance (EDLC). The elec-
trical double-layer capacitor (EDLC) is an electrolytic energy
storage device that works at the interface between an electrode
and an electrolyte. When voltage is applied, ions from the
electrolyte collect near the electrode surface and produce two
oppositely charged layers. Because the space is so small, the
capacitance value becomes very high (Fig. 7). This is why EDLCs
are very useful in applications requiring quick storage and
energy release, such as quick bursts of power supply.287

5.1.2 Pseudocapacitance. Pseudo-capacitance mainly
involves energy storage via fast reversible redox reactions at or
close to the electrode's surface. In contrast, EDLCs store energy
through electrostatic charge separation, while pseudocapaci-
tance lies in between where faradaic electron transfer across the
electrode–electrolyte interface is supposed to occur (Fig. 8). This
type of behavior has been observed in nanomaterials, con-
ducting polymers, and transition metal oxides.289

5.1.3 Hybrid supercapacitors. Hybrid supercapacitors have
gained the attributes of batteries and symmetric super-
capacitors, with the ability to store bulk energy and power
capability. This device drives faradaic and non-faradic
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The structure of electrical double-layer capacitance. Reproduced from ref. 286 with permission from [IOP Science], copyright [2022].

Fig. 8 The mechanism structure of pseudocapacitance. Reproduced from ref. 288 with permission from [Royal Society of Chemistry], copyright
[2021].
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processes that again eliminate the inadequacy of every tech-
nology. In this way, developing new electrode materials in the
future, improving electrolytes, and trying asymmetric electrode
congurations will become essential strategies (Fig. 9) for
further performance enhancement to achieve their applicability
in all forms of energy storage devices.290
5.2 General mechanisms in batteries

Batteries operate on the principle of the electrochemical
mechanisms converting chemical energy to electrical energy.
The major electrochemical mechanisms in batteries are classi-
ed into different processes: redox reactions (reduction–oxida-
tion reactions), also called faradaic reactions,291 generate
current through a redox reaction on the working electrode
surface. The second process is called ion transport through the
electrolyte,292 whereby, upon discharge, ions ow through the
© 2025 The Author(s). Published by the Royal Society of Chemistry
electrolyte from one electrode to the other to balance the charge
made by the electron ow in the external circuit.293 The type of
ions that ow depends on the chemistry of the battery. For
example, in lithium-ion batteries, lithium ions (Li+) migrate
from the anode to the cathode during discharge.294 The third
mechanism is electrode processes. In sure batteries, like
lithium-ion batteries, the active ions (e.g., lithium ions) are
inserted into or extracted from the electrode materials during
charging and discharging.295 Here, two phenomena are
involved: Intercalation, the insertion of ions inside the elec-
trode matrix, usually during the charging process,296 and dein-
tercalation, the removal of ions from the electrode matrix,
usually during the discharging process.297,298 And the electrical
double layer (non-faradaic processes) does not include the
transfer of charge and occurs inside the electrode.299 During the
process, the charges of the ions accumulate on the surface of
the working electrode, forming and discharging a double-layer
RSC Adv., 2025, 15, 13397–13430 | 13409
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Fig. 9 The structure of hybrid supercapacitors, Reproduced from ref. 288 with permission from [Royal Society of Chemistry], copyright [2021].

Fig. 10 Faradaic reaction process in batteries, Reproduced from ref. 300 with permission from [JEC], copyright [2021].
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capacitance. The attachment of the target biomarker on the
electrode surface modies the dielectric constant of the double-
layer capacitance (Fig. 10 and 11).
5.3 General mechanisms in electrocatalysts

5.3.1 General mechanism of HER in acidic and alkaline
media. The hydrogen evolution reaction is signicant in water
electrolysis and is a substantial process for sustainable
hydrogen production.302 Hydrogen, a clean energy carrier, is
vital on the road to renewable energy systems for global energy
demands.303,304 In this respect, understanding the HER mecha-
nism is of prime importance in designing efficient catalysts that
operate effectively in different media.305,306HER has to overcome
complex problems, such as the dissociation of water in highly
alkaline conditions, when its kinetics are faster in an acid
environment.305 These sections discuss the mechanisms of acid
and alkaline mediums with and upon metal surfaces and
illustrate the balance of adsorption and desorption processes
toward efficiency and applicability thanks to catalysts.
13410 | RSC Adv., 2025, 15, 13397–13430
HER serves as the other half of the water electrolysis process.
In an acidic environment, hydrogen atoms are absorbed onto
the surface of the applied catalyst during the hydrogen evolu-
tion reaction (HER), later combining to form molecular
hydrogen. The process is relatively efficient and safe.

H+ (aq) + e− / Hads (1)

Low Hads coverage: Hads + e− + H+ (aq) / H2 (g) (2)

High Hads coverage: Hads + Hads / H2 (g) (3)

On the other hand, she happens in a much more complex way
in alkaline conditions. In this case, water rst has to dissociate its
molecules to provide the protons needed in the reaction, so the
process is done step by step, therefore taking time compared to
acidic conditions. Thus, the most efficient catalysts for HER need
to take control of the adsorption and desorption of the interme-
diate molecules at the catalyst surface under alkaline conditions.

Volmer step: H2O (aq) + e− / Hads + OH− (4)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Ion transport in batteries, Reproduced from ref. 301 with permission from [Nature], copyright [2021].
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Heyrovsky step: H2O (aq) + e− + Hads / H2 + OH− (5)

Tafel step: Hads + Hads / H2 (g) (6)

Although the pathways followed in acidic and alkaline media
differ, HER is the central process of water electrolysis. HER is
highly efficient in acidic media, and the reverse is the case in
alkaline media, where water dissociation proves deleterious to
HER. To develop a catalyst that can prociently handle the
adsorption and desorption of molecular species under an
alkaline condition, an effective HER is imperative in further
developing this technology.307–309

Following the comprehensive examination of HER mecha-
nisms in Section 3, the focus will shi to the corresponding
half-reaction in water electrolysis—the oxygen evolution reac-
tion (OER). As the counterpart to HER in hydrogen production,
OER generates oxygen, playing a crucial role in shaping the
overall efficiency of the electrolysis process. A thorough
understanding of HER mechanisms also sheds light on the
obstacles and potential strategies for optimizing OER, as both
reactions rely on energy-efficient rates driven by the ideal
balance of adsorption and desorption characteristics.

5.3.2 General mechanism of OER in acidic and alkaline
media. While protons in acidic mediums may be favorable for
the reaction, hydroxide ions under alkaline conditions grow
into different problems.310,311 The following section describes
the mechanism of OER in both acidic and alkaline conditions
and how advanced catalysts have signicantly improved reac-
tion efficiency and stability toward sustainable energy
technologies.

The most likely mechanism for reactions in acidic media is
as follows:

2H2O / O2 + 4e− + 4H+ the overall reaction (7)

2H2O + * /OH* + H2O + H+ + e− (DG1) (8)

OH* + H2O / O* + H2O + H+ + e− (DG2) (9)

O* + H2O / OOH* + H+ + e− (DG3) (10)
© 2025 The Author(s). Published by the Royal Society of Chemistry
OOH* / O2 + H+ + e− (DG4) (11)

The oxygen evolution reaction (OER) is a complex process
involving four electron transfers. It occurs gradually, sequen-
tially forming intermediate compounds OH*, O*, and OOH*. It
is relatively slow. Many articles have investigated the detailed
mechanisms of the OER in acidic or alkaline environments.

In alkaline media:

4OH− / O2 + 2H2O + e− the overall reaction (12)

4OH− / OH + 3 OH−+ e− (DG5) (13)

OH* + 3OH / O* + 2OH− + H2O + e− (DG6) (14)

O* + 2OH− + H2O / OOH* + OH− + H2O + e− (DG7) (15)

OOH* + OH− + H2O / O2 + H2O + e− (DG8) (16)

where * is the active site, OH*, O*, and OOH* are the inter-
mediates adsorbed on the site, and G is the change in Gibbs free
energy.312
6. Specific mechanisms of
TMP@MoS2 in different applications

The TMP@MoS2 heterostructures' high efficiency in catalysis
and energy storage results due to the synergistic structural and
electronic properties in the heterostructures. Transition metal
phosphides (TMPs) possess good electrical conductivity, while
molybdenum disulde (MoS2) exhibits high surface area,
chemical stability, and active site richness. The mechanisms
underlying their efficiency are due to the increased charge
transfer, interfacial synergy, and optimized adsorption and
desorption kinetics of the ions.

In batteries, the presence of the TMPs enhances the diffusion
of the sodium/lithium ions by expanding the interlayer spacing
and lowering the resistance to the transportation of the ions,
whereas the storage of the charges through the intercalation and
the conversion reactions is facilitated by the presence of the MoS2.
In the case of electrocatalysis, the electronic band structure of the
RSC Adv., 2025, 15, 13397–13430 | 13411
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MoS2 gets regulated by the presence of the TMPs, aligning the d-
band center at the Fermi level to lower the energy barrier for the
HER/OER. The interaction between the TMPs and the MoS2
becomes strong, enhancing the better adsorption of the reactant
as well as themore efficient transfer of the electron, enhancing the
efficiency of the catalyst tremendously. In the case of the super-
capacitors, the pseudocapacitive storage and the fast diffusion of
the ions through the TMP@MoS2 heterostructures enhance the
cycling stability and the energy density. The synergy in the inte-
grated system optimizes the storage of the ions, the redistribution
of the charges, and the catalysis and is found to be highly suitable
for the future generation of electrochemical applications.

6.1 Mechanisms in supercapacitors

Unlike most current literature, which attributes MoS2's capaci-
tance primarily to electric double-layer capacitance, studies on
current response and scan rates reveal that the capacitance of few-
layered MoS2 mainly originates from intercalation pseudocapa-
citance. Integrating TMPs further enhances electrical conductivity
and introduces additional redox-active sites, improving capaci-
tance and energy density.313 The conductivity is enhancedwith the
addition of TMP, and more redox sites are added, thereby
enhancing the capacitance and the energy density.314

Hybrid supercapacitors (HSCs) are drawing attention due to
their ability to combine two unlike electrodes with different
mechanisms for the storage of charges with high energy density
without compromising power output. Transition metal phos-
phides, and specically bimetallic nickel cobalt phosphide
(NiCoP), are promising as the HSC positive electrode due to
their redox sites, high reversibility in the electrochemical
process, and stability even over extended periods of time. The
electrochemical properties of NiCoP can be further optimized
with rationally designed heterostructures, elemental doping,
and nanocomposite morphologies to improve the efficiency in
the storage of the charge in HSCs.315

Asmentioned above, molybdenumdisulde (MoS2) ismade by
two sheets of S sandwiched between Mo by van der Waals forces.
This conguration creates a large surface area and provides the
intercalation of ionic species with the electrolyte without causing
any crystal structure deformation, resulting in pseudocapacitive
charge transfer.316 So, Combining MoS2 with TMPs in hybrid
supercapacitors leverages the high-power density of capacitors
and the high energy density of batteries. The result is products
with improved performance parameters for a range of applica-
tions in multiple areas of energy storage. This simple principle
increases the natural conductivity, active sites, and synergistic
interactions among the individual units of the TMP@MoS2 het-
erostructure, making the latter more efficient in the storage and
conversion process of energy (the excellent performances of the
new-generation batteries, electrocatalysts, and supercapacitors
combine the best performances of the three factors).

6.2 Mechanisms in batteries

One of the benets of transition metal phosphides on batteries
is ensuring abundant adsorption–diffusion–conversion inter-
faces for accelerating LiPS transformation and Li2S deposition,
13412 | RSC Adv., 2025, 15, 13397–13430
which cause to extremely decreases the accumulation of LiPSs
in the electrolyte and, therefore, prevents the migration of
LiPSs. The ultrane Ni2P nanoparticles prove this is
happening.317 Also, they suggested good electrical conductivity
and dual adsorption-conversion capabilities. By increasing
electrical conductivity and providing additional active sites for
lithium insertion, they are considered a promising cathode host
for new-generation LSBs.318 By using molybdenum disuldes,
the less stacked layers can lead to a large specic surface area,
enhancing electron transfer and exposure of active sites.319

Moreover, it was mentioned that TMPs contribute to improved
capacity and cycling stability.320

In Sodium-Ion Batteries (SIBs) similar to LIBs, transition
metal phosphides lead to expanded interlayer spacing, accom-
modating larger sodium ions and enhancing diffusion kinetics.
This structural modication leads to improved electrochemical
performance.321
6.3 Mechanisms in electrocatalysts

The exceptional catalytic activity of the transition metal phos-
phides (TMPs) arises due to their optimized electronic struc-
ture, rich active sites, as well as efficient electron transfer
capability. Phosphorus adjusts the d-band center and the Fermi
level, promoting reactant adsorption and desorption of the
products. The HER is regulated by the P atoms and is enhanced
by oxy/hydroxides or phosphates that are created in situ to
enhance OER. Defect sites are introduced by P doping that
enhances active site concentration. Metal-rich phosphides (e.g.,
Co2P) are more conductive and enhance catalytic efficiency. The
blending of the TMPs with MoS2 creates a heterostructure that
has high conductivity as well as rich active sites, enhancing
catalytic activity and stability towards advanced
electrocatalysis.146

The blend of the TMP with the MoS2 forms a heterostructure
that takes advantage of the high conductivity of the TMP and
the richness in active sites of the MoS2. The catalytic activity and
stability are enhanced through this combination, and it has the
potential to be a new way forward for advanced electrocatalysis.
The nature of the active sites has been treated in Coordination
Chemistry Reviews (Volume 506, 1 May 2024, 215715) in the
review article The Nature of Active Sites of Molybdenum Sulde-
Based Catalysts for Hydrogen Evolution Reaction by Weifeng
Hu and coauthors.322
7. Electrochemical performance of
TMP@MoS2
The electrocatalytic performance of MoS2/TMP heterostructures
is enhanced through interface engineering and charge redis-
tribution, thereby optimizing the hydrogen evolution reaction
(HER)15 and oxygen evolution/reduction reactions (OER/
ORR).323 The metallic 1T-MoS2 phase in TMP@MoS2 facilitates
hydrogen adsorption (DG_H* z 0.06 eV) via sulfur vacancies
and strained Mo–S bonds.324 Notably, MoS2@CoP/CC exhibits
low overpotentials of 64 mV and 282 mV for HER and OER,
respectively, in alkaline solution, along with a HER
© 2025 The Author(s). Published by the Royal Society of Chemistry
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overpotential of 72 mV@10mA cm−2 in H2SO4. Furthermore, P–
MoS2@CoP/CC, as a bifunctional catalyst, delivers relatively low
cell voltages of 1.83 V and 1.97 V@500 mA cm−2 in 30% KOH,
demonstrating high catalytic efficiency for overall water split-
ting.325 Tafel kinetics conrm a Volmer–Heyrovsky mecha-
nism,326 and ower-like Co–Ni–P/MoS2 heterostructure hybrid
spheres show excellent overall water splitting performance in an
alkaline solution with a low Tafel slope of 71 and 41 mV dec−1

for oxygen and hydrogen evolution reactions.323

Specic studies on MoS2/metal phosphide heterostructures
for supercapacitors are limited, but phosphorus doping inMoS2
has shown promising results. However, our previous research
paper introduced nickel cobalt phosphide/Molybdenum disul-
de on nickel foam as an effective electrode material in
a supercapacitor. The capacitance achieved was 2352.40 F g−1 at
1 A g−1, which is exceptionally high. Its high energy density
(52 W h kg−1 at 321 W kg−1) and power density of 321 W kg−1

made it great for applying supercapacitors.20 Furthermore,
researchers recently suggested that phosphorus-doped molyb-
denum disulde regulated by sodium chloride be used for
advanced supercapacitor electrodes. This study was synthesized
using phosphomolybdate acid as a molybdenum source and an
in situ dopant and sodium chloride (NaCl) as a structural
regulator. A maximum capacity of 564.8 F g−1 at 1 A g−1 and
retaining 56.3% of the original capacity at 20 A g−1 was ach-
ieved.327 For this reason, this review paper was suggested to give
information on the gap research of this heterostructure on
supercapacitors and batteries. This can be the novelty of this
work and study on the heterostructure of TMP@MoS2.

A ower-like heterostructured MoP–MoS2/PCNFs hierar-
chical nanoreactor was introduced in Li–S batteries, which
enhanced kinetics. This study revealed that this composite
shortened the lithium-ion channel, shuttle, and fast LiPS
conversion ability due to abundant anchoring sites of MoP–
MoS2 heterojunction nanoowers.12 This heterojunction
exhibits 1090.02 mA h g−1 and a high discharge capacity of
884.67 mA h g−1 even aer 300 cycles at 1C, which compared to
molybdenum disulde alone with a high reversible discharge
capacity of up to 994.6 mA h g−1 for the MoS2-1 electrode and
930.1 mA h g−1 for the MoS2-2 electrode is incredibly high.328
8. Energy storage applications of
TMP@MoS2
8.1 Lithium/sodium-ion batteries

Bimetallic phosphide Ni2P/CoP@rGO heterostructure was used
in batteries, and this heterostructure delivers an ultrahigh
capacity of 196.4 mA h g−1 at 10 A g−1 aer 5000 cycles for
lithium-ion batteries and 103.7 mA h g−1 at 3 A g−1 aer 800
cycles for sodium-ion batteries.329 Yolk–shell tin phosphide
composites demonstrated superior electrochemical perfor-
mance. The capacity of Li-half cells was 521.2 mA h g−1, which
was maintained aer 3000 cycles at 5.0 A g−1. This amount for
Na-half cells is 203.1 mA h g−1 maintained aer 300 cycles at
1.0 A g−1.330 Micro–nanostructure designed CoP@MoS2 delivers
a high initial discharge capacity (1321 mA h g−1 at 0.1C), high
© 2025 The Author(s). Published by the Royal Society of Chemistry
rate capability (837 mA h g−1 at 2C), and stable cycling perfor-
mance (0.101% capacity decay aer 250 cycles at 0.5C), sug-
gesting great application prospects of the micro–nanostructure
catalyst in Li–S batteries.16 CoP–C@MoS2/C heterointerface
enhanced Lithium/Sodium Storage exhibits outstanding long-
cycle performance of 369 mA h g−1 at 10 A g−1 aer 2000
cycles. In SIBs, the composite also displays an excellent rate
capability of 234 mA h g−1 at 5 A g−1 and an ultra-high-capacity
retention rate of 90.16% at 1 A g−1 aer 1000 cycles.331 MoS2/
MoP Mott–Schottky heterostructures in lithium–sulfur batteries
as promising material deliver an initial capacity of
919.5 mA h g−1 with a capacity of 502.3 mA h g−1 remaining
aer 700 cycles at 0.5C. Even under higher sulfur loading of
4.31 mg cm−2 and a lower electrolyte to sulfur (E/S) ratio of 8.21
mL mg−1, the MoS2/MoP@rGO@S cathode could still achieve
good capacity and cycle stability.332 These observations show the
huge promise of metal phosphides when incorporated with
MoS2 for improving energy related devices based on lithium-
ion, sodium-ion, and lithium–sulde batteries with much
greater electrochemical properties. The improved capacity,
cycling stability, and high-rate capability validate the effective
implementation of metal phosphides with MoS2 in tackling the
larger issues for conductivity and structural stability, offering
possible solutions for the evolution of novel energy-storage
devices.
8.2 Supercapacitors

Several surveys have been conducted on the heterostructure of
transition metal phosphides with metal suldes; however, few
have been explicitly related to molybdenum disulde. An
example is NiCoP@CoS tree-like core–shell nanoarrays on
nickel foam, which serve as high-performance electrodes for
supercapacitors. These NiCoP nanowire-based electrodes with
electrodeposited shell layers of CoS nanosheets possess a high
value of specic capacitance of 1796 F g−1 at a current density
value of 2 A g−1 with a high value of cycling stability as 91.4%
retention for 5000 cycles. The asymmetric supercapacitor based
on NiCoP@CoS and activated carbon has an energy density
value of 35.8 W h kg−1 at a power density value of 748.9 W
kg−1.333 Yet another instance: the use of Ni–Co oxide/
phosphide/sulde (NCOPS) composites in nanowire arrays on
Ni foam exhibits a specic capacitance value of 2915.6 F g−1

with a retention value of 80.39% of the specic capacitance
value for 4000 cycles of constant current as 5 A g−1.334 Further,
the hierarchical porous heterostructure Ni2P/NC@CoNi2S4 with
a high value of specic capacitance as 2499 F g−1 at the value of
current density as 1 A g−1 is another instance, with a capaci-
tance retention value as 91.89% for the value of 10 000 cycles. In
this case, it exhibits an impressive value of value of energy
density of 73.68 W h kg−1 at the value of power density of 700 W
kg−1.335 However, few papers on the heterostructures of the
transition metal phosphide/molybdenum disulde are found.
Out of those, we recently reported the electrochemical synthesis
of a hybrid nanostructure of nickel cobalt phosphide/
molybdenum disulde on nickel foam, as reported in our
previous research work.20 These ndings reect the impressive
RSC Adv., 2025, 15, 13397–13430 | 13413
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advancement in the transition metal phosphide/sulde heter-
ostructures towards the application in the eld of super-
capacitors. However, the scarcity of papers on the phosphide/
molybdenum disulde heterostructures reects the novelty in
the current work, establishing the unique promise of NiCoP/
MoS2 towards high-performance energy storage devices.
8.3 Electrocatalysts

8.3.1 Hydrogen evolution reaction (HER). Fortunately,
there is much more research about TMP@MoS2 and its appli-
cation to the Hydrogen Evolution Reaction (HER). Hierarchical
cobalt–nickel phosphide/molybdenum disulde is a good
example related to HER, and the results showed that this het-
erostructure led to improved electrochemical performance. The
optimized CoP/Ni2P/MoS2–CC sample shows low overpotentials
of 335, 119, and 211 mV at 100 mA cm−2 in neutral, alkaline,
and acidic electrolytes with small Tafel slopes of 63, 62, and
82 mV dec−1, respectively.13 Hollow CoP@MoS2 hetero-nano
frames are another example that showed a low overpotential
of 119 mV at 10 mA cm−2, a small Tafel slope of 49 mV dec−1,
a large electric double-layer capacitance of 10.28 mF cm−2, and
prominent long-term stability.15 MoP/MoS2 heterogeneous
structure with rich S-vacancy, which revealed excellent catalytic
activity and good cyclic stability, showing a lower Tafel slope of
60 mV dec−1 at a current density of 10 mA.cm−2 and no
potential attenuation aer the cyclic stability test for 24 h.336 S-
scheme boron phosphide/MoS2 heterostructure in water split-
ting photocatalysts application.337 These results demonstrate
the vast potential of TMP@MoS2 heterostructures towards the
Hydrogen Evolution Reaction (HER), with their high catalytic
activity, low overpotentials, and exceptional stability. The range
of reported structures demonstrates the versatility of
TMP@MoS2 in electrochemical applications, conrming its
signicance in sustainable hydrogen production.

8.3.2 Oxygen evolution reaction (OER). The research about
this heterostructure in Oxygen Evolution Reaction (OER) is not
as much as Hydrogen Evolution Reaction (HER). MoS2‖CoP
heterostructure loaded on N, P-doped carbon. The excellent
electrocatalytic activity was expressed and also mentioned. This
work proposes a novel and facile strategy to prepare the heter-
ostructure compound and serves as a good reference for con-
structing efficient and low-cost electrocatalysts.194 Flower-like
HEA/MoS2/MoP exhibited excellent HER and OER electro-
catalytic performance. It showed a low overpotential of 230 mV
at the current density of 10 mA cm−2 for OER and 148 mV for
HER in alkaline electrolytes, respectively.338 Ni2P–MoS2 HNSAs/
CC sample as both anode and cathode for overall water splitting
requires an impressively low onset potential of only 1.574 V to
attain a current density of 10 mA cm−2 and displays excellent
long-term stability. The facile synthesis method and insights
into the HER and OER active interfaces reported here will
advance the development of high-performance bifunctional
overall water-splitting electrocatalysts. They can be used for
both OER and HER.339 Although research on TMP@MoS2 het-
erostructures for the Oxygen Evolution Reaction (OER) is less
extensive than for the Hydrogen Evolution Reaction (HER),
13414 | RSC Adv., 2025, 15, 13397–13430
existing studies demonstrate promising catalytic performance
and stability. These ndings highlight the potential of
TMP@MoS2-based materials as efficient and cost-effective
bifunctional electrocatalysts for overall water splitting, paving
the way for future advancements in sustainable energy
conversion.

9. Comparative electrochemical
performance of TMP@MoS2
heterostructures
9.1 Comparison with metal phosphides/oxides/suldes in
electrocatalysts

Table 4 compares the HER and OER electrocatalytic activity for
the TMP@MoS2 heterostructure with that for the standard
metal phosphides, metal oxides, andmetal suldes. The surface
properties of the metal phosphides and the MoS2 thus work in
synergy to enhance their catalytic properties, as evidenced by
lower overpotentials for HER and OER. It was found that
MoP@MoS2 demonstrated higher hydrogen evolution than
MoP, while CoP@MoS2 has the lowest overpotential among
oxygen evolution catalysts compared to most of those where
rGO supported CoP. Compared to most metal oxides, the
TMP@MoS2 heterostructure has lower cell voltage values for the
water-splitting process and remains constant among all others.
However, NiP/MoS2 heterostructures exhibited high stability
and distinctive capabilities, even under the most rigorous
conditions. Therefore, TMP@MoS2 heterostructure could
become one of the best options for renewable energy applica-
tions. These hetero-crystals are prospective materials to boost
HER, OER, and water-splitting processes. They are also critical
potential substances from energy conversion and storage,
particularly activity stability.

9.2 Comparison with metal phosphides/oxides/suldes in
supercapacitors

Table 5 shows the comparison, indicating that the electrode
materials that form the TMP@MoS2 heterostructures were
much better when compared to those formed by metal phos-
phides, oxides, or suldes. MoS2 increases the electrochemical
properties of the materials and enhances the specic capaci-
tance, the cyclic stability, and the energy density.

For instance, NiCoP@MoS2 delivered far superior capaci-
tance performance than NiCoP. Researchers said the layer
structure with MoS2 was the primary contributing factor. Such
a structure would promote active sites and electron transport to
achieve the best electrochemical performance. Likewise,
capacitance in ZnS/MoS2/NF was enhanced since MoS2 and
system stability provided better energy storage and were also
boosted.

The layer structure of MoS2 forms a conductive network for
efficient electron transfer throughout all the charge/discharge
cycles without any structural changes. This thereby positions
MoS2 in the linear way of obtaining high-performance super-
capacitors, opening up a new opportunity to advance energy
storage technologies.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparing TMP@MoS2 heterostructures with metal phosphides/oxides/sulfides electrode materials in supercapacitors

Metal phosphides
Capacitance
(F g−1)

Cycling
stability (%)

Energy density
(W h kg−1)

Power density
(W kg−1)

Coulombic
efficiency (%) Ref.

MnP–MoS2 432.3 86.2 16.7 403.9 93.4 190
NiCoP@MoS2 2352.407 — 52 321 — 20
NiCoP 1279.2 — 45.5 124.2 — 352
CoP 447.5 96.7 19 350.8 — 353
FeP 149.11 41 2.02 mW h cm−3 9.02 mW cm−3 — 354
Cu3P 300.9 81.9 44.6 0.017 — 355
Carbon@MoS2/MoO2 569 67.1 30.8 800 91.4 356
SnS2/MoS2 466.6 88.2 115 2230 — 357
TiO2@MoS2 337 Long cycle stability — — — 358
MoS2–RuO2 719 100 35.92 0.6 — 359
CuO/MoS2 268 90.02 26.66 1599.6 — 360
MoS2/CeO2 166.6 — — — — 361
MnO2 nanowire/MoS2 212 84.1 29.5 1316 — 362
nanobers/TiO2@MoS2 510.4 95.7 — — — 363
ZnS/MoS2/NiF 3540 97 122 2500 100 364
MoS2/NiF 1666 79 72 250 85 364
MoS2–PbS 205.50 — 6.95 24.82 — 365
Core–shell TiNb2O7@MoS2/C — 93.7 147.2 2470.5 — 366
MnCo2O4@MoS2 512 91.87 36 19 99.57 367
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9.3 Comparison with metal phosphides/oxides/suldes in
batteries

This compares electrochemical performance among TMP@MoS2
heterostructures with metal phosphides, oxides, and suldes as
electrode materials that differ signicantly in discharge capacity,
cycling performance, and rate capability. The rst discharge
capacity of MoP–MoS2 heterostructure arrays was
1090.02 mA h g−1 at a mass loading of 3.9 mg cm−3, with a cor-
responding efficiency that remained above 98% for no less than
1000 cycles—a much better result relative to the stand-alone MoP
and MoS2. They show much lower discharge capacities of
Table 6 Comparing metal phosphide/MoS2 heterostructures with meta

Metal phosphides
Discharge capacity
(mA h g−1)

Mass loading
(mg cm−2)

E
(

MoP–MoS2 1090.02 3.9 9
MoP 495 1.0 —
MoS2 436 — —
CoP–C@MoS2/C 1000 — 9
CoP 1866.9 — 8
Fe2P@SnP0.94@MoS2 905.3 — 9
Fe2P 413 — —
Fe7S8–MoS2 1250.5 6 —
MoS2–MoO3 1531 5.9 9
CoS/NC@MoS2 1417.2 0.566 7
NiCo2S4@MoS2 398 0.65 >
MnS–MoS2 1246.2 — 5
VS4/MoS2 1061.4 4.6 9
MoS2–SnS 1504.6 3.50 —
Sb2S3/MoS2 701 — 9
MoS2/FeS2/C 613.1 1.1–1.5 1
G/NiS2–MoS2 509.6 1.2–1.6 >
MoS2/ZnS-NC 1427.2 2.4 9
MoS2/WS2 620 — 6
(1T-2H MoS2)/CoS2 729.6 — 9

13416 | RSC Adv., 2025, 15, 13397–13430
495 mA h g−1 and 436 mA h g−1, respectively. This hybridization
of MoS2 with other metal compounds adds CoP–C@MoS2/C and
FeP@SnP@MoS2 for enhanced discharge capacities of
1000 mA h g−1 and 905.3 mA h g−1, respectively, showing the
synergy between MoS2 with metal phosphides and improved
cycling stability. In comparison, other heterostructures, such as
MoS2–MoO andMoS2–SnS, have even higher discharge capacities
of 1531 mA h g−1 and 1504.6 mA h g−1, respectively, further
explaining the role of composite materials in enhancing battery
performance. These materials have a high-rate capability and
excellent cycling performance, ladling out the potential of
TMP@MoS2 heterostructures for promising candidates of next-
l phosphides/oxides/sulfides electrode materials in batteries

fficiency
%)

Cycling performance
(mA h g−1)

Rate capability
(mA h g−1/A. g−1) Ref.

8 1000 — 12
— — 368
187.48 — 369

9.4 500 — 370
0.3 635.3 656.81 371
9.4 797.5 797.5 372

— 396 373
1000.2 674.4 374

2 640 — 375
4.82 1256.6 100 376
99 400 398 377
9.2 397.2 — 378
0 808.3 665.0 379

1083.312 690.1 380
5 561 — 381
00 77.2 574.6 382
99 383.8 — 383
3.7 760.15 — 384
4 333 487 385
9 300 400 386

© 2025 The Author(s). Published by the Royal Society of Chemistry
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generation energy storage devices, balanced against traditional
metal phosphides, oxides, and suldes (Table 6).
9.4 Comparative performance of TMP@MoS2 across energy
storage and catalysis

By directly comparing the relative performance of TMP@MoS2
heterostructures in batteries, supercapacitors, and electro-
catalysts based on Tables 2–4, it will be evident that every
application has its peculiar benets from these materials.387 In
batteries, TMP@MoS2 heterostructures such as MoP–MoS2 and
Fe7S8–MoS2 have very high discharge capacities while main-
taining excellent cycling stability. For instance, MoP–MoS2 at
the end of 1000 cycles delivers a discharge capacity of
1090.02 mA h g−1 with an efficiency of 98%, which for Fe7S8–
MoS2 is further increased to 1250.5 mA h g−1. These make the
TMP@MoS2 heterostructures uniquely suitable for long-term
energy storage, wherein performance during thousands of
charge–discharge cycles becomes signicant. On the other
hand, this TMP@MoS2 heterostructure has signicantly helped
supercapacitors' capacitance and energy density. NiCoP@MoS2
and ZnS/MoS2/NiF are outstanding materials used in applica-
tions; between them, the capacitance of NiCoP@MoS2 was
somewhat exceptional in terms of its 2352.407 F g−1 at an
energy density of 52 W h kg−1. One beyond is the ZnS/MoS2/NiF-
type capacitor, which attains a capacitance value of 3540 F g−1

but tells a far greater cycling stability of 97 percent. These
features further make TMP@MoS2 heterostructures ideal for
applications requiring high power density and rapid energy
discharge. They are better candidates for developing
Fig. 12 Comparative analysis of the electrochemical performance of va
from ref. 232 with permission from [American Chemical Society].

© 2025 The Author(s). Published by the Royal Society of Chemistry
supercapacitors for applications with fast charging and dis-
charging cycles. For example, MoP/MoS2 and CoS–MoS2 heter-
ostructures in TMP@MoS2 substrates showed good catalytic
performance, especially hydrogen evolution reactions. In
a separate study, MoS2/MoS2 heterostructures demonstrated an
overpotential of only 96 mV for HER, suggesting a highly cata-
lytically efficient material. CoS–MoS2 further reduced it to
60 mV, thus being highly stable and efficient as an electro-
catalyst. With such properties, the TMP@MoS2 heterostructures
will work out the most in low-overpotential, strongly stable
energy–conversion processes. Supercapacitors have demon-
strated the most dramatic rise in performance among all
investigated devices. However, which application can exploit
the advantages of TMP@MoS2 heterostructures “best” depends
on specic requirements. Provided that long-term energy
storage is required, batteries equipped with electrodes cong-
ured from TMP@MoS2 heterostructures offer both large
discharge capacity and stability of operation. In the case when
fast energy delivery is required, the performance of super-
capacitors is unmatched. On the other hand, electrocatalysts
both derive an enhanced catalytic efficiency and durability
related to energy conversion. Though all three applications have
some compelling reasons, TMP@MoS2 heterostructures have
the most signicant advantages when applied for
supercapacitors.

This comparative analysis is represented by a gure that shows
the different electrochemical performances of TMP@MoS2 heter-
ostructures in various elds, including electrocatalysis, super-
capacitors, and batteries. Specically, in electrocatalysis, this is
rious TMP@MoS2 (a–a00, b–b00 and c–c00) electrocatalyst. Reproduced
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manifested as the FeP/MoS2 composite standing superior to pure
MoS2 and FeP in both current density and Tafel slope for HER, as
shown in Fig. 12a–a00. Specically, the electrochemical impedance
spectroscopy result from Fig. 12a0 shows that FeP/MoS2 has the
lowest charge transfer resistance compared to other counterparts.
This would indicate that electron transfer was more efficient
during catalytic processes. The TOF curves in Fig. 12a00 conrm
that the intrinsic catalytic activity of FeP/MoS2 is the highest
among all those materials tested. This NiCoP@MoS2 hetero-
structure performed very well for supercapacitors concerning
specic capacitance and cycling stability, as shown in Fig. 12a–
a00 to b–b00. Obviously, from Fig. 12b, the NiCoP@MoS2 has much
higher specic current and electrochemical reversibility than pure
MoS2, according to the CV curves. From the EIS plot in Fig. 12b0,
these composite exhibits much lower resistance for NiCoP@MoS2;
that is, more rapid charge/discharge cycles. Fig. 12b00 illustrates
the excellent cycling stability for NiCoP@MoS2. It was found to
retain, even at a large number of cycles, a pretty large capacitance
compared with that for MoS2 or the pristine NiCoP material.
Regarding batteries, the CoP@MoS2 composite represented in
Fig. 12c to c00 delivers a distinguished large discharge capacity and
long-term cycling stability. Concretely, as shown in Fig. 12c,
differential capacity versus scan rate curves are presented; here,
CoP@MoS2 has higher capacity retention and better rate capability
than MoS2 and pure CoP. This is further supported by the Nyquist
plot in Fig. 12c0, where CoP@MoS2 has lower resistance, thus
contributing to its better electrochemical performance. Fig. 12c00

outlines the outstanding cycling stability and coulombic efficiency
of CoP@MoS2, during which a high discharge capacity can be
maintained for more than 1000 cycles, far superior to that of MoS2
and CoP alone. The components of TMP@MoS2 2D hetero-
structures have distinctly improved electrochemical performance,
specically FeP/MoS2 for electrocatalysis, NiCoP@MoS2 for
supercapacitors, and CoP@MoS2 for batteries. Each composite
material has characteristics superior to the others in its way. Still,
it tailors to the requirements or needs that an application would
need, making TMP@MoS2 heterostructures quite versatile and
very practical in energy storage and conversion.

Indeed, TMP@MoS2 heterostructures have shown unparalleled
versatility and performance in various applications, including
electrocatalysis, supercapacitors, and batteries.12,20,388 Their high
catalytic activity in electrocatalysis reects reduced overpotentials
for HER and OER reactions.389 Moreover, superior specic capac-
itances and energy density can be achieved in supercapacitors,20

and batteries will have high discharge capacities and long-term
stability during cycling.332 This ensures the prospect of prom-
ising candidacy in next-generation energy technology. Neverthe-
less, the following limitations and challenges somewhat offset
these strengths and require further research and optimization.
10. Challenges and future
perspectives in TMP@MoS2 research
10.1 Limitations in electrocatalysis

CoP@MoS2 heterostructure is susceptible to instability in
equilibrium between MoS2 and CoP phases unless it is
13418 | RSC Adv., 2025, 15, 13397–13430
optimally engineered. If external MoS2 layers are too thin, there
is a lack of sufficient CoP to activate surface inertness and
reduce charge andmass conductivity.15 If there is excessive CoP,
layered architecture is destabilized. While multiple studies have
explored CoP/MoS22 heterojunctions as hydrogen evolution
catalysts, a scalable and high-performance synthesis approach
remains an open research question. Consequently, much work
is still needed to develop efficient, cost-effective, and highly
durable CoP@MoS2 catalysts for HER.390 During hydrogen
evolution, gas bubbles can accumulate on the heterostructure's
surface, blocking active sites and lowering efficiency.391 Even
though heterojunction catalysts promise superior catalytic
properties compared to monocomponent systems, they oen
suffer from low stability, weak adhesion to electrodes, and
aggregation of active chemicals, which limit their exposure to
catalytic sites. The incorporation of strong interfacial bonding,
defect engineering, and encapsulation in conductive matrices
can improve catalyst durability and efficiency.392

10.2 Limitations in supercapacitors

Transition metal phosphides can also show lower inherent elec-
trical conductivity than materials based on carbon, such as gra-
phene and carbon nanotubes, reducing charge mobility and
lower power density in supercapacitors.393 Electrolyte selection is
also crucial as some TMPs can degrade with some electrolytes
and cause a drop in efficiency. Surface modications and
protective coatings can reduce this by optimizing electrode/
electrolyte compatibility.394 Supercapacitor energy density is
directly proportional to capacitance and operating voltage range
and is still lower for many existing supercapacitors compared to
batteries even with high-power-density active electrodes. Hence,
merely combining TMPs and MoS2 would not increase energy
density signicantly unless heterostructure engineering is nely
optimized to enhance charge storage mechanisms.274 Further,
TMP-MoS2 heterostructure synthesis is still complex and requires
stringent conditions and higher temperature and is difficult to
industrially scale. Future work would be to design simpler and
scalable synthesis methods such as rapid chemical vapor depo-
sition or template-assisted hydrothermal methods.314

10.3 Limitations in batteries

The optimal electrochemical performance in MoS2/MoP Mott–
Schottky heterostructures in lithium–sulfur batteries is ach-
ieved when MoS2 and MoP are in the proper ratio.332 The excess
phosphorus in phosphides (x : y < 1) is detrimental to electrical
conductivity and reduces them to be less efficient in electronics
and batteries. An increased amount of phosphorus also reduces
structural stability and leads them to decompose on thermal
treatment. This trade-off points towards the need for control-
ling composition with precision in TMP@MoS2 hetero-
structures. With a reduced Ni : P ratio, metal–metal interactions
are minimized and with them, conductivity and catalytic effi-
ciency too diminish. Doping techniques and hybrid structures
with conductive additives would overcome these limitations.232

TMP@MoS2 heterostructures are of great potential as
a material class based on structural stability, electrical
© 2025 The Author(s). Published by the Royal Society of Chemistry
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conductance, and large specic capacity.20 They will be prom-
ising candidates for improving critical energy storage and
electrocatalysis.395 These heterostructures can signicantly
enhance catalytic activity by leveraging synergistic properties
between TMPs and MoS2.392

While TMPs have demonstrated intrinsic catalytic perfor-
mance in HER and OER, their long-term durability in real-world
applications remains insufficient.396 Introducing MoS2 into
TMP-based catalysts reduces overpotential, improves electron
transport, and exposes additional active sites;15 for instance,
CoP@MoS2 heterostructures exhibit a reduced overpotential of
60 mV in HER, attributed to electronic modulation induced by
MoS2.

TMP@MoS2 heterostructures offer high performance in
energy storage applications at both high-power densities and
long-term cycling conditions. Incorporating MoS2 into TMP-
based materials in batteries enhances cycling stability and
discharge capacity compared to their individual compo-
nents.370,397 MoP@MoS2,12 for example, delivers a discharge
capacity of 1090.02 mA h g−1 with 98% efficiency aer 1000
cycles, making it one of the most durable electrode materials for
advanced energy storage systems. This improvement arises from
the rapid ion transport facilitated by the layered MoS2 structure,
enabling enhanced charge–discharge cycling. Similarly,
NiCoP@MoS2 has demonstrated a specic capacitance of 2352.4
F g−1 and an energy density of ∼52 W h kg−1, outperforming
conventional electrode materials and positioning it as a top
candidate for high-performance energy storage applications.20

Beyond their outstanding performance, TMP@MoS2 heter-
ostructures offer industrial scalability and cost-efficiency solu-
tions. Hydrothermal synthesis15 and chemical vapor
deposition398 provide scalable methods for producing high-
purity TMP@MoS2 heterostructures, allowing precise control
over particle morphology and size. These methods enable cost-
effective large-scale production, making TMP@MoS2 materials
feasible for commercial applications. However, challenges
remain.399 Synthesis methodologies must be further optimized
for large-scale production without sacricing material
quality.400 The stability and efficiency of TMP@MoS2 for HER
and OER can be further enhanced by ne-tuning reaction
conditions, improving interfacial engineering, and developing
innovative composite structures. Further synthesis and inte-
gration techniques renement is necessary to fully realize
TMP@MoS2's potential in practical energy applications.

Overcoming these research and industry challenges will allow
TMP@MoS2 heterostructures to revolutionize energy storage and
electrocatalysis. Their development aligns with global sustain-
ability goals, contributing to efficient and environmentally
friendly energy solutions. By integrating green synthesis tech-
niques, optimizing charge transport, and improving catalytic
durability, TMP@MoS2 heterostructures could become the key
materials for next-generation energy technologies.
10.4 Effect of size, stability, and other compositions

The structural stability, composition, and size of transition
metal phosphide/molybdenum disulde (TMP@MoS2)
© 2025 The Author(s). Published by the Royal Society of Chemistry
heterostructures are responsible for regulating their electro-
chemical energy storage behavior.401–404 Nanoscale reduction
promotes electrochemically active sites, ion diffusion, and
charge transfer, leading to structural instability and agglomer-
ation; therefore, there is a requirement for optimal
balance.405–407

Stability has been enhanced using such methods as heter-
oatomic doping,408 hybridization with a conductive matrix,409

and coating with carbon.410

Compositions are crucial in controlling catalytic activity,
charge storage, and electronic properties.411,412 Different tran-
sition metals (Ni, Co, Fe, Mn) offer different electronic struc-
tures and redox behaviors.413 Bimetallic/ternary phosphides
(such as Ni–Co–P and Fe–Co–P) offer synergistic effects with
improved conductivity and redox capability.414 Integrating
materials such as graphene, MXenes, or MOFs to further
improve electrode properties and multi-functionalities.415

Modulating these structural factors allows the rational
design of heterostructures that exhibit higher energy density as
well as improved cycling stability and kinetic behavior for
charge storage, and TMP@MoS2 represents a promising mate-
rial for next-generation batteries and supercapacitors.
10.5 Strategies for overcoming challenges in TMP@MoS2
heterostructures for energy storage applications

The progress in the development of the TMP@MoS2 hetero-
structures for energy storage devices has been hindered by
several issues, such as low interface stability,416 low efficiency in
the transfer of charges,94 and scalability problems417 in the
fabrication process. To encounter these bottlenecks, interface
engineering,418 atomic-scale design,419 doping,408,420 surface
modication,421 and multifunctional design methodologies422

are being addressed from the perspective of science.
10.5.1 Interface engineering and atomic-scale design. The

interfacial contact between TMPs and MoS2 is crucial for the
activity of TMP@MoS2 heterostructures.423 Low interfacial
contact leads to resistance and poor transportation of
charges.424 Atomic-level processing techniques such as epitaxial
growth and heterojunction optimization are required to
increase interfacial bonding and minimize resistance.425 Strong
chemical bonding and good van der Waals interactions in the
interface were found to increase electron mobility and electro-
chemistry by a large margin.426

10.5.2 Doping and surface modication approaches.
Doping has been extensively employed to modify MoS2 elec-
tronic band structure and increase conductivity.427 Nitrogen,
boron, and phosphorus heteroatom doping have been found to
enhance electrochemical activity by offering active sites for
kinetic reactions and storage.428 Further, the low electrical
conductivity and structural instability issues with MoS2 have
also been addressed using surface modication techniques,429

which include functionalization with carbonaceous species or
conducting polymers (e.g., CNT, graphene).430

10.5.3 Advanced fabrication and scaling techniques. Scal-
ability remains a challenge in the preparative synthesis of
TMP@MoS2 heterostructures.431 Classical wet chemical
RSC Adv., 2025, 15, 13397–13430 | 13419
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synthesis methods, although efficient, are plagued by inhomo-
geneous morphology and variability across different batches.432

CVD (chemical vapor deposition), atomic layer deposition
(ALD), and laser-based methods are sophisticated methods that
have been explored to offer control of thickness with accuracy
and homogeneous material dispersion on a large scale.433–435

High surface area and better ion access and stability can be
achieved through self-assembly processes to form
heterostructures.436

10.5.4 Design of multifunctional TMP@MoS2 hetero-
structures. To further improve the electrochemical practicality
of TMP@MoS2 nanostructures, researchers have tailored multi-
functional heterostructures with synergistic attributes that are
proven to cater to the performance of supercapacitors and
batteries.437 For example, it has been reported that hierarchical
pore structures with optimized ion channel size for diffusion
signicantly affect the electrochemical activity.438 Energy
storage and catalytic properties of hybrid structures are also
investigated as future-generation energy storage materials.439
10.6 Recent advances in TMP@MoS2-based electrochemical
energy storage

Recent advancements in the area of TMP@MoS2-based elec-
trochemical energy storage reveal the potential that these het-
erostructures have for batteries and supercapacitors. Studies
have established that the coupling between the transition metal
phosphides (TMPs) and the MoS2 enhances the storage of
charges through the increase in the number of active sites as
well as electron transfer. Particularly, self-assembly Cu–Mo
sulde and phosphide compounds possess high capacitance
and stability with up to 86.9% retention of their initial capacity
when cycled to as many as 4000 cycles. Ternary TMPs and
suldes also possess higher conductivity, facilitating multi-
electron redox reactions and hence enhancing the energy
density when utilized in the case of supercapacitors.

MoS2-based heterostructures also hold promise in hydrogen
evolution reactions (HER). A hierarchical CoP/Ni2P/MoS2 cata-
lyst exhibits outstanding catalytic activity in the presence of
neutral, alkaline, as well as acidic media, with the advantage of
optimized charge transfer and structural design. In addition,
Mo-based compounds, such as phosphides, oxides, and
carbides, are instrumental in the development of lithium–sulfur
(Li–S) batteries through conductivity, stabilization of the poly-
suldes, and enhanced electrochemical properties. Despite the
progress, more work has to be done to make these materials
suitable for commercial applications on a large scale.13,440,441

Metal phosphides are shown to be promising for enhancing the
performance of lithium–sulfur batteries (LSBs) by addressing
signicant issues, including the lithium polysulde (LiPS)
shuttle effect, sluggish sulfur conversion, and growth of lithium
dendrites. Their high catalytic activity and tunable cationic
character make them active in LiPS adsorption and rapid
conversion, promoting sulfur utilization and battery stability.
Additionally, their addition to composite materials enhances
catalytic efficiency, whereas their application in separator
modication and the coating of the lithium anode further
13420 | RSC Adv., 2025, 15, 13397–13430
increases battery efficiency. Despite the continued issues with
conductivity and uniform deposition of lithium, continued
developments in metal phosphide design are contributing
towards the commercialization of high-performance LSBs.442

Articial Intelligence (AI) is now a potent tool to expedite the
discovery,443 optimization, and design of heterostructure mate-
rials for energy storage444 by circumventing time and resource-
consuming traditional computational and experimental
methods.445–447 AI-enabled methods like machine learning (ML),
deep learning (DL), and high-throughput computational
modeling enable efficient exploration of large chemical and
structural spaces.448–450 AI methods screen large databases to
provide predictions for optimal compositions,451 crystal struc-
tures,452 and interfacial interactions in TMP@MoS2 hetero-
structures453 and shorten material discovery time by orders of
magnitude.454 AI-powered molecular dynamics (MD) simulations
and neural network-based interatomic potentials optimize inter-
face stability455,456 and defect engineering455 and enhance catalytic
activity and charge transfer behavior.457 AI-enabled robotic
synthesis platforms and high-throughput experiments speed up
heterostructure development by identifying optimal synthesis
conditions for scalable manufacturing.458,459 AI models based on
electrochemical test data also predict long-term stability,460

energy density,461 and rate capability in batteries and super-
capacitors462 and optimize electrode architectures and ion diffu-
sion pathway simulations to maximize device efficiency.463,464

11. Conclusion

This research highlights the promise of TMP@MoS2 hetero-
structures to function as next-generation materials in electro-
catalysis and energy storage in electrochemistry. The high
conductance and catalytic activity of transition metal phosphides
and catalytic efficiency and structure stability of molybdenum
disulde make such heterostructures promising next-generation
batteries, supercapacitors, and electrocatalytic applications like
HER and OER. The synergy between TMP and MoS2 enhances
charge transfer, stability, and exposure of active sites and
addresses some of the primary issues with present energy storage
technology. Despite such advantages, challenges still persist with
regard to optimizing the scalability of synthesis, long-term
stability, and application viability at a large scale. Future
research will be needed to enhance synthesis techniques, inter-
facial engineering, and compositional tuning with new method-
ologies to boost performance. Further research in such areas will
be critical to unlocking the full capability of TMP@MoS2 in
applications involving sustainable energy.
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D. G. Vlachos and G. D. Stefanidis, Chem. Rev., 2022, 122,
13006.

453 A. Dhakal, C. McKay, J. J. Tanner and J. Cheng, Briengs
Bioinf., 2022, 23, bbab476.

454 J. Li, K. Lim, H. Yang, Z. Ren, S. Raghavan, P.-Y. Chen,
T. Buonassisi and X. Wang, Matter, 2020, 3, 393.

455 X. Liu, K. Fan, X. Huang, J. Ge, Y. Liu and H. Kang, Chem.
Eng. J., 2024, 151625.

456 H. Xu, Z. Li, Z. Zhang, S. Liu, S. Shen and Y. Guo,
Nanomaterials, 2023, 13, 1352.
13430 | RSC Adv., 2025, 15, 13397–13430
457 M. Karthikeyan, D. M. Mahapatra, A. S. A. Razak,
A. A. Abahussain, B. Ethiraj and L. Singh, Catal. Rev.,
2024, 66, 997.

458 S. Iravani, A. Khosravi, E. N. Zare, R. S. Varma, A. Zarrabi
and P. Makvandi, RSC Adv., 2024, 14, 36835.

459 T. Ha, D. Lee, Y. Kwon, M. S. Park, S. Lee, J. Jang, B. Choi,
H. Jeon, J. Kim and H. Choi, Sci. Adv., 2023, 9, eadj0461.

460 X. Zou, J. Pan, Z. Sun, B. Wang, Z. Jin, G. Xu and F. Yan,
Energy Environ. Sci., 2021, 14, 3965.

461 H. Adamu, S. I. Abba, P. B. Anyin, Y. Sani and M. Qamar,
Energy Adv., 2023, 2, 615.

462 W. Qiu, Y. Wang and J. Liu, Wiley Interdiscip. Rev.: Comput.
Mol. Sci., 2022, 12, e1592.

463 G. Hyun, Y. Ham, J. Harding and S. Jeon, Energy Storage
Mater., 2024, 69, 103395.

464 Y. Elbaz, D. Furman and M. Caspary Toroker, Adv. Funct.
Mater., 2020, 30, 1900778.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01184a

	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges

	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges

	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges

	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges

	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges

	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges

	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges

	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges

	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges
	Transition metal phosphide/ molybdenum disulfide heterostructures towards advanced electrochemical energy storage: recent progress and challenges


