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Industry and everyday existence are undergoing an energy structure revolution, and hydrogen is a crucial
clean alternative energy source. Both academics and businesses envision water electrolysis as a key
procedure for green hydrogen generation in the future. In recent years, porous metal chalcogenides
(PMChs), including metal sulfides, metal selenides, and metal tellurides, have gained significant interest as
electrocatalysts for electrochemical water splitting due to their distinctive structure, characteristics, and
potential applications. The PMChs exhibit extensive surface areas, varied compositions, and improved
electronic conductivity, rendering them exceptionally suitable for electrochemical energy conversion
devices with outstanding performance. This review showcases the production of diverse PMChs by
several typical methods such as hydrothermal, spray pyrolysis, electrodeposition, liquid-phase deposition,
template-based, and template-free synthesis. The article also comprehensively analyzes the most recent
developments in the sulfides, selenides, and tellurides for electrocatalytic water splitting (EWS). The
innovative design, production, and electrochemical performance of the porous sulfide, selenide, and
telluride-based metal chalcogenides are demonstrated and evaluated. Finally, the existing challenges and
potential opportunities of PMChs in EWS applications are presented. We anticipate that this timely
assessment will encourage more comprehensive research and generate more significant interest,
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1. Introduction

In the past century, global energy consumption has consistently
and significantly risen due to worldwide progress and the
growth of the global population. It is estimated that energy
demand will increase from 16 terawatts (TW) in 2010 to 23 TW
in 2030, and it may even reach 30 TW by 2050." Coal, oil, and
natural gas are examples of nonrenewable fossil fuels that
account for more than 80% of the world's total energy
consumption.” The quick combustion of conventional fuels
dramatically contributes to the generation of CO,, climate
change, and environmental damage. Activistically implement-
ing clean and renewable energy systems is imperative to achieve
sustainable economic growth and maintain environmental
equilibrium.* Thus, expediting the development of renewable
and environmentally friendly alternatives that may effectively
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thereby enhancing the advancement of potential PMChs.

address the existing issues and ensure sustainable long-term
progress is essential. Given that water is the only by-product
of combustion, molecular hydrogen gas (H,) is a fuel that is
very desirable since it possesses an extraordinary energy density
and does not contribute to pollution. This makes it an ideal
energy transporter and a promising contender for future low-
carbon energy systems.* Electrochemical water splitting (EWS)
is a promising technology for producing green hydrogen gas as
an energy source, although there are already instances of
sustainable energy sources being utilized.? The electrocatalytic
half-reactions, including the oxygen evolution reaction (OER)
and hydrogen evolution reaction (HER), are crucial processes in
electrochemical water splitting and have been extensively
researched in recent decades. The most advanced electro-
catalysts for these electrochemical processes consist of noble
metal and transition metal-based compounds such as Pt, IrO,,
RuO,, and so on.*™ Nevertheless, the overpriced expense of the
valuable electrocatalysts significantly limits their practical use.
Hence, the quest for cost-effective, enduring, and affordable
electrocatalysts continues to be a significant hurdle.*>*?

Over the last several decades, there has been a growing
interest in exploring transition metal chalcogenides (TMChs),
more notably sulfides and selenides, as possible electrode
materials for energy storage and conversion applications.** This
is because they can have stoichiometric compositions that can

J. Mater. Chem. A, 2025, 13, 22271-22294 | 22271


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ta03489b&domain=pdf&date_stamp=2025-07-12
http://orcid.org/0000-0002-5839-3324
http://orcid.org/0000-0002-6067-7270
http://orcid.org/0000-0003-1679-4127
http://orcid.org/0000-0002-2932-8240
http://orcid.org/0000-0001-8637-9194
http://orcid.org/0000-0003-0028-8879
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta03489b
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA013028

Open Access Article. Published on 11 June 2025. Downloaded on 11/9/2025 12:23:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

be adjusted, unique crystal structures, a large number of redox
sites, and a comparatively better electrical conductivity
compared to other catalysts and transition metal oxides.">™"”
Also, metal chalcogenides have more electrochemical revers-
ibility than metal oxides because they have faster charge
transfer kinetics. Moreover, certain metal chalcogenides such
as MoS,, CoS,, CoSe,, FeSe,, etc., have shown potential as
electrocatalysts for HER and OER as they exhibit low over-
potentials and small Tafel slopes.’®?® Recently, porous metal
chalcogenides (PMChs) have demonstrated effective electro-
catalysis for both HER and OER, exhibiting enhanced activity
due to their substantial internal reactive surface areas and
efficient mass and electron transport through extensive
pathways.”

PMChs are inorganic compounds that resemble oxide-based
porous materials. The chalcogen elements—sulfur (S), sele-
nium (Se), and tellurium (Te)—are categorized in group 16 of
the periodic table, alongside oxygen (O). By altering the
composition, pore dimensions, and morphology, one may
proficiently adjust the properties of PMChs, encompassing
conductivity and selectivity.>* Various synthetic methodologies,
such as template-assisted synthesis, self-assembly, and hydro-
thermal reactions, have been utilized to generate a unique
porous architecture with a substantial surface area within the
metal chalcogenide framework.>*?® Furthermore, porous metal
chalcogenides possess a wide range of optoelectronic proper-
ties, which vary from being insulators to genuine metals.>”*®
These properties include adjustable and significant bandgaps,
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high electron mobility, and a highly polarizable surface that
exhibits Lewis's basicity.”®* It is important to note that these
qualities distinguish them from their metal-oxide counterparts.
Furthermore, thorough examinations of the composition,
structure, morphology, and dimensionality of porous metal
chalcogenides have revealed their inherent and versatile high
chemical reactivity, rendering them highly appealing for
various applications, including adsorption, electrocatalysis,
energy storage, and solar-to-chemical energy conversion.***

This review provides progress on porous metal chalcogen-
ides (MS,/MSe,/MTe,, where M represents Fe, Co, Ni, Sn, Mo, W,
Sb, Mn, Zn, Cu, Ti, Ta, V, Bi, Nb, or their combinations) that are
actively being explored for electrochemical water splitting
reactions, namely for the HER and the OER. We begin by
describing the importance of porosity and focusing on the
electrocatalyst fabrication techniques and reaction mecha-
nisms of the HER and the OER. The synthetic methods of
PMChs are summarized, and their electrochemical perfor-
mances are highlighted. In conclusion, the difficulties and
perspectives that have been encountered in the development of
PMChs for EWS are brought to light.

2. Importance of porosity

Porous materials are an essential group of substances with
empty spaces, known as pores, inside their structure. The
pores exhibit a diverse variety of sizes, including micropores
(<2 nm), mesopores (2-50 nm), and macropores (>50 nm).**
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Nanoporous materials refer to materials that have pore widths
less than 100 nm.** Nanoporous metals have numerous unique
characteristics that render them highly desirable as electro-
catalysts.*® The metallic structure is interconnected, forming
an intensely conductive network that enables the efficient
movement of electrons. Furthermore, the intricate internal
curvature of the structure might expose a multitude of distinct
crystal facets on the surfaces of the ligaments. This can result
in advantageous reaction sites influenced by the particular
reaction conditions and surface composition.?” Moreover, the
manufacturing approach can be applied to monometallic and
bimetallic catalysts featuring highly porous structures and
large surface areas.*****® This allows for versatility in creating
and manipulating specific catalytic sites.*® Additionally,
manifolds and limited spaces inside the nanoporous structure
provide a compelling approach to regulating the movement of
reactants and/or products. This results in an increased pref-
erence for desirable products and reduced undesired ones.
From a fundamental standpoint, the monolithic structure of
nanoporous metals presents a distinct chance to separate
support effects and investigate the genuine source of catalytic
activity.*>**

Porous materials have garnered considerable attention in
a range of chemical engineering processes because they have
the potential to act as catalysts**** Porous materials have also
been widely used in electrocatalysis, a heterogeneous process
that occurs at the interface.**** This is because porous materials
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possess unique physical and chemical features that are distinct
from those of ordinary materials.*>*® As shown in Fig. 1, porous
materials are adaptable in the field of electrocatalysis thanks to
their ability to provide a high number of surface sites and
facilitate mass diffusion during the process.

Porous counterparts can reduce the resistance to mass
transfer and raise the specific current densities in HER and OER
compared to bulk materials.*”*®* Over the past few years,
researchers have made great strides in developing procedures
for preparing a wide variety of porous structures.*>>°

2.1 BET surface area analysis

The Brunauer-Emmett-Teller (BET) method, developed in
1938, measures surface areas of porous structures by analyzing
gas molecule adsorption.’>** It's an extension of the Langmuir
theory for multi-layer adsorption.>® BET's simplicity and
conclusiveness make it a standard tool for calculating surface
areas of new porous materials, like metal chalcogenides. BET
study involves injecting inert gas at boiling temperature onto
porous solids, obtaining micropore volume and pore size
distribution (PSD) using ¢-plot and Barrett-Joyner-Halenda
(BJH) techniques.* Adsorption isotherms are classified into six
types by IUPAC, providing insights into texture and pore
structure explained in detail in Fig. 2 and 3.** By measuring N,
multilayer adsorption, BET evaluates specific surface areas,
making it a valuable tool for material characterization.
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2.2 Mesoporous materials as electrocatalysts

Mesoporous materials are identified by pore diameters ranging
from 2 to 50 nm.*® Mesoporous materials possess extensive
accessible surface areas and adjustable pore diameters, signif-
icantly enhancing mass transport and the dispersion of elec-
trons and reactants. Consequently, mesoporous materials
exhibit exceptional promise in electrocatalysis, photocatalysis,
and energy storage and conversion.>® The International Union
of IUPAC defines a mesoporous material as having either an
ordered or disordered mesostructure. In crystalline inorganic
materials, the structure of mesoporous substances considerably
restricts the number of lattice units, hence drastically altering
the solid-state chemistry. The battery performance of meso-
porous electroactive materials markedly differs from that of
their bulk counterparts.*”

Adsorption-based techniques, particularly the BET method,
are employed to determine porosity and surface area because of
their capacity to quantify porosity within the range of 0.4-50 nm
and their measuring simplicity and cost-effectiveness. The type
of isotherm (Fig. 3) can also reveal the sort, scale, and form of
the pores in the material.*®

Several porous catalysts play significant roles in the process
of water splitting.**-** Recently, metal porous chalcogenides
have emerged as a viable option to replace precious metal
catalysts due to their affordability, ease of production, and
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inherent electronic structure for the process of water
splitting.®>** The notable features of metal chalcogenides,
derived from their diverse composition and electronic struc-
ture, include customizable active sites, rendering them excel-
lent candidates for the development of exceptionally effective
electrocatalysts.®>*® Various metal chalcogenides materials
have been shown to create functional hybrid nano-
using different optimization strategies,
including controlling the morphology (1D, 2D, 3D, and other
forms), regulating the structure (porous structure, phase
regulation, amorphous structure), optimizing the electronic
structure (defects, vacancies, nanointerfaces, stress regula-
tion), and forming heterostructures with other nanomaterials
(oxides, hydroxides, carbon materials, noble metals), among
others.®””* For instance, 3D materials with mesoporous and
hollow structures enhance the expression of active sites,
facilitate adsorption for intermediates, and enable the release
and storage of gases, rendering them promising materials
across numerous fields.”®”* The application of 3D nano-
structures in electrocatalysis significantly enhances reaction
efficiency due to higher contact surface area, diminished
electron transfer resistance, augmented active sites, and
improved connectivity between the electrolyte and catalysts.
Simultaneously, the mesoporous and hollow architectures can
facilitate the release of evolved gases and enhance catalytic
efﬁcacy.l7,21,72

architectures
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It is important to note that even though metal chalcogenides
have an excellent electrocatalytic performance for water splitting,
it is essential to meticulously examine the alterations in
morphology, structure, valence state, elemental composition,
and electronic characteristics such as conductivity, bandgap, and
density of states following the electrocatalytic reaction. This is
because the surface of the electrocatalysts will inevitably undergo
oxidation during the OER, and reduction reactions will also
occur under the conditions of the HER. Hence, it is imperative to
conduct a comprehensive investigation in order to verify the
alterations in the electrocatalytic performance of porous metal
chalcogenides that have undergone surface modification.

This journal is © The Royal Society of Chemistry 2025

3. Fundamentals of electrocatalytic
water splitting

Electrolysis of water uses electrical energy to separate water
molecules into hydrogen and oxygen. Electrolytic water is
composed of the HER and the OER. Depending on the electro-

Iyte that is utilized, the reaction mechanism of the HER and
OER can be slightly different.

3.1 Hydrogen evolution reaction (HER)

The electrochemical HER is a cathodic half-reaction that can
occur through either the Volmer-Heyrovsky pathway or the

J. Mater. Chem. A, 2025, 13, 22271-22294 | 22275
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Volmer-Tafel pathway in both acidic and alkaline conditions, as
seen in Fig. 4.7 The Volmer reaction is the initial and often
occurring phase, in which an electron combines with a proton
that has gathered on the catalyst's surface, resulting in the
formation of an adsorbed hydrogen (MH) atom intermediate. In
addition, the Volmer reaction is accompanied by either the
amalgamation of an adsorbed MH atom with an electron and
a proton (known as the Volmer-Heyrovsky pathway) or
combining two MH atoms (known as the Volmer-Tafel
pathway). M represents the active sites of the catalyst. The
production of the MH intermediate is implicated in both the
Volmer-Heyrovsky and Volmer-Tafel pathways. The hydrogen
adsorption capacity is the primary aspect considered while
constructing electrocatalysts.
Acidic conditions:
Volmer reaction: H" + e~ — MH (1)

Tafel reaction: MH + MH — Hy, (2)

Heyrovsky reaction: MH + H* + e~ — Hy, (3)

Alkaline conditions:
Volmer reaction: H,Og, + e~ — OH™ + MH (4)
Tafel reaction: MH + MH — Hy, (5)

Heyrovsky reaction: MH + H,Oq) + e~ — OH™ + Hy,y (6)

Individual steps can serve as rate-determining reactions that
dictate the HER rate within various reaction processes.
Enhancing the speed of these reactions is crucial for optimizing
the overall water-splitting.

3.2 Oxygen evolution reaction (OER)

OER, is a chemical process that involves the transfer of four
electrons. The standard potential of OER is 1.23 V vs. RHE.
Kinetically, the simultaneous transmission of several electrons
is not beneficial.

(a) Volmer-Tafel mechanism Volmer-Heyrovsky mechanism

o,

| @ H &
T Yt
—
O
@)\J’

e

Volmer reaction
(acidic media)

(b) Volmer-Tafel mechanism Volmer-Heyrovsky mechanism

T,

7- Y-
L

e

@

Volmer reaction
(alkaline media)

Fig. 4 Schematic representation of HER mechanism in (a) acidic and (b) alkaline media.

22276 | J. Mater. Chem. A, 2025, 13, 22271-22294

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta03489b

Open Access Article. Published on 11 June 2025. Downloaded on 11/9/2025 12:23:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Acidic conditions:

M + H,Oq — MOH + H" + ¢~ ()

MOH — MO + H" + ¢~ (8)

2MO — 2M + Oy ©)

MO + H,0,1 — MOOH + H" + ¢~ (10)

MOOH — M + Oy + H  + ¢~ (11)
Alkaline conditions:

M+ O~ — MOH + ¢~ (12)

MOH + OH™ — MO + H,O() + e~ (13)

2MO — 2M + Oxg (14)

MO + OH™ — MOOH + ¢~ (15)

MOOH + OH™ — M + Oy + HyOgy + € (16)

Within the OER process, every individual step must surpass
a substantial variation in potential, leading to the slow kinetics
of OER. The reaction mechanism is illustrated in Fig. 5. To
achieve efficient water electrolysis, it is imperative to tune the
anode catalyst and minimize the overpotential of the OER.

The OER refers to the half-reaction involved in the process of
water splitting. The processes occurring at the cathode and
anode during the water-splitting reaction exhibit distinct char-
acteristics in both acidic and alkaline environments. Several
research groups have suggested various processes for the OER at
the anode electrode, either in acidic conditions (eqn (7)-(11)) or
alkaline settings (eqn (12)-(16)). There are both differences and
commonalities among these proposed mechanisms. The
majority of the hypothesized pathways share common interme-
diates, such as MOH and MO. However, the main distinction is
in the reaction that produces oxygen. There are two distinct
methods for producing oxygen from a MO intermediate, as
shown in Fig. 5. The initial pathway necessitates the direct
amalgamation of 2MO to yield O,(g). The alternative path entails

(a) O,+H+e

QOH Acidic QH
e OER iy

H* + e

View Article Online

Journal of Materials Chemistry A

the synthesis of the MOOH intermediate, which subsequently
undergoes decomposition to produce O,(g). This second route is
represented by the black line in Fig. 5. While distinctions exist,
there is widespread agreement that the electrocatalysis of OER
constitutes a heterogeneous process, wherein the bonding
interactions (M-O) among the intermediates (MOH, MO, and
MOOH) are crucial to the overall electrocatalytic efficacy. An
electrocatalyst is a catalyst that aids in electrochemical reactions.
The material may be modified either at the electrode’s surface or
function as the electrode itself. In general, the primary role of the
electrocatalyst is to attract the reactant onto its surface, resulting
in the formation of an adsorbed intermediate. This process aids
in transferring charge between the electrode and the reactant.

3.3 Criteria for electrochemical water splitting performance
evaluation

Electrocatalytic activity can be assessed using several funda-
mental characteristics, including overpotential (n), Tafel slope,
exchange current density, electrochemical impedance spec-
troscopy, electroactive surface area, turnover frequency (TOF),
and stability. The catalyst was evaluated using linear scan vol-
tammetry (LSV). Typically, the overpotential value at 10 mA
cm? is lower, indicating a lower voltage for hydrogen produc-
tion by water decomposition.

3.3.1 Overpotential (n). Overpotential (n) is a crucial factor
for assessing the performance of electrocatalysts in water
splitting. It is among the most significant criteria to consider in
evaluating their performance. Overpotential, in theory, is the
discrepancy between the real potential and the thermodynamic
value at a certain current density (eqn (17)).”* The theoretical
potentials for HER and OER are 0 volts and 1.23 volts, respec-
tively, as stated previously. However, in practice, the slow
reaction rates of the HER and OER necessitate the use of a larger
applied potential to overcome the inherent energy barrier
throughout the catalytic process.

n= Eapplied - EO — iR (17)
where, E,,piieq Tepresents the actual applied potential, E, is the
theoretical equilibrium value, and iR denotes the ohmic
correction under similar conditions.

Fig. 5 Schematic representation of OER mechanism in (a) acidic and (b) alkaline media.

This journal is © The Royal Society of Chemistry 2025
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The electrocatalytic activity of a catalyst is typically evaluated
using three overpotential values obtained from the polarisation
curve at current densities of 1 mA ecm ™2 (5,), 10 mA cm ™2 (14,),
and 100 mA cm ™2 (9140). The initiation of the reaction is often
indicated as n,. The standard for comparing the performance of
electrocatalysts is always represented by the value of 7,,. This is
to get a photoelectrochemical water splitting efficiency of
12.3%.7 However, it is important to mention that the over-
potential is highly influenced by the amount of active material
loaded on the electrode. Therefore, to make a fair comparison of
the activity of different electrocatalysts, it is advised that the
amount of loading mass be normalized based on the surface
area of the electrode.” In addition, a value of 100 for 7 is
a crucial factor to consider when evaluating practical
applications.

3.3.2 Tafel slope (b). The Tafel slope (b) is a crucial metric
indicating the water-splitting activity level. The Tafel slope
measures the rate at which the current density increases as the
overpotential increases. It is used to analyze the kinetics of an
electrocatalyst. In general, there is a logarithmic relationship
between overpotential and current density. According to the
Tafel equation (eqn (18)), the Tafel slope can be linearly fitted
on the Tafel plot with the expression:

n=a+ blogj (18)
where 7 represents the overpotential, b represents the Tafel
slope, and j represents the current density.”” The Tafel diagram
provides us with another significant quantity known as the
exchange current density (j,). When the value of 7 is zero, the
corresponding current density (j) is referred to as the exchange
current density (j,). Generally, a high turnover frequency (j,) and
a lower Tafel slope indicate better catalytic activity.

3.3.3 Turnover frequency (TOF). The term “TOF” refers to
the number of molecules that transform to produce the desired
product at each active site during a specific period. It exposes
the inherent activity of electrocatalysts. The TOF values can be
determined using eqn (19).7®

TOF = A

aFn (19)

where j represents the current density in the polarisation curve,
Ais the surface area of the working electrode, « is the number of
electrons generated per molar of the target product in the HER
or OER reaction, F is the Faraday constant, and # is the number
of moles of the active materials. Calculating the TOF value
accurately is particularly challenging due to the unequal cata-
lytic activity of atoms inside a catalyst. Nevertheless, TOF
remains a valuable metric for comparing similar catalysts.
3.3.4 Stability. Stability is an essential consideration in
assessing the longevity of a catalyst for real-world use. Typically,
two approaches are employed to determine the stability of
electrocatalysts.” Firstly, a cyclic voltammetry measurement is
conducted by comparing the polarisation curve of the catalyst
before and after 1000 cycles of cyclic voltammetry. In general, if
the overpotential closely aligns with the initial polarisation
curve, it indicates a high level of stability. Another approach
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involves the utilization of chronoamperometry or chro-
nopotentiometry for measurement purposes. The rate of change
in electrical potential over a certain period can be quantified at
a designated level of electric current, where a high degree of
preservation indicates exceptional stability.

4. Synthesis of porous metal
chalcogenides

Porous metal chalcogenides (PMChs) are a series of high-
performance water-splitting catalysts that are based on earth-
abundant metals.*>®* Recently, it has been discovered that
these catalysts are readily available and highly active.'***** The
notable attributes of metal chalcogenides, such as their regu-
lated shape and many active sites, contribute to their high
reactivity, making them an excellent choice for constructing
hybrid nanomaterials. Typically, metal chalcogenides can be
synthesized via solid-phase chemical synthesis, wet-chemical
synthesis, or a chemical vapor deposition (CVD) - based
epitaxial growth technique. In developing multifunctional
metal chalcogenides and hybrid nanostructures derived from
these compounds, numerous strategies can be employed to
modify their physical and chemical properties, providing a wide
range of applications.

4.1 Porous metal sulfides

Transition metal sulfide materials are becoming increasingly
popular in electrochemical energy storage and conversion due
to their favorable electrical characteristics and affordable
cost.**** Mesoporous metal sulfides are the most intriguing of
all metal sulfides. Mesoporous materials offer several benefits,
including extremely high surface areas, adjustable mesopores,
and large pore volumes. These characteristics enhance the
active surface, facilitate the movement of guest species through
the material, and alleviate structural strain caused by volume
expansion resulting from redox reactions.®” Significant actions
have been undertaken to synthesize mesoporous metal
sulfides.®**® The early efforts have been made using soft tem-
plating methods, sol-gel, and aerogel.”*®> The most generally
used method for producing well-structured mesoporous metal
sulfides is nanocasting, which employs mesoporous silica as
a rigid template.®®* Using thermally stable hard templates
enables the successful production of highly crystalline meso-
porous metal sulfides.

A rapid one-step flame combustion deposition approach was
devised by Wang et al.®* The method involved fabricating mes-
oporous metal sulfides directly on nickel foam without the use
of a binder or template (Fig. 6a). The first-row transition metal
sulfides, which include Co,Sg, Ni;S,, NiCo,S,, and FeS, were
successfully synthesized using a three-dimensional architec-
ture, a large specific surface area (about 110 m> g %), and
interconnected pore networks. This study presented a novel and
scalable approach to acquire mesoporous metal sulfides that
exhibit exceptional electrochemical performance.®® The
synthesis of mesoporous transition metal dichalcogenides
greatly relies on this practical approach, which is of

This journal is © The Royal Society of Chemistry 2025
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fundamental significance. Zhang et al®® have synthesized
a distinctive three-dimensional catalyst consisting of inter-
connected porous networks of NiCo disulfide that were grown
on carbon cloth (CC).** This was achieved by a simple hydro-
thermal technique followed by a low-temperature sulfuration
process. The process of creating a network of linked pores in
(Nig.33C00.67)S» nanowires (NWs) on a carbon cloth substrate is
depicted in Fig. 6b. The nitrogen adsorption-desorption
isotherm plot of (Nig33C0067)S2 NWs exhibits a type IV
isotherm, indicative of mesopore existence. Comparing the BJH
pore size distribution curves reveals that the average pore size of
NiCo precursor NNs is 1.2 nm, but that of (Ni, 33C0¢ 67)S; NWs is
9.1 nm, further confirming their mesoporous nature. The
specific surface area of the (Nij33C0067)S, nanowires, as
measured by the BET method, was 24.61 m* g . This value was
considerably higher than the specific surface area of the NiCo
precursor nanoneedles, which was 5.57 m” g . The presence of
a mesoporous structure and a larger surface area resulted in the
exposure of a significant number of active sites. This leads to an
increase in the contact area between the electrode and electro-
lyte, hence enhancing the rate of electron diffusion.® Ma et al.*®
have successfully created three CoS, compounds, specifically
CoySg, C03S4, and CoS, hollow nanospheres (HNSs), by accu-
rately changing the molar ratio of carbon disulfide to cobalt
acetate in a facile solution-based approach.”® Fig. 6¢ displayed
a schematic representation of the preparation process. The
CogSg, Co3S,, and CoS, hollow nanospheres were synthesized
using a simple wet-chemical process. The CS, served as both
a sulfur supply and an oil-droplet template in the reaction.
Usually, three ethylenediamine (EN) molecules react with
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a cobalt ion (Co®>") to produce a complex solution called
[Co(EN);]*". Subsequently, when this solution is mixed with an
aqueous solution and carbon disulfide (CS,), it forms an oil/
water system. Subsequently, EN interacts with the CS, oil
phase, resulting in the liberation of H,S at the interface between
oil and water. Subsequently, hydrogen sulfide (H,S) can
undergo a reaction with [Co(EN);]** to generate nuclei of cobalt
sulfide. The excess CS, evaporated, and the hollow nano-
spheres, constructed from nanosheets, were ultimately ob-
tained. The CoS, HNSs exhibit a markedly greater BET surface
area (71.2 m> g ') compared to the other two comparatives,
hence offering an increased number of electroactive sites and
enhancing electrolyte penetration in the catalytic process.®®

4.2 Porous metal selenides

Among the group of transition metal chalcogenides, metal
selenides (Se) have recently been identified as a distinct family
of compounds for water electrolysis. They possess particular
characteristics that set them apart from their sulfide counter-
parts, commonly called “star chalcogenides”. The 3d orbital of
Se can bond with metal atoms since its energy level is close to
the 3s and 3p orbitals. The electron structure of transition metal
selenides promotes increased metallicity, which enhances
electron transport and facilitates chemical reactions. In addi-
tion, porous metal selenides provide several benefits, including
easy preparation, exceptional catalytic activity, and outstanding
stability. These qualities make them very suitable for the elec-
trochemical breakdown of water, making them perfect candi-
dates for this process. Wang et al.”” presented a study where
they described a simple technique for creating porous

Table 1 Synthesis methods, porosity, BET surface area and pore size of porous metal chalcogenides

BET surface Pore size

Porous metal chalcogenides Synthesis method Morphology Porosity area (m*>g ") (nm) Ref.
NiS/Ni/NC Ball-milling Sponge-like Meso- 921.2 4 100
CoS, Anodization Wrinkled-like Meso- 35.6 5 101
MoS,/CoMo,S, Soft template Spherical Meso- 53 7 102
FeS, Sol-gel Spherical Meso- 128 3.8 21
CooSs Reactive spray deposition Coral-reef-like Meso- 120 4.8 94
Ni,S, 118 5.3

NiCo,S, 113 5.6

FeS 101 6.3

Nig s¢Feg.245€ Hydrothermal 3D-rose-like Meso- 14.3 5.2 22
Cu, 4Nij 3C0q 3Se,@N-C n-box Template-assisted Hollow nanobox Meso- 72.1 2.5 103

refluxing method
Nig.sMo, 50Se Hydrothermal Nanosheets Nano- 286 2.36 104
Co/Fe/Se-400 Solvothermal 2D lamellar structure Micro- 178.72 2.40 105
CoZn-Se Liquid-phase deposition Nanoflakes Porous 20.4 7.9 106
0-Cog sM0y 5Se, Hydrothermal Nanoflakes Nano- 302 3.59 107
Ni-MOF-Fe-Se-400 Solvothermal Nanosheet and Meso- 86.86 3 108
mesoporous tubes

CoTe,@CdTe Hydrothermal Nanowire array Meso- 18.28 31.1 109
CoTe Hydrothermal Nanoflakes Porous 53.4 — 110
NiNCs-1T-Mn-VTe, Hydrothermal Nanosheet Meso- 92 24.3 111
CoTe,/MnTe, Hydrothermal Nanorods Porous 134.9 6.8 112
V-CoTe,/MoTe,@CC Hydrothermal Nanodendrites Meso- 279.5 5.5 113
NdTe-HS/NF Hydrothermal Hollow shell Meso- 43 — 114
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(Nig.s5Feg.25)Se, nanosheets on flexible and conductive CFC
support material (Fig. 6d).°” Initially, the ultrathin NiFe-based
nanosheet precursor was created using a standard sol-
vothermal method. Subsequently, the porous (Ni, ;sFeg»s5)Se,
nanosheets with a high surface area of 60.3 m* g~' were ob-
tained by directly subjecting the precursor to a secondary
hydrothermal procedure, including selenisation. The fabricated
porous (Niy ,sFeg,5)Se, nanosheets showed superior electro-
chemical performance (overpotential of 255 mV at 35 mA cm?
and a low Tafel slope of 47.2 mV dec ') compared to the
nanosheet precursors based on Ni, NiFe, and porous NiSe,. The
excellent performance of the (Ni, ;5Fe, »5)Se, nanosheets can be
due to their porous nanostructure, high electronic conductivity,
and extensive electro-active surface area resulting from the
integration of Fe and the process of selenisation.” Although
recent improvements have been made in creating transition
metal selenide nanostructures, making a porous nanosheet
electrode without a binder with more active sites is still chal-
lenging. Wan et al.®® described the vapor selenisation of a pre-
synthesized a-Co(OH), nanosheet array precursor, resulting in
the self-templating production of a porous CoSe, nanosheet
array on carbon cloth (p-CoSe,/CC).*® As depicted in Fig. 6e, the
synthetic procedures can be separated into two distinct stages:
(i) the a-Co(OH), nanosheets are grown on CC by electrodepo-
sition at 25 °C. (ii) The a-Co(OH),/CC is converted to p-CoSe,/CC
by reacting with selenium vapor at a temperature of 450 °C. The
material demonstrated a significant active surface area, rapid
diffusion of produced gas, and robust structural stability during
electrochemical water-splitting reactions (Table 1).°®

4.3 Porous metal tellurides

Transition metal tellurides (TMTs) have gained significant
interest as emerging catalysts due to the unique properties of
tellurium (Te). In comparison to other chalcogens like selenium
(Se), sulfur (S), and oxygen (O), tellurium (Te) has a lower elec-
tronegativity and a more metallic nature."® These characteristics
contribute to improved electrical conductivity and a stronger
covalent bond between the metal and chalcogen atoms in TMTs.
The covalent character in the system can result in a beneficial
electronic band structure. This makes it easier to establish the
boundaries of the valence band and the conduction band with
the oxidation and reduction potentials of water that are present.
In addition to this, it enhances the redox reactions that occur
within the transition metal center, which ultimately results in an
improvement in the electrocatalytic performance.*'*"” Chen
et al.” found that vacancy occupation triggers a phase change
from hexagonal to orthorhombic CoTe,, significantly increasing
OER catalytic activity. To create h-CoTe,@HPC/CNTs, hexagonal
CoTe, nanoparticles with high Te-vacancy content were pyrolyzed
and then tellurized in core-shell ZnCo-zeolitic imidazolate
frameworks. CoTe, underwent a polymorphic transition from
hexagonal to orthorhombic structure through anion P-doping
(Fig. 6f). This resulted in the creation of HPC/CNTs-confined
orthorhombic P-doped CoTe, nanoparticles (o-CoTe,P@HPC/
CNTs). Hierarchically porous carbon was designed to maximize
surface area and prevent nanoparticle agglomeration. The BET

This journal is © The Royal Society of Chemistry 2025
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surface area and pore volume of o-CoTe,P@HPC/CNTs were
calculated as 262 m* g~ " and 0.362 cm® g™, respectively. Large
BET surface area and well-distributed pores can expose active
areas and speed up mass diffusion during electrochemical reac-
tions.” Xue et al'*® fabricated NiTe nanoarrays arranged in
a cross-columnar pattern supported on a nickel foam substrate.*®
Etching nickel foam using sodium tellurite as a source of tellu-
rium and hydrazine hydrate as the reducing agent was the
method that was utilized in the fabrication of the NiTe nano-
arrays on NF. This process generated tellurium ions in a hydro-
thermal system at a temperature of 180 °C for a duration of 24
hours. Afterward, an ion exchange method was employed to
create NiTe/NiS heterojunctions. This involved immersing the
NiTe nanoarrays in a sodium sulfide solution at a temperature of
160 °C for a duration of 8 hours. Remarkably, the NiTe/NiS
nanoarrays, demonstrated exceptional stability and displayed
remarkable activity in the OER at extremely low overpotentials.*®
Xu et al.™ aimed to create a new Ni;Te,~CoTe composite elec-
trocatalyst in their study, considering the benefits of the hybrid-
ization approach.™ The Ni;Te,-CoTe composite was synthesized
on carbon fabric using a one-step hydrothermal method. Adding
CoTe in NizTe,~CoTe/CC enhanced the exposure of Ni;Te,,
contributing to a superior catalytic performance. The results
indicated that Ni;Te,~CoTe/CC has the potential to be a suitable
option for many applications requiring OER. Furthermore, the
findings demonstrated that using material hybridization as
a straightforward and efficient approach to improve the electro-
chemical performance of an electrode was a significant finding."*

5. Electrocatalytic water splitting
performance of porous metal
chalcogenides

Electrocatalysis is gaining importance in sustainable technolo-
gies as the demand for alternative energy sources, especially in
green energy conversion and clean fuel production sectors,
continues to rise."”**** Electrocatalytic water-splitting, powered
by renewable energy, is highly regarded as a significant
achievement in the future energy sector.'”*'** This process
utilizes water, a renewable resource, to produce H,, which has
a high energy content of 143 MJ kg™ and is a clean energy
carrier with zero carbon emissions.”***® A variety of metal
chalcogenides, such as CoS,, FeS,, NiS,, MoS,, CoTe, NiSe, etc.,
have been effectively produced as porous structures with diverse
morphologies, crystal phases, and pore size
distributions.?®2**?77135 In this section, we examine the electro-
chemical energy uses of common porous metal chalcogenides.
These materials are appealing due to their notable character-
istics, such as strong mechanical properties, high stability
against heat and chemicals, compatibility with the environ-
ment, versatile surface chemistry, and diverse architecture.
Additionally, they possess a significant number of oxygen
vacancies and defects. The article also demonstrates the
appropriate configuration of micropores, mesopores, and
macropores, which can serve as chemical reaction regions.
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5.1 Porous metal sulfides for EWS

Until now, nickel sulfide has been well-researched and sug-
gested to be effective in electrocatalytic water splitting in an
alkaline media."****” To further enhance the catalytic activity,
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such as MoS,, resulting in increased catalytic activity.'*® Lonkar
et al.”*® have suggested an eco-friendly method for synthesizing
MoS,-wrapped NiS, nanohybrids that were evenly distributed
on conductive graphene sheets. Fig. 7a depicts the scheme for

NiS, has been combined with a highly efficient electrocatalyst, creating mesoporous MoS,-NiS,/G nanohybrids using solid-
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Fig. 7 (a) Schematic showing of the fabrication of the MoS,—NiS,/G nanohybrid, (b) the cathode and anode LSV curves of the MoS,—NiS,/
G||MoS,-NiS,/G two-electrode system in 1 M KOH, (c) chronopotentiometry and chrono-amperometry curves at a constant current density of
10 mA cm~ and potential for overall water splitting, (d) an optical photograph illustrating the production of hydrogen and oxygen bubbles
resulting from the overall water splitting process on MoS,—NiS,/G, functioning as both the anode and cathode and (e) schematic illustration of
the overall water splitting using MoS,—NiS,/G as a bifunctional electrocatalyst for simultaneous HER and OER. Reproduced from ref. 138 with
permission from Royal Society of Chemistry, copyright 2020. (f) Table of contents graphic of 3D binder-free NiCoSe,@PCM as a high-efficiency
bifunctional electrocatalyst for overall water splitting. Reproduced from ref. 149 with permission from Elsevier, copyright 2021. (g) Schematic
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VTe, image of the device during the electro-catalytic water splitting showing the appearance of H, reaction and O, gas bubbles on the surface of
the cathode and anode. Reproduced from ref. 111 with permission from Elsevier, copyright 2022.
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state synthesis. These nanohybrids were utilized as a bifunc-
tional electrocatalyst for the process of overall water splitting
(Fig. 7b). The combination of MoS,-NiS,/graphene has resulted
in an increased surface area (105 m?> g~ '), many electro-active
sites, and a customized conductive network. This has led to
improved efficiency in the process of water splitting. The
nanohybrid demonstrated excellent catalytic efficiency for the
HER with remarkably low overpotentials in both acidic (152 mV)
and alkaline (141 mV) environments at a current density of 10
mA cm 2. Similarly, a low OER overpotential of 320 mV was
attained in an alkaline environment. The resulting nanohybrid
has developed into a highly effective electrocatalyst with dual
functions, allowing efficient water splitting. It achieves a final
cell voltage of 1.58 V and demonstrates excellent activity and
stability (Fig. 7c). As shown in Fig. 7d, hydrogen and oxygen
evolved significantly at the cathode and the anode electrodes.
MoS,-NiS,/G possesses outstanding electrocatalytic perfor-
mance, which can be attributed to the presence of a heteroge-
neous nanostructure composed of MoS, and NiS,. In addition
to being supported by a conductive graphene framework, this
nanostructure was loaded with defect-rich synergistic inter-
faces. This arrangement provides a large number of active sites
and ensures high-rate and long-life stability, as shown in
Fig. 7e.”®® Previous research has shown that porous cobalt
sulfides, such as CoqSg, C0S,, CoS, etc., exhibit superior catalytic
activity for both the HER and the OER in an alkaline
media.””***'*! Additionally, these sulfides demonstrate excep-
tional chemical stability and electrical conductivity. Moreover,
earlier research has shown that the free energy of adsorption for
hydrogen and oxygen-containing substances decreases when
cobalt atoms are added to the edge sites of other transition
metal chalcogenides."*>'** Furthermore, the transfer of charge
inside the electrocatalyst material through linkages, as well as
between the electrocatalyst interface and species containing H
and O, is enhanced synergistically, thereby showing a consid-
erable increase in the catalyzing activity of HER and OER.'™*
Further, the combination of porous cobalt and nickel sulfide
shows potential for use in electrocatalytic water splitting.

Moreover, increasing the intrinsic activity towards HER and
OER can be accomplished by utilizing a porous hetero-
structured nanoelectrocatalyst, which provides a potential
technique.'***” For instance, Hu et al.'*® created freestanding
heterogeneous CoS,/CoS nanosheets using a one-step sintering
procedure. These nanosheets were made using a unique hier-
archical tremella-like metal-organic framework (MOF) and
exhibited a high specific surface area of 45.35 m* g~ *. A cost-
effective OER electrocatalyst has been developed, which
produces satisfactory electrocatalytic efficiencies with a low
overpotential of 269 mV at a current density of 10 mA cm 2,
a Tafel slope of 52 mV dec™*, and a good stability in alkaline
solution that is comparable to that of RuO, counterparts.*** Ran
et al*' described a simple synthetic procedure for creating
mesoporous FeS, as an electrocatalyst for the HER without
using a hard template. After a sulphurization process in an H,S
environment, the sol-gel method was used to successfully
generate the mesoporous FeS, materials with a high surface
area (128 m*> g ).

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

An impressive HER catalytic performance was attained with
a low overpotential of 96 mV at a current density of 10 mA cm >
and a Tafel slope of 78 mV per decade in alkaline circumstances
(pH 13). According to theoretical estimates, the exposed (210)
facets are responsible for the mesoporous FeS,'s exceptional
catalytic activity. The mesoporous FeS, material may offer
a viable substitute for Pt-based electrocatalysts for water split-
ting.** Yang et al.**® described a three-dimensional (3D) porous
CoS,/FeS-MOF with tunable Co/Fe molar ratios for HER and
OER (Co0S,/FeS-MOF@NF). The built symmetric electrolyzer
CoS,/FeS-MOF@NF-1 achieves a low cell voltage of 1.5 V at 10
mA cm ™2 and long-term stability for 24 hours.**

Another research proposes a design methodology for effec-
tive high-current-density OER electrocatalysts utilizing
sustainable wood fiber materials.*” The researchers enclosed
Coy Sg/CoS heterojunction nanoparticles within a sulfur and
nitrogen co-doped carbon (SNC) matrix and uniformly attached
them onto the S-doped carbonized wood fibers (SCWF)
substrate to create microleaf arrays. The heterojunction inter-
face effect in (CogSs/CoS)@SNC can enhance the scaling rela-
tionship of the intermediate and remarkably improve catalytic
performance for the OER. The distinctive structural character-
istics of microleaf arrays inhibit active particle agglomeration
and offer an extensive specific surface area of 252.05 m> gm ™"
for the reaction. The electrocatalyst performs superior high-
current-density oxygen evolution, exhibiting a low over-
potential (274 mV @ 1000 mA cm™?) and Tafel slope (48.84 mV
dec™ )15

From the above discussion, it is clear that porous metal
sulfides have shown promising potential as efficient electro-
catalysts for water splitting, particularly in HER and OER in
alkaline media. Combining these metal sulfides like MoS, and
graphene can enhance their performance. Key findings include
MoS,-wrapped NiS, nanohybrids on graphene sheets exhibiting
excellent bifunctional electrocatalytic activity, porous cobalt
sulfides demonstrating superior catalytic activity and chemical
stability, and heterostructured nanoelectrocatalysts such as
CoS,/CoS nanosheets and CoS,/FeS-MOF enhancing intrinsic
activity towards HER and OER. These findings underscore the
potential of porous metal sulfides as effective electrocatalysts
for water splitting.

5.2 Porous metal selenides for EWS

Selenide and sulfur are part of the same major group and
exhibit numerous similarities in their properties. Metal sele-
nides are exceptional electrocatalytic materials characterized by
superior electrical conductivity and great physical density.
Furthermore, the s and p orbitals of selenide can undergo
hybridization with the d orbitals of metals, resulting in selenide
exhibiting superior crystalline characteristics and catalytic effi-
cacy. TMSe is anticipated to serve as a catalyst that can substi-
tute precious metals due to its elevated catalytic activity, narrow
band gap, excellent stability, and inexpensive cost.'?*>'>
Porous metal selenides have several benefits, including
facile synthesis, exceptional catalytic activity, and outstanding
stability, which render them very suitable for water
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electrochemical water-splitting."** Jiang et al.*** created a struc-
ture consisting of nanoporous Co, gsSe with single-atom plat-
inum (Pt/np-Co,gsSe) to investigate the underlying factors
contributing to the activity of the HER. The presence of atomic
Pt in Co,gsSe optimizes the surface active sites, resulting in
lower energy barriers and enhanced hydrogen adsorption/
desorption. The combined action of Pt atoms and np-Cog gsSe
resulted in an initial overpotential that was close to zero. The
Tafel slope exhibited a remarkably low value of 35 mV dec™ ",
while the turnover frequency reached an impressive value of
3.93 s~' at —100 mV in a neutral solution. The diffusion of Pt
ions into Co vacancies of nano-sized CoggsSe ligaments is
facilitated by the bicontinuous nanoporous structure with
alarge surface area (15.1 m> g~ '), creating the uniform Pt-doped
np-Cop g5Se single-atom, which facilitated more efficient
mass-transfer processes. These results surpassed those of
commercial Pt/C."*

The creation of hierarchical nanostructures with very effi-
cient and long-lasting multifunctional catalysts holds great
importance in the realm of emerging water-splitting energy
technologies. In this regard, Prabhakaran and colleagues'”’
have shown a method for creating a 3D hierarchical structure of
oxygenated cobalt molybdenum selenide (O-Co;_,Mo,Se,)
using nanoarchitectures. Following a facile and cost-effective
hydrothermal method, these structures were fabricated using
a one-of-a-kind ion exchange procedure (Fig. 7g).*” At a relative
pressure of 0.45 to 1.0, all materials displayed type IV isotherms
with a hysteresis loop, indicating mesoporous characteristics.
Above all, 0-Co, sMo, 5Se, NSs had a huge specific surface area
(SSA) of roughly 302 m” g7, significantly greater than that of O-
CoSe, (=71 m* g™ '), 0-MoSe, (=135 m> g~ '), 0-Coy.75M0y 555€,
(=186 m*> g '), and 0-Coy,sMo0g,55€, (=225 m> g ).
Furthermore, the O-Co, ;Mo sSe, NSs exhibit a mesoporous
nature with an average pore size of around 3.59 nm. The oxygen
released during the selenium process at 180 °C using a regu-
lated ion-exchange approach is responsible for successfully
developing the mesopores in the O-Co, sMo0g sSe, NSs. Due to its
abundant electro-active sites and nanoporous networks, as well
as its plentiful oxygen vacancies, the O-Co,sMo, 5Se, catalyst
demonstrates efficient catalysis of the HER and OER (Fig. 7h). It
achieves a low overpotential of approximately 102 and 189 mV,
respectively, at a current density of 10 mA cm 2. Additionally, it
exhibits exceptional durability. The O-Coy MO0y 5S€,|O-Cog 5-
Mo, sSe, water-splitting device requires a voltage of around
1.53 V at a current density of 10 mA ecm ™2 (Fig. 7i), which was
significantly better than the benchmark Pt/C||RuO, (approxi-
mately 1.56 V).'"

Preparing improved three-dimensional electrodes and opti-
mizing their morphology is crucial for increasing the electro-
catalytic activity of catalysts. The catalytic activity is enhanced
by directly depositing selenide onto a conductive substrate,
reducing the resistance between the catalyst and the current
collector. Nanofiber (NF) is frequently used as a substrate to
create Ni-Co-Se nanostructures.””®**’ It simultaneously acts as
both the framework and the source of Ni. The Nij goC0¢.115€2
mesoporous nanosheet networks, developed by Liu et al.,*”
exhibit exceptional catalytic capabilities for the HER and
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demonstrate remarkable stability throughout a broad pH range
due to their distinctive morphology and electronic structure.
The observation of a type IV isotherm with a hysteresis loop
confirmed the mesoporous structure of the NijgoC0g11S€;
nanosheets. The specific surface area of Nij goC0y 11Se, nano-
sheets was determined to be 37.32 m” g, and their mean pore
size was 4.8 nm, ranging from 2 to 20 nm."’ Poorahong et al.**®
have also fabricated a three-dimensional, binder-free bimetallic
nickel-cobalt selenide nanosheet structure anchored on a mac-
roporous conductive carbon membrane (NiCoSe,@PCM). A
distinctive interconnecting macroporous phase change mate-
rial was synthesized using cryogelation, freeze-drying, and
subsequent carbonization. The PCM serves as a framework for
the development of a NiCoSe, catalyst (Fig. 7f). Uniform and
compact nanosheets composed of few-layer NiCoSe, were
synthesized on the surface of the PCM, eliminating the neces-
sity for a transfer step or a conductive addition. The porous
characteristic, as evidenced by the type IV isotherm, resulted in
a high BET surface area of 38.2 m”> g~". The NiCoSe, nano-
sheets, oriented perpendicularly, exhibit exceptional electro-
chemical catalytic activity, demonstrated by a low overpotential
of 0.116 V (at 10 mA cm™?) and a Tafel slope of 66 mV dec™* for
the HER, as well as an overpotential of 1.37 V (at 10 mA cm ™ ?)
with a Tafel slope of 60 mV dec™" for the OER. Remarkable
stability with no degradation in current density was noted
during a 23 hour testing duration. Bifunctional NiCoSe,@PCM
was used to construct a two-electrode electrolyzer, achieving 10
mA cm 2 at a low voltage of 1.73 V.

Wang et al*® have fabricated porous NiCo diselenide
nanosheets on carbon cloth for water splitting. The NiCo dis-
elenide nanosheets have a moderate BET-specific surface area
(165 m*> g '), which is about six times greater than that of Ni
diselenide nanosheets (28 m” g~ ') but somewhat less than that
of Co diselenide nanoplates (172 m* g~ '). The size distribution
of nanopores on the surface of metal diselenide nanosheets
may be related to the variation in BET surface area. Ni dis-
elenide nanosheets have pores that are roughly 35 nm in size,
which is more significant than that of Co diselenide nanoplates
(5 nm) and NiCo diselenide nanosheets (8 nm). The NiCo
diselenide/CC composites exhibited high HER activity with
a small Tafel slope of 31.6 mV dec™ ' and a low overpotential of
108 mV at 10 mA cm . They also have superior OER capability
with a small Tafel slope of 42.3 mV dec™ ' and an OER current
density of 10 mA cm ™ at a low potential of 258 mV. Their HER/
OER activity remained steady even after 50 hours of polariza-
tion. The three-dimensional structure of the nanosheets facili-
tates the movement of charge and electrons, hence enhancing
the availability of catalytic active sites."®

Recent studies have shown that metal selenides, specifically
cobalt selenide (Co, g5Se) and nickel-cobalt selenide (NiCoSe,),
can be effective water-splitting electrocatalysts. Co, gsSe exhibits
exceptional HER activity with low overpotential and Tafel slope,
while O-Co;_,MoxSe, nanostructures demonstrate efficient
HER and OER catalysis. NiCoSe, nanosheets anchored on
conductive substrates show excellent electrochemical catalytic
activity for HER and OER. The enhanced performance of these
metal selenides can be attributed to their high surface area,

This journal is © The Royal Society of Chemistry 2025
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mesoporous structure, abundant electro-active sites, and opti-
mized electronic structure (Table 2).

5.3 Porous metal tellurides for EWS

Porous metal tellurides (PMTs) have gained significant atten-
tion as new catalysts due to the unique properties of
tellurium."*"”®* When compared to other chalcogens, such as
selenium (Se) and sulfur (S), tellurium (Te) appears to have
a lower electronegativity and a more robust metallic prop-
erty.””® This leads to increased electrical conductivity and
a higher level of covalency in the metal-chalcogen links in
PMTs. The presence of covalent character in the system can
result in a beneficial electronic band structure. This makes it
easier to align the edges of the valence band and the conduc-
tion band with the oxidation and reduction potentials of water
that are present. In addition to this, it stimulates the redox
reactions that occur within the transition metal center, which
ultimately results in an improvement in the electrocatalytic
performance.*

In reality, the gradual shift in the electronic band structure
of oxides and the remainder of the chalcogenide series
(sulfides, selenides, and tellurides) may explain the trend in
catalytic activity between oxides and the rest of the chalco-
genide series. This is because the margins of the valence and
conduction bands coincide with the water oxidation-reduction
levels.'” As the electronegativity of the chalcogen atom falls
further down the series, the degree of covalency in the metal-
chalcogen bond increases. Previous research has shown that
a higher degree of covalency in metal-anion bonding increases
the efficiency of OER catalysis, so it is reasonable to expect the
chalcogenide series to improve catalytic efficiency even
more."'® Because Te's electronegativity (2.1) is lower than Se's
(2.55), nickel tellurides will have a higher degree of covalency
than selenides. Indeed, a qualitative band structure investi-
gation revealed that tellurides have a better band alignment
with water oxidation levels than selenides. Gao et al'"®
synthesized innovative hierarchical CoTe, and CoTe nano-
fleeces for effective OER catalysts using phase-selective
methods. The hierarchical CoTe, and CoTe nanofleeces
exhibited BET surface areas of 97 and 75 m* g~ ', respectively,
which are relatively high for transition metal chalcogenide
materials. The elevated surface area is ascribed to the minus-
cule branched nanofleeces, which possess typical diameters of
approximately 10 nm. At a modest overpotential of 357 mV,
hierarchical CoTe, nanostructures have been claimed to be
capable of achieving a current density of 10 mA em > for the
oxygen evolution reaction.'*®

Pan et al.'* have developed nickel nanoclusters (NiNCs)
that are combined with manganese (Mn) and inserted into
and mixed with 1T VTe, nanosheets (NiNCs-1T-Mn-VTe, NS)
to achieve EWS at extremely low potentials (Fig. 7j). The N,
adsorption-desorption isotherm results indicated that
NiNCs-1T-Mn-VTe, NS possesses the largest surface area of 92
m?® g ™', with an average pore diameter of 24.3 nm. The efficacy
of EWS is greatly enhanced by Mn doping and intercalation in
1T VTe, (1T Mn VTe,), as it improves the performances of both
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the OER and the HER. Combining NiNCs with 1T Mn VTe,
results in the formation of a very efficient electrochemical
catalyst, known as NiNCs-1T-Mn-VTe, NS, to split water at
extremely low potentials. The NiNCs-1T Mn VTe, NS exhibited
remarkable performance, achieving a current density of 10
mA cm”® with an HER overpotential of only 61 mV and
a current density of 40 mA cm? with an OER overpotential of
258 mV. The NiNCs-1T Mn VTe, NS(+) device necessitated
a cell potential of 1.51 V to achieve a current density of 10 mA
em? (Fig. 7k and 1).**

The aforementioned study indicates that porous metal
tellurides, particularly hierarchical CoTe, and CoTe nano-
fleeces, together with nickel nanoclusters integrated with
manganese-doped VTe, nanosheets (NiNCs-1T-Mn-VTe, NS),
serve as efficient electrocatalysts for water splitting. These
nanostructures possess a high surface area and exhibit efficient
catalytic activity for the OER, whereas NiNCs-1T-Mn-VTe, NS
has outstanding performance in electrochemical water split-
ting, attaining low overpotentials for both reactions. The
improved performance is due to elevated surface area, porosity,
regulated doping and heterostructuring, diminished charge
transfer resistance, and augmented electrical conductivity.

All the above-mentioned porous metal chalcogenides,
including sulfides, selenides, and tellurides, exhibit discrete
performances toward electrochemical water-splitting. The
porous metal chalcogenide catalysts exhibit low overpotentials,
achieve high current densities, and deliver high intrinsic
activities. In addition, heterostructured chalcogenides with
controlled doping can also help increase electrical conductivity
by reducing charge transfer resistance. Despite the noticeable
progress in a porous metal chalcogenides catalyst, the practical
applications are still under development.

The correlation between the BET surface area and the HER
and OER overpotential at 10 mA c¢cm™> of porous metal
chalcogenides-based electrocatalysts is presented in Fig. 8.
This analysis reveals a significant trend where high surface
area porous metal chalcogenides exhibit substantially reduced
overpotential values. Notably, the electrocatalysts Niy sMo0g 5-
0OSe, O-Coy.sMoy 5Se,, and V-CoTe,/MoTe,@CC, which possess
high BET surface areas, demonstrate remarkably low over-
potential values. This correlation suggests that the high
surface area of these materials plays a crucial role in enhancing
their electrocatalytic performance. Several benefits are associ-
ated with porous metal chalcogenides with a high surface area.
These benefits include an increase in the number of active
sites, an improvement in mass transport, and an enhancement
in electrical conductivity. These characteristics allow for
improved electron transport during electrochemical processes,
reducing the constraints imposed by diffusion and enhancing
the reaction's kinetics. The decreased overpotential values of
these chalcogenides provide evidence that they have the
potential to function as effective electrocatalysts for applica-
tions involving water splitting. Further optimization of their
surface area, composition, and structure could lead to even
more excellent performance and the development of energy
storage and conversion technologies that are more efficient
and sustainable.

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 The summary of the BET surface area, HER, and OER overpotential at 10 mA cm 2 of the various porous metal chalcogenides. The data
were initially reported as follows: VTe/CNTs,*° NiFeSe@NiSe/O@CC,** NipsM0og50Se,*** MoS,/CoM0,54,%2 Cug 4Nig3C00 35€,@N-C1% O-
COO_5MOO_5562,1°7 Ni352/MnS—O,159 CoTe NF,110 V-COTez/MOTez@CC,113 ’V‘OSZ—NiSZ/G,138 h'COXSy,151 Niov76FeoV24Se.22

6. Performance of porous metal
chalcogenides for overall water
splitting

Water electrolyzers require an active catalyst to facilitate the
HER and OER processes. Using a single OER and HER bifunc-
tional electrocatalyst not only makes the entire system design
easier but also reduces the cost of the system. One of the most
challenging tasks is to drive the electrolyzer while maintaining
a low cell voltage to achieve a high current density. To improve
the overall water-splitting activity, it is of utmost significance to
combine the advantages of HER and OER electrocatalysts to
design OER-HER bifunctional heterostructures that are both
long-lasting and effective.

In this regard, Pathak et al.*** used a hydrothermal approach
to synthesize a vanadium-doped cobalt/molybdenum precursor.
During this process, the precursor was transformed into the
matching telluride (Fig. 9a), which had the morphology of
nanodendrites growing across 2D nanosheets (Fig. 9b and c).

This journal is © The Royal Society of Chemistry 2025

Fig. 9d confirms that the N, adsorption isotherms of V-CoTe,/
MoTe,@CC and CoTe,/MoTe,@CC exhibited typical type-IV
isotherms. These isotherms had surface areas of 279.5 m* g~ *
and 225.2 m> g7, respectively. BET studies demonstrated that
the introduction of V doping into the material resulted in the
formation of defects, lattice expansion, and surface roughening,
all of which contributed to a considerable increase in the BET
surface area. Furthermore, the BJH pore size distribution
profiles of V-CoTe,/MoTe,@CC and CoTe,/MoTe,@CC
demonstrate that the bulk of mesopores are approximately
5.5 nm and 5.1 nm, respectively. When it comes to aqueous
alkaline electrolytes, the vast majority of mesopores are
compatible with electrical mobility.

Importantly, comprehensive characterization shows how
vanadium doping may be used to control the electrical charac-
teristics of bimetallic tellurides. This is accomplished by
causing lattice expansions and exposing ample active sites for
the HER and OER. As a consequence of this, the V-CoTe,/
MoTe,@CC material has remarkable performance in terms of
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Fig. 9

(a) Schematic representation of the preparation of V-CoTe,/MoTe,@CC and its application for water splitting, (b) FESEM image of as-

prepared V-CoMoOH@CC, (c) FESEM image of V-CoTe,/MoTe,@CC, (d) N, adsorption isotherms (inset: BJH pore size distribution profile), (e)
polarization curves of V-CoTe,/MoTe,@CC(+, —), IrO,@CC(+)//Pt/C@CC(-) and bare CC(+, —) devices, (f) chronopotentiometric stability test

result at 10 mA cm™2

, (g) theoretical and experimental volumes of H, and O,, (h) digital image of a laboratory-made H-cell set up for the

measurement of faradaic efficiency (insets: enlarged photos showing the cathode and anode), generated at 10 mA cm™ by the V-CoTe,/
MoTe,@CC electrodes at varying times in an H-cell. Reproduced from ref. 113 with permission from Royal Society of Chemistry, copyright 2024.

both the HER (1, = 79 mV, Tafel slope = 58.9 mV dec ') and
the OER (11, = 249 mV, Tafel slope = 57.7 mV dec ™ '). In terms
of overall water splitting, the V-CoTe,/MoTe,@CC(+, —) semi-
conductor beats the state-of-the-art IrO,@CC(+)//Pt/C@CC(—)
semiconductor (Fig. 9¢). CoTe, and MoTe, are responsible for
the synergistic effects that manifest themselves as a result of the
modified lattice that is caused by vanadium dopants and the
coexistence of several active sites.

Remarkably, the potential of the V-CoTe,/MoTe,@CC(+, —)
full-cell device was demonstrated by continuously executing the

22288 | J. Mater. Chem. A, 2025, 13, 22271-22294

chronopotentiometry (CP) test for a duration of 100 hours at
a current density of 10 mA cm™? in a solution of 1.0 M KOH
(Fig. 9f). The faradaic efficiency of the electrode materials was
also investigated by measuring the volume of hydrogen and
oxygen produced at a current density of 10 mA cm ™2 at various
time intervals using a laboratory-made hydrogen cell. The
volume of hydrogen and oxygen produced was monitored every
ten minutes for up to one hundred and twenty minutes. This
was done to precisely match the theoretical values (Fig. 9g) and
provide strong evidence of a one hundred percent faradaic

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Overall water-splitting cell voltage and stability of the
bifunctional mesoporous metal chalcogenide electrocatalysts. The
data were initially reported as follows: Ni/NiS/NC,*° NizS,/MnS,*?
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efficiency for the HER and the OER. The digital photos that are
displayed in Fig. 9h show the H-cell electrolyzer that was
manufactured in the laboratory, as well as the H, and O,
bubbles that were produced at the cathode and anode, respec-
tively."*® Fig. 10 compares the overall water-splitting cell voltage
and stability of the bifunctional mesoporous metal chalco-
genide electrocatalysts. Several PMCh catalysts have exhibited
superior performance in terms of their capacity to operate at
low cell potential for overall water splitting. However, the issue
of durability remains a concern. Fig. 10 depicts the V-CoTe,/
MoTe,@CC catalyst, which is the most suitable choice for
overall water splitting and practical application, demonstrating
excellent performance and durability. Therefore, developing
efficient bifunctional catalysts with long-lasting performance
capable of being included in renewable technologies continues
to be difficult.

In a nutshell, mesoporous metal chalcogenide materials
exhibit exceptional efficacy in electrochemical water splitting
owing to their distinctive structural and electrical characteris-
tics. These materials possess larger pores (2-50 nm) compared
to microporous materials, facilitating enhanced mass transfer
of reactants and products during electrochemical processes.
They possess an increased surface area, offering additional
active sites for electrochemical reactions. Increased pore size
diminishes diffusion constraints, facilitating easier access of
reactants to active sites. Thus, mesoporous materials have
enhanced electronic conductivity due to their reduced pore
sizes. They demonstrate excellent stability compared to mac-
roporous materials, which are susceptible to collapse or dete-
rioration during electrochemical reactions. The pore structure
can be adjusted to boost performance, and integrating metal
and chalcogenide ions can improve the material's efficacy in
water splitting.

This journal is © The Royal Society of Chemistry 2025
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7. Challenges and future research
directions

A major challenge in utilizing PMChs for electrochemical water-
splitting is the low electrical conductivity, restricted active
areas, and inadequate stability under extreme operating
conditions. Over time, PMChs often experience deterioration,
resulting in reduced catalytic activity. Moreover, a substantial
impediment must be addressed for the scalability of PMChs
synthesis. Many researchers have investigated diverse tech-
niques to tackle these challenges. Persistent efforts have
demonstrated that these tactics will likely improve charge
transfer and catalytic activity of PMChs. Nonetheless, additional
research is required to resolve concerns of irreversible surface
restoration. Surface modification can enhance the production
of electrocatalytic hydroxyl oxide. Conversely, these hydroxyl
oxides frequently dissolve in the electrolyte, leading to the
corrosion of the catalyst or the degradation of its structure.
Thus, achieving and sustaining the appropriate equilibrium
during water splitting is essential for preserving the catalyst's
efficacy. Fig. 11 depicts the major challenges and feasible
solutions for the utilization of PMChs in electrochemical water-
splitting applications.

(1) Porous metal chalcogenides are primarily manufactured
using transition metals such as Co, Ni, Fe, etc. Additional metals
such as indium (In), zinc (Zn), strontium (Sr), and others can be
utilized in the synthesis of PMChs to augment their electro-
chemical capabilities further.

(2) Out of several cost-effective and easy synthesis methods,
the hydrothermal reaction remains the most commonly
employed technology. This simple synthesis approach requires
very gentle reaction conditions compared to other procedures.
Nevertheless, it presents challenges in monitoring crystal
growth, limiting its applicability to laboratory settings and
posing a significant obstacle to commercial use. Therefore, it is
recommended that researchers develop a controlled and
expandable synthetic method to produce different types of
PMChs, as it is crucial for the widespread use of PMChs in
industrial applications.

(3) The use of theoretical calculations employing Density
Functional Theory (DFT) has been acknowledged as a potent
method for obtaining significant insights into manipulating
catalyst electronic structure and predicting the efficacy of new
catalysts. Theoretical calculations offer insights into the crystal
structure, electrical state, and chemical composition of PMChs.
In addition, DFT provides valuable information on the process
of introducing impurities (doping) and how the materials
interact with polarizable molecular charge. These foundational
understandings provide us with profound insight into the
functioning mechanism of PMChs, as well as their activity and
stability during electrolysis.

(4) The design of high-performance electrocatalysts is crucial
for advancing energy storage and conversion technologies.
Porous metal chalcogenides have shown great promise due to
their unique structure and properties, but rational design
remains a significant challenge. To address this, researchers
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Fig. 11 Schematic representation of the key challenges in utilizing porous metal chalcogenides for electrocatalytic water splitting and the

corresponding feasible solutions.

recommend exploring the application of artificial intelligence
(AI) and machine learning (ML) techniques to drive the design
of porous metal chalcogenide electrocatalysts. By leveraging Al/
ML algorithms, researchers can rapidly screen and optimize
these materials' composition, structure, and properties to ach-
ieve enhanced electrocatalytic performance. By integrating Al/
ML techniques into the design of porous metal chalcogenide
electrocatalysts, researchers can unlock new opportunities for
advancing energy storage and conversion technologies. The
application of AI/ML techniques are expected to improve elec-
trocatalytic performance significantly, reduce the time and
resources required for experimental synthesis and testing, and
provide a deeper understanding of structure-property
relationships.

(5) Using porous metal chalcogenides as electrocatalysts for
electrochemical water splitting is promising for producing
clean hydrogen fuel. However, further improvements are
needed to achieve high efficiency and stability. Tandem elec-
trolysis, which involves using two or more electrochemical cells
connected in series, can enhance the efficiency and stability of
the water-splitting process. Tandem electrolysis can improve
efficiency by optimizing voltage and current density for each
cell, reducing the risk of electrode degradation and enhancing
stability. It also allows for greater flexibility in designing water-
splitting systems by enabling the use of different electro-
catalysts and operating conditions. Porous metal chalcogenides
offer high surface areas, enabling enhanced electrochemical
reaction rates and efficiency, making them suitable for tandem
electrolysis.

22290 | J. Mater. Chem. A, 2025, 13, 22271-22294

(6) Porous metal chalcogenides' distinctive structure and
characteristics make them highly promising electrocatalysts for
electrochemical water splitting. However, additional enhance-
ments are required to reach a state of great utility. Therefore, it
may be feasible to implement hybrid processes that integrate
photocatalysis with bio-electrochemical systems or other water
splitting methods. Increased efficiency, stability, sustainability,
and cost-effectiveness are possible advantages of hybrid
processes. The increased surface areas of porous metal chal-
cogenides allow for more efficient and rapid electrochemical
reactions. Their tunable properties can be fine-tuned to opti-
mize particular hybrid processes by manipulating their struc-
ture, morphology, and composition. Porous metal
chalcogenides are well-suited for hybrid processes due to their
long-term stability and performance in electrochemical appli-
cations. Building and optimizing hybrid processes that inte-
grate different water splitting methods with electrocatalysts
based on porous metal chalcogenides, creating new porous
metal chalcogenide materials with enhanced hybrid process
capabilities, and finally, commercializing and scaling up hybrid
processes utilizing porous metal chalcogenides are all areas
that could benefit from further research in the future.

8. Conclusions

Pursuing cost-effective, highly efficient, and stable electro-
catalysts is crucial for promoting energy conversion through
electrocatalytic reactions. PMCh electrocatalysts have emerged
as a promising option for catalyzing electrochemical reactions.

This journal is © The Royal Society of Chemistry 2025
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These catalysts possess porous structure, inherent activity,
a regulated electronic structure, and a specific composition,
making them highly effective in achieving this objective. The
distinctive characteristics of porous metal chalcogenide nano-
materials, including optimal atomic configuration, superior
electrical conductivity, easily modifiable structure, and scal-
ability in synthesis, have significant implications for research
across various domains. Innovative materials, various synthetic
processes, and improved methodologies have been developed
to synthesize porous metal chalcogenide nanocrystals to
provide more active and stable metal sulfide-based nano-
materials. Furthermore, hybrid engineering with metal chalco-
genides facilitates the creation of innovative functional
composites with various materials, including metals, oxides,
nitrides, chalcogenides, and carbides.

This article provides a detailed analysis of the progress in
developing PMCh electrocatalysts. These catalysts have enhanced
performance in terms of HER and OER, leading to better overall
efficiency in water splitting. This paper comprehensively explains
the rational methods used to build PMCh electrocatalysts to
achieve improved efficiency in overall water splitting and related
processes. The paper also discussed several synthesis methods
for creating porous structures with distinct morphologies.
Despite several investigations conducted using experimental
techniques, PMChs continue to provide significant promise in
advancing the efficiency of the water-splitting process.

Recent research has investigated the potential of PMCh as
a catalyst for enhancing performance in water electrolysis.
Although there are significant obstacles to overcome, it is
anticipated that the current research endeavors in
manufacturing, in situ characterization, theoretical computa-
tion, modeling, and experimentation will lead to advancements
in PMCh electrocatalysts that can be implemented on an
industrial scale.
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