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The depletion of fossil fuels and ecological concerns drive the urgent need for clean energy alternatives.
Hydrogen (Hz), with its high energy density and carbon-neutral combustion producing only water, is a promising
low-carbon carrier. Traditional methods like methane conversion and coal gasification yield low-purity hydrogen
and emit COg, pushing for cleaner alternatives such as electrocatalytic water splitting, which relies on efficient
electrocatalysts for the hydrogen evolution reaction (HER) to overcome kinetic barriers. Though noble metals
like platinum are effective, their cost and scarcity limit use. Transition metal sulfides (TMS) and selenides (TMSe)
offer affordable alternatives with unique layered structures, despite challenges like poor conductivity and limited
active sites. This review condenses recent nanostructure engineering strategies: morphology and phase engi-
neering, defect engineering and doping, heterostructures, and nanocomposites to boost TMS/TMSe cathode
performance for HER, assessing improvements in active site availability, charge transfer, and durability. The
recent progress has been examined and explored using contemporary methods, followed by an analysis of the
relationship between catalytic performance and the customization of electrocatalysts. The review concludes with

insights into recent advancements, identifies and outlines challenges, and prospects for future innovations.

1. Introduction

The severe dependence on fossil fuels - coal, oil, and natural gas - as
the primary energy source of the world faces numerous challenges
because the combustion of fossil fuels is directly linked to severe envi-
ronmental degradation and global warming, posing significant chal-
lenges to the long-term sustainable development of human civilization
[1,2]. Moreover, the rapid depletion of conventional fossil fuels and the
mentioned environmental concerns have created an urgent imperative
for the development of clean, sustainable, and highly efficient energy
sources [3]. Recently, the transition to renewable energy systems has
been increasingly recognized as a critical pathway to mitigate climate
change and ensure future energy security. Within this evolving energy
landscape, hydrogen (Hz) has emerged as an exceptional candidate for a

future low-carbon energy system, lauded for its high energy density and
carbon-neutral combustion, which produces only water as a byproduct
[4-7]. The shift towards hydrogen-based energy is considered vital for
addressing contemporary energy and environmental crises. While
hydrogen generation is traditionally implemented through methane
conversion and coal gasification, these methods yield hydrogen with low
purity and emit carbon dioxide [8]. Therefore, a clean, renewable, and
efficient technique for Hy generation without further environmental
burden is a key element for the successful realization of a hydrogen
economy [9-12].

A promising technology for realizing widespread hydrogen adoption
is electrocatalytic water splitting, a process that efficiently produces
high-purity hydrogen by applying electrical energy to split water mol-
ecules. This process involves two crucial half-reactions: the hydrogen
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evolution reaction (HER) at the cathode and the oxygen evolution re-
action (OER) at the anode [13]. While the thermodynamic minimum
potential required to drive this overall reaction is 1.23 V, practical ap-
plications often necessitate higher voltages due to slow reaction kinetics
and high overpotentials at the electrode interface. To overcome these
kinetic limitations and reduce the energy input, the development of
highly efficient and stable electrocatalysts is paramount [14,15].
Currently, noble metal-based catalysts, such as platinum (Pt) and its
alloys, represent the state-of-the-art benchmarks for HER due to their
superior catalytic activity. However, their high cost, limited natural
abundance, and non-renewability severely restrict their large-scale in-
dustrial deployment. This economic and scarcity barrier has spurred
extensive research into discovering and developing cost-effective,
earth-abundant, and robust alternatives to noble metal catalysts
[16-18].

In this critical context, various non-precious transition-metal-based
catalysts, including chalcogenides, nitrides, phosphides, borides, and
carbides, have been extensively explored for HER [5,19-24]. Among
these, transition metal sulfides (TMS) and transition metal selenides
(TMSe) have emerged as exceptionally promising non-precious metal
catalysts for electrocatalytic water splitting [25-28]. These materials are
highly valued for their unique layered structures, diverse crystal com-
positions, and tunable interlayer spacing, features that can be advan-
tageous for facilitating chemical reactions [29-31]. Specifically, their
numerous edge sites and potential for sulfur vacancies contribute to
their large capacity, while the high polarizability of S*~ can facilitate
fast ionic transfer. Benefitting from these advantages, TMS and TMSe are
increasingly considered promising materials due to their intrinsic
properties [32-37]. Their low cost, wide availability, and high HER ef-
ficiencies make them significant in the field of 2D electrocatalysts [15,
38]. A notable distinction exists between sulfides and selenides,
impacting their performance in electrocatalytic applications. Selenides,
owing to selenium's lower electronegativity, often exhibit higher elec-
tronic conductivity and lower ion migration energy barriers compared
to their sulfide counterparts. This intrinsic advantage positions TMSe as
particularly attractive for high-performance applications in energy
storage and conversion [30,39,40]. However, despite their considerable
promise, both TMS and TMSe materials are frequently hampered by
inherent limitations that impede their practical applications in electro-
catalysis. These drawbacks include inferior electronic conductivity,
relatively large ion diffusion energy barriers, poor stability, and insuf-
ficient utilization of active sites [41-43]. For instance, early research
indicated that bulk molybdenum disulfide (MoS;) exhibited nearly no
activity towards HER, due to its catalytically inert basal plane, with
active sites mainly confined to the edge sites [44,45]. This limitation
necessitates strategies to maximize the exposure of these active edge
sites for their widespread application.

To unlock the full potential of TMS/TMSe materials and address their
inherent shortcomings, researchers employ a diverse array of sophisti-
cated nanostructure engineering strategies [46-50], which involve
designing and building materials at the nanometer scale to unlock new
functions and precisely tailor properties like activity or electronic
behavior. This precise control is especially critical in catalysis and
electrocatalysis, where engineering the surface area and structure
dramatically boosts reaction efficiency and selectivity, driving ad-
vancements in sustainable energy like hydrogen production and fuel
cells. Unlike bulk TMS/TMSe materials, such as crystalline MoS; or WS,
which exhibit low active site density due to catalysis being confined to
edge planes, poor electrical conductivity (particularly in the 2H phase),
and sluggish ion/mass transport caused by dense stacking, nano-
structured counterparts dramatically overcome these limitations
through tailored design. Thus, nanostructure engineering leverages the
following key strategies to optimize performance of TMS/TMSe, starting
with morphology and phase engineering, which tailors nano-
architectures like nanowires or nanosheets or three-dimensional struc-
tures or core-shell nanoparticles to maximize active edge sites and
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ensure mechanical integrity, and transforms crystalline phases, such as
converting the 2H phase to the metallic 1T phase, to enhance electron
transfer and ion intercalation [51-53]. Defect engineering and doping
introduce structural imperfections, like sulfur vacancies, and heteroat-
om doping to create active sites, tune electronic properties, and improve
catalytic activity [54,55]. Heterostructure strategies involve crafting
interfaces between TMS/TMSe and other materials to promote syner-
gistic charge transfer and structural stability. Nanocomposites,
combining TMS/TMSe with conductive carbon-based materials or with
complex compositions and structures to enhance electrical conductivity,
prevent nanosheet aggregation, and boost HER performance [56-60].
These strategies aim to meticulously tune the nanostructural, electronic,
and chemical properties, leading to enhanced catalytic activity,
improved ion transport kinetics, and superior long-term stability for
energy conversion applications. It has been recognized that these mea-
sures are often taken in conjunction with each other to maximize cata-
lytic activity.

Despite significant progress in developing TMS and TMSe as effi-
cient, earth-abundant electrocatalysts for the hydrogen evolution reac-
tion (HER), existing review articles often provide narrow or outdated
perspectives. For instance, some focus exclusively on transition metal
selenides (TMSe) for HER [61], others limit coverage to sulfides [62],
while broader surveys address 2D materials for both photocatalytic and
electrocatalytic applications without depth on HER-specific nano-
structure engineering [63], and several rely on outdated data [62,64,
65]. These limitations leave a gap in a unified, up-to-date overview that
specifically emphasizes nanostructure engineering strategies tailored to
enhance HER performance in TMS/TMSe cathodes.

This review addresses that need by offering a comprehensive analysis
of recent advancements in nanostructure engineering for TMS/TMSe-
based cathodes to boost HER electrocatalysis, as illustrated in Fig. 1.
Drawing primarily from literature published in the last six years-with
particular emphasis on the most cutting-edge studies from the past
two years-it synthesizes mechanistic insights into how targeted nano-
structural designs (such as defect engineering, heterostructures, and
morphology control) directly correlate with improved catalytic activity,
kinetics, and stability. By highlighting these correlations and integrating
the latest experimental and theoretical findings, the present work
complements prior reviews by providing a more focused, timely, and
holistic framework that can accelerate research and guide the develop-
ment of high-performance, non-precious-metal HER catalysts. First, the
fundamental mechanisms were examined, emphasizing key factors such
as active site density, charge transfer kinetics, and structural stability.
The review then systematically evaluates cutting-edge nanostructure
engineering approaches: morphology and phase engineering, defect
engineering and doping, heterostructures, and nanocomposites, through
a curated selection of studies, assessing their impact on catalytic per-
formance and durability. By integrating quantitative comparisons of
HER metrics, this work presents a novel framework that bridges the gaps
between material design and electrocatalytic functionality. Finally, we
address current challenges and propose future research directions,
including nanostructure optimization and scalable synthesis methods, to
advance TMS/TMSe cathodes for practical energy applications. This
review aims to provide a holistic understanding of progress in the field,
guide innovative research, and accelerate the adoption of TMS/TMSe-
based catalysts in sustainable hydrogen production.

2. Fundamentals and critical aspects for efficient
electrocatalysts for HER

2.1. HER mechanisms

The HER is a significant electrochemical process for producing
hydrogen gas (Hy) from water, forming the cathodic half-reaction of
electrocatalytic water splitting as shown in Fig. 2a. This process is often
limited by slow reaction kinetics and high overpotentials, necessitating
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Fig. 1. Illustration of key nanostructure engineering strategies to enhance catalytic electrocatalysts for HER from water splitting.

the development of highly efficient and stable electrocatalysts.

Overall, the HER mechanism typically involves a two-proton-
electron pathway, resulting in the reduction of protons (H) or water
molecules (H20) to Hy gas on an electrode surface under an applied
potential (Fig. 2b). The HER proceeds through a series of well-defined
steps, beginning with the Volmer step, where a proton (in acidic
media) or water molecule (in alkaline/neutral media) combines with an
electron at an active site (M) on the catalyst surface to form an adsorbed
hydrogen atom (H*) [13,69].

In acidic media: H" (aq) + e~ + M — M-H* @

@

The subsequent hydrogen desorption can follow either the Heyr-
ovsky or Tafel pathway, depending on the surface coverage of H*. The
Heyrovsky step at relatively low H* coverage involves an additional
proton (or water molecule) and electron combining with M-H* to release
H; gas:

In alkaline/neutral media: H,O + e~ + M — M-H* + OH™

In acidic media: M-H* + H" (aq) + e~ - Hy + M 3)

4

The Tafel step occurs at high H* coverage; two adjacent M-H* species
combine on the electrode surface to desorb Hj gas. This step occurs in
both acidic and alkaline environments.

In alkaline/neutral media: M-H* + HO + e~ - Hy + OH™ + M

M-H* + M-H* - H, + 2M 5)

The reaction mechanism and kinetics are heavily influenced by the
pH of the electrolyte, the material properties, and the binding energy of
adsorbed hydrogen. In alkaline media, the initial water dissociation step
can be less efficient compared to acidic conditions, potentially slowing
the Volmer step and reducing overall HER performance, which may
differ by two to three orders of magnitude due to the slower reduction of
H»0 to H, alongside OH™ formation. This pH-dependent variation sug-
gests distinct mechanistic pathways, with acidic systems favoring faster
rates due to readily available protons, while alkaline systems rely on
water reduction. Therefore, optimizing catalysts with various pH con-
ditions is a key area of research.

The rate-determining step (RDS), identified as the slowest among the

Volmer, Heyrovsky, or Tafel processes, can be assessed using the Tafel
slope, which relates overpotential to current density in a linear fashion
within a specific range. Typically, Tafel slopes of 120 mV dec ™!, 40 mv
dec™?, and 30 mV dec ™! correspond to the Volmer, Heyrovsky, and Tafel
steps as the RDS, respectively, though real-world complexities often lead
to deviations [18,25]. These variations underscore the intricate balance
between catalyst structure, electrochemical environment, and reaction
kinetics, shaping the efficiency of HER.

Material stability serves as the primary criterion for selecting the
electrolyte in TMS/TMSe electrocatalysts for HER. Materials with strong
metal-chalcogen bonds and high oxidation resistance, such as MoSy,
WS, and their 1T-phase derivatives, are best suited for acidic media,
where abundant protons facilitate low overpotentials and rapid kinetics,
provided the catalyst withstands dissolution or sulfidation. In contrast,
transition metal selenides and bimetallic sulfides, such as NiSe,, NiFe-S,
demonstrate superior stability and activity in alkaline media, where
hydroxide ions promote efficient water dissociation and reduce corro-
sion risks compared to acidic environments. Hybrid or doped systems
and composites can be engineered for pH-universal performance. This
pH-dependent selection ensures optimal catalytic efficiency and opera-
tional longevity across diverse electrolytic conditions.

2.2. Theoretical calculations

2.2.1. Key parameters in modeling and calculations

From a fundamental and thermodynamic perspective, driving HER
requires overcoming an inherent energy barrier. The thermodynamic
minimum potential for overall water splitting is 1.23 V. However, in
practice, a higher potential is needed due to overpotential (#), which is
the extra energy required to surmount kinetic barriers and achieve a
desired reaction rate. Electrocatalysts play a vital role in reducing this
overpotential by increasing reaction rates and lowering the energy
barriers at each step. A key theoretical descriptor for understanding and
designing HER catalysts is the hydrogen binding energy. According to
the Sabatier principle, an ideal HER catalyst should have a moderate
binding energy with the intermediate H*-neither too strong nor too
weak [70]. If the binding is too weak (large positive Gibbs free energy of
hydrogen adsorption AGy+), H* has difficulty attaching to the cathode
surface, slowing the Volmer step. Conversely, if the binding is too strong
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Fig. 2. (a) Schematic illustration of water-splitting electrolyzer and related reaction kinetics. Reused with permission from ref. [13] Wiley-VCH, Copyright© 2019;
(b) Mechanism of HER in acidic (left) and alkaline (right) electrolytes. Reused with permission from ref. [14] American Chemical Society, Copyright© 2019; (c and d)
Volcano plots: (c) an exchange current density vs. the M—H bond energy (for acidic media). Reused with permission from refs. [66,671, (d) exchange current density
on monometallic surfaces vs. the calculated HBE (for alkaline media). Reused with permission from ref. [68] Royal Society of Chemistry, Copyright© 2013.
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(large negative AGy+), the formed H, product struggles to desorb,
potentially blocking active sites and halting the reaction [71]. There-
fore, the optimum value is close to zero* [72]. This relationship is
famously visualized in "volcano plots", shown in Fig. 2c and d, where
catalysts with AGy- values closest to the peak (near zero) demonstrate
the highest catalytic activity (e.g., platinum, Pt).

Density functional theory (DFT) calculations are crucial for revealing
the interaction between different components and optimizing the
intrinsic activity of electrocatalysts by manipulating the morphology
and construction. Typically, DFT calculations are extensively used to
estimate AGy+ values, providing a theoretical basis for screening po-
tential HER electrocatalysts. For example, by simulating interfaces be-
tween different material components, DFT reveals how defects, such as
vacancies, enhance hydrogen adsorption by straining active sites,
achieving an optimal AGyg+ ~ 0 eV [73,74]. For nanostructured
TMS/TMSe, DFT studies the effects of particle size, layer thickness, edge
sites, doping, and single-atom catalysts on the electronic structure,
tuning AGy+ to enhance catalytic efficiency [3,45,75-77]. It also com-
pares catalytic activity across crystalline phases, such as the semi-
conducting 2H versus the metallic 1T phase of MoS; or MoSe,, with the
1T phase often showing superior conductivity and more favorable AGy+
values, making it more catalytically active than the 2H phase [26,78,
79].

For transition metal-based catalysts, the d-band center theory (ed),
developed by Ngrskov and co-workers, further links the H* adsorption
strength and AGy+ to the surface electronic structures, particularly the d-
orbital levels of the metal atoms [80,81]. A d-band center closer to the
Fermi level generally indicates stronger adsorption, while one further
away suggests weaker adsorption [82]. Modulating these electronic
structures, often by inserting non-metal atoms (like S, P, N) or through
doping and heterostructure formation, can weaken strong
metal-hydrogen bonds (e.g., Mo-H) and optimize HER performance [83,
84]. Furthermore, density of states (DOS) plots are used to confirm
charge transfer, electron filling in bonding/antibonding states, and the
enhancement of hydrogen intermediate desorption [85,86]. These sim-
ulations guide the rational design of catalysts by predicting how struc-
tural modifications minimize overpotential and maximize HER activity.
Ultimately, DFT-driven insights into AGy+ enable the development of
efficient, sustainable TMS/TMSe electrocatalysts for industrial hydrogen
production.

2.2.2. Conditions for simulation

To enhance the HER performance of transition metal sulfide and
selenide (TMS/TMSe) electrocatalysts, DFT calculations provide a
theoretical framework for understanding catalytic processes, and the
resulting values, such as AGy+, are derived from specific computational
conditions. AGy+ is determined by modeling the intermediates formed
during HER processes, encompassing hydrogen adsorption, reduction,
and desorption on the catalyst surface, using the equation:

AGy+ = AEg+ + AEzpg — TAS (6)

Where AEy- represents the energy change relative to the reference state
of separated Hy molecules. Meanwhile, AEzpg, the zero-point energy
change for adsorbed H* and isolated Hj, is derived from vibrational
frequency calculations to account for quantum mechanical effects [14,
87].

The electrolyte is a critical factor determining the efficiency of
electrochemical water splitting, which depends on the simultaneous
performance of both the HER and the OER electrocatalysts in a practical
two-sided reaction. A major challenge is that most non-noble-metal
catalysts cannot efficiently catalyze both reactions under the same
conditions, as HER promoters prefer acidic media while OER catalysts
favor alkaline media. This disparity makes developing highly effective
and efficient HER catalysts for alkaline media extremely crucial, espe-
cially since catalytic materials typically exhibit lower activity in alkaline
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solutions than in acidic ones, even though catalysts are often less stable
in acidic conditions [8,14,88]. Therefore, in acidic media, DFT focuses
on proton reduction, employing AGy+ and the d-band center as primary
descriptors, while in alkaline media, the rate-limiting Volmer step
(water dissociation) necessitates modeling the Gibbs free energy of
water adsorption (AGpya0+) [89]. For example, DFT studies demonstrate
that N-doped NiSe; achieves lower AGy+ and AGyao+ values, signifi-
cantly enhancing alkaline HER activity compared to pristine materials
[90].

2.3. Some critical parameters in HER

To reliably evaluate HER electrocatalysts, several critical parameters
are rigorously investigated:

Overpotential (;7): This is the primary metric, representing the
excess potential beyond the thermodynamic minimum (1.23 V for
overall water splitting) required to drive the reaction at a specific cur-
rent density. Commonly reported values include 739 (overpotential at 10
mA cm’z), which is often used for comparison as it correlates to 12.3%
solar-to-hydrogen efficiency, and #5590 or #ni000 for industrial-scale
hydrogen production. A smaller 5 indicates higher catalytic activity
and lower energy consumption. It is popular to perform iR compensation
to correct for ohmic potential drops from internal resistance, solvent
resistance, and contact resistance, especially at high current densities, to
accurately assess intrinsic catalytic activity.

Tafel Slope (b): This parameter is derived from the linear region of a
Tafel plot (overpotential vs. logarithm of current density) and provides
insight into the HER reaction mechanism and its rate-determining step
(RDS). Different RDSs correspond to distinct Tafel slope values:
approximately 120 mV dec™! for the Volmer reaction, ~40 mV dec ™! for
the Heyrovsky reaction, and ~30 mV dec™! for the Tafel reaction. A
smaller Tafel slope indicates faster electron-transfer kinetics and a lower
overpotential required for the same current density increment. Platinum
(Pt) is the benchmark, exhibiting one of the smallest Tafel slopes,
around ~ 33 mV dec L.

Electrochemical Impedance Spectroscopy (EIS): EIS is used to
study the kinetics of adsorption and desorption processes and to eval-
uate the conductivity of catalysts. It measures changes in capacitance
and interfacial electron-transfer resistance (R.,) at the electrode surface.
A smaller R value suggests a faster reaction rate and lower over-
potential. The adsorption resistance (Ryq) obtained from Nyquist plots
reflects the onset potential of HER, with smaller Ryq values indicating a
more positive onset potential.

Stability/Durability: For practical applications, catalysts must
maintain their performance over extended periods. Stability is typically
assessed through chronoamperometry (CA), where current density is
held constant (e.g., 10-500 mA cm’z) while monitoring potential vari-
ations over extended durations (e.g., >10-100 h, or up to 1000 h for
industrial relevance); appropriate analysis includes quantifying voltage
drift (ideally <5-10% increase), post-CA characterizations (e.g., XPS,
TEM, or EIS) to detect structural/chemical degradation like phase
changes or dissolution, and comparison with initial metrics to confirm
retained activity. = Complementary methods involve chro-
nopotentiometry, which tracks potential at fixed current for similar
timeframes, and accelerated stress testing via cyclic voltammetry (CV),
comparing polarization curves before and after 1000-5000 cycles, with
minimal overpotential shifts or current decay indicating excellent
durability against aggregation, corrosion, or mechanical failure.

Faradaic Efficiency (FE): FE is a critical metric for confirming that
electrons are selectively used for Hy production rather than side re-
actions, typically exceeding 95-99% in well-optimized TMS/TMSe HER
catalysts across a wide current range. However, unlike CO; reduction,
where parasitic processes and various products frequently lower FE and
make it a central reporting parameter, FE is less commonly emphasized
in HER literature because the reaction is inherently selective in most
aqueous electrolytes, with minimal competing pathways under standard



D.L.T. Nguyen et al.

conditions. Nevertheless, reporting FE, validated by gas quantification
versus charge passed, remains valuable for HER in challenging media
like seawater or neutral pH, where Cl™ oxidation or impurity effects can
reduce efficiency and must be explicitly addressed.

Turnover Frequency (TOF): TOF quantifies the intrinsic catalytic
activity, defining the number of product molecules (Hy) formed per
catalytic site per unit time. While challenging to calculate precisely for
complex materials, especially hybrids or heterostructures, TOF remains
a valuable metric for comparing catalytic efficiencies, particularly
within similar systems. For HER, the number of electrons transferred (n)
is 2 for Hy formation.

Electrochemical Active Surface Area (ECSA) and Double-Layer
Capacitance (Cgp): ECSA reflects the actual surface area of the cata-
lyst exposed to the electrolyte, often determined from C4 measurements.
Normalizing current density by ECSA before determining overpotential
values is crucial for evaluating intrinsic catalytic activity and avoiding
errors caused by variations in catalyst loading.

These parameters, alongside advanced characterization techniques
and theoretical calculations like DFT, are indispensable for deeply un-
derstanding reaction mechanisms, optimizing catalyst design, and
bridging the gap between theoretical insights and practical applications
in sustainable hydrogen production.

3. Recent advances in TMS and TMSe electrocatalysts for HER
3.1. Morphology and phase engineering

Morphology engineering is considered a commonly used strategy
aimed at finely tuning the shape, size, and structural architecture of
transition metal sulfides and selenides to enhance active site availabil-
ity, boost charge transport efficiency, and improve overall stability. This
technique involves a variety of nanostructures, such as two-dimensional
(2D) nanosheets, one-dimensional (1D) nanorods, and intricate designs
like porous or hollow frameworks (3D), each tailored to maximize cat-
alytic performance [63,91-96]. Beyond morphology, phase engineering
plays a critical role by manipulating the crystal phases, for instance,
transitioning from the semiconducting 2H phase to the metallic 1T or
1T phases, which can significantly alter their electronic properties,
catalytic activity, and stability for the HER [97,98]. Recent advance-
ments have been chosen and discussed on innovative and unique
nanostructures, integrating phase engineering to optimize HER effi-
ciency by leveraging the synergistic effects of phase transitions and
morphological diversity.

2D transition metal dichalcogenides (TMDs), including nanosheets,
provide a notable advantage due to their extensive surface area and
layered configuration, leading to reduced overpotentials and lower Tafel
slopes for the HER. This inherent structural benefit continues to fuel
significant research into 2D structures. Beyond merely increasing sur-
face area, recent developments emphasize creating tailored architec-
tures that improve electron and mass transport pathways while boosting
structural durability under challenging reaction environments [94,99].
For example, Wang's group initially prepared vertically oriented MoSy
and WS nanosheets that boast high activity in the HER. This distinctive
layer arrangement not only provides maximum exposure of active edge
sites but also ensures rapid removal of small gas bubbles, thus main-
taining an expansive and effective working surface [100]. Besides, the
edge-site approach holds significant potential for designing efficient
catalysts. Singh's group used DFT to emphasize the critical role of edge
sites in the adsorption and dissociation of water on 2D monolayer MoS,
with the Mo-edge (0% sulfur coverage) identified as the most catalyti-
cally active due to its undercoordinated Mo atoms, which facilitate
strong interactions with HoO, OH, and H species [101]. These edge sites
lower the activation energy barrier for water dissociation to 0.54 eV,
significantly less than the 2.31 eV on the S100-edge (100% sulfur
coverage) and 0.82 eV on the S50-edge (50% sulfur coverage), enabling
spontaneous dissociation at room temperature with a free energy barrier
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as low as 0.06 eV under certain conditions. The enhanced reactivity at
the Mo-edge, compared to the inert basal plane, arises from its ability to
form stable bonds with dissociated species and its favorable thermody-
namic and kinetic profile, underscoring the importance of edge engi-
neering for optimizing MoS,. Later, Li et al. employed CVD to create
nanostructured 2D MoS; thin films. By tuning CVD parameters, an
optimized MoS; structure can be achieved. This structure is character-
ized by large MoS; platelets that serve as a base, with smaller, layered
MoS; sheets growing perpendicularly from them. This unique arrange-
ment effectively increases the total number of active edge sites within a
given geometric area, which is crucial for enhancing catalytic perfor-
mance [102].

Using surfactants to control and optimize the morphology and phase
of electrocatalysts also demonstrated an excellent improvement in the
catalyst's performance. Li et al. utilized hexadecyl trimethyl ammonium
bromide (CTAB) and polyethylene-polypropylene glycol (F68) to syn-
thesize MoSe,-CTAB@F68 electrocatalyst (Fig. 3) with uniform, ultra-
small, few-layered nanosheets evenly distributed, and the smallest
nanoscale sizes compared to samples without surfactants or with single
surfactants [103]. The electrocatalyst MoSe,-CTAB@F68 exhibited an
enhanced HER performance with an overpotential of 189 mV at 10 mA
cm 2 and a Tafel slope of 62 mV dec™! in 0.5 M HySOy4 electrolyte. This
superior performance is attributed to the synergistic effect of dual sur-
factants, which expanded the interlayer spacing to 0.69 nm, increased
the active surface area, and improved hydrophilicity. Compared to
2H-MoSe; (no surfactant), MoSe;-CTAB@F68 showed a lower over-
potential (189 mV vs. 240 mV) and reduced Tafel slope (62 vs. 82 mV
dec™1), highlighting the benefits of morphology engineering. Moreover,
the dual-surfactant approach (5:5 M ratio) outperformed
single-surfactant variants like MoSep-CTAB and MoSey-F68 by
providing more active sites and faster kinetics. XPS analysis indicated a
0.6 eV shift to lower binding energies for Mo 3d and Se 3d peaks in
MoSey-CTAB@F68, suggesting higher electron density around active
sites that facilitates hydrogen adsorption and desorption. Overall, the
study demonstrates that dual surfactants enable precise control over
MoSe; morphology, leading to excellent stability over 2000 cycles and
highlighting the synergy in tuning hydrophilicity, spacing, and sites.

Besides, various cutting-edge nanostructures, including 1D nanorods
and 3D nanoflowers, have been shown to significantly boost the effi-
ciency of the HER, opening new avenues for advanced electrocatalytic
applications [58,105-109]. For instance, Nguyen et al. developed
various morphologies for WSy- and WO3-based composite catalysts
using a straightforward batch reactor method, successfully creating WO3
nanorods (WO3 NR), WS,/WO3 nanobricks (WS,/WO3 NB), and
WS5/WO3 nanorods (WS3/WOs NR) [106]. The structures, composi-
tions, and properties of these materials were thoroughly analyzed and
verified, demonstrating their potential for HER. The 1D WSy/WO3 NR
exhibited significantly enhanced electrocatalytic performance, evi-
denced by a lower Tafel slope of 82.7 mV dec™! for WS,/WO3 NR
compared to 112.5 mV dec™! for WO5 NR and 195.5 mV dec ™! for
WS5/WO3 NB, alongside a reduced resistance of 397.7 Q versus 1816 Q
and 3597 Q for the other two, respectively. In another study, this group
continued developing innovative catalysts by introducing a simple,
scalable process to synthesize a nanoflower (NF) of MoS; and WSy
(MoS2/WSy NF), leveraging the high catalytic potential of transition
metal dichalcogenides (TMDs) like MoS; and WS, [107]. The 3D
MoS2/WS; NF showed superior HER activity with a low overpotential of
251 mV at 10 mA cm ™2, a small Tafel slope of 61 mV dec™ !, excellent
conductivity, and remarkable stability, highlighting the benefits of the
WS3-MoS; NF morphology. Very recently, Zhao et al. synthesized
NiSes/CoSe/nickel foam (NF) electrocatalysts featuring a 3D micro-
flower structure, facilitated by varying NH4F molar ratios, with the
NiSes/CoSe/NF-3.0 electrode demonstrating the highest HER efficiency
[110]. This catalyst delivered an overpotential of 148 mV at 10 mA cm 2
and a Tafel slope of 88.6 mV dec™! in 1 M KOH, attributed to the greater
exposure of active sites, improved electron movement, and interactions
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between NiSe; and CoSe. DFT analyses indicated that the NiSep/CoSe
interface enhances electron density near the Fermi level and reduces the
d-band center, boosting H* desorption and HER reaction rates. The su-
perior HER performance is reinforced by a large electrochemically
active surface area and a minimal charge transfer resistance, under-
scoring the value of morphological adjustments in enhancing catalytic
effectiveness.

Polymorphic and phase engineering is considered an effective
strategy to enhance the catalytic performance of TMDs by optimizing
their electronic and structural properties [104,111-113]. Particularly,
for the 1T phase, which is known for its metallic character and superior
HER activity compared to the semiconducting 2H phase. However,

synthesizing pure bulk 1T'-phase TMDs poses significant challenges due
to their high formation energy, requiring complex and high-temperature
processes, which can complicate scalability and control. Additionally,
the development of high-phase-purity 1T-TMD monolayers under mild
conditions remains rare, as it involves overcoming the van der Waals
forces between layers and maintaining phase stability, making it a less
explored area of research. To address this, a novel colloidal synthesis
strategy has been developed, enabling the high-yield production of
well-defined, nano-monolayer, high-phase-purity 1T-TMD nanosheets,
including 1T-MoS,, 1T-MoSes, 1T-WS,, and 1T-WSey [104]. The
1T-phase structure, exemplified by 1T-MoS;, was verified and
confirmed by advanced characterization techniques, specifically: TEM,
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HRTEM, XPS, Raman spectroscopy, and XANES/EXAFS. As a
proof-of-concept, these 1T-TMD nano-monolayers, particularly
1T-MoS,, demonstrated exceptional electrocatalytic activity for HER,
achieving a low overpotential of 149 mV at 10 mA cm ™2 and a Tafel
slope of 42 mV dec™!, with excellent durability. The superior HER
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strain.

Otherwise, Kwon et al. synthesized nonstoichiometric MoSex (x =
1.8, 2.0, 2.2, 2.3, 2.4) nanosheets via a hydrothermal reaction, con-
trolling the 2H-to-1T' phase transition by adjusting the Se/Mo ratio, with
the 1T phase dominating when x exceeded 2, and MoSe; 3 showing the

best HER performance in 0.5 M HySO4 with a current of 10 mA cm ™2 at

performance is attributed to the exposure of conductive basal planes and
130 mV vs RHE and a Tafel slope of 46 mV dec™! [112]. Detailed

increased edge sites in the nanosized monolayers, enhanced by lattice
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imaging and chemical analyses (HAADF-STEM, EXAFS, and XPS)
revealed that extra selenium (Se) atoms created bonds with each other
and that some molybdenum (Mo) atoms were missing in the structure.
Advanced calculations suggested two stable forms of the 1T phase, one
where extra Se atoms connect layers, and another where Se replaces Mo
and additional Se atoms fill in gaps, with the latter showing the most
effective sites for the HER. These findings unveil how excess Se not only
drives the phase conversion but also enhances catalytic activity, offering
insights into optimizing Se-rich MoSe; for improved HER performance.
Similarly, Shaikh et al. synthesized highly disordered 2D-MoS; nano-
sheets, where an excess of sulfur in the precursor led to diverse mor-
phologies and enhanced physicochemical properties [114]. The S-rich
MoS, s nanosheets, characterized by a high density of ripples and
wrinkles, exhibited an optimal HER performance with a low over-
potential of 234 mV at 10 mA cm 2 and a Tafel slope of 82 mV dec™! in
acidic conditions, supported by DFT calculations that explored various
sulfur configurations to elucidate their impact on hydrogen absorption
and desorption.

In another study, Yang et al. implemented a hydrothermal in-situ
etching technique to create the Mo@(2H-1T)-MoSe; monolithic elec-
trode using a NaySeOs solution, producing a configuration with nano-
sheets layered on the Mo mesh and a thickness of approximately 6.4 nm,
contrasting with nanorods or nanotubes formed under varying temper-
atures [115] (Fig. 4). The Mo@(2H-1T)-MoSe; electrocatalyst demon-
strated an overpotential of 183 mV at 20 mA cm ™2 and a Tafel slope of
72 mV dec! in an acidic electrolyte, and also showcased excellent ac-
tivity across all pH levels. This enhanced performance is credited to the
combined influence of the mixed 2H-1T phases of MoSez nanosheets.
Relative to Mo mesh and Mo-MoSe;, the Mo@(2H-1T)-MoSe; exhibited
reduced overpotentials and lower Tafel slopes, underscoring the ad-
vantages of phase and structural optimization. The electrode's electro-
chemical surface area (ECSA) reached 70.2 mF cm’z, markedly
surpassing that of Mo mesh and Mo-MoSe,, owing to the increased
active sites. Real-time electrochemical impedance spectroscopy (EIS)
and DFT analyses verified improved electron mobility and decreased
charge transfer resistance (Rct) in Mo@(2H-1T)-MoSe;, boosting HER
reaction rates. Interestingly, in seawater, the electrocatalyst recorded an
overpotential of 470 mV at 20 mA cm ™2 with a Tafel slope of 196 mV
dec™!, outperforming its counterparts, while maintaining durability
over 12 h and 1000 cycles. Remarkably, the piezo-flexoelectric coupling
effect, arising from the interfacial strain between the 2H and 1T phases
of MoSe,, creates internal electric fields that promote electron transfer
and hydrogen intermediate (H*) adsorption, which is crucial for over-
coming the corrosive chloride environment of seawater. The nanosheet
morphology, with a thickness of 6.4 nm, provides a high electrochemical
surface area, ensuring abundant effective active sites mainly induced by
the morphology effect, which resist deactivation by Mg/Ca precipitates.
This structure minimizes corrosion and poisoning from seawater impu-
rities, maintaining nearly 100% FE and stability over 12 h. Besides, the
Mott-Schottky heterojunction further enhances charge redistribution,
accelerating H-OH bond breaking and H* formation, making Mo@
(2H-1T)-MoSe, robust for seawater electrolysis. This combination of
phase engineering, morphology optimization, and heterojunction effects
ensures high activity and durability in harsh seawater conditions.

This section highlights that morphology and phase engineering are
synergistic strategies for boosting HER performance in TMS/TMSe cat-
alysts. Morphology optimization - such as vertical 2D nanosheets, edge-
rich layered structures, ultra-small few-layered sheets via dual surfac-
tants, 1D nanorods, or 3D nanoflowers/microflowers - primarily in-
creases active site exposure (especially edges), improves mass/charge
transport, enhances hydrophilicity, and facilitates bubble detachment.
Phase engineering, particularly shifting from semiconducting 2H to
metallic 1T/1T phases, activates basal planes, dramatically improves
conductivity, and optimizes electronic structure (e.g., lower AGys,
downshifted d-band center). The most effective catalysts combine both
approaches, as seen in high-purity 1T-TMD nano-monolayers (149 mV
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overpotential, 42 mV dec™), Se-rich MoSey 3 (130 mV, 46 mV dec™),
and mixed 2H-1T MoSe, with piezo-flexoelectric effects for seawater
tolerance. A key design rule is that morphology boosts extrinsic factors
(ECSA, kinetics pathways), while phase engineering targets intrinsic
activity, and their integration yields the lowest overpotentials and Tafel
slopes. However, inherent trade-offs often balance enhanced activity
against potential reductions in long-term stability or synthesis
simplicity. With this strategy, the phase engineering approach shifts
materials to metallic 1T/1T phases for superior conductivity and basal-
plane activity, yielding low overpotentials and Tafel slopes, but these
metastable phases demand high-energy or complex processes that can
compromise structural durability, as seen in the challenges of main-
taining 1T purity without aggregation or phase reversion.

3.2. Defect and doping

The impact of vacancies, such as sulfur and selenium, significantly
enhances catalytic performance. These vacancies generate additional
active sites for hydrogen adsorption, water dissociation, effectively
reducing the energy barrier and accelerating reaction kinetics
[116-118]. They also alter the electronic structure by adjusting the
Fermi level and d-band center, optimizing the binding energy of
hydrogen intermediates to enhance efficiency. Improved charge transfer
is another key advantage, as defect-induced electronic states enable
smoother electron movement during the reaction. This effect is espe-
cially pronounced in materials where modified defect states increase
overall conductivity [119]. Structural analyses further indicate that
these vacancies cause lattice distortions, boosting the availability of
catalytic sites [120]. Various methods, including thermal annealing,
argon plasma treatments, and ion beam irradiation, have been employed
to introduce surface sulfur vacancies [121-124]. Together, these factors
contribute to a more effective and stable hydrogen evolution process.
Consequently, ongoing research continues to explore these vacancy ef-
fects, fueling innovations in catalyst design for sustainable energy
solutions.

Yin et al. explore the HER catalytic activity of porous molybdenum
disulfide (MoS5) nanosheets [125], highlighting the critical role of sulfur
vacancies (S-vacancies) alongside phase and edge sites, with the porous
1T-phase MoS,, featuring a high S-vacancy concentration, achieving an
overpotential of 153 mV vs. RHE for a current density of 10 mA cm 2.
Using electron spin resonance (ESR) and positron annihilation lifetime
spectroscopy (PALS), the research quantifies S-vacancies, revealing their
significant contribution to enhanced HER performance, as seen in the
reduced Tafel slope of 43 mV per decade when S-vacancies are opti-
mized. Otherwise, Li et al. examine the role of S-vacancies and under-
coordinated Mo regions in enhancing HER performance of multilayered
MoS; nanosheets, identifying two distinct stages: "point defects" at low
S-vacancy concentrations (S:Mo > 1.7) and undercoordinated Mo re-
gions at high concentrations (S:Mo < 1.7) due to sulfur stripping. The
study employed modern techniques such as TEM, EPR, and XPS to verify
that sulfur vacancies and undercoordinated molybdenum atoms
enhance catalytic performance by expanding the number of active sites
and accelerating reaction kinetics. Amorphous MoS; showed the highest
HER activity in acidic media with a minimal overpotential of ~100 mV
and a Tafel slope of 44 mV dec ™}, while defective 2H MoS,, particularly
MoS,-7H with extensive S-vacancies, performed best in alkaline media
with a turnover frequency (TOF) of ~2 s~! at 160 mV overpotential with
a Tafel slope reducing to approximately 80 mV dec!, reflecting
enhanced HER kinetics.

Patasinska's group explored the reactivity of sulfur vacancy-rich
MoS, surfaces toward water dissociation, utilizing an Ar' ion beam
sputtering technique to create exposed Mo sites that enhance catalytic
activity [117]. In situ near-ambient pressure X-ray photoelectron spec-
troscopy (NAP-XPS) and density functional theory (DFT) analyses
revealed that these defective surfaces facilitate dissociative adsorption
of water, producing oxides, hydroxides, chemisorbed, and physisorbed
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H20 molecules, highlighting the role of exposed Mo sites in enhancing 1T phase. This work provides valuable insights into optimizing MoS, for
water-splitting efficiency on MoS, surfaces treated with Ar" ion sput- hydrogen production through simple surface engineering, opening av-
tering (Fig. 5a and b). The ultraviolet photoelectron spectroscopy (UPS) enues for further research into sustainable energy solutions. In another
confirmed the metallic character of the MoS, surface post-sputtering, recent study, Fruehwald et al. developed a series of monolayer MoSy
supporting its catalytic potential without transitioning from the 2H to electrocatalysts using chemical vapor deposition, introducing nanoscale
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pores through controlled swift heavy ion (SHI) irradiation with 12°Xe23*

ions [126]. STEM-MAADF images (Fig. 5c—e) visually confirm the for-
mation of well-defined pore-like defects within the MoS; basal plane,
which is particularly noticeable at atomic resolution. These pores,
identified as active catalytic sites, significantly enhance the HER per-
formance (Fig. 5f-i), where semilogarithmic electrocatalytic response
curves demonstrate a consistent increase in current density with ion
fluence, strongly correlating with the proportion of defect-affected
areas. Raman spectroscopic mapping revealed a binary classification
of regions, either strained with pores or pristine, enabling precise
quantification of defect density. The analysis indicates that these
basal-plane pores outperform the well-known edge sites as catalytic
reaction sites for HER, with electrocatalytic performance aligning
closely with the proportion of defect-affected areas rather than total
surface coverage or edge-site concentration. This work opens avenues
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for future scale-up through bulk irradiation followed by exfoliation or
the use of highly charged ions, providing a promising pathway for
optimizing 2D material-based electrocatalysts.

Xiao et al. investigated the impact of ion energy and plasma density
on the HER performance of MoSe; nanosheets, demonstrating that
plasma etching and induced multivacancies enhance catalytic efficiency
[127]. A low-pressure capacitively-coupled plasma to modify MoSe;
nanosheets was utilized, revealing that a power of 20 W optimally cre-
ates irregular through-holes and defects, achieving a low overpotential
of 148 mV at 10 mA cm ™2 and a Tafel slope of 51.6 mV dec™!. Advanced
computational and theoretical analyses provided compelling evidence
for the enhanced performance resulting from the observed structural
changes. Specifically, plasma simulations and finite element method
(FEM) analyses confirmed the beneficial structural modifications: these
changes were shown to successfully increase the local electric field and
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the number of accessible active sites, both critical factors that signifi-
cantly accelerate electron transfer kinetics. Furthermore, DFT calcula-
tions provided a mechanistic understanding at the atomic level,
revealing that the presence of selenium vacancies effectively reduced
the AG for the key reaction steps and simultaneously led to a narrower
electronic bandgap. This synergistic effect-increased electric field/active
sites and favorable thermodynamic/electronic structure-fully explains
the improved catalytic efficiency of the synthesized materials. The study
highlights that moderate ion energy and density balance etching and
plasma-induced damage, optimizing HER activity, with stability main-
tained over 10,000 cycles, and provides new insights into plasma
functionalization to design high-performance HER.

Jin et al. explore the optimization of NiSy nanosheets for the HER
using an Ar plasma etching strategy to introduce sulfur vacancies (Vs) as
shown in Fig. 6a. Raman and XPS spectra, comparing various NiS;
phases, including the porous 1T phase, which exhibits distinct vibra-
tional modes and a higher ratio of reduced sulfur species, confirming
effective vacancy introduction at the optimal 5.9% concentration (NiSy-
Vs 5.9%) after 3 min of etching for the best LSV performance (Fig. 6b).
For the optimized NiS,-Vg 5.9% nanosheet catalyst, the Tafel slope was
measured at 82 mV dec™. This value reflects the fastest HER kinetics
compared with those of NiS; (182 mV dec’l), NiS,-Vg 2.4% (165 mV
dec™), NiSy-Vs 5.1% (150 mV dec’l), and NiS,-Vs 8.5% (146 mV
dec™), indicating an efficient charge transfer process as shown in
Fig. 6¢. This enhanced performance is directly attributed to a dual
improvement in the catalyst's structure and electronics, both stemming
from the introduction of sulfur vacancies. Specifically, these vacancies
led to a notable increase in active sites and an optimized electronic
structure. This structural and electronic modification was convincingly
confirmed and meticulously visualized through a suite of advanced
electron microscopy techniques, including TEM, SAED, and HAADF-
STEM analyses. From Fig. 6d-i, the Nyquist plots reveal that NiS,-V;
5.9% exhibits the lowest solution resistance and charge-transfer resis-
tance among the compared electrodes, indicating superior charge
transfer efficiency. EIS analysis further shows that the phase angle
maximum in the Bode plot for NiS,-V, 5.9% shifts most rapidly to lower
values with changing potential, confirming its fastest HER Kkinetics,
while temperature-dependent studies yield a low apparent activation
energy (Eapp) of 23.9 kJ mol ! at a reduced onset potential, highlighting
its excellent activity as well (Fig. 6g). Notably, NiS,-Vg 5.9% demon-
strates state-of-the-art performance among reported alkaline HER cata-
lysts (Fig. 6f) exceptional long-term stability after 100 h at 10 mA cm ™2
(Fig. 6h), and a high hydrogen evolution rate of 0.9 mL min~! at 100 mA
cm 2 as measured by the drainage method (Fig. 6i). This structural
tailoring enhances H* adsorption, contributing to the observed ultralow
onset potential of 68 mV and stability over 100 h in 1 M KOH. In situ
attenuated-total-reflection Fourier transform infrared spectroscopy
(ATR-FTIRS) confirmed that the S-H* peak at low voltage on NiS;-V;
5.9% optimizes H* adsorption, while density functional theory (DFT)
calculations supported this with an optimal |AGgy+| of 0.17 eV coupled
with the fast kinetics (Fig. 6j-1). These findings exhibit the potential of
precise vacancy control to tune the electronic structure of NiS,, offering
a cost-effective and stable alternative to noble-metal catalysts.

Very recently, Guo et al. investigated the impact of sulfur vacancies
in a MoSy/Ni3Sy for HER [129]. The researchers utilized a two-step
process of solvothermal synthesis and high-temperature pyrolysis to
precisely create and tune these defects. This approach resulted in the
optimized catalyst, Ni3S3/M0S2(Vg10), that exhibited a low over-
potential of 84 mV at 10 mA cm ™2 and a Tafel slope of 61.6 mV dec™ ..
Characterization techniques like XPS and ESR confirmed that the sulfur
vacancies modulate the electronic structure, optimizing the hydrogen
adsorption energy and promoting efficient charge transfer at the inter-
face. The study also highlighted the long-term stability, with perfor-
mance remaining excellent over 130 h. This work offers new insights
into how defect engineering can be used to design and enhance
high-performance, non-precious-metal HER catalysts.
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Another modified surface approach is doping to enhance the cata-
lytic activity, which involves the strategic incorporation of foreign
atoms into the host material to alter its electronic and structural prop-
erties [40,130-132]. This method can optimize the active sites by
adjusting the Gibbs free energy of hydrogen adsorption, thereby
improving the efficiency of HER. Doping has been shown to increase
metallic character, enhance charge transfer, and stabilize metastable
phases, leading to lower overpotentials and faster reaction kinetics
[133]. Additionally, doping can introduce defects or vacancies that
expose more catalytic sites, further boosting performance, as evidenced
by recent studies demonstrating significant improvements in HER ac-
tivity, which is discussed and highlighted in the following part. This
versatile technique thus offers a promising avenue for tailoring catalysts
to meet industrial demands for sustainable hydrogen production.

Xue et al. explored that the HER performance is significantly
enhanced through the strategic doping of Fe into MoS; nanostructures
[134]. In detail, Fe doping modifies the electronic structure, shifting the
Mo 3d binding energies to optimize hydrogen adsorption and reduce
overpotentials, with Fe-MoS,-5 achieving 173 mV at 10 mA em 2 witha
Tafel plot of 40.1 mV dec™! in 0.5 M HySO4. This doping effect increases
the electrochemically active surface area, as evidenced by a higher
double-layer capacitance of 39.8 mF cm ™2, facilitating improved charge
transfer and reaction kinetics. The incorporation of Fe also induces
structural changes, such as nanocanopy formation, which further boosts
active site availability and stability over 1000 CV cycles.

Otherwise, Bao's group synthesized mesoporous MoS; [135]
(mPF-MoS,) oriented vertical growth of MoS; nanosheets around the
mesopores to boost the number of active edge sites and fabricated an
atomic Co-doping mPF-MoS; framework (resulting in mPF-Co-MoS5) to
intrinsically enhance HER activity, which demonstrates excellent dura-
bility and a low overpotential of 156 mV at 10 mA cm2 in acidic
electrolyte. Density functional theory (DFT) calculations further support
these findings, confirming that appropriate Co doping significantly
promotes the HER activity. In another study, Liang et al. synthesized the
Nig.0sMog.95S2 electrocatalyst via a facile one-step electrodeposition
method [136], exhibiting high HER performance in acidic solutions,
achieving a low overpotential of 215 mV at 10 mA cm ™2 and a Tafel
slope of 62 mV dec™!. The incorporation of 5 at% Ni into 2H-MoS,
expands the interlayer spacing from 0.63 nm to 0.83 nm, creating
abundant active sites and enhancing hydrogen adsorption/desorption
kinetics. The Ni-Mo-S structure promotes a Volmer-Heyrovsky mecha-
nism, accelerating HER kinetics due to increased surface defects and
improved electrical conductivity. The porous morphology exposes more
edge sites, further boosting electrocatalytic activity. Additionally,
Nip.0sMog.95S2 demonstrates excellent stability, with minimal over-
potential increase after 1000 cycles and 12 h in 0.5 M H3SO4.

Recently, the HER has been significantly enhanced by the use of Co-
doped 1T-MoS; microspheres embedded in N-doped reduced graphene
oxide (N-rGO), as demonstrated by Gyawali et al. [137], where Co
doping increases the number of active sites and stabilizes the metastable
1T phase (Fig. 7a—c). This doping effect modifies the electronic struc-
ture, lowering the overpotential to 142 mV at 10 mA cm 2 and a Tafel
slope of 48 mV dec! in alkaline media, as the Co atoms form robust
Co-S covalent bonds that improve hydrogen adsorption dynamics. The
incorporation of Co critically stabilizes the 1T phase of MoSy, increasing
active sites and improving charge transfer kinetics, which are beneficial
for HER performance. Compared to commercial Pt/C, which achieves an
overpotential of 63 mV, the Cog13/1T-Mog g2S2@N-rGO shows
competitive performance with excellent stability over 24 h at 10 and
100 mA cm 2. The synergistic effect between Co doping and N-rGO is
key to optimizing hydrogen adsorption and desorption, as supported by
electrochemical impedance spectroscopy results. These doping strate-
gies collectively reduce energy barriers and improve stability, making
Co-doped 1T-MoS; a promising candidate for efficient HER.

Meanwhile, HER is markedly improved with vanadium (V)-doped
MoS; electrocatalysts using silicotungstic acid as an electron mediator,
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as demonstrated very recently by Zheng et al. [133]. This nano-
composite achieves a significantly lower overpotential, enhancing the
HER rate to 696.4 mmol Hy ¢! min~! compared to 140.7 mmol Hy g !
min~! for pristine MoS,, driven by accelerated proton adsorption and
transfer kinetics. The mechanism follows a Volmer-Heyrovsky pathway,
with Tafel plots showing a reduced slope of 95 mV dec™! for Vo.02Mo0S5,
indicating improved rate-limiting steps compared to 182 mV dec™? for
MoS,, where the Volmer step (proton adsorption) is enhanced by V

doping, followed by the Heyrovsky step. DFT calculations (Fig. 7d-i)
reveal that V doping shifts the Gibbs free energy of hydrogen adsorption
(AGy+) on sulfur sites from —1.6 eV in 1T-MoS5 to 0.3 eV in V-1T-MoS,,
approaching the thermoneutral value, while electron delocalization
from S to V sites - optimizes proton transfer to adjacent Mo/V sites. V
doping introduces defect sites and modulates the electronic structure,
increasing active site availability, while silicotungstic acid facilitates
inner-sphere electron transfer, enhancing overall kinetics. Stability is

13



D.L.T. Nguyen et al.

confirmed with Vj¢2MoS; retaining its morphology and performance
over multiple tests, positioning it as a viable Pt alternative. This
approach highlights a promising strategy for efficient and stable HER
catalysis.

In another study, the Chu's group designed the 1T-MoS,-Pt catalyst,
with 14.3 wt% Pt nanoparticles confined within metallic 1T-MoSy
nanosheets, which exhibits exceptional HER performance in simulated
seawater [138], achieving an ultralow onset potential of 65.6 mV vs
RHE and an overpotential of 123 mV to achieve a current density of 10
mA cm 2 in simulated seawater (1.0 M KOH + 0.5 M NaCl) and a Tafel
slope of 64 mV dec ™!, rivaling the 40 wt% Pt/C commercial catalyst. The
metallic 1T-MoS, phase plays a critical role, serving as a robust reducing
agent, enabling in-situ reduction of Pt** into zero-valence Pt fine and
small nanoparticles (average 2.35 nm) without additives, while its
enlarged interlayer spacing (~0.9 nm) and abundant defects facilitate Pt
diffusion, anchoring, and confinement at edges, steps, and vacancies.
Significantly, this space-confinement effect prevents Pt aggregation and
especially corrosion from aggressive Cl~ ions in seawater, maintaining
particle size stability (minor increase to ~ 3.32 nm post-HER) and sus-
tained activity over 12 h at a current density of 10 mA cm 2. The high
electrical conductivity and active 1T phase accelerate charge transfer
and the H* adsorption/desorption, mitigating kinetic barriers in
alkaline-chloride environments. The in-situ growth on graphite paper
ensures seamless interfacial contact, reducing resistance and enhancing
durability against seawater's corrosive impurities. Overall, the 1T-MoS,
framework synergistically integrates reduction capability, structural
confinement of ultrafine Pt, and electronic tuning to deliver
cost-effective, corrosion-resistant seawater splitting.

Phosphorus (P) doping for MoSe; is also considered a promising
approach to significantly enhance HER performance, as demonstrated
by Zhang et al. [139], which optimizes the atomic hydrogen binding
energy under high coverage conditions. Self-standing P-doped MoSe;
nanosheets grown on carbon fiber paper (P-doped MoSe,/CFP) exhibit a
reduced overpotential of 186 mV at 50 mA cm™2, a marked improve-
ment over the 237 mV required by undoped MoSe,/CFP, due to the
inhibition of nanosheet aggregation and exposure of numerous active
sites. The introduction of P atoms into the MoSe, lattice lowers the Gibbs
free energy of hydrogen adsorption (AGy+) to 0.202 eV at 75% hydrogen
coverage, compared to 0.296 eV at 25% for undoped MoSey, facilitating
easier adsorption and desorption processes. This doping effect also re-
duces the Tafel slope to 54.3 mV dec” !, indicating faster HER kinetics
via a Volmer-Heyrovsky mechanism, and enhances the formation of
adsorbed hydrogen species during the Volmer reaction. The hierarchical
3D structure of P-doped MoSey/CFP, supported by conductive CFP,
further improves electron transfer efficiency and charge kinetics.

Otherwise, the (Mo, N)-NiSe,/NF nanosheets reported by Gao et al.
[140] optimize the active sites by fine-tuning the hydrogen adsorption
free energy (AGy+), thereby improving the HER efficiency. In detail, Mo
doping increases the specific surface area from 28.5 m? g~ for pure
NiSe, to 54.3 m? g~! for Mo-NiSe,/NF by altering the morphology of
NiSe; nanosheets into a disordered, petal-like structure, thus exposing
additional reactive sites. Nitrogen doping, also detailed in their study,
accelerates intrinsic reaction kinetics and introduces new catalytic
centers through strong electronic interactions, as evidenced by a posi-
tive shift in the Ni 2p binding energy by approximately 0.3 eV in XPS
analysis. The synergistic effect of this anion-cation dual-doping results in
a porous structure with a high electrochemical double-layer capacitance
(Cq) of 90.5 mF cm 2 and a low overpotential of 82 mV at 10 mA cm_z,
surpassing many reported transition metal selenides, while the Tafel
slope decreases to 84.5 mV dec™?, indicating faster HER kinetics via a
Volmer-Heyrovsky mechanism with the Volmer step as the rate-limiting
process, as confirmed by the Tafel analysis in their work. This method
highlights doping as a versatile and promising technique for developing
cost-effective, high-performance electrocatalysts for sustainable
hydrogen production.

To summarize, these defect and doping strategies are highly

14

International Journal of Hydrogen Energy 229 (2026) 154736

effective, complementary approaches for enhancing HER in TMS/TMSe
catalysts. Vacancies - introduced via plasma, ion irradiation, or
controlled synthesis - create extra active sites, activate basal planes,
lower AGy+, reduce water dissociation barriers, and improve conduc-
tivity, leading to ultralow overpotentials and Tafel slopes. Doping with
heteroatoms (Fe, Co, Ni, V, Mo, N, P) primarily tunes electronic struc-
ture, shifts d-band centers, narrows bandgaps, stabilizes metallic phases
(e.g., 1T-MoS,), and optimizes AGy+ under high coverage, yielding
excellent kinetics and durability. Vacancies excel at boosting extrinsic
site density and basal-plane activity, while doping dominates intrinsic
electronic modulation and phase stabilization. The strongest performers
integrate both strategies for synergistic site creation, charge transfer,
and long-term stability (>100 h or >10,000 cycles). These design rules
provide clear, scalable pathways to noble-metal-free HER catalysts, with
future emphasis on precise defect/dopant control and real-world elec-
trolyte tolerance. On the other hand, although defect engineering in-
troduces vacancies to create active sites and lower energy barriers,
boosting kinetics in acidic/alkaline media, yet excessive defects risk
lattice instability or reduced mechanical integrity, requiring precise
control to avoid performance degradation over extended cycles. Also,
doping finely tunes electronic structures for optimized AGy+ and phase
stabilization, enhancing intrinsic activity, but it may introduce foreign
elements that complicate material uniformity or increase costs without
always guaranteeing proportional stability gains.

3.3. Interface-driven heterostructure engineering

Heterostructures are engineered to form interfaces between distinct
phases, where the core HER enhancement originates directly from the
heterointerface through rapid interfacial charge transfer, elevated local
electron density, creation of new active sites at the junction, and precise
modulation of surface electronic structure to drive AGy+ toward the
ideal near-zero value essential for optimal catalysis [141,142]. Beyond
electronic effects, heterostructure engineering frequently enables
improved electrochemical stability, enhanced mass transport, and the
formation of advanced morphologies (e.g., hollow, core-shell, or layered
architectures) that further amplify catalytic centers and deliver superior
long-term HER efficiency and durability [143-145].

Xie et al. synthesized a novel electrocatalyst by directly coating a
graphdiyne (GDY) nanowall onto CoSy nanowire arrays [146]. This
in-situ growth technique achieved a precise interface where the 2D
(211) plane of CoS; directly aligns with the GDY plane. This structural
configuration was meticulously confirmed through various character-
ization methods, including SEM images of the GDY/CoS2/CC composite,
HRTEM images detailing the GDY/CoS; nanowire, and STEM elemental
mapping for Co, S, and C within the nanowire (Fig. 8a-h). This unique
heterojunction design provides significant catalytic synergy by
increasing the availability of active sites from both the GDY carbon
atoms and CoS; planar unsaturated sulfur. Crucially, the electron-rich
nature of the GDY component further facilitates efficient electron
transfer across the two-phase interface, thereby markedly enhancing the
combined catalytic effect of the heterostructure. Their optimized elec-
trocatalyst demonstrated exceptional performance, exhibiting a low
overpotential of 97 mV at 10 mA cm ™2, a high catalytic current density,
and a small Tafel slope of 56 mV dec™!. This superior performance is
attributed to the optimized heterojunction, which not only provides
abundant active sites but also significantly boosts electronic conduc-
tivity. Furthermore, the catalyst maintained remarkable stability for up
to 36 h, a crucial characteristic for practical applications. In another
study, Poudel et al. developed a Mo3Se4—NiSe core-shell nanowire array
on nickel foam via a single-step hydrothermal process, offering a
low-cost, efficient electrocatalyst in alkaline and natural seawater
[147]. The heterostructure exhibits low overpotentials of 84.4 mV in
alkaline and 166 mV in seawater at 10 mA cm 2. Tafel slopes of 59.62
mV dec ! in alkaline and 90.12 mV dec ! in seawater indicate fast HER
kinetics, following a Volmer-Heyrovsky mechanism  with
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electro-desorption as the rate-limiting step, surpassing many Ni- and
Mo-based catalysts (Fig. 8i-m). The mechanism involves synergistic
electron transfer, with NiSe promoting water dissociation and MogSey4
enhancing Hy desorption, supported by DFT calculations showing a
AGpy+ of 0.207 eV at Se active sites. The heterostructure's core-shell
design, confirmed by TEM and XRD, increases active site exposure and
conductivity due to the rough MosSe4 shell over the NiSe core. Stability
tests demonstrate minimal degradation over 50 h, with the interface
maintaining structural integrity. The approach avoids complex multi-
step synthesis, using in situ etching and reduction to form the nanowire
arrays and offers a scalable route for PGM-free HER catalysts, with po-
tential for broader TMD heterostructure applications.

Zhao et al. developed the CoSep/MoSe; heterostructures [148],
enhancing alkaline HER activity by integrating CoSes quantum dots
onto MoSe; nanosheets, leveraging the superior water adsorption and
dissociation capabilities of CoSe,. Synthesized through a facile refluxing
process followed by annealing in argon, these heterostructures, partic-
ularly the 0.2CoSep/MoSey composition, achieve an optimal over-
potential of 218 mV at a current density of 10 mA cm~2 in 1 M KOH,
outperforming bare MoSe; by over 100 mV. The Tafel slope for
0.2CoSes/MoSe, reduces to 76 mV dec ™ ?, indicating improved kinetics
through a Volmer-Heyrovsky mechanism, compared to 137 mV dec™!
for MoSe,, where water dissociation is the rate-limiting step. Detailed
electrochemical analyses, including a TOF of 232 s~ at 300 mV for
0.2CoSey/MoSe,, highlight the synergistic effect where CoSe;

International Journal of Hydrogen Energy 229 (2026) 154736

accelerates water dissociation, while MoSe, facilitates hydrogen
adsorption and combination. In another study, Basu developed NiC-
02S4/Co9Sg nanotube heterostructures as an efficient catalyst in 1.0 M
KOH, synthesized via a hydrothermal method [149]. The hetero-
structure exhibits a low overpotential of 172 mV to achieve a current
density of 10 mA cm™2, outperforming bare CogSg (293 mV) and
NiCo2S4 (239 mV). The enhanced catalytic activity is attributed to
improved charge transportation due to the nanotube morphology and
heterostructure formation. Tafel slope analysis revealed a value of 115
mV dec™! for NiCo2S4/Co9Ss nanotube, indicating faster HER kinetics.
The material demonstrated stability with an unaltered current density of
100 mA cm ™2 for 12 h.

Recently, Pratheeksha M et al. reported the conversion of NiMo
layered double hydroxide (NiMo LDH) into Mo-doped nickel selenide
(Mo@NiSe,) using a simple solvothermal technique [150]. This struc-
tural alteration significantly enhances HER catalytic performance, with
Mo@NiSe; achieving an overpotential of 118 mV at 10 mA cm™2, rep-
resenting a substantial improvement over the 602 mV required by un-
modified NiMo LDH. The enhanced activity stems from an optimized
d-band electronic configuration, which boosts electron conductivity and
increases the surface area, thereby providing more active sites for
catalysis. DFT calculations confirm this with a near-zero AGy value of
0.02 eV for Mo@NiSey, supporting its superior HER efficiency.

Remarkably, a self-supported NiSey~RuSey/NF heterostructure
catalyst was synthesized recently by Qi et al. [151], demonstrating
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exceptional HER performance in a 1 M KOH solution mixed with natural
seawater, as shown in Fig. 9a—c. In this environment, NiSey—RuSey/NF
exhibited the lowest overpotential of 26 mV to achieve a current density
of 10 mA cm™2, significantly outperforming the bare nickel foam (NF) at
272 mV, NiSey/NF at 211 mV, RuSey/NF at 204 mV, and even the
benchmark commercial Pt/C on nickel foam (Pt/C/NF) at 36 mV as
depicted in the polarization LSV curves. This ultralow overpotential
highlights the catalyst's superior efficiency, requiring minimal energy
input to drive the hydrogen evolution process compared to its coun-
terparts. The Tafel slope, a key indicator of HER kinetics, was measured
at 46.20 mV dec ™! for NiSeo-RuSey/NF, slightly better than Pt/C/NF at
46.90 mV dec”!, and markedly lower than NiSe,/NF at 177.49 mV
dec™! and RuSe,/NF at 174.57 mV dec™!, as shown in the Tafel plots.
This reduced Tafel slope reflects faster reaction kinetics, suggesting that
the Volmer-Heyrovsky or Volmer-Tafel mechanism is efficiently cata-
lyzed, with the heterojunction enabling a smoother transition of reaction
intermediates. The intense electron interactions within the
NiSex-RuSey/NF heterojunction play a pivotal role, optimizing the
electronic structure to enhance H* adsorption energy and facilitate the
Tafel step. This catalyst also excels in seawater electrolysis, maintaining
stability for over 250 h at a high current density of 500 mA cm ™2, sur-
passing the performance of traditional Pt/C catalysts (Fig. 9d). The
enhanced catalytic activity in alkaline and seawater conditions arises
from the robust electronic interactions within the bimetallic selenide
heterojunction, which optimizes the adsorption and desorption of
hydrogen intermediates. This electronic modulation, supported by DFT
calculations (Fig. 9e-g) showing a favorable AGy+ value close to 0 eV,
facilitates faster reaction kinetics and increases the availability of active
sites.

Noticeably, this bimetallic selenide heterostructure exhibits excep-
tional performance in seawater electrolysis by addressing critical chal-
lenges. Cl™ oxidation, which competes with HER and risks catalyst
corrosion via chlorine gas formation, and sluggish HER kinetics are
mitigated by the heterostructure's strong electronic interactions, opti-
mizing AGy- (~0.2 eV) for selective HER kinetics. Mg and Ca®" pre-
cipitation, which clogs electrode surfaces, is minimized by the catalyst's
3D porous structure, enhancing mass transport and resisting scaling, as
confirmed by EDS mapping showing no Mg/Ca deposits after 250 h of
operation. Seawater's buffering capacity creates pH gradients that
hinder proton availability, but the heterostructure's design promotes
efficient mass transfer and rapid bubble desorption, sustaining low
overpotentials during seawater electrolysis. Its in-situ growth on
conductive nickel foam enhances charge transfer and prevents delami-
nation of active sites, and serves as a protective coating, shielding the
catalyst from Cl -induced corrosion and ensuring long-term stability in
harsh seawater conditions, ensuring stability over 250 h at 500 mA
em 2. Overall, the synergy of material design and electronic tuning
positions NiSey-RuSey/NF as a promising solution for advancing
renewable energy technologies in challenging electrolytic conditions.

Li et al. reported the development of NiS/NiSe, heterostructures,
synthesized through a one-pot hydrothermal method [152], with
Nis—Sex-S; demonstrating outstanding HER performance in 1 M KOH.
This catalyst achieves a low overpotential of 155 mV at 10 mA cm 2,
surpassing many transition metal-based alternatives and closely
approaching the performance of noble metal catalyst Pt/C. The Tafel
slope of 101 mV/dec reflects rapid HER kinetics, attributed to the syn-
ergistic electronic interactions at the NiS-NiSe, interface, which
enhance charge transfer and increase active site availability. Stability
tests show no significant current drop after 86,400 s at the specified
overpotential, underscoring its durability. The high performance is
driven by the optimized NiS-to-NiSe; ratio (5.82/2.47), which balances
conductivity and surface area, while DFT calculations reveal a down-
shifted d-band center that lowers energy barriers, boosting catalytic
efficiency for HER.

Rehman et al. recently developed a novel 1T-WS,/1T-WSe; hetero-
structure using a low-temperature plasma-assisted chemical vapor
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reaction (PACVR), specifically through plasma-assisted sulfurization
and selenization, to enhance HER performance [153]. The hetero-
structure exhibits a low Tafel slope of 57 mV dec ! and an overpotential
0f 291 mV at 10 mA cm 2 in 0.5 M H3S04, attributed to the metallic 1T
phase and synergistic electron transfer from WS, to WSe; at the inter-
face. Plasma treatment increases surface roughness, boosting active site
exposure, while the process maintains stability over 5000 cycles and 24
h, as confirmed by polarization and chronoamperometry tests. The study
utilized advanced characterization techniques like Raman spectroscopy,
XPS, and TEM to validate the heterostructure's composition and
morphology, showing a 20 nm film thickness with a 1T phase domi-
nance. Compared to pure WS, and WSe,, the heterostructure demon-
strates superior electrocatalytic activity, with a higher ECSA of 151.1
cm?and a TOF of 2.7 s~ ! at 300 mV overpotential. This approach offers a
scalable, cost-effective method for synthesizing efficient HER catalysts,
addressing challenges with traditional high-temperature methods like
CVD.

In another research, Liu et al. (2024) synthesized a MoS;@o-CoSe;
heterostructure derived from Co-based metal organic framework (Co-
MOF) for efficient HER [154] in 1 M KOH, achieving a low overpotential
of 34 mV at 10 mA cm 2 and a Tafel slope of 41 mV dec L. The heter-
ostructure outperforms commercial Pt/C at high current densities,
attributed to its porous ultrathin nanosheet morphology and synergistic
effects from the tightly bonded interface. The phase transition to
orthorhombic 0-CoSey, facilitated by sulfur content during selenization,
enhances electron transport and reduces the Gibbs free energy of
hydrogen adsorption. TEM and XPS analyses confirm the hetero-
structure's composition, with a tightly bonded MoS;-0-CoSe; interface
exposing abundant active sites. The mechanism involves water dissoci-
ation on MOF nanosheets followed by H,gs migration to interface edges,
accelerating the Heyrovsky step. DFT calculations show a lower AGy=
(0.34 eV) for MoS;@0-CoSes compared to MoS;@c-CoSes, supporting
its superior HER activity. The catalyst maintains stability over 72 h with
negligible current decay, and its large ECSA further boosts performance.
This approach highlights phase engineering and MOF-derived hetero-
structures as a scalable strategy for noble-metal-free HER catalysts.

Taken together, heterostructure engineering excels by forming inti-
mate interfaces between distinct phases, where the primary boost to
HER performance stems from direct interfacial charge transfer, elec-
tronic reconfiguration, and synergistic active-site creation at the
boundary. This approach optimizes AGy+ near zero, accelerates reaction
kinetics (often Volmer-Heyrovsky), and enhances water dissociation or
H* desorption through complementary roles of each phase. Core-shell,
quantum-dot-on-nanosheet, bimetallic selenide, and plane-aligned de-
signs consistently deliver ultralow overpotentials and Tafel slope, with
exceptional stability in alkaline, seawater, or high-current conditions.
Heterostructures stand out for their ability to generate built-in electric
fields and electronic synergy at the interface, outperforming single-
phase materials in intrinsic activity. The key design rule is that the
heterointerface itself acts as the catalytic hotspot, making this strategy
ideal for noble-metal-free catalysts targeting challenging electrolytes.
Overall, heterostructure engineering provides a powerful pathway for
electronic tuning and long-term durability in practical HER applications,
but their precise interface designs can trade off scalability for the added
complexity of multi-phase synthesis.

3.4. Conductive matrix nanocomposites

Nanocomposites are created through a widely adopted strategy that
integrates TMS- or TMSe-based catalysts with other materials, particu-
larly highly conductive carbon-based nanomaterials [34,59,155-158]
such as graphene, carbon nanotubes, carbon fibers, activated carbon, or
another specialized material like MXene [159]. In detail, carbon-based
materials stand out as excellent substrates for composite electro-
catalysts owing to their superior electrical conductivity, substantial
specific surface area, and robust structural stability. These supports
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significantly enhance the uniform dispersion of active sites, accelerate
charge transfer, and effectively shield deposited metal particles from
corrosion and oxidation in harsh acidic or alkaline electrolytes. Hy-
bridization with such matrices also suppresses particle aggregation,
thereby preserving the mechanical integrity of the electrode. As a result,
optimization efforts for these composites center on strategies like
maximizing active site exposure, further boosting overall conductivity,
enlarging accessible surface area, and integrating self-supporting ar-
chitectures to achieve superior electrochemical performance [160,161].
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Achieving these optimizations significantly improves electrical con-
ductivity, enhances structural stability, and ensures better dispersion of
active sites, ultimately creating powerful synergistic effects that
dramatically boost the overall electrochemical performance of the final
catalyst.

Nie et al. developed a well-ordered Co-1T-MoS,/C superlattice het-
erostructure using a colloidal synthesis strategy, featuring alternating
layers of single-atomic Co-anchored 1T-MoS; and carbon nanosheets, as
illustrated in Fig. 10 [162]. In detail, the Co-1T-Mo S5/C superlattice
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Fig. 10. (a) Crystal structure of Co-1T-MoS; (up) and Co-1T-MoS,/C (down). TEM images of Co-1T-MoS; at (b) low- and (c) high-magnification. (d) HRTEM image of
the side view of Co-1T-MoS,/C. (e) HAADF-STEM image of the basal plane of Co-1T-MoS,/C and (f) the corresponding intensity line profile taken along the line
declared in (e). (g) Co 2p XPS spectra of Co-1T-MoS,/C. (h) EXAFS spectra of Co K-edge for Co-1T-MoS,/C and reference cobalt foil. The inset displays the atomic
model of Co-1T-MoS,/C, where the yellow, blue, and magenta spheres represent S, Co, and Mo atoms, respectively. (i) HAADF-STEM image of Co-1T-MoS,/C and
corresponding elemental mapping of Mo, S, Co, and C. Reused with permission from ref. [162] Elsevier, Copyright© 2023. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)
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heterostructure is formed by in situ carbonization of oleylamine (OM)
and oleic acid (OA) molecules that were pre-adsorbed on both sides of
Co-1T-MoS, nanosheets, which transform into ultra-thin carbon nano-
sheets (C NSs) that separate adjacent MoS; monolayers, resulting in an
alternating arrangement of Co-1T- MoS; and C layers with a
well-ordered molecular-level superlattice (Fig. 10a—d). Cross-sectional
HRTEM imaging confirms an interlayer spacing of 2.0 nm for the
MoS; nanosheets, with double C NSs (layer spacing 0.45 nm) sand-
wiched in between, while FT-IR spectroscopy verifies the successful
carbonization through the disappearance of OM and OA characteristic
peaks, and XRD patterns match the simulated 1T- MoS, structure with a
reduced overall layer spacing compared to the precursor Co-1T- MoS,
nanochains. This synthesis strategy not only generated the carbon
nanosheets in situ but also preserved the 1T phase of MoS; while
introducing atomically dispersed Co atoms onto the basal plane, as
confirmed by aberration-corrected HAADF-STEM imaging showing
isolated Co atoms (marked in red) randomly distributed above Mo sites
(Fig. 10e and f). XPS and EXAFS analyses (Fig. 10g and h) further
demonstrate that isolated Co atoms are coordinated with three adjacent
S atoms via Co-S bonds while elemental mapping (Fig. 10i) shows
uniform distribution of Mo, S, Co, and C throughout the ordered
superlattice heterostructure. The structure exhibits high phase stability
of the metastable 1T-MoS, phase, enhanced by cobalt atoms forming
strong Co-S covalent bonds, which stabilize the 1T phase over the 2H
phase. Overpotential in 1.0 M KOH is significantly reduced, with
Co-1T-MoSy/C requiring only 135 mV for HER at 10 mA em ™2, out-
performing pure 1T-MoS; and 2H-MoS,. Tafel slopes are notably low, at
88.3 mV dec! for HER, indicating fast reaction kinetics. The mecha-
nism involves synergistic effects between 1T-MoS; and carbon nano-
sheets, with cobalt atoms tuning the electronic structure and creating
additional active sites. Sulfur vacancies and N, S dual-doped carbon
enhance water adsorption and dissociation, while rapid interfacial
charge transfer boosts electrocatalytic performance. The hetero-
structure's durability is demonstrated by stable operation over 60 h and
1000 CV cycles. DFT calculations confirm the role of nanocomposites in
lowering the energy barrier for HER, with cobalt facilitating electron
transfer from carbon to MoSs. This approach provides a scalable method
for designing 2D-2D superlattice electrocatalysts for overall water
splitting in alkaline conditions. The assembled Pt/C||Co-1T-MoS,/C cell
achieves 10 mA cm 2 at only 1.57 V, highlighting its practical efficiency
for water splitting.

Chen et al. demonstrate that Co-doped 1T-MoS; coupling with VoC
MXene [163] can enhance the electronic structure to optimize hydrogen
adsorption and reduce overpotentials to 70.1 mV at 10 mA cm ™! in 1.0
M KOH. In detail, Vo,C MXene was utilized as a conductive substrate in
the Co-MoS,/V2C@CC nanohybrid, enhancing charge transfer and sta-
bilizing the 1T-phase MoS; for improved HER performance. Besides, the
doping effect facilitates a phase transition from 2H to 1T MoSs,,
increasing the metallic character and active site density, as supported by
a higher 1T phase content of approximately 70.4%. The incorporation of
Co also lowers the d-band center to —1.65 eV, improving the balance
between hydrogen adsorption and desorption, which accelerates HER
kinetics. Additionally, the integration of V,C MXene into the Co-MoS;
nanocomposite further amplifies this effect by forming heterogeneous
interfaces that enhance charge transfer and reduce the water dissocia-
tion energy barrier to 1.83 eV. In detail, VoC MXene acts as a conductive
scaffold, promoting electron mobility and stabilizing the 1T-MoSy
phase, as evidenced by a high 70.4% 1T content in the
Co-MoS3/V2C@CC hybrid. The expanded interlayer spacing of MoS,,
induced by V3C coupling, further boosts active site availability,
enhancing catalytic kinetics with the heterogeneous interface enhancing
the electrochemically active surface area, with a Cy value of 25.8 mF
cm 2, contributing to high HER performance. Additionally, the robust
interfacial coupling ensures outstanding stability, with no degradation
observed over 50 h at 50 mA cm ™2 These findings highlight the pivotal
roles of Co doping and V,C MXene in engineering the high-performance
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of nanocomposites.

Another type of nanocomposite involves multiple-element compo-
sitions, where various elements are combined to form hybrid structures
with enhanced properties. These nanocomposites often integrate tran-
sition metal compounds with other metallic or non-metallic elements to
optimize electrocatalytic performance, such as in hydrogen evolution
reactions, by tailoring electronic and structural characteristics [164,
165]. In the context of the CoxNijxSes@Co(OH)s/nickel foam
(CNSC/NF) from the study of Jiang et al. [166], the integration of cobalt,
nickel, and selenium forms a CoyxNij4Sey structure, enhanced by Co
(OH), and supported on nickel foam (NF), optimizing electrocatalytic
performance for hydrogen evolution through tailored electronic and
structural features. In detail, a nanorod-shaped CNSC/NF catalyst was
synthesized via a hydrothermal-y radiation method, showcasing
enhanced HER performance. The y radiation induced an "island-like"
amorphous/crystalline heterostructure, increasing active site density
and structural stability. The Ni-Se—Co electron bridges, formed through
cobalt doping, facilitate asymmetric d-p-d orbital hybridization, opti-
mizing charge distribution at Ni sites. This mechanism enhances Hy0
dissociation and H* intermediate adsorption, driving efficient HER ki-
netics. The catalyst achieved a low overpotential of 80 mV at 10 mA
em~2 in 1 M KOH, with a Tafel slope of 65 mV dec™}, indicating rapid
reaction rates. The robust ‘"ball-stick" configuration and
three-dimensional mass transfer interface further improve catalytic ef-
ficiency. Experimental and DFT analyses confirm that cobalt doping
lowers the energy barrier for HoO dissociation, boosting HER activity.
The optimized catalyst exhibits exceptional stability, maintaining per-
formance at 130 mA cm ™2 for over 50 h with a retention rate of 97.4%
due to its robust amorphous/crystalline heterointerfaces and further
demonstrates exceptional durability in an alkaline anion exchange
membrane electrolyzer for over 1000 h even at a high current density of
1 A em 2. The CoyNij<Ses component enhances HER activity by opti-
mizing charge distribution and lowering H,O dissociation barriers
through Ni-Se-Co electron bridges, while the Co(OH), nanorod array
provides a stable structural template that supports in-situ growth and
improves mechanical integrity. The nickel foam substrate further con-
tributes to stability by offering a conductive, three-dimensional support
that facilitates efficient electron transfer and mass transport. The scal-
able synthesis method highlights its potential for industrial hydrogen
production.

Remarkably, Yi et al. very recently synthesized Cu single atoms on
thermally stable 1T-TMDs hollow structures (1T-TMDs HSs) by etching
Cuj.94S templates from pre-synthesized Cu; g4S@TMDs, including 1T'-
MoS,, MoSes, WS,, and WSe, HSs (Fig. 11) [167]. In detail, the synthesis
of 1T-TMDs HSs involves a scalable method where Cuj 94S templates are
initially formed and used as substrates for the in situ growth of 1T-TMD
monolayers, such as MoS,, via a one-pot colloidal chemical process.
Subsequently, the Cujg4S cores are removed through acid etching,
yielding hollow 1T-TMDs HSs, including MoSes, WS», and WSe,, with
the etched Cu ions adsorbing onto the surface as single atoms. This
approach ensures high 1T phase purity and can be universally applied
across various TMD materials (Fig. 11a). In detail, the synthesis of 1T'-
MoS; hollow structures (HSs) begins with the preparation of Cuj g4S
nanoplates (~83 nm diameter), followed by rapid colloidal chemical
growth of MoS; monolayers on their surfaces within 1 min to form
Cuj 94S@MoS; core-shell heterostructures, as illustrated schematically
and shown in the TEM image (Fig. 11b). HAADF-STEM imaging and
corresponding EDX elemental mappings confirm the uniform distribu-
tion of Mo, S, and Cu elements, verifying the successful conformal
coating of MoS; on the Cuj.94S nanoplate surfaces (Fig. 11e). Subse-
quently, the Cuj 94S cores are selectively etched away to yield high-yield
1T- MoS, HSs, with TEM images clearly depicting the hollow
morphology (Fig. 11c and d). Post-etching STEM-EDX mappings reveal
the retained contour of Cu signals, likely due to adsorbed Cu ions as
single atoms (SAs) or clusters on the 1T- MoS, HS surfaces, which
contribute to stabilizing the metastable 1T phase (Fig. 11f). This



D.L.T. Nguyen et al.

a

Mo/W-OM

o

S/Se-OM

X Cu, 9,S@TMDs

J

Cuy 0sS + OM + ODE

Acid etching

International Journal of Hydrogen Energy 229 (2026) 154736

80°C/1h

e
1T’ -TMDs HSs

Fig. 11. (a) Synthesis procedure of 1T-TMDs HSs. (b) TEM image of Cujg4S@MoS,. (c,d) TEM images of 1T-MoS, HSs by etching Cuj.g4S from the (b)
Cu;.94S@MoS,. HAADF-STEM image and corresponding STEM EDX elemental mappings of (e) Cuj.94S@MoS, and (f) 1T'-MoS, HSs. Reused with permission from ref.

[167] Wiley-VCH, Copyright© 2025.

template-etching strategy provides a scalable route to thermally stable
1T-TMD hollow structures, with the process ensuring phase purity and
structural integrity throughout. Advanced characterization of the
1T-MoS; HSs confirmed the successful integration of Cu SAs on the
surface with a Cu loading of approximately 1.7 wt%.

The optimized 1T-MoS, HSs electrocatalyst exhibits an over-
potential of 147 mV at 10 mA cm ™2 and a Tafel slope of 42.4 mV dec ™,
indicating excellent HER kinetics compared to other 1T-TMD HSs like
MoSe;y, WSy, and WSey, as seen in Fig. 12a and b. Its superior perfor-
mance is further supported by a high turnover frequency (TOF) of 1.34
s~ at 200 mV (Fig. 12¢) and a large ECSA of 37.06 mF cm’z, attributed
to the hollow structure and synergistic effects with Cu SAs. Fig. 12d
demonstrates the excellent durability of 1T-MoS; HSs, with nearly
overlapping LSV curves before and after 10,000 CV cycles. Fig. 12e
positions 1T-MoS, HSs favorably in comparisons of Tafel slope and
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stability against other Mo-based acidic HER catalysts, while Fig. 12f
highlights its superior long-term stability, maintaining unchanged ac-
tivity after 200 h of continuous operation at 1.0 A cm ™2, in stark contrast
to the rapid decay observed for pure 1T-MoS,. The mechanism under-
lying the enhanced HER activity of Cu SAs-anchored 1T-MoS, is
explored through DFT calculations (Fig. 12g-i), which show that Cu SAs
modify the AGy- to values closer to zero. Specifically, Fig. 12h exhibited
that AGy= values are calculated to be 0.317 eV at the Cu-coordinated S1
site (Cu-1T-MoS-S1), - 0.050 eV at the adjacent S2 site (Cu-1T-MoS,-
S2), and 0.096 eV when H adsorbs directly on Cu (Cu-1T'-MoS,-Cu), all
markedly improved over the 0.399 eV of 1T-MoS,-S. The best perfor-
mance occurs at the S2 site neighboring the Cu atom rather than the
directly coordinated site, demonstrating that Cu SAs indirectly enhance
HER activity by modulating the electronic structure of nearby sulfur
atoms through strong metal-support interactions. Further engineering
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Fig. 12. (a) LSV curves. (b) Tafel slope. (c) TOF values. (d) LSV curves of 1T-MoS, HSs before and after 10,000 CV cycles. (e) Comparison of Tafel slope and catalytic
stability of 1T-MoS, HSs and Mo-based electrocatalysts in acidic electrolyte. (f) Comparison of catalytic stability of 1T-MoS, HSs and pure 1T-MoS by i-t curve test
at 1.0 A cm 2. Structural models of (g) Cu-1T-MoS,-SV-strain (black circles S; and S, represent different active sites). (h) The AGy- of the various active sites in 1T-
MoS; and Cu-1T-MoSs. (i) DOS analysis of Cu-1T-MoS,-SV-strain, Cu-1T-MoS,, and 1T-MoS,. Reused with permission from ref. [167] Wiley-VCH, Copyright© 2025.

the S2 site by introducing 1.5% tensile strain and sulfur vacancies yields
an exceptionally low AGy- of only 0.006 eV (Cu-1T-MoS5-SV-strain-S2),
highlighting the synergistic positive effect of lattice strain and vacancies
on catalytic performance. Density of states analysis (Fig. 12i) shows that
the combined incorporation of Cu SAs, vacancies, and strain results in
more pronounced DOS peaks near the Fermi level, indicating signifi-
cantly improved electrical conductivity of the system. The introduction
of lattice strain and sulfur vacancies further boosts conductivity and
catalytic efficiency, aligning with experimental observations of
improved performance.

The HER is significantly enhanced by the Co(OH)3/Mo-VS; nano-
composite, as reported by Wang et al. [168], achieving a low

overpotential of 41 mV at 10 mA ecm 2 in 1.0 M KOH. The Mo-VS,
component plays a critical role by doping vanadium disulfide, opti-
mizing its electronic structure through charge redistribution, which fa-
cilitates water dissociation and improves H* adsorption energy.
Meanwhile, the Co(OH), component contributes by enhancing water
adsorption and activation, acting as primary sites for the Volmer step in
the HER mechanism. The synergistic interaction between these com-
ponents is further amplified by interfacial electron transfer, reducing the
Tafel slope to 117 mV dec™?, indicative of a Volmer-Heyrovsky mech-
anism with efficient Hy release. DFT calculations reveal that S sites in
Mo-VS,, with a AGy+ of 0.101 eV, excel at H* binding, while Co sites in
Co(OH); promote initial water activation, creating a spatial synergy that
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accelerates the reaction. The nanocomposite's increased electrochemical
active surface area, evidenced by a Cq of 9.28 mF cm_z, ensures more
exposed active sites, boosting overall HER performance. This
dual-modulation strategy leverages the distinct roles of each compo-
nent, enhancing charge transfer kinetics as confirmed by EIS analysis.

The HER performance of the NiCo-MoS;-carbonized wood nano-
composite, as reported by Hu et al. [169], is also markedly improved,
achieving an overpotential of 64 mV at 10 mA c¢cm ™2 in 1.0 M KOH,
showcasing its efficiency. The MoSy component, structured as nano-
flowers with 1T/2H phases, enhances active site exposure and catalytic
activity, while NiCo modification optimizes the electronic structure,
promoting the Volmer step in the HER mechanism with a Tafel slope of
89.5 mV dec!, indicative of a Volmer-Heyrovsky process. The
carbonized wood substrate boosts conductivity and stability, supporting
the durability over 24 h at 64 mV with minimal current decay. XPS
analysis confirms NiCo induces weak electron characteristics, facili-
tating H,0 ionization and H' adsorption, critical for sustained HER ki-
netics. This synergy results in a high electrochemical double-layer
capacitance of 201.6 mF cm ™2, reflecting an increased active surface
area.

In summary, nanocomposite approaches mainly improve HER by
combining TMS/TMSe active components with highly conductive, large-
surface-area matrices like carbon-based materials, MXene, nickel foam,
or hollow frameworks. The key advantages stem from enhanced elec-
trical conduction throughout the electrode, even distribution of active
particles, reduced particle clumping or degradation, expanded electro-
chemically accessible area, and greater mechanical and chemical resil-
ience, though they sometimes prioritize extrinsic enhancements over
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maximal intrinsic activity. Multi-component variants additionally refine
charge distribution and reaction dynamics through tailored elemental
interactions. Such hybrids deliver competitive overpotentials and Tafel
slopes coupled with impressive endurance. In comparison to hetero-
structures, the enhancement here is largely matrix-supported, empha-
sizing practical improvements in transport and longevity rather than
direct interfacial catalysis. The fundamental principle is that robust
conductive hosts facilitate viable, large-scale electrode fabrication,
making nanocomposites indispensable for translating laboratory results
into industrially relevant hydrogen production technologies.

4. Perspectives on challenges and prospects

Despite notable advancements in the development of TMS/TMSe
electrocatalysts for HER (Table 1), key barriers persist in achieving in-
dustrial viability. For example, the basal planes in materials such as
MoS; and WS, limit the catalytic activity primarily to the edge sites.
While strategies such as defect engineering can activate the basal planes,
implementing this with precision and scalability at low cost remains
difficult. The poor electrical conductivity of the 2H phase also poses a
limitation, increasing the overpotential required for HER. While the
transition to the metallic 1T phase and the formation of conductive
composites can mitigate this, stabilizing the 1T phase on a large scale is
complex, as the 1T and 2H phases often coexist in synthesized materials.
Long-term durability in aggressive electrolytes or at industrial currents
(>1 A cm™2) is another weak point, with many catalysts prone to ag-
gregation, Cl -induced corrosion in seawater, or dissolution, as evi-
denced by stability drops after mere hours in some heterostructures.

Table 1
The catalytic activity comparison of representative TMS- and TMSe-based electrocatalysts for HER with corresponding strategies.

Strategy Catalyst Electrolyte n (mV) j (mA cm?) b (mV dec ) Ref.

Morphology MoSe,-CTAB@F68 0.5 M HySO4 189 10 62 [103]
WS,/WOj3 nanorod 0.5 M H,SO4 224 10 82.7 [106]
MoS,/WS, nanoflower 0.5 M HySO4 251 10 61 [107]
WS,/W,C nano hollow flowers 0.5 M H,SO4 280 10 61 [92]
MoSe,/CoSe, nano-flakes 1 M KOH 137 10 55.9 [99]
NiSe,/CoSe/NF-3.0 microflower 1 M KOH 148 10 88.6 [110]

Phase 1T-MoS, 0.5 M H,SO4 149 10 42 [104]
MoSe; 3 0.5 M HySO4 130 10 46 [112]
Mo@(2H,1T)-MoSe, 0.5 M HySO4 183 20 72 [115]
Ni(OH),/1T-MoS,/CC 1 M KOH 216 250 70.8 [170]

Defect and Phase Defect-rich 1T-MoS, 0.5 M HySO4 153 10 43 [125]

Defect S vacancy-rich MoS, 0.5 M HySO4 148 10 51.6 [127]
NiS,-Vs 5.9% 1 M KOH 108 10 82 [128]
Ni3S2/MoS2(Vg10) 1M KOH 84 10 61.6 [129]

Doping Fe doped MoS, 0.5 M H,SO4 173 10 40.1 [134]
mPF-Co-MoS; 0.5 M HySO4 156 10 74 [135]
Nig.0sMO0g.9552 0.5 M H,SO4 215 10 62 [136]
1T-MoS,-Pt (14.3 wt% Pt) 1.0 M KOH + 0.5 M NacCl (simulated seawater) 123 10 64 [138]
P-doped MoSe,/CFP 0.5 M H,S04 186 50 54.3 [139]
(Mo, N)-NiSe, 1 M KOH 82 10 84.5 [140]
C0p.15/1T-M0g 52S2,@N-TGO 1 M KOH 142 10 48 [137]

Heterostructures 1T-WS,/1T-WSe, 0.5 M H,SO4 291 10 57 [153]
NiSe,/MoSe, 0.5 M HySO4 147 10 43.5 [171]
0.2CoSey/MoSe, 1 M KOH 218 10 76 [148]
NiC0,54/C0gSs 1 M KOH 172 10 115 [149]
NiSe,/NiS 1 M KOH 155 10 101 [152]
Mo3Ses—NiSe 1 M KOH 84.4 10 59.6 [147]
MoS;@o0-CoSey 1M KOH 34 10 41 [154]
CogSg/MnS/MoS,/NF 1 M KOH 85 10 76.9 [145]
Nd,Se3-Mn,03 1 M KOH 121 10 78 [172]
MoSex-NisSy 1M KOH 171 10 45 [173]
NiSeo—RuSe, 1 M KOH + sea water 26 10 46.2 [151]

Nanocomposites GDY/CoS,/CC 1 M KOH 97 10 56 [146]
Co-doped 1T-MoS,-V,C MXene 1M KOH 70.1 10 98.6 [163]
V-NiMoSey 1 M KOH 37.8 10 40.2 [174]
Co-1T-MoS,/C 1 M KOH 135 10 88.3 [162]
CoxNij xSeo@Co(OH),/NF 1 M KOH 80 10 65 [166]
Co(OH)3/Mo-VS, 1 M KOH 41 10 117 [168]
NiCo-MoS,-Carbonized wood 1 M KOH 64 10 89.5 [169]
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Additionally, the scalability of synthesis methods is another critical
aspect. While CVD can produce high-quality catalysts, it is often costly,
energy-intensive, and less scalable compared to hydrothermal methods,
which can sometimes produce variable results. Furthermore, a complete
understanding of the catalytic reaction mechanisms, especially in
neutral media, is still lacking. The detailed HER mechanism in bimetallic
sulfides, complex heterostructures, and highly defective materials is still
in its preliminary stages of understanding. Thus, a deeper, atomistic-
level comprehension is necessary for truly rational design. Finally,
despite the advancements, a performance gap still exists between metal
disulfide catalysts and platinum, particularly in terms of overpotential
and exchange current density.

To advance, research must prioritize innovative defect and phase
control, such as plasma-assisted vacancy tuning for site-specific activa-
tion or alloyed dopants to lock in 1T phases without high temperatures.
Exploring unconventional dopants like rare-earth elements or high-
entropy configurations could unlock untapped electronic synergies,
while advanced heterostructures incorporating quantum-confined
layers promise tailored interfaces for pH-universal activity. Hierarchi-
cal morphologies via template-free methods remain vital for exposing
edges affordably.

Integrating fields like computational materials science and Al will be
transformative for TMS/TMSe optimization. Machine learning could
predict defect patterns from vast datasets, guiding synthesis for minimal
overpotentials, while in-situ techniques like operando TEM reveal real-
time phase shifts. High-throughput AI screening might identify novel
compositions, forecasting metrics like Tafel slopes with 90% accuracy to
expedite experiments. Deeper mechanistic probes via ab initio simula-
tions and experiments are essential, especially for seawater HER, where
pH gradients and ion poisoning alter kinetics. Current DFT often ignores
solvation, voltage, and pH effects, leading to discrepancies; future
models should incorporate grand-canonical ensembles and explicit
electrolytes for more realistic predictions.

Addressing stability and scalability challenges is essential to trans-
late TMS/TMSe catalysts from lab to industry. Among these strategies
discussed above, nanocomposites and morphology engineering show the
most promise for scalability due to their reliance on straightforward,
one-step methods like hydrothermal synthesis or support hybridization,
enabling cost-effective, large-scale production for industrial hydrogen
evolution that enables kg-scale production at <10% of CVD costs.
Furthermore, innovative approaches, such as bio-mimetic designs
inspired by hydrogenase enzymes, could embed active motifs in pro-
tective matrices for multi-electrolyte resilience. Eco-conscious synthe-
ses, like ambient-pressure solvothermal processes using biomass-derived
solvents, will cut environmental footprints while scaling output.

Looking ahead, commercializing TMS/TMSe electrocatalysts de-
mands prioritizing processability and seamless integration into real-
world systems, such as anion-exchange-membrane (AEM) or proton-
exchange-membrane (PEM) electrolyzers optimized for intermittent
renewable inputs. Monolithic or thin film architectures, for instance,
could substantially improve mechanical robustness against delamina-
tion and enable roll-to-roll fabrication at scales rivaling solar panel
production, far surpassing the handling limitations of conventional
powder catalysts. By harnessing high-throughput computational
screening to predict defect-tolerant compositions, adopting green syn-
thesis routes like microwave-assisted hydrothermal processes to reduce
energy use by 50-70%, and drawing cross-disciplinary insights from
electrochemistry and nanoscience, the field can surmount barriers like
inconsistent batch quality and establish TMS/TMSe as pivotal enablers
of carbon-neutral hydrogen economies. Academia-industry collabora-
tions, through targeted consortia for pilot-scale testing, will be vital to
iteratively refine these strategies, critically evaluating trade-offs like
activity losses from protective coatings while validating performance
under variable conditions such as fluctuating pH or impurity-laden
feeds. Ultimately, these focused advancements will expedite TMS/
TMSe adoption in renewable energy infrastructures, critically advancing
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global sustainability by delivering hydrogen production costs below $2/
kg through enhanced efficiency and durability.

5. Conclusion

TMS and TMSe present a cost-effective and abundant alternative to
platinum for the hydrogen evolution reaction. Motivated by the pressing
demand for sustainable and economical hydrogen production, these
earth-abundant materials are increasingly recognized as viable sub-
stitutes for costly noble metal catalysts. Despite the promising attributes
of metal disulfides, challenges such as the inertness of basal planes,
limited conductivity, and stability issues persist. However, significant
progress has been made in recent years through various structural en-
gineering strategies, including morphology and phase engineering
(stabilizing the 1T metallic phase), defect and doping with various ele-
ments, the formation of heterostructures, and making nanocomposites
with other conductive materials. These advancements have led to sub-
stantial improvements in the catalytic performance of metal disulfides,
with some recent catalysts even showing the potential to surpass plat-
inum in specific metrics. While the journey towards replacing noble
metals entirely for industrial-scale hydrogen production requires
continued research and innovation, the remarkable progress in the field
of TMS and TMSe electrocatalysts offers a promising pathway towards a
sustainable hydrogen economy.
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