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Electrocatalytic water splitting represents a highly promising technology for the sustainable production of
clean hydrogen fuel. The primary focus of research in this domain revolves around the development of
efficient electrocatalysts for the hydrogen evolution reaction (HER), with the objective of minimizing the
energy barrier and overall energy consumption associated with the HER process, thereby significantly
reducing the overall electrical energy usage. This article initially presents a comprehensive overview of the
fundamental principles underlying electrocatalytic HER, encompassing its reaction mechanism and the
pertinent parameters employed for evaluating the performance of HER electrocatalysts. Following this, the
article explores an in-depth exploration of the diverse range of catalysts that are commonly employed in
the field of electrocatalytic HER, such as metals, oxides, sulfides, selenides, carbides, phosphides, nitrides,
borides, single-atom catalysts, and carbon-supported catalysts. Particular attention is devoted to discussing
the wunique preparation techniques, structural characteristics, performance attributes, and the
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corresponding mechanistic insights pertaining to these catalysts. Lastly, this article delineates the future
trajectories for the advancement of HER electrocatalysts and undertakes an analysis of the challenges that
lie ahead. The primary aim of this review is to serve as a valuable reference for future research and
development endeavors in the realm of HER electrocatalysts, thereby fostering the widespread adoption of
water electrolysis technology.
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energy to address these challenges and achieve sustainable
long-term development. Hydrogen, as a viable new energy

1. Introduction

Over the past decade, the world's energy demand has
undergone rapid expansion driven by the continuous growth
of the population and the accelerated development of global
industrialization."™ Current statistics reveal that traditional
fossil fuels, including coal, oil, and natural gas, still account
for more than 60% of global energy consumption. In contrast,
renewable energy sources such as solar, wind, tidal, and
geothermal energy contribute less than 40%. This significant
reliance on fossil fuels not only accelerates their depletion
but also leads to a range of severe environmental issues,
including air pollution and global warming. Consequently,
there is an urgent necessity to develop renewable and clean
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carrier that can replace traditional fossil fuels, is regarded as
one of the most promising clean energy sources due to its
high energy density and zero-emission.*”” Currently, the
predominant method for hydrogen production is steam
reforming of methane, a process characterized by low
conversion efficiencies and substantial CO, emissions. In this
context, alternative techniques such as thermal catalysis,
photocatalysis, and electrocatalysis for water splitting present
promising  solutions. = Among  these  technologies,
electrocatalytic water splitting has gained significant attention
in global research due to its ability to generate
environmentally benign high-purity hydrogen. This approach
utilizes electricity to facilitate hydrogen production and can
be effectively integrated with intermittent energy sources like
wind and solar power to enhance the overall efficiency of
sustainable energy systems. Water splitting involves two half-
reactions: the anode oxygen evolution reaction (OER) and the
cathode hydrogen evolution reaction (HER). The efficiency
and performance of HER, as the critical step in water splitting
for hydrogen generation, directly impact both the energy
efficiency and cost-effectiveness of the entire production
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process.® ™ Given the rising global energy demand coupled
with increasing environmental awareness, developing efficient
and stable HER electrocatalysts has become a central focus in
energy chemistry field.""™"?

Recent advancements in nanotechnology, materials
science, and computational chemistry have significantly
accelerated research on the HER. Specifically, researchers
have improved both the activity and stability of
electrocatalysts by designing and synthesizing nanomaterials
with distinct morphologies and compositions."* For instance,
the incorporation of innovative porous materials such as
MOFs and COFs as templates or precursors facilitates the
development of electrode materials characterized by high
specific surface areas and abundant active sites.
Concurrently, progress in computational chemistry has
substantially advanced investigations into HER mechanisms.
Utilizing techniques such as quantum chemical calculations
and molecular dynamics simulations enables researchers to
achieve a comprehensive understanding of the underlying
mechanisms and kinetic processes associated with HER. This
elucidates the intrinsic relationship between electrocatalyst
activity and its structural attributes, thereby providing a solid
theoretical foundation for the rational design and
optimization of electrocatalyst for HER."> ™’

Researchers have made significant strides in the discovery
of novel non-precious metal catalysts. Compared to
traditional precious metal catalyst, non-precious metal
catalysts offer advantages such as lower costs and abundant
availability, thereby demonstrating greater potential for
practical applications."®° Currently, a variety of non-noble
metal catalysts, including transition metal sulfides,
phosphides, and nitrides, have exhibited commendable
efficacy in HER.”'>* Despite significant advancements in the
research on HER, several challenges remain persistent. These
challenges encompass the enhancement of both catalyst
activity and stability, as well as the resolution of issues
pertaining to large-scale preparation and industrial
application of these catalysts. Consequently, future research
should prioritize a deeper understanding of the HER
mechanism and kinetic processes, alongside the
development of new efficient and stable catalysts for practical
implementation in water electrolysis.>*>® The advancements
in HER, as a fundamental step in water splitting, hold
profound implications for fostering innovation in renewable
energy and environmental protection technologies.>” >° Given
the continuous emergence of novel materials, technologies,
and methodologies, there is compelling anticipation that
future investigations into HER will yield substantial
outcomes that significantly contribute to sustainable
development efforts globally.>*? In light of escalating global
energy demands coupled with intensifying concerns
regarding environmental pollution, pursuing renewable clean
energy conversion and storage technologies has emerged as a
pivotal area of scientific inquiry. Water electrolysis for
hydrogen production has garnered considerable attention
from both academic researchers and industry stakeholders
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alike due to its efficiency and eco-friendliness.**> The
performance of HER directly influences both the efficiency
and cost-effectiveness of the entire hydrogen production
process.**% Therefore, comprehensive examination of HER
mechanisms along with optimization strategies for catalysts
and electrode materials are crucial to advancing electrolysis
technology.

2. The mechanism of HER

HER refers to the process by which water molecules are
reduced on the cathode surface during water electrolysis to
produce hydrogen. This multi-step reaction involves electron
transfer, ion migration, and surface chemical reactions, with
its performance being influenced by various factors,
including catalysts, and electrolytes. Consequently, a
comprehensive understanding of the HER mechanism is
essential for guiding the design and optimization of catalysts.
The HER process consists of three distinct steps: the
electrochemical hydrogen adsorption reaction (Volmer
reaction), the electrochemical desorption reaction (Heyrovsky
reaction) and the chemical desorption reaction (Tafel
reaction). The HER process can be described using the
following elementary steps.*’
Acidic medium:

H" +e — H* (Volmer)

H* + H + e — H, (Heyrovsky)

H* + H* — H, (Tafel)
Alkaline medium:

H,O +e — H* + OH™ (Volmer)

H* + H,O + e — OH + H, (Heyrovsky)

H* + H* — H, (Tafel)

where * represents an active site on the electrode surface,
and H* is the hydrogen atom adsorbed on the active site.
The HER initiates with an electrochemical hydrogen
adsorption step. In this step, either adsorbed hydrogen ions
(in acidic media) or water molecules (in basic media) on the
surface of the hydrogen evolution electrode are coupled with
electrons to generate a hydrogen atom intermediate (H*) at
the active site. Subsequently, competitive or synergistic
electrochemical desorption and chemical desorption
reactions take place on the electrode surface. The
electrochemical  desorption  primarily involves  the
combination of H* and electrons with H' (under acidic
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conditions) or water molecule (under basic conditions) to
form H,. Conversely, the chemical desorption reaction occurs
through the coupling of two H* to produce H,, regardless of
whether in acidic or basic media.

In acidic solutions, protons first attach to the surface of
the electrocatalyst through diffusion and are subsequently
reduced to molecular H,. On one hand, if the hydrogen
binding energy (HBE) is too weak, it will lead to a low
concentration of protons adsorbed on the surface of the solid
electrocatalyst. On the other hand, if the HBE is too strong, it
will cause the active sites of the catalyst to be persistently
occupied by adsorbed H, leading to catalyst poisoning. The
Gibbs free energy of hydrogen adsorption (AGys) serves as a
crucial indicator for assessing the change in Gibbs free
energy during the HER process and can be used to evaluate
the adsorption of active H and the desorption of H,. Under
ideal conditions, AGy+ should approach zero, at which point
the corresponding exchange current density (j,) reaches its
maximum value, and the HER activity also attains its highest
level. In alkaline or neutral solutions, due to the almost non-
existent free H', H* primarily originates from the
dissociation process of water (H,O + * «— H* + OH).
Furthermore, the Heyrovsky reaction process (H* + H,O + e~
— H, + OH") also involves the dissociation step of water
molecules. Therefore, in the HER process under alkaline
conditions, the slow kinetic characteristics are primarily
attributed to the high energy barrier that must be overcome
for the additional water dissociation step.

Throughout the HER process, electrical energy is
efficiently converted into chemical energy, which is
subsequently stored in the produced hydrogen gas. The
efficiency of HER is intrinsically linked to the adsorption
and desorption processes occurring at the electrode surface.
During this reaction, either water molecules or hydrogen
ions must first adsorb onto the electrode surface, followed
by interactions with the active sites present on the surface
of electrode. This interaction facilitates hydrogen gas
generation through electron transfer and surface chemical
reactions, after which hydrogen gas desorbs from the
electrode surface. Therefore, optimizing both adsorption
and desorption processes at the electrode interface, as well
as increasing both the quantity and intrinsic activity of
active  sites, is essential for enhancing HER
performance.®*!

3. Catalysts for HER

The role of catalysts in HER is to promote the transfer of
electrons and the conversion of water molecules. These
catalysts usually have specific active sites that can effectively
adsorb water molecules and significantly lower the activation
energy required for the reaction, allowing HER to occur at
lower potentials. In recent years, significant progress has
been achieved in designing novel catalysts and optimizing
their structures and performance.
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Noble metal catalysts such as platinum (Pt), palladium (Pd),
and iridium (Ir) are considered the ideal catalyst choice for
the HER due to their excellent conductivity, stability, and
strong adsorption of hydrogen.**™*® Precious metal catalysts
provide active sites that can effectively adsorb water
molecules and promote electron transfer, thereby
accelerating HER. Specifically, these precious metal catalysts
can adsorb water molecules in the electrolyte on their
surfaces and catalyze the reduction reaction of water
molecules to generate hydrogen and hydroxide ions.
Meanwhile, the excellent conductivity of precious metal
catalysts can ensure that electrons are quickly transmitted
across the catalyst surface, further enhancing the reaction
rate.

While noble metal catalysts exhibit superior performance
in the HER, their prohibitive cost limits their widespread
application. Consequently, contemporary research efforts are
predominantly focused on minimizing the quantity of noble
metals used and enhancing their catalytic activity. On the
one hand, researchers optimize the preparation method of
the catalyst by using nanotechnology to prepare noble metal
catalysts with specific morphology and size to increase their
specific surface area and active site number.**™*® On the
other hand, researchers introduce other metals or non-
metallic elements to form alloys or composites with noble
metals to regulate the electronic structure and surface
properties of the catalyst, thereby further improving its
catalytic activity.**™>

Duan et al.>® systematically investigated the hydrogen
adsorption behavior on platinum nanowires (PtNWs) by
integrating electrical transport spectroscopy (ETS) with
ReaxFF reactive force field calculations. The ETS results
clearly revealed the presence of two distinct hydrogen
adsorption peaks on PtNWs. Specifically, one peak was
observed at 0.20 V relative to the reversible hydrogen
electrode (RHE), which is associated with hydrogen
adsorption on the (111) and (100) facets. The other peak,
appearing at 0.038 V RHE, was attributed to hydrogen
adsorption on edge sites. Both experimental and
computational results consistently demonstrated that
hydrogen adsorption on edge sites (HOPD) aligns closely with
the onset potential of HER. Moreover, the activation energy
for HER at edge sites was found to be significantly lower than
that at facet sites, thus underscoring the predominant role of
edge sites in the HER process. Furthermore, the study
revealed that hydrogen adsorption on edge sites is markedly
suppressed in alkaline media, resulting in a substantial
decrease in HER kinetics. These findings not only elucidate
the long-standing ambiguities regarding the roles of different
sites on the platinum surface but also offer invaluable
insights for the design of HER catalysts. Cheng et al>
successfully synthesized PdPt alloys with varying thicknesses
of Pt shells using a wet chemical method, specifically
including PdPt,; with a double-layer Pt shell and PdPty, with
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multi-layer Pt shells. In a 0.5 M H,SO,, PdPt,L requires only
an overpotential of 18 mV to achieve a current density of 10
mA cm™>, and its HER process follows the Volmer-Tafel
mechanism with rapid kinetics for hydrogen generation, as
shown in Fig. la-c. Furthermore, PdPt,L can operate stably
for at least 510 hours at a current density of 110 mA cm™
without significant decay in catalytic activity. Remarkably, in
a proton exchange membrane water electrolyzer, the PdPt,L||
IrO, system maintains stable operation for 100 hours at a
high current density of 500 mA cm™, with a voltage
degradation rate of only 1.69 mV h™'. In situ Raman
spectroscopy results indicate that Pt sites serve as active
species that preferentially capture hydrogen atoms, which
facilitates the HER process. Operando electrochemical
impedance spectroscopy (EIS) analysis further reveals that
the reaction resistance of PdPt,L is primarily determined by
the interfacial charge transfer resistance, rather than the
electron transfer resistance at the catalytic inner layer/
interface. Additionally, density functional theory (DFT)
calculations show that the weak strain effect of PdPt,L
effectively reduces the hydrogen adsorption energy, which
favors the desorption of H* and the generation of H,, thereby
accelerating the kinetics of the HER process (Fig. 1d).

Song et al’® successfully synthesized a nickel nitride
(NizN)-supported catalyst featuring a highly exposed Pt(110)
crystal facet, denoted as Pt(110)-NizN, on a vacancy-rich
Ni(OH), substrate through a two-step process involving
impregnation and calcination. X-ray = photoelectron
spectroscopy (XPS) and X-ray absorption near-edge structure
(XANES) analyses revealed that there is a strong interaction
between Pt and Ni3N, which promotes electron transfer from
Pt to Ni atoms within NizN, consequently decreasing the
electron density on the Pt surface. DFT studies further
elucidated that this alteration in electron density on the Pt
surface significantly affects the adsorption geometry and
energy of H* on the Pt(110) crystal facet, as illustrated in
Fig. 2a and b. As a result, the Pt(110)-Ni;N catalyst exhibits
outstanding HER performance in 0.5 M H,SO,. Dai et al.’®
adeptly integrated the advantages of Pd-M and PdH,
structures, successfully synthesizing a palladium-copper
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Fig. 1 (a) The synthesis schematic illustration of PdPt, and PdPty,. (b)
LSV polarization curves between Pd, PdPt,, PdPty., and commercial
Pt/C. (c) Tafel slopes. (d) AGy« on Pt sites of PdPt, and PdPty,, and Pt.
The insets are atomic structure simulation model of PdPt,, PdPty,,
and Pt with adsorbed hydrogen.>*
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Fig. 2 (a) The synthesis schematic illustration of Pt(110)-NisN. (b) The
DFT calculations of Pt(110)-NizN.>® (c) Schematic illustration showing
the dealloying mechanism of the Alg7gNi;Rhg,-0 precursor.®” (d)
Schematic illustration for the synthesis of Ru/FeO,-300. (e) HER
polarization curves of different catalysts.>®

hydride catalyst (PdCu,,Hy 43). During the synthesis process,
the metal precursors first underwent co-reduction in an
oleylamine system to form a Pd-Cu alloy. Subsequently, this
alloy was uniformly mixed with carbon black in a hexane
solvent. Finally, the mixture was subjected to calcination
under ambient conditions, a process that enabled the
successful intercalation of hydrogen atoms into the lattice
interstitials of the Pd-Cu alloy. Utilizing advanced techniques
such as aberration-corrected transmission electron
microscopy (AC-TEM), X-ray diffraction (XRD), and X-ray
absorption spectroscopy (XAS), the morphology and structure
of the catalyst were thoroughly characterized, confirming the
alloy hydride structural features of the resultant Pd-Cu-H
catalyst. Furthermore, the PdCu,,H,,; catalyst effectively
suppressed the oxidation of Pd, maintaining its metallic
state. This method not only achieved the interstitial insertion
of hydrogen atoms at atmospheric pressure but also endowed
the catalyst with exceptional performance and stability for
HER. DFT calculations revealed that the synergistic effects of
hydride formation and copper alloying in the PdCu,,Hg.43
catalyst not only optimized hydrogen adsorption capabilities
but also enhanced the structural stability of the catalyst,
thereby enabling long-term stable HER performance. Zhang
et al.’’ proposed a novel synthesis method by integrating a
self-templating strategy involving eutectic solidification,
microalloying, and chemical dealloying process, successfully
preparing one-dimensional nanoporous RhNi alloy
nanowires, as shown in Fig. 2c. By precisely tuning the
solidification conditions, the length of the RhNi nanowires
can be effectively controlled. The as-prepared RhNi catalyst
exhibits excellent electrocatalytic activity and stability for
HER in both acidic and alkaline media. DFT calculations
reveal that the AGy+ on the Rh3Niy(111) surface is
comparable to that on the Pt(111) surface, indicating that the
bonding strength between the intermediate and the active
site is optimized, thereby endowing Rh;Ni, with HER
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catalytic activity comparable to Pt. Furthermore, when H
adsorbs on the metal surface, significant orbital interaction
occurs between the s orbital of H and the d orbital of Rh,
forming a stable Rh-H bond.

Significant advancements have been achieved in the
development of novel precious metal catalysts. For instance,
researchers have identified specific composite catalysts
comprising precious metals and iron foam or carbon
materials that exhibit superior performance in HER. Zhao
et al.®® reported a spherical Ru/FeOx composite supported on
foam iron for overall water splitting in neutral media through
a synchronous heating and stirring treatment followed by
calcination process. Specifically, the Ru/FeO,-300 sample
demonstrated remarkable HER activity, with an overpotential
of only 30 mV at a current density of 10 mA cm™2, and a Tafel
slope of 7.3 mV dec™ in 1.0 M phosphate buffer solution, as
illustrated in Fig. 2d and e. The synergistic effect between Ru
and FeO,, coupled with the unique spherical structure of the
composite, not only effectively enhanced the overall
conductivity of the catalyst but also promoted the exposure of
a large number of active sites, thereby augmenting its
electrocatalytic performance. XPS analysis of the catalyst after
the catalytic reaction revealed a positive shift in the Fe 2p
peak and a negative shift in the Ru 3p peak, indicating
electron transfer from Fe to Ru. This electron transfer
mechanism significantly enhanced the catalytic activity of Ru
atoms. These catalysts not only reduce the amount of
precious metal required but also substantially enhance both
stability and catalytic activity, thereby paving a new avenue
for the optimized design of HER catalysts.>”

Transition metal catalysts, such as iron (Fe), cobalt (Co),
and nickel (Ni), have exhibited significant catalytic activity in
the electrocatalytic HER owing to their exceptional
conductivity and chemical stability. The abundant d electrons
of these transition metals provide active sites conducive to
efficient hydrogen production. Moreover, the catalytic
performance of these metals can be optimized through
modifications to their electronic structure, lattice
configuration, and surface characteristics. The diversity
among transition metal elements also presents a broad
spectrum of options for the design and development of
effective HER catalysts.

Jiang et al.*’ successfully designed and synthesized a high-
entropy NiFeCoCuTi alloy on the surface of columnar
nanoporous nickel scaffolds. The catalyst exhibited excellent
HER performance in 1 M KOH, achieving an ultrahigh
current density of 2 A cm™ with an overpotential of only 209
mV, and maintaining outstanding stability for over 240
hours. Through XPS characterization, it was found that
significant electron transfer occurred from Ti atoms to Ni,
Co, and Fe atoms in the high-entropy alloy NiFeCoCuTi, and
the surface Ti atoms were predominantly in the oxidized
state. This oxidized state of Ti atoms facilitated the
adsorption of OH, thereby promoting the formation of
optimal AGy+ multi-site electrocatalytic centers associated
with the NiFeCoCu surface alloy. In conjunction with the
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results of electrocatalytic performance tests, it can be clearly
concluded that the presence of Ti atoms plays a crucial role
in enhancing the activity of the electrocatalytic HER. Peng
et al®® prepared a series of Ni-Mo alloys with varying
molybdenum contents via an electrodeposition method, and
subsequently obtained alloy catalysts with a preferentially
exposed MoNi,(312) crystal plane through electrochemical
reconstruction. In acidic electrolyte, the reconstructed
catalyst exhibited an overpotential of 23 mV at a current
density of 10 mA cm™, accompanied by a Tafel slope of 53.9
mV dec’, outperforming commercial Pt/C catalysts.
Furthermore, the catalyst also demonstrated satisfactory HER
performance in alkaline electrolyte. DFT calculations revealed
that the strong interaction between Ni and Mo atoms on the
MOoNi,(312) crystal plane facilitated electron transfer from Ni
to Mo, optimizing the electronic structure and reducing the
hydrogen adsorption energy, thereby accelerating the HER
process. Additionally, the MoNi,(312) crystal plane possessed
high corrosion resistance, contributing to the long-term
stability of the catalyst.

Soo-Kil Kim et al® successfully prepared Cu,Mo;g0-yx
(where x represents the atomic percentage of Cu) catalysts on
titanium (Ti) substrates via electrodeposition. By precisely
adjusting the composition of the electrolyte, they effectively
controlled the atomic concentrations of Cu and Mo, thereby
achieving fine-tuning of the -catalyst's composition and
structure. XPS analysis provided deep insights into the
electronic interaction mechanism between Cu and Mo
elements, revealing that the incorporation of Mo rendered Cu
in an electron-rich state. This characteristic significantly
facilitated the hydrogen adsorption and desorption
processes. Subsequently, the research team deposited the
Cugz ;Mo ; catalyst onto carbon paper and employed it as
the cathode, while IrO, was used as the anode, to successfully
assemble a proton exchange membrane water electrolyzer
single cell. Performance tests were conducted on the single
cell under operating conditions at 90 °C. The test results
demonstrated that a current density of 0.50 A cm™> was
achieved at a cell voltage of 1.9 V. Although this current
density was slightly lower than that of cells employing Pt
cathodes, the activity based on metal mass (3.4 A mg™" metal)
was significantly higher than that reported for previous
PEMWE systems, fully showcasing the excellent performance
of the prepared catalyst.

Transition metal compounds, including metal sulfides,
phosphides, nitrides, carbides, and selenides, serve as
effective catalysts in the electrocatalytic HER. To optimize the
performance of these transition metal compound catalysts,
various strategies have been employed. One approach
involves precise control over the nanostructure of the catalyst
by synthesizing nanoparticles or nanowires with specific
morphologies and dimensions. This strategy effectively
increases the catalyst's specific surface area, thereby exposing
more active sites and significantly enhancing its catalytic
activity. Another strategy entails alloying or doping with other
metallic or non-metallic elements to modify the electronic

This journal is © The Royal Society of Chemistry 2025
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structure and surface properties of the catalyst, thus
optimizing its adsorption and activation efficiency for
hydrogen atoms. Additionally, modifying the catalyst surface
is regarded as an effective method to improve performance.
For instance, introducing appropriate functional groups or
incorporating co-catalysts can enhance the surface
characteristics of the catalyst and improve its ability to
adsorb and activate water molecules.

The catalytic HER performances of various metal-based
electrodes are compared in Table 1.

3.2 Metal oxide

Metal oxides possess the ability to reduce the activation
energy of HER, thereby accelerating the process of water
dissociation and hydrogen generation. Their distinctive
electronic structure and chemical properties endow them
with exceptional catalytic performance in electrocatalytic
HER.

Zhu et al®® successfully synthesized Rh-doped hollow
CoFe layered double hydroxides (LDH) utilizing ZIF-67
nanotriangles grown on foam nickel as templates.
Comprehensive theoretical calculations demonstrated that
the incorporation of Rh atoms conferred multiple
advantages, significantly enhancing the electrocatalytic
performance for both HER and OER. The introduction of Rh
atoms, supported by density of states (DOS) analysis and free
energy assessments, markedly improved the conductivity of
CoFe LDH while simultaneously lowering the energy barrier.
Moreover, Fe vacancies induced by Rh doping, along with the
highly porous hollow nanostructure, optimized the HER and
OER processes. Consequently, the prepared catalyst exhibited
an HER overpotential of merely 28 mV at a current density of
10 mA ecm™?, and an OER overpotential of 245 mV at 100 mA
cm >, Furthermore, when this electrocatalyst was employed
for overall water splitting applications, it achieved a current
density of 10 mA cm™> with an impressive cell voltage of only
1.46 V. Gao et al.®® successfully synthesized a composition-
and morphology-tunable Co-doped NiO/NiFe,O, mixed oxide
mesoporous nanosheet array on a nickel foam substrate
using a solvothermal-calcination two-step method. The
densely interconnected mesoporous nanosheet array of the
catalyst not only provides abundant catalytic active sites but
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also effectively mitigates the significant volume changes that
occur during electrochemical processes. Characterization
results indicate that due to the similar radii of Co and Ni
atoms, the substitution of Ni atoms by Co atoms in the NiO
lattice does not cause a significant change in the lattice
constant. However, this substitution process leads to electron
transfer from Ni atoms to Co and Fe atoms, making the
electron-rich Co atoms more easily accessible to electrons
and facilitating the reaction with adsorbed water molecules
to generate hydrogen atoms, thereby enhancing the activity
of HER. Yang et al.®* employed a two-step strategy combining
hydrothermal and impregnation methods to successfully
synthesize uniformly distributed porous CuMoO,@Co03;0,
nanosheet electrocatalysts on a nickel foam substrate. XPS
analysis revealed a significant positive shift in the binding
energy of Mo®" ions, indicating strong electronic interactions
between CuMoO, and Co;0,. Furthermore, in the
CuMoO,@Co0;0, electrode system, Mo®" ions can successfully
oxidize Cu® to Cu** during HER process, a mechanism that
enhances the HER performance of the CuMoO,@C0;0,
electrode. Under 1 M KOH electrolyte conditions, the electrode
exhibits an HER overpotential of 54 mV at a current density of
10 mA cm™ and an OER overpotential of 251 mV at 50 mA
cm, Additionally, at a higher current density of 100 mA cm™,
the HER and OER performances of the electrode demonstrate
excellent stability over a continuous 120-hour test.

N. Ponpandian et al.*® developed a novel three-dimensional
binary nanocomposite electrode (denoted as CC@WO3/GR),
which comprises hexagonally oriented WO; nanorods and
reduced graphene layers arranged on a conductive carbon
nanofiber substrate (Fig. 3a). The CC@WO;/GR electrode
achieved a low overpotential of merely 64 and 78 mV to reach a
current density of 10 mA em 2 in 0.5 M H,SO, and 1 M KOH,
respectively (Fig. 3b and c¢). The intrinsic activity of the
multifunctional active sites within the CC@WO;/GR electrode
plays a pivotal role in the hydrogen spillover effect (HSPE).
Specifically, in acidic media, the adsorption of protons on O
sites synergizes with W elements as intermediates for hydrogen
spillover to the carbon supports, thereby effectively facilitating
efficient H, gas release.

Wang et al.®® successfully designed and synthesized a
Ni;;W3/M0O;_,/WO;_, multicomponent catalyst using Ni,Wj-
0O,; polyhedra as templates. In this catalyst, Ni;;W; serves as

Table 1 A comparison of catalytic HER performances for the metal-based catalysts

Catalyst Electrolysis test Electrolyte Current density (mA cm ) Overpotential (mV) Tafel slope (mV dec™) Ref.

PdPty;, HER 0.5 M H,S0, 10 18 29 54

Pt(110)-NizN HER 0.5 M H,SO, 10 33 44.9 55

PACu, ,Ho 45 HER 0.5 M H,S0, 10 28 23 56

Al-Ni-Rh, HER 1 M KOH 10 43.1 41.1 57

Ru/FeO, HER 1M PBS 10 30 7.3 58

OER 1 M PBS 10 212 71

NiFeCoCuTi HER 1M PBS 100 159 50 47
1 M KOH 2000 209 43

MONi,(312) HER 0.5 M H,S0, 10 23 53.9 60
1M KOH 10 43 92.4

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Schematic illustration for the synthesis of CC@WO3/GR.
Polarization curves (b) in 0.5 M H,SO,4 and (c) in 1 M KOH.®®

the active metal phase, while MoO;_,/WO;_, acts as the
support. By adjusting the molar ratio of MoO; to WO;,
the concentration of oxygen vacancies in the metal oxide
support can be effectively tuned. The abundant oxygen
vacancies in the MoO;_,/WO;_, support not only
significantly enhance the hydrogen insertion/extraction
kinetic performance of the metal oxide, but also improve
its hydration capability. This characteristic enables
efficient hydrogen adsorption/transfer/desorption Kkinetics
on the surface and interfaces of the Ni;;W;/MoO;_,/WO;_,
catalyst, thereby markedly improving its HER performance
across the full pH range. DFT calculations and in situ
Raman spectroscopy analysis reveal the mechanism of
hydrogen spillover occurring at the metal/metal oxide
interface, which accelerates the kinetics of hydrogen
adsorption, transfer, and desorption. Cho et al®
successfully fabricated mixed-phase (Co,Ce) oxide films
with varying Co/Ce molar ratios on a nickel foam
substrate using an electrodeposition method. The
heterogeneous interface between cobalt oxide and cerium
oxide effectively facilitated rapid electron transfer,
significantly reducing the adsorption energy of reaction
intermediates, and thereby greatly accelerating the reaction
kinetics. The optimized material, Coyg5Ceo 15, exhibited a
low overpotential of 76 mV for HER at a current density
of 10 mA ecm™. Du et al®® successfully designed and
synthesized a strawberry-like nanostructure with RhO,
clusters embedded in the surface layer of Rh nanoparticles
(SLNP) wusing a laser ablation method in aqueous
rhodium, as shown in Fig. 4a. Due to the lattice
mismatch between the RhO, clusters and the Rh
substrate, a significant compressive strain effect was
induced. This compressive strain not only effectively
stabilized the RhO, clusters but also significantly
enhanced their HER catalytic performance. In 1 M KOH
solution, when the current density reached 10 mA em™,
the overpotential was only 14 mV, and the Tafel slope was
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Fig. 4 (a) Schematic illustration for the synthesis of the SLNP catalyst.
(b) The HER polarization curves of different catalysts. (c)
Overpotentials of different catalysts derived from HER polarization
curves at 10 and 50 mA cm™2, respectively. (d) Tafel plots derived from
the polarization curves shown in (b).58

reduced to 30 mvV dec' (Fig. 4b-d). Further DFT
calculations revealed that the compressive strain promoted
electron transfer from Rh to O, enhancing the stability of
the Rh-O bonds. Moreover, this strain facilitated the
electron transfer process from adsorbed water molecules
to RhO,, resulting in a decrease in the number of
electrons in the water molecules and a weakening of the
hydrogen-oxygen bond strength, thereby promoting the
dissociation reaction of water.

The catalytic HER performances of various metal
electrodes are compared in Table 2.

3.3 Metal sulfide

Sulfide catalysts, primarily composed of transition
metal sulfides (TMSs) such as molybdenum disulfide
(MoS,) and tungsten disulfide (WS,), are widely
employed to enhance the efficiency of hydrogen
production through water electrolysis. These sulfides
exhibit distinct physicochemical properties, including
tunable electronic structures, an abundance of surface-
active  sites, excellent electrical conductivity, and
chemical stability, which render them highly suitable
for HER. Sulfide catalysts demonstrate superior
electrocatalytic ~performance in water electrolysis by
effectively facilitating hydrogen activation and reducing
the energy barrier associated with proton reduction.
Furthermore, these sulfide-based HER catalysts exhibit
exceptional stability and durability, maintaining their
catalytic activity over extended periods of electrolysis.
To further optimize the performance of these catalysts,
researchers have adopted various strategies, including
the optimization of catalyst morphology, size, and
structure, modulation of active sites, and compounding
with other materials. These strategies can significantly
enhance the catalytic activity and stability of the
catalysts, thereby promoting the development and
application of hydrogen production technologies derived
from water electrolysis.

This journal is © The Royal Society of Chemistry 2025
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Table 2 A comparison of catalytic HER performances for the metal oxide-based catalysts

Current density (mA cm™)  Overpotential (mV) Tafel slope (mV dec™")  Ref.

Catalyst Electrolysis test  Electrolyte
Rh-doped CoFe-ZLDH@NF HER 1 M KOH 10
OER 1 M KOH 100
Co-doped NiO/NiFe,0, HER 1 M KOH 10
OER 1 M KOH 10
CuMo0O,@C0304 HER 1 M KOH 10
OER 1 M KOH 50
CC@WO3/GR HER 0.5 M H,S0, 10
1 M KOH 10
Ni;,W3/M0O;_,/WO;_,, HER 0.5M H,S0, 10
1 M PBS 10
1 M KOH 10
C00.55C€0 15 HER 1 M KOH 10
OER 1 M KOH 20
RhO, HER 1 M KOH 10

Ren et al® have for the first time employed
electrochemical tip-enhanced Raman spectroscopy (EC-TERS)
to dynamically characterize the lattice structure and
electronic properties of active sites in molybdenum disulfide
(MoS,) during the electrocatalytic HER (Fig. 5a). Their study
reveals that the edge sites of MoS, serve as the active sites for
HER, undergoing significant structural reconstruction during
the reaction process, which encompasses the rearrangement
of the lattice structure and changes in electron density.
Furthermore, the electrochemical activation process further
enhances the catalytic activity of the edge sites, potentially
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Fig. 5 (a) Schematic of the experimental set-up of EC-TERS study. (b)
AFM image of the mechanically exfoliated bilayer MoS, on an
atomically smooth gold film. (c and d) EC-situ TERS spectra, (e) ex situ
TERS spectra of edges and basal planes.®® (f) Schematic illustration of
the microstructure of Cu NDs/NizS, NTs-CFs. (g) The charge density
distributions on Cu/NizS,, NizS,, and Cu. (h) The calculated adsorption
free energy changes of H,O on Cu/NisS;, NizS, and Cu.”® (i) Schematic
illustration of the synthesis procedure of Co-1T-MoS,-bpe.”*
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through the loss of sulfur atoms, leading to structural strain.
Li et al.”® employed Cu nanodots-decorated NizS, nanotubes
deposited on carbon fibers (Cu NDs/NizS, NTs-CFs) as a
catalyst, achieving efficient HER performance in an alkaline
environment. The analysis results of Raman spectroscopy
and XPS indicated that strong electronic interactions
occurred between Cu and Ni;S,, leading to a decrease in
electron density on Cu and a corresponding increase on
NizS,. During the HER process, positively charged Cu
effectively adsorbed and activated water molecules by
capturing the O atoms, thereby promoting the cleavage of
H-O bonds. Meanwhile, negatively charged Ni;S, weakened
the S-H,qs bonds, optimizing the adsorption and desorption
process of H*. DFT calculations further confirmed that the
Cu/NizS, composite exhibited optimal adsorption of H,
leading to high HER electrocatalytic activity, as shown in
Fig. 5b-d. Su et al”" successfully synthesized high-
performance MoS, electrocatalysts with surface sulfur
vacancies via a facile hydrothermal method, using
hydrochloric acid as a sulfur etchant. Compared to pristine
MoS,, the MoS, electrocatalysts engineered with surface
sulfur vacancies exhibited significantly enhanced HER
performance, with a performance improvement of up to 32-
fold. Impedance analysis further revealed that when the
concentration of surface sulfur vacancies was at a low level, it
effectively optimized the charge transfer process; whereas at
higher concentrations, it significantly promoted the
desorption process of H atoms. Additionally, the introduction
of sulfur vacancies also led to a reduction in the grain size of
MoS,, which may also be a favorable factor contributing to
its improved HER performance. Most importantly, this mild
synthesis method is not only simple to operate but also
highly versatile, with potential for extension to the
preparation of other metal sulfide compounds beyond
molybdenum disulfide. Chai et al.”> synthesized a series of
(Zn-)CosSg@CF three-dimensional self-supporting materials
with diverse nanostructures on copper foam substrates by
precisely controlling the Zn>" to Co®" ratio. Compared to pure
CooSg and other samples with varying ratios, the Zn-Coo-
Sg@CF(1-1) material characterized by a zinc-cobalt ratio of
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1:1 exhibits catalytic activity for HER, and long-term durability
across a wide pH range. This remarkable performance can be
attributed to its distinctive network structure. The three-
dimensional copper foam substrate not only provides excellent
conductivity but also significantly enhances the exposure of
numerous active sites, thereby ensuring the material's long-term
stability. Dong et al.”®> employed a CoMo-MOF precursor and a
high-temperature sulfidation method to successfully dope Co
atoms in situ within the basal plane of 1T-MoS, and insert
organic bpe molecules in situ into the interlayer of 1T-MoS,,
thereby preparing a Co-1T-MoS,-bpe catalyst with enlarged
interlayer spacing and a nanoflower structure composed of
nanosheets, as shown in Fig. 5e. The multitooth ligand 1,2-bis
(4-pyridyl) ethane (bpe) can form stable connections with the
two-dimensional 1T-MoS, layers through cobalt sites, effectively
enlarging the interlayer spacing of MoS,. This structural change
not only promotes the exposure of active sites but also
accelerates the water dissociation process and optimizes the
adsorption and desorption behavior of H during the alkaline
HER. DFT calculation results indicate that the optimization of
the electronic structure of 1T-MoS, stems from the formation of
a three-dimensional metal-organic structure by connecting
n-conjugated ligands, which weakens the hybridization between
the Mo 3d and S 2p orbitals, making the S 2p orbitals more
prone to hybridize with the H 1s orbitals.

Yasufumi Takahashi et al” employed high-resolution
Scanning Electrochemical Cell Microscopy (SECCM) technique to
conduct detailed imaging and quantitative analysis of the catalytic
active sites for HER in 1H-MoS, nanosheets, MoS, and WS,
heterostructured nanosheets. By comparing the HER activity at the
edge regions, basal planes, and heterojunctions of 1H-MoS,
nanosheets, the study revealed that the sites at the edge regions
exhibited significant current response, lower overpotential, and
smaller Tafel slope. Furthermore, the research also uncovered that
there was no significant correlation between the HER activity and
the number of layers in MoS, nanosheets. Zhou et al”
successfully synthesized 2H-MoS, materials with varying sulfur-to-
molybdenum ratios (S/Mo ratios) by precisely controlling the
proportions of sulfur (S) and molybdenum (Mo) precursors,
enabling fine-tuned manipulation of the local atomic environment
around vacancies in MoS, through adjustment of the Mo-S ratio
(Fig. 6a). Systematic performance evaluations revealed that MoS,
with a higher proportion of molybdenum-terminated vacancies
exhibited superior HER performance compared to MoS, featuring
sulfur-terminated vacancies and defect-free MoS, (Fig. 6b and c).
Furthermore, advanced characterization techniques confirmed
that in M-MoS, a notable increase in the number of exposed
molybdenum atoms surrounding the vacancies was observed,
accompanied by a relatively lower oxidation state of Mo atoms and
the presence of more unoccupied orbitals, collectively contributing
to the optimization of the H adsorption/desorption equilibrium.
Lee et al”® successfully synthesized a catalyst containing CrOx
sub-nano domains through the migration of Cr cations at the
interface of CooSg/CuCrS,. XPS analysis revealed a pronounced
negative shift in the Co 2p peak of CrOx-CoySs/CuCrS, compared
to pristine CooSg, indicating a strong electronic interaction
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