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The hydrogen evolution reaction (HER) is a key electrochemical process for sustainable hydrogen production
via water splitting. However, its practical implementation is hindered by sluggish reaction kinetics and reliance
on noble metal catalysts like platinum, which are costly and scarce. To overcome these limitations, synergistic
doping of metallic (e.g., Fe, Co, Ni, Mo, Mn, Cu, Pt) and non-metallic (e.g.. P, N, B, O, S) elements has
emerged as an effective strategy to enhance catalytic activity. This dual-doping approach enables fine-
tuning of the catalyst's electronic environment, increases active site density, and improves hydrogen adsorp-
tion/desorption behaviour. Metallic dopants modulate conductivity and the electronic structure of active
sites, while non-metallic heteroatoms introduce charge redistribution, surface defects, and chemical
polarity — collectively accelerating HER kinetics. This review critically examines recent advances in the syn-
thesis and performance of heteroatom-doped HER electrocatalysts under acidic and alkaline conditions.
Emphasis is placed on how compositional tuning, structural design, and interface engineering contribute to
improved catalytic performance, including low overpotentials, favourable Tafel slopes, and long-term stabi-
lity. These developments underscore the potential of heteroatom doping as a versatile platform for designing
next-generation HER catalysts for scalable and economically viable hydrogen energy systems.

1. Introduction

The global transition toward sustainable energy systems has
intensified the search for alternative energy carriers capable of
replacing fossil fuels, which are increasingly associated with
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environmental degradation, climate change, and geopolitical
instability." Among the various candidates, hydrogen (H,) has
emerged as a highly promising energy vector due to its high
gravimetric energy density, carbon-free combustion, and broad
applicability in transportation, chemical synthesis, fuel cells,
and energy storage systems.>® Electrocatalytic hydrogen pro-
duction via water splitting offers a clean and scalable route to
H, generation, especially when driven by renewable electricity
sources such as solar, wind, or tidal energy."” Within this
process, the HER is a critical half-reaction that governs the
overall efficiency and viability of water electrolysis systems.
Despite its simplicity in stoichiometry, the HER involves
complex electron-proton transfer steps that are highly depen-
dent on the energetics of the catalytic surface.*” Platinum-
group metals (PGMs) are widely regarded as the benchmark
HER catalysts due to their near-zero hydrogen adsorption free
energy (AGy-) and exceptional exchange current densities.®
However, the scarcity, high cost, and limited durability of these
noble metals have posed significant barriers to their large-scale
deployment in practical systems.’ As a result, extensive research
efforts have been directed toward developing Earth-abundant,
cost-effective, and efficient non-precious metal-based HER
catalysts."®"" One of the most promising approaches in this
domain is heteroatom doping, where foreign atoms, either
metallic or non-metallic, are intentionally introduced into the
host lattice of a catalytic material to modulate its physico-
chemical properties (Fig. 1). Doping enables the tuning of elec-
tronic structures, creation of defect states, optimization of
hydrogen adsorption sites, and enhancement of charge transfer
kinetics."” Specifically, metallic dopants, such as 3d transition
metals (e.g., Fe, Co, Ni, Mn, Cu), can significantly alter the
d-band center of the host material, thereby adjusting the hydro-
gen binding energy and improving the intrinsic catalytic
activity."® On the other hand, non-metallic dopants such as
nitrogen (N), phosphorus (P), sulfur (S), boron (B), and oxygen
(0), play an essential role in inducing charge redistribution,
defect engineering, and improving hydrophilicity and conduc-
tivity."* Recent studies have demonstrated that synergistic co-
doping of both metallic and non-metallic elements can yield
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even greater improvements in HER activity than single-element
doping strategies."® This synergistic enhancement arises from
the complementary effects of the two dopants: while metallic
dopants optimize the electronic configuration of active sites,
non-metallic elements further modulate the local charge
environment, induce lattice strain, and stabilize catalytic
intermediates.’*'® For example, in carbon-based materials,'”
the dual incorporation of transition metals with N or P not
only creates M-N,. or M-P, moieties with high activity but also
enhances the electron delocalization throughout the matrix,
leading to improved conductivity and reaction kinetics.'®
Moreover, synergistic doping can influence the thermo-
dynamics of hydrogen adsorption and desorption, tuning the
AGy~ toward thermoneutrality (~0 eV), which is a key criterion
based on the volcano plot relationship for optimal HER cata-
lysts. In transition metal chalcogen transport, and phosphides,
co-doping can promote phase transformation, enhance inter-
facial charge transport, and increase the electrochemically
active surface area.'® Additionally, co-doped systems often
exhibit superior durability under harsh electrochemical con-
ditions, attributable to stabilized bonding configurations and
suppressed leaching of active species. Despite significant pro-
gress, the rational design of synergistically doped HER catalysts
remains a complex challenge. Critical aspects such as dopant
selection, atomic configuration, dopant-host interaction, and
synthetic controllability need to be systematically investigated.
Advanced characterization techniques such as X-ray absorption
spectroscopy (XAS), transmission electron microscopy (TEM),
and density functional theory (DFT) simulations are increas-
ingly being employed to gain atomistic-level insights into the
role played by dopants and their interactions with the host
material.

This review aims to provide a comprehensive overview of
recent advancements in the development of synergistically
doped metallic and non-metallic HER electrocatalysts. We
focus on the enhancement of underlying mechanisms of
activity, the interplay between dopant species, and the emer-
ging design principles that govern catalyst performance.
Special emphasis is placed on how electronic structure tuning
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via co-doping strategies can generate active sites with opti-
mized hydrogen adsorption energies. While several compre-
hensive reviews have discussed HER electrocatalysts based on
either metallic or non-metallic catalyst strategies, most existing
works remain largely material-centric or focus on single-
dopant effects, with limited emphasis on comparative or syner-
gistic design principles. In contrast, the present review intro-
duces a unified framework that systematically examines metal-
lic and non-metallic strategies from a mechanism-driven per-
spective, highlighting how different dopant types modulate
electronic structure, defect chemistry, and hydrogen adsorp-
tion energetics across diverse material platforms. By explicitly
correlating dopant-induced electronic tuning with HER activity
and stability, this review goes beyond descriptive classification
and provides generalized structure-activity relationships and
rational design guidelines for next-generation, Earth-abundant
HER electrocatalysts.>

2. Hydrogen evolution reaction
mechanism

An imperative electrochemical mechanism called the HER con-
verts protons (H') in an aqueous solution into hydrogen gas
(Hy). It originates during electrolysis, considered the process
of cutting down water into its parts of hydrogen and oxygen by
way of an electric current. A typical electrolyzer consists of
three fundamental components: (i) an electrolyte, (ii) a
cathode, and (iii) an anode. The cathode and anode are gener-
ally coated with suitable catalysts to facilitate the electro-
chemical reactions.”® There are several phases to the HER
occurring at the cathode, and the electrolyte’s state of pH can
have an impact on those phases.>” The hydrogen production
mechanism within an acidic solution is usually explained by
two main phases. At the beginning, H' ions near the electrode
surface take in electrons for the reduction which forms hydro-
gen molecules that are adsorbed onto the electrode surface®?
(1). There are two ways in which these adsorbed hydrogen
molecules might be eliminated from the electrode surface.
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One approach is the Volmer-Tafel mechanism-based mixing of
two adsorbed hydrogen atoms (2), which proceeds by their de-
sorption from the electrode surface. The alternative process
involves the Volmer-Heyrovsky mechanism-driven response of
the adsorbed hydrogen atom with an additional H ion and
electron (3). As a result, the latter path usually has an apparent
activation energy greater than surface recombination.>*

Acidic medium:

Volmer reaction

H;0" +e +* — H* + H,0 (1)
Heyrovsky reaction
H* + H;0" + e~ — H, + H,O +* (2)
Tafel reaction
H* + H* — H, + 2* (3)

The process of the hydrogen evolution mechanism pathway
in an alkaline environment is similar to the acidic environ-
ment. However, it moves two or three orders of magnitude less
quickly than it under acidic circumstances.
Furthermore, in alkaline HER the water dissociation phase (4)
is where H,q4, intermediates are formed.?’

Alkaline medium:

moves

Volmer reaction

H,O +e +*— H*+OH" (4)
Heyrovsky reaction
H*+H,0+e — H, + OH™ +* (5)
Tafel reaction
H* + H* — H, + 2* (6)

The development of exceptionally good electrocatalysts
requires a knowledge of the HER mechanism. The overall HER
mechanism is shown in Fig. 2, where adsorbed hydrogen
undergoes a Volmer reaction to generate the intermediate
form of H*. This is followed by a Tafel or Heyrovsky reaction to
eliminate hydrogen and release H, gas. A standard measure
for evaluating the catalyst’s efficiency in starting the reaction is
the Gibbs free energy of hydrogen adsorption (AGy-), which
represents the amount of H* binding to the electrocatalyst
surface.’ When AGy- is close to zero, it indicates that the
adsorption and desorption processes are in equilibrium,
which promotes the evolution of hydrogen.>®

3. Doping: an electronic structure
tuning strategy

Doping, specifically heteroatom doping, is a complex method
in materials science that involves deliberately introducing
atoms from different elements to fine-tune the electrical struc-
ture of materials.”’ Many fields depend on this method
because it gives researchers unmatched control over the
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Fig. 1 Schematic representation of historical progress in heteroatom doping for electrocatalytic HER. Reproduced from ref. 45, 62, 74, 121, 151,
168, 174, 198 and 209-212 with permission. Copyright 2013 to 2024.

chemical and physical qualities of materials. Heteroatom shown in Fig. 3.'* Researchers may precisely modify the electri-
doping utilizes the capacity of foreign atoms to modify the cal characteristics of materials such as semiconductors,
electronic band structure of host materials, therefore impact- carbon-based materials, and transition metal oxides by delib-
ing their conductivity, catalytic activity, and optical properties, erately introducing atoms like nitrogen, boron, phosphorus,
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Fig. 3 Schematic illustration of heteroatom doping: incorporation of
foreign atoms (yellow spheres) into the host material (gray lattice) to

@ Heteroatom Doping

modify its electronic structure and enhance electrocatalytic
performance.
sulphur, and others into their lattice structure.’®

Customization is essential for a wide range of applications,
including semiconductor devices, where doping can control
carrier quantities and types (n-type or p-type), and catalysis,
where doping improves catalytic efficiency and selectivity.*®
Furthermore, heteroatom-doped materials in energy storage
systems such as lithium-ion batteries and fuel cells demon-
strate higher electrochemical performance due to improved
charge transfer kinetics and stability during operation.°
Heteroatom-doped materials are synthesized using sophisti-
cated techniques such as chemical vapor deposition (CVD),
sol-gel procedures, and plasma-enhanced processes. These
techniques allow for accurate control of the concentration and
distribution of the dopants.'> Characterization techniques
such as X-ray photoelectron spectroscopy (XPS), transmission
electron microscopy (TEM), and computational modeling
methods like density functional theory (DFT) are crucial for
comprehending the structural and electrical modifications
caused by doping. These methods offer valuable information
on the incorporation of heteroatoms into the host lattice, the
modification of local bonding arrangements, and the gene-
ration of novel electronic states inside the band gap.*' A com-
prehensive comprehension of these fundamental principles is
crucial for maximizing the efficiency of material performance
and propelling advancements in technological applications. In

This journal is © The Royal Society of Chemistry 2026
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addition to fundamental research, the technique of hetero-
atom doping shows potential for tackling urgent global issues
such as environmental cleanup and the development of sus-
tainable energy alternatives.’> Materials that have been infused
with heteroatoms demonstrate improved capacities in break-
ing down pollutants, purifying water, and converting renew-
able energy. This emphasizes their potential to significantly
contribute to environmental sustainability.’® Challenges in
this subject involve the consistent distribution of doping
agents in large-scale manufacturing, guaranteeing the dura-
bility of doped materials over time, and refining doping tech-
niques for uses.?* Future research endeavours seek to investi-
gate innovative doping techniques, elucidate the underlying
principles of doping at the atomic level, and incorporate
materials doped with heteroatoms into usable devices and
systems. In the field of materials science, heteroatom doping
is considered a fundamental aspect that provides numerous
possibilities for innovation and the advancement of cutting-
edge technologies that will have a significant impact on our
future.>*

Doping is a widely employed strategy in materials science to
tailor the electronic properties of materials. In the context of
heteroatom doping, doping involves the intentional introduc-
tion of foreign atoms into a material’s lattice to modulate its
electronic structure.”® This approach enables the tuning of the
material’s bandgap, Fermi level, and charge carrier density,
thereby enhancing its performance in various applications.
Heteroatom doping has emerged as a powerful tool for design-
ing materials with tailored electronic properties.?®3> By strate-
gically selecting the dopant atoms and their concentrations,
researchers can engineer the material’s electronic structure to
suit specific requirements. For instance, doping can enhance
the catalytic activity, optical absorption, or electrical conduc-
tivity of materials, making them more suitable for applications
in energy storage, optoelectronics, and sensing.*® Theoretical
modeling and simulations play a crucial role in understanding
the effects of doping on the electronic structure of materials.?”
By employing density functional theory (DFT) and other com-
putational methods, researchers can predict the dopant-
induced changes in the material’s band structure, density of
states, and charge distribution. These insights enable the
rational design of doped materials with optimized electronic
properties, accelerating the discovery of novel materials for
various technological applications.?®

3.1 Tuning the electronic structure for enhanced
electrocatalytic activity

The intrinsic activity of electrocatalysts is heavily influenced by
their electronic structure, making it a central focus in catalyst
design.>® One effective strategy to boost the water-splitting
efficiency of transition metal nanomaterials is heteroatom
doping, which modifies their electronic configuration, energy
bands, and interaction with reactive species.'® Incorporating
foreign elements has been shown to enhance surface wettabil-
ity, reduce kinetic barriers, and introduce additional active
sites by altering the host material’s surface electronic features.

Nanoscale
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These modifications directly impact the catalyst’s ability to
bind oxygen-containing intermediates, thereby improving its
electrocatalytic behaviour."® Such engineering methods can
lead to rearrangements in spin and charge distributions,
which further amplify catalytic performance.*® Additionally,
doping can disrupt the original atomic ratios, create localized
electric field distortions and shift the electronic density.
Overall, tailoring the electronic structure through doping
serves as a powerful approach for optimizing Fermi level posi-
tioning and surface reaction dynamics, both of which are
crucial for efficient overall water splitting.**

3.2 Modulation of active sites for optimal electrocatalysis

Identifying and understanding the nature of active sites in
electrocatalysts is essential for unravelling reaction mecha-
nisms and developing more effective catalytic materials. These
active sites are the specific locations on the catalyst surface
where electrochemical reactions take place, and their intrinsic
reactivity depends on how they interact with key intermediates,
such as oxygen- and hydrogen-containing species.*” Doping
plays a critical role in modifying these sites in two primary
ways: (a) by increasing the quantity of accessible active sites,
thus raising their overall density and enhancing catalytic
output, and (b) by altering the chemical nature of the sites,
thereby tuning their affinity and reactivity toward specific
intermediates.”® As discussed, the introduction of cations or
ionic dopants can fine-tune the properties of active sites,
leading to improved reaction kinetics and potentially faster
catalytic processes."*

3.3 Harnessing synergistic effects through heteroatom
doping for enhanced HER

Heteroatom doping has emerged as a highly effective strategy
for enhancing HER activity, primarily by modulating the elec-
tronic environment and accelerating charge transfer pro-
cesses.” By introducing dopants with varying electronegativity
or valence states, strong synergistic effects can be achieved,
leading to optimized electronic structures that enhance intrin-
sic catalytic activity.’® These effects can improve the inter-
action between the catalyst surface and hydrogen-containing
intermediates, reduce energy barriers, and facilitate more
efficient electron conduction and interfacial charge trans-
port.*” Synergistic modifications also influence surface mor-
phology and increase the density of accessible active sites,
which are crucial for improving catalytic kinetics.*®
Additionally, heteroatom doping can fine-tune the adsorption
energies of intermediates involved in the HER, especially the
hydrogen adsorption-desorption step, often the rate-determin-
ing step in the process. This results in faster reaction rates and
overpotentials, thus significantly boosting HER
efficiency.*® However, the benefits of doping depend heavily
on maintaining an optimal dopant concentration. Excessive
doping may lead to dopant clustering, structural instability, or
the formation of secondary phases, which can negatively affect
catalytic performance.'® Therefore, achieving uniform and
controlled doping within the solubility limit is vital to preserve

lower
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the desired properties. Co-doping strategies involving both cat-
ionic and anionic elements can further enhance HER perform-
ance through complementary effects on the electronic struc-
ture and surface chemistry.>® While challenges remain such as
understanding dopant distribution, real-time behaviour
during catalysis, and correlating dopant levels with catalytic
performance, ongoing research continues to refine these
approaches. Overall, the rational design of synergistically
doped materials offers a promising pathway toward the devel-
opment of highly efficient and durable HER electrocatalysts.*®

4. Heteroatom doping strategies for
enhanced electrocatalytic HER

Heteroatom doping has emerged as a powerful strategy to
enhance the electrocatalytic performance of materials for the
HER.’" Depending on the nature of the dopant, heteroatom
doping is broadly categorized into metallic and non-metallic
types, shown in Fig. 4."* Metallic dopants such as iron (Fe),
cobalt (Co), nickel (Ni), molybdenum (Mo), manganese (Mn),
copper (Cu), and platinum (Pt) are commonly introduced to
improve electrical conductivity, lower the energy barrier for
hydrogen adsorption, and facilitate faster charge transfer kine-
tics.'® These transition and noble metals serve as active cata-
lytic centers, significantly boosting HER efficiency.”> On the
other hand, non-metallic dopants like phosphorus (P), nitro-
gen (N), boron (B), oxygen (O), and sulfur (S) modulate the
electronic structure of the catalyst, introduce defect sites, and
adjust the binding energy of reaction intermediates. Such
modifications enhance intrinsic activity and provide abundant
accessible active sites.’® Overall, the deliberate choice of
heteroatom dopants — metallic or non-metallic - enables the
fine-tuning of catalytic behavior, offering a versatile platform
for the design of cost-effective and high-performance electroca-
talysts for sustainable hydrogen production. In the following
sections, we will systematically explore how each class of
dopants, metallic and non-metallic, contributes to HER per-

Fig. 4 Doping of metallic and non-metallic atoms to enhance catalytic
activity for HER.

This journal is © The Royal Society of Chemistry 2026
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formance, supported by recent advancements and material-
specific examples.

4.1 Metallic heteroatom doping

The incorporation of metallic atoms into a host matrix is a
powerful strategy for engineering advanced catalysts, primarily
due to their strong chemical compatibility with the base metal
lattice.>® This often leads to the formation of highly uniform
solid solutions or alloy phases, which can be exploited to
finely tune the material’s intrinsic properties.”> Among various
dopants, 3d transition metals, owing to their partially filled or
vacant d-orbitals, are particularly effective at boosting catalytic
performance. Their influence on catalytic behaviour is often
interpreted through the lens of the “volcano plot”, a concep-
tual framework that correlates catalytic activity with hydrogen
adsorption energy (AGy-), especially relevant for the HER,
shown in Fig. 5a.°® The peak of this curve signifies an optimal
balance, where hydrogen binds neither too strongly nor too
weakly, enabling the most efficient catalysis. Dopants that
shift the catalyst’s AGy~ value closer to this thermoneutral
point can significantly enhance HER efficiency.”” However,
this enhancement isn’t solely dictated by adsorption energy.
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As evidenced in comparative studies, shown in Fig. 5b, intro-
ducing a range of both noble and non-noble metallic elements
can reduce overpotentials markedly from high (blue zone) to
low (pink zone), indicating improved catalytic
performance.’®®” Yet, some dopants achieve remarkable
activity even when their AGy~ values deviate from the volcano
peak, suggesting additional contributing factors. This implies
that the catalytic output is also shaped by the local atomic
environment and the electronic structure of the host material.
As shown in Table 1, metal dopants mainly improve how
hydrogen binds to the catalyst, while non-metal dopants help
by changing the surface environment and active sites. Dopant-
induced changes in coordination geometry and electron distri-
bution can alter active site behaviour beyond simple thermo-
dynamic predictions. Thus, in understanding the role played
by heterometallic dopants in non-noble metal catalysts for
HER, it’s essential to consider not only adsorption energetics
but also the complex interplay of structural and electronic
modifications introduced by doping. Selected examples high-
lighting these effects will be explored in the following sections.

4.1.1 Fe-doped electrocatalysts for HER. Fe atoms’ versati-
lity and abundance of d-band electrons enable them to suc-

b) 0- Ru
Mo ‘ ‘Cu
‘Fe ‘ Au
1007 < Py
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= o | =
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500 . ; ’
-0.4 0.0 0.4
AGyzleV

(a) Correlation between HER activity and hydrogen AGy for various metallic systems, including heteroatom-doped non-noble metal cata-

lysts, is represented. (b) The overpotential of hon-noble metal catalysts doped with metallic heteroatoms is directly influenced by the AGy of the

catalytic sites, which governs their hydrogen evolution efficiency.

Table 1 Key differences between metallic and non-metallic dopants in hydrogen evolution reaction catalysts

Key aspect Metallic dopants Non-metallic dopants
Electronic Modify the electronic structure of metal centers, often through  Redistribute charge density around host atoms, producing
modulation d-band tuning and metal-metal interactions, which influences polarized sites and altering surface electronic

catalytic behaviour
Effect on AGy«~
metal-hydrogen interactions
Nature of active

Regulate hydrogen adsorption free energy more directly via

Generate metal-centered or bimetallic active sites responsible

environments

Influence AGy-~ indirectly by altering the local electronic
structure of neighbouring atoms

Produce heteroatom-based or metal-heteroatom (M-X)
sites that participate in hydrogen adsorption

Promote defect generation, edge exposure and surface
functionalization

sites for HER

Structural Induce lattice distortion, defect formation or phase evolution
influence within the catalyst structure

Role in HER Primarily enhance intrinsic catalytic activity and charge-
performance transfer kinetics

This journal is © The Royal Society of Chemistry 2026

Improve surface reactivity and contribute to stabilization
of reaction intermediates

Nanoscale


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr04327a

Open Access Article. Published on 05 febbraio 2026. Downloaded on 16/03/2026 00:20:53.

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

(cc)

Review

cessfully control the electronic structure of host catalysts.'®
Due to their comparable atomic radii and electrical structures,
Co and Ni are examples of substrate metal atoms that have
been the focus of most research on Fe-doped catalysts until
now. An appropriate amount of iron salt is usually added as an
intermediate during synthesis to accomplish Fe doping. One
of the main processes resulting from Fe doping is that Fe
alters electronic structure and lowers AGyy-.>8%°

Xiaosong Guo and co-workers reported an alternative route
for the manufacture of Fe-Co Prussian Blue Analogue (PBA)
nanoclusters, responsible for overall increased catalytic per-
formance, employing room-temperature layer-structured Co
(OH), nanoparticles as sacrificial templates, shown in
(Fig. 6a). To achieve extremely uniform Fe doping at the
atomic level, the multilayered Co(OH), nanocrystal matrix first
intercalated and evenly anchored [Fe (CN),]>~ anions. Stable
Fe-Co PBA catalysts were then formed when the embedded [Fe
(CN)e]’~ anions interacted with neighbouring Co (OH), host
layers. Crucially, these Fe-Co PBA catalysts embedded them-
selves in the Co(OH), substrate layers, hence inhibiting Fe-Co
PBA nanoparticle aggregation and hyperproliferation. XPS
showed that Fe inclusion caused negative shifts in the Co 2p
and P 2p peaks, indicating altered electronic states. These
modifications strengthened Fe-Co interactions and boosted
HER activity. The Fe-Co,P catalyst exhibited a significant
increase in HER catalytic activity. This offers a straightforward
and efficient way to achieve heteroatom doping.®’ Mingjing
Guo and co-workers developed an electrode placement and
PH; plasma treatment that was used to effectively construct Fe-
doped Ni-Co phosphide nanoplates that incorporated a hier-
archical nanostructure on a carbon cloth (Fe,~NiCoP), shown
in Fig. 6b. The electrocatalytic activity was further enhanced by
the planar flaws in the nanocrystals caused by Fe doping,
which encouraged the creation of active sites. Ultimately, the
electrocatalytic efficacy of the catalyst may also be influenced
by potential electronic interactions between metal cations fol-
lowing Fe doping with the right amount of content. After phos-
phorization, XPS results showed the creation of partly charged
Ni®*, Co’*, Fe’*, and P°~ species, indicating strong electronic
interactions. These characteristics allowed proton adsorption
and improved electrocatalytic performance. DFT calculations
showed that slight Fe doping improved HER activity by pro-
moting H,O adsorption on active sites. Fe;—-NiCoP with Fe
doping had the highest HER performance, with stability
lasting 25 h and an 7,0 of just 60 mV.*> Chun Tang and co-
workers reported that a Fe-doped CoP nanoarray on Ti foil (Fe-
CoP/Ti) was a strong monolithic HER catalyst with higher
activity than a CoP nanoarray. Because of their distinct
valence, ionic radius, and ion mass, Co>" adsorbed on Ti foil
at a higher pace than Fe**, which may explain why the Fe/Co
atomic proportions in the solutions and final products
differed. In a two-electrode electrolyzer, an HER overpotential
with 78 mV for 10 mA cm ™ necessitated a voltage in the cell of
1.60 V for water-splitting current. With an activating energy as
low as 39.6 k] mol ™", it yielded a hydrogen production rate of
6.06 L min™' g~ for 1 wt% NaBH, under ambient con-
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ditions.®® Tadele Hunde Wondimu and co-workers reported
Fe-doped WOj; deposited directly over reduced graphene oxide
in the form of a nanoplate-like structure, and reduction was
then accomplished using PH; produced in situ using sodium
hypophosphite. Fe-doped tungsten trioxide nanoplates (Fe-
WO;) were converted into Fe-doped tungsten oxide phosphate
(Fe-WO,P) by PH3, which functioned as a phosphorus precur-
sor and reducing agent. Fe-WO,P on reduced graphene oxide
(Fe-WO,P/rGO) was the product of this. The numerous oxygen
vacancies within the nanoplate-like framework of Fe-WO,P
and the rGO nanosheets worked in concert to increase the
catalytic ability and conducting capacity of the synthesized
material. In 0.5 M H,SO,, Fe-WO,P/rGO demonstrated remark-
able electrocatalytic activity despite a low overpotential of
54 mV, which was adequate to attain a current density of
10 mA cm ™2 and stable for more than 24 h.** Junging Yan and
co-workers developed Fe-doped NiS, (Fe-NiS,) nanosheets that
exhibited strong activity and repeatability in the electro-
chemical process. Fe’" was added to the lattice to increase the
NiS, semiconductor’s conductivity. Fe-doped NiS, nanosheets
(Fe-NiS,) were produced by sulfidating NiFeO,/a-Ni(OH),
nanosheets during the production process. Interestingly, on
the surface of the Ni(OH), nanosheet, the previously dispersed
NiFe,0, nanoparticles changed into sulfide and integrated
into the crystal structure of the ensuing NiS, sample. DFT cal-
culations revealed that the electrocatalytic HER transition state
could lower the activation energy of H, production. After sul-
furation, the material preserves its original elemental frame-
work with the successful incorporation of sulfur, as confirmed
by XPS analysis. Enhanced HER capabilities in the resulting
Fe-NiS, nanosheet sample resulted from adding surface Fe
sites, which boosted electrocatalytic performance. These attri-
butes included a tiny overpotential of 121 mV at 10 mA cm >
and a low Tafel slope of 37 mV dec™".°> Cheng Wan and co-
workers first reported a unique amine-metal oxide synthesis
technique: molybdenum carbide nanoparticles with the Fe,N
composition could be doped with varying concentrations of
iron (0-8 wt%). A graphitic carbon framework was formed by
the Fe-doped catalyst during the p-Mo,C synthesis process.
The Fe dopant serves as an effective catalyst that facilitates the
formation of graphitic carbon during the $-Mo,C synthesis
process. There was no discernible difference in the Fe oxi-
dation states between 0 and 2+ in the Fe-doped p-Mo,C. The
valence bands (VB) were altered by the partly oxidized Fe,
leading to wider VB. Tests using the HER indicated that Fe-
doped p-Mo,C was a more active electrocatalyst than pure
f-Mo,C made from different sources of molybdenum. The
wider valence bands of -Mo,C, more carbon-based graphitic
supports, and the highly active Fe,(M00O,); product on the out-
ermost layer following Fe doping were all thought to be respon-
sible for this increased activity, shown in Fig. 6¢.°

Feng Li and co-workers have reported that different Fe
doping levels for the optimized porous cobalt phosphide poly-
hedron indicated substantially better HER performance. It had
lower onset overpotentials, higher current densities, lower
Tafel slopes, and superior electrochemical stability throughout

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 (a) Schematic illustrating the mechanism by which Fe—Co PBA NCs emerges from Co (OH), NCs. Reproduced from ref. 61 with permission.
Copyright 2018, ACS. (b) A diagrammatic illustration of the Fe,—NiCoP/CC synthesis method. Reproduced from ref. 62 with permission. Copyright
2020, ACS. (c) Polarisation curves for Fe-doped p-Mo,C and pure p-Mo,C. Reproduced from ref. 66 with permission. Copyright 2015, ACS. (d)
Sample polarisation curves for NizC, Fe—NizC-2%, and Pt/C in 0.5 M H,SO,4. Reproduced from ref. 70 with permission. Copyright 2017, Wiley.
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the HER. By using Co and Fe-containing MOFs in a one-step
phosphorization procedure at a low temperature, porous poly-
hedrons containing CoP doped with Fe were developed. The
Coy.esFeg 3oP precursor sample, according to morphological
examination, had a structure made up of uniformly dispersed
MIL-88B related to ZIF-67 polyhedra each with an average size
of 2 pm. The energy-dispersive spectroscopic spectra of Co and
Fe were used to validate their elemental makeup. Cog ¢gFeg 3,P
outperformed previous non-noble-based electrocatalysts
described in the literature in terms of long-term stability, and
significantly enhanced electrocatalytic activity for the HER
with overpotentials as low as 116 mV in 10 mA cm 2%
Pengyan Wang and co-workers have reported that Ni, gsFeq ;5P
nanosheet arrays over nickel foam electrodes (NSAs/NF)
demonstrate exceptional and very stable electrocatalytic activity
for the HER. Fe-doping caused a small shift in the diffraction
peaks to greater angles, indicating that Fe ions had been sub-
stituted within the Ni,P lattices. Because the atomic sizes of Ni
and Fe are comparable, the crystalline structure of Ni,P does
not change when Ni is replaced with Fe. The resulting
Ni, gsFeo15P nanosheet arrays over a (NSAs/NF) electrode
showed extraordinary electrocatalytic activity in the HER and
they required just 106 mV overpotential to reach a current
density of 10 mA cm™? and to remain stable for 20 h.®® Can
Lin and co-workers have reported that Fe-Co,P NPs were
grown in a single step by adding iron while a metal-organic
framework (ZIF-67) was synthesized by an in situ method and
then treated with phosphate. An insignificant amount of iron
phosphide was formed which helped with charge redistribu-
tion and improved the electrocatalyst’s catalytic activity in
concert. The performance of CoP’s HER was enhanced by the
addition of Fe. This enhancement can be ascribed to the
difference in the electronegativities between the Fe and Co,
which promotes the faster rate of H,O breakdown and
increases the adsorption and bonding capacity to the inter-
mediate H produced during the HER. XPS revealed successful
Fe doping in CoP, with dominant Co-P bonding and minor
Fe-P species, whereas surface oxidation introduced M-O
bonds. The small amount of iron phosphide caused charge
redistribution, which improved electrocatalytic performance.
The optimized Fe, ,,Co, 3P exhibited a very low overpotential
of 186 mV at a current density of 10 mA cm™>, and it remained
stable for an amazing 40 h.*® Hasosen Fan and co-workers

Table 2 Fe-doped electrocatalysts for HER
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have developed a remarkable HER performance using Ni;C
nanosheets that operate doped with 2.0 at% Fe nanodots. The
electrical characteristics and surface properties of Ni;C were
optimized by the addition of Fe which resulted in increased
catalytic efficiency during the generation of hydrogen. In par-
ticular, in a KOH solution, the Fe-doped Ni;C nanosheets
demonstrated exceptional electrocatalytic characteristics for
HER, including a modest Tafel slope of 41.3 mV dec™* and a
low overpotential of 292 mV, shown in Fig. 6d.”® The Fe-doped
HER electrocatalysts are summarised in Table 2.

4.1.2 Co-doped electrocatalysts for HER. Cobalt doping is a
tactical technique used in electrocatalysis particularly to
improve catalyst performance in the HER. Small quantities of
cobalt are added to the catalyst lattices, which can effectively
change the electronic structure. When cobalt is doped into
catalyst materials it encourages the adhesion and breakdown
of water molecules, which increases the overall reaction
efficiency. And because of its modest H-bonding energy cobalt
is thought to be a possible catalyst for the HER. Cobalt doping
has several benefits, including low cost, stability in electro-
chemical settings, and advantageous electrical
characteristics.”* "

As reported by Di Yan Wang and co-workers, Co-doped
nanosheets of iron pyrite FeS, were synthesized and closely
bonded with nanotubes of carbon (Fe;_,Co,S,/CNT hybrid cat-
alysts). To crystallize the Fe,_,Co,S, catalysts and decrease the
CNT a high-temperature solvothermal technique was employed
in conjunction with the low-temperature fluid phase reaction
during the synthesis. Comparing the FeS,-CNT and
Fe.9C00.1S,-CNT surfaces with the Pt (111) surface, the former
showed similar molecules of hydrogen adsorption energy
(EH,) and just slightly greater hydrogen adsorption energy
(EH). The findings demonstrated a low overpotential of about
120 mV at 20 mA cm™> and long-term durability that exceeded
40 h of continuous HER function. DFT results showed that
addition of Co to FeS, catalysts lowered the energy barrier for
hydrogen atom adsorption in transition state; (TS;).”*
Guoyuan and co-workers first reported a unique catalyst Co-
WSe,/MWNTs that was effectively synthesized as a hetero-
structure for the electrocatalytic HER process, shown in
Fig. 7a. By using the MWNTs for a very effective topological
template, curved Co-WSe, nanosheets were easier to nucleate
and develop, resulting in an abundance of readily available

S.no  Catalyst Electrolyte Overpotential (i7) at 10 mA cm™>  Tafel slope (mV dec™*)  Cq (mF cm™)  Stability (hours)  Ref.
1 Fe-Co,P 0.5 M H,S0, 127 55 — 4h 61
2 Fe,~NiCoP 0.1 M KOH 60 51 71.40 25h 62
3 Fe-CoP/Ti 0.1 M KOH 78 75 — 20 h 63
4 Fe-WO,P/rGO 0.5 M H,S0O, 54 41 34.60 24 h 64
5 Fe-NiS, 0.5 M H,S0, 121 37 — 15h 65
6 Fe-doped p-Mo,C 0.1 M HCIO, 240 — — 9h 66
7 C0y.6sF€0 32P 0.1MKOH 116 64 — 1h 67
8 Ni; gsFeq 15P 1.0MKOH 106 47 6.04 20h 68
9 Fe 2,000 3P 1.0MKOH 186 59 1.02 40 h 69
10 Fe-NizC-2% 1.0 M KOH 292 41 — 10h 70
Nanoscale This journal is © The Royal Society of Chemistry 2026
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(a) A schematic representation of the heterostructure formed by Co-doped WSe,/MWNT synthesis. Reproduced from ref. 75 with permission.

Copyright 2018, RSC. (b) The HER polarisation curves for Co—MoS,/BCCF-21. Reproduced from ref. 76 with permission. Copyright 2018, Wiley. (c) A
demonstration of the Co—NizS,@CNTs/GNF synthesis process. Reproduced from ref. 79 with permission. Copyright 2013, RSC. (d) LSV curves for
Cog.1Nig 755€/rGO. Reproduced from ref. 81 with permission. Copyright 2018, ACS.
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active sites. Cobalt atoms increased the inherent activity of
these active sites in TMDs by bringing the AGy closer to 0 eV.
Because of MWNTs’ remarkable conductivity and the close
contact between Co-WSe, nanosheets along with MWNT, elec-
trons may move quickly across the catalyst. The resultant Co—
WSe,/MWNTs showed an overpotential of 174 mV at
10 mAcm 2, promising electrocatalytic capability.”” Bora Seo
and co-workers have reported that the successful addition of
cobalt to MoS, by covalent doping was demonstrated by the
notable enhancement in HER activity. This alteration success-
fully affected the electronic configuration of MoS, in addition
to causing dynamic alterations in the atomic structures of the
catalyst under operando circumstances. XPS showed mixed
Mo**/Mo’"/Mo®" states and increasing surface oxidation with
decreasing MoS, layer number, indicating the development of
distorted 1T-MoS, with more exposed edge sites. The tran-
sition from S>~ to unsaturated S,>” ligands, along with
increased oxidation, led to more active sites and better HER
activity. DFT study showed the Mo-adjusted electron density
lowered the free energy of hydrogen adsorption, which even-
tually improved HER performance. Interestingly, MoS, doped
with covalent coupling cobalt had a low overpotential of
around 48 mV at 10 mA cm ™2, shown in Fig. 7b.”® Huanlei Lin
and co-workers developed the simple cobalt doping approach
used to improve the electrocatalytic HER on Mo,C nanowires
using Co-modified MoO,-amine precursors. When Co-doping
is effective inside the Mo,C crystal structure the electron
density increases near the Fermi level, weakening the Mo-H
bond and promoting HER kinetics. Co is already well known
for maximizing the catalytic activity of active components in
electrocatalysis. Its effectiveness is attributed to surface com-
position and customized electrical characteristics which are
essential for catalytic turnover. The Co-Mo,C nanowires
showed a modest overpotential of 140 mV at 10 mA cm™> as
anticipated.”” Isolda Roger and co-workers reported the direct
synthesis of a ternary chalcogenide with its constituents
Co,Mo04S,6 using fluorine-doped tin oxide (FTO) electrode that
produced a compound with good HER activity. The direct
hydrothermal depositing of metal chalcogenides onto thin
oxide electrodes has not yet been reported despite the simpli-
city and scalability of these procedures. This development
might simplify the field by removing the requirement for dis-
tinct stages for catalyst deposition and hydrothermal synthesis.
XPS revealed the presence of Mo, Co, and S on the film
surface, with Mo primarily in the Mo*" state and minor Mo®*/
Mo®" species from surface oxides. Co had mixed Co**/Co**
valence states, while sulfur mostly occurred as S*>~, which was
compatible with MoS,-based materials. A high-resolution spec-
trum in the Co 2p region confirmed the presence of cobalt on
the film surface exhibiting a dual state of Co®" and Co®" that
supports increased HER activity. In acidic conditions, these
films demonstrated impressive HER activity, attaining current
densities of 10 mA cm™> at a moderate overpotential of
260 mV.”® Feifei Wang and co-workers reported robust electri-
cal conductivity demonstrated by a CNT/GNF hybrid with a
three-dimensional in nature conductive network that included
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Co-doped Ni;S, nanoparticles, produced using a simple hydro-
thermal technique, shown in Fig. 7c. During the redox
process, the tectorum-like Co-NizS, nanosheet geometry
improved both ion and electron transport. When cobalt
doping was added the electrochemical characteristics were
greatly enhanced and, in comparison with other materials, the
theoretical specific capacity was exceptional. In alkaline solu-
tion, the Co-NizS,@CNT/GNF electrode had excellent HER
activity, attaining the lowest overpotential of 155 mV at 10 mA
em™2.”° Xiaoping Dai and co-workers have reported the cobalt
doping of molybdenum disulfide, carried out using a depo-
sition and precipitation technique to guarantee that it would
not interfere with industrial operations. A thorough investi-
gation was conducted into the effect of Co doping on molyb-
denum disulfides for HER performance. CoMoS-2 resembled
MoS; with many bridging disulfides (S,>”), while CoM0S-2-C
and MoS-C were closer to MoS, due to Co substitution at MoS,
edges and enhanced crystallinity. The XPS spectra confirmed
dominant, well-dispersed CoMoS phases on carbon, with
mixed Mo oxidation states, S,>7/S*>~ ligands, and little CogSg
production. DFT calculations revealed a trend in HER activity
in doped catalysts. The optimized Co-doped MoS, catalyst
exhibited a low onset potential, favorable Tafel slope, and a
high exchange current density, all of which significantly
improved HER performance. The generation of a Co-Mo-S
phase was responsible for this enhancement, as was the
efficient reduction of charge-transfer impedance, the pro-
motion of structural and electrical modulations among MoS,
and Co and the optimization of active surface area. With its
low starting potential of 90 mV, modest Tafel slope of 50 mV
dec™ and high exchange current density of 0.03 mA cm™>, the
optimised CoMoS-2-C catalyst exhibited remarkable HER per-
formance.®® Unique cobalt-doped NijygsSe chalcogenides
(Co,Nig gs_Se) have been reported by Wenjun Zhao and co-
workers as stable and extremely effective catalysts for the
hydrogen evolution process during the electrolysis of water.
The Co,Ni, g5_,Se catalysts had unique physical characteristics
when compared to pure Ni, gsSe, leading to diverse catalytic
outcomes for HER. In comparison to unsupported
Coy.1Nigy 75Se catalysts, experimental data showed that
Cog 1Nij.755¢/rGO displayed a smaller Tafel slope and a lower
overpotential. The incorporation of rGO was associated with
this improvement because it effectively stopped Co,Nig 75Se
from combining, exposing more active sites and enhancing
conductivity and ECSA. By reducing the HER overpotential by
103 mV at a current density of 10 mA cm ™2, the Co, ;Nig ,5Se/
rGO catalyst produced a lower Tafel slope of 43 mV dec™’,
shown in Fig. 7d.®' The electrochemical activity of the
(Cuyg.3C00.17)3P:30S catalyst for the HER process has been
reported by Prasad Prakash Patel and co-workers. Like noble
metal catalyst systems, the simultaneous incorporation of S
and Co into the Cu;P lattice offers a unique chance to modify
its electronic configuration and physical, electrical, and
electro-catalytic capabilities. When compared to Pt/C, the
(Cug.3C00.17)3P:30S system showed equivalent or better-
applied bias photon-to-current efficiency during evaluation as

This journal is © The Royal Society of Chemistry 2026
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a HER catalyst. Theoretical and experimental results demon-
strated that (Cuo.g3C00.17)3P:30S nanoparticles displayed Pt-
like electrochemical performance across all pH conditions.
DFT and XPS confirmed that the insertion of Co and S into the
Cu,P lattice affected the electrical structure. The development
of a single-phase hexagonal structure resembling CuzP was
confirmed by structural study. Importantly, at 10 mA cm™2, the
produced catalyst showed a low overpotential of 46 mV.*?
Cobalt doping in MoS,/NiS, nanosheet array catalysts has been
reported by Yunhua Zheng and co-workers to improve the
hydrogen evolution process. By combining Co-MoS,
nanosheets in order with NiS, nanosheets, a simple three-step
hydrothermal technique was used to produce the Co-doped
MoS,/NiS, nanosheet arrangement in situ on a carbon cloth
substrate (Co-Mo8S,/NiS,/CC). The Co-MoS,/NiS,/CC structure
that resulted from the addition of Co atoms and multiple
heterostructures provided high conductivity and a large
number of accessible active sites, which promoted a synergistic
effect that improved the electrocatalytic capabilities for HER.
Additionally, efforts have been directed at enhancing MoS,
electrocatalysis using morphological management, hetero-
structure development, heteroatomic doping, and the use of
conductive substrates to raise conductive properties and active
site accessibility. Interestingly, the optimized Co-MoS,/NiS,/
CC electrocatalyst showed outstanding electrocatalytic activity
simultaneously in 0.1 M KOH, with a low overpotential of
92 mV and 122 mV to generate current densities of 10 and
50 mA cm~2 in 0.5 M H,S0O,. In addition, the catalyst exhibited
remarkable long-term stability with a Tafel slope of just 47 mV
dec™.® The Co-doped HER electrocatalysts are summarised in
Table 3.

4.1.3 Ni-doped electrocatalysts for HER. Referring to the
widely known volcano-type curve for the HER, nickel (Ni)
metal is located close to the peak, indicating that it can suc-
cessfully modify the AGy~ for the benefit of HER catalysis.
Observations have shown that Ni*" ions could break the H-OH
connection, which accelerates the breakdown of water mole-
cules into protons. As in the cases of iron (Fe) and cobalt (Co)
doping the primary mechanism underlying the increased
activity of Ni-doped electrocatalysts is the modification of the
electronic configuration that occurs following the addition of
Ni atoms. With strong metal-support contacts Ni-doped cata-
lysts exhibit increased stability and reduce catalytic degra-

Table 3 Co-doped electrocatalysts for HER
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dation over prolonged electrochemical cycling. By altering
surface charge distribution and promoting proton transfer
activities at the catalyst-electrolyte interface, nickel doping
also affects electrolyte relationships. Moreover, nickel addition
modifies TMDs’ electrical structure, promoting effective elec-
tron transport during the HER.*"%*%?

Xin-Yao Yu and co-workers have reported Ni-Co-MoS,
nanoboxes showing increased electrocatalytic activity for
hydrogen evolution. Uniform Ni-Co Prussian blue analogue
nanocubes were produced using a modified precipitation tech-
nique. Following that, nickel and cobalt were doped into MoS,
nanosheets. Specific Ni-Co-MoS, nanoboxes made from very
thin nanosheets were the final product of these methods. The
hollow structure and large surface area of ultrathin MosS,
nanosheets promote electrochemical responses; edge-termi-
nated structures boost electroactive sites; defect-rich MoS,
nanosheets reveal more active edges; and doping of transition
metals optimises electrical structures and expands interlayers;
these are some of the reasons for the enhanced HER activity of
the Ni-Co-MoS, nanoboxes. Considering an initial potential
of 125 mV and a modest Tafel slope of 51 mV dec™" for HER
these properties together improved the electrochemical activity
of Ni-Co-MoS, nanoboxes.®* Ni-incorporated amorphous FeP
nanoparticle porous TiN nanowires and graphitic carbon
fibers (Ni-FeP/TiN/CC) were synthesized in a hierarchical
structure by Xiang Peng and co-workers using a step-by-step
method. To modify the electrical structure of the FeP/TiN/CC
composite to produce an amorphous surface, they used
plasma implantation of Ni ions. The HER efficiency was
greatly increased by this simultaneous doping and amorphiza-
tion technique. An active amorphous surface, a conducting
nanowire scaffold, and the complementary actions of Ni and
Fe atoms in the nanoparticles were responsible for the cata-
lyst’s remarkable efficiency. High densities of active sites were
exposed by these characteristics, which also enhanced charge
transfer effectiveness and inhibited catalyst movement and for-
mation. For an overpotential of 75 mV and a cathodic current
density of 10 mA cm™> the Ni-FeP/TiN/CC catalyst exhibited
outstanding HER performance, shown in Fig. 8a.%” Direct fab-
rication of Ni-doped Mo,C nanowires on Ni Foam was reported
by Kun Xiong and co-workers using a hydrothermal reaction
together with a carburization procedure. The rationale for the
increased catalytic activity of NiMo,C/NF was the higher intrin-

S.no Catalyst Electrolyte Overpotential (;7) at 10 mA cm™>  Tafel slope (mV dec™")  Cq (MF cm™)  Stability (hours) Ref.
1 Fey.6C00.1S,-CNT 0.5 M H,S0, 120 at (20 mA cm™2) 46 — 40 h 74
2 Co-WSe,/MWNT 1.0 M KOH 174 37 1.9 3h 75
3 Co-MoS,/BCCF2 1.0 M KOH 48 52 — 12 h 76
4 Co-Mo,C nanowires 0.5 M H,SO, 140 39 7.51 24 h 77
5 C0,M00S,6 0.5 M H,SO, 260 64 — 4h 78
6 Co-Ni3;S,@CNT/GNF 6.0 M KOH 115 138 — 20h 79
7 CoMoS-2-C 0.5 M H,SO, 135 50 — 3h 80
8 C0y.4Nig755€/TGO 0.5 M H,S0, 103 43 1.71 30h 81
9 (Cuo.55C00.17)s 0.5M H,S0, 46 32 — 24 h 82
10 C0-MOoS,/NiS,/CC 0.5 M H,SO, 92 47 — 40 h 83
This journal is © The Royal Society of Chemistry 2026 Nanoscale
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(a) A diagrammatic illustration of the hierarchical Ni—FeP/TiN/CC electrocatalyst preparation process and curves of polarisation. Reproduced

from ref. 85 with permission. Copyright 2018, Elsevier. (b) Ni/NC, Ni/NiS/NC, NiS/NC, and commercial Pt/C catalysts LSV curves in 1 M KOH at a scan
rate of 5 mV s7%; (c) the catalysts spectrum of onset and overpotential reproduced from ref. 89 with permission. Copyright 2018, Elsevier. (d)
Diagrammatic representation of the Ni-doped FeP/C hollow nanorod production. Reproduced from ref. 93 with permission. Copyright 2019,
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sic activity that results from the synergistic interactions
between Ni and Mo,C. This was made possible by the 1D struc-
ture’s high aspect ratio and large surface area, which exposed
multiple Ni-doped Mo,C sites. The computations using DFT
showed that adding Ni to Mo,C modified the charge distri-
bution of the catalyst, resulting in a synergistic effect that
lowered the hydrogen binding energy. In addition to a low
starting overpotential of 21 mV, electrochemical studies
showed that the NiMo,C/NF catalyst that was developed had
good catalytic effectiveness for producing hydrogen. XPS con-
firmed Mo,C development with negligible surface oxides and
no metallic Mo, which aligned with XRD data. The presence of
Ni caused Mo 3d peak shifts and partial phase separation. Ni
existed as both metallic and substituted species inside the
Mo,C lattice. Moreover, only 150 mV overpotential was needed
to attain a 100 mA cm™> cathodic current density.*® A 3D hier-
archical catalyst made from NizFeN for water splitting has
been reported by Zhihe Liu and co-workers. To improve elec-
tronic conductivity and produce 3D conductive networks,
carbon cloth was used as the scaffold. NizFeN in the composite
was produced using electrodeposition, which provides an
effective process appropriate for large-scale manufacturing. A
study into the bimetallic Ni;FeN’s development mechanism
showed that NizFe functioned as an intermediary throughout
the nitridation process, affecting the final Ni;FeN nano frame-
work shape. A suggested mechanism highlights how both cat-
ionic atoms Ni and Fe work together to improve electro-
catalytic activity. The composite not only showed excellent
stability but also increased electrocatalytic activity, as shown
by electrochemical experiments. In addition to an overpoten-
tial of 105 mV at 10 mA cm > for the hydrogen evolution
process, the Niz;FeN/CC hierarchical electrocatalyst exhibited
noticeably improved electrochemical characteristics for water
splitting.’” Weizhen Fang and co-workers reported an
improved electrocatalyst that showed remarkable durability
and efficiency for water splitting. It was composed of an array
of Ni-doped cobalt di-sulfide nanowires supported on carbon
cloth (Ni, 30,~C0S,/CC). The CoS, is well known for its great
efficiency in the HER and has a crystal structure that catalyzes
reactions by using Ni ions. The CoS, electrocatalyst enhanced
by Ni not only increased HER but also sped up the OER
process. This study showed that Ni-promoted CoS, may act as
a bi-functional catalyst in the alkaline medium for both OER
and HER. The Nij, 34,—C0S,/CC electrode, in the end, reached a
current density of 100 mA cm™> at a 231 mV overpotential for
HER.®® Jieting Ding and co-workers developed a mesoporous
carbon composite doped with Ni, S, and N that served as a bi-
functional electrocatalyst for the OER and HER in water elec-
trolysis. The porous structure of this composite was formed by
synthesizing an N-doped porous carbon framework using NaCl
as a template and integrating nickel-sulfide/nickel nano-
particles inside; the matrix was 3d and its pore size distri-
bution was calculated using DFT. The improved HER and OER
performance of Ni/NiS/NC over Ni/NC and NiS/NC was due to
changed surface characteristics and chemical states, as shown
by XPS analysis. Effective mass diffusion and the elimination

This journal is © The Royal Society of Chemistry 2026
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of hydrogen and oxygen gasses produced during electrolysis
were made possible by the mesoporous structure and large
surface area of the carbon matrix. Enhancing electrocatalytic
efficiency and preventing particle aggregation were two
benefits of adding transition metal compounds into the
carbon matrix. The most active catalyst produced in this study
was very efficient for water electrolysis, as evidenced by its low
HER overpotential of 70 mV at 10 mA cm > and Tafel slope of
45 mV dec™, shown in Fig. 8b and c¢.** Muhammad Imran
Abdullah and co-workers developed a simple method for pro-
ducing Ni-doped Co hollow nanoparticles (CoNi-HNP) by com-
bining non-3d high-valence metal tungsten with non-metallic
additives (B and P) in an ultrasound-assisted chemical
reduction process. Using this method, the HER adsorption
energy was maximized. As the most effective non-noble metal
electrocatalyst for hydrogen production in neutral solutions,
CoNi-HNP outperformed Pt/C in terms of stability and activity
during prolonged electrolysis durations. In neutral pH electro-
lytes, CoNi-HNP notably reached a current density of 10 mA
cm™2 at a low overpotential of 41 mV. The amounts of P and B
additions had a major impact on the catalytic activity of CoNi-
HNP. Low overpotential allowed for high current densities and
consistent performance with heavy mass loading over extended
electrolysis periods.”® Yagian Yang and co-workers reported
Ni-doped MoSe, nanosheets with Ni-Se bonds to improve alka-
line electrocatalytic hydrogen evolution. Using an ethanol solu-
tion, NiO, was evenly distributed over MoSe,. After annealing,
the NiO, nanoclusters became approximately 4 nm in size and
were attached to the MoSe, nanosheets with the help of Ni-Se
bonds. DFT calculations revealed that additional catalytic sites
were formed at dopant atoms or adjacent Mo- or Se atoms.
XPS revealed the formation of Ni-Se bonding and lower
valence. Ni species indicated electronic modulation, which led
to proton reduction and increased HER activity. MoSe, has
potential as a catalyst for hydrogen evolution, but its large
overpotential due to its low active site density limits its practi-
cality. While Ni was deposited at a rate of 4.5 at% in 1 M KOH,
MoSe, nanosheets’ active sites were increased and the overpo-
tential was reduced to 181 mV at 10 mA cm . Due to the Ni-
Se bond’s development, Ni-doped MoSe, also showed out-
standing stability over 12 h.*! In both acidic and alkaline con-
ditions, Ni-doped CoP/Co,P nanospheres have been reported
by Tianyun Chen and co-workers to be highly effective and
stable catalysts for hydrogen evolution. Ni-induced modifi-
cations to electron valence states, which worked in concert
with Co atoms to improve catalyst efficiency, were responsible
for the enhanced catalytic activity and long-term stability of
Ni-doped CoP/Co,P nanospheres. Ni-doped CoP/Co,P nano-
spheres preserved their shape during electrolysis, which
helped speed up mass and electron transport and increased
overall stability. A multitude of active catalytic sites were
exposed, and rapid hydrogen evolution was promoted by the
synergistic interaction between Ni and CoP/Co,P, which opti-
mized the hydrogen adsorption energy. A current density of
10 mA cm™2 was attained by this catalyst at an overpotential of
100 mV.** In both acidic and alkaline conditions, Ni-doped
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FeP/C hollow nanorods have been reported by Yan Zhou Lu
and co-workers to be highly effective and stable catalysts for
hydrogen evolution, shown in Fig. 8d. Ni-induced modifi-
cations to electron valence states, which work in concert with
Co atoms to improve catalyst efficiency, were responsible for
the enhanced catalytic activity and long-term stability of Ni-
doped FeP/C hollow nanorods. These Ni-doped FeP/C hollow
nanorods preserved their shape during electrolysis, which
helped speed up mass and electron transport and increased
overall stability. DFT calculations provided insight into the
catalytic role played by nickel doping at the atomic level. XPS
study showed that the catalyst’s surface was oxidized to phos-
phates, that electrons were transferred from P to Fe as demon-
strated by a negative shift for Fe 2p and a positive shift for P
2p shifts, and that Ni doping increased phosphide content. A
multitude of active catalytic sites were exposed, and a fast evol-
ution of hydrogen gas was encouraged by the synergistic
impact of Ni and FeP/C, which lowered the energy needed for
hydrogen absorption. A current density of 10 mA cm™> was
attained by this catalyst at an overpotential of 95 mV in alka-
line medium.”® The Ni-doped HER electrocatalysts are sum-
marised in Table 4.

4.1.4 Mo-doped electrocatalysts for HER. Molybdenum
doping influences morphology, conductivity, and interaction
with other transition metals to maximize HER activity and
stability, and molybdenum doping in the HER has shown
promise as a means of improving catalytic efficiency. As with
other non-noble metal doping metals, the quantity of Mo
doping influences catalytic performance as well. Therefore, the
precise amount of doping needs to be carefully considered
when designing catalysts. Mo doping also has a major effect
on the catalyst’s shape, promoting the formation of structures
with large specific surface areas. On the other hand, too much
Mo content may cause phase dissociation and reduce the
activity of the catalytic process. As a result, it is difficult to pre-
cisely control Mo doping levels for a uniform distribution and
ideal concentration. Moderate metal-H bonding might
promote positive HER under such conditions. Furthermore,
Mo improves the catalytic activity of carbides and provides pH-
universal electrolysis with remarkable stability and character-
istics. The observed improvement in HER activity is probably
due to the synergistic action of Mo dopants together with

Table 4 Ni-doped electrocatalysts for HER
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other 3D transition metals. Mo dopants also result in excep-
tional electrocatalytic activity with low overpotential due to
their porous design, enhanced electric conductivity, and coop-
erative effects with other transition metals.’®°”1%

3D-arranged molybdenum (Mo)-doped nickel sulphide
(Ni3S,) particles have been synthesized by Chengrong Wu and
co-workers as an efficient dual-electrocatalyst for the overall
splitting of water. This work aimed to successfully synthesize
Mo-doped nickel sulfide (Ni;S,) three-dimensional (3D) curved
nanosheets on Ni-foam using a one-step hydrothermal tech-
nique. Furthermore, the three-dimensional (3D) hierarchical
structure provided a larger contact surface area for electrolyte
adsorption and desorption. Mo-inclusion had a significant
impact on the structure and shape of Ni;S, nanosheets, shown
in Fig. 9a. Additionally, when the electrode’s surface and
roughness grew due to Mo element doping, more electrons
from the electrolyte solution were adsorbed. The catalyst had
exceptional electrochemical performance concerning HER. At
10 mA ecm™?, it displayed a low overpotential of 212 mV, which
is a significant drop of 127 mV compared to un-doped nickel
sulphide.’® By the use of a two-step approach, Yigiang Sun and
co-workers have successfully synthesized Mo-incorporated
Ni,P nanowires (NWs) on a Ni foam (NF) substrate, demon-
strating their utility as a steady and strong electrocatalyst for
HER throughout the pH spectrum (0-14). Molybdenum
addition considerably increased the catalytic activity of Ni,P,
according to electrochemical analyses. After 24 h of HER oper-
ation at different pH settings, Mo-Ni,P NWs/NF demonstrated
outstanding durability = with activity ~ destruction.
Overpotentials of 67 mV in acidic, 78 mV in alkaline, and
84 mV in neutral environments were needed, as well, to reach
a current density of 10 mA cm™2. The remarkable HER per-
formance can probably be ascribed to the mutually beneficial
interaction between the atoms of Ni (nickel) and Mo (molyb-
denum).”” Zhengnan Wang and co-workers used a single-step
electrodeposition approach to produce a Mo-incorporated Ni-
Cu catalyst for HER catalysis. The catalyst’s optimum compo-
sition of NiCuMo, with (8% of Mo-content in solution) showed
better HER performance than Ni-Mo and Ni-Cu catalytic com-
pounds that were binary, owing to the three metals’ synergistic
connection. Using the strong molybdenum-H and weak
nickel-H binding, the combination of nickel and molybdenum

low

Overpotential (7)

Tafel slope Stability

S. no Catalyst Electrolyte at 10 mA cm™ (mV dec™) Cai (MF cm™?) (hours & cycles) Ref.
1 Ni-Co-MoS, 0.5 M H,SO, 155 51 11.7 1000 CV cycles 84
2 Ni-FeP/TiN/CC 1M KOH 71 73 — 10h 85
3 NiMo,C/NF — 150 at (100 mA cm™?) 36.8 — 10 000 CV cycles 86
4 Ni;FeN/CC 1M KOH 105 61 52.55 20 h 87
5 Nip.30,-C0S,/CC 1 M KOH 231 at (100 mA cm™2) 106 — 12h 88
6 Ni/NiS/NC 1M KOH 70 45 22.19 3000 CV cycles 89
7 CoNi-HNP 1.0 M PBS 41 35 130 20 h 90
8 Ni-MoSe, 1M KOH 181 83 21 12h 91
9 Ni-CoP/Co,P 1M KOH 125 73 4.4 12h 92
10 Ni-FeP/C 1M KOH 70 54 80.2 12h 93
Nanoscale This journal is © The Royal Society of Chemistry 2026
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(a) A demonstration of the Mo-doped NizS, nanosheet design. Reproduced from ref. 96 with permission. Copyright 2018, Elsevier. (b) On

nickel foam (NF) a 3D Mo-doped NisS, nanowire network was successfully produced using a hydrothermal and sulfidization process. Reproduced
from ref. 103 with permission. Copyright 2018, Wiley. (c) Diagrammatic representation of ultra-even Mo-doped CoP composite formation.
Reproduced from ref. 101 Copyright 2021, ACS. (d) NiCu and NiCuMo catalysts electrocatalytic HER performance in 0.5 M H,SO,4. Reproduced from

ref. 98 Copyright 2019, RSC.
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enhanced HER activity in alkaline environments. Additionally,
in comparison with the Ni-Mo catalyst the addition of copper
greatly assisted in the production of a thick solid nanoparticle
shape. In an alkaline electrolyte, this Mo-incorporated Ni-Cu
electrode (8% Mo-content in solution) outperformed both bi-
metallic Ni-Mo and Ni-Cu catalysts, showing excellent electro-
chemical resistance and a minimal overpotential of 95 mV at a
current density of 10 mA cm™>. Bimetallic Ni-Mo and Ni-Cu
catalysts showed excellent electrochemical stability and a
minimal overpotential of 95 mV at a current density of 10 mA
em ™2, shown in Fig. 9d.°® Yan Zhou and co-workers reported
that molybdenum loading induced metallic characteristics in
Co-Se by enhancing the electrocatalytic synthesis of hydrogen.
The existence of a mixed phase of Cos,-Seg and Co-Se was
required for the effective integration of molybdenum.
Molybdenum doping successfully tuned the crystalline and
electronic configuration of Co-Se, causing lattice-contracting
and metallic properties that enhanced its electrocatalytic per-
formance for the HER. This was confirmed by computational
models, which showed that molybdenum doping caused
lattice contraction in Co-Se and caused the electron density of
states to change in the direction of the Fermi level. The
reduced cell volume and lower Co oxidation state were compa-
tible with XPS and XANES studies, demonstrating that a small
Mo substitution may compress the lattice despite Mo having a
higher atomic radius than Co. Despite a small slope of Tafel of
58.7 mV dec™" and the greatest HER activity of every substance
examined, Cogg-Mo,,-Se required only an 186.1 mV overpo-
tential to reach a current density of 100 mA cm™2.°° An
efficient and long-lasting electro-catalyst for water splitting was
synthesized by Zheng Cui and co-workers in their work, an
optimized synthesis of Mo-loaded Niz;-S, nano-rods. As an
instance of the way the atomic stoichiometric proportions of
molybdenum and nickel may be controlled by varying the
temperature of the reactions, they showed that Mo-doped Ni;-
S, can grow directly on nickel foams using sodium molybdate
(Na,MoO,) as the molybdenum source at different tempera-
tures. DFT simulations and experimental investigations both
demonstrated that the under-coordinated Mo-S sites on the
outermost layer of MoS, have a high capacity for the hydrogen
chemisorption process. XPS measurements were used to ident-
ify and characterize prominent constituent elements and their
chemical valence states. A mild 278 mV overpotential at a
100 mA cm™? hydrogen synthesis current density and a small
72.9 mV dec™' Tafel slope was observed, leading to increased
reactions of hydrogen evolution performance.'® Liang Li and
co-workers developed an in situ phosphorization technique
using CoMo-layered double hydroxide (CoMo-LDH) as the pre-
cursor for producing extremely uniform Mo-doped CoP
materials (Mo-CoP). The well-organized cation configuration in
the CoMo-Layer Double Hydroxide (LDH) promoted phosphor-
ization, which produced molybdenum that was evenly distribu-
ted throughout the Co-P framework, shown in Fig. 9c. This
produced a remarkable bi-functional catalyst for the total split-
ting of water. Even molybdenum distribution inside the Co-P
framework was facilitated by the ordered cation arrangement
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in the Layer Double Hydroxide nanosheet precursor, which
occurred after in situ phosphorization. As a result, in acidic
conditions, the molybdenum-doped cobalt phosphide showed
increased HER activity and stability. The overpotential was just
116 mV when the current density in 0.5 M H,SO, was 10 mA
em 2" Qin Wang and co-workers report their results on
creating Mo-doped Ni2P hollow microspheres using a direct
phosphorization approach in conjunction with a solvothermal
process. The connected Gibbs free energy of H* absorbance
(AGy-) dropped from 0.33 eV (P site) to 0.21 eV (bridge Mo-Ni
site) after molybdenum doping, with the active centre transi-
tioning to the molybdenum-nickel bridge site. The reduced
AGy- of this ideal active site sped up the charge exchange pro-
cedure for H* intermediates and resulted in the synthesis of
H,. With a modest Tafel slope of 53.4 mV dec™' and an
inadequate overpotential of 81 mV (10 mA cm™>), the DFT
results confirmed that the bridge Mo-Ni site was the active site
in the alkaline HER process, with a AGy~ of 0.21 eV. XPS con-
firmed that Mo-doped Ni,P HNs had a greater intrinsic electro-
catalytic property for electrochemical oxygen generation. The
Mo-added Ni,-P hollow microspheres demonstrated excep-
tional HER activity in the 1.0 M KOH approach.'®® Cheng Du
and co-workers synthesized a technique that used a series of
hydrothermal and sulfidation steps to produce 3D molyb-
denume-incorporated Ni;-S, nanowire connections that were
directly grown on nickel foam. The molybdenum-incorporated
Ni;-S,/NF composite exhibited better catalytic activity due to
its unique 3D hierarchical nanowire structures and effective
molybdenum doping, shown in Fig. 9b. The inherent features
of Ni3-S, were synergistically enhanced by the presence of mol-
ybdenum ions (Mo®") in the solution containing the precursor,
which improved its catalytic activity toward the HER. In
addition to changing the catalysts’ morphology, molybdenum
incorporation improved Niz-S,’s electrical organization, which
affected the H,/O, intermediates’ binding energy during the
water-splitting operation. To confirm the chemical states of
Mos oNig, 1S/NF, an XPS measurement was done. The resultant
3D network, MosoNig, {S/NF, exhibited impressive catalytic
activity needing just 60.8 mV overpotential to achieve 10 mA
cm ™2 of current density for HER.'® The development of ultra-
thin and hollow Molybdenum-Nickel nanosheet arrays as
extremely effective electrocatalysts for the HER has been led by
Xiaoying Lu and co-workers. Since molybdenum (Mo) may
induce new active sites to boost electrochemical reactions and
change the crystalline makeup of composites, its distinctive
physical and chemical features make Molybdenum-based
materials especially appealing. Significantly, it has been
shown that the bimetallic nickel-molybdenum catalysts,
because of their advantageous hydrogen binding power and
greater corrosion resistance, systematically show higher activity
than pure nickel-based materials. The resultant Mo-Ni nano-
sheets had a modest Tafel slope of 62 mV dec™ and an overpo-
tential of 91 mV at 10 mA cm?, indicating improved HER
effectiveness.'® Molybdenum doping-induced improvements
in the performance of urchin-like W,;30,9 nanostructures for
the hydrogen evolution process have been developed by Xing

This journal is © The Royal Society of Chemistry 2026
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Zhong and co-workers. Because the molybdenum dopant mod-
ifies associated chemical characteristics, more active sites
develop, which accounts for Mo-W,;30,¢’s improved water-
splitting performance. Furthermore, the exposed large surface
area of the urchin-like form decreased electronic transmission
limits. These results were corroborated by density functional
theory computations, which showed that the Mo dopant’s
capacity to increase the number of active sites, optimizing the
adsorption of hydrogen owing to electrical and geometric
modification, is what allowed for the notable performance
improvement. Additionally, the 3-dimensional urchin-like
shape with a lot of 1-dimensional nanowires facilitated elec-
tron transmission and ensured quick interfacial exchange of
charges to improve electrocatalytic processes. The inherent
enhancement in HER activity with Mo-W;30,9 was demon-
strated by both empirical and theoretical findings. With a
modest starting potential of 23 mV and a Tafel slope of 54 mV
dec™, the resulting 3D urchin-like Mo-W,30,, showed out-
standing electrocatalytic activity for HER.'” The Mo-doped
HER electrocatalysts are summarised in Table 5.

4.1.5 Mn-doped electrocatalysts for HER. From the
optimum use of its unique electrical and structural properties,
manganese doping in the HER offers the potential for enhan-
cing its catalytic effectiveness and stabilization, hence promot-
ing the emergence of sustainable and effective techniques for
producing hydrogen. The catalytic potential of transition
metal-based catalysts is effectively activated by manganese
doping, which results in lower |AGy-| values. More active sites
are generated by the addition of Mn doping, which causes
mild atomic deformations and activates the HER.'*”'°® During
catalysis, Mn-doped non-noble metal phosphides also show
much lower |AGy-| levels and overpotential over the pH range.
Nevertheless, difficulties like phase dispersion and the ambi-
guity of the linkages between catalyst structures, doping con-
centrations, and electrocatalytic capabilities still exist.'%®

Manganese-doped Ni-P, particles on carbon cloth (Mn-Ni-
P, NSs/CC), which function better than pure Ni-P, in three
dimensions and are more stable at all stages of pH, have been
successfully synthesized by Xiaodeng Wang and co-workers,
shown in Fig. 10a. The addition of Mn increased the catalytic
activity of NiP2 from electrochemical analyses. With a high
phosphorus material, the Mn-Ni-P, NSs/CC acted as a poly-

Table 5 Mo-doped electrocatalysts for HER
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phosphide and provided many active sites that were favorable
to catalytic activity. Increased specific surface exposure to cata-
Iytically active sites was provided by the 3D nano-sheet struc-
ture of Mn-Ni-P, NSs/CC, which further facilitated electron
transport. According to calculations using DFT, the presence
of Mn elevated the electrocatalytic performance by lowering
the kinetic energy limit for H atom adsorption on the surface
of Ni-P, NSs. XPS studies indicated that Mn doping led to a
reduced transfer of electron density from Ni to P, potentially
improving HER performance. It took overpotentials of 97 mV
in 1.0 M KOH to get the same current density.'*® Mn incorpor-
ation into pyrite CoSe,, resulting in minor atomic rearrange-
ments to provide more active edge sites for the HER, has been
reported by Youwen Liu and co-workers. Using DFT simu-
lations, it was discovered that Mn inside the CoSe, lattice
lowers the kinetic energy barrier and promotes the formation
of H-H bonds between neighbouring adsorbed hydrogen
atoms, thereby improving H, generation. CoSe, ultrathin
nanosheets doped with Mn provided a way to modify the elec-
tronic structure for HER dynamics that are optimal.
Considering an exchange current density of 68.3 pA cm™>, a
quite modest Tafel slope of 36 mV dec™”, and a very low over-
potential of 174 mV, these Mn-doped CoSe, ultrathin
nanosheets indicated an impressive feat in HER perform-
ance."™ Tingting Liu and co-workers reported the first devel-
opment of Mn-loaded Co-P (Mn-Co-P) nanosheets arranged
on titanium mesh (Mn-Co-P/Ti) as an effective three-dimen-
sional electrode for the hydrogen evolution process with
strong stability at all different pH values. Density functional
theory simulations indicated that Mn-Co-P had a higher
thermo-neutral hydrogen energy than Co-P, which accounted
for its increased HER activity. As the AGy- gets closer to ther-
moneutrality, the catalytic activity of HER is enhanced. Further
investigation of the electrical structures showed that neigh-
bouring cobalt and phosphorus atoms get electron donations
from doped Manganese atoms. The XPS spectrum of Mn-Co-P
indicated the presence of Mn, Co, and P elements. Signals of C
and O elements may be due to product contamination or
surface oxidation. According to a Bader charge analysis,
nearby cobalt atoms get up to 0.38 electrons from nearby
Manganese atoms. The Mn-Co-P nano-array integrated on tita-
nium mesh required overpotentials of 49 mV and 86 mV in 0.5

Overpotential (1)

Tafel slope Stability

S. no Catalyst Electrolyte at 10 mA cm™? (mVv dec™) Cai (MF cm™?) (hours & cycles) Ref.
1 Mo-doped Ni;S, 1M KOH 212 98 4.02 1000 CV cycles 96
2 Mo-Ni,P NWs/NF 1M KOH 78 109 — 24 h 97
3 NiMoCu-3 1M KOH 90 41 5.1 5000 CV cycles 98
4 C0g.sM0g,Se 0.5 M H,S0, 186 at (100 mA cm™2) 58.7 — 10h 99
5 200-SMN/NF 1M KOH 278 at (100 mA cm_z) 72.9 — — 100
6 CoMo-LDH 1M KOH 118 69 — 24 h 101
7 Mo-doped Ni,P HNs 1M KOH 81 53.4 38 10h 102
8 Mos oNig, 1S/NF 1 M KOH 61 39.2 11.4 — 103
9 Mo-Ni-NSs-3 1M KOH 91 62 30 50 h 104
10 10% Mo-W;50,0 0.5 M H,S0, 45 54 5.9 5000 CV cycles 105
This journal is © The Royal Society of Chemistry 2026 Nanoscale


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr04327a

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

Open Access Article. Published on 05 febbraio 2026. Downloaded on 16/03/2026 00:20:53.

[{ec

Review

View Article Online

Nanoscale

a)

‘precursor

Mn-Ni
Nanosheets!

s -200
‘Mn-NiP2 N 9 Y y y
® s 40 08 -06 -04 02 00
_ Ev (RHE)
©)
H*
2F Basal Mo, .S
> 1632
. L
i > |
S 188 nm =
{ A [} 1
. -~ c -
5 S
[ Basal MnMo S,
S (RPN
»0 Mn doped Mo edge
g Mn doped S edgg
0 D —
N\—— o edge
© + S edge
-1 - -
Reaction Coordinate
e). Carbon © Sulfur “°
d) 04 © Oxygen © Molybdenum <
o5 M stog < Hydrogen © Manganese -r‘.‘ -10 e
104 :;"’ ::.';,‘[
i — Mos GO
- ; -20 —— Ma-Mos /1GO|
= 20{ ——mn-cop/cc NN
g _COPICC o ‘Pf(tnll-l :ﬂ;l{!"{:‘l o
= 304 —CC ® o4 / ::
-40 4 0z % s
o
-50 T T T At et
-02 01 00 of e
E (v VS.R"E, 04 00 O.AM-“.:.\lm.t,:.l e 20
Fig. 10 (a) Diagram showing the steps involved in creating manganese Mn-doped NiP, nanosheets over carbon cloth. Reproduced from ref. 110

with permission. Copyright 2018, Elsevier. (b) A demonstration of the process used to prepare the MnSnS,-2. Reproduced from ref. 112 with per-
mission. Copyright 2018, RSC. (c) TEM and HRTEM pictures of the 0.5 Mn—MoS, compound as well as a hydrogen AGy- diagram showing the doped
and doped-free MoS,. Reproduced from ref. 115 with permission. Copyright 2018, ACS. (d) The LSV curves for HER in 0.5 M H,SO, for Mn—CoP/CC,
CoP/CC, pure CC, and Pt/C catalysts at a scan rate of 1 mV s™. Reproduced from ref. 116 with permission. Copyright 2020, Elsevier. (e) The Mn—
MoS,/rGO ball model. Reproduced from ref. 117 with permission. Copyright 2017, Elsevier.
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M H,SO, and 1.0 M KOH, respectively, to get a current density
of 10 mA cm™2.'°® Athibala Mariappan and co-workers studied
Mn@SnS,-2 to improve the hydrogen generation process. They
described a simple doping approach for developing a S
vacancy-rich Mn@SnS, electrocatalyst in alkaline medium (1
M KOH). The as-synthesizedMn@SnS,-2 catalyst exhibited out-
standing bifunctional electrochemical performance, with over-
potentials of 260 mV (OER) and 108 mV (HER) at 10 mA cm ™2,

The preparation process for the MnSnS, heterostructure
material is given in Fig. 10b. The improved catalytic efficiency
of the Mn@SnS,-2 catalyst is due to the development of
numerous Mn dopants generating sulfur defects. Doping Mn
into the SnS, crystal structure increases active sites, facilitates
charge transfer, and improves intermediate adsorption and de-
sorption.""* Min Wang and co-workers developed a simple and
regulated synthesis method for a mesoporous Manganese-
doped Fe-P (Mn-FeP) catalyst for the hydrogen evolution
process that is both highly effective and persistent.
Mesoporous Fe-P undergoes a broad pH range electroactivity
boost due to Manganese doping. Topology engineering and
heteroatom implantation techniques work together to maxi-
mize the reaction kinetics for HER by increasing the specific
surface area of Fe-P and altering its electronic makeup. Based
on physical/electrochemical analysis and DFT calculations, it
was determined that adjacent doped Mn atoms with weaker
electron negativity provided partial electrons to the Fe atoms
in Mn-FeP. This resulted in free energy for thermoneutral
hydrogen adsorption on active sites, improving intrinsic
activity. By utilizing a template-free technique to increase the
specific surface area, this approach avoided the problems
associated with traditional template approaches such as syn-
thesis that is unpredictable and tedious, and ensured the
effective doping of Manganese into the phosphide. With over-
potentials of 69 mV and 173 mV in H,SO, and KOH electro-
lytes, respectively, at 10 mA cm™2, the mesoporous Mn-FeP
catalyst demonstrated outstanding activity and stability for
HER over an extended pH range."*® The synthesis of Mn-doped
Ni,-P nanosheet arrangements on nickel foam (NF) (Mn-Ni,—
P/NF) was reported by Ya Zhang and co-workers, and this cata-
lyst served as extremely effective electrodes for the hydrogen
evolution process in alkaline environments. The electrical
driving capacity of Mn-Ni,—P/NF in 1.0 M KOH was 20 mA
cm™? at an overpotential of 103 V, which was 82 mV less than
that required to operate Ni,—P/NF. It also showed outstanding
long-term electrochemical endurance for a minimum of 25 h.
When comparing Mn-Ni,-P/NF with Ni,~-P/NF, electro-
chemical impedance spectroscopy (EIS) showed a lower radius
of semicircle for Mn-Ni,~-P/NF, suggesting higher electron
mobility rates and quicker catalytic responses. A potential cata-
lyst material for water-splitting devices aiming at producing
hydrogen fuels on an extensive basis is provided by this
study.’*® Xiumin Li and co-workers have reported a technique
that combines the procedures of thermal phosphorization and
uni-polar pulse electro-deposition to generate Mn-incorporated
cobalt phosphide (Co-P) electrocatalyst-coated electrode from
Co-Mn LDH precursors as well. The inclusion of Mn signifi-

This journal is © The Royal Society of Chemistry 2026
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cantly improved the catalytic function and conductance of the
Co-P catalysts, as shown by the results of electrochemical
impedance spectroscopy (EIS) and linear scan voltammetry
(LSV). The nano-sheet microstructure arranged into a porous
nanoparticle cluster shape during phosphorization, converting
the Co-Mn LDH precursor into Mn-CoP catalysts. Mn-CoP-
coated electrodes required a significantly lower overpotential
of 108 mV to keep a current density of 10 mA cm ™2 in 0.5 M
H,SO; solution as compared to CoP-coated electrodes.'**
Liyang Zhang and co-workers reported the synthesis of manga-
nese-doped Mo-S, ultrathin particles that were vertically
oriented and fixed on a hierarchical carbon skeleton resem-
bling fin tubes to optimize both intrinsic performance and
electrode design synergistically. For enriched Mo-S, all the
hydrogen adsorption liberated energies of the basal surfaces,
sulfur edges, and molybdenum edges decreased according to
computational models. Moreover, the Mn-doped Mo-S, mono-
layer’s electrical composition showed a zero-band gap, a sign
of enhanced intrinsic conductance. The formation of Mo-S,
ultrathin particles surrounding carbon nanowires in a vertical
orientation improved the exposure of active edge areas, which
lowered the charge transport resistance and improved the
durability of the 3-dimensional self-supported electrode as
well, shown in Fig. 10c. Having a Tafel slope as low as 44 mV
dec™, this carefully constructed, self-supported, binder-free
electrode with integrated architecture showed exceptional
endurance even at an elevated cathodic current density of
200 mA cm ™2 in 0.5 M H,SO,. It also had a modest overpoten-
tial of 130 mV at —10 mA cm >.""® An outstanding electro-
catalytic activity for the HER in both alkaline and acidic con-
ditions has been demonstrated by Siran Xu and co-workers
through the development and manual production of an extre-
mely efficient electrocatalyst with a unique tiny 3-dimensional
(3D) permeable peony-like micro-flower Mn-CoP structure on
adaptable carbon cloth (Mn-CoP PMFs/CC). Doping with mag-
nesium increased electron transport and reduced the thermo-
neutral adsorption of hydrogen-free energy (AGy-), according
to DFT calculations. When manganese was added to Co-P the
electrical structure was altered, the number of places that were
active rose, and basic nanowire arrays became permeable
nanorod-like nanostructures. All these changes improved Co-
P’s inherent performance in HER. For 0.5 M H,SO,4 and 1.0 M
KOH approaches, the catalyst exhibited an ultra-low excessive
potential of 28 mV and 90 mV as well achieving a current
density of 10 mA ¢cm™?, shown in Fig. 10d. These results were
attributed to the catalyst’s unique 3D porous structure with
enormous surface areas and exceptional electron conductivity
for rapid mobility of electrons and fast gas release routes."'®
The synthesis of a hybrid catalyst using Mn-doped MoS,/
reduced graphene oxide (Mn-MoS,/rGO) was accomplished by
Ligian Wu and co-workers using the hydrothermal approach.
This catalyst’s exceptional HER performance was mostly due to
reduced graphene oxide’s excellent electrical conductivity, but
it also greatly benefitted from the basic catalytic function
boost that comes from adding magnesium Mo-S,. XPS
measurements were performed to study the chemical compo-
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sition of the Mn-MoS,/rGO hybrid. With a minimum Tafel
slope of 76 mV dec™", significant cathodic currents, and a tiny
overpotential of 110 mV, the Mn-MoS,/r-GO hybrid catalyst
demonstrated remarkable HER activity, shown in Fig. 10e.""”
The Mn-doped HER electrocatalysts are summarised in
Table 6.

4.1.6 Cu-doped electrocatalysts for HER. Using copper (Cu)
as a dopant or a composite material component can accelerate
the HER process. Moreover, Cu may modify the electrical struc-
ture of the doped material (such as carbon-based materials or
transition metal oxides). Improved catalytic activity in the
direction of the HER could arise from this modification. To be
more precise, Cu can improve the overall reaction by modifying
the binding energies of reaction intermediates involved in the
HER, such as adsorbed species and hydrogen atoms.
Additionally, Cu incorporation can increase the number of
active spots on the material’s surface. At these sites, hydrogen
atoms may more easily bond and react to generate hydrogen
gas, acting as nucleation sites for hydrogen evolution. The
HER process is now more efficient as an outcome. Alongside
other metals or materials like Pt, Ni, or carbon-based com-
pounds like graphene, Cu can produce heterostructures or
alloys. These hybrid structures may demonstrate synergistic
effects, in which the combined materials outperform the indi-
vidual components in terms of catalysis. In conclusion, Cu can
reduce the activation energy needed for the HER by improving
the kinetics of the reaction and promoting electron transport
pathways. This implies that it is possible to accelerate the rate
at which hydrogen gas develops off the catalyst surface, result-
ing in higher total HER rates of reaction."**2°

Cu-doped Ni;S, interconnected nano-sheet arrays are very
effective electrodes for improving alkaline hydrogen develop-
ment, and were developed by Yangyang Ding and co-workers.
However, because of the intense S-H bond connection on the
outermost layer of Ni;S,, there is still room for improvement in
the electrochemical reactions of the cathode-reducing process.
The 2-step hydrothermal technique was used to produce an
extensive range of non-precious metal Cu-Ni;S,/NF hybrids to
solve this specific issue. Copper and nickel provide a good
basis for introducing copper into Ni3S, since they are neigh-
bouring elements in the same period with comparable electro-
negativity and radius of atoms. Copper doping, which gener-

Table 6 Mn-doped electrocatalysts for HER
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ates morphological modifications, raised the number of elec-
trochemically active sites and improved the intrinsic activity of
the catalyst itself, and was directly responsible for the out-
standing characteristics and improved efficiency of the HER.
Experimental results and DFT calculations revealed that Cu-
Ni;S,/NF outperforms the other samples. Under a low overpo-
tential of 92 mV, the copper-doped material enabled current
densities of 10 mA ecm™ during the HER process."*" For the
HER, Qiangqgiang Sun and co-workers have developed a new
3-dimensional hierarchically arranged nano-tubular copper-
added nickel catalyst on nickel foam (Ni(Cu)/NF). The catalyst
was synthesized using a simple procedure that included
electro-deposition and selective electrochemical dealloying
processes. Density functional theory simulations showed that
a more favourable energy state for the adsorption of hydrogen
was produced by copper replacement and the production of
nickel oxide (Ni-O) on the outer layer. A considerably improved
catalytic efficiency was the result of the distorted lattice of
nickel, caused by copper substitution, the enhanced interfacial
activity brought about by oxidation at the surface of nano-
porous nickel, and the abundance of sites of activity provided
by the 3D hierarchical porous design. Furthermore, the inter-
facial function of Ni-O/Ni was improved by developing a nickel
oxide shell around a portion of the Ni nanoparticle cores. This
promoted hydrogen adsorption at nearby open nickel sites and
increased HER activities. The catalytic efficiency was further
enhanced by the significant synergistic effects of copper
doping, which replaced the nickel sites and optimized AGy-
for the adsorption of hydrogen while preserving a balance
between desorption and absorption. The resulting Ni(Cu)/NF
electrode had an enormous electrochemical active surface area
and showed Pt-like electrocatalytic properties for HER, with
only a 27 mV overpotential needed to achieve a 10 mA cm™>
current density and a 33.3 mV dec™' Tafel slope, shown in
Fig. 11a.''® A straightforward technique utilizing a combi-
nation of hydrothermal and low-temperature phosphidation
procedures for producing self-supported nanoporous copper-
incorporated cobalt phosphide nanorod grids on carbon cloth
(Cu-CoP NRAs/CC) with markedly increased catalytic activity
has been reported by Lulu Wen and co-workers. The strong
heteroatomic connections that caused many distorted lattices
and defects, and hence many reactive areas on the nano-rods,

Overpotential () Tafel slope Stability
S. no Catalyst Electrolyte at 10 mA cm™> (mV dec™) Cqi (MF cm™?) (hours & cycles) Ref.
1 Mn-NiP, NSs/CC 1.0 M KOH 97 45 64.3 20 h 110
2 Mn-incorporated CoSe, 0.5 M H,SO, 174 36 — 2000 CV cycles 111
3 Mn-Co-P/Ti 1.0 M KOH 76 55 50.32 10h 108
4 MnSnS,-2 1.0 M KOH 108 41 2.56 50 h 112
5 Mn-FeP 1.0 M KOH 173 59 4.90 10h 109
6 Mn-Ni,P/NF 1.0 M KOH 103 at (20 mA Cmfz) 135 3.98 25 h 113
7 Mn-CoP 0.5 M H,SO, 127 53 49.5 18 h 114
8 0.5Mn-MoS,@CA/CC 0.5 M H,S0, 130 44 40.4 2000 CV cycles 115
9 Mn-CoP PMFs/CC 1.0 M KOH 90 47.3 10.8 24 h 116
10 Mn-MoS,/rGO 0.5 M H,S0, 110 76 17.37 2000 CV cycles 117
Nanoscale This journal is © The Royal Society of Chemistry 2026
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were responsible for the remarkable HER performance that
Cu-CoP NRAs/CC exhibited. The kinetic energy limit for hydro-
gen atom adsorption on the cobalt phosphide layer was sub-
sequently significantly lowered because of the inclusion of
copper inside the cobalt phosphide framework. The study pre-
sents a new approach for synthesizing a variety of eco-friendly
HER catalysts that may be used for electrochemical water split-
ting at any pH level. For catalytic hydrogen generation across a
wide pH range, the combined Cu-CoP NRAs/CC cathode
exhibited outstanding HER performance. Only 44 mV and
81 mV of overpotential were needed in 0.5 M H,SO, and 1 M
KOH, respectively, to reach a current density of 10 mA cm ™2,
shown in Fig. 11b."*> Molybdenum sulfide (MoS,) is a promis-
ing non-precious-metal catalyst option that has been reported
by Liang Ji and co-workers as a cheaper alternative to platinum
(Pt) catalysts in the hydrogen evolution process. Nonetheless,
the restricted amount of catalytic active sites and the inert
basal layer of MoS, significantly limit its catalytic effectiveness.
This was solved by using a simple one-pot solvothermal tech-
nique for producing porous 1T-MoS, combined with copper
atom doping. While the doping of atoms of copper (Cu) pro-
moted electron transport between copper and MoS,, the
porous composition and 1T-MoS, in the resultant Cu@MosS,
material concurrently stimulated the base layer and supplied
additional active edge spots, shown in Fig. 11c. Significantly,
in comparison with the 2H-MoS, surface, calculations based
on first principles showed the larger transfer of charge as well
as greater stability when copper was adsorbed on the 1T-MoS,
surface. These findings suggest that the metastable 1T-MoS,
monolayer may be advantageous in improving HER efficiency
by adsorbing single-metal atoms. With a small overpotential of
131 mV at a current density of 10 mA cm™> and a modest Tafel
slope of 51 mV dec™, the Cu@MoS, sample exhibited
improved performance with HER."”® Hui Su and co-workers
have developed a simple method based on Ni;S,/Co3S, to syn-
thesize the bimetallic component sulfide heterostructured
electrocatalysts (M = Cu, Fe, Mo, Zn). Requiring an overpoten-
tial of just 79 mV to attain current densities of 10 mA cm ™2 for
the HER analysis, the resulting Cu-Ni;S,/Co3S, electrode
demonstrated outstanding electrocatalytic activity for HER in a
1 M KOH electrolyte. XPS study validated that the addition of
copper cations promoted the development of high-valent
nickel and cobalt (Ni/Co) sites. The density functional model
calculations showed that by regulating the d-band centre of
cobalt and lowering the adsorption energy of hydrogen and
oxygen-containing intermediary states (H*, OH*, OOH*) on the
surface of the catalyst, the addition of Cu boosted the for-
mation of high-valent cobalt sites and boosted the charge
transfer performance of the nickel and cobalt species, there-
fore improving the intrinsic catalytic capability. This work
highlights the significance of transition metal ion doping for
increasing the bimetallic component sulfide electrocatalytic
efficiency.”* Copper-added Nickel catalysts with Ni-O-VO,
domains integrated for the alkaline hydrogen evolution
process have been reported by Yibing Li and co-workers. The
development of Ni-O-VO, sites in Ni(Cu)VO, has been clari-
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fied using systematic X-ray absorption spectroscopy investi-
gation. The nickel framework was considerably changed by
VO,, resulting in an increased surface area that was electroche-
mically conductive. The super activity of the Ni-O-VO, sites
was further supported by DFT calculations based on first prin-
ciples, which facilitated charge transfer from nickel to VO, and
lowered the free energy related to H-adsorption and H, release
over nickel. This contributed to the lasting reliability and excel-
lent HER activity of the Ni(Cu)VO, electrode. Having an initial
overpotential of almost zero and an extremely small overpoten-
tial of 21 mV, the optimized Ni(Cu)VO, electrode achieved a
current density of —10 mA ecm ™2, shown in Fig. 11d, which is
similar to the benchmark Pt/C catalysts.'®® A solid nickel elec-
trocatalyst doped with copper has been demonstrated by
Qiangqiang Sun and co-workers for the HER. This nano-
porous catalyst possessed an ultra-large ECSA and showed out-
standing activity and durability in HER. It was produced by a
straightforward two-step electrodeposition-dealloying pro-
cedure over macro-porous Ni-foam. The Cu-added nano-
tubular nickel catalyst had several benefits that contributed to
its outstanding efficiency, notably a super-large ESCA, and
good hydrogen bubble dissolution as well as excellent electri-
cal conductivity. By using the hydrogen evolution process
rather than the oxygen evolution reaction, these characteristics
allowed for the energy-efficient electrolytic synthesis of hydro-
gen. Interestingly, the Ni(Cu)/NF combination only needed a
cell voltage of 0.41 V in a two-electrode alkali electrolyzer con-
figuration to get a current density of 100 mA cm™> for the evol-
ution of hydrogen.’*® Hui Li and co-workers developed a
simple and efficient method for synthesizing Cu-doped bi-
metallic phosphosulphide nanosheet arrangements (Cu-
NiS@Ni,P/NF) on nickel foam. In the HER the CuNiS@Ni,P/
NF substance performed better, especially when the doping
level of copper was optimum. Several variables contributed to
the exceptional HER performance of CuNiS@Ni,P/NF
nanosheet arrays. The electrocatalyst’s electronic composition
and shape were effectively optimized by the moderate doping
of copper. The typical configuration of nanosheet grids
exposed more active places. The combined effect of various
elements resulted in high intrinsic movement. Interestingly,
Cu-NiS@Ni,P/NF outperformed Cu-NiS@Ni,P/NF-0.25
(206 mV) and Cu-NiS@Ni,P/NF-0.125 (219 mV) with a poten-
tial of only 144 mV to obtain a current density of 10 mA cm™>
in 1.0 M KOH." Yongshang Tian and co-workers produced
copper-incorporated CozO, porous nanosheet arrangements
on 3-dimensional Ni-foam (Cu-Co;0, NAs/NF) by straightfor-
wardly pyrolyzing bimetal-organic structure precursors.
Research findings showed that incorporating copper in Co;0,
materials affected the nano-sheet shape to obtain a large
specific area and well-exposed places for activity. Additionally,
open routes for continuous gas release and transfer of elec-
trons were provided by the 3-dimensional electrode arrange-
ment. Utilizing its distinct geometric and electrical structure,
the Cu-Co;0, NAs/NF electrode that has been developed
demonstrated exceptional activity. The Cu-Co;0, NAs/NF elec-
trodes’ exceptional HER activity combined with its low voltage

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr04327a

Open Access Article. Published on 05 febbraio 2026. Downloaded on 16/03/2026 00:20:53.

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

(cc)

Nanoscale

of 1.58 V allowed for the output of a current density of 10 mA
em™> for total water splitting."*® A self-standing, non-noble
metal, 3D-connected ultrathin nanosheet arrangement (Cu-
CoP NAs/CP) has been introduced by Liang Yan and co-
workers. The resultant Cu-CoP NAs/CP exhibited outstanding
efficiency for the hydrogen evolution process because of both
its improved electronic composition and higher electrical con-
ductivity, which facilitated both the desorption and adsorption
of reaction products, shown in Fig. 11e. The results of experi-
ments and density functional theory calculations showed that
the incorporation of copper to Co-P greatly improved electrical
conductivity and optimized its electronic composition, which
in turn facilitated the formation of O* intermediaries (which
led to CoOOH active species) and H* adsorption and desorp-
tion, which occurred. This ultimately resulted in superior HER
catalytic operation. The method of XPS was utilized to study
the electronic structure and element states of Cu and CoP NAs.
Excellent HER activity was attained using overpotentials of
81 mV to produce a current density of 10 mA cm™> in neutral
media, owing to enhanced mass/charge transfer, optimized 3D
CUy,0sC00.0.P NAs/CP, and greater exposure of active areas.'’
The Cu-doped HER electrocatalysts are summarised in Table 7.

4.1.7 Pt-doped electrocatalysts for HER. Platinum (Pt) is
often added to HER materials or used as a dopant to greatly
increase the reaction for several important factors. Platinum is
well known for having outstanding HER catalytic activity.
When it is placed onto or doped into other materials Pt offers
active areas where hydrogen atoms may bond and undergo the
essential processes to develop into hydrogen gas. Pt has ideal
electrical characteristics that enable effective electron transport
across the HER. This is significant because the reaction pro-
ceeds through several stages in which electrons are transferred
to hydrogen ions, which form hydrogen gas in the final phase.
Pt helps these electron transfer activities, which reduces the
overpotential needed for the reaction to continue and raises
the hydrogen evolution’s general efficiency. When used for the
HER in electrochemical cells, Pt is quite durable and adapt-
able in acidic environments. Pt can be added to composite
materials or used as a dopant to increase the catalyst’s stability
against processes that cause degradation, such as active site
aggregation or dissolution. The catalyst’s long-term perform-
ance is assured by its stability, which prevents a noticeable

Table 7 Cu-doped electrocatalysts for HER
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decline in activity. Synergistic effects can happen when Pt is
mixed with other materials, including transition metals. As Pt
and the host material have complementary electronic struc-
tures or optimal surface contacts, these pairings can result in
improved catalytic activity as compared to Pt itself." 742
Using sodium lauroyl sarcosinate (C;5H,sNNaO;) as a struc-
ture-directing intermediary in hydrothermal conditions of use,
Piyali Bhanja and co-workers have successfully synthesized
mesoporous Sn-O (MTO-S). This was followed by calcination
and subsequently adding Pt nanoparticles using straight-
forward wet-chemical techniques. The mesopore exterior of
the Pt-loaded mesoporous tin oxide nanostructured materials
exhibited a well-dispersed arrangement of metal and metal
oxide micron-sized particles which facilitated easy electron
leaping and increased the speed of the HER activity of
Pt@MTO-S nanocomposites. These findings were supported by
electrochemical water-splitting tests and the pore size distri-
bution was calculated using DFT. Strong flow with H, bubbles
over the Pt@MTO-S cathode was directly indicative of the sig-
nificant potential for real-world HER implementations that Pt
design on the surface of mesoporous SnO, possesses.
Furthermore, Pt@MTO-S had an ultralow overpotential of
73 mV at 10 mA cm 2, demonstrating remarkable HER
activity.”*® The platinum-doped MoS, (Pt@MoS,) catalyst that
Yang Li and co-workers have reported was synthesized using a
potential cycling technique. This allowed for the effective
introduction of platinum dopants into the MoS, structure and
a partial transition of MoS, from the 2H to the 1T stage. XPS
revealed the electrical structural evolution of MoS, following Pt
doping. The role played by platinum atoms in the electrical
structural modification of MoS, was clarified by a thorough
investigation. The theoretical calculations further demon-
strated that the sulfur atoms next to Platinum in MoS, were
the most active sites for the hydrogen evolution process, with
minimal adsorption of hydrogen-free energy (AGy«) of around
0.04 eV, like benchmark Pt catalysts. The findings of the
experiments showed that Platinum single-atom doping in 1T
MoS, has good catalytic activity and is stable for HER.
According to MoS,’s excellent geometric and electrical frame-
work, Pt@MoS, exhibited a low overpotential of 88.43 mV at
10 mA ecm™2."*! Xin Xiao and co-workers have effectively pro-
duced very low quantities of Pt-incorporated Co,P/Ni,P on

Overpotential (1) Tafel slope Stability
S. no Catalyst Electrolyte at 10 mA cm™? (mV dec™) Cai (MF cm™?) (hours & cycles) Ref.
1 Cu-Ni3S,/NF-1/4 1.0 M KOH 92 45.26 79.22 12 h 121
2 Ni(Cu)/NF 1.0 M KOH 27 33.3 17.27 — 118
3 Cu-CoP NRAs/CC 1.0 M KOH 81 86 113.8 40 h 122
4 Cu@MoS, 0.5 M H,SO, 131 51 — — 123
5 Cu-Ni;S,/C0,S, 1.0 M KOH 79 50.4 75.4 10h 124
6 Ni(Cu)VO, 1.0 M KOH 21 28 — — 125
7 Ni(Cu)/NF 1.0 M KOH 203 at (100 mA cm™?) — — — 126
8 CuNiS@Ni,P/NF 1.0 M KOH 144 103.2 27.91 24 h 127
9 Cu-Co30, NAs/NF 1.0 M KOH 125 66 11.9 20h 128
10 Cu-CoP NAs/CP 1.0 M PBS 81 83.5 17 3000 CV cycles 129
This journal is © The Royal Society of Chemistry 2026 Nanoscale
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nickel foam (Pt/Co,P/Ni,P/NF) by an in situ controlled develop-
mental technique, demonstrating its effectiveness as an elec-
trode for the electrolytic splitting of water into H,, shown in
Fig. 12a. The accessible Pt/Co,P/Ni,P/NF substrate had higher
activity areas because of the super-macroporous structure of
the NF substrate, which improved electron flow and provided
open pathways for quick H, production. The enhanced path-
ways for actions of electrocatalytic efficiency were attributed to
the complementary actions of Co,P and Ni,P, the number of
active areas on Pt/Co,P/Ni,P/NF, and the control of the elec-
tronic framework by platinum doping. Considering a low over-
potential of 75 mV at a current density of 10 mA cm™> Pt/Co,P/
Ni,P/NF demonstrated outstanding HER activity. Furthermore,
Pt/Co,P/Ni,P/NF ran for 25 h with remarkable stability, demon-
strating exceptional durability.'** Sengeni Anantharaj and co-
workers published a technique to produce small particles of
platinum colloidally, with an average size of 3.5 + 0.3 nm, and
effectively secure them onto DNA molecules self-assemblies. A
loading of 5 pL of the developed Pt@DNA homogeneous solu-
tion, or 15 ug cm™>, was used to assess the solution straight
for the electrochemical HER in 0.5 M H,SO,. DNA’s remark-
able adherence to glassy carbon and FTO substrate electrodes,
together with its electrical conductivity, stability during the
potentiostatic process of electrolysis, and rapid decomposition
have made the produced Pt@DNA colloidal solution an excel-
lent HER electrocatalyst. Considering the preservation of
electrocatalytic activities, this technique makes it possible to
manufacture ultra-small nanoparticles of platinum that have
larger areas of surface without the requirement for an outside
binder during the production step. In the absence of any
binding agent, the Pt@DNA-GC interface displayed overpoten-
tials of —0.026 V and —0.045 V at current densities of 10 mA
em ™ and 20 mA cm? in that order, shown in Fig. 12b."*
Wenxia Chen and co-workers’ design showed that adjacent
platinum atomic sites contained within N-doped porous
carbon nanotubes (PtSA-PtCo NCs/N-CNTs) controlled the
local electronic configuration of small cobalt-platinum clus-
ters. The combustion of zeolite imidazole MOF produced by
melamine introduction with thimbleful platinum loading was
used to accomplish this. Melamine was included to revive
neighboring atomic carbons and start the directed develop-
ment of nanotubes of carbon doped with nitrogen. A detailed
investigation revealed the noteworthy influence of nearby low-
coordinated Pt-N, sites in modifying the localized electronic
configuration of tiny Pt-Co clusters. DFT calculations showed
that atomically isolated PtSA could affect the electronic states
of PtCo NCs, lowering the energy barrier and enhancing
kinetic processes, and this led to higher electrocatalytic
activity. XPS was used to analyze the chemical compositions of
PtSA-PtCo NCs and PtCo NCs/N-CNT-900 samples. The per-
formance of the HER was further enhanced by optimum
control of the electronic configuration by nearby platinum
atoms, which lowered the reaction energy limit in the electro-
chemical step. In 1 M KOH, the optimized PtSA-PtCo NCs/
N-CNTs-900 demonstrated remarkable HER catalytic activity,
attaining a current density of 10 mA cm > and a modest over-
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potential of 47 mv."** Huiting Hu and co-workers developed a
simple hydrothermal approach for designing MoS, nanosheets
that were deposited on Pt-incorporated yeast cell biomass
(MoS,@Pt/YC). The primary challenge was to reduce the noble
metal loading without sacrificing efficiency. The nanosheets of
MoS, were encouraged to develop on yeast cells’ smooth
surface, and metal Platinum could bind to its functional
groups as well. As a result, nanosheets of MoS, were applied to
the Pt/YC material, improving the exposure of the hydrogen
synthesis reaction’s active sites (HER). Precious metal import-
ing can be reduced without compromising qualities by adding
transition metal sulfides with a considerable amount of
specific surface area. This work provides a straightforward
approach for the production of Pt-doped HER electrodes.
Despite a tiny Tafel slope of 74 mV dec™' demonstrating its
outstanding HER efficiency and an overpotential of 118 mV at
the benchmark current density of 10 mA cm ™2, the resultant
MoS,@Pt/YC material exhibited outstanding results, shown in
Fig. 12¢.*® Yan Sun and coworkers have presented a simple,
adaptable N,-plasma approach for facilitating the transform-
ation of MoS, nanosheets from the 2H stage to the 1T stage
with a remarkable conversion rate of almost 62%. XPS was
employed to study the phase transition and composition of N-
MoS, and N,Pt-MoS, nanosheets from 2H to 1T. In addition,
the plasma processing promoted the decomposition of
Platinum salts that had been deposited and the dispersion of
platinum atoms into MoS, nanosheets, which increased the 1T
stage yield to around 87%. According to computational models
and structural analysis, MoS,’s electrical and coordination pro-
perties were successfully modulated by the deep doping of
nitrogen and platinum atoms, shown in Fig. 12d. This acti-
vation of the sulfur spots resulted in the generation of emptier
2p, orbitals that were favourable for the adsorption of water
and hydrolysis. Interestingly, the method for plasma pro-
duction described in this study could be easily expanded to
provide large-area N, Pt MoS, nanosheet-coated carbon cloth
that was 32 cm by 16 cm in size, with a homogeneous 1T-
phase feature and a high capacity to generate hydrogen as
well. The resultant Pt-MoS, nanosheet complexes mounted on
carbon cloth showed good alkaline HER activities, obtaining
strong cycle endurance and a modest overpotential of 38 mV at
10 mA ecm™2."® A. Abdolmaleki and co-workers developed a
tiny material made of sulfonated material graphene and poly
(3,4-ethylene dioxythiophene) (PEDOT) conductive polymer
adorned with platinum-based nanoparticles (PtNPs). PEDOT
promoted proton diffusion on the surface of the electrode,
which helped to facilitate the hydrogen synthesis process
(HER) in addition to avoiding nanoparticle aggregation.
Increased modification of graphene nanosheets with the
addition of sulfonate moieties could further improve the
efficiency of the electrodes. After 500 cycles, the resultant HER
electrocatalyst showed negligible overpotential (around —0.040
V vs. RHE), modest charge transfer resistance (about 50 ohms),
and steady efficiency. Tafel kinetics regulated the electro-
catalytic process mainly; electrochemical adsorption-desorp-
tion was important because of kinetic factors (such as Tafel

This journal is © The Royal Society of Chemistry 2026
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Fig. 12 (a) An illustration of the Pt/Co,P/Ni,P/NF synthetic process. Reproduced from ref. 132 with permission. Copyright 2020, RSC. (b) A repre-

sentation of colloidal Pt@DNA molecular self-assembled general production for HER application. Reproduced from ref. 133 with permission.
Copyright 2016, ACS. (c) LSV curves in H,SO4 (0.5 M) for Pt/C, YC, MoS,@YC, Pt/YC, and MoS,@Pt/YC. Reproduced from ref. 135 with permission.
Copyright 2023, ACS. (d) Synthesis of nanosheets of N, Pt—MoS,. Reproduced from ref. 136 with permission. Copyright 2022, RSC.
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slope of 28.4 mV dec ')."*” Aixin Fan and coworkers have
reported a simple method for synthesizing ultralow (0.66 wt%)
Pt-doped FeNi metallic NPs that were embedded in a hollow
graphene shell construction, or Pt-FeNi@C. Many core-shell
particles were arranged during the construction of Pt-FeNi@C
to prevent the Pt-FeNi metallic core from aggregating and dis-
solving during electrocatalytic processes. The hollow carbon
shell also sped up electron transport, which greatly improved
overall electrochemical efficacy. At an overpotential of 50 mV,
Pt-FeNi@C notably showed a mass activity 63.0 times greater
compared to that of the commercial Pt/C catalyst. The unique
structural and electronic characteristics produced by adding
tiny quantities of Platinum to a Fe-Ni composition encased in
graphitic nano-carbon shells accounted for the remarkable
catalytic behavior and stability.’*® Manas Kumar Kundu and
coworkers reported hybrids of Pt nanostructures and N-doped
carbon as effective catalysts for the synthesis of hydrogen. The
Pt-(PtO,)-NSs/C catalyst showed 4 to 6.5 times greater HER
activity during basic and acidic environments than commercial
Pt/C. 1t reached 10 mA ecm™> of current density in 0.5 M KOH
at 51 mV of overpotential and 64 mV dec™ " of Tafel slope. In
acidic conditions, the HER activity of the Pt-(PtO,)-NSs/C and
PtO,-free Pt Nanostructures/C (PtNSs/C) catalysts was equal.
PtO, increased the HER/HOR activity of Pt-(PtO,)-NSs/C in an
alkaline medium. In particular, the Pt—(PtO,)-NSs/C catalyst
had five times the activity of PtNSs/C under basic circum-
stances and equivalent activity under acidic conditions. As
active sites for OH™ adsorption in basic environments, PtO,
helped build OH,qs, which subsequently reacted with nearby
Pt sites’ hydrogen intermediaries (H,qs) to produce H,O and
increase HER activity.'*® The Pt-doped HER electrocatalysts are
summarised in Table 8.

5. Non-metallic heteroatom doping

The incorporation of non-metallic dopants into catalyst
matrices offers an effective strategy for modulating catalytic be-
havior without altering the metallic lattice structure. Non-
metals such as nitrogen, phosphorus, sulfur, and boron influ-
ence catalytic activity primarily by tuning the electronic pro-
perties of the active sites and inducing surface defects or

Table 8 Pt-doped electrocatalysts for HER
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heteroatom functional groups.'** Unlike metallic dopants that
often form solid solutions, non-metallic elements typically
bond covalently with the host, leading to charge redistribution
and local distortion in the coordination environment. These
effects can significantly impact key parameters like the hydro-
gen AGys, which determines HER efficiency. Non-metallic
doping can either donate or withdraw electrons, thereby shift-
ing the electronic density at catalytic sites and influencing
adsorption energetics. Although the volcano plot framework
remains a useful tool to evaluate AGy~, many non-metal-doped
systems show enhanced HER activity even when AGy-~ is sub-
optimal. This suggests that additional factors such as
improved electrical conductivity, increased defect density, and
enhanced hydrophilicity also contribute to catalytic perform-
ance. For instance, nitrogen doping introduces lone-pair elec-
trons that facilitate electron transfer, while sulfur doping can
create favorable active edge sites. Therefore, when evaluating
the role played by non-metallic dopants in HER catalysts, it is
crucial to consider not just hydrogen binding energy but also
the structural and electronic effects that alter the reaction
pathway. These multifaceted enhancements will be further
exemplified in the following sections.>®"4*14>

5.1 P-doped electrocatalysts for HER

Phosphorus (P) provides more of an impact on the control of
surface charge states because of its bigger atomic radius and
enhanced electron-donating ability. Although introducing P
from the same group to non-metallic elements found in pris-
tine catalysts increases their catalytic efficiency, adding P from
a different group to non-metallic atoms in hosting catalysts is
expected to result in larger benefits. P enhances catalytic capa-
bilities by influencing the electronic configurations of metal
components. When P introduces itself, non-noble metal-based
materials must be treated using phosphidation processes
which reduce oxide impurities on the surface by reacting with
active phosphorus compounds. P loading additionally changes
the valence states of metal oxides, stabilizing oxygen vacancies,
essential active sites for HER, and improving electrocatalytic
activity. P doping boosts intrinsic activity toward the HER by
increasing the electrical conductivity and optimizing hydrogen
adsorption-free energy, as demonstrated by theoretical calcu-
lations and experimental investigations.'*®~**°

Overpotential (i7)

Tafel slope Stability

S. no Catalyst Electrolyte at 10 mA cm™ (mv dec™) Cai (MF cm™) (hours & cycles) Ref.
1 Pt@MTO-S 0.5 M H,SO, 73 28 72.7 pF 12 h 130
2 Pt@MoS, — 88 30.24 32.68 1000 CV cycles 131
3 Pt/Co,P/Ni,P/NF 1.0 M KOH 75 64 30.4 25h 132
4 Pt@DNA 0.5 M H,S04 26 30 — 24 h 133
5 Ptsa—PtCo NCs/N-CNTs 1.0 M KOH 47 41 30 8000 CV cycles 134
6 MoS,@Pt/YC 0.5 M H,SO, 118 74 19.07 24h 135
7 N-Pt-MoS, 1.0 M KOH 38 39 125 240 h 136
8 PtNPs/PEDOT, ;SGo 5 0.5 M H,SO, 40 28.4 — 500 CV cycles 137
9 Pt-FeNi@C 0.5 M H,SO, 50 26.1 5.6 10h 138
10 Pt-(PtO,)-NSs/C 0.5 M KOH 64 51 — 40 h 139
Nanoscale This journal is © The Royal Society of Chemistry 2026
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Suitable electrocatalysts for hydrogen production have been
developed by Luozhen Bian and co-workers using Phosphorus
(P)-doped MoS, nanosheets anchored on carbon cloths (CC).
Molybdenum disulfide (MoS,) nanosheets made on CC were
directly loaded with P using a simple low-temperature phos-
phatization method that they developed. This resulted in a
combined electrode for an effective hydrogen evolution
process. Higher current densities for useful applications could
be generated more easily with this method, which made it
possible to fabricate phosphorus-doped MoS, on a flexible
material. Increased internal basal plane active regions and
improved material conductance were two ways that P stimu-
lants in the MoS, matrix dramatically boosted HER perform-
ance. To reach current densities of 20 mA cm™> and 100 mA
cm™?, respectively, the optimized P-loaded MoS, nanosheets,
which contained 3.3 at% phosphorus, exhibited much reduced
overpotentials of 133 mV and 189 mV.

Additionally, they exhibited an outstanding tiny Tafel slope
of 67.0 mV dec™."*® Phosphorus-incorporated NiCo,S,; nano-
particles grown on carbon nanotubes that are embedded
within a network of carbon nanofibers (P-NiCo,S,;@CNT/CNF)
are the basis of highly active electrocatalysts developed by
Huahao Gu and co-workers, shown in Fig. 13a. CNTs were
added using an easy co-electrospinning technique to improve
the electrical insulation of the 3-D CNF system and to facilitate
electron transmission to the connected HER active substance.
With the help of this nanofiber network the electroactive
NiCo,S,; developed onto the CNT/CNF template parallel by
hydrothermal reaction; however, revealing additional catalyti-
cally active regions. Through phosphidation responses phos-
phorus loading into the hybrid enhanced the electrical compo-
sition of electroactive NiCo,S,, thereby lowering the energy re-
sistance through the HER procedure. NiCo,S,’s electronic
makeup was adjusted by loading phosphorus, a non-chalcogen
heteroatom, to maximize the hybrid catalyst’s hydrogen
absorption energy. Lowering the kinetic energy barrier in the
phosphidation process makes it easier to dope the hybrid with
phosphorus. The P-NiCo,S;@CNT/CNF hybrid demonstrated
exceptional HER performance, with an exceptionally low onset
overpotential of 27 mV, an amazing current density of 10 mA
em™ at 5 as low as 74 mV, a staggering exchange current
density of 0.79 mA ecm™ and excellent long-term durability.
This hybrid was made possible by the synergistic effects result-
ing from electrical improvement and nanostructured morpho-
logical and phosphorus doping-induced efficiency of the elec-
tronic framework.">" Haijing Yan and co-workers developed
Phosphorus-enhanced tungsten nitride (W;N,)/reduced gra-
phene oxide (P-WN/r-GO) as an electrocatalyst for the HER
process that is additionally highly efficient and affordable.
When phosphorus was added to r-GO and WN, the work func-
tion increased significantly and approached that of platinum
metal. The peculiar characteristics of phosphorus, which
include lone-pair electrons in 3p orbitals and unoccupied 3d
orbital spaces, allow it to modify the surface charging state to
generate local densities of charge, which is responsible for the
amazing activity of phosphides. By modifying Phosphorus on

This journal is © The Royal Society of Chemistry 2026
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tungsten nitride in a sensible way one may increase the activity
of tungsten nitride catalysts in order. This is possible by
making use of P’s important function in the HER and its
impact on the electrical state of metal components, which in
turn has a major effect on catalytic characteristics. In acidic
conditions, the P-WN/rGO catalyst had a low onset overpoten-
tial of 46 mV, a Tafel slope of 54 mV dec™", and a significant
exchange current density of 0.35 mA em™2. To attain a current
density of 10 mA cm™ the catalyst required an overpotential of
85 mV."*> Zhangping Shi and co-workers offer a strategy for
precisely adjusting the electrical composition of nano-
structured Mo,C using phosphorus testing, which results in a
high efficiency that is on par with noble-metal-based electro-
des in the HER process. Phosphorus provided a fascinating
effect on Mo,C by increasing the electron concentration close
to the Fermi limit of Mo,C, which reduced the Mo-H inter-
action and accelerated HER rates. The phosphorus added to
pristine Mo,C caused a gradual rise in the negative hydrogen-
binding energy balance (AGy+), which was attributed to steric
interference and electron migration by the phosphorus on the
Mo,C substrate. This effectively weakened the Mo-H connec-
tion. These findings were further supported by density func-
tional theory computations. The presence of P-Mo bonds in
P-Mo,C@C and the direct interaction between dopant and
carbide was consistent with XPS findings. The ensuing P-
Mo,C@C nanowires showed outstanding behaviour, with a
small overpotential of 89 mV at a current density of 10 mA
cm~? and amazing kinetic metrics with a Tafel slope of 42 mV
dec™™.'®® Jingyan Zhang and co-workers offered a straight-
forward, one-step hydrothermal technique for producing
Phosphorus (P)-doped cobalt disulfide materials. By lowering
the intrinsic energy for hydrogen atomic adsorption (AGy-) at
the cobalt sites, phosphorus substances may be able to
increase the electrocatalytic function of hydrogen evolution.
Additionally, the metallic P-added CoS, improved HER func-
tion by speeding up HER rates and facilitating electron trans-
port. It is conceivable for the P atom to move into the sulfide,
replacing the S atom vacancy to form new bonds with other
substances and cause lattice deformation, given the near-
atomic distance and electronegativity of P to S. Having an over-
potential of just 46 mV and a current density of 10 mA cm ™ in
a 0.5 M H,S0, solution, the optimized P-doped CoS, catalyst
in this work exhibited outstanding behaviour, shown in
Fig. 13b."®* P-doped MoO;_, nanosheets were developed by
Ling Li and co-workers as reliable and efficient electrodes for
the evolution of hydrogen. They showed an overpotential of
166 mV in 0.5 M H,SO, to get an average current density of
10 mA cm™>. Additionally, they exhibited strong catalytic dura-
bility across a range of pH-varying electrolytes. The combined
action of vacancies in oxygen and phosphorus element enrich-
ment resulted in enhanced catalytic efficiency and durability.
Phosphorus’s weak electronegativity might make it easier for
protons to adsorb and desorb, which would increase the cata-
lyst’s effectiveness for HER. Significant characteristics of
P-added catalysts with plenty of oxygen vacancies included
their fast HER kinetics, minimal HER overpotential, and
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(a) Diagrammatic representation of the P-NiCo,S4@CNT/CNF hybrid preparation process. Reproduced from ref. 151 with permission.

Copyright 2017, RSC. (b) P-doped CoS, and pure CoS, polarisation curves in 0.5 M H,SO, at a scan rate of 2 mV s™*. Reproduced from ref. 154 with
permission. Copyright 2018, Elsevier. (c) Diagrammatic representation of the P-MoOs_, nanosheet preparation procedure. Reproduced from ref. 155
with permission. Copyright 2017, Wiley. (d) Diagrammatic representation of the P-doped p-CoMoOQ, synthesis process on a Ti plate. Reproduced

from ref. 156 with permission. Copyright 2018, ACS.
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superior stability in basic and acidic conditions, shown in
Fig. 13c. The P-loaded MoO;_, nanosheets that were produced
exhibited notable hydrogen evolution resistance (HER) qual-
ities, such as minimal overpotential and rapid transport of
electrons.” Shu Li and co-workers showed that phosphorus
enrichment of p-CoMoO, nanoplates transforms them into
active HER electrodes. P-incorporated -CoMoO, was incorpor-
ated directly onto the titanium plate to generate the self-sup-
ported electrode, which increased the number of active regions
and improved electrolyte mobility through them. The elec-
tronic composition of p-CoMoO, was modulated by phos-
phorus doping, which also lowered the energy limit for H
atom binding and increased its electrical mobility, shown in
Fig. 13d. The enhanced electrical conductivity of f-CoMoO,
following P doping was verified by both theoretical simulations
and experimental findings. The hydrogen adsorption-free
energy was shifted into an ideal area via phosphorus loading.
The compositional alterations of P-doped BCoMoO, were
studied using XPS. DFT simulations were used to investigate
the impact of P doping on the HER performance of fCoMo00O,.
Such P-doped B-CoMoO, exhibited considerably improved HER
catalytic activity when compared to pristine f-CoMoO,, with an
overpotential of only 138 mV needed to drive the formation of
hydrogen at a current density of 10 mA cm2."° Ji-Sen Li and
co-workers reported synthesizing MoP nanostructures with a
metal-organic lattice assist technique and confining them
within P-doped porous carbon (Mo-P@PC). The pore constric-
tion effect of MOFs was responsible for the small size of Mo-P
particles as its pore size distribution was calculated using DFT.
XPS was used to figure out the surface valence and material
composition of MoP@PC. Additionally, Mo-P nanomaterials
were contained inside the carbon framework by the naturally
occurring ligands of MOFs, which offered many exposed
places for activity while preventing the particles from separ-
ating or accumulating. The carbon substrate also improved
conductivity and decreased interfacial resistance. Phosphorus
enrichment was essential for controlling the electrical struc-
ture of carbon atoms, which increased the porous carbon’s
conductivity considerably. With a Tafel slope of 59.3 mV dec™*,
an initial overpotential of 97 mV and exceptional long-term
durability, the resultant Mo-P@PC composite demonstrated
outstanding HER catalytic activity.””” An approach for the
rational development and easy construction of a MoS,-based
dual-purpose electrocatalyst on carbon cloth (CC) was pre-
sented by Yan Hu and co-workers. Minimal overpotentials for
hydrogen evolution were shown by the optimized P-doped
MoS,@CoP/CC catalyst, with overpotentials of 64 mV in an
alkaline solution and 72 mV in H,SO, at a current density of
10 mA cm™2. A thin layer of P-doped MoS, was formed on the
Co-P nanoneedles’ interface after arrangement of P-doped
MoS,; when the amount of the molybdenum precursor rose,
greater coverage of the surface was observed. It is intriguing
that, in the absence of a Co(OH)F buffer layer, the surface of
P-MoS, modified CC showed significant clustering. XPS ana-
lysis of the charge transfer between Mo and Co spaces in the
P-MoS,@CoP hybrid structure indicated synergy that

This journal is © The Royal Society of Chemistry 2026
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enhanced water dissociation, which contributed to faster kine-
tics. Nonetheless, an efficient charge transfer channel and open
pathways for the quick release of gas bubbles after HER were
provided by the nano-array framework formed in situ on the con-
ducting CC."® A unique synthesis process for uniformly scat-
tered NiCo-NiCoP nanoparticles implemented into P-doped
CNTs (NiCo-NiCoP@PCT) was developed by Zigian Zhou and
co-workers. This method works by binding phytic acid (PA) on
the outer layer of Ni-Co-precursor nanowires and then lowering
the temperature. Because of their strong electrostatic attraction
phosphorus atoms may draw electrons from metal atoms to
reveal extremely active locations, and because of a negative
charge they can also function as proton trapping, which gives
rise to the amazing features of the ensuing TMPs. The remark-
able electrocatalytic function of NiCo-NiCoP@PCT/CC resulted
from the combined actions of PCT, which promoted effective
electron flow, and the heterostructural NiCo-NiCoP that,
because of its distinct structure, had a high intrinsic catalytic
ability and many active regions. The NiCo-NiCoP@PCT, being a
bi-functional electrode, had exceptional electrocatalytic perform-
ance for both hydrogen generation processes and achieved a
minimal overpotential of 135 mV at 10 mA cm >."° The
P-doped HER electrocatalysts are summarised in Table 9.

5.2 N-doped electrocatalysts for HER

The nitrogen (N) atom has three single electrons and one lone
pair in its valence electron layer, providing N with a variety of
bonding prospects. The tiny N atomic radius permits it to
occupy intermediate locations in catalysts with ease while
maintaining overall electrical conductivity.'’® Furthermore, N
easily polarizes neighboring atoms due to its strong electro-
negativity, which affects catalytic activity.'”! Ammonization is
one way to add N atoms to host catalysts; this can be done by
solid reactions with nitrogenous reagents such as urea or
thiourea or by treating NH; through elevated temperatures.
N-doping enhances conductive properties and helps charge
transfer by maintaining the metallic nature of the host cata-
lysts.” In addition, N-doping can alter surface crystal arrange-
ments, produce more active sites and reduce hydrogen adsorp-
tion pressures to enhance catalytic activity by improving HER
reaction rates. In general, N atoms’ empty orbitals provide
advantageous conditions for Tafel and Volmer reactions,
which encourages effective hydrogen production. Therefore,
N-doping is a very beneficial approach for raising HER
efficiency in catalysts based on non-noble metals."”

To promote the evolution of hydrogen, Pengzuo Chen and co-
workers designed Nitrogen Altered Metallic Co-S, Porous
Nanowire Arrays, shown in Fig. 14a. Their method utilized a
simple nitrogen designing process that made it easier to alter
catalytic active sites, electronic arrangement, and reaction kine-
tics in metallic Co-S, hollow nanowire arrays in a coordinated
manner. As confirmed by XPS and XANES spectra, adding nitro-
gen to the Co-S, material changed its shape to add more active
sites and enhanced its electrical ability, which sped up charge
transfer during the hydrogen evolution process (HER). The
density functional model simulations further verified that the N
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Overpotential (17)

Tafel slope Stability

S. no Catalyst Electrolyte at 10 mA cm ™ (mV dec™) Cai (MF cm™?) (hours & cycles) Ref.
1 P-doped MoS, 0.5 M H,SO, 133 at (20 mA cm™2) 67 17.6 1h 150
2 P-NiC0,S,@CNT/CNF 0.5 M H,S0, 74 65.9 33.8 10h 151
3 P-WN/rGO 0.5 M H,SO, 46 54 32 20 h 152
4 P-Mo,C@C 0.5 M H,S0, 89 42 15.6 3000 CV cycles 153
5 P-doped CoS, 0.5 M H,SO, 53 57 49 10 000 CV cycles 154
6 P-MoO;_,1n 0.5 M H,S0, 82 42 — 1000 CV cycles 155
7 P-B-CoM00,/Ti 1.0 M KOH 138 68.76 — 20 h 156
8 MoP@PC 0.5 M H,SO, 97 59.3 39.6 1000 CV cycles 157
9 P-MoS,@CoP/CC 0.5 M H,SO, 72 51.22 143 30h 158
10 NiCo-NiCoP@PCT 1.0 M KOH 135 77.79 5.07 10h 159

inclusion improved HER kinetics by optimizing the free energy
of hydrogen adsorption for both sulphur and cobalt active sites.
The resultant N-Co-S, NWs/CC electrode had a notably lower
overpotential of 152 mV and a current density of 50 mA cm™>,
demonstrating a dramatically better HER performance."®® To
achieve extremely effective evolving hydrogen catalytic activity,
Yishang Wu and co-workers developed NiCo,-S, nanowires
using N-inclusion. Because of the strong chemical bonds
between adsorbed H and S, which is extremely electronegative,
conventional metal sulphides employed for this purpose fre-
quently have difficulties with hydrogen release. N-doping was
repeatedly found to be an effective way to modify the exterior
electron densities of NiCo,-S, by a combination of XPS, synchro-
tron-based X-ray absorption spectral analysis, and density func-
tional analysis tests. The strategic development of extremely
effective catalysts for hydrogen evolution appears to be promis-
ing given the capacity to control electron concentrations at cata-
lytic locations. XPS and DFT simulations revealed that N
dopants may influence the electrical characteristics of NiCo,S,,
enabling H* desorption from sulfur sites and HO-H cleavage in
water molecules. The NiCo,—S, nanowire networks that were
nitrogen incorporated showed a Tafel slope of 37 mV dec™" and
an overpotential of 41 mV at 10 mA cm >, shown in Fig. 14e."*"
For the electrochemical hydrogen generation process, Junqing
Yan and co-workers developed a single-step, consistent tech-
nique for producing Nitrogen-incorporated molybdenum-
dioxide nanosheets. This entailed producing N-added molyb-
denum oxide materials by calcining urea and layered molyb-
denum oxide at extremely high temperatures. N increased the
number of proton adsorption sites with lower binding energies
and caused surface structure instability. The Surface N doping,
surface bending, and the inherent characteristics of molecular
oxide worked together to produce a considerable and long-
lasting hydrogen evolution action, with a Tafel slope of 33 mV
dec™" and an overpotential of 96 mV at 10 mA cm™>."®> Ultrathin
carbon nanosheets treated with N, initially developed by Hao
Jiang and co-workers, provide a state-of-the-art metal-free electro-
catalyst for the hydrogen-evolving process. They generated
N-doped ultrathin carbon nanosheets (NCNs) via straightforward
pyrolysis using a unique gas-foaming method, shown in
Fig. 14b. The carbon atoms at the armchair border and next to
the graphitic N dopants were determined by the team to be

Nanoscale

inherent active sites for HER by DFT calculations. In acidic con-
ditions, the catalyst also showed notable activity and durability
for HER. The low Tafel slope of 43 mV dec™" of NCN confirmed
its exceptional kinetic characteristics.'®® A new electrocatalyst for
the hydrogen evolution process was presented by Chun Cheng
Yang and co-workers. It is made of Fe;C-Co nanoparticles
enclosed in an N-doped carbon stacked framework (Fe;C-Co/
NC). To further understand the electrocatalytic activity of Fe;C-
Co/NC, the surface electronic state and chemical composition
were measured by XPS. DFT calculations were performed to
determine the mechanism of the Fe;C-Co/NC hybrid’s ORR and
HER electrocatalytic performance. This unique hybrid material,
which was manufactured for the first time by a simple template-
removal technique, blends 2D carbon particles with 1D CNTs to
produce many active sites from Fe;-C, Co, and NC species; in
the mesoporous carbon arrangement, Fe;-C, Co, and NC are
intimately linked. In both acidic and alkaline conditions the
catalyst demonstrated strong HER activity; in acidic solutions
the overpotential was 298 mV, and in alkaline solutions the over-
potential was 238 mV."® For the hydrogen evolution process,
Yana Men and co-workers designed N-doped CoP as a long-
lasting electrocatalyst. The development of N-doped CoP nano-
flowers that exhibited exceptional HER efficacy and were pro-
duced on conductive carbon cloth (N-N-doped CoP/CC) was
covered. According to experimental findings, N-doping effectively
modified the electrical properties of Co d-orbitals and maxi-
mized the value of the free energy of hydrogen absorption,
leading to improve HER performance. N-loading enhanced the
free energy of adsorbed H for CoP to an ideal level, according to
DFT calculations, giving N-CoP/CC strong HER performance.
With overpotentials of 39 mV and 25 mV, respectively, to reach a
current density of 10 mA cm™ in 1.0 M KOH and 0.5 M H,SOy,,
the resultant N-doped CoP/CC nanoflowers showed impressive
HER activity. The exceptional HER function and robustness of
N-CoP/CC were attributed to its very open shape, greater
exposure of the active regions, improved electrical properties,
and simultaneous electronic effects induced by N doping. A
broad pH range from 0 to 14 was demonstrated by N-doped CoP/
CC’s outstanding HER performance.'®® The impacts of doping
transition metals (Fe, Ni, and Cu) on the electrocatalytic activity
of M-Co,P/N-doped-CNTs hybrid catalytic agents for the HER
were studied by Yuan Pan and co-workers. The synthesis of

This journal is © The Royal Society of Chemistry 2026
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Fig. 14

(a) Illustration of the NCoS, NWs/CC electrode material synthesis process. Reproduced from ref. 160 with permission. Copyright 2017, ACS.

(b) A schematic of the NCN synthesis process. Reproduced from ref. 163 with permission. Copyright 2019, RSC. (c) The porous MoP@NC hybrid NWs
are shown schematically. Reproduced from ref. 167 with permission. Copyright 2019, Elsevier. (d) Diagram showing the process by which the
Ni@NC@MoS, product forms. Reproduced from ref. 168 with permission. Copyright 2019, Wiley. (e) LSV curves in a 1.0 M KOH solution with a scan
rate of 5 mV s™. Reproduced from ref. 161 with permission. Copyright 2018, Nature.
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these hybrid catalysts was carried out by a simple in situ thermal
degradation method. It was discovered that doping with Fe
atoms improved the crystal plane’s development, increasing its
specific surface area and exposing more catalytically active spots.
Furthermore, upon doping, Fe** showed the largest positive
charge of all the M—-Co,P/N-doped-CNT hybrid catalysts. Fe-
Co,P/N-doped CNTs, Ni-Co,P/N-doped CNTs, and Cu-
Co,P/N-doped CNTs had onset overpotentials of 25 mV, 96 mV,
and 140 mV according to the comparison study.'®® N-doped
carbon-plated highly porous Mo-P Nanowires have been devel-
oped by Chaoran Pi and co-workers as a very effective catalyst for
the HER. They phosphorized organic-inorganic hybrid NWs to
generate heterogeneous Mo-P@NC NWs, shown in Fig. 14c. The
H' utilization was facilitated by the in situ development of NC,
which was characterized by many tiny pores. Mo-P@NC exhibi-
ted synergistic advantages, many active sites, and quick ion/elec-
tron transport. DFT calculations revealed the strong electro-
catalytic activity of the MoP@NC hybrid electrocatalyst. The XPS
results indicated that the bonds in MoP@NC remained constant
after cycling. However, without the carbon layer, the Mo-P bond
decreased significantly, confirming the high oxidation resistance
of the carbon covering. Excellent HER function and endurance
were demonstrated by the electrocatalyst throughout a broad pH
range. In acidic and alkaline solutions, correspondingly, modest
overpotentials of 96 mV and 149 mV were notable, along with
Tafel slopes of 49.2 mV dec™ and 61.7 mV dec ™. These results
were supported by remarkable stability."”” Ni@N-treated
Carbon@MoS, Nanosheets have been proposed by Sayyar Ali
Shah and co-workers as a very effective electrocatalyst for hydro-
gen evolution operation. Ni@NC@MoS, pyramidal microspheres
were generated by vertically growing Mo-S, nanosheets with
enlarged interfacial spacings on a Ni@N-doped carbon (Ni@NC)
material using a straightforward hydrothermal approach, shown
in Fig. 14d. The synergistic impact of compact catalytic regions
on Mo-S, nanosheets with exposed margins and enlarged inter-
layer distances, together with fast electron transport from the
Ni@NC surface to Mo-S, nanosheets, was responsible for the
excellent HER efficiency of the Ni@NC@Mo-S, catalysis. A very
small Tafel slope of 47.5 mV dec™' and a modest overpotential
of 82 mV at 10 mA cm ™2 indicated that this exceptional electro-
catalyst has great potential for use in practical hydrogen gene-
ration operations."®® Polyaniline-induced N-enriched carbon-

Table 10 N-doped electrocatalysts for HER
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coated Co-P particles embedded in N-Infused Graphene is the
effective electrocatalyst that Jingwen Ma and co-workers devel-
oped for the HER. N-added graphite nanosheets promoting
N-doped carbon-coated CoP nanoparticles were generated in this
production by pyrolysis and polyaniline-based phosphating
methods. As the framework, N-doped graphene effectively inhib-
ited the CoP nanoparticles from collecting, and the carbon shell
made of polyaniline functioned as a shield, preventing the dis-
solution of the particles and improving their electrical mobility.
In 0.5 M H,SO,, the electrocatalyst that was produced showed
remarkable electrochemical activity for HER, exhibiting a low
Tafel slope of 59.3 mV dec™ and a modest overpotential of
135 mV at 10 mA cm™>. Moreover, after 14 h of operation, the
N-doped carbon shells enclosing the CoP nanoparticles demon-
strated outstanding durability and resistance to corrosion.'®
The N-doped HER electrocatalysts are summarised in Table 10.

5.3 B-doped electrocatalysts for HER

Boron has three valence electrons and an electron deficiency;
it is more likely to bond with oxygen single-electron pairs from
H,0 molecules, which facilitates the release of protons during
the HER catalysis process.'®® The redistribution of electrons
made possible by B-doping strengthens the crystal structure of
catalyst substances, lowering the possibility of corrosion or
structural degradation over extended HER operation.'®*
Furthermore, the HER’s reaction kinetics may be changed by
boron dopants, resulting in reduced overpotential and higher
reaction rates. Thus, the catalyst’s total energy efficiency is
raised as a consequence of this kinetic increase, which leads
to more productive hydrogen synthesis at lower energy sources.
Boron dopants are a useful tactic for accelerating the catalytic
activity of catalysts based on non-noble metals. Nevertheless,
there are currently few publications on B-doped non-noble
metal-based catalysts, which points to a unique possibility for
the synthesis of innovative catalysts using B-doping.

By synthesizing metal-liberated B-loaded graphene, Bhaskar
R. Sathe and co-workers demonstrated exceptional electro-
catalytic ability in accelerating the hydrogen evolution process.
Reduced conversion barriers were ascribed to the faster conver-
sion of H" ions to H,, which was made possible by the inte-
gration of B heteroatoms as well as by C-B relationships,
within the graphene framework, shown in Fig. 15a. The

Overpotential (i7) Tafel slope Stability
S. no Catalyst Electrolyte at 10 mA cm™> (mV dec™) Cai (MF cm™?) (hours & cycles) Ref.
1 N-CoS, NWs/CC 0.5 M H,S0, 152 at (150 mA cm™2) 58 — 3000 CV cycles 160
2 N-NiCo,S, 1.0 M KOH 41 37 18 1000 CV cycles 161
3 N-MoO, 0.5 M H,SO, 96 33 3 1000 CV cycles 162
4 NCN-1000-5 0.1 M KOH 51 43 — 500 CV cycles 163
5 Fe;C-Co/NC 1.0 M KOH 238 108.8 0.75 16.6 h 164
6 N-CoP/CC 1.0 M KOH 39 58 — 30h 165
7 M-Co,P/NCNTs 0.5 H,SO, 104 68 15.4 1000 CV cycles 166
8 MoP@NC NW 1.0 M KOH 149 61.7 14.15 5000 CV cycles 167
9 Ni@NC@MoS, 0.5 H,SO, 82 47.5 4.35 3000 CV cycles 168
10 CoP@NC-NG 0.5 H,SO, 135 59.3 — 14 h 169
Nanoscale This journal is © The Royal Society of Chemistry 2026
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Fig. 15 (a) Schematic representation of producing B-substituted graphene (B-SuG). Reproduced from ref. 174 with permission. Copyright 2018,
RSC. (b) The B-Fe;Sg/FeS,/CC electrocatalysts HER performance in a 1 M KOH solution. Reproduced from ref. 45 with permission. Copyright 2022,
Wiley. (c) A schematic representation of the synthesis of Ru@B-TizC,T, and TizC,T,. Reproduced from ref. 178 with permission. Copyright 2021,
Wiley. (d) Synthesis procedure of B-CoP. Reproduced from ref. 181 with permission. Copyright 2023, Elsevier.
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unique material was produced by carefully replacing the
carbon atoms in graphene that were inadequate with B atoms
using borane tetrahydrofuran, a borylating chemical that is
widely accessible. When it comes to borylating substances,
BH;-THF is the best option since it produces the most
effective electrocatalyst. When B-SuG was applied in the HER
in a 0.5 M H,SO, solution, there was a significant increase in
current density at an overpotential as low as ~0.2 V vs. RHE."”*
To boost the alkaline HER, Jing Wu and co-workers developed
B-doped Fe,Sg/FeS, catalysts. DFT simulations were carried out
to assess the intrinsic activity of the electrocatalysts. The Iron
and Sulfur atoms’ electronic arrangements were successfully
tuned by adding B atoms to the Fe,Sg/FeS, electrodes. By redu-
cing energy barriers for splitting water and increasing the
efficiency of desorbing H, intermediate molecules, this optim-
ization resulted in the production of ideal B-Fe,Sg/FeS, cata-
lysts. XPS was used to examine the electronic structures, com-
position, and chemical states of B-Fe,Sg/FeS, electrocatalysts.
This HER electrocatalyst had a 113 mV overpotential in alka-
line conditions, enabling a current density of 10 mA cm™2,
shown in Fig. 15b. Heteroatom adding shows promise in alter-
ing the electrical characteristics of transition metal sulfide
electrocatalysts, hence speeding their kinetics in hydrogen
evolution processes.45 Boron-added Co-Se, nanowires were
developed by Zhiming Liu and co-workers to serve as very
effective catalysts for the hydrogen evolution process. The
effective production of B-added Co-Se, nanoparticles on
carbon cloth (boron-CoSe,/CC) was shown by their study. XPS
was employed to examine CoSe,/CC and B-CoSe,/CC to assess
the impact of B doping on the electronic structure. Co-Se, has
intrinsic catalytic properties; however, its effectiveness is
limited by the poor hydrogen adsorption on its active cobalt
site. Anions were added to the catalyst to increase its electronic
framework, which in turn improved HER efficiency.
Simulations using DFT demonstrated that B loading improved
Co-Se,’s intrinsic conductance and maximized the hydrogen
AGy~ at the selenium and cobalt sites. At 10 mA cm™2, the
boron-CoSe, catalyst produced an overpotential of just
153 mV, while the boron-CoSe,/CC sample’s Tafel slope was
determined at a modest 85 mV dec .'”® Incredibly robust
Ultrafine Boron-treated NiCo@Carbon Nanocrystals were
reported by Bashir Adegbemiga Yusuf and co-workers as a
robust catalyst for the HER. They developed extremely stable
ultrafine NiCo@boron-treated carbon (NiCo@BC) hybrids
using a simple reduction strategy. The remarkable catalytic
activity resulted from the complementary interactions among
the NiCo and B-treated carbon stages in the hybrid substance,
which has a crystalline structure, many catalytically active
areas, and good electrical properties. The partial transfer of
electrons from B to NiCo metals was made easier by the abun-
dance of active sites on the catalyst’s surface, which greatly
increased its catalytic efficiency. As such, this material exhibits
great potential for use as an electrocatalyst for HER in alkaline
environments. With a modest Tafel slope of 60 mV dec™" and
a low geometrical overpotential of 209 mV at a current density
of 10 mA cm ™2, the produced NiCo@BC nanoparticles catalyst
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demonstrated outstanding HER performance.'”® Qin Lin and
co-workers  developed boron-incorporated molybdenum
carbide as an independent electrocatalyst for the hydrogen
generation process. Boron doping was introduced, which
decreased the free energy for H* adsorption while increasing
intrinsic reactivity. In the B-MoC framework, this alteration
promoted charge movement and inhibited nanoparticle aggre-
gation. Moreover, excess electron transfer to MoC nano-
particles caused by B-doping’s induction of electron shortage
resulted in the development of multiple proton adsorption
sites and an increase in electrocatalytic activity. With outstand-
ing stability and a low overpotential of 285 mV at a current
density of 10 mA cm ™2, the B-MoC also performed well over a
wide pH range.'”” Munkhjargal Bat-Erdene and co-workers
reported that boron-capped Ti;C,T, (MXene) nanosheets are
an approach to improve electrocatalytic hydrogen production
in an additive way. In applications involving electrocatalytic Ru
nanoparticle encapsulation, these heteroatom-doped Ti;C,T,
(MXene) nanosheets served as effective solid substrates, shown
in Fig. 15c. XPS revealed the effective synthesis of Ti;C,T, and
its oxidative states. Electrochemical experiments and quantum
structural first-principles simulations have shown that adding
B onto 2D MXene nanosheets significantly improved the rate
of intermediate H* adsorption and lowered the charge-transfer
barrier during the HER mechanism. It increased active site
responsiveness, and advantageous electrode kinetics resulted
from this improvement. Upon achieving current densities of
10 mA cm ™ and 100 mA cm™?, respectively, for the HER, the
Ru@B-Ti;C,T, nanosheets exhibited excellent catalytic activity
and had tiny overpotentials of 62.9 mV and 276.9 mv."”® A
one-pot fabrication technique for boron-loaded C-enclosed
Ni;-Fe nanoparticles has been presented by Yusuf Bashir
Adegbemiga and co-workers, displaying excellent activity for
hydrogen evolution processes. In alkaline environments, the
NizFe@BC compound performed better electrochemically,
suggesting a synergistic interaction between the Iron and
Nickel components. The catalytic activity of Niz;—Fe@BC-500 °C
was attributed to the doping of B and the corresponding
bonding of metal ions (Fe + Ni), which may augment the sites
of catalysis. The one-pot production procedure of Ni;-Fe@BC
makes it extremely promising for HER electrocatalysis appli-
cations by utilizing low-cost component sources. Moreover, the
high electrochemical surface area, boron-to-metal electron
transfer, and tiny particle size were responsible for the remark-
able electrochemical performance. Notably, Ni;-Fe@BC exhibi-
ted tiny Tafel slopes, low overpotentials, and good stability for
HER: it had a Tafel slope of 77 mV dec™" and an overpotential
of 280 mV."”° The B-added amorphization of LDH was devel-
oped by Hongyuan Yang and co-workers to enable large
current-density hydrogen evolution processes. As opposed to
other materials where boride/phosphide manufacturing
occurred from Boron/Phosphorus inclusion into LDHs for
HER, this amorphization, caused by boron doping, enhanced
HER activity. Furthermore, it is easy to use this adjustable B
doping-induced amorphization technique with other tran-
sition metal (TM) LDHs. The remarkable effectiveness of

This journal is © The Royal Society of Chemistry 2026
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A-NiCo LDH/NF has been attributed to its distinct three-
dimensional arrangement and the modulation of the crystal-
line-to-amorphous framework, consequently increasing the
capacity for charge transfer and revealing active sites. The
amorphous boron-incorporated Ni-Co LDH supported on
nickel foam (A-NiCo LDH/NF) exhibited remarkable robustness
in alkaline conditions even after 72 h, and could achieve huge
current densities at modest overpotentials of 1000 mA cm™2 at
381 mvV, 500 mA cm™> at 286 mV, and 100 mA cm™? at
151 mV."® Using controlled surface redox processes, Yingying
Gao and co-workers reported a technique for boron surface
layer restricted doping on cobalt phosphide nanowire arrays,
shown in Fig. 15d. At 100 mA cm™?, the resultant nanowire
CoP with a B-doped surface layer composition was an out-
standing electrocatalyst for the hydrogen evolution process,
obtaining an overpotential of 112 mV. Cobalt is given electron-
rich properties via boron doping, which causes electron
rearrangement inside the material according to theoretical
understanding and XANES and XPS investigations. These low-
valence cobalt centres have a significant affinity for H,O mole-
cules and maximize AGy~, which speeds up reaction kinetics
when coordinated with boron. Cobalt centres doped with
boron on the surface layer showed increased HER activity in
comparison with non-doped CoP. B-doping causes electron
redistribution and changes the d-band structure of cobalt
which promotes the produce of low-valence cobalt centres and,
in the end leads to optimized AGy~ and quicker reaction kine-
tics, as both experimental results and DFT simulations
showed.’® A boron doping method was developed by
Qingping Yu and co-workers with initial intense metal-
support connections of ultra-small Rh particles embedded in
an N-doped carbon framework (B-Rh@NC). It was confirmed
by both theoretical and experimental research that boron
doping maximized its electronic makeup and water adsorption
power, hence triggering the metal-support connections
between Rh and NC. As such, B-Rh@NC demonstrated excel-
lent electrocatalytic activity for the HER over a wide pH range
in addition to outstanding durability. To further increase HER
activity boron loading efficiently controls the electrical frame-
work and the absorption of water energy. Boron doping
improves HER activity by regulating electrical structure and
water adsorption energy, based on DFT analysis. On obtaining

Table 11 B-doped electrocatalysts for HER
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low overpotentials in 1.0 M KOH (26 mV) and 0.5 M H,SO,
(43 mvV), the resulting B-Rh@NC nanospheres exhibited
activity for HER. Additionally, a current density of 10 mA cm™>
in 1.0 M KOH could be generated by the built two-electrode
system with just 1.53 V when B-Rh@NC was used as the
cathode and Ru-O, was used as the anode.'®* The B-doped
HER electrocatalysts are summarised in Table 11.

5.4 O-doped electrocatalysts for HER

Oxygen has a greater electronegativity (3.5) than boron, which
means it has more of an impact on the movement of electrons
after doping. Higher conductivity and an extensive number of
active sites are balanced by the introduction of oxygen hetero-
atoms. Determining the relationship between catalytic effec-
tiveness and oxygen doping levels is essential. To facilitate
effective electron transport during the HER, oxygen doping
accelerates charge transfer kinetics at the catalyst-electrolyte
interface. Increased performance optimization of the catalyst
in the HER is possible by using oxygen doping to regulate
surface morphology.">® Reduction of band gap with oxygen
incorporation, which improves intrinsic conductivity and
facilitates proton-catalyst contact, is responsible for the
increased catalytic activity according to DFT simulations."?>"%¢

Through an increasing phosphatization and dip-coating
method, Yan Wen and co-workers developed O-doped hier-
archical NiCoP/Ni,P hybrid electrodes (O-NiCoP/Ni,P) to
reduce additional costs related to heteroatom doping. To
achieve an effective alkaline HER, the resultant O-NiCoP/Ni,P
electrode showed an extremely low overpotential of 58 mV at
10 mA cm™? and retained long-term stability for 48 h. The
HER Kkinetics increased by O doping, which maximized the
free energy of hydrogen/water absorption, according to simu-
lations using DFT simulations. Its catalytic efficacy was further
enhanced by the strong coupling in O-NiCoP/Ni,P that further
improved electron transport. The transition-metal phosphide-
based HER electrocatalysts reported by this work offer a viable
method for their rational design.’®® The development of
O-incorporated MoS, thin nanosheets for effective hydrogen
evolution was developed by Junfeng Xie and co-workers.
Several studies were made to improve the conductivity or the
number of active sites in MoS, catalyst to increase the HER
performance. The unsaturated S-atoms were made available as

Overpotential (1)

Tafel slope Stability

S. no Catalyst Electrolyte at 10 mA cm™? (mV dec™) Cai (MF cm™?) (hours & cycles) Ref.
1 B-SuG 0.5 M H,SO, 130 99 — 18h 174
2 B-Fe,Sg/FeS, 1.0 M KOH 113 57 12.4 1000 CV cycles 45

3 B-CoSe,/CC 1.0 M KOH 153 85 58 24 h 175
4 NiCo@BC 1.0 M KOH 209 60 08.63 200 h 176
5 B-MoC 1.0 M KOH 285 128 17.28 1000 CV cycles 177
6 Ru@B-Ti;C,T, 0.5 M H,S0, 62 100 1.39 1000 CV cycles 178
7 NizFe@BC 1.0 M KOH 330 127 — 20 h 179
8 A-NiCo LDH/NF 1.0 M KOH 151 at (100 mA Crnfz) 94 12 72 h 180
9 B-CoP 1.0 M KOH 112 at (100 mA cm"z) 61.9 — 20h 181
10 B-Rh@NC 1.0 M KOH 26 52 18.6 10h 182
This journal is © The Royal Society of Chemistry 2026 Nanoscale


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr04327a

Open Access Article. Published on 05 febbraio 2026. Downloaded on 16/03/2026 00:20:53.

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

(cc)

Review

HER targets by the formation of disorder, and the addition of
oxygen efficiently modified the electronic configuration to
increase intrinsic conductance, shown in Fig. 16a. An
improved catalyst with a moderate amount of disorder was
developed via controlled disorder design and oxygen incorpor-
ation, and it showed better electrocatalytic hydrogen evolution
performance. HER activity is significantly increased when
regulated disorder design and simultaneous oxygen inclusion
in MoS, catalysts work together to regulate structural and elec-
tronic characteristics synergistically. DFT calculations showed
that oxygen inclusion can govern the electronic structure of
MoS,, resulting in improved properties. To analyze the chemi-
cal composition of the products, XPS and elemental mapping
studies were performed. The catalyst that has been tuned has
an initial overpotential as low as 120 mV overall.'®® For the
hydrogen evolution reaction, O-included WS, particles with
improved electrocatalytic activities have been presented by
Prasad V. Sarma and co-workers. Using chemical exfoliation
along with ultrasonication processes, as well, they provide a
unique way for the controlled generation of very catalytically
active O-incorporated 1T and 2H WS, tiny clusters from
O-deficient WO; tiny rods. The generated 1T tiny clusters had
an extremely low Tafel slope of 47 mV dec™, minimal onset
overpotential of 88 mV, large exchange current density, and
superior stability. They were further distinguished by custo-
mized edge sites and improved conductivity, assigned to the
metallic 1T phase and O-integration.'® The synthesis of
O-doped molybdenum disulfide nanosheets developed on
carbon cloth, which produced a strong hydrogen generation
process, was reported by Junfeng Xie and co-workers. On
MoS,, they together used elemental integration, disorder con-
struction, and material bonding to enhance active sites and
electrical conduction in a synergistic way that produced a very
effective hydrogen-evolving efficiency. Frequently, the 2D elec-
tron coupling system can be harmed or degraded by the
exposure of highly active edge regions of conducting MoS,,
which results in a decreased density of efficient active sites
that are essential for activating the HER reaction. However,
efficient synergistic improvement of both conductive pro-
perties and active sites was obtained by the combination of
oxygen dopants with a distinct disordered shape.
Consequently, the O-doped MoS,/carbon fabric catalyst that
was directed vertically exhibited an ultralow initial overpoten-
tial of 90 mV to start the HER activity."®® O-doped cobalt/iron
disulfides have been produced by Chaonan Wang and co-
workers as highly successful catalysts for the generation of
hydrogen process. While O-doped sulfur compounds were pro-
duced via a procedure encompassing calcination and sulfuri-
zation, Iron was added by exchange of ligands. Exceptional
electrocatalytic HER performance was demonstrated by an
optimized sample of CC@O-Co-Fe-S which showed remark-
able endurance and an exceptionally low overpotential of
105 mV at a current density of 10 mA cm™>. The shape of the
O-Co-Fe-S nanosheet arrangement allowed for optimum
exposure of the electrocatalytically active spots. O-adding
greatly boosted the inherent catalytic activity and successfully
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modified the electronic framework, causing the catalyst’s
charge to disperse. XPS was employed to examine the element
compositions and electronic states of CC@O-CoFeS-0.025-500
and control samples. DFT studies showed that pure CoS,’s Co
atoms were catalytically active, with a Gibbs free energy of 0.38
eV for hydrogen adsorption (AGy-).'®® [W-OJ-incorporated CoP
was reported by Ge Meng and co-workers to improve hydrogen
evolution at substantial current densities. A versatile catalyst
for HER was produced when the [W-O] group, which is well
known for its powerful adsorption ability, was incorporated
into CoP. In addition to acting as strong H,O adsorption
locations which accelerates the cathodic H,O splitting, these
[W-0] species also aided in the Heyrovsky step by changing
the d-band center of cobalt sites due to the connected O in the
[W-0] group, which led to markedly improved catalytic results.
Using this unique method, a hybrid catalyst with outstanding
catalytic capabilities was produced by introducing the [W-O]
grouping, which has a great adsorption capacity, into CoP
nanoflakes. The theoretical computations were carried out
using the DFT approach. XPS measurements were carried out
to analyze the surface composition and binding structure of
the catalysts. The catalyst achieved a minimal overpotential of
185.60 mV at 1000 mA cm™ >, shown in Fig. 16b."*° A better
electrocatalyst for the reaction of hydrogen evolution has been
engineered by Jun Xu and co-workers in the form of O-doped
VS, small particles with abundant sulfur vacant positions. The
VS, spheres, which were produced using a simple solution
process, have a significantly reduced band gap and enhanced
intrinsic electrical conductivity due to their O-doping and
abundance of S-vacancies. Fast charge transfer throughout the
HER operation was made possible by this improvement.
Furthermore, many highly active areas with high catalytic
activity were provided for the proton-to-hydrogen conversion
by the abundant defects of O-heteroatoms and S-vacancies.
XPS was used for assessing the chemical states of the VS, and
VS, samples. DFT studies showed that O-doping and S-vacancy
significantly reduced the band gap of the VS,, increasing its
inherent electrical conductivity. As a HER catalyst, VS, nano-
particles outperformed 1T-VS, microflowers with an arrange-
ment of layers owing to the combined benefits of defect
design and electronics. With a modest Tafel slope of 44 mV
dec™ and a low overpotential of 48 mV at 10 mA cm™>, the VS,
spheres catalyst exhibited impressive kinetic characteristics."®"
For effective electrocatalytic water splitting, Thi Luu Luyen
Doan and co-workers have developed a technique for produ-
cing oxygen-doped cobalt phosphide-layered shelled metal
nanowires. Using a straightforward method they attached
O-doped cobalt phosphide-layered shelled Cu nanowires verti-
cally onto a 3D framework to build a hierarchical catalyst,
shown in Fig. 16c. Significant flaws were introduced by this
special construction, which also modified the surface science.
The product had an expanded surface area with plenty of path-
ways for the diffusion process, rich electroactive sites, and
regulated adsorption strength. Because of the small energy
barrier for H adsorption, Co-based catalysts stand out among
other alternatives due to their relative availability, affordability,

This journal is © The Royal Society of Chemistry 2026
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and high activity. For the HER process, the catalyst showed
modest overpotentials of 101 mV resulting in a current
response of 10 mA cm™2.'"> Oxygen doping to boost Atomic
Hydrogen Binding Energy on Ni-Co-P for extremely efficient
hydrogen synthesis was produced by Chunlei Liu and co-
workers. They theoretically demonstrated how O-doping in Ni-
Co-P may precisely modify the atomic hydrogen
binding energy by DFT computations. To get an optimal
atomic hydrogen binding energy, Ni-Co-P was strategically
doped with oxygen. This is a powerful method that enhances
intrinsic conductivity and augments exposed active areas to
provide better HER activity. The exceptional HER activity
results from the quick production of the overpotential (30 mV)
of NiCo-phosphate at the surface after mild oxygen doping,
plenty of exposed active regions and fine-tuning the atomic H,
binding energy on cobalt and phosphorus sites. H-NiCoP
NWAS/NF exhibited remarkable HER performance in neutral
and alkaline media, with controlled O-doping outperforming
most of the most advanced current binaries and tertiary
phosphide catalysts. Thus, an O-doped Ni-Co-P (about 0.98%
of O) nanowire array that has been tuned displayed a tiny
Tafel slope of 38.6 mV dec™ and an exceptionally low HER
overpotential of 44 mV to drive 10 mA cm™2."** To improve the
evolving hydrogen methods, Ummul K. Sultana and co-
workers developed O-doped cobalt sulfide. They found that the
most successful electrochemical method was to repeatedly
cycle the potential instead of holding it constant. This pro-
duced an amorphous CoS, layer that was injected with oxygen.
Based on calculations using DFT, it was shown that amor-
phous materials with a lower S-Co coordination number
ideally increased the binding energy needed for hydrogen
adsorption, which in turn promoted effective electron transfer
kinetics. Additionally, under alkaline circumstances, this
material showed activity for the HER, converting to cobalt
oxide as shown, and producing a small Tafel slope of 67 mV
dec™'.'®* The O-doped HER electrocatalysts are summarised in
Table 12.

5.5 S-doped electrocatalysts for HER

Sulfur atoms assist the adsorption and dissociation of hydro-
gen ions and electrons by adding more active sites to the cata-
lyst surface. The HER kinetics are accelerated by this increase

Table 12 O-doped electrocatalysts for HER
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in catalytic efficiency, leading to lower overpotential and
higher responses with the sulfur. S-doping also makes the
catalyst material more stable, reducing corrosion or structural
deterioration throughout prolonged electrochemical oper-
ations. Through sulfidation reactions sulfur, a common chal-
cogen element, can be added as a dopant to the host catalyst’s
lattice structure. Sulfur dopant-electrolyte interaction is
important because it influences charge movement kinetics at
the catalyst-electrolyte interface, which helps to facilitate
effective electron transport during the HER. Sulfur dopants
can change the HER’s rate of reaction, resulting in lower over-
potential and quicker reaction rates. The catalyst’s total energy
effectiveness improves as a result of this kinetics enhance-
ment, which facilitates more effective hydrogen production at
lower energy inputs as well,'?%2°7:208

S-loaded RhNi alloys were discovered as very effective electro-
catalysts for the hydrogen evolution process by Jiajia Lu and co-
workers. They used a method involving hydrothermal heating
and high-temperature annealing to successfully produce the
worm-shaped S-doped RhNi material. The HER was improved in
these S-doped RhNi compositions (S-RhNi) by combining doped
heteroatoms, alloying with nonprecious metals, and taking on
distinctive morphologies and architectures. With a starting
potential at 17 mV at 20 mA cm > and a Tafel slope of 24.61 mV
dec™, experimental results showed that S-RhNi shows Pt-like
HER activity. The enhanced functionality was ascribed to the
combined influence of the 3D arrangement of enriched S atoms
and the worm-like RhNi material."”” To generate the HER, Qijun
Che and coworkers developed a unique approach called one-step
electro-deposition of hierarchically organized S-doped NiCo
films. This technique showed exceptional catalytic efficiency.
Through the availability of many active sites, detected through
XPS spectrum analysis, their inquiry into the ideal concentration
of doped sulfur demonstrated its critical significance in lowering
the overpotential of hydrogen evolution. Furthermore, electron
transport was made easier by the development of metallic nickel
and cobalt. The amorphous Co,Ni,S material and the crystalline
nickel and cobalt metals seemed to work in concert to increase
HER function, shown in Fig. 17a. High-efficiency water electroly-
sis may be achieved using S-doping and careful component
management. DFT study showed that S doping and component
control are effective methods for high-efficiency water electro-

Overpotential () Tafel slope Stability
S. no Catalyst Electrolyte at 10 mA cm™> (mv dec™) Cai (MF cm™?) (hours & cycles) Ref.
1 O-NiCoP/Ni,P 1.0 M KOH 58 68.8 55.3 24 h 185
2 O-MoS, 0.5 M H,SO, 120 55 37.7 3000 CV cycles 186
3 O-WS,-1T 0.5 M H,SO, 88 47 — 500 CV cycles 187
4 OMS/CC 0.5 M H,SO, 300 58 — 2000 CV cycles 188
5 CC@O-CoFeS 0.5 M H,SO, 105 62 9.13 24 h 189
6 6W-O-CoP 1.0 M KOH 84 61.1 95.6 10 000 CV cycles 190
7 VS, 0.5 M H,SO, 48 44 2.82 75h 191
8 0-Co,P/CuO NWs/CF 1.0 M KOH 101 69.4 39.6 30h 192
9 H-NiCoP NWAs/NF 1.0 M KOH 44 38.6 71 30h 193
10 O-CoS, 1.0 M KOH — 72 — 24 h 194
Nanoscale This journal is © The Royal Society of Chemistry 2026
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(a) The electron-induced mechanism for the synthesis of S-doped NiCo composite. Reproduced from ref. 198 with permission. Copyright

2020, RSC. (b) MoS,@S-CPDA, MoS,, and SCPDA-modified electrodes in 0.5 M H,SO4 linear sweep voltammograms. Reproduced from ref. 205 with
permission. Copyright 2015, RSC. (c) Ru/S-rGO synthesis process. Reproduced from ref. 201 with permission. Copyright 2020, ACS. (d) Illustration
showing the steps involved in creating S-doped cobalt molybdate samples from Co—Mo precursor. Reproduced from ref. 203 with permission.
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chemical reduction. With a hierarchical shape, the S-NiCo@50
electrode was notable for its very low overpotential of 28 mV at
10 mA cm™? and 125 mV at 100 mA cm>.'%® A binder-free elec-
trocatalyst consisting of S-added Ni-P nanospheres was devel-
oped by Muhammad Aqeel Ashraf and co-workers using a new
pulse electrochemical deposition method to improve total water
splitting. Through a highly electrochemically active surface,
powerful synergistic effects between the sulfur and phosphorus,
fast gas separation from the surface, decreased resistance by
bubble pinning, and enhanced wettability due to using nano-
structuring, the resultant S-doped Ni-P small spheres demon-
strated remarkable electrocatalytic capabilities for the HER.
Among transition metal phosphides, Ni-Ps are the most notable
because of their electrical conductivity, strength, and advan-
tageous electrocatalytic capabilities. Ni-P phosphide-based
samples are particularly significant because of their outstanding
activity and stability. XPS analysis was used to analyze surface
chemistry and element valence. DFT calculations show that
doping resulted in a drop in AGgy+, enhancing intrinsic electro-
catalytic activity. With just a 55 mV overpotential needed to get a
current density of 10 mA cm™> for the evolution of hydrogen
reaction, the electrode astoundingly showed exceptional per-
formance."®® Xiaojiao Fang and co-workers synthesized S-loaded
Co-Se, rich with the 1T phase, which they used to generate an
effective electrocatalyst for the reaction of hydrogen evolution.
Co-Se,’s intrinsic metallicity makes it a promising electrocatalyst
for breaking down water, but its chemically inert base plane
limits its use by creating a shortage of active sites. By adjusting
the sulfur doping level, they looked at how growth conditions
affect hydrogen evolution and found that CoS,;Se;o with an
enriched 1T-phase showed strong HER action. It took only
157 mV (vs. RHE) to reach a current density of 10 mA cm™? with
a limited Tafel slope of 28.2 mV dec™*.**° For the HER, Xuzhuo
Sun and co-workers reported ruthenium nanoparticles widely
distributed on sulfur-doped graphene. The results of their
experiments demonstrated that the synthesis and improved dis-
tribution of ultrasmall Ru nanoparticles were enhanced by both
sulfur treatment and a modest degree of oxidation of graphene
oxide. This resulted in greater electrochemically active surface
regions and increased exposure of active areas. XPS and elec-
tronic charge-difference investigations demonstrated that the
metal-support relationship between S-doped graphene and Ru
nanostructures led to a decrease in Ru’s electron density, which
in turn promoted electron release from H,O and facilitated H-
OH bond breakdown. Sulfur substances might accelerate water
dissociation during the alkaline HER by lowering the energy
barrier for breaking the H-OH bond, as shown by simulations
using density functional theory. Interestingly, the catalyst had
the lowest overpotential of 14 mV at a current density of 20 mA
em™2, shown in Fig. 17¢.°* Ye Tian and co-workers developed
sulfur-incorporated, plasma-etched graphene as a unique means
of enhancing the hydrogen-evolving process. They utilized a
technique called plasma engraving to produce more topological
flaws in the S-doped graphene surface. At a current density of
10 mA cm™> the S-doped graphene that resulted was plasma-
etched and showed markedly enhanced HER operation, exhibit-
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ing an overpotential of 178 mV. XPS was used to evaluate the
impact of plasma etching on the degree as well as type of
doping in SG. The enhanced performance was ascribed to the
mutually beneficial interaction between sulfur doping and topo-
logical errors caused by plasma. Moreover, the investigation
showed that HER activity could be maximized by adjusting the
sulfur doping amount in conjunction with thiophene-S-rich
molecules and a suitable number of topological imperfections.
This effective pairing of heteroatom doping and plasma-assisted
defect engineering presents a viable path toward the production
of extremely effective metal-free graphene-based catalysts for the
HER. Xue Cui and co-workers developed a new method to gene-
rate a tuneable water-splitting catalyst by gradually modifying
the doping of sulfur (S) in cobalt molybdate (CoMoO,) by
employing thioacetamide (TAA) as the precursor for sulfur.
Notably, the S-doped TAA demonstrated electrocatalytic perform-
ance comparable to state-of-the-art transition-metal (Co, Ni, and
Fe)-based HER electrodes, with a high TAA/CoMoO, mass ratio
of 1.6 and outstanding selectivity for the HER, shown in
Fig. 17d. In particular, it exhibited outstanding HER results,
with an onset potential of 87 mV and a Tafel slope of 63 mV
dec™'.*” Xiang Zhang and co-workers developed AuPbPt Alloy
Nanowire Networks doped with sulfur that act as very efficient
HER catalysts. These networks are formed by depositing
Platinum onto S-doped Au-Pb NWNs, which are substrates that
come from the directed self-assembly of Pb*" ions and the
reduction of 2 nm gold nanoclusters by NaBH,. XPS and DFT
studies showed that the resultant S-doped Au-Pb-Pt alloy NWNs
with an ideal PtS concentration had a considerably lower shift in
the d-band center of platinum. By strengthening the active Pt
sites’ resistance to oxidation, this modification improved the
overall stability of Pt surfaces as well as the catalytic activity
toward HER. With an overpotential of 12 mV at 10 mA cm ™2 in
acidic conditions, the as-synthesized S-doped Au-Pb-Pt alloy
NWNs exhibited outstanding electrocatalytic activity for HER.
They also exhibited amazing durability.>** To improve the evol-
ution of hydrogen reaction performance, Thangavel Naresh
Kumar and co-workers developed the dimensional and electrical
refinement of MoS, nanosheets using S-doped carbon. When
Mo(vi)-polydopamine (PDA) was pyrolyzed in the presence of
elemental sulfur, S-doped carbon was integrated between MoS,
nano-sheets, resulting in an improvement of MoS, with extra
edge planes (2H 1T), which increased the charge density and
conductive properties. The greater concentration of unsaturated
S at the edge regions as opposed to the basal planes was respon-
sible for the enhanced activity observed, even though bulk
MoS,’s intrinsic conductive properties and crystallinity con-
straints need significant overpotentials for HER. Additionally,
the metallic 1T polymorph of MoS, compounds and the exist-
ence of edge sites were related to the catalytic properties. Recent
research has shown that the metallic 1T (octahedral) phase of
semi-conducting 2H MoS, (trigonal prismatic) considerably
improved HER catalytic efficiency. At a current density of 10 mA
cm™?, the phase-transformed MoS,[@S-CPDA] exhibited better
HER activity with an overpotential of 160 mvV, shown in
Fig. 17b.>% Highly porous CoSe, nanosheets treated with sulfur

This journal is © The Royal Society of Chemistry 2026
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Table 13 S-doped electrocatalysts for HER
Overpotential (77) Tafel slope Cal Stability

S. no Catalyst Electrolyte at 10 mA cm ™ (mV dec™) (mF em™2) (hours & cycles) Ref.
1 S-RhNi 0.5 M H,SO, 17 at (20 mA Cm_z) 24.61 — 10h 197
2 S-NiCo@50 1.0 M NaOH 28 82 — 24 h 198
3 S-doped Ni-P 1.0 M KOH 55 70 16.5 25h 199
4 CSSe-0.10 0.5 M H,S0, 157 28.2 2.79 3000 CV cycles 200
5 Ru/S-rGO-24 1.0 M KOH 14 at (20 mA Cm_z) 38 49.01 20h 201
6 SG-P 0.5 M H,S0, 178 at (100 mA cm™2) 86 16.5 3000 CV cycles 202
7 Co-Mo-S 1.0 M KOH — 118 — 8h 203
8 S-AuPbPt-NWNs 0.5 M H,S0O, 12 60.67 — 5000 CV cycles 204
9 MoS,@S-CPDA 0.5 M H,SO, 150 63 — 1000 CV cycles 205
10 S-CoSe, 0.5M H,SO, 102 50 — 4000 CV cycles 206

were developed by Ning Xue and co-workers as a powerful electro-
catalyst for the hydrogen evolution process. An effective catalyst
like CoSe, was made more active toward HER by adding foreign
atoms like S to its structure. The solvothermal and ion exchange
methods they employed to add sulfur to CoSe, nanosheets (NSs)
were substantiated by theoretical and experimental studies,
proving the efficacy of the resulting S-added CoSe, (S-CoSe,)
nanoporous NSs as a common and highly efficient catalyst for
HER. High-resolution XPS spectra of S-CoSe,-5 were acquired in
the Se 3p region to illustrate the chemical bonding state of CoSe,
before and after S doping. Based on DFT computations, it was
revealed that S doping improved the efficiency of HER on S-CoSe,
by reducing the kinetic barrier energy of the rate-determining
step and decreasing the absolute value of AGy, which moved
closer to 0. At a low overpotential of 88 mV, the improved S-CoSe,
catalyst achieved a catalytic current density of 10 mA ecm™> for
HER, making it one of the most effective catalysts based on CoSe
and CoS for HER.>*® The S-doped HER electrocatalysts are sum-
marised in Table 13.

6. Summary and outlook

Heteroatom doping has emerged as one of the most effective
and versatile strategies for engineering electrocatalysts with
enhanced performance toward the HER. Through the deliber-
ate incorporation of both metallic and non-metallic dopants
into host materials, researchers have successfully tuned elec-
tronic structures, introduced catalytic active sites, modulated
hydrogen binding energies, and improved conductivity. The
dual advantages of electronic modification and structural acti-
vation offered by dopants allow for a fine-tuning of intrinsic
catalytic activity and reaction kinetics, even under demanding
electrochemical conditions. Metal dopants such as Fe, Co, Ni,
Mo, Mn, Pt and Cu contribute primarily by shifting the d-band
center and enhancing conductivity, while non-metal dopants
like N, P, S, and B introduce surface defects, facilitate charge
redistribution, and influence hydrogen adsorption energetics.
The increasing interest in co-doping strategies arises from
their synergistic effects, where simultaneous metallic and non-
metallic doping generates multi-functional active sites, thereby
overcoming the limitations posed by single-element doping.

This journal is © The Royal Society of Chemistry 2026

These advances collectively contribute to higher catalytic
efficiency, improved reaction dynamics, and enhanced dura-
bility of HER catalysts. Despite these achievements, challenges
remain. The rational design of dopant combinations, atomic
configurations, and optimal concentrations is still largely
empirical. There is no universal framework to predict dopant
performance due to the variability introduced by host sub-
strates, synthesis conditions, and operating environments.
Stability under industrially relevant conditions, particularly at
high current densities and in harsh pH environments,
remains a key hurdle. Moreover, bubble accumulation, dopant
leaching, and structural degradation over extended periods
continue to hinder practical deployment. Despite significant
progress in doped electrocatalysts for the HER, certain chal-
lenges Achieving precise control dopant
distribution and local coordination environments remains
difficult, limiting reproducible and rational design; this can be
addressed by new synthesis methodologies with improved
atomic-level control. Furthermore, many doped catalysts
undergo surface reconstruction or compositional changes
when operated under HER conditions, requiring the use of
operando and in situ characterisation approaches to determine
the real active sites. Finally, establishing obvious structure—
activity correlations remains difficult, necessitating further
integration of experimental data with theoretical calculations
in future research.

Looking forward, several research directions are poised to
drive the next wave of innovation:

+ Design of model catalytic systems that allow isolation of
dopant effects and enable systematic investigations across
various substrates.

+ Surface engineering strategies to control wettability,
reduce bubble adhesion and enhance gas release during HER
operation.

+ Advanced synthesis techniques such as atomic layer depo-
sition and molecular precursor-based doping for controlled
dopant placement and uniform distribution.

« Application of external stimulation including electric and
magnetic fields to boost mass transport, reduce overpotentials
and facilitate gas detachment.

« Integration of computational and experimental insights,
particularly through machine learning, high-throughput DFT

exist. over
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calculations, and in situ spectroscopies to accelerate rational
catalyst discovery.

+ Scalability and sustainability considerations ensuring
that synthesis routes are compatible with industrial needs and
environmentally benign.

In summary, while heteroatom doping has already
unlocked significant advancements in HER catalysis, future
efforts should focus on combining atomic-level understanding
with scalable technologies to bridge the gap between labora-
tory discoveries and commercial realization of green hydrogen
production.
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