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The development of clean and renewable new energy to solve the shortage of fossil energy and environmental
pollution is an important research direction in the future. Hydrogen energy has been regarded as a kind of
future energy because of its excellent characteristics of pollution-free and high calorific value. In addition,
the electrolyzed water technology can also be combined with renewable energy sources such as solar energy
to achieve complete recycling of hydrogen energy. In actual production, the realization of efficient water split-
ting relies to a large extent on the low-cost, high-activity and durable hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) reaction catalysts. Recently, heteroatom-doped transition metal-based water
electrolysis catalyst materials have shown excellent electrocatalytic performance and durability for HER and
OER, showing great potential for replacing precious metal-based catalysts. This article reviews the application
of heteroatom doping strategies in transition metal-based catalytic materials and their latest research progress.
First, summarize the internal relationship of heteroatom doping strategy to the morphology and catalytic activ-
ity of electrolyzed water catalytic materials. Then, the preparation process of heteroatom-doped transition
metal-based catalytic materials for water electrolysis and the reasons for the improved performance and related
mechanisms are discussed. Finally, the opportunities and challenges for the future development of heteroatom-
doped transition metal-based catalytic materials are emphasized from the perspectives of catalytic mechanism
and improvement measures.
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1. Introduction

With the increasingly prominent environmental problems and the
global energy shortage, more and more researchers strive to find
new renewable energy to replace fossil fuels [1–4]. According to a
report by the International Energy Agency, by 2040, global energy
demand will increase substantially, and carbon dioxide emissions will
reach 35.7 gigatons/year [5,6]. Therefore, accelerating the establish-
ment of a low-polluting and sustainable energy system on a global
scale is a huge challenge facing humanity [7,8]. Hydrogen (H2), due
to its high energy density and clean, environmentally friendly, and pol-
lution-free, is the best new energy to replace non-renewable fossil fuels
[9–11]. So far, methane reforming and coal gasification technology is
the primary way to produce hydrogen energy, but it mainly relies on
fossil energy and does not fundamentally solve the problem [7,12].
Hydrogen production by electrolysis water is another essential hydro-
gen production technology with high energy conversion efficiency,
high purity of hydrogen products, and simple equipment [13,14].
From the perspective of environmental protection and energy-saving,
available resources, such as solar or wind power generation and water
splitting technologies, provide an attractive method for producing
hydrogen in a sustainable manner [15,16]. In Fig. 1, the development
and application of renewable energy such as solar energy and wind
energy have problems such as spatial and temporal discontinuity,
low energy transmission efficiency, etc. One promising solution is to
combine the electricity generated by these renewable energy sources
to drive the decomposition and preparation of water, which can truly
achieve sustainable hydrogen production, reduce air pollution and
energy consumption, and build green cities. Due to the high overpo-
tential of the electrolytic water hydrogen production technology, an
effective and robust electrocatalyst is required to accelerate the reac-
tion kinetics of the cathode hydrogen evolution reaction and the anode
oxygen evolution reaction [17–19]. The theoretical voltage of elec-
trolyzed water is 1.23 V, but there is a specific resistance in the decom-
position process, and the actual voltage required is higher than the
theoretical voltage [20,21]. In the 1890 s, water electrolysis had its
first commercial demonstration [22–24]. After more than 100 years
of development, electrochemically splitting water only accounts for
4 % of the global H2 supply, mainly due to the high cost and low effi-
ciency, which are insufficient for commercial production [25]. In fact,
the energy conversion efficiency of commercial electrolyzed water sys-
tems is above average, about 65–73 %, and hydrogen production
through electrolysis of water is feasible for commercial use [5].
Fig. 1. Combination of renewable solar energy, wind ene
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Therefore, it is necessary to find a suitable electrocatalyst to reduce
the overpotential of water splitting, improve the decomposition effi-
ciency, and achieve the purpose of saving energy and reducing con-
sumption [26–28]. At present, the best catalytic performance is the
platinum-based noble metal catalyst for hydrogen evolution catalytic
reaction and Ir-Ru oxide for oxygen evolution reaction [29]. Their
advantage is that they have very low initial overpotentials of HER
and OER, but their disadvantage is high price. The scarcity of precious
metal catalysts has made researchers devote themselves to developing
electrolyzed water catalytic materials without precious metal catalysts,
the most common of which are transition metal-based compounds
[30].

The outermost layer of transition metal atoms has more uncoordi-
nated electrons, which is conducive to the adsorption and desorption
of hydrogen, thereby accelerating the efficiency of water decomposi-
tion [31–33]. Transition metal-based compounds mainly include tran-
sition metal phosphides [34–37], sulphides [38–40], carbides
[41–43], nitrides [44–46], oxides [47–49], hydroxides [50–53], etc.
OER water electrolysis catalysts are mainly transitioned metal-based
oxides and hydroxides. Although a single transition metal-based com-
pound has a greater price advantage, its catalytic activity is still far
from the precious metal-based electrolyzed water catalytic materials
and commercial applications [54,55]. As shown in Fig. 2, heteroa-
tom-doped water electrolysis catalysts may have various advantages,
exhibiting higher catalytic activity and lower power consumption than
a single corresponding counterpart. Heteroatom doping technology is
an effective method to improve catalytic activity and catalytic perfor-
mance of catalysts [56–58]. The substitution effect of heteroatoms on
intrinsic atoms can destroy the crystal structure of catalytic materials
and cause changes in the electronic environment and performance
[59]. Heteroatom doping is divided into single-atom doping and poly-
atomic doping. From the point of view of hydrogen evolution reaction,
heteroatom doping improves the electronic environment on the sur-
face of catalytic materials, increases conductivity, and reduces the free
energy of hydrogen adsorption [21,60,61]. Secondly, heteroatom dop-
ing is an effective method to increase the number of active sites.
Changes in the crystal structure will cause defects and provide more
adsorption sites and activity centers for HER intermediates [62].
Finally, it showed higher catalytic activity of electrolyzed water than
the original compound [63–65].

In this review, the research progress of electrocatalysts synthesized
by heteroatom doping strategies in hydrogen evolution reaction
(HER), oxygen evolution reaction (OER) and overall water splitting
rgy and water electrolysis for hydrogen production.



Fig. 2. Heteroatom-doped water electrolysis catalysts and their performance
advantages.
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(OWS) is reviewed, with emphasis on the design and synthesis strate-
gies and the mechanism for improving catalytic activity. First, the
HER/OER reaction mechanism and general methods for evaluating
catalytic performance are briefly reviewed. Then, the research pro-
gress of heteroatom-doped electrocatalysts in recent years is intro-
duced, and some typical works are analyzed. Finally, the challenges
and difficulties faced by heteroatom-doped bifunctional electrocata-
lysts are discussed to provide some help for exploring more promising
electrocatalysts.

2. Reaction mechanism of electrocatalytic water splitting

Hydrogen production by water electrolysis is a simple and low-cost
method for producing hydrogen [66,67]. When electrolyzing water,
due to its low conductivity, water is a weak electrolyte, and an elec-
trolyte needs to be added to enhance the conductivity of the solution.
In general, electrolytes are divided into three types, alkaline elec-
trolytes, proton exchange membranes (PEM), and solid oxide elec-
trolytes (SOE) [68–70]. Compared with other electrolytes, alkaline
electrolytes are favorable for the OER reaction. Under the condition
of high current density and low battery voltage, the utilization of
high-efficiency bifunctional non-precious metal catalysts has excellent
potential in the direction of water electrolysis industrialization.

The water-splitting reaction consists of two half-reactions, which
are divided into the cathode HER reaction and the anode OER reaction
[71,72]. The HER reaction requires two electrons, and the OER reac-
tion requires 4 electrons [71,73]. However, high barriers to reaction
and slow kinetics ultimately lead to low energy conversion efficiency
and unnecessary energy loss.

Totalwatersplittingreaction:2H2O ! 2H2 + O2 ð1Þ
Under acidic electrolyte conditions.

Cathode:2Hþ+2e�!H2,Ec=0V ð2Þ

Anode:2H2O ! O2 + 4Hþ+4e�,Ea = 1.23 V ð3Þ
Under alkaline electrolyte.

Cathode:2H2O + 2e�!H2 + 2OH�,Ec = -0.83 V ð4Þ
3

Anode:4OH�!O2+2H2O + 4e�,Ea = -0.40 V ð5Þ
Although the total reaction is the same, it contains multiple steps,

and different electrochemical reactions occur in different electrolytes
[74]. The values of Ec and Ea refer to an ordinary hydrogen electrode
(NHE) [75]. However, a higher potential is always required to drive
each reaction step, and the needed additional potential is called the
water split overpotential (η) [76]. In addition, there are some other
reaction resistances, such as contact resistance and solution resistance
[77].

Actualoperatingpotential for total water splitting : EOP

¼ 1:23Vþ ηa þ ηc þ ηother ð6Þ
From the formula, we can find that the most critical factor in reduc-

ing the overall water splitting energy consumption is to reduce the
overpotential of each part [78]. Therefore, it is necessary to reduce
the overpotential and speed up water electrolysis by using excellent
cathode and anode catalysts that do not contain precious metals and
are relatively inexpensive [79,80].
2.1. Cathodic HER reaction

In acid electrolyte, HER is a two-electron transfer process, which
includes the following steps [81]:

(1) A proton in H3O+ is captured by an electron, which produces
adsorbed hydrogen ions (H*) on the surface of the catalytic material.

H3Oþ+e�+*!H2O + H*,(Volmerreaction) ð7Þ
(2) H3O+ combines with an H* and an e- to produce an H2

molecule.

H3Oþ+H*+e�!H2 + H2O,(Heyroskyreaction) ð8Þ
(3) Two adjacent adsorbed hydrogen atoms couple to form hydro-

gen molecules.

H*+H*!H2,(Tafelreaction) ð9Þ
The alkaline electrolyte is similar to the acid, and the details are as

follows:
(1) A water molecule and an electron combine on the surface of the

catalyst to form H*.

H2O + e�+*!H*+OH�,(Volmerreaction) ð10Þ
(2) H* combines a water molecule and an electron to produce an H2

molecule.

H*+H2O + e�!H2+OH�;(Heyroskyreaction) ð11Þ
(3) As in acid, two adsorbed hydrogen ions (H*) combine to pro-

duce a hydrogen molecule.

H*+H*!H2,(Tafel reaction) ð12Þ
In these reaction steps, * represents active surface sites, H* rep-

resents adsorption of hydrogen ions, and more active sites corre-
spond to faster hydrogen adsorption and desorption [11,82]. The
first step is the Volmer reaction, followed by the Heyrovsky reaction
and the Tafel reaction through two reaction pathways to generate
the final hydrogen molecule [83]. The required reaction kinetics
under alkaline conditions is higher than that required in acids,
because the alkaline electrolyte requires water to dissociate before
H* can be formed [84]. Because no matter what kind of step in
the HER process requires the participation of H*, the amount of free
energy of hydrogen adsorption is significant [85]. The ΔGH* of
noble metal catalysts such as Pt-based catalytic materials is close
to zero. If ΔGH* deviates from the reference zero too much, it will
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require more free energy for adsorption and desorption, slowing
down the rate of hydrogen generation and increasing power con-
sumption [86–88].

2.2. Anodic OER reaction

The OER reaction process requires 4 electrons, and the reaction
mechanism is more complicated, with lower reaction kinetics, involv-
ing 3 adsorption intermediates of OH*, O*, and OOH* [89–91]. The
OER reaction steps and reaction mechanism are as follows:

(1) OER step of acid electrolyte.

H2O+*!HO*+Hþ+e� ð13Þ

HO*!O*+Hþ+e� ð14Þ

O*+H2O ! HOO*+Hþ+e� ð15Þ

HOO*!*+O2 + Hþ+e� ð16Þ
(2) OER step in alkaline electrolyte.

OH�+*!HO*+e� ð17Þ

HO*+OH�!O*+H2O + e� ð18Þ

O*+OH�!HOO*+e� ð19Þ

HOO*!*+O2 + H2O + e� ð20Þ
Compared with HER, the OER reaction involving complex reaction

pathways is slower; and is generally considered a process with higher
thermodynamic and kinetic requirements in water electrolysis. Essen-
tially, oxygen evolution results from the oxidation of hydroxyl groups
in alkaline solutions or water molecules under acidic conditions [92].
In the OER process, due to the accompanying electron and proton
transfer, *, HO*, and HOO* intermediates are sequentially produced.
The bond-forming interactions in these intermediates are critical to
the catalytic activity. OER mainly adsorbs reactants on the surface to
form adsorbed intermediates, promoting the charge transfer between
electrodes and reactants. The adsorption of intermediaries can be
widely used to explore the electrocatalytic ability of OER [93,94]. In
acidic solutions, ruthenium/iridium oxide is most suitable for OER,
while transition metal catalysts are more suitable for OER in alkaline
media [95,96].

2.3. General method of evaluating performance

Essentially, a good catalyst should have small onset potential (η0)
and overpotential (η), large exchange current density (j0), small Tafel
slope and charge transfer resistance (Rct), large electrical Chemical
surface area (ECSA) and good stability [97–99]. These parameters
should be comprehensively considered when evaluating the catalytic
performance of nanocatalytic materials.

The overpotential, the difference between the experimentally
observed potential and the thermodynamically determined potential
of an electrochemical reaction, is considered to be one of the most
important values for evaluating water splitting catalysts, since it is
the large overpotential that causes the electrochemical water electrol-
ysis system to fail. low energy conversion efficiency [100]. In order to
compensate for the drop in ohmic voltage between the working and
reference electrodes, iR compensation is necessary for the performance
of the working electrode [101,102].

The Tafel slope is a very important catalytic efficiency parameter,
which can be obtained by transforming the LSV curve, and is mainly
used to infer possible reaction steps and corresponding reaction mech-
anisms. The smaller the slope of the Tafel value corresponds to the
4

faster reaction kinetics and exchange current density, that is, a larger
current density can be generated with a smaller overpotential change
[103–105].

EIS is used to study the kinetics of electrocatalytic reactions at the
electrolyte/electrode interface. The charge transfer resistance can be
used to analyze the interfacial charge transfer process of the elec-
trodes. The diameter of the semicircle in the high frequency region
corresponds to the Rct value, and the smaller the value, the faster
the reaction rate, while the diameter of the semicircle in the low fre-
quency region corresponds to the adsorption resistance (Rad) [106].
The large electrochemically active surface area (ECSA) can enhance
the absorption of water molecules and intermediates on the surface
of the catalytic material, and provide more electrochemically active
sites [107,108].

From a practical application point of view, stability is another crit-
ically important parameter that can be used to evaluate the ability of
catalysts to keep their catalytic activity unchanged during long-term
operation [109]. The long-term stability and application potential of
electrolytic water catalytic materials can be evaluated by recording
the change of overpotential at a certain current density or by recording
the change of cathode current density under an applied overpotential
for a period of time, or by accelerated CV cycle test.
3. Application of heteroatom doping in catalytic materials for
hydrogen evolution reactions

Although a single catalyst has a certain improvement in the cat-
alytic performance of water electrolysis, it is still insufficient for
large-scale industrialization. Therefore, it is necessary to find a method
to optimize the structure of a single nano-catalytic material and
improve the catalytic performance. The methods for improving single
transition metal catalytic materials include photoelectric deposition
[110], heterostructures, alloys, composite material [111,112],salt-
assisted methods [113], dielectric barrier discharge (DBD) plasma
technology [114] and heteroatom doping technology, among which
heteroatom doping technology is simple to operate, low cost and the
advantages of good catalytic performance have attracted the attention
of many researchers. Heteroatom doping technology is a strategy to
improve the catalytic performance by introducing some other atoms
to adjust the crystal structure of nano catalytic materials [115]. Zhou
et al., [116] used Ni(OH)2/NF as a substrate to prepare P-doped NiS2-
NiS nanorod arrays by hydrothermal method as excellent HER cata-
lysts. Under alkaline conditions, when the current density is
10 mA cm−2, the cathodic hydrogen evolution overpotential is
141 mV; the catalytic current is stable at 20 mA cm−2, with no appar-
ent attenuation within 30 h, with good stability and durability [117].
This is attributed to the effective reduction of the charge transfer resis-
tance by phosphorus doping, the induction of additional active sites
and the enhanced catalytic kinetics, and the large specific surface area
of the nanorod arrays, exposing more active sites and accelerating the
catalytic reaction [118]. Zhao et al., [119] developed appropriate Ni-
doped MoSe2 nanosheets, which can significantly reduce the overpo-
tential and enhance the HER activity in alkaline electrolytes, which
are promising non-noble metal electrocatalysts. In summary, Heteroa-
tom doping technology can improve the crystal structure and elec-
tronic environment of nano catalytic materials, so that the active site
and electrical conductivity increase, thereby reducing the hydrogen
adsorption energy.

In order to alleviate the agglomeration of active species, many
researchers grow nano catalysts on supports. The most used substrates
include carbon cloth, metal foam, fiber, etc. The replacement of metal
atoms in the crystal structure of transition metal-based compounds by
heteroatoms will cause changes in the chemical bonds between the
particles, thereby affecting the binding energy between the atoms
and the surrounding electronic environment, and ultimately changing



Fig. 3. Preparation process of Mn-doped NiP2 nanosheets on carbon cloth
[124].

Fig. 4. (a) top view and (c) side view of Mn-NiP2 NSs/CC(100) crystal plane;
(b) hydrogen adsorption free energy ΔGH*; (d) Ni atoms on NiP2 and Mn-NiP2
(100) DOS, doped with 3.1% Mn on the second layer [124].
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the crystal structure and catalytic activity of the catalytic material
[120]. In addition, similar atom sizes can increase the success rate of
heteroatom doping strategies. Guang et al., [121] prepared a self-sup-
porting nanoporous CoBP electrocatalytic material, and the synergistic
electronic effect of the addition of B and P elements on the surface
optimized the desorption of H atoms, provided more active areas,
and had good HER activity and stability. The most researched non-pre-
cious metal catalysts are transition metal-based catalytic materials,
especially the fourth cycle of cobalt-based and nickel-based elec-
trolytic water catalytic materials. Next, we discussed the heteroatom-
doped catalyst materials of different transition metal-based
compounds.
3.1. Heteroatom doped transition metal phosphide catalytic materials for
water electrolysis

After a long period of research, the heteroatom doping technology
has become a feasible strategy to improve the catalytic performance.
Compared with pure TMPS, the doped TMPS exhibits better electrocat-
5

alytic HER activity [131–133]. For example, Wang et al., [125] in
Fig. 3 successfully synthesized Mn-doped NiP2 three-dimensional
nanosheet electrocatalysts (Mn-NiP2 NSs/CC) on carbon cloth, which
exhibited good catalytic activity at wide pH and better stability than
pure NiP2. It can be seen from Fig. 4 that the ΔGH* of NiP2 on the
(001) surface is 0.24 eV, while the ΔGH* of Mn-NiP2 is reduced to
0.18 eV after manganese doping, which is attributed to the change
of adjacent nickel atoms from manganese atoms The acquisition of
electrons leads to the weakening of the interaction between the surface
and the hydrogen atoms, resulting in a decrease in the free energy of
hydrogen adsorption [134,135]. This provides a powerful strategy
for reducing the hydrogen adsorption energy and improving the cat-
alytic activity [136].

There are many transition metal phosphide catalytic water electrol-
ysis materials prepared by heteroatom doping technology. For exam-
ple, Wen et al., [126] prepared a V-Ni2P NSAs/CC nanosheet array-
structured catalytic material for water electrolysis for hydrogen evolu-
tion by a simple two-step hydrothermal phosphating method to drive
10 mA cm−2 in 1 M KOH alkaline electrolyte. The initial overpotential
required for the current density is a lower 85 mV, better than that of
the single nickel phosphide catalyst. The potential mechanism for
the performance improvement is that the synergistic effect between
vanadium and nickel atoms produces a large number of lattice defects
and distortions on the surface of the V-Ni2P NSAs/CC catalytic mate-
rial, which changes its electronic structure and increases the active sur-
face area, thereby improving the electrolysis of water. Meanwhile,
Wen et al., [122] reported a facile method to fabricate self-supporting
nanoporous Cu-doped CoP nanorod arrays on carbon cloth by
hydrothermal and low-temperature phosphating processes. The inter-
action between Cu-CoP NRAs/CC atoms induces many lattice distor-
tions and defects, which further provides many efficient reaction
sites and active centers on the nanorods, showing good catalytic per-
formance [137]. This shows that the introduction of other atoms can
destroy the original lattice structure of transition metal phosphides,
form a large number of lattice distortions, provide more active sites,
and further improve the hydrogen evolution performance. Combined
with a suitable electrode process, heteroatom-doped phosphides are
promising for industrial hydrogen production to meet our practical
application needs. Table 1 summarizes the HER parameters of heteroa-
tom-doped electrocatalysts in acidic and alkaline electrolytes [138].

3.2. Heteroatom-doped transition metal sulfide catalytic materials for water
electrolysis

To date, noble metal platinum-based catalysts for water electrolysis
have been regarded as the most efficient HER catalysts due to their
closest-to-zero Gibbs free energy for hydrogen adsorption and desorp-
tion [139]. However, the scarcity of resources and high price limit its
practical application in large-scale hydrogen production [140]. There-
fore, it is necessary to find suitable electrocatalysts to replace. Liu
et al., [141] prepared Au-decorated Ni3S2 nanosheet catalytic materi-
als with good HER and OER performance under alkaline conditions.
The strong electronic coupling at its interface can tune the electronic
structure of Ni3S2 to optimize the free energy of adsorbed intermedi-
ates for efficient overall water splitting, thus confirming that transition
metal sulfides are noble metal-free and well-performing catalysts for
water electrolysis. Ni3S2 disulfide nanostructures have attracted wide-
spread attention due to their low cost, high activity, and simple prepa-
ration process, and are considered as potential HER electrocatalysts.

For example, Qu et al., [142] used a simple one-step hydrothermal
method to directly grow vanadium-doped Ni3S2 nanowire arrays on
nickel foam. The doped catalytic material exhibits excellent electrocat-
alytic performance for the hydrogen evolution reaction, outperforming
pure Ni3S2 and other Ni3S2-based compounds. The initial potential of
V-Ni3S2 nanowires is as low as 39 mV, which is comparable to plat-
inum-based noble metal catalysts. First-principles calculations



Table 1
Heteroatom-doped hydrogen evolution reaction catalyst.

Catalyst Electrolyte Morphology η10 (mV) Tafel slope
(mV dec-1)

References

Cu-CoP 0.5 M H2SO4

1 M KOH
Nanosphere 44

81
86
102

[122]

Fe-CoP 1 M KOH Nanowires 78 75 [123]
Mn-NiP2 0.5 M H2SO4

1 M KOH
Nanosheets 69

97
45
61

[124]

W-CoP 0.5 M H2SO4

1 M KOH
Nanoneedles 32

77
57
65

[125]

V-Ni2P 1 M KOH Nanosheets 85 95 [126]
Co-VS2 1 M KOH Nanorods 164.5 52.2 [127]
Fe-CoP 1 M KOH Nanoparticles 151 53.9 [128]
C-Co2P 1 M KOH Nanoporous 30 36.9 [129]
Pt-FeNi@C, P 0.5 M H2SO4 Nanoparticles 53 35.9 [130]

1 M KOH 52 34.1

Fig. 5. Calculation of the relaxed bulk structure and partial density of states of
the V-Ni3S2 superlattice formed by the substitution of a V-O bond by a Ni − S
bond [142].
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(Fig. 5) reveal the intrinsic mechanism of V atom doping to enhance
the performance, and vanadium doping greatly enhances the free car-
rier density near the Fermi level and increases the electrical conductiv-
ity, thereby greatly enhancing the catalytic activity.

Transition metal sulfides have a graphene-like sheet-like layered
structure. Many studies have shown that the hydrogen evolution
Fig. 6. Schematic diagram of
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performance of transition metal sulfide nanomaterials depends on
the number of exposed S atoms in the edge structure [143,144]. The
introduction of defects and doping can effectively improve the intrin-
sic activity of transition metal sulfides by creating more boundary
active sites. With the in-depth research of scholars from all over the
world, there are also some problems in the preparation of electrocata-
lysts by heteroatom doping of transition metal sulphides [145]. At pre-
sent, the stability of electrocatalytic electrodes prepared is relatively
poor, cannot be used on a large scale, and the electrocatalytic mecha-
nism of transition metal sulfides is relatively shallow. Therefore, how
to change the edge structure, doping technology and other technolo-
gies to design a controllable morphological structure to give high cat-
alytic activity and good stability is a problem that still needs to be
solved [146–148].

4. Application of heteroatom doping in catalytic materials for
oxygen evolution reaction and overall water splitting

For OER, the reaction kinetics mainly depend on the ease of adsorp-
tion and desorption of intermediates. Therefore, adjusting the chemi-
cal composition of catalysts and changing the structure of
nanocatalysts by introducing other atoms is an effective way to
improve their activity and stability [149]. As shown in Fig. 6, Lu
et al., [150] prepared tungsten-doped nickel–cobalt phosphide, a nano
catalytic material with multiple active sites. Studies have shown that it
has multiple catalytic sites for water splitting and hydrogen produc-
tion. Benefiting from the moderate binding ability between tungsten
and hydrogen atoms, the tungsten sites can efficiently convert the
adsorbed hydrogen ions into H2, and the synergistic effect between
the nickel–cobalt sites and the tungsten sites can accelerate the HER
synthesis of W-NiCoP/NF.



Fig. 7. Electrochemical test and HER process mechanism of W - NiCoP/NF [150].
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reaction efficiency, and it is more efficient than platinum. Noble metal-
based catalysts come close. W-NiCoP/NF also shows excellent oxygen
evolution reaction performance and thus excels in overall water split-
7

ting. Cobalt-nickel phosphide successfully introduced W atoms, regu-
lated the surface structure of nanomaterials, exhibited good
electrocatalytic water splitting ability, provided a theoretical basis



Fig. 8. Schematic diagram of preparation and crystal structure characteriza-
tion of Cr-doped FeNi–P/NCN [153].

Fig. 9. Performance test of total water splitting and comparison with noble
metal-based catalysts [153].
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for the synthesis of electrocatalysts doped with heteroatom, and
pointed out the direction for satisfying industrial hydrogen production
[151,152].

In a recent report, regarding the potential performance-enhancing
mechanism, it has been demonstrated that W-Ox can act as a support
for hydrogen adsorption. Through density functional theory calcula-
tions in acidic media, it is proved that tungsten has free energy for
Table 2
Heteroatom-doped overall water splitting catalyst.

Catalyst Electrolyte Morphology η10 (mV)

HER

Ni/NiP 1 M KOH Nanoflocs 130
Fe/ Ni5P4 1 M KOH Nanosheets 94.5
P/Ni3S2-NiS 1 M KOH Nanorods 141
Cr/Co2P 1 M KOH Nanowires 37
Mo/CoP 1 M KOH Nanowires 64
V/CoP 1 M KOH Nanorods 62
Au/ Ni3S2 1 M KOH Nanosheets 97

8

hydrogen adsorption (ΔGH*) that is very close to that of noble metal
platinum in the HER process. The process of water decomposition
under the action of W-NiCoP/NF is summarized in Fig. 7. When water
molecules are adsorbed on the surface of tungsten-nickel-phosphorus,
it is stabilized and dissociated by the nickel–cobalt sites with vital
hydride binding energy, and the tungsten sites can effectively acceler-
ate the conversion of Had to H2.

In addition to single HER catalysts, the design and synthesis of OER
catalysts and bifunctional overall water splitting (OWS) catalysts also
have great potential in developing of water electrolysis for hydrogen
production [154,155]. As shown in Fig. 8, Wu et al., [153] developed
a newly designed chromium-doped iron-nickel-phosphorus nanoparti-
cles encapsulated in nitrogen-doped carbon nanotubes (Cr-doped car-
bon nanotubes) with unprecedented electrocatalytic activity through
simple one-step heat treatment. In 1 M KOH solution, the synthesized
chromium-doped FeNi-P/NCN showed excellent oxygen evolution and
hydrogen evolution [136]. When using chromium-doped FeNi-P/NCN
as a bifunctional catalyst for bulk water splitting, only 1.50 V is
required to drive a current density of 10 mA cm−2, which is superior
to the typical benchmark total water-splitting reaction catalysts plat-
inum/carbon and Ruthenium oxide compound. Density functional the-
ory calculations confirmed that chromium doping into the FeNi matrix
could effectively change the relative Gibbs adsorption energy and
reduce the theoretical overpotential. Furthermore, the synergistic
effect between Cr-doped FeNiP nanoparticles and nanocarbons effec-
tively promotes charge transfer and enhances the electrocatalytic
activity of the hybrid catalysts [153].

Durability testing and practical application potential for HER, OER
and total water splitting. In Fig. 9, Wu et al., [153] further evaluated
the overall water splitting activity in 1MKOH solution using a Cr-doped
FeNi-P/NCN catalyst as a two-electrode configuration of cathode and
anode, andwith platinum Industrial electrodes using carbon as the cath-
ode and ruthenium oxide as the anode catalyst were compared [156]. It
can be seen from Fig. 9c that the Cr-doped FeNi–P/NCN catalyst exhi-
bits excellent overall water splitting performance, achieving a stable
current density of 10 mA cm-2 with only a low cell voltage of 1.50 V,
which is superior to commercial catalysts (1.54 V @ 10 mA cm-2 for
platinum/carbon || ruthenium oxide) and most previously reported
non-noble metal bifunctional electrocatalysts. Meanwhile, the durabil-
ity of the actual water electrolysis reactor was tested at a current density
of 10 mA cm-2, and the water splitting process could work stably for at
least 20 h, indicating that the Cr-doped FeNi–P/NCN catalyst is suitable
for Good stability of hydrolysis reaction [157].

The key step of electrocatalytic water cracking is to develop high
activity and low cost electrocatalysts to accelerate HER and OER
[162,163]. The nanocatalyst prepared by heteroatom doping has high
activity and good stability in alkaline solution, which can maximize the
electrocatalytic hydrogen production while minimizing the energy con-
sumption. With the continuous in-depth research of researchers in var-
ious countries and fields, a new type of bifunctional OER/HER
electrocatalyst will be realized in the near future and show excellent
performance tomeet our practical application needs [164,165]. Table 2
summarizes the electrochemical performance parameters of heteroa-
tom-doped bifunctional electrocatalysts in overall water splitting.
Tafel slope(mV dec-1) References

OER HER OER

270 58.5 73.2 [158]
217.3 91 45.7 [159]
178 75 37 [116]
253 65 50 [160]
262 57.3 49.4 [161]
222 55.2 166.2 [21]
230 72 51 [141]
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5. Conclusion and outlook

Sustainable energy-driven electrochemical water splitting plays an
integral role in realizing the hydrogen economy, and the development
of cost-effective catalysts with high activity and long-term durability is
critical for achieving economic hydrogen production. In this review,
we summarize the research progress of heteroatom-doped transition
metal-based catalysts for water electrolysis, focusing on material
design and synthesis strategies, electrochemical performance, and
related mechanisms for activity enhancement. According to the latest
research, heteroatoms mainly include molybdenum, vanadium, tung-
sten, copper, manganese, vanadium, nitrogen, oxygen, etc. In general,
the excellent catalytic performance of heteroatom-doped transition
metal-based water electrolysis catalysts can be attributed to: (1) Het-
eroatom doping can change the growth mode and crystal structure
of catalytic materials, generate a large number of lattice defects and
lattice distortions, and increase HER adsorption sites and active cen-
ters. (2) Heteroatom doping can increase the density of reaction sites
in catalytic materials and adjust the adsorption/desorption capacity
of reaction intermediates. When combined with highly reactive mate-
rials, the electron transport ability is enhanced, and the catalytic mate-
rial is fully contacted with the electrolyte to accelerate the release of
gas. (3) The doping of heteroatoms improves the electronic environ-
ment of the catalytic material, which is beneficial to accelerate the
adsorption and desorption of hydrogen ions, resulting in a decrease
in the free energy of hydrogen adsorption ΔG H*, thereby improving
the efficiency of electrolytic water splitting.

The study of heteroatom-doped water electrolysis catalysts is a very
attractive research field, and great research progress has also been
achieved, but its catalytic performance is insufficient for practical
applications under strong acid or strong base conditions. Regarding
its practical application, the scaled-up synthesis of catalysts is a great
obstacle, and although many heteroatom-doped transition metal-based
water electrolysis catalysts exhibit excellent activities and meet the
performance requirements for practical applications, most synthesis
processes are still limited to experiments At the chamber level, devel-
oping cost-effective and scalable synthesis strategies is one of the big-
gest challenges.

1. Understand the in-depth reaction mechanism of HER and OER cat-
alytic water electrolysis reactions. The identification of a rational
reaction mechanism will provide direction for the development
of efficient electrocatalysts. In HER, the bonding between catalyst
surface atoms and hydrogen atoms is the key to enhance the cat-
alytic activity. However, there is currently a lack of theories on
revealing the catalytic mechanism and microstructure. It is neces-
sary to establish reliable multi-scale theoretical calculation models
and in-situ characterization methods, combining theory with prac-
tice, to understand the dynamic process of water splitting, design
reasonable electrocatalysts, and improve the overall efficiency of
water splitting.

2. Using multiple technologies such as heterostructure and doping to
design nanomaterials with controllable morphology, giving high
catalytic activity and stability. In general, HER in acidic electrolytes
and OER in alkaline conditions may suffer from low catalytic activ-
ity, poor stability or low corrosion resistance when used for overall
water splitting. In order to further enhance the activity perfor-
mance and high stability of electrocatalysts, various strategies, such
as polyatomic doping, heterostructures, and strain engineering, can
be employed to modulate the microstructure and effectively
enhance the catalytic activity.

In conclusion, heteroatom doping technology is a promising and
challenging strategy to design and synthesize efficient electrochemical
9

water-splitting catalysts, and the field of electrochemical hydrogen
production powered by renewable energy also has a bright future.
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