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Hydrogen production by electrochemical hydrogen evolution reaction (HER) using eco-friendly seawater

electrolysis can help address the energy shortage. However, insoluble precipitates form from elements

of magnesium, calcium, and chlorine ions with the oxygen evolution reaction (OER) will cause electrode

degradation. Currently, commercially viable catalysts are mostly comprised of precious metal Pt-based

catalysts, which are expensive and limited in availability. The critical factor for hydrogen production from

seawater electrolysis is the development of highly efficient and corrosion-resistant catalysts. Nickel-

based electrocatalysts, which are cost-effective with conductivity and corrosion resistance, are

a prospective substitute for precious metal catalysts. This review summarizes contemporary methods

and ideas for improving the performance of nickel-based electrocatalysts and stability for HER and OER

in seawater, focusing on strengthening electrochemical performance and corrosion resistance. It is

a comprehensive resource for advancing nickel-based electrocatalysts in seawater electrolysis, guiding

the development of more efficient electrocatalysts and bolstering long-term reliability and stability in

seawater environments.
1. Introduction

In the 21st century, humankind has faced increasingly severe
energy crises and environmental problems such as global
warming.1,2 These challenges have prompted a search for new
energy sources to replace traditional fossil fuels, making carbon
neutrality the mainstream direction for international develop-
ment.3 At the recent 28th Conference of the Parties to the United
Nations Framework Convention on Climate Change, UNFCCC
(COP28) climate summit in Dubai, 190 countries agreed to
move away from fossil fuel dependence, signaling the end of the
fossil fuel era and growing demand for renewable energy.4–6

Hydrogen energy, with its high caloric value and clean
combustion products, is expected to play a crucial role in future
energy structure.7–10 Currently, mainstream hydrogen produc-
tion processes fall into three main categories: hydrocarbon
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reforming and pyrolysis, biomass processes, and hydrolysis.
Although hydrocarbon reforming and pyrolysis are the most
mature hydrogen production processes, they generate carbon
by-products and are highly dependent on fossil fuels.11 Water
electrolysis is a promising future technology due to its envi-
ronmental friendliness, lack of carbon emissions, and ease of
industrial implementation (Fig. 1a).18 At this stage, the principle
research and technical route of direct water electrolysis have
become increasingly mature.19 However, since freshwater
resources on the planet only account for 3.5% of the total water,
using seawater for hydrogen production can lessen the tension
of freshwater resources.20 At the same time, renewable seawater
resources can support the electrolysis of seawater for hydrogen
production to embark on the path of sustainable development.
In addition, due to the poor electrical conductivity of fresh-
water, conventional water electrolysis technology requires the
addition of acid, base, or buffer solution to freshwater before
electrolysis operation.21 In contrast, seawater is rich in chloride
ions (Cl−), sodium ions (Na+), magnesium ions (Mg2+), sulfate
ions (SO4

2−), and calcium ions (Ca2+). The presence of these
ions signicantly increases the conductivity of seawater,
making it a suitable electrolyte for the electrolysis reaction.
Therefore, direct electrolysis of seawater for hydrogen produc-
tion has essential research value22 (Scheme 1).

However, seawater electrolysis also faces some challenges, as
described below. Firstly, seawater electrolysis mainly involves
two half-reactions: HER at the cathode and OER at the anode.
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Fig. 1 (a) Various processes for making hydrogen, where electrolysis of water to make hydrogen produces green hydrogen gas. Reproduced
with permission.12 Copyright 2021, Springer Nature. (b) Diagram of a water electrolysis unit in which the hydrogen precipitation reaction occurs at
the cathode and the oxygen precipitation reaction occurs at the anode. Reproduced with permission.13 Copyright 2021, Wiley-VCH. (c)
Corrosion-resistant strategies on the anode. Preparation of high-activity catalysts to increase the selectivity of the OER. (d) Finding other oxides
to undergo thermodynamically more favorable oxidation reactions on the anode instead of the OER. (e) Construct a protective layer resistant to
chloride ion corrosion to stop the CER. (f) The use of free chloride ions to reconstitute the catalyst or the use of in situ-grown chloride ions to
participate in the reaction. Reproduced with permission.14 Copyright 2023, American Chemical Society.

Fig. 2 (a) Reaction pathways of HER in acidic and basic media. Reproduced with permission.15 Copyright 2021, Wiley-VCH. (b) Illustration of
DGH* on various surfaces, depicting the reactant beginning state, intermediate state, final state, and an additional transition state symbolizing
water dissociation. Reproduced with permission.16 Copyright 2021, American Chemical Society. (c) AEM, LOM1 and LOM2 mechanisms of the
OER. Reproduced with permission.17 Copyright 2023, Springer Nature.

23148 | J. Mater. Chem. A, 2024, 12, 23147–23178 This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Research advance of Ni-based catalysts for HER in
seawater.
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Nevertheless, both half-reactions are thermodynamically
upslope while not being kinetically favorable. Therefore, effi-
cient catalysts are usually needed to lower the thermodynamic
energy barrier and increase the reaction rate (Fig. 3a and
b).23,27–30 These highly efficient catalysts work by lowering the
thermodynamic energy barrier of the reaction, thereby reducing
the energy input required for the reaction and increasing the
reaction rate. The catalytic activity and stability of the catalysts
Fig. 3 (a) Water dissociation energy barrier diagrams for Co, MoNi and C
MoNi. Reproduced with permission.23 Copyright 2023, Royal Society of C
as overpotentials at a current density of 10 mA cm−2 Reproduced with
cathode (left) and anode (right) electrodes, j0 is the exchange current at j
Royal Society of Chemistry. (f) Pourbaix diagram of the artificial seawater
Wiley-VCH.

This journal is © The Royal Society of Chemistry 2024
can be improved by modifying the structure and composition of
the catalysts and further modifying the electronic structure of
the catalysts. A recent study demonstrated that introducing
a Lewis acid layer (e.g., Cr2O3) on transition metal oxide cata-
lysts can enhance the local reaction environment, promoting
stability and performance in direct seawater electrolysis.31

Additionally, adjusting the interfacial structure of metal oxide
substrates has been identied as a crucial strategy for inducing
electronic structure reconstruction in supported catalysts,
signicantly enhancing their catalytic activity.32 Secondly, two
primary challenges are encountered in HER. On the one hand,
to speed up the kinetic reaction, it is necessary to enhance the
electrical conductivity of the catalyst to promote the charge
transfer mechanism and consequently boost the reaction rate.
The catalyst's conductivity can be enhanced by strategically
structuring its structure and composition, enhancing electron
conduction pathways, or using conductive additives. On the
other hand, microorganisms and ions in seawater can cause the
formation of insoluble compounds on the catalyst's surface,
which can block active sites and decrease the catalyst's activity.
To ensure durability, it is essential to use electrode materials
that strongly resist corrosion from seawater and pollutants and
implement corrosion resistance techniques on them.33

Common corrosion resistance strategies on anodes are illus-
trated in Fig. 1c. Thirdly, for the OER at the anode, seawater is
rich in halogen ions. Taking the most abundant chloride ion
o/MoNi. (b) Hydrogen adsorption energy barriers for Co, MoNi and Co/
hemistry. (c) Typical HER andOER polarisation curves are shown as well
permission.24 Copyright 2017, Wiley-VCH. (d) Polarisation curves for

a = −jc. (e) Tafel slope. Reproduced with permission.25 Copyright 2017,
model at 0.5 M NaCl. Reproduced with permission.26 Copyright 2016,

J. Mater. Chem. A, 2024, 12, 23147–23178 | 23149
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among them as an example, when the pH of the electrolyte is in
the acidic range, Cl− will be oxidized to chlorine gas at the
anode (2Cl− / Cl2 + 2e−); when the pH of the electrolyte is in
the alkaline range, Cl− will be transformed to ClO− (Cl− + 2OH−

/ ClO− + H2O + 2e−). The presence of chloride ions reduces the
selectivity of the OER.34,35 Although OER is superior to Chlorine
Evolution Reaction (CER) in terms of thermodynamic mecha-
nism, CER has kinetic advantages as it involves only two elec-
trons, making it more favorable than the four-electron transfer
process in OER.36 Although the kinetically faster CER acceler-
ates the electron reaction and promotes hydrogen production at
the cathode, the generated Cl2 and ClO− corrode the electrodes.
This corrosion leads to reduced catalyst activity or even deac-
tivation, which is inherently unfavorable for the continuation of
the reaction.37

An urgent requirement exists to synthesis catalysts with high
catalytic activity and strong corrosion resistance for seawater
electrolysis, considering the constraints mentioned above.
Currently, platinum (Pt) is found to be the most efficient cata-
lyst for HER, while IrOx and RuOx are considered to be the most
efficient catalysts for OER.38–40 However, these catalysts are
precious metal catalysts, which are not conducive to large-scale
industrialization. In recent years, researchers have found that
transition metal electrocatalysts, which have good performance
in the electrolysis of seawater and are abundantly available,
make ideal raw materials for electrocatalysts. Among these,
nickel-based materials, located in the rst row of transition
metals, are the most widely researched of all non-precious
metal transition metal-based catalysts due to their excellent
electrical conductivity and corrosion resistance.41 Nickel oxide,
nickel hydroxide, nickel phosphide, and nickel sulde are
affordable compounds that show potential as effective catalysts
for seawater electrolysis.42 Researchers have modied nickel-
based materials to increase their electrochemical activity
through doping modication, vacancy engineering, surface
modication, and other strategies.43,44 According to recent
reports, researchers have found that intercalation in 2D mate-
rials has shown promise in enhancing the properties of elec-
trocatalysts, providing a pathway to tailor the electronic
structure and improve catalytic performance.45 Numerous
explorations have aimed at replacing precious metal catalysts
with nickel-based materials, making it possible to use them as
HER catalysts, OER catalysts, and even bifunctional catalysts.46

For example, Chen et al.47 found that covering a S-doped
Fe(OH)3 layer on NiSe nanowires can provide many active
sites for nickel-based materials and improve their corrosion
resistance. Liu et al.48 constructed heterostructure CoP/
Ni2P@NF on Ni2P materials, and they found that the coupling
of CoP and Ni2P optimized the electronic structure of the
catalyst's active site and endowed it with excellent HER catalytic
performance. Gopalakrishnan et al.49 synthesized Co–Ni–S/NF
in situ on nickel foam through a self-templating strategy. The
catalyst showed outstanding efficiency in catalyzing both HER
and OER due to the combined impact of the bimetal and the
effective interfacial layer between the nanomaterials. However,
research on nickel-basedmaterials is still in the laboratory stage
and needs to be further explored to meet the high volume of
23150 | J. Mater. Chem. A, 2024, 12, 23147–23178
industrial production. In addition, enhancing the corrosion
resistance and stability of catalysts in seawater environments is
also a research priority to promote the early commercialization
of nickel-based materials.

Previous reviews in this eld have primarily focused on the
general mechanisms of seawater electrolysis and the perfor-
mance of various catalyst materials without delving deeply into
nickel-based materials.50,51 For example, unlike a recent review
that focused on the impact of seawater composition on elec-
trolysis technologies, this review provides a detailed analysis of
material-specic strategies for improving catalyst perfor-
mance.52 Specically, it targets the unique properties and
enhancements of nickel-based catalysts, making it distinct and
highly relevant for researchers focused on non-precious metal
electrocatalysts. Additionally, this review comprehensively
outlines current progress in improving the catalytic efficiency of
nickel-based materials for seawater electrolysis using modi-
cation approaches. It also discusses the corrosion resistance
methods used for nickel-based materials in seawater condi-
tions. By elucidating the application of diverse strategies and
principles, it serves as a valuable resource offering insights and
guidance for designing and enhancing more effective nickel-
based electrocatalytic materials, thereby fostering the progress
of seawater electrolysis technology. Furthermore, the consoli-
dation of corrosion resistance information can contribute to
improving the stability and long-term reliability of nickel-based
materials within the seawater electrolysis setting.
2. Principle of electrolysis of seawater

To understand seawater electrolysis, it is rst necessary to
understand the chemical reactions involved and the associated
mechanisms. In addition, catalyst performance parameters,
such as electrochemical surface area (ECSA), will directly affect
the efficiency of seawater electrolysis and the hydrogen
production rate. Therefore, understanding the evaluation of
catalyst performance parameters is essential to optimize the
efficiency of the seawater electrolysis process. In the following,
we will elaborate on the principles of seawater electrolysis, the
chemical reactions involved, and the importance of catalyst
performance parameters.
2.1 Reaction equation and mechanism of electrolysis of
seawater

The main principle of seawater electrolysis is based on the
electrolysis of water. Electrolysis of water is usually performed
in an electrolyzer, which consists of two electrodes (cathode and
anode) and an electrolyte solution (Fig. 1b).53 The theoretical
potential required to electrolyze water is 1.23 V under standard
conditions. However, the potential needed for the actual
process will be higher than the theoretical potential, and this
extra voltage beyond the theoretical potential is known as the
overpotential.54 In the electrolysis process, by applying voltage
to the electrolyte to make it undergo electrolytic reaction on the
electrode material, H+ in the solution migrates to the cathode
and is reduced to H2, and OH− migrates to the anode and is
This journal is © The Royal Society of Chemistry 2024
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oxidized to O2. The reaction equation is as follows, where the
voltage values provided in eqn (2) to (5) are relative to the
standard hydrogen electrode (SHE):

Total reaction equation:

2H2O(l) / 2H2(g) + O2(g) (1)

OER in alkaline environments:

4OH− / 2H2O + O2 + 4e− E0
anode = 0.4 V (2)

OER in acidic environments:

2H2O / 4H+ + O2 + 4e− E0
anode = 1.23 V (3)

HER in an alkaline environment:

2H2O + 2e− / 2OH− + H2 E0
cathode = −0.83 V (4)

HER in an acidic environment:

2H+ + 2e− / H2 E0
cathode = 0 V (5)

The Nernst equation
�
E ¼ E0 � RT

nF
ln Q

�
shows that the

different electrode potentials (E) under acidic and basic condi-
tions are mainly due to the different concentrations of H+ and
OH−.55 These concentration changes will affect the reaction
quotient Q, thereby altering the electrode potential. The HER at
the cathode is a two-electron transfer process regardless of the
pH conditions. Under an acidic medium, the Volmer reaction
occurs rst, protons are rst adsorbed on the active sites on the
catalyst surface to form active H*. This is followed by the Tafel/
Heyrovsky reaction to generate hydrogen, where two molecules
of active H* are required to generate one molecule of H2 in the
Tafel process, while one molecule of H+ is required to combine
with one molecule of H* to generate one molecule of H2 in the
Heyrovsky process.56 In an alkaline environment, the Volmer
reaction also occurs rst, with the difference that at this point,
water molecules, rather than protons, adsorb on the active sites
on the catalyst surface to give active H*. This is followed by the
Tafel/Heyrovsky reaction to generate hydrogen, where two
molecules of active H* are required to generate one molecule of
H2 in the Tafel process. In contrast, one molecule of H2O is
required to combine with one molecule of H* to generate one
molecule of H2 in the Heyrovsky process.57 Fig. 2a illustrates the
process, and the reaction equation is shown below:

In acidic environments:
Volmer reaction:

H+ + e− + * / H* (6)

Tafel reaction:

2H* / 2* + H2 (7)

Heyrovsky reaction:

H* + H+ + e− / * + H2 (8)
This journal is © The Royal Society of Chemistry 2024
In alkaline environments:
Volmer reaction:

* + H2O + e− / H* + OH− (9)

Tafel reaction:

2H* / 2* + H2 (10)

Heyrovsky reaction:

H* + H2O + e− / * + OH− + H2 (11)

The Gibbs free adsorption energy of H* (DGH*) is commonly
used in HER to react with the electrochemical properties of
catalysts.58 The larger the negative deviation of the value of
DGH* from zero, the stronger the adsorption behavior of H*,
while the larger the positive deviation, the weaker the adsorp-
tion behavior of H*. When the value of DGH* is too small, it
favors the Volmer reaction but is unfavorable for the subse-
quent Tafel/Heyrovsky reaction. Conversely, if the value is too
large, the Volmer reaction cannot easily occur, reducing the
amount of H* available for the subsequent reaction, which is
macroscopically unfavorable to the HER. When DGH* is closer
to 0 indicates that the HER performance of the catalyst is better
(Fig. 2b). The researchers found that acidic conditions are more
favorable for HER, however, nickel-based materials are more
susceptible to corrosion under acidic conditions than alkaline
conditions.59,60 So, the focus in the study of HER catalysts for
nickel-based materials is to enhance their corrosion resistance
or to prepare catalysts under alkaline conditions to meet
industrial needs, which can be done by metal doping to
modulate the electronic structure of the active site to bring
DGH* closer to 0. In addition, in seawater, which is rich in
a large number of microorganisms and other ions, the pH near
the cathode uctuates during seawater electrolysis, which can
cause cations such as Mg2+ and Ca2+ in seawater to generate
insoluble Mg(OH)2 and Ca(OH)2 to cover the electrode surface,
blocking the active sites on its surface. To address the afore-
mentioned challenges, it is imperative to optimize the elec-
trolysis conditions or implement alternative measures to avert
poisoning and deactivation of the catalyst.

Compared to the two-electron transfer HER process, the OER
process (Fig. 2c) involving four-electron transfer has a slower
reaction rate. The gure illustrates three distinct OER mecha-
nisms: the Acidic Environment Mechanism (AEM), Lattice
Oxygen Mechanism 1 (LOM 1), and Lattice Oxygen Mechanism
2 (LOM 2). In the AEM, hydroxyl groups (OH−) form on the
metal-oxide surface, which subsequently release oxygen (O2),
hydrogen ions (H+), and electrons (e−).61 The LOM 1 involves
lattice oxygen atoms forming a peroxo species (O–O) that
bridges metal-oxide sites and then decomposes to release
oxygen (O2). Meanwhile, in LOM 2, two hydroxyl groups (OH−)
combine to form a peroxo species (O–O), which also decom-
poses to release oxygen (O2).62 These mechanisms underscore
the complexity and multistep nature of the OER, signicantly
contributing to its slower reaction rate compared to the HER.
This highlights the critical need for developing more efficient
J. Mater. Chem. A, 2024, 12, 23147–23178 | 23151
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and stable catalysts for water splitting applications. In addition,
seawater is more than 55% chloride, and there are also other
anions such as sulfate ions, bromide, etc. These anions compete
with the OER at the anode.63 Below, we describe the CER during
the electrolysis of seawater using the reaction equation for
chloride ions as an example. The reaction equation is as follows:

In strongly acidic environments (pH < 3)

2Cl− / Cl2 + 2e− E0
anode = 1.36 V (12)

In a weakly acidic environment (3 < pH < 7.5)

Cl− + H2O / HClO + H+ + 2e−

E0
anode = (1.494 − 0.0295 pH) V (13)

In alkaline environments (pH > 7.5)

Cl− + 2OH− / ClO− + H2O + 2e−

E0
anode = (1.795 − 0.0591 pH) V (14)

Although the kinetically more favorable CER can macro-
scopically accelerate the reaction rate and promote hydrogen
production, chloride ions are corrosive and can cause severe
damage to the electrodes. Based on the Pourbaix diagram
(Fig. 3f), Dionigi et al. found that the potential difference
between hypochlorite and oxygen under alkaline conditions,
when pH > 7.5, is xed at 0.48 V, and they proposed that the
difference between the OER and the standard potential for
hypochlorite generation (DE0) be used as the condition for the
selective operation of the OER.26 In other words, the reaction
under alkaline conditions is more favorable for improving the
selectivity of the OER and inhibiting the reaction of CER.
Developing electrocatalysts with high selectivity and corrosion
resistance is crucial due to seawater's corrosive nature of free
chlorine ions, which can degrade electrode materials.64 This
advancement is essential for reducing corrosion effects and
improving electrolysis procedures' effectiveness.
2.2 Evaluation of catalyst performance parameters

In evaluating the catalytic performance of OER/HER electro-
catalysts, the catalytic performance can be evaluated by the
following important parameters: initial potential and over-
potential, current density, Tafel slope, Faraday efficiency (FE),
electrochemical surface area, and catalyst stability.

2.2.1 Initial potential and overpotential. The initial
potential (E) is the turning point on the polarization curve (or
cyclic voltammetry) from a non-Faraday current to a Faraday
current. Overpotential (h) is the fraction of the actual potential
greater than the theoretical potential required to achieve
a certain current density in an electrochemical reaction
(Fig. 3c). For HER and OER, the overpotential is the portion of
the potential greater than the standard electrode potential
required at a current density of 10 mA cm−2 in order for the
corresponding water reduction or oxygen precipitation reaction
to take place at the electrode, and its unit is usually expressed in
the voltage unit V. In general, a low onset/overpotential means
that the catalyst can start promoting reactions at a low
23152 | J. Mater. Chem. A, 2024, 12, 23147–23178
potential, which reects the high activity and efficiency of the
catalyst. Conversely, it means that the catalyst is less active. In
electrochemical experiments, the starting potential and over-
potential of a catalyst can be read from its LSV curve. The
overpotential of a catalyst is inuenced not only by its intrinsic
activity but also by elements like the electrolyte environment.
Therefore, relying solely on this parameter to assess the cata-
lyst's performance may be inadequate.

2.2.2 Current density. Current density (J) is the value of
current passing through a unit area, usually in mA cm−2.
Current density can directly reect the activity and efficiency of
a catalyst in catalyzing a reaction. A high current density means
that the catalyst is able to promote the reaction at a higher rate,
while a low current density may mean that the catalyst is inef-
cient or less active. However, high current densities are oen
accompanied by more severe electrochemical corrosion and the
generation of large numbers of bubbles, which can damage the
catalyst. Therefore, researchers need to select suitable catalyst
carriers or add adhesives to enhance adhesion properties and
use corrosion-resistant materials to enable electrocatalysts to
reach higher current densities. Similarly, the LSV curve can
reect the current density of the catalyst at different potentials.

2.2.3 Tafel slope. According to the Tafel equation (h= a + b
lg(jjj)), where a is the Tafel constant, the Tafel slope (b) reects
the potential difference required for each tenfold increase in
current density (Fig. 3e). In electrochemical experiments Tafel
slope can be obtained by tting LSV curves, the smaller the
value the smaller the overpotential required for the surface to
reach the same current density and the faster the reaction rate.
In addition, according to the Butler–Volmer equation, it is
known that the magnitude of the Tafel slope can be used to
determine the decisive speed step in the reaction process and
reveal the corresponding mechanism of the reaction. High-
performance electrocatalysts oen demonstrate characteristics
such as higher current density and lower Tafel slope, as shown
in Fig. 3d.

2.2.4 Faraday efficiency. FE is the efficiency with which
energy is transferred from electrical energy to chemical energy
and stored in the product oxygen/hydrogen gas. That is, the
ratio between the experimentally produced oxygen/hydrogen
gas and the theoretically calculated gas volume is a measure
of the efficiency of the applied current to drive the expected
OER/HER. The actual gas production can be determined by the
water–gas displacement method and the gas chromatography
(GC) method, and the theoretical gas production can be calcu-
lated by Faraday's second law.65,66 Due to the presence of chlo-
ride ions in the seawater, a CER occurs at the anode, which can
reduce the Faraday efficiency. Faraday efficiency is an important
indicator of catalyst activity and efficiency. A high Faraday
efficiency is crucial for catalysts as it indicates their ability to
drive the HER and OER with high efficiency. This is particularly
important for enhancing the efficiency of seawater electrolysis.
Achieving a Faraday efficiency close to 100% is ideal for the
development of efficient catalysts. At the same time, the Faraday
efficiency can also provide important information about the
active sites on the catalyst surface and the reaction mechanism.
This journal is © The Royal Society of Chemistry 2024
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2.2.5 Electrochemical surface area. A catalyst's ECSA refers
to the surface area that contains effective reactive active sites
crucial for electrochemical reactions. Active sites are particular
areas on the catalyst surface that can adsorb reactive chemicals
and promote the intended reactions. The ECSA is critical for
evaluating the catalyst's performance as it directly affects its
activity and stability. A larger ECSA implies that more active
sites on the catalyst are available for the reaction, leading to an
increased reaction rate. The ECSA can be determined from non-
Faraday currents, with one method involving the measurement
of double electric layer capacitance (Cdl). The bilayer capaci-
tance represents the capacitance between the electrode surface
and the electrolyte. When scanning in the bilayer region, the
current obtained is proportional to the scanning speed, and the
slope can indicate the magnitude of the Cdl. The ratio of the
bilayer capacitance to the capacitance of a planar electrode is
dened as the roughness factor. The electrochemically active
surface area can be calculated by multiplying the roughness
factor with the geometric area. Generally, a larger electro-
chemical surface area corresponds to higher catalyst activity,
highlighting the importance of ECSA in enhancing the perfor-
mance of catalysts in electrochemical reactions.

2.2.6 Stability. Stability refers to the ability of a catalyst to
maintain its performance and structure over long periods of
operation or cycling. Catalyst stability is critical in evaluating
catalyst performance because prolonged use can lead to
gradual deterioration of catalyst performance or structural
damage, reducing the efficiency of the electrolysis process.
Because seawater contains a variety of salts and impurities,
these components may cause corrosion, scaling, or other
undesirable reactions to the catalyst, affecting its performance
and lifetime. Therefore, the stability of catalysts in electro-
lyzed seawater needs to be carefully evaluated. The stability of
electrocatalysts is usually characterized using several
methods, including chrono-potentiostatic (CP) and chro-
noamperometry (CA). In CP, the stability of catalysts in elec-
trolytic seawater can be assessed by applying a stabilized
potential during the electrolysis reaction to simulate the
catalyst's prolonged operation. By monitoring the change in
current over time, the change in performance of the catalyst
during long time operation can be assessed, as well as its
stability. In CA, a constant current is applied, and the change
in potential is monitored over time. This method helps in
understanding the durability of the catalyst under constant
operational conditions and provides insights into how the
catalyst's performance changes due to potential corrosion or
other degradation processes in seawater. In addition, accel-
erated cyclic voltammetry (CV) and long-term galvanostatic
electrolysis are also effective methods to assess electrocatalyst
stability. CV involves applying different voltage ranges
through multiple cycles in a short period to simulate long-
term usage, with changes in CV curves indicating stability
and performance in seawater. Long-term galvanostatic elec-
trolysis applies a constant current over an extended period,
monitoring resulting voltage changes to evaluate durability
under continuous seawater operation.
This journal is © The Royal Society of Chemistry 2024
The catalytic performance of OER/HER electrocatalysts can
be evaluated based on the critical parameters mentioned above.
The initial potential and overpotential indicate the catalyst's
activity level, while current density reects its efficiency in
promoting reactions. The Tafel slope reveals the potential
difference required for increased current density and helps
determine the reaction mechanism. Faraday efficiency
measures the energy transfer efficiency in driving OER/HER.
The electrochemical surface area indicates the active sites
available for reactions, and catalyst stability is crucial for
maintaining performance over time, especially in seawater
electrolysis. Stability assessments involve monitoring perfor-
mance changes during prolonged operation and resistance to
corrosion and degradation.

3. Nickel-based electrocatalysts

The intricate four-electron transfer process of OER, coupled
with the challenge of excessive overpotential and the competi-
tion with CER on the anode, have emerged as signicant
research bottlenecks impeding the commercial advancement of
hydrogen production from electrolytic seawater.61 Additionally,
it is necessary to research HER catalysts that have a greater
number of active sites. Developing electrocatalysts with high
catalytic activity and stability can reduce the energy barrier of
the reaction and speed up the process, which is an important
area of research.15,17 More rational strategies have been
designed from different perspectives to address the above
challenges to meet the large-scale commercialization needs of
electrolytic seawater. Nickel-based materials show great poten-
tial as electrocatalysts due to their plentiful availability, cost
efficiency, environmental friendliness, and the ability to control
their electrical structure easily. For example, Liang et al.
synthesized highly efficient HER catalysts from nickel-doped
tungsten oxide nanorods (Ni–WOx) using the property that Ni
doping can optimise the activity of hydrogen precipitation
reactions (Fig. 4d–g).69 In electrocatalysis, many electrocatalysts
based on nickel-based materials have demonstrated striking
bifunctional properties compared with traditional electro-
catalysts. Specically, many nickel-based catalysts are not only
able to catalyze OER effectively but also able to catalyze HER
simultaneously in the same system. Therefore, nickel-based
catalysts have attracted much attention in electrocatalysis
research and offer new possibilities for achieving efficient
energy conversion (Fig. 4a–c).67,70

In practical applications, nickel-based materials still face
some challenges as electrocatalysts, such as the low electronic
conductivity of a single nickel-based material and the insuffi-
cient stability of synthesized electrode materials.71 Therefore,
the current research focuses on modifying nickel-based mate-
rials by regulating the morphology of nickel-based materials,
doping with metallic elements or non-metallic elements to
construct efficient nickel-based catalysts, and controlling the
reaction kinetics.72 This section provides an overview of the
design and synthesis, structural characterization, and methods
to improve the catalytic efficiency of metal-doped, non-metal-
doped, and other nickel-based catalysts for OER and HER.
J. Mater. Chem. A, 2024, 12, 23147–23178 | 23153
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Fig. 4 (a) Synthesis of bifunctional RuNi–Fe2O3/IF by hydrothermal method. Reproduced with permission.67 Copyright 2022, Elsevier. (b)
Schematic illustration of water splitting process of the Ni3N@2M-MoS2. (c) A proposal for charge modulation of active electronic states in
Ni3N@2M-MoS2 with bifunctionality. Reproduced with permission.68 Copyright 2022, Wiley-VCH. (d) SEM image of NF. (e) SEM image of NF-pre.
(f) SEM image of NiWOx@NF-pre. (g) SEM image of Ni–WOx@NF. Reproduced with permission.69 Copyright 2023, Elsevier.

Fig. 5 (a) The nickel K-edge X-ray absorption spectroscopy (XAS) technique can be used to characterize NiO, Ni/NiO VAN, and Ni hybrid
systems. (b) Calculations have revealed the energy barriers for water dissociation kinetics at metallic Ni sites and NiO sites located near the
interface. Reproduced with permission.74 Copyright 2022, Springer Nature. (c) The OER free-energy diagrams at U= 1.23 V for the O-terminated
NiOOH surface have been calculated, using the LOM mechanism. Reproduced with permission.75 Copyright 2023, American Chemical Society.
(d) TOF values for uncirculated Ni3Fe, Ni3Fe after 10 cycles between −0.4 and 1.45 V, and Fe/Ni(O) hydroxide catalysts. (e) The OER CV curves of
Fe/Ni and Ni–Fe (oxy)hydroxides before and after the CP test. Reproducedwith permission.76 Copyright 2022, American Chemical Society. (f) The
theoretical OER free energy diagram for NiOOH, FeOOH, and Fe-doped NiOOH has been constructed. Reproduced with permission.77

Copyright 2023, American Chemical Society.
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3.1 Nickel-based catalysts for OER

For the OER, nickel-based materials are potential OER catalysts
for electrolytic seawater due to their tunable three-dimensional
(3D) electronic congurations, diverse crystal structures, and
highly reactive end states during the OER process.73 Researchers
have constructed efficient nickel-based catalysts andmodulated
reaction kinetics by tuning the morphology of nickel-based
materials, doping metallic elements, or modifying nickel-
based materials with non-metallic elements. This section
summarizes the domestic and international reports of OER
catalysts in recent years.

3.1.1 Nickel-based oxides and layered double hydroxides.
Recently, signicant research have been achieved on nickel-
based oxides (NiO) in OER, and various strategies have been
used to improve their catalytic OER activity. NiO exhibit efficient
catalytic activity for the OER by leveraging the synergistic effect
at the interface between nickel and nickel oxide (Fig. 5a). This
effect lowers the energy barrier for hydrolysis dissociation and
promotes the creation of intermediate products (Fig. 5b).74,78

Based on the morphology theory, Khadijeh et al.75 developed
nanorod array-based hierarchical NiO microspheres to turn
bare nickel foam into hydrophilic NiO. This procedure can
transform the nickel foam surface into a complex porous
structure like a sea urchin, enhancing surface area, active sites,
and corrosion resistance (Fig. 5c). The catalyst exhibited high
stability and selectivity throughout a continuous week of elec-
trolysis. Furthermore, the study illustrated the effectiveness of
Ni–Fe oxides as anode materials. Theoretical analysis indicated
that the incorporation of Fe at the edge of Ni oxides not only
enhances the turnover frequency (TOF) but also improves the
durability compared to single-metal Ni oxides (Fig. 5d and e).76

Zhang et al. prepared a nickel oxide catalyst, Fe–NiOxHy/CC,
doped with a small amount of Fe. The overpotential required for
this catalyst was only 206 mV under simulated seawater
conditions at a current density of 10 mA cm−2.77 In addition, the
catalyst showed remarkable stability in simulated seawater. The
researchers analyzed the catalyst by density functional theory
(DFT) calculations. They learned that the presence of Ni–Fe
bridging sites in the catalyst can regulate the precipitation of
Cl*, which is benecial to increase the OER activity (Fig. 5f). In
addition, the construction of defective structures can provide
additional reaction centers to electrify the coordination envi-
ronment of atoms on the catalyst surface, which in turn
modulates the electronic structure. The NiOx–FeOx nano-
composites synthesized by Haq et al. require only 380 mV
overpotential to achieve a current density of 1000 mA cm−2,
which is better than the overpotential required for IrO2 at this
current density.79 Additionally, the catalyst is protected by g-
C3N4, which helps resist pitting and stress corrosion at the
anode, providing high corrosion resistance. The 3D hierarchical
porous structure of g-C3N4 provides a short diffusion channel
for ion transfer and mass transport, which is very favorable for
seawater penetration. At the same time, the amorphous NCs
have a unique self-healing and exible structure to further
improve corrosion resistance.
This journal is © The Royal Society of Chemistry 2024
Based on the study of electrolyzed water, the researchers
found that under alkaline circumstances, nickel–iron layered
double hydroxide (NiFe-LDH) exhibits strong catalytic activity
and stability for the OER.80–82 LDHs (layered bimetallic hydrox-
ides) are interlayer structures consisting of positively charged
bivalent metal ions and negatively charged oxide ions (e.g.,
hydroxide ions) arranged in a specic ratio (Fig. 6a). This
unique structure allows LDHs to have a rich and tunable active
surface. Also, it provides channels for the transfer of electrons
and ions, which facilitates the rapid release of hydrogen and
oxygen produced in the electrolysis reaction of water.85

However, due to the positively charged surface of LDHs, nega-
tively charged chloride ions may be adsorbed on the surface
during the electrolysis of seawater, resulting in the corrosion of
the catalysts.86,87 Yao et al. introduced Ce into nickel foam NiFe
LDH arrays to obtain Ce–NiFe LDH/NF, a strong electrocatalyst
for seawater OER. The introduction of Ce serves dual roles
during seawater electrolysis: it promotes the formation of the
amorphous reactive material NiOOH, while simultaneously
generating CeO2, which effectively inhibits carbonate evolution
currents (CECs) (Fig. 6b and c).83 Different strategies to improve
the OER performance of NF-LDH include the doping of high
valence metal ions such as Mo and V. High valence metals can
induce the formation of amorphous structures in nickel-based
materials, or form defects and lead to the formation of oxygen
vacancies, which increase the active sites.72 Qi et al. demon-
strated that by intercalating hexavalent molybdenum ions
Mo(VI) in NF-LDH, MoSO4

2− can modulate the electronic
structures of Ni and Fe.84 This lowers the OER energy barriers
and promotes the generation of NiOOH, thereby increasing the
active sites of OER (Fig. 6d). In summary, in recent years,
researchers have used various strategies to improve their reac-
tivity, such as interfacial synergism, morphological modulation,
and elemental doping, for the application of nickel-based
oxides and hydroxides on electrolytic seawater. In addition,
LDHs have been shown to have excellent catalytic activity and
stability under alkaline conditions. Among them, nickel-based
oxide catalysts doped with elements such as aluminum, phos-
phorus, and iron showed good activity and stability and high
electrochemical surface area. Furthermore, the doping of high-
valent metals such as molybdenum and vanadium was also
found to help increase the number of active sites in nickel–iron
bilayer hydroxides.

3.1.2 Nickel-based phosphides. Phosphorus, sulfur,
nitrogen, and other anions in nickel-based catalysts can
enhance the electrical conguration and catalytic sites on the
catalyst's surface, increase the conductivity, and provide suit-
able adsorption strength for the intermediates.88 This section
will focus on the recently reported nickel-based phosphides.
Researchers have employed surface modication, nano-
structure optimization, and electronic structure regulation to
modify and tune nickel-based phosphides, aiming to enhance
their intrinsic catalytic activity for the OER (Fig. 7h).91–93 Liu
et al. synthesized acicular Fe–Ni2Pv through Fe doping and
phosphorization on nickel foam, guided by DFT predictions
(Fig. 7a).89 This material demonstrated bifunctional catalysis for
OER and HER in an alkaline simulated seawater electrolyte. Fe
J. Mater. Chem. A, 2024, 12, 23147–23178 | 23155
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Fig. 6 (a) Designing LDHs with metal and oxygen multivacancies requires targeting specific atoms to create these vacancies. Reproduced with
permission.81 Copyright 2020, Elsevier. (b) Ce–NiFe LDH/NF was used as the catalyst, and LSV curves were measured in different electrolytes to
evaluate its performance. (c) After the stability test, UV-vis absorption spectra of Ce–NiFe LDH/NF and NiFe LDH/NF electrolytes were obtained.
Reproduced with permission.83 Copyright 2024, Elsevier. (d) Mo0.25–NiFe LDH at different current densities in different electrolytes, corre-
sponding overpotentials were measured. Reproduced with permission.84 Copyright 2023, American Chemical Society.
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doping combined with P vacancies promotes the regeneration
of active sites on the OER surface and boosts the hydrogen
adsorption free energy (DGH*) for the HER (Fig. 7b). In this case,
Ni sites become the dominant OER active centers (Fig. 7c), while
Fe atoms become the active centers of HER. In addition, the
introduction of P vacancies also improves the electrical
conductivity of this catalyst, enabling the Fe–Ni2Pv to achieve
current densities of 1.0 and 3.0 A cm−2 to meet the industrial
requirements at a low voltage of 1.68 V and 1.73 V, respectively,
in a 6.0 M KOH environment at 60 °C (Fig. 7d). Using a typical in
situ self-assembly strategy, Yu et al. synthesized Ni-based het-
erostructured catalysts (NiO/Ni3S2@Ni5P4) with phosphorylated
layers to enhance the OER in seawater electrolysis. They
experimentally demonstrated that the overpotentials of this
catalyst for the OER in freshwater and seawater at a current
23156 | J. Mater. Chem. A, 2024, 12, 23147–23178
density of 10 mA cm−2 were 280 mV and 310 mV, respectively,
signicantly lower than those of commercial RuO2 catalysts
(Fig. 7e).90 This catalyst has outstanding OER performance is
primarily due to the electronic synergy between the NiO/Ni3S2
heterostructure and the phosphide layer. This synergy activates
the active sites of Ni, while the outer phosphide layer enhances
corrosion resistance, structural compactness, and electron
transfer rate on the catalyst's surface. Therefore, the catalyst can
maintain stability for 100 h at a current density of 100 mA cm−2

(Fig. 7f and g).
Fu et al. used electroplating to generate a series of Ni–P nano

microspheres on an asbestos substrate that is both exible and
corrosion-resistant, and synthesized NiPx@HA with both cata-
lytic HER and OER functions.94 Due to the strong chemisorption
between the nickel-rich material and the two-dimensional
This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (a) Fe–Ni2Pv in 1.0MKOH seawater electrolyte duringHER andOERwas represented schematically, showing the genuine phases and active sites.
(b) Fe–Ni2Pv and comparison catalysts were subjected to iR-compensated LSV polarization testing for OER, and the resulting curves were analyzed and
compared. (c) The Tafel slope and overpotential at 100 mA cm−2 of the Fe–Ni2Pv catalyst were compared with those of the recently reported OER
catalysts. (d) Different electrolyte solutions were used to obtain polarization curves of the Fe–Ni2Pv catalyst with iR-correction. Reproduced with
permission.89 Copyright 2023, Wiley-VCH. (e) The overpotentials for OER in seawater electrolytes were compared between NiO/Ni3S2@Ni5P4 and RuO2

catalysts. (f) Zeta potentials of NiO/Ni3S2@Ni5P4, NiO/Ni3S2, and a-Ni(OH)2 in seawater electrolyte. (g) The corrosion potentials and corrosion current
densities in seawater electrolyte were compared among NiO/Ni3S2@Ni5P4, NiO/Ni3S2, and a-Ni(OH)2. Reproduced with permission.90 Copyright 2023,
Elsevier. (h) Structural characterisation of FCNP@CQDs. The HRTEM images of a FCNP@CQDs: (h-1) show clear lattice spacing corresponding to the
(020) plane, (h-2) show a low crystalline or amorphous phase of Fe/Co/Ni phosphide; and (h-3) TEM image of a FCNP@CQDs nanotube and the
corresponding mapping for (h-4) Fe, (h-5) Co, (h-6) Ni, (h-7) C and (h-8) P. Reproduced with permission.91 Copyright 2023, Elsevier.

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A, 2024, 12, 23147–23178 | 23157
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layered substrate, and the hexahedral crystal structure of Ni5P4
enhancing electron transfer, the catalyst exhibits overpotentials
of 208 mV for HER and 392 mV for OER under a current density
of 200 mA cm−2. Furthermore, the catalyst maintains stability
for 960 h at a current density of 500 mA cm−2. Moreover, large-
area NiPx-based electrodes of 22 cm× 22 cm can be synthesized
using elemental doping engineering, enabling large-scale
hydrogen production in alkaline seawater electrolytes.
Although some progress has been made in the study of nickel-
based phosphide electrocatalysts in seawater electrolysis, some
challenges still need to be addressed. Firstly, consideration
needs to be given to how to scale up the preparation of nickel-
based phosphide electrocatalysts, which requires the develop-
ment of novel and simple methods. Currently, most of the
research progress has been limited to the preparation of such
catalysts on a small scale, and further research on how to realize
the scale-up of the structures is still needed, which is essential
for practical applications. In addition, nickel-based phosphides
as OER catalysts also need to improve the reaction selectivity.95

Many studies primarily concentrate on achieving high current
density in catalyst materials, oen overlooking the critical issue
of addressing catalyst oxidation.96 This oversight results in the
durability of the catalyst not meeting the stringent standards
required for industrial applications.

3.1.3 Nickel-based suldes. Similar to the phosphatization
of nickel-based materials, many studies have been reported in
recent years for suldes of nickel-based materials. Since tran-
sition metal suldes can be used to reconstruct the catalyst
surface, based on this property, sulde-based electrocatalysts
have been successfully synthesized in direct electrolysis of water
studies (Fig. 8a).97,101 The application of bimetallic suldes in
seawater electrolysis was explored for the rst time by Wang
et al. through NiCoS NSAs prepared by a simple one-step
hydrothermal method. The surface-incorporated suldes
enhanced the selectivity and corrosion resistance of the cata-
lysts. Furthermore, the NiCoS NSAs, with their large surface
area backbone structure, enabled the catalysts to achieve
a current density of 800mA cm−2 at a voltage of 2.08 V in natural
seawater, maintaining continuous operation for 100 h (Fig. 8b
and c).98 Incorporating phosphorus and sulfur (P/S) into a single
doped sulde material exhibits a synergistic effect and robust
coupling between these non-metallic elements. This unique
property can be leveraged to create a nickel sulde/phosphide
interface, enabling the development of electrocatalysts for
seawater electrolysis that offer both high activity and bifunc-
tionality. Wang et al. prepared NiPS/NF microsphere electro-
catalysts via a simple electrodeposition method.
Phosphorization and sulfation modications induced electron
rearrangement at the heterointerface, facilitating easier
adsorption of intermediates (Fig. 8d).70 Meanwhile, NiPS/NF is
a bifunctional catalyst for OER and HER, and can reach a high
current density of 100 mA cm−2 in alkaline seawater with only
344 mV and 188 mV overpotentials, respectively, without
degradation. This performance is attributed to the synergistic
effect of Ni2P and NiS2, which imparts excellent corrosion
resistance to the catalyst. Luo et al. synthesized Ni3S2/Fe–NiPx
with a spherical tesseract structure composed of nanocubes by
23158 | J. Mater. Chem. A, 2024, 12, 23147–23178
directly etching Ni3S2 with potassium ferrocyanide. This unique
structure exposedmore active sites, and the synergistic action of
P and S during the OER process created a defect-rich active
intermediate layer of Ni(OH)2/Ni(Fe)OOH, thereby regulating
the adsorption free energies of the intermediates.100 Ni3S2/Fe–
NiPx in alkaline seawater requires only 351 mV overpotential at
a current density of 1000 mA cm−2, with a stability of more than
225 h, and exhibits lower overpotentials (Fig. 8g). Combining
the advantages of NiFe LDHs in catalyzing OER with the
corrosion resistance of sulde layers in electrolytic seawater.
Sun et al.99 prepared NiFe-LDH-S by altering the surface
morphology of NF-LDH via plasma treatment technique. The
transition metal sulde layer formed on the catalyst can effec-
tively inhibit the adsorption of chloride ions due to electrostatic
repulsion. NiFe-LDH-S exhibits a minimum overpotential of
296 mV at a current density of 100 mA cm−2 in simulated
seawater (Fig. 8e and f). It shows negligible potential drop in
a 12 h continuous CP test, demonstrating corrosion resistance
and stability that meet industrial requirements.

3.1.4 Nickel-based nitrides. Compared to nickel-based
phosphides and nickel-based suldes, nickel-based nitrides
have slow kinetics of catalyst reactions due to the inherent
chemical inertness of elemental N.102 However, nickel-based
nitrides have also demonstrated good electrochemical proper-
ties by applying vacancy engineering, metal doping, etc. Wang
et al. reported a 3D multilayered heterostructured nanoarray
electrocatalyst (Ni3FeN@C/NF) (Fig. 9a) on which the N bonds
contracted the d-band of the metal catalyst, obtaining a higher
Fermi energy and exhibiting better electrochemical activity
(Fig. 9c).103,106 Meanwhile, the synergistic coupling between the
carbon coating covered on this catalyst and the Ni3FeN encap-
sulated within it ensures the electron transport ux. The nal
assembled electrolytic seawater tank can realize a current
density of 500mA cm−2 at a low cell voltage of 1.91 V (Fig. 9b). In
addition to single N-doped compounds, Zhao et al. enhanced
electrocatalytic activity by creating an interface between nitride
and sulde materials. They reported a NiNS electrode synthe-
sized via a simple one-step calcination process, using nickel
foam and thiourea under vacuum conditions.104 The electrode is
bifunctional with excellent catalytic properties, and the inter-
facial structure between Ni3N and Ni3S2 served as an electro-
chemically active site and contributed to the dissociation and
adsorption of water molecules. The overpotentials of this cata-
lyst for HER/OER were 197 mV and 404 mV, respectively, at 100
mA cm−2 current, which was signicantly better than those of
most non-metal-based electrocatalysts, such as Ni3N–Co and
Co3Se4/Co (Fig. 9d). Sun et al. synthesized sandwich-like
NiCoHPi@Ni3N/NF by electrodepositing bimetallic nickel
cobalt hydrogen phosphate (NiCoHPi) onto the surface of nickel
nitride (Ni3N) supported on nickel foam substrate.105 The
synergistic effect of the NiCoHPi deposition layer and Ni3N
substrate enhances charge redistribution and electron transfer
on the catalyst surface. Additionally, vertically grown nanosheet
arrays on nickel foam increase the electrocatalytic surface area,
providing more active sites. At the same time, this hierarchical
three-dimensional porous structure also promotes mass trans-
fer. Therefore, NiCoHPi@Ni3N/NF exhibits excellent
This journal is © The Royal Society of Chemistry 2024
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Fig. 8 (a) An illustration depicting the synthesis process of Ni3S2–NiFe LDHs/NF. Reproduced with permission.97 Copyright 2022, Elsevier. (b) CV
backward scan curves for the NiCoS electrode tested in different electrolytes. (c) The long-term stability of the NiCoS electrode in various
electrolytes was evaluated through chronoamperometry and chronopotentiometry measurements. Reproduced with permission.98 Copyright
2021, Elsevier. (d) A schematic illustration explains the enhanced electrocatalytic activity and stability of NiPS/NF for water electrolysis in anodic
seawater splitting. Reproduced with permission.70 Copyright 2022, Elsevier. (e) The electrochemical behavior of Ni-LDH, NiFe-LDH, and NiFe-
LDH-S350 electrodes was evaluated using linear sweep voltammetry (LSV) measurements in an electrolyte comprising 1.0 M KOH and 0.5 M
NaCl. (f) The Tafel slopes of the samples were determined by calculating the slope of the linear portion of the LSV curves. Reproduced with
permission.99 Copyright 2021, Elsevier. (g) Ni3S2/Fe–NiPx/NF and other catalysts with excellent performance, were compared in terms of the
overpotentials needed to reach current densities of 100, 500, and 1000 mA cm−2 for the OER in 1 M KOH and alkaline natural seawater.
Reproduced with permission.100 Copyright 2022, Wiley-VCH.
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bifunctional catalytic performance in simulated seawater elec-
trolyte, with the overpotentials of 174 mV and 365 mV for HER
and OER, respectively, at a current density of 100 mA cm−2, and
exhibits a stability of more than 120 h at 200 mA cm−2 (Fig. 9e–
g).

Nickel-based phosphides/suldes/nitrides can enhance the
OER performance by adjusting the proportions and congura-
tions of various elements. Enhancements in catalyst structure
optimization, electrocatalytically active site density, electron
transfer rate, and surface catalytic activity can greatly improve
This journal is © The Royal Society of Chemistry 2024
its OER performance.107,108 Furthermore, it is essential to thor-
oughly evaluate and enhance the stability and activity of the
catalysts in various settings and circumstances to improve the
efficiency of the OER reaction process.

3.1.5 Other nickel-based catalysts. In addition to the cata-
lysts reported above, in recent years researchers have also
utilized other methods to modify nickel-based catalysts. Metal-
doped nickel-based catalysts have essential application pros-
pects in OER.109 By doping different metal elements, the elec-
tronic structure and surface active sites of the catalysts can be
J. Mater. Chem. A, 2024, 12, 23147–23178 | 23159
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Fig. 9 (a) Synthesis process of NixFeyN@C/NF. (b) The polarization curves of the electrolyzer were obtained by testing it in electrolytes consisting
of 1 M KOH and amixture of seawater and 1 M KOH. (c) A visual representation of the electrolyzer is depicted, where Ni3FeN@C/NF is used as the
anode and Ni3N@C/NF serves as the cathode. Reproduced with permission.103 Copyright 2021, Royal Society of Chemistry. (d) In 1.0 M KOH
electrolyte, polarization curves were obtained for the NiNS//NiNS and Ir–C//Pt–C overall water splitting systems. Additionally, polarization
curves were also measured in buffer solution with a pH of 7.4 and seawater. Reproduced with permission.104 Copyright 2019, Royal Society of
Chemistry. (e) LSV curves of NiCoHPi@Ni3N/NF, NiCoHPi/NF, Ni3N/NF, and Pt/C/NF samples. (f) Tafel plots of NiCoHPi@Ni3N/NF, NiCoHPi/NF,
Ni3N/NF, and Pt/C/NF samples. (g) Nyquist plots were obtained at a potential of 1.49 V vs. RHE for the NiCoHPi@Ni3N/NF, NiCoHPi/NF, Ni3N/NF,
and Pt/C/NF samples. The polarization curves were also obtained with an 85% iR correction. Reproduced with permission.105 Copyright 2022,
Elsevier.
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modulated to enhance their catalytic activity and stability. It was
discovered that doping extremely small quantities of noble
metals can improve the catalyst's intrinsic electronic structure
and increase the catalyst's exposure to more active sites.110 Cui
et al. synthesized lily-like RuNi–Fe2O3/IF catalysts with ultra-low
Ru doping using a one-step hydrothermal method, and they
found that the appropriate Ru/Ni molar ratio has a signicant
effect on the formation of lily-like morphology.67 Meanwhile,
the doping of trace noble metal Ru could lead to the exposure of
highly active sites on the catalyst surface. Ru doping could also
modulate the electronic structure of Ni, which led to the charge
redistribution and signicantly enhanced the charge number
near the Fermi energy. In addition, the applied density of states
(DOS) indicates that the DOS of RuNi–Fe2O3/IF at the Fermi
energy is signicantly increased compared to Fe2O3, which
23160 | J. Mater. Chem. A, 2024, 12, 23147–23178
suggests that more electrons are involved in the catalytic reac-
tion, the conductivity of the catalyst is improved, and the
catalytic activity increases. Ultimately, RuNi–Fe2O3 achieved an
overpotential of only 329.0 mV with a current density of 100 mA
cm−2. In addition to doping trace amounts of noble metals, the
strategy of bimetallic co-doping can also signicantly improve
the performance of the electrocatalysts due to the coordinated
interactions between the constituent metals.111 Huang et al.
designed CoFe–Ni2P catalysts with layered nanosheet
morphology via secondary hydrothermal doping of Fe and Co
onto nickel phosphide.112 Fe heteroatoms enhance electrical
conductivity, while Co heteroatoms accelerate electrode surface
self-reconstruction. It is worth noting that the co-doping of Co
and Fe during the synthesis process caused the intermediate
product CoFe–Ni(OH)2 to be “melted” aer the phosphatization
This journal is © The Royal Society of Chemistry 2024
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process, which became a solidifying agent and bonded with the
neighboring microchips to form a robust microsphere struc-
ture. The layer-by-layer lamellar structure is substantial, which
ensures that the CoFe–Ni2P electrode maintains good solidity
and efficient electron transfer during high-current-density
electrolysis in seawater environments (Fig. 10a and b). Ulti-
mately, CoFe–Ni2P requires only a low overpotential of 304 mV
to achieve a current density of 500 mA cm−2 in a seawater
electrolyte of 6 M KOH while operating stably for 600 h.

Ni-based alloy catalysts are highly suitable for OER applica-
tions due to their intrinsic polarity arising from the incorpora-
tion of different metals. They also boast high mechanical
strength, excellent conductivity, and a variety of valence state
transitions. Li et al. synthesized a high-performance oxygen
evolution electrode, NiMoFe/NM, via thermal shock, exhibiting
excellent OER activity and stability for over 1500 h in simulated
Fig. 10 (a) A reaction energy diagram was constructed to illustrate the O
Ni2Pmaterials. (b) The adsorption energies of *Cl and *OH species at the N
NiOOH were assessed. Reproduced with permission.112 Copyright 2023
reformation with MoO4

2− was visualized, where yellow regions indicate e
Visualization of the projected density of states (pDOS) plots for Mo-4d
calculated values of the interfacial charge transfer (ICOHP) and a schem
adsorption in the NiMoFe/NM system. Reproduced with permission.113 Co
mechanism diagram, highlighting the roles of CoFeLDH@Ni2P in the pro

This journal is © The Royal Society of Chemistry 2024
alkaline seawater and 550 h in natural seawater.113 The oxidized
NiFeMo electrode forms quickly, and its amorphous surface
provides more defect sites, enhancing OER activity (Fig. 10c and
d). At the same time, the NiMoFe/NM system reduces the energy
barrier of adsorption of translation intermediates (Fig. 10e). In
a recent report, Xu et al.114 prepared CoFeLDH@Ni2P electro-
catalysts using cobalt-iron layered double hydroxides and nickel
phosphide by hydrothermal and electrodeposition industries.
The strong coupling effect between the amorphous cobalt–iron
layered double hydroxide interface and the crystalline nickel
phosphide interface alters the electronic conguration of the
catalyst's active sites. This design approach enhances the elec-
trocatalyst's performance by featuring amorphous–crystalline
interfaces. Stability analysis shows the catalyst undergoes
unique reconstructive behavior during the OER, forming
bimetallic co-precipitated NiOOH (CoFe–NiOOH) and Ni(OH)2,
ER at the Ni sites on the surface of Ni2P, Fe–Ni2P, Co–Ni2P, and CoFe–
i sites on the surfaces of NiOOH, Fe–NiOOH, Co–NiOOH, and CoFe–

, Elsevier. (c) The charge density difference of g-(NiFe)OOH after the
lectron accumulation and blue regions indicate electron depletion. (d)
, Ni-3d, and O-2p in the NiMoFe/NM and NiFe/NM systems. (e) The
atic illustration depicting the reduced strength of oxygen-intermediate
pyright 2023, Wiley-VCH. (f) The efficient water electrocatalysis activity
cess. Reproduced with permission.114 Copyright 2024, Elsevier.
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Table 1 Performance of recently reported nickel-based OER electrocatalysts

Catalysts Electrolyte
Overpotential for specic
current density Stability Ref.

NRAHM-NiO/NF 1.0 M KOH + seawater 340 mV@100 mA cm−2 100 h@500 mA cm−2 75
Fe–NiOxHy/CC 1.0 M KOH +0.6 M NaCl 206 mV@10 mA cm−2 12 h@10 mA cm−2 77
NiOx–FeOx@g-C3N4/NF 1.0 M KOH + seawater 380 mV@1000 mA cm−2 100 h@1000 mA cm−2 79
Ce–NiFe LDH/NF 1.0 M KOH + seawater 390 mV@1000 mA cm−2 500 h@1000 mA cm−2 83
Mo0.25–NiFe LDH/NF 1.0 M KOH + seawater 335 mV@500 mA cm−2 500 h@500 mA cm−2 84
NiMoFe/NM 1.0 M KOH + seawater 241 mV@10 mA cm−2 1500 h@100 mA cm−2 113
Fe–Ni2Pv/NF 1.0 M KOH + seawater 306 mV@1000 mA cm−2 100 h@100 mA cm−2 89
NiO/Ni3S2@Ni5P4/NF 1.0 M KOH + seawater 310 mV@10 mA cm−2 100 h@100 mA cm−2 90
NiPx/HA 1.0 M KOH +0.5 M NaCl 392 mV@200 mA cm−2 960 h@500 mA cm−2 94
NiCoS NSAs/NF 1.0 M KOH + seawater 440 mV@500 mA cm−2 100 h@100 mA cm−2 98
NiPS/NF 1.0 M KOH + seawater 392 mV@500 mA cm−2 60 h@200 mA cm−2 70
Ni3S2/Fe–NiPx 1.0 M KOH + seawater 351 mV@1000 mA cm−2 225 h@1000 mA cm−2 100
NiFe-LDH-S 1.0 M KOH +0.5 M NaCl 296 mV@100 mA cm−2 12 h@100 mA cm−2 99
Ni3FeN@C/NF 1.0 M KOH +0.5 M NaCl 351 mV@500 mA cm−2 100 h@100 mA cm−2 103
NiNS/NF 1.0 M KOH + seawater 404 mV@100 mA cm−2 12 h@100 mA cm−2 104
NiCoHPi@Ni3N/NF 1.0 M KOH + seawater 396 mV@100 mA cm−2 120 h@200 mA cm−2 105
RuNi–Fe2O3/IF 1.0 M KOH + seawater 497 mV@1000 mA cm−2 100 h@100 mA cm−2 67
CoFe–Ni2P/NF 6.0 M KOH + seawater 304 mV@500 mA cm−2 600 h@500 mA cm−2 112
CoFeLDH@Ni2P/NF 1.0 M KOH +0.5 M NaCl 363 mV@100 mA cm−2 55 h@100 mA cm−2 114
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which enhance OER activity and corrosion resistance (Fig. 10f).
The catalyst requires a lower overpotential of 398 mV to achieve
a current density of 100 mA cm−2 in alkaline seawater electro-
lyte, surpassing most reported nickel-based materials (Table 1).
3.2 Nickel-based catalysts for HER

For the HER, Ni has the smallest jDGH*j among all transition
metals, the ability to reach the maximum current density at the
same overpotential, and the ability to tune the electronic
conguration of the surrounding elements, which contributes
to the enhancement of the HER activity.69,115 Researchers have
modied nickel-based materials by defect engineering and
elemental doping to construct efficient nickel-based HER cata-
lysts. This section summarizes the HER catalysts reported in
recent years at home and abroad.

3.2.1 Nickel-based catalysts with noble metal traces. It was
found that the doping of small amounts of noble metals can
improve the performance of catalysts in several ways compared
to non-precious metal catalysts.116 Firstly, small quantities of
precious metal doping improved the surface structure of the
catalysts and increased the number of active sites on their
surfaces. This enables the catalyst to provide more effective
reaction sites, thus enhancing the reaction activity.117 Secondly,
doping with a small amount of noble metals enhances the
electron arrangement and transport properties on the catalyst
surface. This modulation of the electronic structure increases
the adsorption and electron transfer rate of reactants, thereby
promoting the catalytic reaction.110,118 Therefore, doping small
amounts of precious metals play an essential role in enhancing
catalytic activity and promoting HER.119 Through the combined
effect of these mechanisms, precious metal doping can exert its
unique catalytic properties, providing new strategies and solu-
tions for efficient energy conversion and storage. Using this
strategy, Zhai et al. doped a small amount of Ir onto a nickel–
23162 | J. Mater. Chem. A, 2024, 12, 23147–23178
iron-based MOF substrate with a high specic surface area
using a one-step hydrothermal method, resulting in MIL-
(IrNiFe)@NF (Fig. 11b).120 The tri-metal synergy signicantly
increased the active sites on the catalyst surface, enhancing its
overall catalytic performance. The addition of Ir induces the
formation of a unique microsphere structure on the catalyst
surface, while the MOF structure enhances ion diffusion paths.
Additionally, the nickel foam substrate increases the surface's
electrical conductivity, further improving the catalyst's perfor-
mance. Combined with the above reasons, the MOFs (MIL-
(IrNiFe)@NF) have excellent HER catalytic activity as well as
corrosion resistance in alkaline seawater electrolytes. It only
requires 235 mV to catalyze the HER to reach a current density
of 1000 mA cm−2 in alkaline natural seawater (Fig. 11a). Hu
et al. prepared Pt–Ni@NiMoN by ammonolysis aer embedding
and loading a very low amount of Pt (0.07 wt%) onto transition
metal nitride (NiMoN) carriers (Fig. 11c).121 This resulted in Pt–
Ni@NiMoN exhibiting superior HER catalytic properties
compared to commercially available 20 wt% Pt/C electro-
catalysts. Due to the strong inter-electronic interactions
between Pt and other atoms and enhanced water polarization,
the catalyst has an overpotential of only 90 mV in seawater up to
a current density of 500 mA cm−2 and remains stable for more
than 200 h in a highly concentrated (2 M) seawater sodium
chloride solution, which has the potential to be used in large-
scale industrial applications (Fig. 11d and e). Based on
a similar strategy, Su et al. combined ultra-low-content Pt with
substable-phase hexagonal close-packed Ni to prepare Pt-hcp Ni
NBs (Fig. 11f), whose unique crystal structure optimizes the
adsorption process of the reaction intermediates, with an
overpotential of 137 mV at 10 mA cm−2 in real seawater elec-
trolysis.122 Although the doping of trace precious metals will
improve the activity of nickel-based catalysts, due to the scarcity
and high cost of precious metals, gradually nding methods to
This journal is © The Royal Society of Chemistry 2024
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Fig. 11 (a) Comparison of the OER polarization curves for the electrolyzer containing MIL-(IrNiFe)@NF catalyst in two different electrolyte
conditions: 1.0 M KOH+ seawater and 1.0 M KOH+ seawater + 0.5 M N2H4. (b) Illustrative diagram depicting the step-by-step formation process
of the MIL-(IrNiFe)@NF catalyst. Reproduced with permission.120 Copyright 2021, Royal Society of Chemistry. (c) Calculated DOS for Ni@NiMoN
and Pt–Ni@NiMoN. Bare NF, NiMoO4/NF, Pt–NiMoO4/NF, Ni@NiMoN/NF, Pt–Ni@NiMoN/NF and Pt–C/NF in 1 M KOH + real seawater. (d) The
LSV curves. (e) The Tafel plots. Reproduced with permission.121 Copyright 2023, Royal Society of Chemistry. (f) Enlarged view of Ni sites and the Pt
site mechanism in the reaction. Reproduced with permission.122 Copyright 2023, American Chemical Society.
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replace the doping of trace precious metals will be a future
research direction.

3.2.2 Nickel-based catalysts with non-precious metal
doping. The doping strategy of non-precious metal elements
shows apparent advantages in catalyzing the HER in seawater
electrolysis. Firstly, compared with the doping of trace precious
metals, the direct doping of inexpensive metals can further
reduce the cost of catalyst preparation, which is conducive to
the realization of large-scale industrial applications.123

Secondly, introducing transition metals, for example, can
introduce additional active sites for nickel-based catalysts and
modulate the surface and electronic structures of catalysts.124
This journal is © The Royal Society of Chemistry 2024
Finally, the introduction of somemetal elements can reduce the
DGH* and also accelerate the desorption of OH*, which results
in the rapid release of active sites, thus accelerating the kinetics
of the HER.125 Lu et al. synthesized Mn–NiO–Ni/Ni–F by pyro-
lyzing manganese-based metal–organic frameworks (Mn-MOF)
on nickel foam.126 The Mn-doped Mn–NiO–Ni/Ni–F demon-
strated superior catalytic performance compared to the pristine
NiO–Ni composite, as the presence of Mn decreased the DGH*,
enhancing catalytic activity for HER (Fig. 12a). Additionally, the
presence of Mn was found to enhance the catalytic stability of
NiO–Ni composites. This improvement is attributed to the
formation of NiMnOx on the catalyst surface, which protects the
J. Mater. Chem. A, 2024, 12, 23147–23178 | 23163
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Fig. 12 (a) The LSV curves of Mn–NiO–Ni/Ni–F, Pt/C/Ni–F and Ni–F in natural seawater. Reproduced with permission.126 Copyright 2018, Royal
Society of Chemistry. (b) Schematic depiction of the synthetic pathways employed for the fabrication of MN-NMN-based catalysts. (c) A
computed free energy diagram showcasing the energetics of H2O*, H–OH, and [H +OH]* on various catalysts, includingMo2N, Ni3Mo3N, Mo2N/
MoOx, Mo2N–Ni3Mo3N, Ni3Mo3N/MoOx, Mo2N/NiOOH, and Ni3Mo3N/NiOOH. (d) Stability tests of MN-NMN09/NF were conducted using
chronoamperometry, maintaining constant current densities of 500mA cm−2 for 120 hours in an alkaline seawater electrolyte. Reproduced with
permission.127 Copyright 2023, Wiley-VCH. Scanning electron micrographics of the (e) Ni-Watts. (f) NiMo alloy. (g) Ni(Nb2O5) composite. (h)
Ni(WO3) composite. Reproduced with permission.128 Copyright 2022, Elsevier.
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outer layer from oxidation. As a result, the catalytic activity
remains stable for hundreds of hours during the HER. In the
electrolysis of natural seawater test, the catalyst showed supe-
rior HER catalytic performance to Pt/C with lower onset over-
potential. To investigate strategies for enhancing the HER
activity and stability of nickel-based materials through
elemental doping, Ysea et al. compared NiMo alloy catalysts,
Ni(WO3), and Ni(Nb2O5) composite catalysts with pure nickel-
based catalysts (Fig. 12e–h).128 They found that all doped cata-
lysts, unlike the pure nickel-based ones, exhibited irregular
surface areas, which increased the number of active sites and
surface roughness, thereby improving catalytic activity. It was
found that NiMo alloys have higher solubility under corrosive
conditions, while nickel matrix composites exhibit better
corrosion resistance. This is due to the higher proportion of
(111) nickel planes compared to (200) planes, resulting in lower
surface energy. The higher I(111)/I(200) ratio indicates better
stability of the catalysts. Therefore, composites are superior to
single Mo-doped catalysts, which is conducive to improving the
23164 | J. Mater. Chem. A, 2024, 12, 23147–23178
stability of nickel-based materials in future hydrogen produc-
tion from electrolytic seawater. Therefore, the use of composites
is superior to single Mo-doped catalysts, which is conducive to
improving the stability of nickel-based materials in future
hydrogen production from electrolytic seawater. Furthermore,
NiMo-based alloys have been found to bring the DGH* in the
HER close to zero. Based on this, Zhu et al. synthesized
heterogeneous Mo2N/Ni3Mo3N electrocatalysts (Fig. 12b).127

They achieved this by optimizing the ratio of NiMo-based
content on a nickel foam substrate and calcining the
precursor with the determined optimum molybdenum content
under ammonia gas. The electrocatalyst can reach a current
density of 500 mA cm−2 in seawater electrolyte at a low over-
potential of 123 mV for HER and has a stability of more than
120 h (Fig. 12d). According to Raman analysis, the catalyst can
adsorb H2O faster and dissociate OH− faster in the HER, and
DFT disclosed that the heterogeneous interfacial structure can
reduce the DGH* of the catalyst (Fig. 12c). Bu et al. utilized the
property that NiMo-based alloys can reduce DGH* and prepared
This journal is © The Royal Society of Chemistry 2024
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NiMo@C3N5 catalysts with a unique heterogeneous structure by
using two-dimensional C3N5 as a shell.129 The carbon-based
shell effectively protects the catalyst's inner core from
seawater poisoning and optimizes the HER pathway. Density
functional theory calculations revealed multiple electron
transport channels at the interface between the NiMo inner core
and the carbon-based shell. This “killing two birds with one
stone” property lowers the reaction rate step's energy barrier
and reduces the reaction's overpotential. Finally, NiMo@C3N5

Faraday efficiency in seawater was as high as 94.8%. These
aforementioned reports suggest that the development of high-
performance HER electrocatalysts by doping and interfacial
engineering of non-precious metal elements is a feasible
strategy.
Fig. 13 (a) XRD patterns of NFP@NC-300, NFP@NC, and NFP@NC-400 w
NFP@NC. Reproduced with permission.131 Copyright 2023, Springer Natu
NiS@LDH/NF. Reproducedwith permission.132 Copyright 2023, Wiley-VCH
Reproduced with permission.133 Copyright 2023, Wiley-VCH. (e) Electro
cyclic voltammetry (CV) scans. (f) A schematic representation of the ele
forming into Fe0.01&Mo–NiO, is depicted. Reproduced with permission.4

This journal is © The Royal Society of Chemistry 2024
Non-precious metal-doped nickel-based electrocatalysts can
be used in various methods to enhance the efficiency of HER in
diluted seawater. Key efforts include optimizing the structural
design of catalysts and managing lattice defects to boost active
site density and enhance electron transport rate. Furthermore,
the catalytic activity of HER can be improved through surface
modication and the inclusion of appropriate heteroatoms or
chemicals. When conducting HER in seawater, it is important
to evaluate the stability of the catalyst and its capacity to resist
contaminants in saltwater to guarantee the catalyst maintains
efficient and durable performance in challenging conditions.

3.2.3 Nickel-based phosphide. In addition to enhancing
the intrinsic activity of the OER, nickel-based phosphides also
play a crucial role in boosting the intrinsic activity of the reac-
tion during the synthesis of HER catalysts.130 Nickel-based
ere analyzed. (b) Schematic illustration of the synthesis process of the
re. (c) Schematic illustration of the synthesis of core–shell-structured
. (d) XPS spectra of Ni 2p were obtained for B,V-Ni2P, V-Ni2P, and Ni2P.
chemical reconstruction of Fe0.01–Ni&Ni0.2Mo0.8N was observed by

ctrochemical reconstruction process of Fe0.01–Ni&Ni0.2Mo0.8N, trans-
8 Copyright 2022, Royal Society of Chemistry.
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phosphides increase the catalysts' activity and stability and offer
abundant active sites for reactant adsorption and electron
transfer, as illustrated in Fig. 13a and b.131 Moreover, their
excellent chemical stability and corrosion resistance enable
them to maintain high activity and longevity throughout
extended reaction processes. Furthermore, the rich tunability of
nickel-based phosphides allows for precise adjustment of
catalyst activity and selectivity by modulating synthesis
methods, composition, and structure.70 This tunability
enhances the exibility and options available for catalyst design
and optimization.

Nickel phosphide has garnered attention among recent HER
electrocatalysts for its high electrical conductivity, activity, and
tunable electronic conguration. The phosphate layer formed
by surface oxidation in seawater repels Cl− ions and mitigates
catalyst corrosion effectively.134 Zhao et al. synthesized a B,V-
Ni2P electrode by co-doping boron and vanadium phosphide.
Vanadium doping enhances the dissociation of water by nickel
phosphide, while boron and vanadium co-doping adjusts the
electronic conguration of nickel phosphide, promoting inter-
action with intermediate products and enhancing HER
activity.133 In addition, the doping of V also favours the induc-
tion of Ni lattice distortion, and according to XPS, the Ni2P
binding energy is negatively shied (Fig. 13d), indicating that
its electrons undergo rearrangement. Ultimately, the B,V-Ni2P
electrocatalysts only require an overpotential of 162 mV to reach
a current density of 100 mA cm−2 in the simulated seawater of
1 M KOH and 0.5 M NaCl, and the nanomorphology of the
surfaces has also remained essentially. The nanomorphology of
its surface was also basically unchanged in the long-term test,
which has good stability.

3.2.4 Nickel-based suldes. Similar to nickel phosphides,
nickel suldes also exhibit high chemical stability in seawater
electrolysis environments, particularly in chloride-containing
seawater where they demonstrate superior corrosion resis-
tance.135 Furthermore, nickel suldes typically present lower
overpotentials in HER, thereby enhancing the efficiency of the
HER process.119 This combination of high chemical stability
and low overpotential makes nickel suldes highly effective
catalysts for HER in seawater electrolysis.

Ren et al. utilized nickel sulde (Ni3S2) on nickel foam to
design the heterostructure NiS@LDH/NF with OER activity.132
Table 2 Performance of recently reported nickel-based HER electrocat

Catalysts Electrolyte
Ov
cur

MIL-(IrNiFe)/NF 1.0 M KOH + seawater 235
Pt–Ni@NiMoN/NF 1.0 M KOH + seawater 11
Pt-hcp Ni NBs 1.0 M KOH + seawater 137
MN-NMN/NF 1.0 M KOH + seawater 123
NiMo@C3N5 pH = 7.4 seawater 486
NiS@FeNiP/NF 1.0 M KOH + seawater 327
Fex–Ni&Ni0.2Mo0.8N/NF 1.0 M KOH + seawater 69
B,V-Ni2P 1.0 M KOH +0.5 M NaCl 162
NiS–FeS@IF 1.0 M KOH +0.5 M NaCl 322
Ni-SN@C 1.0 M KOH + seawater 23

23166 | J. Mater. Chem. A, 2024, 12, 23147–23178
They then phosphorylated it to obtain NiS@FeNiP/NF, which
exhibited excellent HER activity (Fig. 13c). During the
synthesis, electron transfer from Ni3S2 to the FeNi2P interface
facilitated charge redistribution, improving interaction with
reaction intermediates. Consequently, the HER activity in
alkaline seawater electrolyte was signicantly enhanced
compared to NiS@LDH/NF. Through a combination of theo-
retical calculations and experiments, researchers found that
NiS@FeNiP/NF, with its superhydrophobic/superhydrophilic
surface properties, exhibits excellent H2O adsorption
capacity and promotes hydrogen release during the HER. This
enables the catalyst to reach 500 mA cm−2 in an alkaline
seawater electrolyte, with an overpotential of 237 mV. Fan et al.
developed a heterogeneous and corrosion-resistant iron–
sulfur-based catalytic electrode, NiS–FeS@IF, using a simpli-
ed one-step sulfuration-etching method.135 This catalyst
demonstrated a low overpotential of just 322 mV for the HER at
a current density of 500 mA cm−2. More importantly, the NiS–
FeS@IF electrode sustained industrial-grade high current
densities of 1 A cm−2 for over 500 h without signicant
performance degradation. The distinct and evenly distributed
structure of NiS–FeS improves interfacial electron transfer,
maximizes the exposure of active sites, and offers efficient
routes for quick bubble release and mass transfer. Addition-
ally, this straightforward one-step sulfuration method, distinct
from traditional hydrothermal methods, shows promise for
large-scale industrial production.

3.2.5 Nickel-based nitrides. Nickel nitrides, while having
lower intrinsic catalytic activity and fewer active sites compared
to nickel phosphides and suldes, offer signicant advantages
as electrocatalysts for HER. They exhibit excellent mechanical
strength and chemical stability, maintaining structural integrity
during prolonged operation. Their good corrosion resistance in
seawater electrolysis environments enables them to withstand
chloride ion corrosion effectively.136 Additionally, nickel
nitrides are cost-effective and possess good electrical conduc-
tivity, enhancing electron transfer efficiency. Their multi-
functionality allows for performance optimization through
element doping, adjusting their electronic structure and cata-
lytic properties.138,139 Despite their lower intrinsic activity, these
strengths make nickel nitrides promising candidates for HER
electrocatalysis.
alysts

er potential for specic
rent density Stability Ref.

mV@1000 mA cm−2 100 h@100 mA cm−2 120
mV@10 mA cm−2 110 h@400 mA cm−2 121
mV@10 mA cm−2 130 h@500 mA cm−2 122
mV@500 mA cm−2 120 h@500 mA cm−2 126
mV@10 mA cm−2 10 h@10 mA cm−2 129
mV@1000 mA cm−2 120 h@500 mA cm−2 132

mV@100 mA cm−2 80 h@425 mA cm−2 48
mV@100 mA cm−2 100 h@500 mA cm−2 133
mV@500 mA cm−2 500 h@1 A cm−2 136

mV@10 mA cm−2 24 h@10 mA cm−2 137

This journal is © The Royal Society of Chemistry 2024
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Based on the property that NiMo-based alloys can reduce
DGH*, Ning et al. successfully synthesized Fe-doped NiMo-based
alloy nitrides Fex–Ni&Ni0.2Mo0.8N on nickel foam.48 These
catalysts exhibited excellent HER activity, achieving efficiencies
comparable to the highest among reported non-precious metal
catalysts. Meanwhile, they found that varying the doping
concentration of Fe element can change the nanorod size in the
catalyst on the one hand. On the other hand, it will signicantly
affect its intrinsic HER activity. It is found that Cdl decreases
with the increase of Fe doping, which indicates that the increase
of Fe doping leads to the decrease of ECSA. In contrast, a small
amount of Fe doping does not change the intrinsic activity of
the catalyst, and also its electrochemically reconstructed
product Fe0.01&Mo–NiO exhibits superior OER performance
(Fig. 13e and f). Jin et al. developed a catalyst featuring abun-
dant unsaturated Ni–N bonds, designated as Ni-SN@C, for the
Fig. 14 (a) A visual representation is provided to demonstrate the implem
seawater electrolysis. Reproduced with permission.144 Copyright 2024, Am
OER of different samples, including NF, NF/Ni(OH)2, NF/Ni3N, NF/Ni3N@
alkaline simulated seawater (1 M KOH+ 0.5 MNaCl). A summary of the ov
mA cm−2 for each sample is provided. Reproduced with permission.145 Co
Ni foam can be visually depicted through a schematic illustration. (d) E
representation of PO4

3− against Cl− corrosion in PO4
3−/NiFe-LDH enviro

any ionic intercalation. (g) Energy barrier for Cl− migration in NiFe-LDH
2022, Wiley-VCH.

This journal is © The Royal Society of Chemistry 2024
HER in alkaline seawater.136 This catalyst exhibited both high
activity and stability, achieving a remarkably low overpotential
of 23 mV at a current density of 10 mA cm−2, outperforming
commercial Pt/C. Moreover, Ni-SN@C demonstrated the ability
to generate hydronium ions in high-pH electrolytes, a charac-
teristic similar to that of precious metal catalyst Pt. This study
underscores the signicant potential of surface modication
engineering of transition metals for industrial hydrogen
production (Table 2).
4. Anti-corrosion strategies for
nickel-based materials

In contrast to freshwater electrolysis, seawater electrolysis faces
electrode corrosion due to the corrosive nature of chloride ions
entation of double-polyamide thin-film composite (TFC)membranes in
erican Chemical Society. (b) The electrocatalytic performance for the

PA, NF/Ni3N@NiFe-PA, NF/PA, and NF/NiFe-PA, has been evaluated in
erpotentials required for achieving current densities of 50, 100, and 200
pyright 2023, Wiley-VCH. (c) The structure of NiFe-LDH supported on
nergetic barriers to Cl− migration in PO4

3−/NiFe-LDH. (e) Schematic
nment. (f) Schematic representation of Cl− crossing NiFe-LDH without
without ionic intercalation. Reproduced with permission.146 Copyright
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present in seawater. Researchers have explored various strate-
gies to enhance the stability and prolong the service life of
nickel-based materials in this challenging environment.35,140

Apart from leveraging the inherent corrosion resistance of
nickel-based materials, efforts have been made to target the
development of high-activity catalysts for seawater electrolysis
at low overpotential conditions, focusing on improving OER
selectivity and reducing the competitive CER.141 Recent studies
have concentrated on enhancing the corrosion resistance of
nickel-based electrocatalyst materials through doping with
corrosion-resistant ions, utilizing electrostatic repulsion, and
incorporating protective layers.142,143

4.1 Electrostatic repulsion strategy

Construction of polyanionic systems on catalyst surfaces or
intercalations, shielding the corrosive effect of chloride ions by
Fig. 15 (a) Visual representations of electrolyte systems above the electro
Comparison of the electrochemical performance for OER on NiFe-LDH
presented as LSV curves. (c) In different electrolytes, the LSV curves of
tained. Reproduced with permission.150 Copyright 2021, Wiley-VCH. (d) T
the model electrode at different local pH values. Reproduced with perm
NiFeOx in K-borate and K-borate/phosphate electrolytes in KCl. (f) CV
KBr.152 Copyright 2024, Royal Society of Chemistry.

23168 | J. Mater. Chem. A, 2024, 12, 23147–23178
electrostatic repulsion and thus increasing the stability of the
catalyst is a common corrosion resistance strategy
(Fig. 14a).144,147 Zhang et al. investigated the impediment to Cl−

migration using different ionic intercalations between NiFe-
LDH intercalations through DFT calculations (Fig. 14c).146 The
results showed that the PO4

3− intercalation had the strongest
rejection of chloride ions, where the migration energy barrier of
chloride ions was 2.91 eV (Fig. 14d), which was higher than that
of its control CO3

2− (2.57 eV) and OH− intercalation (0.86 eV). As
a result, a strategy to intercalate PO4

3− groups in NiFe-LDH is
proposed, where PO4

3− carrying a large negative charge can
facilitate an electrostatic repulsion strategy to prevent chloride
ions from passing through the NiFe-LDH intercalation, pre-
venting the nickel matrix from being corroded (Fig. 14e–g). A
series of electrochemical tests revealed that the corrosion
resistance life of PO4

3− inserted NiFe-LDH was extended by
de surface obtained from classical molecular dynamics simulations. (b)
nanoarrays supported on NF in electrolytes with and without SO4

2−,
NiFe-LDH/NF with iR compensation for overall water splitting are ob-
he figure is a schematic representation of the degradation behaviour of
ission.151 Copyright 2024, American Chemical Society. (e) CV curves of
curves of NiFeOx in K-borate and K-borate/phosphate electrolytes in

This journal is © The Royal Society of Chemistry 2024
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more than one hundred times compared to pristine NiFe-LDH.
Based on the same principle, NF/Ni3N@NiFe-PA constructed by
Li et al. also has good corrosion resistance. The researchers
quantied the concentration of Cl− by ion chromatography, and
NF/Ni3N@NiFe-PA only adsorbed 0.11 mm Cl−, which is lower
than the original NF/Ni3N (0.26 mm Cl−) (Fig. 14b).145 The
phosphate-rich surface of the catalyst prevents chloride ion
corrosion through electrostatic repulsion. Additionally, the
multilayer structure of corrosion-resistant Ni3N and in situ-
generated NiFeOOH enhances corrosion inhibition. Besides
phosphate groups, sulfur-containing, carbon-containing, and
other anionic groups are also used to improve corrosion resis-
tance based on electrostatic repulsion principle.99,148 Kang et al.
reported a RuMoNi electrocatalyst with in situ-grown MoSO4

2−

that preferentially adsorbs at the anode and repels chloride ions
during electrolysis, which can be operated continuously for
3000 h at a current density of 500 mA cm−2 and is 100%
selective for OER in a 1 M KOH + simulated seawater
electrolyte.38
Fig. 16 Anodic activity CP tests without iR compensation and correspond
(a) Mo–Ni3S2/NMF and (b) Ni3S2/NF in N2-saturated 1.0 M NaOH electrol
50 to 800mA. The hold time for each step was set to 300 s. The inset in th
The HAADF-STEM image and elemental mapping of Mo–Ni3S2/NMF are
performance of HEA-NCFCC/NF@EA in 1.0 M KOH, 1.0M KOH + 0.5 M
impedance spectroscopy; (f) Tafel plots;158 Copyright 2023, Elsevier.

This journal is © The Royal Society of Chemistry 2024
4.2 Adding corrosion inhibitors to the electrolyte

The addition of corrosion inhibitors to the electrolyte can serve
two main purposes: promoting the exclusion of chloride ions by
the polyanion in the electrolyte or facilitating a reaction between
a specic component in the electrolyte and the catalyst surface.149

This reaction can lead to forming a passivation layer on the
catalyst surface, thereby enhancing its corrosion resistance. Ma
et al. exploited this strategy by adding sulphate to the electrolyte
to improve catalyst corrosion resistance, and the catalysts were
stable for 3–5 times longer than when reacting in a seawater
electrolyte without SO4

2− (Fig. 15a–c).150 Recently, Hiroki et al.152

added a borate/phosphate hybrid additive to an alkaline seawater
electrolyte, where borate is used as a buffering reagent to main-
tain the stability of the electrolyte pH. In contrast, phosphate can
form a passivation layer with Ni on the catalyst at a pH of 9.2,
preventing the catalyst from dissolving due to corrosion (Fig. 15e
and f). Researchers used redox probes and Operando XAS analysis
to investigate the catalyst's corrosion protection mechanism at
non-extreme pH levels. They ruled out electrostatic repulsion as
ing O2 Faraday electrical efficiency measurements were performed on
ytes containing 0.5 M NaCl and no NaCl, respectively, at currents from
e figure shows a photograph of the electrolyte after iodide titration. (c)
shown. Reproduced with permission.157 Copyright 2023, Elsevier. OER
NaCl and alkaline seawater (d) polarization curves; (e) electrochemical
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a factor in the enhanced corrosion resistance, demonstrating that
increased stability is due to surface complex formation on the Ni
group and passivation. Tang et al. found that a decrease in pH
around the anode during the electrolysis of seawater accelerated
the corrosion of the electrode material by chloride ions, and that
this corrosion behaviour increased rapidly with increasing
current density.151 The researchers classied the results of elec-
trochemical testing of the materials at different pH and current
densities and found that the electrode materials can undergo
a stable oxygen precipitation reaction in the blue, low-current-
density, high-pH region, while the electrodes dissolve violently
in the red, high-current-density, low-pH region (Fig. 15d). This
nding draws attention to the fact that, in addition to a corrosion-
resistant strategy for the catalyst, the construction of a long-
lasting electrolyte/electrolyte interfacial microenvironment is an
important factor in determining the stability of electrolytic
seawater.153
4.3 Doped corrosion-resistant ions

Doping the catalyst with corrosion-resistant ions is another
effective method to extend its service life. Incorporating metal
ions with good corrosion resistance into the catalyst's structure
enhanced its ability to resist corrosion by chloride ions.154 These
corrosion-resistantmetal ions not only improve the surface redox
activity of the catalyst but also help reduce the corrosive impact
of chlorides on the catalyst.155,156 Ou et al. uniformly doped Mo
into Ni3S2 to obtain Mo–Ni3S2/NMF (Fig. 16c). Electrochemical
measurements and DFT calculations revealed that Mo doping
increased the binding energy with *OH and decreased the
binding energy with *Cl on the catalyst surface, thereby
enhancing corrosion resistance (Fig. 16a and b).157 Meanwhile,
the in situ-grown SOx

n− also improves the corrosion resistance of
the catalyst through the principle of electrostatic repulsion,
which can maintain the stability of 160 h at 1.53 V. Rare earth
elements have good chemical stability and corrosion resistance,
and the doping of appropriate amount of rare earth ions in the
catalyst can improve its corrosion resistance. Recently, Yao et al.
doped Ce on NiFe LDH, and Ce generated a protective layer of
CeO2 to prevent chloride ions from penetrating the catalytic layer
during the electrolysis of seawater.83 The electrocatalyst can work
stably for 500 h at a current density of 1000 mA cm−2, a nding
that points the way to exploring Ce-doped LDH. Multi-
component catalysts, such as high-entropy alloys, offer
enhanced corrosion resistance through the coordination of each
metal component, compared to single mono or binary metal
catalysts.159 Bian et al. used a one-step electrodeposition method
to construct a high-entropy alloy multi-component catalyst
NiFeCuCoCe HEA on a nickel foam substrate. Further, they
enhanced the corrosion resistance of the material through the in
situ growth of various hydroxyl oxides on the surface of the
catalyst by modication (Fig. 16d–f).158 Characterizing the
surface of the catalyst aer the OER by XPS, the researchers
found that there was no signicant reconstruction of the surface
of the samples used for a long period of time, demonstrating the
good corrosion resistance of the catalyst. This is attributed to the
incorporation of NiCuCe corrosion-resistant elements and the
23170 | J. Mater. Chem. A, 2024, 12, 23147–23178
formation of a dense layered structure on the catalyst surface
during modication, both of which work in tandem to prevent
the corrosion of chloride ions.

5. Conclusions and outlook

Seawater, as an abundant renewable resource on the planet,
provides a high-quality source of direct electrolysis for hydrogen
production. This method enables the production of hydrogen
and freedom from dependence on other fossil fuels, making it an
essential means of contributing to the goal of carbon neutrality
by 2060.160 The process of direct electrolysis of seawater for
hydrogen production has the unique advantage of not only
avoiding pollutants and greenhouse gases, but also serving as
a sustainable source of hydrogen energy. However, the existence
of expensive production costs of precious metal catalysts and the
challenge of corrosion of catalysts by seawater make direct
electrolysis of seawater unattainable for large-scale commercial
applications. Facing this background, the research progress for
modifying non-precious-metal nickel-based electrolyte materials
and the corrosion-resistant strategy of nickel-based catalysts in
seawater have attracted much attention in recent years.

This review provides an overview of the subject, summarising
the latest research advances and strategies. The principle of
seawater electrolysis, the basis for judging electrocatalyst activity,
and the pathways reported in recent years to improve the cata-
lytic activity and stability of OER andHER in seawater electrolysis
with modied nickel-based electrolyte materials are explained.
Meanwhile, effective corrosion resistance strategies in recent
years are summarised to study catalyst corrosion in seawater
environments. These research results point the way to the further
development and commercial application of direct electrolysis of
seawater for hydrogen production. By reducing catalyst costs,
improving catalytic activity and stability, and designing
corrosion-resistant nickel-based catalysts, we are expected to
overcome the current technological limitations and promote the
large-scale application of direct electrolysis of seawater for
hydrogen production, which will make a signicant contribution
to the achievement of sustainable energy development and the
goal of carbon neutrality.

Although nickel-based catalysts have achieved electro-
chemical activity comparable to commercial noble metal-based
catalysts through modication, the current technology is still
unable to meet the demand for large-scale commercial appli-
cations.161,162 The main reasons for this status quo are twofold.
Firstly, these modied nickel-based catalysts are still in the
laboratory stage, with low yields for single synthesis and time-
consuming preparation processes, making it impossible to
achieve batch production.163 Secondly, it is important to note
that despite the improvements achieved by doping the catalyst
with corrosion-resistant ions, there are still challenges in the
stability of these modied catalysts during high-current, long-
duration seawater-catalyzed electrolysis. Further research is
required to address these issues effectively. In the future, efforts
can be focused on enhancing the electrochemical performance
of nickel-based catalysts to a level where they can be utilized
commercially.164,165
This journal is © The Royal Society of Chemistry 2024
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5.1 Further exploration of corrosion resistance strategies

In the future, to further promote the commercialisation of
electrolytic seawater, researchers should continue to gain
a deeper understanding of the mechanism of electrolytic
seawater as well as propose corrosion-resistant strategies. For
example, corrosion-resistant materials and new synthesis
pathways can be selected.35 Materials with good corrosion
resistance are sought as growth substrates for electrocatalysts.
These materials can include corrosion-resistant metals or alloys
and carbon-based materials with excellent corrosion resis-
tance.166 In addition, modifying and protecting the surface of
the electrocatalyst can enhance its corrosion resistance. For
example, suitable surface coatings, lms or encapsulating
materials are used to block corrosive substances in seawater
from coming into direct contact with the catalyst. Surface
modication can also improve the stability of the electrocatalyst
by changing the surface chemistry or forming a protective oxide
layer, for example. By optimizing the characteristics of the
catalyst in terms of nanostructure as well as crystal morphology,
it is also an excellent way to improve its corrosion resistance.
For example, reasonable control of the lattice defects and pore
structure of the catalyst can enhance its corrosion resistance
and improve the catalytic activity. It is worth noting that regu-
lating the environmental conditions of the catalytic reaction,
such as controlling the pH value and temperature of the elec-
trolyte, can optimize the corrosion resistance of the electro-
catalyst. Appropriate electrolyte composition and concentration
are reasonably selected to avoid the corrosion of the catalyst by
excessive pH and ion concentration. Finally, advanced moni-
toring and analysis techniques, such as in situ spectroscopy and
electrochemical testing, are used to track and evaluate the
performance of the electrocatalyst in a corrosive environment in
real-time. This will help to understand the corrosion mecha-
nism and provide guidance for optimising the design and
regulation of electrocatalysts.
5.2 Developing more efficient and scaleable synthesis
methods

Optimization of the synthesis conditions can be carried out to
nd the best reaction conditions by precisely controlling the
synthesis conditions such as reaction temperature, pressure,
catalyst concentration, and the amount of additives used.
Reasonable synthesis conditions can increase the reaction rate
and yield, thus improving the preparation efficiency of nickel-
based catalysts.167 At the same time, through the improvement
and optimization of the synthesis route, the intermediate
reaction steps and energy consumption can be reduced, and the
reaction conversion and catalyst yield can be increased. Process
simulation techniques and reaction engineering principles can
be used to guide the optimal design of synthetic routes. Some
existing novel synthetic methods, such as microuidic
synthesis, sol–gel method, hydrothermal synthesis, etc., can
replace the traditional synthetic methods.163 Further study of
these novel synthetic methods can provide higher reaction
control and higher reaction rates, thus increasing the yield of
nickel-based catalysts.
This journal is © The Royal Society of Chemistry 2024
5.3 Improvement of catalyst stability

To improve the stability of the catalyst, we can adopt a series of
strategies. Firstly, choose catalyst support materials reasonably,
such as carbon materials with good chemical stability and
conductivity, oxides, or stable high surface area materials.
Second, enhance the compatibility of the catalyst with the elec-
trolyte through surface modication and functionalisation to
reduce the reaction with impurities in seawater and improve the
stability of the catalyst.168 At the same time, the surface structure
and composition of the catalyst are optimized to increase the
number and activity of active sites, and active site engineering is
carried out to improve catalytic activity and stability. In addition,
the mass transfer performance and stability of the catalysts are
enhanced by designing and optimizing the electrode structure of
the catalysts, including morphology, pore structure, and pore
size. In addition, the conductivity performance of the catalyst
can be improved by doping or modulating the electronic struc-
ture of the catalyst.169 Finally, a suitable electrolyte formulation is
selected, and stabilizers, buffers, or additives are added to
optimise the electrolyte and improve the stability of the catalyst
in seawater. The combined application of these strategies can
effectively improve the stability of modied nickel-based cata-
lysts to withstand high currents and prolonged catalytic elec-
trolysis reactions in seawater environments and promote the
commercial application of seawater direct electrolysis for
hydrogen production technology. This will provide important
support for the development of sustainable energy and the
achievement of carbon neutrality.
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