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Electrochemical overall water splitting is attracting a broad focus as a promising strategy for converting
the electrical output of renewable resources into chemical fuels, specifically oxygen and hydrogen.
However, the urgent challenge in water electrolysis is to search for low-cost, high-efficiency catalysts
based on earth-abundant elements as an alternative to the high-cost but effective noble metal-based
catalysts. The transition metal-based catalysts are more appealing than the noble metal catalysts because
of its low cost, high performance and long stability. Some recent advances for the development in overall
water splitting are reviewed in terms of transition metal-based oxides, carbides, phosphides, sulfides,
and hybrids of their mixtures as hybrid bifunctional electrocatalysts. Concentrating on different catalytic
mechanisms, recent advances in their structural design, controllable synthesis, mechanistic insight, and
performance-enhancing strategies are proposed. The challenges and prospects for the future
development of transition metal-based bifunctional electrocatalysts are also addressed.

© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Keywords:

Transition metal-based
Electrocatalysts

Hydrogen evolution reaction
Oxygen evolution reaction
Overall water splitting

Published by Elsevier B.V. All rights reserved.

1. Introduction

A series of crises such as air pollution, energy shortages and
global warming are driving by the ever-increasing consumption of
fossil fuels, thus facilitating the rapid development of sustainable,
environmentally friendly alternative energy sources [1-4]. Dealing
with environmental pollution problems, searching clean, cost
effectiveness and renewable energy resource is an urgent mission
to achieve sustainable development [5-8]. Molecular hydrogen
(H,) is considered to be one of the most promising fuels. With the
highest gravitational energy density and its only combustion
byproduct being non-polluting water, H, is an excellent energy
carrier and a potential candidate for future low-carbon energy
systems [9-11]. Additionally, hydrogen element is the most
abundant substance in the universe and largely stored in
widespread water resource on the earth. Therefore, the renewable,
pollution-free and large reserved of hydrogen energy may become
the ultimate energy programmed in the future [12,13].

Producing clean energy through steam methane reforming and
coal gasification method are the major strategies. However, their
sustainable development for hydrogen energy will be restricted by
large consumption of fossil fuel and CO, emission. Because of the
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requirement of high temperature and pressure for the manufactur-
ing technology, both the catalyst and endanger people’s health are
suffered from the residual CO intermediate produced by this
technology. With the advantage of clean, efficient and sustainable,
water electrolysis for hydrogen production has aroused people's
attention [14-17]. The overall reaction of water splitting, is
constituted by cathodic hydrogen evolution reaction and anodic
oxygen evolution reaction as shown in Fig. 1. Benefited by high
faradic efficiency, almost no side reaction occurs during electroly-
sis. The emergence of anion exchange membranes (AEMs) allows
the use of two different electrolytes in the anode and cathode
compartments of the entire electrolytic cell [18-22]. As the most
efficient electrolytes for electrocatalytic hydrogen evolution
reaction (HER), acidic electrolyte could be used in cathode
compartment to provide a high concentration of protons/hydro-
niums as reactants. And the alkaline electrolytes could be used in
the anode compartment because of the lower overpotential of
oxygen evolution reaction (OER) in there. With no-carbon based
reactant in system, high purity hydrogen can be easily produced by
simple gas separating procedure. The only deficiency of water
splitting is the high overpotential to drive overall reaction which
significantly restrict its industrialized application. As water
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electrolysis is a strong uphill reaction, water electrolyzers typically
operate at a voltage of 1.8-2.0V, which is much greater than the
theoretical voltage of 1.23 V. Therefore, searching for highly active
and stable electrocatalyst is the key to decrease the overpotential
of HER and OER. Moreover, the ability to fabricating efficient
bifunctional catalysts is appealing due to their characteristics such
as reduced production costs and simplified experimental setup.
The state-of-the-art HER and OER electrocatalysts to date have
been Pt-based materials and oxides of Ru or Ir, respectively, but
their scarcity and high cost have hampered their widespread
application [23,24]. Therefore, as shown in Fig. 1, reducing the
overpotential of HER and OER is essentially to accelerate the
efficiency of the interconversion of chemical and electrical energy,
which is the fundamental purpose of the catalyst [25-29].

In the last decades, tremendous breakthroughs have been made
in catalyst for the electrocatalytic water splitting, and the results
are well-summarized by many excellent review articles in this
research domain different catalysts are applied to drive HER and
OER will complicate manufacture procedure and raise production
cost [30-35]. Among the existing carbon materials, especially
graphene, exhibit excellent properties in electrochemical water
splitting due to their better conductivity, ductility and high surface
area [36-38]. Additional new materials, including layered double
hydroxides (LDHs) [39-43], have excellent water splitting proper-
ties attributed to the unique structure, abundant interlayer
electrons and intermediate adsorption and desorption channels;
the emerging MOF materials are also of great interest in water
splitting owing to their highly ordered structure [44-48].
Researching bifunctional electrode material to catalyze both
HER and OER can not only simplify the procedure in practical
application but also benefit to realize the industrialization of
multiple secondary energy. Recently, a series electrocatalytic
material has been developed to decrease the overpotential of HER
and OER, and various bifunctional catalyst has been fabricated with
catalytic abilities for both HER and OER, such as oxides [49-52],
carbides [53-55], sulfides [56-62] and phosphides [63-67].

In this review, the bifunctional catalyst for overall water
splitting can be classified into three types. The first type possesses
the intrinsic activity for both HER and OER. Reversing the current
direction, the reaction on the electrode will be simultaneously
altered with retention of catalytic activity. In the perspective of
thermodynamics, the reaction rate is largely determined by
adsorption free energy change (AG) of intermediate calculated
from density functional theory (DFT). As proposed in Sabatier
principle, the interaction between catalyst and reactant should be
neither too strong nor too weak [68,69]. Hydrogen adsorption free
energy (AG.y) can serve as a descriptor to evaluate the binding
energy of surface adsorbed H [70-73]. Similarly, AG.o - AG.oy can
describe the interaction between catalyst and adsorbed oxygen
species [74-78]. Plotting the catalytic activity against adsorption
free energy, various catalysts in same kind will distribute as
volcano-type. The catalyst located at the summit of volcano plots
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Fig. 1. (a) Hydrogen evolution reaction (HER) and oxygen evolution reaction (OER)
of electrocatalytic water splitting and (b) Schematic representation of HER and OER
overpotentials.
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will exhibit the better HER and OER activity. Therefore, the first
type of bifunctional catalyst for overall water splitting should
possess appropriate interaction or binding energy for both
hydrogen and oxygen intermediate to approach a near neutral
AG. Meanwhile, the high potential at OER region can provide
strong oxidizing condition. This type of catalyst should not only
exhibit high intrinsic activity to OER but also retain the chemical
constitution unchanged.

The second type of bifunctional catalysts are intrinsically active
to HER. Under the oxidation condition during OER, it will be
gradually transformed into corresponding oxides, hydroxides and
oxyhydroxide to indirectly catalyze water oxidation. Actually, two
compounds respectively catalyze the HER and OER. Therefore, it
may imprecise to name this kind of catalysts as bifunctional
catalyst with the prospective of intrinsic mechanism. Most
bifunctional electrocatalysts of sulfides and phosphides are belong
to this category. The third type of bifunctional catalysts are
generally integrated by two substance with catalytic activity to
HER and OER respectively. The particular heterojunction structure
between two substances exist variety of interactions, involving
strain effect, fermi level change and electronic structure modula-
tion [79-82]. The surface strain effect originates from interatomic
compression or stretch within 6 mono-layer. Fermi level change is
generated by the contact between two substances with different
work function. Electronic structure modulation is generally
resulted by ions exchange from the interface.

In this mini-review, we first focus on the mechanism of overall
water splitting to understand the intrinsic driving force for
electrochemical HER and OER (Fig. 2). Then, a series of electro-
catalyst applied to bifunctional water splitting are reviewed.
Herein, we first discuss the bifunctional electrocatalyst for water
splitting in three types: direct catalysis, indirect catalysis and
hybrid catalysis. Next, we introduce the non-noble metal oxides,
carbides, sulfides and phosphates used in the water splitting.
Subsequently, combined with the design of material structure, we
highlight the structure-activity relationship of heterogeneous
materials. Lastly, based on the present attainments, the scientific
challenges of bifunctional catalysts for electrolysis of water and the
potential development directions are proposed and discussed.

2. Electrochemistry of overall water splitting

As early as 1789, Troostwijk and Deiman has built the earliest
electrolytic cell powered by an electrostatic generator. They find
that the electric discharge would cause gas evolution including
two part of hydrogen gas and a part of oxygen gas. The mechanism
of water splitting gradually emerged through numerous
researches. As illustrated in Fig. 1a the overall electrolytic cell is
constituted by electrolyte, anode, cathode and power source. The
overall reaction for water splitting can be described in Egs. 1-5.

Overall reaction:

H,0 — H, + 1/20,, AG® = +237.2 k]/mol (1)
In acidic solution:

Cathode 2H' + 2e™ — H, (2)

Anode H,0 — 1/20, + 2H" + 2e~ (3)
In alkaline solution:

Cathode: 2H,0 + 2e™ — H, + 20H™ (4)

Anode 20H™ — 1/20, + H,0 + 2e~ (5)
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The positive standard-state free energy change (AG®) confirms
that the overall reaction should surmount the energy barrier for
the formation of H, and O,. The thermodynamic equilibrium
potential for overall water splitting is 1.23 V which contain 0V for
cathodic HER and 1.23V for anodic OER in 298.15K and 1 atm.
However, practical overall cell voltage (V,) for water splitting is far
from ideal potential, which can be described in Eq. 6:

Voc=123V + [n + na + na (6)

where 7. and 7, are the overpotentials demanded to drive the
cathodic HER and anodic OER, respectively, and nq is the extra
potential to compensate the internal resistance loss which mainly
consist of solution resistance and contact resistance. What can
reduce the operational voltage is to minimize the 7. and 7,
originated from thermodynamic and kinetic limitation.

2.1. Hydrogen evolution reaction

As the cathode for water electrolysis and the direct reaction for
hydrogen production, HER has comprehensively studied on
massive materials. Briefly, HER consists of three steps as illustrated
in Egs. 7-11 [83].

Volmer step (electrochemical adsorption):

In acidic solution: M + H30" + e= — M-H,4 + H,O (7)
In alkaline solution: M + H,O0+e~ — M-H,q + OH™
Heyrovsky step (electrochemical desorption):

In acidic solution: M-H,q + H30" + e~ — M + H, + H,0

In alkaline solution: M-H,q + HO+e~™ — M + Hy + OH™ (10)
or Tafel recombination (chemical desorption):
M-H,q + M-Haq — 2M + Hy (11)

Firstly, the electrochemical adsorption of hydrogen proceeds on
the surface of catalyst, and that is Volmer step. Then, two pathways
for desorption of atomic adsorbed hydrogen can be accomplished
by electrochemical Heyrovsky step or chemical Tafel recombina-
tion. It is clear that the bonding energy to hydrogen should be
balanced. The Gibbs free energy change of hydrogen adsorption
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Fig. 2. Transition metal-based catalysts for overall water splitting.
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(AGy) can describe the capacity difference between adsorbing and
desorbing hydrogen. Plotting AGy against catalytic activity, the
“volcano plots” can predict the performance of HER catalysts in
acid solution [63]. When AGy close to zero, most of catalysts
exhibit an excellent HER performance. However, rare H30" are
existed in alkaline solution. The excess water dissociation energy is
needed during the formation of M-H,4 in Volmer step and
electrochemical desorption of atomic hydrogen in Heyrovsky step
(Eqgs. 8 and 10). Therefore, more effort for theorical calculations
under alkaline condition will further advance the evaluation
system to rationally design HER electrocatalyst.

2.2. Oxygen evolution reaction

As the other side of HER in water splitting, OER has also been
extensively explored for various materials. The mechanism of OER
is extremely different compared to HER. Four-electron transfer in
OER complicate the overall reaction mechanism and make it hard
to describe the real reaction process [84]. A general model has been
established by Norskov and Rossmeisl et al. based on thermo-
chemistry [85-87]. DFT calculation is utilized to ascertain the
thermodynamics of independent reaction steps. This model
reaction mechanism as so-called “associative mechanism” is
proposed as shown below (Egs. 12-15):

M +H,0 - M°OH+H" +e-,

AG] = AGM‘OH —qu + kgTInory (12)
M°OH — M°0 + H" + e, (13)
AGz = AGM'O — AGM'OH —qu + kBTlnaH
M°0 +H,0 — M*OOH + H' + e, (14)
AG3 = AGM‘OOH - AGM'O —qU + kgTlnoy
M°OOH — M + 0, + H" e, (15)

AG4 = _AGM'OOH — qU + kBTlnaH

Firstly, a water molecule is oxidized on the surface of catalyst M
to form M'OH and transfer an electron and a proton (Eq. 12).
Secondly, the generated MOH is further oxidized to MO
intermediate (Eq. 13). Thirdly, another water molecule is oxidized
on MO intermediate to form a superoxide intermediate M"OOH
(Eq. 14). At last, M'OOH intermediate is oxidized to oxygen
molecule and desorbed on the surface (Eq. 15). Each reaction step
comprises an electron transfer and a proton decoupled indicating
that the potential and pH can determine the free energy change
(AG;, i correspond to reaction step). For notational simplicity,
while this OER mechanism is defined under pH O at room
temperature, kgTlnay term is equal to zero in Eqs. 12-15. Then, the
free energy change is dependent to the Gibbs free adsorption
energies of the surface intermediates AGy-on, AGym-0, AGp-00n and
applied potential U, for instance, AG, = AGy-0 — AGumeon — qU and
AGs = AGpmeoon — AGum-o — qU. M.T.M. Koper proposed that the
difference between AGy.oy and AGp.on is 3.2 eV for metal and
some metal oxide. Therefore, “AGp.0 — AGy-on” €an serve as a
descriptor to evaluate the thermodynamically minimum favorable
step in the OER. From the volcano plot summarized by previous
authors demonstrates that catalysts with outstanding activity for
OER are located around the summit of plots [88]. In another words,
an excellent OER catalyst should possess appropriate bonding
strength for oxygen intermediate.
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2.3. Electrochemical perspective for water splitting

Electrocatalysis for water splitting can be ordinarily described
as the capability of an electrocatalyst to promote the hydrogen
reduction on cathode or oxide oxidation on anode. The key
parameters for activity evaluation include the overpotential,
Tafel slope, turnover frequency (TOF), faradic efficiency and
stability.

2.3.1. Overpotential

Depending on the Nernst equation, the Nernst potentials of HER
and OER for the standard conditions (at 25°C and 1atm) with
reference to the normal hydrogen electrode (NHE) are zero and
1.23V, respectively. However, the reality of the HER and OER
process requires a higher application potential to overcome some
unfavorable problems, such as kinetic barriers caused by high
activation energy and low energy efficiency. Excess potentials
(overpotentials, 1) are used primarily to overcome the inherent
activation barriers present on the anode (7,) and cathode (7.),
alongside a number of other resistances (7other), Such as solution
and contact resistances. Therefore, internal resistance (Rs), due to
the internal resistance of the electrocatalyst, the solvent resistance
and the contact resistance of the electrochemical system, wires,
equipment, etc., will inevitably lead to a Rs and thus introduce an
ohmic potential drop, which usually requires correction/compen-
sation of the potential-current density (E - j). A potential required
to drive the electrolyzed water is therefore further expressed as:
E = Eo*+ iR + n, where iR is the ohmic potential drop of the current
flow and the Eg is the measured potential.

2.3.2. Tafel slope

Tafel plots can provide the methods for quantitative and
mechanistic characterization for multistep electrochemical reac-
tion. The Tafel slope is recognized as a sensitive parameter for
evaluating the electrode polarization rate logarithmically to the
current density, describing the dependence of the steady-state
current density on various overpotentials. The overpotential (1) is
logarithmically related to the current density (j), and the linear
part of the Tafel plot accords with the Tafel equation: 1 = a + blog j;
where b is the Tafel slope. Two important parameters can be
deduced from the Tafel equation, namely, the Tafel slope (b) and
the exchange current density (jo). The Tafel slope (b) is an intrinsic
property of the catalyst and is closely related to the rate of the
catalyst. Smaller b implies that less overpotential is required to
provide the same current density increment, indicating faster
electron transfer kinetics. Another key kinetic parameter describ-
ing the intrinsic catalytic activity of the electrocatalyst under
reversible conditions is jo, which is assumed to be determined
when the overpotential is zero. A higher j, and a smaller b than is
required for a good catalyst should be characteristic.

2.3.3. Turnover frequency

The turnover frequency (TOF) is defined as the number of
desired resultants generated per catalytic site per second, which
can reveal the intrinsic activity of specific catalytic site. Commonly,
the value of TOF can be calculated by: TOF = jA/4nF [89,90]. Thej is
the current density at given overpotential in linear sweep
voltammetry (LSV) curve; A is the area of the working electrode;
n represent the number of moles of the active materials that is
calculated using the electrochemically active surface area (ECSA) of
the catalyst in the reaction; F are the Avogadro’s constant and
Faraday’s constant, respectively. The TOF value can be calculated
with the certain crystalline structure and uniform surface.
However, it is difficult to obtain the exact value of TOF due to
the complexity of surface, molecule structure and reaction
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mechanism. Nonetheless, TOF can serve as an important parame-
ter for comparing the activity of homologous catalyst.

2.3.4. Faradic efficiency

Faradic efficiency is a key parameter to reflect electron
utilization efficiency during electrochemical process. Regarding
to water splitting, the Faradic efficiency can be obtained by
measuring the ratio of gas produced experimentally and theoreti-
cally. To be precise, the generated gas is collected under a constant
current and further measured by gas chromatography. Generally,
water splitting has high Faradic efficiency due to the rare side
reaction, which benefit to practical application for energy
utilization efficiency.

2.3.5. Stability

The practical application of electrocatalysts for water splitting
are typically challenged by the structure and phase stability. The
overall water splitting is in two extremes that HER and OER are
operated under strongly reductive and oxidative environment,
respectively. To exam the stability for water splitting, one method
is to perform chronoamperometry in constant potential or
chronopotentiometry in constant current density with a long
period of time. Generally, the current density or current density of
onset potential should larger than 10 mA/cm?, and the duration
time is preferably beyond 10h or longer to approach the
industrialized application. Another method is to perform a
multi-cycle cyclic voltammetry (CV) or LSV measurement. The
number of cycles should beyond 5000 times to measure the
stability of electrocatalyst under dynamic variation.

3. Non-noble metal electrocatalysts for overall water splitting

The recently reported works related to overall water splitting are
mainly about the transition metal compounds, such as Fe-, Co-, Ni-,
and Mo-based materials due to their high catalytic activity in theory,
earth abundant and low price. Various these kinds of catalysts reveal
high activity to both HER and OER, and the overpotential for overall
water splitting even lower to the benchmark Pt/C and IrO- electrode
couple. Ordinarily, the majority of reported bifunctional catalysts are
these transition metal oxides, carbides, phosphides and sulfides. The
highly catalytic activity is also benefited from the elaborately
morphologic and electronic structure modification. As mentioned
above, we categorized these bifunctional catalysts in their intrinsic
catalytic mechanism, namely, direct catalysis, indirect catalysis and
hybrid catalysis. The following section will review the recent advanced
progress in structural design, electrochemical performance and
catalytic mechanism for overall water splitting in alkaline solution.

3.1. Direct catalysts

3.1.1. Transition metal oxides

Owing to the low cost, high abundance, and considerable
anticorrosion properties in an alkaline environment, transition
metal oxides were widely developed as OER catalysts. For example,
spinel-type oxides (AB,04, A and B for 3d transition metals such as
Ni, Fe, Co, Cu, Zn and Mn) are one of a class of oxidation species that
have received a lot of attention [91-94]. Our group has a series of
work on the application of spinel oxides to water oxidation,
pioneering the research on electrolytic water [95-99]. Co-based
oxides are common candidates for high-efficiency OER electro-
catalysts such as Co30,4 due to their mixed valence of Co metals,
abundant reserves, low cost-effectiveness and high stability
[95,100-103]. However, the electrocatalytic activity is low due
to its perfect crystal structure and poor electrical conductivity.
Therefore, improving the performance of Co;04 generally requires
optimizing its low conductivity to increase its electron exchange
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rate. Wang et al. synthesized cobalt oxide/N-doped carbon sheet
hybridization (CoOx @CN) via a facile one-pot annealing method by
combining cobalt oxide with the conductively superior carbon.
Attributed to the excellent electrical conductivity of the carbon
sheet and the synergy between Co metal and Co oxide and the
electron-donating effects for nitrogen heteroatom doping, the
catalyst has improved HER and OER performance and requires only
1.55 V battery voltage when assembled to drive 20 mA/cm? current
density as an overall water splitting electrode [104]. Likewise,
Zhang and co-worker enhanced the weak conductivity of the Co304
nanorods by designing structural arrays of the nanorods to shorten
the electron transfer path and introduce O vacancies, resulting in
better electrolytic water catalytic activity [105].

Defect engineering as an effective strategy to regulate the
physical and chemical properties of electrocatalysts can achieve
higher performance catalytic activity. Wang et al. have developed
an efficient Co304 based electrocatalyst with oxygen rich vacancies
and high specific surface area through a one-step plasma etching
strategy [106]. The similar tactic has also been employed in other
oxides, where for example, Qiao's group designed a NiO nanorod
array with a large number of O-vacancies generated by a facile
cation exchange method on a high conductivity CFP [107]. In
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addition, to combine the introduction of defects and the
improvement of electrical conductivity as two ways to improve
catalyst performance, Wang et al. successfully prepared Co304
nanosheets by a one-step room temperature CH4 plasma, and the
obtained Cos0,4 has a significant boost in overall water solubiliza-
tion activity caused by defect enrichment and carbon doping [108].
The large number of exposed effective active sites for the
electrocatalyst is also an essential parameter in defining the
catalytic performance. For example, porous nanostructures can
provide a larger surface area and more active sites with higher HER
and OER activity relative to compact nanostructures. Cui et al.
produced porous MoO, via wet chemical method and annealing
treatment, yielding a cell voltage of only 1.53 V for current density
10 mA/cm? and excellent stability when used as a complete water
splitting catalyst [109]. These methods are usually based on ion
exchange, usually under gas conditions or at high temperatures, to
obtain oxygen vacancies and thus promote their catalytic activity.
As well, for layered catalysts, the loss of active sites is typically
caused due to the layer is too thick to be thoroughly exposed,
allowing the catalytic performance to be improved through the
preparation of ultra-thin layered materials of atomic level
thickness. Zhang et al. have successfully fabricated ultrathin
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Fig. 3. (a) Schematic illustration the synthesis route and electrochemical catalytic performance of the Ni-Fe-O mesoporous nanowire. (b, c) SEM images of the coral-like
NiyFe;-O catalyst with (d) a coral picture. (e) Steady-state polarization curve of an alkaline water electrolyzer using two Ni foam-supported Ni,Fe;-O electrodes. (f)
Chronopotentiometry curve of the Ni foam-supported NiFe;-O for overall water splitting and the Photograph. Reproduced with permission [111]. Copyright 2017, Wiley-VCH.
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§-MnO- nanosheet arrays (NS-MnO,) with a thickness of only two
monolayers (1.4 nm) on Ni Foam utilizing a one-step hydrothermal
in-situ growth process. The SEM image confirmed that NS-MnO,
consists of a series of 2D MnO, nanosheets arrayed almost
perpendicularly on the NF surface, where the structural advan-
tages of -MnO, favoring exposure to a large number of active sites
and associated with mass transfer are clearly demonstrated. And
the atomic force microscopy (AFM) revealed that the thickness of
the resulting ultrathin nanosheets of NS-MnO, is about 1.4 nm,
which implies the presence of a large number of exposed active
sites, favoring the structural advantages of exposure to numerous
active sites and correlating with mass transfer was clearly
displayed. As a result, the electrode exposes a large number of
electrocatalytically active sites and displays excellent electrical
conductivity, leading to strong performance against HER and OER.
In addition, the DFT calculations reveal the source of NS-MnO-,
activity in fully water dissolution, and the adsorption free energy of
"H(AG.y) embodies the improved performance of V,-MnO, for HER
[110]. Therefore, one way to regulate the water electrolytic
activation of a sample is to reduce its thickness or size so that
more active sites are exposed while generating a large number of
vacancies as oxygen vacancies. Also, an elaborately strategy was

Metal ions@Carbon
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designed to synthesis coral-like NiFe-based oxide, which con-
tained the approach of generating intermetallic phase AlsNi and
dealloying method. As shown in Fig. 3a, the samples are
transformed into mesoporous nanowire network structures after
a precursor dealloying operation. And the SEM shows a nanowire
bundles-like network structure after dealloying, which is similar to
the structure of an integrated coral, this opening network structure
facilitates adequate contact with the electrolyte and rapid release
of gas (Figs. 3b-d). Thus, benefiting from this unique mesoporous
nanowire network structure providing an enhanced specific
surface area, accelerated charge/ion transfer and mass transfer,
NiyFe;-O exhibits a good OER and HER activity and can support
current density of 10 mA/cm? with a cell voltage of only 1.64 V for
overall water splitting when used as anode and cathode in an
electrolytic cell (Figs. 3e and f) [111].

It is worth noting that three types of TMOs (NiCo,04 (NCO),
CoMn;0,4, and NiMn,04) with necklace-like multiple hollow
structure were first developed with rational synthesis strategies
which include simple carbon template-assisted synthesis of
complex hollow structures followed by reduction by Peng et al.
(Figs. 4a and b) [112]. The R-NCO is a quasi-one-dimensional chain
structure of interconnected spheres with the length of a few
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Fig. 4. (a) Schematic illustration of the formation process of R-TMO: (I) The absorption of metal ions on the carbon, (II) calcination of the absorbed carbon, and (III) reduction
of the TMO to obtain R-TMO with a necklace-like multishelled hollow structure. (b) Schematic illustration of creating oxygen vacancy defects on the surface of NCO after

reduction, which is applied as a bifunctional electrocatalyst for water splitting to pro

duce H; and O, in 1.0 mol/L KOH aqueous solution. (c) Co K-edge EXAFS data. (d) The

corresponding k3-weighted Fourier-transformed data of pristine NCO and R-NCO. (e) Calculated free energy diagram of the HER on pristine NCO and R-NCO. (f) Schematic
illustration of reaction paths for OER on pristine NCO and R-NCO equilibrium potential at 1.23 V. Reproduced with permission [104]. Copyright 2018 American Chemical

Society.
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micrometers, with nanoparticles consisting of triple-shelled
hollow spheres with diameters of about 500 nm. Due to the
unique necklace-like multi-shell hollow nanostructure and oxy-
gen-rich vacancies, R-NCO exhibited excellent electrocatalytic
performance. Of these, an X-ray absorption fine structure
spectroscopy (XAFS) analysis by the authors further revealed the
apparent oxygen vacancies in R-NCO (Figs. 4c and d). In order to
demonstrate the excellent catalytic performance of this catalyst,
the authors performed DFT calculations to elucidate the HER and
OER catalytic mechanism of R-NCO. The density of states (PDOS)
calculations show that it has a low Fermi energy level and thus the
ability to reduce the adsorption energy due to the generation of
oxygen vacancies from the reduction treatment. For HER, AG.y is
regularly adopted as a predictor of the theoretical activity of the
hydrogen evolutionary reaction in the basic electrolyte, as shown
by the reduced AG.y of pure NCO shown in Fig. 4e, R-NCO showing
the HER performance increase; For OER, a typical four-electron
step, the performance increase is demonstrated by the side of the
reduced free energy of the rate-determining step shown in Fig. 4f.
After a brief understanding of the OER determination steps and
improvements to polymetallic oxides, a variety of valuable carbon
materials and active substances were designed to enhance OER and
HER. For instance, Co-Mn oxides were decorated on a highly
ordered carbon by a solvent evaporation-induced self-assembly
method and annealing treatment [113]. CoMnO nanoparticles
enable optimized OER activity with efficient electronic structure
configuration, and the CN framework acts as an excellent HER
catalyst. The ordered superlattice structure facilitates enhanced
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reaction sites, efficient charge transfer and structural stability, and
more importantly, doping of pyridine-like N atoms in the carbon
framework can significantly increase the reaction sites of HER. In
conclusion, the improving catalytic performance of transition
metal oxides in electrolytic water generally starts with improving
the intrinsic activity or the conductivity of the catalyst, i.e. the
electron transfer rate.

3.1.2. Transition metal carbide

Regarding the poor electrical conductivity and inappropriate
H-bonding energy of transition metal oxides, the structural and
electronic properties of transition metal carbides (TMCs), exam-
ples include, the metallic band state, the tunable surface/bulk
structure, the wide range of pH suitability. The inherent superiority
of TMCs is highlighted by their high electron conductivity
compared to the electrical conductivity of semiconductors of
metal sulfides, phosphides and nitrides. More importantly, due to
the excellent HER activity and stability, the TMCs are considered to
be one of the most promising catalysts in the area of water
electrolysis [114-117]. For instance, the intrinsic electrocatalytic
activity of molybdenum carbide (Mo,C) for hydrogen adsorption
and activation is similar to that of Pt because of its electronic
configuration similar to that of noble metals [118-123]. In
particular, the Mo,C is an important component of the early
TMCs, high crystalline molybdenum carbide is a kind of compound
with high melting point. As early as 2012, Hu et al. performed a
detailed study of the HER activity of Mo,C under acidic and alkaline
conditions [124]. At present, a lot of efforts have been made to
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study the electrolysis performance of Mo,C, adjust the morphology
of the catalyst reasonably to expose more surfaces, obtain ultra-
fine nanocrystals to accelerated electron transport. For instance,
due to the poor accessibility and agglomeration of pure molybde-
num carbides, the high carbonization temperature of the produced
carbides affects the improvement of their electrocatalytic activity,
so that rational structural design and hybridization of carbona-
ceous materials can reduce the agglomeration of molybdenum
carbide-based materials and greatly improve their performance.
Lou’s group reported by carburizing Mo-polydopamine nanotubes
under a N, gas flow to synthesize 2D ultrathin nanosheets
hierarchical s-Mo,C nanotubes as a superior electrocatalyst for
HER (Fig. 5a). It serves as a catalyst for HER and maintains a good
catalytic activity under both acidic and basic conditions. A three-
step approach is used to rapidly prepare nanorods with core-shell
structure, and a large number of vacancies and highly crystalline
catalysts are obtained by etching and annealing treatment. Authors
claim that the good electrochemical performance can be attributed
to: i) Rapid electron transport on high conductivity carbon
nanosheet substrates and the unique one-dimensional nanostruc-
ture that fully utilize the active site of the catalyst; ii) the highly
porous hierarchical hollow structure expands the interface
between the electrode and the electrolyte, which is beneficial to
the charge and mass transfer in the electrochemical reaction with
the strong stability of the catalyst [125]. Likewise, Yuan et al
reports a novel and effective synthetic strategy to immobilize
N-doped porous carbon with ultrafine Mo,C nanoparticles
(MoC@NCS) under a graphitic carbon nitride (g-C3sN4) template
by direct carbon thermal reduction of aniline derived polymers and
molybdate. As the coupled porous N-doped carbon matrix
increases the electrocatalytic surface area of Mo,C, and the
interconnected carbon integral optimizes mass transfer and charge
channels of the conductive carbon matrix and the strong coupling
effect between the N-doped carbon matrix and Mo,C nano-
particles, MoC@ NCS catalyst exhibits good HER performance and
stability [126].

In addition, Wang et al. also reports the 2D nanomeshes and 3D
microflowers Mo,CTy, by rationally designing novel Mo/Zn bimetal
imidazole frameworks (Mo/Zn BIFs) after pyrolysis (Fig. 5b). The
electrocatalysts shows excellent performance in the process of
HER, OER and complete hydrolysis. As shown in Figs. 5c and d, the
2D Mo,CTy nanomesh shows a high performance for OER, which
can drive a current density of 10 mA/cm? at a low overpotential of
180 mV, and 3D microflowers Mo,CTy has a better activity for HER,
which can reach 10 mA/cm? at an overpotential of 140 mV. The
Mo,CTy MF is also used as a catalyst for overall water splitting and
can drive a current density of 10 mA/cm? at a low voltage of 1.7 V in
a two-electrode test system (Fig. 5e). Considering the surface
termination of catalytic active nanostructures, the electronic
properties of atoms near the surface will change, the Mo LIII-
edge X-ray near edge absorption (XANES) study and theoretical
calculation show that the surface-terminated oxygen is the key to
activate the excellent OER performance, and the Mo atomic
position on the surface is the key to activate the HER performance.
The results show that surface chemical modification and multi-
scale structure design are effective strategies to realize atomic level
engineering of active catalysts [127]. As known, Mo,C catalysts are
inferior to Pt-based catalysts due to their poor electrical
conductivity and slow interfacial reaction kinetics, resulting in
slower catalytic activity. Thus, the methods to improve the
performance of Mo,C electrolytic water include modifying the
morphology to obtain more exposed active sites. Hence, coupling
carbon-based supports materials carbon nanotubes (CNTs),
graphenes (GRs), reduced graphene oxide (RGO), porous carbon,
etc., they probably play an important role: i) Improving the
dispersion of nanoparticles avoid agglomeration or sintering; ii)
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reducing the resistance between active nanocrystals; iii) promot-
ing the transport of electrolytes and H, and O, bubbles to reduce
the limitation of mass diffusion; iv) affecting the electronic
configuration of active sites through interfacial interaction. The
TMCs is coupled to the carbon material support substrates by
attachment or in-situ growth strategy. As reported by Gao's team,
Mo,C nanoparticles is strongly coupled with carbon sheets to make
it can foundation as bifunctional catalyst for overall water splitting.
Benefiting the synergistic advantages of active sites on the
substrate, high surface area and unique layered structure of
supporting carbon sheets, the resulting Mo,C@CS shows excellent
electrocatalytic activity and excellent stability for both HER and
OER. The Mo,C@CS composite can be served as both anode and
cathode for the two-electrode water electrolyze, yielding a current
density of 10 mA/cm? at a cell voltage of 1.73 V with robust stability
over 100 h [128].

In addition to the direct coupling with carbon materials, the
addition of some other elements or electronegative anions in the
process of form or self-growth form is also one of the methods to
improve the performance. Due to the favorable intermediate
adsorption of the optimum OH-Ni?*% bond strength (0 < § < 1.5), Ni
and its alloy composites have excellent performance of water-
splitting in alkaline medium [129-133]. For instance, Yu et al. has
reported a novel porous carbon-supported Ni/Mo,C (Ni/Mo,C-PC)
composite catalyst obtained via thermal treatment of nickel
molybdate nanorods coated with polydopamine, which can
efficiently catalysis the HER and OER with remarkable kinetic
metrics in alkaline electrolyte. The rod-like structure has a smooth
surface with particulate Ni and Mo,C encapsulated within the
carbon shells. It is pointed out that the activity of HER is affected by
the valence of metal elements, and divalent Ni is an effective
hydrolytic active site for the Volmer step in HER reaction. Then,
XPS is adopted to correlate the surface composition and enhance-
ment mechanism to obtain electron transfer from Ni to Mo,C, with
Mo tending to the lower valence state and Ni to the active Ni%*
valence state, which can improve the performance of HER. This
low-cost composite catalyst can efficiently catalyze HER and OER
under alkaline solution, and the bifunctional catalyst enables a
current density of 10 mA/cm? at a low cell voltage of merely 1.66 V
for overall water splitting. The synergistic effect between Mo,C and
Ni nanoparticles and its strong chemical coupling with highly
conductive carbon are considered to be the reasons for its
outstanding catalytic activity [134]. Similarly, Lu et al. developed
a facile electrospinning method coupled with post-carbonation
treatment to synthesize nitrogen-doped carbon nanofibers
(NCNFs) followed closely to Ni and Mo,C nanoparticles
(Ni/Mo0,C-NCNFs) as efficient water splitting electrocatalysts
(Fig. 6a). Electrospinning technology yields homogeneous nano-
wire structures that provide good electrical conductivity (Fig. 6b).
Thus, the best-matched Ni/Mo,C-CNNFs exhibits the Optimal
electrocatalytic activity in 1 mol/L KOH with an overpotential of
143 mV and 288mV for HER and OER (at j 10 mA/cm?),
respectively. Notably, using Ni/Mo,C-NCNFs as catalysts for the
anode and cathode in water electrolyzer, the current density of
10 mA/cm? split at 1.64V is impressive with a significant 100 h
durability. The mechanism of performance enhancement is as
follows: Coupling between Ni and Mo,C provides strong synergy,
which are beneficial for active H; doping of N atoms improves the
delocalization and electron donor properties of adjacent carbon
atoms, increasing the active site and reducing the energy barrier of
electrochemical reactions [135].

Tungsten carbide (WC), analogous to Mo,C, is an abundant and
inexpensive catalyst stabilized in acid with a Pt-like catalytic
behavior. In 2013, Hashimoto et al. synthesized Fe-WCN electro-
catalysts, and they believe that the electron density of W atoms is
weakened due to N, thus increasing the catalytic activity of HER
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[136]. And then, Chen et al. also reported an electrocatalyst
incorporating tungsten carbide-nitride and graphene nanosheets,
showing that the synergistic effect between W,C and WN phases
promotes excellent hydrogen evolution catalysis. The effect,
however, cannot be easily fitted to high current densities and
the underlying mechanisms remain unclear [137]. To address the
fact that WC is capable of catalytic reactions at high current density
and to make optimum use of N doping. Sun et al. presented a
superhydrophobic catalytic electrode for HER and OER in acids
based on N-doped WC nanoarray structures [138]. The authors
introduce N-doping to modulate the surface energy level and
optimize hydrogen binding, thus promoting her kinetics. And the
authors argue that the nano-array structure reveals as well as
exposes more active sites for electrochemical reactions, but also,
by supplying an underwater ultra-hydrophobic interface, this in
return promotes gas release. As a result, the overall water splitting
reaction of N-WC nanoarrays as cathode and anode electrodes
began at about 1.4V and the OER showed low overpotential and
high activity under acidic conditions. Instead of doping with non-
metallic elements (N, S, P), doping with transition metal atoms
(e.g., Fe, Co, Ni) regulates surface defects and vacancies, thus
affecting the adsorption and dissociation energies of the reactant
and product molecules during water splitting [139-144]. More
recently, Wang et al. prepares vertically aligned porous cobalt
carbide nanosheets embedded with nitrogen-doped carbon
matrix (CogWgC@NC) as efficient overall water splitting catalysts
by a facile metal-organic framework (MOF) derivatization method
(Fig. 6¢). The authors use the characteristics of highly ordered and
structurally uniform metal ions in MOFs to prepare porous
nanosheets with pure phase bimetallic carbides. The
CogWgC@NC/CC demonstrated excellent HER and OER catalytic
performance and also can as a two-electrode water splitting device
requiring a low cell voltage of 1.585V at a current density of
10 mA/cm? with very stability and the almost 100% Faradaic
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efficiency indicates high catalytic selectivity in HER and OER
processes (Figs. 6d-f). The authors summarize the main reasons for
the improved performance: The porous nanosheet structure
formed on the carbon cloth can expose more active sites to the
electrolyte; moreover, the synergistic interaction of Co and W
atoms effectively adjusts the electronic structure and optimizes
the hydrogen-binding energy; the Co species introduced are
capable of converting to oxide/hydroxide in the OER process to
enhance its performance as an OER active center and nitrogen-
doped carbon substrates as a backbone to enhance electrical
conductivity [145]. Additionally, Zhao et al. reports a simple
strategy to synthesize low electronegativity vanadium-substituted
cobalt carbides (V4Cos_4C), allowing a large number of defects to be
present throughout the lattice, thus enhancing the electrocatalyst
performance. The Vj35C0,7,C/CNFs exhibits superior electro-
chemistry for overall water splitting electrodes, a current density
of 10 mA/cm? can be achieved at only 1.47 V cell voltage. Also, DFT
calculations are employed to illustrate that when V replaces Co, the
low-electro-negativity vanadium substitution can play a role in
weakening the OH bond and thus reducing the OH adsorption
energy to optimize its electrochemical properties [ 146]. Finally, we
provide a detailed table summary of the overall water splitting
performance of the first type of catalysts (Table 1).

3.2. Indirect catalysts

3.2.1. Transition metal phosphates

Transition metal oxides and transition metal carbides with
intrinsic activity for HER and OER reactions are summarized as the
first type of direct catalysts. And the intrinsically active species that
change during the OER reaction are classified as secondary
catalysts, such as most of the phosphides and sulfides. In 2005,
Rodriguez’s group performed density functional theory (DFT)
calculation to demonstrate that the (001) surface of Ni,P possesses
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the favorable H binding in hydrogenase systems [147]. And the new
strategy for synthesizing nanostructures of transition metal
phosphides was described in 2007. A variety of 3d, 4d, and 5d
transition metal phosphide nanocrystals (Ni,P, PtP,, Rh,P, Au,Ps,
PdsP,, and PdP;) is demonstrated, can be accessed by the solution-
mediated reaction of preformed metal nanoparticles. This is
particularly important because robust methods exist for control-
ling the size and shape of single-metal nanoparticles, and these can
now serve as reactive templates for the formation of metal
phosphides [148]. The hollow morphology is the result of a
nanoscale Kirkendall effect, which often occurs for metal
phosphide nanoparticles that have been synthesized by reaction
of the metal nanoparticle templates. In 2014, CoP nanoparticles are
reported to have favorable performance towards HER with only
—85 mV overpotentials to attain current density of 20 mA/cm? in
0.5 mol/L H,SO4, indicating that CoP is an excellent catalyst for HER
under acidic conditions [149].

The M-P bond formation in TMPs (M = Mo, Ni, Co, Fe, etc.) seems
to have a negligible effect on the electronic properties of the metal
species due to the dilution of the M concentration by the presence
of P atoms [147]. Moreover, a weak "coordination effect” is induced
by the M-P bond, which allows the dissociation of molecular
hydrogen with high activity, but also provides moderate binding,
captures catalytic intermediates, and prevents catalyst deactiva-
tion [150]. Upon occupation of a metal site, the adsorbent (H"/H,0)
prefers to interact with the M-P bridge site, where electron
transfer to the bridging proton is identified as the rate
determination step (RDS) of the entire HER process. Li and co-
workers have experimentally reported a universal and scalable
method to prepare highly active TMP electrocatalysts for overall
water splitting by pyrolyzing phytic acid cross-linked metal
complexes (Fig. 7a). High-resolution high-angle annular dark field
(HAADF) images of MoP reveal the presence of O atoms (dark
spots) in MoP, and HAADF images of CoP show the presence of
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[001] oriented orthorhombic rhombic bands and an extremely low
amount of oxygen (Figs. 7b and c). In order to understand the cause
of its good catalytic activity generation, the light absorption around
the atom was investigated by extended x-ray absorption fine
structure spectroscopy (EXAFS) measurements (Mo, Co). Figs. 7d
and e show that Mo and Co atoms are arranged differently with
changes in their Mo-P, Co-P and Co-Co bond lengths; it is showed
by EPR that not only Mo(Ill) is present in T-MoP, but that the
presence of oxygen makes the Co species abundant in the low-
valent state existence (Figs. 7f and g). Moderate introduction of O
atoms into the TMPs enhance their intrinsic conductivities and
elongate the M—P bonds, facilitating electron transfer to active
sites for catalyzing the HER or OER [151]. Although the TMPs have
been reported to have high activity for catalyzing HER, yet their
active site and stability are not well-understood [152-155]. A new
insight into the active sites and stability of CoP nanoparticles (NPs)
for HER are provided through experiments and DFT calculations.
Research find that the HER activity of CoP decreases as the
potential remained above 0.4V with RHE. This loss of activity is
associated with leaching of P and a decrease in the Co/P ratio
indicated by the energy dispersive spectroscopy (EDX) results. The
formation of (oxy)phosphate(s) coincided with a decrease in
activity as confirmed by the PO, (P°>~) signal at the P-K edge X-ray
absorption (XAS) and in situ Co-K edge EXAFS. In addition, DFT
calculations suggest that surface P can act as a HER active site on
CoP, while P-K edge XAS suggests that it may be a P>~ species, in
contrast to the conventional HER mechanism on metal sites. As
such, further research is needed to provide atomic insights into the
active site [156].

Janus nanoparticles with asymmetric shape or composition
have different chemical and physical properties due to their broken
symmetry. Based on this property, catalysts of the Mott-Schottky
class, an example, already apply to dehydrogenation, artificial
photosynthesis and other organic reactions [157-160]. The use of

Table 1
A summary of the first type of direct catalysts with electrocatalytic properties.
Catalysts Substrate Loading amount Electrolytes Voltage (V) @j n of HER (mV) @j n of OER (mV) @;j Faradaic Ref.
(mg/cm?) (mA/cm?) (mA/cm?) (mA/cm?) efficiency

CoOx@CN GCE/Ni Foam  0.12 mg/GCE 1.0 mol/L 1.55V@20 mA/cm?  232mV@10 mA/cm? 260 mV@10 mA/cm? _ [104]
2.1 mg/NF KOH

C0304 Co foils _ 1.0 mol/L 1.72V@10 mA/cm? 260 mV@10 mA/cm? 275 mV@10 mA/cm? _ [105]
nanorods KOH

C-Co304 Ti mesh _ 1.0 mol/L _ 163 mV@10 mA/cm? 250 mV@10 mA/cm? _ [108]
KOH

MoO, Ni foam ~2.9 mg/NF 1.0 mol/L 1.53V@10mA/cm? 27 mV@10 mA/cm? 260 mV@10 mA/cm? ~100% [109]
KOH

NS-MnO, Ni foam _ 1.0 mol/L _ 197 mV@10 mA/cm? 320 mV@10 mA/cm? _ [110]
KOH

Ni-Fe-O GCE/Ni foam  0.15 mg/GCE, NF 1.0 mol/L 1.64V@10 mA/cm? 244 mV@10 mA/cm? _ [111]
KOH

R-TMO Ni foam ~2.5 mg/NF 1.0 mol/L 1.61 V@10 mA/cm? 236 mV@10 mA/cm? 240 mV@10 mA/cm? _ [112]
KOH

CoMnO@CN Ni foam 2 mg/NF 1.0 mol/L 1.7 V@54 mA/cm? 71 mV@10 mA/cm? 263 mV@10 mA/cm? _ [113]
KOH

Mo,CTx NMs  Ni foam 1 mg/NF 1.0 mol/L 1.7 V@10 mA/cm? 140 mV@10 mA/cm? 180 mV@10 mA/cm? _ [127]
KOH

Mo,C@CS Carbon sheets __ 1.0 mol/L 1.73V@10 mA/cm? 60 mV@10 mA/cm? 320 mV@10 mA/cm? _ [128]
KOH

Ni/Mo,C GCE 1.4 mg/GCE 1.0mol/L  1.64V@10mA/cm?® 143 mV@10 mA/cm? 288 mV@10 mA/cm? _ [135]
-CNNFs KOH

N-WC CFP 10 mg/CFP 1.0 mol/L 1.7V@30 mA/cm? 89 mV@10 mA/cm? 470 mV@10 mA/cm? _ [138]
KOH

CogWsC@NC  Carbon matrix __ 1.0 mol/L 1.585V@10 mA/cm? 59 mV@10 mA/cm? 286 mV@10 mA/cm? ~100% [145]
KOH

V,C03.,C Carbon _ 1.0 mol/L 1.47V@10 mA/cm? 87 mV@10 mA/cm? 210 mV@10 mA/cm? ~95% [146]
nanofiber KOH

GCE: glassy carbon electrode.
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their highly coupled interface provides a general principle for the
design of catalysts. As shown in Fig. 7h, the overall synthesis
process for the carbon coated Janus CoP/Co nanoparticles is
illustrated. The redistribution of electrons at the Co/CoP interface
generally promote the HER and OER activity, greatly extending
their applications as highly efficient and stable electrode materials
in water splitting devices (Figs. 7i and j). This study opens up a new
path to explore Mott-Schottky electrocatalysts made of transition
metal phosphides for water splitting reaction, fuel cells, and
organic synthesis [161]. Similarly, Yu et al. designs a novel ternary
Nig1CopgP porous nanosheets anchored on conductive carbon
fiber paper as a bifunctional catalytic material to efficiently drive
water reduction and oxidation reactions in a neutral pH electrolyte.
The common CoP crystals are orthorhombic B 31 structures with
the formal valence state of Co>*P>~ and their crystal domains can
be divided into the e, state (directed to the P anion) and the tyg
state (involved in the Co—Co bond). The authors' doping of Ni into
the CoP lattice leads to a slight compression of the lattice, allowing
the tuning of the surface electronic structure to improve the
catalytic performance [162].

Establishing an interface with conductive substrates (e.g., NF,
copper foam, carbon cloth, stainless steel mesh) with a strong
coupling effect enables the electronic structure to be regulated,
while improving the electron transfer efficiency and thus the
catalytic performance. Our group has reported a facile method to
synthesize self-assembled 3D laminar NiCo,Px anchored on
functionalized carbon nanotubes (NiCo,Py/CNTs) is developed
for achieving cost-efficient, highly-active, and robust electro-
catalysts towards overall water splitting in 1 mol/L KOH. Notably,
the overpotentials at a current density of 10 mA/cm? are as low as
47 mV and 284 mV for the hydrogen evolution reaction (HER) and
the oxygen evolution reaction (OER), respectively. The water
electrolyzer device using NiCo,P4/CNTs as both the cathode and
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anode only requires a cell voltage of 1.61V to reach a current
density of 10 mA/cm? along with outstanding durability for at least
48 h[163]. Due to the high adhesion of the generated air bubbles to
the powder catalyst, the gas pathway is poor, while the three-
dimensional self-supporting structure facilitates an increase in the
electrochemically active surface area without the aid of polymer
binders, promotes electrolyte penetration, and facilitates electron
transport and gas release. Sun's team prepares three-dimensional
self-loaded Fe-doped Ni,P nanosheet arrays on Ni foam using a
hydrothermal method and in situ phosphorylation as a bifunctional
electrocatalyst for overall water splitting (Fig. 8a). The optimized
Fe doping of Ni,P (Nig33Feqe7)2P exhibits excellent HER activity-
overpotential of ~214mV to 50mA/cm? and enhanced OER
activity-overpotential of ~230mV to 50 mA/cm? [164]. And as
shown in Fig. 8b, Wu et al. designs a novel Cr-doped FeNi-P/NCN
nanocomposite via a one-step heating treatment using transition
metal oxides, dicyandiamide (DCDA) and (NH,4)5PO,4 as precursors.
The superior catalytic performance of the samples is attributed to
the fast mass/electron transfer and easier gas release due to the
strong interaction between Cr-doped FeNi-P and NCN. What's
more, in Fig. 8c the current density of 10 mA/cm? is achieved with
only 1.5V cell voltage for overall water splitting [ 165]. Next, Lu et al.
proceeded by directly growing Co-Fe Prussian blue analogues on
three-dimensional porous conducting substrates, which further
phosphorylated into bifunctional Fe-doped CoP (Fe-CoP) electro-
catalysts. The prepared Fe-CoP/NF electrode exhibits high electro-
catalytic performance and reliability for both OER and HER, can
provide a current density of 10 mA/cm? in 1.0 mol/L KOH solution
with a cell voltage of only 1.49 V for overall water splitting [166].
Hu and coworker report a bimetallic (FexNi;_4),P nanoarrays as
efficient electrocatalysts for oxygen evolution in alkaline and
neutral media. Benefiting from the optimized Fe doping to adjust
the available active surface site and electronic structure, the

—MoP
‘e MOP@RGO

Mo-P

~  Mo-Mo:

FT(kyx)

@
°

3 4 B 6

2 3 4 2
Radial distance (A) Radial distance (A)

—
o
N
5

—MoP
=MoP@RGO
—T-MoP

e
o

9=1.9337

Valence State

Adsorption (a.u.)

a=zot 1 PP
——CoP@RGO
——Co-foil

]

7740

7710

7720 7730 7750

181 182 183 184 185 186 187 .
Magnetic field (mT) (J ) Energy (eV)
50
__40
-Co g 30
= CoICoP-3 | « 1 mol/L KOH
= ColCoP-5 | E
—ColCoP-7 | =20
=5 10
0
05 04 -03 -02 -01 1.3 14 15 17

16
Potential (V vs. RHE) Potential (V vs. RHE)

Fig. 7. (a) Synthesis Process for TMP@RGO by pyrolyzing phytic acid cross-linked complexes high-resolution high-angle annular dark field-STEM (HAADF-STEM) image of (b)
MoP and (c) CoP with the corresponding crystal structure superimposed. Mo (d) and Co (e) K-edge extended XAFS oscillation. (f) Room temperature (273 K) EPR
measurements for various MoP catalysts. (g) X-ray absorption near-edge structure (XANES) analysis of Co-based compounds. Reproduced with permission [151]. Copyright
2016, American Chemical Society. (h) Synthetic process, and iR-corrected LSV curves for (i) OER and (j) HER. Reproduced with permission [161]. Copyright 2017, Wiley-VCH.
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catalyst can act as an efficient electrocatalyst through the
heterogeneous structural interface formed in situ, the porous
nanosheet array and the highly open three-dimensional hierarchy
[167]. A neutral water electrolytic catalytic reaction can use ocean,
lake, or river water directly without the need for expensive,
environmentally friendly membranes or separators, and can
reduce the cost of electrochemical systems, as opposed to acidic
and alkaline conditions. Recently, the ternary Nig;CoggoP porous
nanosheet structure proposed by Yu et al. previously mentioned
can drive a current density of 10 mA/cm? at 1.89 V under neutral
conditions. However, the problem is still the need for higher cell
voltages due to the higher overpotential of the bifunctional
electrocatalyst under neutral conditions [162]. Shen et al. reports a
facile and controlled method to tailor the electronic structure by Cu
doping and developed a highly active electrocatalyst consisting of
an array of CoP nanosheets on carbon paper. Owing to its excellent
conductivity and optimized electronic structure, the Cu-CoP
NAs/CP can drive current density of 10 mA/cm? with a low
overpotential of 81 mV and 411 mV for HER and OER. To
understand the material changes that occur during the catalytic
process, the authors use XPS analysis to obtain the conversion of Co
to a hydroxyl oxide, confirming its intrinsic active species. And DFT
calculations also proved by the authors that doping with Cu
elements can significantly improve the conductivity of CoP as well
as modulate the electronic structure to facilitate fast charge
transfer and optimize the adsorption free energy of reaction
intermediates (Figs. 8d and e) [168].

3.2.2. Transition metal sulfide

So far, transition metal sulfides in the catalytic reaction of HER
and OER possess a high activity may be due to their special

Hydrothermal

|

120 °C
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electronic properties, high valence, synergy between transition
metal ions, and strong corrosion resistance in an alkaline
environment [169-171]. NisS; is a naturally occurring metal-sulfur
group compound that is well suited for various electrochemical
applications due to its high electrical conductivity and low cost
[172-174]. The Sun’s team has already reported the use of
amorphous Ni-S films prepared by a simple electrodeposition
method as an efficient, robust and inexpensive HER catalyst in a
variety of aqueous media including strongly acidic, neutral,
strongly alkaline and natural water [175]. Considering the inherent
lack of conductivity of fluorine-doped tin oxide (FTO), the use of a
more conductive NF as a substrate is a very good choice. For this
purpose, Zhang et al. use a simple hydrothermal reaction to
successfully decorate single-crystal Nis3S, nanorods on NF as an
excellent OER electrocatalyst. The OER catalytic performance is
well improved due to the synergistic chemical coupling effect
between hydrated NisS, nanorods, Ni oxide layers and Ni foam
support [176]. And Xie et al. highlight a new N-anion-decorated
metallic NisS, electrode material with a three-dimensional
electrode that has excellent catalytic activity for both HER and
OER processes under alkaline conditions. And the authors claim N
anion introduction remarkably modifies the morphology and
electronic structure of NisS,, bringing high exposure of surface
active sites, enhanced electrical conductivity, optimal HER Gibbs
free energy (AG.;;) and water adsorption energy changes (AG.y,0)
[177]. Rationally designed and synthesized the active sites via
sizing and assembly modes for trimming nanocatalysts is also a
way can be to significantly improve the electrocatalytic perfor-
mance, but increasing the crystalline density of the most
catalytically active surfaces on various nanomaterials is most
promising to for their water splitting catalytic performance close

Phosphorization

300 °C

= e © o ?}'
2 900 °C, 2h ¢
@ DCDA + (NH,),PO, Cr-doped
@ Transition metal oxides FeNi—P/NCN
I NeN

-~|Cr-doped

FeNi-P
Cr-doped " Cr-doped Lo CoP —CoP.
FeNi-P/NCNIl FeNi-P/NCN I - - Cu-CoP 5
- d
‘o - i 0.8 =
G z Bo06 =
: . 23 23
2100 L = S £ 04 5
o & Gl S2
£ - - ® Co-Co bridge I3
~ - - 9) 2 (.2 ]
g w 21
=L Lsoy 154/ [ & Wwee ww, | &
0.01 CuCoP 0
) T~ goconiis [inT 1
e
-0. -1

1.0 1.2 14 16
Reaction coordinate

Reaction coordinate

Reaction coordinate

Fig. 8. (a) Schematic illustration of the synthesis process of Fe-doped Ni,P nanosheet arrays. Reproduced with permission [164]. Copyright 2017, Wiley-VCH. (b) Schematic of
the fabrication of the Cr-doped FeNi-P/NCN, (c) LSV curve of overall water splitting. Reproduced with permission [165]. Copyright 2019, Wiley-VCH. (d) HER free energy
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to or even better than that of precious metals [178,179]. Zou and
coworker first report a method for synthesizing high exponential
plane Ni3S; nanosheet arrays by in situ growth on foam nickel (NF)
[180]. Two sets of lattice fringes of Ni3S, are revealed in HRTEM,
and the angle of entanglement between the (021) and (003) faces
of 70.7° is very close to the theoretical value of 70.8° which can
indicate that the exposed facets of the nanosheets are. Experi-
mental results and theoretical calculations indicate that Ni3S;/NF’s
excellent catalytic activity is mainly due to the synergistic catalytic
effects produced in it by its nanosheet arrays and exposed (210)
high-index facets. Modulation of the effective active site is a
strategy to improve the electrocatalytic performance. Recently, Li
et al. demonstrate that ammonia treatment is an effective strategy
to simultaneously enrich the active sites on MoS; nanosheets and
enhance their intrinsic catalytic activity against HER in basic
electrolytes. Through experimental data and theoretical analysis, it
is evident that the enriched active MoS, has long been a focus in
electrolytic water hydrolysis. It is known that the application of
2H-MoS, in catalytic HER is limited by density, active site
reactivity, poor charge transport performance between 2H-MoS,
layers and low electrical contact efficiency with conductive
carriers [181,182]. Alternatively, the metal 1T phase MoS,
(1T-MoS,) exhibits easier charge transfer characteristics and is
therefore able to expose more active sites, resulting in better
performance [183,184]. The performance can be further improved
by engineering the electronic structure of the catalytic site at the
atomic level and improving atomic utilization. Zhao et al. reported
for the first time that the cobalt covalently doped MoS, was
induced by a covalent doping method for overall water splitting
bifunctionality, and the obtained cobalt covalently doped MoS,
showed excellent bifunctional catalytic properties for HER and OER
with starting potentials of —0.02 and 1.45V, respectively, in site
with favorable H adsorption free energy is responsible for the good
catalytic activity of N-doped NisS, [185]. DFT calculations
demonstrate a stable material structure with a Mo/Co ratio of
8:1, and the density of states (DOS) of Co 3d and S 3p show the
overlap of its neighboring S atoms in MoS,, confirming the
formation of Co—S covalent bonds (Figs. 9a-c). Moreover, Gu's
team proposed a reliable and tunable synthesis strategy based on a
polymetallic oxygenate template with an Anderson-type
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polymetallic oxygenate as a precursor to atomically engineered
metal doping sites on metal 1T-MoS, [186]. The outstanding HER
activity exhibited by NiO@1T-MoS,/CFP (T-180) is due to the
precise co-doping of Ni and O atoms into ultra-thin 1T-MoS,
nanosheets, effectively reducing the kinetic barrier required for the
initial dissociation step while facilitating the intermediate state
hydrogen production process.

Based on the above optimization model, the metallic properties
of the co-doped MoS, plates are further revealed, contributing to
the electrocatalytic boost. In addition, in combination with the
covalent doping of metals, co-doping of non-metallic elements
such as N, O, S and other electro-negative elements is also an
effective means to improve the performance of electrolytic water.
Wu et al. present a facile synthesis of nitrogen, oxygen, and sulfur
tri-doped carbon-encapsulated CogSg nanoparticles (Fig. 9d) [187].
Thanks to the synergistic effect between the CogSg nanoparticle
nuclei and the heteroatom-doped carbon shell layer of the
material, the CogSg@NOSC catalyst exhibits a good OER perfor-
mance and can be applied to overall water splitting (Figs. 9e and f).
A two electrode electrolyzer is assembled with CogSg @NOSC as an
electrocatalyst with current densities of 10 and 20 mA/cm? at
potentials of 1.60 and 1.74V, respectively (Table 2).

The second type of catalysts mainly have intrinsic catalytic
activity for HER, while for OER process their intrinsic catalytically
active substances will be transformed (hydroxides, hydroxyl
oxides, etc.), and recent papers mainly compare the transformation
of their intrinsically catalytically active substances by XPS
characterization before and after the reaction, which can be
further analyzed by in situ X-ray absorption spectroscopy in more
detail. To better compare the differences between the catalysts, we
summarized the performance of the second type of catalysts used
in this review for overall water splitting as shown in Table 2.

3.3. Hybrid catalysis

The first type of catalysts has an intrinsic catalytic activity
towards OER and HER, according to this review, and the method to
optimize the activity focuses on regulating the electronic structure,
increasing the lower conductivity, and accelerating the electron
transfer rate. The second category of catalysts is defined as
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Fig.9. (a) DFT calculated vapor-phase hydrothermal (VPH) transformation reaction energy of g-Mo,C to 2H-MoS,. (b) The side and top views of the optimized stable structure
of Co covalently doped MoS, with a Mo/Co ratio of 8:1 (green, yellow, and blue balls represent Mo, S, and Co, respectively). (c) The calculated DOS of 3d Co and 3p S states.
Reproduced with permission [185]. Copyright 2018, Wiley-VCH. (d) Synthetic procedures used to synthesize CooSs@NOSC hybrid electrocatalysts; performance of an overall
water electrolyzer involving as electro-catalyst. (e) Polarization curves. (f) Chronopotentiometric (i-t) curves. Inset in (f) shows the amounts of theoretically calculated and
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"indirect catalysts" due to the fact that in the OER process, most
catalysts are intermediately converted to substances that have
intrinsic catalytic activity for OER activity, as hydroxides. So as the
third type of catalyst, on the other hand, is summarized as a
heterogeneous catalyst, which usually consists of a combination of
two catalysts, such as some transition metal catalysts that are held
together by heterogeneous junctions, and they are usually able to
combine the advantages of both to meet the requirements of being
a bifunctional catalyst. There is a consensus that the strong
coupling interface between HER and OER active components
usually significantly promotes the final performance of these
hybrid electrocatalysts. Due to the possible synergistic effect and
the improvement of electron transfer efficiency at the interfaces of
different components, the strong coupling interface between HER
and OER active components usually significantly promotes the
final performance of these hybrid electrocatalysts [188-190].
Simultaneously, interface design has attracted a tremendous
quantity of research as one of the most critical and prospective
drivers for boosting electrochemical reactions [191-197].

The application of heazlewoodite-NisS, in electrolytic water
has been described in the previous section, considering that it does
not catalyze both HER and OER efficiently [198]. To this end, Zou's
team reports for the first time a synthetic approach that yielded an
efficient and ultra-stable electrocatalyst based on NisS, for the
overall water splitting. The material is assisted by a small amount
of ammonium molybdate to form a unique ultrathin nanosheet
structure with hollow NisS, microspheres supporting the forma-
tion of a unique structure in a NF material (Fig. 10a). A small
amount of MoO, was formed in the reaction, which in combination
with NisS; is referred to as MoOy/NisSy/NFE. The authors
experimentally prove the materials possess strong electrocatalytic
activity for both HER and OER due to its high density of active
exposure sites and fast electron transport channels. In an alkaline
electrolysis cell with a current density of 10 mA/cm? and an
applied potential of 1.45V, the material has a significant stability
(>100h) [199]. Similarly, leveraging the strengths of structural
engineering, Tu et al. coupling the material to the hollow TiO,.
Benefited from a larger active surface area, richer/shorter
ion/electron transfer channels, and stronger structural stability,

Chinese Chemical Letters 32 (2021) 2597-2616

and the obtained TiO,@Co4Sg core-branch array exhibited superior
electrocatalytic performance (Figs. 10b-d)[200]. The work above is
mainly improving the electrochemical performance via structural
engineering andinterfacial processes that increase the effective
active area of the catalyst along with the electron transfer rate. Ren
et al. reported an efficient hybrid catalyst constructed of iron and
dinickel phosphide on NF to drive the HER and OER. Surprisingly,
the FeP/Ni,P catalysts drive 10 mA/cm? current only need 1.42V
with an outstanding durability delivers 500 mA/cm? at 1.72 V over
40 h for overall water splitting. To better understand the catalytic
mechanism, the authors confirm the FeP hybridized atop with Ni,P
results in a significant increase of the AGy by DFT calculations.
Also, the authors highlight that the calculations are limited to the
thin layer of FeP crystals, ignoring the size of the particles
(5—-30nm), so this may be a good direction for research [201].
The excellent performance of the electrocatalyst is related to its
geometry, and the introduction of electronegative elements can
also regulate the performance of the catalyst. Benefiting from the
high flexibility and inherent anisotropy of one-dimensional
materials, as well as the large surface area and rich active edges
of 2D materials, in addition to the fact that bimetallic
nanocrystals with high separation components can generate
vacancies or defects to enhance performance. Xi et al. designs
the N-NiMoO4/NiS, nanowire/nanosheet material with N-con-
trolled electronic conditions. The authors adopt a "top-down"
strategy-firstly, prepared parental N-NiMoO4 nanowires by regu-
late nitridation, which activated Ni sites in the NiMoO,4 crystal
structure, and then prepared N-NiMoOy4/NiS, with a rich epitaxial
heterogeneous interface via selective sulfuration. DFT calculations
understand the effect of N doping and confirm the charge transfer
from N-NiMoO,4 to NiS, across epitaxial heterogeneous interfaces
at the atomic level, and the synergy between the N-NiMoO,4 and N-
NiS, domains enhances their HER/OER performance in alkaline
solutions (Figs. 10e-g). At the same time, the introduction of N
allows the higher state near Fermi level to lift and new states to
reduce the band gap, enhance the adsorption strength of molecules
and free radicals (‘"H and ‘OH) and enhance conductivity. The
abundant electrons on NiS, will stabilize the H adatom by
transferring electrons from N-NiMoO,4 to NiS, to favor it is HER

Table 2
A summary of the second type of indirect catalysts with electrocatalytic properties.
Catalysts Substrate Loading amount Electrolytes  Voltage (V) @j n of HER (mV) @j n of OER (mV) @j Faradaic Ref.
(mg/cm?) (mA/cm?) (mA/cm?) (mA/cm?) efficiency

Co/CoP GCE 5 mg/GCE 1.0 mol/L 151 V@20 mA/cm? 253 mV@10 mA/cm? 340 mV@10mA/cm? [161]
KOH

Nio1Coo.0P CFP 0.58 mg/CFP 1.0 mol/L 1.81 V@10 mA/cm? 34 mV@10 mA/cm? 1.8 V@11 mA/cm? ~100% [162]
PBS

NiCo,P4/CNTs  GCE/Ni Foam  __ 1.0 mol/L 1.61 V@10 mA/cm? 47 mV@10 mA/cm? 284 mV@10 mA/cm? _ [163]
KOH

(Nig33sFegg7)2P Ni Foam ~2.9 mg/NF 1.0 mol/L 1.41 V@10 mA/cm? 214 mV@10 mA/cm? 230 mV@10 mA/cm? ~100% [164]
KOH

Cr-FeNi-P GCE 0.48 mg/GCE 1.0 mol/L 1.5 V@10 mA/cm? 190 mV@10 mA/cm? 240 mV@10 mA/cm? _ [165]
KOH

Fe-CoP Ni Foam 4.2 mg/NF 1.0 mol/L 1.49V@10 mA/cm? 78 mV@10 mA/cm? 227 mV@10 mA/cm?  __ [166]
KOH

Cu-CoP Carbon paper  __ 1.0 mol/L 1.72V@10 mA/cm? 81 mV@10 mA/cm? 411 mV@10 mA/cm? _ [168]
PBS

N-NisS, Ni Foam _ 1.0 mol/L 148 V@54 mA/cm? 110 mV@10 mA/cm? 350 mV@10 mA/cm? [177]
KOH

Ni3S; /NF Ni Foam 1.6 mg/NF 1.0 mol/L 1.76 V@10 mA/cm? 223 mV@10 mA/cm? 260 mV@10 mA/cm? ~100% [180]
NaOH

Co-MoS, Carbon fiber 2 mg/CFP 1.0 mol/L _ 48 mV@10 mA/cm? 260 mV@10 mA/cm? _ [186]

paper KOH

CogSg @NOSC ~ GCE 0.28 mg/GCE 1.0 mol/L 1.6 V@10 mA/cm? 340 mV@10 mA/cm?  __ [187]

KOH

GCE: glassy carbon electrode.
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catalytic activity [202]. Synergistic effects from polymetallic and
interfacial effects from heterogeneous junctions are often the
origin of catalyst activity. Shao et al. prepared (Ni,Fe)S,@MoS, by
hydrothermal sulfured process with molybdenum salts using NiFe
LDH as precursor, which serves as an efficient, low-cost stable
electrocatalyst under interface engineering effects and synergistic
effects [203]. In Figs. 10h—j, the prepared (Ni,Fe)S,@MoS, catalysts
exhibit excellent electrochemical activity and durability in an
alkaline environment, with low overpotentials of 130 mV and
270mV for HER and OER to provide a current density of
10 mA/cm?, respectively. At the same time, when used as an
overall water splitting catalyst, the electrolytic cell only requires a
potential of 1.56 V at 10 mA/cm?, much lower than other catalysts.
In addition to applying interface engineering effects, regulating the
morphological structure of the catalyst is also a viable tool. Feng
et al. for the first time, propose the interfacial engineering of novel
MoS,/Ni3S, heterogeneous structures prepared on NF. And the
authors combine the DFT calculations and experimental results to
confirm the interfacial interaction between MoS, and NisS, and the
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in situ generation of NiO can promote the synchronous chemical
adsorption of hydrogen and oxygen-containing intermediates,
enhancing the overall water splitting performance [204]. The
aforementioned work carefully analyzes the role of interfacial
interactions between the two catalysts for electron transport and
for the energy of adsorption of active substances in catalytic
reactions. Experimental simplicity is also an important factor, and
for this end, Gao and his coworker utilizing anisotropic molybdate
intermediates to directly grow MoS,-NisS, heterogeneous nano-
rods by a simple one-step hydrothermal method. This MoS,-NisS,
electrocatalyst showed superior performance for HER and OER,
and the battery voltage is only 1.50V with a battery voltage
can reach current density 10 mA/cm?. The excellent catalytic
performance of the samples is attributed to the combination of
MoS,-Nis3S, with better adsorption of H- and the O-containing
intermediate, the efficient exposure of the active interface in the
layered nanostructures, and the fast electron transport brought
about by the anchoring to the NF substrate [205].
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2019, Wiley-VCH. The LSV curves of (h) HER, (i) OER and (j) two-electrode cell assembled by different materials. Reproduced with permission [203]. Copyright 2019, Elsevier

Ltd.

2611



X.-P. Li et al.

Besides the usual 1D nanowires combined with 2D nanosheets,
fabricating a core-shell structure is also a good option. Guo et al.
developed a core-shell CosS; @MoS, heterostructure by perform-
ing a two-step heated hydrothermal reaction and thermal
annealing process, whose unique hollow and core-shell structure,
along with low charge transfer resistance and abundant active
sites, bestows efficient catalytic performance [206]. Coincidentally,
Mercouri G. Kanatzidis et al. prepare a hierarchical structure of
MoS,/CogeSg/Ni3S,/Ni based on NF as a highly efficient catalyst for
overall water splitting in a wide range of pH. This work exhibits
good overall water splitting performance over a wide pH range due
to its unique 3D hierarchical structure and electron transfer due to
the synergy between the different components [207]. In terms of
structure and morphology, in addition to the hierarchical nano-
sheets stacked on a one-dimensional substrate, the preparation of
porous nano-heterojunctions is also a good method. One typical
example is that Wang et al. developing a bottom-up approach is
established for facile synthesis of holey 2D transition metal
carbide/nitride heterostructure nanosheets (h-TMCN) with regu-
lated hole sizes by controlled thermal annealing of the Mo/Zn
bimetallic imidazolate frameworks (Mo/Zn BIFs). The authors
reveal that the Mo/Zn BIFs precursors undergo three interrelated
transition steps through phase shift and structure identification.
And X-ray fine structure analysis and high-resolution X-ray
photoelectron spectroscopy reveal the ability of Mo,C and Mo,N
to chemically bond together, producing an enriched N-Mo-C active
interface facilitating the water dissociation [208]. The robust
porous structure and high surface areas of metal-organic
framework (MOFs) may give its wunique advantages in
electrocatalytic reactions (such as HER, OER). Mu's team developed
a method based on a simple MOFs to prepare bifunctional Co-NC@
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Mo,C composite catalysts. Different from traditional carbon
encapsulated functional nanomaterials, carbon-based framework
derived carbonitrides and Co nanoparticles (Co-NC) are encapsu-
lated by Mo,C. With to the unique reverse-encapsulation structure
and the synergistic effect of Mo,C and Co-NC, the Co-NC@Mo,C
complex catalysts shows excellent catalytic performance for HER
and OER in a wide pH range. This study provides a new path for the
design of MOF derivative catalysts to obtain multi-functional
catalytic performance [209].

The application of defect engineering is also a powerful way to
improve the performance of electrocatalysis. Independent, defect-
rich heterogeneous-MoS,/NiS, nanosheets are designed in two
steps by Feng et al. for overall water splitting (Fig. 11a). The
abundant non-homogeneous phase interface in MoS,/NiS, pro-
vides abundant electroactive sites as well as promotes electron
transfer to further synergize the electrocatalytic reaction, thus
exhibiting enhanced electrocatalytic performance [210]. Regulat-
ing the electronic structure through non-metallic elements is an
effective means, from which it is conjectured that the introduction
of heterogeneous metals into transition metal materials is also a
promising strategy to stimulate intrinsic catalytic activity by
modulating electronic structure and morphology. Recently, Jiao
et al. synthesize a layered heterogeneous nanoarray composite of
V-CoP@a-Co0, as an ideal and stable electrocatalyst for water
splitting. Predictably, as shown in Figs. 11b-d, V-CoP@a-CeO,
exhibits superior performance in both hydrogen evolution and
oxygen evolution reactions, and furthermore, the combination of
the two-electrode electrolytic cell with the V-CoP@a-CeO, electro-
catalyst requires only an electrolytic cell voltage of 1.56V and
1.71V to achieve 10 and 100 mA/cm? current density, respectively.
In the Figs. 11e and f, DFT calculations demonstrate that the
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V-CoP@a-Co0, can be used as an excellent electrocatalyst for
overall water splitting under alkaline conditions, using the electron
transfer exchange rearrangement produced via the doping of V and
between CeO, with V-CoP heterogeneous components [211]. Also,
the introduction of Mo and Fe into NisS; bent nanosheets has long
been shown to be a method to enhance the performance of the
overall water splitting [212,213]. Mu et al. report the successful
synthesis of a novel Mo-doped hollow nanorod structure
(Mo-Ni3S,/NixPy/NF) on NF by a simple solvothermal process
followed by partial phosphorylation. The electronic structure and
activation of Ni sites in Ni3S, nanostructures are optimized by
precise and controlled Mo doping to form Mo-NisS, flower-like
nanosheet clusters; subsequently, the formed Mo-NisS; was
partially phosphorylated to form hierarchical branched hollow
nanorods Mo-Nis;S;/NixPy/NF, resulting in abundant heteroge-
neous interfaces. The authors also demonstrate experimentally
and DFT calculations to showing the presence of electron exchange
and heterogeneous composition between Mo-Ni3S,/NixPy/NF can
optimize the Gibbs adsorption free energy of oxygen-containing
intermediates (AG.y;) and hydrogen (AG.y) to improve OER and
HER performance [214]. As for the hybrid catalyst, the current
research on its mechanism is mainly based on the DFT calculation,
indicating the influence of its specific charge transport and
distribution on the adsorption energy of the active intermediate,
and figuring out the specific effect between the two is of significant
assistance to the understanding of the catalyst. As well, a detailed
summary table of the water splitting properties of the above
catalysts can be found for a clearer overview of the performance
characteristics (Table 3).

4. Conclusion and perspective
The development of inexpensive, efficient and stable bifunction

catalysts (HER/OER) is of critical importance in water separation
technology for hydrogen energy. This minireview describes the
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application of non-noble transition metal-based electrocatalysts to
overall water splitting, which are broadly classified into three types
of catalysts based on the intrinsic active site of the electrolytic
water reaction process. Considerable efforts have been made to
increase the number of active sites (morphological structure
regulation, creating material to be porous structures, integrating
with conductive carbon supports, surface defects, etc.) and to
regulate the electronic structure (heteroatomic doping, vacancies,
coupled heterogeneous junction, etc.) to enhance the intrinsic
activity and to develop non-precious transition metal-based
catalysts for electrolytic water applications more effectively.
Among the first direct catalysts, for transition metal oxides, the
inherent low conductivity, sluggish reaction kinetics, limited
adsorption sites for H intermediates, and improper H-binding
energy of most TMOs are obstacles to realizing high-efficient
electrocatalytic performance. For transition metal carbides, the
sluggish OER process is a major impediment to limiting their
application in overall water splitting. For the second type of
indirect catalysts, due to the high electronegativity of elements
such as P and S, the combination with transition metals can
withdraw electron density from the metal atoms and act as
effective local sites to trap the positively charged proton. For the
third type of hybridization catalyst, it is usually coupled to two
different catalysts through heterogeneous junction etc., and due to
the properties of combining the two has excellent performance for
overall water splitting. In spite of significant advances in material
design/synthesis and behavior research, challenges remain in the
further development of efficient non-precious metal-based
bifunctional electrolytic water catalysts.

Firstly, the challenge with transition metal-based catalysts in
overall water splitting is that the HER performance in alkali does
not meet or exceed the performance of precious metals, however
the catalyst's overall water splitting performance is not only
determined by the HER performance, but also by the OER. For
practical installations and wide applications, a two-electrode

Table 3
A summary of this third type of hybrid catalysts with electrocatalytic properties.
Catalysts Substrate  Loading Electrolytes Voltage (V) @j(mA/ n of HER (mV) @j (mA/ n of OER (mV) @j (mA/  Faradaic Ref.
amount (mg/ cm?) cm?) cm?) efficiency
cm?)

MoOy Ni Foam _ 1.0 mol/L NaOH 1.45 V@10 mA/cm? 106 mV@10 mA/cm? 136 mV@10 mA/cm? ~100% [199]
[Ni3S

TiO, _ _ 1.0 mol/L KOH 1.56 V@10 mA/cm? 139 mV@10 mA/cm? 240 mV@10 mA/cm? _ [200]
@CooSg

FeP /Ni,P  Ni Foam 1.0 mol/L KOH 1.42 V@10 mA/cm? 14 mV@10 mA/cm? 154 mV@10 mA/cm? _ [201]

N-NiMoO, Carbon _ 1.0 mol/L KOH 1.6 V@10 mA/cm? 99 mV@10 mA/cm? 283 mV@10 mA/cm? ~100% [202]
INiS, Fiber Cloth

(Ni,Fe)S; Ni Foam _ 1.0 mol/L KOH 1.56 V@10 mA/cm? 130 mV@10 mA/cm? 270 mV@10 mA/cm? _ [203]
@MoS,

MoS,/NisS; Ni Foam _ 1.0 mol/L KOH 1.56 V@10 mA/cm? 110 mV@10 mA/cm? 218 mV@10 mA/cm? _ [204]

MoS,- Ni Foam  __ 1.0 mol/L KOH 1.5 V@10 mA/cm? 98 mV@10 mA/cm? 249 mV@10 mA/cm? _ [205]
NisS,

C03S4 GCE 0.283 mg/GCE 1.0 mol/L KOH 1.58 V@10 mA/cm? 136 mV@10 mA/cm? 280 mV@10 mA/cm?> _ [206]
@MoS,

CoMoNiS-  Ni Foam  1.86 mg/NF 1.0 mol/L KOH 0.5 mol/L  1.54 V@10 mA/cm? 113 mV@10 mA/cm? 166 mV@10 mA/cm? [207]
NF-xy H,S0,4 1 mol/L PBS 1.45 V@10 mA/cm? 105 mV@10 mA/cm? 2555 mV@10 mA/cm?

1.80 V@10 mA/cm? 117 mV@10 mA/cm? 405 mV@10 mA/cm?

Co-NC@ GCE 0.38mg/GCE 1.0 mol/L KOH 1.685 V@10 mA/cm?> 99 mV@10 mA/cm? 347 mV@10 mA/cm? _ [209]
Mo,C

MoS,/NiS,  CFP _ 1.0 mol/L KOH 1.59 V@10 mA/cm? 62 mV@10 mA/cm? 278 mV@10 mA/cm? ~100% [210]

V-CoP@a-  Carbon _ 1.0 mol/L KOH 1.56 V@10 mA/cm? 68 mV@10 mA/cm? 225 mV@10 mA/cm? _ [211]
CeO, Cloth

Mo-NisS;  Ni Foam  3.15 mg/NF 1.0 mol/L KOH 1.46 V@10 mA/cm? 109 mV@10 mA/cm? 238 mV@10 mA/cm? ~100% [214]
[NixPy/
NF

GCE: glassy carbon electrode.
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arrangement must be developed to ensure that both HER and OER
half-reactions can be effectively performed. Although most HER
promoters performed better in acidic media and almost all OER
catalysts were better adapted to alkaline conditions, under
identical experimental conditions, few non-precious metal-based
catalysts were effective in catalyzing the HER and OER reactions.
Consequently, it is essential to enhance the HER performance of
transition metal-based catalysts in alkaline conditions.

Furthermore, one of the important merits of non-precious
metal-based catalysts over precious metal catalysts in terms of low
cost and abundance of reserves. Several strategies for the
preparation of effective transition metal-based overall water
splitting catalysts are developed, however, the complex synthesis
process and harsh reaction conditions ultimately lead to high
product costs, insufficient catalyst yields and poor catalyst quality.
In addition, the synthesis and application of method catalysts,
which are limited to the laboratory, are still in a laboratory stage
and cannot meet the requirements for industrialization and
commercialization. As a result, difficulties have always existed
in developing mild methods that enable the large-scale production
of high-performance transition metal-based catalysts.

Third, the excellent electrical conductivity of the electro-
catalyst, enabling excellent electron transfer during the reaction,
can be one of the essential factors affecting the good performance
of the electrocatalyst. The poor electrical conductivity of transition
metal-based catalysts has been a limiting factor in achieving better
catalytic performance. Currently, although most of the methods to
improve the conductivity of catalysts are to improve the intrinsic
conductivity of MoS, from the 2H phase of a semiconductor to the
1T phase structure of a metal, and the coupling to a conductive
substrate including graphene, carbon-based materials (carbon
nanotubes, carbon cloth, carbon paper, carbon fiber), and various
foam metals (nickel foam, iron foam, copper foam, and foam
alloys). Increasing the exposure of large surface-active sites is an
effective initiative in the reaction system to shrink the electron
transfer routes between the catalytic component and the electro-
lyte. Generally enlarged exposed surface-active sites can be
attained by coupling with the conductive media mentioned above.
However, the durability of the catalyst is not maintained in the long
term when surrounded by strong acid and strong alkaline
electrolyte, probably as a result of the degradation of the active
material in the presence of the strong electrolyte due to massive
gas emission and corrosion of the support by the strong electrolyte.
Accordingly, the development of a catalyst with good electrical
conductivity and favorable stability is also one of the directions in
which catalytic performance can be improved.

In the process of searching for advanced overall water splitting
catalysts, a basic understanding of the mechanism is necessary. For
the multiatomic doped or constituted hybrid heterogeneous
structures of complicated compounds, elucidating the actual
active site of the catalytic mechanism reaction will be a challenge.
Despite the fact that DFT calculations are used to predict the
reaction intermediates and active sites of catalysts and to design
efficient electrocatalysts, the true catalytic mechanism of the
multicomponent system is not totally understood under the
established theoretical model. And the basic catalytic mechanism
of transition metal-based electrocatalysts remains controversial,
as the current interpretation is mostly based on the classical theory
of precious metal catalysts, and the interpretation of OER reactions
is not very fluid. Therefore, we also need in-depth and systematic
mechanistic studies at the atomic level, unable to understand most
of the developed catalysts, especially the composite ones.

The existing work analyzing changes in catalysts in the reaction
process, while analyzing pre- and post-reaction characterization,
may lose important information such as the microstructural
evolution of the surface atomic layer and the reaction
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intermediates absorbed by the catalyst surface during the reaction.
In situ spectroscopic studies are powerful tools for unraveling the
catalytic mechanism and structure evolution of electrocatalysts,
generally involving complex surface structure reconstruction
under different redox steps. Analytical techniques such as X-ray
absorption spectroscopy, Raman spectroscopy for the reaction
process have been successfully applied to track the surface species
in the catalyst, helping to reveal the true catalytic active site and
catalytic mechanism. For the first type of catalysts, due to intrinsic
catalytic activity for HER, the corresponding theoretical calcu-
lations are more mature, and the material changes before and after
the reaction are well understood, but the evolution of the specific
process is lacking. In addition, the process of HER reaction lacks a
correspondingly detailed in situ characterization technique, and
the understanding of the strength of the H-bond remains only at
the theoretical stage for noble-metal catalysts, influenced by
electrolytes and other conditions in the real progress. Similarly, the
second type of catalysts are not well studied for the specific
material transformation of OER, and only the catalytic mechanisms
such as LDH have been studied completely but are still controver-
sial. The third type of catalyst, due to its hybridization, also limits
the DFT calculation to a few atomic layers on the surfaces, which is
not well considered for large thicknesses. Therefore, the develop-
ment of in situ characterization increases our understanding of its
operating state and will help us to further understand its catalytic
mechanism.

Finally, the increasing demand for electricity in modern society
makes the consumption of electricity not negligible in addition to
the cost of manufacturing electrocatalysts. The integration of water
electrolysis units into other renewable power sources, such as solar
photovoltaic systems, wind, geothermal or tidal generators, is also
a promising way of proceeding.
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