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ABSTRACT

Owing to stable spatial framework and large electrochemical interface, self-supported transition metal chalcogenides have been
actively explored in renewable energy fields, especially in oxygen evolution reaction (OER). Here, we review the research
progress of self-supported transition metal chalcogenides (including sulfides, selenides, and tellurides) for the OER in recent
years. The basic principle and evaluation parameters of OER are first introduced, and then the preparation methods of transition
metal chalcogenides on various self-supporting substrates (including Ni foam (NF), carbon cloth (CC), carbon fiber paper (CFP),
metal mesh/plate, etc.) are systematically summarized. Subsequently, advanced optimization strategies (including interface and
defect engineering, heteroatom doping, edge engineering, surface morphology engineering, and construction of heterostructure)
are introduced in detail to improve the inherent catalytic activity of self-supported electrocatalysts. Finally, the challenges and

prospects of developing more promising self-supported chalcogenide electrocatalysts are proposed.
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1 Introduction

Nowadays, with the rapid consumption of primary energy fossil
fuels, we are facing energy crisis, environmental pollution, and
abnormal climate change, which force us to develop efficient
energy storage and conversion technologies without delay [1-9].
Hydrogen is recognized as an energy carrier in the future
sustainable system because of its renewability, high energy storage
capacity, and high environmental friendliness [10-14]. Among
current hydrogen production methods, electrochemical water
splitting is an eco-friendly, safe, and simple method, which can be
applied to commercial large-scale hydrogen production [15-20].
However, oxygen evolution reaction (OER) as the anodic half
reaction during water splitting involves a multi-step and four-
electron-transfer process, resulting in a high energy barrier to
drive the reaction [21-24]. Although commercial RuO, and IrO,
are high-efficiency electrocatalysts for the OER, their scarcity and
high cost in the earth’s crust hinder their wide commercial
application [25-28]. Therefore, it is very urgent to develop non
noble metal OER electrocatalysts with soil abundance, low price,
high efficiency, and durability.

In recent years, non-noble-metal-based electrocatalysts such as
metal oxides [29-33], metal hydroxides [34-37], sulfides [38-42],
selenides [43-45], and tellurides [46-49] have been used as highly
active OER electrocatalysts. During the preparation of the
electrode, nano granular OER electrocatalysts are usually bonded
to the glassy carbon electrode by a binder [50-52]. Nafion is used
as a common polymer adhesive to ensure that the prepared
electrocatalyst has good adhesion to the conductive matrix [53,
54]. However, the introduction of polymer adhesive will produce

the following disadvantages: (I) it may lead to aggregation, which
is not conducive to the gas adsorption and desorption process
[55]; (I) the specific surface area is too small to provide a large
number of active sites [56, 57]; (IIT) the mixed binder will inhibit
the charge transfer efficiency, reduce the conductivity, and greatly
affect the electrocatalytic activity [58,59]. Therefore, it is very
important to construct electrocatalysts as an independent self-
supporting electrode without adhesive.

Transition metal chalcogenides have been developed as a kind
of promising electrocatalysts for water splitting due to their unique
physical and chemical properties, rich active sites, good
conductivity, controllable electronic properties, and relatively mild
manufacturing conditions [60-62]. However, most of the
prepared transition metal chalcogenides are in powder form, and
the disadvantages of poor durability and low catalytic OER activity
are obvious, which greatly hinder the electrocatalytic application
in water splitting [63-66]. Compared with the traditional powder
catalyst, the growth of catalytically active electrodes on the
conductive substrate has the following advantages: (i) The
substrate material can disperse the catalyst, which is conducive to
the gas adsorption and desorption process; (i) without using the
adhesive, the catalytic material can be closely combined with the
conductive substrate, which not only simplifies the preparation
process, but also ensures the rapid transfer of charge and improves
the electrocatalytic activity; (iii) the conductive substrate enables
high loading of the active components, providing abundant
reactive active sites. Independent self-supporting chalcogenide
electrocatalysts used as electrodes for commercial electrolytic cells
have been widely reported [67-71]. Electrocatalysts are grown in
situ on self-supporting conductive substrates, such as metal foam
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(such as Ni/Cu foam), carbon cloth (CC), graphite plate, carbon
fiber paper (CFP), etc. Conductive materials can not only provide
effective electron transport channels, but also increase the surface
area of the electrocatalysts [72, 73].

Until now, there are seldom relevant reviews focusing on the
development of self-supported transition metal chalcogenides
toward OER. In this review, the research progress of self-
supporting transition metal chalcogenide electrocatalysts is
reviewed, with emphasis on their catalytic OER performance. The
basic principles and evaluation parameters of OER are first
introduced, and the preparation methods of various independent
electrocatalysts are then introduced. Therewith, self-supporting
transition metal sulfides, transition metal selenides, and transition
metal tellurides are discussed for the OER. Afterwards, the
advanced optimization strategies (including interface and defect
engineering, and heteroatom doping) are introduced in detail to
improve the inherent catalytic activity of self-supporting
electrocatalysts. Finally, the challenges and prospects of the design
and construction of self-supporting chalcogenide electrocatalysts
are suggested, providing a direction for further research.

2 Basic principles and evaluation parameters of
OER

2.1 OER mechanism

OER occurs on the anode of water electrolysis, and the possible
mechanisms are explained in four steps. First, the adsorption
vacancy on catalyst surface (*) combines with water or OH" to
form OH* ((Egs. (1) or (5)). Second, OH* decomposes to form O*
(Egs. (2) or (6)). Third, the generated O* reacts with water or OH"
to generate OOH* (Eqs. (3) or (7)). Finally, O, is immediately
created (Eq. (4)) under acidic conditions, while it needs to be
combined with OH" to release O, under alkaline conditions.
Different from the hydrogen evolution reaction (HER), OER is a
process of four electron transfer, involving intermediates such as
OH*, O%, and OOH* [74, 75].
Under acidic conditions

*+H,0— OH*+H'+e" (1)
OH*+H,0 - O*+H,O0+H" +e" 2)
0*+H,0 — OOH* + H" +e" (3)
OOH* —*4+0,+H" +e” (4)

Overall
2H,0 — 4H" + 0, + 4e” (5)

Under basic conditions

* 4 OH — OH* +e (6)
OH*+OH — O*+H,0+e" (7)
O* +OH — OOH* +¢- (8)
OOH*+OH —*+0,+H,0+e¢e" 9)

Overall
40H —2H,0+0, +4e" (10)

Unlike HER electrolysis, OER is a heterogeneous reaction
involving multiple steps, and the OER dynamics is much more
complex and slower than HER (the theoretical OER precipitation
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voltage is 1.23 V) [76]. The mechanism of OER under alkaline
conditions includes the adsorption evolution mechanism (AEM)
and the lattice oxygen evolution mechanism (LOM) (Figs. 1(a)
and 1(b)) [77]. For AEM, the activity of the catalyst is tightly
linked to the adsorption energy between the metal active site and
the OER intermediate. Therefore, it is theoretically possible to
obtain the best active catalyst by adjusting the adsorption energy
in the four-step reaction. For the reaction at LOM, O-O coupling
occurs on the lattice oxygen, but the lattice oxygen directly
involved in the oxygen precipitation will affect the stability of the
catalyst. Thus, the OER is more difficult to occur than the HER.

To understand the OER mechanism more deeply, density
functional theory (DFT) is proposed [65]. DFT calculation shows
that there is a scale between the adsorption energies of OOH* and
OH* intermediates, which can be used to evaluate the reaction
kinetics and electrocatalytic activity of catalysts by the change of
Gibbs free energy (AG) of OER pathway, and the difference value
(AGo: — AGgy) is suggested as the description of OER activity
[80]. The adsorption free energy of intermediates in each of the
four OER steps is various, which will affect the OER performance
(Figs. 1(c) and 1(d)). The most unfavorable reaction step is
considered as the OER potential determining step. Xu et al.
synthesized carbon cloth supported Co(Zn)S, by co-deposition
method and subsequent sulfation strategy [81]. X-ray
photoelectron spectroscopy (XPS) studies showed that when Zn
was added to the CoS, nanoarray, the formed Co (Zn) OOH +
SO4 and CoOOH + SO,* served as the real active sites of OER.
DFT calculations showed that Zn doping reduced the adsorption
free energy of OER intermediates at the Co site. In addition, the
free energy of Co (Zn) OOH + SO,* is 0.05 eV lower than that of
CoOOH + SO, confirming that Zn doping effectively improved
the OER catalytic activity. During OER, the sulfide surface will
reconstruct, and hybridization of appropriate components that
combine their individual advantages and exert synergistic effects is
considered as an effective strategy to enhance OER activity of
metal chalcogenides. Yan et al. prepared Co,Ss@Fe;O,
heterojunction nanosheet array by two-step hydrothermal
reaction [82]. XPS results showed the phase transition of Co
surface structure in a dynamic process. In addition, the X-ray
absorption fine-structure (XAFS) spectra indicated that the metal
Co sites acted as active sites for surface reconstruction rather than
Fe sites. In the electrocatalyst reconstruction process, the Co
species in the Co,Ss@Fe;0, heterostructure were transformed into
CoOOH species, which are called true active sites. The surface
reconstruction enhanced hydrophilicity, improved conductivity,
and lowered energy barrier, thus promoting OER performance.

2.2 Key evaluation parameters for the OER

2.2.1 Overpotential

The electrocatalytic OER can proceed at the equilibrium
theoretical potential of 1.23 V (vs. RHE). However, it requires
extra energy (overpotential, #) to surpass the kinetic barrier in
reality. That is, when the catalytic reaction reaches a certain
current (i), the actual required voltage (E;) exceeds the theoretical
voltage (E,), and the applied potential can be expressed as Eq. (11)

ni:Ei_E‘ (11)

The overpotential is one of the important parameters for
measuring the OER performance. Under normal conditions, the
overpotential (7)) required to achieve a current density of
10 mA-cm™ has been widely used to evaluate the activity of the
catalyst [83, 84]. Using Prussian blue analog CoNiFe PBA as the
precursor, Cheng et al. prepared a nano cubic structure
electrocatalyst by hydrothermal treatment combined with
evaporative sulfurization [85]. The optimized CoNiFe-350 °C
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Figure1 (a) Classic AEM mechanism. (b) LOM mechanism. Reproduced with permission from Ref. [78], © The Royal Society of Chemistry 2023. Negative reaction
free energies vs. AG, of each OER step via (c) AEM and (d) LOM. Reproduced with permission from Ref. [79], © American Chemical Society 2018.

catalyst showed excellent OER performance and durability. In
alkaline medium, it has a low #;,, of 288 mV. Wang et al.
synthesized CoS,/carbon nanotubes (CNT)-700 electrocatalyst on
carbon nanotubes by coprecipitation and calcination [86]. The
optimized electrocatalyst was obtained by adjusting the ratio of
Co*™ and Co* and the calcination time, which showed an #,, of
320 mV in 1.0 M KOH. Under a specific current density, the
lower the overpotential of the catalyst, the higher the catalytic
ability for a target reaction [87]. Ma et al. used a vapor deposition
method to grow CoFe PBA on carbon nanotubes as a precursor,
and then combined with sulfidation to obtain S-CoFe/CNT [88].
In 1.0 M KOH, the catalyst showed an #,, of 258 mV.

2.22 Tafel slope

The Tafel slope is another key factor to analyze the kinetics and
reveal the reaction mechanism of the OER process [89]. The Tafel
equation can be used to express the relationship between
overpotential and current density (Eq. (12)), in which b is the
Tafel slope; j refers to the current density; and a is a constant. The
smaller the Tafel slope is, the faster the current density increases
when the applied potential increases slightly [90]. Catalysts with
different activities show different free energies in different paths of
O, generation, and the most energy required is the rate-
determining step (RDS). Since the complex behavior of OER
forms many reaction intermediate materials, it is challenging to
derive the surface fraction coverage of the intermediates as a
function of the reaction rate constant. OER theoretical analysis by
Alobaid et al, OER dynamics demonstrated the formation of
intermediate adsorbed peroxides (HOO) as a rate determination
step, consistent with the 48.4 mV-dec™ Tafel slope obtained from
their calculated measurements [91]. Tafel slope can assess
dynamics, and dynamics is the basis for electrochemistry.

n=>blogj+a (12)

Tsinghua University Press

2.2.3 Turnover frequency (TOF)

TOF is used to characterize the intrinsic catalytic activity of active
sites in electrocatalysts [92, 93]. The TOF value is usually derived
from Eq. (13), where ] is obtained at 95% iR-corrected
overpotential of 300 mV, normalized by geometric area of
working electrode; A is the geometric area of working electrode; F
is the Faraday constant and 7 is the Faradaic efficiency (FE)
calculated from equation (17 = 4F x nO,/Q). n is the mole number
of metal on the electrode. TOF can be used to calculate the
increase of electron sites per unit time, which is another important
basis for judging the overall catalytic performance [94,95].
Prabakar et al. prepared Cu,_,S/Co nanosheet electrocatalyst on Ni
foam (NF) by chemical deposition and hydrothermal synthesis,
showing a TOF of 0.038 s at an overpotential of 300 mV [96]

TOF =] x Axn/(4xnxF) (13)

2.2.4 Faradaic efficiency

In the electrochemical OER, FE is defined as the percentage
between the experimental oxygen production and the theoretical
oxygen production, that is, the electron conversion efficiency of
oxygen generation [97-99], which is affected by temperature,
applied voltage, electrolyte concentration, and other experimental
conditions. The actual oxygen production rate can be measured by
gas chromatography. The FE calculation is given by Eq. (14),
where m is the actual molar number of the generator; n is the
number of reaction electrons; F is the Faraday constant; I is the
current; and ¢ is the time. Li et al. prepared nitrogen doped porous
WC/Co;W;N/Co@NC  catalyst by epitaxial growth and
calcination. The Faraday efficiency of OER is 97.4% within
120 min by bubble extraction method [100]

FE=mxnxF/(Ixt) (14)
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2.25 Electrochemically active surface area (ECSA)

ECSA can be used to express the effective contact area between the
active site of catalyst and electrolyte. ECSA is usually measured by
double-layer capacitance (Cy) and is positively correlated with it
[101]. Generally, the higher the Cy value is, the more exposed
surface active site are, and the better the activity of the catalyst is.
[102,103]. Du et al. prepared CoFe-MS/MOF nanosheet
electrocatalyst by simple solvothermal synthesis [104]. The ultra-
thin nanosheets formed by the embedding of metal sulfide
nanoparticles significantly increased the ECSA, making the system
have high conductivity and high activity, thus effectively regulating
the electronic state and promoting the electrochemical reaction. It
can also be obtained from the Coulomb integral under the cyclic
voltammetry (CV) curve outside the Faraday region, which is
usually a 100 mV window centered on the open circuit potential
(OCP) [105]. Compared with traditional electrodes, self-
supporting electrodes (such as foam nickel (NF) electrodes) will
expose rich active centers due to their own porous channels and
large surface area after loading nano catalysts, resulting in the
improvement of electrochemical performance. Li et al. prepared
Co;S/NiS@NF on NF by two-step synthesis route of
hydrothermal and sulfurization, which showed an #,, of only
119 mV [106]. To find the reason of improved OER performance,
the ECSA was calculated, showing that the ECSA is the key factor
for the high OER performance, significantly increasing the
number of heterogeneous active sites of the catalyst.

226 Stability

The long-term stability is the standard to evaluate whether the
electrocatalyst can be wused in commercial applications.
Continuous CV is usually used to evaluate the stability. Another
method often used is to measure the change of voltage (or current
density) after several hours under constant current (or constant
voltage), that is, chronopotentiometry or chronoamperometry.
Universally, smaller change in the chronopotentiometric/
chronoamperometric curve means that the OER stability of
catalyst is better.

3 Synthesis method of

chalcogenides

self-supported

To date, various preparation techniques have been developed to
synthesize electrocatalysts ~with  specific ~ structures and
morphology. This paper describes six types of synthesis strategies:
hydrothermal/solvothermal thermal reaction, chemical vapor
deposition (CVD), electrodeposition, vacuum filtration, freeze-
drying, and template synthesis, depending on the selective
substrate and the target catalyst components.

3.1 Hydrothermal/solvothermal synthesis

Hydrothermal/solvothermal method is to heat the autoclave with
aqueous solution or organic solvent as the solution in a special
closed reaction vessel to make the chemical reaction in a high
temperature  and  high  pressure  environment.  The
hydrothermal/solvothermal method is simple and low-cost [107,
108], which is an eco-friendly technology. Under the condition of
high temperature and high pressure, it is easy to obtain an
appropriate grain size, avoiding the possible grain defects and the
introduction of impurities in the preparation process [109, 110].
This method is mostly used for large area or flexible substrates,
which is of great significance for practical application. For
example, Hu et al. successfully prepared catalysts with three
dimensional (3D) porous structure on NF (Ni;Se,@NiFe-
LDH/NF) by two-step hydrothermal method (Fig.2(a)) [111].
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NiFe-LDH nanosheets and Ni;Se, nanowires formed in situ on
NF are interlaced to form a porous core-shell structure, which
provides a large surface area and accelerates electron transport
efficiency. The 7, for HER and OER in 1 M KOH is 68 and
222 mV, respectively. Shang et al. developed a solvothermal
strategy to in situ grow NiS, on NF (NiS/NF) [112]. The
crystalline phase structure of Ni,S, can be adjusted by changing
the vulcanization quality. Scanning electron microscopy (SEM)
image showed that Ni,S, had a unique aggregation sheet and
interconnected porous structure. Luo et al. prepared vertically
aligned Mn;0,/Fe,O; heterojunction nanosheets on NF via
changing the metal ratio [31]. By changing different molar ratios
of Fe and Mn (Fe/Mn = 0.2/1, 0.4/1, 0.6/1, 0.8/1, and 1/1), the
morphology of MnFeO-NF-x thin films was adjusted, showing
different catalytic activities. MnFeO-NF-0.4 and MnFeO-NF-0.8
showed a clear microstructure and excellent OER performance.

3.2 CVD synthesis

CVD synthesis is usually carried out under atmospheric pressure
or low vacuum, and gas-solid growth method is one of the most
common chemical vapor synthesis methods. CVD can be used to
obtain thin film coatings with high purity, good compactness, and
good crystallization [113]. Simple equipment and convenient
operation are needed. Generally, argon or hydrogen gas is
introduced as the gas phase, and sulfur powder, selenium powder,
or other powder raw materials can also be used as the gas phase
[114]. CVD is widely used in the preparation of self-supporting
electrodes. Zhou et al. synthesized selenided nanosheet array on
CC (CoSe,@ vertically-oriented graphene (VG)/CC) without any
adhesive via an in situ CVD synthesis (Fig. 2(b)) [115]. The three
dimensional porous VG framework not only provided an electron
transmission channel, but also addressed the problems of volume
expansion and particle aggregation. Ma et al. synthesized graphene
encapsulated in S,N-codoped nanosheets on NF (3DSNG/NF) via
an in situ CVD synthesis [116]. The OER properties of
3DSNG/NF with different S and N doping concentrations were
further investigated. When the doping content of N and S is
2.56 at.% and 2.95 at.%, respectively, the catalyst showed good
catalytic activity. Ali et al. synthesized multi-walled carbon
nanotubes (MWCNTs)-graphene hybrid nanomaterials on Ni-
silica nanocomposites by a simple CVD method [117]. The effects
of the combination of Co, Fe, and Ni with silicon matrix on the
structure of mixed carbon nanomaterials were studied, showing
that MWCNTSs graphene carbon nano material structure grown
by Ni had better OER performance than the other two metals.

3.3 Electrochemical deposition

Electrochemical deposition synthesis (EDS) is a technology of
coating on electrode by electrochemical reaction under the action
of external electric field. It has the advantages of simple operation,
low synthesis temperature, low cost, and high synthesis efficiency.
Electrodeposition is usually used to fabricate self-supporting nano
films on conductive substrates, which has been widely used
[118-120]. Shang et al. synthesized Fe hydroxides film
encapsulated in V-doped nickel sulfide nanowire on NF
(uFe/NiVS/NF) composites via a controllable electrodeposition
(Fig.2(c)) [121]. They found that the best OER catalytic
performance can be obtained at the electrodeposition time of 15 s.
Xu et al. prepared CoPO@C on NF by simple electrodeposition
[122]. The effects of different morphologies (cube, octahedron,
sphere, and nanoflower) synthesized at different potentials on the
OER performance were further studied, exhibiting that the catalyst
with sphere morphology showed the best OER catalytic activity
among all samples. Li et al. prepared NiFe LDH@Ni NTAs/NF 3D-
layered nano array on NF via a facile electrochemical dealloying
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Figure2 (a) Schematic fabrication process of Ni;Se,@NiFe -LDH/NF. Reproduced with permission from Ref. [111], © The Royal Society of Chemistry 2020. (b)
Synthetic illustration of CoSe,@VG/CC. Reproduced with permission from Ref. [115], © Elsevier Ltd. 2019. (c) Synthetic illustration of uFe/NiVS/NF. Reproduced
with permission from Ref. [121], © Elsevier B.V. 2017. (d) Synthetic illustration of PtNLs-MoS,/rGO. Reproduced with permission from Ref. [126], © Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim 2018. (e) Synthetic illustration of NiCoSe,@PCM. Reproduced with permission from Ref. [131], © Elsevier B.V. 2021. (f)
Synthetic illustration of Ni/CoFe-OH and Ni/CoSe,-NF. Reproduced with permission from Ref. [139], © The Royal Society of Chemistry 2020.

method coupled with the electrodeposition method [35]. Due to
the hollow tube core layer structure, the internal and external
electrons are highly dispersed, and a large number of active sites
are exposed, which makes the catalyst show a low #,, of 191 mV
for the OER.

3.4 Vacuum filtration

The separation of liquid and solid can be realized through a
porous substrate by forcing vacuum on the opposite side of the
filter using vacuum filtration method. The film thickness can be
controlled by changing the concentration [123, 124]. Although the
operation is simple, it consumes a good deal of solvent and time,
and therefore, it has not been commonly used. Kong et al
prepared graphene oxide self-supported SnSe thin film
electrode ( SnSe-TP@rGO) using a two-step synthesis
technology of vacuum filtration and low-temperature annealing
[125]. The unique three dimensional layered frame structure
ensures the good stability of the system and accelerates the
electron transfer efficiency. Kader et al. prepared an independently
supported PtNLs-MoS,/rGO graphene oxide paper catalyst by
simple vacuum filtration and electrodeposition (Fig. 2(d)) [126].

3.5 Freeze drying

Freeze drying technology is a technology where the water in the
mixture is first condensed into ice through cooling, and then the
ice sublimates under vacuum conditions, so as to make the
particles uniformly dispersed and obtain small particles [127, 128].
Freeze drying assisted method can be used to fully disperse one

sample into another sample, and the combination of the two can
provide better electrochemical performance [129]. For example,
Shudo et al. carried out the freezing technology of Ni(OH), to
obtain a carbon free 3D structure Ni/NiO, heterojunction material
[130]. The 3D mass material formed by layer by layer stacking of
two dimensional (2D) thin sheets by freeze-drying showed
excellent electrochemical properties. Poorahong et al. synthesized
NiCoSe,@phase change material (PCM) by three kinds of
synthesis techniques (Fig.2(e)) [131]. Macroporous carbon
conducting membrane (PCM) as a catalyst growth framework was
synthesized by low temperature treatment, freeze drying, and
carbonization. NiCoSe, nanosheets were vertically staggered on
the PCM. Hu et al. synthesized N,P-codoped porous carbon
aerogel (Ni;S,/N,P-HPC) by freeze-drying assisted sol gel method
[132]. The cellular porous N,P-HPC surface is rich in metal
binding sites. The freeze-drying process improves the
agglomeration in the hydrogel preparation, making Ni,S,
nanoparticles firmly embedded on it. The synergistic effect
between Ni;S, nanoparticles and porous carbon aerogel promoted
the OER activity.

3.6 Template synthesis

Template assisted preparation strategy can be divided into hard
template method and soft template method [133-136]. ZnO and
SiO, are typically used as hard templates, while polymer
PEO,~PPO,y~PEO s (F127) and EO,-PO,~EO,, (P123) are
typically soft templates [137, 138]. As presented in Fig. 2(f), using
ZnO as self-template, Feng et al. synthesized hollow nanotube
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arrays on NF (Ni/CoFe-OH and Ni/CoSe,~NF) by two-step CVD
method [139]. Due to the special morphology of smooth hollow
tube arrays, the obtained catalysts show fast reaction kinetics and
good OER performance. Han et al. fabricated nitrogen-doped
carbon nanocomposite electrocatalyst (Co,g;Se-NC/C) using F127
as the soft template [140]. Furthermore, Yan et al. synthesized
ternary NiFeMoS/NF-P  nanorod arrays on NF via
electrodeposition combined with hydrothermal methods [141].
The surface of the nanorods has a layer by layer scaly morphology
due to the addition of the soft template P123 and MoO,”
morphology guiding reagent, and the whole nanorods are similar
to anemones.

4 Self-supported transition metal chalcogenides
for the OER

So far, various strategies have been reported to use nickel foam,
carbon cloth, carbon fiber paper, metal mesh, etc., as substrates to
prepare self-supporting electrocatalytic materials (Table 1). Self-
supporting electrodes include metal and non-metal fluid
collectors. Metal collector (such as copper foil, titanium mesh, and
Ni foam) has high conductivity, but it has the disadvantages of
high price and poor corrosion resistance. Since the conductivity of
transition metal chalcogenides is very poor, the metal collector can
be selected as a self-supporting electrode to improve the
conductivity. Non-metallic fluid collection mainly includes carbon-
based substrates, e.g., graphite plate, carbon fiber paper, and
carbon cloth. Carbon substrate is widely used in electrode
construction due to its low price, good flexibility, and simple
preparation process. However, carbon-based supports are easily
corroded by oxidation in an oxidizing oxygen evolution
environment. To obtain excellent catalytic activity and stability of
the electrocatalyst, it is particularly important to select a suitable
substrate. The electrocatalytic activity is closely related to the
structure and morphology of the electrocatalyst. Different
synthesis methods would lead to different nanostructure and
morphology. The study of electrode materials with self-supported
structure has great potential to improve the performance of OER.
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4.1 NF supported chalcogenides

Foam nickel (NF) is a kind of functional material with three
dimensional porous, interconnected pores, and metal skeleton.
This kind of material has a large electrochemical reaction surface
interface, and has a great application prospect in electrochemical
OER electrode [142, 143]. Among all the transition metal sulfide
catalysts reported so far, nickel sulfide is the most studied
transition metal sulfide. For instance, Chen et al. prepared Fe
doped Ni,S, nanosheets on NF by a simple hydrothermal
synthesis method [144]. Due to the addition of Fe, the obtained
catalyst showed an excellent OER catalytic activity with a small #7,,
of 246 mV and Tafel slope of 66 mV-dec” in 1.0 M KOH. DFT
calculations showed that the OER performance is fundamentally
enhanced by Fe doping. The incorporation of Fe alters the OER
pathway and reduces the binding O" energy barrier, and the AG.
at the Fe active site is the lowest. Pan et al. prepared Ni,S,-FeS/NF-
2 through one-step hydrothermal synthesis process, which has a
unique 3D porous array structure and is conducive to increasing
the exposure of electrocatalytic active sites, thus improving the
electron transfer capacity and enhancing the release of gas. The
Ni,;S,-FeS/NE-2 electrode required an 7y, of 253 mV in 1.0 M
KOH [145]. Tang et al. prepared Cu,S/Ni;S,-0.5@NF via two-step
hydrothermal method (Fig. 3(a)) [146]. The interface regulation of
Cu,S/Ni;S, sheets supported on NF was achieved with different
molar ratios between Ni and Cu (Ni/Cu = 0.25/1, 0.5/1, and 1/1).
SEM images indicated that Cu,S/Ni;S,-0.5@NF with Ni/Cu of
0.5/1 demonstrated porous nanosheet structure, which afforded
current densities of 100 and 500 mA-cm™ at overpotentials of only
237 and 280 mV, respectively, and a low Tafel slope of
44 mV-dec™ (Figs. 3(e) and 3(f)).

Ren et al. synthesized a bifunctional electrocatalyst on NF
(CoygFey,-Se/NF) by a simple one-step electrodeposition method
[147], showing a small 7, of 246 mV in 1.0 M KOH. Zhao et al.
used hydrothermal method and subsequent electrodeposition
technology to design NiSe@Ni,Se, nanowire arrays grown directly
on NF (NiSe@Ni,Se,/NF) [148]. From the SEM images, the NiSe
cluster arrays on the NF surface cross each other, forming a 3D
network structure (Figs. 3(b)-3(d)). The porous structure and

Table1 Brief summary of self-supported transition metal chalcogenides toward OER performance

Electrocatalysts Substrate Electrolyte H10(mV) Tafel slope (mV-dec™) Ref.
Ni;Se,@NiFe-LDH/NF NF 1 M KOH 222 61.3 [111]
(Niy5-Feg3)Se,/CC cC 1 M KOH 228 69 [162]
Ni;S,@Ni/CC CC 1 M KOH 290.9 101.26 [158]
NiFe/Co,Sg/CC CC 1 M KOH 219 55 [160]
FeCoNiS,/NF NF 1 M KOH 231 55 [142]
Mn-Coy 5sSe/NiSe,/NE NE 1 M KOH 175 33.26 [149]
Co,oFe;-Se/NF NF 1 M KOH 246 — [147]
NiSe@Ni;Se,/NF NF 1 M KOH 281 67.3 [148]
Co-O@Co-Se/Cu Copper foil 1 M KOH 340 57.5 [184]
NiCoFe-S/Ti Ti mesh 1 M KOH 230 65 [181]
NiSe,@MoS, CFP 1 M KOH 267 85 [175]
Cu,S/Ti0,/Cu,S TiO, backbone 1 M KOH 284 72 [195]
Ni;S,-NiO,/NF NF 1 M KOH 241 59 [196]
MgO/NCS-CC CC 1 M KOH 145 114.7 [197]
P-Ni;S,/NF NF 1 M KOH 256 30 [198]
Fe-CoSe,/ NF NF 1 M KOH 220 35.6 [199]
Mn-NiCo,S,/NF NF 1 M KOH 220 29 [200]
CoSe,@Se/CC cC 1 M KOH 250 50.2 [164]
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large surface area accelerate the OER kinetics. NiSe@Ni;Se,/NF
showed good OER catalytic activity with a small 7, of 281 mV.
Zhou et al. synthesized interwoven 3D Mn-CoygSe/NiSe,
nanosheets on NF by two-step electrodeposition and vapor
deposition [149]. The Mn-Coyg;Se/NiSe,/NF nanoarrays exhibited
a superior OER catalytic activity with a small 7, of 174 mV in
1.0 M KOH owing to their large specific surface area and uniform
pore structure. Qian et al. obtained CoNiTey/NF bimetallic
nanosheets by hydrothermal method [150]. The unique thin and
defective 3D morphology of CoNiTe,/NF provided rich
electrocatalytic active sites and fast charge transfer. Due to the
strong covalent advantage of Te element, the optimized
CoNiTe,y/NF displayed high durability and an outstanding OER
catalytic performance with overpotentials of 181, 230, and 270 mV
at 100, 500, and 1000 mA-cm?, respectively.

Liu et al. used one-step hydrothermal method to fabricate
vertically aligned CoTe and NiTe nano arrays on NF [151], and
found that CoTe nanoarrays on NF exhibited superior OER
catalytic activity with a small 7,4y of 350 mV. DFT calculations
showed that the high OER activity of CoTe electrocatalyst is
ascribed to the generation of COOOH on the surface during the
reaction (Figs. 3(g) and 3(h)). The d orbital of the Co site moved
down due to the bonding orbital, which strengthened the
adsorption of the intermediate and decreased the adsorption free
energy. Sadaqat et al. prepared Nij,Fe sTe, nanosheet arrays on
NF by hydrothermal synthesis strategy [152]. The synergistic effect
of Ni and Fe metal atoms can not only improve the conductivity,
but also cause lattice distortion of NiTe, thus optimizing the
adsorption energy of hydroxide intermediates, and enhancing the
OER activity.

4.2 CC supported chalcogenides

CC has good mechanical flexibility and thermal stability [153]. It
can be easily cut into various sizes and shapes [154-157]. It shows
good electrochemical performance and becomes a common self-
supporting electrode material. Qian et al. synthesized
Ni,S,@Ni/CC via electroplate followed by a sulfuration process
[158]. The Ni;S,@Ni/CC with abundant active sites exhibited a
good OER performance with 7,4 of 290.9 mV as well as a low
Tafel slope (101.26 mV-dec”) and good stability for 30 h in 1.0 M
KOH. Jiang and co-workers fabricated metal and heteroatom co-
doped nanoplates with fiber carbon nanostructures on CC
(Fe;O4/NiS@CC) via two step carbonization process [159].
Fe;O,/NiS nanoplates on CC exhibited a superior OER catalytic
activity with a small 7, of 310 mV in 1.0 M KOH due to their
large specific surface area (1796 m*g") and high conductivity.
Through chemical bath deposition and hydrothermal treatment,
Zhan et al. prepared three metal nanoarrays with vertically layered
nanostructures on CC (NiFe/CoySg/CC) (Fig. 4(a)) [160]. The
CoySg nanotubes with hollow structure vertically grown on CC are
covered with a layer of NiFe nanosheets (Figs. 4(b) and 4(c)) and
there are two synergistic effects among CoySg nanotubes and the
substrate and NiFe nanosheets. The unique hierarchical structure
of NiFe/Co,Sg/CC can not only increase the numbers of active
sites, but also improve electron transfer efficiency, thus boosting
the OER intrinsic catalytic activity. Besides, there are two
synergistic effects between NiFe/Co,Sg and CoySy/CC, resulting in
fast electron transfer rate and high intermediate absorption/
desorption capacity. The optimized NiFe/CooSy/CC exhibited a
superior catalytic activity and required an 7,y of 219 mV in 1.0 M
KOH. Li et al. fabricated P-CoS, HNA/CC via a vulcanization
reaction coupled with a phosphorization strategy [161]. P-CoS,
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Figure4 (a) Synthetic process of NiFe/CoySg/CC. (b) and (c) SEM images of NiFe/CoySs/CC. Reproduced with permission from Ref. [160], © The Royal Society of

Chemistry 2019.

HNA/CC possessed a unique hollow nanostructure, which can be
in favor of promoting the exposure of active sites, enhancing
electron transfer, and accelerating gas generation. The P-CoS,
HNA/CC electrode required an ;o of 250 mV in 1.0 M KOH.

Yan et al. synthesized (Niy,,Fe,,;)Se,/CC with 3D layered
structure on CC by selenidation process [162]. After selenidation
of NiFeLDH/CC hydroxide nanosheets, a large number of
nanopores were added on the surface. The introduction of porous
structure increased the electron transfer and improved the
conductivity of the system. The (Ni,,,Fe,;)Se,/CC electrode
showed a small 7, of 228 mV, and maintained the stability for
40 h. Ghoshvia et al. prepared hexagonal nanosheets on CC
(NiSe,/CC) by electrodeposition process [163]. The electrocatalyst
composed of hexagonal flakes has many hydrophilic active sites,
which increases the electron transfer efficiency. The NiSe,/CC
electrode required an 7,y of 210 mV in 1.0 M KOH for the OER.
Selenium-coated cobalt selenide (CoSe,@Se) nanoflake catalyst on
CC (Fe,05-CoSe,@Se/CC) was prepared via a hydrothermal
synthesis and immersion method (Fig. 5(a)) [164]. The unique
three dimensional coral originating from Fe,O;-CoSe,@Se/CC
provided more abundant electrocatalytic active sites and fluent
electrolyte diffusion. The optimized Fe,0;-CoSe,@Se/CC-1.0h
displayed an outstanding OER catalytic performance with 7, of
252 mV (Figs. 5(b) and 5(c)). Liu et al. prepared vertically grown
nanostructures on CC (Cu-Ni-Se@CC) by hydrothermal method
[165], which showed an 77, 0of 270 mV.

Yang et al. synthesized S doped CoTe nanoarrays on carbon
cloth (S-CoTe/CC) via a hydrothermal approach [166]. The
incorporation of S into CoTe nanosheets favored the chemical
structure  transformation from CoTe@CoOOH to S-
CoTe@CoOOH during the OER, which serves as the real active
sites. DFT calculations demonstrated that S-CoTe@CoOOH

required a lower Gibbs adsorption energy of the OER
intermediate (O*) compared to pristine CoTe@CoOOH and
CoOOH (Fig. 5(d)), which might account for the ameliorated
OER catalytic activity. After the incorporation of S element, the
energy barrier is reduced (Figs. 5(e) and 5(f)), the electronic
structure is adjusted, the conductivity is enhanced, and the
reaction kinetics is promoted. The optimal S-CoTe/CC showed an
excellent OER performance with a small 7, of 257 mV. Xu et al.
synthesized Ni;Te,-CoTe/CC composite electrocatalyst by simple
hydrothermal method [167]. DFT calculations showed that the
Ni;Te, component has a d-band center close to the Fermi level,
and the electron density is enhanced, which means that the
interaction weakens the adsorption strength of the intermediate,
thus showing the internal enhancement of OER performance.
Moreover, the introduction of CoTe phase into the composite
increases the effective specific surface area, and thus improves the
electrocatalytic activity.

4.3 CFP supported chalcogenides

CFP has a macroporous network structure, good chemical inertia
and mechanical strength, and high conductivity, which can be
used as 3D support for self-supporting electrocatalysts on a large
scale to improve electrocatalytic performance [168-170]. Guo et
al. prepared turf-like NiS nanowires on flexible CFP by two simple
methods: hydrothermal method and calcination method [171].
NiS was directly and uniformly grown on the conductive CFP
substrate, which not only has large specific surface area, but also
has small charge transfer resistance and high conductivity, thus
enhancing the electrocatalytic activity. The NiS/CFP catalyst
showed excellent electrocatalytic HER and OER performance. For
total water splitting, only 1.59 V was required at 10 mA-cm™. Li et
al. used a two-step hydrothermal method to prepare in-situ 3D
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interconnected Fe doped NiS nanosheets on CFP (Fe-NiS@CFP)
for the OER (Fig. 6(a)) [172]. The effects of Fe doping on the
microstructure and electronic regulation were studied. The
morphology of 3D interwoven nanosheets remained after Fe
doping (Figs. 6(b) and 6(c)), but the length and thickness of the
nanosheets decreased, while the specific surface area increased,
meaning that the addition of Fe introduced defects and holes, and
adjusted the electronic state, which was more conducive to the
adsorption and desorption process of O, The optimal
Fe-NiS@CFP showed an 1), of 275 mV and maintained stability
for 50 h in 1.0 M KOH (Figs. 6(d) and 6(e)). Huang et al.
synthesized an electrocatalyst composed of Co,Ss and porous
carbon on CFP [173]. The Co,S; nanoparticles treated by
dicyandiamide ~ decomposition ~ showed  better  catalytic
performance (77,) = 280 mV) than the untreated nanoparticles due
to synergistic effect with N-doped carbon matrix. Liu et al
prepared Co,_SP/CFP nanosheets by two-step electrodeposition
[174]. The first step is to deposit cobalt sulfide nanosheets onto
CFP, which improves the inherent stability. The second step is to
deposit non-metallic P onto cobalt sulfide nanosheets, which is
uniformly doped on the surface of cobalt sulfide. By adjusting the
number of P deposition cycles, different P-doping species can be
obtained, so as to achieve different valence states of Co (Co** and
Co*). The substitution of P increased the content of Co* and
changed the surface morphology of the catalyst. The large pore
size was more conducive to electron transport. The optimal
Co,_,SP/CFP exhibited OER activity with an #,, of 279 mV, a low
Tafel slope of 54 mV-dec”, and excellent long-term stability of
60 h.

Huang at al. synthesized heterostructure electrocatalyst
CFP@NiSe,@MoS, by simple electrodeposition method combined
with hydrothermal method [175]. Due to the synergistic effect
between NiSe, and MoS,, the corresponding X-ray diffraction

Tsinghua University Press

(XRD) peak showed an obvious blue shift, which was helpful to
improve the catalytic activity of OER. Ni doping into MoS,
formed defect heterostructure, increased the active sites on the
surface of MoS,, and reduced the energy barrier of OER (1, =
267 mV). Sancho et al. constructed NiCo,S, NW/CFP nanowires
by hydrothermal method and selenidation process [176]. The
nanowires increased the electrochemical active surface area, while
the porous configuration improved the electrolyte penetration,
and the CFP substrate avoided the aggregation of nanoparticles.
DFT calculations showed that the density of states (DOS) of
NiCo,S, is significantly higher than that of oxidized NiCo,O,
(Figs. 6(f)-6(h)), which improved the conductivity and carrier
concentration, thus enhancing the catalytic OER performance.

44 Metal mesh/plate supported chalcogenides

Metal mesh/plate has excellent conductivity and flexibility [177,
178]. Tt can be used as a metal source to grow catalysts on the
surface [179, 180]. Li et al. constructed NiCoFeS nanosheets with
three-metal layered structure in the form of hydrangea on Ti
mesh ( NiCoFeS/Ti) via hydrothermal combined vulcanization
process (Fig. 7(a)) [181]. SEM images showed that NiCoFe-LDH
was uniformly grown on the surface of Ti mesh (Figs. 7(b) and
7(c)), which presents the shape of large hydrangea and intersects
with each other. The hydrangea shape was not changed after
vulcanization, but the surface changed from smooth to rough (Fig.
7(d)). For the OER, it showed a low 7, of 230 mV (Fig. 7(e)).
Zhang et al. prepared Ti@Co,gSe electrocatalyst by one-step
hydrothermal method [182]. The ohmic contact between the Ti
mesh with good conductivity and the CoygsSe interface greatly
reduced the electron transfer resistance (Fig.7(f)), and the
electrons can easily flow back to the metal (Fig. 7(g)). The optimal
Ti@CoygsS5e exhibited OER activity with an overpotential of
570 mV at 29.6 mA-cm™ and long-term stability of 30 h. Chen et
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al. prepared Cu,Se and Cu,O hybrid needle like nanoparticles
(Cu,Se-Cu,0O/TF) via simple electrodeposition at the cathode
[183]. Cu,Se-Cu,0 was formed on the surface of copper oxide
protective layer, which can catalyze the OER with 7, of 465 mV.
Yang et al. prepared three dimensional hybrid thin film electrode
on copper foil (Co-O@Co-Se/Cu) by electrodeposition [184].
When Se was incorporated, the structure and crystal phase
transition occurred. Because copper foil was used as the substrate,
the electron transfer resistance was reduced and the gas release
was enhanced. The Co-Se species in the film was gradually
transformed into Co-O species. Zuo et al. constructed Cu,S/CM
nanowires on copper foil by anion exchange method [185].
Copper oxide obtained by in-situ oxidation of cuprous sulfide
showed excellent electrochemical OER performance. The
electrode with high surface area and fast electron transfer rate
showed an 7, of 286 mV. Yuan et al. used a simple hydrothermal
method to directly grow Fe-Ni,S,/FeNi nanosheet arrays on FeNi
alloy foils [186]. The adsorption free energy of Fe doped Ni,S, was
lower than that of Ni,S, in the OER (Figs. 7(h) and 7(i)). In
addition, the electronic structure of Ni,S, is disordered due to the
addition of Fe, which significantly increases the DOS. Fe-Ni,S,
showed more metallic states near the Fermi level than Ni,S,,
resulting in accelerated electron transfer efficiency and excellent
OER  catalytic performance. The optimal Fe-Ni;S,/FeNi
nanosheets exhibited remarkable OER activity with an 7, of
282 mV and a small Tafel slope of 54 mV-dec™.

4.5 Other substrates supported chalcogenides

Other substrates (such as stainless steel, fluorine-doped tin oxide
(FTO) coated glass substrates, etc.) are also widely used in
commerce [187-189]. Deng et al. synthesized adhesive-free self-

supporting CogSs@Co;0, core/shell array electrocatalyst by simple
hydrothermal method and vulcanization process [190]. CooSg
nanosheets were grown on Co;O, nanowire cores to form a
unique core/shell array, which greatly increased the active surface
area and stability, which exhibited an #,, of 260 mV and a small
Tafel slope of 56 mV-dec”. Mondal et al. prepared CdSe thin film
electrodes and CdSe modified by Pd quantum dots on FTO
coated glass substrates by simple deposition technology and
annealing process (Fig.8(a)) [191]. The CdSe produced by the
deposition process had better catalytic activity than that produced
by the annealing process due to the formation of CdO film on the
annealed surface in air, which produced resistance and affected the
electrochemical catalytic performance. The electrocatalytic activity
can be improved by coating the surface of CdSe with a thin metal
(Pd). The deposited CdSe showed an 7, of 300 mV (Figs. 8(b)
and 8(c)). Kim et al. fabricated CoTe nanotube film via a
hydrothermal deposition coupled with reflow process [192]. SEM
images showed that the surface of CoTe nanostructure was still
porous and granular at the annealing temperature of 200°C, which
accelerated the penetration of electrolyte and provided a more
active surface for fast chemical reaction (Figs. 8(d)-8(g)). Joya et
al. constructed NiO, nanofilms on the surface of FTO by low
temperature spraying [193]. Fominski et al. constructed
MoOz(S)/WO,/FTO heterostructure as photocatalytic oxygen
evolution material by using MoS, nanofilm as the precursor [194].
When the sulfur concentration in MoS, films increases from x = 2
to x = 4.5, there is no difference in conductivity type. However,
MoS,s film showed the smallest energy band gap because the
oxidation-reduction ability of charge carriers in the MoS,; film is
stronger than MoS, and MoS;, (Fig. 8(h)). Light absorption leads
to the generation of electron hole pairs in MoOz(S) and WO,
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films. If the catalytic activity of MoOz(S) films is higher than that
of WO;, the accumulated holes in MoOz(S) films can improve the
OER of MoOz(S)/WO,/FTO surface (Fig. 8(i)).

In the general discussion, the self-supported catalysts grown on
different substrates are promising candidates for the OER
electrocatalysts, and have usually better OER performance than
the non-substrated chalcogenide catalysts (Table 2). The close
interaction between the substrate and the catalyst ensures the
integrated structure of the catalyst in the harsh environment, and
the use of no binder greatly simplifies the construction process
and facilitates practical application. It can also effectively improve
the electrochemical interface and the mass transport rate.

5 Optimization
chalcogenides

strategy of self-supporting

Optimization strategies such as vacancy engineering, heteroatomic
doping, defect engineering, and interface engineering can enable
the surface reconstruction of transition metal sulfide catalysts in
the OER process, which will be finally reconstructed as hydroxides
or amorphous species as real catalytically active species, thus
improving the OER performance by reducing the energy barrier.

5.1 Vacancy engineering

The introduction of vacancies improves the conductivity and

promotes the surface reaction kinetics [201]. The development of
vacancy engineered sulfur-containing electrocatalysts has attracted
extensive attention [202]. For example, Ganesan et al. constructed
a hybrid electrocatalyst (Fe;NiSg_g)*° on CNTs [203].

controlling the composition ratio of Ni/Fe ions (Ni/Fe: 1/4, 2/3,
and 3/2), it was found that the best Ni/Fe ratio is 2/3, and the high
performance comes from the Fe" self-doped d-p orbital formed by
sulfur vacancy. DFT calculations showed that carbon nanotubes as
a substrate successfully stabilized the valence state of Fe"!, reduced
the energy barrier of O-O bond cracking, and thus promoted
catalytic activity. Metals and nonmetals play an important role in
vacancy engineering for the OER. Su et al. synthesized Ru-
NiCo,S,_, through a simple solvothermal photochemical two-step
reaction strategy (Figs. 9(a) and 9(b)) [204]. The effects of Vg and
metal Ru on the rate determination step and reaction barrier of
NiCo,S, were studied by DFT calculations (Fig. 9(c)). The
phenomenon of “delocalization and confinement” of electrons
caused by the anchoring of Vs and metal Ru promotes the
interaction between electrons, reduces the barrier of reaction
activity effectively, and is conducive to the desorption of O,. The
Ru-NiCo,S,_, showed a low 75, of 190 mV (Fig. 9(d)), much lower
than NiCo,S,, NiCo,S,_,, and Ru-NiCo,S,. Gao et al. synthesized
ruthenium doped and sulfur vacancy Vs-Ru-NigSg electrocatalyst
by a simple and economical one-step hydrothermal method [205],
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Table2 OER performance on non-self-supported transition metal chalcogenides

Electrocatalysts Electrolyte 10 (MV) Tafel slope (mV-dec™ ) Ref.
Co-CoO@NSC 1 M KOH 279 83 [254]
NiCo,S, 1 M KOH 337 64 [71]
3DOM N-Co, sFe,;Niy S, 1 M KOH 370 75 [255]
Co-Fe-S-1 1 M KOH 283 92.7 [256]
Niy,13C00 5751 007 1 M KOH 316 54.72 [257]
Co-S-O BBHS 1 M KOH 285 49.67 [258]
CoNiFeS-350 1 M KOH 288 72 [85]
Ni, »0Co, 40Mny,,S, 1 M KOH 348 65 [259]
Co,Ni,_.S,, CNS 1 M KOH 290 46 [260]
CoCuFe-S 1 M KOH 300 79 [261]
c-Ti-Fe-S 1 M KOH 350 55 [262]
CoFeS 1 M KOH 290 52.6 [263]

CoS 1 M KOH 383 38 [264]
MCS@a-Ni;S, 1 M KOH 333 150.1 [265]
CuCo,S, 1 M KOH 290 81.3 [266]
CoFe,,S, 1 M KOH 304 48.7 [267]
Ni/NiS/NC 1 M KOH 337 45 [268]
H-Fe-CoMoS 1 M KOH 282 58 [269]

showing ultra-low overpotentials of 218 and 268 mV at 100 and
300 mA-cm?, respectively. DFT calculations showed that the
doped Ru atoms play a role in weakening the adsorption and in
regulating the electron density in OER, which makes the surface
adsorption strength of OER intermediates on the catalyst not
strong or weak, and significantly improves the OER catalytic
performance. The metal-vacancy pair composed of Ni atom and
sulfur vacancy as the catalytic active site, showed catalytic synergy

in the OER. Sulfur vacancy improves the OER performance by
reducing the energy barrier and optimizing the adsorption free
energy of oxygen-containing intermediates (OH*, O*, and
OOH¥). Huang et al. synthesized P-doped NiS, electrocatalyst
with layered structure by phosphorylation using Prussian blue
analog nanotubes as precursors [206]. DFT calculations showed
that the P element not only acts as a new active site, but also
enhances the electrochemical activity of Ni and S sites. The P-
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[204], © Wiley-VCH GmbH 2021.

doped NiS, electrode exhibited a low #,, of 255 mV in 1.0 M
KOH.

Creating oxygen vacancies in electrocatalysts is a common and
effective method to promote OER [207]. As revealed by the OER
mechanism, all intermediates interact with the transition metal
oxide surface through oxygen atoms, and the presence of oxygen
vacancies will change the absorption and desorption process of the
electrocatalyst and the reactants [208]. Oxygen vacancies also
provide electrons, which lowers the Fermi level, enhances the
electronic conductivity, and promotes charge transfer, thus
affecting the OER performance. Zhuang et al. prepared FeCoO,-
Vo-S nanosheet catalyst by heat treatment synthesis strategy (Fig.
10(a)) [209]. The addition of S atoms modifies and stabilizes the
oxygen vacancy, and forms Co-S coordination, which effectively
regulates the electronic structure of the active site (Fig. 10(b)). The
FeCoO,-Vo-§ electrocatalyst only needed an 75, of 240 mV in
1.0 M KOH (Figs. 10(c) and 10(d)). Jaouhari et al. studied the
internal and dynamic behavior of selenium vacancies in CoNiSe,
film on carbon cloth [210]. They found that selenium vacancies on
the surface of CoNiSe, adjusted the electronic structure and
promoted the adsorption of active sites by hydroxides, thus
promoting the formation of Co/NiOOH, which can effectively
adjust the center of d-band and the change of Gibbs free energy
between different OER steps and enhance the catalytic activity of
OER (Figs. 10(b)-10(d)). The defective CoNiSe, exhibited a low
110 of 252 mV, a low Tafel slope, and good stability.

5.2 Heteroatom doping

5.2.1 Metal doping

Doping metal elements (such as Fe, Mn, Cu, Co, etc.) to adjust the
surface characteristics of catalysts is another common method to
improve the OER performance [211,212]. Metal cations can
adjust the ligand field of the active center and have certain
influence on the electronic configuration [213]. For example, Xie

et al. synthesized Fe doped Ni,S, electrocatalyst on 3D NF (Fe-
doped Ni;S,-NF) by a simple one-step vulcanization method (Fig.
11(a)) [143]. The nucleation morphology and growth
characteristics of Fe doped Ni;S, on NF surface can be controlled
by optimizing the reaction time and temperature. Fe doped Ni,S,
has low crystallinity in the (110) plane, and the changes of
electronic structure and charge carrier density improve the
electrocatalytic activity (17, = 166 mV). Zare et al. synthesized Fe
doped CoSe, nanoparticles on NF (Fe-CoSe,/NF) using simple
and economical electrodeposition technology [199]. The
optimized Fe-CoSe,/NF exhibited an #,, of 220 mV and small
Tafel slope of 35.6 mV-dec” in 1.0 M KOH. Wu et al. prepared Fe
doped Ni;S, nanowires on nickel foam by one-step solvothermal
method (Fig. 11(c)) [214]. When the content of dopant Fe was
13.7%, only 223 mV overpotential was needed to reach
200 mA-cm® in alkaline electrolyte. Fe doping into Ni;S,
nanowires increases the number of active site edges, changes the
morphology, adjusts the electronic structure, and enhances the
conductivity. The interaction between the surface atoms of the
catalyst and the reactants can neither be too strong nor too weak,
which shows the maximum catalytic activity to a certain extent
[215,216]. The metallic element Mn is also a promising doping
material [217,218]. Yu et al. prepared Mn doped NiCo,S,/NF
three dimensional nanospheres by three-step hydrothermal
synthesis [200], which showed excellent OER activity with a low
110 of 228 mV. Yuan et al. synthesized self-supporting Mn-doped
Ni;S, on NF (Mn-Ni,S,/NF) via one-step hydrothermal treatment
[219], which showed enhanced OER activity with an 7,4, of
347 mV. The addition of Mn optimizes the electronic structure
and enhances the conductivity, so as to achieve fast mass transfer.
Kuila et al. used electrodeposition technology to construct a self-
supporting Ni doped FeS electrocatalyst on NF [220]. By changing
the electrodeposition time to control the amount of doped Ni,
they found that the electrode prepared by depositing at 0.9 V for
30 min showed excellent catalytic activity. Ni doped into the lattice

i’f ? * “é i @ Springer | www.editorialmanager.com/nare/default.asp

Tsinghua University Press



Nano Res. 2023, 16(7): 8684-8711

(a)

O removal

FeCoO,

y Hydrogen /Ay
> 4
¢ annealing &

8697

S doping

FeCoOyx-Vo FeCoOx-Vo-S
(c) (d)
= 300 ——Ru0: Ruoz 54.3
e ——FeCo0.-Vo o | BEBFeco0.Vo g7
o ——FeCo0,-Vo-S % Y FeCo0.-Vo-S
| U SRR | = 2
s 325 mV
z " 8 |At1.5Vvs. RHE
2 ©
£ 100} E
£ 2
E 0 1.0 M KOH
Q " " N N X a0 1
13 14 15 16 17 18  pagsactivity (Ag") Tafel slope (mV-dec”)

Potential (V vs. RHE)

(g oV

—— Vg, -CoNiSe,-NIOOH
= = Idoal catalyst

Rate-determining step

o, 25 I <Y

4G, (eV)

U=123v

- Reaction coordinate

CoNiSe,

V,CoNiSe, V_-CoNiSe -NIOOH V'.-Cpﬂ&l-coooﬂ

Figure 10 (a) Preparation process of FeCoO,-Vo-S. (b) The Bader charge number of atoms when FeCoO,-Vo-S is at the most appropriate level of OOH* adsorption
strength. (c) LSV curves. (d) The comparison of mass activity and Tafel slope. Reproduced with permission from Ref. [209], © Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim 2020. (e) Adsorption structure and (f) Gibbs free energy of intermediate of V.-CoNiSe,-(102)-NiOOH. Green, blue, gray, orange, and cyan balls
denote Se, Co, Ni, O, and H atoms, respectively. (g) Comparison of rate determination steps (AG; = |[AGy — AGgoy|). Reproduced with permission from Ref. [210], ©

Elsevier B.V. 2021.

domain of FeS can adjust the electronic structure and increase the
charge density, which significantly improves the electrocatalytic
activity.

In contrast to S and Se atoms, Te exhibits more metallic
properties that can improve the electronic conductivity, leading to
positive electrocatalytic properties. Sadagat et al. used a simple one-
step hydrothermal method to synthesize hexagonal nano ultra-
thin electrocatalyst on foam nickel (Niy,FeysTe,/NF) with a
thickness of about 21.3 nm [152]. The morphology and electronic
structure were optimized by adjusting the concentration of Fe
doping. Due to the synergistic effect of bimetallic and unique
nanosheet structure, the electrocatalyst exhibited excellent OER
performance. The low over-potential at the current density of 10,
100 and 500 mA-cm™ is 190, 274, and 330 mV, respectively.
According to the results of XPS test, the excellent OER activity of
the electrocatalyst was attributed to the ability of various lattice
oxygen changes in NiFeOOH (Te)/NF and the dual electronic
effect, which reduced the free adsorption energy of the
intermediate, resulting in high OER activity.

5.2.2  Non-metallic doping

Non-metallic elements (such as N, P, and F) as dopants can adjust
the adsorption/desorption behavior, so as to improve the
electrocatalysis ability [221]. He et al. constructed 3D self-
supporting P-doped Ni;S, nanosheet arrays on NF via a simple
hydrothermal method combined with phosphating and

vulcanization processes [198]. The prepared electrode showed
enhanced OER activity with an #,, of 256 mV. The addition of P
anion optimizes the adsorption of OER intermediates, adjusts the
electronic structure, and greatly improves the electrochemical
surface area and conductivity. Ding et al. synthesized P-doped
Ni;S, electrode material on NF by hydrothermal synthesis
technology [222]. The doping of P element optimizes the
electronic structure and provides simple adsorption of reactants,
so as to achieve faster electron transfer speed. The optimized
PNi,;S,/NF exhibited an 7y, of 306 mV. Liu et al. proposed a dual
regulation strategy to construct nitrogen doping and carbon
coating N-Ni,S,@C/NF electrode material [223]. The introduction
of nitrogen accelerated the mass transfer, increased the number of
active sites, and thus improved the catalytic activity. The
optimized electrode showed excellent OER activity with an #,, of
100 mV. Kumar et al. synthesized Co/Co,Sg/CNT nanowires
doped with N and S atoms by thermal decomposition [224]. Due
to the modification of N, the doping of S and the synergistic effect
between graphene layer and metal, the electronic structure of Co is
greatly adjusted to make it in the highest valence state. Compared
with Co/CNT, Co/CoyS¢/CNT showed higher OER activity.
Wang et al. synthesized 3D self-supporting N-Co,S;/Ni;S,/NF
nanosheets through hydrothermal treatment and calcination (Fig.
11(b)) [225]. N doping can optimize the d-band structure,
overcome the inherent limitations of reaction kinetics, and
improve the charge transfer ability and water oxidation ability. In
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addition, the defects induced by N doping provide rich catalytic
sites, showing excellent OER catalytic activity. The optimized N-
Co,S,/Ni;S,/NF exhibited an 7,4, of 331 mV.

5.3 Edge engineering

The active crystal plane with active valence bonds and high-
density atomic ladder at the edge can realize rapid electron
transfer between the surface and the interior of the system [226].
For highly exposed edge sites, edge engineering can adjust the
growth dynamics to produce different electronic structures and
achieve high OER performance [227-230]. There are abundant
exposure sites at the marginal Mo sites. MoS, has a significant
impact on the catalytic performance of water splitting due to its
unique structure and electronic properties [231,232]. Liu et al.
synthesized 2D 1T-MoS, nanosheets precursor by Na*
intercalation combined with stripping method, and then
hybridized it with 30 wt.% carbon nanotubes to construct a self-
supporting oxygen electrode 1T-MoS,/CNT without adhesive
(Fig. 12(a)) [233]. The metal Mo edge is oxidized and passivated in

Tsinghua University Press

ONi @Fe US .3°§°3' Citrate ions

Figure 11 (a) Synthetic process of Fe-doped Ni;S,-NF. Reproduced with permission from Ref. [143], © The Royal Society of Chemistry 2021. (b) Preparation of N-
Co,S5/Ni;S,/NF. Reproduced with permission from Ref. [225], © 2021 The Electrochemical Society ("ECS"). Published on behalf of ECS by IOP Publishing Limited. (c)
Schematic representation for the fabrication of Fe-doped Ni,S, nanowires on NF. Reproduced with permission from Ref. [214], © Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim 2019.

2H-MoS,, and the plane has no catalytic activity, resulting in the
inability to generate O,. The stripped 1T-MoS, has superior
catalytic activity due to the synergistic effect between the metal Mo
and the carbon porous substrate, which accelerates the charge
transfer and generates a large number of reaction sites. 1T-MoS,
showed an OER #,, of 1.52 V, which is much lower than that of
both 2H-MoS, and Pt/C (Fig. 12(b)). Wang et al. synthesized CoS-
MoS,/Ni;S,/NF nanoarray electrocatalyst on nickel foam by
microwave-assisted hydrothermal method and subsequent
electrodeposition  (Fig. 12(c))  [234]. CoS-MoSy/Ni,S, was
deposited on NF at 4, 8, and 12 different deposition cycles and the
obtained MoS,/Ni;S,/NF at 12 cycles exhibited better catalytic
activity (Fig. 12(e)). Benefiting from the porous network structure
and high conductivity, the as-obtained CoS-MoS,/Ni;S,/NF
showed a low 7,99 of 225 mV in 1.0 M KOH (Figs. 12(d)-12(f)).
Yu et al. synthesized porous NisFeN nanosheets on N-WS,
particles on NF (N-WS,/Ni;FeN) via two-step nitration method as
self-supporting electrodes [235]. The combination of the catalyst
and the conductive substrate produces rich edge sites, and the

‘)3 ff % * “é i @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2023,16(7): 8684-8711

8699

(@) e L )
Nat . OH —\ NaOH (b) & —1T-MoS2/CNT
oo & @ E go]—1T-Mos,
f . E — Edge-oxidized 1T-MoS,
Q A R’ a0 ﬁh N 1‘ =, |——2H-Mos,/CNT
Liquid-red % % 404
(}) ,ﬂb Ob D . ir:?eurlcalralio?\x \ 4 Exfoliation / g ——2H-MoS,
o O 0 — o0 0 0 - © —PtC
B Pre-expansion T Washing 'a':; 204
b WO R Tamion>
op cp oo d o g b}%)qi Qb: 3
0
2H-MoS, 1T-Na,MoS, 2D 1T-MoS,
OMo os 1.0 12 14 16 18
Potential (V vs. RHE)
(c)
Electrodeposntlon\i
NF MoS,/Ni;S,/NF CoS-MoS,/Ni;S,/NF
.: Ni3Sz . : M052 : COS
(e) () guo i
- @10 mA-cm® 2 700 50 [ o]
Q S 6004 —NF e
= 2 agp 2694 3694 o - L [
F350] £ £ 4 2 S o] M EEmm
= 2 & E & 24001 — cos-NF-8C o
5 g z M4 z £ 300 —Mos,Ni;s,/NF
23004 & % % 2 ° —— CoS-MoS,/Ni,S,/NF-8C
5] = = 2 ~ i 2001 ——RuO, on NF
> U); 259.4 -7 g 1004 i %
©250{ © g 123V
225 0 |
1.1 1.2 1.3 1.4 1:5 1.6 1.7
200+

Potential (V vs. RHE)

Figure 12 (a) Synthetic illustration of 2D 1T-MoS,. (b) LSV curves. Reproduced with permission from Ref. [233], © The Royal Society of Chemistry 2018. (c)
Synthetic illustration of CoS-MoS,/Ni;Sy/NF. (d) SEM images of CoS-MoS,/Ni,S,/NF-8C. (e) 1, of different electrocatalysts. (f) LSV curves. Reproduced with

permission from Ref. [234], © Hydrogen Energy Publications LLC 2018.

heterostructure accelerates the electron transfer. The N-
WS,/Ni;FeN nanosheets exhibited an 75y, of 285 mV in alkaline
condition.

54 Surface morphology engineering

Surface morphology engineering is considered as an effective
method to enhance the exposure of active sites and improve the
mass transfer process, which is widely used in surface engineering
[236]. One-dimensional nanostructure can provide electron
transfer pathways, enhance gas diffusion, and thus improve
catalytic activity. The well-arranged one-dimensional nanostruc-
ture array is grown in situ on the conductive substrate. The large
specific surface area promotes mass transfer, exposes a large
number of catalytic sites, and enhances the catalytic activity of
OER [237]. Li et al. synthesized a self-supporting NiCo,S,/FeOOH
nanowire array electrocatalyst without adhesive by hydrothermal
preparation and subsequent selective anion exchange (Fig. 13(a))
[238]. The interface structure of NiCo,S, and FeOOH provides
many different active sites, which helps to reduce the energy
barrier, adjust the electronic structure, and optimize the
adsorption energy of intermediates (Figs. 13(b)-13(d)). DFT
calculations showed that the enhancement of OER performance is
attributed to the increase of FeOOH and the synergy of multiple
sites (Fig. 13(e)). The optimized NiCo,S,/FeOOH nanocomposite
exhibited an 7,y of 200 mV and Tafel slope of 71 mV-dec” in
alkaline condition. Feng et al. prepared NiMoSe/NF-2 nanoarray
catalyst by hydrothermal and selenide two-step synthesis [239].
Selenium doped NiOOH is the real active site, showing the phase
transition of low covalent Ni species into the oxidation state of

selenium doped NiOOH. The free energy of the selenium doped
NiOOH is the closest to zero (Fig. 13(g)) and the rate determining
step is the third electron transfer process (Fig.13(h)). Rich
interface disorder and high conductivity endowed NiMoSe/NF-2
with good OER performance, showing an 7y, of 307 mV, a small
Tafel slope of 30.9 mV-dec”, and good stability in 1.0 M KOH
(Figs. 13(i) and 13(j)). Yao et al. successfully constructed CoO,
modified cuprous sulfide nanowire array on Cu foam (Cu,S-
CoO,/CF) by nitration pyrolysis (Fig. 13(f)) [240]. Cu,S-CoO,/CF
showed better catalytic performance than Cu,S/CF and CoO,/CC
due to synergistic effect and regulation of active sites on the
interface. The defective Cu,S-CoO,/CF exhibited a low 7,5 of
255 mV and good stability. Deng et al. successfully constructed
Cu,S/TiO,/Cu,S branched nanowire arrays on the substrate TiO,
through deposition and vulcanization [195]. The Cu,S/TiO,/Cu,S
core-branch arrays with rich interfaces exhibited superior OER
performance, with an #,, of 284 mV, and Tafel slope of
72 mV-dec" in alkaline condition. Wang et al. prepared self-
supporting N-Ni;S,/N-MoS,/NF electrode via hydrothermal
method and subsequent annealing process. N-doped Ni;S,/MoS,
heterostructure was synthesized in situ on NiMoO, nanowire
arrays [241]. The incorporation of nitrogen anions causes
vacancies and increases the active sites, and the special
heterostructure has strong electronic interaction, which helps to
enhance the OER activity.

5.5 Construction of heterostructure

The combination of different components and elements will
produce interaction, leading to strong synergy between electrons,
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Figure 13 (a) Synthetic illustration of NiCo,S,/FeOOH. Free energy diagram of the OER on (b) NiCo,S,, (c) FeOOH surface, and (d) NiCo,S,/FeOOH. (e) Schematic
to show different active sites in NiCo,S,/FeOOH. Reproduced with permission from Ref. [238], © Elsevier Ltd. 2020. (f) Schematic synthesis of Cu,S-CoO,/CF.
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thus displaying higher catalytic activity than the corresponding
single component [242,243]. Constructing heterostructure is a
primary method to construct advanced electrocatalysts for
improving catalytic performance. The construction of interfacial
synergy is conducive to the chemisorption of oxygen-containing
intermediates [244]. Feng et al. prepared heterogeneous
MOoS,/Ni;S, electrocatalyst on NF by a simple one-step
solvothermal method [245]. DFT calculations showed that due to
the electronic interaction at the MoSy/Ni,S, heterogeneous
interface, the Gibbs free energy of the OER intermediates is
effectively reduced, which promotes the dissociation of O,
intermediates, thus accelerating the OER process and improving
the catalytic activity (Fig. 14(a)). For the OER, the MoS,/Ni,S,
showed a low 7, of 218 mV in alkaline condition. Zhang et al.
synthesized self-supported three dimensional layered MoS,/NiS,
heterostructure on carbon cloth by simple solvothermal method
[246]. Ni ions were vertically staggered on CC, and then Mo ions
were attached to the nanosheets array, and NiS,/MoS,
heterojunction was formed after vulcanization. MoS,/NiS,
heterostructure has rich defects, leading to the increase of active
sites and exhibiting good catalytic activity with an #,, of 303 mV.
Mg has high hydration, which can improve the adsorption of
water molecules on the catalyst surface. Wang et al. synthesized
MgO/NiCo,S, heterostructure on CC (MgO/NCS-CC) via
electrodeposition and annealing (Fig. 14(b)) [197]. DFT
calculations showed that the heterostructure between MgO and
NiCo,S, makes electrons flow from Ni to Co and Mg, changes the
electronic structure, and redistributes charges (Fig. 14(c)). The
heterojunction formed by the addition of Mg* enhances the
adsorption of water on the surface of the electrocatalyst and
improves the electrocatalytic OER activity (1, = 145 mV) (Figs.
14(d) and 14(e)). Huang et al. synthesized Ni,S,-NiO,
heterostructure on NF (Ni;S,-NiO,/NF) by plasma processing
technology (Fig. 14(f)) [196]. According to the in-situ Raman

spectra, prolonging the electrolysis time leads to the in-situ
reconstruction of the active heterogeneous interface. Too much
active substance NiOOH accumulates on the surface area of NisS,,
which hinders the charge transfer and reduces the catalytic activity
of OER (Fig. 14(g)). The Ni;S, on Ni;S,/NF is easier to be oxidized
to NiOOH than Ni;S,-NiO/NF, and thus the catalytic OER
performance is improved by doping buffer surface oxidation (Fig.
14(h)). Li et al. prepared self-supporting CoS,/Cu,S heterostruc-
ture composite electrode material on NF (CoS,/Cu,S-NF) via
electrospinning technology and annealing process [247]. The
electrons in CoS,/Cu,S heterostructure interact with each other,
accelerate the electron transfer, regulate the electronic structure of
Co and Cu sites, and enhance the OER activity. Cai et al. anchored
FeOOH on the surface of Ni;S, nanosheets by chemical
immersion method to form FeOOH-Ni,S, heterostructure [248],
which leads to strong synergistic effect between electrons, thus
showing higher catalytic activity (77,0 = 190 mV) than the original
Ni;S,. A heterostructural material of NiTe-NiSe without toxic
hydrazine was synthesized by the hydrothermal method [249].
This nanosheet heterostructural material has many exposed active
sites and good structural stability, in which electron transfer and
synergistic effects between different components contribute to
improved OER dynamics. Further investigating the introduction
of NiTe into NiSe by DFT calculations revealed that the interface
charge transfer promoted the adsorption capacity of the oxygen
intermediate. NiTe-NiSe shows larger DOS values near the NiTe
or NiSe model, which indicates that the cooperative duplex
heterojunction interface formed by the introduction of NiTe can
increase the electron density, enrich the free electron
concentration, and then promote the OER catalytic process.

56 Study on OER mechanism through in-situ

characterization technologies
With the gradual development of research in the field of
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2022.

electrocatalysis, researchers urgently need to further explore the
reaction mechanism and structural change of the catalyst during
the OER. In-situ characterization techniques can be used to better
understand the structural changes of catalysts, real reaction
intermediates, and the effective relationship between structure and
OER property [250]. Different instruments can be used to carry
out continuous and synchronous online analysis of specific
substances, which is dynamic, real-time, and intuitive, by which
we can observe the chemical reaction process, and structure and
morphology changes in real time. In-situ XRD technology can
provide precise crystallographic information such as lattice
parameters and preferred orientation. Therefore, XRD can be used
to analyze the strain, crystal facet, doping effect, and identify the
crystal state of the catalyst surface. In situ X-ray absorption
spectroscopy (XAS) analysis can be used to identify the active site,
the change of oxidation state, and the deviation of atomic distance
in the OER process. Liao et al. explored the catalytic OER
mechanism over FeCo,S,/NF catalyst by in situ XRD and XAS
characterizations [251]. In-situ XRD results showed that
FeCo,S,/NF still maintained spinel structure under different
voltages (Fig. 15(a)). XAS was used to analyze the influence of
electronic and atomic structure, demonstrating that the intensity
of the absorption peak was proportional to the number of
unoccupied orbital states (Figs. 15(b) and 15(c)). Due to the dipole
forbidden transition of 1s to 3d orbits, weak front edge features
exist. When the potential was applied, the local structure of the
symmetry of the crystal field was different or distorted, and the
local structure became Co(OH),. The coordination sulfur was
replaced by oxygen, which affects the electronic structure of Co.
At 1.43 V, the oxidation state was close to +2 in cobalt hydroxide
and there was Co-OOH with +3 valence on the surface. In-situ
XPS can provide information about the electronic state and charge
transfer behavior, making it easier to understand the electronic

configuration changes during the OER electrocatalysis. Friebel et
al. studied a Ni-Fe electrocatalyst for the OER through in-situ XPS
[252]. The normalized XPS spectra in the Ni and Fe 2p region
showed Ni*** oxide and Fe*” oxide (Figs. 15(d) and 15(e)). At
0.3 V, Fe ion was completely oxidized to Fe*, indicating that the
Ni-Fe electrocatalyst was completely oxidized at a positive
potential. In-situ Raman spectroscopy can be used for quantitative
or semi-quantitative analysis of samples, which has the
characteristics of fast and sensitive identification of characteristic
vibration and wide testing range, especially for the study of
amorphous or poorly crystalline materials. Cao et al. observed the
Raman peaks of Co-O and Co-OOH bonds, and revealed the
transformation of Co-O to Co-OOH species during the OER by
changing the potential (Figs. 15(f) and 15(g)) [252]. It showed that
the Co-OOH species is a real active substance, which makes the
catalyst have excellent OER catalytic performance.

Electrocatalytic materials with high-density active centers but
low conductivity would display poor overall catalytic performance.
The surface engineering strategy is widely used to improve the
electrocatalytic OER activity. By reasonably designing the surface
morphology of the catalyst (such as 2D nanosheet and 3D
nanosheet/rod/array structure), the active sites can be effectively
created and increased, and the electron transfer efficiency can be
improved. The whole charge transfer interface process can affect
the performance of the catalyst. In addition, whether the catalyst is
crystalline or amorphous has an impact on the activity and
stability of OER. The controllable structure cannot be guaranteed
under hot pressing and acid etching. It is necessary to develop
efficient and simple methods to synthesize electrocatalytic
materials with controllable structure and defects. Therefore,
interface engineering is also very important to improve the
performance of self-supported electrocatalysts.
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Figure 15 (a) XRD patterns of FeCo,S,/NF at different potentials. XANES spectra of (b) Fe and (c) Co K-edges. Reproduced with permission from Ref. [251], ©
American Chemical Society 2021. XPS spectra of (d) Ni 2p and (e) Fe 2p. Reproduced with permission from Ref. [252], © American Chemical Society 2016. (f) Raman
spectra and (g) XRD patterns of EG/CoS,/CoS,-NC at different potentials. Reproduced with permission from Ref. [253], © Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim 2019.

6 Conclusions and perspectives

The development of OER electrocatalysts with high efficiency, low
cost, and stability is of great significance to the application of
electrocatalytic water splitting. At present, most of the powder-like
catalysts need to be fixed to the working electrode with adhesive in
the performance evaluation process. Instead, the electrocatalyst is
in situ self-supported on a conductive substrate to form a self-
supporting electrode, and there is no aggregation without the use
of polymerization agent, which is conducive to the adsorption and
desorption processes, the release of produced gas, and the
improvement of the activity and stability. In addition, the
conductive substrate has high conductivity, which can accelerate
the rapid transfer of charge and greatly increase the catalytic
performance. In this review, the basic principles and main
evaluation parameters of OER were introduced, including Tafel
slope, overpotential, turnover frequency, and stability. Then, we
systematically summarized the synthesis strategies for preparing
various independent electrocatalysts, such as
solvothermal/hydrothermal synthesis, electrochemical deposition,
chemical vapor deposition, vacuum filtration, freeze-drying, and
template synthesis methods. Afterwards, we emphatically
discussed the OER performance of transition metal chalcogenides
(including transition metal sulfides, selenides, and tellurides)
grown on conductive substrates (NF, CC, CFP, and metal
meshplate). Finally, we proposed advanced optimization strategies
(including vacancy engineering, surface morphology engineering,

Tsinghua University Press

heteroatom doping, and construction of heterostructure) to
improve the inherent catalytic OER activity of self-supporting
electrocatalysts.

Although great progress has been made in the design/synthesis
of self-supporting chalcogenides, we cannot ignore some
shortcomings and challenges in the current research. (1) Among
the self-supporting chalcogenides, sulfides and selenides are
relatively widely used, while transition metal telluride is very
challenging in self-supporting materials due to the small content
of tellurium in the earth’s crust and its toxicity. Actually, tellurium
has good electronic conductivity, which is better than selenium
and sulfur, and its electronegativity is lower than selenium and
sulfur, and therefore, it has stronger covalent properties when
combined with metals. Therefore, the development of metal
tellurides for the OER will become a research hotspot [270, 271].
(2) At present, the methods of synthesizing self-supporting
electrodes are not suitable for large-scale preparation of large-area
electrodes. In the future, advanced methods should be developed
or combined with other technologies to prepare high-performance
large-area OER electrodes. Although there are many preparation
methods for constructing transition metal chalcogenides, and each
synthesis method has its own characteristics, but it also has
limitations. To date, there is still a lack of an effective way to
synthesize self-supporting transition metal chalcogenides with
high yield and low cost. (3) During the OER at high current
densities, a lot of gas is produced which causes the transition metal
chalcogenides to fall off the surface of self-supporting conductive
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substrates, thus reducing the catalytic activity. To avoid the use of
adhesives, the efforts in the study of the electrocatalyst grown in
situ on a conductive substrate should be considered. The
development of self-supporting transition metal OER
electrocatalysts that can maintain high activity and long-term
stability at high current densities remains a challenging task in the
future. (4) The OER mechanism on self-supported transition
metal chalcogenides is not clear. At present, the most commonly
proposed mechanism is the electron transfer between different
metal chalcogenides to promote the adsorption of hydrogen or
oxygen. The research on desorption process should be paid equal
attention to, but the relevant research is very rare. Moreover, the
composition of the interface between the conductive substrate and
the catalyst is complex, which brings difficulties to understand the
catalytic mechanism. (5) To better design the electrocatalyst, an
advanced theoretical model should be proposed. The
inconsistency between theoretical and experimental results is an
inevitable problem. Theoretical calculation is a good strategy,
which can selectively predict the choice of the best catalyst to save
time and labor costs. (6) These questions deserve further
investigation that whether all OER electrocatalysts can undergo
structural reconstruction and whether the pathway of the
reconstruction process is single. How to effectively control the
surface structure reconstruction process to optimize the
electrocatalyst to obtain the enhanced OER performance is still a
huge challenge. (7) Developing more advanced interface
engineering, intrinsic defect structure, interface engineering and
catalyst electrolyte interface regulation to accurately identify the
real catalytic active sites and explore the intrinsic catalytic activity
of catalysts will become the research hotspot of OER. With the
efforts of scientific researchers and technical workers, it is believed
that self-supporting materials will achieve gratifying results in the
renewable energy industrial revolution to solve the problems of
environmental pollution and energy shortage.
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