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ABSTRACT

Electrocatalytic water splitting into hydrogen is one of the most favorable approaches to produce renewable energy. MoS, has
received great research attention for both hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) due to its
unique structure and ability to be chemically modified, enabling its electrocatalytic activity to be further enhanced or made
comparable to that of Pt-based materials. In this review, we discuss the important fabrication approaches of MoS, ultrathin
nanosheet (MoS, NS) to improve the intrinsic catalytic activity of bulk MoS,. Moreover, several modification strategies involve
either morphology modulation or electron structural modulation to improve the charge transfer kinetics, including doping,
vacancy, and heterojunction construction or single-atom anchor. Our perspectives on the key challenges and future directions of
developing high-performance MoS,-based electrocatalysts for overall water splitting are also discussed.
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1 Introduction

With the increasing attention to environmental pollution and
energy crisis, developing sustainable and clean energy is the focus
of current research [1]. Hydrogen has been intensively studied due
to its high energy density and zero carbon emission [2-4].
Electrocatalytic water splitting is one of the most feasible methods
to produce hydrogen including two half reactions: hydrogen
evolution reaction (HER) by cathode and oxygen evolution
reaction (OER) by anode. Due to the requirements of high
thermodynamic reaction barriers in a four-electron multistep
reaction process [5,6], OER is currently at a bottleneck stage.
Noble metal based electrocatalysts are usually used for
electrocatalytic reaction due to the excellent electrocatalytic
performance [7-9]. However, the scarcity and high cost of noble
metal limit their wide application [10, 11]. Therefore, it is of great
significance to develop electrocatalysts for water splitting with low
cost, abundant reserves, and high catalytic efficiency [12].

At present, the researches of non-noble metal-based catalysts
such as oxides [13,14], hydroxides [15,16], sulfides [17-19],
phosphides [20, 21], and carbides [22-26] have attracted extensive
attention. In particular two-dimensional (2D) layered structure
MoS, has become a promising catalyst for electrocatalytic water
splitting due to the adjustable band gap and strong electron
acceptance ability [27,28]. However, the high overpotential and
poor stability in OER have become the bottleneck restricting the
development of MoS,-based electrocatalysts. Therefore, it is very
important to optimize the electrocatalysts for water splitting.

Various approaches have been used to improve the intrinsic

activity of MoS, [29]. The MoS, nanosheets with controllable
morphology and size can be synthesized by hydrothermal method
[30]. High-purity MoS, films can be prepared by chemical vapor
deposition (CVD) [31] and form a unique structure coupled with
other catalysts. Bulk MoS, is stripped by liquid phase exfoliation
[32] and chemical exfoliation [33, 34] to obtain MoS, nanosheets
with rich edge active sites. Through the morphology modulation,
the MoS, electrocatalysts are optimized at nanoscale to achieve
high catalytic performance. In particular, Janus [35,36], hollow
[37-39], core-shell [40], and yolk-shell [41-43] structures
assembled by nanosheets have been constructed, which can
enhance the mechanical strength to improve the stability of the
catalysts and promote charge transfer in catalytic reaction [44].

Researches indicate that the catalytic activity of MoS, originates
from the active edge sites due to the catalytic inertia of basal plane
[45-48]. Electronic structure modulation including vacancies [49,
50], doping [51-53], heterostructure construction [54-58], and
single atom catalysts [59-61], can activate inert basal planes to
enhance catalytic activity. It is worth noting that modulating the
electronic structure can enhance the conductivity of MoS,, adjust
the charge distribution of the coordination atoms, and make the
interfacial charge rearrange to promote the adsorption and
desorption of H* and oxygen-containing intermediates, which has
become an important approach for improving water splitting
performance of MoS,-based electrocatalysts [62].

In this review, we summarize the fabrication strategies of MoS,-
based electrocatalysts, and discuss the effect of morphology
structures including Janus, hollow, core-shell, and yolk-shell on
physical and chemical properties. In addition, the electronic
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structure of MoS, is also modulated via doping, the construction
of vacancy and heterojunction, and single atom anchor. The
development and challenges of MoS,-based electrocatalysts for
overall water splitting are prospected.

2 Fabrication strategies of MoS, ultrathin

nanosheets (MoS, NSs)

In the era of new energy, it is very urgent to develop efficient and
high-active HER/OER catalysts. As one of the first earth-abundant
catalysts, MoS, with low cost has been proved to be a promising
catalyst for electrochemical water splitting [43, 63, 64]. Currently,
many approaches have been employed to prepare MoS, NSs to
improve the intrinsic catalytic activity of bulk MoS,, such as
hydrothermal synthesis, CVD, liquid phase exfoliation, and
chemical exfoliation (Fig. 1).

2.1 Hydrothermal synthesis

Hydrothermal synthesis is a kind of commonly used liquid
chemical synthesis technology, which mainly configures the raw
materials into a uniform solution with water as solvent in a high-
pressure reactor. It has the advantages of high purity, good
dispersion, and controllable particle size, and has been widely used
in the preparation of inorganic materials, biological materials, and
geological materials.

In the hydrothermal synthesis process, metal sulfides with
various morphologies and structures can be synthesized by
changing solvents, surfactants, and other additives [65]. High-
quality MoS, nanosheets with controllable morphology and size
can be prepared by hydrothermal synthesis. Pan and his colleagues
prepared N and P co-doped MoS, array on the carbon cloth (NP-
MoS,/CC) by  ammonia  ions-guided-nitrogenization-
phosphorization as the self-supported electrode to efficiently
catalyze HER in a wide pH range (Fig. 2(a)) [66]. X-ray diffraction
(XRD) patterns show that all peaks matched with the 2H-MoS,,
indicating that doping N and P did not change the 2H-MoS,
phase structure (Fig.2(c)). The scanning electron microscopy
(SEM) shows that the surface of carbon cloth is completely
covered by crosslinked nanosheets with a mean size of 200-
400 nm (Fig. 2(b)). The NP-MoS,/CC has a specific surface area of
40 m*g", which has rich mesoporous structure to speed up H,
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transport. There is a strong chemical interaction between Mo-N
and Mo-P bonds, which corresponds to the Mo-N-P site in NP-
MoS, (Figs. 2(d) and 2(e)). Xie’s team prepared defect-free and
defect-rich MoS, nanosheets via hydrothermal synthesis [67]. The
defect-free MoS, nanosheets were prepared by placing a mixture
containing a high level of hexaammonium heptamolybdate
precursor and a small amount of CH,N,S. Thicker MoS,
nanosheet assemblies can be obtained by reducing the
concentration of precursor and adding excess CH,N,S. The defect-
free MoS, nanosheets not only exhibit ultrathin morphology and
slight assembly characteristics, but also have high crystallinity and
single crystal characteristics. SEM shows that the thicker
nanosheet assemblies with poor dispersibility and a few microns
in size are composed of many thicker nanosheets with a size of
hundreds of nanometers. It can be seen that high precursor
concentration is the key to stabilizing the morphology of ultrathin
nanosheets, and excessive CH,N,S is prerequisite for the
formation of defect-rich structure.

22 CVD

Due to its advantages of large growth area and high product
quality, CVD becomes a major technology for preparing high
purity and high-performance solid films. CVD can produce a
variety of metal, alloy, ceramic, and compound precipitation
coatings with unique structures via various reactions.

CVD has great advantages in preparing high-quality and
uniform MoS, nanosheets with controllable size. For example,
Lee’s team prepared CoS,@Cu,MoS,-MoS,/N,S-co doped
graphene (MoS,/NSG) core-shell heterostructure by mixing
Co(NO3),6H,0, Cu(NO;),-6H,0, graphene oxide, (NH,),MoS,,
and CH,N,S at 80 °C [31]. The solid powder after freeze-drying
was calcined in the CVD system at 500 °C in Hy:Ar (3:7) flow and
900 °C in Ar (Fig. 3(a)). XRD patterns reveal that CoS,@Cu,MoS-
MoS,/NSG was successfully prepared (Fig. 3(b)). Field emission
SEM (FESEM) and transmission electron microscopy (TEM)
images show a three-dimensional (3D) porous structure formed
by interconnected sheet tiny hole layers (Figs. 3(c)-3(e)). The high-
resolution TEM (HRTEM) image shows that the layer spacing of
MoS, nanosheets is 0.62 nm and the lattice spacings of CoS, core
are 0.20 and 0.28 nm. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and energy

Hydrothermal

synthesis

W/O micelle O/W micelle

% . Hydrothermal .

I —

Gas inlet

Gas outlet \

MoS, thin films

Iy
a

: . deposition

Fabrication

strategies @ e

SRLRLLLLL

— phase LARROLDLE

S0bLBLLLLLL

J exfoliation LALLL00

Bulk MoS,

Immersed microwave/
insolvent  electrochemistry MoS, nanosheets

Chemical

exfoliation
Bulk MoS,

MoS, nanosheets

Figure 1 Schematic representation of fabrication for MoS, nanosheet electrocatalysts.
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Figure2 (a) Schematic illustration of the synthesis process of NP-MoS,/CC. (b) SEM images. (c) XRD patterns. (d) Mo K-edge Fourier transformed k*-weighted
extended X-ray absorption fine structure (FT-EXAFS). (e) P L3-edge X-ray absorption near edge structure (XANES). Reproduced with permission from Ref. [66], ©

Elsevier Ltd. 2019.

dispersive X-ray spectroscopy (EDS) mapping images reveal that
N, C, Mo, S, Co, and Cu are homogeneously distributed in the
core-shell heterostructure (Fig. 3(f)). N, adsorption-desorption
measurement  delivers that MoS,/NSG demonstrates a
mesoporous structure (2-50 nm) with a large specific surface area
(203.6 cm*g™).

Some substances grown by CVD can form the intrinsic point
defects by the wrong arrangement of the matrix atoms
constituting the crystal. Garaj and his colleagues explored the
method of etching MoS, nanosheets with NaClO solution [27]. It
is found that the etching positions of NaClO solution have a
certain relationship with the structure of MoS,. Generally, the
etching of MoS, crystal with NaClO solution starts from the edge
with active center. However, when NaClO solution etches MoS,
grown by CVD, the etching starts from the base plane
accompanied by small triangular pits. The formation of intrinsic-
point defects can be etched on the substrate during the growth of
MoS, by CVD. Most importantly, the triangular pit can enhance
the active center of MoS, and thus improve its catalytic
performance. S defect engineering is one of the most important
ways to improve the electrocatalytic performance of MoS, for
HER, which can also be prepared by CVD. The electrocatalytic
activity of the edgeless monolayer (1L) film is much higher than
1L flake, when studying the catalytic activity of the MoS, films
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synthesized by CVD technology [68]. The film has a large number
of crystal boundaries and S vacancies, and the grain size is 30-
100 nm, while the discrete sheet is 1 um without S vacancy. In the
process of CVD film synthesis, the S vacancy density is controlled
by changing the temperature (700-900 °C). The film with S
vacancies density in the scope of 7%-10% has the highest catalytic
activity.

2.3 Liquid phase exfoliation

Liquid phase exfoliation has been developed rapidly in recent
years, which can realize industrial production and is very suitable
for the preparation of composite materials. The preparation of a
material by stripping needs to overcome the van der Waals force
between the matrix material layers, and dispersing the matrix in
liquid is the most direct and effective way to reduce the van der
Waals force.

The liquid phase exfoliation has the advantages of simple
process, high product quality, and low preparation temperature.
Black phosphorus quantum dots (BP QDs) and MoS, nanosheets
were prepared by liquid phase exfoliation. Then, they were
sonicated for 5 min and centrifuged at 18,000 rpm for 10 min to
obtain BP/MoS, composites [69]. TEM images show that the
diameter of BP QDs is about 2-6 nm. In addition, the atomic

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure3 (a) Schematic showing the preparation of CoS,@Cu,MoS,-MoS,/NSG composite. (b) XRD patterns. (c) FESEM image. (d) and (e) TEM and HRTEM
images. (f) HAADF-STEM and EDS elemental mapping images of CoS,@Cu,MoS,-MoS,/NSG. Reproduced with permission from Ref. [31], © WILEY-VCH Verlag

GmbH & Co. KGaA, Weinheim 2020.

force microscopy (AFM) images display that the mean thickness
of pure MoS, nanosheets is about 3.5 nm, while the thickness of
BP QDs spread on the outside of MoS, nanosheets is about
1.2 nm. The electrochemical impedance spectroscopy (EIS) curves
of the samples demonstrate that the charge transfer resistance (R)
of BP QDs/MoS, complex material is less than that of pure MoS,
and BP QDs, indicating the charge transfer speed of BP
QDs/MoS, composite is fast and has a good catalytic reaction
kinetic process.

It is very important to prepare MoS, composite materials with
high-density active edge position. Wu et al. prepared MoS, NSs
with good water solubility and rich defects via low-temperature
liquid phase exfoliation [32]. The massive MoS, powder is
dissolved in a mixed solution containing NaBH, after liquid
nitrogen pretreatment (Fig.4(a)). MoS, NSs show larger
fragments than defect-rich MoS, NSs (d-MoS, NSs). The
transverse size of d-MoS, NSs is reduced to tens to hundreds of
nanometers, and the thickness is reduced to about 1.5 nm, which
is mainly caused by the action of NaBH, (Fig. 4(b)). The AFM
image shows that the hole increases with time until the nanosheets
are broken into smaller fragments. The results demonstrate that d-
MoS, NSs with high density, active edge position, and water
solubility can be prepared by liquid phase exfoliation method. The
d-MoS, NSs deliver outstanding catalytic performance, as well as
long-term stability for HER (Fig. 4(c)).

24 Chemical exfoliation

Because of low cost and high efficiency, chemical exfoliation
technology has gradually become the most effective way to
prepare high-quality 2D materials with good crystal structure in

large quantities. The synthesis of MoS, nanostructures can be
controlled by simple intercalation chemistry. Li intercalation
exfoliation is particularly important in the chemical exfoliation
[70]. Next, we mainly introduce the chemical exfoliation of MoS,
nanostructures by Li intercalation.

Li was inserted between the layers of MoS, and reacted violently
with water, which not only led to the generation of hydrogen
between the crystal layers, but also promoted the separation of
MoS, layers. By controlling the nanostructure and crystal form of
MoS,, the conductivity and density of active centers can be
improved. Jin’s group synthesized MoS, nanosheets through
simple intercalation [33]. The glass substrate covered with MoS,
nanostructures was immersed in n-butyl Li solution at 60 °C, and
then stripped by the reaction of intercalated Li with excess water.
Powder XRD patterns show that MoS, nanostructures are
effectively exfoliated into basically single layers (Fig. 5(d)).
Interestingly, the Li intercalation exfoliation can make the MoS,
nanostructure change from 2H-MoS, to 1T-MoS,, while the
morphology of the exfoliated nanosheets won’t be changed (Figs.
5(a)-5(c)). EIS displays that R, of 1T-MoS, is much smaller than
that of the MoS, nanostructures, indicating 1T-MoS, substantially
boosts electron-transfer kinetics.

Qiao’s research group soaked massive MoS, powder in n-butyl
Li solution to prepare MoS, nanosheet and 2D Co-metal-organic
framework (MOF)/MoS, nanosheet successively by chemical
exfoliation with simple ultrasonic assisted solution method (Figs.
5(e) and 5(f)) [34]. The SEM images show the Co-MOF/MoS,
samples with several microns of transverse size and flake
morphology with ripples and wrinkles on the outside of the

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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exfoliated MoS, sample (Fig. 5(g)).
spectroscopy (XPS) spectra reveal the partial phase transition of
MoS, from 2H phase to 1T phase after Co-MOF is deposited on
MoS, nanosheets. The high conductivity of 1T MoS, enhances the
HER performance (Fig. 5(h)). Similarly, the transformation from
2H-MoS, to 1T-MoS, after chemical exfoliation is also mentioned
in the report of Xia’s research group on the active system of
Au/MoS, for HER. 1T-MoS, can activate the inert plane of MoS,,
produce more catalytic active sites, and has excellent electronic
conductivity.

X-ray photoelectron

TSINGHUA
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3 Morphology modulation of MoS, assemblies
for water splitting

2D structure tends to accumulate during the catalytic process and
reduces the catalytic activity. Therefore, it is necessary to optimize
the catalyst at nanoscale via morphological modulation to stabilize
the catalytic performance (Table 1). The 3D structures such as
Janus, hollow, core-shell, and yolk-shell can enhance the
mechanical strength of the catalyst to improve the stability of the
catalyst and promote the charge transfer (Fig. 6).

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure 6 Schematic representation of morphology modulation of MoS, assemblies.

3.1 Janus

As an emerging class of nanostructures having two faces, Janus
structure is a kind of charming nanomaterials for promising
applications in various areas. Some nanomaterials with
asymmetric heterostructures on the nanoscale can provide many
incredible properties that cannot be achieved in uniform or
symmetric nanomaterials. Researchers have designed a lot of
strategies to synthesize different Janus nanoparticles.

Wang et al. utilized MoS, as hydrophobic layer and ZnO as
anticorrosion layer to prepare a novel multifunctional Janus-type
thin film on the surface of Al, which has hydrophobic and
anticorrosion properties [71]. Janus-type membranes can
simultaneously prevent the intrusion of excess water molecules
and hydroxide ions. Zhang et al. prepared Janus amphiphilic
nanosheets composed of N-doped layered mesoporous carbon
(NMC) and MoS, for hydrophilic side and hydrophobic side,
respectively [36]. 2D NMC was synthesized with dicyandiamide
and glucose as precursors. The functional groups (ie., -NH,,
—-COOH, and -CONH-) on the surface of the carbon layer fix the
molybdate, and the NMC/MoS, carrier layer is transformed into
uniform MoS, to form the Janus amphiphilic carbon layer, which
shows more reliable performance and practicability.

Zhou et al. proposed a flexible method for controlling modified
Au nanoparticles on solid MoS, microspheres [74]. The formation
of MoS,/Au Janus particles is due to the surfactant-induced
aggregation and growth of Au nanoparticles on MoS,
microspheres. Moreover, Lu et al. reported a synthesis strategy to
grow Janus 1Ls of transition metal dihalides, breaking the
symmetry of planar structure [72]. In particular, on the basis of
MosS, 1L, S atoms of the top layer are substituted with Se atom
completely. Large-scale preparation of such highly homogeneous
Janus nanoparticles remains challenging. Zhou et al. proposed a
simple wet chemistry strategy and synthesized Ag-MoS, Janus
nanoparticles by adding an appropriate amount of AgNO; to an
aqueous solution containing MoS, nanospheres (200 nm) (Figs.
7(a) and 7(b)) [73]. Each Janus nanoparticle consists of a tiny Ag
dot modified MoS, nanoparticle and a polyhedral Ag single crystal
(100 nm), which are connected to each other and present a
snowman shaped dimer (Figs. 7(c) and 7(d)). Furthermore, Zhang
et al. demonstrated that twist angle and interfacial composition
can adjust van der Waals of interlayer coupling and charge
transfer in Janus MoSSe/MoS, heterogeneous bilayers [75]. This
work presents the interfacial interactions in heterostructures by
exploiting the asymmetry of Janus structure.

3.2 Hollow

Hollow nanometal sulfides have great application in energy

conversion and storage [76]. They generally have the
characteristics of fast mass transfer rate, abundant active sites,
large specific surface area, and high current density. Nowadays,
hollow MoS, has been considered as one of the most promising
water-splitting catalysts instead of noble metal Pt catalyst.

Recently, our group designed and prepared the MoO,/MoS,/C
hollow nanoreactor with monodisperse sandwich structure, which
could adjust the adsorption—dissociation barrier effectively and
accelerate the water splitting rate [39]. The nanoreactors
assembled by MoS, nanosheets and the Mo, S, O, and C elements
are homogeneously distributed in the hollow nanoreactor (Figs.
8(a)-8(c)). During HER test, the structure and components of
hollow MoO,/MoS,/C nanoreactors do not change. The results
show that the prepared 3D hollow structure catalyst presents
superior stability.

The MoS, micro/nanoboxes have superior electronic and ionic
conductivity. Lou et al. synthesized hollow MoS, microboxes using
uniform MnCO; microcubes via template-assisted method [77].
MnS is changed from MnCO; template in order to constitute
MnS@MoS, core-shell microcubes in the hydrothermal process,
which can be selectively dissolved in HCI solution to obtain the
hierarchical MoS, microboxes. The EIS reveals that the
hierarchical MoS, microboxes exhibited much lower resistance
than bulk MoS,. The FESEM images show that the MoS,
microboxes possess a hollow interior with a hollow cavity about
2.5 pym. Interestingly, doping N into carbon shell can provide
more active sites for electrochemical reaction and further improve
the conductivity of the composite structure. On this basis, Lou’s
group further developed a hollow hybrid structure of N-doped
carbon nanoboxes loaded ultrathin nanosheets [38]. The Fe,O,
nanocubes with the thickness of about 40 nm and an average size
of about 500 nm are coated with even and glazed polydopamine
(PDA) to form a core-shell structure of Fe,O;@PDA nanocubes.
The Fe,0;@PDA nanocubes are carbonized in N, and converted
to Fe;0,@C nanocubes which can be dissolved by HCI to obtain
carbon nanoboxes. The electrical conductivity of carbon
nanoboxes with short diffusion length of electron ions modified
with N can be remarkably improved and MoS, aggregation can be
effectively prevented. The FESEM images exhibit that the
C@MoS, nanoboxes are unvaried with an average size of about
580 nm.

Converting nanocubes into nanoboxes via an unusual etching
process can expose more active marginal areas (Fig. 8(d)). Ni and
Co were doped into the sandwich MoS, by heating the Ni-Co

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Prussian blue analogue (Ni-Co PBA) nanocubes and ammonium
thiomolybdate [48]. Ni-Co PBA nanocubes with an average size of
400 nm are synthesized by modified precipitation method. An
interesting structural transformation from solid to hollow
nanocubes can be found. HRTEM images show that the borders
of the rough Ni-Co PBA nanocubes are etched away completely
over time to form the nanocubes assembled by ultrathin
nanosheets (Fig. 8(e)). The TEM images indicate that the average
size of Ni-Co-MoS, is 440 nm. The EDS mapping reveals that the
Mo, S, Ni, and Co elements are uniformly distributed in the whole
nanoboxes.

The self-supported hollow heterostructure in situ grown on the
substrate can avoid using the polymer binders and conductive
additives, which blocks the active sites and increases the resistivity.
Yang et al. prepared novel hierarchical nanotube arrays of
MoS,/CoS, heterostructures as self-supported catalysts on carbon
cloth via MOF interfacial engineering for pH-universal HER [78].
The MoS,/CoS, heterostructure has a specific surface area of
277.9 m*g" with the pore size concentrated in the range of 1 to
2 nm. The hollow structure provides rich electrolyte reachable
locations and high mass transfer rates, resulting in a low
overpotential of 150 mV and small Tafel slope of 66.1 mV-dec.
3D layered heterostructures supported by multi-walled carbon
nanotubes can further optimize the hollow structure by reducing
the accumulation of MoS, nanosheets [79]. Yang and co-workers
prepared a ternary composite MCNTs@CoS,@MoS, with 3D
hollow structure by a two-step solvothermal method, which
exhibits good durability in both acidic and alkaline solutions [80].
The MCNTs@CoS,@MoS, has a diameter of 135 nm and the
thickness of MoS, nanosheets is about 15 nm. The HRTEM
images prove the existence of Mo vacancies, which can effectively
adjust the band gap width and improve the resistivity of MoS,.
The ternary MCNTs@CoS,@MoS, catalyst shows a low
overpotential of 196 mV for HER and 285 mV for OER, better

@ (1) Iy

(
B
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than binary MCNTs@CoyS;, MCNTs@MoS,, and CoS,@MosS,
[80-82].

Introducing macro/micro/meso pores into the shell material is
an effective approach to increasing the variation of electrolyte to
the inner void. Kim et al. prepared the hollow Co,Nb-MoS,/TiO,
heterostructure by adding Co and Nb to MoS, NSs grown on
TiO, hollow microspheres [37]. The synergistic effect of hollow
spherical structure and heterostructure between MoS, shell and
TiO, core provides an effective channel for electron conveyance
and exposes more space for ion diffusion. The average diameter of
Co,Nb-MoS,/TiO, heterostructure is about 480 nm, with a core of
390 nm TiO, and a shell of 45 nm Co,Nb-MoS, layer. The Co,Nb-
MoS,/TiO, heterostructure has a specific surface area of
198.8 m*g" and the pore size ranges from 1.9 to 2.5 nm, showing
a superior activity with a low overpotential of 58.8 mV for HER
and 260.0 mV for OER.

3.3 Core-shell

Core-shell structure MoS, has been widely applied in
electrocatalytic water splitting, due to the advantages including
large electrochemical contact surfaces, good flexibility, ultrahigh
specific surface area, and hierarchical interconnected pore
network. The construction of core-shell nanostructures is an
important and attractive approach to regulate the electronic
properties and geometric structure of MoS, electrocatalysts.

It is an effective way to realize high active electrocatalysts by
constructing heterostructures in core-shell MoS,. Yamauchi et al.
prepared the core-shell Cos;S,@MoS, heterostructure for water
splitting via a two-step hydrothermal reaction (120 °C for 6 h;
200 °C for 12 h). The structure was formed in situ on the surface
of Co;S, nanoboxes by the growth of MoS, nanosheets, and it
could easily release the bubbles formed on the surface of the
electrode to prevent the catalyst from falling off the electrode. The

(d

Figure7 (a) Synthetic process for Ag-MoS, Janus nanoparticles. (b) SEM image. (c) and (d) TEM images. Reproduced with permission from Ref. [73], © American

Chemical Society 2019.
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MoS, nanoboxes
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Figure 8 (a) FESEM images, (b) TEM image, and (c) HAADF-STEM and EDS elemental mapping images of MoO,/MoS,/C. Reproduced with permission from Ref.
[39], © Wiley-VCH GmbH 2021. (d) Schematic illustration of the formation process of Ni-Co-MoS, nanoboxes and (e) TEM images of the as-synthesized products
obtained at different time intervals. Reproduced with permission from Ref. [48], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2016.

synergistic effect makes Co,S,@MoS, heterostructure possess
superior electrocatalytic activity with a low overpotential of
280 mV for OER and 136 mV for HER at 10 mA-cm™ in alkaline
solution. The heterostructures show different size-dependent HER
performance and much lower Tafel slopes than pure MoS,
nanosheet [83]. On the basis, a 1L MoS, coated polyhedron Ag
core-shell heterostructure Ag@MoS, was synthesized via wet
chemical synthesis method. The formation of S-H bonding
indicates that the S atom is HER catalytic active site [40].
Nowadays, the researchers are looking for a reasonable solution to
the limitation of terminal active sites. Chen et al. constructed
Au@MoS, heterostructure to address the poor electrical
conductivity of the supporting substrate, which provides abundant
end-to-end active sites. The HRTEM reveals that the plane atomic
structure of MoS, is typical hexagonal, and the layer spacing of
wings is 0.65 nm. The key advantage of this technique is the ability
to grow highly controlled independent MoS, wings with ideal
morphology, which leads to an abundance of edge-terminated
active sites to drive hydrogen molecules formation, and the ability
to achieve efficient charge transfer in the Au@MoS, structure [84].
Furthermore, Lee et al. fabricated a core-shell CoS,@Cu,MoS,-
MOoS,/NSG heteronetwork. Both TEM and AFM images show
that MoS,/NSG has a mesoporous structure in the range from 10 to
40 nm, which is also confirmed by N, adsorption-desorption
measurements. MoS,/NSG has a specific surface area of
203.6 cm*g”, and its pore sizes range from 10 to 40 nm, which
shows a low overpotential of 118.1 mV for HER and 351.4 mV for
OER at 10 mA-cm™ The superior performance is due to the
rational combination of highly active core-shell CoS,@Cu,MoS,
with a large-area and high-porosity MoS,/NSG, resulting in multi-
active center integration and synergistic effect [31].

Adjusting surface strain is a new strategy to significantly change
the lattice parameter, the intrinsic interatomic distances, and the
energy levels of the bonding electrons. Guo et al. proposed a new
method that can accurately adjust the surface tension of
CoySg@MoS, core-shell nanocrystals, thus improving HER
activity by controlling the number of MoS, shells, manipulating
the hydrogen adsorption energy and kinetic barrier of the
transition state 2H* (Fig.9(a)). The MoS, demonstrates 2D
nanoplate morphology, while the Co,S; has an octahedral
structure. The results indicate the Co,Sg@MoS, core-shell
nanocrystals have a large tensile surface strain of 3.5%, which can
produce an optimized band gap and allow favorable hydrogen
adsorption and rapid diffusion, yielding the best AGy of -1.03 eV
and AGyy- of 0.29 eV [85]. The heteroepitaxial coverage extent of
MoS, shell on Co,Sy surfaces can be tuned by changing the
graphitization temperatures (600-1,000 °C) (Figs. 9(b)-9(e)).
Similarly, Du et al. described a novel class of CoySs@MoS,
core—shell structures which formed on carbon nanofibers with
cubic Co,S; as the core and layered MoS, as the shell. The sizes of
the CooS; cores range from 20 to 100 nm, while MoS, shells have a
thickness range from 4 to 8 nm with a total of 5-12 layers. In the
interfacial region between MoS, and Co,Sg nanocrystals, electrons
are transferred through the intermediate S atoms bonded to two
metals. Meanwhile, the carbon nanofiber substrate hosts the
formation of Co,Sg@MoS,, protects the electrolyte erosion, and
ensures charge transfer between the electrode and Co,Sg@MoS,
[86]. Lee et al. used single-atom Co decorated MoS, nanosheets
assembled on TiN nanorod arrays to prepare single-atom Co-
decorated (CoSAs)-MoS,/TiN nanorod arrays for water splitting
in pH-universal electrolytes. The CoSAs-MoS,/TiN shows a low
overpotential of 187.5, 131.9, and 203.4 mV at 10 mA-cm? in
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acidic, alkaline, and neutral conditions, respectively, which is
better than most non-precious metal HER electrocatalysts
previously reported. Atomic dispersion of Co achieves maximum
atomic exposure and significantly increases active Co site density.
More importantly, the strong interaction between CoSAs
nanosheets and layered MoS, regulates the electron density
distribution of Co and MoS,, providing more catalytic active sites
for reactant molecules, and improving the adsorption-desorption
energy of intermediate species during hydrolyzations. In addition,
both CoSAs-MoS, nanospheres on the outer surface and TiN on
the inner surface act as efficient conductive channels, which are
used for charge transfer and greatly enhance the reaction kinetics
(87].

3.4 Yolk—shell

Yolk-shell nanostructure is a kind of hybrid nanomaterials
comprising of a movable core located in a hollow cavity
surrounded by a porous shell. Due to their unique morphological
characteristics, yolk-shell nanostructure has low density, good

10 nm
R
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loading capacity, and large surface area. The main difference
between the yolk-shell and the core-shell structure is whether
there’s a cavity between the core and shell. Because of the gap
between the space of core and shell in the yolk-shell
nanostructure, small molecules like C,H,, hydrogen, and water
can freely diffuse into the gap space through the permeable shell to
be used as robust nanostructures.

The electrode assembled by yolk-shell microspheres can
significantly improve the electrochemical performance of the
overall water splitting. Liu et al. synthesized MoS,/NiS yolk-shell
microspheres by ionic-liquid assisted hydrothermal method. TEM
clearly confirms the yolk-shell structure of the microspheres, with
an inner shell diameter of 500-700 nm and a thin inner shell
thickness of 300 nm. Notably, a NiO thin layer with a lattice
spacing of 0.24 nm was observed on the NiS surface. The surface
electrochemical oxidation of MoS,/NiS occurred during the
overextended water oxidation process and NiO layer is formed,
which is responsible for the high activity of MoS,/NiS toward OER
[41]. In addition, Zhang et al. developed a simple self-template

.
ﬁ:?‘f g
's‘o‘-l

Figure9 (a) Synthetic process for Co,Ss@MoS, core-shell nanocrystals with precisely controlled shell numbers supported on CNFs. (b)-(d) TEM images of CogSy/1L
MoS,, CoySe/2L MoS,, and CoySg/3L MoS, prepared at different graphitization temperatures of 600, 800, and 1,000 °C. (e) Schematic illustration of the structure
evolutions of CoySg/1L MoS, under different temperatures. Reproduced with permission from Ref. [85], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2018.
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solvothermal method of novel MoS, yolk-shell microspheres with
layered porous structure. The Brunauer-Emmett-Teller (BET)
specific surface area of the yolk-shell MoS, hollow spheres is as
high as 2525 m*g’, and this structure greatly increases the
exposed location of active edges. The MoS, yolk-shell
microspheres with hierarchical porous structure exhibit superior
electrochemical properties. This method provides a new process
for the synthesis of high-activity chalcogenide catalyst for HER
[42].

Currently, the synthesis of the uniform and ultrafine sizes
remains a major challenge. Wang et al. found a novel and simple
method to synthesize the superfine NiS,/MoS, Janus subunit
organized on yolk-shell nanospheres. Due to the greatly reduced
particle sizes of 2D MoS, nanosheet and one-dimensional (1D)
NiS, nanoparticle, the structure largely promotes its close electron
interaction and dissociation of water molecules. An average
diameter of yolk-shell NiS,/MoS, dispersed nanospheres is
~ 310 nm. The reduction of MoS, and NiS, particle size and the
high-density coupling interface of bimetallic sulfide hybridization
greatly promoted the tight electron interaction and dissociation of
water molecules [88]. Moreover, Yang et al. synthesized MoS,
nanosheets on transition metal (Co, Ni, and Fe) sulfides by
solvothermal method, which showed high activity for HER/OER
under alkaline conditions. The 3D open structure ensures that the
high surface area of yolk-shell MoS, is 86 m*g", which is bigger
than pure MoS, (33 m*g™). The enlargement of interlayer distance
and the layering of interlayer structure between MoS, shell and
transition metal sulfides yolk is the main reason for improving the
performance.

Recently, our group prepared monodisperse and uniform
yolk—shell MoS, nanoreactor assembled by nanosheets via an oil-
water microemulsion method [43]. The S vacancies introduced by
O doping can be used to guide the Pt anchoring on MoS, surface
to generate uniform nanoparticles, and Mo, S, O, and Pt presented
homogeneous distribution (Figs. 10(a)-10(d)). The anchoring
mechanism was investigated via electron paramagnetic resonance
(EPR), XPS, and X-ray absorption fine structure (XAFS) (Fig.
10(e)). O-MoS,@Pt exhibits superior OER activity, which is much
better than most MoS,-based catalysts and commercial IrO, in

Table1 The HER and OER actives of core/yolk-shell MoS,-based catalysts
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alkaline media (Fig.10(f)). Due to the prevention of
agglomeration, regulation of gas release, and enhanced mechanical
stability, the yolk-shell structured MoS, nanoreactors exhibited
superior stability in continuous electrocatalytic tests. In situ XRD,
TEM, and XPS after cycling demonstrate the superior structural
and compositional stability of the yolk-eggshell O-MoS,@Pt (Fig.
10(g)). Yolk-shell structure plays an indispensable role in
developing electrocatalysts possessing small size and highly
dispersed active nanoparticles, which can simultaneously prevent
deactivation and the loss of nanoparticles during the catalytic
process.

4 Electronic structure modulation of MoS,
electrocatalysts for water splitting

MosS, with adjustable band gap, high electron acceptance ability,
and adjustable active sites has demonstrated numerous potentials
in the fields of energy storage and conversion, which is an ideal
object for high-efficiency electrocatalysts. The electrocatalytic
water splitting process of MoS,-based electrocatalysts can be
promoted via modulating the electronic structure, such as doping,
constructing vacancy and heterojunction, and single atom anchor
(Fig. 11).

41 Doping

Intrinsic MoS, only exhibits catalytic activity at the edge S sites,
while the abundant of S sites in the basal plane are inert and
underutilized. Doping metal or heteroatom into MoS, is a way
that can effectively activate the S atoms of basal plane and enhance
intrinsic activity. On account of the simple synthesis technology,
high yield, and superior chemical stability, chemical doping has
great advantage for catalyst design. It can realize multi-scale
modulation and provide more active sites for the HER/OER
process (Table 2).

4.1.1 Anion doping

Xue et al. reported a type of P-doped MoS, nanosheets with
enlarged interlayer as highly active electrocatalyst [93]. The
experiments and theoretical calculations prove P doping can

Electrolyte
Catalysts i MowER) Mo(oER) Tafel(HEIi’ Tafel(omi) Stability Reference
HER OER (mV) (mV) (mV-dec') (mV-dec")

CoS,@Cu,MoS,- Chronoamperometric
MoS,/NSG 0.1 M KOH 0.1 M KOH 118.1 351.4 41.1 61.5 stability for 33 h [31]
HF-MoSP 1.0 M KOH — 119 — 82 — 119 mV for 30 h [89]
Cos8@MoS,  1OMKOH 1.0 MKOH 143 342 117 94 [t curveat [90]

overpotential for 10 h

Overpotential small
Ag@MoS, 0.5 M H,SO, — 195.7 — 41.1 — change after 10,000 LSV [40]
cycles

CoySg/MoS, 0.5 M H,SO, — 95 — 71 — -0.31Vfor10h [85]
Co;S,@MoS, 1.0 M KOH 1.0 M KOH 136 280 74 43 1.51 Vover 10 h [83]

w-Au@MoS, Polarization curves for

0.5 M H,SO — — . —
(islands) 2o 120 529 ~10h [84]
CoSASMoS/TIN 5 M H,50, 1.0 M KOH 187.5 340.6 53.5 g1p  Chronoamperometric 87]
NRs curve for 45 h
MoS,@Ni/CC 1.0 M KOH — 253 — 89 — 130 mV for 45 h [91]
CoS@MO0S,/CNF 05 MH,SO, 1.0 M KOH 190 — 110 61 Polarization curves for (86]
1,000 cycles

YS-MoS 1.0 M KOH 1.0 M KOH 359 178 76 35.7 285 mV for 32 h [92]
NiS,/MoS, 1.0 M KOH 1.0 M KOH 135 293 82 102.3 10 mA-cm™ for 10 h [88]
MoS,/NiS 1.0 M KOH 1.0 M KOH 244 350 97 108 -244 mV for 43,200 s [41]
O-MoS,@Pt — 1.0 M KOH — 244 — 53 10 mA-cm™ for 24 h [43]
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Figure 11 Schematic representation of electronic structure modulation of
MosS,.

adjust the surface electronic state of MoS, to improve the intrinsic
conductivity and promote electron transfer among basal plane
active sites. The AGy of P-doped MoS, is close to Pt, which
indicates the P doping could be new active sites. Furthermore, the
AGy; of S atoms of P-doped MoS, is reduced to 0.43 eV compared
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Figure 10 (a) The crystal structure. (b) and (c) FESEM and TEM images. (d) HAADF-STEM and EDS elemental mapping images of O-MoS,@Pt. (e) Mo K-edge FT-
EXAFS spectra of O-MoS, and O-MoS,@Pt. (f) Polarization curves. (g) The corresponding in situ XRD patterns at the potential from 1.3 to 1.75 V. Reproduced with
permission from Ref. [43], © Elsevier Ltd. 2020.

with pristine MoS, (2.20 eV), indicating the basal plane of MoS,
has been activated. The interlayer spacing of P-doped MoS,
nanosheets increases to 0.91 nm, indicating the enlarged interlayer
can promote the hydrogen adsorption and release process. It is an
ideal strategy to enhance the intrinsic conductivity and create
catalytic sites of MoS,. Liu and co-worker presented the concept of
orbital modulation for promoting the water splitting [94]. The
electronic orbital of MoS, was modulated by C-doping, resulting
in enhanced HER performance in alkaline conditions. The water
adsorption and dissociation of MoS, in alkaline electrolyte are
poor due to the kinetic limitations. Adjusting the orbital direction
of Mos§, layer can improve the kinetics process. Compared with C
atoms, S atoms have a larger radius, more electrons, fewer empty
orbitals, and higher energy. The S atoms in MoS, are partially
replaced by C atoms, resulting in sp* hybridization sites in the
outermost layer of MoS,. The sp* hybridization site generates a p
orbital perpendicular to the basal plane, which promotes water
adsorption and activation. The experiments and density functional
theory (DFT) also prove that the modulation of surface orbital
orientation through C doping promotes the water adsorption and
dissociation.

As a typical 2D transition metal sulfide, the 2H-MoS, is widely
used in catalytic reactions. The researches reveal that the
electrocatalytic activity and kinetics of MoS, are closely related
with phase composition. The 2H-MoS, is a stable phase and easy
to prepare. However, owing to the low conductivity, the
application of 2H-MoS, in electrochemical energy storage and
conversion is limited. The 1T-MoS, exhibits metallic
characteristics and strong charge transfer ability, which can
significantly ~ improve the electrochemical — performance.
Nevertheless, the synthesis of 1T-MoS, is very difficult and the 1T-
MoS, can convert spontaneously into 2H phase. Xia’s group
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reported a strategy by using N-doped and PO,* intercalation to
induce the transition from 2H-MoS, to 1T-MoS, [95]. Binder-free
arrays for HER are formed through the rational bonding of (N,
PO,*)-MoS, nanosheets with conductive vertical graphene (VG)
frameworks (Figs. 12(a)-12(c)). The unique structure of (N, PO,")-
MoS,/VG enhances the reaction kinetics and exhibits low
overpotentials and excellent stability (Figs. 12(d)-12(f)). The
scattering mechanism of the synergistic phase transition from 2H
to 1T phase is proposed, and the process is confirmed by
synchrotron radiation and spherical aberration TEM. Compared
with 2H-MoS,, PO,*-MoS,, N-MoS,, and 1T-MoS,, (N, PO,*)-
MoS, shows the smallest band gap (0 eV). The band gap
calculation results indicate that 2H-MoS, and PO/ -MoS, are
indirect band gap semiconductors, and N-MoS,, 1T-MoS,, and
(N, PO,»)-MoS, are metal-like semiconductors with superior
electrical conductivity (Fig. 12(g)). It is found that N-doping is the
main factor for inducing the phase transition of MoS,, and the
coordination with PO, significantly enhances the conductivity of
the catalyst. The d-band center suggests that more antibonding
states in (N, PO,;")-MoS, can greatly facilitate hydrogen
adsorption—desorption on the surface of catalysts. The metallic
nature, the lowest frequency band center, and the smallest
hydrogen adsorption-desorption energy of (N, PO,")-MoS,
greatly enhance the catalytic activity. Doping and intercalation-
induced phase transitions afford a new strategy for the
construction of high-performance MoS, electrocatalysts.

Yang’s group prepared stable 1T-MoS, with S vacancy and P
doping [96]. The stable P-containing metallic 1T-MoS, nanosheets
were grown in situ on N, P, and S co-doped hierarchical carbon
microflower (P-MoS,@HCMEF) via dopamine self-polymerization,
molybdate reduction, and hydrothermal reduction. Ammonium
dihydrogen phosphate and ammonium in CH,N,S are used as
intercalator to induce the distortion of S atoms on the surface of P-
MoS,@HCME. The intercalators promote the transition from 2H
to 1T phase and create a certain number of S vacancies. The
coupling effect of metallic phase, defect properties, heteroatom
doping, and high electrical conductivity of carbon supports endow
P-MoS,@HCMF with superior catalytic performance. The results
show that 1T phase of P-MoS,@HCMEF is maintained and exhibits
superior stability during the HER process, indicating that P-
MoS,@HCMEF has great potential as an efficient and stable noble
metal-free electrocatalyst.

4.1.2 Cation doping

The localized electron of MoS, redistributes due to different radius
and electronic configuration of doped atoms. The redistribution of
electrons is conducive to the charge transfer from the electrode to
the adsorbed reactant, promoting the catalytic reaction.

The electronic conductivity and active center density of MoS,
need to be improved. Jiang et al. reported a method of doping Pd
atoms into the Mo sites and inducing the formation of S
vacancies. Meanwhile the stable 1T-MoS, was obtained and the
basal plane was activated [97]. The experimental and theoretical
calculation prove that the stable 1T-MoS, with a large number of S
vacancies, leading to the superior HER performance. The Pd
doping reveals a positive effect on the activation of MoS, but
excessive Pd doping decreases the HER performance. However,
Pd atoms could introduce S vacancy and activate the MoS, basal
plane by activating adjacent S atoms. The excessive concentration
of Pd and S vacancy would decrease the site density of Pd-S-Mo,
and affect HER performance. Pd doping leads to the 1T-MoS,
more stable than 2H-MoS, owing to the high stability of the Pd-S
bond.

Adjusting the energy level of electrocatalyst is an effective
method to improve catalytic activity. Xia’s team reported that
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adjusting MoS, energy level by doping the transition metal can
improve HER performance [98]. The Mo 3d of Zn-MoS, shifts
towards lower binding energy compared with pure MoS, (Figs.
13(a) and 13(b)). It shows that the electron density of MoS,
increases after the addition of Zn and enhances the HER
performance (Figs. 13(c) and 13(d)). The energy levels of Zn-
MoS,, Fe-MoS,, and pure MoS, are 5.55, 6.58, and 6.86 eV,
respectively (Fig. 13(e)). In addition to the energy level matching,
the electrocatalytic activity is also affected by many other complex
factors, such as coordination environment (Fig. 13(f)), the number
of active sites, and conductivity. The research indicates that Zn-
MoS, has multiple active sites, high kinetic process, and fast charge
transfer rates. The significant increase in the electrical conductivity
of Zn-MoS, accelerates the HER kinetics and improves the
utilization efficiency of active sites. Zhou’s team reported that
MosS, exhibits higher catalytic activity after 55% Re doping into
MoS,, inducing the formation of a stable twisted tetragonal
structure [99]. DFT calculation reveals that the basal plane of
distorted tetragonal (DT) structure alloy catalyst is active. The
most active sites in ReyssMo0g45S, are the enriched Mo atoms
located the channels between relatively wide cation chains in DT
structure. Due to the strong bond energy between S and metal
atoms, the structure remains stable during HER reaction, and the
adsorption energy of hydrogen is as low as 0.06 eV. In the
Re,Mo,_,S, 1L alloy, stable DT phase MoS, can be obtained when
the Re concentration exceeds 50%. However, it should be noted
that Re atoms are not catalytic active sites and will reduce the
catalytic activity. The short Re-S bonds deplete catalytic active
states near the Fermi energy. The Re doping only converts the H
phase to the stable DT phase. When the Re concentration
increases above 55%, the stable DT phase structure can still be
produced. However, the proportion of active Mo in the DT-MoS,
structure decreased, resulting in the decreased HER activity. The
results show that doping elements in MoS, can induce a stable DT
phase structure, and activate the basal plane.

In order to improve the density and conductivity of active sites,
Liu et al. synthesized Pt@MoS, by doping Pt in MoS, lattice,
realizing partial transformation of MoS, from 2H phase to 1T
phase [100]. Pt doping locates in the Mo vacancy of 1T-MoS,,
which obviously enhances the catalytic activity. The absolute value
of AGy of Pt@MoS, is the smallest compared with other different
active sites. It indicates that HER reaction occurs at the S-site close
to the Pt atom. The density of state (DOS) of different S atoms was
analyzed to prove the electronic structures, elucidating the
contribution of Pt atoms. The DOS results reveal that the pristine
MoS, has more filled p-states than Pt@MoS,, indicating that the
interaction with hydrogen is weakened. This may be due to the
ionization energy of Pt is larger than Mo, and the electron density
of S atoms near Pt is smaller than original S atoms near the Mo.
Experimental and DFT results reveal that Pt doping into MoS,
greatly activates the pristine MoS, by potential cycling and realizes
the phase transition from 2H to 1T.

4.1.3 Codoping

Chemical doping can effectively adjust the electronic structure of
MoS, and the adsorption of hydrogen or oxygen-containing
radical. At present, theoretical research and numerous
experiments reveal that MoS, doping with metals and
heteroatoms such as Ni, Co, W, Se, N, and P can effectively
modulate the electronic structure of relevant active sites and
exhibit excellent water splitting performance. Su et al. optimized
the electronic state of MoS, by employing N and Mn to obtain a
highly active catalytic centers and accelerate the HER kinetics
(Figs. 14(a) and 14(b)) [101]. For the pristine MoS,, the Mo-edge
site presents the smaller |AGy;:| than the S-edge site and the basal
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Table2 The HER and OER performances of element doped MoS, electrocatalysts
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Electrolyte
Catalysts MoGHER) ThooER) Tafel(HEi) Tafd(omi) Stability Reference
HER OER (mV) (mV) (mV-dec') (mV-dec")
Chronoamperometric
C-MoS, 1.0 M KOH — 45 — 46 — curve recorded at [102]
—-0.1Vfor240 h
NP-MoS, 1.0 M KOH — 78 51,6 500 mA-cm™ for 20 h [103]
Zn/Mo$, 0.5 M H,S0, . 194 . 78 . Polarization curves for [104]
1,000 cycles
Ag-MoS, — 1.0 M KOH — 370 — 58.6 1.55V for22 h [53]
Zn-Mos, 0.5 M H,S0, o 130 51 Polarization curves for (98]
1,000 cycles
Co-BDC/MoS, 1.0 M KOH — 155 86 Polarization curves for (34]
2,000 cycles
mPF-Co-MoS, 0.5 M H,S0, — 156 — 74 — Polarization curves for [105]
5,000 cycles
Chronoamperometry at
Pd, Ru-MoS,_,OH . — — —
u-MoS, ,OH, 1.0 M KOH 45 45 L0 A for 100 b [106]
Rh-Mos, 0.5 M H,S0, . 47 . 24 . Polarization curves for [107]
2,000 cycles
P-MoS, 0.5 M H,S0, — 43 — 34 — 100 mV for 20 h [93]
N,PO,)-
(MO s /4V)G 0.5 M H,SO, — 85 — 42 — 10 mA-cm™ for 10 h [95]
2!
Pd-MoS,/CP 0.5 M H,S0, — 78 — 62 — Polarization curves for [97]
5,000 cycles
Rey :Mog 1S, 0.5 M H,S0, - 169 o 56 o Polarization curves for [99]
3,000 cycles
Pt@MoS$, 0.5 M H,S0, - 88.43 - 55.69 - ~0.13V for 20 h [100]
N, Mn-MoS, 1.0 M KOH — 66 — 50 — 150 mV for 50 h [101]
Co/Se-MoS,-NF  0.5M H,SO, — 104 — 67 — 1000 mV for 360 h [52]
(@) HT NaH,PO,
>>> >>>
+
Annealing

VG MoS.,VG O >-MoS,NG (N, PO,*)-MoS./VG
(2H phase) (2H-1T phase) (2H-1T phase)
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Figure 12 (a) Schematic fabrication processes. (b) HRTEM images. (c) Mo 3d spectra. (d) Polarization curves. (e) Electrochemical stability. (f) EIS. (g) DOS plots of
2H-MoS,, PO,"-MoS,, N-MoS,, and (N, PO,*)-MoS,. Reproduced with permission from Ref. [95], © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2019.

plane, indicating that Mo-edge site is more favorable to HER.
Compared with Mo-edge sites of the pristine MoS,, the AGy of
Mn-MoS, becomes negative, indicating stronger H* adsorption.
However, the AGy. of S-edge sites obviously reduces after Mn
doping, indicating that the adsorption of H* at S-edge sites is
weaker. The results show that Mn doping can significantly
improve the intrinsic activity of S-edge sites. When Mn and N are
co-doped, Mn-N-Mo and Mo-N-Mo exist in N, Mn-MoS,. In

TSINGHUA

UNIVERSITY PRESS

addition, Mn and N doping mainly change the HER activity of the
S-edge sites, Mo-edge sites, and basal plane (Figs. 14(c)-14(e)).
The result of electron differential density reveals that Mn and N
doping can effectively improve conductivity of MoS,, optimize
electronic structure of active site, and promote the adsorption and
desorption of H*, resulting in enhanced HER performance (Figs.
14(f) and 14(g)).

Many researchers reported that the catalytic active sites of

@ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2022, 15(8): 6862-6887

5.0kV 9.1 mm x 100 k

()&
£
o
<
£ -254
]
@ -504
% = Bulk-MoS,
B -751 wm PH/C
[ = MoS,
3 100 . N
O sba -0.2 -0.1 0.0
Potential (V vs. RHE)
4
(€ o5 1-4.0
H*/H,
01 - 1-4.5
W oos5+ 1 -5.0
4
3 Zn-MoS
430+ @00 ke 1 -55
>
w 1.5 - -6.0
Fe-MoS
20 GG, s L -6.5
25¢ + -7.0

6875

240 237 234 231 228 225 222
Binding energy (eV)

(AT,

;

°© %

<

E 5

2

e — Fe-MoS,

c s C0-MoS,

0 .

-100- —— Ni-MoS,

E = Cu-MoS,

g = Zn-MoS,

E ——MoS,

S -150 : r

O .3 -0.2 -0.1 0.0

E (eV vs. Vac.)

Potential (V vs. RHE)

o5
Nedend,

(f)
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permission from Ref. [98], © American Chemical Society 2017.

intrinsic MoS, are mainly marginal S sites, and most of S sites on
the basal plane are inert and cannot be effectively utilized. Doping
metals and heteroatoms into MoS, lattice can effectively activate S
atoms and improve catalytic activity of basal plane. However, it
inevitably leads to the hyperactivation of the edges and strong
interaction with H*, which is detrimental to HER activity.
Therefore, it is necessary to selectively activate inert basal plane
and stabilize edge sites to enhance the activity of MoS,. Deng’s
group synthesized metal and heteroatom co-doping MoS,
electrocatalysts by limiting Se on the surface and Co in the inner
layer to activate inert basal plane and stabilize the edges [52]. The
H* adsorption at the basal plane S sites is significantly enhanced
through co-doping. However, the H* adsorption at the Mo-edge S
sites is inevitably excessive, which is adverse for HER. The Se
atoms can reduce the excessive adsorption of H* on the co-doping
basal plane and Mo-edge sites and result in superior HER activity.
These results reveal a synergistic effect between the activation
effect of inner Co doping and the stabilization effect of surface Se
doping in Co/Se co-doping MoS,.

4.2 Vacancy fabrication

Theoretical calculations and experimental results reveal that the
introduction of S vacancy in the inert basal plane can expose more
edge sites and increase the disorder. Zhang’s team reported the
optimization and activation of the basal plane of 1L 2H-MoS, by
introducing S vacancy and stress [108]. The MoS, is exposed to
mild Ar plasma to remove part of S (Fig. 15(a)). The theoretical

and experimental results indicate that the S vacancies are effective
catalytic active sites in the basal plane (Figs. 15(b)-15(d)). The gap
state near the Fermi level, created by S vacancies and elastic strain,
can enable the exposed Mo atoms to directly bond with hydrogen
atoms. Surface S vacancies can adjust the AGy to modulate the
catalytic activity. With the proper combination of S vacancies and
strains, the best AGy (0 €V) can be obtained, and the prepared
electrocatalysts exhibit the highest intrinsic activity. Combining S
vacancies with elastic strain is an efficient strategy to enhance the
catalytic activity of MoS,.

Afterward, Chhowalla et al. reported a 2D MoS, nanosheet with
single vacancy. They used He ion microscopy (HIM) and varied
the amount of He jons to remove S atoms one by one, resulting in
the controllable generation of S vacancies without external damage
to the catalyst [109]. Interestingly, the catalytic activity does not
increase with the increase of vacancy concentration. Local strain
can be found by observing the atomic structure near the vacancy.
When the vacancy concentration reaches 5.7 x 10" cm?, it can be
observed that the atomic planes of 1L MoS, are greatly deviated
from the equilibrium positions. Especially in the vicinity of
vacancy, the interatomic Mo-Mo distance deviates + 10 pm. The
3% strain and S vacancy can increase the DOS at the Fermi level
and promote the electrons transfer. At present, more and more
researches indicate that vacancy can effectively improve the
catalytic performance. Therefore, various defects engineering
strategies such as exfoliation, plasma bombardment, anion doping,
template synthesis, and chemical etching have been widely used in
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the field of electrocatalysis. Zhang’s team reported a simple and
mild H,O, chemical etching method to introduce uniformly
distributed single S vacancy on the surface of MoS, nanosheets
[110]. Furthermore, the concentration of S vacancies can be
accurately adjusted by systematically changing etching solution
concentration, etching time, and etching temperature and as the
etching time increases, the lattice spacing of MoS, also increases
(Figs. 15(e)-15(g)). The HER performance of MoS, is closely
related to the concentration and distribution of S vacancies
through DFT calculation and experiment. The HER results
indicate that the overpotentials and Tafel slopes show the same
trends with the increase of etching time (Fig. 15(h)). When the
etching time reaches 60 s, the performance of HER is best. EIS and
double-layer capacitance (Cy) indicate that the appropriate
concentration of single S vacancy can significantly promote charge
transfer and reduce ohmic loss. The single S vacancy also greatly
expands the electrocatalytic active area and forms more catalytic
active sites. The electronic structure of electrocatalyst surface is
adjusted by the simple and accurate S vacancy tailoring strategy
(Fig. 15(i)). The synergistic effect of vacancy concentration and
distribution on catalytic performance broadens the field of
vacancy design and can be further extended to other types of
electrocatalysts and electrocatalytic reactions.

4.3 Heterostructure construction

Although MoS, has been proven to be a superior substitute for
noble metal electrocatalysts, the inert basal plane of MoS, limits
the catalytic activity. The intrinsic conductivity of MoS, is poor,
resulting in a large R, and hindering electrocatalytic reaction. The
MoS, heterostructure construction has been proved to be an
effective strategy to improve the catalytic performance of MoS,-

based catalysts (Table 3). Moreover, the synergy between two
components would lead to the rearrangement of charges at the
interface, which is beneficial to the adsorption and desorption of
H* and O intermediates in water splitting process. Qu’s team
prepared the in-plane heterostructure electrocatalysts through
coupling the MoS, (002) basal plane with a-MoC (111) plane
[111]. Due to the mismatch of lattice parameters between MoS,
and a-MoC, compressive strain is introduced into the MoS, basal
plane, which can regulate the electronic structure of MoS,. This
resulted in the optimal catalytic sites on the MoS, basal plane
change from edge S atoms to edge Mo atoms. DFT results indicate
that the favorable active site for HER in acidic solution is the Mo
atom. The tensile strain of the basal plane expands interlayer
spacing of MoS, and exposes more edge sites of MoS,. The
increased interlayer spacing of MoS, provides multiple mass
transfer pathways for proton migration, adsorption, binding, and
hydrogen molecule release, which further promotes the kinetics.
As a favorable coupling material, a-MoC can change the
electronic structure of MoS,, improve the electrical conductivity of
the in-plane MoS,/a-MoC heterostructure, and promote the
formation of HER active sites in acidic solution. Furthermore, in
alkaline and neutral media, the water splitting activity is enhanced,
maximizing the catalytic activity of the active sites. Wu et al.
prepared the MoS,/FesNi,S¢/FeNi heterojunction with strong
coupling interface (Figs. 16(a)-16(c)) [112]. DFT results reveal
that the edge S sites of FeNi doped MoS, are easier to adsorb H
than those of MoS, surface. Therefore, it would be inferred that
MoS,/Fe;Ni,S; coupling interface can promote —OH absorption to
improve the OER performance. The lower chemisorption enables
the H atoms to be more easily adsorbed on the S sites of the
electrocatalysts interface, which in turn reduces the AG of the
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corresponding intermediates (Figs. 16(d)-16(f)). In addition, the
coupled interface of MoS,/FesNi,S; is favorable for the adsorption
of intermediates, reducing the AG of oxygen-containing
intermediates and promoting the OER performance (Fig. 16(g)).
The electrical conductivity and catalytic activity of MoS,-based
catalysts can be enhanced by surface defect engineering and
constructing heterostructures. The oxide surface has strong
chemical adsorption for -OH and O-containing intermediates to
promote water oxidation process. Therefore, the rational design of
heterostructures has great advantages for realizing the synergy
between MoS, and oxides and improving the adsorption of H and
O-containing intermediates. Kim’s group utilized Co;0, and
MoS, to construct heterostructure to promote water splitting
process [113]. An efficient heterointerface is formed due to the
strong electrostatic interaction between the positively charged
Co;0, and negatively charged MoS,. The interface between Co;0,
and MoS, exposes more active sites facilitating the chemisorption
of H and —~OH intermediates on the interface. In addition, layered
MoS, can provide fast ion transport and shorten the diffusion
path, promoting the reaction kinetics. Yu et al. assembled vertical
graphene nanosheets, MoS, nanosheets, and layered FeCoNi
hydroxide on carbon fibers to prepare multilayer stacked

heterostructure  [114]. The rate-determining step  of
MoS,/FeCoNi(OH), is changed due to charge redistribution. Fe
ions on MoS,/FeCoNi(OH), play a crucial role in OER process as
effective active sites, indicating that unsaturated coordinating Fe
ions promote OER reaction. DOS shows that MoS,/FeCoNi(OH),
has an almost negligible band gap, which is favorable for charge
transfer. The charge differential density reveals electron transfer
from FeCoNi(OH), to MoS, leading to the accumulation of holes
on FeCoNi(OH), and promoting the adsorption and dissociation
of O-containing intermediates. The binding energy of
MoS,/FeCoNi(OH), to the OER intermediate is smaller than
single component, which is beneficial to the desorption of the
product. The experimental and DFT results show that the
recombination of FeCoNi(OH), and MoS, redistributes charge,
reduces the OER overpotential, and improves the electrocatalytic
activity.

44 Single atom anchor

Single atom catalysts (SACs) are considered as ideal
electrocatalysts owing to the nearly 100% atomic utilization
efficiency, and uniform and specific active centers [127-129]. 2D
layered MoS, nanosheets have unique structure and electronic
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Electrolyte
Catalysts MoGHER) ThooER) Tafel(HEl}? Tafel(omi) Stability Reference
HER OER (mV) (mV) (mV-dec') (mV-dec")
Mo,CT,/2H-MoS, 0.5 M H,S0, — 119 — 60 — Polarization curves for [115]
10 days
NP/ M‘é)sz/ N:RG 4 5 M H,50, - 93.9 — 39.5 - 150 mV for 60 h [116]
25H-PHNCMs 1.0MKOH 1.0 M KOH 70 235 38.1 457 O3V a;fhl's 3V for [117]
MoS,/FNS/FeNi  1.0MKOH 1.0 M KOH 120 204 45.1 81 122mV ari‘(i) io‘l mV for [112]
MoS,/NiS NCs 1.0 M KOH 1.0 M KOH 92 271 (135) 113 53 10 mA-cm™ for 80 h [118]
MoSy/Ni,Vs0s 0.5 M H,S0, — 58 — 54 _  10,50,and 100 mA-cm- [119]
for30h
CF/VGSs/MoS,/Fe Overpotential of
. . 225 . .
CoNi(OH), 1.0 MKOH 1.0MKOH 3 (1s00) 252 292 specific current for 95 h [114]
NiS,-
MoS,/PVEIB/PPy/ 0.5 M H,SO, — 45 — 49 — ~021Vfor20h [120]
GO
. -2
NiS,/MoS, HNW 1.0 M KOH - 204 — 65 - 10and 30 mA-cm [54]
for6h
MoS,/NiCo$ LOMKOH 1.0 MKOH 189 290 75 77 20 mA-cm™ for 20 h [121]
MoS, Polarization curves for
QDs@Mo,C@NF - 1.0 MKOH - 10 - >7 5,000 cycles [122]
MoS,/N-RGO-180 0.5 M H,SO, — 56 — 413 — Polarization curves for [123]
5,000 cycles
MoS,@NiO 1.0 M KOH — 406 — 43 — Pdama“f;;urves for (124]
1T-MoS,/Ni*“O
OS/NI"Os ) o MKOH — 73 - 77 — 10 mA-cm for 30 h (125]
(OH),_s
Ni@NC@Mo$, 0.5 M H,S0, — 82 — 475 — 94 mV for 8 h [30]
CoNC@MoS,  1.0MKOH 1.0 M KOH 143 350 68 519  Polarization curves for [126]
1,500 cycles
N‘352@g/11352/ FO 1 oMKOH  1.0MKOH 95 234 85 49 10 mA-cm for 50 h [64]
Co, Nb-MoSy/TiO, | \ikoH 1.0 M KOH 58.8 260 402 g50  Folarization curves for [37]
HSs 30h
C0,0,/MoS, 1.0 M KOH — 205 230 98 45 1.53 Vfor 13 h [113]
MoS,/a-MoC 0.5 M H,S0,. — 78 — 38.7 Long-term stabilities for [111]

12h

properties owing to unsaturated coordination S atoms at the
edges. At present, there are many anchoring methods for metal
single atom on MoS,, including vacancy anchoring, basal plane S
atom anchoring, and substitution of Mo atoms. The single atoms
can activate the basal plane S atoms and adjust the charge
distribution of coordination atoms to promote the catalytic
reaction.

Tan’s team utilized Ru single atom to replace the Mo atom of
MoS,, and explored the relationship between Ru site and S
vacancies at alkaline conditions [130]. The synergistic effect
between Ru site and S vacancies is amplified through strain
engineering. The bending strain effectively regulates the electronic
structure of Ru single atom and enhances the accumulation of
-OH and H,0 in S vacancies, which results in increased reactant
density in the basal plane. The synergistic effect of single atom
catalytic sites and defect can promote the catalytic reaction. Li’s
group optimized the concentration of Ru single atoms and S
vacancies to improve the HER performance of 2H-MoS, [131].
The Ru atoms are embedded in the 2H-MoS, basal plane by
replacing the Mo atoms and coordinating with S atoms. The
introduction of Ru single atoms and S vacancies into 2H-MoS,
can enhance the electronic states of S 2p and Ru, conduce to
charge transfer, and improve the HER kinetics process. The
formation of Ru single atoms and S vacancies leads to differences
in the band structures. Compared with other S vacancy
concentrations, the optimal MoS, electrocatalysts reveal the
smallest band gap. The increased DOS near Fermi level can

accelerate charge transfer kinetics and improve HER performance.
Ru single atoms can activate the S atoms close to Ru, and the
interaction with Mo atoms around S vacancies is enhanced to
affect the H adsorption. Xu et al. synthesized porous 1T-MoS,
with S vacancy and Cu single atom by simple one-step
solvothermal synthesis [132]. For 1T-MoS, with porous structure,
Cu single atoms can activate basal plane and provide more active
edge sites. The Cu single atoms can accelerate the electron transfer
from Cu to MoS, and increase the electron density on the surface
of MoS,. More importantly, the DFT calculation reveals that Cu
single atoms anchored on 1T-MoS, surface are more stable and
the charge transfer is faster than that anchored on 2H-MoS,
surface. Therefore, metastable 1T-MoS, has potential advantages
over 2H-MoS, in anchoring single metal atom, which is helpful to
improve the performance of HER.

Deng’s group constrained the distance of Rh single atoms in
MoS, lattices to enhance catalytic activity of MoS, [133]. DFT
calculation indicates the active sites and reaction mechanism of
the catalysts. Mo atoms are replaced by Rh on the MoS, basal
plane, which activates the adsorption of H on S atoms near Rh.
The localized electronic structure of neighboring S atoms is
modulated by restricting Rh atoms in the MoS, lattice. The DOS
of neighboring S atoms near the Fermi level can be increased,
reflecting the trend of HER activity with Rh distance. The
experimental results show that Rh single atoms in the MoS, lattice
can adjust the electronic structure of adjacent S atoms and
optimize the adsorption energy of H at the S sites. With the
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reduction of the Rh atomic spacing, the H adsorption free energy
of the adjacent S sites on the basal plane exhibits a volcano-type
trend. When the distance between Rh atoms is optimal, the
electronic state strength and energy level are decreased, and the
adsorption of H is weakened.

The coordination of one metal atom with four nitrogen atoms
(M-N,) is generally considered as the active center for various
electrocatalytic reactions [134]. Compared with ordinary M-N,
sites, other sites can adjust the catalytic activity of single atom
catalysts by modulating the electronic states of metal atoms. Liu et
al. hybridized the Co nanodisks and MoS, nanosheets (Fig. 17(a))
to combine the Co single atoms array with 1T-MoS, nanosheets
through covalent combination of Co and S atoms (Figs.
17(b)-17(d)). The strain caused by the formation of Co-S
covalent bonds between Co and MoS, leads to the phase transition
of MoS, [60]. The transformation of 2H-MoS, to 1T-MoS, is
induced by coordination reconfiguration of Co atoms, in which
Co single atom is the main catalytic center. Co is transformed
from cationic to metallic due to electron effect or ligand effect and
charge density wave state transition. In this case, the increase in
the empty state of Co atoms near the Fermi level suggests that it
can promote the hybridization between Co atoms and H atoms.
This is considered that it can promote HER activity in
thermodynamics process. DFT calculation confirms that the high
HER activity of the single atom catalysts (Figs. 17(e) and 17(f)) is
mainly due to the ensemble effect of Co adsorbed atoms and S,
which adjusts the hydrogen binding mode at the interface (Fig.
17(g)). The Co atoms are coordinated with three adjacent S atoms
and located directly above the center of Mo atoms, promoting the
catalytic reaction.

5 Breakthroughs on MoS, electrocatalysts for
overall water splitting

The development of low-cost and high-efficiency bifunctional
water electrolysis catalysts is an important way to improve the
overall water splitting efficiency. However, the electrocatalytic
activity of MoS, for overall water splitting is limited due to the
high overpotential and slow kinetic process of OER. The pH of the
electrolyte limits the overall water splitting activity due to pH-
dependence. Adjusting the electrode/electrolyte interface can
prevent sulfide oxidation and S leaching at the interface, enrich
active centers, and promote electron transfer. At present, most
studies focus on enhancing the HER or OER electrocatalytic
activity of MoS,, while ignoring the development of bifunctional
electrocatalysts with high HER and OER activity at the same time.
Integrating HER and OER electrocatalysts into a single
nanostructure has become one of the hottest issues in the field,
which holds promise for efficient overall water splitting (Table 4).

It is more favorable for OER progress in alkaline electrolyte and
the HER in acidic electrolyte. Therefore, it is very important to
develop a highly efficient catalyst that can reveal superior HER
and OER performance in specific electrolytes and achieve overall
water splitting. Zhao et al. reported that Co covalent doping in
MosS, to induce bifunctionality of overall water splitting [136]. The
feasibility of conversion from Mo,C to MoS, and the optimal
proportion of Co covalent doping MoS, were confirmed via DFT
calculation. Through the optimization model, it is further proved
that Co covalent doping MoS, presents metallic characteristics and
band gap is 0 eV, indicating the Co covalent doping MoS, would
be conducive to promote the catalytic reaction. In 1.0 M KOH
electrolyte, the catalyst reveals low HER and OER overpotentials
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overpotential of 100 mV vs. RHE. (g) Hydrogen adsorption modes on the single-atom Co-MoS, 3 x 3 case and the electron density difference. Reproduced with

permission from Ref. [60], © Qi, K. et al. 2019.

of 48 and 260 mV, respectively. The change of the atomic
coordination environment of the catalysts is verified through
operando extended X-ray absorption fine structure (EXAFS) to
prove the source of the bifunctional. In HER, K-edge EXAFS
spectra of Co and Mo of Co-MoS,/BCCF show no obvious change
in the related bonds of Co and Mo after 50 cycles of polarization
curve measurements. However, in OER, the EXAFS spectra reveal
that after 50 cycles, both Co- and Mo-related bonds changed. The
Co-0 and Mo-O bonds can be observed in the Co and Mo K-
edge of the catalyst after anode circulation, proving that formed
Co™* and other high valence Co species at anodic potential in
alkaline medium. Compared with MoS,/BCCF, the OER activity
of Co-MoS,/BCCF mainly originates from the formation of high-
valent Co species in alkaline solution at anodic potential.

Extensive experiments have demonstrated that interfacial
reconfiguration of the heterojunction can promote the water
splitting process. The electrocatalytic performance is better than
that of single-component catalysts, and it can be used as an
efficient catalyst for overall water splitting. The Ni,S, reveals
superior catalytic activity for OER, and MoS, can effectively
promote the HER. Therefore, the Ni;S, and MoS, are combined to
construct heterostructures and promote the overall water splitting.
Gao et al. prepared MoS,-NisS, heterostructure with nickel foam
as carrier to achieve enhancement of HER, OER, and overall water
splitting [137]. In the composite electrocatalysts, Ni;S, nanorods
are uniformly combined with MoS, nanosheets to form a superior
heterogeneous interface, which is favorable for the chemisorption

TSINGHUA

UNIVERSITY PRESS

of H- and O-containing intermediates. The efficient exposure of
active interfaces in hierarchical nanostructures promotes of
electron transfer the Ni;S, on NF substrates. Thus, the catalytic
performance of the overall water splitting is improved. Besides the
construction of MoS, heterostructures, transition metal doping is
also an effective way to construct bifunctional electrocatalysts for
water splitting. It has been developed into a stable and highly
active overall water splitting catalyst. Kang’s group used Ru
nanoparticles to modify Co-doped 1T-MoS, to obtain an efficient
overall water splitting catalyst [138]. The catalysts were prepared
by the Co atoms uniformly replacing Mo atoms in 1T-MoS, and
hybridized with Ru nanoparticles. DFT calculation reveals the
superior HER activity of CoRu-MoS, due to superior adsorption
and dissociation of water on the (002) plane of Ru. The Co atoms
boost the adsorption and dissociation of intermediates and
accelerate HER. Due to the modification of Ru nanoparticles, the
electronic structure of the catalyst is optimized. The synergistic
effect among components and unsaturated coordination
environment enable the catalyst to exhibit superior bifunctionality.
Hou et al. used oxidation/hydrogenation and induced surface
reconstruction to prepare multistage transition bimetallic
oxide/sulfide heterostructure arrays, realizing the modulation of
geometry and optimization of charge transfer [135]. Transition
bimetallic oxide/sulfide heterostructure array as an electrocatalytic
material presents industrial application prospect. The superior
electrocatalytic performance benefits from the simultaneous
modulation of geometry, the systematic optimization of charge
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Table4 The overall water splitting actives of MoS,-based catalysts

Electrolyte Tafel Tafel
Mo(HER) M10(0ER) atelpygr) atelogr) 1
Catalysts HER OFR (mV) (mV) (mV-dec’)  (mV-dec”) Stability Reference
MoS,-NiS,/NGF 1.0 M KOH 1.0 M KOH 172 370 70 — 10 mA-cmfor 24 h [139]
CoS- 10 mA-cm™ for 100,000
Co(OH),/aMoS,.., 1.0 M KOH 1.0 M KOH 143 380 68 68 s [140]
CosMo0,S/CC  LOMKOH  1.0MKOH 36 153 56 58 Polarization curves for [141]
2,000 cycles
1, Fe)S,@MoS, 1.0 M KOH 1.0 M KOH 130 270 101.22 4321 10 mA-cm™ for 44 142
(Ni, Fe)S,@MoS O (@) A 2 fi h [142]
Ir/MoS, 1LOMKOH 1.0 MKOH 44 330 32 44 Polarization curves for [143]
9,000 cycles
MoS,-Ni,S, 1.0 M KOH 1.0 M KOH 98 249 61 57 150 mV for 48 h [137]
. -150 and 370 mV for 48
NiMoS/NF 1.0 M KOH 1.0 M KOH 78 260 68 59 h of HERand OER [144]
CoMoS 1.0 M KOH 1.0 M KOH 97 272 70 45 1.6 Vfor10h [145]
Co-MoS,/BCCF 1.0 M KOH 1.0 M KOH 48 260 52 85 70 mV for 40,000 s [136]
Current from 10 to 20,
CoRu-MoS, 1.0 M KOH 1.0 M KOH 52 308 55 50 40, and back to 10 [138]
mA-cm™ for 16 h.
NiMoO,/NiMoS ~ 1.0MKOH 1.0 M KOH 38 186 38 34 S00mA-cm*at 175V [135]

for 500 h

transfer, and the constructed heterostructure interface (Fig. 18(a)).
In the OER process, the hydroxide and oxyhydroxides formed the
real active site. Although hydroxide and oxyhydroxides formed on
the surface of NiMoO,/NiMoS array, the morphology of
heterostructure did not change. In the overall water splitting
process, the double electrodes assembled by NiMoO,/NiMoS can
provide large current density and superior stability required by
industry at low potential (Figs. 18(b) and 18(d)). DFT calculation
shows that the coupling interface between NiMoO, and NiMoS
optimizes the adsorption energy, accelerates the kinetics, and
improves the electrocatalytic performance (Fig. 18(c)).

6 Conclusion and outlook

As one of the main hydrogen production methods, electrocatalytic
water splitting has received extensive attention. In the past
decades, significant progress has been made in the design and
preparation of non-noble metal-based catalysts, especially MoS,-
based electrocatalysts. Understanding the relationship between
catalytic activity and structure is of great significance for
modulating the morphology and electronic structure of MoS,, and
improving the activity of electrocatalytic water splitting. This
review focuses on the following viewpoints and outlook.

(1) MoS, electrocatalysts with 0D, 1D, 2D, and 3D structures
have been developed, and significant progress has been made in
modulating the morphology. Among them, 3D structures
composed of 2D nanosheets such as Janus, hollow, core-shell, and
yolk-shell structures can improve the stability of catalysts due to
their high mechanical strength, large active specific surface area,
and abundant active sites. Both HER and OER reactions are
processes of gas release, and structural modulation can accelerate
the process of gas release to promote water splitting.

(2) The basal plane of intrinsic MoS, is usually inert, and the
active center mainly originates from the coordinately unsaturated
S atoms at the edge. Therefore, it is meaningful to explore
strategies that excite the catalytic activity of inert atoms in the
MoS, basal plane. At present, many methods have been used to
activate the catalytic sites of the basal plane, among which doping
is one of the common methods. The electron density of Mo and S
atoms around the dopant is affected, resulting in charge
redistribution, which modulates the electrocatalytic activity of
atoms in the basal plane and provides more active sites.

(3) The catalyst surface plays a key role in electrocatalytic

reactions, and surface defect is also a key factor in the construction
of highly active electrocatalysts. Surface defect can expose more
incongruent edge sites and optimize the intrinsic activity. The
introduction of S vacancy results in that uncoordinated Mo atoms
present vacant state, which is favorable for hydrogen adsorption.
The synergistic regulation of S vacancy concentration and
distribution affect the catalytic activity. In addition, studies have
revealed that S vacancy can serve as important active sites for
HER.

(4) The heterostructure construction has been proved to be an
effective strategy to improve the catalytic performance of MoS,
electrocatalysts. The interfacial engineering and synergy increase
the exposed active sites of MoS, and can lead to charge
rearrangement to promote the adsorption and desorption of H*
and O intermediates during water splitting process. For example,
the conductivity of MoS, can be enhanced by constructing
heterostructure with MoO,, and the synergistic effect of MoS, and
MoO, can accelerate electron transfer and promote HER catalytic
reaction.

(5) Benefiting from the unsaturated coordination configuration,
excellent dispersion, and uniform and specific active centers, single
atom catalysts can not only achieve 100% atom utilization
efficiency, but also exhibit superior catalytic activity and selectivity.
Loading metal single atoms on MoS, is a superior strategy to
enhance the catalytic activity of MoS,. At present, there are many
methods for anchoring metal single atom catalysts on MosS,,
including vacancy anchoring, basal plane S atom anchoring, and
atomic substitution. The researches show that single atom
anchored on S vacancy reduces band gap of MoS,, and interacts
with the surrounding Mo atoms to activate the surrounding S
atoms.

(6) The ultimate goal in developing high-performance
electrocatalysts is to realize efficient overall water splitting.
Integrating HER and OER electrocatalysts into a single
nanostructure has become one of the hottest issues in this field,
which holds promise for efficient overall water splitting. During
the water splitting process, the pH-dependence of catalysts limited
the development of overall water splitting. Numerous studies have
shown that acidic electrolyte can promote the HER reaction and
alkaline electrolyte can enhance the OER reaction. Therefore, the
development of all-pH bifunctional electrocatalysts with low pH-
dependence is an important step towards efficient overall water
splitting.

(7) The strategies including morphology and electronic
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structure modulation on MoS,-based catalysts can be further
extended to other electrocatalytic reactions, such as O, reduction,
N, reduction, or CO, reduction in the future. It should be noted
that the OER is the primary reaction for the overall reaction,
which provides continuous electrons and protons.
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