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Fossil fuels as a double-edged sword are essential to daily life. However, the depletion of fossil fuel reser-
voirs has increased the search for alternative renewable energy sources to procure a more sustainable
society. Accordingly, energy production through water splitting, CO, reduction and N, reduction via
photocatalytic and electrocatalytic pathways is being contemplated as a greener methodology with zero
environmental pollution. Owing to their atomic-level thickness, two-dimensional (2D) semiconductor
catalysts have triggered the reawakening of interest in the field of energy and environmental applications.
Among them, following the unconventional properties of graphene, 2D MoS, has been widely investi-
gated due to its outstanding optical and electronic properties. However, the photo/electrocatalytic per-
formance of 2D-MoS; is still unsatisfactory due to its low charge carrier density. Recently, the develop-
ment of 2D/2D heterojunctions has evoked interdisciplinary research fascination in the scientific commu-
nity, which can mitigate the shortcomings associated with 2D-MoS,. Following the recent research
trends, the present review covers the recent findings and key aspects on the synthetic methods, funda-
mental properties and practical applications of semiconducting 2D-MoS, and its heterostructures with
other 2D materials such as g-CsNy4, graphene, CdS, TiO,, MXene, black phosphorous, and boron nitride.
Besides, this review details the viable application of these materials in the area of hydrogen energy pro-
duction via the H,O splitting reaction, N, fixation to NHz formation and CO, reduction to different value-
added hydrocarbons and alcohol products through both photocatalysis and electrocatalysis. The crucial
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role of the interface together with the charge separation principle between two individual 2D structures
towards achieving satisfactory activity for various applications is presented. Overall, the current studies
provide a snapshot of the recent breakthroughs in the development of various 2D/2D-based catalysts in

rsc.li/nanoscale the field of energy production, delivering opportunities for future research.

energy together with the extensive use of electrocatalysis, the
choice of catalyst is essential.” "

1. Introduction

The exacerbation of global warming, the energy crisis and
environmental pollution in the 21% century is highly related to
the depletion of fossil fuels, which is becoming one of the
biggest challenges with the rapid industrial and population
growth.'™ Additionally, the consumption of fossil fuels signifi-
cantly contributes to the greenhouse effect by emitting CO,."*
Therefore, to alleviate these problems and achieve a greener
world, photocatalysis and electrocatalysis have emerged as the
Holy Grails of green and sustainable technology towards the
conversion of solar energy and electric energy into chemical
energy through water splitting, N, reduction, and CO,
reduction.”® However, for the efficient utilization of solar
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In recent decades, nanostructured materials have become
one of the main influencers in the field of photo/electrocataly-
sis mainly due to their large surface area, quantum confine-
ment effect and dominant interfacial phenomena.”® " In con-
trast to conventional 0D and 1D catalysts with restricted
dimensions, catalysts based on 2D materials have attracted a
great deal of attention in the field of catalysis due to their
remarkable physical and chemical properties together with
controllable optical and electronic properties. Due to their
planar structure and abundant exposed surface atoms, 2D
materials provide a large number of active sites for photo/
electrocatalytic reactions. In addition, they possess sufficient
space for the integration of various catalysts, thus enhancing
the flexibility of catalytic activity and formation of new active
sites.”'®2° The design of 2D materials has been inspired by
one particular two-dimensional material, graphene, which is
considered the tip of the iceberg, where the first real and
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Fig. 1 (a) Picture of bulk MoS, crystal. Reproduced from ref. 29. (b) Three-dimensional model of the crystal structure of MoS,. Reproduced from
ref. 33. (c) Schematic illustration of the various crystal structure polytypes: 2H, 3R and 1T. Reproduced from ref. 36. (d) Typical band structure of
MoS,, where cl represents the conduction band and v1 and v2 the valence bands. A and B show the direct band-gap transitions and | stands for the
indirect band-gap transition. E4 and E'q represent the direct and indirect band-gap for the monolayer and bulk, respectively. Reproduced from ref.
28. (e) Illustration of the electronic band structures of bulk and monolayer MoS,. Reproduced from ref. 29.

thermodynamic stable single 2D sheet of graphite was
reported by Novoselov and Geim in 2004."%>" After the first
seminal isolation of graphite, graphene and its derivatives
have been employed as significant catalysts in a variety of cata-
lytic applications, triggering the search for other ‘beyond gra-
phene’ materials. Therefore, a wide range of 2D materials,
especially those similar to graphene have been applied in a
wide range of fields such as photocatalysis, electrocatalysis,
energy storage, and biosensors. To date, for instance, numer-
ous 2D materials (single and 2D-based composites) such as

Dr Gayatri Swain completed her
Master of Science (M.Sc.) in
Chemistry  from  Berhampur
University, Odisha, India in
2014 and then completed her
PhD in 2020 at Siksha ‘O’
Anusandhan (Deemed to be
University), Bhubaneswar, India
under the supervision of Prof.
Kulamani Parida. At present she
is working as a Research
.a‘ Associate at the Centre for
Nanoscience and
Nanotechnology,  Siksha ‘O’
Anusandhan (Deemed to be University), Bhubaneswar, India. She
is the author of 10 international journal articles with one book
chapter. Her current research interests are mainly focused on the
synthesis of two-dimensional transition metal dichalcogenides
and their application towards energy and environmental benefits.

Gayatri Swain

This journal is © The Royal Society of Chemistry 2021

hexagonal boron nitride, graphitic carbon nitride, transition
metal chalcogenides, MXenes, layered double hydroxides, and
boron phosphides have been developed.** >

However, the development of the research interest in the
photo/electrocatalysis field has diverted attention toward tran-
sition metal dichalcogenides especially 2D-MoS,, a chalcogen-
ide derivative of molybdenum and a rising star in the graphene
analogous family.”*° MoS, is an inorganic silvery black solid
(Fig. 1a), which mainly occurs in nature as the mineral molyb-
denite, the principal ore of Mo.”°' As depicted in Fig. 1b, the
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structural units of MoS, arrange themselves in a way that the
transition-metal atom exhibits six-fold coordination and is co-
valently bonded in between two chalcogen atomic layers in an
S-Mo-S fashion, forming a sandwich layer, and each sandwich
layer connects to the other by means of weak interlayer van der
Waals forces.*'* According to the atomic co-ordination of the
surrounding S atoms with respect to the central Mo atom and
stacking sequence of each MoS, layer, the crystal structure of
MoS, has been classified into 3 types of polymorphs, among
which two configurations occur naturally (2H and 3R), whereas
the other polytype (1T) is synthetically available (Fig. 1c). The
terms H, R and T represent hexagonal, rhombohedral and tetra-
gonal, and hence their naming depends on their symmetry. The
2H and 3R phase of MoS, is semiconducting, while the 1T
phase of MoS, is metallic.>"***° In particular, the crystal struc-
ture of 2H-MoS, mainly consists of an Mo central atom sur-
rounded by 6 sulfide (S*7) ligands, which occupy a trigonal pris-
matic coordination sphere, where each sulfur center is con-
nected to 3 Mo centres to form a pyramidal structure.
Accordingly, several trigonal prisms are intertwined to construct
a layered structure in which one layer of Mo atoms is sand-
wiched between two sheets of S atoms, resulting in the for-
mation of a hexagonal sheet-like structure of MoS,.>” The basic
difference between the two naturally occurring forms of MoS,,
i.e., 2H-MoS, and 3R-MoS,, is the stacking order of the S-Mo-S
sheets in their unit cell. Moreover, the stacking order of
2H-MoS, is AbA BaB, i.e., 2 S-Mo-S units per primitive unit cell
with hexagonal symmetry in the space group P63/mmc, whereas
3R-MoS, exhibits rhombohedral symmetry with the stacking
order of AbA CaC BcB, ie., 3 S-Mo-S units per unit cell in the
space group R3m. In the stacking order model, the upper and
lower cases represent the relative position of the S and Mo
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atoms, respectively. 1T-MoS, is a one-layer crystal cell that has
tetragonal polytype symmetry, in which the Mo atoms are octa-
hedrally coordinated by six S atoms in the AbC AbC... stacking
order.>*?%3° Most experimental studies reveal that 1T-MoS, is a
metastable structure that can be completely transformed to
2H-MoS, upon annealing over a particular temperature
range.>**° However, according to the current research, the most
widely studied phase of MoS, is semiconducting, i.e., 2H-MoS,,
which is attributed to its excellent stability, unique structural
arrangement, suitable band gap for various catalytic reactions,
etc. Therefore, in the current review, we extensively focus on
two-dimensional semiconducting 2H-MoS,.

The electronic structure of semiconducting 2H-MoS,
includes its band structure and change in band structure,
which are controlled by the number of layers and change in
hybridization between the d orbital and P, orbital of Mo and S,
respectively.**” The band structure and change in band gap
with respect to layer number is illustrated in Fig. 1d and e,
respectively.”®* According to the literature, bulk MoS, possess
an indirect bandgap with an energy gap of 1.2 eV, while its
bandgap becomes direct for few or single-layer MoS, with an
energy gap of about 1.9 eV, which varies with the tuning of the
layer of MoS,.>° From an experimental view, it has been found
that few-layer MoS, exhibits four weak humped absorption
peaks in the wavelength range of 250-700 nm. Among them,
the characteristic peaks observed in the range of 250-450 nm
are mainly attributed to the higher excited states or bands,
whereas the doublet located in the range of 600-700 nm orig-
inates from the direct excitonic transition occurring at the
Brillouin zone K point between the VBM and CBM due to the
spin-orbit dissociation of transition at that point.*”*°
Moreover, the change in bandgap energy, i.e., from indirect to
direct with a change in layer number also greatly affects the
photoluminescence spectrum (PL), absorption spectrum and
photoconductivity of MoS,. It has been shown that the inten-
sity of the PL spectrum is inversely proportional to the layer
number, where few-layer or thin layer MoS, exhibits the stron-
gest PL intensity with a large quantum efficiency.
Experimentally, the two excitonic peaks in the PL spectrum of
MoS,, are observed at ~1.9 eV and ~2.08 eV at the K point,
which may be due to the spin-orbit band splitting near the
valence band. It has been shown that monolayer MoS, exhibits
a main peak at 1.9 eV due to its direct gap luminescence,
whereas few layer MoS, show additional peaks together with
the main peak originating from the direct gap hot lumine-
scence and indirect-gap luminescence.’”*" Further, the
valence band is derived from the overlapping of the filled d,.
orbital of Mo-4d with the filled sp orbital of the S atoms.
Conversely, the conduction band is determined by the degen-
erate Mo-3d orbitals, ie., dy._, dz, which overlap with the
empty antibonding orbitals of the S atom.*”

MoS, has two distinctive orientations in its structure,
namely basal planes with surface inertness and edge planes
with high surface energy, and each orientation is terminated
by chalcogen atoms. The electrical conductivity along the layer
is very high, while it is low across the van der Waals gaps

This journal is © The Royal Society of Chemistry 2021
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between the layers, which indicates that compared to the basal
planes, the edge sites exhibit the fast transportation of
electrons.*”*** Hence, in recent decades, ultrathin MoS, has
been demonstrated to be an excellent electrocatalyst towards
the hydrogen evolution reaction.”*** Moreover, its properties
such as high chemical stability, superior charge carrier mobi-
lity, good surface to volume ratio and visible light absorbing
property makes it an ideal candidate catalyst for photocatalytic
reactions.>>**™® More importantly, MoS, is considered to be a
good substitute for noble metals (such as Pt, Rh, Ru, and Pd)
and a low-cost catalyst for both photocatalytic and electro-
catalytic reactions. Although the absorbance edge of MoS,
extends from the UV-Vis to IR region, which seems ideal as a
solar light harvester, single MoS, has negligible photocatalytic
activity towards energy production. This poor photocatalytic
activity is attributed to the insufficient charge separation and
low conductivity power between the adjacent S-Mo-S layers,
which lead to poor charge mobility.**>' Accordingly, the
abovementioned difficulties have been overcome using various
techniques such as sulfur edge activation, phase transition,
heteroatom doping, and fabrication of heterojunction or com-
posite with other materials. Among the various strategies,
many studies reveal that the formation of hierarchical compo-
sites of MoS, with other 2D-layered materials such as 2D-
metal, 2D-semiconductor and 2D-insulator provides abundant
active sites and immense surface area, which greatly enhance
the effectiveness of the reaction.”*>®

Although several excellent reviews summarizing the advan-
tages, synthetic techniques, different physicochemical pro-
perties and potential application of 2D/2D heterostructures
have been published, there is no comprehensive review on
2D-MoS,-based 2D/2D heterostructure materials. Therefore,
herein we present an in-depth overview on the recent progress
in the development of 2D MoS,-based 2D/2D heterostructure
catalysts towards energy production. It includes various emer-
ging strategies and fundamental aspects on the recent develop-
ment of 2D MoS, and its synthetic methods, photocatalytic
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and electrocatalytic activity, and on-demand modification of
its photo/electrocatalytic activity via the introduction of other
2D materials. Subsequently, the various applications summar-
ized in this review mainly include photocatalytic and electro-
catalytic hydrogen evolution, CO, reduction and nitrogen
reduction. Therefore, in this review, we offer the latest progress
in the 2D-MoS, based 2D/2D heterostructure catalyst towards
energy benefits along with various catalytic mechanisms.

2. Basis for 2D/2D heterostructures
and types of interfacial coupling

2D/2D material-based composites possess a solid structure,
which provides a large intimate contact interface between the
individual materials, resulting in excellent photo/electro stabi-
lity in the catalyst."”**>” Moreover, in 2D/2D heterostructures,
interfacial charge migration and separation is more efficient
due to the formation of a large contact area, which provides
trapping channels by the large lateral size of the combined 2D
materials. In the case of photocatalytic reactions, besides the
formation of a high surface contact, the type and nature of the
intimate interface are crucial parameters to accelerate charge
carrier migration, thus suppressing the formation of photo-
generated electron-hole pairs.>*™¢?

Generally, there are two directions, i.e., vertical and lateral,
for the engineering of 2D/2D heterostructures with a different
contact interface (Scheme 1). In the lateral direction, 2D/2D
heterostructures are successfully achieved through the cross-
section interface contact via the epitaxial growth method,
which can be considered to be both a patterned and paralleled
contact surface. In contrast, 2D/2D heterostructures in the ver-
tical direction are realized via face-to-face contact and acquired
by stacking two or multiple monolayer sheets of different
nanomaterials. This method proceeds through atomic pre-
cision by regulating the relative orientation between the single
2D components.”»**"%” However, Wang et al. demonstrated a
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Scheme 1 Schematic representation of the 2D/2D vertical (left) and lateral (right) heterostructures with a coupled interface.
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high-quality MoS, : h-BN vertical heterostructure via a stacking
process of two 2D crystals on top of each other, which provided
better interlayer interaction at the interface.®® Behranginia
et al. synthesized a lateral MoS,/graphene 2D/2D hetero-
structure, which provided a high quality lateral interface
between MoS, and graphene.®® Moreover, Yoo and coworkers
reported both a lateral and vertical heteroepitaxy interface
between WS, and MoS, monolayers by carefully controlling the
contamination and defects in each 2D crystal. The as fabri-
cated lateral and vertical 2D/2D heterostructure provides a
building block for an abrupt and patterned junction in 2D
materials.””

In terms of bonding, 2D/2D heterostructure including co-
valently bonded and van der Waals interacted heterostructures
fall in a category. Considering that the layers of 2D materials
are connected by via both covalent bonding (strong) and van
der Waals forces (weak), during the formation of a well-
defined 2D/2D heterostructure with a covalent bonding inter-
face, it is necessary to maintain both the lattice constant
matching and valence matching on each side of the interface.
However, in terms of van der Waals integration, although the
van der Waals forces between the layers are weak, it does not
rely on either lattice matching or valence matching, but facili-
tates the formation of a broader heterostructure phase space,
which mediates various catalytic reaction across the
interface.®**%7%72 Thus, it has been concluded that to success-
fully construct a 2D/2D interface, it is necessary to achieve
strong interfacial bonding by optimizing the interaction forces
in the composite structure. Generally, in the case of MoS,-
based 2D/2D heterostructures, the strength of the interfacial
bonding is regulated through various factors such as chemical
bonding, Coulomb force, van der Waals force, and electrostatic
interaction. For example, Yu and his group designed an MoS,/
graphene 2D/2D van der Waals heterostructure with face-to-
face contact through the alternating arrangement of monolayer
MoS, nanosheets and graphene. It was observed that the
obtained coupled interface improved the electronic conduc-
tivity of the heterostructure material by providing more edge
active sites and defects.”® Further, Shi et al. employed a simple
electrostatic self-assembly process followed by the hydro-
thermal method to design MoS,/g-C3N, nanosheets, which
provided abundant available reaction sites for enhanced
photocatalytic activities. In this case, the positively charged
g-C3N, obtained via the protonation method interacts electro-
statically with the negatively charged MoS,;*>~ under hydro-
thermal treatment.”* In addition, each atom, ie., Mo and S,
present in MoS, also contributed to the formation of chemical
bonds during the construction of 2D/2D heterostructures. For
example, Zhao et al. reported an in situ pyrolysis strategy to
achieve 2D/2D MoS,/CsN,-based electrodes through Mo-N
coordination between 2D-MoS, and 2D-C3;N,, which act as the
main active sites for catalyzing the NRR by promoting electron
transfer, thus improving the catalytic activity across the MoS,/
C;N, interface.”” In another study, Swain et al fabricated
strong interface coupling between 2D-MoS, and 2D-Caln,S,
through an S-S linkage, which facilitated the channelization of
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photogenerated charge carriers throughout the interface of
both 2D materials.”® Furthermore, Wan et al. developed an Au-
coupled Bi,WOg-MoS, heterojunction photocatalyst in which
the charge transfer process occurred from the surface of
Bi,WO, to MoS, via the interfacial S-O bonds. It was observed
that the interfacial S-O bond is derived from the outer sulfur
atoms and vertex oxygen atoms present in the MoS, layer and
WO, octahedron of Bi,WQys, respectively.””

3. Procedures for the synthesis of
2D-MoS, and MoS,-based 2D/2D het-
erojunction composites

The practical application of various 2D nanomaterials is
mainly governed by their exposed active sites, and thus it is an
essential requirement to design nanomaterials with properties
having large area uniformity and layer -controllability.
Accordingly, considerable efforts have been devoted to the con-
struction of 2D MoS, and MoS,-based 2D/2D heterostructures
with satisfactory yields, controllable thickness, unique size,
and controllable morphologies by engineering synthetic tech-
niques. The detailed procedures employed for the synthesis of
2D-MoS, together with its 2D/2D heterostructures are depicted
in Scheme 2.

3.1 Synthesis of 2D-MoS,

To date, numerous synthetic procedures have been developed
for the synthesis of various nanostructured 2D MoS,, which
can be divided into two routes, i.e., (a) top-down routes includ-
ing mechanical exfoliation and chemical exfoliation and (b)
bottom-up routes including hydrothermal and solvothermal
method, chemical and physical vapour deposition, and
decomposition method.**°

3.1.1 Top-down routes. The top-down approach mainly
relies on the preparation of nanostructured 2D-MoS, from its
respective bulk counterparts. It is mainly based on the exfolia-
tion of layered bulk structured materials into few or single
layers by breaking the van der Waals interaction between the
layer via various driving forces as follows.

3.1.1.1 Mechanical exfoliation. Similar to the Scotch tape
method for the preparation of graphene from graphite, bulk
Mos, is attached on an adhesive tape and subjected to repeated
exfoliation on the support of a substrate to produce a high-
quality monolayer phase of MoS,. Consequently, its pristine
crystal structure is the same as that of its bulk. Li and co-workers
constructed MoS, nanosheets through the mechanical exfolia-
tion method using Al,O; ceramic substrates.”® As illustrated in
Fig. 2a, thin MoS, flakes were obtained when the attached
Scotch tape was removed from the bulk MoS, crystals by repeat-
edly folding and separating the Scotch tape-adhered MoS,
flakes. Subsequently, the Scotch tape attached to the MoS, thin
flakes was tightly pasted onto a clean Al,O; ceramic substrate on
the support of Ag-Pd interdigital electrodes and left for about
6 h to maintain the adhesion state. To remove the adhesive

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) Schematic diagram showing the mechanical exfoliation technique for the synthesis of MoS, nanosheets, and (b) SEM and (c) HRTEM
images of MoS, nanosheets. Reproduced from ref. 78 (d) Scheme of the synthesis process via the liquid-phase exfoliation of MoS, nanosheets and
(e) X-ray diffraction patterns of bulk MoS, powder and MoS, nanosheets synthesized using different initial concentrations of bulk MoS,. Reproduced

from ref. 81.

residue from the Scotch tape, acetone was used as the solvent.
The as-obtained few-layer microstructure of MoS, exhibited a
smooth surface on the substrate together with the same pattern
as the substrate and it possesses the good crystallinity of MoS,
nanosheets with an ordered arrangement of lattice fringes, as
presented in Fig. 2b and c. However, this process requires a sub-
strate for sample preparation, which gives a very low product
yield, and it is very difficult to control the size, shape and thick-
ness of the resulting material. Consequently, this method is not

This journal is © The Royal Society of Chemistry 2021

suitable for the large-scale production of the materials. Besides
the Scotch tape method, ball milling is another strategy that is
also responsible for the synthesis of high-quality 2D MoS,
nanosheets. Krishnamoorthy et al. mechanically delaminated
bulk MosS, into few-layered MoS, nanosheets using the ball
milling method. The ball milling method is performed in a ball
and bowl made up of tungsten carbide, and N-methyl-2-pyrroli-
dine (NMP) is used as the solvent throughout the reaction. After
ball milling at a speed of 300 rpm, the final MoS, product is

Nanoscale, 2021,13, 9908-9944 | 9913
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obtained after washing with ethanol followed by drying.”
Besides the Scotch tape and ball milling techniques, in 2012,
Gacem’s group reported an anodic bonding technique, in which
high-quality nanosheets with high yield, good optical properties
and excellent purity were obtained.®

3.1.1.2 Liquid-phase exfoliation. In this method, few-layered
materials are prepared directly under the influence of various
solvents followed by the joint action of sonication and centrifu-
gation. Here, sonication breaks the weak van der Waals inter-
action present between the stacking layers without destroying
the covalent bonding in each layer.*® This technique includes
ion intercalation, ion exchange and ultrasonic cleavage, which
generates a large amount of 2D-MoS, with good quality single
and few-layered nanosheets. The choice of solvent is a key para-
meter in liquid exfoliation, where there should be a good match
between the solvent and surface tension present between the
layers, which minimizes the energy required for exfoliation, thus
increasing the exfoliation efficiency. Here, the number of layers
in the resulting 2D materials is governed by the choice of solvent
together with the concentration of the precursor solute. Gupta
and co-workers prepared MoS, nanosheets through the liquid-
phase exfoliation method using NMP as the exfoliating solvent.
From experimental studies, it has been deduced that the pres-
ence of a small mole fraction of water in NMP stabilizes the
MoS, nanosheets in the dispersion during sonication.
Particularly, the stability of the MoS, nanosheets in the NMP dis-
persion solution is due to the water molecules confined at the
Mo edges of MoS,, which prevent chemical erosion of the edges.
This, enhances the interaction between the NMP solvent and
MoS,, leading to a stable dispersion.® Therefore, it has been
concluded that the use of solvent during the exfoliation method
is not only responsible for the synthesis of two-dimensional
nanosheets, but also plays a big role in stabilizing the
nanosheets. In the literature on studies regarding liquid-phase
exfoliation, it has also been observed that solvents with a low
volatile rate hamper the rate of exfoliation and yield of 2D cata-
lysts. Thus, the choice of solvent with a high volatility rate is
another crucial factor that should be considered. Accordingly,
Sahoo et al. employed a cost-effective liquid-phase exfoliation
route for the scalable production of high-quality MoS,
nanosheets using acetone as the solvent. The use of acetone as a
solvent overcomes the drawbacks of low-volatility solvents. In
this method, the bulk MoS, is exfoliated into 2D-MoS,
nanosheets via sonication followed by centrifugation. The syn-
thetic method involves several steps as follows: (i) grinding of
bulk MoS, using a mortar and pestle followed by drying to evap-
orate the water and impurities, (ii) addition of acetone to a par-
ticular concentration of dried MoS, in a glass vial, (iii) treatment
in a sonication bath to interrupt the weak van der Waals force
present between the adjacent layers, and (iv) finally the super-
natant is collected using a micropipette after centrifugation fol-
lowed by filtration. Fig. 2d depicts the procedure for the syn-
thesis of MoS, nanosheets via the weakening of van der Waals
forces, which helps in thinning the layers, where the exfoliation
procedure proceeds with different initial concentrations. As
shown in Fig. 2e, the strong diffraction peak observed at the
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(002) plane decreases gradually with a change in the initial con-
centration of bulk MoS, in a given concentration of solvent, indi-
cating that the bulk MoS, is exfoliated to few layers. Moreover, in
the case of the ion intercalation mechanism, cations are interca-
lated into the interlayer spacing of the bulk materials to destroy
the van der Waals interaction present between the layers.®'
However, the use of harmful toxic organic solvents, low
quantum yield, and small lateral size of the as-obtained sheets
limit its large scale utilization by many researchers.

3.1.2 Bottom-up approach. The bottom-up approach is the
most compatible method used to fabricate the target sub-
stance with certain precursors followed by chemical reactions
mainly in the solution phase. In some cases, surfactants are
often used, which mainly help to stabilize the products and
control their shape, size and morphology.

3.1.2.1 Chemical vapour deposition. The chemical vapour
deposition (CVD) approach involves the growth mechanism of
the products via chemical reactions and has been proven to be
a beneficial method to synthesize high-quality substances that
are thin and highly conductive, especially MoS, films. The CVD
method requires a two-furnace approach to control the tempera-
ture of both Mo and S precursors separately. In a typical
process, the desired product is obtained due to the redox reac-
tion between the reactant precursors on the support or surface
of a substrate whenever one or more volatile precursors decom-
pose and react with each other at high temperature and high
vacuum conditions. Typically, the growth temperature is main-
tained about 700-1000 °C and for the growth of 2D-MoS, thin
layers, various substrates are employed as insulating supports.
Initially, the MoS, precursors such as Mo, MoOj3, (NH,),MoS,
are deposited on the supporting surface and then subjected to
thermal decomposition or sulfurization at an elevated tempera-
ture to generate MoS, layers with controlled structures.?”*%3

In addition, by customizing the essential parameters (growth
temperature and time, flow rate of the carrier gas, mass
amount, and the position of both the reactant and substrate), a
high-quality MoS, monolayer can be achieved together with
tunable film thickness and large active sites, which are ben-
eficial for interplanar charge transport. Wan and his group
demonstrated fractal-shaped single-layer MoS, to engineer the
active sites of MoS, through the CVD method on a fused silica
substrate. It was observed that water-soluble polymer-assisted
method prevented the formation of the fractal-shaped mor-
phology during the transformation process.®* Li and co-workers
employed a single-step CVD approach (Fig. 3a) for the develop-
ment of an edge-enriched 2D-MoS, thin film with high catalytic
efficiency towards the HER. The CVD process was carried out on
a wide range of substrates including a silicon wafer, graphite,
and glassy carbon. During the synthesis, the total number of
edge sites on MoS, and its surface area increased when smaller
layered MoS, grew on large MoS, platelets in a perpendicular
direction (Fig. 3b). The TEM images in Fig. 3c and d demon-
strate the formation of vertically orientated layers, in which ver-
tically aligned nanoflakes are grown on the petal site of MoS,.*

In terms of wafer-scale production with low manufacturing
cost and highly crystalline MoS,, the atmospheric pressure
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Fig. 3 (a) Schematic representation showing the experimental CVD setup, (b) mechanistic demonstration of the edge enrichment of MoS,, (c) and
(d) TEM images of the petal site showing the nucleation of vertically aligned nanoflakes on the top-layer crystals. Reproduced from ref. 85. (e)
Schematic illustration of monolayer MoS, growth on a Piranha-treated substrate. Reproduced from ref. 86.

chemical vapour deposition (APCVD) method has emerged as an
excellent approach. Gnanasekar and his group developed a high-
quality MoS, monolayer for the electrochemical hydrogen evol-
ution reaction using a seed promoter-free APCVD method
directly on an SiO, substrate. The CVD method mainly involves
the transport and adsorption of the final growth species on a
given substrate followed by the nucleation and future growth of
new MoS,. Initially, at a particular high temperature, the Mo pre-
cursors are reduced and are adsorbed on the arbitrary position
of the substrate with the flow of carrier gas, which is further sub-
jected to a sulfurization process, resulting in nucleated species.
The as-obtained MoS, acts as a seed, which allows further
growth of another MoS, thin film. The overall reaction procedure
is depicted in Fig. 3e. From the experiment, the large scale high-
quality MoS, possessed excellent HER properties.®®
using this method, it is very challenging to prepare MoS, crystals
by controlling the number of layers due to the use of non-crystal-
line precursors, where it is difficult to control the number of
layers of the product material during the reaction.

3.1.2.2 Hydrothermal or solvothermal method. Among the
various synthetic methods, the hydrothermal process is pre-
ferred by many researchers because it can achieve high surface
area, good-quality crystals and controlled morphological compo-
sition of the products. It is a growth method in which water and
organic and inorganic solvents are used as the reaction medium
dissolve the commonly used Mo and S precursor substances.
The reaction generally involves the crystallization of a material
under high pressure (1 MPa to 1 GPa) and high temperature
(100-250 °C) conditions from an aqueous and organic solvent.
This technique is very promising due to its safe and simple
operation, mild conditions, high purity, low pollution, low cost
and easy hybrid dispersion nature. The solvothermal synthesis
technique of 2D-MoS, basically requires the use of an organic/
inorganic sulfur source such as thioacetamide, thiourea and
KSCN, and sodium molybdate, ammonium molybdate, and
molybdenum trioxide as the Mo source. By controlling the reac-

However,
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tion temperature and time, the size, crystallinity and mor-
phology of the resultant 2D-MoS, can be modulated to some
extent.**”®” Muralikrishna and co-workers synthesized 2D
MoS, nanosheets with high catalytic activity via a facile hydro-
thermal approach, which exhibited superior electrocatalytic
HER activity.*® The sulfur source used was thiourea, which acts
as both a reducing agent and stabilizer, which stabilizes the
defect-rich MoS, nanosheets. Under hydrothermal conditions,
i.e., high temperature and high pressure, firstly Mo(vi) present
in MoOj; is reduced to Mo(iv) under the influence of excess
thiourea. Finally, the reduced Mo(wv) couples with the excess
thiourea and undergoes a nucleation process and is converted
to MoS, nanoparticles, which then grow into defect-rich
nanosheets. The use of ammonia during the reaction procedure
has a great advantage over the stacking of MoS, nanosheets and
facilitates the production of thin nanosheets very easily. In
another study, Swain et al. prepared crumpled-type exfoliated
MoS, nanosheets under simple one-step hydrothermal con-
ditions. It was also observed that without the inclusion of any
surfactants, the hydrothermal technique is also responsible for
the production of highly efficient morphological-oriented struc-
tured MoS, nanosheets.®® In this regard, Swain et al. designed
rose-like MoS, nanoflowers by employing a facile hydrothermal
technique using only water as the solvent. The as-obtained
MoS, exhibited like a rose-like nanoflower structure with a dia-
meter of 500-800 nm. During hydrothermal treatment from the
precursor salt solutions of Mo and S, firstly the MoS, nano-
particles self-aggregate and undergo a reduction in surface
energy and get converted into partially monodispersed isolated
MoS, microspheres. Under a prolonged hydrothermal process
with an increase in temperature, petal-like nanosheets of MoS,
are grown on the surface of the MoS, spheres, thus displaying a
hierarchical rose-like MoS, nanoflower morphology.”® Several
studies have also reported that the introduction of the com-
bined effect of both defects and S-vacancy results in superior
catalytic activity. Li et al employed a facile hydrothermal
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method for the synthesis of multilayered MoS, nanosheets in
N,N-DMF using (NH,4),MoS, as both the Mo and S precursors.
The as-obtained MoS, consisted of point-defect S-vacancies
together with coordinated Mo regions, which reduced the free
energy of hydrogen adsorption during the HER.”!

3.2 Techniques for the synthesis of MoS,-based 2D/2D
heterostructures

The fabrication of MoS,-based 2D/2D heterostructure compo-
sites with controllable nanostructured properties is a great
challenge in the current research scenario. The techniques for
the synthesis of MoS,-based 2D/2D heterostructures are
broadly categorized into two classes: (a) ex situ synthesis
method and (b) in situ and one-pot synthesis method.**®
Among the various reports in the literature, only a few are dis-
cussed in the following section.

3.2.1 Ex situ synthesis method. The ex situ synthesis
method is also known as the “self-assembly method”, which
plays a great role in the fabrication of MoS,-based 2D/2D hetero-
structure composites. In this technique, two individual pre-syn-
thesized 2D layered materials undergo the ex situ assembly
method. The pre-synthesized components are synthesized
through (i) exfoliation from their bulk samples through
mechanical or chemical methods, (ii) solid-phase grinding, (iii)
liquid-phase ultrasonic adsorption, (iv) hydrothermal treatment,
and (v) calcination. Subsequently, each pre-synthesized 2D
material is manually stacked through weak van der Waals inter-
layer interaction via the self-assembly process give rise to 2D/2D
layered heterostructures. In ex situ-mediated 2D/2D hetero-
structure composites, the photo/electrocatalytic activity is
mainly attributed to their interlayer distance and orientation of
the superposition lattice of each 2D-2D material.>**>*>

View Article Online

Nanoscale

It should be noted that in some cases, a single 2D material
can be directly exfoliated from its bulk under the action of some
solvent and exfoliation treatment, whereas in some cases, the
neat material can be prepared from its molecular precursors
directly. For example, Xiong et al. fabricated a 2D/2D MoS,/CdS
heterojunction by employing an adsorption-calcination process,
as shown in Fig. 4a. This method involved the preparation of neat
2D-MoS, from its commercial bulk counterpart through exfolia-
tion, whereas neat CdS was prepared through the solvothermal-
precipitation route followed by exfoliation to get an ultrathin
nanosheet structure. Then, the two above-prepared neat materials
were mixed through the adsorption process via sonication, and
then further subjected to a calcination process (Ar atmosphere),
which facilitates the close contact between the two components.®”
Similarly, Jeong et al. fabricated a black phosphorus (BP)@MoS,
2D/2D nanocomposite by mixing as-exfoliated BP and MoS,
through the ball milling method followed by high energy ultra-
sonication.”> Meanwhile, another type of 2D/2D nanojunction
was constructed through the direct assembly strategy followed by
the reflux method, in which MoS, nanosheets with 6 to 8 layers
were prepared through a simple solvothermal method followed
by exfoliation strategy, whereas Bi,WO, nanosheets were prepared
through a hydrothermal method, which were then dispersed in
NMP (N-methyl-2-pyrrolidone) solvent via sonication followed by
reflux. The large and close 2D/2D contact surface of the Bi,WOs/
MoS, heterojunction is favorable for interfacial charge transfer. In
heterojunction materials, the abundant reductive active sites and
high electron conductivity are mainly dependent on the con-
trolled S-Mo-S layer of MoS, nanosheets, which look like curled
edges. It was observed that the controlled curled edges of MoS,
possess a larger interlayer spacing (0.702 nm and 0.685 nm) com-
pared to that of bulk MoS, (0.61 nm).””
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Fig. 4 (a) Strategy for the fabrication of MoS,/CdS heterojunctions. Reproduced with permission.®? (b) SEM and (c) HRTEM images of ZnIn,S,;/MoS;
composite. Reproduced with permission.®® (d) Optical image and (e) side-view diagram of Bi,Ses/MoS, heterostructure, (f) charge redistribution rep-
resentation of the interlayer region and the interlayer coupling and (g) interlayer coupling with interlayer separation by O, molecule of Bi,Ses/MoS,.

Reproduced with permission.®®
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In addition, ex situ strategies are also regulated through ball
milling and the mechanical grinding method. Li et al devel-
oped a 2D/2D C3;N,/MoS, heterojunction photocatalyst with a
stable intrinsic crystal structure via a simple mechanical grind-
ing method. They mixed an appropriate amount of commercial
MoS, and g-C3N, and put it on ball grinder for mechanical
operation.”® However, good interfacial contact was also achieved
through the electrostatic self-assembly approach, considering
the zeta potential value of each neat material. By following this
strategy, Huang et al. designed a sheet-on-sheet 2D/2D ZnIn,S,/
MoS, heterostructure, in which MoS, nanosheets were well con-
nected with ultrathin sheets of ZnIn,S,. Briefly, initially, both
pristine materials have negatively charged surfaces with a zeta
potential value of —23.8 mV and —45.7 mV for the MoS, and
ZnIn,S, nanosheets, respectively. However, after treatment with
poly(diallyldimethylammonium chloride) (PDDA), the negative
surface of the MoS, nanosheets in the aqueous dispersion
changed became positive with a zeta potential value of
+36.5 mV. After the modification, strong electrostatic attraction
occurred between the negatively charged ZnIn,S, and positively
charged PDDA-MoS,, which provided the necessary condition
for the development of a 2D/2D heterostructure with an inti-
mate contact interface for efficient charge separation and
migration. The sheet-on-sheet structure with large contact inter-
face and individual clear fringes for neat MoS, and neat
ZnIn,S, in the 2D/2D ZnlIn,S,/MoS, heterostructure is presented
in Fig. 4b and c, respectively.”

Besides the above-mentioned methods, the transfer process
in which a single 2D material originates from the CVD method
is also treated as an ex situ method for the direct configuration
of 2D/2D van der Waals heterostructures. Wang et al. developed
a method for the direct growth of MoS, on h-BN by employing
an ex situ path. The MoS,/h-BN van der Waals heterostructure
was prepared through a two-step poly(methyl methacrylate)
(PMMA)-assisted transfer approach. The method involved the
direct transfer of CVD-grown MoS, to a new SiO,/Si substrate
containing h-BN to achieve a 2D/2D heterostructure.®® It was
noted that for the synthesis of more active 2D/2D van der Waals
heterostructures, parameters such as the interlayer separation
distance and stacking lattice orientation should be optimized.
Therefore, Hennighausen et al. tuned the interlayer through the
intercalation and deintercalation of diffusive atmospheric
oxygen molecules. By regulating the atmospheric oxygen, the
interlayer coupling in the 2D/2D Bi,Se; heterostructure could be
reduced under laser or thermal energy. The synthetic method
involved the initial growth of an MoS, monolayer followed by the
growth of Bi,Se; on top of it through vapour phase chalcogeniza-
tion and vapour phase deposition, respectively. The successful
uniform and regular growth of one layer of Bi,Se; on one layer of
MoS, crystal on SiO, and the strong van der Waals epitaxial
structure were clearly observed from the optical image (Fig. 4d)
and sideview diagram (Fig. 4e), respectively. The DFT calcu-
lation, as shown in Fig. 4f and g, predicted the uniform charge
redistribution in the interlayer region. The relatively small-sized
0O, molecules are easily intercalated in the interlayer region, as
predicted by DFT calculation (Fig. 4g), which facilitates charge

This journal is © The Royal Society of Chemistry 2021

View Article Online

Review

separation by tuning the interlayer coupling, thus making the
material electronically independent.”® Subsequently, Biroju and
coworkers accomplished the synthesis of sequentially stacked
atomic layers throughout the development of an MoS,/graphene
van der Waals solid through the wet transfer CVD method. In
this case, a single layer of graphene was grown on three-four
atomic layers of MoS, by mixing and matching various layers,
resulting in a transparent flexible electrode, and its efficacy in
the HER was demonstrated.®”

3.2.2 In situ synthesis method. In addition to the ex situ
approach, an alternative technique has been implemented,
which is commonly known as the “in situ growth method”, for
the fabrication of MoS,-based 2D/2D heterostructures. The
methods for the in situ growth of MoS,-based 2D/2D hetero-
structure may be (i) a one-step growth method or multistep
transformation approach, in which the direct growth of one 2D
layered material occurs on the surface of primarily synthesized
2D-MoS, substrates or vice versa through various techniques
such as wet chemical synthesis, chemical vapor deposition
method (CVD), and nanoconfinement methods. (ii) Direct
growth of MoS,-based 2D/2D heterostructure composites. The
experimental studies indicate that in some cases, during the
synthesis of 2D-MoS,-based 2D/2D heterostructure, firstly,
anions from the Mo source, i.e., MoS,>~ and MoQ,>”, are gen-
erated and adsorbed on the other 2D material, and then
reduced to MoS, upon the addition of the S source under heat
treatment. Generally, epitaxial growth and direct growth are
the two approaches employed for the in situ growth of 2D/2D
heterostructures. From a number of experimental surveys, it
has been deduced that among the various synthetic tech-
niques, the CVD and wet chemical synthesis methods are the
commonly used methods, resulting in distinct types of conta-
gious interfaces together with potential catalytic application
depending on the interface.>®%>%

For the CVD technique, a substrate and a volatile substance
are required, in which one pre-synthesized 2D material is
employed as the 2D substrate on which the volatile substances
are exposed so that the other 2D materials can easily react or
decompose for the growth of 2D/2D heterostructures. When
the reaction is complete, volatile byproducts are produced,
which are removed from the reaction system with the help of a
gas flow. This is the most promising technique for the syn-
thesis of hybrid materials based on the 2D/2D
architecture.>®> Moreover, it has been observed that during
the growth process, given that the precursors of both 2D
materials coexist in the vapor phase, there may be a cross-con-
tamination issue with the various elements present in the as-
fabricated 2D/2D heterostructure. However, this issue can be
mitigated through the two-step CVD growth strategy, in which
two 2D composite layers are synthesized in two separate steps
and the growth process on a metal substrate is found to be
more effective. This method offers high-quality 2D/2D TMD
heterostructures together with a pure phase, resulting in versa-
tile applications in various fields.

Zhai et al. developed 2D-van der Waals heterostructures
using NiTe,/MoS, through a two-step in situ CVD growth
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method. The as-fabricated heterostructure possessed a better
heterointerface and enhanced electronic and optoelectronic
performances, which were found to be three orders greater
compared to that of single 2D-MoS,. The epitaxial growth of
the van der Waals heterostructure is mainly attributed to the
similar hexagonal symmetry of both 2D layered materials. In
this case, firstly, by using the low-pressure chemical vapour
deposition (LPCVD) strategy, MoS, monolayers are grown on
SiO,/Si substrates. It should be noted that the LPCVD method
is easier and much more beneficial for designing high crystal-
line monolayer MoS, with a clean and triangular surface. After
the formation of triangular MoS,, it is employed as a substrate
for the growth of an NiTe, layer, resulting in an NiTe,/MoS,
van der Waals heterostructure, in which the bottom MoS, layer
and upper NiTe, thin film layer are vertically stacked with each
other through weak van der Waals forces (Fig. 5a). Fig. 5b
depicts the two-step CVD growth procedure for the synthesis of
the MoS,/MoTe, heterostructure. The vertical heterostructure
of NiTe, on the monolayer of MoS, is depicted in the SEM
image in Fig. 5c. According to the AFM image (Fig. 5d), the
thickness of the upper NiTe, and bottom MoS, is 5.20 nm and
0.85 nm, suggesting the formation of five and single triple-
layers comprised of NiTe, and MoS,, respectively.’®
Furthermore, it has been demonstrated that vertical bilayers
with the strongest interlayer coupling and shortest interlayer
spacing can be obtained based on the twisted stacking angles
with equivalent crystallographic alignment in van der Waals
heterostructures, such as A-A or A-B-type stacking. Due to this
type of modulation in the interlayer coupling, the hetero-
structure exhibits superior optical and electrical properties,
i.e., it facilitates the interlayer transfer and migration of charge
pairs, thus reducing the charge recombination more efficien-
tly. Zhang et al. reported the epitaxial growth of an MoS,/WS,
heterostructure, in which MoS, films were grown on top of
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WS, through a two-step CVD growth approach in the A-A and
A-B stacking fashion. The top and side atomistic views of the
heterostructure are presented in Fig. 5e. In this case, MoS, is
nucleated at the edges of WS, in a triangular shape with only
0° and 60° orientations with respect to the bottom WS, layer,
maintaining the most stable A-A and A-B stacking configur-
ations, respectively. According to the Raman spectra study, the
A-B stacked bilayers had a strong lower breathing frequency
mode than the A-A stacked bilayers, which possessed a shorter
interlayer distance and stronger interlayer coupling.®®

Further, Shi and co-workers designed a vertically stacked
van der Waals heterostructure via the temperature-mediated
selective growth of 2D-MoS, on 2D-WS, and vice versa using Au
foil as the substrate material in the two-step CVD method."*
Briefly, as shown in Fig. 5f, in the first step, the individual
monolayer MoS, or WS, was grown on Au foil from its precur-
sor element (MoO; or WOj3, respectively) under a low-pressure
CVD method. In the second step, the as-prepared MoS,/Au or
WS,/Au samples were subjected to further heat treatment in a
furnace in the presence of the corresponding metal precursors
for the subsequent preparation of the 2D/2D MoS,/WS, hetero-
structure. The uniform distribution and vertical growth of
MoS, or WS, (triangular domain) on WS,/Au or MoS,/Au were
clearly observed from the SEM images (Fig. 5¢ and h), respect-
ively. In contrast, Lee et al. proposed a novel method for the
direct growth of MoS,/graphene using the CVD technique in
the presence of a UV/ozone-treated solid C-source, as illus-
trated in Fig. 5i. MoO; and sulfur powder were used as the
MoS, precursors, while for the growth of graphene, 1,2,3,4-
tetraphenylnaphthalene (TPN) was used as the precursor.
Firstly, an MoS, monolayer was prepared using the molten-
salt-assisted CVD method, resulting in the formation of an
MoS,/Si0,/Si substrate, on which the graphene layer was
grown. However, UV/ozone treatment of the spin-coated TPN
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Fig. 5 (a) Schematic illustration of the vertical stack and (b) two-step CVD growth process for NiTe,/MoS, heterostructure. (c) SEM image depicting

the vertical heterostructure of NiTe,/MoS, on an SiO,/Si substrate. (d) AFM images of vertical stacking region and interfacial region. Reproduced
with permission.®® (e) Atomic representation of vertically assembled A-A and A—B stacked (top and side views) MoS,/WS, bilayers. Reproduced with
permission.®® (f) Schematic diagram representing the two-step CVD growth process. (g) and (h) SEM images of WS,/MoS,/Au and MoS,/WS,/Au,
respectively. Reproduced with permission.'®° (i) Schematic representation showing the direct growth of graphene/MoS; heterostructure on SiO,/Si
substrate, (j) HRTEM image of graphene/MoS, heterostructure and (k) SAED image of MoS, monolayer (red circle) and graphene (white circle).
Reproduced with permission.1°*
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on MoS,/Si0,/Si substrate increased the interfacial adhesion
between the two layers, and the final growth of graphene
occurred under Cu vapor when Cu foil was placed on the TPN-
coated Mo0S,/Si0,/Si substrate, resulting in the formation of
the graphene/MoS, heterostructure. The successful growth of
graphene layers on the monolayer MoS, and sharp interface
between graphene and MoS, were confirmed from the cross-
sectional TEM image (Fig. 5j). Furthermore, the SAED pattern
(Fig. 5k) confirmed the clean diffraction spots for both MoS,
and graphene in the graphene/MoS, heterostructure,
suggesting that the 2D/2D heterostructure is suitable for appli-
cation in an ultrathin electronic device with high surface-sensi-
tive properties.'®*

Besides the CVD method, the in situ process for the syn-
thesis of 2D/2D heterostructures can also be mediated through
the hydrothermal technique. Ji et al. modified 2D-CeO, on
2D-MoS, nanosheets through an in situ facile hydrothermal
technique to design a new 2D/2D MoS,/CeO, heterojunction,
which possessed abundant reactive centers for degradation
reactions.'” Throughout the reaction, the Ce’" ions from
2D-CeO, generated sufficient oxygen vacancies by utilizing
photoexcited charge carriers and acted as redox centers. In
this case, firstly, 2D CeO, nanosheets were prepared via the
hydrothermal method followed by calcination, and then intro-
duced to the Mo and S precursors through the hydrothermal
process, resulting in the formation of 2D/2D MoS,/CeO,. The
morphological characterization via TEM and HRTEM of 2D/2D
MoS,/CeO, indicated that both 2D nanosheets were uniformly
combined, in which the 2D-CeO, nanosheets were located on
the 2D-MoS, nanosheets in a vertical and lateral fashion.
Furthermore, Yuan et al. developed face-to-face 2D/2D black
phosphorus (BP)/MoS, through the solvothermal method, in
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which MoS, nanosheets were homogeneously dispersed on the
surface of BP nanosheets. It was observed that the interaction
occurred between the precursors of MoS, and the oxygen
present in the exfoliated BP nanosheets, which exhibited a
large intimate contact interface and abundant exposed edges
for superior catalytic activity.'®

Besides the face-to-face heterostructure, the in situ synthesis
method is also responsible for the formation of highly efficient
2D/2D heterostructure materials with electrostatic interaction
between them. By combining electrostatic self-assembly chem-
istry with the in situ hydrothermal strategy, Nayak et al. con-
structed an MoS,/Ni-Fe LDH nanocomposite.'®* Particularly,
2D-MoS, nanosheets underwent a nucleation and growth
process on the edge-shared MOy octahedron site (positively
charged surface) provided by 2D-LDH, resulting in the for-
mation of 2D/2D MoS,/Ni-Fe LDH. The overall growth process
is governed through the electrostatic self-assembly and O,
vacancies in the LDH nanosheets, which effectively co-ordinate
with the Mo*" and S~ ions during the in situ hydrothermal
reaction. Interestingly, both the exfoliation of strongly bonded
positive layers of LDH and the growth of MoS, nanosheets on
the positively charged surface of the exfoliated LDH take place
in one step during the hydrothermal reaction. Swain et al.
developed a hierarchical structure with a 2D/2D contact hetero-
junction in which the crumpled sheets of MgIn,S, flowers
were covered with petal-like MoS, nanosheets through S-S lin-
kages at the interface.”® As illustrated in Fig. 6a, under hydro-
thermal treatment, the MoS, nanopetals derived from the
MoS, nanoflowers under ultrasonication mixed with the pre-
cursor salt solution (Mg, In, and S) of MgIn,S,, resulting in the
formation of an MoS,/MgIn,S, marigold flower-like mor-
phology. The resulting 2D/2D heterojunction is constructed in

r KM T

Fig. 6 (a) Schematic diagram showing the growth mechanism and (b) and (c) corresponding HRTEM images of MoS,/Mgln,S4 heterojunction
photocatalyst. Reproduced with permission.®® (d) Schematic representation of the fabrication of MoS,/MXene hybrids and (e) structural stacking pat-

terns and electronic band structure of MoS,/Mo,TiC,0,. Reproduced with permission.
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such a way that both neat counterparts are tightly joined with
each other in a zigzag face-to-face and face-to-edge contact,
providing a large number of exposed unsaturated S active sites
for the photocatalytic reaction. The TEM images (Fig. 6b and
c) of the MoS,/MgIn,S, heterojunction indicate the wrapping
of MoS, nanosheets around the micro-sized petals of the
MgIn,S, flowers.

Furthermore, highly active MoS,-based 2D/2D hetero-
structures can also be achieved via the partial replacement of S
in 2D-MoS, with another anion such as phosphide and
carbide having a similar atomic radius or the addition of S to
another non-MoS,-based material.'®®> 2D MoP/MoS, hetero-
structure nanosheets were constructed by Wu and coworkers,
in which the S present in MoS, underwent rational substi-
tution with P. Typically, MoS, nanosheets were evenly distribu-
ted and grown on CC cloth under hydrothermal treatment,
and then MoP was obtained on the MoS, nanosheet template
under phosphorization treatment. However, the partial re-
placement of S with P should be controllable so that a part of
the MoS, phase remains in the final product to maintain the
2D/2D MoP/MoS, sheet-like heterostructure. It was demon-
strated that the as-fabricated 2D/2D heterostructure possessed
rich active sites and good conductivity.'®® In another study,
Chen et al. designed a 2D MoS,-on-MXene heterostructure via
the in situ sulfidation of a molybdenum-containing 2D-Mxene
(Mo,TiC,T,) material (Fig. 6d). In the Mo,TiC,T, structure,
one layer of Mo atoms is present on the surface of the
Mo,TiC,T, MXene, and thus a part of the surface Mo-O
pattern can be controllably transformed into an Mo-S motif
on the MXene surface under in situ sulfidation, resulting in
the formation of an MoS,/Mo,TiC,T, heterostructure with inti-
mate interfacial interactions. The schematic mechanism
suggests that under the liquid mixing process, sulfur-incorpor-
ated MXene layers are initially derived, which are further sub-
jected to heating in an inert atmosphere, producing the final
product followed by the transformation of Mo-O to Mo-S and
removal of residual S simultaneously. The stable structural
and electronic properties of the resulting heterostructure were
depicted from the computational investigation, as shown in
Fig. 6e. According to the position of the Mo and S atoms in
MoS, with respect to O and Ti in Mo,TiC,0,, respectively, it
was deduced that the integration between MoS, and
Mo,TiC,0, resulted in enhanced conductivity, which is suit-
able for application in Li-ion batteries.'*®

3.2.3 One-pot synthesis method. The one-pot synthesis
method, also known as one-step synthesis, is another exciting
in situ advance technique used for the fabrication of 2D/2D-
based heterostructures. This process is more advantageous
over the two abovementioned methods, i.e., ex situ and in situ
synthesis methods, which proceed through two or more than
two complicated processes. Thus, the involvement of these
complicated steps limits the industrial utilization of the result-
ing hybrids. In contrast, the main advantage of the one-pot
technique is its time-saving behavior. In the one-pot method,
the precursor salt solutions of both 2D materials are combined
in one step, ie., the individual salt precursors are treated in
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one step, resulting in the formation of 2D/2D products.®>*"”
Zhang and coworkers reported the synthesis of an MoS,/
CdIn,S, 2D/2D flower-like heterojunction via a cost-effective
one-pot self-assembly hydrothermal method. The intimate
contact between MoS, and CdIn,S, nanosheets mainly orig-
inates from the electrostatic attraction developed between the
negatively charged MoS, surface with Cd and In ions in
CdIn,S, during the one-pot reaction.’®® Further, Fu and co-
workers reported a unique method to achieve strong interfacial
coupling between MoS, and g-C3;N, ultrathin van der Waals
layers, involving self-assembly followed by thermal treatment.
The reaction mechanism is illustrated in Fig. 7a. In this case,
initially, the molybdenum (Na,MoO,) and g-C3;N, (dicyandia-
mide) precursors undergo a self-assembly process in acid solu-
tion, resulting a layer-by-layer structure, which is then softly
ground with sodium sulphate solution to obtain a ground
mixture. Consequently, the layered complex is uniformly
coated on the Na,SO, crystal, which is subjected to thermal
processing, resulting in the formation of an ultrathin MoS,/
2-C3N, van der Waals layer heterostructure. Briefly, the MoS,
sheet originates from the reaction of MoO; with S via the
thermal reaction of either the surface sulphate radical, which
releases S or H,S, or the precursors of g-C;N,, whereas the
g-C3N, ultrathin layer is developed on MoS, due to the
polymerization of dicyandiamide. The DFT study revealed that
through the abovementioned synthetic method, strong elec-
tronic coupling is created between Mo of MoS, and the N atom
in g-C3N, in MoS,/g-C3N, which is highly beneficial for its
electrocatalytic performance.’® Similarly, Dong and co-
workers constructed an S-doped g-C;N,/MoS, 2D/2D face-to-
face heterojunction through the hydrothermal-polymerization
method, as depicted in Fig. 7b."*°

To date, the exploration of the one-pot CVD process for the
controlled synthesis of 2D/2D hybrid materials has rarely been
discussed although this method is very scalable, versatile and
time-saving. In the literature, only a few works have been
reported on the one-pot CVD method towards the synthesis of
hybrid materials. Yu and co-workers proposed a one-pot CVD
strategy for the successful fabrication of MoS, microflowers on
VS, microflakes by using suitable precursors on macroporous
carbon fiber paper as the substrate under atmospheric
pressure, and the reaction was performed in a one-tempera-
ture-zone furnace.''* The procedure for the fabrication of the
MoS,/VS, hybrid is schematically illustrated in Fig. 7c.
Typically, the metal precursors are positioned side-by-side,
whereas the S element is placed at an upstream position in the
quartz boat together with CFP in the middle of the furnace.
The uniform growth of the MoS,/VS, hybrids on the CFP was
achieved by increasing the temperature to 800 °C under the
flow of a gas mixture. The SEM images of the MoS,/VS, hybrid
at different magnifications (Fig. 7d-f) demonstrated the
uniform distribution and full coverage of MoS, on the VS,
microflakes. By modulating the temperature from low to high,
they predicted that the VS, nanoflakes are derived initially at a
lower temperature, and later with an increase in the reaction
temperature (high temperature), MoS, microflowers grow on

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 (a) Schematic illustration of the synthetic strategy for free-standing MoS,/g-CsN, vdW layers. Reproduced with permission.'°® (b) Schematic
representation of the synthesis of MCN nanocomposites via the hydrothermal-polymerization method. Reproduced with permission.*° (c)
Schematic diagram representing the one-pot CVD process for the preparation of the MoS,/VS; hybrid, (d—f) SEM images at different magnifications
observed for MoS,/VS, hybrid, (g—i) TEM images of the MoS,/VS, hybrid at different temperatures and (j) EDX colour elemental mapping of the

MoS,/VS; hybrid. Reproduced with permission.*'*

VS,. Fig. 7g-i illustrate the morphological evolution of the
MoS,/VS, hybrid at different temperatures. Depending on the
temperature, four primary chemical reactions occur, as illus-
trated by eqn (1)-(4). The successful synthesis and the near-
surface elemental distribution of the VS,/MoS, hybrid can be
clearly observed in Fig. 7j.

8Hy(g) + Sg(g) — 8H2S(), T =~ 150°C—180°C (1)

2VCly(5) — VClyg) + VCly), T =~ 270°C —300°C  (2)
2H,S(y) + VCl4(g) — VS5 + 4HCl(g), 3)
T = ~270°C —300°C

MoOjz(s) + 3H,S(g) — MO0S,(5) + S(s) + 3H,0, (a)
T =700°C — 750 °C

In addition to the abovementioned report, Woods et al. syn-
thesized an MoS,/WS,-based 2D/2D van der Waals hetero-
structure via one-pot CVD followed by metallic seed layer
growth under sulfurization treatment.""” It should be noted
that the transition between the vertical and horizontal struc-
ture can be controlled by controlling the thickness of the seed-
layer, and the horizontal orientation in the 2D/2D hybrid can
be derived by using a metallic seed layer thinner than 3 nm.
The authors demonstrated a horizontally oriented MoS,/WS,
stacked layered heterostructure by selecting a goldilocks metal-
lic seed layer with a thickness of 1 nm. The growth procedure
of MoS,/WS, involves the sequential magnetron sputtering of
W and Mo on an Si/SiO, substrate followed by sulfurization.
The completion of sulfurization was confirmed by the change

This journal is © The Royal Society of Chemistry 2021

in colour from blue to light green, which completely fulfils the
defined patterning of the MoS,/WS, film.

4. Emerging photo/electrocatalytic
applications of 2D-MoS, and MoS,-
based 2D/2D heterostructures

Considering the demand for nanomaterials towards energy
and environmental applications, 2D-MoS, serves as an excel-
lent material with important roles in the field of electrocataly-
sis and photocatalysis and contributes to energy production
such as hydrogen evolution, ammonia generation, and CO,
reduction. In terms of photocatalysis, on going from bulk 3D
structured MoS, to 2D MoS,, the band gap increases as it
changes from indirect to direct, thus decreasing the possibility
