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ABSTRACT

Two-dimensional (2D) transition metal dichalcogenides (TMDCs) are emerging as promising building blocks of high-performance
photocatalysts for visible-light-driven water splitting because of their unique physical, chemical, electronic, and optical properties.
This review focuses on the fundamentals of 2D TMDC-based mixed-dimensional heterostructures and their unique properties
as visible-light-driven photocatalysts from the perspective of dimensionality and interface engineering. First, we discuss the
approaches and advantages of surface modification and functionalization of 2D TMDCs for photocatalytic water splitting under
visible-light illumination. We then classify the strategies for improving the photocatalytic activity of 2D TMDCs via combination
with various low-dimensional nanomaterials to form mixed-dimensional heterostructures. Further, we highlight recent advances in
the use of these mixed-dimensional heterostructures as high-efficiency visible-light-driven photocatalysts, particularly focusing on
synthesis routes, modification approaches, and physiochemical mechanisms for improving their photoactivity. Finally, we provide
our perspectives on future opportunities and challenges in promoting real-world photocatalytic applications of 2D TMDC-based

heterostructures.
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1 Introduction

Solar energy conversion and storage is a worldwide problem
for the sustainable development of human society. Thus,
global efforts have been made towards the development of
renewable clean energy sources, to replace traditional fossil
fuels [1-3]. Artificial photosynthetic systems are among the
most promising of these strategies because solar energy is an
abundant and easily available natural energy source [1, 4].
Hydrogen production through solar water splitting represents
the ultimate goal in renewable energy research. Its efficiency
depends on the rational design of stable, efficient, and low-cost
photocatalysts with visible-light responsivity. In essence, the
critical problem lies in understanding photo-induced charge
kinetics, including charge generation under photoexcitation
(solar-light absorption), charge transfer to a catalyst surface
(charge separation/migration), and charge consumption for
redox reactions [5-8].

Traditional bulk photocatalysts such as simple oxides (e.g.,
Ti0»), sulfides (e.g., CdS), complex oxides (e.g., B.bWOs), and

nitrides still exhibit low conversion efficiency in the visible-
light range, mainly because of large bandgaps, low solar-light
absorption, sluggish carrier mobility, and/or high carrier
recombination rates [9]. It is well known that in addition to
composition and atomic arrangement, dimensionality plays a
critical role in determining the fundamental properties of
these materials. Two-dimensional (2D) ultrathin nanomaterials
are ideal candidates for constructing highly efficient photo-
catalysts because of their unique properties derived from
quantum size and surface effects [10-16]. Because of their
ultrathin planar structure and excellent optical properties, 2D
nanomaterials are excellent substrates or co-catalysts for loading
other nanoscale catalysts and improving photocatalytic activity
[17-19]. Ultrathin planes can decrease the transfer distance of
light-induced charges from the bulk to the surface for water-
splitting reactions. Because of the large surface area of 2D
nanomaterials, a large number of photons can be absorbed in
a remarkably short time under a low photon-flux density [19,
20]. Furthermore, their planar structure allows more surface
defects to appear because the atomic-escape energy becomes
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relatively small. In general, such architecture has the benefit of
permitting flexible modification or functionalization to
further improve photocatalytic activity [15].

Among 2D nanomaterials, transition metal dichalcogenides
(TMDCs) are able to complement or even surpass graphene
(zero band gap) in electronic and optoelectronic applications
because of their strong spin-orbit coupling and favorable
electronic and mechanical properties. TMDCs possess a
crystal structure consisting of an M layer sandwiched between
two X layers, where M is a transition metallic element (M =
Mo, W, V, Re, Ta, Ti), and X is a chalcogenide element (X =S,
Se, Te). Structural phases of monolayer TMDCs contain mainly
trigonal (1T, ABC stacking) and hexagonal (2H, ABA stacking)
phases according to atomic arrangement or stacking order
(Fig. 1(a)). In general, the 2H phase is thermodynamically
stable, whereas the 1T phase is metastable. A 2H/IT phase
transition can be realized via chemical (electron donation
from intercalation species) or physical methods (e.g., strain
effects) [21]. Their rich d electron configurations lead to
various electronic structures of 2D TMDCs [22]. Depending
on the composition and the number of layers, their electronic
structures can exhibit features including those of a semicon-
ductor (e.g., MoS;, WS,), semimetal (e.g., WTe, TiSe;), metal
(e.g., NDS, VSe), or superconductor (e.g., NbSe, TaS;) [23, 24].
In addition, they can exhibit a direct-to-indirect bandgap
transition when the thickness decreases. More importantly,
their electronic and optoelectronic properties can be flexibly
regulated via the layer stacking order, composition, and layer
number/thickness without requiring stringent lattice matching.
Compared with some traditional water-splitting photocatalysts,
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Figure 1 (a) Typical crystal structures and (b) spectral responses

(depending on the number of layers) of 2D TMDCs (MXz). Lattice vectors
and stacking orders of atomic planes are indicated. NUV, VIS, NIR, and
LIR represent near ultraviolet, visible, near infrared, and longwave infrared,
respectively. The monolayers of 2D TMDCs labeled in orange are stable
under ambient conditions (i.e. room temperature in air).
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most 2D semiconducting TMDCs exhibit proper band gaps and
can more efficiently convert solar energy [25, 26]. Experiments
and density functional theory (DFT)-based first-principle
calculations have demonstrated that 2D TMDCs are potential
candidates for H. evolution reactions because the Gibbs free
energy of adsorbed atomic hydrogen for TMDCs is close to
zero (e.g., +0.08 V for the MoS; edge) [26, 27]. In light of these
thickness-dependent properties, 2D TMDCs, especially some
stable layered semiconductors (e.g., WSz, WSez, MoS., MoSe,,
and MoTe:), are suitable building blocks for constructing
visible-light-driven photocatalysts (Fig. 1) [28, 29].

Similar to other 2D materials, pristine 2D TMDCs as
photocatalysts still face some challenges related to their
structure or properties because of easy restacking, sluggish charge
dynamics, and/or poor visible-light harvesting or conversion.
In addition, they face compromises in some related factors,
such as light absorption range versus redox potentials, and
active site versus conductivity. Therefore, it is necessary to
modify or functionalize 2D TMDCs. Fortunately, 2D TMDCs
offer a promising platform that allows creation of hetero-
structures with a variety of properties. In addition, the surface
functionalization of 2D TMDC:s is flexible and readily performed
under mild conditions, without pretreatments by the strong
acids or dangerous oxidizing agents that are usually used for
the modification of graphene [30-34]. In addition to the
planar edges of 2D TMDC:s, their inert basal planes can also
be (covalently) functionalized via liquid-phase exfoliation
(LPE) or direct mixing with some solvents. The principles
of surface functionalization comply with “click” reaction or
Lewis acid-base chemistry [32, 34, 35]. Compared with pristine
2D TMDC s, 2D TMDC-based heterostructures formed via
surface or interface functionalization can better meet the
demands of high-performance photocatalysts. They have
received widespread attention for photocatalytic applications
because of their exceptional properties including, but not limited
to, a sufficient potential to achieve overall water splitting, a
narrow band gap to harvest more visible photons, and good
stability against photo-corrosion.

The past decade has witnessed the successful development
of 2D TMDCs in photocatalysis. Although several articles
have reviewed strategies for surface functionalization and
interface modulation of 2D TMDC:s at the atomic or molecular
level for various energy applications [5, 25-27, 36-39], a com-
prehensive overview on the recent remarkable progress in
2D TMDC:s for visible-light-driven photocatalysis, especially
for application in high-efficiency solar water splitting through
regulation of the dimensionality and interface of 2D TMDC-
based heterostructures, is still lacking. To fill this gap, the
present review focuses on constructing 2D TMDC-based
mixed-dimensional heterostructures, including mainly zero-
dimensional (0D)-2D, one-dimensional (1D)-2D, and 2D-2D
systems, and some complex three-dimensional(3D) hierarchical
hybrid structures, which are also divided into the aforementioned
types. First, we outline developments in 2D TMDCs and their
pros and cons as building blocks of semiconductor photo-
catalysts for solar water splitting. Next, we discuss in detail
the physiochemical mechanisms, varieties, and advantages
of 2D TMDC-based heterostructures as visible-light-driven
photocatalysts for water splitting from the perspective of
energy band alignment. Note that we have avoided elaborating
the physical and chemical properties and synthesis methods of
pristine 2D TMDCs and their nanocomposites because several
representative review articles have already documented these
aspects [40-43]. Instead, we summarize the applications of
mixed-dimensional heterostructures in photocatalytic water
splitting under visible-light irradiation, and we especially
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highlight the synthesis methods and modification approaches
used for improving the photoactivity of 2D TMDCs. Finally, we
provide our opinion on the future development and challenges
of 2D TMDC-based heterostructures. Because of a dramatic
increase in studies and publications in this active field, this
review may not be able to include all relevant results that have
been published in the past.

2 Principle of 2D TMDC-based photocatalytic
water splitting

Photocatalytic water splitting is performed via energy transition
from solar power to chemical energy with a large positive
change of AG® = 237 k]/mol for the Gibbs free energy [44, 45].
Ideal photocatalysts should possess proper electron energy
structures for strong photo-absorption over a wide range of
the solar spectrum. Moreover, they should have high charge
mobility, suitable Fermi levels, high stability, and robust
photo-corrosion resistance for maximum solar-light conversion
efficiency [46]. For higher quantum efficiency, improving the
solar-light absorption is necessary, which can be tuned via
control over the doping density, defect levels, local excitonic
effects, and structural responses. Furthermore, the adsorption
of light can be modified by the environment or by external
fields, such as electric fields, optical fields, magnetic fields,
temperature, and pressure, which can be correspondingly
classified into all-optical, electro-optic, thermo-optic, magneto-
optic, acousto-optic, and mechano-optical modulators [47].
Despite being atomically thin, many 2H-phase TMDCs can
interact strongly with visible light in the solar spectrum (Fig. 1(b)).
The interaction between light and 2D TMDC:s can be described
using the absorption coefficient (a(hv)),

a(hv) o< YPugv(Ei)gc(Es) (1)

Equation (1) implies that light adsorption is related to the
excitation probability (P12) of an electron from its initial
state, E, to its final state, Ez, and the electron densities, gv(E:)
and gc(Ez), in the two states. A monolayer MoS; can absorb
approximately 10% of vertically incident light at excitonic
resonances (615 and 660 nm) because of its direct bandgap
structure. Furthermore, its total absorption can be further
improved via combination with other layered nanomaterials to
form van der Waals (vdW) heterostructures [48]. In addition to
light adsorption, other properties, such as carrier concentration,
mobility, and optical bandgap are readily regulated through the
influence of the substrates around them [49, 50]. For example,
plasmon-phonon coupling between 2D materials and polar
substrates forms new mixed states such as plasmon-phonon-
polaritons [10]. As such, interface engineering is frequently used
to optimize the light absorption and behavior of charge carriers
in 2D TMDCs [25].

The band gap energy (E;) of a photocatalyst determines the
light absorption range, whereas the positions of conduction
band (CB) and valence band (VB) edges together determine
the redox potentials [51]. Proper photocatalysts should
possess E; >1.23 eV (i.e., edge wavelength of absorption A <
1,000 nm). For an effective visible-light-driven photocatalyst,
when the light absorption and the redox potentials of charges
are considered, a band gap of 1.23-3 eV is needed [25]. The
band structure is just a thermodynamic requirement, whereas
other factors such as overpotential, charge separation, mobility,
and lifetime will strongly affect photoactivity [45, 51].

Water splitting using pure 2D semiconductors is involved in a
first-step photoexcitation system. It faces a series of challenges in
balancing several factors, such as VB/CB levels, light-harvesting
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capability, electron-hole separation efficiency, and surface
reaction rate. In the charge transfer process via one-step
photoexcitation in photocatalysts, heavy recombination occurs
between electrons and holes via strong Coulomb forces.
Consequently, a small portion of the remaining charges can
participate in water splitting at the catalyst—electrolyte interface
with certain catalytic active sites [52]. These active sites stem
from structural defects located at low-coordinated sites, such
as edges, terraces, kinks, and/or corner atoms [5, 21, 53].
Currently, most photocatalysts hardly realize overall water
splitting, and each half reaction requires the addition of
sacrificial reagents. Compared with H, evolution, the release
of diatomic O is challenging because there are four electrons
and four protons involved in the eventual formation of an
O-0 bond. The alternative pathway is based on a stepwise two-
electron/two-electron process (2H.O — H, + H.O»; 2H,O, —~
2H,0 + O3). This route may be a viable and effective approach
because the second step is exothermic (AG = 106.1 kJ/mol),
requiring an overpotential lower than in an endothermic
process.

Pristine 2D TMDC:s as photocatalysts possess fewer electrons
or holes available for photochemical reactions and exhibit
significantly faster kinetics (10-100 ns) for charge recombination,
compared with hybrid photocatalysts (100 ns-several ms) [54].
Furthermore, some contradictions cannot be easily overcome
by pristine 2D TMDCs, even after simple functionalization,
such as elemental doping [55]. For example, narrow-bandgap
semiconductors are more likely to harvest visible light (43%
of solar spectrum) but lead to a high probability of recom-
bination of photo-generated electron-hole pairs. In addition, the
energy positions of their band edges are frequently incompatible
with the redox potentials of H.O [56]. By contrast, hybrid
heterostructures, as photocatalysts composed of multiple
integrated functional components with different dimensionalities,
can make full use of the advantages of each component while
overcoming their drawbacks at the same time [57]. Therefore,
hybrid photocatalysts can meet various rigid demands, which
may include increasing light absorption, promoting separation
and transportation of charge, enhancing redox catalytic activity,
and prolonging functional life-time [58, 59].

One of the preconditions for constructing effective 2D TMDC-
based heterostructures is proper energy alignment between
the co-catalysts and main catalysts or between the main
catalysts. This is called energy band engineering, which opens
up promising routes toward the flexible design and
optimization of electronic and optoelectronic properties [60].
Based on the type of majority charge carriers in semiconductors,
2D TMDCs can be divided into p-type semiconductors and
n-type semiconductors. The p-n heterojunctions are viewed
as the most challenging yet effective photocatalytic materials
[61] because their special structure can generate a space
charge region, which stems from the depletion of electrons
from the n-type semiconductor and holes from the p-type
semiconductor near that region. The space charge region
generates an electrostatic field that can facilitate the transport
of electrons and retards the recombination of photo-generated
electron-hole pairs [62]. From the point of view of energy
band alignment, 2D TMDC-based heterostructures can be
classified into Z-scheme systems, Schottky junction systems,
type I heterostructure systems with a straddling gap, and type II
heterostructure systems with a staggered gap (Fig. 2). Type 1I
semiconductor heterostructures are beneficial for the formation
of an indirect exciton, where the electron is located in one 2D
material and the hole in another 2D material [63]. On the
other hand, compared with type II and other types, Z-scheme
systems can mimic a natural photosynthesis system. Photocatalysts
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(c)

based on a Z-scheme system can increase light harvesting and
can have spatially separated reductive and oxidative active sites
and well-preserved strong redox abilities [64, 65]. By contrast,
other types of heterostructures compensate for the spatial
separation of carriers via a decrease in redox abilities.

3 Strategies for constructing 2D TMDC-based
heterostructures

The critical task in the construction of proper heterogeneous
photocatalysts is determining and implementing a way of
effectively regulating the thermodynamic and kinetic processes
of photo-generated charges. General strategies include
structural defects (e.g., S vacancies), doping, adsorbed organic
molecules for sensitization, and hetero-combination with other
low-dimensional nanomaterials, which are involved in energy
band engineering and morphology or interface engineering
(Fig. 3).

These strategies are performed in an attempt to obtain a
better balance between related factors affecting photocatalytic
activity. For example, the active sites of 2D nanomaterials stem

Figure 3 Schematic illustrations of typical strategies for improving the
photoactivity of pristine 2D TMDCs by (a) defects engineering, (b) heteroatoms
doping, (c) organic molecules adsorption, and hetero-combination with
(d) 0D, (e) 1D, and (f) 2D nanomaterials. Taking the surface functionalization
of 2D MoS:; as an example, cyan, yellow, red, gray, blue, white, pink, dark
blue, and green balls represent the Mo, S, O, C, N, H, P, Pt, and Ti atoms.
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from structural disorders such as dislocations and vacancies,
while they can lead to electron scattering and combination
between electrons and holes. Simple surface modifications can
hardly lead to the construction of ideal photocatalysts (Figs. 3(a)-
3(c)), even though they do improve to some extent the
photoactivity of pristine 2D TMDCs. For example, introducing
dopants (e.g., cobalt and nickel ions) into a MoS. framework
can improve the catalytic activity of basal planes by increasing
the density of unsaturated atom sites or other structural defects.
These methods adjust the CB and band gap and enhance the
water reduction reaction and conductivity. However, it is difficult
to subtly regulate the position of the VB for O, evolution [66].
Similarly, organic dyes as sensitizers mainly provide additional
light-harvesting capability via a push-pull effect between
the donor and acceptor, and improve the chemical stability of
2D TMDC s [67]. However, organic dyes easily suffer from
degradation and adjust the redox potentials of 2D TMDCs only
slightly towards satisfactory performance [68].

Moreover, conventional sensitized dyes need to be regenerated
by electron-donor agents (e.g., ethylenediaminetetraacetic acid
or triethanolamine) to close the catalytic cycle. For example,
compared with MoS, modified by organic molecular dye
sensitizers, dye molecules-MoS,-graphene and dye molecules-
MoS;,-g-CsNy (g-CsNy = graphitic carbon nitride) exhibit better
visible-light activity for photocatalytic water splitting [67, 68].
In a previous review article, we systemically summarized
the strategies for regulating structure-property relationships
based on elemental doping, creation of defects (e.g., vacancies)
or specific facets, and combination with dyes as sensitizers for
visible-light-driven photocatalytic water splitting [5]. However,
given their intrinsic limitation, the following discussions are
focused mainly on 2D TMDC-based mixed-dimensional
heterostructures, specifically on 0D-2D, 1D-2D, and 2D-2D
heterostructures (Figs. 3(d)-3(f)). Such 2D TMDC-based
heterogeneous photocatalysts incorporate a separate light
absorber material and a co-catalyst [69], providing more
possibilities for effectively regulating photoactivity and other
measures of performance. Based on the materials involved,
heterogeneous photocatalysts can be divided primarily into
semiconductor—co-catalyst heterostructures, semiconductor-metal
heterostructures, semiconductor-semiconductor heterostructures,
and semiconductor-non-metal heterostructures [69-72].

3.1 0D-2D nano-heterostructures

In heterostructures, 0D nanomaterials are usually used as
co-catalysts. They can promote charge separation by accepting
electrons or holes from light-harvesting 2D TMDC:s. In addition,
they can provide more active sites for reduction or oxidation
reactions, enhance overall stability, reduce activation energy
for surface chemical reactions, and suppress side or back
reactions [73-75]. In addition to the component and
dimensionality/microstructure (e.g., core/shell), size effects of
co- catalysts, from nanoparticles to single atoms, can flexibly
regulate photoactivity [76-78], mainly because the electronic
properties, structural stability, and exciton generation of 0D
semiconductors are dependent on their size, shape, and
composition when subjected to photoexcitation. For example,
when their size is smaller than the Bohr radius (e.g., ~ 18 nm
for PbS, ~ 46 nm for PbSe, and ~ 5 nm for CdSe), they can
harvest light energy in the visible and infrared regions of solar
light [78].

0D-2D hybrid systems can create synergies in photo-
catalytic activity. Typically, 0D metal nanoparticles as co-catalysts
can enhance the absorption of nearby 2D TMDCs through
two potential types of mechanisms. The first type is a dipolar
oscillation of all electrons in the metallic nanostructure, which
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induces strong absorption of electromagnetic energy because
0D metallic nanostructures can act as plasmonic antennas for
efficient light harvesting and concentration [79]. The other
type is surface plasmon resonance (SPR) of 0D metal nano-
materials, which can greatly enhance the local optical field,
especially in gap regions between the 0D metal nanomaterials
[80]. As a result, the SPR of the 0D metal nanomaterials (e.g.,
nanoparticles) enhances the light absorption and photocatalytic
activity of 2D TMDC:s as supporting materials [81]. In addition,
0D-2D hybrid systems can enhance charge separation by
transferring photo-excited electrons from metal nanoparticles
to the CB of 2D TMDCs via the formation of a Schottky
junction [82]. Carriers formed by surface plasmon polaritons
(SPPs) possess lower energies than those by SPR, and have a low
probability of crossing the potential interface barrier [83].

In a 0D-2D hybrid system, metal nanoparticles act as
electron sinks and as conductive “wires” for accelerating
electron transfer or charge separation. Electrons can be injected
into the CB of 2D TMDCs. The process is quite important for
wide-bandgap semiconductors, which can improve the redox
abilities of photo-generated charges because, to some extent,
this process overcomes the limitation of energy alignment. 2D
TMDCs may promote electron-hole separation, provide active
sites, and act as substrates for suppressing the aggregation
of 0D nanoparticles [84, 85]. However, in some cases, metal
nanomaterials as co-catalysts can catalyze the recombination
of H; and O: into water, leading to a loss in overall efficiency.
Therefore, it is necessary to add effective recombination-
blocking materials, such as acid-tolerant SiO,, MoOx, or CrOx,
to prevent the facile reverse reaction [86-88]. In general, the
combination of 0D nanomaterials and 2D TMDCs can allow
flexible tuning of charge transfer at their interfaces. Consequently,
this combination provides additional active sites for photochemical
reactions to decrease overpotential. Moreover, these hybrid
materials can better realize energy level matching between
donor and acceptor materials, and use solar energy in a more
effective way [78].

3.2 1D-2D nano-heterostructure

1D nanostructures have the smallest dimension for efficient
transport of electrons and optical excitation because they
have a long axis for the absorption of incident sunlight but a
short radial distance for the separation of photo-generated
charge carriers [89, 90]. Compared with 0D nanoparticles, 1D
or 2D nanostructures generally have higher mobility and
lower charge-recombination rates [91]. Because of their large
length-to-diameter ratios, 1D nanomaterials can be more
easily separated and recycled after finishing photoreactions.
1D-2D heterostructures can fully integrate the merits, and
mitigate the drawbacks, of the single units, such as the low
surface area of 1D nanowires and the restacking of 2D
nanosheets. They may enable novel functions, which are not
available to each of the components [89, 92]. Highly conductive
1D nanomaterials, such as carbon nanotubes and carbon
nanofibers, can be used as electron shuttle mediators or
excellent electron acceptors, to improve electron transfer and
decrease the recombination rate of charge carriers [93]. 1D
nanomaterials with mesoporous architectures possess large
surface areas and expose adequate active sites. Thus, such
materials are good candidates for the construction of 1D-2D
hybrid photocatalysts [94, 95].

3.3 2D-2D nano-heterostructure

A plethora of opportunities become available when several 2D
crystals are held together in one vertical stack by vdW forces
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because they allow a far greater number of combinations than
any traditional growth method. For example, the growth of
2D-2D heterostructures is flexible without the requirements
of lattice matching and processing compatibility. The vdW
gaps in 2D-2D heterostructures can be treated as 2D nano-
scale spacing that can change the microenvironment of active
sites via confinement effects (i.e., geometric constraint and
confinement field). Consequently, catalytic reactions in such
confined spaces exhibit faster kinetics than in an open system
[96, 97].

For hetero-photocatalysts, the interface is the most important
factor in determining performance [98]. Compared with
0D-2D and 1D-2D heterostructures, 2D-2D hybrid systems
exhibit better coupled interfaces, which can significantly
improve photoactivity. The formation of an intimate interface
between two types of 2D nanomaterials favors exciton
dissociation due to the formation of a built-in potential, thus
improving the photocatalytic quantum efficiency. Intimate
interfaces can occur between 2D nanomaterials, even when
they suffer from a lattice mismatch. The large contact areas in
2D-2D vdW heterostructures can better promote the transfer
and separation of electron-hole pairs. In addition, their redox
potentials can be readily regulated to match the overall water
splitting reactions via the integration of a hydrogen evolution
photocatalyst and/or an oxygen evolution photocatalyst in a
flexible way. 2D-2D heterostructures are beneficial for the
improvement of stability because of the alleviation of photo-
corrosion and agglomeration.

4 Applications in visible-light-driven water
splitting

As mentioned before, pristine 2D TMDCs as photocatalysts do
not easily meet the stringent demands of ideal photocatalysts,
for example, there is a need for better balance between the
wide light absorption range and the high redox potentials [59,
99, 100]. The plane edges and point defects in TMDCs easily
suffer from significant photocorrosion, and some single-layer
TMDCs are unstable even at room temperature [101]. For
example, single-layered titanium sulfide (TiS.) nanodisks can
be oxidized by water and oxygen to form titanium oxide [102].
Moreover, research studies have shown that photocatalytic
stability is anisotropic for exfoliated single- and few-layer
MoS; immersed in water [101, 102]. Thus, the basal plane of
MoS:; is stable under photocatalytic conditions, but the edge
sites are highly affected by photoinduced corrosion processes.
In addition, pristine 2D TMDCs undergo substantial charge
recombination on the surface because of a lack of sufficient
driving force for separating photo-generated charge carriers
[59, 100, 103]. In contrast, engineering heterostructures
via the combination of 2D TMDCs and low-dimensional
nanomaterials is more effective for improving stability and
photocatalytic performance [26, 38, 104]. For example, MoS;
nanosheets can be modified using Ag;PO4 and TiO; to form
3D hierarchical semiconductor composites, which exhibit
better anti-photocorrosion than pure MoS. nanosheets [57].
2D TMDC:s as cocatalysts can also improve the photostability of
other catalysts through the timely consumption of photo-
generated charges, particularly holes. A hybrid photocatalyst
composed of WS, nanosheets and CdS nanoparticles exhibits
better photostability and photoactivity than those of pure CdS
nanoparticles [28]. Therefore, generally, hybrid heterostructures
can better suppress charge recombination, facilitate charge
separation, provide additional photovoltage to drive the surface
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reaction, and suppress the photocorrosion of semiconductors
via efficient charge extraction. Next, we will highlight mixed-
dimensional heterostructures based on 2D TMDCs and other
low-dimensional nanomaterials.

4.1 0D-2D hybrid heterostructures for water splitting

Different size/shape tunable plasmonic noble metals and
semiconducting nanomaterials remain as the leading inorganic
catalytic materials. Based on the principle of excitation and
charge transfer, metal-semiconductor hybrid photocatalysts
can be broadly divided in two categories: 1) either metal or
semiconductor is photoactive, or 2) both of them are photo-
sensitized and absorb solar light. Generally, 0D-2D hybrid
heterostructures belong to the latter group, mainly because of
the narrow band gap of 2D TMDCs.

For 2D TMDOGC:s, active sites or facets with higher surface
energies are not only beneficial for chemical adsorption and
dissociation of water but also enhance electron scattering
because these active sites usually stem from structural disorders
or structural defects [105]. The crystal defects in the bulk part
of the material can accelerate the recombination rate of
photo-generated electron-hole pairs. Such a challenge can be
overcome via the combination of 0D nanomaterials and 2D
TMDCs to form nano-heterostructures [106]. The catalytic
activity of 0D nanomaterials strongly depends on preparation
methods and support materials (Table 1). For example, their
crystalline facets with high work functions can accumulate
photo-excited electrons via spatial separation owing to their
varying charge density [107]. It should be noted that not all
2D nanomaterials can offer an appropriate work function
for combining with 0D nanomaterials to form nanoscale
heterostructures.

In 0D-2D hybrid heterostructures, the 0D nanomaterials
may be transition metals, noble metals, transition metal oxides,
and/or transition-metal sulfides (Table 1). They usually, but
not always, act as co-catalysts for providing sites for water
oxidation and/or reduction, and preventing the combination
of electrons and holes [63]. 0D metal compounds with d° ions
(Ti, Zr, Nb, and Ta) and d' ions (Ga, In, Ge, Sn, and Sb)
exhibit activities involved in the overall water splitting
reaction [108]. 0D noble metal nanoparticles can act as visible
light absorbers and thermal redox active centers because of
local surface plasmon resonance (LSPR), which can signifi-
cantly improve overall photoconversion efficiency via direct
electron transfer, local electromagnetic field enhancement, or
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resonant energy transfer [109-111]. Generally, LSPR includes
many plasmon modes, such as dipole plasmon mode,
quadrupole mode, and considerably higher plasmon modes.
For photocatalytic applications, LSPR refers primarily to the
dipole plasmon mode (Fig. 4), which arises from collective
in-phase oscillations of the free electrons of metals with the
incoming electric field. This phenomenon is dependent on the
size, shape, and environment of 0D noble-metal nanoparticles
and is used to improve the absorption of low-energy photons
and form plasmonic “hot electron” injection without changing
the bandgaps of the semiconductors.

Two or more noble metal nanostructures can lead to an
SPR-coupling effect, which can greatly enhance the localized
electromagnetic field. In general, the SPR effect of Au or Ag
nanoparticles (NPs) leads to a higher absorptivity of visible
light and enhances the conversion of resonant photons in the
visible-light region into energetic electrons. The results are
ascribed to charge redistribution, which shifts the Fermi level
of 2D semiconductors as substrates. Different from Au or Ag
NPs, Pt NPs with a larger work function can absorb scattered
light in the near-field of the dielectric surfaces of the support
materials and boost the formation of electron-hole pairs [112].
In return, the 2D TMDCs provide the 0D nanoparticles with a
local dielectric environment that strongly affects their plasmonic
near-field and consequently regulates photocatalytic activity. For

Electron cloud

Metallic nanostructure

Electric field

Figure 4 Schematic illustration of LSPR for a plasmonic nanosphere.
LSPR represents localized surface plasmon resonance.

Table 1 Typical 0D-2D hybrid heterostructures as visible-light-driven photocatalysts for water splitting
Sample Main synthesis methods Roles of 2D TMDCs Light source Hz (mmol/(g-h))  Ref.
Au multimer@MoSs Seed-mediated and hydrothermal Mz_im catalyst f.or 300 W Xe lamp (A = 530 or 04 or 1.04 (113]
methods exciton generation A =630 nm)
Monolayer WS,-CdS Wet-chemical method Active sites 300 W Xe lamp (A > 420 nm) 1.98 [119]
Monolayer MoS,-CdS Wet-chemical method Active sites 300 W Xe lamp (A > 420 nm) 1.47 [119]
WS2/CdS Impregnation and calcine Cocatalyst 300 W Xe lamp (A > 420 nm) 0.2 [162]
Cr NP-MoS: NS A solution-based method Decouphng light 300 W Xe lamp (A > 420 nm) 38 [123]
absorption
Ag NP-MoS; NS A solution-based method Decouphng light 300 W Xe lamp (A > 420 nm) 107 [123]
absorption
CdS@MoS: Hydrothermal method bRed.ucmg energy 300 W Xe lamp (A = 420 nm) 1.72 [134]
arrier, active sites
MoS/black TiO: Solid-state chemical reduction, Active sites 300 W Xe lamp (A > 420 nm) 0.56 (163]
calcination
MoS,/Mo,C/CdS Hydrothermal method Active sites 300 W Xe lamp (A > 420 nm) 34 [164]
WS2/ZnInaSa Liquid exfoliation route and Cocatalyst, active sites 300 W Xe lamp (A > 420 nm) 2.55 [165]

post-annealing process
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example, under the same excitation light, the strength of the
near-field gradually increases from Au monomer to dimer, and
then to oligomer, because the in-phase couplings of Au oligomer
produce a stronger near-field enhancement (Fig. 5(a)). More light
energy can be stored in the inter-particle gaps at long wavelength
(630 nm) than at short-wavelength (325 nm) because of the
LSPR peak of the Au NPs. Furthermore, the highest photocurrent
(under light illumination at a wavelength of 325 nm) can be
obtained in Au multimer@MoS, samples because of better
electron-hole separation performance (Fig. 5(b)). Similarly, under
illumination of light with a wavelength of 530 or 630 nm, Au
multimer@MoS, samples exhibit the best hydrogen gas yields,
compared with those of Au monomer@MoS, and pure MoS,,
mainly because of the enhancement of light absorption and the
improvement of exciton generation and dissociation (Figs. 5(c)
and 5(d)) [113].

Even though the LSPR of 0D noble metal nanostructures
can strongly boost the generation of hot electrons toward
photocatalytic reactions [114], the high cost of noble metals
restricts large-scale practical applications. Recently, theoretical
studies have predicted that heavily-doped semiconductors
(e.g., WOs-, Cuz-S, and MoOs-) can exhibit indirect plasmonic
absorption, which is ascribed mainly to collective charge
oscillation on the metal-chalcogenide surface propagated by
numerous anion vacancies within the crystal lattice [115, 116].
Such an effect has been observed in hybrid photocatalysts of
MoS2/MoO: and MoS:@TiO:. For example, a Schottky junction
of MoS:/MoO: has been formed via calcination. The LSPR
effect from MoO:; is induced by oxygen vacancies and proper
Fermi level positions. Consequently, the LSPR effect results in
a broad spectral response and a significant improvement in
exciton generation and dissociation. The Schottky heterostructure
exhibits a 242% increment in H, production compared to that for
MoS; nanosheets [117]. A nonmetal plasmonic MoS,@TiO:
heterostructure has been synthesized via carefully controlled
anodization, physical vapor deposition, and chemical vapor
deposition processes. The heterostructure exhibits the
morphology of laminated MoS; in conjunction with TiO
nanocavity arrays. It can adsorb a wide spectral range, from
ultraviolet-visible (UV-vis) to near-infrared (NIR) wavelengths.
Moreover, it exhibits superb photocatalytic activity with an H»
yield rate of 181 mmol/(g-h) because of the facilitated electron
transfer pathway and appropriately tuned energetic position of
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Figure 5 (a) Top views of electrical field distribution in Au monomer@MoS,,
Au dimer@MoS$;, and Au multimer@Mo$; under different excited wavelengths.

(b) Photocurrent density-time curves (A = 325 nm) and (c) and (d) photocatalytic

H evolution rates (A = 530 and 630 nm) of MoS: spheres, Au mononer@Mo$;,

and Au multimer@MoS,. Reproduced with permission from Ref. [113], ©

Elsevier B.V. 2016.
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the conduction band [118].

LSPR can overcome the limitations of traditional
semiconductor materials that comply with energy alignment.
However, there is a high potential barrier that limits hot-
electron transfer at the heterostructure interface. The interface
effect depends on the synthesis method. For example, the
photocatalytic activity of MoS. or WS, deposited chemically
on CdS is much higher than that of a mechanical mixture of
MoS: or WS; and CdS [119, 120]. 2D layered TMDCs exhibit
strong molecular intra-layer bonds but weak interlayer bonds
[121]. This structure leads to highly anisotropic properties, for
example, crystallographic orientation-dependent charge separation.
That is, different crystal planes exhibit varying photon-to-
current conversion efficiencies [122]. Generally, the energy
alignment, crystallographic orientation, and interface contact/
binding are the main factors that determine the photoactivity
of 0D-2D heterostructures [123].

Transition-metal oxides, transition-metal sulfides, and their
composites, such as NiS,, WS,, CoO, and CoP, have been used
to partly or completely replace noble-metal nanomaterials.
They are highly active, durable, and earth-abundant co-catalysts
[124-128]. Incorporated P in transition metals can act as base
sites, trapping positively charged protons, lowering the binding
energy of hydrogen, and restricting electron delocalization in
the metal [127]. Transition-metal sulfides as co-catalysts are
beneficial for H, release because the surface-adsorption free
energy of hydrogen on transition-metal sulfides can be near
zero [125, 128]. For example, MoS: is a promising alternative
to platinum for promoting photocatalytic hydrogen reactions
on hexagonal ZnIn,S, [129]. An atomic-level 2D heterostructure
of MoS, quantum dots (QDs) at the S vacancies (Vs) on the
Zn facet in monolayered ZnIn,S: (Vs—M-ZnIn,S:) has been
obtained via chemical exfoliation (lithium intercalation and
ultra-sonication) and hydrothermal reaction (Fig. 6(a)). The
lithium intercalation process leads to the construction of S
vacancies in Vs-M-ZnIn:S: nanosheets. The S vacancies as
electron traps, which prevent vertical transmission of electrons,
enrich electrons on the Zn facet and result in a highly efficient
interface with low contact resistance. The presence of MoS,
QDs on the S vacancy of Vs-M-ZnIn,S; can be beneficial
for the transportation of charge carriers. The heterostructure
exhibits a higher photocurrent than that of Vs-M-ZnIn,S.
or bulk ZnIn,S, (Fig. 6(b)) because the atomic level Zn-S
heterointerface allows photo-generated electron transfer from
Vs—M-ZnIn,S: to MoS, QDs (Fig. 6(c)). In addition, this
heterostructure exhibits more efficient atomic utilization,
controllable charge flow; and an excellent photocatalytic hydrogen
evolution activity of 6.884 mmol/(g-h), which is much higher
than that of bulk ZnIn,Ss (Fig. 6(d)).

Because of their ultrathin planes, 2D TMDCs can act as
effective supports for the anchoring of other semiconductor
nanoparticles to avoid coalescence and agglomeration of the
semiconductors. This is beneficial for maintaining the activity and
stability of the photocatalysts. For example, the combination
of CdS nanomaterials and TMDC nanosheets can form p/n
junctions, which exhibit enhanced performance towards
photocatalytic hydrogen production under visible-light irradiation.
In this system, a decrease in thickness of TMDCs will further
improve photocatalytic hydrogen evolution because more
active sites become exposed [119]. For example, monolayers
of MS, (M = W or Mo) have been selectively grown on the
Cd-rich (0001) surface of wurtzite CdS nanocrystals via a
facile one-pot wet-chemical method. The WS;-CdS and
MoS,-CdS nanohybrids exhibit better performance in terms of
hydrogen evolution rate (1.98 and 1.47 mmol/(g-h), respectively)
than that of pure CdS (0.12 mmol/(g-h)) [119]. In addition,
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Figure 6 (a) Schematic presentation of fabrication of MoS: QDs@Vs—
M-ZnIn,Ss. (b) Transient photocurrent responses of bulk ZnIn,Ss (blue
curve), Vs—-M-ZnIn:Ss (green curve), and 2MoS: QDs@Vs-M-ZnIn,Sa
(red curve). (c) Band alignment of 2MoS; QDs@Vs-M-ZnIn:S.. (d) Recycling
H: evolution tests of Vs—-M-ZnIn:Ss (green line) and 2MoS, QDs@Vs—
M-ZnIn,S; (red line). Here, M0S:QDs@Vs-M-ZnIn,Ss nanocomposites with
different amounts of MoSQDs were labeled as xMo0S;QDs@Vs-M-ZnIn,Ss;
Vs-M-ZnlIn,Ss represents the S vacancies on a Zn facet in monolayered
ZnIn,Ss. Reproduced with permission from Ref. [129], © American Chemical
Society 2018.

after simple functionalization (e.g., element doping and
structure defects), either main catalysts or co-catalysts can
further improve photocatalytic properties [130, 131]. The
main reason is that surface functionalization allows precise
control of the surface electronic states. For example, metal
atom-doped MoS; nanosheets synthesized via hydrothermal
reactions exhibit better stability, hydrogen production efficiency,
and photocatalytic activity, with a hydrogen production rate
of 2.695 mmol/(g-h) [131]. The presence of S vacancies and O
atoms in MoS. nanosheets can reduce the energy barrier for
H, evolution and improve electric conductivity. Therefore, the
photoactivity of CdS nanocrystals can be further improved via
combination with defect-rich 2D MoS$; as an effective co-catalyst
for photocatalytic H» production [132]. After defect-rich
O-incorporated 1T-MoS: nanosheets are combined with CdS
nanorods via hydrothermal reactions, the resulting material
exhibits an extraordinary photocatalytic H, production rate of
132.4 mmol/(g-h) under visible light (A > 420 nm) [133]. The
heterostructure of irregular CdS nanospheres hybridized with
oxygen-incorporated defect-rich MoS. ultrathin nanosheets
exhibits a quantum yield of ~ 22% at 420 nm and an H, generation
rate of ~ 17.2 mmol/(g-h) under visible light, which is much
higher than that of CdS (~ 0.36 mmol/(g-h)) or 3 wt.% Pt/CdS
(~ 1.17 mmol/(g-h)). The defects in the MoS; nanosheets,
including S atoms on the exposed plane edge, provide additional
active sites, whereas the incorporation of O atoms leads to a
decrease in the band gap. Therefore, such structural defects
reduce the energy barrier for H, evolution and improve the
electrical conductivity of MoS.. In addition, intimate interfaces
between the CdS irregular nanospheres and defect-rich MoS,
ultrathin nanosheets allow high-efficiency charge transfer and
prevent the recombination of electron-hole pairs [134].

Other non-noble-metal or metal-free nanomaterials, including
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elemental semiconductors (e.g., silicon, red phosphorus, black
phosphorus), conjugated polymers, hexagonal boron nitride,
g-CsNy, carbon nanotubes, graphene quantum dots, graphene
oxide (GO) quantum dots, and their element-doped types, have
been widely used in photocatalytic water splitting [135-137].
Most conductive carbon nanomaterials (e.g., carbon nanotubes
and graphene) are zero-bandgap and non-photoactive materials.
However, their band gaps can be opened via size modulation
and chemical modification, thus destroying their symmetry.
For example, nitrogen-doped graphene-oxide quantum dots
deposited with Pt exhibit high activity for H, generation with
12.8% of quantum vyield under visible light irradiation (A =
420 nm). GO with a tunable band gap dependent on the
amount of O atoms can facilitate an oxygen evolution reaction.
However, GO suffers from photochemical reduction, and thus
its photoactivity decays [138]. For GO semiconductor, nitrogen
doping extends the resonant m-conjugation to prolong the
charge lifetime. Sulfur doping can break the electron neutrality to
facilitate charge transfer [139]. Generally, metal-free nanomaterials
are used to combine with other 2D semiconductors to improve
their photoactivity [140-142]. For example, the combination
of g-C:Ni and transition-metal sulfides can significantly
decrease the Gibbs free energy of H. adsorption, improve the
separation efficiency of photo-generated carriers, and produce
more reaction-active sites [143]. Carbon quantum dots (CQDs)
can reduce the band gaps of semiconductor materials so that
more reactive oxygen species can be generated by light [144].
A strong interaction between semiconductors and CQDs can
stabilize the interface and facilitate the charge transfer process.
Hence photocatalytic performance is enhanced [145].
Compared with binary TMDCs, ternary chalcogenides (e.g.,
CuGa$; and Cd.Zn,-S) and quaternary chalcogenides (e.g.,
Cu2ZnSnS,) exhibit higher photocatalytic activity and stability
against photo-corrosion [146, 147]. For example, ZrSeS and
HfSeS monolayers exhibit higher carrier mobility than that of
ZrSe and HfSe [148]. A sandwiched S-Mo-Se structure (Janus
SMosSe) fabricated via the reaction of one Se layer of monolayer
MoSe; with vaporized sulfur demonstrates better performance
than that of pure MoS; or MoSe: in terms of the hydrogen
evolution reaction (HER) because of the presence of strain
and defects [148, 149]. In addition to their composition,
changes in spatial structure of 0D nanomaterials can result
in completely different properties and functions [86]. For
example, core/shell nanoparticles exhibit controllable properties
which can be regulated via changes in either the constituting
materials or the core-to-shell ratio [150]. Because of the
coating of the shell material, the properties of the core particle
can be modified to improve the overall stability, photocatalytic
reactivity, and dispersibility of the hybrid photocatalysts.
Recently, the size of 0D photocatalysts, especially in extreme
situations, has been attracting research interest in the field of
photocatalysis [151]. For example, single-atom photocatalysts
can realize the maximum utilization of atoms in a catalytic
reaction because of the coordinatively unsaturated state of
the active center and its stable coordination with the support
[152]. In hybrid photocatalysts, the size of 0D nanomaterials
varies from quantum dots over clusters and molecules down
to single atoms. Both theoretical and experimental results
have demonstrated that a decrease in size is beneficial for
improving photoactivity and/or selectivity because it enhances
light-harvesting, charge transfer dynamics, and surface reactions
of a photocatalytic system. For 2D layered materials as
supports or substrates, single atoms may be embedded into
the defects of supports, act as dopants to replace surface atoms,
or bond with surface atoms of 2D layered materials [153]. In
this review article, single-atom photocatalysts mainly refer to
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the last case, namely single atoms anchored on the surface of
2D TMDCs. A decrease in size from a nanocrystal to a single
atom can effectively regulate atomic and electronic structures
and active sites [154]. A suitably small particle size allows more
active sites to be exposed and benefits the transfer of photo-
generated charges from other photo-excited semiconductors
to surface reaction sites. Thus, the recombination probability
is decreased [155]. Systems of single atom/2D materials are
mainly nanocomposites of metal atoms and g-C;Ns, graphene,
graphene oxide, or metal-organic framework materials [156,
157]. In particular, singly dispersed metal atoms anchored
on N/C-based materials (e.g., graphene, graphene oxide, and
g-CsNy), referred to as M-N-C nanomaterials, have been the
most extensively investigated [158-161]. However, 2D TMDCs
are rarely used to construct single-atom hybrid photocatalysts;
therefore, more attention should be paid to this in future
research.

4.2 1D-2D hybrid heterostructures for water splitting

1D material systems are regarded as the smallest-dimension
structures for efficient transport of electrons and optical
excitation [166]. The possible structures of 1D-2D hybrid
heterostructures are shown in Fig. 7(a). Small-size 2D nanosheets
can grow vertically or wrap the surface of relatively large-size
1D nanomaterials, whereas small-size 1D materials adhere to
the surface of 2D materials. The morphology of vertically
aligned 2D nanosheets on 1D nanomaterials leads to the
exposure of almost the entire surface and maximizes active
sites at the edges for photocatalytic reactions [167].

In terms of charge separation and transfer, 1D-2D hybrid
heterostructures possess more advantages than 0D-2D hybrid
heterostructures because of their large contact area. Similar to
0D nanomaterials, 1D nanomaterials can effectively prevent
the aggregation of 2D nanomaterials and act as co-catalysts to
enhance the photoactivity of 2D nanomaterials. For example,
porous TiO» nanowires have been coated by MoS; nanosheets
via a hydrothermal method, forming a 0D-2D hybrid
heterostructure with a shell-core nanostructure (Fig. 7(b)).
TiO, nanowires, as a robust substrate, allow MoS; nanosheets
to present more active sites at their plane edges. After the
incorporation of Eosin Y, the heterostructure of MoS: nanosheet/
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Figure 7  (a) Schematic illustration of 1D-2D hybrid heterostructures. (b) Mor-
phology characterization of MoS; nanosheet/TiO> nanowire heterostructures
and (c) photocatalytic hydrogen evolution rates of different photocatalytic
systems. Reproduced with permission from Ref. [168], © The Royal
Society of Chemistry 2014.

porous TiO. nanofiber exhibits high activity under visible
light because of dye sensitization. As shown in Fig. 7(c), this
heterostructure catalyzes the hydrogen evolution reaction at a
rate of 16.7 mmol/(g-h) [168]. Via a simple hydrothermal
reaction, MoS, nanosheets can be made to vertically stand on
CdS nanowires. This structure provides MoS; nanosheets with
a high exposure of active edge sites and increases the charge
separation and transfer rate. The best photocatalytic H»
evolution rate (9.73 mmol/(g-h)) is obtained when MoS; is
loaded at 10 wt.%, and a quantum yield of 60.3% at 420 nm
can be reached [167].

Other 1D-2D hybrid heterostructures (Table 2), such as
MoS: nanosheet/TiO, nanofiber [169], 2D hierarchical MoS,
nanospheres on 1D CdS nanorods [170], and CdS nanowire/
CdIn,Ss nanosheets [171], all exhibit enhanced photocatalytic
activity for water splitting compared with their single com-
ponents or units. For example, MoS, nanosheets grown on the
surface of TiO» nanowires with intimate contact can enhance
electron transfer and improve structural stability [169]. The
main reason is that such 1D/2D structure maximally exposes

Table 2 Typical 1D-2D hybrid heterostructures as visible-light-driven photocatalysts for water splitting®

Sample Main synthesis methods Roles of 2D TMDC Light source H: (mmol/(g-h)) Ref.
TiO2 NW/MoS: NS Hydrothermal method Co-catalyst, active sites 300 W Xe lamp (A > 420 nm) 16.7 [168]
TiO2 NF/MoS: NS Hydrothermal method Active sites 300 W Xe lamp (A > 420 nm) 0.49 [169]
Inducing defect states
Zn1-»Cd:S/D-ZnS(en)os Solvethermal synthesis excitation, broadening the ~ 300 W Xe lamp (A > 420 nm) 15.45 [172]
light absorption spectrum
. Co-catalyst,
CdS/MoS, Hydrothermal reaction . . 300 W Xe lamp (A > 420 nm) 9.73 [167]
active edge sites
. Enhancement of visible
CdS/MoS. Hydrothermal synthesis light absorption 100 W Xe lamp (A > 420 nm) 11.85 [170]
MoS,/TiO2 Hydrothermal treatment Electron mediator and 350 W Xe lamp (A > 420 nm) 0.075 [173]
transporter
MoS,/TiO2 Hydrothermal method Cocat:lleycstt;;;ipp ng 300 W Xe lamp (A > 420 nm) 10.04 [174]
Solvent mediated, surface .
CdS NW/CdIn.Ss NS . R Main catalyst 300 W Xe lamp (A > 420 nm) 0.823 [171]
reaction-driven growth route
CdS/CoMoSs Cation exchange method Active sites 300 W Xe lamp (A > 420 nm) 0.2 [175]
WS$,/CdS Chemical exfoliation Active sites, sacrificial 300 W Xe lamp (1 > 420 nm) 1141 [176]

electron donor

*NP, nanoparticle; NS, nanosheet; QD, quantum dot; NW, nanowire; NF, nanofiber. D and en in D-ZnS(en)os represent defect-rich and ethylenediamine,

respectively.
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the active edge sites of 2D materials. As a result, the synergetic
effect between MoS; nanosheets and TiO: nanofibers leads to a
high photocatalytic hydrogen production rate of 0.49 mmol/(g-h).
On the other hand, a 1D/2D heterostructure of Zn,.Cd.S/
D-ZnS(en)os (en = ethylenediamine) has been fabricated via
a one-pot synthesis method (Fig. 8(a)). Because of effective
interfacial and interior carrier separation, this heterostructure
possesses superior photoactivity after further optimizing the
molar ratio of Cd/(Cd + Zn) to 0.24. 1D ZnosCdosS nanorods
uniformly adhere to 2D D-ZnS(en)os nanosheets. The hetero-
structure exhibits certain stability (Fig. 8(b)), and the photo-
activity is slightly degraded even after six consecutive runs
[172]. The hybrid heterostructure has an Ha evolution rate of
15.45 mmol/(g-h) under visible light irradiation (Fig. 8(c)).
Meanwhile, a type II heterostructure of CdS nanowire/CdIn,Ss
nanosheet has been synthesized by a new solvent-mediated,
surface reaction-driven growth route. The heterostructure has
better photocatalytic activity (0.823 pmol/(g-h)) for H. production
than that of CdIn,Ss nanosheets (145 pmol/(g-h)) or CdS
nanowires (84 pmol/(g-h)), mainly because of its large specific
surface area, efficient optical absorption, and facile separation
of charge carriers [171].

4.3 2D-2D hybrid heterostructures for water splitting

Using vdW forces to construct 2D-2D heterogeneous
photocatalysts offers an alternative low-energy material-integration
approach. In general, 2D-2D heterogeneous photocatalysts
include vertical (out-of-plane) and lateral (in-plane) 2D
junctions [177]. The former is more frequently used in con-
structing highly effective photocatalysts. The reason is that the
interfaces of semiconductor-based hybrid photocatalysts signifi-
cantly affect photoactivity [178]. The small contact area at the
interface of co-catalyst/semiconductor cannot effectively generate
an electric field. Compared with 0D-2D and 1D-2D hybrid
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heterostructures, vertical 2D-2D hybrid heterostructures possess
larger interface area, which is beneficial for the efficient capture
of light energy and interfacial charge separation [179, 180].

Artificially stacking 2D-2D heterostructure is a flexible
route for designing photocatalysts, involving only changes in
composition and layer sequence without stringent lattice-
matching requirements (Table 3) [181]. For example, with
graphene used as a substrate, MoS; and WSe> monolayers can
be well aligned in a symmetry- equivalent orientation, even
though MoS./graphene and WSe./graphene exhibit a lattice
mismatch of > 20% [182]. Strong covalent bonds provide
in-plane stability to 2D crystals, whereas relatively weak vdW
forces are sufficient to keep the stacking nanosheets together
[183]. Furthermore, charge redistribution and induced structural
changes may occur between neighboring (and even more
distant) crystals in the stack, which can strongly affect the
surface or interface reactions. Because of non-passivated edge
states (imbalance charges), the energy band structure of
2D-2D heterostructures would change at the edges. This is
similar to surface/interface band bending in conventional
3D materials [184]. For example, in MoS,-WS, vdW hetero-
structures, N-doping raises the edge band, whereas P-doping
leads to a decline of the edge band [184].

For 2D-2D vdW heterostructures with large intimate
interfaces, the main synthesis methods include ultrasonic
absorption [185], hydrothermal method [186, 187], electrostatic
self-assembly [188], and chemical vapor deposition [189].
Because of the special structure of 2D-2D vdW heterostructures,
their interfaces between neighboring 2D layers or between 2D
overlayers and substrate surfaces can effectively regulate the
microenvironment around the active sites and activate the
inert plane (without any dangling bonds) via confined effects
[96, 97]. The confined effects can be observed in 2D nanospaces,
where some reactions are faster than in open systems. It is
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Table 3 Typical 2D-2D heterostructures as visible-light-driven photocatalysts for water splitting®

Sample Type Main synthesis methods Light source H: (mmol/(g-h)) Ref.
2H-MoS:/1T’- MoS: Type I Exfoliation, thermal annealing 200 W Hg lamp (A > 400 nm) 1.5 [192]
WOs/ZnInyS4 Z-scheme Hydrothermal, calcination 300 W Xe lamp (A > 420 nm) 2.2 [204]
MoS;-graphene/ZnIn,S Z-scheme Hydrothermal 300 W Xe lamp (A > 420 nm) 4.17 [196]
CdS/MoS: p-n Ultrasonic adsorption 300 W Xe lamp (A > 400 nm) 1.75 [185]
CdS/MoS; p-n Sonication 300 W Xe lamp (A > 420 nm) 140 [205]
ZnIn,S4/MoSe: — Electrostatic self-assembly 300 W Xe lamp (A > 400 nm) 6.45 [203]
MoS,/ZnIn,Ss — In situ self-assembly 300 W Xe lamp (A > 400 nm) 8.90 [104]
MoS;-graphene/ZnIn,Ss — Hydrothermal reaction 300 W Xe lamp (A > 420 nm) 4.17 [196]
g-C3N4/MoS; — Impregnation/sulfidation 300 W Xe lamp (A > 420 nm) 0.02 [206]
g-C3sN4/ZnIn,Ss Type I Hydrothermal 300 W Xe lamp (A > 420 nm) 2.78 [207]
MoS./Bi12017Cl2 — Vigorous stirring/reflux 300 W Xe lamp (A > 420 nm) 33 [208]
ZnIn:S4/Mo$; — Solvothermal process 300 W Xe lamp (A > 420 nm) 0.08 [209]
Vs-ZnIn,S4/WOs3 Z-scheme Lithiation reaction 300 W Xe lamp (A > 420 nm) 11.09 [210]
*1T°-MoS$,, quasi-metallic M0S»; Vs-ZnIn,Ss, sulfur-vacancy-confined-in ZnIn,Ss; —, the data are not available.

well known that in addition to the active sites, the microen-
vironments around the active sites are equally important for
catalytic performance in heterogeneous catalysis. 2D TMDCs
over other 2D materials, or vice versa, can strongly affect the
physicochemical properties. For example, the surface of 2D
MoS: is covered by a high-K dielectric material, which can
significantly improve the mobility via suppression of Coulomb
scattering [190]. In addition, a 2D cover can help stabilize active
sites and modulate chemistry at these sites [191] because the 2D
nano-spacing weakens adsorption energy for surface reactions.
Because of confinement effects, the surface chemistry and
catalysis are strongly modulated by 2D covers. Typical 2D-2D
vdW heterostructures include conductor-semiconductor (e.g.,
reduced graphene oxide-CdS), semiconductor-semiconductor
(e.g., CdS/MoS:), and their mixtures (e.g., MoS,-graphene/ZnIn,S)
[185, 188,192, 193].

The most typical examples of conductor-semiconductor
2D-2D vdW heterostructures are semiconductor/graphene vdW
heterostructures. The potential of graphene (-0.08 V, pH = 0)
is normally lower than the conduction-band potential of
semiconductor photocatalyst. Thus, electrons transfer from
the semiconductor to the graphene surface, which improves
the electron-hole separation. Graphene can enhance light
absorption to produce heat and create a unique photothermal
effect around the photocatalyst surface. However, the loading
amount of graphene needs to be carefully optimized because
overloading graphene leads to light-shielding effects, significantly
suppressing the light absorption of the photocatalysts [36].
The large specific surface area of graphene is also beneficial
for providing a greater number of active sites. Graphene as
a 2D cover can regulate the microenvironments of 2D
semiconductors in spite of weak vdW forces between them. For
example, the conduction-band potential of a semiconductor
can be shifted by combination with graphene [71, 181, 194].

Interface effects play a critical role in heterocatalysis. In
particular, the built-in electric fields or the space charge layer
in these stacks can split the excitons and suppress charge
recombination [100]. For example, 2D MoS: has negligible
photocatalytic activity due to insufficient charge separation,
even though bulk MoS; has an indirect absorbance edge at
~ 1,040 nm [186, 195]. When p-type MoS. nanoplatelets are
deposited on n-type N-doped reduced graphene oxide (n-N-rGO)
to form a p-MoS/n-N-rGO heterostructure, the photocatalytic
activity toward H production is significantly improved. This is
achieved in the wavelength range from UV through NIR light.

The main reason is that the p-n junction can significantly
enhance charge generation and suppress charge recombination
[186]. The addition of other nanocrystal semiconductors, metals,
or photosensitizers on/in 2D-2D heterostructures can further
improve their photoactivity [196, 197]. Such complex material
systems can be well understood using the three types of
heterostructures discussed previously.
Semiconductor-semiconductor vdW heterostructures are
constructed using mainly 2D oxides or sulfides as building
blocks [198]. This is a viable way of relieving aggregation,
increasing optical absorption, and improving photocatalytic
efficiency. Most semiconductors cannot produce high activity
for H, evolution without a co-catalyst, even in the presence of
a sacrificial electron donor. To some extent, the presence of
co-catalysts can prevent the recombination of electron-hole
pairs and accelerate surface reactions [199]. Stacking
monolayer 2D materials on top of each other is similar to the
intercalation of layered exotic species into the vdW gap of
layered materials. Intercalation can lead to a decoupling state
for layered bulk materials. For example, an interlayer spacing
expansion of 7% in MoS: has been reported to be sufficient
for decoupling adjacent MoS. mono-layers, causing each
MoS; monolayer in the composites to behave similarly to a
freestanding MoS. monolayer [200]. The intercalation of
exotic species into bulk or multi-layer TMDCs can cause a
transition from indirect-gap to direct-gap semiconductors and
decoupling of the interlayer interaction. DFT calculations
show that MoS,/MoSe:/MoS; tri-layer heterostructures induce
a direct bandgap of 0.69 eV, where the valence band maximum
(VBM) at the K point is mainly from the MoSe: layer. The
conduction-band minimum (CBM) at the K point is attributed
mainly to the MoS, layer [142]. Such a band structure is
favorable for the separation of electron-hole pairs [201].
Semiconductor-semiconductor vdW heterostructures can
realize efficient separation and transfer of charge carriers,
accelerate the surface proton reduction with abundant active
sites, and improve visible-light absorption. Combining 2D
TMDCs with 2D ZnIn.S. is advantageous for solar hydrogen
generation because of the suitable band gap (~ 2.40 eV) of 2D
ZnIn,Ss and considerable chemical stability [104, 196, 202, 203].
For example, semiconductor-semiconductor vdW hetero-
structures, such as ZnIn,Ss/MoSe: and ZnIn,S.s/MoS;, exhibit
better photoactivity than that of pure ZnIn,S, or MoS; [104, 196,
202, 203]. A ZnIn,Ss/MoSe; vdW heterostructure (Figs. 9(a)
and 9(b)) obtained via a highly scalable self-surface charge
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Figure 9 Transmission electron microscopy (TEM) image (a), atomic structure (b), and schematic illustration of interfacial charge carrier transfer (c) of
hetero-layered ZnIn:Ss/MoSez. (d) Photocatalytic H> evolution over ZnIn,Si/MoSe: composites with different weight ratios of MoSe.. (e) Recycling
photoactivity test of ZnIn,Ss/1%MoSe:. Reproduced with permission from Ref. [203], © Yang, M. Q. et al. 2017.

exfoliation and electrostatic coupling approach exhibits an
obvious improvement in terms of photocurrent. This is due
to the benefits of hetero-layered ZnIn,Ss/MoSe; for the
separation and transportation of photo-generated charge carriers
(Fig. 9(c)). Under optimal conditions, a ZnIn,S«/MoSe; vdW
heterostructure (ZnIn,Si/1%MoSe;) exhibits the best H»
evolution rate of 6.45 mmol/(g-h), which is considerably
higher than that of ZnIn,S: nanosheets or other ZnIn.S+/MoSe>
composites (Fig. 9(d)). In addition, the ZnIn,S4/MoSe; vdW
heterostructure has excellent stability with negligible loss in
photoactivity (Fig. 9(e)) after 20 consecutive cycles and 80 h
under visible-light irradiation.

4.4 Other mixed-dimensional heterostructures for
water splitting

In addition to 0D-2D, 1D-2D, and 2D-2D heterostructures,
another strategy is to design complex mixed-dimensional

heterostructures with hierarchical architectures and multiple
components. These can minimize the drawbacks and maximize
the advantages of the individual components [196, 211-214].
In multi-component complex heterostructures, three or more
types of highly-efficient co-catalysts are used to enhance the
photocatalytic activity (Table 4). For example, nanocomposites
of MoS:-graphene as a highly-efficient co-catalyst can enhance
the photocatalytic activity of 2D ZnIn,Ss under visible-light
irradiation [196]. In addition, heterostructures of Pt-loaded
g-CsN4 nanosheets and hydrogen-treated WO; nanosheets
exhibit a better photocatalytic H, generation activity of 862
pmol/h. This activity is much higher than that of g-CsNs/WO;
composites because of a strong affinity and synergistic coupling
effect between the two types of nanosheets, with a huge
percentage of coordinated unsaturated surface atoms [212].
Most of the multi-component heterostructures are used to
construct Z-scheme photocatalytic systems, which have more

Table4 Complex mixed-dimensional heterostructures as visible-light-driven photocatalysts for water®

. . . Yield (mmol/(g-h))
Sample Type Main synthesis methods Light source Ref.
H. O
MoS-CdS/CosOu-BIVO:  Z-scheme ~ “Pregnation and hydrothermal 300 W Xe lamp (A > 400 nm) 0015 0007  [218]
CdS@Mo$:@Co-Pi — Solvothermal and photodeposition 300 W Xe lamp (A > 400 nm) 405 — 219
method
g-C3N4/MoS2/AgsPO4 Z-scheme Self-assembly 300 W Xe lamp (A > 420 nm) — 0.23 [220]
Impregnation and chemical
MoS2/Ag/AgsPO4 Z-scheme precipitation method 300 W Xe lamp (A > 400 nm) — 10.28 [221]
PtS-ZnIn:S4/WO3-MnO>  Z-scheme Self-assembly 300 W Xe lamp (800 nm > A > 420 nm) 14.85 5.6 [215]
MoS,:-CdS/WO3-MnO;  Z-scheme Selective deposition 300 W Xe lamp (800 nm > A > 420 nm) 0.0005 0.0002  [222]
CdS/MoS2/ZnIn,Ss Z-scheme Solvothermal reaction 300 W Xe lamp (A > 420 nm) 2.1 — [214]
g-C3sN4/Ag/MoS, Z-scheme Photodeposition method 300 W Xe lamp (A > 420 nm) 0.1 — [213]
MoS:/graphene-CdS — Solution-chemistry method 300 W Xe lamp (A > 420 nm) 6.1 — [223]

*Pi, phosphate; —, the data are not available.
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advantages in improving photoactivity than Schottky junctions
or type I and type II heterostructures. For example, multi-
component Z-scheme photocatalytic systems can achieve
overall water splitting faster at a low cost in electron energy loss
via a combination of two narrow-bandgap semiconductors
[213, 214]. In addition, they can demonstrate a wide absorption
range, long-term stability, high charge-separation efficiency,
and strong redox ability, representing an improvement over
single-component photocatalysts [59].

The recent development of the Z-scheme system has
suggested that electron transfer between the two photocatalysts
is the rate-determining process. Therefore, the presence of
an electron transporter is critical to boosting electron relay.
Based on the type of electron transfer between them, Z-scheme
photocatalysts can be divided into shuttle redox mediators
(e.g., Fe’*/Fe*, 1057/T", NO*/NO*), solid-state electron mediators
(e.g., graphene), and direct systems. For example, a [Co(bpy)s]**/
[Co(bpy)s]** redox couple is used as an electron mediator for water
splitting via the combination of MoS./CdS for water reduction
and Cos0./BiVO. for water oxidation. Under visible-light irradia-
tion, the H, and O: evolution rates are 145 and 71 pmol/(g-h),
respectively. However, the hybrid photocatalysts suffer from
poor stability because of photocorrosion of CdS [215].

Compared with ionic redox couples, solid electron
mediators are more favorable for improving photoactivity via
fast transfer of electrons from an O evolution photo-catalyst
to a Ha evolution photocatalyst [44, 59, 179, 216]. In addition,
solid electron mediators can better avoid undesirable reverse
reactions involving redox mediators and decrease light loss

because the redox mediators can strongly absorb visible light [217].

For Z-scheme photocatalysts with solid-state electron mediators
(or conductors) and direct systems, their structures are concluded
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to be photosystem I-conductor-photosystem II (PS-C-PS)
and photosystem I-photosystem II (PS-PS). All-solid-state
Z-scheme photocatalytic systems can reduce the distance of
electron transfer, prevent side reactions between redox media-
tors and carriers, and remove the shielding effect of irradiated
incident light caused by the redox pair [59]. The energy
required to drive each photocatalyst is reduced in the Z-scheme
photocatalytic systems; as a result, visible light can be utilized
more efficiently in such systems than in conventional one-step
water-splitting systems [216]. For the PS-C-PS system, the
solid-electron mediators may be metal (e.g., Au, Ag, and Cu),
nonmetal (e.g., graphene), or metal oxide (e.g., indium tin
oxide) nanomaterials. For the PS-PS system, the properties of
the solid-solid contact interface between PS II and PS I
determine the resistance level of electron transfer. In general,
both PS-PS and PS-C-PS are strongly dependent on the
method of formation of the contact interface. For example, a
solid-solid contact interface formed via chemical methods is
more stable than that obtained via physical methods [59, 215].
Both PS-PS and PS-C-PS can better realize water splitting
even without sacrifice reactants [218]. For example, PtS-ZnIn,S./
WO;-MnO: nanocomposites have been synthesized via self-
assembly of hexagonal ZnIn,S, nanosheets in the presence of
WO:; and selective deposition with PtS. The hybrid photocatalyst
is involved in a direct Z-scheme photocatalytic system (Fig. 10(a))
and exhibits photocatalytic activity for water splitting under
visible light. The efficiency of the Z-scheme charge transfer
pathway strongly depends on the interface between ZnIn,S,
and WO:s. Optimum activity has been obtained over 0.5%PtS-
20%ZnIn,S4/WO3-3.0%MnO; with an H,-evolution rate of
14.85 pumol/(g-h) and an Os-evolution rate of 6.6 pmol/(g-h) in
pure water without any sacrificial agent (Fig. 10(b)). On the
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Figure 10 (a) Proposed mechanism for photocatalytic water splitting and (b) photocatalytic activity over water splitting based on 0.5%PtS-
20%ZnIn,S4/WO;3-3.0%MnO: nanocomposite (reproduced from Ref. [215] with permission, © Elsevier B.V. 2019). (c) Photocatalytic mechanism for
photocatalytic water splitting based on CdS/MoS; QDs/ZnIn,Ss hybrid nanocomposites and (d) photocatalytic activity for hydrogen evolution of as-prepared
samples from water splitting with or without lactic acid as sacrificial agent (reproduced from Ref. [214] with permission, © Elsevier B.V. 2020).
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other hand, Z-scheme CdS/MoS, QDs/ZnIn,Ss architectures
have been synthesized via solvothermal or hydrothermal
methods. Here, MoS, QDs function as a solid-state electron
medium; the photo-generated electrons transfer from the CB of
CdS to MoS; QDs and then migrate to the VB of ZnIn,S..
They then recombine with the photo-generated holes on the VB
of ZnIn,Ss. Meanwhile, the rest of the photo-generated charges
possess a strong redox ability for water splitting (Fig. 10(c)). The
multi-component Z-scheme photocatalysts exhibit synergetic
effects in improving hydrogen evolution under visible light
even without lactic acid as a sacrificial agent because MoS,
QDs not only inhibit carrier recombination but also regulate
the flow direction of photo-generated charges. The Z-scheme
CdS/MoS: QDs/ZnIn:S. hybrid photocatalyst exhibits a higher
Ha-evolution rate (2,107.5 pmol/(g-h)) than those of bare CdS
nanorods and pure ZnIn,Ss nanosheets (Fig. 10(d)). Because
the energy required to drive each photocatalyst is reduced in
Z-scheme photocatalytic systems, visible light can be utilized
more efficiently in such systems than in the conventional one-
step water-splitting systems.

5 Conclusion and outlook

In this review, we mainly discussed the advantages of 2D
TMDCs and their applications for photocatalytic water splitting
under visible-light irradiation. We highlighted strategies and
typical examples of improving the photoactivity of 2D TMDCs.
Although extensive research progress has been made in the
field of 2D nanomaterials, challenges in 2D TMDC-based
photocatalysis remain. Controlled synthesis and design of 2D
TMDC-based heterostructures, especially regarding material
dimensionality (e.g., thickness), composition, and surface features
(e.g., atom arrangement and defects), still require substantial
research efforts in the future. Compared with the graphene
family, especially graphene, g-C;N4, and graphene oxide, 2D
TMDCs are still in their infancy in the realm of visible-
light-driven photocatalysts for water splitting. As summarized,
most visible-light-driven photocatalysts still focus on photocatalytic
hydrogen production; by contrast, photocatalysts for oxygen
evolution or overall water splitting are still rarely reported.
Therefore, for 2D TMDC-based photocatalysts, the challenge
remains of developing dual co-catalysts and to realize overall
water splitting under visible-light irradiation. In addition, other
difficulties include simultaneous regulation of stability and
high photoactivity (or high quantum efficiency), better com-
bination of water remediation (e.g., pollutants’ mineralization)
and water splitting, and reduction of the environmental risks
of nanocrystal photocatalysts. To a large extent, such problems
can be solved via the synthesis of photocatalytic materials by
low-cost, controllable, mass-production methods.

In the long term development, 2D-2D vdW heterostructures
and/or single-atom hybrid photocatalysts will gain more attention
for their capability to achieve high-performance water splitting.
Z-scheme 2D-2D vdW heterostructures provide a flexible way
of controlling physicochemical properties via stacking of 2D
materials together in different rotational, translational, and
stacking geometries. In addition, single-atom photocatalysts can
fully take advantage of catalysts and lower the recombination
of photogenerated electron-hole pairs, but their stability
and controllable synthesis need to be improved. The surface
chemistry of 2D TMDC:s is crucial in processes such as photo-
chemical water-splitting because it can make the entire basal
plane, rather than just the edges of 2D TMDC:s, catalytically
active. Therefore, further efforts may be focused on in-situ
characterization techniques to gain a deeper understanding of
the surface or interface processes. Lastly, ab initio simulations
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based on DFT can provide information on some critical factors
as bandgap, band edge levels, optical absorption, and charge
carrier mobility, which also help experimentalists to screen
promising photocatalytic nanomaterials.
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