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Abstract: Transition metal dichalcogenides (TMDCs), represented by MX2 (where M = Mo, W and
X = S, Se, and Te), and more recently, their moiré superlattices (i.e., formed by superimposing layers
of TMDCs with different rotation angles) have attracted considerable interest due to their excellent
physical properties and unique nanoscale functionalities. Compared to graphene, the literature
indicates that TMDCs offer a competitive advantage in optoelectronic technologies, primarily owing
to their compositionally controlled non-zero bandgap. These two-dimensional (2D) nanostructured
single or multiple layers exhibit remarkable properties that differ from their bulk counterparts.
Moreover, stacking different TMDC monolayers also forms heterostructures and introduces unique
quantum effects and extraordinary electronic properties, which is particularly promising for next-
generation optoelectronic devices and photo(electro)catalytic applications. Therefore, in this review,
we also highlight the new possibilities in the formation of 2D/2D heterostructures of MX2-based
materials with moiré patterns and discuss the main critical challenges related to the synthesis and
large-scale applications of layered MX2 and MX2-based composites to spur significant advances in
emerging optoelectronic and photo(electro)catalytic applications.
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1. Introduction

Semiconductors and the devices leveraging them are indispensable components of
modern technology, permeating our daily lives through applications in computing, com-
munication, and beyond [1]. In the pursuit of enhanced functional properties for myriad
high-performance applications, the synthesis of novel advanced semiconductors remains
an ever-evolving endeavor [2,3]. A compelling avenue in this quest is the exploration of
two-dimensional (2D) semiconductors, featuring structures with atomic or a few-atom
thicknesses on the sub-nanometer scale [4,5]. This expansive family of materials encom-
passes mono-, bi-, and multi-elemental compositions [6].

Graphene, historically recognized as the first truly 2D atomic crystal, which was
achieved via the groundbreaking feat of isolating single-layer carbon atoms in 2004 [7],
covalently bonds through an sp2 hybridization and one atom of thickness [8]. As we know,
this peculiar structure gives graphene remarkable mechanical, optical, and electrical proper-
ties, setting it apart from other types of materials [8]. Despite the great interest in this system,
it is well known that graphene nonetheless faces limitations as a zero-bandgap material (i.e.,
due to its massless electrons), hindering its direct applicability in semiconductor-dependent
technologies, such as solar cells, light-emitting diodes, and others [7]. Efforts to address
this shortfall have led to the exploration of graphene derivatives, including fluorinated
graphene and graphane, though challenges persist in achieving high-quality crystals and
stability [9].

Black phosphorus, or phosphorene, as the phosphorus monolayer is called, has
emerged as another promising semiconductor due to its non-zero bandgap and ease of
synthesis through the mechanical exfoliation of a single crystal, which facilitates its use
in nanoelectronic applications [10]; however, challenges related to large-scale production
hindered its industrial application [11].

All-inorganic 2D materials like silicene and germanene offer tantalizing prospects for
the semiconductor industry, boasting high mobility akin to graphene [12] However, both
materials are extremely difficult to synthesize, as simply exfoliating a silicon or germanium
crystal to obtain a single layer is currently impossible. Furthermore, both materials are
known to be prone to oxidation and volatilization post-synthesis [13]. Recently, several
oxides have been produced in the form of 2D structures, including single layers of titanium
oxide (TiO2), molybdenum trioxide (MoO3), tungsten trioxide (WO3), and perovskite-like
crystals [14]. Usually, these 2D oxide structures tend to be less vulnerable to environmental
effects, are thermally stable, and exhibit lower dielectric constants and wider bandgaps
than 3D crystals [15].

From this perspective, more recently, 2D-layered transition metals dichalcogenide
(TMDC) materials have emerged as viable alternatives to two-elemental materials, with
applications in the field of semiconductor nanodevices [16]. Moreover, it has been reported
that the cytotoxicity of TMDCs is usually lower in relation to other graphene-based ma-
terials, such as graphene oxide and halogenated graphene [17]. TMDCs present layered
structures in a buckled hexagonal lattice and have a general ideal formula of MX2. TMDCs
single layer are basically formed by three atomic sheets with transition metal tetravalent
cations (M4+) belonging to group IV, V, or VI in the periodic table (e.g., Mo, W, Sn, Ti, Re,
Nb, Ta, Hf, Zr, and so on) sandwiched by two sheets of divalent chalcogenide anions (X2−)
such as S, Se, and Te [18]. The nature of the chemical bonds between the metal cations
and the chalcogen anions (M-X) is mainly covalent [19], while the weaker intermolecular
bonds between the triple sheets occur through van der Waals (vdW) bonds, i.e., making
the X–X junction (Figure 1A) [20]. As we know, this unique structure allows for easy
exfoliation into single- or few-layered flakes, offering tunable electronic properties and
surface functionalities [21–23]. Additionally, TMDCs even with the same composition
can be synthesized in different polymorphs and polytypes. Using MoS2 as an example, a
polymorph denoted as 1T [24], and two polytypes denoted as 2H and 3R are described
in Figure 1A. The corresponding letter represents the commonly found trigonal, hexag-
onal, and rhombohedral crystalline lattices, respectively, while the numbers symbolize
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the number of layers in the unit cell [19,25,26]. It is common for many 2D materials to
have different polytypes simultaneously, for example, molybdenum disulfide (MoS2) and
tungsten disulfide (WS2) can occur in both 1T and 2H polymorphs simultaneously [6].
On the other hand, the most researched TMDCs in the literature, including MoS2 [27],
MoSe2 [28], WS2 [29], and WSe2 [30], demonstrate typical semiconductor behavior in their
most stable 2H polytype.

A detailed understanding of the 2D-layered TMDC structures not only aids in their
identification but also enables the characterization of different polymorphs and poly-
types, thereby facilitating the tailoring of their properties to meet specific technological
demands [31–35]. Zhao et al. [31] have reported a comprehensive review focusing on apply-
ing electron microscopy to identify polymorphs and stacking polytypes in both mono- and
multilayer MoS2 films. Thus, the experimental and simulated high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) images for monolayer 1T, 1H,
1T′ and bilayer 2H, 3R, and trilayer 3R-stacked MoS2 are described in Figure 1B.
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Figure 1. (A) Schematic illustration of 2D-layered MX2 films showing interactions and bonds in
stacked monolayers and their different 1T, 2H, and 3R polytypes. Reprinted with permission from
Refs. [25,36]. Copyright 2015 The Royal Society of Chemistry (B) Atomic-resolution HAADF-STEM
images and corresponding simulation results for monolayer 1T, 1H, 1T′ and bilayer 2H, 3R, and
trilayer 3R-stacked MoS2 [31–35]. Reprinted with permission from Ref. [31] Copyright 2018 Wiley.
(C) Different types of moiré superlattices that emerge from superimposing two or more monolayers
of TMDCs with varying angles of rotation: (i) twisted bilayers, (ii) bilayers exhibiting slight lattice
mismatch, and (iii) high-order moiré superlattices characterized by small supercell lattice mismatch.
Adapted with permission from Ref. [37] Copyright 2023 Wiley. (D) Electronic band structure for
bulk and monolayer 2H-MoS2 reveals tunable indirect-to-direct bandgap transition. Reprinted with
permission from Ref. [38]. Copyright 2010 American Chemical Society.

Layered material structures can exhibit a wide range of electronic properties, including
those of metals [39], semimetals [40], semiconductors [36,41,42], and superconductors [43],
depending on the elements involved and the oxidation state of the transition metal. The
electronic behavior of TMDCs is influenced by the filling of the d-band orbitals, with
semiconducting properties emerging when these orbitals are partially occupied and metallic
properties when fully filled [26]. However, it is noteworthy that the chalcogen anion
exerts less influence compared to the metal cation. This phenomenon can be observed
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in the enlargement of the d-band, resulting in a reduction of the bandgap, particularly
with increasing the atomic number of chalcogen [26,39]. Apart from their semiconductor
properties, these materials possess the capability to modulate their bandgap in relation to
the thickness of the synthesized particles (i.e., number of packed layers), as illustrated in
Figure 1D. As we know, it is possible to change from an indirect bandgap (at about 1.29 eV)
in 2H-MoS2 bulk form to a direct bandgap (at about 1.8 eV) in 2D form [26,36,39,44,45].

Recent advancements in the computational modelling of TMDCs have significantly
advanced our understanding of their structural, electronic, and optical properties, paving
the way for the design of novel materials and devices with tailored functionalities [46]. Par-
ticularly, electronic structure calculations have elucidated this indirect-to-direct bandgap of
2H-MoS2 as a function of its number of packed layers, aligning closely with the experimen-
tal data [38], as shown in Figure 1D, and making them suitable for optoelectronic devices.
As the number of layers diminishes, the indirect transition energy in single-layer 2H-MoS2
rises to such an extent that it transforms into a direct bandgap 2D semiconductor. The
unique electronic structure of few-layer 2H-MoS2, as well as its resulting optical properties,
arise from d-electron orbitals comprising its conduction and valence bands (CB and VB).
In particular, the CB states at the K point predominantly consist of strongly localized d
orbitals at Mo4+ sites. Conversely, the states found near the Γ point and the point of indirect
bandgap arise from a linear combination of d orbitals on Mo cations and antibonding pz
orbitals on sulfur anions [38]. These states exhibit strong interlayer coupling, with their
energies being highly responsive to changes in layer thickness. Moreover, bonding phe-
nomena in MX2 compounds have traditionally been viewed as a simple notion, leading
solid-state chemists to apply these concepts even in cases where substantial covalency
exists [17,47]. Hence, the challenge lies in finding a derivation that can explain both the
structure and properties of these multifunctional materials in a comprehensive and applica-
ble way. Orbital bands and multiple bonds are crucial factors that determine the properties
of matter [48]. Their construction condition is an example of group multiplicities that form
the basis of periodic matter investigation. This investigation encompasses the periodic
properties, including the structural, optical, vibrational, electronic, electric, magnetic, and
energetic configurations of nanostructures [49,50]. Researchers are continuously refining
computational methods to account for the complex interplay of electronic interactions, spin–
orbit coupling, and lattice dynamics in TMDCs, allowing for more reliable predictions of
their behavior under different conditions [51–53]. Moreover, machine learning approaches
are increasingly being integrated into computational modeling workflows to accelerate
materials discovery and design. By training models on large datasets of experimentally
measured TMDC properties, researchers can efficiently screen for promising candidates
with desired characteristics, such as specific bandgaps, electronic transport properties, or
optical responses [54–60]. By combining theoretical insights with experimental validation,
computational studies are accelerating the discovery and development of TMDC-based
materials and devices with tailored properties for a wide range of applications.

Band alignment is a fundamental concept in semiconductor physics that describes the
alignment of energy bands at the interface between different semiconductor materials or
between a semiconductor and another material, such as a metal or an insulator [61]. As we
know, the CB minimum and VB maximum energies of MX2 increase with the increasing
atomic radius of X anions (from S to Te) [62]. Notably, the VB shift is more significant than
the CB shift. Interestingly, semiconductor–metal (2D/2D) junctions exhibit weak Fermi
level pinning, which suppresses metal-induced vacancy states [63]. This allows Schottky
barriers to be attached to semiconductor-to-metal junctions and enables the barrier to be
fully terminated with a suitable 2D metal. As we know, the emergence of moiré superlattices
formed by 2D/2D TMDC materials represents a captivating frontier in nanotechnology.
These superlattices arise from the stacking of two or more TMDC layers with a slight lattice
mismatch or rotational misalignment, leading to the creation of periodic modulations in
electronic and optical properties on a nanoscale [64–68]. Hence, depending on the stacking
arrangements of two or more layers of transition metal dichalcogenides (TMDCs), the
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moiré superlattice is usually classified into three distinct classes [37], as illustrated in
Figure 1C. Moiré patterns, commonly observed in various natural and synthetic materials,
have sparked intense interest in TMDC research due to their remarkable potential for
engineering emergent phenomena and tailoring material properties.

Figure 2 illustrates the historical research trend on MX2-based materials over the last
five years compared to the most studied 2D-layered materials. The visual representation
provides valuable insight into the evolution of scholarly publications in this 2D-layered
materials field, showcasing the increasing interest and activity surrounding MX2 research.
This trend underscores the relevance and potential of MX2-based materials in advancing
scientific knowledge and technological innovation. Therefore, we can consider such systems
to be a hot topic in the field of materials chemistry.
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Therefore, this review provides an overview of the recent literature on MX2-based
materials (with M = Mo and W and X = S, Se, and Te). In the following sections, we will
highlight an overall brief based on the experimental/theoretical approaches and use this
combination to thusly provide new guidelines for rationally developing diverse innovative
applications based on MX2-based materials. Notably, these MX2-based heterostructures
feature moiré patterns that have a renowned potential for application across various
fields of knowledge, spanning physics [69–73], chemistry [74–81], engineering [82,83], and
biology [17,84–91]. We then discuss the moiré superlattices that can particularly promote the
appearance of interlayer excitons and thus lead to new nanoscale functionalities, opening
up new avenues for many emerging technologies. Lastly, the present review also showed
that this analysis of the various synthesis protocols is widely used in obtaining both MX2
and MX2-based materials for optoelectronic and photo(electro)catalytic applications.
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2. Main Types of Layered TMDCs and Their Characteristics

The chosen scope of this review encompasses the investigation of the MX2-based
materials (with M = Mo and W, and X = S, Se, and Te) into different architectures, and
provides a comprehensive overview of their properties, synthesis methods, and emerging
optoelectronic and photo(electro)catalytic applications. However, despite the recent ad-
vances, these materials are still not thoroughly explored industrially. Through an in-depth
exploration of these 2D-layered materials, we seek to contribute to the understanding
of MX2-based materials and their relevance in advancing technological innovations (see
Table 1).

Table 1. Bandgap values and the applications of the single-layer MX2-based materials in the literature.

2D Material Bandgap Literature

MoS2 2.18 eV [92] most studied

WS2 2.40 eV [92] well studied

MoSe2 1.63 eV [93] well studied

WSe2 1.66 eV [93] reasonably studied

MoTe2 1.10 eV [94] reasonably studied

WTe2 0.70 eV [95] few studied

2.1. Molybdenum Disulfide (MoS2)

In the diverse family of TMDCs, one compound that stands out is MoS2, where two
planes of sulfur anions are sandwiched between a sheet of molybdenum cations [96]. No-
tably, it is well known that MoS2 forms a stable 2D structure and presents distinctive
electronic, optical, and catalytic properties [97–100]. In the 1970s, researchers discovered
that MoS2-based catalysts exhibited remarkable efficiency in hydrodesulfurization pro-
cesses, crucial for removing sulfur impurities from petroleum feedstocks to produce cleaner
fuels. MoS2 catalysts doped with Ni and Co became integral to the petroleum refining
industry, enabling the production of low-sulfur fuels in compliance with environmental
regulations [99–101]. Additionally, MoS2 is widely used in the automotive, aerospace, and
manufacturing industries as a solid lubricant to reduce friction and wear in mechanical
devices [101,102].

Due to the ease and robustness of its synthesis, MoS2 has become the most exten-
sively studied material in the TMDC family [19]. While graphene exhibits a gapless band
structure [7], in particular, 2H-MoS2 can tune its band structure by simply adjusting the
number of packed layers along the basal direction [103]. Like other TMDC materials,
MoS2 features inert basal planes and active sulfur edge-sites, and increasing the density
of these ligands can enhance both their chemical and electronic properties [104–107]. The
intrinsic properties of layered MoS2 are dependent on its layer number and it could be
related to the reduction in vdW interactions, which is one of the main reasons why this
dichalcogenide-layered material is of great interest [108]. Despite being a weak interlayer
interaction, the weak vdW interactions play an important role in the electronic structure of
MoS2 and, consequently, in its relevance for optoelectronic device applications [109,110].
Also, it is well-known that 1T-MoS2 is metastable and 3R-MoS2 is stable, and they undergo
a transformation into 2H-MoS2 after heating [24,111–114].

Certainly, a single layer of 2H-MoS2 functions as a semiconductor with the ability
to absorb both visible and near-infrared regions of the electromagnetic spectrum. This
property renders it highly suitable for integration into various optoelectronic technologies
(e.g., photodetectors, sensors, solar cells, and so on) [115,116]. Few-layer 2H-MoS2 exhibits
remarkable light-absorption capabilities, capturing between 5 and 10% of all incident
light within a mere thickness of about 1 nm, surpassing the GaAs and Si semiconductors
by more than an order of magnitude [117]. Ongoing research is exploring its potential
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and developing new techniques for its synthesis and integration into advanced high-
performance devices.

Another pivotal characteristic of the 2H-MoS2 single layer is its exceptional charge
carrier mobility, boasting values around 200 cm2 Vs−1 and having a high on/off current
ratio, making them useful for their use in field-effect transistors (FET) and other electronic
devices [27,36,41,44,45,118]. Moreover, 2H-MoS2 showcases excellent chemical stability,
hence being generally stable in the presence of acid, alkaline, or organic solvents [119].
These discoveries sparked interest in using MoS2 as a potential alternative to traditional
semiconductor materials such as silicon. Additionally, understanding the mechanical
behavior of 2H-MoS2 in its layered form is crucial for designing robust and reliable devices.
The findings in this field contribute to the ongoing development and engineering of MoS2-
based devices with enhanced mechanical properties and expanded possibilities for future
applications [120–122]. In this field, efforts continue to be directed towards exploring novel
synthesis methods, understanding the underlying physics, and unlocking the full potential
of MoS2 and its moiré superlattices for future technological advancements.

2.2. Tungsten Disulfide (WS2)

WS2 has gained prominence in the scientific community due to its outstanding per-
formance across various applications, such as catalyst [18,123], sensors [124], and cancer
therapy [125], as well as its utilization in aerospace, automotive, textile, and food indus-
tries [126]. Its utility extends to medical imaging, where WS2 serves as a contrast agent
for tomography, facilitating the non-invasive imaging of biological structures [17]. Stud-
ies have shown that WS2 exhibits high catalytic activity in reactions such as hydrogen
evolution [127], hydrodesulfurization [128,129], and water splitting [130]. Research has
shown that WS2 exhibits strong antibacterial properties, making it a promising candidate
for use in medical devices and wound dressings [131,132]. Additionally, WS2 exhibits a
potential for drug delivery applications, particularly in cancer therapy and other medical
treatments [133,134]. One of the most promising applications of WS2 is in the field of opto-
electronics, where it has shown great potential for use in photovoltaic cells, light-emitting
diodes (LEDs), and lasers [135–137]. With its high absorbance and photoluminescence
efficiency, WS2 offers compelling advantages for such applications.

For single-layer 2H-WS2, the bandgap value is approximately 2.03 eV, making it well
suited for absorbing photons in the visible and near-infrared regions of the electromagnetic
spectrum [126]. When integrated into photovoltaic devices, WS2 can efficiently convert
absorbed light into electrical energy, contributing to improved device performance and
overall conversion efficiency. Recent studies on WS2 single layers have yielded an estimated
charge carrier mobility of about 44 cm2 V−1 s−1 at room temperature [138]. Its unique
electronic structure and high luminescence efficiency make it an attractive material for
use as an emissive layer in LED devices. By incorporating WS2 as an active material,
LEDs can achieve enhanced light emission properties, including higher brightness, better
color purity, and improved energy efficiency [139–141]. WS2-based LEDs hold promise for
various applications, from display technologies to solid-state lighting solutions, where their
superior performance can significantly impact energy consumption and lighting quality.

The crystalline WS2 structure has two primary polymorphs, which are the 1T and 2H
phases [142]. The 1T phase, also known as the octahedral phase, possesses a distorted octa-
hedral coordination geometry around the tungsten atoms, resulting in metallic properties
with a reduced bandgap [143]. On the other hand, the 2H phase, also called the hexagonal
phase, exhibits a hexagonal lattice structure with alternating layers of tungsten and sulfur
atoms, leading to semiconducting behavior with a relatively larger bandgap [144]. Within
each polymorph, WS2 can exist in different polytypes, denoted by the number of layers
in the unit cell and the stacking arrangement of these layers. The 2H polytype of WS2 is
the most common form and hence has garnered significant attention for applications in
electronics and optoelectronics devices, due to its semiconducting behavior and tunable
bandgap. In contrast, the metallic properties of the 1T phase may find applications in
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catalysis and energy storage [145,146]. Another polytype of WS2 is the 3R phase, which
features a rhombohedral lattice structure [147]. The 3R phase exhibits unique electronic
and optical properties distinct from those of the 2H phase, offering potential opportunities
for novel device architectures and functionalities. Hence, WS2 polymorphs and polytypes
offer a rich diversity of structural and electronic properties, making them highly versatile
materials for various applications.

Despite the promising properties of 2H-WS2, it is important to note that it, along with
other TMDCs, have a tendency to oxidize at room temperature after being synthesized. This
poses a challenge for the large-scale production and practical application of these materials.

2.3. Molybdenum Diselenide (MoSe2)

MoSe2 has garnered considerable attention in recent times for its potential applications
in electrochemical, photocatalytic, and optoelectronic systems [148–162]. As a 2D material,
2H-MoSe2 exhibits a layered structure, wherein a single layer comprises one molybdenum
cation and two selenium anions arranged in a hexagonal lattice. Similar to MoS2, in
particular, MoSe2 presents two different polymorphs (2H or 1T). The former demonstrates
semiconducting behavior, while the latter is metallic. Previous studies have indicated that
the electrical conductivity of the metallic 1T phase of MoS2 is approximately 107 times
higher than that of the semiconducting polytype [155]. However, it is well known that
the metallic 1T-MoSe2 phase is thermodynamically metastable and gradually transforms
into the disordered 2H semiconducting phase over time. Indeed, while the metallic 1T-
MoSe2 phase would be preferable for numerous applications, it is not feasible due to its
metastability [148].

The 2D-layered MoSe2 structure makes it an attractive option for hosting counter
ions in electrochemical energy storage systems, including lithium-ion and sodium-ion
batteries. Additionally, the unsaturated Se anions located at the edge, along with those at
defective points or altered basal planes, exhibit superior electrocatalytic activity towards
hydrogen evolution reaction (HER) [149–151] and similar electrocatalytic reactions (e.g., in
lithium-oxygen batteries) [152–154].

One of the most remarkable properties of 2H-MoSe2 is its direct bandgap of about
1.8 eV in a monolayer, rendering it a promising candidate for various optoelectronic appli-
cations such as photodetectors, light-emitting diodes, and solar cells [155]. Furthermore,
2H-MoSe2 boasts high carrier mobility as well as excellent thermal stability, which makes
it suitable for high-performance electronic devices. Additionally, its tunable bandgap
makes the 2H-MoSe2 phase a promising candidate for applications in photocatalysis and
photoelectrochemical solar cells.

MoSe2 and MoS2, which are transition metal dichalcogenides belonging to Group 6,
are ideal for use as photoelectrodes in regenerative electrochemical solar cells due to
their resistance to photodecomposition. Photogenerated excitons in these materials arise
from non-bonding d- orbitals, meaning that photo-initiated reactions resulting from these
transitions do not directly lead to bond breaking [148].

The synthesis and processing of MoSe2, including etching techniques, are critical
for the development of high-performance devices. Various promising techniques have
emerged for precise control over the number of packed layers and surface morphology
of 2H-MoSe2. Further research in this area is expected to significantly contribute to the
advancement of electronic and optoelectronic devices based on this material [156–162].

2.4. Tungsten Diselenide (WSe2)

WSe2 has emerged as a promising material across diverse applications owing to its
excellent physical properties, easily customizable by adjusting the thickness [163]. As
is well known, the WSe2 has a hexagonal lattice structure and has two polymorphs, the
1T and 2H phases, distinguished by the coordination of chalcogen anions with central
metal tetravalent cations. The H phase, which has trigonal prismatic coordination of metal
cations, is stable and naturally occurring, while the 1T-WSe2 is a metastable phase with



Catalysts 2024, 14, 388 9 of 49

octahedral coordination of W atoms, being paramagnetic and metallic [163]. Generally,
inducing external energy facilitates the transformation of 1T-WSe2 into the more stable 2H
phase [164].

It has a direct bandgap of approximately 1.6 eV, which is ideal for various optoelec-
tronic applications. WSe2-based devices have demonstrated high responsivity, speed, and
performance, making them suitable for digital logic applications and solid-state light-
ing [165]. In addition, 2H-WSe2 also exhibits strong photoluminescence and excellent
charge carrier mobility [164]. Also, the dark exciton emission of 2H-WSe2 makes it ideal for
optoelectronic devices with bright emissions at room temperature. Furthermore, 2H-WSe2-
based LEDs have also been demonstrated to exhibit high efficiency and can potentially be
used for solid-state lighting [166,167].

The electronic bandgaps can be controlled by manipulating the lateral dimensions of
2H-WSe2 to form quantum dots (QDs), resulting in a broad range of emission wavelengths
and optimized band edge positions crucial for electro/photocatalytic water splitting. How-
ever, to propel the advancement of this technology, it is necessary to have a comprehensive
understanding of the mechanisms and limitations of different synthesis techniques aimed at
effectively controlling the particle size and shape of as-prepared WSe2 QDs [163]. Overall,
2H-WSe2 holds significant promise for a wide range of emerging optoelectronics appli-
cations, and ongoing research in this area is likely to lead to further advances in this
promising material.

2.5. Molybdenum Ditelluride (MoTe2)

MoTe2 is a material that has recently gained significant attention due to its unique
properties such as strong spin–orbit coupling, controllable phase transition, and a narrow
bandgap similar to silicon. MoTe2 is highly stable in semiconducting and metallic phases,
making it suitable for various applications. These characteristics make it an ideal candidate
for applications such as type II Weyl semimetals/quantum spin Hall insulators, in-plane
homojunction devices, and high-performance IR detectors [168].

MoTe2 has four possible polymorphs/polytypes, including semiconducting 2H, metal-
lic 1T, semi-metallic 1T′, and non-centrosymmetric 3R phases. In nonlinear optical second-
harmonic generation signals in centrally symmetric phases, change with the alternation
of odd/even layers has been shown to provide a fast detection technique for identifying
crystal symmetry and orientation [169].

In recent years, research on MoTe2 has focused on understanding its electronic and
optical properties and developing devices based on this material [170]. MoTe2 has been
demonstrated to have excellent photoresponse properties, making it a promising material
for fabricating FETs with high on/off ratios and low power consumption, that is, indicating
its potential for use in low-power electronics [171].

Also, it has been shown that MoTe2 is a promising material for constructing p-channel
metal–oxide–semiconductor field-effect transistors (MOSFETs) and for integration with
2H-MoS2 n-channel MOSFETs, but its broad bandgap limits its applications in near-infrared
photodetection. To enhance its performance in optoelectronics, different approaches have
been investigated, including the introduction of a BP/MoTe2 junction. However, the
photocurrent characteristics of this junction were not as high as expected, with small values
of photoresponsivity and external quantum efficiency, possibly due to the critical nature of
BP, which is prone to oxidation [172].

In addition, MoTe2 has been investigated for its catalytic properties, particularly in
HERs [173,174]. The material has also demonstrated promising catalytic activity for HERs,
which is usually attributed to the presence of Te vacancies and edge sites on the surface
of the layered material [175]. Overall, MoTe2 is a promising member of the TMDC family
with unique electronic, optical, and catalytic properties. Continued research on the material
is expected to drive the development of new technologies utilizing this material.
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2.6. Tungsten Ditelluride (WTe2)

WTe2 presents topological behavior, exhibiting type II Weyl semimetal behavior in its
bulk form and quantum spin Hall insulator behavior in its monolayer form, superconduc-
tivity, and magnetoresistance properties [176]. Despite being studied for decades, recent
research has provided new insights into its structure and properties [95]. In addition to the
aforementioned properties, WTe2 is a material with many interesting electronic properties,
including turn-on behavior, multi-Fermi pockets, small Fermi surface anisotropy, and
ferroelectricity. However, the evolution of its electronic structure and topological properties
as the crystal thickness decreases remains unclear [168].

Under ambient conditions, WTe2 typically exists in the orthorhombic (Td) phase,
where tungsten cations are octahedrally coordinated with tellurium anions [177]. The
WTe2 properties have been extensively modeled to achieve better performance in their
applications as semiconductor materials, primarily based on a 2H structure. However,
experimental/theoretical investigations indicate that WTe2 favors a distorted 1T (Td) struc-
ture as its lowest energy state [95]. Lee et al. [95] conducted a study on bulk and exfoliated,
crystalline WTe2 synthesized under near-equilibrium conditions. Their findings revealed
that WTe2 has a distorted 1T structure and displays semi-metallic electronic characteristics,
consistent with early theory and experiments dating back to the 1960s [178,179]. This
highlights the vital role of experimental studies in elucidating/determining the true prop-
erties of TMDC materials and emphasizes the need for a deeper understanding of their
chemical nanoscale behavior for emerging optoelectronic applications [95]. Overall, the
diverse electronic properties of WTe2 make it a promising material for various electronic
applications, and further studies are needed to fully understand its behavior.

3. Controlled Synthesis

The potential applications of MX2-based heterostructures are up-and-coming, and
research in this field is progressing rapidly; numerous challenges still need to be overcome
before these structures can be used industrially. Foremost among these challenges is synthe-
sizing these structures in a large area with a low density of electrically active defects [180].
Additionally, it is crucial to ensure the absence of contaminants intercalated between the
2D layers.

Overall, in this domain, the study of defects and imperfections in crystals, particularly
in 2D TMDCs, presents a unique opportunity to tailor their properties for various applica-
tions in optoelectronics, catalysis, energy storage, and more [181]. Understanding the role
of complex defects allows researchers to develop new strategies for enhancing 2D material
properties and performance [182]. Through synthesis techniques, theoretical modeling,
and characterization methods, researchers can fabricate and analyze TMDCs, uncovering
structure–function relationships and facilitating the development of TMDC-based devices
for electronics, optoelectronics, catalysis, and energy storage applications.

As we know, the top-down and bottom-up approaches are widely used in the literature
to obtain the 2D-layered TMDC structures. The top-down method involves synthesizing
2D materials from 3D counterparts by breaking intermolecular bonds, while the bottom-up
approach entails building 2D materials from individual atoms and molecule precursors.
Figure 3 presents an overview of the synthetic methodologies utilized in acquiring 2D-
layered TMDCs, as discussed within the context of this review.
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3.1. Micromechanical Exfoliation

Graphene was originally obtained by the micromechanical exfoliation of natural
graphite [7], using a top-down approach. This process involves utilizing adhesive tape to
exfoliate high-purity graphite single crystals, which are subsequently affixed to a substrate,
usually atomic flat silicon oxide. This strategy has also been applied to many other 2D
materials that are found in 3D stacked forms, both from natural minerals (e.g., 2H-MoS2)
and artificially synthesized crystals (e.g., black phosphorus) [183]. Typically, this mechanical
exfoliation approach produces high-quality material, which is ideal for fundamental studies
related to the thickness-dependent properties [109], but is not scalable [184], as the crystal
obtained is irregular and the areas obtained are very small (micrometer scale).

By controlling the exfoliation process to obtain predominantly monolayer or few-layer
particles, researchers can tailor material properties such as bandgap, carrier mobility, and
optical absorption for specific device requirements. In particular, Wang et al. demonstrated
that 2H-MoS2 could be exfoliated into monolayers using Scotch tape [185]. In 2011, Coleman
et al. [186] used mechanical exfoliation to obtain monolayer and few-layer flakes of a
variety of TMDCs, including MoS2, MoSe2, WS2, and WSe2. They demonstrated that
the resulting flakes had high crystal quality and were suitable for use in electronic and
optoelectronic applications. Since then, micromechanical exfoliation has continued to be a
popular technique for obtaining high-quality 2D materials, with researchers using a variety
of tools and methods to improve the yield and quality of the resulting flakes.

Ali et al. [187] also reported the successful exfoliation of MoS2 using micromechanical
cleavage, which allowed them to obtain single-layer and few-layer flakes with a lateral size
of several micrometers. Other TMDCs, such as MoTe2 [187], WS2 [188], MoS2 [188,189],
and MoSe2 [190–192], have also been obtained using micromechanical exfoliation, demon-
strating the effectiveness of this method for obtaining a wide range of 2D materials.

For WSe2 synthesis, this method was also used to mechanically cleave bulk WSe2 using
adhesive tape or other similar methods to produce thin flakes. WSe2 crystals are formed by
weakly bonded layers through non-covalent bonds. This weak interlayer bonding in WSe2
allows for an easy fabrication of single layers through the micromechanical exfoliation
method. This approach facilitates the fabrication of high-quality, single-layer WSe2 flakes,
which have been used in various optoelectronic devices [193].
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Shackery et al. [194] have developed a back-to-back diode by connecting two α-MoTe2-
based Schottky diodes in series for the first time using micromechanical exfoliation. The
α-MoTe2 Schottky diodes showed excellent performance with an on/off current ratio of
about 103, enabling a low-voltage operation at 5 V. Previous studies have investigated
α-MoTe2 FETs, phototransistors, and p-n diodes, but there has been no research on the
potential of α-MoTe2 for chemical sensing, either experimentally or theoretically.

Although micromechanical exfoliation remains a widely adopted technique to obtain
high-quality single- and few-layers of TMDC, it has several limitations. One of the main
limitations is the low yield of the method, which makes it difficult to obtain large amounts
of material. Moreover, the method is time-consuming, and the process of exfoliation is often
unpredictable, resulting in significant variations in both the size and quality of the obtained
flakes. Therefore, there is a need to develop new synthetic methods that can overcome
these limitations and provide a reliable and scalable approach to produce TMDCs with
high quality and quantity. Continued research in this area will advance our understanding
of TMDC synthesis and enable the development of next-generation devices endowed with
superior functionality as well as performance.

3.2. Liquid Exfoliation

To tackle the scalability challenges of the micromechanical method, researchers have
developed more robust exfoliation techniques utilizing a solution-based chemical sepa-
ration of 2D crystals [186]. Originally, the intercalation and exfoliation of 2H-MoS2 were
described in the eighties and consisted of intercalating Li+ between the layers of 2H-MoS2
using a reducing agent like n-Buthyllithium [195,196]. The exfoliation occurs by dispersing
the LiMoS2 in water, using an ultrasound bath. A partial oxidation occurs, releasing H2,
and compounds with the composition 1T-Lix(H2O)yMoS2 are obtained and dispersed in
solution, which can be fully chemically oxidized in the sequence to obtain metastable 1T
polytypes [195,196]. Liquid exfoliation is a well-established method for the synthesis of 2D
TMDCs [155–157]. The resulting delaminated/exfoliated flakes are then separated from
the dispersion and further processed to remove any residual solvent or surfactants. Liquid
exfoliation has proven to be an effective method for synthesizing high-quality 2D materials,
with a high degree of control over the size and thickness of the flakes produced [197].

The methods used to separate the layers inside the solution can vary, but they often
involve a chemical intercalation or ultrasonic process that yields relatively large volumes
of flakes from one or a few layers dispersed in the solution [186]. Nevertheless, it is well
known that aggressive interleaving tends to degrade crystal quality as well as introduce
impurities/defects unfavorable to many optoelectronic applications.

For stacking the exfoliated materials and forming the heterostructures, a microscope
equipped with micromanipulators is crucial in wet and dry transfer methods to properly
align the micrometer scale flakes. The first assembly step is the deposition of mechanical
exfoliated TMDCs on an existing substrate. A second flake can then be dry-exfoliated or
wet-transferred using a polymer. The polymer flake is then transferred to a transparent seal,
which is positioned using the micromanipulators in the desired position and orientation
(relative to the first flake) under the objective lens and positioned until the two flakes make
contact to form the heterostructures [198]. Despite working for fundamental studies of the
properties of vdW heterostructures, this transfer method becomes completely unfeasible
for industrial application, considering that it is necessary to visually find and analyze the
flakes of materials and manually deposit them one on top of the other.

A variation of the technique is grinding-assisted exfoliation, where single- and few-
layers are peeled from bulk 2H-MoS2 by shear forces, followed by breaking the detached
layers into small pieces through sonication [187]. The impact and friction forces peeled
smaller pieces, while shear forces exfoliated single- or few-layer sheets. The developed
method successfully produced a few-layer MoS2 with lateral sizes of several hundred nm
and good dispersibility [187]. In a study carried out by Yao et al. [199], single-layer and few-
layer particles were prepared by a less-energetic shear exfoliation process from bulk MoS2
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crystals using N-methyl-2-pyrrolidone (NMP) as a surfactant, which has a high boiling point
and good solubility for many TMDCs [200]. The exfoliation process [199] involved the wet
grinding of 2H-MoS2 crystals in NMP followed by sonication in a 45 vol% ethanol/water
solution. Organic solvents such as dimethylformamide and dimethyl-sulphoxide led to a
reduced concentration of exfoliated nanosheets [187].

Other solvents such as isopropanol, ethanol, and water have also been used for TMDC
exfoliation with varying degrees of success [197]. The choice of solvent depends on the
specific properties of the TMDC being exfoliated, such as its crystal structure, size, and
chemical stability.

In another study by Ibrahem et al. [201], MoS2 QDs were exfoliated using a ball-
milling-assisted wet grinding process. During the grinding process, in particular, bulk
2H-MoS2 powder was mixed with pure ethylene glycol and zirconia beads in a ball mill,
operating at a constant rotating speed for 8 h.

In addition to the choice of solvent, the exfoliation process can also be optimized
by controlling the energy input during the exfoliation process [202]. Ultrasonication is a
common method for energy input, but the frequency, power, and duration of sonication
can all affect the quality of the exfoliated flakes [203,204]. For example, employing higher
power and longer sonication times can yield smaller and thinner flakes, whereas lower
power and shorter sonication times may produce larger and thicker flakes [205].

While the stacking of the exfoliated materials of 2D materials has been widely used
in research for fundamental studies of vdW heterostructures, it may not be practical for
industrial applications due to its reliance on manual manipulation and the visual identifica-
tion of individual flakes. This process can be time-consuming and labor-intensive, making
it difficult to scale up for industrial production. However, recent advances [206,207] in
transfer methods have shown promise in enabling the large-scale production of heterostruc-
tures with controlled layer thickness and orientation, which could potentially overcome
the limitations of the possible subsequent restacking [208,209]. These methods offer a more
automated and reproducible approach to the fabrication of heterostructures, making them
more suitable for industrial applications.

It is important to emphasize that single layers can only be obtained after dispersing
the powders into a solvent and after depositing the dispersion into a substrate. Single
layers can be only obtained if the concentration of the particles is very low; otherwise,
turbostractic disordered packing of the layers will be obtained.

3.3. Etching Techniques

Etching is a versatile top-down approach to removing a specific material from another
by chemical or physical methods. In 2D materials, this powerful technique could be used
to control the layer number to change the bandgap value. Atomic Layer Etching (ALE)
has been widely used to obtain high-quality 2D materials, including TMDCs [210]. ALE is
a selective etching technique that can remove a precise number of atomic layers without
damaging the substrate, which is essential for thickness control and device fabrication [211].

One of the possible methods is careful top-down layer removal by using sequential
Cl-radical or F-radical adsorption and Ar+-ion desorption. This process highlighted the non-
contamination and substrate preservation [103]. In another use of the etching technique,
Kim et al. described a mechanism to fabricate a single-layer 2H-MoS2 FET from a bulk
crystal in which the characterization reveals a similar electrical performance to a pristine
2H-MoS2 FET device [212].

The surface oxidation of MoS2 by O2 plasma is a potential method for the layer
thinning process, in which a MoOx surface layer formed is desorbed by a post-annealing
treatment. The surface oxidation is a function of both the time of plasma exposure and the
temperature applied to the substrate [211,213]. In some cases, a re-sulfurization process
is necessary to recover the remaining substrate in a complete MoS2 film. Chen et al. [214]
described this process to obtain MoS2 single layers with an enhanced photoluminescence
intensity from a pristine bi-layer MoS2. When the etching is performed by plasma, the
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close distance between the MoS2 sample and the highly energetic species can cause depth
lattice etching, resulting in a non-uniform oxidation process [215]. Based on that, Zhu
et al. [213] showed a controlled MoS2 thinning process using a remote O2 plasma, in which
the underlying substrate structure and chemical composition remained unchanged due to
the recombination of the ions and electrons before reaching sample surfaces.

Kim et al. [212] used Cl radicals as adsorption species and low-energy Ar+ ions as
desorption species for the ALE of MoS2. Hence, the ALE technique demonstrated that a
single-layer MoS2 FET fabricated after one cycle of ALE had similar electrical characteristics
to a pristine single-layer MoS2 FET. The ALE technique can also be applied to all layered
TMD materials, such as WS2, MoSe2, and WSe2 [216]. A MoS2 ALE mechanism was
reported based on experimental and simulation results, where S(top), Mo(mid), and S(bottom)
charged species were sequentially removed from the MoS2 crystal structure due to trapped
Cl atoms between the S(top) and the Mo(mid) sheet.

Nipane et al. [217] reported on the development of an ALE process for layer-by-layer
removal of WSe2, which enables control over the layer thickness and pattern of 2D materials.
Thus, the ALE process selectively removes the topmost layer of WSe2 without affecting the
physical properties of the underlying layers, enabling the fabrication of high-performance
2D devices. Optically and electrically characterized ALE-treated layers demonstrate a
quality equivalent to pristine layers. Using graphene as a standard, the article demonstrates
the production of ultra-clean 2D devices employing a sacrificial single layer of WSe2, which
is etched in the final process step, resulting in high-performance field-effect transistors with
room-temperature mobilities of up to 200,000 cm2 V−1 s−1 [217].

Le Thi et al. [218] have successfully created a lateral p-n junction diode using a
combination of edge and surface contacts in WSe2. High-resolution transmission electron
microscopy (TEM) confirmed the presence of amorphous WO3 at the etched WSe2 and
the formation of a junction near the edge contact. The device showed a high on/off
ratio for both the edge and surface contacts, with values of 107 and 108, respectively.
Additionally, the diode demonstrated an exceptionally high mobility of up to 168 cm2 V−1

s−1 and a rectification ratio of 103. Additionally, Lee et al. [219] showcased a self-aligned
fabrication process based on self-terminated p-doping and layer-by-layer chemical etching
to achieve effective channel control with low contact resistance and high on/off current
ratio in ultrathin WSe2 FETs. This approach is necessary since selective ion implantation is
commonly used in Si and III–V semiconductors; however, it cannot be adopted for ultrathin
vdW materials.

In addition to ALE, other etching techniques such as reactive ion etching (RIE) and
wet etching have also been employed for MoSe2 etching [220]. RIE, a dry etching method,
utilizes plasma to remove material from a surface, whereas wet etching involves the use of
a chemical solution to dissolve the material [221]. Both techniques have advantages and
disadvantages, depending on the specific application and desired etching parameters.

The etching technique is a versatile approach with the possibility to use physical and
chemical methods to layer and edge control, in addition to defining special nanostructures
for optoelectronic applications [214]. However, the literature pinpoints the investiga-
tion of more accurate control of the parameters to improve the uniformity of the etching
layers [53,54]. One major limitation is that ALE can only remove materials that can be
selectively etched, which means that the material to be removed must have different chem-
ical or physical properties from the substrate. Additionally, ALE is typically a slow and
time-consuming process, which can limit its practicality for high-volume manufacturing.
Another limitation of ALE is that it requires the use of hazardous gases and high-energy
plasmas, which can pose safety risks to operators and require specialized equipment for
handling and disposal. Furthermore, ALE can also result in the roughening of the substrate
surface and the formation of defects or damage, particularly if the process conditions are
not carefully controlled.
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3.4. Chemical Vapor Deposition (CVD)

Currently, chemical vapor deposition (CVD) processes have been widely utilized to
obtain numerous 2D materials like graphene [222], h-BN [223], and various TMDCs [224].
In CVD, gaseous, liquid, or solid precursors containing the material of interest are exposed
to high temperatures, causing vaporization and subsequent deposition onto the heated
substrate surface, resulting in the formation of high-quality films.

While CVD enables the production of high-quality single layers over large areas, it
needs a transfer step for layer stacking, potentially introducing contaminants between
layers [184]. Consequently, a detailed study of the physicochemical properties of the
resulting nanomaterials after each growth stage is imperative [225].

CVD is frequently used to prepare TMDCs materials as MoS2, in which occurs the
reaction of sulfur and MoO3 in the vapor phase. In the CVD method, adjusting parameters
such as temperature and reaction time can control the physical properties of the resulting
material [226]. Jian et al. showed the efficient approach of heating the S and Mo sources
at different times to prepare a MoS2 nanomaterial with a uniform triangular morphol-
ogy and a superior single-layer structure, thereby avoiding the MoO3 formation at low
temperatures [227].

Moreover, CVD allows for the precise growth of 2D-layered materials with diverse
morphologies and structures. Zhang et al. [228] achieved an asymmetric spiral structure
of layered 2H-MoS2, suggesting its potential application in optoelectronics and device
fabrication. The synthesis and processing of 2H-MoSe2 have received significant atten-
tion [229,230]. For instance, the direct elemental reaction between Mo and Se is not possible
due to the significant difference in their melting points (2623 and 220 ◦C, respectively).
CVD emerges as the most effective method, involving the reaction of MoO3 and selenium
powder at elevated temperatures to produce high-quality MoSe2 films with precise thick-
ness control [230]. However, it is well-known that flat 2D layers are typically formed only
at temperatures exceeding 800 ◦C, which are necessary to overcome the activation barrier.

Liu et al. [231] report the growth of single-layer and few-layer WSe2 flakes through
ambient pressure CVD on silica substrates. The study showed tunable transport properties
for the as-prepared WSe2 single layer. Gong et al. [232] synthesized TMDC heterostructures
via two-step CVD with a potential application in electronics and energy harvesting. The
heterostructure was produced first by depositing MoSe2 layers and after by the epitaxial
growth of WSe2. This strategy was used due to its advantages: (i) it can control the
spatiality and size of each 2D component, (ii) it yields well-defined 2H and 3R stacking in
the WSe2/MoSe2 bilayer regions, and (iii) it results in interfaces within the plane sharper
than MoSe2/WSe2 heterojunctions. The resulting heterostructures exhibit the rectification
characteristics of a p-n junction and boast an internal quantum efficiency of about 91%
when employed as gas photodetectors. This study detected a photovoltaic effect, indicating
incident photon to converted electron (IPCE) efficiencies of approximately 0.12% [232].

Sassi et al. [233] demonstrate the possibility of the low-temperature growth of WSe2
using moisture-assisted defective WO3 precursor powders. Through DFT calculations, the
mechanism by which moisture promotes defect formation on the precursor crystal structure,
leading to the reduction in the growth temperature, is elucidated. The results showcase
the high quality of WSe2 grown at 550 ◦C, enhancing the understanding of nucleation and
growth mechanisms at low temperatures. Additionally, it offers a practical strategy for
the growing of TMDC at temperatures conducive to compatibility with current silicon
technology for back-end-of-line processes.

Feng et al. [234] introduce a NaCl-assistant method for growing large-size WSe2
monolayers, achieving domain sizes of up to 0.57 mm on SiO2/Si substrates. The study
investigated the growth behavior of the salt-assisted method and found that the Se1 and Se2
vacancy are the main point defects of the materials. The results also show a temperature-
dependent evolution of the morphology of single-layer WSe2, with a screw dislocation
growth behavior observed. The article provides a deep understanding of the mechanism
underlying the NaCl-assisted growth of large-size WSe2 monolayers.
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It is noted that bottom-up approaches to 2D-layered materials have demonstrated
significant success in producing large-area crystals. However, CVD may possess limitations
in terms of yielding high-quality 2D-layered materials.

The choice of the synthetic route needs to aim for a pure and uniform TMDC nanoma-
terial that attends to the desired electronic properties since the lack of nucleation control
can create nonuniform domains with different numbers of layers that hinder the control of
the band alignment structure [212]. Atomic Layer Deposition (ALD) is a highly specialized
technique that allows for the precise growth of thin films to be used in a wide variety of
applications [235,236]. Unlike its variant, CVD, ALD employs a unique approach where
gaseous precursors are pulsed into the reaction chamber, one at a time, and separated by
inert gas purging to avoid gas phase reactions [237,238]. The ALD mechanism is based on
the reaction between precursor materials in the gaseous phase, separated into successive
surface reactions in a self-limiting process, which enables thickness control by the number
of ALD cycles [239]. This self-limiting reaction mechanism ensures perfect conformality
and a uniform thickness of the film, even on complex 3D structures [240]. Due to these
characteristics, ALD is highly sought after for its ability to deliver superior precision and
control in thin film growth [241].

The ALD technique is also a versatile strategy that can be used as a controlling
step to prepare pure and uniform MoS2 nanostructures. Demirtas et al. [127] used this
technique to produce a MoO3 film as a Mo source in a post-CVD/sulfurization step. The
authors presented a study of the ALD cycles and annealed temperature to promote uniform
nucleation and, consequently, a reproducible growth of MoS2 with controlled edge length,
thickness, and crystal structure [127].

Zhang et al. [242] used a two-step method using CVD and ALD for the preparation
of WTe2 thin films with large size, few defects, and high crystallinity. The method also
allowed for precise control over the thickness and large area uniformity. Additionally, they
investigated the impact of telluride temperature on the composition of the WTe2 films, as
well as the effects of film oxidation on the composition and magnetic properties.

Martella et al. [243] describe a method for the controlled allotropic phase growth of
MoTe2 thin films using CVD from powder precursors. The method involves inducing a
concentration gradient of the Te precursor using a physical barrier, which allows for control
over flux fluid dynamics, thereby enabling the creation of either a Te-rich or a Te-poor
environment. This results in the selective allotropic phase control in the CVD deposition of
MoTe2 without the use of growth surfactants. The method also leads to a homogeneous
nucleation mode of the MoTe2 crystals, as evidenced by the characteristic shape of the
crystallite population as well as their log-normal areal distribution.

Despite the advantages of CVD in the synthesis of TMDCs, there are still some limita-
tions to this technique. One of the main challenges is achieving high quality and uniformity
of the thin films over large areas [244]. This is due to the sensitivity of the process to the
reaction conditions, which can vary across the substrate surface. Another limitation is
the difficulty in controlling the stoichiometry and composition of the TMDC films, which
can affect their electronic and optical properties. Moreover, CVD typically requires high
temperatures, which can lead to defects, impurities, and even phase changes in the TMDCs.
It is well known that the presence of imperfections in TMDC materials can significantly alter
their physical properties [245]. In the case of 2H-MoS2, for example, it has been reported
that the mobility of charge carriers in samples prepared by a standard CVD process is
reduced compared to samples produced by mechanical exfoliation [246]. This reduction
is due to the presence of structural defects and grain boundaries that scatter the charge
carriers. A grain boundary in a two-dimensional material is a linear defect that arises due
to the material’s growth process, separating two ordered crystalline domains [181]. Hence,
the presence of complex defects in such semiconductors can create states in the middle of
the gap that are spatially located in the defect and can modify the optical and transport
properties of the material [247]. Finally, the scalability of CVD for large-scale production is
still a challenge, which makes it difficult to meet the demands of industrial applications.
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Therefore, research is needed to optimize the CVD process and overcome these limitations
to fully explore the potential of TMDCs in several applications.

3.5. Hydro(solvo)thermal Synthesis

Hydrothermal synthesis consists of a synthesis that involves a bottom-up method
that generally uses water (although the use of another solvent is possible, in this case, the
method is conveniently called solvothermal) as the solvent to solubilize the constituents and
promote recrystallization under controlled conditions of temperature and pressure [248].
The temperatures used generally vary between 100 and 1000 ◦C, and the pressure is between
1MPa and 1 GPa [249]. As it is a simple method with low apparatus complexity [249], this
method is widely used for the study of TMDCs synthesis.

Probably the first hydrothermal synthesis involving TMDCs was performed by Peng
et al. [28] in which they varied the temperature between 150 and 180 ◦C to synthesize single
layers of MoS2 and MoSe2. Zhang et al. [250] synthesized MoSe2 nanoflowers using a
hydrothermal route in which sodium molybdate and selenium powder at low temperatures
were dissolved in water, added in a single vessel, and treated at 200 ◦C for 48 h.

Guo et al. [127] used a hydrothermal method involving the reaction between Na2MoO4
and L-Cysteine in an acid solution under high pressure and temperature to produce
nanoparticles of 2H-MoS2. The synthesized MoS2 nanoparticles were characterized using
various techniques, such as TEM, X-ray diffraction (XRD), and Raman spectroscopy, which
confirmed the formation of crystalline 2H-MoS2. The authors highlight the low cost and
simplicity of this method, as well as its potential applications in areas such as energy
storage and catalysis. They also suggest that this method can be easily adapted to the
synthesis of other TMDCs.

Vattikuti et al. [251] synthesized 2H-WS2 using a hydrothermal synthesis technique.
The synthesized WS2 nanoparticles were characterized by various techniques such as
XRD, TEM, and Raman spectroscopy. The authors also demonstrated the use of 2H-WS2
nanoparticles as a counter electrode in dye-sensitized solar cells.

Hydrothermal synthesis is a simple and inexpensive method for 2H-WSe2 synthesis,
which involves the reaction of a tungsten and selenium precursor in an aqueous solution
at a high temperature and pressure [252]. This method has the advantage of producing
WSe2 in various shapes, such as nanorods [253], nanosheets [254], nanowires [255], and
nanoparticles [256].

Chauhan et al. [257] have developed a simple thermo-chemical approach for the syn-
thesis of WTe2 nanostructures that is more economical and requires lower temperatures
compared to other reported methods. The reaction involves the formation of an interme-
diate compound (H2Te), and with the help of produced hydrogen, it then reduces WO3
to WTe2. A detailed structural and morphological analysis has been presented, and the
possible mechanism behind the synthesis process is formulated for better understanding.

From this perspective of renewable energy, g-C3N4/TMDC heterostructures or hy-
brids have demonstrated technological viability in the advancement of energy storage
systems, including Li-ion batteries. Xu et al. [258] synthesized uniformly anchored WS2
nanoparticles around the g-C3N4 nanosheets (g-C3N4@WS2) by the solvothermal route.
The aim was to investigate this material as a possible lithium-ion battery anode. By adopt-
ing a lithium foil as the cathode in electrochemical measurements, the g-C3N4@WS2 anode
exhibited a large capacity (1136.1 mAhg−1 at 0.1C) and superior short-term cycling stability
(454.4 mAhg−1 after 200 cycles). This excellent result was ascribed to the unique structure
achieved through the junction of WS2 and g-C3N4, including the formation of a porous
structure that beneficiated the contact of active sites with the electrolyte (rich in Li+ ions).

Despite the numerous advances using hydrothermal synthesis, it is a challenge to
produce/manufacture electronic devices in a controlled manner using reactions in an
aqueous medium [259]. One of the challenges of hydrothermal synthesis is controlling the
particle size and morphology. The particle size and shape can be influenced by various
factors, such as the reactant concentration, temperature, pressure, and time of the reaction.
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Therefore, it can be difficult to obtain particles with a specific size and shape, which is
crucial for some applications.

Another challenge is achieving a homogeneous and reproducible synthesis. The
synthesis conditions, such as temperature and pressure, may vary within the reaction
vessel, leading to non-uniform synthesis and, therefore, non-reproductive properties for the
produced materials. Hydrothermal synthesis also requires specialized equipment, includ-
ing a high-pressure reactor, which can be expensive and difficult to maintain. Moreover,
the high pressure and temperature used in the synthesis can be hazardous and require
safety precautions.

Additionally, hydrothermal synthesis can be limited by the solubility of the reactants
and products in the water. Some materials may not be soluble in water, or their solubility
may be too low to obtain a sufficient yield of the desired material.

3.6. Molecular Beam Epitaxy Growth on Substrate

Another technique that can be used to grow heterostructures is through molecular
beam epitaxy (MBE), which is a technique widely used in the semiconductor field to
grow high-quality crystalline semiconductor films. Furthermore, MBE can be applied to
large areas with a great control over composition and thickness, thus being an extremely
suitable technique for the growth of vdW heterostructures. It has already been used to
grow graphene [260], h-BN [261], and MoS2 [262], as well as MoTe2/MoS2 [263] and h-
BN/graphene [264]. The ability to grow each layer in situ (without exposure to atmospheric
air) is also very advantageous since it eliminates the presence of impurities between the
individual layers.

One of the most important advantages of the MBE method is the high control of
growth parameters [265]. However, this ability is often related to the use of specific
substrates, generally metallic ones, which are not always compatible with the desired
application. To face this problem, it is necessary to develop appropriate and efficient
transfer methods from the grown substrate to the appropriate one for device application.
Jadriško et al. [266] presented the MoS2 synthesis by using MBE on a graphene layer and a
two-step electrochemical process to promote an efficient transfer of the MoS2/graphene
heterostructure. Using this method, the transfer from an Ir (111) substrate to a Si wafer
occurred with a high preservation of the heterostructure, which was ensured by high optical
quality and low defects [266].

Roy et al. [267] investigated the growth of MoTe2 and MoSe2 thin films on sapphire
substrates by MBE. The films were found to be stoichiometric and layered with atomi-
cally smooth surface morphologies. X-ray diffraction confirmed film growth along the
[001] direction, and Raman spectroscopy indicated growth in the 2H polytype. Electrical
measurements showed an insulating behavior that suggests transport in these films is
dominated by localized charge carrier states and can be modeled by a two-dimensional
variable-range hopping model [194].

MBE is a versatile thin film growth technique that can be used to synthesize different
combinations of TMDCs. By carefully controlling the flux of precursor materials, such as
metal and chalcogen atoms, and adjusting the growth conditions, such as temperature and
pressure, MBE allows for precise tuning of the chemical composition and crystal structure
of the films. This enables the synthesis of various compositions of TMDCs, for example,
vanadium-MoSe2 (VxMo1−xSe2) [268], with controlled stoichiometry and homogeneity. The
resulting materials can exhibit unique properties distinct from those of the individual con-
stituent TMDCs, making them promising materials for various applications in electronics,
optoelectronics, and catalysis.

While MBE is a powerful technique for synthesizing high-quality films and heterostruc-
tures of various materials, including TMDCs, it also has some limitations. One of the main
limitations is the complexity and cost of the equipment, which requires a high level of
technical expertise to operate. Additionally, the process of MBE is relatively slow and has
low throughput, meaning that it may not be suitable for large-scale production. Another



Catalysts 2024, 14, 388 19 of 49

limitation is the limited range of materials that can be grown using MBE, as the technique
relies on the evaporation of solid sources in a high vacuum chamber, which may not be
suitable for all types of materials. Finally, MBE may also suffer from issues such as poor film
adhesion, substrate mismatches, and impurities that can affect the quality and properties
of the resulting films.

3.7. Hybrid Techniques

Hybrid techniques involve combining different synthesis methods to achieve specific
properties or structures. One such method is the combination of liquid-phase exfoliation
and CVD to produce 2D TMDCs with controlled thickness and high quality [269]. In this
approach, bulk materials are first exfoliated in a liquid medium to produce multilayer
flakes, which are then deposited onto a substrate by CVD. The resulting flakes have a high
degree of control over their thickness and excellent crystal quality, making them suitable
for various applications [269,270].

Another hybrid technique is the combination of CVD and a plasma-enhanced prop-
erty, resulting in a plasma-enhanced chemical vapor deposition (PECVD) to synthesize
heterostructures of 2D TMDCs and other 2D materials [271]. PECVD involves the use
of plasma to enhance the chemical reactions during CVD, resulting in a faster and more
uniform growth of the desired structures. This method has been used to synthesize het-
erostructures of MoS2/WSe2, MoS2/graphene, and other TMDCs with controlled thickness
and high quality [272].

A third hybrid technique combines CVD and MBE methods to grow heterostructures
of TMDCs and other materials with high precision and quality [19]. By combining CVD
and MBE, researchers have been able to grow heterostructures of MoS2/hBN [273] and
MoS2/graphene with high crystalline quality and well-defined interfaces [274]. Finally,
researchers are also exploring the use of TMDCs in combination with other materials to
enhance their properties. For example, graphene/TMDCs combined have been shown
to have improved mechanical and electrical properties compared to single graphene or
TMDC phases [274]. Similarly, TMDCs have been used as fillers in polymer matrices to
improve their mechanical and thermal properties [275,276].

4. MX2-Based Heterostructures

In general, the TMDCs properties can be tuned and improved through different ap-
proaches to modify the configuration of their structure bands, such as manipulating the
thickness of the packed layers [277], incorporating doping species [278], and controlling
both density and the nature of defects [279]. Recognizing the relevance of bandgap engi-
neering, the scientific community has successfully employed the concept of heterostructures
to improve the multifunctionality of these materials. Heterostructures are created through
the combination of two or more layered materials with distinct chemical compositions
and different bandgaps. In just a few years, there has been a rapid increase in interest and
tremendous progress in the field of vdW heterostructures. The design of a heterostructure
involves the appropriate choice and combination of different materials, presenting spe-
cific features of p and n-type semiconductors, optimized band alignments, and suitable
arrangement of atomic planes at the interface region (heterojunction) [280]. Such criteria are
necessary to minimize the adverse effects of charge carrier recombination through defects
(trapping sites), one of the main factors responsible for compromising the effectiveness of
optimized multifunctional heterostructures for high-performance applications [281]. The
availability of an ever-expanding library of 2D materials with varying electronic properties
and the ability to synthesize and stack these crystals into complex heterostructures enables
the development of a new generation of electronic and optoelectronic devices with extraor-
dinary performance and unique functionality [184,282–285]. Dong and Kuljanishvili [286]
recently reviewed the fabrication process of heterostructures based on TMDC materials.

In the context where only TDMCs are involved, such 2D layered materials are able
to produce heterostructures in both vertical and horizontal directions [287]. In vertical
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heterostructures, each individual layer of TDMC is stacked on top of one another along
the vertical direction. The junction of these layers is held by vdW interactions, and this
heterostructure is controlled by the relative orientation and stacking order of 2D sheets. In
contrast, the horizontal heterostructures exhibit an organization of layers arranged side by
side within the same plane. Hence, in this case, two different TMDC layers are held laterally
together due to the covalent/ionic forces [29,288,289]. In general, these heterostructures
have been extensively studied in theoretical/experimental studies [290–295], and it has
been shown that the band alignment at the interface of semiconductor vdW heterostructures
is crucial for their applications.

Among the several possibilities of bandgap alignments, the main categories of hetero-
junctions commonly observed for these specific materials are known as type I (straddling
gap), II (staggered gap), and III (broken gap) [296,297]. In the type I heterostructure, the CB
minimum and VB maximum of the two composite layers (e.g., A and B) obey the following
rules: VB-B < VB-A < CB-A < CB-B. Since the VB and CB in the type I heterostructure are in
a single layer, in particular, the efficient recombination of the photogenerated electron–hole
pairs occurs under illumination. Hence, type I heterostructures are often employed in
optoelectronic devices, such as LEDs [295,298]. In contrast, in type II heterostructures, the
CB and VB of the two composite layers (A and B) obey the following rules: VB-A < VB-B <
CB-A < CB-B. Therefore, VB and CB in type II heterostructures are in different layers. This
heterostructure is fundamental in photovoltaic devices because photogenerated electron–
hole pairs can be split at the interface, transferring electrons to one layer and holes to the
other [295]. As we know, in the case of the heterostructures, the resulting interfaces and the
new bandgap alignment promote a substantial enhancement of the electronic properties
and enable precise control of the distribution and mobility of electrons and holes [299].

Graphene and 2H-MoS2 are 2D materials whose films present extraordinary prop-
erties, such as high carrier mobility and tunable bandgap, respectively [300]. However,
when applied in optoelectronic devices, some limitations are observed, such as low pho-
toresponsivity owing to the zero-bandgap structure for the graphene, and low carrier
mobility for MoS2 [301]. On the other hand, the combination of these 2D materials to
form thin 2D heterostructures has been reported as a strategy to tailor the band struc-
ture and improve the carrier mobility to be applied in high-performance optoelectronic
devices [98–100,266,302–304]. Kumar et al. [305] demonstrated the successful hydrother-
mal growth of sulfur vacancy-induced WS2-rGO heterostructures. For this system, the
authors achieved degradation efficiencies and kinetic rate constants of 4-nitrophenol and
ciprofloxacin which were 96.95% and 92.30%, and 0.113 min−1 and 0.027 min−1, respec-
tively. It is suggested that the rGO acts as an electron mediator, contributing to faster charge
separation and lower recombination rates.

To improve the understanding related to the factors that affect physical properties in
multilayered systems, Silveira et al. [304] used DFT to study the influence of the stacking
order on the electronic and optical properties of vdW heterostructures made of graphene
and TMDC. The authors presented that the interlayer binding between TMDC-TMDC
is stronger than observed in the graphene–TMDC heterostructure, leading to a greater
decrease in the bandgap of the system. Besides that, the optical response was not affected
by the stacking order since it is a sum of the individual layers’ optical response [304].

The understanding of the electronic properties regarding the charge transfer across
the interface between the TMDCs is fundamental to predicting the extending applications
of heterostructures in optoelectronic devices [306]. Regarding the type of contact material,
it was shown that the graphene/MoS2 interface presents a ten times larger photocurrent
when compared with a Ti/Au/MoS2 interface, supported by a Schottky barrier two times
lower for the graphene/MoS2 interface [303].

From the synthesis of two-dimensional materials, another field of research has been
gaining strength in recent years, which deals with structures and devices made by stacking
different 2D crystals [265]. The basic idea behind these structures is to use a 2D material (or
with some atomic layers) as a base, MoS2, for example, and add another 2D material on
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top of it, for example, a dielectric such as h-BN. The resulting pile represents an artificial
material assembled in a chosen sequence, as in a structure with Lego® [307], with the blocks
being precisely defined in an atomic plane. The strong covalent bonds provide in-plane
stability of the 2D crystals, while the relatively weak vdW forces are sufficient to hold the
stack together. These stacked materials are called vdW heterostructures, and the possibility
of producing them has been experimentally demonstrated recently [307].

Another possibility is the use of graphene on the top, in a semiconducting 2D materials
class [107]. The issue, in this case, is the control and preservation of a high-quality interface
during the graphene transfer [300]. Besides that, these dissimilar 2D structures between
graphene and MoS2 need to be carefully analyzed, since as shown by Diaz et al., the
vdW interaction between graphene and 2H-MoS2 can decrease the surface bandgap and,
consequently, hinder the desired opening of the 2H-MoS2 electronic structure [110].

The creation of stacked heterojunction structures between different TMDCs is a useful
strategy to tune the physical properties for application in optoelectronic devices. However,
heterostructure interactions can promote a narrow indirect bandgap, which can hinder the
efficient generation of electron–hole pairs. To address this problem, the strategy of creating
a periodically arrayed nanopore structure in a WSe/MoS2 heterojunction is used to create
new defect states, promoting an indirect-to-direct bandgap transition [308]. In addition,
the WSe2/MoS2 vertical heterojunction device showed excellent diode behavior owing
to the atomically sharp hetero-junction p-n diode and an external quantum efficiency of
about 12% under an intensity power of 0.5 lW [309]. Graphene electrodes were introduced
at both the top and bottom of the vertical MoS2/WSe2 p-n junction with the specific aim
of mitigating interlayer recombination of majority carriers and accelerating the collection
of photogenerated carriers; hence, this strategy achieved an improved external quantum
efficiency of about 34% at the MoS2/WSe2 multilayer junction p-n [310].

The structural, electronic, and optical properties of MoS2/ZnO, WS2/ZnO, MoSe2/ZnO,
and WSe2/ZnO heterostructures were investigated from a computational perspective [293].
These results revealed that vdW forces dominate all these interactions at the TMDC/ZnO
interface. Indirect bandgap semiconductor heterostructures MoS2/ZnO (1.60 eV) and
WS2/ZnO (2.05 eV) were found to be a type II heterostructure, which facilitates the separa-
tion of photogenerated electron–hole pairs. These materials showed considerable built-in
electric field stabilization. Conversely, direct bandgap semiconductor heterostructures
MoSe2/ZnO (1.96 eV) and WSe2/ZnO (2.08 eV) were confirmed to be of type I. Hence,
these heterostructures serve as efficient solar flux collectors, offering great potential for
many optoelectronic applications [295].

Despite all the potential and considerable progress to date, the challenge of turning
these prototypes into practical technologies is still huge. Not only are improvements
needed in the integration of 2D materials, but also control of their individual synthesis,
processability, and performance [311]. For the advancement of this technology, it is essential
to develop scalable approaches for the growth of 2D materials and their heterostructures
with very well-controlled chemical composition, physical dimensions, relative orientation,
and interfacial quality.

For the large-scale application of these structures, the scale-up process of existing
technologies should be remarkable. Efforts are already being made to grow 2D structures
on top of each other [312–314]. However, achieving this level of perfection on a macro scale
is not easy, since as the interactions between the layers are weak vdW, islands appear to the
detriment of continuous layers free of contaminants. For the large-scale application of these
structures, the scale-up process of existing technologies should be remarkable. Attempts
are already being made to grow two-dimensional structures on top of each other [312–314].

Moiré superlattices, arising from the interplay between atomic structure and electron
correlations in vdW heterostructures, have exhibited remarkable emergent electronic phe-
nomena. These phenomena, such as superconductivity, magnetism, topological edge states,
and exciton trapping, as well as correlated insulator phases, manifest in electron behavior
within these structures, surpassing the intrinsic properties of individual layers [315].
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Twisted bilayer graphene (tBLG) serves as the prototypical example of vdW het-
erostructures, characterized by atomically thin layers with unrestricted relative rotational
arrangements and the absence of directional bonding between them. The manipulation of
the twist angle, denoted as θ, between neighboring crystal lattices leads to the formation of
moiré superlattices [316]. These superlattices can be visually observed through scanning
probe techniques, showcasing spatial modulation of interlayer coupling. This fascinating
property enables the engineering of stack properties by precisely tuning the stacking geom-
etry, as demonstrated by the observation of Hofstadter’s butterfly and interfacial polarons
in graphene/hexagonal boron nitride heterostructures, along with interlayer excitons in
TMDC bilayers [317–325].

The manifestation of strong correlation effects in these systems lies in the heightened
Coulomb-type interaction within the 2D environment and the significant reduction in
kinetic energy within the flat moiré minibands. In the case of moiré superlattices based
on TMDCs, the synergy of large effective mass and strong moiré coupling facilitates the
creation of flat bands and engenders stronger electronic correlations, distinguishing them
from graphene moiré superlattices [326]. Notably, the WSe2/WS2 heterojunction aligned
at 0 or 60 degrees exhibits Mott insulating states with transition temperatures surpassing
150 K, which is the highest among all studied 2D moiré systems. Moreover, this system
hosts various correlated insulating states at fractional fillings of the moiré lattice, indicative
of robust and long-range electron interactions [316].

Furthermore, the significant Coulomb-type interaction in 2D-layered TMDC systems
also gives rise to tightly bound excitons with large binding energies. Particularly, the
moiré coupling in TMDC superlattices is anticipated to generate excitonic flat minibands,
extending beyond the single-particle electronic flat bands in the CB and VB. In recent
findings, moiré excitons were identified within angle-aligned WSe2/WS2 heterojunctions,
which also exhibit correlated insulating states in these structures [324,326]. The existence of
excitonic flat bands holds promise for the exploration of topological exciton states and the
development of correlated exciton Hubbard models, opening up exciting opportunities for
the engineering of intricate quantum states through correlation effects for further research
and technological advancements.

Chen et al. [326] studied the impact of adding different layers of WSe2 in the WSe2/WS2
moiré superlattice. They observe changes in the optical spectra of moiré excitons, con-
firming the moiré coupling interfacial nature at the WSe2/WS2 interface. The energy
resonances of moiré excitons are, in turn, modified, exhibiting enhanced separation in the
WSe2/WS2 moiré superlattice. Additionally, the presence of additional WSe2 layers affects
the strength of electronic correlations, as evidenced by a reduced Mott transition tempera-
ture. Their findings provide insights into tuning electronic correlations and moiré exciton
bands within moiré superlattices based on TMDCs, offering a platform for engineering
quantum phenomena arising from strong correlations and Coulomb-type interactions.

When viewed from the perspective of environmental remediation, such 2D/2D het-
erostructures have offered a sustainable solution in combating pollution through efficient
degradation of different hazardous contaminants. For example, the removal process of
mercury in gas phase is a very challenging task because of its insolubility in water, high
volatility, and non-reactive nature [327,328]. For instance, Xie et al. [329] reported a detailed
study on the photocatalytic performance of g-C3N4/MoS2 heterostructures in removing
gaseous elemental mercury species (H0). According to these authors, the resulting het-
erostructure was able to facilitate the light absorption process, increase the specific surface
area, and promote an effective separation of photogenerated electron–hole pairs with a
low recombination rate. Despite exploring different MoS2 concentrations in the resulting
heterostructure, the most effective photocatalytic activity was achieved for those containing
up to 10 wt % MoS2. In this sample, a notable enhancement in the removal efficiency of
H0 was detected after five recycling runs, reaching 90% and 65.5% under ultraviolet and
visible lights, respectively.
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Other emerging pollutants found in water bodies through improper disposal are
pharmaceuticals [330]. In an effort to remove tetracycline (TC) and sulfamethoxazole (SMX)
pharmaceuticals from aqueous solutions, Gnanaguru et al. [331] explored the photocatalytic
performance under visible light irradiation of g-C3N4/WS2 heterostructures synthesized
by using a facile one-step calcination approach. In principle, the as-synthesized heterostruc-
tures were able to remove up to 84% and 96% of TC and SMX, respectively. The obtained
values were higher than the individual counterparts of g-C3N4 and WS2. Thus, the remark-
ably enhanced photocatalytic response was ascribed to the optimized bandgap and the
reduced recombination of charge carriers. Another favorable aspect was the absence of
non-toxic substances in the final products of photocatalytic tests.

Two-dimensional material heterostructures can also be directly grown chemically
just by mixing the components and using high temperatures, normally using quartz am-
poules. These obtained materials are called misfit layered compounds (MLCs) and are very
abundant in terms of composition, and chemical and physical properties [332–341].

MLCs combine different VdW layers with complex stacking and can be represented
by the general ideal formula [(MX)1+y]m[TX2]n where M = Sn, Pb, Bi, Sb, Y, and rare
earth elements; T = Sn, Nb, Ta, Ti, V, Cr; and X = S, Se, Te; TX2 represents the TMD layer
and MX is a rocksalt monochalcogenide layer [333–337]. The right combination of both
stacked subunits forms a superstructure and layered or even tubular morphologies can be
obtained. Other complex compositions involving different metals can also be obtained in
the form of single crystals, which are “ideal” heterostructures with a regular combination of
different materials in a perfectly regular packed layer along the basal direction. As subunits
of different compositions and repetitive patterns are obtained, electronic and physical
properties can be tuned. In this sense, several studies have been published investigating the
properties of this class of materials and have suggested industrial applications [333–337].

When larger single crystals of MLCs are needed, the chemical vapor transportation
technique can be used to obtain millimeter- or centimeter-long single crystals. The process
consists of sealing the stoichiometric amount of chemicals in the presence of iodine as
a chemical transportation agent and positioning the quartz ampoule in a gradient of
temperature. With these single crystals and using the same composition, even in different
research groups, reproducible results can be obtained which is uncommon when results
need to be reproduced from published results [333–337].

5. Optoelectronics Applications of MX2 and MX2-Based Composites

Semiconductor TMDCs are of special interest because it is possible to manage the
gap by varying the layer composition, which is an excellent feature for the fabrication of
new optoelectronic devices [342]. Despite the structure being quite similar to graphene,
concerning a hexagonal lattice, TMDCs cover a wide spectrum of properties, ranging from
insulators to metals. These different properties are due to the existence of the non-binding
band (when the conduction band is not completely filled). It is noteworthy that one of
the first articles on TMDCs was published in the mid-1980s [195]. An advantage that a
TMDC model has, like MoS2, for example, is that its bandgap varies between 1.3 eV and
1.5 eV, which was experimentally confirmed by photoluminescence absorption measure-
ments [343]. This value is favorable for optical absorption when exposed to UV radiation
(or solar light).

Research in the manufacture of optoelectronic devices based on TMDC is focused on
achieving a controlled growth of samples with large grain sizes. In recent years, grains of
the order of 100 µm have been reached [246,344]. After obtaining the samples, it is possible
to employ microscopic observation techniques to identify the type of defects that occur,
followed by grain boundary models and first-principles calculations to study the stability of
the structures and the modifications introduced by the defect in the band structure, which
have been observed at the grain boundaries of TMDCs [345,346]. Figure 4A–Q illustrate
the main optoelectronic applications of 2D-layered TMDC materials. Using different
combinations of 2D-layered materials, we can achieve innovative physical properties.
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Even more interesting are the many different devices that can be built, such as capacitors,
tunneling junctions, LEDs, solar cells, optoelectronic devices, and field-effect transistors.
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Figure 4. (A) Bandgap versus field-effect mobility for important semiconductors in today’s high-
efficiency photovoltaic devices. Reprinted with permission from Ref. [16]. Copyright 2014 American
Chemical Society (B) A microscope image of the WSe2 solar cell device. Reprinted with permission
from Ref. [347]. Copyright 2014 Springer Nature. (C) PL spectra of an in-field-effect single-layer MoS2

transistor under the variable amount of strain. Reprinted with permission from Ref. [348]. Copyright
2013 American Chemical Society. (D) A schematic drawing and (E) real microscopy of a WSe2 stacked
monolayer (2D/2D) device and source and drain contacts. Reprinted with permission from Ref. [349]
Copyright 2014 Springer Nature. (F) Obtained images of MoS2–graphene–WSe2 printed objects
(“NJU and SITP” and “two-dimensional material” in Chinese). Reprinted with permission from
Ref. [350]. Copyright 2016 American Chemical Society. (G) Field-effect transistors constructed with
2D materials and their characteristics with ION/IOFF. Reprinted with permission from Ref. [351].
Copyright 2014 American Chemical Society. (H) The schematic of a multilayer TMDC-based solar cell.
Reprinted with permission from Ref. [352]. Copyright 2023 Springer Nature. (I) The schematic of the
SECM measurement setup operating in the SG-TC mode. The top trapezoid represents a Pt UME tip,
and the bottom represents a strained MoS2 monolayer with sulfur vacancies (SV-MoS2) serving as the
working electrode. (J) A schematic of the complementary COMSOL simulation depicting the spatial
distribution of hydrogen concentration (CR/mM). The left side illustrates the 2D configuration of
the tip and substrate used in the simulation. The tip consists of a 25 µm diameter Pt wire within
a glass shell (with a ratio of glass to metal radius RG = 2). The substrate, composed of strained
SV-MoS2, has a diameter of approximately 0.5 mm. The right side exhibits a representative calculated
CR distribution (under the condition: SV-MoS2 potential at −0.6 V and Pt UME tip potential at 0 V
in 0.1 M HClO4) [353]. A schematic representation of the proposed charge transfer mechanisms:
(K) 1 T-WS2/TiO2, 2H-WS2/TiO2, and 1 T/2H-WS2/TiO2, and the time-dependent production of
(L) CO and (M) CH4 by TiO2, 1 T-WS2, 2H-WS2, 1T/2H-WS2, 1T-WS2/TiO2, 2H-WS2/TiO2, and
1 T/2H-WS2/TiO2. (N) Photocatalytic activity and photocatalytic CH4 selectivity of the as-prepared
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samples. Reprinted with permission from Ref. [354]. Copyright 2022 Elsevier. (O) A schematic
representation of the synthesis process of ultrafine Mo1−xWxS2 nanosheets; (P) the Mo and (Q) S
K-edge XANES spectrum of MWS-2 and MoS2. Reprinted with permission from Ref. [355] Copyright
2021 American Chemical Society.

5.1. Transistors

Radisavljevic et al. [36] were able to successfully produce a transistor composed of
a 2H-MoS2 single layer. Since then, TMDCs have been considered very promising for
use in 2D vdW heterostructures. For example, the semiconductor/semiconductor vdW
heterojunction is composed of layers of MoSe2/WSe2 [356] and MoS2/WS2 [29]. It is thus
possible to control electronic properties of interest, such as the energy gap, through an
adequate choice of the number and type of stacked 2D materials. This is of great interest to
the engineering development of new semiconductor materials.

A charge transfer accompanies the formation of a heterostructure between the materi-
als used. The meaning of this transfer is important for describing the electronic properties
of the system. This sense can be obtained through the alignment of bands (band offsets).
Based on first-principles calculations, Kang and collaborators performed an extensive
study of the band alignment of TMDCs comparing the ionization potential which is the
minimum energy to take an electron from the last VB, and the energy gap of the stacked
2D components [62]. Thus, they show that the MoSe2/WSe2, MoS2/WS2, and MoS2/WSe2
heterojunctions show type II band alignment. In fact, this type II alignment was verified in
a recent experimental realization of the p-n MoS2/WSe2 heterojunction [310].

Combining metal/semiconductor in heterostructures has also been successfully synthe-
sized using 2D (semi)metal over layers of TMDCs, for example, graphene on TMDCs [357,358],
or 2D metals, 2H-NbS2 type, on TMDCs semiconductors [63]. In this type of heterostructure,
it is essential to consider the height of the Schottky barrier (ΦB). In general, ΦB can be
estimated by comparing the metal work function (Wm) and the electron affinity (ΦB for
n-type semiconductors) or the ionization potential (ΦB for p-type semiconductors) of the
semiconductor. Like what happens in 3D structures, the height of the Schottky barrier can
be adjusted by an external electric field, as seen in FETs. However, the injection of holes
in FETs based on TMDC (semiconductors) was limited by the larger values of p-type ΦB.
There are some proposals aiming to provide better efficiency in the injection of holes in
TMDCs, for example, by using oxidized graphene at source/drain contacts [359,360], and
the inclusion of a monolayer of boron nitride BN at the metal/semiconductor interface [361].
On the other hand, the control of p-type ΦB, to obtain an efficient injection of holes in
the metal/TMDCs heterojunctions, remains a challenge. Therefore, we are facing intense
research on new materials, which allows us to make a series of combinations of materials
to obtain a certain electronic property. Lee et al. [360] detailed the production of phototran-
sistors employing 2D MoS2, with graphene as a source and drain electrodes. It was shown
a photoresponse within the 400–700 nm range, boasting an impressive responsivity value
of 1 × 104 A/W. In addition to its versatility in more advanced optoelectronic applications,
the authors have shown the MoS2 photoinverter being used as imaging pixels, leading to
the fabrication of a prototype visible imager effectively operating under a green light [362].

5.2. Photodetectors

PN junction photodetectors operate in two primary modes: photoconductive mode,
where an external bias voltage enhances light sensitivity, and photovoltaic mode, which
generates a voltage upon illumination without an external bias. Thus, when a photon with
energy greater than the bandgap of the material hits the surface, an electron–hole pair is cre-
ated, which, when ejected from the material, generates an electric current. The band align-
ment conditions present in TMDCs allow them to be applied as photodetectors [363,364].
The bandgap potential of 2D-layered TMDC materials ranges from 0 eV found for graphene
to ~6 eV for hBN [365].
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Specifically, there are photodetectors based on homojunction, which offer three meth-
ods for modulating the carrier type of TMDCs: altering surface properties through chemical
treatment, modifying single-crystalline TMDC properties via elemental doping, and carrier
modulation through electrostatic gating, excluding doping [366]. Additionally, heterojunc-
tions formed at the interface between two dissimilar materials with unequal bandgaps are
usually utilized in TMDC-based photodetectors [366].

Although presenting appropriate and, in some cases, tunable bandgap electronic
structures, the photodetectors based on TMDC materials suffer from long photoresponse
time, low visible light absorption capacity, and low carrier mobility [365]. Pulikodan
et al. [367] conducted an analysis of the underlying factors contributing to the anomalous
transient photocurrent phenomena observed in self-powered photodetectors constructed
from solution-processed WS2 nanosheet. They demonstrated a high on/off ratio of about
2.4 × 105 under illumination from an LED with a wavelength of about 625 nm and an
intensity of 100 mW/cm2. The device exhibits peaks in photoresponsivity at wavelengths
of approximately 630 nm and 523 nm, which in turn correspond to the absorption peaks
observed for the WS2 nanosheets. This behavior is partly attributed to the modification
of WS2 electronic bands at the interface due to defect states present on the surface of
nanosheets, including sulfur vacancy defects [367].

One strategy to face these issues was described by Li et al. [368] with a photodetector
composed of a sandwich Au-MoS2-Au structure, in which the authors claimed a high light
response speed due to an enhanced local surface plasmon resonance coupling between the
double-layered Au modifications. The combination of few-layer MoS2 and PbS quantum
dots (QDs), in a hybrid nanostructure form, was described as a strategy to improve the
performance of the MoS2-based photodetector. The formation of vertically-few-layer MoS2
promoted a large specific surface area and improved light absorption capacity, while the
QD expanded the response range from visible light to near-infrared [301]. The strategy
of preparing a MoS2-based photodetector using a graphene fiber type is an option to
obtain better performance since this structure presents a relatively larger surface area in
comparison with sheet-type devices [369].

Maity et al. [370] published a study on MoS2/MoSe2 nanoflakes deposited on gallium
nitride (GaN) substrates for photodetection. Besides investigating each material individu-
ally, the study included an analysis of the deposition order of MoS2 and MoSe2 layers on
the GaN substrate. The experimental results demonstrate that the photodetectors, designed
by depositing MoS2 on the MoSe2 layer previously grown on the GaN substrate, exhibited
superior performance in photodetection. The main measurements demonstrated a high
photoresponsivity of 82 A/W, a specific detectivity of 1.791 × 1014 Jones, and an external
quantum efficiency of around 28%. Based on the theoretical calculations performed by
these authors, the superior performance of this heterostructure in the vertical configuration
(GaN/MoSe2/MoS2) is related to the two consecutive staggered type II band alignments. In
this case, the electron transport from MoS2 to MoSe2 is facilitated by the inherent potential
at the junction, allowing it to overcome the developed potential barrier and reach GaN. On
the other hand, the holes can be transported from GaN to MoSe2 and subsequently from
MoSe2 to MoS2 without any potential barrier.

Wu et al. [371] developed MoS2 photodetectors by coupling semi-metallic WO3−x
nanoparticles underneath for ultrafast and near-infrared spectrum detection. The photode-
tection performance (1.8 × 104 A/W) was 100 times higher than pure MoS2. Hence, the
high performance of this photodetector can in principle be attributed to the synergistic
effect of both the semi-metallic nature of the lower WO3−x nanoparticles and the intact
nature of the upper MoS2 layer [371].

5.3. Solar Cells

The use of TMDCs in photovoltaic cells is one of the possible applications using a PN
junction. Based on Shockley–Quessier calculations [372], a bandgap close to 1.3 eV would
be desired to obtain a good photovoltaic efficiency [16]. On the other hand, TMDC-based
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solar cells do not have the stability issues of organic photovoltaics or perovskites, although
they are not yet comparable in terms of efficiency [373]. In addition to the wide range of
bands and possible combinations, TMDCs also have good field-effect mobility values, as
seen in Figure 4A. However, the bandgap condition is only satisfied when these materials
are in the order of monolayers. Figure 4B shows an optical microscopy showing a solar cell
constructed from superimposed layers based on WSe2.

Several studies have been conducted [347,374] testing different combinations of
TMDCs. For the stacking of MoS2 single layers, a maximum energy conversion efficiency
(PCE) of ~1% was obtained, while the heterojunction between WS2/MoS2 was 1.5% [117].
The TMDC heterostructures such as CuS/WS2 and CuS/MoS2 are also found as an alterna-
tive material for Pt employed as a counter electrode in dye-sensitized solar cells, resulting
in a system that exhibited a PCE of 8.21% and 7.12%, respectively [375].

Nazif et al. [352] achieved groundbreaking results with flexible TMDC solar cells,
achieving a record PCE of about 5.1% and a record specific power of 4.4 W g−1 using
multilayer (~200 nm) WSe2 absorbers. In another study, the efficiency limits of multilayer
TMDC solar cells, including MoS2, MoSe2, WS2, and WSe2, were investigated as a function
of thickness and material quality [352]. They looked beyond existing models (as Tiedje
Yablonovitch and Shockley–Queisser) to include real-world measurements of light absorp-
tion and different ways the solar cell could lose efficiency (Figure 4H). Their results suggest
that these ultrathin solar cells, as thin as 50 nanometers, could achieve up to 25% efficiency
even with current material quality [352].

Although the solar cells produced using TMDCs have shown promising results, the
limitation of absorption [16] due to the thickness of the packed layers (in the order of
nanometers) makes these devices have low PCE values when compared to crystalline
silicon cells, multijunction devices cells, thin films, perovskite cells [376] and dye-sensitized
solar cells [377]. In the attempt to increase light capture and minimize this low conversion
limitation, efforts have been made to use plasmon absorption [378,379], for example,
through higher layer stacking [380] and increased strain [381] (see Figure 4C).

5.4. Light-Emitting Diodes (LEDs)

TMDCs are generally n-type semiconductors, but by introducing a dopant with p-
type characteristics, these materials have applicability as LEDs [365]. Among TMDCs,
2H-WSe2 is often used as a p-type element together with good conductive metals such
as Pt, Pd [382], and Au [383]. For instance, Najafidehaghani et al. [384] produced lateral
MoSe2/WSe2 heterostructures grown by a one-pot CVD process. The photoluminescence
at room temperature was analyzed using a laser with an excitation wavelength of 532
nm. For this particular heterostructure, the PL intensity from p-type WSe2 was on average
10 times higher than that of n-type MoSe2. The maximum emission peaks were detected at
790 nm (1.568 eV) and 748 nm (1.656 eV) for MoSe2 and WSe2, respectively. The synergic
emission detected in the PL spectrum was attributed to the presence of well-separated areas
in the laterally oriented heterostructure. The physicochemical features of these distinct
areas are equivalent to those exhibited in the individual materials when grown separately.
By employing various electronic and optoelectronic measurements, the authors proved
its effectiveness.

Figure 4D,E show the assemblies of two devices made from the combination of layers
of 2D TMDCs. In Figure 4D,E, we see an LED device capable of varying the intensity of
the current, oscillating the intensity of the emitted light [349]. In Figure 4F, devices capable
of being printed with good resolution and contrast are shown, and it is even possible to
inscribe perfectly legible letters, opening up many possibilities for their application [350].
The stacking of these layers provides these devices with unique properties, which, as dis-
cussed in Section 4, confers properties that would not be possible without the combination
of different materials.

The use of these 2D materials in vdW structures not only offers unique properties but
can also extend conventional electronics applications to other branches, such as flexible and
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transparent electronics [115]. Considering the excellent optical and mechanical properties
of MoS2 (semiconductor), h-BN (dielectric), and graphene (conductor), these materials
can be stacked in a metal–oxide–semiconductor (MOS) structure, which is the heart of
transistors like the metal–oxide–semiconductor field-effect transistors type.

Field-effect transistors using 2D materials stacked with all components, including the
semiconductor, insulator, and metal layers, have been demonstrated [351] (see Figure 4G).
Specifically, MoS2 was used as the active channel material (semiconductor), h-BN as the
dielectric, and graphene as the source and drain and gate electrode contacts. This transistor
exhibited n-type behavior with an ION/IOFF current ratio of >106 and electron mobility
of ~33 cm2 V−1s−1. Furthermore, mobility did not degrade with high voltages at the
gate electrode, presenting an important advantage over conventional Si transistors, where
surface roughness scattering severely reduces the mobility of charge carriers [351].

The thermal stability of a two-dimensional material is also a very important criterion
for future applications, as the heating of devices through current flow and other adverse
environmental conditions is generally unavoidable. It was observed that the MoS2 mono-
layer has a lower thermal stability than its 3D analog, and its degradation temperature
drops to 700 ◦C in a high vacuum when it is grown on SiO2 [385]. Regarding large-scale
synthesis, controlling the thermal stability of MoS2 is essential to allow its integration with
other 2D materials, such as hexagonal boron nitride (h-BN). Due to its wide bandgap, h-BN
has emerged as a promising 2D material to be used as a dielectric layer in nanoelectronic
devices with MoS2 [386]. In addition, the h-BN/MoS2 junction becomes an advantageous
heterostructure because, among 2D materials, h-BN is one of the most resistant to oxida-
tion [387], which could act as a protective layer for sensors based on MoS2, mitigating the
degradation caused by surface contamination [388]. It has also been seen that using one
or two layers of h-BN as a tunneling layer can considerably reduce the Schottky barrier in
MoS2-based devices using h-BN/MoS2 instead of just MoS2 in contact with the metal [389].
However, for the application of h-BN in these devices, it is necessary to use large-area
growth techniques that generate low defect density, such as MBE [390]. MoS2 must be
stable under these conditions because the growth of h-BN by MBE requires relatively high
temperatures (>600 ◦C) [261].

Daus et al. [391] successfully fabricated flexible transistors utilizing single-layer MoS2
and achieved impressive currents reaching nearly 470 microamps per micrometer at a
drain-source voltage of 1 volt. The authors conducted a performance comparison with
flexible graphene and crystalline silicon FETs. These transistors featured channel lengths
of less than 100 nanometers and were fabricated by transferring the MoS2 material and
pre-defined metal contacts onto flexible substrates [391].

5.5. Photocatalytic Activity

Since the Industrial Revolution, fossil fuels have been essential for the development of
society. However, with technological advancements and the change in society’s lifestyle,
there are predictions of energy consumption of about 25–27 TW until 2050 [392]. This
represents more than 80% of the energy available from the remaining fossil fuel reserves.
Associating this energy demand with the large volume of greenhouse gases released
into the atmosphere and their impacts on the climate, there is an increasing need for the
development of technologies to generate cleaner and renewable energy. Within this context
are photocatalytic processes such as the water splitting process for hydrogen generation
and the CO2 photoreduction process, which can provide raw materials for industry [393].

Therefore, the search for suitable photocatalysts with broad solar absorption and
efficient separation of charge carriers has become one of the most important tasks for the
implementation of these technologies.

5.5.1. CO2 Photoreduction

Photocatalysts based on transition metal chalcogenides are being widely explored
owing to their excellent mechanical, thermal, electrical, and optical properties. However,
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although TMDCs are used for the adsorption and photoreduction of CO2, their use is still
very low due to limited photoabsorption in the visible region and the positions of the
VB and CB, which leads to rapid recombination of electrons/holes photogenerated [394].
Thus, different research groups are using some TMDCs modification strategies, such as
heterostructures formation and TMDCs stacking, to improve visible light absorption and
promote efficient electron–hole separation, along with adequate charge transport to the
surface [395,396].

Meier et al. [397] analyzed the influence of the controlled introduction of crystalline de-
fects and the thickness of the flake through variations in CVD synthesis to obtain nanoflow-
ers of MoS2 and demonstrated the tunable nature of flake edge morphology, nanoflower
size, stacked-sheet thickness, and optical bandgap energy (Eg), as well as the impact of
these variables on photocatalytic activity. These modifications facilitated the tuning of
the Eg from 1.38 to 1.83 eV and induced the manifestation of the 3R phase, resulting in
enhanced photocatalytic performance. During photoreduction tests, the ideal characteris-
tics of the materials were observed in samples exhibiting high nanoflower density as well
as thick-edge site abundance. In this way, the authors showed a facile synthesis method
yielding controllable nanoflower formations, showing repeatability and providing insights
into synthetic parameters for the regulation of defect-laden, well-defined edge-site-rich
and photocatalytically active systems in the CO2 photoreduction [397].

Zhou et al. [354] showed that WS2 (1T-WS2 and 2H-WS2) is thermodynamically stable
and suitable for forming heterojunctions with other semiconductors for use in the CO2
photoreduction process. The authors designed and constructed a novel heterojunction pho-
tocatalyst (Figure 4K) by integrating multiphase 1 T/2H-WS2 homojunction combined with
TiO2. This configuration ensured a cascading, multi-step transfer path of photogenerated
electrons, which facilitated charge separation and electron accumulation in 1T-WS2, which
served as a co-catalyst for the photocatalytic reduction of CO2, showing an improvement
in both activity and selectivity (94.2%) when compared to TiO2 (41.9%) in the conversion of
CO2 to CH4 [354].

5.5.2. Hydrogen Evolution

In addition to the incessant search for the development of technologies for the abate-
ment of CO2, the growing demand for clean renewable energies has attracted more and
more focus, mainly on hydrogen (H2) generation processes, such as the water splitting
process via electrocatalytic, catalytic, and photoelectrocatalytic processes [398,399]. Hence,
there is a strategic interest in finding multifunctional materials with superior performance
for their production.

The catalytic and photocatalytic properties of 2D-TMDCs for hydrogen evolution are
promising and have gained significant interest due to their narrow bandgap, the atomically
thin nature of 2D-TMDCs, which leaves the catalytically active sites more exposed, and
their metallic nature, which leads to greater electrical conductivity, and which is more
favorable to hydrogen evolution reactions [400,401].

In 2007, Jaramillo et al. [105] identified the active site responsible for H2 evolution
in a reaction catalyzed by nanoparticulate MoS2 on Au(111). In their study, Li et al. [353]
applied the combined approach of scanning electrochemical microscopy measurements
and multiphysics modeling (Figure 4I,J) to delve into the HER kinetics of newly discovered
active sites consisting of S-vacancies situated on the basal plane of MoS2. The authors show
that tensile elastic strain enhances the HER kinetics owing to the presence of S-vacancies
in MoS2.

Using DFT calculations, Tsai and his co-workers [402] investigated the activity and
stability of 26 different TMDC catalysts for the HER. Their findings revealed a strong
correlation between HER activity and catalyst stability, in which systematic enhancements
in activity are significantly constrained by a decrease in stability [403]. However, at the
edges, the relationships between activity and stability remain consistent regardless of



Catalysts 2024, 14, 388 30 of 49

the structure or chalcogen. This suggests that it is possible to achieve optimal hydrogen
bonding with a stable surface.

In general, both vertical and horizontal heterostructures have presented exceptional
performance for different technological purposes. In the scope of this context, Vikraman
et al. [404] investigated the effectiveness of MoS2/WS2 heterostructures, grown on fluorine-
doped tin oxide-covered glass substrates, as an electrocatalyst for HER. These films were
obtained by using a combination of chemical bath deposition and radio frequency sputter-
ing techniques, which yield a surface consisting of a cauliflower-structured array of grains
with spherical structures without the presence of pinholes or cracks. Both the vertical
orientation of MoS2/WS2 heterostructures and their morphological aspects resulted in a
high catalytic performance for HER. The electrochemical data confirmed an overpotential
of about 129 mV at 10 mA/cm−2, a high exchange current density of 4.36 × 10−1 mA/cm2,
and a small Tafel slope of 72 mV/decade. Another key aspect to highlight was the pro-
longed stability exhibited by the heterostructured electrodes, which remained functional
even after 20 h of uninterrupted H2 production [404]. Lin et al. [405] reported the forma-
tion of an atomic double-layer heterostructured photocatalyst formed by WS2 and Nb2O5
(WS2/Nb2O5) and found that the average lifetime of charge carriers for WS2/Nb2O5
(~180.97 ps) is considerably reduced compared to that of pure Nb2O5 (~230.50 ps). This
substantial reduction strongly suggests that the shell/core interface allows the WS2/Nb2O5
to achieve an ultra-fast charge transfer from Nb2O5 to the atomic double-layer WS2. Conse-
quently, this photocatalyst exhibited a remarkable H2 evolution rate of about 237.6 mmol/h,
which is 10.8 times higher than that of pure Nb2O5 nanosheets.

Huang et al. [406] described the photocatalytic performance for H2 production of WS2
nanoflakes grown on g-C3N4 by a simple colloidal route. This synthetic approach was
able to promote the coexistence of both 1T (metallic) and 2H (semiconducting) phases
in WS2. However, the authors explained that the presence of the 1T phase served as a
co-catalyst, playing a key role in enhancing the electronic conductivity and providing
additional active sites for H+ reduction over both basal and edge sites. Other advantageous
aspects responsible for enhanced H2 production (350.75 µmolg−1h−1) were the suitable
positioning of energy levels and the layered vertical connecting structures of g-C3N4/WS2.

Geng et al. [407] present a novel approach to enhance the HER of MoS2 by activating
interfacial sulfur sites through the integration of ruthenium (Ru) nanoparticles onto the inert
basal plane of MoS2 nanosheets. Both DFT calculations and experimental findings confirm
the modulation of the interfacial S electronic structure and optimized hydrogen adsorption
on MoS2. Notably, the Ru-MoS2 catalyst exhibits remarkable performance, requiring
only overpotentials of 110 mV and 98 mV to achieve a current density of 10 mA·cm−2

in 0.5 M H2SO4 and 1 M KOH solutions, respectively. This innovative strategy opens
avenues for activating the basal plane of other TMDC electrocatalysts, promising significant
advancements in HER performance.

Lu et al. [408] studied a vacuum thermal evaporation system designed for production
in large quantities of uniform polycrystalline MoS2 thin films. Leveraging K2MoS4 as
the precursor, this system enables a reliable deposition of high-quality MoS2 films with
controllable thickness (0.8 to 2.4 nm) and dimensions up to 50 mm × 50 mm. This method
facilitates patterned deposition of MoS2 through the use of shadow masks and sequential
deposition of MoS2 and WS2, akin to conventional thermal evaporation techniques.

5.5.3. N2 Reduction Reaction

In the context of the N2 reduction reaction (N2RR), certain transition metals such as
Mo display a pivotal role in enhancing the bonding interaction between N2 and the catalyst
surface due to their unique d orbital configuration [409–411]. The use of DFT calculations
in theoretical investigations has identified Mo and Fe as highly promising candidates for
NH3 synthesis through associative mechanisms [412]. Experimental studies conducted
by Zhao and colleagues support the thermodynamic perspective by revealing that the
initial hydrogenation step of N2 spontaneously and preferentially occurs on the Mo(111)
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surface [413]. The particular presence of the Mo and S elements in nitrogenases has drawn
attention to their catalytic activity in N2RR [409]. Inspired by the enzymatic studies of
natural NH3 synthesis, there has been a growing interest in TMDC sulfides like MoS2 [414]
owing to their large structural similarity to the active site of nitrogenases [415].

Computational studies have also suggested the possibility of NH3 electrosynthesis
occurring on sites where Mo atoms are exposed to the electrolyte, further supporting the
plausibility in mechanistic terms [416]. Building upon this knowledge, Zhang et al. [417]
successfully prepared MoS2 nanosheets through hydrothermal methods on carbon cloth
and utilized them as catalysts for NH3 electrosynthesis under ambient conditions, achieving
notable results with a faradaic efficiency of about 1.17% and an NH3 yield of 8.08 × 10−11

mol s−1 cm−2 at −0.5 V vs. RHE in 0.1 M Na2SO4 [417].
Research based on DFT also indicates that the efficiency of MoS2 catalysts in NH3

synthesis can be enhanced through the introduction of defects and additional elements into
their structure [416]. This improvement is attributed to the catalyst’s high selectivity for N2
on its surface [418]. In this sense, the doping of the MoS2 microsphere surface with nitro-
gen (N-MoS2) performed in situ by a hydrothermal method improved N2 fixation ability
(101.2 µ mol/g(cat)h) compared to MoS2 undoped under the visible light irradiation, once
the presence of nitrogen reduces the bandgap, while the hierarchical surface structure en-
hances light adsorption by promoting reflection and scattering effects [419]. The controlled
W-doping of MoS2 (Figure 4O), in a controlled ratio of a 2H-to-1T phase (Mo1−xWxS2),
results in an increased electron density state within the W 5d orbitals, enabling the polar-
ization of adsorbed N2 molecules (Figure 4P,Q), and facilitating their adsorption, activation
and, consequently, leading to improved NH3 formation yield compared to pristine MoS2 or
WS2 [355].

Another strategy to boost the NH3 synthesis using MX2-based composites is utilizing
heterostructure design in interface engineering; it presents a viable method for enhancing
the kinetics of N2RR and elevating catalytic performance. This approach leverages the
robust interfacial interactions between two material catalysts, enhancing not only electron
transfer but also optimizing the free energies for the intermediates of the reaction [420].
DFT studies offer additional insights, revealing that the heterostructure strategy reduces
the energy barrier for stabilizing intermediates and promotes favorable H adsorption on
sulfur (S) edge sites of MoS2, resulting in high faradaic efficiency [421]. In this sense,
the combination of MX2 with other 2D semiconductors has been investigated for the
photochemical generation of NH3, as in the case of the hybrid MoSe2@g-C3N4 [422] and
p-MoS2/n-MgIn2S4 marigold flower-like heterojunction composites [423] where improving
the rate of NH3 production has been a good strategy to promote photochemical N2RR.

5.6. Electrocatalytic Activity

Electrocatalysis using 2D-layered materials such as MX2 has been an area of intense
research owing to their unique properties that are beneficial for electrochemical reactions.
In particular, the 1T phase of TMDCs, like MoS2, has shown great promise due to its
electronic structure that facilitates electron transfer and reactant activation. For instance,
theoretical/experimental investigations have demonstrated that 1T-MoS2 exhibits high effi-
cacy in the HER (which is discussed in detail in Section 5.5.2), one of the most fundamental
electrocatalytic reactions.

Xue et al. [424] reported the synthesis of heterostructures formed from 2D-1T′-MoS2
with g-C3N4 with nanocage structures. Additionally, the inclusion of the co-catalyst 1T′-
MoS2 effectively suppresses photoinduced carrier recombination. Consequently, the 1T′-
MoS2/g-C3N4 heterostructure exhibits excellent cycle stability and has a hydrogen evo-
lution rate of 1949 molh−1, surpassing that of g-C3N4 nanocage structures by 162.4 times
(12 molh−1) [424]. Compared to both pristine g-C3N4 nanocage and g-C3N4 nanosheets,
DFT calculations and experimental analyses show that the 1T′-MoS2/g-C3N4 heterostruc-
ture exhibits significantly enhanced light-absorption capability and possesses a larger
specific surface area [110].
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Another important application of electrocatalysis with MX2 is in the oxygen reduction
reaction (ORR), which is crucial for energy conversion devices like fuel cells [425,426]. The
1T-MoS2 phase, with its high electronic state density and metallic properties, offers an
efficient active site for ORR [427]. The ability to adjust the composition and phase of MoS2
through doping or thermal treatments paves the way for developing tailor-made catalysts
with enhanced electrocatalytic activity [428].

Moreover, electrocatalysis using MX2 is not limited to HER and ORR. The 1T-MoS2
phase has also been explored for other electrocatalytic reactions, such as the oxygen evolution
reaction (OER) [426,429–431] and the carbon dioxide reduction reaction (CO2RR) [432,433]. A
recent study [434] highlighted that the 1T-MoS2 phase exhibits superior OER activity when
compared to the semiconducting 2H phase, owing to its higher conductivity and increased
abundance of active sites.

In summary, the 1T-MoS2 phase and other MX2 materials offer a versatile platform
for electrocatalysis, with the potential to revolutionize clean and sustainable energy pro-
duction. Ongoing research in the synthesis and functionalization of these 2D-layered
materials based on TMDCs will continue to unveil new avenues for designing advanced
electrochemical catalysts.

6. Perspective and Outlook

TMDCs have attracted the scientific community’s attention due to their diversity of
dimensionalities, offering a wide array of optical, electronic, and mechanical properties
with vast application potential. Their 2D structures provide significant surface area, allow-
ing for effective interaction with various compounds. Furthermore, the ability of TMDCs
to modulate their electronic and chemical properties through the control of composition
and morphology opens new possibilities for the rational design of highly efficient and
selective catalysts. As highlighted in this review, TMDC-based materials have the potential
to catalyze a wide range of reactions, including CO2 photoreduction, water splitting, and
N2 reduction, among others. However, the translation of this knowledge into practical
technologies faces significant challenges, particularly in the scalable fabrication of vdW
heterostructures and the detailed understanding of reaction mechanisms at the molecular
level. Therefore, the fabrication of devices based on these structures still needs to be revised,
and scalable and reproducible preparation procedures must be developed. On the other
hand, as with other challenges humanity faces, if a goal attracts enough interest, researchers
worldwide will test different approaches, and eventually, this creative process will find its
way. Furthermore, exploring the potential of layered TMDCs in quantum information pro-
cessing, spintronics, and optoelectronic technologies holds promise for future technological
advancements. Novel phenomena such as superconductivity and topological insulating
behavior further underscore the transformative potential of TMDC-based technologies
across various industries. In summary, while there has been significant research on a
few select TMDCs, several others have also shown promise for a range of applications in
optoelectronics, photo(electro)catalysis, and beyond [435–451]. Further research on these
materials, extended to thousands of natural and synthetic layered materials, will help
uncover their full potential and enable the emergence of new technologies in the future,
contributing to more efficient and sustainable solutions to global challenges.
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