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Abstract: Current, in-depth research on layered two-dimensional transition metal dichalcogenides (2D-TMDCs) has been
triggered by a progression of investigative theoretical predictions and experimental observations of unanticipated electronic,
optical and photochemical properties in nanosheets and their composites of this family of materials, especially their most
archetypal member, MoS,. MoS, nanosheets show a fantastic array of properties to be a potential candidate as an active
photochemical agent, thus contributing to the gateway of an immense number of problems. However, from the past 2-3 years, the
other family members, MoX, (X=Se, Te) and WX, (X=S, Se, and Te), are stepping out of the shadows of the famous
molybdenum disulfide and establishing their own identity. This review aims to arrange and combine information on
photocatalytic hydrogen production, water splitting, dye degradation, visible light photocatalytic activity, photocatalytic CO,
reduction, and environmental remediation of layered 2D-TMDCs nanosheets and their composites. Due to the popularity of
MoS,, the central focus of the review is on MoSe,, MoTe,, WS,, WSe,. This work presents a systematic report on the applications
of various 2D metal dichalcogenides as a whole, exploring their prime role in enhancing individual performance like the
evolution of hydrogen gas, reduction of CO,, and degradation of toxic dyes or pollutants. All such treatments are of utmost
significance for having a better environment to live. Thus, this specifies the importance of 2D-TMDCs towards the attainment of
a sustainable homeland. In recent years WTe, has emerged as a potential candidate for giant magnetoresistance and
superconductivity. However, in the case of photocatalytic applications, it is not very economical for commercial development.
Therefore, WTe, is excluded from our discussion.

Keywords: Transition Metal Dichalcogenides Nanosheets, HER, Dye Degradation, CO, Reduction, Water Splitting,
Visible-Light-Driven Photocatalysis

emerging novel class of nanomaterials for foundational
studies and demanding applications owing to their fascinating
properties [1-3]. A class of materials that has become a
thriving research field ranging from photocatalysis [4] to
water splitting [5], solar cells [6], lithium-ion batteries [7],
Opto-electronics [8], sensors [9]. In recent years, 2D-layered
TMDCs: MoS,, MoSe,, MoTe,, WS,, WSe, have become a

1. Introduction and Background

The successful examination of graphene over the past
decade has given rise to extensive research devotion towards
the graphene-like 2D layered materials, and the house of 2D
layered transition metal dichalcogenides (TMDCs) has
acquired significant attention over the past few years as an
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research hotspot due to their promising photocatalytic
applications such as photocatalytic hydrogen production, dye
degradation, water splitting, visible light photocatalysis,
photocatalytic CO, reduction, and environmental remediation
[10-14]. Due to its vast history and ideal 2D structure, MoS, is
the flagship of 2D TMDCs [15]. From the perspective of a
photocatalyst, MoS, (single- or few-layer) nanosheets possess
exceptional photo-induced catalytic ability because of suitable
bandgap (i.e., ca. 1.8 eV single-layer MoS,). The high
charge-carrier mobility and the large surface-to-volume ratio
of MoS, nanosheets show remarkable advantages for
photo-electrocatalysis. Most of the methods used for the
isolation/preparation of graphene are also plausible for MoS,
nanosheets due to the layered structure similar to graphene.
Photocatalytic hydrogen evolution, from the perspective of
hydrogen evolution reaction, has always been the center of
attention for research. Noble metals, such as Platinum, Gold,
and Palladium, were traditionally involved as catalysts for
photocatalytic hydrogen production but are expensive and
scarce. Therefore, MoS, and MoSe, are the most promising
candidates to replace them because of their superior catalytic
ability in photocatalytic hydrogen production [16-18]. Due to
its outstanding application potential in various fields and its
excellent physical and chemical properties, MoSe, has
gradually become the main research topic in photocatalysis. It
has properties such as the back-gate effect and solid
lubrication, which other transition metal disulfide lack. By
applying any external mechanical strain or electric field, the
bandgap of MoSe, can be tuned effectively. Following the
popularity of MoS, and MoSe,, the attention is shifting
towards WS,, WSe,, WTe, [19-22]. In general, WX, shows
characteristics that demand a wide range of applications. WS,
has shown similar characteristics to that of MoS, as a
co-catalyst and Cadmium Sulfide for the photocatalytic water
splitting for hydrogen production since the performance was
similar to those of noble metals. For various photochemical
and photoelectrochemical applications, the optoelectric
properties of the van der Waals heterojunctions of MoS,/WS,
and MoS,/WSe, have shown promising potentials. WSe,
provides a firm and ample interlayer architecture suitable for
solid-state diffusion of counter-ions. The effective factor for

the considerable amount of specific capacity is facile diffusion.

The advancements in this short period clearly show the bright
horizon ahead for tungsten dichalcogenides [23-25].
Compared with the molybdenum counterparts, tungsten is
more abundant in the earth's crust. Thus, cheaper and less
toxic. Also, the large tungsten atoms can effectively tune the
TMDCs properties by altering the 2D structure. In most of the
applications, the general behavior of WX, (X=S, Se, Te) is
similar to that of MoX, (X=S, Se, Te), but the real advantage
of WX, is in the manipulation of the lattice, e.g., by strain
engineering. The popularity of molybdenum dichalcogenides
has somehow overshadowed the potentials of tungsten
dichalcogenides. The industrial consumption of molybdenum
is currently higher while having a lower number of mineral
resources. Hence the commercial availability of tungsten
becomes more favorable for future industrial applications.

Therefore, the key differentiating aspect of this review article
is that we have collected recent advances on photocatalytic
applications of WS, and WSe, along with MX, (X=S, Se, Te)
to provide a general overview to the reader and confidence to
researchers for further exploring the territory of tungsten
dichalcogenides. Also, we would like to draw the readers'
attention towards this point that the intention of this review is
not to serve as an exhaustive data-gathering and clumsy listing
of references but rather to present an overview healthily on the
layered 2D-TMDCs photocatalytic applications in an absolute
yet concise way. Our review's main objective is to portray the
current science of layered 2D-TMDCs nanosheets from a
photocatalytic application-oriented perspective through a
critical and comparative presentation approach. Throughout
the text, special attention is directed towards consistent
terminology, notation, and abbreviations in an effort and
desire that this review article becomes a major reference work
for photocatalytic applications of layered 2D-TMDCs
nanosheets for many years. On the other hand, WTe,, an
important member of this group which in recent years has
shown large magnetoresistance, i.e., change of electrical
resistivity with an applied magnetic field, a rare and
remarkable property of limited materials used for the
development of magnetic sensors, magnetic memory,
spintronics [28]. However, in the case of photocatalysis and
other applications, WTe, is not very economical for
commercial development as Te is too expansive regardless of
the performance. Also, while comparing molybdenum and
tungsten telluride, it is seen that though the electrocatalytic
performance of bulk WTe, is way better than its MoTe,
counterpart, exfoliation, playing a major role, reverses the
supremacy [29-30]. Therefore, WTe, is not discussed in this
paper.

Some insightful reviews discuss transition metal
dichalcogenides nanomaterials-synthesis, properties, and
applications, particularly on molybdenum and tungsten
dichalcogenides. Chhowalla and colleagues' review
provides a highly insightful and unique thorough discussion
of the chemistry of transition metal dichalcogenides
nanosheets in a rational way that presents important
production methods and applications [31]. Another to the
point review by Samadi and colleagues gives detailed and
accurate information on science, production methods, and
different applications such as (Opto) electronics, sensors,
energy storage, and catalysis of all group 6 transition metal
dichalcogenides nanomaterials in a cognitive framework
[32]. Although the literature survey shows many review
articles on  different members of molybdenum
dichalcogenides and tungsten dichalcogenides, devoted to
specific applications but an overall treatment of
photocatalytic applications, which is necessary, is still
lacking. Therefore, this manuscript focuses on
molybdenum dichalcogenides and attempts to highlight
tungsten dichalcogenides' potential by collecting the
noticeable findings reported in the literature during the past
few years.
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2. Photocatalytic Applications
2.1. Photocatalytic Water Splitting and HER

For hydrogen production, the water splitting in the presence
of sunlight has attracted immense attention as a green route for
converting solar energy into renewable and clean hydrogen
energy. It also serves as a promising approach to solve
environmental problems because of fossil fuels and meet the
energy demands due to its ability to use the natural energy
source [33-36]. Recently, two-dimensional (2D) transition
metal dichalcogenides (TMDCs) semiconductors like MoS,
[37], MoSe, [38], WS, [39], WSe, [40] have gained much
curiosity due to their potential photocatalytic activity in visible
region [41]. MoS, (Single- or few-layered) exhibits many
superior characteristics compared to the bulk material because
of'its higher specific surface area and more exposed active sites,
direct bandgap, which is better for hydrogen evolution reaction
(HER) as a photocatalytic application [42-43]. Also, it is worth
informing that the MoS, is mostly used as a co-catalyst for
CdS-based or other photocatalysts in hydrogen evolution, as it
can inhibit the recombination of photo-generated charge
carriers [44-46]. The 2D-2D MoS,/g-C;N, photocatalyst
contains 0.75% MoS,, and the optimized 2D/1D TiO,/MoS,
heterojunction containing 60 wt.% MoS, showed the highest
hydrogen evolution rate of 1155 pmol-h"-g™". Also, an evident
quantum yield of 6.8% at 420 nm monochromatic light and
171.24 pmoL-g pt respectively, is achieved simply because
the charge separation and transfer get accelerated in the
presence of two-dimensional nanointerfaces [47-48].
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Figure 1. Mechanism depicting the photocatalytic hydrogen evolution
reaction.

Metal selenides, as well as metal sulfides both, have
metalloid properties, but the metalloid character of selenium is
weaker than that of the sulfur, the ionic bond of metal selenide
is weaker, and thus, this leads to the narrower bandgap and
higher amount of absorption in visible light [49]. Also,
because of the narrower bandgap, the carrier's mobility in
metal selenide will always be considerably more than that of
the metal sulfides, accounting for better performance. The
band structure of MoSe, can be attuned with a bandgap value
as high as 1.7-1.9 eV [50-52], which favors the comprehensive
visible light response and successfully expands the light
absorption region [53]. Simultaneously, during the HER
process, the unsaturated Se atoms at the edge and the ones at

defective points display magnificent catalytic activity [54].
Such characteristics of MoSe, proffer it as an exemplary
catalyst for HER with high current density. Recent studies also
show that MoSe, with sheet-like morphology being coupled
with ZnlIn,S, [55] and g-C3N, [56] and uniform hollow
MoSe,/CdS-CdSe [57] nanocomposite represents amplified
photocatalytic hydrogen evolution activity. The main reason
behind the higher photocatalytic activity is the broader access
for the reach to the sunlight's spectrum, more number of active
edge sites, higher charge transfer channels due to
multicomponent presence heterojunction along with the high
chemical and photostability. Molybdenum telluride nanowire
has a bandgap of 1.60 eV, which depicts highly active material
under visible light irradiation. It represents excellent HER
performance along with optical properties [58]. The
conduction band level in MoTe, is higher than the usually
considered MoS,, MoSe,, and WS, [59] and thus is expected
to show more amount of hydrogen evolution activity. Also,
doping Cu cation has resulted in the improved HER activity of
the MoTe, nanosheets and RGO/MoTe, nanosheet hybrids
[60].

The 1T-WS,/g-C3N, composite with optimum 27% 1T-WS,
exhibits a remarkably enhanced photocatalytic H, production
rate of 1021 pmol h™' g and thus reflects an excellent
photocatalytic H, production stability. Few reports on the
loading WS, co-catalysts on the semiconductor for the
enhanced photocatalytic H, production performances as
loading lowers the activation barriers for oxygen and hydrogen
and accounts for the effective charge separation at the same
time [61-63]. The graphene-like WSe, is a suitable catalyst for
high-yielding hydrogen evolution like
TeSiO,/WSe,-graphene-TiO, photocatalyst due to the proper
band alignment of the two heterostructures involved [21, 64].
The RGO/1TWSe,: Sn nanosheet hybrids also reflect an
enhanced activity and stability for hydrogen evolution as
doping Sn cation and blending with RGO enhances the
interface induced effect, which helps in catalyzing the hydrogen
evolution reaction [65]. Table 1 represents the maximum
hydrogen evolution rate for various combinations of metal
dichalcogenides, from single layer to two-dimensional layer to
different heterostructure, acting as a photocatalyst under
specific light irradiation. It reflects that EY/1T-MoSe, and
MoS, as a co-catalyst with CdS leads to higher hydrogen
evolution. From the review, it can be concluded that among all
the metal dichalcogenides considered, MoS,, MoSe,, MoTe,,
WS,, and WSe,, the maximum hydrogen evolution rate is
observed with molybdenum telluride because of the higher
conduction band level. As illustrated by Figure 1, when visible
light is irradiated, there will be an electron from the valence
band to the conduction band in MoS,-P and NiTiO;. Now
because of the strong interaction among MoS,-P and NiTiO;
and the presence of the thermodynamic driving force, the
photo-generated electrons that were transferred from the VB
to CB will be transferred to the lower conduction band for the
evolution of hydrogen gas, which is also responsible for the
effective inhibition of the recombination of holes and
electrons [66].



20

Divyaet al.:

Layered 2D Transition Metal Dichalcogenides (MX,; M=Mo, W; X=S, Se, Te) Nanosheets and

Their Composites for Photocatalytic Applications: A Review

Table 1. Photocatalytic hydrogen evolution data of MoS,, MoSe;, and WS, as reported in various literature reports.

Serial Number Photocatalyst Irradiation Hydrogen evolution rate (umol. g’h™")  Reference
1. Eosin Y (EY)/MoS,/RGO 300 W Xenon lamp 2000 [67]
2. EY/RGO/MoS, 100 W Halogen lamp 3000 [68]
3. EY/1T-MoSe, 100 W Halogen lamp 75000 [69]
4. CdS/Graphene/MoS, 300 W Xenon lamp 9000 [70]
5. CdS/WS, 400 W Xenon lamp 4200 [71]
6. TiO,/1T-WS, 300 W Xenon lamp 2570 [72]
7. TiO»/MoS,/grapheme 350 W Xe lamp 2000 [73]
8. p-MoS,/n-rGO 300 W Xe lamp 24.8 [74]
9. MoSe;,/g-C3Ny 300 W Xe lamp 136.8 [75]
10. TiO»/MoSe, 300 W Xe lamp 468.2 [52]
11. TiO»/MoSe,/y-graphene 300 W Xe lamp 800 [76]
12. MoS, nanoflakes 300 W Xe lamp 122.5 [77]
13. CdS/MoS,@NiP solar simulator 7276 [78]
14. MoS; quantum dots 450 W Xe lamp 243 [79]
15. Few-layer MoS, nanosheets 300 W Xe lamp 1241.3 [80]

2.2. Photocatalytic Dye Degradation
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Figure 2. Mechanism representing the degradation of methyl red dye over
Zn0-MoS; composite.

Photocatalysis is a promising method for wastewater
treatment as it helps in the conversion of more toxic organic
pollutants into less toxic products. Many dyes get
accumulated in water bodies because of untreated loading,
cationic like Rhodamine B (RhB), Methylene Blue (MB) or
anionic like Congo Red (CR), Methyl Orange (MO), and their
degradation is an essential factor because of their toxic effect
where MoS, plays a unique role [81-83]. All the four TMDs
were taken into account, and because of the presence of fully
exposed active edges along with the lower rate of
electron-hole recombination, WS, [84], MoS, [85], MoSe,
[86-88], and WSe, [89], represents appreciable performance
for the degradation of Rhodamine B dye in the presence of
visible light irradiation. Under UV-Visible light, pristine MoS,
displays photodegradation efficiencies between 30% to 46.9%
for Methylene Red and 23.3% to 44% for Methylene Blue
from 30 to 120 min time exposure, respectively. This
enhanced performance's prime reason can be attributed to Au
nanoparticles' availability, which acts as charge trapping sites
in the nanostructures [90]. To be mentioned, the best
photocatalytic activities are exhibited by the flower-like MoS,,
where its 2D stacked petals, having abundant active sites,
significantly affect the photocatalytic efficiency [91].

Degradation of compounds NB, PNP, and 2, 4- DNP by MoSe,
nanospheres follows the pseudo-first-order kinetics [92].

The overall mechanism for photocatalytic activity includes
two significant steps;

(1) There should be superior photo-absorption in the region

of interest.

(i) The photo-induced electron-hole pairs, which are of
prime importance, their generation, separation, and
transfer should be efficient and smooth.

MoSe, is also helpful in the degradation of MB, MO [93-95],
due to the accelerated detachment of photo-induced charge
carriers and the more specific area, where the vertically oriented
MoSe, nanosheets show an enhanced degradation on grapheme.
MoSe,-PPy nanocomposite is also a promising photocatalyst
for the degradation of dyes from the aqueous solution because
the charge transfer resistance is slow, the optimized surface
charge and absorption of photons under visible light irradiation
is high [86]. Dhirendra Sahoo and colleagues recently showed
that MoS, nanosheets as grown solid, insoluble (to water and
dilute acid), and stable could be used as potential future
photocatalytic materials controlling water pollution by
degrading hazardous compounds such as methylene blue under
the irradiation of visible light due to the possibility of physical
adsorption on the surface of MoS, [96]. MoS, and WS,
monolayers are currently used for photocatalytic degradation
with 2.5 and 2.7 eV electronic bandgap energies. The fresh
v-CsPbl; NCs/few-layered WS, nanosheets display a high
photocatalytic degradation efficiency of nearly 100% in 30 min
and fully degrade MB into low-weight and low-toxicity
inorganic molecules without the formation of any intermediate
degradation products due to higher carrier transport properties
[97]. Within 120 min under visible-light irradiation, ZnO/WS,
photocatalyst showed a better degradation efficiency of 95.71%
[98]. Flower-like WS,/BiOBr heterostructure was synthesized,
and it was seen that it was very effective for degradation
purpose of various toxic dyes and that too with good
degradation efficiency as LR5B was degraded up to 99%, MNZ
97%, RhB 90%, and MB 78% [50]. SiO,/WSe,-graphene-TiO,
composite also serves as an excellent photocatalytic agent for
cationic organic dyes' degradation by providing a more efficient
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hetero system [21]. Amid the hybrid photocatalysts,
WSe,/50NG (50 wt% of NG) showed photocatalytic activity
with a rate constant of 0.0572 min-1 (highest) for MB
degradation in an aqueous solution because of the strong
adsorption of the dye methylene blue [22]. The WSe,/g-C3N,
[23], the CNT/WSe, composite [99] reveals higher
photocatalytic degradation activity since the charge separation
is higher and further leads to the reduced amount of
photo-generated electron-hole ~ recombination. High
degradation activity under an ultrasonic wave is exhibited by all
the TMDs nanosheets, following the order of MoS, > WS, >
WSe, [100]. Among the molybdenum series, the maximum
amount of dye degradation and that too in the minimum period
is shown by flower-like MoS,, while among the tungsten
dichalcogenides, WSe, represents the better photocatalytic dye
degradation activity. Table 2 depicts the decomposition of
various toxic dyes under suitable light irradiation with

appropriate and more effective photocatalyst combination with
that of metal dichalcogenides. It can be clearly stated that
molybdenum sulfides do major dye decomposition. Figure 2
illustrates the schematic view of photocatalytic degradation of
methyl red under visible light irradiation. When the sunlight is
incident on MoS,/ZnO heterostructure, both MoS, and ZnO get
excited, generating e-/h+ pairs. There occurs the shifting of
photo-generated electrons towards the more negative CB
potential that is from the conduction band of ZnO to that of
MoS,. Adsorbed molecular oxygen (O,) on capturing the
photoexcited e- gets converted to superoxide anion radicals
(O*). The recombination rate of electron-hole pairs is
suppressed by the presence of MoS,, as it captures the electron
due to its higher conductivity. The photo-generated holes then
react with HO or OH’, giving OH radicals responsible for
decomposing toxic dyes [101].

Table 2. The action of MoS; on the decomposition of various toxic organic pollutants under UV-visible light irradiation.

Serial . Time of Dye Degradation

number Photocatalyst Irradiation Reaction (min) decomposed efficiency (%) Reference
1. WS, nanosheets Visible light 40 ?;I?SR MO >95 [102]
2. MoS, /TiO, A=313 nm 30 Rhodamine B 98.2 [103]

MoS, -RGO doped ZnO (1 wt% of MoS, . MB and 98 for MB and

3 -RGO in ZnO) b ( Natural solar light 60 carbendazim 97 for carbendazim [104]
4. MoS,/ZnO Simulated solar light 90 Rhodamine B 91.4 [105]
S. P-doped ZnO nanosheets decorated MoS, Natural solar light 6 MB 95 [106]
6. MoS,/ZnO Natural solar light 20 MB 97 [107]
7. Zn0-g-C3N4 (50%)/MoS; (1%) UV-visible light 30 MB 99.5 [108]
8. MoS, nanosheets/TiO, nanobelts 300 W mercury lamp 15 MO 100 [109]
9. MoS; nanodots/TiO, NPs High pressure Hg lamp 20 RhB or MB 100 [110]
10. Ag;POs/MoS, 300W Xe arc lamp 8 RhB 90 [111]
11. MoS, nanosheets/TiO, nanodrums 250 W Hg lamp 60 MB 70 [112]
12. MoS, nanoflower/TiO, nanotube arrays 500 W Xe lamp, A > 420 nm 180 Levofloxacin 100 [113]
13. MoS; nanobelts/TiO, nanotube arrays 500 W Xe lamp, A > 410 nm 240 Sulfadiazine 64 [114]
14. Ag3;PO, NPs/TiO, nanofibers@MoS; sheets 800 W Xe lamp 125 MO or MB >92 [115]
15. N-TiO, NPs/MoS; nanosheets 300 W Xe lamp, A>400nm 120 MB 98.5 [116]
16. N-TiO,—x nanospheres@MoS; nanosheets 300 W Xe lamp, A > 420 nm 120 MO 91.8 [117]
17. MoS; nanosheets@TiO, nanotube array 230 W Hg lamp, A=365 nm 120 RhB 85.3 [118]
18. Ti0,-RGO NPs/MoS, nanosheets Sunlight irradiation 100 MB 100 [119]

2.3. Photocatalytic CO, Reduction
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Figure 3. Photocatalytic CO; reduction: The five fundamental steps. [120]

Carbon dioxide (CO,) emissions from the burning of fossil
fuels contribute to increased greenhouse gas (GHG) levels in

the atmosphere. Most countries and scientific research
communities’ endeavor to solve the climate change issue due
to global warming by reducing GHG emissions. To solve the
problem of increasing dependency on fossil fuel, replacement
with renewable energy is the best solution. Among these
potential approaches, the utilization and conversion of CO,
are preferable since it converts harmful gas into valuable
products [121-126]. Figure 3 schematically illustrates a
typical process of photocatalytic reduction of carbon dioxide
on a semiconductor photocatalyst. They consist of five
sequential steps: light absorption, surface redox reaction,
product desorption, charge separation, and CO, adsorption.
TiO, is the most widely considered semiconductor
photocatalyst, but UV light can only be photo-excited due to
its sizeable intrinsic bandgap (3.2 eV). This leaves the visible
light unutilized, which counts 46% of the solar spectrum than
UV, 3-5% of the entire solar range [127]. Therefore,
2D-TMDCs have gained significant attention regarding their
cost-effectiveness, narrow bandgap, and highly visible-light
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responsive nano-photocatalysts. MoS, and WSe, are two
family members who have emerged as potential candidates for
photocatalytic carbon dioxide reduction. Particularly MoS,
has strong photocatalytic stability against oxidation compared
to other chalcogenides. The exfoliated MoS, nanosheets
possess physicochemical properties, primarily due to the
confinement of charge carriers in their basal plane directions,
which are dramatically different from those of the bulk MoS,.
Fabricating hybrid nanocomposites of 2D MoS, with different
materials, particularly solvent, enhances organic contaminant
degradation performance. B. khan et al. recently showed that
the nanocomposites of SnO,/Ag/MoS, exhibit exceptional
visible-light photocatalytic activities for the conversion of
CO, to CH,;, approximately one order of magnitude
enhancement than original MoS, with the apparent quantum
efficiency of 2.38% at 420 nm [128]. The appropriate band
structure makes MoS, nanosheets one of the most promising
photocatalyst candidates in environmental fields. A
semiconducting photocatalyst can be excited by the photon
whose energy exceeds its bandgap energy, and consequently,
electrons on the valence band are excited to the conduction

band leaving behind holes. These electrons and holes can react
with dissolved oxygen and water in separated reactions,
forming reactive oxygen species (ROSs) that effectively
destroy or mineralize organic contaminants. Such
photocatalytic degradation has many advantages, including
complete mineralization, low cost, and mild reaction
conditions [129-130]. Also, a novel 1D/2D TiO,/MoS,
nanostructured hybrid with TiO, fibers covered by MoS,
nanosheets reports photocatalytic CO, reduction into methane
and methanol [131]. Y. Zheng et al. reported nano-Ag
decorated MoS, nanosheets through 1 T to 2 H phase
conversion for Photocatalytically reducing CO, to methanol
[132]. M. R. U. D. Biswas et al. reported
WSe,-graphene-TiO, ternary nanocomposite giving a yield of
3.80 mmol g " after 10 hours and 6.63262 pmol g ' h™" after
48 hours [133]. Table 3 demonstrates the reduction of
prevalent and harmful gas, carbon dioxide, by applying
various metal dichalcogenides. MoS, and WSe, play a
significant role in decomposing CO, gas into valuable
compounds like methane, methanol, or carbon monoxide gas.
Either methanol or methane is usually the primary product.

Table 3. Photocatalytic carbon dioxide reduction into valuable products by different forms of metal dichalcogenides (MoS,, WSe;) under UV-Visible light.

Serial number  Photocatalyst Irradiation Product Yield (umolg™'h™) Reference
. CH,4 14,15, 12
1. 2/6/8/-Sn0,/Ag/MoS, Visible light co 47,5 [128]
2. 4Sn0,/Ag/MoS, Visible light 824 50 [128]
. CH4 2.86
0,

3. 10% MoS,/TiO, 350 W Xe lamp CH.0H 255 [131]

4. 20wt% Ag/2H-MoS, 250W high-pressure mercury lamp CH;0H 365.08 [132]
500 W, SOLAREDGE700

5. WSe>-G-TiO, UV light CH;OH 5.1244 [133]
Visible light CH;0H 3.6970

6. WSe,- graphene Visible light CH;0H 3.5509 [25]

7. WSe,- graphene+ Na,SO; UV light CH;0H 5.0278 [25]

2.4. Other Applications

The carcinogenic wastes and toxic pollutants such as congo
red, rhodamine B, and hexavalent chromium (Cr (VI)) are
discharged from industries such as textile manufacturing, paints,
and pigments, and electroplating has become a severe threat to
the environment and the human health [134]. With the global
economic growth and the pandemic's current situation,
pollutants' treatment has become a global priority. Various
methods have been developed for pollutant degradation
technologies, such as photocatalytic oxidation, biodegradation,
and adsorption. Compared with other technologies,
photocatalysis's significant benefits and virtue include the
eco-friendly performance due to solar energy, the lack of toxic
by-products, and simple reaction conditions. The tuneable
bandgap of transition metal dichalcogenides concerning
nanosheets' thickness encourages promising future application
applications in environmental remediation. 2D-TMDCs: MoS,,
MoSe,, MoTe,, WS,, WSe, based photocatalysts [135-142]
have been used for many environmental applications
remediation such as organic pollutants degradation like dye
degradation in water treatment which already been discussed in

detail, and degradation of refractory pollutants. Inorganic
pollutants treatment like treatment of heavy metals, Nitric oxide
(NO) removal, and the most recent and vital: hexavalent
chromium (Cr (VI)) degradation [143-145]. Also,
photocatalytic inactivation of microbial pollutants is an
extensive research area concerning the use of 2D-TMDCs
based photocatalysts because chlorination is the typical
conventional disinfection method from many complications.
For example, it forms some undesirable disinfection
by-products on reaction with natural organic matter, and it is not
useful for some pathogens such as protozoa. On the other hand,
photocatalytic disinfection is a reusable and green process that
does not form DBPs due to its comparatively inert chemical and
biological features. In the past decades, the rise in
pharmaceutical and personal care products (PPCPs) has raised
severe environmental pollution concerns. Leakage of
antibiotics, specifically fluoroquinolones (FQs) were used
abusively due to their exceptional tissue permeation and
broad-spectrum activities. The exposure of FQs in
low-concentration for a long term induced toxic effects in
several environmental matrices (e.g., water, soil, and sediment)
[146]. Most common being ofloxacin (OFL) [147],
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ciprofloxacin (CIP) [148], and norfloxacin (NOR) [149]. The
wt% WS, coating B-Bi,O; photocatalyst exhibited a better
removal rate of OFL, CIP, NOR, which were 2.32, 2.01, and
1.71 times greater than those of P-BiO; under similar
conditions [150]. This also led to the inception and spread of
antibiotic-resistant bacteria and genes, which is alarming if
considered in the present time. R. A. Senthil et al. have offered
BiFeWO¢/MoS, composite as a potential photocatalyst to
eliminate organic contaminants from wastewater [151]. W.
Ashraf et al. and S. Fu et al. have recently reported BIOCI/WS,

hybrid nanosheet (2D/2D) heterojunctions for
visible-light-driven photocatalytic degradation of
organic/inorganic ~ water  pollutants and WS,/BiOBr

heterojunction for photodegradation of several organic
pollutants, such as ciprofloxacin (CIP), tetracycline (TC),
oxytetracycline (OTC), Rhodamine B (RhB), methyl orange
(MO), and methylene blue (MB) respectively [152-153].

3. Conclusions and Future Perspectives

In the past decade, the compound that has emerged as a
promising candidate among researchers struggling with the
semi-metallic zero-bandgap graphene is MoS,. It is so much
discussed in the literature that we tend to focus on the other
family members in our review, which are equally important
and efficient as far as the applications are concerned. MoSe; is
one such member that is used widely in the field of
optoelectronics due to its versatile bandgap. However, the
photocatalytic application's performance is also promising,
mainly by controlling or doping the product, enhancing its
properties. In the common TMDCs, Tungsten being the
largest atom provides an opportunity to form more spacious
interlayer channels. This manuscript attempted to highlight
the popular molybdenum dichalcogenides and the tungsten
dichalcogenides by collecting the noticeable findings reported
in the literature during the past few years. The development of
which clearly shows the promising future ahead for tungsten
dichalcogenides. Developing novel methods should be the
focus for WX, (X=S, Se) materials because several exfoliation
methods have been developed and tested for more common
TMDCs such as MoS,. However, these methods do not seem
efficient for WX, (X=S, Se) because of differences in the
lattice structure and chemical reactivity. Simplistic and
scalable production of large-sized monolayer nanosheets
should be prioritized because it is the most severe challenge in
many of these applications, particularly those based on
light-matter interaction. In the realm of layered 2D-TMDCs,
there are many opportunities and uncharted areas, and the sky
is the limit. We sincerely hope this review will give a defining
perspective and add new dimensions to understanding this
subject. This rapidly growing research field will also
encourage innovation and ignite novel ideas to uplift further
progress.
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