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The transition from fossil-based to solar-based energy sources is essential to minimize greenhouse gas
emissions. Two-dimensional transition metal dichalcogenides (2D TMDs) have emerged as promising
materials for solar energy harvesting due to their tuneable electronic and optoelectronic properties,
which can be engineered to enhance their performance in various applications. The utilization of 2D
TMDs for solar energy conversion can be achieved through solar photovoltaics, photoelectrochemical
(PEC) splitting for reaction (HER), and carbon dioxide (CO,)
photoreduction. In this review, we provide a comprehensive overview of the fundamental aspects of 2D

water the hydrogen evolution

TMDs, including their structure and electronic and optoelectronic properties, as well as the engineering

strategies applied across PV, PEC, and CO, photoreduction systems. Variations in 2D TMDs and
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Sustainability spotlight

The utilization of fossil-based conventional energy remains a major contributor to climate and environmental problems. Solar energy is the most promising
renewable energy source, which has not been efficiently utilized yet due to the limited availability of materials that can efficiently harvest the full spectrum of
sunlight. Two-dimensional transition metal dichalcogenides (2D TMDs) offer significant potential to address this issue through their tuneable electronic and
optoelectronic properties. This review highlights the recent advances in 2D TMDs for solar energy harvesting, aiming to enhance clean energy generation. This
work directly aligns with UN SDG 7.2 and 13, which target a substantial increase in the share of renewable energy in the global energy mix and decrease in CO, in

the atmosphere by 2030, respectively.
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1 Introduction

Energy-related problems have raised global concerns driven by
the excessive emission of greenhouse gases (GHGs); these are
byproducts of energy utilization, which cause a rise in temper-
ature and severe climate disasters. Therefore, transitioning
from fossil-fuel energy to cleaner and more renewable energy is
an urgent need to respond to global warming and create
a sustainable society for the future. Among the various types of
renewable energy, solar energy has the highest potency to fulfil
the world energy consumption because the Earth receives 4.4 x
10'® W of power from the sun each year.! There are several
strategies to harvest solar energy such as direct conversion to
electricity using photovoltaic (PV) cells,> green hydrogen (H,)
production through photoelectrochemical (PEC) water split-
ting,> and hydrocarbon fuel production while reducing the

RSC Sustainability, 2025, 3, 4887-4910 | 4887


http://crossmark.crossref.org/dialog/?doi=10.1039/d5su00494b&domain=pdf&date_stamp=2025-10-29
http://orcid.org/0000-0001-6834-0894
http://orcid.org/0000-0002-0792-5706
http://orcid.org/0000-0003-4125-6099
http://orcid.org/0000-0001-5571-0454
http://orcid.org/0000-0002-9997-6841
http://orcid.org/0000-0002-0581-2433
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00494b
https://pubs.rsc.org/en/journals/journal/SU
https://pubs.rsc.org/en/journals/journal/SU?issueid=SU003011

Open Access Article. Published on 15 Fankwa-b 2025. Downloaded on 2025/10/31 4:05:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Sustainability

excess of carbon dioxide (CO,) in the atmosphere through CO,
photoreduction.* To achieve efficient sunlight conversion into
electricity, hydrogen, or hydrocarbon fuels from CO,, the
development of advanced photocatalyst materials is inevitable
and plays a crucial role.

In this context, two-dimensional (2D) materials have attrac-
ted much attention because they can maximize light absorption
even with a low flux density and shorten the electron pathways
to reach the active sites due to their large surface area.>® 2D
materials such as graphene, transition metal dichalcogenides
(TMDs), and graphitic carbon nitride (g-C;N,) have been
employed to achieve solar light to electricity conversion,”®
green H, production,'™* and CO, removal."*** Among them,
2D TMDs, which are composed of a plane of transition metal
atoms sandwiched between two planes of chalcogenide atoms,
offer significant potential to address this issue through their
tuneable electronic and optoelectronic properties.*'® 2D TMDs
experience a transition from indirect to direct bandgap when
their size is reduced to 2D from their bulk counterparts, which
prolongs the recombination time of excited electrons and holes,
thus enhancing the photocatalytic activity."® 2D TMDs also
possess strong electron-photon interactions since 2D TMDs'
monolayer can absorb up to 20% of light in the spectral
region.'” Their bandgap can be tuned by changing the type of
transition and chalcogenide atoms, which render them with
exceptional flexibility. 2D TMDs also have high strain tolerance,
which makes them interesting for application in flexible solar
cells."®* Furthermore, the presence of dangling-bond-free
surface in layered 2D TMDs enable the fabrication of in-plane
and out-of-plane heterostructures.*

To see the bigger picture, Fig. 1 shows the increasing
research trend in TMD-based materials, especially PV, light-
driven hydrogen evolution reaction (HER) catalysts, and CO,
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photoreduction from 1977 (the year TMDs were first reported)
to 2025. Additionally, the data were collected from Scopus
publications using three keywords, i.e., “TMDs for solar cell or
photovoltaic applications’, “TMDs for photocatalytic hydrogen
evolution reaction’, and ‘TMDs for photocatalytic CO, photo-
reduction’. Historically, the initial report on this system was
written in 1977. Then, Tributsch used MoS, to substitute CdS or
GaAs in solar cell applications. He found that the use of MoS,
enabled resistance to rapid anodic PEC disintegration.”* In
1988, WS, was found to facilitate photocatalytic HER as a co-
catalyst, marking a new milestone in TMD-based materials for
photocatalytic application.” Further research in 2008 finally
discovered that MoS,, which was firstly use for solar cell
applications, also performs extremely well as a co-catalyst for
HER.” Inspired by the discovery of graphene in 2004 and the
fact that TMDs have a layered structure, Mak et al. demon-
strated the feasibility of making atomically thin MoS, and
observed the evolution of the optical and electronic properties
of MoS, as a function of layer number in 2010.>* They found that
upon thinning, MoS, shifts from an indirect to direct bandgap
semiconductor and exhibits 10* stronger luminescence prop-
erties compared to its bulk counterpart. Upon continuing
development, researchers finally fabricated a TMD-based
photocathode using WSe, for HER application in 2013. In
2014 and following the rapid development of 2D TMDs, it was
discovered that van der Waals (vdW) heterostructures between
MoS,/WS, exhibit ultrafast hole transfer (~50 fs) favorable for
efficient charge separation.* This marks the potential of TMDs
as superior materials in optoelectronic devices and light har-
vesting applications. The development of TMDs did not stop
there, where the development of these materials continued in
2017 when it was discovered that WSe, has the ability to drive
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Fig. 1 Research trend on TMDs for solar cell application, H, production, and CO, photoreduction. These data were collected from Scopus
publications using three keywords: TMDs for solar cell or photovoltaic applications’, TMDs for photocatalytic hydrogen evolution reaction’, and
‘TMDs for photocatalytic CO, photoreduction’. The search was restricted to publications from 1977 (the year TMDs were first reported) to 2025.
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photocatalytic CO, reduction, opening a new window for TMD
materials in photocatalytic applications.*

Nowadays, 2D TMDs have undergone extensive development
and modifications to enhance their properties and perfor-
mance, making them well-suited for various emerging appli-
cations. Although numerous reviews have explored the
individual roles of 2D TMDs in solar energy applications®*">°
and their modification strategies,***" an integrated perspective
that connects their fundamental properties with performance
across PV, H, production through PEC cells, and CO, photore-
duction remains lacking. This review aims to fill that gap by
systematically examining the structure-property relationships
of 2D TMDs and highlighting how different engineering strat-
egies influence their multifunctional performance. By bridging
the insights from diverse applications, this work offers
a comprehensive framework that not only summarizes recent
progress but also identifies key challenges and future research
directions. Therefore, this review provides both a timely update
and a novel contribution to the body of knowledge, supporting
the rational design of 2D TMD-based systems for next-
generation solar energy harvesting technologies. The
summary in this review can serve as a foundation for future
research, particularly in guiding material design for advanced
applications. Furthermore, different modifications of 2D TMDs
may be tailored to suit specific applications. Therefore, this
review can be utilized for materials selection to further
commercialize the advanced application of 2D TMDs.

2 Fundamentals of 2D TMDs

2D TMDs have superior properties for renewable energy appli-
cations such as tuneable bandgap and wide range light
absorption, and their properties are also correlated with their
structure and modification. Therefore, understanding the
fundamental structure, properties, and modification of 2D
TMDs has become crucial to tune and find suitable materials
and performances for specific solar energy harvesting applica-
tions. For example, the electronic and optoelectronic properties
of 2D TMDs have been widely studied and discussed in relation
to their applications in solar energy. These properties are closely
related to their electron movement, crystal structure, and band
structure, which can be induced by tuning their layer thickness
and other engineering.'>**** The following section will provide
an in-depth explanation of the fundamental aspects and the
modifications of these properties and their performance
including their crystal structures and phases.

2.1 Crystal structure

The crystal structure of 2D TMDs is determined by the stacking
arrangement of transition metal and chalcogenide atoms,
which form a monolayer. 2D TMD monolayers are composed of
a trilayer sandwich structure, X-M-X, which is a covalently
bonded unit, where X and M are chalcogen and transition metal
atoms, respectively.*® Typically, 2D TMD monolayers can be
classified as two phase, hexagonal symmetry (1H) and octahe-
dral (1T) phase. The difference lies in one of the dichalcogenide

© 2025 The Author(s). Published by the Royal Society of Chemistry
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layers, which is rotated 180° relative to the other dichalcogenide
layer within the same structure, as illustrated in Fig. 2a.** The
1H phase has an ABA stacking sequence, while the 1T phase has
an ABC stacking sequence because of its horizontally shifted
one chalcogen layers (Fig. 2a).**** In the 2D layered structure of
TMDs, the structures are built from hexagonally packed planes
stacking on top of each other.'®*® Their inter-monolayers are
bonded via vdW bonding, while the atoms in the same layer are
bonded by strong covalent bonding.'**”*® It is an advantage to
modify 2D TMDs to gain heterostructure materials. The struc-
ture of layered 2D TMDs is polymorph depending on the
different ways of stacking and can be categorized as 1T,
hexagonal trigonal prismatic (2H), rhombohedral (3R)."¢3"333%40
The most common structures of 2D TMDs are 2H and 1T.>%*
The 2H phase is stable in nature and room temperature, except
for WTe,, whereas 1T is a metastable phase and coexisting
phases (distorted phase) such as 1T, 1T”, and 1T” (Fig. 2b), and
the other phases can be considered unstable phases at room
temperature.*****-4 The shift in phase from 1T to 1T’, 1T”, and
1T” phase is a lattice distortion phenomenon, which induces
band inversion.*>*

Alkali metal intercalation and water exfoliation are
commonly used to produce 2D TMDs from their bulk forms.****
Alkali intercalation can be synthesized through electrochemical
intercalation (Fig. 3a),** water exfoliation (Fig. 3b),”* and also
chemical intercalation.”® Similar to other 2D TMDs, the
synthesis route by alkali metals (usually lithium) intercalation
and exfoliation can produce the 1T phase from 2H-phase 2D
TMDs.***” Another way to synthesize 1T-phase 2D TMDs
involves immersing 2H phase 2D TMDs into a solution of
butyllithium (n-BuLi).*® Reversibly, the 1T phase can be trans-
formed back to the 2H phase by annealing at around 70 °C.*>*®
Also, the impurities in 2H phase 2D TMDs such as Re or Nb will
transform the 2H phase to 3R phase.*® Another study showed
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Fig.2 (a) Structure of H phase (left) and T phase (right) in typical TMDs.
Reproduced from ref. 34 with permission from the American Chemical
Society, copyright 2018. (b) Crystal structure of TMDs' distorted phases
(AT, 17", and 1T"). Reproduced from ref. 41 with permission from
Wiley-VCH Verlag GmbH & Co., copyright 2011.
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Fig. 3 Methods to generate 2D TMDs from their bulk counterparts: (a)
electrochemical intercalation. Reproduced from ref. 44 with permis-
sion from Wiley-VCH Verlag GmbH & Co., copyright 2011; (b) water
exfoliation. Reproduced from ref. 45 with permission from Wiley-VCH
Verlag GmbH & Co., copyright 2016.

that Re-doped MoSe, can provide phase transitions from the 2H
phase to either the 1T or 1T’ phase.** The concentration of
doping and parent phase plays a crucial role in determining the
result of the phase transition. Each phase of 2D TMDs has
different properties that can utilized for different applications.
In photocatalysts, structural differences lead to variations in
their catalytic activity. For example, the 3R phase has the
highest catalytic activation, followed by the 1T and 2H pha-
ses.’>** Therefore, the synthesis method and selection of 2D
TMD structure and phase are important to gain targeted and
specific properties and performances related to the application.

2.2 Electronic properties

The tuneable layer thickness and band gap of 2D TMDs are the
big advantages for a broad range of applications in electronic
and optical properties. Reducing the layer thickness of TMDs
from bulk to 2D results in the evolution of their band structure
and induces quantum confinement.>*> The indirect band gap of
TMDs turns into a direct band gap in 2D TMDs, which show an
increasing band gap compared to their bulk counterparts.>*° As
seen in Fig. 4a, the valence band (VB) reaches the maximum,
and the conduction band (CB) becomes the minimum.** The
band gap of 2D TMDs cover the entire visible and infrared (IR)
range (1.1-2.1 eV).*® For example, bulk 2H-MoS, has an indirect
band gap of 0.88 eV, but turns to a direct band gap in monolayer
form ref. 31. Using density functional theory (DFT), Zhang et al.
successfully examined the thermodynamically stable phase,
and the band alignment corresponds to the VB maximum and
CB minimum in several 2D TMD vdW heterostructures.> A
reduction in the number of MoS, or other 2D TMD layers leads
to relatively stable direct excitonic states near the K point,
whereas those at the I' point exhibit a significant shift from
indirect-to-direct transition.*»*>*® The broken inversion
symmetry causes the CB minima at the K and K’ points in the
Brillouin zone to degenerate, while being inequivalent at the
same time, giving rise to the valley degree of freedom for
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Fig. 4 (a) Indirect-to-direct band gap transition as a result of reducing
TMD layers. Reproduced from ref. 53 with permission from Macmillan
Publisher, copyright 2014. Intrinsic chalcogen defects in monolayer
MoS;: (b) atomic resolution images and (c) formation energies of
different point defects as a function of the chemical potential of sulfur.
Reproduced from ref. 62 with permission from the American Chemical
Society, copyright 2013.

electrons and holes.>® A study showed that the interlayer
coupling between two vdW heterostructure-stacked 2D layers
can be adjusted to give novel properties, whether arranged in
a homostructure or heterostructure.’” It is also known that
external factors such as strain can tune the electronic band
structure.'”*** For example, the bandgap of MoS, can be tuned
to 100 meV per 1% strain.”® As the imposed strain increases,
both the direct and indirect bandgaps decrease, with the indi-
rect bandgap reducing at a faster rate. This leads to lower
emission efficiency in highly strained monolayers.®!
Heteroatom doping by incorporating metal or non-metal
atoms in the structure of 2D TMDs resulted in the modifica-
tion of their corresponding electronic structure. In general,
heteroatom doping of 2D TMDs could modify their d-band

© 2025 The Author(s). Published by the Royal Society of Chemistry
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structure and reduce the Gibbs free energy change, thereby
stabilizing and optimizing the material structure. Metal doping
contributes to the stabilization and optimization of the Gibbs
free energy changes. Beyond metal doping, non-metal doping
induces structural distortion in the crystal lattice. This
geometric modification could induce the desired phase transi-
tion. Recent engineering effort by electron doping was proposed
to form a 1T MoS,/single-walled carbon nanotube (SWNT)
heterostructure.® Nayak et al. observed an increase in the band
gap of tungsten-doped (in range of 0.00-1.00 weight composi-
tion) MoS, monolayers from ~1.735 eV to ~1.875 eV.**

It is generally understood that different electronic bands and
crystal structures promote different charge carrier mobility.
Among the 2D TMD structures, 1T and its distortion phases as
a metallic phase have higher electronic conductivity and active
site density compared to the other phases.” Simply, electronic
conductivity can be enhanced by inducing a semiconductor-to-
metal transition that results in a reduction in bandgap energy
and increase non-bonding electron. The transition can be
induced by engineering chalcogen atom defects, which can be
achieved in various ways such as chemical vapour deposition.
Chalcogen defects (Fig. 4b) lead to a change in the Fermi level
(Fig. 4c), which induces a semiconductor-to-metal transition.*>
Fig. 4b and c showed six cases of chalcogen defects including Vs
(monosulfur vacancy), Vg, (disulfur vacancy), Mog, (antisite
defects, where an Mo atom substitutes an S, column), Vyos,
(vacancy complex of Mo and nearby three sulfur), Vs, (vacancy
complex of Mo nearby three disulfur pairs), and S,y (S, column
substituting an Mo atom).*> Atomic vacancies form an n-type
conduction in general 2D TMDs, whereas oxygen substitution
in PdSe, FET fabrication forms p-type conduction.*

Theoretical calculation predicts that 2D TMDs have electron
mobility in the range of 10-1000 cm® V"' s~ ' at room temper-
ature.® Naturally, 2D TMDs show experimentally low mobility
due to the collective effect caused by foreign impurities, and
extrinsic factors become a limitation for 2D TMDs. This is
indicated by their lower experimental values than theoretical
values. The theoretical phonon-limited mobility of monolayer
MoS, and WS, at room temperature is ~ 410 cm”® V' s~ ' and
~1100 cm® V~' s, whereas the experimental record is only
150 cm®> V' 5! and 80 cm® V! 577, respectively.®® Besides
foreign impurities and extrinsic factors, the morphology and
crystal structure of 2D TMDs are also known as factors that
influence their mobility carrier and conductivity. In the case of
MoS,, the 1T phase is 10’ times more conductive and has
enhanced energy density than the 2H phase.***** Also, ZnO/
WSe,, with type-II vdW heterojunctions was successfully fabri-
cated by Hu et al. and exhibited a small carrier effective mass,
which is proportional with higher carrier mobility, with the
minimum and maximum mobility of 381.20-1263.74 cm® V"
s, respectively.®

The electronic properties of 2D TMDs are highly tuneable by
reducing their layer thickness, strain, doping, phase transition,
and defect engineering. These unique features enable direct
modulation of their indirect-to-direct band structure, carrier
mobility, and conductivity, thereby offering versatile control
over their electronic responses. The flexibility of their band

© 2025 The Author(s). Published by the Royal Society of Chemistry
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structure and carrier mobility highlights the potential of 2D
TMDs for advanced electronic applications.

2.3 Optoelectronic properties

It is widely accepted that 2D TMDs show strong light-matter
interaction, light absorption, and large excitonic binding
energy. Their unique and remarkable optical and optoelectronic
properties are attributed to the quantum confinement effects
induced by the transition of their electronic band structure
from an indirect to direct bandgap. An indirect band gap has
a less efficient photon absorption/emission mechanism.®” This
implies a decline in the optoelectronic performance of 2D
TMDs. The interlayer interactions between transition metal
ions and chalcogenide ions consist of Coulomb interactions.
Increasing the Coulomb interactions and effective masses of
electrons and holes has a big impact on electron-hole pair
recombination.*® Optoelectronic properties are two important
properties that are normally considered.

The optical transition can be either a direct or indirect
transition. A direct transition requires only a photon for elec-
tron excitation, whereas an indirect transition also requires
another phonon (lattice vibration). The light absorption by 2D
TMDs is influenced by their low bandgap energy. The optical
absorption by 2D TMDs can reach 10% at bandgap resonances
because of the domination of excitonic transitions.*® For
example, single-layer MoS, can absorbs >10% of incident light
at wavelengths of 615 and 660 nm, and can be even higher at
a lower wavelength.' Increasing the bandgap of 2D TMDs
compared to their bulk counterparts can result in an enhanced
performance given that 2D TMDs can exhibit 10* times stronger
luminescence than their bulk counterparts. This phenomenon
is induced by the quantum confinement effect. High binding
energy and strong photoluminescence (PL) are two aspects that
are highly considered for the application of 2D TMDs in opto-
electronic devices such as solar cells. It was reported that the
presence of electroluminescence (EL) in monolayer MoS, was
limited at the metal contacts and resulted in a low quantum
efficiency (107> for monolayer MoS,).”” In terms of photo-
catalysts, 2D TMDs are promising materials because of their
sheet-like layered structure, high surface area, and excellent
light absorption.

Further, the optical and optoelectronics properties of 2D
TMDs can be enhanced by applying defect engineering. Among
the various types of defect engineering that can be applied,
atomic interstitials have a strong effect on the optical and
optoelectronics properties. Oxygen atomic interstitials influ-
ence localized excitons in terms of length scale, causing
photons to be emitted one at a time.** Introducing chalcogen
atom defects in the outmost layer of 2D TMDs can enhance their
optoelectronic performance.®* Also, chalcogen atom defects
have an impact on the long-lived excitonic transition with
a stable valley pseudospin.**

In the light-2D TMD interaction, photoexcited electron-hole
pairs will be separated by the built-in electric field, resulting in
a photocurrent. N-type MoS, and WSe, show poor external
quantum efficiencies (EQEs) with a value of 12% for WSe,/
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MoS,.”” Alternatively, Wang et al. showed that p-GaTe/n-MoS,
has a high EQE (61.68%).°® This significant difference is
attributed to its ultrathin junction, which enables efficient and
rapid charge transfer due to the presence of a depletion region
and the suppression of excitons (or minority carriers). The
formed heterojunction will reinforce and increase the light
absorption range, also resulting in a red shift in light absorp-
tion.*” Furthermore, the generation, separation, and transport
processes of photoexcited electron-hole pairs can be enhanced
by applying a back-gate voltage.>” Another study showed that
different stacking orientations can exhibit different optoelec-
tronic properties. Vertically composition-controlled (VCC)
layered Mo, _,W,S, has been successfully synthesised via the
sulphurization of Mo,;_,W,0,. VCC layered Mo;_,W,S, has
strong interlayer coupling and broadband light absorption.
Research shows that VCC layered Mo, _,W,S, exhibits a photo-
current in the range of 1.2-2.5 eV, which is larger than that of
multilayer WS, (1.3-2.1 eV) and multilayer MoS, (1.2-1.8 eV).”
In another experiment by Gong et al., they synthesized a WS,/
MosS, vertical heterostructure. In the monolayer MoS, and
bilayer WS,/MoS, region, the PL spectrum shows a single strong
peak at 680 nm (1.82 eV) and three peaks at 630 nm (1.97 eV),
680 nm (1.82 eV), and 875 nm (1.42 eV).”* The first two peaks in
the bilayer region come from the direct excitonic transition of
the WS, and MoS, monolayers, respectively. The new strong
peak at 875 nm suggests a direct excitonic transition in the
bilayer heterostructure that has not been observed before. Thus,
the coupling between the WS, and MoS, layers exhibits a direct
bandgap at a lower energy. Therefore, they are expected to
absorb in a wide range of the solar spectrum.

The remarkable optoelectronic properties of 2D TMDs are
governed by their tuneable band structures, strong excitonic
effects, and efficient light-matter interactions. Therefore, these
unique features make 2D TMDs promising materials for
advanced optoelectronic applications with further performance
improvements through advanced engineering.

3 Application of 2D TMDs as solar
energy harvesters
3.1 Photovoltaic application

2D TMDs have become more attractive for solar energy
conversion due to their excellent optical absorption, tuneable
band gaps, high carrier mobility, and self-passivated surfaces,
wherein nowadays, 2D TMD materials have expanded at a very
high pace, relying on their ultimate atomic thicknesses.”””* The
ability of 2D TMD monolayers (MoS,, MoSe,, and WS,) to
absorb up to 5-10% incident sunlight at a thickness of less than
1 nm potentially allows the fabrication of ultrathin PV devices.”
The investigation of 2D monolayers from group 4 to 11 2H-
TMDs showed that the presence of excitons affects the band
alignment and the power conversion efficiency (PCE), in which
the PCE of MoSe,/WS, heterojunction is calculated to be
improved ~3.65% by exciton effects.”” Additionally, 2D a CH;-
NH,;PbI;/HfS, vdW heterostructure was modelled and proposed
to be an efficient light-absorbing material for PV application.”®
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Meanwhile, mechanical distortion-induced bulk photovoltaic
behavior has been reported in 2D MoTe, due to its phase
transition and broken inversion symmetry, featuring photo-
current responses caused by in-plane polarity.”

An examination of the efficiency limits of multilayer 2D TMD
solar cells has demonstrated that single-junction solar cells
with 2D TMD films as thin as 50 nm could in practice achieve
a PCE up to 25%.”® Similar to other optoelectronic devices, 2D
TMDs could be assembled in stacked and lateral architectures
in vdW heterojunction solar cells.” In a vertical structure, a 2D
WSe,/MoS, p-n heterojunction with a thickness of ~10 nm and
indium tin oxide (ITO) electrode was suggested as a transparent
solar cell with visible light transparency of ~80%, and with
further fluoropolymer (Teflon AF2400) passivation, the PCE
could be improved from 7.99% to 10% under halogen lamp
illumination of 1.91 mW cm™ 2 In another study on vertical
WSe,/MoS, p—n heterojunction devices, atomically thin WO, as
a hole transport layer (HTL) has been reported to form a low
Schottky barrier and favorable interface band alignment, thus
significantly increasing the PCE from 0.7% to 5.0%.%' Consid-
ering the excellent properties of 2D TMDs for flexible high
specific-power PVs, flexible solar cells using ~200-nm-thick
WSe, absorbers have been successfully fabricated on light-
weight flexible polyimide substrates with a PCE of 5.1% and
specific power of 4.4 W g, and demonstrated the same J-V
characteristics in flat and bent states with the substrate bending
radius of 4 mm under AM 1.5G illumination.**> Moreover,
a WSe, PV device with a high PCE of 5.44% has been success-
fully achieved through contact engineering, as shown in Fig. 5a
and b, which is a combined effect of an enhanced internal
electric field and electron selectivity owing to the WO, layer at
the top contact region and improved photon recycling and
carrier extraction due to the effective bottom contact scheme.*
Conversely, for the lateral structure, 2D monolayer WSe,-MoS,
p—n heterojunction solar cells have also been explored with the
PCE of 2.56% achieved under AM 1.5G illumination, revealing
the prospect of atomically sharp lateral p-n interface as next-
generation PVs.** Recently, 2D MoS, diodes with geometrically
asymmetric contact areas (AS-MoS,) have demonstrated a high
current rectification ratio of =10°, facilitating efficient PV
charge collection, while the corresponding lateral 2D solar cell
achieved a PCE of 3.16% under one sun illumination, as shown
in Fig. 5c.*” Further transferring the AS-MoS, device onto
a flexible polyethylene terephthalate (PET) substrate has shown
high photocurrent and PCE retentions of 94.4% and 88.2% after
5000 bending cycles at a bending radius of 1.5 cm, respectively,
as depicted in Fig. 5d.*” These advancements in 2D TMD-based
flexible and lightweight PVs pave the way for practical applica-
tions beyond the current use of traditional silicon solar cells,
such as portable and wearable self-powered electronic devices.

The unique properties of 2D TMDs feasibly match the
requirements for various building blocks especially for third-
generation PVs to deliver outstanding performances and turn
out to be attractive alternatives to conventional solar cells. In
the case of emerging PV technologies, different utilization
approaches of 2D TMDs have been conducted not only in the
light-absorbing layers but also in other building blocks such as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic structure of a WSe, photovoltaic device (top left), top-view optical microscopy images of the device (top right) and

corresponding spatial photocurrent map with the active area (bottom) and (b) photovoltaic effect of the devices under 1 sun AM 1.5G illumination.
Reproduced from ref. 83 with permission from the American Chemical Society, copyright 2022. Solar cell based on 2D MoS, with geometrically
asymmetric contact areas (AS-MoS,): (c) J-V characteristics under 1 sun illumination (inset: schematic of the AS-MoS; solar cell with two Cr/Au
electrodes) and (d) photocurrent and PCE retention after up to 5000 bending cycles at a bending radius of 1.5 cm (inset: image of AS-MoS; solar
cell on PET under bending test). Reproduced from ref. 27 with permission from Wiley-VCH Verlag GmbH & Co., copyright 2023.

the charge carrier transport layers and counter electrodes, along
with their multiple integration to fabricate solar cells. In
perovskite solar cells (PSCs), a parallel tandem structure con-
sisting of two absorbing layers of CH;NH;Pbl; and MoTe, with
cascaded bandgaps has been proposed to broaden the light
absorption to the near-infrared solar spectrum.® Besides, the
incorporation of 2H phase MoSe, nanosheets in a perovskite
film improved the PCE to 22.80% compared to that of 20.92%
for the control device and maintained 80% of its initial effi-
ciency under 15-20% RH at room temperature for 1000 hours in
air.*® In solar cell applications, the energy offset at the func-
tioning layer interfaces should enable the efficient separation of
photoexcited electron and hole pairs, and drive them to move in
opposite directions. In p-i-n PSCs, 2D TMDs have been shown
as potential HTLs, where replacing the acidic and hygroscopic-
natured PEDOT:PSS with 1T-rich 2D MoS, and WS,, prepared by
lithium intercalation reaction leads to an increase in PCE from
12.44% to 14.35% and 15.00%, respectively.®”” Predominately,
the metallic 1T phase of 2D TMDs possesses higher conductivity
than that of their semiconducting 2H phase.*®*®** Furthermore,
2D MoS, nanoflakes have been introduced as a buffer layer
between the perovskite layer and HTL, resulting in improved
stability of organometallic-halide PSCs with 93.1% of their
initial PCE maintained after 1 h under continuous sun illumi-
nation due to their role as both a protective layer and additional
HTL.* The application of 2D MoS, as a buffer layer for the HTL,
along with graphene as the electron transport layer (ETL) has

© 2025 The Author(s). Published by the Royal Society of Chemistry

been extended to large-area perovskite solar modules, achieving
PCEs of 13.4% and 15.3% on the active areas of 108 cm” and 82
cm?, respectively.” The synergic use of 2D materials as intra and
inter layers in halide PSCs by combining graphene into ETL,
MXenes into perovskite, and f-MoS, at the perovskite/HTL
interface has resulted in the PCEs of 17.2% and 14.7% for the
large-area modules of 121 cm® and 210 cm?, respectively.®> The
employment of 2D material-based surface engineering in
perovskite solar panels has been accomplished, in which nine
panels were successfully integrated with a total panel area of 4.5
m? in a stand-alone solar farm infrastructure with the nominal
power (P,) exceeding 250 W and an almost monotonic reduc-
tion in the solar farm P, during nine months of operation.**
Furthermore, as a buffer layer to ETL, an atom-thick 2D TiS,
layer grown on the surface of (001)-faceted and single-crystalline
TiO, nanograss has been reported to decrease the trap density
in PSCs, and then enhance their PCE from 18.14% to 18.73%.**
The simultaneous application of both MoS, and WSe, in the
hole and electron transport sides of PSCs, respectively, has been
reported to improve not only their efficiency from 18.22% to
19.24% but also their performance stability over 1000 h under
damp heat (85 °C and 85% relative humidity) conditions.*
Here, 2D TMD interlayers facilitate efficient charge transfer
along with passivation and strain-release effects to enable the
device stability. The potential use of 2D TMDs as charge
transporting layers has also been investigated for the applica-
tion of organic solar cells (OSCs).”**” The employment of 2D
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MoSe, quantum dots (QDs) as a subphoto sensitizer and
pinhole-free HTL resulted in a PCE of 18.29% for PM6:L8-BO-
based OSCs, which is comparable to that of 18.22% for the
control device with a PEDOT:PSS HTL.*® Furthermore, the use of
ZnO modified by 2D ZrSe, as a composite ETL in OSCs with
PM6:L8-BO as an active layer could achieve a PCE of 18.24%,
which is higher than that of the pure ZnO ETL device of 17.34%,
as shown in Fig. 6a.”

The high conductivity of 2D TMDs has driven their exploi-
tation as counter electrodes, particularly as substitutes for the
expensive and scarce Pt electrodes commonly used in dye-
sensitized solar cells (DSSCs). Few-layer MoSe, on an Mo film
has been shown to have high catalytic activity towards iodide/
tri-iodide redox shuttles and yield a PCE of 9.00%, which is
higher than that generated from an identical photoanode
coupled with Pt on fluorine-doped tin oxide (FTO) of 8.68%, in
which the obtained PCE values clearly correspond to the
measured sheet resistances of MoSe,/Mo and Pt/FTO of 0.29
and 12.60 Q sq ', respectively.”” The design of heterostructures
has been attempted by fabricating vdW interacted WSe,/MoS,
heterostructures on FTO substrates via physicochemical routes,
and their employment as counter electrodes for DSSCs resulted
in a PCE of 8.44%, which is comparable to that using Pt of
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Fig.6 (a) J-V curves of OSCs with PM6:L8-BO as the active layer and
different ETLs measured at AM 1.5G irradiation (inset: schematic of the
OSC). Reproduced from ref. 97 with permission from Wiley-VCH
Verlag GmbH & Co., copyright 2024. (b) Electrochemical impedance
spectroscopy profiles of different counter electrodes for DSSCs.
Reproduced from ref. 98 with permission from Springer Nature,
copyright 2023.
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8.73%, owing to the generated interfacial conduction and active
facet sharing, thereby improving the catalytic activity of tri-
iodide reduction.’ Furthermore, a hybrid bilayer of MoS,/
MoTe, on FTO has also been used as a counter electrode in
DSSCs with the resulting PCE of 8.07%, which was higher than
that of pristine MoS, (6%) and MoTe, (7.25%) and comparable
to that with a Pt counter electrode (8.33%), suggesting the
synergistic properties between MoS, and the metallic phase of
MoTe,.'* Additionally, the counter electrode engineering of
a 2D MoSe,/WS, heterostructure achieved a PCE of 9.92% with
a photocurrent density of 23.10 mA cm ™2 due to the efficient
interfacial transport and active facet edges, thus enriching the
electrocatalytic activity.'® Alternatively, a hybrid composite
material cathode of WS,/MoCuO; supported with 0.9 wt% gra-
phene QDs (0.9 wt% WM®@GQDs) exhibited a PCE of 10.38%,
which is higher than that of the Pt electrode of 10.26%, and
electrochemical impedance spectroscopy (EIS) measurements
confirmed its lower charge transfer resistance, as shown in
Fig. 6b.%®

Material engineering and device architectures should be
further developed to optimize the PV performances and
stability. In this regard, the data-driven approaches of artificial
intelligent and machine learning model hold significant
potential to accelerate promising material discovery and
design.'**'** The integration of 2D TMDs into large-area solar
panels was attempted, which may optimize their utilization in
real PV applications.” Therefore, further investigation to bring
the use of 2D TMDs to the next level should be carried out
carefully. Here, all the achieved high performances of 2D TMD-
based PV should be also coupled with reliable and safe pack-
aging technology, and then subjected to accelerated life testing
under sequential and combined-environmental stress factors
such as humidity, temperature, thermal cycles, and mechanical
loads. The large-area, uniform, and high-quality growth of 2D
TMD layers should be pursued especially with the development
of roll-to-roll deposition.**

3.2 Hydrogen production from PEC cells

H, is considered future clean energy due to its high-density
energy (120.94 MJ kg '),"® environmentally friendly produc-
tion, and no production of toxic gas when combusted. H, serves
as a product of clean energy conversion from solar energy into
chemical energy, which can be stored.'”” One of the sustainable
and environmentally friendly routes to produce H, energy is
through PEC water splitting utilizing solar light.

PEC cells consist of at least a single photoelectrode either as
the photoanode or photocathode and electrolyte. In the case of
a single photoelectrode, external bias is needed to guide the
accumulation of electrons and holes at the cathode and anode,
respectively. One advantage of using PEC for H, generation is
the lower required external bias compared to conventional
electrochemical devices for water splitting. In theory, 1.23 V is
needed to drive the water splitting reaction, while practically it
ranges from 1.5-2.0 V. Using PEC, this potential can be lowered
because semiconductors can produce electrons from solar
irradiation. Furthermore, PEC can be extended to a dual

© 2025 The Author(s). Published by the Royal Society of Chemistry
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photoelectrode system, where a bias-free device might be real-
ized to drive the water splitting reaction. Typical dual photo-
electrode systems use p-type and n-type semiconductors as the
photocathode and photoanode, respectively. In PEC, either one
or two photoelectrode configurations, an external circuit is
placed to transfer separated charge carriers to the other pho-
toelectrode to participate in the HER or oxygen evolution reac-
tion (OER).

Importantly, each CB maximum and VB minimum of the
photoelectrode must be more negative and positive than the
reduction and oxidation potential of water, respectively
(Fig. 7).1°%1% Materials that are favourable to achieve OER are
HfS,, HfSe,, ZrS,, and ZrSe,. Conversely, the materials that are
favourable for HER are MoTe,, PtTe,, WTe,, and WSe,. Inter-
estingly, almost all transition metal disulfides such as MoS,,
MoSe,, PtS,, WS,, and ReS, are favourable for both HER and
OER except for Hf and Zr metal. Additionally, this implies that
PEC cells using both a photoanode and photocathode are
necessary to provide more efficient cells, while utilizing layered
2D TMDs that have a relatively narrow band gap to enable the
absorption of sunlight in a wide range. In PEC cells, 2D TMDs
can be applied as photoelectrodes, photocatalysts, or co-
catalysts. The following sections will discuss the application
of 2D TMDs in each of these components of PEC cells.

3.2.1 2D TMDs as photoelectrode. A crucial factor is that
the performance of PEC cells heavily depends on their photo-
electrode. The photoelectrode is usually made by depositing
a photocatalyst onto a conductive substrate such as ITO, FTO,
graphite, and metal. The photoelectrode must have a strong
bond between the substrate and photocatalyst, ability to absorb
a wide light spectrum, shorten the charge pathway, and facili-
tate the water splitting reaction. The strict requirements of
photoelectrodes demand sophisticated materials to be used as
the photocatalyst.

2D TMDs are considered promising materials as photo-
electrodes because of their ability to absorb a broad light
wavelength through their tuneable bandgap. The wider the
wavelength range of solar-light that can be utilized, the more
efficient the photoelectrode is to produce hydrogen.*** The 1T
phase of 2D TMDs can be utilized as an electron acceptor and
suppress the charge recombination process, while the 2H phase
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Fig. 7 Band edges of 2D TMDs to generate the HER or OER. Repro-
duced from ref. 108 with permission from Wiley-VCH Verlag GmbH &
Co., copyright 2017.
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can absorb light to generate excitons. A study reported that 2D
TMDs as photoelectrodes have a lower efficiency than the Si
electrode that has been developed 60 years ago.** 2D TMDs are
usually formed as thin films rather than single crystals in
photoelectrodes due to the fact that 2D TMD thin films can be
prepared in large areas and provide efficient absorption of solar
light, although 2D TMD thin films have lower quality than
monolayer TMDs.*® For example, Yu et al. successfully fabri-
cated self-assembled 2D WSe, thin films through the dispersion
of solvent-exfoliated few-layer flakes.'™ The thin films with
a thickness of ca. 25 nm exhibited a sustained p-type photo-
current up to 1.0 mA cm™ 2 at 0 V vs. RHE (reversible hydrogen
reaction) with an added water reduction catalyst (Pt). The
fabrication of thin films provides large-area substrates to
absorb a significant region of the solar spectrum to enhance the
photoelectrode performance.

In case of increasing the activity of 2D TMDs as photo-
electrodes for HER from PEC, 2D TMDs should form hetero-
structures or composites/hybrids with other materials as
photocatalysts or be coated with co-catalysts to effectively
separate photoexcited electrons and holes.">"* Kwak et al.
showed experimentally that an Si-based photoelectrode in
a nanowire array sheathed in 2D TMD layers achieved a photo-
current density of 30 mA cm™> (at 0 V vs. RHE) and high Fara-
daic efficiency, which reached 90% under AM 1.5G
conditions.** Also, the HER activity can be enhanced through
heteroatom doping. For example, modified 2D TMD-based
photoelectrodes, such as a p-n MoS,/N-doped c¢GO hetero-
junction, which exhibited a low overpotential of around 100 mV
vs. RHE and RGO/CdS/MoS, hybrid, have been developed in
a previous study.' In another study, PEC using Se-doped a-
Bi,0; showed a high photocurrent density, high charge carrier
density (according to Mott-Schottky plot), lower impedance (by
EIS), and low carrier recombination (according to PL spectrum)
compared to the pristine a-Bi,03.'*

2D TMDs show strong potential as photoelectrodes because
of their tuneable bandgap, efficient light absorption, and
favourable charge transport. However, despite their advantages,
2D TMDs have limited efficiency as photoelectrodes compared
to conventional semiconductors. Therefore, progress in thin-
film fabrication, heterostructure engineering, and doping will
advance their PEC performance for hydrogen generation.

3.2.2 2D TMDs as photocatalysts. Photocatalysts are
a family of semiconductor materials, which can absorb solar
light to generate free electron-holes to drive catalytic redox
reactions on their surface/terminal sites.'” In general, a photo-
catalyst operates by absorbing solar light to separate electron-
hole pairs and drive redox reactions. When a photon has energy
greater than or equal to the photocatalyst bandgap, the electron
will be excited from the VB to CB. Depending on the target
reaction, electrons may reduce protons into hydrogen (HER) or
CO, into carbon-based fuels, while holes oxidize water in OER
or degrade organic pollutants.

Several semiconductors such as 2D TMDs,****® TiO,,""” and g-
C3N, (ref. 118 and 119) have been widely utilized as photo-
catalysts. Several photocatalysts still have limitations due to
their restricted light response and unsuitable charge
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separation.”® However, their tuneable band gap across the
visible-IR light absorption range, strong light-matter interac-
tion, and long electron-hole recombination time lead to
enhance photocatalytic performances, and the flexibility to
engineer them such as phase engineering, vdW heterostructure,
or Janus heterostructure are advantages of using 2D TMDs as
photocatalysts. The purpose of using 2D TMDs as photo-
catalysts is to minimize the overpotential for the HER, while
absorbing solar light to generate electron-hole pairs. Here,
layered photoelectrodes using 2D TMDs as photocatalysts
aimed to enhance the performance of PEC cells to produce
H,."*»*** In general, materials can be determined as good HER
photocatalysts if they give a value close to 0 eV in terms of Gibbs
energy change for H, adsorption.”® Although 2D TMDs have
a wide sunlight absorption range, 2D TMDs still have limita-
tions as photocatalysts such as basal planes, which are HER
inert and have poor electrical conductivity. Several routes can be
used to enhance the catalytic activity of 2D TMDs such as phase
engineering, defect engineering, heteroatom doping, and
structure engineering.

As photocatalysts, 2D TMDs are used to enhance the PEC
performance. 2D TMDs exhibit a high catalytically active surface
area and active basal planes to provide a high yield and efficient
HER."™ Given that their catalytic activity is active site/surface
dependent, different phases of 2D TMDs show various cata-
lytic activity. Semiconducting 2D TMDs such as 1H/2H and 3R
phases have basal planes, which are inert for HER, while the
metallic 1T phase has a metallic surface, which is an active site
for HER. Phase engineering is a common and simple route to
enhance the photocatalytic activity of 2D TMDs."* It is impor-
tant to know that the phase transition from an H phase to T
phase and coexisting phases will modulate the electronic
properties and active sites, resulting in enhanced catalytic
activity. Chang et al. successfully synthesized 2H and 1T phase
MoS,. The result showed a phase transition from 2H to high
yield and quality 1T phase by annealing at 1000 °C using
lithium salt precursor.* 1T phase MoS, absorbs light in the full
spectral range of 300 to 1200 nm efficiently and has an active
basal plane as an excellent photocatalyst. The 1T phase has
a lower energy level and bandgap, which leads to the easy
capture of photo-excited electrons and facilitate HER activities.
Mouloua et al. combined the properties of 1T and 2H phase
MoS, by synthesizing the 1T/2H-MoS, core/shell structure
(Fig. 8a).”® Here, the 1T phase as a coating provides good
conductivity, while the 2H phase ensures excellent and efficient
light absorption. Also, it exhibited a fast response (360 ms) to
reach the maximum photocurrent density value of 90% (Fig. 8b)
and photocurrent density of —13.5 £ 1 Acm ™ > at 0 V vs. RHE at
the onset potential of 110 mV (Fig. 8c). Therefore, as a catalyst,
1T MoS, has a better photocatalytic performance, as shown by
its lower overpotential and high current density. Parallelly, Toh
et al. compared the 3R and 2H phases of MoS, and WS, for HER
photocatalytic activity and showed that the 3R phase of MoS,
and WS, minimizes the overpotential for HER in PEC, which
exhibited a better photocatalytic performance than the 2H
phase.®* It is clear that the 3R phase of MoS, was formed as
a mixture with the 3R phase, and higher 3R phase
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concentrations resulted in superior HER efficiency. Also, they
found that the performance is particle crystal size dependent.
Various phase engineering of 2D TMDs with nanosheet struc-
tures and varying synthesis methods have also been developed
to evaluate the HER performance through the overpotential
value (Fig. 8d). The amount of layer could trigger a phase
transition that affects the photocatalytic activity. However, in
the case of ReS,, the amount of stacking layers had no effect on
its photocatalytic activity and its 1T natural stable phase
exhibited high active sites.*®

Typically, transition metal diselenides have higher catalytic
activity compared to their disulfide counterparts for the same
transition metal atom. A study showed that Se has higher
metallic property than S, also including other properties and
performances such as metallic binding with transition metals,
metallic binding to transition metals, and electroactive unsat-
urated centers, but smaller band gap.”® Jameel et al. showed
a comparison of the bandgap between diselenides and di-
sulfides for W, Pt, and Mo metal atoms."® In the energy band
gap comparison, WS,, PtS,, and MoS, exhibited values of
1.96 eV, 1.62 eV, and 1.50 eV, while WSe,, PtSe,, and MoSe, had
values of 1.34 eV, 0.88 eV, and 0.74 eV, respectively.'”® Transition
metal diselenides create extra gamma active sites that build
extra CB and VB, thus reducing the bandgap. This implies that
for the same metal atoms and conditions, transition metal di-
selenides are expected to efficiently absorb a wide solar spec-
trum. Gholamvand et al. performed a comparison of HER
activity in acidic media, showing that selenide has the best HER
activity among chalcogenides, followed by sulfide and tellu-
ride.”” Nevertheless, MoSe, has low water absorption in alka-
line solutions. Several approaches can be employed to enhance
the HER performance of MoSe,, such as forming hybrids with
more conductive materials, including carbon-based materials
(CNTs, graphene, MXenes, and g-C3N,).

Besides H, evolution, PEC water splitting also involves the
OER, and thus a photocatalyst must exhibit high stability under
high potential conditions, specifically >1.23 V vs. SHE (standard
hydrogen electrode). Although MoSe, demonstrates good HER
activity, MoSe, and other typical transition metal diselenides
suffer from poor stability in OER. Thus, to address this issue,
heteroatom doping can be employed, such as Cu,S nanocrystal-
decorated MoSe, and Co/Ni nanoparticles as co-catalysts.

Defects and crystal vacancies play a big role in improving the
photocatalytic activity of 2D TMDs. The photocatalytic activity
of 2D TMDs can be improved by employing chalcogenide
vacancies, for example S and Se vacancies given that S and Se
are the most typical chalcogenides in 2D TMDs. Son et al.
engineered poor electrical 2H-MoS, by activating its basal plane
through the introduction of high doping V atoms.”® The
experiment showed that high V-doped MoS, has a superior HER
performance, which give an overpotential of 100 mV at 10 mA
cm 2, Furthermore, the catalytic performance can be propor-
tionally proven by determining the double-layer capacitance
(Cq1) value. Single-atom-doped (SAD) V in MoS, shows (Cq;) up to
45.61 mF cm ™ > over coalescent-doped (CD) and pristine MoS,.
In the case of 2D InSe, Huang et al. showed that the highest
catalytic activity was found at the vacancy of four-layer InSe,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2025. (d) Photocurrent density vs. potential (V vs. RHE) for Pt, WS,, and MoS; for various phases and synthesis methods. Reproduced from ref. 127
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copyright 2022.

which is ~30x higher than that on the basal plane.”® This
indicates that defects and crystal vacancies can be introduced to
increase the number of active sites on the basal plane and
enhance the electrical conductivity, thereby increasing the
photocatalytic performance.

Structure engineering is a typical modification of 2D TMD
layered photoelectrodes to increase their PEC performance by
providing more edge site towards the enhancement of HER
performance. Structure engineering can be achieved through
TMD/TMD heterostructures or TMD/non-TMD heterostructures
via the typical vdW heterostructure.’** Additionally, Janus
structures and heterostructures in TMDs can further improve
their HER activity.” A heterojunction between TMDs as the
catalyst and the photoelectrode will decrease the onset potential
to lower the applied voltage.* In a previous study, engineering

© 2025 The Author(s). Published by the Royal Society of Chemistry

the structure of 2D TMDs has been successfully performed,
such as the fabrication of MoS,/rGO hybrid, MoS,/mesoporous
graphene foam (MGF) heterostructure, WS, nanosheets/rGO,
W,Mo, _,S,/graphene, MoS,/CoSe,, CoS,/CoSe,, and MoSe,/
NiSe."*® Masoumi et al. successfully synthesized core-shell a-
Fe,03/WS,/WO, by employing WS, nanosheets on an a-Fe,0;
nanorod photoanode to make a heterojunction structure with
the additional formation of WO, (WO, ~, WO;~, WO, , and WO"
ions) on the top surface as a protection layer."** This resulted in
the formation of a-Fe,03/4#-WS,/WO, (Fig. 8¢), which means it
required 4 times the amount of WS, on the a-Fe,O; top surface,
exhibiting a photocurrent density about 13- and 30-fold higher
compared to pure a-Fe,0;. o-Fe,03/4#-WS,/WO, gave a photo-
current density of 0.98 and 2.1 mA cm > (at 0.54 and 0.47 V vs.
RHE) under front and back illumination, respectively, also at
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1.23 V vs. RHE under 100 mW cm 2 (Fig. 8f). Therefore, core-
shell structures can be implemented to effectively separate and
prolong the recombination time of electron-hole pairs to
enhance the PEC performance.

Further, the study by Li et al. showed the fabrication of
MoSe,-CdS-ZnS tandem Z-scheme heterojunction arrays with
ultrathin MoSe, nanosheets anchored on CdS-ZnO nanorods
on an Au paper working electrode (Au-PWE) to enhance PEC
water splitting. Consequently, the photocurrent density reached
up to 2.4 mA cm 2 at 0.3 V vs. the normal hydrogen electrode
(NHE).® In other research, H phase Janus 2D structures of
TMDs composed of O, S, Se, and Te atoms have been success-
fully fabricated, and their band alignment compared to the
redox potential is shown in Fig. 8g. SMoTe is a promising
candidate because of its sustainability in both acidic and
neutral media.'* Moreover, MoSSe is a Janus 2D TMD that can
be considered a photocatalyst due to its higher photocatalytic
properties (including optical absorption, carrier mobility, and
H,0 absorption) compared to the conventional MoS, photo-
catalyst.”** The catalytic activity and HER performance of MoSSe
are structure and stacking sequence dependent, similar to
typical 2D TMDs."* In another new study reported by Xiong
et al., they successfully fabricated MoSSe/Bi,WOg with S-scheme
heterojunction construction to provide a novel strategy to
enhance the catalytic performance.”® The light absorption
capacity of MoSSe/Bi,WOQs is in the range of 20-29% and its
photocurrent density reached up to 4.54 mA cm > at 2 V vs.
RHE. In the heterojunction, MoSSe provides a large specific
surface area and excellent reduction potential, emerging as an
ideal carrier to load other materials. The construction of
a heterojunction has become a simple and common way to
enhance the photocatalytic performance of 2D TMDs.

Despite their promising photocatalytic activity, 2D TMDs
such as MoS,, MoSe,, WS,, and WSe, still face challenges when
employed as photoelectrodes or photocatalyst. To this end, the
2H phase is thermodynamically the most stable.** However, the
1T phase generally exhibits a superior photocatalytic perfor-
mance. Consequently, various engineering approaches are
required to enhance the photocatalytic performance of the 2H
phase or to improve the stability of the 1T phase. Furthermore,
2D TMD thin films often suffer from poor long-term stability
during the PEC process due to their large interlayer spacing and
intrinsically weak vdW structures.** During the PEC reaction,
the vdW structures can be easily penetrated by the electrolyte
species, which lead to intercalation that weakens the hetero-
structure contacts and promotes the formation of pinholes and
cracks.?® Thus, although heterostructure engineering is widely
used to improve the electronic and optoelectronic properties of
2D TMDs, it still has inherent limitations in terms of structural
stability.

However, 2D TMDs have demonstrated great promise as
photocatalysts for PEC H, evolution owing to their tuneable
bandgaps, broad solar absorption (300-1200 nm for 1T-MoS,),
and highly active metallic phases. Phase engineering has shown
that 1T-MoS, exhibits superior catalytic activity compared to
2H, delivering photocurrent densities up to —13.5 Acm ™ >at 0 V
vs. RHE with low overpotentials, while the 3R phases of MoS,
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and WS, outperform their 2H counterparts by minimizing the
HER overpotentials. Selenides such as MoSe, and WSe, gener-
ally exhibit higher photocatalytic activity than sulfides (MoS,
and WS,), although their stability in OER remains a challenge.
Further improvements have been achieved through defect
engineering (V-doped MoS, showing overpotentials of around
100 mV at 10 mA cm ™ ?) and heterostructure formation (e.g.,
MoS,/rGO and MoSe,/NiSe), with the MoSe,~CdS-ZnS hetero-
junction giving a photocurrent density of around 2.4 mA cm >
at 0.3 Vvs. NHE. These findings collectively highlight that phase
modulation, doping, and heterostructure construction are
crucial strategies to unlock the full photocatalytic potential of
2D TMDs for sustainable H, generation.

3.2.3 2D TMDs as co-catalysts. Semiconductor materials
are frequently used as photocatalysts in PEC water splitting for
HER. Typically, the employment of a photocatalyst does not
result in a high catalytic performance for HER due to the fast
electron-hole recombination time.**” In this case, 2D TMDs are
now promising co-catalysts frequently used in PEC water split-
ting to enhance HER."™*'*! As co-catalysts, 2D TMDs serve to
capture excited electrons in the CB to efficiently separate them
from the holes and provide more active sites. The efficient
capture of electrons and high active sites are two important
things to enhance the photocatalytic HER activity."** Also,
several modifications can be utilized to further enhance the
performance of 2D TMDs as co-catalysts, such as the fabrication
of heterojunctions of 2D TMDs and phase engineering, which
can prolong the electron-hole pair recombination time and
increase the interlayer transport efficiency. Both the 1T and 2H
phases are the most common phases in 2D TMDs utilized as co-
catalysts. However, in terms of co-catalyst application, the 1T
phase is known to provide more active sites for H, generation,
where the general 2H phase is catalytically inert.**> Activation of
the basal plane could be another option to serve higher active
sites for enhancing H, generation. Yu et al. employed Mo
doping to activate inert S atoms by acting as electron donors
and modulating the p-band center of adjacent S atoms."** Roy
et al. showed that activating the basal plane of MoS, by
heterostructuring with MoSe, results in a photocurrent density
of 19.35 mA cm > and incident photon-to-current efficiency
(IPCE) of 38.4%, which is 1.2- and 1.36-times higher compared
to those of pristine MoS, on Si nanowires, respectively.'*
Another method that can be used to enhance the photocatalytic
performance is the use of thin films. Thin films of 2D TMDs can
act as stabilizers for electrode/semiconductor photocatalysts by
preventing the photogenerated holes from attacking or
corroding the electrode.”®

Various 2D TMDs have been developed and employed to
enhance the photocatalytic performance. Yi et al. designed the
utilization of 1T-WS, as a co-catalyst for 2D-C3;N, semiconductor
for H, generation and compared its performance with the 2H
phase.™* The photocurrent density measurement over time at
a bias potential of —0.2 V vs. Ag/AgCl under visible light irra-
diation, as shown in Fig. 9a, shows that the 1T phase exhibits
a higher photocurrent density compared to the 2H phase and
non-co-catalyst 2D-C;N,. This implies that the 1T phase more
efficiently separates electrons from holes and prolongs the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Photocurrent measurement over time of 1T and 2H phase
WS, on 2D-C3N4 and pristine 2D-C3Ny4. Reproduced from ref. 142 with
permission from Elsevier, copyright 2017. (b) Structure illustration of
TiO,_x-MoS,/FTO and (c) photocurrent—time profiles of TiO,, TiO,_,,
and TiO,_,—MoS; in 0.5 M Na,SO4 under dark and light conditions.
Reproduced from ref. 147 with permission from The Korean Society of
Industrial and Engineering Chemistry, copyright 2024.

electron-hole recombination time. Also, the amount of 15% 1T-
WS, gave the optimal performance to enhance H, production
under visible light irradiation.*** The utilization of ReS, by Jing
et al. resulted in a higher photocatalytic performance in TiO,,
which had a higher photocurrent density over time compared to
the pristine TiO,.*** The 1T distorted phase of ReS, establishes
good absorption in the entire visible light region, which is
suitable for solar energy harvesting. Moreover, the hetero-
junction between ReS, and TiO, prolongs the electron-hole pair
recombination time and increases the amount of excited elec-
trons. Therefore, the excited electrons can be utilized effectively.
Besides the application of MoS, as a photocatalyst, the 2H
phase of MoS,, which possesses a basal plane, exhibits excellent
catalytic activity when utilized as a co-catalyst for CdS or other
typical semiconductors with a higher CB position.*® If a Z-
scheme heterojunction is constructed, the excited electrons

© 2025 The Author(s). Published by the Royal Society of Chemistry
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can be exploited to produce H, efficiently."*® Rezaei et al. used
TiO, ,-MoS, to enhance the visible light absorption and
improve the PEC performance by accelerating the separation of
photogenerated excitons and restricting the recombination of
electrons and holed in an FTO photoanode (Fig. 9b). The
presence of TiO,_,—MoS, resulted in a photocurrent density of
1.4 mA at 1.23 V vs. RHE and the photocurrent measurement
with time is shown in Fig. 9¢.**” Also, Wang et al. showed that
the integration of an MoS, layer on GaN, which formed MoS,/
GaN vdW heterojunctions, resulted in wider visible-light
absorption compared to the pristine GaN, as depicted in
Fig. 10a."*® The formation of MoS,/GaN resulted in a moderate
bandgap (1.35-1.7 eV), which is thickness dependent. The
integration of MoS, with GaN can overcome the issue of the GaN
heterojunction due to the lattice mismatch. Further, MoS,/GaN
exhibited large and wide visible light absorption, which is
suitable for photocatalyst applications. In a recent study by
Degg et al., they formed a composite tin iodine phosphide
(SnIP) photocatalyst with MoSe, and MoS, to achieve multiple
PEC responses.** The potential (in V vs. RHE) versus the applied
bias photon-to-current efficiency (ABPE) graphs in Fig. 10b and
¢ show that only MoSe, exhibits an effect as a co-catalyst to
increase the PEC performance with the photocurrent density of
0.025 mA cm > at 0.8 V vs. Ag/AgCl. This is consistent with the
previous discussion that compares transition metal diselenides
and disulfides in 2D TMDs in the photocatalyst subsection. A
similar trend is also observed when 2D TMDs are used as co-
catalysts, where transition metal diselenides, here MoSe,,
exhibit superior co-catalytic effects compared to their disulfide
counterparts. The utilization of MoSe, and MoS, to enhance the
PEC performance was also carried out by Ali et al., which con-
structed 5 wt% MoSe,-Mo0S,/Zn0O. The utilization of MoSe,—
MoS, on ZnO resulted in a 2-fold higher photocurrent than the
pristine ZnO, which shows that the utilization of MoSe,-MoS,
can enhance the photoelectrode performance.**® Further, the
performance of MoSe,-MoS,/ZnO can be enhanced by 3-fold
that of pristine ZnO by heterostructuring with 2.5 wt% Te-rich
MoTe,. Here, the higher electrical conductance and field
effect of Te-rich MoTe, than MoSe, and MoS, play a role in
enhancing the efficient transport of photoexcited charge
carriers.” Another experiment by Li et al. demonstrated the use
of PtSe, as a co-catalyst of SiC with a vdW heterostructure
scheme.'” Adding PtSe, as a co-catalyst resulted in higher light
absorption (Fig. 10d) and higher solar to hydrogen (STH) effi-
ciency compared to other heterostructure materials (GeS/GeSe,
2-C¢Ne/InP, GeH/InSe, and GaAs/InS) (Fig. 10e). In the diagram,
the STH value slightly decreases from 34.7% to 31.21%, 27.32%,
24.72%, and 17.06% for SiC/PtSe,, GeS/GeSe, g-CsNg/InP, GeH/
InSe, and GaAs/InS, respectively.

The Te site in the MTe, family, especially the 1T’ phase, is
believed to be the adsorption site for hydrogen atoms, and thus
the reaction site for HER. However, the MTe, family is mostly
used in electrochemical HER rather than photocatalytic HER.
This is because the position of the CB of most MTe, is not
suitable for driving HER."* Moreover, the MTe, family exhibits
a strong exciton binding energy, indicating that electron-hole
pairs are difficult to separate, limiting their ability to participate

RSC Sustainability, 2025, 3, 4887-4910 | 4899
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in light-driven reactions.’ The current state of the art shows
that only NiTe, and MoTe, have been used for photocatalytic
HER in the MTe, family. There has been no report on the use of
MoTe, and NiTe, alone as a photocatalyst for driving HER. Most
research focuses on combining MoTe, and NiTe, with different
materials to form a heterostructure. In this trend, a common
agreement has not been established yet given that only a few
studies are present. In one case, it was proposed that NiTe,
serves as an oxidation photocatalyst, helping the separation of
electron-hole pairs in g-C3;N,, which drive the actual HER.**®
Other than its combination with g-C;N,, another research group
enhanced the charge separation in NiTe, by decorating Ni
nanoparticles on its surface. As a result, the HER performance
increased by ~1.55 times compared to single NiTe,."*

Table1 2D TMDs for H, production

2D TMDs serve as highly effective co-catalysts in PEC water
splitting by capturing photogenerated electrons, suppressing
charge recombination, and providing abundant catalytic sites.
Phase engineering, basal-plane activation, and heterostructure
formation have demonstrated substantial improvements in
photocurrent density and efficiency, such as MoS,/MoSe,
reaching 19.35 mA cm 2 with an IPCE of 38.4%, and 1T-WS,/
2D-C3N, showing a superior H, production compared to its 2H
counterpart. These results highlight that co-catalyst integration
not only enhances the charge transfer and stability of semi-
conductor photoelectrodes but also unlocks the full catalytic
potential of 2D TMDs for efficient H, generation. Several
applications of 2D TMDs along with their synthesis method and
phase are shown in Table 1.

Synthesis method System Phase Condition Performance Ref.
Chemical intercalation MoS,/TiO, 2H Visible light Photocatalytic H, activity: 5 pmol h™*
1T Photocatalytic H, activity: 228.2 pmol h™*
MoS,/CdS 2H Photocatalytic H, activity: 1563.6 pmol h™* 50
1T Photocatalytic H, activity: 1658.5 pmol h™"
Chemical vapor deposition (CVD) MoS,/Si 1T/2H 450 nm light Photocurrent density: —13.5 & 1 mA cm > 126
Onset potential: 0.11 V vs. RHE
Hydrothermal C0-WS,/Cdo.4Zng ¢S 2H Visible light Photocatalytic H, activity: 21 000 pmol g™ h™" 157
WS,/2D-C;5N, 1T 300 W Xenon lamp  Photocatalytic H, activity: 331.09 pmol g ' h™" 142
2H Photocatalytic H, activity: 171.51 umol g~ ' h™"
MoSe,/CdSe 1T/2H  Visible light Photocatalytic H, activity: 7.12 mmol g * h™* 158
Te-MoTe,~M0S,/ZnO  2H Photocatalytic H, activity: 5.2 mmol ecm >h™" 151
MoSe,~MoS,/ZnO 2H Photocatalytic H, activity: 7.43 mmol ecm~>h™" 150
MoS,-BN/TiO, 2H Photocatalytic H, activity: 2.6 pmol cm 2h™?! 146
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3.3 Clean fuel production from CO, photoreduction

Climate change, especially global warming, is currently a hot
topic of challenges in environmental studies. Both the global
sea surface temperature and upper 2000 m ocean heat content
record reached the highest temperature in 2024, and the 12-
month average also reached its highest point in August 2024 at
1.6 °C above the recorded temperature at the start of the last
century.”'*® The occurrence of global warming cannot be
separated from the greenhouse effect. Most of the GHG was
CO,, which contributes around 76% to the total greenhouse
emissions besides methane (16%), nitrous oxide (6%), and
other gasses.'* One of the promising strategies to overcome this
environmental problem is photoreduction, converting CO, to
C; or C,,; products, which are more usable chemicals such as
carbon monoxide (CO), methane (CH,), methanol (CH;OH),
and ethanol (C,H;OH)."*>'** Compared to C, products from CO,
photoreduction, C,, products exhibit a higher energy density
and broader application.***

The clean energy obtained from photoreduction methods
can also be a solution to the energy problems besides over-
coming environmental problems by reducing CO, levels.

Various catalysts have been fabricated from semiconductors
to reduce CO,. Unfortunately, they exhibit limitations such as
unstable conditions, insufficient photocatalytic activity, and
inadequate productivity.' Several strategies have also been
developed to overcome these drawbacks, including adding
noble metal co-catalysts, increasing the porous structure
surface area, and employing appropriate band architectures.*®
It is essential to increase the efficiency of CO, reduction by
using photocatalysts, where solar energy drives the redox reac-
tion to reduce CO, with broad-range absorbance in the ultra-
violet (UV), visible (vis), and near-IR light regions.’>**® The
structures that can improve solar light absorption and absorb
UV-vis to IR radiation are materials with 2D structures.'®” 2D
materials also facilitate the mobility of electrons, reducing the
band gaps and thermal conductivity."” Among the photo-
catalyst candidates, 2D TMDs are potential candidates due to
their excellent electrocatalytic properties, low cost, abundant
reserves on Earth, and ability to convert CO, efficiently at rela-
tively low temperatures.'**® This section discusses the appli-
cation of several 2D TMDs (MoS,, MoSe,, WS,, WSe,, MoTe,,
WTe,, and NiSe,) in clean energy production by CO,
photoreduction.

3.3.1 Molybdenum disulfide (MoS,). MoS, is a layered
metal chalcogenide with semiconductor characteristics.'* MoS,
exists in three different phases, i.e., 1T phase with tetragonal
symmetry, 2H phase with hexagonal symmetry and octahedral
coordination of Mo atoms, and 3R phase with rhombohedral
structure of three layer S-Mo-S."7® Owing to its absorbance
capabilities in the near-IR band, MoS, has been extensively
explored to support the photocatalytic performance.'®” For
instance, a 2D structure of MoS, sheet has been explored to
produce CH;OH and acetaldehyde by CO, photoreduction.'”®
When UV light irradiated MoS,, electrons transferred from VB
to CB, which induced fast transitions of photogenerated elec-
trons, resulting in a decrease in charge carrier recombination.'”*
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The mechanism of this photocatalytic performance is illus-
trated in Fig. 11a. MoS, has also been explored to increase the
photocatalytic activity of semiconductors, such as ZnO, by
modifying their surface-bound active species to extend their
light absorption capabilities. Li et al. utilized MoS, and In,0; to
modify the surface of ZnO to improve its photoelectric proper-
ties and band structure, potentially enabling the production of
CO and CH, from CO,. Firstly, CO, is reduced to CO as an
intermediate product, which is then further reduced to CH, as
the final product. The photocatalytic activity of ZnO and its
combination with In,0; and MoS, for CO and CH, production
can be seen in Fig. 11b. In this example, the electrons in the CB
of In,0; and MoS, are excited to the VB, producing photog-
enerated electron and holes. The photogenerated holes in ZnO
migrate to the VB of In,03, whereas the photogenerated elec-
trons from In,03 and the CB of ZnO transfer to the CB of MoS,.
The surface of ZnO can used as transfer channels due to the
surface-bound active species by In,0; and MoS,, facilitating
electron-holes transfer to the surface of the catalysts. This
enhanced charge separation and transfer increases the
production of CO as an intermediate and CH, as the final
product.*®

Although MoS, has been chosen to be an effective candidate
to reduce CO,, it poses several limitations such as poor
conductivity, poor stability, and propensity for photo corro-
sion.'”? Its photocatalytic activity can be improved by combining
two TMDs, MoS, and SnS,, which provide rich functional active
sites. A composite of rGO-MoS, and SnS, was shown to produce
CO and CH, under UV light. The presence of SnS, improved the
synergistic effects to increase the photocatalytic activity, and it
was also shown that its combination with rGO boosted the
number of usable excitons and charge carriers.'” The yield of
CO by MoS, only is 1.98 umol g~ ', which increased to 113.97
pumol g~ when combined with 3% rGO and 342.66 pmol g *
when combined with 10% SnS,. The increasing yields were also
shown in the production of CH,, with 1.15 pmol g™, 81.61 pmol
g ', and 252.74 pmol g~ for MoS,, M0S,-3% rGO, and MoS,-
10% SnS,-3% rGO, respectively.'”?

The photocatalytic performance also can be improved by
combining two materials with different bandgaps to produce
a heterostructure. For example, the combination of NiFe-
layered double hydroxide (LDH) and MoS, with different
bandgaps of 2.42 eV and 1.86 eV, respectively.'”* Sunlight irra-
diation induces photon excitation to produce electron-hole
pairs in the catalyst and the possible electron transport path-
ways with these two different energy bands are type-II and direct
Z-scheme, as shown in Fig. 12a. In the type-II heterojunction,
the holes from MoS, would transfer to NiFe-LDH and the elec-
trons from the CB of NiFe-LDH would transfer to MoS,. The
reduction of CO, to CO is difficult because its reduction
potential is —0.53 V and the strongest reduction oxidation
capacity was lost, which did not exhibit effective photocatalytic
CO, reduction ability after their combination. Thus, a direct Z-
scheme heterojunction is a better way for understanding the
electron transport mechanism. The electron from the conduc-
tion band is excited to the VB of MoS,. The heterojunction
facilitates the separation of the electron-hole pairs that easily
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(@) Mechanism of photocatalytic performance of MoS, to produce methanol and acetaldehyde. Reproduced from ref. 170 with

permission from Elsevier, copyright 2019. (b) Production of CO and CH, for 8 h under UV light irradiation using ZnO, In,O3, MoS,, and their
combinations. Reproduced from ref. 172 with permission from Elsevier, copyright 2021.

reunite. With the direct Z-scheme heterojunction, oxidation
and reduction reactions can be conducted at the most positive
and negative energy band positions to successfully encourage
the separation of photogenerated carriers.

3.3.2 Molybdenum diselenide (MoSe,). MoSe, is a TMD
material with the thermodynamically stable 2H phase but poor
conductivity. This material is usually used as a photocatalyst
because it has an excellent photocatalytic response on its 1T
phase.’®® The hybrid phase of 1T-2H MoSe, has been explored in
combination with Cu and TiO, nanofibers (NFs) for CO,
photoreduction. CO, was converted to H,, CO, and CH, gases,
as can be seen in Fig. 12b. The doping of Cu on TiO, NFs
improved their poor catalytic performance than pure TiO, but
still showed poor selectivity for H, gases. A coating using MoSe,
was reported to be optimum at 2 wt% concentration, as indi-
cated by the yield of CO of 396 pmol g~ *; H, of 81 umol g~ *; and
CH, of 92 pmol g~ '. MoSe, was hydrophobic in nature, limiting
the sample contact with water, and it created more active sites
for the adsorption of CO, and intermediates, resulting in an
improvement in charge separation compared to the sample
without MoSe,. Fig. 12c illustrates the mechanism of charge
transfer for 2 wt% MoSe, on Cu-TiO, NFs under UV-visible
light. The contact of Cu-TiO, NFs with MoSe, resulted in elec-
tron transfer from MoSe, to the composite of Cu-TiO, NFs,
causing an electron field from the TMDs to Cu-TiO, and band
bending at their interface. The reduction of CO, was main-
tained in the CB of MoSe,, while in Cu-TiO,, the weak

4902 | RSC Sustainability, 2025, 3, 4887-4910

photoexcited electrons in its conduction band combined with
the weak photoexcited holes in its VB, which were encouraged
by the electron field and band bending. The spatial separation
of photogenerated electron-hole pairs was greatly enhanced by
S-scheme charge transfer."®®

The yield of CO, conversion can be enhanced by increasing
the number of active sites and the surface area. Jiang et al.
introduced the combination of CeO, and MoSe, in a hollow
frame structure enriched with oxygen vacancies, which signifi-
cantly improved the CO, adsorption capacity.'”® As shown in
Fig. 12d, CO, reduction to yield CH, gases on Ce0,-49.7 wt%
MoSe, with high oxygen vacancies required a negative desorp-
tion energy (—0.39 eV), indicating that the process is in
a spontaneous oxygen-rich-environment. Hollow structures also
have been utilized to improve the photocatalytic performance in
CulnsSg-MoSe, containing sulphur vacancies. The cavity in
hollow structures leads the multiple light reflections to improve
the efficiency of light utilization. The CB positions of CulnsSg
with sulphur vacancies and MoSe, are —0.72 eV and —1.1 eV,
respectively. Both are more negative than the reduction poten-
tials of CH, and CO, indicating favourable conditions for
enhanced photocatalytic CO, reduction."”®

3.3.3 Tungsten disulfide (WS,). WS, is a two-dimensional
transition metal dichalcogenide with visible/near IR activity.””
WS, exhibits more active sites on its basal plane and edges of its
1T metallic phase, while its 2H phase is thermodynamically
stable, which 1is favorable for CO, reduction. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) lllustration of the electron transport pathways in type-Il and Z-scheme heterojunctions. Reproduced from ref. 175 with permission

from Zhou et al., copyright 2024. (b) Production of gas by MoSe, coatings on Cu-TiO, NFs. Reproduced from ref. 168 with permission from
Elsevier, copyright 2023. (c) Charge transfer mechanism on the Cu-TiO, NF-MoSe, composite for CO, photoreduction. Reproduced from ref.
168 with permission from Elsevier, copyright 2023. (d) Reaction path and free energy diagram of CeO,-49.7wt%MoSe, with high oxygen vacancy
to produce CO/CH4 from CO,. Reproduced from ref. 175 with permission from Elsevier, copyright 2021.

homoconjunction of 1T/2H WS, can be favorable for the
formation of CH, from CO,. Zhou et al. reported the homo-
conjunction of 1T/2H WS, in combination with TiO,. The CO,
photoreduction performance of 1T/2H-WS,/TiO, in producing
CH, under a 300 Xe lamp is 36.44 umol g * h™*', which is 12.8-
times higher than pristine TiO,."”® Enhanced photoreduction
activity can be achieved by combining WS, and In,S;, which
produced 188.6 umol CH, during 12 h reduction of CO, under
visible light."”” The effective carrier transfer and layered struc-
ture assist electron mobility, leading to an increase in CO,
reduction activity."”” WS, nanosheets containing sulphur
vacancies can be deposited with single metal atoms such as Cu,
Co, Pt, Ni, and Pd. The attachment of single metal atoms
resulted in promising catalysts for reducing CO,. For instance,
WS, doped with Cu and Co showed good potential to produce
formic acid and CO. In CO, reduction, Cu- and Co-doped WS,
show an extra hybridization effect between the Co and Cu 3d
and W 5d orbitals, respectively, increasing the electron overlap
close to the Fermi level and accelerating the charge transfer
kinetics."”®

3.3.4 Tungsten diselenide (WSe,). WSe, is the main 2D
TMD with luminescent properties.'*® WSe, exhibits the lowest
CB among materials, indicating its prospect in energy conver-
sion.'® The band gap of WSe, can directly change according to
the wavelength of sunlight when its crystal structure changes
from bulk to single layer, indicating its potency in photo-
electrocatalytic conversion applications.”® An increase in the

© 2025 The Author(s). Published by the Royal Society of Chemistry

gas yield of CO, photoreduction can be achieved by increasing
the specific surface area of WSe, to provide more active sites.
The photon energy induces electron transfer from VB to CB,
generating electron-hole pairs. The holes drive the oxidation of
H,0 to hydrogen ions, while electrons reduce CO, to CH;OH.
The yield of CO, photoreduction using WSe, can be improved
by decorating the surface of WSe, with noble metals. The
deposition of noble metals will form a metal-semiconductor
heterojunction and induce the localized surface plasmon reso-
nance effect. For instance, the surface decoration of WSe, with
Ag can increase its CO productivity to 14.80 umol g~* h™" from
5.24 umol g~ ' h™". The photogeneration of electron-hole pairs
in Ag/WSe, occurs when it is irradiated with visible light. Elec-
trons jump to the conduction band of WSe,, and eventually to
the Ag nanoparticles, contributing to the CO, reduction reac-
tion for CO evolution. The CO production remained stable after
five cycles, indicating a stable photocatalytic process with
time.'®?

3.3.5 Molybdenum ditelluride (MoTe,). MoTe, is a co-
catalyst with a superior photo response and adjustable band
gap.'®® MoTe, is usually applied in industry owing to its excel-
lent transport capacity and metallic conductivity.”®* In the
conversion of CO,, its selectivity can be increased by designing
Mo-S bridging bond sites in MoTe,. For example, in Sv-
In,S;@2H-MoTe,, the Mo-S bridging bonds facilitate the
higher adsorption of CO, through the strong interaction of CO,
with Mo. The conversion of CO, produced CH, with selectivity

RSC Sustainability, 2025, 3, 4887-4910 | 4903
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TMD Type Condition Parameter Value Ref.
NiFe-LDH-MoS, Photocatalytic (PC) 300 W, Xe light CO yield in 4 h (umol g™%) 10.72 174
Cu-S-MoS, 3% COyield (umol g ' h™ 1) 0.48 188
WSe,-graphene-TiO, PC UV-visible light CH;,OH yield (umol g~ * h™) 6.3262 189
WSe,-graphene 5.0278 26

WSe, (NaBH,) PC 300 W, Xe light CH,O0H yield in 12 h (umol g% 46.32 181
WSe, (N,H, H,0) CH;OH yield in 12 h (umol g% 327.13 181
NiSe,/g-C3N, C,Hg yield (umol g ' h™) 46.1 190
WSe, CH;OH yield in 10 h (mmol g * h™) 1.07 180
NiSe,-WSe, CH;OH yield in 10 h (mmol g™* h™") 3.80 180
Zny.sCdy sS-MoTe, COyield in 3 h (umol g™ ) 7.66 183
WTe, Photothermal catalytic 300 W, Xe light C,H, yield in 5 h (umol g™ ) 122.9 187

up to 79.6%.'** In addition, in the study of Cu-embedded on Mo-
based TMDs, Cu embedded on MoTe, provides excellent
adsorption energy, demonstrating a lower limiting potential
compared to Cu-MoS, and Cu-MoSe,.'**

3.3.6 Tungsten ditelluride (WTe,). WTe, is a TMD with
moderate band gap and ultra-high charge mobility, making it
suitable for catalysis applications."® The catalytic performance
of WTe, is superior to other W-based TMDs such as WSe, and
WS,."®” WTe, can significantly lower the energy barrier and
facilitate charge carrier transfer induced by light, hence
improving the activity for CO, conversion.'® A comparison of
the performance of WTe, with other 2D TMDs can be seen in
Table 2.

3.3.7 Nickel diselenide (NiSe,). NiSe,, a prominent
member of the 2D TMD family, has garnered significant
attention for its potential in clean energy applications, partic-
ularly in the catalytic reduction of CO,. The unique structural
and electronic properties of NiSe, facilitate efficient light
absorption and charge separation, which are critical for effec-
tive photocatalysis. A study has demonstrated that NiSe, can
serve as an effective electrocatalyst, selectively converting CO,
into valuable carbon-rich products such as C,Hs;OH and acetic
acid with a high faradaic efficiency at low applied potentials.™*
This selectivity is attributed to the optimal adsorption energy of
the CO intermediates on the NiSe, surface, promoting C-C
bond formation without causing surface passivation. Inte-
grating NiSe, with other materials has also been considered to
further explore its catalytic performance. For instance, the
construction of NiSe,/g-C;N, heterojunctions has been shown
to promote C-C coupling, leading to the photocatalytic reduc-
tion of CO, to ethane with high selectivity.” In this configu-
ration, NiSe, serves as a co-catalyst, improving the charge
separation and providing active sites for CO, adsorption and
activation. The synergistic interaction between NiSe, and g-
C;N, results in enhanced visible light absorption and efficient
charge transfer, thereby boosting the overall photocatalytic
efficiency. Moreover, the combination of NiSe, with other 2D
TMDs, such as WSe,, has been explored to further improve
photocatalytic CO, conversion, where the NiSe,WSe, composite
exhibits a broadened light absorption range and increased
specific surface area, leading to a higher yield of CH;OH during
photocatalytic CO, reduction.'® This enhancement is attributed

4904 | RSC Sustainability, 2025, 3, 4887-4910

to the improved separation and transfer of photogenerated
charge carriers facilitated by the heterojunction, as well as the
abundant active sites provided by the composite structure.
These findings underscore the potential of NiSe,-based mate-
rials in advancing solar energy applications through efficient
CO, photoreduction processes. Furthermore, a study showed
that an octahedral NiSe, structure supported on NiTiO; NFs
exhibits an exceptional CO, photoreduction and higher activity
compared to the pristine NiTiO; by generating more oxygen
vacancies and reducing the free energy barrier for COOH*
formation.*?

4 Conclusion and outlook

The device architectures of single and/or tandem cells should
be further developed to optimize their PV performances and
stability. The attempted integration of 2D TMDs into large-area
solar panels may boost the optimism for their utilization in real
PV applications.” Therefore, further investigation to bring the
use of 2D TMDs to the next level should be carried out carefully.
Here, all the achieved high performances of 2D TMD-based PV
should be also coupled with reliable and safe packaging tech-
nology, and then subjected to accelerated life testing under
sequential and combined-environmental stress factors such as
humidity, temperature, thermal cycles, and mechanical loads.
The large-area, uniform, and high-quality growth of 2D TMD
layers should be pursued, especially with the development of
roll-to-roll deposition.’® Besides scaling up the growth of 2D
TMDs, research efforts should be also deployed to PV device
fabrication to large areas with low-cost and robust
manufacturing to accelerate their market penetration.

2D TMDs have emerged as versatile candidates in PEC cells,
functioning as photoelectrodes, photocatalysts, and co-
catalysts. Their tuneable band gap, strong-light matter inter-
actions, and layered architectures enable broad solar absorp-
tion and abundant catalytic sites. However, their performance is
limited by their inert basal plane, low intrinsic conductivity,
and stability issues under reaction conditions. Thus, to over-
come these issues, a wide range of engineering methods has
been employed. As photoelectrodes, 2D TMDs utilize thin film
configurations that provide efficient solar absorption through
their tuneable band gap. However, this thin film form still has

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a limitation, where weak vdW interactions and large interlayer
spacings make thin films vulnerable to electrolyte intercalation
and degradation. Thus, to address this issue, engineering
several heterostructures with TiO,, GaN, and ZnO is expected to
enhance the charge separation or even protect against photo-
corrosion. Also, heteroatom doping can be employed to reduce
the overpotential and improve the carrier transport. A lower
potential leads to easier H, evolution. As photocatalysts, 2D
TMDs provide high surface-to-volume ratios and tuneable
phases. Phase engineering is an effective strategy widely
employed to produce 2D TMDs with distinct electronic prop-
erties. Specifically, the 1T phase and its distorted variants
generally exhibit metallic characteristics, in contrast to the
semiconducting 2H and 3R phases. This metallic behaviour
allows the 1T and distorted 1T phases to extend the carrier
lifetimes by serving as efficient electron transport pathways.
Hence, when metallic-like properties are desired, the 1T phase
is particularly advantageous. Nevertheless, the 2H phase
remains the most thermodynamically stable, making the
complete transformation of 2H into the metastable 1T phase
a major challenge in synthesizing 2D TMDs for commercial
applications. The coexistence of mixed phases (1T/2H) is almost
inevitable, and the relative phase ratio significantly influences
the device performance. Moreover, the constituent atoms
within the 2D TMD layers also play a decisive role in deter-
mining their catalytic performance. For instance, with the same
transition metal, diselenides typically exhibit superior HER
activity compared to disulfides. Consequently, transition metal
diselenides are generally preferred for H, production applica-
tions due to their higher catalytic efficiency. Additionally,
atomic defects such as doping and vacancies impart distinct
functionalities. The impact of these modifications varies
depending on the dopant species and the nature of the vacancy.
Compared to complete phase transformation into a single
metastable phase, defect engineering provides a more practical
and controllable approach for enhancing the properties of 2D
TMDs. A wide range of structural modifications has been
investigated to improve the performance of 2D TMD-based PEC
cells for H, generation. Therefore, the summary of previous
research presented in this review is expected to provide useful
guidelines for future studies in selecting appropriate modifi-
cation strategies or tandem configurations of 2D TMDs for PEC-
driven hydrogen production.

2D TMDs show strong potential for CO, photoreduction
because of their tuneable bandgaps, broad solar absorption,
and catalytic active sites. By converting CO, into-value added
fuels such as CO, CH,;, CH;0H, and even C, products, these
materials not only address GHG emissions, but also provide
pathways toward sustainable energy production. Among them,
MoS, is the most widely studied but limited by its low
conductivity and stability. These issues can be minimized by
combining it with rGO, SnS,, or ZnO/In,0; to enhance CO and
CH, production. Besides, MoSe, can enhance the charge sepa-
ration in the heterostructure, achieving higher CO and CH,
production. Among the W-based diselenides, WS, benefits from
its phase junctions (1T/2H) and single-atom doping (Cu or Co),
while WSe, shows improved CO and CH3;OH yields when

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

Enhanced Photoelectrochemical H, Production

€O, Photoreduction

' Innovations
N

Improved Photovoltaics

. [}
’ ’/ Two-Dimensional \‘
Transition Metal Dichalgonides
£ ®

Artificial Intelligence in Material Design

Fig. 13 Outlook on 2D transition metal dichalcogenides (TMDs) for
solar energy applications. The central 2D TMD-based nanostructure
highlights its potential in scalable fabrication, photovoltaics, photo-
catalysis, energy storage, hydrogen generation, and solar panels.

decorated with Ag nanoparticles. Tellurides such as MoTe, and
WTe, are still less explored but exhibit promising CH, and C,H,
selectivity when embedded with metals or used in composites,
although their stability is quite weak. Also, NiSe, is notable for
promoting C-C coupling, enabling C, product formation
through heterojunctions.

Based on these facts, by continuing exploring the unique
properties of 2D TMD materials, the future of solar to H,
conversion can be implemented massively as a manifestation of
a sustainable world. Fig. 13 illustrates the broad potential of 2D
TMDs in solar energy applications, from large-area fabrication
and PV to photocatalysis, energy storage, and H, production. 2D
TMDs have attracted increasing attention not only in academia
but also in industry. Although 2D TMDs exhibit outstanding
optoelectronics and catalytic capabilities, their commercial
deployment in PVs and photocatalysis has not yet been realized.
Developing commercial products for PV applications requires
the consideration of several key aspects, including the efficiency
of high-power conversion, high stability, low cost, and short
recovery period for energy."® Several approaches have been
developed to reach the commercial feasibility of PV. For
instance, WSe, PV devices have been explored to achieve a PCE
of 5.44% under one-sun AM 1.5G illumination. These PV
devices highlighted a number of vdW materials to develop very
thin and high-efficiency PV devices.* In addition, 2D TMD solar
cells (MoS,, MoSe,, WS,, and WSe,) with various thicknesses
and indoor lighting conditions have also been explored to be
superior to existing indoor PV with PCE reaching 27.6% under
low-light AM 1.5G lighting, indicating their potential for
commercial indoor PV technologies in the future.”® In the
application of photocatalytic HER, 2D TMDs are also interesting
because of their high catalytic performance. Modifying 2D
TMDs in a heterojunction structure can regulate their opto-
electronic performance better than single layers. The calculated
result of the limiting reaction barrier for the WSe,/MoSe,
heterojunction was 1.13 eV, which is much lower than that of
MoS, (1.92 eV), indicating its potential for photocatalytic overall
water splitting.*** Although the results are still preliminary, they
represent a promising direction for further experimental
studies and commercial applications.
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