#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online
View Journal | View Issue

REVIEW

Molybdenum disulfide, exfoliation methods and

i'.) Check for updates‘
applications to photocatalysis: a review

Cite this: Nanoscale Adv., 2023, 5, 6787

Michelle Saliba,? Jean Pierre Atanas, ©° Tia Maria Howayek® and Roland Habchi (& *a¢

This review provides a deep analysis of the mechanical and optoelectronic characteristics of MoS,. It offers
a comprehensive assessment of diverse exfoliation methods, encompassing chemical, liquid-phase,
mechanical, and microwave-driven techniques. The review also explores MoS,'s versatile applications
across various domains and meticulously examines its significance as a photocatalyst. Notably, it
highlights key factors influencing the photocatalytic process. Indeed, the enhanced visible light
responsiveness of materials like MoS;, holds immense potential across a wide range of applications.

MoS,'s remarkable photocatalytic response to visible light, coupled with its notable stability, opens up
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Accepted 20th November 2023 numerous possibilities in various fields. This unique combination makes MoS, a promising candidate for
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1. Introduction

“The graphene has broken a taboo”, summarizes Vincent
Bouchiat following the isolation of graphene in 2004. Since that
date, the field of 2D materials has seen the emergence of several
new classes of materials that possess unprecedented
properties.*”

2D materials, also known as monolayer materials, consist of
a single layer of atoms or molecules. Among the most well-
known are graphene, molybdenum disulfide (MoS,), boron
nitride (BN), and phosphorene. These materials possess unique
properties that allow them to be used innovatively and versa-
tilely in various applications. These properties, often very
different from the same materials at a larger scale, result from
quantum confinement and surface effects that occur when bulk
materials are reduced to one or a few atomic layers."*

In fact, the confinement effect is observed when the motion
of electrons and holes is restricted in one or more dimensions.
This phenomenon, considered a direct consequence of
quantum mechanics, manifests itself by the appearance of
discrete energy levels and the modification of the bandgap,
thereby altering the electronic and optical properties of the
material.*

Among the 2D materials, transition metal dichalcogenides
(TMDCs), often referred to as “the next-generation graphene”,
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require efficient and stable photocatalytic processes,
remediation, water purification, and energy generation.

such as environmental
Its attributes contribute significantly to

addressing contemporary challenges and advancing sustainable technologies.

are gathering increasing interest within the scientific commu-
nity due to their exceptional properties that cater to a wide
range of applications: field-effect transistors (FETs), inverters,
photodetectors, light-emitting diodes (LEDs), drug carriers, and
bio-detection platforms.>™°

Materials in this class have the chemical formula MX,,
where M represents a transition metal atom (groups 4-12 in the
periodic table) and X is a chalcogen (group 16), are called
Transition Metal Dichalcogenide (TMDC). They are divided into
two categories: metallic TMDCs (MTMDCs) and semi-
conducting TMDCs (STMDCs).>*' In fact, transition metals
and chalcogens can form more than 40 types of stable struc-
tured transition metal dichalcogenides, each with its charac-
teristics and applications.® Some of them are represented in
Fig. 1.

Moreover, TMDCs are promising catalytic materials for
several applications, including hydrogen production, carbon
dioxide reduction, and water purification. Their large specific
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Fig. 1 Different types and applications of TDMCs, adapted from ref. 7
with permission from frontiers copyright 2020.
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surface area, high catalytic activity, and capacity to be modified
for better performance make them highly attractive catalysts for
a variety of chemical reactions.*'**> They also have promising
applications in biology due to their ability to interact with bio-
logical molecules. They can be used for applications such as
biomolecule detection and cellular imaging. In the latter case,
TMDCs such as MoS, and tungsten sulfide (WS,) can be func-
tionalized with antibodies or peptides to target specific proteins
within cells. Using fluorescence microscopy, the location of
labeled TMDCs can be visualized, allowing for high-resolution
imaging.”’

Within this context, TMDCs are an important treatment
option in the fight against cancer. Current treatments (chemo-
therapy and radiotherapy) can be effective, but TMDCs, as drug
and diagnostic vectors, offer a potentially more targeted and
less invasive alternative. However, more research is needed to
develop this method and evaluate its clinical efficacy.’
Furthermore, TMDCs are an excellent option for Li battery
electrodes. Their layered structure allows them to store a large
amount of energy, making them highly efficient. Additionally,
their ability to be exfoliated into monoatomic layers enables
better electrical conductivity, further enhancing their perfor-
mance as electrodes.” On the other hand, when semi-
conducting TMDCs such as WS2, tungsten diselenide (WSe,),
and MoS, are thinned down to a single layer, their electronic
structure transitions from an indirect bandgap to a direct
bandgap. This modification opens up new applications in the
fields of electronics and optoelectronics.>**'* MoS, and WSe,
have shown high-quality electronic performances, with high
electron mobility, tunable bandgap, strong photoluminescent
response, and rapid switching.?

Moreover, TMDCs can be modified to form a semiconductor,
metal, or superconductor, as well as a material with different
magnetic properties, such as ferromagnetic, antiferromagnetic,
or paramagnetic.®

In summary, TMDCs have the potential to revolutionize
numerous technological applications. Their exploitation in all
these applications requires a deeper understanding of their
physical and chemical properties, as well as continuous
improvement of their performances to meet the needs of
various applications.” Many materials belong to this class, but
in this paper, we will focus on the properties and synthesis
methods of molybdenum sulfide MoS,. This review aims to
provide a comprehensive analysis of the synthesis, properties,
and various applications of molybdenum oxide, shedding light
on its significance in contemporary research and technology.
Our primary objective is to explore the diverse range of molyb-
denum oxide structures and their unique properties, as well as
to discuss the latest advancements and emerging trends in its
utilization. By synthesizing and evaluating the existing litera-
ture, we intend to offer a valuable resource for researchers,
scientists, and engineers seeking a deeper understanding of the
potential and challenges associated with molybdenum oxide-
based materials and their impact on the advancement of tech-
nology and sustainable solutions. Through this review, we strive
to foster further research and innovation in this promising area

of materials science, ultimately contributing to the
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development of more efficient and environmentally sustainable
technologies.

2. Molybdenum sulfide

2.1 Structure

Molybdenum disulfide, or molybdenum sulfide (w), is
a blackish-silver solid that occurs in the form of mineral
molybdenite, the main molybdenum ore. It is a layered
compound that has been used for nearly a century as a solid
lubricant and hydroprocessing catalyst.

Monolayers of MoS,, like graphene, exhibit a hexagonal
atomic lattice in the shape of a honeycomb with a thickness of
0.6 to 0.7 nm. However, they differ in their composition, con-
sisting of three atomic planes instead of one. The Mo plane is
sandwiched between two chalcogen planes (S), as illustrated in
Fig. 2. Each molybdenum atom (Mo*") is covalently bonded to
six sulfur atoms (S>7). These anions adopt a trigonal prismatic
or octahedral coordination with respect to the metal atoms (see
Fig. 3). The layers overlap with each other through van der
Waals forces, forming the multilayer material.>**

Furthermore, the stacking of MoS, layers gives rise to three
main structures, as shown in Fig. 3: trigonal (1T), hexagonal
(2H), and rhombohedral (3R), where phase 1T coordinates in an
octahedral structure, and 2H and 3R in a trigonal prismatic
structure with 1, 2, 3 representing the number of existing layers
in each structure. The 1T and 3R structures are metastable,
while the 2H structure, the most common in nature, is stable.
Additionally, the 1T structure is known to be metallic, while the
other two are semiconducting. The lattice constants, properties,
and main applications of these structures are summarized in
Table 1.**

Another structure is also found, known as 17T'. It is a less
common form that has been discovered recently. It is similar to
the 1T structure but with a distortion of the hexagonal lattice,
leading to lower symmetry (see Fig. 4). The 1T’ phase is more
stable than the 1T phase and has a larger bandgap, making it
more promising for electronic applications. Research results
suggest that the 1T" phase can be synthetically controlled and
used for advanced electronic applications.®

Moreover, 2D MoS, exists in various forms and morphol-
ogies, such as nanosheets, nanoflowers, nanoflakes, nanotubes,
nanowires, nanoplates, and quantum dots. This variety of forms

Fig.2 Crystalline structure of MoS,, adapted from ref. 2 from Springer
Nature, copyright 2014 (Owned by Springer Nature).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Different structures and stacking orders of MoS, adapted from ref. 3 and 15 with permission from Elsevier, copyright 2021.

can be controlled by choosing appropriate synthesis routes with
optimized operational parameters.'”>*

In fact, when changing the measurement scale, the proper-
ties or behavior of materials also change. Thus, individual
layers of MoS, have radically different properties compared to
bulk materials. For example, the surface-to-volume ratio is
significantly increased by exfoliation, thereby enhancing the
reactivity and catalytic capacity of the materials.** Based on this,
we will discuss the properties of exfoliated MosS,.

2.2 Mechanical properties

Molybdenum disulfide (MoS,) exhibits exceptional mechanical
properties, including high tensile and flexural strength, making
it a promising material for sensors, transistors, and flexible
electronic devices.'>** Additionally, it possesses high wear
resistance and low friction, making it an ideal material for

2H-Top

) ‘ W

Cleavable

5

v »

S R.A. A.R. ,\.A.»

2H T YYYywUsrs g
1T’ - cross section

Fig. 4 Typical structures of layered transition metal dichalcogenides.
Cleavable 2H, 1T and 1T’ structures in layered TMDC, adapted from ref.
6 with permission from Elsevier, copyright 2017.

Table 1 A comparison between the different structures of MoS,, adapted from ref. 15 with permission from MDPI, copyright 2021

1T

Structure coordination Octahedral

2H 3R

Trigonal prismatic Trigonal prismatic

a=5.60A, c=5.99 A and an edge
sharing octahedral®*
Paramagnetic and metallic

10° times higher than 2H phase
No peaks at 604 nm and 667 nm

Lattice parameters

Property
Electrical conductivity
Absorption peaks

Common applications Intercalation in chemistry

© 2023 The Author(s). Published by the Royal Society of Chemistry

a=3.15A, c=1230 A* a=3.17 A, c =18.38 A**
Semiconducting

Low (~0.1 Sm™ ")
Showed peaks at 604 nm
and 667 nm

Dry lubricants Dry lubricants and non-linear

optical devices
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lubrication applications."” However, the impact of defects on
these properties has been studied using computer simulations.
These studies have revealed that the presence of randomly
dispersed defects in the monolayer of MoS, can significantly
reduce its elastic constants, which may alter its mechanical
performance.** Bertolazzi and his team® conducted experi-
ments to measure the stiffness and rupture strength of
a monolayer of MoS, using an atomic force microscope tip on
a pre-patterned silicon dioxide (SiO,) substrate. The results
showed an effective Young's modulus of 270 & 100 GPa and an
average rupture strength of 23 GPa. Similarly, Castellanos-
Gomez and colleagues®” studied the mechanical properties of
suspended MoS, nanosheets, ranging from 5 to 25 layers, and
obtained an average Young's modulus of 330 &+ 70 GPa. These
experiments clearly demonstrated that 2D MoS, is an extremely
strong material capable of withstanding large elastic deforma-
tions. However, the study conducted by Rahman and his team
revealed that high-temperature oxidation causes significant
changes in the structure and mechanical properties of MoS,.
The results showed notable deterioration in mechanical prop-
erties such as rupture strength, rupture strain, Young's
modulus, and toughness. Oxidation leads to the breaking of
chemical bonds between molybdenum and sulfur atoms,
thereby weakening the material's mechanical strength.’®

Recently, Sun et al. performed in-depth DFT calculations to
evaluate the mechanical properties of six elements from the
TMDC family (MoS,, MoSe,, niobium disulfide (NbS,), niobium
diselenide (NbSe,), rhenium disulfide (ReS,), rhenium diselenide
(ReSe,)). They reported that, although these materials exhibit
relatively low Young's modulus, shear modulus, and tensile
strength compared to graphene, they are more robust for struc-
tural in-plane deformations and more resistant to buckling.
Additionally, some of them have higher rupture strains than
graphene, which is the case for MoS,, where the strain can even
exceed 0.4 in uniaxial tension.** Furthermore, it has been shown
that monolayer or few-layer MoS, has a stiffness comparable to
steel, and both functionalized and non-functionalized MoS,
nanosheets can act as reinforcement additives for different types
of polymer matrices such as polystyrene (PS), polyvinyl acetate
(PVA), and thermoplastic polyurethane (TPU).**** In this context,
Ahmadi et al. demonstrated that a small amount of functional-
ized MoS, nanosheets (0.5% by weight) is sufficient to improve
the mechanical properties of PS, PVA, and TPU, including tensile
strength and Young's modulus.*
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N
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E-E

Fig. 5
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2.3 Opto-electronic properties

Molybdenum disulfide (MoS,) is a two-dimensional material
that exhibits fascinating opto-electronic properties. These
properties are influenced by various factors, such as its band
structure, number of layers, nanostructure size, doping, applied
strain, and the presence of defects and impurities.**** By
understanding these factors, it becomes possible to optimize
the opto-electronic properties of MoS, for specific applications.
MosS, is a semiconductor with a direct band gap of approxi-
mately 1.8 eV in a single layer and an indirect band gap of about
1.2 eV starting from two layers. The direct band gap is located at
the K point in the Brillouin zone, while the indirect band gap
has its peak at the I" point and its minimum between I and K
(see Fig. 5). As the number of MoS, layers decreases, the energy
of the conduction band minimum increases due to quantum
confinement, leading to a transition from an indirect to a direct
band gap. This transition from near-infrared to visible range
opens up numerous possibilities for applications while altering
the optical and electronic properties of the material.**>**
Photoluminescence is a phenomenon in which MoS, emits
light after absorbing energy. The photoluminescence properties
of MoS, are influenced by factors such as the material's thick-
ness, temperature, and interactions with the environment.”> A
study conducted by Wang et al. demonstrated that electron
injection can enhance photoluminescence and cause a spectral
shift in a single layer of MoS,. These enhancements have
significant implications in the field of opto-electronic applica-
tions. A more intense photoluminescence can be advantageous
for light-emitting devices like MoS,-based light-emitting diodes
(LEDs). Additionally, the spectral shift can be utilized to adjust
the range of wavelengths emitted by MoS,, which is beneficial for
detection and optical communication applications.”® The
mobility of charge carriers in MoS, is a crucial parameter for
evaluating its performance as a semiconductor. The electronic
mobility of MoS, has been extensively studied, and values have
been reported in the literature. At room temperature, the electron
mobility of MoS, has been measured to be around 410 cm* V*
s~ ', which is lower than the theoretical limit and has not yet
reached competitive levels compared to silicon. However,
ongoing research aims to improve the charge carrier mobility in
MoS, using different techniques and strategies, such as growing
high-quality films, employing high-permittivity dielectric mate-
rials, and introducing dopants. These efforts seek to increase the

Monolayer

Energy band structure diagrams of bulk and monolayer MoS,. Adapted from ref. 4 with permission from MDPI, copyright 2022.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electron mobility of MoS, and open up new possibilities for its
applications in electronic and opto-electronic devices.”” MoS,
holds great potential for a wide range of opto-electronic appli-
cations, including light-emitting diodes, solar cells, optical
sensors, phototransistors, lasers, and optical modulators. Its
unique properties, combined with flexibility, transparency, and
compatibility with flexible substrates, make it a promising
material for flexible electronics and integrated opto-electronic
devices.*** Furthermore, by combining MoS, with other mate-
rials, such as surface plasmons, its optical properties can be
modulated for advanced applications, such as controlled light
emission and ultrafast opto-electronic devices.>

2.4 Harnessing MoS, for environmental and energy
solutions

Molybdenum disulfide (MoS,), a versatile and potent photo-
catalyst, holds exceptional promise in addressing critical envi-
ronmental and energy challenges. Its practical prospects are
manifold, with a focus on sustainability, clean energy genera-
tion, and environmental remediation.

2.4.1 Environmental remediation. MoS, plays a pivotal role
in the cleanup of environmental pollutants. Its high charge
transfer properties and reactive surface make it a formidable
tool in the degradation of a wide array of contaminants. From
vibrant dyes to persistent pesticides and complex pharmaceu-
tical compounds, MoS, has demonstrated remarkable efficacy
in reducing these pollutants to harmless byproducts. This not
only helps restore environmental balance but also contributes
to the protection of ecosystems and public health.

2.4.2 Clean energy generation. The role of MoS, in clean
energy generation cannot be overstated. Its utility in the effi-
cient conversion of sunlight into chemical energy positions it as
a key player in the realm of renewable energy. MoS,-based
photocatalytic systems hold the potential to harness solar
energy for hydrogen production from water. This not only offers
a sustainable source of hydrogen, a clean fuel, but also miti-
gates the environmental impact associated with traditional
fossil fuel combustion.

2.4.3 Carbon emission mitigation. One of the most urgent
global challenges is the reduction of carbon emissions. MoS,
contributes significantly to this endeavor by catalyzing the
conversion of carbon dioxide (CO,) into valuable chemicals,
including hydrocarbons and alcohols. This transformative
process not only mitigates CO, levels in the atmosphere but also
upcycles this greenhouse gas into valuable raw materials,
reducing the carbon footprint of industries.

2.4.4 Synergistic composites for enhanced efficiency.
Innovative combinations of MoS, with other materials, such as
semiconductor nanocomposites, have shown promise in
achieving unprecedented levels of photocatalytic efficiency.
This synergy brings forth new horizons in sustainable tech-
nology, providing practical solutions for complex energy and
environmental issues. The development of such composite
materials enhances the efficiency and performance of photo-
catalytic reactions, making them increasingly applicable in real-
world settings.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.4.5 Challenges and the path forward. While MoS, has
made significant strides in addressing environmental and
energy challenges, there remain areas for improvement. Opti-
mizing visible light absorption, managing active catalytic sites,
and enhancing the durability of MoS,-based photocatalysts are
key challenges. To fully harness the practical prospects of MoS,
in addressing these challenges, ongoing research and innova-
tion are essential. As scientists and engineers continue to refine
its properties and applications, MoS, stands as a beacon of
hope for a cleaner, more sustainable future.

In conclusion, MoS,'s potential to address environmental
and energy challenges is not just theoretical; it is deeply rooted
in its remarkable properties and demonstrated capabilities.
With continued research, development, and integration into
practical solutions, MoS, has the potential to be a driving force
in the transition to a more sustainable and environmentally
friendly world.

3. Synthesis methods of molybdenum
disulfide

The synthesis of MoS, at the nanoscale has attracted increasing
research and investment due to its potential applications in
catalysis, electrochemistry, and opto-electronics. In fact, the
weak van der Waals forces between MoS, layers have led to
various synthesis techniques, each resulting in different quan-
tities, shapes, and sizes of products. These techniques can be
classified into two categories: (i) the top-down method, where
the properties of a sample evolve from a macroscopic size to
a nanometric dimension, and (ii) the bottom-up method, which
assembles MoS, nanosheets using individual atoms.>* Each of
these methods has its advantages and disadvantages and can be
used based on specific needs for MoS, synthesis.** Exfoliation is
one of the top-down techniques characterized by low control-
lability and relatively high cost. It involves separating MoS,
layers from each other to obtain mono or a few-layered MoS,
sheets. However, achieving controlled synthesis of such fasci-
nating materials is a crucial issue. In this section, we will
summarize the different types of exfoliations commonly adop-
ted, including chemical exfoliation, liquid-phase exfoliation,
mechanical exfoliation and microwave-driven exfoliation.

3.1 Chemical exfoliation

Chemical exfoliation, sometimes considered a solvent-based
exfoliation method, can be divided into two types: intercala-
tion exfoliation and electrochemical exfoliation. The method of
chemical exfoliation of MoS, through intercalation involves
separating the material's layers through chemical reactions.
This method is the oldest and most popular for the scalable
synthesis of MoS,. It allows the production of high-quality MoS,
nanoflakes in large quantities.”® This technique involves the
insertion of ions into the interlayer space between MoS, layers.
When the ions are inserted, they create an expansion force that
forces the molybdenum disulfide layers to separate. This sepa-
ration can be aided by applying mechanical force or gentle
agitation.”® Researchers often use ultrasonication for this

Nanoscale Adv., 2023, 5, 6787-6803 | 6791


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00741c

Open Access Article. Published on 27 November 2023. Downloaded on 04/11/2025 5:07:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

purpose. The use of ultrasonication coupled with intercalation
can help produce atomically thin MoS, layers more rapidly and
efficiently while improving the quality of the samples produced.
It has been demonstrated that this method can significantly
reduce the lateral size of nanoflakes'** and can lead to suffi-
ciently small monolayer MoS, quantum dots (QDs) after
repeated exfoliation.”” However, this method requires signifi-
cant expertise and faces challenges for large-scale production.
Studies have shown that increasing the input power and using
a higher ultrasound frequency can improve the quality and
thickness of nanoflakes.”®* However, prolonged sonication
may cause defects in the structures, reducing its effectiveness in
industrial applications, particularly in circuits and other elec-
tronic devices.*® Ultrasonication generates pressure waves that
can facilitate intercalating compounds to infiltrate more easily
between sulfur layers. The addition of ultrasound can, there-
fore, reduce the time required for intercalation. Additionally,
during mechanical exfoliation, ultrasound can help separate
MosS, layers by acting on the adhesive forces between them,
reducing the intensity of mechanical force required for exfoli-
ation, thus reducing the risk of damaging the thin layers
produced.®® After intercalation, the atomically thin MoS, layers
can be isolated using transfer methods such as filtration or
deposition onto a substrate. The properties of the resulting thin
layers depend on the homogeneous realization of intercalation,
the size and shape of the MoS, foundations, the properties of
the intercalating compounds, the application method, and the
exfoliation conditions. Characterization techniques such as
transmission electron microscopy, Raman spectroscopy, and
photoluminescence can be used to characterize the structural,
electronic, and optical properties of the resulting layers.
Indeed, intercalation can be performed with various ions,
such as lithium, potassium, sodium, ammonium, phosphorus,
chlorine, etc. The choice of the intercalating ion depends on
several factors, such as the size and polarizability of the ion, the
intercalation rate, the stability of the obtained MoS, nanoflakes,
the ease of recovering the intercalating ion, etc. Yang et al. used
sodium ions (Na') as an intercalation agent to facilitate the
exfoliation of MoS, nanoflakes. By combining liquid-phase
reflux assisted by Na* and ultrasound treatment in N-methyl-
2-pyrrolidone (NMP) solvent, they successfully obtained fine
and uniform MoS, nanoflakes. Moreover, these exfoliated
nanoflakes showed improved properties, particularly in the
field of photocatalytic applications.”* However, the most
commonly used intercalating ion is lithium (Li"). The small size
of lithium ions allows them to intercalate reversibly into
lamellar-structured materials while filling the vacant interstitial
sites.®”” When bulk crystals are placed in a solution acting as
a source of lithium ions (usually n-butyllithium dissolved in
hexane), these ions diffuse between the MoS, layers and
distribute unevenly among the layers, leading to locally high Li
content with high reducibility. This high content of lithium
produces defects in MoS,, making it more fragile. Following
ultrasonication, the layers separate, resulting in the formation
of a monolayer or a few-layer MoS,.>”** The resulting layers tend
to have the metallic 1T structure, which is less desirable than
the semiconductor 2H structure. However, the 1T structure can
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Fig. 6 Schematic description of the main mechanisms of exfoliation
by intercalation. Adapted from ref. 17 (Nano Lett., 2015, 15(9), 5956—
5960), copyright (2015), American Chemical Society.

be converted to 2H through thermal annealing.'”*** All these
steps are simplified in Fig. 6.

Exfoliation through intercalation with Li is an effective
method for producing layers of MoS, with remarkable
mechanical and electrical properties, such as high-performance
field-effect transistors and highly efficient solar cells. It can also
enhance the photocatalytic activity of MoS, under visible light.>*
Additionally, the use of different organolithium compounds,
such as methyl-lithium (Me-Li), butyl-lithium (#-Bu-Li), and tert-
butyllithium (#-Bu-Li), can result in varying degrees of exfolia-
tion, which impacts the electrochemical properties of MoS, as
well as its capacitive and catalytic properties for the hydrogen
evolution reaction.® However, this method requires meticulous
control of experimental parameters to achieve a high yield of
monolayers.

Recently, electrochemistry has been considered as an alter-
native method for producing two-dimensional materials in
a liquid medium. Electrochemical exfoliation of layered mate-
rials takes place in an electrolytic cell where a fixed potential is
applied between the layered crystal and a counter electrode,
both immersed in an electrolyte that facilitates the intercalation
of ionic species between the layers. Ionic intercalation weakens
the interlayer forces in the bulk crystal, while the coulombic
repulsion between charged layers and the formation of gas
molecules lead to the exfoliation of the material (see Fig. 7(c)).**
Electrochemical exfoliation has been highly successful because,
unlike other liquid exfoliation approaches, it allows for the
production of significant quantities of MoS, nanosheets on the
order of grams per hour, which can be collected in powder form.
The produced material is remarkably rich in monolayers and
bilayers, with lateral sizes in the micrometer range. Addition-
ally, the production process is extremely fast, taking only a few
minutes to a few hours, depending on the desired material
quantity. Moreover, it requires mild conditions and very basic
equipment. Electrochemical exfoliation can take place in an
aqueous solution without the use of harmful reagents or
aggressive reaction conditions. Therefore, the key advantage of
electrochemical exfoliation lies in its high efficiency.** The
device commonly used for electrochemical exfoliation is
a simple electrolytic cell, consisting of two electrodes, an elec-
trolyte, and a power source. The working electrode is the
material to be exfoliated, and the counter electrode is typically
a platinum wire as a less expensive option. Electrochemical
exfoliation can occur under either anodic or cathodic condi-
tions, depending on the electrolyte and applied potential. This

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 (a) Schematic illustration of the experimental setup for the anodic electrochemical exfoliation of bulk MoS; crystal. (b) Schematic diagram

of the electrochemical setup for exfoliation of natural MoS; crystals. (c) Schematic illustration of the electrochemical exfoliation mechanism.
Adapted with permission from ref. 65 (ACS Nano, 2014, 8(7), 6902-6910) Copyright (2014) American Chemical Society.

means that the working electrode can be positively or negatively
charged, allowing for the intercalation of either anions or
cations, respectively.®

Anodic exfoliation occurs by applying a positive voltage to
the working electrode, leading to the intercalation of negative
ions present in the solution into the layered crystal. This exfo-
liation is commonly performed in an aqueous solution.** In
2014, Liu et al. proposed a mechanism for the anodic exfoliation
of MoS, in an aqueous solution of sodium sulfate Na,SO,.
When a positive voltage is applied, the oxidation of water or
sulfate ions SO,>~ results in the formation of hydroxyl radicals
OH" and oxide radicals O°. These radicals insert themselves
between the layers of MoS,, significantly increasing the inter-
layer spacing. During this oxidation process, gases such as
oxygen (O,) and/or sulfur dioxide (SO,) are produced, further
contributing to the expansion of the spacing and, consequently,
the exfoliation of the material. However, it is important to note
that the electro-oxidation reaction primarily occurs at the
surface of the bulk material's electrode, leading to rapid
oxidation of the formed products. This rapid oxidation may
impact the quality and degree of exfoliation of MoS,. Addi-
tionally, the nanoflakes obtained by this method are

© 2023 The Author(s). Published by the Royal Society of Chemistry

characterized by considerably larger size (5-50 pm) compared to
those obtained by other exfoliation methods (see Fig. 7(a)).*> By
applying a negative voltage, it is possible to drive the interca-
lation of positive ions in the solution into a layered crystal used
as the cathode in an electrolytic cell. Cathodic exfoliation is
typically performed in organic solvents such as dimethyl sulf-
oxide (DMSO)."*** El Garah et al. presented a rapid (<1 hour)
electrochemical exfoliation method for molybdenum disulfide
(MoS,) using lithium-ion intercalation, with a lithium chloride
solution in DMSO as the electrolyte. Their results pave the way
for a rapid and ambient condition preparation of MoS, nano-
flakes with an average lateral size of about 0.8 pm, suitable for
low-cost electronic (optoelectronic) devices. Their intercalation/
exfoliation approach enables the preparation of predominantly
semiconducting nanoflakes, with a phase 2H content of
approximately 60%, unlike previous chemical or electro-
chemical methods that resulted in metallic nanoflakes with
a phase 1T content exceeding 60%. The transition from the 2H
phase to the 1T phase during intercalation is usually attributed
to a significant transfer of electrons from lithium atoms to the
MoS, layers. However, in this case, the presence of DMSO
molecules coordinating the Li ions could attenuate the

Nanoscale Adv., 2023, 5, 6787-6803 | 6793


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00741c

Open Access Article. Published on 27 November 2023. Downloaded on 04/11/2025 5:07:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

intercalation step and thus limit the electron transfer process,
preventing the conversion to the metallic 1T phase.*® Zhang
et al. successfully achieved efficient exfoliation of natural MoS,
crystal using an electrochemical method. Their approach led to
the production of large MoS, flakes, reaching sizes of up to 50
pum, with a high yield of approximately 70%. To carry out this
electrochemical exfoliation, an experimental setup was
employed, consisting of a piece of MoS, crystal as the working
electrode, a platinum (Pt) foil as the counter electrode, and
tetra-n-butylammonium bisulfate (TBA-HSO,) as the electrolyte.
Since the tetra-n-butylammonium cations (TBA") are larger than
the spacing between the MoS, layers, a positive voltage of +5 V
was applied for 5 minutes to intercalate SO,>~ anions, thereby
expanding the crystal and allowing for the corresponding cation
intercalation. Subsequently, a negative voltage of —5 V was
applied to initiate exfoliation, resulting in the formation of gas
bubbles and the dissociation of the MoS, crystal into small
pieces in the electrolyte.®® Anodic and cathodic exfoliation can
be performed simultaneously in some cases during electro-
chemical exfoliation. This can be done for various reasons, such
as maximizing exfoliation, improving the quality of the ob-
tained nanoflakes, controlling the size of the nanoflakes, etc. In
this context, Ambrosi and Pumera offered a reliable alternative
to the Li intercalation/exfoliation approach, not only for cata-
lytic applications like hydrogen evolution reaction but also for
other applications where the semiconductor 2H properties are
preferred. They used a natural MoS, crystal as the working
electrode and a platinum electrode as the counter electrode. By
applying alternative anodic and cathodic voltages, they suc-
ceeded in generating the release of fine MoS, nanoflakes in the
solution (Fig. 7(b)). This method significantly increased the
active surface area of MoS,, favoring the electrogeneration of
hydrogen.*

In summary, chemical exfoliation through intercalation and
electrochemical exfoliation are effective methods for producing
MoS, nanoflakes with remarkable mechanical and electrical
properties. These methods are crucial for various applications,
including high-performance field-effect transistors, high-
efficiency solar cells, and improved photocatalytic activity
under visible light.

3.2 Liquid phase exfoliation

Liquid phase exfoliation (LPE) of molybdenum disulfide (MoS,)
involves dissolving MoS, crystals in a solvent or solution and
then exfoliating them into thin layers using mechanical,
chemical, or thermal techniques. This method is widely used
because it is simple, cost-effective, and efficient for producing
MosS, sheets with exceptional properties.®* Liquid phase exfoli-
ation of MoS, offers other advantages, such as control over the
thickness of exfoliated flakes, ease of chemical modification of
flake surfaces, and the versatility of support materials, making
it widely used in the production of various applications, such as
electronic devices, sensors, and catalysts.®* Several solvents are
used to achieve MoS, exfoliation, including water, alkaline
solutions (such as sodium carbonate Na,CO; or potassium
hydroxide KOH), and organic solvents (such as N-
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methylpyrrolidone NMP, dimethylformamide DMF, acetone,
and chloroform). Using water as a solvent for exfoliation has
certain advantages. According to a recent study, water can be
used as an alternative to organic solvents for dispersing MoS,
nanoflakes.®” Although water dispersions are not as stable as
those in organic solvents, the obtained nanoflakes can have
lateral dimensions ranging from 500 nm to 50 um and are
stabilized by electric charges.®® Furthermore, Gupta et al
showed that an appropriate amount of water added to NMP not
only significantly improves exfoliation yields and stabilizes the
nanoflakes for a long time but also reduces the defect densities
of exfoliated nanoflakes.®® However, water is not traditionally
considered a good solvent for exfoliating two-dimensional (2D)
materials due to surface energy disparities.” Its use for MoS,
exfoliation may be limited because MoS, can have a strong
affinity with water and may re-agglomerate, limiting the quality
of the exfoliation achieved. Additionally, alkaline solutions have
potential advantages for MoS, exfoliation, including efficient
and environmentally friendly synthesis, as well as the produc-
tion of smaller nanoflakes than the bulk material. Wu et al.
developed a cost-effective and sustainable method for
producing MoS, nanoflakes using a mixed alkaline solution of
lithium hydroxide/sodium hydroxide (LiOH/NaOH). The
resulting nanoflakes exhibited improved anti-friction and anti-
wear properties when used as a lubricating additive. The tech-
nique proved to be more effective than other methods, and the
thickness and lateral size of the prepared MoS, nanoflakes were
reduced, showing nanoflakes with approximately 2 to 9 layers.”™
Organic solvents play a crucial role in the exfoliation process.
The selection of solvents depends on several parameters such as
surface tension and Hildebrand and Hansen solubility param-
eters. The Hildebrand parameter refers to a numerical estima-
tion of the degree of interaction between materials, indicating
miscibility, and Hansen parameters evaluate three characteris-
tics of molecules: dispersion forces, intermolecular forces, and
hydrogen bonding, to predict the possibility of mutual disso-
lution of materials and the formation of a solution.”>”* Exfoli-
ation has been found to be highly effective when the solvent's
surface tension matches well with that of MoS,.” In fact, to
achieve high-quality liquid phase exfoliation and large-scale
synthesis, it is imperative to minimize the change in Gibbs
free energy (AG) during exfoliation. Surface tension is caused by
intermolecular attraction between the solid surface and solvent
droplet, and the difference in surface tension results in
a change in Gibbs free energy during exfoliation. For efficient
LPE and large-scale synthesis, it is essential to minimize the
Gibbs free energy change (AG).>> However, it is essential to note
that each material has specific solvent requirements for effec-
tive exfoliation.”

Among organic solvents, N-methylpyrrolidone (NMP) is the
most commonly used solvent for MoS, exfoliation, especially for
applications related to sensors and electronics. It can provide
stable dispersion of MoS, flakes with controlled thickness and
long shelf life. However, NMP has disadvantages, including
high cost, toxicity, negative environmental impact, and high
evaporation temperature. Therefore, exploring other polar
solvents for MoS, exfoliation is important.****** Sahoo et al.
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presented a cost-effective chemical method to synthesize MoS,
nanoflakes using acetone as a solvent. Various concentrations
(0.08-0.4 mg ml ") of samples were prepared by mixing crushed
and dried MoS, powder with 30 ml of acetone. The suspension
was then subjected to high-intensity sonication for up to 30
hours. The method resulted in the production of nanoflakes
with approximately 2 to 7 layers, exhibiting efficient photo-
catalytic performance in decomposing methylene blue dye.
Additionally, the authors* found that the response to visible
light of MoS, nanoflakes strongly depended on the number of
layers. In particular, MoS, nanoflakes prepared from an initial
bulk concentration of 0.08 mg ml ' showed the maximum
degradation compared to other samples.”> Muscuso et al.
studied the exfoliation behavior of MoS, in isopropyl alcohol
(IPA) using intensive sonication. They found that the IPA
solvent improved the exfoliation process, resulting in thin
flakes and small lateral particle sizes within a narrow range
(1.5-6 nm). However, the dispersion was not stable for long
periods due to re-stacking and sedimentation phenomena.”

3.3 Mechanical exfoliation

At the end of the 19th century, Spring and Lea were pioneers in
conducting systematic investigations in the field of mechano-
chemistry. Although its development was slow, mechano-
chemistry saw a decisive turning point in the 1960s with the
emergence of methodological advancements, notably the
invention of mechanical alloying.”® In 2004, researchers A. K.
Geim and K. S. Novoselov successfully isolated graphene using
a micromechanical exfoliation method.”” This technique,
commonly known as the “Scotch-tape” method, involves
repeated cleavages of the material using adhesive tape to obtain
a single layer or a few layers of the material. It is a relatively
simple method to implement, producing high-quality materials
with minimal defects and crystal sizes ranging from the nano-
scale to several micrometers. However, the yield of this process
is very low.”®

While mechanical exfoliation using adhesive tape was the
first successful method for isolating 2D materials, ball milling
utilizes a similar technique but is more suitable for large-scale
production. Initially used to fragment and mix metallic
powders to manufacture alloys, ball milling is now used for
large-scale exfoliation of 2D materials in layers. As the balls roll
and rebound in the mill with the 2D material, they apply shear,
rolling, and impact forces, breaking van der Waals bonds and
separating the 2D layers.®* This technique can generally be
classified into two categories: dry ball milling and wet ball
milling. The latter requires the use of a special and expensive
organic solvent, which can lead to pollution and high costs.”*”®
However, dry ball milling is very aggressive and can cause
defects in the basal plane and on the edges of the layered
materials.”® These defects, in reality, are beneficial for modi-
fying the properties of 2D materials in applications such as
energy storage. They offer additional active adsorption sites,
promote faster diffusion, and increase storage capacity.”
Determining the milling parameters is essential to ensure the
quality and yield of the product. Among these parameters are
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the milling intensity, milling atmosphere, ratio of ball mass to
powder mass, and the ratio of the occupied volume to the free
volume of the jar.** In their research, Tayebbi et al.*® systemat-
ically studied the operating parameters of ball milling in the
exfoliation of bulk MoS, using sodium cholate (SC) as an exfo-
liant. They monitored the yield and dimensions of exfoliated
MoS, nanoflakes by modifying parameters such as the weight
ratio between bulk MoS, and SC (SC/MoS,), jar filling rate, ball
size (dB), mill rotation speed (nR), and initial mass of bulk MoS,
(mMoS,). Under the following optimal conditions, SC/MoS, =
0.75, 50% filling rate, and mMoS, = 0.20 g, they reported a high
yield of 95% of exfoliated nanoflakes.*®

Recently, aqueous-phase mechanical exfoliation has pre-
sented several advantages such as immediate functionalization,
controllable size, environmentally friendly and scalable opera-
tion. Deng et al. developed a two-step strategy to produce high-
quality ultrathin 2D nanoflakes, with a thickness of about 1 nm.
The first step involved using ball milling to mechanically insert
alkali metal atoms (lithium (Li), sodium (Na), or potassium (K))
into the layered materials, forming metal intercalation
compounds. In the second step, these compounds were dis-
solved in pure water at 60 °C, resulting in a violent reaction
generating hydrogen (H,) and alkali metal hydroxide, which
caused exfoliation. They also demonstrated that this method
enabled the production of a series of amorphous 2D nano-
materials with heterostructures composed of two or more
components and multiple interfaces, with a yield of up to
97.5%.*° Liu and Kumatsu proposed a simple and effective
alternative to produce MoS, and WS, nanoflakes using sodium
cholate as a surfactant during the milling process to facilitate
exfoliation and dispersion of the nanoflakes in water. They
showed that the exfoliated sample can be stored as a “solid
stock” and easily dispersed in water by manual agitation,
resulting in highly concentrated dispersions of MoS, and WS,
nanoflakes with yields reaching 93% and 57%, respectively,
after centrifugation.”® The innovative approach of
hydrothermal-assisted ball milling has sparked considerable
interest due to its promising potential for commercial applica-
tions. In a recent study, Ahmadi et al.*® presented a method
combining hydrothermal autoclave and ball milling to produce
high-quality functionalized MoS, nanoflakes for polymer
nanocomposites on a large scale. The production process
involves using an acetone solution containing diaminodiphenyl
sulfone (DDS) to prepare MoS, precursors, followed by inter-
calation and exfoliation in the hydrothermal autoclave to form
MoS, powders intercalated with DDS. These powders are then
subjected to ball milling, resulting in MoS, nanoflakes. The
obtained nanoflakes had an average lateral dimension greater
than 640 nm, with a thickness of about 6 nm and a high specific
surface area of 121.8 m* g~ *.**

3.4 Microwave-driven exfoliation

Microwave-driven exfoliation has introduced a groundbreaking
technique for the efficient production of MoS, nanosheets. By
utilizing the distinctive heating characteristics of microwave
radiation, this novel approach facilitates the controlled
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exfoliation of individual layers from bulk MoS, source mate-
rials. The method takes advantage of the interaction between
electromagnetic waves and the polar molecules within the
material, leading to rapid localized heating. This phenomenon
initiates thermal stress and expansion within the material,
resulting in the separation of MoS, layers. One of the key
advantages of this process is its ability to significantly reduce
processing time and energy consumption when compared to
traditional exfoliation methods.** This advancement has the
potential to transform the field of MoS, production and open
new avenues for its utilization in various applications. The
technique involves a series of intricate steps to achieve
successful exfoliation. Initially, the bulk MoS, material is
meticulously prepared, which can take the form of powders or
solid pieces. To ensure optimal exfoliation, the bulk material is
dispersed within a suitable solvent. This solvent not only aids in
the dispersion of MoS, layers but also prevents their re-
aggregation throughout the exfoliation process. As a result,
stable nanosheets are formed. The dispersion is subsequently
exposed to controlled microwave irradiation. The unique ability
of microwaves to penetrate materials and interact with polar
molecules leads to rapid and even heating within the disper-
sion. This induces thermal expansion and mechanical stress
between the layers of MoS,, prompting their separation into
individual nanosheets. The process can be observed in real-time
as the material heats up, affording precise control over the
desired thickness of the nanosheets. This innovative technique
holds promise for efficient and controlled production of MoS,
nanosheets with potential implications across various applica-
tions. The effectiveness of this approach is heavily dependent
on the careful optimization of various process parameters.
Among these, the selection of the solvent is of paramount
importance, as it significantly influences both the extent of
exfoliation and the overall quality of the produced nanosheets.
Likewise, meticulous calibration of the microwave power and
duration of irradiation is essential. These parameters must be
finely tuned to ensure uniform and reliable exfoliation without
inducing any undesirable material degradation. Striking the
right balance among these factors is crucial for generating MoS,
nanosheets of exceptional quality and tailored characteristics.®*
The resulting nanosheets exhibit unique electronic, optical, and
mechanical properties that make them exceptionally promising
for a wide range of applications across electronics, optoelec-
tronics, energy storage, and more.**** To exemplify this poten-
tial, a study by Mohammad-Andashti et al. showcased the
versatility of MoS, quantum dots, synthesized through
microwave-driven exfoliation. These quantum dots served as
a versatile platform for fluorescence-based biosensing applica-
tions, particularly in the detection of cortisol levels in human
saliva.®* Advanced microscopy techniques, such as Atomic Force
Microscopy (AFM) and Transmission Electron Microscopy
(TEM), play a pivotal role in the meticulous examination of
various aspects of the nanosheets, including layer count,
dimensions, and structural characteristics. This comprehensive
characterization not only provides valuable insights into the
uniformity and quality of the exfoliated nanosheets but also
contributes to the optimization of the exfoliation process.*"*>
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The microwave-driven exfoliation represents an innovative
and promising method for the controlled production of MoS,
nanosheets. By harnessing the unique heating properties of
microwave radiation to induce controlled thermal stress and
expansion, this technique offers a rapid, efficient, and poten-
tially scalable pathway to obtaining high-quality nanosheets
with customized properties.

In resume, determining the “best” method for exfoliating
molybdenum oxide depends on the specific application and
desired material properties. Each exfoliation method has its
advantages and limitations, and the choice of method should
align with the intended use of the exfoliated molybdenum
oxide. Here's a brief overview of each method:

Chemical exfoliation: this method involves the use of
chemical agents to break down the bulk molybdenum oxide
into layered or single-layer sheets. It can be effective in
achieving a high degree of exfoliation but may require the use of
potentially hazardous chemicals. The choice of chemicals and
reaction conditions can influence the quality and yield of the
exfoliated material.

Liquid phase exfoliation: liquid phase exfoliation typically
employs solvents to disperse and exfoliate molybdenum oxide.
It is a scalable and versatile method that allows for the
production of stable dispersions. The choice of solvent and
sonication conditions can impact the quality of the exfoliated
sheets.

Mechanical exfoliation: this method involves physically
cleaving bulk molybdenum oxide using techniques like scotch
tape or mechanical shear. It is straightforward but less scalable.
Mechanical exfoliation is useful for producing high-quality
single-layer materials but may not be practical for large-scale
production.

Microwave-driven exfoliation: microwave-assisted exfolia-
tion is a relatively new method that uses microwave radiation to
exfoliate materials. It can be efficient in producing exfoliated
molybdenum oxide sheets and has the potential for industrial
scale-up.

The choice of the “best” method depends on factors such as
the desired quality of the exfoliated material, scalability, safety,
and the specific application. For example, if you require a small
quantity of high-quality single-layer molybdenum oxide for
fundamental research, mechanical or liquid phase exfoliation
might be preferred. On the other hand, if you need a larger
quantity for an industrial application, microwave-driven or
chemical exfoliation might be more suitable. Ultimately, the
selection of the best method should be based on a careful
evaluation of the specific requirements of your research or
application.

Below is Table 2 in which a comparison of the exfoliation
methods is presented.

4. Photocatalysis
4.1 Principle of catalysis

Catalysis is a fundamental phenomenon that modifies the
kinetics and outcomes of chemical reactions in the presence of
a catalyst. The catalyst acts by reducing the activation energy

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 A comparison list between different exfoliation methods
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Exfoliation method Quality of exfoliation Scalability

Safety concerns Application suitability

Chemical exfoliation High-quality sheets

Liquid phase Good quality, stable

exfoliation dispersions quantities
Mechanical exfoliation High-quality single-layer Less scalable, labor-
sheets intensive
Microwave-driven Potential for high-quality May be scalable with
exfoliation exfoliation proper equipment

required for the reaction, thereby accelerating the conversion of
reactants into products. An essential characteristic of catalysis
is that the catalyst itself is not consumed or chemically altered
during the process, allowing for its recovery and subsequent
reuse.® There are two types of catalysis: homogeneous catalysis,
where the catalyst and reactants are in the same phase.*
Heterogeneous catalysis, where the catalyst, usually in solid
form, is in a different phase from the reactants (gas or liquid).
In this case, the reaction occurs on the surface of the catalyst.
The process involves the adsorption of reactants on the cata-
lyst's surface, the actual chemical reaction, and the desorption
of products from the catalyst's surface.*

4.2 Photocatalysis mechanism

Photocatalysis represents a particular catalytic process sensitive
to both light and a photocatalyst. It involves utilizing appro-
priate light to activate a photocatalyst, thus altering the rate of
a chemical reaction without depleting the photocatalyst itself.
To put it concisely, photocatalysis is a chemical reaction
occurring in the presence of a photocatalyst and suitable light.
In essence, this reaction forces light to generate excited elec-
trons and positive holes, initiating redox reactions as its initial
step, encompassing both positive and negative Gibbs-energy
changes. An effective photocatalyst typically takes the form of
a conductive nanomaterial capable of absorbing incident light,
elevating itself to higher energy states, which, in turn, imparts
this energy to a reacting substance, facilitating a chemical
reaction. Particularly when applied to energy-demanding
processes like photosynthesis, photocatalysis holds great
promise as a sustainable solution for large-scale solar energy
production, conversion, and storage. Moreover, photocatalysis
offers significant potential in the realm of environmental
remediation.®®

In semiconductors, the photocatalysis relies on the excita-
tion by a light radiation whose energy corresponds to the width
of its bandgap. The determination of this energy is based on the
equation A = hc/E, where & and c represent the Planck constant
and the speed of light, respectively. For example, TiO, (anatase)
has a bandgap of ~3.2 eV, which means it can only be excited by
ultraviolet photons with a wavelength less than approximately
390 nm. On the other hand, bulk MoS, has a smaller bandgap of
1.3 eV, allowing it to capture a larger part of the solar spectrum.
As the number of MoS, layers decreases, the bandgap gradually

© 2023 The Author(s). Published by the Royal Society of Chemistry

May be scalable with
proper equipment

Scalable, ideal for larger

Potential safety
concerns due to
chemical use

Safer than chemical
methods

Relatively safe

Versatile, suitable for various
applications

Suitable for applications
requiring dispersions

Ideal for fundamental
research, small quantities
Promising for industrial
applications, fast exfoliation

Safety concerns related
to microwave use

increases, reaching 1.9 eV for a monolayer, enabling it to use
visible light with a wavelength less than 660 nm.** When the
catalyst is exposed to an appropriate light source, photons with
sufficient energy are absorbed, leading to the generation of
electron-hole pairs. These pairs are essential for establishing
a redox system, allowing for: the capture of electrons by
acceptors such as oxygen (O,), leading to the formation of
oxygen radicals such as superoxides (O, ) and hydroperoxyl
radicals (HO,"). The filling of holes by electron donors, such as
organic pollutants, which can be directly oxidized or give rise to
hydroxyl radicals (OH ™) from adsorbed species like water (H,O).
These generated radicals (Fig. 8) enable the degradation of
a wide range of pollutants, including volatile organic
compounds and pharmaceutical products.

In the absence of appropriate electron acceptors and donors,
electron/hole recombination occurs (a very rapid recombination
reaction on the order of picoseconds). Electron/hole recombi-
nation is a limiting factor in the efficiency of this method, as the
probability of recombination is approximately 99.9%. There are
several solutions to increase photocatalytic efficiency, such as
doping the semiconductor with other metals (to extend the
absorption range to the visible spectrum) or adding electron
acceptors to the reaction medium (ozone, hydrogen peroxide,
ferric ions Fe*", etc.) to limit charge recombination.

4.3 Key parameters of photocatalysis

The efficiency of photocatalytic reactions depends on various
parameters. In this context, we can mention the concentration

The conduction band mainly comprises e
the d-orbitals of the Mo 02

e e e

= . (;,

h+ h+ h+ 7OH

VB

The valence band mainly comprises

the p-orbitals of the S ‘OH

Fig. 8 Schematic illustration of the photocatalytic mechanism of

MoS,.%4 Adapted with permission from (ACS Omega, 2022, 7(26),
22089-22110). Copyright (2022) American Chemical Society.
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and surface state (charge, adsorbed species, defects, composi-
tion) of the catalyst, the conditions of the reaction environment
(temperature, pressure, pH, solvent, ...), the concentration and
adsorption of reactants, the oxygen concentration, and the light
source (wavelength, intensity, distance).*® Some of the key
parameters include:

Photon flux. For the photocatalytic reaction to occur, a light
source (UV or visible) must irradiate the catalyst's surface to
excite it. Therefore, the degradation rate increases with the
photon flux. However, once a certain value is reached, which
varies depending on the specific system studied, the degrada-
tion rate remains constant even if the flux continues to increase.
It is crucial not to exceed this limit of photon flux to avoid
wasting energy unnecessarily.

Catalyst mass. The reaction rate increases proportionally
with the quantity of catalyst until it reaches a plateau where it
remains constant. It is even possible that the reaction rate
decreases at high catalyst concentrations. This decrease in
reaction rate is attributed to the screening effect of particles that
prevent light from reaching the surface of a part of the catalyst.

Initial concentration of reactants. The reaction rate is
dependent on the initial concentration of the reactant (C,) and
follows the Langmuir-Hinshelwood mechanism.”* At low
concentration, the reaction rate is proportional to the reactant
concentration. When all active sites of the photocatalyst are
saturated, the reaction rate becomes independent of the
concentration.

Dissolved oxygen. Oxygen is a reactant that plays a crucial
role in forming O," " species, which prevents the recombination
of electron-hole pairs. Therefore, it is necessary to have
a significant concentration of dissolved oxygen to promote the
degradation kinetics of organic compounds. The oxygen level is
usually ensured by simple air supply rather than injecting pure
oxygen (for economic reasons).

Operating conditions. The adsorption of reactants on the
surface of the photocatalyst is a spontaneous and exothermic
process that is closely related to temperature. At low tempera-
tures, the amount of available thermal energy is reduced,
favoring the adsorption of reactants on the photocatalyst's
surface. It is worth noting that this adsorption can also involve
the final products, which may act as inhibitors. However, at
high temperatures, thermal agitation increases, favoring
desorption reactions and leading to the detachment of products
from the photocatalyst's surface. Therefore, it is essential to
maintain the temperature within an optimal range, typically
between 20 °C and 80 °C, to optimize the reaction efficiency.

Moreover, pH plays a significant role in the kinetics of
photocatalytic reactions. Depending on the pH value, the cata-
lyst surface can become charged, affecting its interactions with
molecules in the solution. The semiconductor has a point of
zero charge (PZC), where its surface is neutral. If the pH is lower
than the PZC pH, the surface will be positively charged, while if
the pH is higher, it will be negatively charged. Additionally,
depending on the pKa of the considered molecule, it may take
a charged or uncharged form depending on the pH value of the
medium. Thus, the interactions between the material and
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molecules may vary depending on the pH, impacting the reac-
tion kinetics.

4.4 Photocatalytic applications of MoS,

4.4.1 Chalcogenides as promising photocatalysts. Chalco-
genides, a class of semiconductors, have emerged as prominent
materials in the realm of photocatalysis due to their remarkable
properties, most notably their narrow band gap energy. This
attribute is of particular significance in the context of visible
light-induced photocatalysis, where the ability to harness the
energy of visible light for chemical reactions holds immense
promise. Chalcogenides can be categorized into several types,
including binary, multinary, and chalcogenide-based hetero-
structures, each of which exhibits unique and intricate photo-
catalytic mechanisms. One of the primary challenges in
photocatalysis is the rapid recombination of photogenerated
electron-hole pairs, and chalcogenides offer opportunities for
addressing this issue through various strategies.*®

4.4.2 MoS, as a versatile photocatalyst. Among the myriad
chalcogenides, molybdenum disulfide (MoS,) has garnered
considerable attention as a highly promising photocatalyst.
Recent studies have delved into diverse applications of MoS, in
the realm of photocatalysis, capitalizing on its exceptional
charge transfer properties and reactive surface. For instance,
MoS, has been employed with great success in the degradation
of a range of organic pollutants, encompassing dyes, pesticides,
and pharmaceutical compounds.*>*** This efficacy is attributed
to MoS,'s ability to facilitate charge separation and reduce
electron-hole recombination, thereby enhancing the photo-
catalytic performance.

4.4.3 Synergistic enhancements through composites.
Innovative approaches involve combining MoS, with other
materials, such as semiconductor nanocomposites, to create
synergistic systems. By coupling MoS, with complementary
materials, researchers have achieved significant improvements
in photocatalytic efficiency. This synergy often arises from the
cooperative interaction between MoS, and the partner mate-
rials, leading to enhanced catalytic performance.>*°%°

4.4.4 Hydrogen production and CO, reduction. MoS,
exhibits great promise in the realm of hydrogen production
from water. Recent studies have demonstrated its utility as a co-
catalyst in combination with other photocatalytic materials,
resulting in improved hydrogen production activity. Moreover,
the tunability of MoS,'s morphology and particle size has been
explored to fine-tune the efficiency and stability of photo-
catalytic reactions.®®*

In the context of CO, reduction, MoS, plays a vital role in
catalyzing the conversion of carbon dioxide into valuable
chemicals, including hydrocarbons and alcohols. This catalytic
activity stems from MoS,'s exceptional electron transfer prop-
erties, which enhance its performance as an active site for CO,
reduction reactions.'®

4.4.5 Remaining challenges and future prospects. Despite
the impressive strides in harnessing MoS, for photocatalysis,
several challenges remain to be addressed. These include
improving visible light absorption, optimizing active catalytic
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sites, and enhancing the overall durability of MoS,-based pho-
tocatalysts. Continued research and development efforts are
essential to unlock the full potential of MoS, and further
advance its role as an efficient and long-lasting photocatalyst in
diverse applications.

5. Conclusion

Molybdenum disulfide (MoS,) is an exceptional two-
dimensional material with remarkable properties such as
high electrical and thermal conductivity, increased mechanical
strength, notable chemical stability, and considerable specific
surface area. These intrinsic characteristics give this material
strong potential for various applications, including solar cells,
sensors, batteries, catalysts, and electronics. Two-dimensional
MoS,-based materials have garnered significant interest due
to their proven potential in addressing environmental issues
and their ability to meet the growing demand for energy. Their
exceptional ability to absorb visible light opens promising
perspectives for harnessing solar energy, an abundant and
economically advantageous energy source. Additionally, the
transition of MoS, from the third to the second dimension
induces significant modifications in its band structure, char-
acterized by the widening of the bandgap, thereby conferring
improved optoelectronic properties to the material. It is also
worth noting that the number of layers present in the material
directly impacts its physical and chemical properties. In
particular, MoS, nanoflakes in a single layer have demonstrated
superior photocatalytic activity compared to those with multiple
layers. These features make MoS, a promising photocatalyst for
environmental and energy-related applications. Furthermore,
the different crystalline phases observed in MoS, play a crucial
role in its electronic properties and band structure. Therefore,
a thorough understanding and mastery of these different pha-
ses are essential to optimize the performance of two-
dimensional MoS,-based materials in various applications.
Various strategies are implemented for the synthesis of
reduced-dimension MoS,, including liquid exfoliation, chem-
ical exfoliation, and mechanical exfoliation. The latter offers the
advantage of a high yield of MoS, nanoflakes, although they
may be thicker and less regular. This method requires special-
ized equipment but has the economic advantage of limiting the
use of chemicals. In contrast, liquid and chemical exfoliation
allows better control over the dimensions, morphology, and
orientation of nanoflakes, although it may entail higher costs
due to the use of solvents or chemical reagents. Additionally,
the quantity produced may be limited depending on the solu-
bility or chemical reactivity of the material. The choice of the
method will depend on the specific needs of the application,
considering the inherent advantages and disadvantages of each
approach.

In summary, despite the challenges related to the prepara-
tion of two-dimensional MoS,, its distinctive properties and
versatility generate significant interest in the fields of research
and development. Continuous improvement of synthesis
methods and in-depth understanding of its characteristics will
enable the optimal exploitation of the potential of two-
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dimensional MoS,,
applications.

As for future research directions for MoS, in photocatalysis,
we should aim to further unlock the potential of MoS, and
address key challenges. As an example, efforts should be
directed toward enhancing the visible light absorption of MoS,-
based photocatalysts. Strategies may include bandgap engi-
neering, surface modification, and heterostructure formation to
expand the spectrum of light that can be utilized for photo-
catalytic reactions.'*'?

Controlling and optimizing the distribution of active cata-
Iytic sites on MoS, surfaces is also essential. Future research
should explore innovative methods for precise site engineering,
which can improve catalytic efficiency and selectivity while
minimizing energy losses.'**'*

Further investigations into the controlled synthesis of MoS,
with specific morphologies and particle sizes are crucial. This
can lead to improved photocatalytic performance by optimizing
the exposed surface area and electronic properties of MoS,."*>'°¢

Furthermore, exploring the integration of MoS, into photo-
voltaic devices is a growing field. Research should focus on
utilizing MoS, in solar cells to enhance energy conversion effi-
ciency, and further studies on charge separation and electron
transport are warranted.'*”'%®

The use of MoS, for environmental remediation should be
expanded. Future research can investigate the degradation of
emerging contaminants and industrial effluents, and explore
the scalability and practicality of MoS,-based photocatalytic
systems for water treatment.'*%'*°

The potential of MoS, in synergy with other nanomaterials,
such as graphene, metal oxides, or carbon nanotubes, is a fertile
area for exploration. These composite systems can offer
enhanced photocatalytic performance and may open doors to
novel applications.">**

fostering innovative and sustainable
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