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Research interest in the area of transition metal dichalcogenide (TMD) nanostructures has significantly
increased in recent years. This interest is driven by their exceptional properties (e.g. semiconductor
state, electronic confinement, conductivity, flexibility, transparency, large surface area, etc.) and their
potential applications as materials for catalysis, photonics, sensing, solid lubrication, energy storage, high
performance electronics, imaging, medical diagnostics and drug delivery systems, to name a few. The
most common methods of production of these nanomaterials are “top-down” techniques involving
solution-phase exfoliation or mechanical microcleavage, or chemical vapour deposition, a “bottom-up”
approach. However, these methods suffer from a number of drawbacks, including poor controllability
over size, high cost, and lack of scalability, thus limiting their potential commercial use. Therefore, over
the last number of years, solution-based “bottom-up” synthesis of TMDs is gaining much attention as it
can provide solutions to these problems. This review focuses on “bottom-up” methods such as hydro/
solvothermal, hot-injection and other approaches which have the potential to produce high-quality TMD
nanostructures with controllable properties such as size, phase, morphology, and at low-cost. Here, we
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consider and compare various “bottom-up” synthetic techniques for synthesis of TMD nanostructures, explore
some potential applications of corresponding colloidal TMD materials and provide future outlook for this fast-
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1. Introduction

Transition metal dichalcogenides (TMDs) have been researched
as far back as the 1960s. In recent years, however, the area has
experienced a huge surge in interest. Research in the area of 2D
materials in general has soared of late, and can be traced back
to 2004, when graphene was first isolated from graphite by
Novoselov et al. by the method of mechanical exfoliation.'
While this method produced high-quality samples of graphene,
it was not scalable, thus limiting large-scale applications of
the material. In 2008, Coleman et al. reported liquid-phase
exfoliation (LPE) of graphite, which opened the door for mass
production of graphene through a facile, top-down approach.>
This approach was later expanded upon by the same group, and was
found to be effective in the exfoliation of a range of 2D materials,
such as boron nitride (BN) and TMDs, among others.

The interest in TMDs of late can also be attributed to their
versatility and a range of exciting properties. For example, they
have variable electrical properties: depending on their structure,
they can be metallic or semiconducting.”” They exhibit a
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tunable bandgap which is dependent on the number of mono-
layers, and an indirect to direct bandgap transition on being
reduced from the bulk to the monolayer.” Semiconducting
monolayer TMDs such as MoS, and WS, also exhibit photo-
luminescence in the visible region of the spectrum.® These
properties make them potential candidates for use in optoelec-
tronics and sensing.””®

Although the method of LPE partially addressed the issue
of scalability, it presented other problems. The best results
from LPE are often obtained using high-boiling point organic
solvents, such as N-methyl-2-pyrrolidone (NMP) and dimethyl-
formamide (DMF), which are toxic and hard to remove from
the end product.’ Bodik et al. also showed that exfoliation of
TMDs, specifically MoS,, at high starting concentrations in
more ‘green’ media such as ethanol-water mixtures can lead
to the formation of unwanted side-products.’® LPE also has
poor controllability over the number of layers and lateral sizes
of nanosheets formed, often requiring further post-processing
steps to achieve monodisperse samples.'* Thus, LPE-produced 2D
nanosheet dispersions may not be of suitable monodispersity or
quality for many applications, particularly in the case of 2D TMDs,
where monolayer-rich dispersions are often required to exploit
their interesting semiconducting properties.®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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One solution to the above-stated problem may be to synthe-
sise nanosheets using controlled ‘bottom-up’ rather than top-
down approaches. One commonly used approach is chemical
vapour deposition (CVD), which can produce highly crystalline,
defect-free, large lateral size monolayers of TMDs and many other
layered materials.>™* The drawback of this method is that it is very
expensive, and shows low potential for commercial scalability.
Thus, new methods are required for the synthesis of TMDs, which
could combine both the scalability and cost-effectiveness of LPE
and the product quality of CVD. Solution-based “bottom-up”
approaches may have the potential to synthesise TMDs in this way.

The main goal of this review is to analyse and discuss various
methodologies for the synthesis of TMDs using solution-based
“bottom-up” approaches. The properties, such as phase, mor-
phology, and electrical properties, of the products resulting from
each synthetic regime will be analysed, and the applications
arising from these properties will be discussed. As much of the
research on TMDs is dedicated to Group VI TMDs such as
molybdenum and tungsten disulfides and diselenides, the main
focus of this review will be on these materials. Finally, we will look
at some challenges facing the field of bottom-up synthesis of
TMDs, and finish by discussing some future prospects of TMD
nanostructures synthesised via various ‘“bottom-up” approaches.

2. TMD polymorphs

TMD monolayers consist of an atomic layer of transition metal
atoms, M (such as Mo, W, etc.), sandwiched between 2 atomic
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Fig. 1 (a) Trigonal prismatic and octahedral transition metal coordination
in TMDs. (b) The layer stacking in the most common polytypes of TMDs — 1T,
2H and 3R. The grey and yellow spheres represent transition metal and
chalcogen atoms, respectively.
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layers of chalcogen atoms, X, (such as S, Se, Te, etc.). van der
Waals interactions between these monolayers cause them to
stack, forming bulk TMDs. Both the coordination of the transi-
tion metal atom and the stacking sequence of the monolayers
can change, leading to the formation of different phases or
polymorphs (Fig. 1), all of which can have different properties.
The combination of the d-electron configuration and coordina-
tion of the transition metal are the predominant factors in
determining its electrical and conductive properties.

There are 3 main phases of TMDs: the 1T, 2H and 3R phases.
The distorted 1T’ phase is also one of significant research
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interest. The phases or polymorphs of TMDs are named using
numbers, which denote the number of repeating X-M-X layers
in the unit cell, and letters, which describe their crystal system.

1T phase

This TMD polymorph has one X-M-X layer in its unit cell,
which has trigonal symmetry with the atoms being arranged in
an AbA ADbA pattern. Capital letters and lower-case letters
represent chalcogen and transition metal atoms respectively,
and the letter itself represents a position in space. In the
1T TMD polymorph, the transition metal atom exists in an
octahedral coordination environment. Group VI TMDs of this
polytype, e.g. 1T-MoS, and WS,, are metallic, as a result of
partial filling of the d,y, d,, and d,, set of degenerate orbitals
that arise due to octahedral coordination (Fig. 2(a)).

2H phase

The 2H polymorph belongs to the hexagonal crystal group.
It involves the transition metal atom coordinated in a trigonal
prismatic fashion. There are two repeating X-M-X units in its
unit cell, with the atoms following an AbA BaB AbA pattern. 2H
TMDs from Group VI of the periodic table are semiconducting,
due to complete filling of the lowest energy d.. orbital that
arises from trigonal prismatic coordination (Fig. 2(b)).

3R phase

The 3R polytype is similar to the 2H, in that it involves trigonal
prismatic coordination of the transition metal. However,
it differs in its stacking pattern. The unit cell involves 3 monolayers,
stacked in an AbA BcB CaC AbA fashion. This polymorph belongs
to the rhombohedral crystal group, and like the 2H phase, leads to
semiconducting Group VI TMDs due to the trigonal prismatic
coordination of the transition metal (Fig. 2(b))."
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It should be noted that, in the case of monolayer TMDs,
there are only two phases - 1T and 1H - as the stacking
sequence is no longer a factor.

3. Bottom-up synthetic routes

In recent years, much progress has been made in the synthesis
of TMDs through solution-phase bottom-up processes. The proper-
ties of the as-prepared TMDs vary widely with the use of different
synthetic regimes, precursors, and stabilising ligands, giving rise to
TMDs with a wide range of morphologies, phases and applications.
In this section, the various established synthetic routes will be
discussed, as well as the properties of the resulting TMD materials.

3.1. Hydrothermal and solvothermal methods

Hydro/solvothermal methods refer to the synthesis of materials
in closed vessels at high temperatures and pressures, carried
out in water (hydrothermal) or other non-aqueous solvents
(solvothermal).’®'” Hydro/solvothermal methods are com-
monly used in the synthesis of a variety of nanomaterials. They
are also widely reported methods in the wet-chemical, bottom-
up synthesis of TMD-based nanomaterials.

The solvothermal and hydrothermal approaches to the
synthesis of nanoscale TMDs date back to the years 1998 and
2000, respectively. Zhan et al. developed a solvothermal method
for the production of nanocrystalline MoS, using pyridine as
the solvent, and MoO; and elemental sulfur as the precursors.®
The use of this method resulted in the formation of thin
platelets of semiconducting 2H MoS,, with average diameters
of 100 nm. This was followed closely by Fan et al, who
successfully synthesised nanocrystallites of MoS, and MoSe,
for the first time via a hydrothermal method.'® Using Na,MoO,
as the Mo source and Na,S,0;/Na,SeSO; as the sulfur/selenium
sources, amorphous MoS, and MoSe, were formed, of average
crystallite sizes 4 and 7 nm, respectively, which when annealed
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Fig. 2 The splitting diagram and occupation of orbitals by d electrons in group VI TMDs in (a) octahedral coordination environments such as the 1T
phase and (b) trigonal prismatic coordination environments such as the 2H and 3R phases.
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Fig. 3 (a) SEM, (b and c) TEM, and (d and e) STEM images of the 3D
architectures assembled from single-layered MoS,. The insets in (e) are
EDX elemental maps, which clearly indicate that molybdenum and sulphur
are uniformly distributed in the assembled architectures. (f) Corresponding
EDS line scan profiles for Mo and S along the line in image (e). (g) TEM
image of a single tube. (h) HRTEM image of the rim of the tube in (g). (i)
Enlarged image in (g). The arrows indicate the separated layers with
thickness below 0.7 nm. Reproduced from ref. 23.

at 350 °C for 9 h resulted in the formation of the semicon-
ducting 2H phase, in the case of both MoS, and MoSe,. The
synthesis of both involved the use of hydrazine as a reducing
agent for the reduction of Mo(vi) to Mo(v). These articles paved
the way for the use of hydro/solvothermal methods in the
bottom-up synthesis of ultrathin nanoscale TMDs.

Hydro/solvothermal synthesis of TMDs became very popular
in the years that followed, producing nanostructures of various
morphologies including nanosheets, nanotubes, nanorods,
nanowires and nanoflowers.?° >

Wang et al. investigated the self-assembly behaviour of
monolayer MoS, synthesised via a simple solvothermal
approach, using octylamine as the solvent and ethanol as an
additive.?® In the absence of ethanol, MoS, nanosheets were
synthesised. However, in the presence of ethanol, hierarchical
3D tubular structures consisting of 2D nanosheets were formed
(Fig. 3). The authors concluded that the formation of the
tubular structure consisting of individual nanosheets, rather
than a nanotube of restacked sheets, occurred due to a combi-
nation of factors. Firstly, ethanol in amine is a poor solvent,
disrupting the interaction between nanosheets. Secondly, layered

© 2021 The Author(s). Published by the Royal Society of Chemistry
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nanomaterials have a trend to form nanotubes under certain
conditions. The octylamine capping ligands also prevent restacking
of the sheets. The combination of these factors thus resulted in
the formation of tubular arrangements of nanosheets, rather
than single crystalline MoS, nanotubes.

The authors also demonstrated that the diameter and length
of the tubular structures could be tuned by changing the nature
of alcohol present, using butanol as an example. It is also
important to note that this synthesis is highly scalable, with 2 g
of MoS, hierarchical tubes being synthesised with ease, which
is advantageous for potential commercial use.

3.2. Hot-injection methods

In the 1950s, LaMer and Dinegar proposed a set of conditions
which are necessary to synthesise monodisperse colloidal solu-
tions of nanoparticles, which involve a rapid nucleation
step, followed by a slower step of controlled growth of nuclei
to form larger particles.”® This motivated some groups of
researchers to develop a new method of synthesising colloidal
QDs, namely cadmium sulfide, selenide and telluride, which
involved the rapid injection of organometallic precursors into
vessels at high temperatures containing coordinating ligands
and solvents.”® This method, termed ‘hot-injection’, has
become commonplace in the synthesis of QDs, being used in
the production of a wide variety of QDs, beyond just cadmium-
based QDs.**?”

In recent years, significant efforts have been made to apply
the method of hot-injection to the synthesis of monodisperse
TMDs. Small variations in the method, such as stabilising
ligands, precursors, reaction time and temperature, are shown
to produce TMDs of various phases, sizes and morphologies.

3.2.1. TMD QDs. A natural evolution of the field of hot
injection was to apply it to the synthesis of TMD QDs. Typically,
TMD QDs are produced via LPE and post-processing, size-
selective centrifugation steps.>®*”*° However, these QDs often
suffer from low quantum yield due to the presence of defects,
and poor monodispersity, due to the lack of control of particle
sizes associated with the LPE technique.’" However, Yin et al.
produced blue-emitting WS, QDs through a hot-injection
approach.®? The as-synthesised QDs exhibited an exceptionally
high quantum yield - higher than previously reported in the
literature. The synthesis involved the injection of thioaceta-
mide into a vessel containing the metal precursor tungsten
hexachloride (WClg), and coordinating ligands oleylamine
(OAm) and oleic acid (OA) at various temperatures, 255, 275,
and 295 °C, to investigate the effects on the product.

The as-produced QDs were ultra-small lateral size, few-layer
nanosheets (Fig. 4). The authors found that an increase in
the reaction temperature corresponded to an increase in the
diameter of the WS, QDs, due to the increase in the reaction rate.

3.2.2. TMD nanoflowers. In 2019, Sokolikova et al. reported
a hot-injection method for the synthesis of WSe, nanoflowers
exhibiting a less common, metastable phase - the 1T’ phase.**
The 1T’ phase of TMDs arises from the distortion of the regular
octahedral 1T phase, and, in the case of WSe,, also results in
metallic behaviour (Fig. 5). It should be noted that this phase is

Mater. Adv., 2021, 2,146-164 | 149
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Fig. 4 TEM images of WS, QDs prepared at different reaction tempera-
tures of (a) 255, (b) 275, and (c) 295 °C; (d—f) corresponding HRTEM images
and (g-i) size distributions. Reproduced from ref. 32.

very difficult to consistently achieve through traditional meth-
ods of obtaining few layer TMDs, such as LPE. The authors
achieved this with a hot-injection approach, involving the
injection of a trioctylphosphine-selenium (TOP:Se) complex
into a vessel containing OA and tungsten hexacarbonyl
(W(CO)s) as the metal precursor at 300 °C and for 3 h.

The resulting nanostructures exhibited a flower-like morphol-
ogy, of average diameter 200 nm. The colloidal suspension of WSe,
nanoflowers in ethanol was observed to be stable under ambient
conditions. The 1T’ nanoflowers were also fully convertible to the
semiconducting 2H phase via annealing at 400 °C for 2 h, with no
obvious changes in their size or morphology.

3.2.3. TMD nanosheets. Savjani et al. reported the synth-
esis of oleylamine (OAm)-stabilised semiconducting 1H MoS,
by hot-injection using a single-source precursor (SSP),
[M0,0,S,(S,COELt)].>* A solution of the SSP in OAm was injected
into a vessel containing hot OAm. This was done at various
temperatures and aliquots were taken from the vessel at various
time-points to investigate the effect of reaction time and

View Article Online
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temperature on the products. In all cases, monolayers of
oleylamine-stabilised MoS, were synthesised, which assembled
into randomly oriented nanosheets encapsulated in an oleyla-
mine matrix, with lateral sizes ranging from hundreds to
thousands of nanometres (Fig. 6). The effect of reaction time
on the nanosheets was found to be minimal, with the majority
of nanosheet growth reaching completion after 3 min. The
reaction temperature, however, was shown to have an effect,
with the products obtained at lower temperatures (200 °C)
having smaller average lateral dimensions (4.78 nm) compared
with those obtained at higher temperatures (325 °C, 11.29 nm).

Jung et al. were able to produce size-controlled MoSe, and
WSe, nanosheets using capping ligands with various binding
energies to promote lateral growth of the nanosheets.*® Using
Mo(CO)s/W(CO)s and diphenyl diselenide (Ph,Se,) as precur-
sors, they varied the capping ligand used in the synthesis from
oleylamine to oleyl alcohol to oleic acid. It was found that the
use of the amine resulted in small-lateral size, multi-layered
sheets, the alcohol resulted in fewer layers and a larger lateral
size, and the carboxylic acid resulted in the production of large
lateral size (200-400 nm) monolayers (Fig. 7).

Using DFT calculations, the researchers were able to show
the significance of the binding energy of the capping ligand to
the edge sites of MoSe, and WSe,, and the effect this had on
lateral size and thickness. It was demonstrated that the binding
energy decreases on moving from the amine, to the alcohol, to
the carboxylic acid. The strongly bound oleylamine stabilises
the edge sites, favouring the formation of more layers and
inhibiting lateral growth, whereas the weakly bound oleic acid
does not offer much stabilisation to the edge sites of MoSe, and
WSe,, so lateral growth is favoured in this case. This insight
into the factors controlling anisotropic growth in 2D materials
may be a huge step forward for the solution-based bottom-up
synthesis of these materials.

More recently, Zhou et al. successfully produced colloidal
solutions of few-layer semiconducting 2H WS,, using an array
of capping ligands - oleylamine (OAm), oleic acid (OA), trioc-
tylphosphine oxide (TOPO), and squalane.’®* Raman spectro-
scopy is commonly used for characterisation of Group VI TMDs
such as MoS, and WS, to determine the number of monolayers
present in the sample. The frequencies of the A, out-of-plane
chalcogen vibrational mode, and the Eig vibrational mode,

" L OO W

Fig. 5 Structural polymorphs of WSe,. (a) 2H WSe, (space group P63z/mmc).
Reproduced from ref. 33.
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) 1T WSe, (space group P3m1). (c) 1T’ WSe, (space group P2i/m).

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00697a

Open Access Article. Published on 08 December 2020. Downloaded on 2/3/2022 3:14:00 PM.

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

(cc)

Review

Fig. 6 TEM images of the 1H-MoS,@oleylamine flocculates give evidence
for the presence of monolayer MoS, nanosheets. The variation of the
average nanosheet dimension from the reactions carried out at (a) 200 °C
(average size of 4.78 + 0.78 nm) and (b) 325 °C (average size of 11.29 +
1.26 nm). The inserted images represent the SAED patterns, supporting the
identification of the 1H crystallites. Reproduced from ref. 34.

which involves the in-plane displacement of transition metal
and chalcogen atoms, are monitored. The Raman shift between
these two phonon modes has a thickness dependence - it
decreases with decreasing number of monolayers - allowing
the thickness of a sample to be determined.*”?*® The as-
produced nanosheets were confirmed to have a thickness of
2 to 3 layers by AFM and Raman spectroscopy, and were
reported to be of higher aspect ratio than those obtained by
LPE combined with size-selective, post-processing steps.

It is clear that modification of the reaction conditions in the
hot-injection approach - precursors, reaction temperatures
and times, coordinating ligands, etc. — can result in the produc-
tion of TMDs of a wide range of morphologies. The effects of
changing these conditions need to be further understood in
order for the hot-injection approach to be used widely in the
synthesis of TMDs. In 2019, Geisenhoff et al. carried out a study
on how ligands affect different properties of WSe, nanocrystals,
synthesised via hot-injection.*® The study involved the injection
of a selenium precursor, Ph,Se,, into a mixture of tungsten
hexacarbonyl [W(CO)e] and two ligands - OA and TOPO. It was
found that, by altering the ratio of OA and the tungsten
precursor, the reactivity of the reagents changed drastically -
resulting in huge differences in the phases and morphologies
of WSe, products prepared under different conditions (Fig. 8).

3.3. Other miscellaneous synthetic methods

Although the hydrothermal and hot-injection methods are
the most widely reported in the solution-based bottom-up

© 2021 The Author(s). Published by the Royal Society of Chemistry
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synthesis of TMDs, there are some other interesting colloidal
synthetic methods available in the literature.

3.3.1. Shape-transformation. For example, both Seo et al.
and later Mastria et al. used a ‘shape-transformation’ procedure
for the production of colloidal solutions of ultrathin sheets of
WS, via the sulfidation of tungsten oxide nanorods.***' Using a
hot injection approach, with tungsten oxide (W;30,49) nanorods
as the metal precursor, Seo et al. injected carbon disulfide into
a solution of hexadecylamine and W;30,o nanorods at 250 °C.*°
The proposed reaction mechanism is through a ‘rolling-out’
process, by which W;30,9 is gradually converted to WS, via
sulfidation, and the strain due to the heterogeneous phases
results in the nanorod unravelling to form nanosheets (Fig. 9).
The hexadecylamine acts as both a high-boiling point solvent
and a stabilising ligand. This resulted in bundles of lateral-size
controlled 2H-phase WS, nanosheets.

Mastria et al. followed a very similar approach in the
production of WS, thin films via hot-injection, followed by
spin-coating, with some slight modifications.*’ Oleylamine was
used in place of hexadecylamine as the coordinating solvent,
and elemental sulfur was used in place of CS, for the sulfida-
tion step. The oleylamine seemed to have provided superior
colloidal stability compared to hexadecylamine as used by Seo
et al., evidenced by the fact that no major restacking of the
sheets was observed in the TEM images. The ultrathin nature of
these oleylamine-stabilised WS, nanosheets was shown by the
low electron diffraction contrast under low magnification TEM
imaging.

3.3.2. One-pot method. Ding et al. synthesised a range of
TMD QDs - MoS,, WS,, RuS,, MoTe,, MoSe,, WSe, and RuSe, -
via a simple, scalable, room-temperature, biomineralization-
assisted ‘“one-pot” approach, using deuterated water as the
reaction medium.*” Using bovine serum albumin (BSA) as a
biocompatible surfactant, the resultant 3.9 nm diameter
2H-MoS, QDs were shown to be stable in aqueous suspension
after 3 months, which is vital to be suitable in biomedical
applications. The authors also produced a variety of other
biomolecule-stabilised MoS, QDs, using gluconate, poly-
arginine and cysteine. However, the BSA-stabilised MoS,
resulted in the synthesis of smaller, more monodisperse QDs.
This was shown to be due to the presence of disulfide bonds in
BSA, which have a much higher binding energy to MoS, QDs
compared to other functional groups such as thiol, carboxylic
acid and hydroxy groups. It is worth noting that this method is
very time efficient, with the synthesis taking only 10-20 s,
making it a much more attractive method for the synthesis of
TMD QDs compared to traditional, LPE-based methods, which
can typically take on the order of 24 h.*?

3.3.3. Calcination. One of the lesser explored routes for
the production of TMDs is calcination. Sharma et al. developed
a multi-step bottom-up process for the production of colloidal
WS;, which when subjected to calcination at 850 °C, transforms
into WS, nanosheets.** Although not as simple as hydrother-
mal or hot-injection processes which often only involve one or
two steps, this bottom-up synthetic process is advantageous for
multiple reasons. Firstly, it does not involve the introduction of
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Fig. 7 Lateral size- and thickness-controlled synthesis of WSe, nanosheets with the use of different capping ligands. (a) Visualization of single-layer
WSe, and its trigonal prism geometry with the ball-and-stick model. (b) Chemical equation for WSe, nanosheets. (c) TEM images of WSe, nanosheets
synthesized with (i) oleylamine, (i) oleyl alcohol, and (iii) oleic acid. (i and ii’) Magnified TEM images of the nanosheets, and (iii") pseudocolor image of the
single-layer nanosheets. (d) XRD patterns of WSe, nanosheets synthesized with (i) oleylamine, (i) oleyl alcohol, and (iii) oleic acid. (e) UV-vis absorption
spectra of WSe, nanosheets synthesized with (i) oleylamine (purple line), (ii) oleyl alcohol (orange line), and (iii) oleic acid (red line). Reproduced from

ref. 35.

surfactants to stabilise the nanosheets, which can affect
some of the material properties, such as conductivity. Secondly,
the product consists of monodisperse hexagonal sheets of pure
semiconducting WS,, composed of both 2H and 3R phase, and
contains no metallic 1T or 1T’ phase. Finally, and most
importantly, the process is highly scalable. The crystallinity
and purity of the sample should not vary with scale, allowing
for this process to have potential industrial scale applications.
The authors provided proof of this by scaling up their initial
synthesis 16-fold and producing 12 g of dry WS, nanosheets.

It is clear that the bottom-up synthesis of 2D TMDs is an
exciting new field. The various techniques employed to make
these materials are very versatile, and result in a wide variety of
high quality TMDs, with varying sizes, phases, morphologies
and other properties, with relative ease. The various synthetic
techniques are summarised in Table 1.

4. Applications

The benefit of the above-mentioned synthetic techniques is
that they mainly give rise to phase-pure, monodisperse pro-
ducts, and that the phase, size and morphology can often
be tuned by modification of the reaction conditions. TMDs
have a wide variety of already-established applications, as well
as potential applications, which are heavily dependent on their

152 | Mater. Adv., 2021, 2,146-164

size, phase and morphology. In this section, some of the main
applications of TMDs - biomedical, electronics and catalysis —
will be discussed, and the importance of ‘bottom-up’ synthetic
routes for achieving these applications will be highlighted.

4.1. Biomedical applications

TMD nanostructures possess many unique and interesting
properties which make them promising candidates for use in
biomedical applications. Semiconducting 2D TMDs, such as
MoS, and WS,, have a direct bandgap, with monolayer MoS, for
example exhibiting strong photoluminescence at 627 and
677 nm, making them exciting candidates for use in biosensing
and bioimaging.®*® The exceptionally high surface-to-volume
ratio of TMD nanosheets is also advantageous, as this is a key
factor in choosing suitable nanomaterials for drug delivery.®
However, one drawback is that they typically exhibit poor
stability in aqueous media, which can limit their potential
use in biomedical applications.®’ Surface functionalisation
with suitable surfactants or biomolecules can overcome this
problem. The benefit of bottom-up synthetic methods such as
hydro/solvothermal and hot injection syntheses is that they
involve the use of suitable surfactants or ligands that coordi-
nate to and stabilise the nanomaterial. Therefore, wet-chemical
bottom-up approaches to the synthesis of TMDs can allow for
the material to be synthesised and stabilised/functionalised in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 TEM images of WSe, nanocrystals synthesised via injection of 1 mL
of Ph,Se; (0.04 M in TOPO or OA) into a solution of W(CO)g (0.02 mmol) in
OA/TOPO. The final reaction mixtures contained (a) 2, (b) 10, (c) 100 or (d)
1000 eq. OA/W. Reproduced from ref. 39.

the same process. Furthermore, these wet-chemical synthetic
approaches often result in the production of more monodis-
perse, well-controlled TMD nanostructures than those obtained
via top-down approaches, which is vital in ensuring consistency
for biomedical applications.

PEGylation is a functionalisation method commonly used to
make nanomaterials more suitable for biomedical applications.
It involves the attachment of polyethylene glycol (PEG) mole-
cules to other entities.®” PEGylated nanomaterials have the
advantage of better water solubility, reduced immunogenicity
when introduced into the body, and prolonged blood circula-
tion time.®?

Kumar et al. developed PEGylated MoS, microspheres via a
hydrothermal method for use as potential anti-cancer agents.*’
Using ammonium heptamolybdate tetrahydrate and thiourea
as precursors, and the addition of PEG as a stabilising ligand,
they successfully produced 2-4 um microspheres, consisting of
bundles of ultrathin sheets of PEGylated 2H MoS,. The authors
found, through altering the concentration of PEG used in the
reaction, that PEG played a vital role in the self-assembly of the
PEGylated MoS, to form the hierarchical micro-spherical struc-
ture. These PEGylated MoS, microstructures were shown to
have excellent cytotoxicity towards cells from the MCF-7 breast
cancer cell line, due to PEGylation aiding in the cellular uptake
of MoS,. It is worth nothing that MoS, nanostructures have
been previously shown to exhibit low toxicity towards normal
cells. These ‘bottom-up’ synthesised MoS, nanostructures, thus
have the capability to act simultaneously as both imaging/
sensing and anti-cancer agents.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 2D WS, nanosheet crystal formation through rolling-out shape-
transformation processes of 1D W1gQO49 Nanorod precursors. (a) Schematic
diagram for the synthesis of 2D WS, nanosheet crystals. (b) TEM image of
W18049 nanorod precursors. (c—e) TEM images of 2D WS, obtained with
the reaction times of 10 min (c), 30 min (d), and 1 h (e) after the CS,
injection. (f) XRD analyses of the WS, single (top) and stacked (bottom)
nanosheet crystals (red lines: JCPDS reference card no. 08-0237). Repro-
duced from ref. 40.

One particularly exciting potential application of TMD
nanostructures is as agents for photodynamic (PDT) and photo-
thermal therapy (PTT).°»®> PDT is an anti-cancer treatment,
and involves the use of light and photosensitive species. When
the photosensitive compound is in the body, under conditions
of no light irradiation, it is non-toxic. However, when the
photosensitive compound is exposed to light of correct wave-
length, it is activated, producing reactive oxygen species (ROS).
ROS are toxic to cells, therefore inducing cell death in the
targeted area.®® PTT is a type of PDT which does not require the
generation of ROS. Instead, light irradiation (usually infrared)
of the photosensitive species triggers the release of heat, killing
the targeted cells.

Wang et al. produced MoSe, nanoflowers via a hot injection
approach for potential use as PTT/PDT agents, using sodium
molybdate and selenium powder as transition metal and chal-
cogen sources, respectively.’® The resulting semiconducting 2H
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Table 1 Comparison of different synthetic techniques for the production of various TMD materials

Method TMD materials Morphologies Phases Advantages Disadvantages Ref.

Hydrothermal MoS,, MoSe,, Microrods, micro/nanoparticles, Amorphous, Simple, one-step process, High temperatures 19-21

WS,, WSe, microspheres, nanosheets, 2H, 1T/AT"  aqueous phase synthesis and pressures and

nanoflowers, laterally confined required 45-55
monolayers (QDs)

Solvothermal MoS,, WS, Platelets, nanosheets, 3D 2H Simple, one-step process Requires solvents, 18, 22
self-assembled tubes may be hard to and

remove from the 23
final product

Hot injection MoS,, MoSe,, Laterally confined monolayers 1H, 2H, 1T’ High level of controllability, High temperatures,  32-
WS,, WSe, (QDs), nanoflowers, monolayer monodisperse products solvents may be 36, 39
and few-layer nanosheets hard to remove and
from the final 56-58
product
One-pot MoS,, WS, Laterally confined monolayers 2H Incredibly fast reaction — 42
method RuS, MoTe,, (QDs) time, uniform, monodisperse
MoSe,, WSe,, product, a wide variety
RuSe, QDs of TMDs possible
Shape- WS, ultrathin  Ultrathin nanosheets, 1T/, 2H Highly monodisperse Multi-step process, 40
transformation nanosheets stacked nanosheets product requires high and
quality W;5049 41
nanorods as
precursors
Calcination ~ WS, Nanosheets 2H, 3R Highly scalable, no use of Multi-step 44

MoSe, nanoflowers, which consisted of 150 nm diameter
bundles of sheets, each 3-4 layers thick, displayed a strong
absorbance in the NIR region, at 808 nm. These MoSe, nano-
f