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The chemistry of two-dimensional layered
transition metal dichalcogenide nanosheets

Manish Chhowalla™, Hyeon Suk Shin?, Goki Eda®>4>, Lain-Jong Li¢, Kian Ping Loh** and Hua Zhang’

Ultrathin two-dimensional nanosheets of layered transition metal dichalcogenides (TMDs) are fundamentally and technologi-
cally intriguing. In contrast to the graphene sheet, they are chemically versatile. Mono- or few-layered TMDs — obtained either
through exfoliation of bulk materials or bottom-up syntheses — are direct-gap semiconductors whose bandgap energy, as well
as carrier type (n- or p-type), varies between compounds depending on their composition, structure and dimensionality. In this
Review, we describe how the tunable electronic structure of TMDs makes them attractive for a variety of applications. They
have been investigated as chemically active electrocatalysts for hydrogen evolution and hydrosulfurization, as well as electri-
cally active materials in opto-electronics. Their morphologies and properties are also useful for energy storage applications

such as electrodes for Li-ion batteries and supercapacitors.

and arrangement of atoms in materials, dimensionality plays a

crucial role in determining their fundamental properties. This
has been most strikingly highlighted over the past few years with
two-dimensional (2D) graphene, which exhibits exotic condensed-
matter phenomena that are absent in bulk graphite'. The rapid
pace of progress in graphene and the methodology developed in
preparing ultrathin layers has led to exploration of other 2D materi-
als*". In particular, single layers of transition metal dichalcogenides
(TMDs) with lamellar structures similar to that of graphite have
received significant attention because some of them are semicon-
ductors with sizable bandgaps and are naturally abundant®®.

Graphene, while being fundamentally and technologically
interesting for a variety of applications, is chemically inert and
can only be made active by functionalization with desired mol-
ecules’, which in turn results in the loss of some of its exotic
properties. In contrast, single-layered 2D TMDs — whose gen-
eralized formula is MX,, where M is a transition metal of groups
4-10 and X is a chalcogen (Fig. 1) — exhibit versatile chemis-
try. This offers opportunities for fundamental and technological
research in a variety of fields including catalysis, energy storage,
sensing and electronic devices such as field-effect transistors and
logic circuits.

The properties of bulk TMDs are diverse — ranging from insu-
lators such as HfS,, semiconductors such as MoS, and WS,, semi-
metals such as WTe, and TiSe,, to true metals such as NbS, and
VSe,. A few bulk TMDs such as NbSe, and TaS, exhibit low-tem-
perature phenomena including superconductivity, charge density
wave (CDW, a periodic distortion of the crystal lattice) and Mott
transition (metal to non-metal transition)'*-?!. Exfoliation of these
materials into mono- or few-layers largely preserves their proper-
ties, and also leads to additional characteristics due to confinement
effects”. The chemistry of MX, compounds thus offers opportuni-
ties for going beyond graphene and opening up new fundamental
and technological pathways for inorganic 2D materials.

Recent research has shown that in addition to the composition

In this Review, we highlight some interesting properties of
monolayered TMDs and how they are influenced by their con-
stituent elements. Some recent progress on their synthesis, based
on chemical vapour deposition (CVD) and chemical exfoliation of
the bulk materials, is reviewed along with the implementation of
the resulting 2D materials as electrodes in energy storage devices,
electrocatalysts for the hydrogen evolution reaction, and as high-
performance materials for flexible opto-electronics devices.

Composition, crystal phases and electronic structure

Many TMDs crystallize in a graphite-like layered structure that
leads to strong anisotropy in their electrical, chemical, mechanical
and thermal properties”. Group 4-7 TMDs in Fig. la are predomi-
nantly layered, whereas some of group 8-10 TMDs are commonly
found in non-layered structures.

In layered structures, each layer typically has a thickness of
6~7 A, which consists of a hexagonally packed layer of metal atoms
sandwiched between two layers of chalcogen atoms. The intra-
layer M-X bonds are predominantly covalent in nature, whereas
the sandwich layers are coupled by weak van der Waals forces thus
allowing the crystal to readily cleave along the layer surface. Studies
have shown that the single layers are stabilized by development of a
ripple structure as in the case of graphene®*,

The metal atoms provide four electrons to fill the bonding states
of TMDs such that the oxidation states of the metal (M) and chal-
cogen (X) atoms are +4 and -2, respectively. The lone-pair electrons
of the chalcogen atoms terminate the surfaces of the layers, and
the absence of dangling bonds renders those layers stable against
reactions with environmental species. The M-M bond length var-
ies between 3.15 A and 4.03 A, depending on the size of the metal
and chalcogen ions. These values are 15-25% greater than the bond
lengths found in elemental transition metal solids, indicating limited
energetic and spatial overlap of the d orbitals in TMD compounds.
The metal coordination of layered TMDs can be either trigonal pris-
matic or octahedral (typically distorted and sometimes referred to
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Figure 1| Structure of monolayered TMDs. a, About 40 different layered TMD compounds exist. The transition metals and the three chalcogen elements
that predominantly crystallize in those layered structure are highlighted in the periodic table. Partial highlights for Co, Rh, Ir and Ni indicate that only

some of the dichalcogenides form layered structures. For example, NiS, is found to have apyrite structure but NiTe, is a layered compound. b,c, c-Axis and
[11-20] section view of single-layer TMD with trigonal prismatic (b) and octahedral (¢) coordinations. Atom colour code: purple, metal; yellow, chalcogen.
The labels AbA and AbC represent the stacking sequence where the upper- and lower-case letters represent chalcogen and metal elements, respectively.
d,e, Dark-field scanning transmission electron microscopy image of single-layer MoS, showing the contrast variation of 1H (d) and 1T (e) phases. Blue

and yellow balls indicate Mo and S atoms, respectively. f, Zigzag chain clusterization of W atoms due to Jahn-Teller distortion in single layer WS,. The
clustered W atoms are represented by orange balls. The V3a x a unit cell of the superstructure is indicated with a white rectangle. Images ind and e
reproduced with permission from ref. 12, © 2012 ACS. Image in f courtesy of T. Fujita.

as trigonal-antiprismatic) as shown in Fig. 1b and c, respectively. layers of atoms (X-M-X), can be in either one of the two phases.
Depending on the combination of the metal and chalcogen elements, Most commonly encountered polymorphs are 1T, 2H and 3R where
one of the two coordination modes is thermodynamically preferred.  the letters stand for trigonal, hexagonal and rhombohedral, respec-

In contrast to graphite, bulk TMDs exhibit a wide variety of poly-  tively, and the digit indicates the number of X-M-X units in the unit
morphs and stacking polytypes (a specific case of polymorphism)  cell (that is, the number of layers in the stacking sequence). There are
because an individual MX, monolayer, which itself contains three three different polytypes (that is, three different stacking sequences)
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for 2H polymorphs. A single TMD can be found in multiple poly-
morphs or polytypes, depending on the history of its formation. For
example, natural MoS, is commonly found in the 2H phase’ where
the stacking sequence is AbA BaB (The capital and lower case letters
denote chalcogen and metal atoms, respectively). Synthetic MoS,,
however, often contains the 3R phase where the stacking sequence
is AbA CaC BcB (ref. 25). In both cases, the metal coordination is
trigonal prismatic. Group 4 TMDs such as TiS, assume the 1T phase
where the stacking sequence is AbC AbC and the coordination of
the metal is octahedral. For the sake of simplicity, we will focus our
attention on monolayer TMDs in the discussions below.

It should be highlighted that monolayer TMDs exhibit only two
polymorphs: trigonal prismatic and octahedral phases. The for-
mer belongs to the Dy, point group whereas the latter belongs to
the D,; group. In the following discussion, they are referred to as
monolayer 1H (or Dy,)- and 1T (or D,,)- MX,, respectively. These
crystal phases can be differentiated using several techniques includ-
ing high-resolution scanning transmission electron microscopy in
annular dark field mode'?, as shown in Fig. 1d,e. Recent studies have
shown that due to the lattice match of the 1H and 1T phases of MoS,
and WS,, coherent interfaces between domains of the two phases
can also form'. Additional clustering can occur owing to distor-
tions (for example the zig-zag chain-like patterns shown in Fig. 1f,
and discussed at the end of this section).

The electronic structure of TMDs strongly depends on the coor-
dination environment of the transition metal and its d-electron
count; this gives rise to an array of electronic and magnetic proper-
ties as summarized in Table 1. In both 1H and 1T phases, the non-
bonding d bands of the TMDs are located within the gap between
the bonding (o) and antibonding (¢*) bands of M-X bonds as illus-
trated in Fig. 2a. Octahedrally coordinated transition metal centres
(Ds,) of TMDs form degenerate d.. 2 . (e,) and d,, ., (t,,) orbitals
that can together accommodate the TMDs’ d electrons (a maxi-
mum of 6, for group 10 TMDs). On the other hand, the d orbitals
of transition metals with trigonal prismatic coordination (D) split
into three groups, d.(a,), d,» 2, (e), and d,, . (¢'), with a sizeable
gap (~1 eV) between the first two groups of orbitals. The diverse
electronic properties of TMDs (see Table 1) arise from the pro-
gressive filling of the non-bonding d bands from group 4 to group
10 species. When the orbitals are partially filled, as in the case of
2H-NbSe, and 1T-ReS,, TMDs exhibit metallic conductivity. When
the orbitals are fully occupied, such as in 1T-HfS,, 2H-MoS, and
1T-PtS,, the materials are semiconductors. The effect of chalcogen
atoms on the electronic structure is minor compared with that of
the metal atoms, but a trend can still be observed: the broaden-
ing of the d bands and corresponding decrease in bandgap with
increasing atomic number of the chalcogen. For example, the band-
gap of 2H-MoS,, 2H-MoSe, and 2H-MoTe, decreases gradually
from 1.3 to 1.0 eV (ref. 25).

The preferred phase adopted by a TMD depends primarily on
the d-electron count of the transition metal. Group 4 TMDs (featur-
ing d° transition metal centres) are all in the octahedral structure
whereas both octahedral and trigonal prismatic phases are seen
in group 5 TMDs (d'). Group 6 TMDs (d?) are primarily found in
trigonal prismatic geometry and group 7 TMDs (d°) are typically in
a distorted octahedral structure. Group 10 TMDs (d°) are all in an
octahedral structure.

It is well known that intercalation with alkali metals induces
phase changes in some TMDs. For example, lithium intercalation
in 2H-MoS, results in transformation to the 1T polymorph*-%.
The reverse scenario of 1T to 2H transition has also been observed
in TaS, on Li intercalation®. Destabilization of the original phase
may be attributed to the effective change in the d-electron count —
through transfer of an electron from the valence s orbital of the alkali
metal to the d orbital of the transition metal centre — as well as the
relative change in the free energy of the two phases. Recent studies
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Table 1| Electronic character of different layered TMDs?.

Group M X Properties

4 Ti Hf, Zr S,Se, Te  Semiconducting (E,=0.2~2eV).
Diamagnetic.

5 V,Nb,Ta S,Se,Te Narrow band metals (p~10-* Q.cm) or
semimetals. Superconducting. Charge
density wave (CDW). Paramagnetic,
antiferromagnetic, or diamagnetic.

6 Mo, W S,Se, Te  Sulfides and selenides are semiconducting
(E;~1eV). Tellurides are semimetallic
(p~10Q cm). Diamagnetic.

7 Tc, Re S,Se, Te  Small-gap semiconductors. Diamagnetic.

10 Pd, Pt S,Se, Te  Sulfides and selenides are semiconducting

(E,=0.4eV) and diamagnetic. Tellurides
are metallic and paramagnetic. PdTe,
is superconducting.

p, in-plane electrical resistivity.

have shown that the phase transformation can be partial, produc-
ing a 2H-1T hybrid structure'™'?. Seifert and co-workers proposed
that phase stabilization of 1T through substitutional doping may
be a viable route to controlled local phase transformation, in turn
achieving metal-semiconductor hybrid structures®. As 1T-MoS,
and 1T-WS, exhibit metallic character, IH-1T interfaces represent
unique electronic heterojunctions across a chemically homogeneous
layer, indicating a potential route to molecular electronics devices.

In addition to phase transformation, several TMDs develop
a periodic distortion of crystal lattice (reminiscent of a CDW)
under certain conditions owing to instability in their electronic
structure?®?. Typically, CDW phases are stable at low tempera-
tures (<120 K for TaSe, and <40 K for NbSe,) but this CDW-like
lattice distortion has been observed at room temperature in some
intercalated TMDs. The driving force for such distortions in TMDs
is believed to be the Jahn-Teller instability’ — in which the split-
ting of partially filled degenerate orbitals causes a reduction of the
free energy’'. The formation of a superlattice by chain clusteriza-
tion of metal atoms has been observed at room temperature in
Li-intercalated MoS, and WS,; an example is shown in Fig. 1f'%
Instead of the hexagonal arrangement with a ‘a x @ unit cell (where
a is the lattice parameter), a V3a x a (or 2a x a), V3a x V3a, or
2v3a x 2V3a superlattice is formed by shifting the atoms from their
equilibrium position®. Interestingly, the distorted phase can be
metastable even after the intercalant is removed?®. The properties of
such distorted TMDs are expected to be significantly different from
that of their undistorted counterparts.

From three dimensions to two dimensions. Although a large
body of work on bulk and chemically exfoliated TMDs has been
conducted since the 1960s, a focused effort on deposition and iso-
lation of high-quality single-layer nanosheets was re-initiated after
the discovery of graphene®. Changes in interlayer coupling, degree
of quantum confinement, and symmetry elements lead to dramatic
differences in the electronic structure of single-layer TMDs com-
pared with the bulk counterparts. The effect is particularly pro-
nounced for semiconducting TMDs* .

The band structures of materials can be calculated from first
principles density functional theory (DFT) to gain further insight
in their electronic structure. Figure 2b shows the band structures
obtained for bulk and few- to mono-layer MoS,, a group 6 TMD
in trigonal prismatic structure. The bulk material is an indirect-
gap semiconductor having a bandgap of ~1 eV with a valence band
maximum (VBM) at the I point and a conduction band minimum
(CBM) at the midpoint along I'-K symmetry lines. In contrast, an
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Figure 2 | d-Orbital filling and electronic character of various TMDs. a, Qualitative schematic illustration showing progressive filling of d orbitals that are
located within the bandgap of bonding (¢) and anti-bonding states (¢*) in group 4, 5, 6, 7 and 10 TMDs. D, and D, refer to the point group associated
with the trigonal prismatic and the octahedral coordination of the transition metals (that is, the two monolayer polymorphs described in Fig. 1b). It should
be noted that this simple model assumes ideal coordination; structural distortion often seen in many tellurides and group 7 TMDs lead to deviation in

the electronic structure. The filled and unfilled states are shaded with dark and light blue, respectively. According to ligand field theory, D;, compounds
form two non-bonding d orbitals, d,, ., (bottom) and d 2 ,._,» (top), while D5, (or O,) compounds exhibit three d orbitals whose character is predomintly

dzz, dxz—yz,xyr andd

. (from bottom to top). When an orbital is partially filled (such as in the case of group 5and 7 TMDs), the Fermi level (E) is within the

band and the compound exhibits a metallic character. When an orbital is fully filled (such as in group 6 TMDs), the Fermi level is in the energy gap and a
semiconducting character is observed. b, Energy dispersion (energy versus wavevector k) in bulk, quadrilayer (4L), bilayer (2L) and monolayer (1L) MoS,
from left to right. The horizontal dashed line represents the energy of a band maximum at the K point. The red and blue lines represent the conduction and
valence band edges, respectively. The lowest energy transition (indicated by the solid arrows) is direct (vertical) only in the case of a single layer. Indirect
transition in monolayer (dashed arrow in 1L plot) is greater in energy than the direct band edge transition (solid arrow). ¢, Band structure of MoS, showing
six valleys and opposite spin-orbit splitting of the valence band at the K and K’ (-K) points. The red and blue surfaces represent spin-orbit-split valence
band maxima, each of which is associated with a particular electron spin. The green surfaces represent the conduction band minima or the valleys. Figures
reproduced with permission from: b, ref. 6, © 2010 ACS; ¢, ref. 36, © 2012 APS.

isolated monolayer of the same material is a direct-gap semiconduc-
tor with VBM and CBM coinciding at the K-point. This indirect-
to-direct bandgap transition on going from a bulk to a monolayer
material arises from quantum confinement effects. The transition is
manifested as enhanced photoluminescence in monolayers of MoS,,
MoSe,, WS, and WSe,, whereas only weak emission is observed in
multilayered form>®!***%_ In the case of group 6 TMDs, the size of
the monolayer bandgap is typically ~50% larger than that of bulk
materials®*.

Recent theoretical calculations have revealed intriguing physics
of spin and valley coupling in monolayer group 6 TMDs™*. A valley
quantum number is a property of an electron inside a crystal that
is associated with the electron’s momentum. Control of the valley
degree of freedom allows manipulation of information, in a simi-
lar manner to spintronics and electronics, where the spin degree of
freedom and the charge of an electron, respectively, are exploited.
Broken inversion symmetry and spin-orbit coupling are properties
of monolayer group 6 TMDs that allow access to the valley degree
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of freedom using circularly polarized light. There are two inequiva-
lent momentum valleys (energy minima), K and K’ (or -K), among
the six found at the corners of the first Brillouin zone of monolayer
group 6 TMDs (Fig. 2c). The valence band at these valleys splits
owing to strong spin-orbit coupling. For the monolayer MoS,, time-
reversal symmetry (a property in which motion is reversed when
time is reversed) requires that the spin splitting at different valleys
must be opposite, as shown in blue and red in Fig. 2¢, where K and
K’ show opposite situations. This leads to a unique situation where
spin and valley degrees of freedom are coupled. When band edge
electrons with a particular spin are excited with circularly polarized
light, the electrons populate only one of the two valleys. When
these electrons relax to the ground state, they emit circularly polar-
ized light, which is an indication that valley polarization is achieved
and preserved during the process. The ability to achieve controlled
valley polarization and its detection not only with light but also by
other means (for example by electric field) could open up new ways
for constructing switching ‘valleytronic’ devices.
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Figure 3 | Chemical exfoliation of monolayered TMDs. a, Schematic representation of the electrochemical lithiation process for synthesis of 2D
nanosheets from layered bulk materials*. The cut-off voltage used to optimize the electrochemical lithiation conditions for preparation of few-layer BN,
NbSe,, WSe,, Sb,Se; and Bi,Te; is also indicated. b, (i) Photographs of 2D nanosheet dispersions and (ii) the corresponding atomic force microscope
images on SiO, substrates*#’. The insets of the AFM images represent height profiles from the substrate onto the nanosheets. The height of the step at
the edge indicates the thickness of the nanosheets. Figures reproduced with permission from: a, b(i,ii) NbSe,, ref. 47, © 2012 Wiley; b(i) MoS,, WS,, TiS,,
TasS,, b(ii) WS,, TiS,, TaS,, ZrS,, ref. 42, © 2011 Wiley.
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Liquid exfoliation methods for preparation of 2D nanosheets
Mechanical exfoliation using the Scotch-tape method yields the
highest-quality monolayered samples, which are ideal for demon-
stration of high-performance devices and condensed-matter phe-
nomena*'"'>¥4 Liquid exfoliation methods are likely to be better
suited for fundamental and proof-of-concept demonstrations in
applications where large quantities of materials are required, such as
electrochemical energy storage, catalysis, sensing or fillers for com-
posites. Liquid exfoliation by direct sonication in commonly used
solvents such as dimethylformamide and N-methyl-2-pyrrolidone
has been used to disperse graphene*®*. Recently, this method was
employed to fabricate single-layer and multilayer nanosheets of
a number of layered inorganic compounds, such as MoS,, WS,,
MoSe,, NbSe,, TaSe,, NiTe,, MoTe,, h-BN and Bi,Te, (ref. 41).

To explore the relationship between the chemical structure of
the exfoliated nanosheets and their stability in suspensions, the dis-
persion and exfoliation of four inorganic layered compounds (WS,
MoS,, MoSe, and MoTe,) in a range of organic solvents were investi-
gated*. Also, a number of layered crystals including BN, TMDs and
transition metal oxides were successfully exfoliated in water. The
nanosheets were dispersed by sonication in an aqueous solution of
the surfactant sodium cholate, which coats the sheets, preventing
their re-aggregation. These direct sonication techniques rely on the
solvent or surfactant to overcome the cohesive energy between the
neighbouring layers; which means the solvents must be chosen to
have surface energies that are comparable to those of the material®.
The key challenge of these methods is to enhance the yield of the
single layers (as opposed to few-layers) and to maintain the lateral
dimensions of the exfoliated sheets. Sonication has the detrimental
effect of breaking the nanosheets (reducing their lateral dimensions)
but the yield of moderately large (>1 pm) and thin nanosheets can
be optimized with a careful choice of the starting mass, sonication
time and centrifugation conditions®. Similar challenges have been
overcome with graphene®, which suggests that further progress in
TMDs will also be possible.

One of the most effective methods for mass production of fully
exfoliated TMD nanosheets is the ultrasound-promoted hydration
of lithium-intercalated compounds. Recent reviews on this topic
by Benavente and co-workers®, and Golub and colleagues® pro-
vide additional details. Joensen and co-workers*” demonstrated the
preparation of single-layer MoS, with n-butyl lithium dissolved in
hexane as the intercalation agent. An important step in the lithium
intercalation process is the formation of Li XS, compound and
this reaction can be tuned to control the yield of monolayers. The
degree of lithiation also has implications on the amount of 1T phase
present in MX,. The lithiated solid product can then be retrieved
by filtration and washed with hexane to remove excess lithium
and organic residues from n-butyl lithium. The extracted product
can be readily exfoliated by sonication in water. The yield of this
method is very high (nearly 100% of the products are atomically
thin) as suggested by our recent work on MoS, (ref. 11). The key
advantage of the Li intercalation method is the ability to access the
metallic 1T phase that is induced through charge transfer from Li
to the TMD'"""2, To accommodate this additional charge, a local
rearrangement of the atomic structure from the 2H to the 1T phase
occurs. The metastable 1T phase remains even in the solid form and
the residual negative charge on the nanosheets is passivated by the
presence of a water bilayer containing protons or residual Li ions.
Our recent careful chemical analysis suggest that residual Li ions
are not present so the excess charge stabilizing the 1T phase is likely
to be due to the water bilayer. The current challenge is to control the
location and amount of 1T phase through controlled exposure of
single-layer TMD to Li.

Although the yield of the lithium intercalation method for obtain-
ing single-layer TMDs is nearly 100%, some challenges remain. The
first is that the experiment is carried out at high temperature (for
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example, 100 °C) for long durations (for example, three days). Also,
the lithium intercalation must be carefully controlled to obtain
complete exfoliation while preventing the formation of metal
nanoparticles and precipitation of Li,S. To address some of these
challenges, the Zhang group* developed a simple method for the
preparation of single-layer 2D nanosheets, such as MoS,, WS,, TiS,
and TaS,, through controllable lithium intercalation and subsequent
exfoliation in water or ethanol, as shown in Fig. 3a. The advantage
of this method is that lithium insertion can be monitored and pre-
cisely controlled so that the galvanostatic discharge can be stopped
at the desired lithium content to avoid decomposition of the lith-
ium-intercalated compounds. As a result, a series of high-quality
2D nanosheets have been successfully prepared. Following up this
work, the same group”” performed a systematic study of cut-off volt-
ages required for the preparation of few-layer BN, NbSe,, WSe,,
Sb,Se, and Bi,Te,. Their results are summarized in Fig. 3b, which
shows the stable 2D nanosheet dispersions and the AFM measure-
ments of single-layer MoS,, WS,, TiS,, TaS, and ZrS,, and few-layer
NbSe, nanosheets.

Chemical vapour deposition of single-layer TMDs

Chemical vapour deposition of graphene on copper has been a
major breakthrough that has enabled the preparation of large-
area graphene®*2. Very recently, synthesis of large-area ultrathin
MoS, layers using CVD has been demonstrated using several
approaches***’. Most of the current CVD research has focused on
MoS,; we therefore introduce the details of MoS, growth by CVD,
then discuss strategies for extending the methodology to other sin-
gle-layered TMD materials.

A two-step thermolysis process shown in Fig. 4a was reported
for deposition of three-layered MoS, sheets by dip-coating in
ammonium thiomolybdates [(NH,),MoS,] and converting to
MoS, by annealing at 500 °C followed by sulfurization at 1,000 °C
in sulfur vapour®. The chemical reaction leading to the formation
of the MoS, layers is (NH,),MoS, + H, > 2NH, + 2H,S +MoS,.
The second annealing at 1,000 °C is required for improving the
crystallinity (or the size of MoS, domains), so that the photolumi-
nescence intensity and gate dependency in field-effect transistor
(FET) devices can be observed. The FETs based on this material
exhibited n-type behaviours with the ON/OFF current ratio ~10°
and electron mobility up to 6 cm? V-'s™'. This sample precursor was
recently also used to grow epitaxial MoS, layers on graphene®, as
indicated in Fig. 4b.

A different strategy reported by Zhan and co-workers® for depo-
sition of single-layer MoS, is based on the sulfurization of Mo metal
thin films (Fig. 4c). Adsorption of sulfur on the Mo film to form
MoS, has been studied since the 1970s°*%, and it has been dem-
onstrated through low-energy electron diffraction, auger electron
spectroscopy and thermal desorption spectroscopy that sulfur
atoms form ordered phases on the Mo crystal face®. Nuclei of MoS,
appear in conjunction with chemisorbed sulfur species and then the
film is formed by the diffusion of sulfur, which is affected by pres-
sure and temperature®.

Lee and co-workers have reported an alternative method for
synthesizing large-area MoS, monolayer flakes using the gas-phase
reaction of MoO; and S powders” (Fig. 4d). They conclude that
treatment of substrates with aromatic molecules such as reduced
graphene oxide, perylene-3,4,9,10-tetracarboxylic acid tetrapotas-
sium salt (TPAS) and perylene-3,4,9,10-tetracarboxylic dianhydride
(PTCDA) priortodepositionassistsin the growth. Thereactionmech-
anism in their study is likely to be: MoOj; + x/2S = MoO,_, + x/2SO,
and MoO,_, + (7-x)/2S > MoS, + (3-x)/2S0,, where MoO, during
the reaction is an intermediate phase formed when x = 1. However,
full coverage of the substrate is a challenge using this method. Lin
and co-workers have shown that wafer-scale deposition can be
achieved using the same chemistry, where the few-layer MoS, was
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Figure 4 | Chemical vapour deposition of ultrathin TMDs. a, Schematic of MoS, layer deposited by two-step thermolysis, and the films obtained on a
sapphire and silica sustrate®. b, MoS, nanosheets on CVD graphene/Cu substrates through van der Waals epitaxy®. ¢, Schematic illustration of single- to
few-layered MoS, by sulfurization of Mo thin film®¢. d, Alternative method for the growth of a MoS, monolayer, also on a substrate (sample) from MoO,
and S powders through a gas-phase reaction. The substrate has been treated with aromatic molecules to assist the growth of larger flakes, as shown

by the optical micrograph and atomic force microscopic images of the triangular nanosheets that are obtained®’. The red circles represent the heating
reaction chamber. e, Wafer-scale deposition of mono- to few-layered MoS, films obtained by direct sulfurization of MoQj, thin films, and their transfer
onto arbitrary substrates®. f,g, CVD of ultrathin TMDs by vaporization and decomposition of a single precursor in solution (f) and by vaporization and
decomposition of metal and chalcogen precursors in solid forms (g). Figures reproduced with permission from: a, ref. 53, © 2012 ACS; b, ref. 55, © 2012

ACS; d, ref. 57, © 2012 Wiley; e, ref. 60, © 2012 RSC.

obtained after direct sulfurization of MoOj thin-films on sapphire
substrates (Fig. 4e)®.

Despite initial reports showing promise, large-area and uniform
growth of single-layer TMD by using CVD remains a challenge.
Thus far selenization of Mo films for formation of MoSe, (ref. 61)
and sulfurization of W (ref. 62) or WO, (ref. 63) film for WS, layers
along with the aforementioned MoS, work have been demonstrated.
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However, substantial work on TMD thin films such as MoSe,, WS,,
WSe,, VSe, and TiS, has been performed in the past two decades
and the conditions for growth of ultrathin TMD films are summa-
rized in Table 2%, These previous techniques can be classified into
three categories: (i) vaporization of metal and chalcogen precur-
sors and their decomposition, followed by deposition of TMD on
a substrate, (ii) direct sulfurization (or selenization) of metal film,
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Table 2 | Summary of precursors and growth conditions of various TMDs obtained using chemical vapour deposition.

TMD
MosS, (ref. 53)

Precursor

(NH,),MoS,* in DMF
by bubbling with Ar

MoSe, (ref. 64) MoCl; (heating at 255°C)
CgHqgSe (70°C) or C,H,,Sef (90°C)
WS, (ref. 65) WOCI, (heating at 176 °C)
HS(CH,),SH? (heating at 63°C)
WSe, (ref. 66) WOCI, (heating at 260 °C)

C4H:Se (heating at 70°C)
V(NMe,),! (heating at 130 °C)
CgH,gSe' (heating at 90 °C)
Ti(NMe,)," (heating at 150 °C)
ButSH* (57°C) or Bu,!S,** (115°C)

VSe, (ref. 67)

TiS, (ref. 68)

Growth condition
200 mTorr to 2 Torr at 400 °C

Atmosphere at 450 ~ 600 °C

Atmosphere at 250 ~ 600 °C

Atmosphere at 450 ~ 600 °C

Atmosphere at 250 ~ 500 °C

Atmosphere at 300 ~ 600 °C

Morphology

Hexagonal flake with 2 to 5 nm thickness

Thin film for CgH,sSe

Needle-like structures for C,H,,Se

Thin film

Plate-like crystallites mixed with needle-like crystal

Thin hexagonal platelets

Thin film

*(NH,),MoS,: ammonium tetrathiomolybdate. 'C4H,sSe: di-tert-butylselenide. :C,H, Se: diethylselenide. ‘HS(CH,),SH: 1,2-ethanedithiol. 'V(NMe,),: vanadium tetrakisdimethylamide.

Ti(NMe,) ;: tetrakis(dimethylamido)titanium. *BuSH: 2-methylpropanethiol. **Bu,'S,: tert-butyldisulfide

and (iii) conversion of MO, (metal oxide) to MS, (metal disulfide)
by sulfurization. The typical CVD precursors are summarized in
Table 2. These precursors can be fed into the reaction zone using the
experimental schemes shown in Fig 4f,g.

Surface chemistry of single-layer TMDs

When MX, is exfoliated into thin sheets, the prismatic edges and basal
planes are exposed, and edge termination by either M or X atoms is
possible depending on the chemical potential of the growth envi-
ronment. One important consequence of exfoliation is freeing the
adjacent MX, layers from s—p, orbital interaction, which causes the

b
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Figure 5 | Surface chemistry probed by adsorption of DBT. a, STM image
(52 x 52 A?) of a Mo-edge-terminated cluster after dosing of DBT at 300 K.
The white arrows indicate S vacancies. b, S-edge-terminated cluster after
dosing of DBT at 300 K. The STM image is 22 x 22 A2 ¢, lllustrations of

the adsorption of DBT on sites of Mo-edge-terminated (edge, left) and
S-edge-terminated (corner, right) clusters with S vacancies’. The red
curves in the case of the Mo-edge cluster show steric hindrance. d, STM
images (15 x 15 A2) of the corner sites of a Mo- and S-edge S vacancy sites
interacting with a DBT molecule. The distances between the S atom of DBT
and the corner Mo atom show that the shape of the MoS,material greatly
influences its interaction with DBT, and the efficiency of its desulfurization.
Figure reproduced with permission from ref. 70, © 2012 ACS.
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bandgap to widen. Changes in orbital hybridization also transform the
single-layer MX, from indirect-bandgap to direct-bandgap semicon-
ductors, thus giving rise to enhanced photoluminescence compared
with the bulk material®®. The exfoliated material exhibits chemistry
that is defined by the type of coordination bond at the edges.

Another added dimension of controlling the surface chemistry
of MX, is shape or size control. When the tri-layer X-M-X sheet is
reduced in size laterally, it gives rise to nanosheets with low-coor-
dination step-edges, kinks and corner atoms that induce additional
local chemical effects. Once the atom density in the nanosheets
drops below a critical threshold size, the effects of the edge and cor-
ner atoms can dominate over the basal plane atoms, so that the equi-
librium shape of the cluster can be controlled by modifying the edge
atoms®. The ‘missing’ coordination at the edges of MX, nanosheets
(sometimes also referred to as ‘open sites’) gives rise to metallic edge
states, which have important implications for catalysis, for exam-
ple, as a substrate can coordinate to these edge metal centres. The
quantum size effects also induce shifts in the valence band and the
oxidation potentials, thus permitting catalytic activities not possible
with the bulk band structure.

An example is triangular MoS, nanosheets synthesized by evapo-
rating Mo atoms in the presence of H,S gas, and affords a model
system for understanding subtle effects like size-dependent catalytic
properties. Lauritsen and Besenbacher applied scanning tunnel-
ling microscopy (STM) to classify the size-dependent properties
of such triangular MoS, nanocrystals grown on gold™. It turns
out that the optimization of S excess or vacancies at the edges can
critically influence the stability of the nanosheets. Sulfur vacancies
were first generated with atomic hydrogen (illustrated in Fig. 5a)
— they become the active sites in hydrodesulfurization. A particu-
larly refractory sulfur-containing molecule that is one of the most
challenging contaminants to remove from fuel, dibenzothiophene
(DBT), was used as a probe molecule to test the catalytic activities of
these MoS, nanosheets (as shown in Fig. 5b). Interestingly, detailed
STM studies showed that the location of the S vacancies in the trian-
gular clusters has direct consequences on their catalytic activity. For
large-area nanosheets, energetics favour the formation of S vacan-
cies on the edges, whereas for the small-sized sheets, they occur on
the corners. The consequence, shown in Fig. 5¢, is that steric con-
straints in the large nanosheets prevent DBT adsorption on the edge
S vacancies, but unrestricted access to the corner S vacancy sites on
small nanosheets allows favourable adsorption. In the case of small
MoS, nanosheets, the shape of the material can be engineered by
edge-plane functionalization because the equilibrium shape geom-
etry is highly sensitive to the energetics of the edge atoms. This
allows great tunability in the nanosheets’ reactivity and electronic
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which MoS, catalysts were grown®. Left, low magnification image of Ni foam coated with graphene and MoS,. Middle, the region indicated by the red
circle in the left image has been magnified to show the skeleton structure of the foam. Right, magnified region from the red circle in the central image,
showing the graphene/MoS, films on the polycrystalline Ni foam Figures reproduced with permission from: a, ref. 82, © 2007 AAAS; b, ref. 83, © 2012

AAAS; ¢, ref. 75, 2011 ACS; d, ref. 84, © 2012 Wiley.

properties (Fig. 5d). An important implication for the high density
of reactive edges is the possibility of modifying the catalytic reactiv-
ity of the MoS, by edge-site substitution with transition metals like
Co or Ni to form bimetallic catalytic sites.

Previous STM studies on MoS, monolayered nanosheets have
shown that edge modification is responsible for the enhanced cata-
Iytic activity in hydrodesulfurization catalysis”’. When promoter
atoms like Ni and Co adsorb on the edge of MoS,, they modify the
edge-plane coordination and change the equilibrium shape of MoS,
nanoclusters, which in turn alters the affinity of molecules to bind
to these sites through thiol groups™.
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Hydrogen evolution reaction

The identification of the low-cost TMD materials as potential electro-
catalysts for the hydrogen evolution reaction (HER; 2H* + e~ —> H,)
has opened up exciting paths in this area””*. However, their bulk
form has not been very efficient in HER, and nanostructuring TMDs
has been used to enhance the concentration of catalytically active
edges. Density functional theory calculations have also indicated
that the edges of MoS, nanosheets are active for HER”"”7. The HER
activity of various catalysts can be summarized in the ‘volcano plot,
where the exchange current density for different catalytic metals in
acids is plotted as a function of the DFT-calculated metal-hydrogen
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bond strength (or Gibbs free energy of absorbed atomic hydrogen
on metals; Fig. 6a). The HER activity reaches a peak value at inter-
mediate bond strengths for several rare metals including Pt, Rh, Re
and Ir. To find suitable replacement catalysts that are inexpensive,
electrochemically stable and environmentally friendly for the cur-
rently used costly Pt, Norskev and co-workers used DFT to build
a predictive model of HER activity based on the calculated adsorp-
tion energies”®”. According to their calculations, a reasonably high
activity for edge sites on lamellar MoS, was predicted®*®'. The result
showed that the hydrogen binding energy of MoS, is located close
to the top of the volcano curve, which was subsequently verified
by electrochemical measurements as shown in Fig. 6a®*.. Much of
the experimental work has stemmed from theoretical considera-
tions that suggested the metallic edges of trigonal prismatic (2H)
MoS, crystals are electrocatalytically active whereas the basal plane
remains inert. Jaramillo and co-workers have proved experimentally
that the dominant edge structure in 2H MoS, nanostructures is the
sulfide-terminated Mo-edge (referred to as the sulfided Mo-edge),
and that it is the active site for HER®. Recently, Karunadasa reported
the synthesis of a well-defined Mo"-disulfide inorganic compound
[(PY;Me,)MoS,]** as shown in Fig. 6b, which mimics the disulfide-
terminated edge sites of MoS, in catalytic hydrogen generation®.
The strength of this approach is that bimetallic organometallic com-
plexes with terminal sulfur ligands may be synthesized in future
from Mo, Co, W complexes, thus affording a rational approach for
making powerful molecular catalysts.

The Tafel slope, determined by electrode potential versus the log-
arithm of the current density, and usually reported in mV per dec-
ade, is typically used as a measure of the potential increase required
to increase the resulting current at the cathode by one order of mag-
nitude. Several recent reports have shown that the Tafel slopes for
the HER are similar when using monolayer MoS, flakes and nano-
particles, ranging from 40 to 60 mV per decade”. Li and co-workers
employed a template-assisted method to synthesize MoS, nano-
clusters with a high density of reactive edges, on reduced graphene
oxide (RGO)™. In this case, RGO acts as a template for the nuclea-
tion and growth of planar MoS, nanosheets, which would otherwise
aggregate into spherical forms in solution (see Fig. 6¢). The more
conducting RGO substrate also improves the charge-transfer kinet-
ics from the MoS, nanosheet catalysts to the electrode, resulting in a
Tafel slope of 41 mV per decade.

Thus far, the edge of the TMD materials has been recognized as
the active site for HER. However, if it is the metallic nature of the
sulfide edge that is responsible for the enhanced catalytic activity,
then the presence of the metallic 1T phase in the Li-exfoliated MX,
TMDs should substantially enhance the catalytic activity. However,
the catalytic property for the 1T phase remains an important and
open question that requires more investigation. Calculations on MoS,
have shown that only a quarter of the edge sites are active for hydro-
gen production. Increasing the number of active edge sites per unit
area or volume by modifying the atomic structure or the nanostruc-
ture, or by changing the electronic structure of the system to increase
the enthalpy of hydrogen adsorption, or even by incorporating the
TMD nanosheets into conducting nano- or micro-sized templates,
have remained important issues for efficient hydrogen production.
A recent study has demonstrated efficient electrocatalytic hydrogen
generation using MoS, catalysts supported by a three-dimensional
Ni foam, deposited with graphene layers as a microporous support-
ing template (such as the one shown in Fig. 6d). Here, the graphene
layer was used as an interface to provide robust protection of Ni
against corrosion from acid*. This approach could lead to tailored
geometrically designed electrodes that not only increase the activity
of the catalysts but also facilitate the reaction kinetics.

The stability of MX, against photocorrosion is advantageous in
photochemical reactions compared with materials such as CdS. The
variable bandgap of different MX, materials suggests that they can
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harvest light over a wide range from ultraviolet to infrared wave-
lengths. Their optical properties can be also be tuned by size confine-
ment and functionalization®. All these attributes suggest that MX,
are attractive in photochemical water-splitting and battery applica-
tions, where the metallic edge effects are useful in charge transfer
and the basal plane inactivity protects against electrolyte decompo-
sition. Increasing evidence suggests that when MoS, is hybridized
with other materials, superior performance in electrocatalytic- or
charge-storage applications can be obtained due to synergistic
interactions. In the absence of a noble-metal co-catalyst, Xiang and
co-workers demonstrated the cooperative effect of the TiO,/MoS,/
graphene composite for water splitting, achieving a high H, produc-
tion rate of 165.3 umol h™* when the content of the MoS,/graphene
co-catalyst is 0.5 wt%. Increasing the content of graphene in this
co-catalyst to 5.0 wt% increases the apparent quantum efficiency
to 9.7% at 365 nm (ref. 86). Furthermore, by using a hydrother-
mal method, Zhang and colleagues synthesized few-layer MoS,
nanosheets coated on TiO, nanobelts, which showed high photo-
catalytic hydrogen production even without the Pt co-catalyst®’.

Energy storage applications

The interlayer spacing of TMDs provides a convenient environment
for the accommodation of a variety of guest species, for example Li*
ions. Bulk TMD materials such as MoS, and WS, have been investi-
gated as electrode materials for lithium ion batteries because Li* ions
can be easily intercalated or extracted from these materials®**. But
lithiation of these compounds leads to structural instability during
the exfoliation step, as described above. Furthermore, their relatively
low average voltage and energy density limits their potential as cath-
ode materials®. In contrast, exfoliated nanosheets are in some ways
very attractive as anodes for lithium ion batteries, and do not suffer
from the structural instability of bulk crystals because the nanosheets
are loosely stacked and can accommodate structural changes.

The electrical conductivity of TMDs (both in bulk and exfoli-
ated forms), however, is too low for their effective implementation
as electrodes. Besides conductivity, other factors such as morphol-
ogy, structure and particle size have been shown to be important
parameters in the performance of TMDs as anodes in lithium ion
batteries. For MoS,/graphene composites, a Mo:C molar ratio of 1:2
exhibits the highest specific capacity of ~1,100 mAh g at a current
of 100 mA g, as well as good cycling stability and high-rate capa-
bility. The superior electrochemical performance of MoS,/graphene
composites as lithium ion battery anodes is attributed to their robust
composite structure and the synergistic effects between layered
MoS, and graphene® . It is interesting to note that the coulombic
efficiency of MoS, as an anodic material is much higher than those
of graphene oxide and its derivatives in lithium ion batteries. This
may be due to the basal plane inactivity of MoS, that discourages
surface trapping of lithium compared with graphene oxide-based
materials that have highly reactive oxygen functionalities.

The cycling stability of the TMD electrodes remains challenging,
but can be enhanced by integration with carbonaceous materials
through deposition of MoS, layers on thermally carbonized organic
conducting polymers® and carbon nanotubes®, or by coating car-
bon onto TMDs using CVD*. The deposition of carbon onto TMDs
extends cycling stability through an enhancement of the electrical
conductivity. A similar effect can also be achieved by forming elec-
trodes that consist of graphene/MoS, hybrid nanosheets”. Loss
that occurs during the first cycle is still the major issue for TMD-
based anodes, and must be minimized if TMD nanosheets are to
become useful for energy storage applications.

Single-layer TMDs for high-performance electronics

There has also been substantial interest in utilizing 2D TMD
nanosheets for FETs and other high-performance devices.
Electronic properties and device integration are discussed in a
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recent review* and other contributions”'””, so we only mention a
few key points here. The results from MoS, monolayer FET devices
show excellent ON/OFF current ratio (>107), the absence of short
channel effects and exceptionally low sub-threshold swing (~60-
70 mV per decade)'®. These characteristics make them ideal for
back-plane-switching FETs in the next generation of low-power
and transparent displays.

In addition to high-performance logic devices, monolayered
TMD nanosheets are also ideal for large-area electronics that are
flexible and transparent. The bendability of the CVD-grown MoS,
layers has been demonstrated on highly flexible thin-film transis-
tors. Pu and co-workers fabricated a MoS, FET with ion gel dielec-
trics on a flexible polyimide substrate'®. The FET device exhibited
good electrical performance with an ON/OFF ratio of 10°, mobility
of 12.5 cm? V™' s7!, a low operating voltage of 0.68 V and a remark-
ably high mechanical flexibility. In addition to flexible electronics,
coupling the fast optical response with high mobility should also
lead to sensitive photodetectors'®.

Conclusions and outlook

The rich chemistry of mono- and few-layered TMDs offers many
opportunities for the investigation of fundamental phenomena
and their practical purposes. The diversity of the materials that
are accessible and their versatile and tunable properties make
them attractive for a wide range of applications from energy stor-
age and catalysis for hydrogen evolution to opto-electronics. In
this Review, we have highlighted some key features of TMDs when
they are exfoliated into single or a few layers. Scalable exfoliation
using chemicals will enable the large-scale synthesis of sheets with
controlled structures and functionalities, although CVD methods
are still to be developed for growing single and uniform monolay-
ered sheets over large areas. It is also important to devise routes
to control the doping of TMDs to construct p- and n-type het-
erostructures for electronics, spintronics and valleytronics. The
surface chemistry of single-layer TMDs has proved crucial in
processes such as photochemical water-splitting, electrocatalytic
hydrogen evolution and energy storage. Several other key chal-
lenges remain that must be resolved in the near term: electrical
conductance and cycling stability of TMD nanosheets must be
enhanced for use as electrodes for energy storage. The density of
active sites must also be improved for catalysis — this would make
the entire basal plane of the TMD nanosheets catalytically active,
rather than just the edges. Finally, controlled and well designed
heterostructures must be synthesized for implementation into
electronic devices. The vast number of possibilities in terms of
designing and fabricating different compounds, and integrating
them in hetero-lattices vertically and laterally to achieve tailored
properties for specific applications, will require substantial inter-
actions between experimentalists and theorists.
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