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Preface

The great accomplishment of graphene has been pursued by an equally inspiring
surge for the expansion of other 2D materials isolated from its original van der Waals
crystal that can form atomic sheets with extraordinary properties. Among them,
transition metal dichalcogenides (TMDs) are layered materials which are composed
of type MX2 of group VIA, where M is a transition metal atoms (M=Mo, W and
X=S, Se, Te), and are emerging next-generation semiconductor materials.
Depending on the arrangement of the atoms, the structures of 2D TMDs can be
categorized as trigonal prismatic (hexagonal, H), octahedral (tetragonal, T), and their
distorted phase (TO0). Depending on their chemical compositions and structural
configurations, atomically thin 2D materials can be categorized as metallic,
semimetallic, semiconducting, insulating, or superconducting. Two-dimensional
TMDs exhibit unique electrical and optical properties that evolve from the quan-
tum confinement and surface effects that arise during the transition of an indirect
bandgap to a direct bandgap when bulk materials are scaled down to monolayers.
The tunable bandgap in TMDs is accompanied by strong photoluminescence
(PL) and large exciton binding energy, making them a potential candidate for a
variety of optoelectronic devices, including solar cells, photodetectors,
light-emitting diodes, and phototransistors. For instance, unique properties of MoS,
including direct bandgap (~1.8 eV), good mobility (~700 cm® V~'s™"), high
current on/off ratio of ~ 10’~10°%, large optical absorption (~ 10" m™" in the visible
range), and a giant PL arising from the direct bandgap (1.8 V) in monolayer have
been studied widely for various electronics and optoelectronics applications.

This book solely focuses on the “transition metal dichalcogenides (TMDs)” and
deals with the “synthesis, properties, and application” aspects of the materials.
Moreover, the current challenges and future perspectives on the development of 2D
TMDs are comprehensively discussed in this book with the hope that the book will
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provide a deep insight into the state of the art of transition metal dichalcogenides.
We would like to thank the editorial assistance and patience as well as Springer for
the invaluable help in the organization of the editing process.

Seoul, Korea (Republic of) Narayanasamy Sabari Arul
Gobichettipalayam, India Vellalapalayam Devaraj Nithya
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Chapter 1 ®)
Two-Dimensional Transition Metal Grectie
Dichalcogenides: An Overview

Tao Liang, Yu Cai, Hongzheng Chen and Mingsheng Xu

Abstract Two-dimensional materials attract enormous research attentions owing to
the fascinating properties and great potential applications in electronics, optoelec-
tronics, spintronics, energy conversion, and storage. Among them, two-dimensional
transitional metal dichalcogenides exhibit exceptional properties such as tunable
bandgaps, phase transition, and superconductivity. As such, two-dimensional transi-
tional metal dichalcogenides have been extensively studied focusing on the property,
synthesis, modification, and devices. Furthermore, the combination of different two-
dimensional transitional metal dichalcogenides brings in versatile functionalities and
the proof-of-concept electrical devices such as tunneling field-effect transistors, light-
emitting diodes and photovoltaics have been demonstrated in the planar or vertical
heterostructures. Thus in this chapter, we summarize the basic knowledge and previ-
ous research results about the two-dimensional transitional metal dichalcogenides,
emphasizing the atom structure, band structure, and electrical applications.

1.1 Introduction

Since graphene was first isolated from highly oriented pyrolytic graphite (HOPG)
in 2004 [1], the excellent properties of graphene are motivating rapidly growing
research enthusiasms in the layered materials, especially when they are thinned down
to the atomic thickness. For layered transition metal dichalcogenides (TMDs), two-
dimensional (2D, referring to few-layer and monolayer herein) ones exhibit distinct
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Fig. 1.1 Known layered TMDs in the periodic table highlighted with shadow

properties from the bulk counterparts owing to the quantum confinement effect and
broken inversion symmetry.

Thus, increasing research efforts are devoting to this field, and the fantastic prop-
erties of 2D TMDs are continuously being revealed. Depending on the filling state
for the d band of the metal elements, 2D TMDs can be semiconductors with varied
band structures, semimetals, true metals, and superconductors, which determine their
roles in the electronic devices. The already known layered TMDs are outlined in a
periodic table with shadow background (Fig. 1.1), and a majority of their 2D coun-
terparts have been theoretically predicted and experimentally synthesized. In this
chapter, the atoms arrangement, band structure, and electronic applications of the
most studied 2D TMDs are reviewed. Other aspects of the 2D TMDs such as synthe-
sis methods, characterization technique, application in catalysts, and heterostructure
assembly can be found in details in the following chapters. The readers can also refer
to a comprehensive review for more information about 2D materials [2].

1.2 Group VIB TMDs (MoS,, WS,, MoSe,, WSe;, MoTe;,
WTe;)

1.2.1 Atoms Arrangement and Band Structure

As one of the most widely studied group VIB TMDs in the twentieth century, MoS,
attracted a lot of research interest focusing on its tribological properties [3]. The
renewed research interest in group VIB MX; (M = Mo and W, X = S, Se, and Te)
following the discovery of graphene concentrates upon the electronic and catalytic
properties of 2D counterparts. The tunable bandgap, high carrier mobility, and large
surface area of 2D MX, render them potential application in electronics [4], opto-
electronics [5], and catalysts [6]. Moreover, the reduced dimension along the vertical
direction provides an ideal platform to study solid-state physics such as robust exci-
tonic effects [7], spin-orbit coupling [8, 9], and many-body interactions [10], which
are difficult to be observed in the bulk materials.
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Fig. 1.2 aBall-and-stick model of 1T, 2H, and 3R polymorphs of group VITMDs [14]. Reproduced
by permission of the Royal Society of Chemistry. b, ¢ Atomic resolution STEM images of 1T (b) and
1H (c) phase of monolayer MoS,. Blue and yellow balls represent Mo and S atoms, respectively
[15]. Copyright 2013. Reprinted with permission from Macmillan Publishers

In similarity to graphite, MX, monolayers are held together by interlayer van
der Waals (vdW) force to construct the bulk materials. The vdW force is several
orders of magnitude weaker than the in-plane covalent bonding, making it feasible
to obtain the monolayers through top-down routes including mechanical and liquid
exfoliation. As such, most of the early theory verification and demonstration of
proof-of-concept electronic devices based on 2D MX, were realized through this
route [4, 5, 8, 11-13]. Different from the planar carbon sp? hybridization within each
graphene layer, monolayer MX, is in fact composed of three sublayers of atoms,
with one metal (M) sublayer sandwiched between two sublayers of chalcogenide
(X) atoms, as shown in Fig. 1.2a [14]. Each M atom is sixfold coordinated with
X atoms, forming either trigonal prismatic or octahedral geometry. In the trigonal
prismatic atom arrangement, the above three X atoms are vertically above the below
ones, while they stagger in the octahedral geometry.

The bulk MoS, shows polymorphs depending on the atoms arrangement in each
monolayer and the relative position between monolayers. The three most commonly
observed polymorphs of MoS,; are 1T, 2H, and 3R. The number (1, 2, and 3) repre-
sents the layer number in the unit cell, and the letter stands for symmetry (T-trigonal,
H-hexagonal, and R-rhombohedral). Figure 1.2b and c shows the atomic resolution
scanning transmission electron microscopy (STEM) images for monolayer 1T and
1H MoS,, respectively [15], consistent with the corresponding ball-and-stick model
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in Fig. 1.2a. For sulfide and selenide, the 2H phase is stable, and the 1T phase is
metastable, while for telluride, the 1T phase is more energetically favorable. The 2H
phase could be converted to 1T phase under certain conditions, such as Li-ion interca-
lation, strain, electron beam, laser beam irradiation, as well as plasma bombardment.
Conversely, the 1T phase could also be converted to 2H phase [16-20]. The most
prominent feature of the group VIB TMDs is the layer-dependent band structure
tunability. In the bulk materials, they own an indirect bandgap, which changes to
direct one when being thinned down to monolayer limit [11].

Figure 1.3a—c shows the MoS; band structure of varied layer numbers calculated
by density functional theory (DFT) [21]. In the bulk form, MoS, owns an indirect
bandgap of about 1.2 eV. The valence band maximum (VBM) locates at the I" point,
and the conduction band minimum (CBM) locates in the middle of I'-K direction
in the Brillouin zone (Fig. 1.3a). As the layer number reduces, the VBM and CBM
shift due to quantum confinement effects (Fig. 1.3b). A direct bandgap of about
1.9 eV is finally achieved in monolayer MoS, with both VBM and CBM sitting in
the Brillouin zone K point (Fig. 1.3c). Other group VIB TMDs exhibit similar band
structure evolution as a function of layer number [21-24]. Figure 1.3d shows the
calculated band structure of monolayer WS, [21]. A direct bandgap of ~2.1 eV is
predicted, in contrast to the ~1.3 eV indirect bandgap in the bulk form [21].

As aresult of the band structure evolution, the photoluminescence (PL) emission
dramatically increases when layer reduces (Fig. 1.3e). The PL quantum yield in
monolayer MoS, is 100-fold higher than bilayer MoS, and four orders of magnitude
higher than bulk MoS; (inset in Fig. 1.3e). Similarly, the electroluminescence (EL)
efficiency in monolayers is also higher than the bulk materials [12], due to more
efficient exciton generation and photon emission. The monolayer bandgap in the
range of 1-2 eV, corresponding to the visible and near infrared spectrum range,
and the direct bandgap nature render monolayer group VIB TMDs for constructing
high-efficiency photodetectors, photovoltaics, and light-emitting diodes.

1.2.2 Electronics

2D group VIB TMDs are promising candidates for next-generation high-performance
transistor channel materials, ascribing to the high conductivity, atomic thickness,
and ultra-flat surface without dangling bonds. The first monolayer MoS, field-effect
transistor (FET) is reported by Kis et al. [4]. The cross-sectional view of the device
structure and the electrical connection (Fig. 1.4a), and the transfer and output curves
of the device are displayed in Fig. 1.4b.

From the curves, field-effect electron mobility of ~200 cm?/V's and current on/off
ratio exceeding 1 x 10% were extracted. The mobility is significantly boosted com-
pared with its mostly reported 1-10 cm?/V's on SiO,, ascribing to the suppression of
Coulomb scattering by the top deposited HfO, layer. Fuhrer and Hone [25] pointed
out that the capacitive coupling between the top and bottom gates could result in
an overestimation of the mobility and the true mobility is likely in the range of
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Fig. 1.3 a—d DFT calculated band structure of bulk MoS; (a), bilayer MoS; (b), monolayer MoS;
(¢), and monolayer WS, (d). The arrows indicate the fundamental bandgap, and the horizontal
dashed lines indicate the Fermi level [21]. Copyright 2011 by the American Physical Society.
Reproduced with permission (e) PL spectra for mono- and bilayer MoS, samples. The inset shows
the PL quantum yield as a function of layer number [11]. Copyright 2010. Reproduced with per-
mission from American Physical Society

2-7 cm?/Vs. And thus Hall effect measurements were later performed, from which
the mobility, contact resistance, and capacitive coupling can be obtained simulta-
neously [25]. One device exhibited mobility of 168 cm?/Vs at 4 K and 60 cm?/V's
at 250 K [25]. Other factors besides Coulomb scattering such as defects, charged
impurities, and metal-semiconductor contact are also liable for the measured rela-
tively low mobility in a FET device compared with the theoretical phonon-limited
value. For example, through a thiol chemistry route to repair the sulfur vacancies
and interface modification, Wang et al. achieved >80 cm?/Vs electron mobility in
monolayer MoS; bottom-gated FET [26].

To reduce the Schottky barrier height at the interface between metal electrode and
MoS; channel, Chhowalla et al. [16] converted part of the MoS, flake underneath
the metal electrodes from 2H to 1T phase, decreasing the contact resistance from
0.7-10 k2 pm to 200-300 2 pm.
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Fig. 1.4 a Cross-sectional view of the monolayer MoS, FET and the electrical connection for
measurement. b Room temperature transfer and output (inset) curves for the monolayer MoS;, FET.
The transfer curve is obtained at V45 = 10 mV, and the output curves are obtained at Vi, =0, 1 and
5V [4]. Reprinted by permission from Macmillan Publishers Ltd., copyright (2011) ¢ 3D schematic
(left) and false-colored SEM image (right) of MoS, FET with SWCNT gate. d Ip-Vgs curves of a
bilayer MoS, FET at Vgs =5 V and Vpg =50 mV and 1 V. e Ip-Vpgs curves for the device at Vg
=5 V and varying Vgs. f Ip-Vgs curves at Vps = 1 V and varying Vg [36]. Copyright 2010.
Reproduced with permission from AAAS

As a consequence, excellent device performance including high mobility, high
on/off current ratio, current saturation, and low subthreshold swing (SS) was real-
ized. Similarly, graphene was tested as an electrode material for MoS, FET to realize
an ohmic contact [27]. Duan et al. devised an electrode transfer method to address the
problem of Fermi-level pinning at the metal-semiconductor interface [28]. Instead of
the conventionally evaporated metal electrodes, the transferred metal pads which are
vdW interacted with the pre-deposition MoS, channel exhibited prominent advan-
tages in maintaining the integrity of the underlying channel material and eliminating
metal-semiconductor chemical bonding. The Fermi-level pinning in MoS, channel
is eliminated and the metal-semiconductor Schottky barrier height is tuned and pre-
dicted by Schottky—Mott model. High electron mobility of 260 cm?/Vs and hole
mobility of 175 cm?/Vs were realized by choosing metals electrodes with appropri-
ate work functions [28]. The electrical performance of MoS, FETs is also closely
correlated with the layer number and the substrate [29-31]. Compared with MoS,,
the electrical performances of other 2D group VIB TMDs are less investigated. How-
ever, they were proposed to exhibit superior electrical performance dictated by the
theoretical calculation and existing experimental studies [32-35].

As the traditional silicon-based metal-oxide-semiconductor FET (MOSFET)
scales down to the limit, the short channel effects become adversely prominent.
Benefiting from the ultrathin and surface bonding-free nature, the 2D group VIB
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TMDs are promising candidates to construct high-performance FETSs at a reduced
channel length. To implement such a conception, a single-walled carbon nanotube
(SWCNT) was used as the bottom gate to tune the bilayer MoS, FET (Fig. 1.4c) [36].
The effective channel length was about 1 nm in the on state and 3.9 nm in the off
state inferred from the simulation. Figure 1.4d—f shows the electrical performance
of the MoS, FETs gated by SWCNT at a short channel length. A nearly ideal SS
of ~65 mV per decade at room temperature and on/off current ratio of ~10° were
realized. More complicated device components in logical circuits were also devised
and preliminarily tested based on group VIB TMDs FET [37-40].

1.2.3 Photo-, Chemical, and Bio- Sensors

The high performance of 2D group VIB TMDs FETs, as well as the large exposed
surface, provides a good platform for their applications in sensing light, chemicals,
and biomaterials, through a stimulus to electrical signal switch process. For most of
the sensing devices based on 2D materials FETs, the change of the carrier concentra-
tion in the channel material upon applying a stimulus is responsible for the electrical
response, similar to the function of a top gate. The first single-layer MoS, phototran-
sistor was reported by Zhang et al. [5] and a photoresponsivity of 7.5 mA/W and a
prompt response time of ~50 ms were achieved.

Later, high photoresponsivities of 880 and 2200 A/W were reported by Kis et al.
[41] and Li et al. [42], respectively. Figure 1.5a shows a schematic of the single-layer
MoS,; phototransistor and Fig. 1.5b shows the source-drain current versus source-
drain voltage (145-V 45) curves of the phototransistor under dark and different illumi-
nation intensities. The increased current with the illumination intensity was ascribed
to the photoelectric and photo-thermoelectric effects [43, 44]. The monolayer MoS,
FET is also suitable for detection of chemical vapors, especially those of electron
donors (Fig. 1.5¢). Figure 1.5d shows the conductivity change of monolayer MoS,
channel upon exposing to a sequence of 0.002% P triethylamine pulses (black line).
The amplitude of conductivity change was in proportion to triethylamine concentra-
tion and the control experiment of exposure to nitrogen and water vapor confirmed
that the observed response was due to interaction of the MoS, with triethylamine. The
MoS; sensor is less sensitive to electron acceptors, owing to the weak n-type nature of
the MoS, flakes. The MoS, FET for label-free bio-detection was also demonstrated
[46]. In this device architecture (Fig. 1.5e), the MoS, channel was covered with a
dielectric layer, which was functionalized with receptors for explicitly capturing the
target biomolecules.

When the target biomolecule was captured by the receptor biomolecule, it would
induce a gating effect and modulate the current between the source and drain elec-
trodes. Figure 1.5f shows the /45-V ¢ (gate voltage) curves of the MoS; biosensor at
three PH values of the solution. At low PH value (PH = 3), the surface OH groups
of the dielectric layer tended to be protonated, causing a positive surface charge and
reduced threshold voltage. The source-drain current (/45) increased with the decrease
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Fig. 1.5 a Schematic of the single-layer MoS; phototransistor. b /4s-V g5 curves of the phototransis-
tor under dark and different illumination intensities. The inset image shows the spatial photocurrent
map by raster-scanning of a focused laser beam over the device. Scale bar, 5 um [41]. Copyright
(2013). Reprinted with permission from Macmillan Publishers ¢ Schematic of the device structure
of monolayer MoS; chemical sensor. d Conductivity variation of monolayer MoS, sensor channel
upon exposing to a sequence of 0.002% Py triethylamine pulses (black line). The dashed blue line
shows the pulse timing (15 s on/30 s off) and concentration. The solid red and green lines show the
response to nitrogen and water vapor (0.025% Py), respectively. The purple line shows the response
of graphene sensor to water vapor pulses (0.025% Pg) [45]. Copyright 2013 American Chemical
Society. Published with permission e Schematic of the device structure of MoS; biosensor. f I45-V g5
curves of the MoS, biosensor at three PH values of the solution [46]. Copyright 2014. Reproduced
with permission from American Chemical Society

in pH value. The sensitivity as high as 713 for a pH change by 1 unit in the sub-
threshold region and a wide operable pH range from 3 to 9 were demonstrated. This
kind of MoS; biosensor was also used for specific protein detection at an ultralow
concentration [46].

1.2.4 Tunneling FET

Tunneling FETs (TFET) have been realized in graphene-based van der Waals het-
erostructures [47, 48]. In those work, 2D MoS, or WS, layers were inserted between
the graphene layers, acting as atomically thin barrier. High-performance TFET char-
acteristics were obtained in such a device structure. Banerjee et al. [49] devised a
novel TFET utilizing band-to-band tunneling (BTBT). The device structure is shown
in Fig. 1.6a. Under a bias, electrons flow from degenerately doped p-type Ge to the
MoS; channel in a BTBT way and diffuse to the drain electrode.

In the off state, only the electrons above the conduction band of Ge could move
to MoS, according to the band alignment between Ge and MoS,. The current was
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Fig. 1.6 a Schematic of the band-to-band tunneling FET. The red arrows show the electron transport
path. The electrons band-to-band tunnel (BTBT) from Ge source to MoS; channel, and laterally
diffuse to the drain electrode. b /45-Vgs curves for three different drain voltages of 0.1, 0.5, and
1V, from which the SS were obtained [49]. Copyright (2015). Reproduced with permission from
Macmillan Publishers

low due to the lack of available electrons in the conduction band. As the gate voltage
was increased, the MoS, conduction band was lowered below the Ge valence band.
The electrons in the Ge valence band could flow to the empty states in the MoS,
channel, leading to an abrupt increase in current. The drain current as a function of
gate voltage at three different drain voltages is shown in Fig. 1.6b. Ultralow SS all
below 60 mV per decade over about four decades of current were deduced from the
three curves, breaking the fundamental limitations on SS in MOSFETs.

1.2.5 Light Emitters and Photovoltaics

Similar to the PL, EL in 2D group VIB TMDs originates from the excitonic recom-
bination. They are supposed to exhibit more efficient light emission being direct
bandgap semiconductors in the monolayer limit. In a pioneer work by Steiner et al.
[12], a pair of electrodes were deposited and contacted with the single-layer MoS,.
Electrons were injected from one electrode to the conduction band of MoS, and
combined with holes, forming excitons under a high source-drain voltage. This is
known as a hot carrier process, and the light emission is localized in the vicinity
of the contacts. 2D p-n junction is more efficient in exciton generation and requires
a reduced source-drain bias. Three independent groups reported the construction of
2D p-n junctions within monolayer WSe; through local electrostatic doping [50-52].
WSe, is selected owing to the ambipolar transport behaviors.

Figure 1.7a shows the device structure of monolayer WSe, with two split gates
[51]. The two gates could locally dope the channel. When the same polar voltage was
applied to the two gates, the devices operated as a resistor (blue and green dash lines
in Fig. 1.7b). Whereas when the two gates were applied voltage of opposite polarity,
the current rectification was observed (blue and green solid lines in Fig. 1.7b). Thus,
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Fig. 1.7 a Schematic of the monolayer WSe, device with split-gate electrodes. b I-V curves of
the device in the dark under different biasing conditions: p-n (solid green line; Vg = —40V, Vo
=40 V), n—p (solid blue line; Vg; =40 V, Vg = —40 V), n—n (dashed green line; Vg1 = Vo
=40 V), p—p (dashed blue line; Vg1 = Vg2 = —40 V). ¢ Electroluminescence emission spectra
recorded at constant currents of 50, 100, and 200 nA, respectively. The green curve shows that no
light emission is obtained under unipolar conduction. The left inset shows the two gate voltages
and the right inset shows that the amplitude of the emission intensity on a double-logarithmic scale
is linearly dependent on the current. d /-V curves of the device under illumination. The biasing
conditions are the same as (b). Inset: electrical power (P], operating as a diode) versus voltage [51].
Copyright (2014). Reproduced with permission from Macmillan Publishers

the device could operate as a light emitter when a forward current is driven through
the device and opposite voltages are applied to the two gates.

Figure 1.7c shows the EL emission spectra at different driving currents. The EL
emission is found at the same energy as the PL and the emission intensity increases
linearly with the driving current (inset in Fig. 1.7c), indicating that the EL arises
from excitonic transition. Vertically standing van der Waals heterostructures are also
good platforms for investigating the light emission behaviors of 2D semiconductors.
In this kind of structure, the carriers flow perpendicular to the 2D plane. Compared
with the planar structure where the carriers flow within the 2D plane, the vertical
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structure offers the advantages such as reduced contact resistance, higher current
density, and whole device light emission.

For example, a sandwich structure of graphene/BN/MoS,/BN/graphene was
devised [53]. The Fermi level of the two graphene layers could be tuned to align
with the conduction and valence band edges of MoS,, resulting in electrons and
holes injection through the BN barrier. EL emission with external quantum effi-
ciency of ~10% was realized. The 2D semiconductors could also be attempted as a
light absorption layer in a photovoltaic device. For instance, asymmetric electrodes
of Pd and Au were applied in a MoS; FET [54]. When the channel was illuminated by
light, the generated electron-hole pairs could be separated under the influence of the
built-in potential from the space charge at the contacts, giving rise to a photovoltaic
effect. The 2D p-n heterostructure could be another viable way for electron-hole pair
generation and separation. When the device in Fig. 1.7 was illuminated with light
and the two split gates were applied by opposite voltages, a photovoltaic effect was
observed (green and blue solid lines in Fig. 1.7d). The power conversion efficiency
(PCE) of the device was 0.5% with a filling factor (FF) of 50%. The comparatively
low PCE and FF are ascribed to the low absorption of the atomically thin photoac-
tive layer. The strategy of combining 2D TMDs with plasmonic materials or tandem
device structure for sufficient light absorption would be used to improve photo-to-
electric conversion performance. Other n-type and p-type 2D TMDs would also be
combined to construct the p-n junction to fulfill the photovoltaic functionalities [55].

1.2.6 Valleytronics

2D group VIB TMDs also provide a good platform for the study of valley physics.
In monolayer group VIB TMDs with broken inversion symmetry, the valence bands
are split by spin-orbit coupling. The spin splitting must be opposite at the two in-
equivalent valleys, labeled K and K in the first Brillouin zone (Fig. 1.8a). Right (left)-
handed circularly polarized light only couples to the K (K’) valleys according to the
optical selection rules [56, 57], as has been experimentally demonstrated by valley
polarization using polarization resolved PL (Fig. 1.8b) [8, 9, 58, 59]. The circularly
polarized EL emission, which is electrically switchable, was also demonstrated in a
WSe; p-i-n junction [60]. The p- and n-regions are defined by the electric double layer
at the electrolyte-solid interface, which could induce a large gate field and break the
inversion symmetry of few-layer WSe,. Figure 1.8c shows the circularly polarized
EL emission for two opposite current flow directions. The circular polarization was
reversed when the source-drain bias was exchanged. The result was explained by the
electron-hole overlap controlled by in-plane electric field [60].
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Fig. 1.8 a Valley contrasting optical selection rules in a 2D hexagonal lattice with broken inver-
sion symmetry [57]. Reprinted by permission from Macmillan Publishers Ltd., copyright (2014).
b Polarization resolved PL spectra under circularly polarized excitation [8]. Reprinted by permis-
sion from Macmillan Publishers Ltd., copyright (2012). ¢ Circularly polarized EL spectra for two
opposite current directions. The contribution to EL from two valleys is shown in the bottom [60].
Copyright 2014. Reprinted with permission from Science

1.3 Group VIIB TMDs (ReS; and ReSe;)

1.3.1 Atoms Arrangement and Band Structure

Rhenium dichalcogenide (ReX;, X = S and Se) is a representative-layered group
VIIB TMD, although the element Re is discovered late [61]. Similar to group VIB
TMDs, the ReX; layers are held together by weak vdW force and the Re and X atoms
within each layer are covalently bonded.

The difference is that the extra electron in each Re atom brings in a chemical
bond between Re atoms. Each four Re atoms arrange in a parallelogram shape and
the parallelograms connect to form atomic chains along the principle b-axis, which is
the shortest axis in the basal plane (Fig. 1.9a) [62]. The a-axis is 118.97° apart from
the b-axis, corresponding to the second-shortest axis. This kind of atoms arrangement
of both ReS, and ReSe; is experimentally verified by aberration-corrected STEM,
as shown in Fig. 1.9b and c [63]. For ReS,, the distance between two neighboring
parallelograms in the direction of b and a is measured as 0.34 and 0.31 nm, and
that for ReSe, is 0.39 and 0.35 nm, respectively, in agreement with the theoretical
calculations [64].

Unlike the stable H phase observed in MX,; (M = Mo and W, X = S and Se), ReX,
shows a distorted 1T structure originating from the Peierls distortion [65], which
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Fig. 1.9 aSide view (top panel) and top view (bottom panel) of the atoms arrangement in monolayer
ReX; (X = S and Se) [62]. Reproduced with permission from Wiley-VCH Verlag GmbH (b,
¢) ADF STEM images of monolayer ReS» (b) and ReSe; (¢) [63]. Copyright 2015. Reprinted with
permission from American Chemical Society

prevents interlayer-ordered stacking and minimizes the wavefunctions overlap. As a
result, the interlayer interaction in ReXj is over an order of magnitude lower than that
in MoS, (18 vs. 460 mV per unit cell). The bulk ReX, behaves like vibrationally and
electronically decoupled while stacked monolayer counterparts [65]. Thus the bulk
ReX; can be directly used for study of 2D physics, circumventing the necessity of
preparing monolayer samples. The bandgap of layered TMDs is strongly influenced
by the layer number. For group VIB TMDs, an indirect to direct bandgap transition
occurs when the bulk materials are thinned down to monolayer limit, caused by the
exciton confinement effects [11]. As a consequence, both the PL. quantum yield and
PL emission position vary. However, for ReX,, the electronic band structure is barely
influenced by the layer number, due to the weak interlayer interaction.

Figure 1.10a shows the band structure for monolayer, trilayer, and five-layer ReS,
by ab initio calculation [66]. The CBM and VBM share the identical position in the
Brillouin zone, respectively, giving rise to direct bandgap for monolayer, trilayer, and
five-layer ReS,. The bandgap only varies slightly, from 1.44 eV for monolayer ReS,,
1.40 eV for trilayer ReS,, to 1.35 eV for five-layer ReS,. In fact, the bulk ReS; is also
a direct bandgap semiconductor with a bandgap of 1.35 eV, predicted by generalized
gradient approximation (GGA) [67]. As such, the PL emission for ReS, with different
layer numbers is a superposition of the emission from individual monolayers. The PL
intensity increases as the layer number increases and no significant emission position
change is observed due to the similar bandgap (Fig. 1.10b) [65].

1.3.2 Anisotropic Optical and Electrical Properties

Deriving from the atoms arrangement, ReX, crystals are supposed to exhibit
anisotropic optical and electrical response behaviors. The anisotropic properties of
the bulk materials have been documented [68, 69] and that of the few-layer and
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Fig. 1.10 a Ab initio calculated band structures of monolayer, trilayer, and five-layer ReS, [66].
Reprinted by permission from Macmillan Publishers Ltd., copyright (2015). b PL signal of ReS;
with different layer numbers [65]. Copyright 2014. Reprinted with permission from Macmillan
Publishers

monolayer counterparts are the current research focus. The unique anisotropy is not
only important for the understanding of physical properties but also fundamental for
designing novel kinds of electronic devices.

The anisotropic Raman response of ReX; is revealed in several studies [70-73].
Compared with the group VIB TMDs, the Raman spectra of ReX, exhibit more
bands due to its low symmetry. Figure 1.11a shows an optical image of ReS, sam-
ples with varied layer numbers obtained by mechanical exfoliation [70]. The Raman
spectra for the 1L, 2L, 3L, and 4L ReS, are shown in Fig. 1.11b. Note that the
peak position of Raman mode I continuously changes with the layer number, from
133.1 = 0.1 ecm~! in the 1L to 136.2 &+ 0.2 cm™! in the 4L, while the position of
modes III, IV, and V barely varies. Thus the peak position difference between Raman
mode I and other modes, such as mode III, can be used to identify ReS; layer num-
ber in few-layered samples, similar to the work done on MoS; [74]. Figure 1.11c
exhibits the orientation-dependent polarization response of mode V in the 4L region
with unpolarized (black), cross-polarized (blue), and parallel-polarized (red) col-
lection. The cross- and parallel-polarized spectra yield 4-lobed and 2-lobed shapes,
respectively, indicating the anisotropic Raman response behavior of thin ReS, by
angle-resolved polarized Raman spectroscopy technique.

1.3.3 Anisotropic Electrical Properties

The unique atomic structure also renders an anisotropic electron transport behavior
for 2D ReX,. The theoretical calculations have predicted that the conductivity along
b-axis is higher than other directions [68, 69]. The FET devices were fabricated with
the electrodes patterning perpendicular to the ReS; a- and b-axes, respectively, and
the transfer curves are shown in Fig. 1.12a [66].
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Fig. 1.11 a Optical microscopy image of a mechanical-exfoliated ReS, sample with 1-4 layers
identified. b Raman spectra taken in the 1L, 2L, 3L, and 4L ReS; regions with an orientation of 0
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Fig. 1.12 a Transfer curves of a quadrilateral-shaped five-layer ReS; flake in the A and B directions.
The left inset shows the optical microscopy image of the FET device, scale bar, 10 mm, and the right
inset shows the four-probe resistance of the same devices as a function of Vyg. b Experimentally
measured field-effect mobilities of a six-layer ReS, device along 12 evenly spaced directions in
polar coordinate. The blue dots show the calculated mobilities in the same polar coordinate. The
optical image of the device is shown inset [66]. Copyright 2015. Reprinted with permission from
Macmillan Publishers

Obviously, the current along the b-axis is higher than that along the a-axis, and
the current ratio was also gate dependent. To eliminate the contact resistance, the
four-probe resistance was measured (inset in Fig. 1.12a) and the result was consistent
with the current trend.

The anisotropic transport behaviors were further evaluated by the device shown
in the inset of Fig. 1.12b. The 12 electrodes were separated by 30° apart. The transfer
curves of each pair of diagonally positioned electrodes were measured, and the
normalized mobility was plotted in a polar coordinate. The field-effect mobility is
highly angle dependent and the largest value is 60° from the direction with the
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lowest value. The anisotropic ratio of mobility was ~3.1, which is larger than 1.8 for
anisotropic black phosphorus [75].

1.3.4 Electronics and Optoelectronic Devices

Since ReX sheets have exhibited a high room temperature mobility above 30 cm?/Vs
and a high on/off current ratio of over 10° [76, 77], they are promising for application
in electronics. As the synthesis technology for ReX; is rapidly developing, especially
the controlled sample preparation by CVD with predefined layer number and size
[78-81], increasingly more electronic devices based on these materials are emerg-
ing. Figure 1.13 shows some elementary logical gates constructed with few-layer
ReS; channel [82]. Monolayer graphene was applied as the source, drain, and gate
electrode, and a kind of ion gel with a high capacitance was used as the dielectric
layer.

The graphene electrodes avoid the trap states and Fermi-level pinning in the ReS,
channel, and the ion gel can tune the electron concentration of the channel within
a large range. Figure 1.13a shows an optical image of the logical NOT device and
Fig. 1.13b exhibits the reasonable voltage transfer characteristics and the voltage
gain exceeding 3.5. For the NAND gate, three transistors are connected in series
(Fig. 1.13c). When either or both of the inputs are in the logic states “0,” the Vo
is in the logic state “1,” and the Vo logic state “0” is only achieved when both the
inputs are held at “1” (Fig. 1.13e). For the NOR gate, one transistor is connected in
series with two transistors connecting in parallel (Fig. 1.13d). When either or both
of the inputs are in the logic states “1,” the V is in the logic state “0,” and the V
logic state “1” is only achieved when both the inputs are held at “0” (Fig. 1.13e).

Since the direct bandgap nature of ReXj is independent of the layer number,
highly performance photodetectors are expected in the few-layer samples owing to
improved light absorption compared with the monolayers. A similar device struc-
ture designed for group VIB TMDs is also utilized for ReX, photodetectors, and
high device performance was reported [77, 81, 83—87]. The polarization-sensitive
photoresponsivity originating from the high in-plane optical anisotropy was also
observed in a ReSe, photodetector [84]. The EL was also preliminarily proposed
and reported in ReS, [88] and ReS; p-n junction [89], and more efforts are necessary
in this area to realize devices with higher performance.
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Fig. 1.13 a Optical image and schematic band diagram of the NOT gate. b Voltage transfer char-
acteristics and signal gain of the NOT gate. (¢, d) Optical images and schematic band diagrams of
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a function of time [82]. Copyright 2017. Reproduced with permission from American Chemical
Society

1.4 Group VIII TMDs (PtS; and PtSe;)

1.4.1 Atoms Arrangement and Band Structure

PtX, (X = S and Se) crystal possesses a typical 1T-type hexagonal crystal structure,
similar to the 1T phase of group VIB TMDs. The Pt atom is in a tilted octahedral
site and coordinated by six X atoms. The lattice constants of the hexagonal structure
are defined in Fig. 1.14a [90]. Figure 1.14b shows an atom-resolved STEM image
of few-layer PtSe; [91]. The atoms can be clearly identified from the image contrast
and the intensity profile along the red line. The fast Fourier transform image is also in
agreement with the hexagonal structure of PtSe,. Different from the weak interlayer
interaction in group VIIB TMDs and the moderate interlayer interaction in group VIB
TMDs as discussed above, the interaction between PtX, layers is strong, resulting
from the overlapping of the p, orbital of interlayer X atoms [90-95].
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Fig. 1.14 a3D,top, and side view of the 1T PtX, (X =S and Se). The blue and yellow balls represent
Pt and X atoms, respectively [90]. Reproduced with permission from Wiley-VCH Verlag GmbH
b Atoms resolved STEM image of few-layer PtSe,. The up inset is the fast Fourier-transformed
image showing hexagonal structure and the bottom inset shows the intensity line proline along the
red line [91]. Copyright 2017. Reproduced with permission from Wiley-VCH Verlag GmbH

As aresult, the band structure of PtX, changes dramatically with the layer number.
Monolayer PtSe; is a semiconductor with indirect bandgap. The bandgap narrows
in the bilayer and becomes zero in the trilayer, as predicted by the first-principle
calculation (Fig. 1.15a—c) [96].

Also, the indirect bandgap could be transformed to direct bandgap under strain
[93]. PtS, shares a similar band structure evolution with PtSe, as a function of layer
number. The experimentally verified and DFT calculated bandgaps versus number
of layers are plotted in Fig. 1.15d [90]. The layer-dependent semiconductor to metal
transition is unique in the group VIII TMDs. Note that the value of the bandgap
varies depending on the calculation method and the level of theory, as well as the
defect concentration [90-96].

1.4.2 Electronic Devices

PtX, is predicted to exhibit phonon-limited carrier mobility exceeding 1000 cm?/V's
at room temperature [97]. Thus they are suitable for high-speed electronic devices.
The FETs based on different layer numbers of PtS, and PtSe, were constructed and
tested [90, 91]. The output and transfer curves for an 11-nm-thick PtSe, device are
shown in Fig. 1.16a and b. The 4 increased with the positive back gate voltage
, indicating the n-type carrier transport. The room temperature electron mobility
derived from the linear region of the transfer curve was 210 cm?/Vs. This mobility
is much higher than that of 2D group VIB and VIIB TMDs. Moreover, the device
is rather stable, which exhibits negligible degradation after storing in air for one
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Fig. 1.15 a-—c First-principle calculated band structure of defect-free a monolayer, b bilayer, and
c trilayer PtSe, [96]. Reprinted by permission from Macmillan Publishers Ltd., copyright (2018),
d Experimentally measured and DFT calculated bandgap as a function of PtS; layer number [90].
Copyright 2016. Reproduced with permission from Wiley-VCH Verlag GmbH

year [91]. A FET fully composed of PtSe, was also reported [98]. A thinner PtSe,
sheet is used as a semiconductor channel material, and the thicker PtSe, sheet is
used as an electrode. The same kind of material within one device yields an Ohmic
contact between electrode and channel, which is beneficial for carrier injection. P-
type carrier transport was also reported in PtSe, FET [99]. The different 2H phase
resulted from the different synthesis route may be accounted for the observed p-type
carrier transport. Photodetectors using the planar FET device configuration based
on PtX, channel materials have also been realized [91, 96, 98], in analogy to the
photodetectors based on group VIB and VIIB TMDs.

The unique advantages for group VIII TMDs photodetectors are the tunable
narrow bandgaps, which is an excellent choice for mid-infrared light detection.
Figure 1.16c and d shows the time-resolved photocurrent when the device was
illuminated with lasers of different wavelengths. For the monolayer PtSe, FET, a
photoresponsivity of 0.9 and 0.15 A W~! was obtained for 632 nm and 1.47 pm
illumination, respectively. However, the device showed negligible photoresponse to
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Fig. 1.16 a, b Output and transfer curves of a 11 nm PtSe; transistor. The optical image of the
device is shown in the inset in (a) [91]. Reproduced with permission from Wiley-VCH Verlag GmbH
(c, d) Time-resolved photocurrent of ¢ monolayer and d bilayer PtSe, FET at a bias voltage of 0.1 V
and zero gate voltage under laser illumination with a wavelength of 632 nm, 1.47 pm, and 10 pm,
respectively [96]. Copyright (2018) Reproduced with permission from Macmillan Publishers

amid-infrared laser illumination (A = 10 wm) since the photon energy of the incident
laser is far below the bandgap of monolayer PtSe, (Eg ~ 1.2 eV).

For the bilayer PtSe, FET, a much higher photoresponsivity of 6.25, 5.5, and 4.5
A W~ was observed for 632 nm, 1.47 pm, and 10 pm illumination, respectively.
The broadband mid-infrared photoresponse of bilayer PtSe, FET was proposed to
be originated from the defect-induced bandgap reduction [96]. The PtSe, FET could
also be used as a NO; gas sensor [100], in which ultrahigh sensitivity and extremely
fast response time are obtained.

A photovoltaic device was proposed and fabricated by transferring PtSe, thin
films onto pre-patterned Si substrates [100], forming PtSe,/n-Si Schottky barrier
diodes (SBDs). The schematic of the device structure is shown in Fig. 1.17a and
the rectifying characteristics are shown in Fig. 1.17b. A clear photoresponse was
observed in the reverse bias region under illumination, as shown in Fig. 1.17c. The
energy band diagram at the junction of the SBD under illumination is presented
in Fig. 1.17d. J-V curves of the devices with different PtSe, thicknesses under an
incident light intensity (P;,) of 4.7 mW/cm? are plotted in Fig. 1.17e. As the thickness
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Fig. 1.17 a Schematic of the PtSe,/n-Si Schottky barrier diode. b J-V curve of the device with
a PtSe, film synthesized from 4-nm-thick Pt on a linear scale. ¢ J-V curves of the device with a
PtSe; film synthesized from 4-nm-thick Pt on a semilogarithmic scale under dark and illumination.
d Energy band diagram of the Schottky junction between PtSe, and n-Si under reverse bias. e J-V
characteristics of the devices with different PtSe, thicknesses under an incident light intensity (Pjp)
of 4.7 mW/cm? [100]. Copyright 2016. Reprinted with permission from American Chemical Society

of the PtSe; layer increases, light absorption enhances and thus the power conversion
efficiency increases.

1.5 Other 2D TMDs

In addition to the TMDs discussed above, more 2D TMDs are emerging and attract-
ing increasing attentions. These materials exhibit dramatically different properties
mainly due to the varied d-orbit electron states of the transition metals and provide
versatile platforms for studying fundamental physical conceptions such as charge
density wave (CDW), phase transition, and superconductivity.

In the group VB TMDs, VX, (X = S and Se) exhibits intrinsic ferromagnetic
behaviors and the magnetic moments and strength of magnetic coupling could be
tuned by isotropic strain, as predicted by the first-principles calculations [101]. The
ferromagnetism has been experimentally verified in both VS, and VSe, [102, 103].
The CDW behavior was also discovered in VSe, [103] and the CDW transition
temperature is dependent on the thickness [104, 105]. For VS,, the stable phase (H
or T) relies on the temperature and the thickness [106]. Few-layer VS, is metallic
[107, 108] and the metal-insulator transition is also observed and influenced by the
vdW interaction [108].

The DFT calculation reveals that bulk and few-layers VSe; in T and H phase,
and monolayer VSe, in T phase are metallic, while the H monolayer is a semi-
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conductor [109]. 2D NbSe, is also investigated and the coexistence of CDW and
superconducting phase has been observed in monolayer limit [110]. The electronic
phase transitions can be achieved by electrostatic gating [111]. A plenty of low-
temperature electronic states also appear in 1T-TaS,, especially the first reported
superconductivity in a pristine 1T-TaS, [112]. A series of phase transitions in 1T-
TaS,; thin flakes are reported by gate electric field induced Li-ion intercalation [113].
For 2H TaS,, the superconductivity persists down to 3.5 nm, and the critical tem-
perature increases from 0.5 to 2.2 K as the layers are thinned down [114]. Similarly,
the CDW and superconductivity phases were also reported in 2D group IVB TMDs,
like TiSe, [115-117]. The transition temperature could be tuned by the electric field
[116]. 2D HfSe, in group IVB TMDs is a kind of n-type semiconductor, with a rela-
tively small bandgap of ~1.1 eV revealed by scanning tunneling spectroscopy (STS)
on a molecular beam epitaxy grown sample [118] and high phonon-limited mobility
over 3500 cm?/Vss predicted by calculation [97].

1.6 Conclusions

In this chapter, the atomic arrangement, band structure, and electronic applications of
most of the widely studied 2D TMDs are summarized. Differentiating from graphene
and bulk TMDs, 2D TMDs exhibit unique properties and application potential. As
the synthesis technique is continuously developing, more 2D TMDs are obtained.
For example, 47 kinds of binary, alloy, and heterostructured 2D TMDs have been
synthesized by a salt-assisted CVD method in a recent report [119]. The availability
of these materials paves the way for a deeper understanding of the physical origins
and device applications. At the same time, apart from the optical and electrical
applications, 2D magnetism is attracting increasing attentions, exhilarated by the
particular magnetic properties discovered in transition metal Cr based 2D materials
[120, 121]. As such, low-power and ultra-compact spintronic applications could be
expected based on 2D TMDs.
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Mukulika Dinara and Chandra Sekhar Rout

Abstract During last past decades, a vibrant research on two-dimensional (2D)-
layered materials has emerged a significant attention due to their remarkable physical
and chemical properties for potential applications in electronics and optoelectronics.
Transition metal dichalcogenides (TMDs) represent a group of 2D-layered materials
those exhibit versatile properties depending upon their chemical composition and
crystallographic orientation. The properties of TMDs can be monitored through var-
ious synthesis ways. A lot of attention has been focused to grow 2D TMDs with
various novel approaches to get exotic functionalities in nano-scaled material char-
acterizations as well as device applications. The growth strategies of 2D TMDs are
mainly classified into top-down approach and bottom-up approach. We study the
various synthesis routes on the development of 2D TMDs under both top-down and
bottom-up methods. The mechanical exfoliation and liquid-phase exfoliation are the
promising techniques under top-down strategies to develop atomically thin flakes
TMDs. Due to lack of fine controllability upon growth parameters, the top-down
methods are not well populated and applicable for nano-scaled electronics applica-
tions. Oppositely under bottom-up strategy, the wet chemical synthesis, vapor-phase
deposition, and electrodeposition are well-handling methods with fine-tuning con-
trollability to synthesize thin-layered nanomaterials with high structural quality and
low defect density. In this regard, synthesized materials with various fascinating
characteristics through bottom-up strategies have more potential functionalities in
nano-scaled device applications rather than top-down strategies. The different syn-
thesis routes provide different functionalities materials upon varying their exciting
physical and electrical properties due to effect of process parameters and environ-
mental variations. The structural and morphological evolution upon various synthe-
sis routes strongly influences the materials properties. Developing uniform-layered
materials with large area is a fundamental part in wafer-scale fabrication for device
applications. Various challenges on growth strategies are being explored to enhance
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materials performance with better uniformity and structural quality for industrial
applications. In this study, various processing routes under different process param-
eters are elaborately stated and discussed with their influence upon the evolution
of materials’ qualities. The mostly cited and potentially well-known TMDs such as
transition metal sulfides and selenides are reported here with their superior properties
and qualities through various synthesis techniques.

2.1 Introduction

A lot of attention has been focused on two-dimensional (2D)-layered materials due to
their exciting physical and chemical properties. Among various 2D material graphene
is one of the most studied materials due to its unique physical and electronic prop-
erties. But vibrant research grows a new family of layered materials namely 2D
transition metal dichalcogenides beyond graphene to achieve more extraordinary
properties suitable for various applications [1, 2]. TMDs materials are composed
of two different group of elements like transition metal (M) (groups 4-10) and a
chalcogen (X) element such as sulfur (S), selenium (Se), or tellurium (Te).

Unlike graphene, TMDs exhibit various stimulating properties depending
upon their compositional variation and variant nature like semiconductor, metal,
semimetal, superconductor depending upon crystallographic orientation and stack-
ing sequence in crystal form or thin film formation. So under monitoring the growth
condition through various process and parameters, different types of TMD can be
grown to perform various operations like sensing, energy storage, energy conversion,
catalysis, memory device, etc. In this context, various synthesis processes of TMDs
will be discussed along with their corresponding exciting properties owing to their
different electronic and physical structures. Various novel approaches to grow 2D
TMD with exotic functionalities are being devoted to lead the materials for potential
application in electronics and optoelectronics. In this chapter, we discuss the various
preparation methods of mostly cited and popular TMDs materials such as MoS;,
MoSe,, WS, WSe,, VS, VSe,, and also some of ternary TMDs.

There are two main strategies namely bottom-up approach and top-down approach
involved to develop 2D nanomaterials [3-5]. The top-down approach is applied in
macroscopic scale when initial material is in large dimension and the material is
externally processed to get nanostructure geometry through different technologies
like mechanical exfoliation, wet chemical exfoliation, ball milling, etc. Oppositely,
the bottom-up approach is developed in miniaturization of materials up to their
atomic level and also large area uniform layer can be governed through self-assembly
process through different synthetic techniques like: wet chemical synthesis, chemical
vapor deposition (CVD), electrodeposition, etc. Thin-layered nanomaterials with
high quality are produced by bottom-up technique that is highly applicable with great
electronic properties and defect-free structure for device application. But bottom-up
strategies have some limitation in large scale-production due to expensive synthesis
procedure.
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In contrary, the top-down strategy is easily handled and cheaper than bottom-
up strategy but limitation in poor material formation is still a great challenge for
industrial application. Now we will discuss the 2D TMD preparation through both
bottom-up and top-down approaches by various methods like mechanical exfoliation,
wet chemical exfoliation, chemical vapor deposition, wet chemical synthesis, and
electrodeposition. Moreover we will study the different processes with their different
parameters which are involved to influence structure evolution and morphological
variation of synthesis materials.

2.2 Top-Down Approach

2.2.1 Mechanical Exfoliation Method

The mechanical exfoliation method is a top-down approach to create single or few
layers crystal or single or few layer crystalline flakes materials from layered bulk crys-
tals that become commonly used for 2D TMD [6-9]. But the limitations to prepare
the TMDs with desired thin film geometry and better efficiency have restricted the
method for reliable large area research. Noteworthy the large area TMD preparation
through this method is still challenging. Various researchers reported on mechani-
cal exfoliation method to prepare single and multilayer MoS, and WSe, with high
crystalline quality [10, 11]. Typically in this process, a desired TMD layer is peeled
off from its bulk crystal by an adhesive scotch tape. The newly cut TMD crystal
on scotch tape is further attached in contact with the target substrate and rubbed
to achieve desired geometry by using a plastic tweezers. Once the scotch tape is
removed, the TMD nanosheets of one layer and multilayer are formed on the sub-
strate.

Figure 2.1 shows the formation of MoS; of 1L (monolayer) to 4L (quadruple-
layer) on SiO,-coated Si substrate [12]. Also atomic force microscopy shows the
height of respective layers of MoS, nanosheets which are 0.8, 1.5, 2.1, and 2.9 nm for
1L to 4L, respectively. Here the optical contrast difference is introduced to identify the
layer numbers of mechanically exfoliated TMD nanosheets. Optically identification
of the number of TMD layer formation is a key technology that correlates the optical
contrast between the layer numbers with respect to the substrate. In this method, the
optical contrast of nanosheets (C) and optical contrast of the substrate (CS) can be
directly analyzed from its color optical image through ImageJ software. The contrast
difference (CD) is obtained by subtracting C from CS. Likewise, for grayscale optical
image that comes from the R, G, or B channel, the contrast difference from R, G, or
B channel (CDR, CDG, or CDB) is evaluated from the difference of the contrast of
nanosheet (CR, CG, or CB) and the contrast of substrate (CSR, CSG, or CSB).

Li et al. [13] studied how to find out the number of nanosheets formation on
thick substrate through a contrast optical imaging between grown nanosheets and
substrate. Figure 2.2 shows the optical image of 1L-15L MoS; nanosheets on 90 nm
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0.8 nm———

Fig. 2.1 Mechanically exfoliated single and multilayer MoS; films on Si/SiO,. Optical microscope
images of single-layer (1L), bilayer (2L), trilayer (3L), and quadrilayer (4L) MoS, films (a—d).
Panels e-h show the corresponding AFM images of the 1L (thickness: ~0.8 nm), 2L (thickness:
~1.5 nm), 3L (thickness: ~2.1 nm), and 4L (thickness: ~2.9 nm) MoS; films shown in a-d [12].
Copyright 2012. Reproduced with permission from Wiley-VCH Verlag GmbH

coated Si substrate. The various exposure times were taken to evaluate thickness-
dependent contrast difference (shown in Fig. 2.20, p) that was further verified by
AFM (Fig. 2.2q) [13].

2.2.2 Liquid Exfoliation Method

The liquid-phase exfoliation is one of the promising exfoliation techniques to prepare
exfoliated TMD nanosheets in large scale. Liquid exfoliation method as a top-down
approach exploits to prepare layered TMD nanocomposites and hybrids by mixing
and dispersing of different materials [14, 15]. In 1070s, the intercalation method
was first demonstrated through a typical procedure where bulk TMD powder was
dispersed into lithium compound-based solution for more than a day to allow lithium
ions to intercalate to water [16]. The single-layer WS,, MoS,, and MoSe; have been
demonstrated by lithium intercalation method [17]. Zeng et al. [18] demonstrated
the electrochemical lithiation of layered TMDs: MoS,, WS,, TiS,, TaS,, ZrS,. The
schematic view of the electrochemical lithiation process is shown in Fig. 2.3.

In this process, the bulk materials of corresponding TMDs were introduced as
cathode in electrochemical bath (Step 1 in Fig. 2.4) and lithium foil as an anode
functioned to provide lithium ions. Then under galvanostatic discharge mode, lithium
intercalation process was done at current density of 0.05 mA. After lithium insertion,
the intercalated compound (e.g., Lix(TMD)) was isolated by successive rinsing pro-
cedure with acetone and sonication method (Step 2 in Fig. 2.4). Finally 2D nanosheets
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Fig. 2.2 a-—n Color optical images of 1L-15L MoS, nanosheets on 90 nm SiO,/Si. The scale bar
is 5 pm for each image. The digitals shown in a—-n indicate the layer numbers of corresponding
MoS, nanosheets. o Plot of measured CD values of 1L-15L MoS, nanosheets on 90 nm SiO,/Si
at exposure times of 20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 250, and 300 ms. p Plot of CD
values of 1L-15L MoS; on 90 nm SiO;/Si at exposure time of 80 ms. q Thickness of 1L-15L MoS;
nanosheets measured by AFM [13]. Copyright 2013. Reproduced with permission from American
Chemical Society
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Fig. 2.3 Electrochemical lithiation process for the fabrication of 2D nanosheets from the layered
bulk material [18]. Copyright 2011. Reproduced with permission from Wiley-VCH Verlag GmbH
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Fig. 2.4 a TEM image of a typical MoS, nanosheet. Inset: Photograph of the MoS, solution.
b Selected area electron diffraction (SAED) pattern of a single-layer MoS, nanosheet. ¢ HRTEM
image of single-layer MoS; nanosheet. d TEM image of a typical single-layer WS, nanosheet.
Inset: Photograph of the WS, solution. e SAED pattern of a single-layer WS, nanosheet. f HRTEM
image of a single-layer WS, nanosheet. g TEM image of a typical single-layer TiS; nanosheet. Inset:
Photograph of a TiS; solution. e SAED pattern of a single-layer TiS; nanosheet. h HRTEM image
of a single-layer TiS, nanosheet. i TEM image of a typical single-layer TaS, nanosheet. Inset:
Photograph of the TaS; solution. j SAED pattern of a single-layer TaS, nanosheet. k HRTEM
image of single-layer TaS; nanosheet [18]. Copyright 2011. Reproduced with permission from
Wiley-VCH Verlag GmbH

of corresponding TMDs were obtained (Step 3 in Fig. 2.4). Importantly here lithium
plays dual roles by providing Li+ ions for intercalation with bulk materials and by
reducing Li(OH) and H, gas after reaction with water that phenomena assist the
exfoliated nanosheets to apart from water.

In another example, Eda et al. [19] reported chemically exfoliated two-
dimensional MoS, crystal structure which exhibited thickness of 1-1.2 nm and lateral
dimensions of 300—800 nm (Fig. 2.5).

Li intercalation exhibited poor semiconducting nature of MoS, film due to rise
of a metallic nature and also exfoliated film showed inherent monolayer of non-
homogeneous nature due to partial aggregation. Particularly, after exfoliation elec-
tronic structure of MoS, is changed from semiconducting to metallic and atomic
coordination is changed from trigonal prismatic to octahedral [17, 19-21].

Smith etal. [15] reported a large quantity of MoS, flakes formation by intercalation
route where MoS, was viewed in a small number of stacked monolayers (Fig. 2.6).
MoS, flakes in stacked form consisted of 2—9 monolayer and the length of the flake
remained in the range of 280 nm to maximum 430 nm.

The basic advantage of Li intercalation method is fast charge transfer rate and
controllable process that yield large-scaled monolayer. The Li intercalation is to be
carried out under inert gas environment due to flammability nature of Li. Liquid
exfoliation is insensitive to ambient conditions, but it yields a relatively low con-
centration of monolayer flakes [14]. For electronic or photonic applications, liquid
exfoliation is not well suited. After subsequent annealing ion exfoliated nanosheets
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Fig. 2.5 a Scanning electron microscopy image of MoS, powder. Inset shows higher magnification
image of the layered structure. The scale bar is 400 nm. b Photograph of a typical chemically
exfoliated MoS; suspension in water. ¢ AFM image of individual exfoliated MoS, sheets after
annealing at 300 °C. Height profile along the red line is overlaid on the image. The sample was
prepared by filtering a small volume (~3 mL) of dilute MoS, suspension to minimize overlap
between individual sheets. The resulting film was non-homogeneous due to partial aggregation.
Regions of the sample where the sheets were isolated were imaged for step height analysis. d TEM
image of an as-deposited MoS; sheet on holey carbon grid. e SAED pattern from the MoS; sheet in
(d) showing the hexagonal symmetry of the MoS; structure. f HAADF STEM image of monolayer
MoS; annealed at 300 °C in Ar. Inset is a blow-up image showing individual Mo (green dot) and
S (orange dot) atoms and their honeycomb arrangement. The scale bar is 0.5 nm. The white blur
on the surface of the sheet is possibly due to carbon residues from the intercalation and exfoliation
processes [19]. Copyright 2011. Reproduced with permission from American Chemical Society
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(e)

100 nm

Fig. 2.6 TEM of MoS; flakes. a—c Typical bright field TEM images of MoS, flakes. Inset in (a):
Typical electron diffraction pattern. d A zoomed bright field image of the region in (c) indicated
by the white square showing layer edges. e, f Phase contrast HRTEM images of thin MoS, flakes
showing layer edges. g Dark field scanning TEM image of a thin flake clearly illustrates the step
edges. h An unfiltered aberration corrected high-angle annular dark field (HAADF) STEM image.
The HAADF STEM detector was calibrated in units of primary electrons detected. This has enabled
quantitative interpretation of Z-contrast STEM images and the counting statistics of the signal.
Inset: Average signal intensity plotted over the dashed line. i A zoomed image of the region in
(f) indicated by the white square showing the MoS; atomic structure. j A digitally filtered (low-
pass fast Fourier transform (FFT) with spot masking and a 25-point smoothing) image of the marked
region in (f) clearly showing defect-free hexagonal symmetry [15]. Copyright 2011. Reproduced
with permission from Wiley-VCH Verlag GmbH

might be useful in electronics application. But to prepare composite materials in
large scale liquid exfoliation will be mostly preferred in rational need.

Interestingly a new approach as a liquid exfoliation technique has been demon-
strated to synthesize selenide from aqueous solution by using formic acid which acts
as a reducing agent followed by co-reduction process. Remarkably, the HCOOH-
reduction route could be applied to prepare other selenide material from aqueous
solution like: SnSe, Ag,Se, CdSe, NiSe, PbSe, and ZnSe [22]. Xu et al. [22] have
been reported the VSe, synthesis through the same reduction procedure and the syn-
thesized VSe, showed 2D ultrathin nanosheets structure with 4-8 Se-V-Se atomic
layers. This reduction route also paves a great attention to avoid any expensive organic
solvents or high toxic VCl, reagent.
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2.3 Bottom-up Approach

2.3.1 Wet Chemical Process

Solution-phase reaction offers a synthetic chemistry at low temperature compared to
vapor-phase reaction route and provides sophisticated nanostructures like quantum
dot, nanorod, nanoparticles, etc. of specific geometry by controlling various process
parameters in a predictable manner. The synthesized high quality nanostructured in
solution route tailor more surprising properties at low cost that especially attractive
for potential application in electronics and optoelectronics. Wet chemical process
is a potentially active top-down approach for an alternative of exfoliation route that
significantly gives rise to achieve high-purity nanostructured material under proper
choice of source materials. Typically wet chemical process offers to direct growth
kinetics in a specific direction, i.e., when lateral growth is governed, vertically growth
is truncated [23-25].

Generally low-temperature hydrothermal synthesis of TMDs (NiS,, CoS;, FeS,,
NiSe,, MoS,, and MoSe;) has been carried out through sulfurization and selenization
reaction between corresponding metal salt and Na,S,;03 or Na,SeSOj3 respectively
at ~140 °C [26].

Bilayer MoS, nanosheet was reported through a facile hydrothermal route under
2:1 molar ratio of S:Mo at 180 °C for 50 h with sources:ammonium molybdate
((NH4)6Mo070,4,4H,0) and sulfur (S) powders [25]. When MoS, crystals are exfo-
liated to monolayer or few thin layer, then some exciting characteristics are emerged
like photoluminescence, band gap change, surface area modulation, etc. Splendiani
et al. [27] have reported a surprising characteristic of MoS,, i.e., change of band
gap from indirect to direct upon formation of multilayer to monolayer. Ye et al.
[28] reported bilayer MoS, nanosheets that show strong photoluminescence spec-
tra from 650 to 850 nm which potentially used in photo-devices. Correspondingly
nanosheets structure of MoS, exhibited large specific surface area and high adsorp-
tion capacity which can give the material to perform as a photochemical catalyst. The
above-synthesized MoS; nanosheets showed a wrinkled- uneven sheet-like structure
(shown in FESEM image) (Fig. 2.7a, b) [28]. Wet chemically synthesized MoS;
exhibited a well-defined crystal structure with lattice spacing of 0.28 and 0.64 nm
across (10 0) and (0 0 2) plane of MoS, nanosheets, respectively that have been
clearly distinguished by lattice fringe pattern in HRTEM image (Fig. 2.7¢) [28].

A novel morphology of MoS, with hierarchical nanospheres was reported by
hydrothermal treatment with source reagents like sodium fluoride (NaF), molybde-
num trioxide (MoO3), and potassium thiocyanate (KSCN) [29]. The synthesis was
performed into sealed autoclave at 220 °C for 48 h. MoS; nanospheres have been
shown by FESEM and TEM images (Fig. 2.8) under different magnifications. Javed
et al. [29] in their study reported that the hierarchical nanospheres exhibit high spe-
cific area and porosity that give rise to increase the capacitance value as well as energy
and power density of the material. This exciting morphology of MoS, through wet
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Fig. 2.7 a FESEM, b TEM, and ¢ HRTEM images of MoS, prepared by using stoichiometric S
and Mo precursors through hydrothermal processing for 50 h [28]. Copyright 2014. Reproduced
with permission from Elsevier

chemical route establishes the potentially active structure for supercapacitor appli-
cation.

Shelke et al. [30] reported hydrothermal synthesis of WS, by using WClg and
thioacetamide. The source materials were dissolved in 40 ml DI water under con-
tinuous stirring for 1 h at room temperature. Then the solution was transferred into
stainless steel autoclave and sealed to keep it at 265 °C for 24 h. Finally, the solid
products were centrifuged and washed repeatedly with deionized water and ethanol
for few minutes and dried in vacuum.

The 1T phase WS, of metallic characteristics was prepared through hydrothermal
route via direct vacuum filtration technique. In this method, 0.25 mmol of ammo-
nium tungsten oxide hydrate (NH4)¢H, W12040-xH,0 and 10 mmol thiourea were
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Fig. 2.8 SEM and TEM images of the synthesized MoS, spheres. a low and b high magnifica-
tion SEM images, ¢ low d high-resolution TEM images. [29]. Copyright 2015. Reproduced with
permission from Elsevier

dissolved in 30 ml of deionized water under continuous stirring to prepare homoge-
neous solution [31]. Meanwhile, as a catalyst 2.25 mmol H,C,04-2H,0 was added
to the solution and adjusted the pH to 2. Subsequently, the above solution was trans-
ferred into a Teflon-lined stainless steel autoclave and sealed to keep it at 220 °C
for 48 h. After cooling at room temperature, the solid product was centrifuged (at
5000 rpm for 20 min) and washed repeatedly with deionized water and ethanol for
few minutes and dried in vacuum (at 60 °C for overnight). The surface morphology
of grown WS, nanosheets was observed in SEM and TEM images (Fig. 2.9). The
hydrothermally grown WS, nanosheets showed a uniform flowerlike structure with
diameter of 4—-6 pm (Fig. 2.9b). Figure 2.9c revealed that each flower unit was con-
sisted of hundreds of WS, nanosheets. The TEM image showed the irregular cycle
shape and ripple structure of as-grown WS, nanosheets indicates the flexible and
ultrathin structure of WS2 nanosheets. The high-resolution TEM image (Fig. 2.9¢)
showed layered WS, flakes structure with an interlayer spacing of ~9.2 A. The chem-
ical composition of the as-grown WS, was confirmed by EDS analysis (Fig. 2.9f).
Interestingly Cao et al. [32] reported a flowerlike WS, nanospheres synthesis through
facile hydrothermal route where the nanospheres have formed into numerous aggre-
gate with uniform sizes. As a surfactant cetyltrimethylammonium bromide (CTAB)
was used to endorse as well as accelerate the formation of flowerlike nanosheets.
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Fig. 2.9 a Typical SEM image of surface morphology of as-prepared 1T phase WS, nanosheets,
inset: SEM image of macroscopic powder; b SEM image of uniform flowerlike unit; ¢ Amplification
of the SEM image of the flowerlike unit; d low-magnification TEM image of 1T phase WS,
nanosheets; e HRTEM image of 1T phase WS, nanosheets; f EDS spectrum for chemical component
analysis [31]. Copyright 2017. Reproduced with permission from Institute of Physics

The synthesis WS, through facile surfactant-assisted hydrothermal route shows
excellent visible-absorption ability that promotes it to perform as a visible photocata-
lyst. The experimental synthesis was performed by using sodium tungstate (Na; WO.,
2H,0), hydroxylamine hydrochloride (NH,OH, HCl), sulfourea (CH4N,S), and
CTAB dissolved in deionized water under continuous stirring. The pH value of the
solution was adjusted to 6 by adding hydrochloric acid (HCI) or ammonia water
(NHj3, H,O). Then the final mixture was transferred into autoclave for heating and
then washed and dried as mentioned previously.

The pure phase WS, and well-stacked WS, formation through surfactant-assisted
hydrothermal route was scrutinized through XRD analysis which was confirmed by
sharp peak around (002) plane. Moreover well WS, nanoflowers formation was
displayed by SEM image under low (b) and high magnification mode (c). The
SEM image (Fig. 2.10) showed the WS, nanoflowers consisted of well-ordered
nanospheres like nanosheets with 5 wm diameter that are uniformly arranged through-
out the crystals [32].

VS, preparation under hydrothermal mode has been performed by using sodium
orthovanadate (Na3VQO,, 12H,0) and thioacetamide (TAA) as a source material and
carried out the synthesis process at 160 °C for 24 h into an autoclave setup [33].
Interestingly Liu et al. [34] examined morphological variation of grown VS, with
synthesis temperature (140-200 °C).

Importantly it was noticed that VS, nanoparticles size has been increased with
increasing temperature and also morphology has been changed from nanoparticles
to nanosheet or nanobar (Fig. 2.11a—d). This observation signifies that crystalline
VS, growth could be obtained under high reaction temperature process.
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Fig. 2.10 a XRD patterns and b, ¢ SEM image of the flowerlike WS nanospheres [32]. Copyright
2014. Reproduced with permission from Springer Nature

Fig. 2.11 SEM images of VS, obtained at a 140, b 160, ¢ 180, and d 200 °C [34]. Copyright 2017.
Reproduced with permission from Royal Society of Chemistry
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Traditionally different approaches in hydrothermal synthesis were carried out to
prepare cobalt sulfide of different morphological forms in nanoscale [35, 36]. Co3S4
nanocrystal was synthesized by adding Co(CH3COO),, 4H,O and thioglycolic acid
into 200 mL distilled water under constant stirring for 30 min [36]. Then the desired
product was successfully formed through a successive heating, washing, and drying
process as mentioned in earlier hydrothermal processes.

Currently, hierarchical hybrid nanostructures have taken a great attention for
high-performance electrode material for supercapacitor application. The hierarchical
cobalt sulfide as an active electrode material for supercapacitor has been successfully
synthesized by vapor-phase hydrothermal route where cobalt chloride hexahydrate
(CoCl,-6H,0), urea (CO(NH;),), sodium sulfide (Na,S-9H,0), potassium hydrox-
ide (KOH), hydrochloric acid (HCI), and absolute ethanol have been used as reagents
to conduct the synthesis [37]. This hierarchical cobalt sulfide was formed in two steps:
Initially cobalt basic salt nanowires were formed by adding CoCl,-6H,0 (0.952 g,
4 mmol) and urea (1.201 g, 20 mmol) in 40 mL deionized under constant stirring
until a pink homogeneous solution was obtained. Afterward, the above solution and
clean nickel foam were moved into a 50 mL Teflon-lined stainless steel autoclave
and followed the heat treatment at 95 °C for 8 h. Then after cooling the autoclave at
room temperature, the successfully developed nickel foam-coated cobalt nanowires
were rinsed with deionized water and dried at 60 °C for 2 h.

Moreover cobalt sulfide/cobalt nanocomposite has been developed on cobalt
nanowire-coated nickel foam into sodium sulfide solution and the mixed solution was
kept into Teflon-lined stainless steel autoclave to carry thermal reaction at 125 °C
for 2 h. Subsequently autoclave solution was cooled down at RT naturally. The
resulted hierarchical cobalt sulfide/cobalt nanocomposite on nickel foam was rinsed
with DI and ethanol for several times and dried under vacuum at 60 °C for 2 h.
The morphology of grown cobalt sulfide/cobalt nanocomposite was shown by SEM
and TEM images (Fig. 2.12) that consist of nanowire of several micrometer lengths
with 50-70 nm diameters. Liu et al. [37] reported in their study that the hierarchical
structure cobalt sulfide-based nanocomposite performs as a more potentially active
electrode material than other cobalt basic salt nanowires for supercapacitor owing to
its higher specific capacitances, better rate capability, and excellent cycling stability.

A ternary nickel cobalt sulfide was reported with unique architecture by various
research groups through wet chemical method. Chen et al. [38] reported NiCo,S4
nanotube arrays on Ni foam by hydrothermal treatment via two steps process shown
schematically in Fig. 2.13.

At first step, CoCl,,6H, 0, NiCl,,6H,0 and urea were mixed into deionized water
to prepare in situ NiCo,(CO3); 5(OH); nanowire. The in situ growth has been carried
by hydrothermal treatment of Ni** and Co?* ion. Then mixed solution was heated at
120 °C for 6 h to get NiCo, (COs3);.5(OH)3 nanowire arrays. In second step, NiCo,S4
nanotube arrays were synthesized by hydrothermal treatment of NiCo,(CO3); 5(OH);3
nanowire with Na,S,9H,0 at 160 °C for 6 h. In this process, ion-exchange reaction
takes an important part to grow various types of nanoparticles and nanotubes. Like-
wise ion exchange between $2= and CO5%~ and OH™ of NiCo0,(CO3); 5(OH) takes a
fundamental role to form NiCo,S4 nanowire and as by-products CO, and H,O were
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200 nin

Fig. 2.12 a SEM image of the cobalt basic salt nanowires, inset in (a) is an enlarged SEM image; b,
¢ SEM images, d TEM image of the cobalt sulfide/cobalt basic salt nanocomposite [37]. Copyright
2017. Reproduced with permission from Royal Society of Chemistry

formed. Typically a continuous ion exchange occurred through diffusion process
from the inner NiCo,(CO3)1.5(OH); nanowire to the surface of as-grown NiCo,S4.

In another report, Cai et al. [39] reported a uniform hybrid nickel cobalt sulfide
(NiCo,S4) nanoparticles attached with reduced graphene oxide (RGO) nanosheets
through wet chemical reaction with Ni(Ac),;-4H,O and Co(Ac),-4H,0 in a molar
ratio 2:1. Interestingly Wu et al. [40] reported a one-step hydrothermal route to
prepare nickel cobalt sulfide-reduced graphene oxide (rGO) by Ni(OAc),-6H,0 and
Co(OAc),-6H,0 aqueous solution that was further mixed with a GO aqueous solution
under continuous magnetic stirring.

Further Chen et al. [41] reported nickel cobalt sulfide (NCS) hollow spheres
formation through hydrothermal-sulfurization process. In this method, initially nickel
cobalt precursors (NCP) have been synthesized by a facile solvothermal method in
submicron-sized spheres. Then subsequent sulfurization has changed the NCP to
porous structured based nickel cobalt sulfide. Importantly, the geometry of hollow
spheres can be tuned by different amount of sulfur source that purposely introduced.
NCP preparation was carried out by Ni(NO3),-6H,O and Co(NO3),-6H,O those
were dissolved in isopropanol (IPA) under magnetic stirring and also followed by
introducing of ethylene glycol (EG). Subsequently sufurization into hydrothermal
process was done by adding Na,S.
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Fig. 2.13 Schematic of the formation of NiCo,S4 nanotube through the anion-exchange reaction of
the NiCo,(CO3);.5(OH)3 nanowires with S2~ [38]. Copyright 2014. Reproduced with permission
from Elsevier

Fig. 2.14 FESEM images of NCS 1 and NCS 2 [41]. Copyright 2016. Reproduced with permission
from Nature

Coreshell (NCS 1) and hollowed colloids (NCS 2) structures were formed by
introducing different amount of Na, S like 60 and 120 mg and corresponding FESEM
images are shown in Fig. 2.14a, b [40].

Selenization of various transition metals into hydrothermal route is being explored
to get various exciting and interesting characteristics at nanoscale. MoSe, flowerlike
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nanostructures were synthesized by a facile hydrothermal method. In this method,
sodium molybdate (Na;MoQ,) and selenium (Se) powder were used as precursors
materials in a stoichiometric amount that was placed into a stainless steel autoclave
of 50 ml capacity [42]. Then a hydrazine hydrate (N,H4, H,O) and DI water were
added under specific amount into the solution and the pH value was adjusted at 12
with introducing NaOH. Then autoclave was sealed to follow the heating process at
180 °C for 48 h. After cooling the autoclave, a black precipitate was obtained and
followed by successive treatment like washing drying to get MoSe, nanostructured
materials.

Another report was done on 3D hierarchical flowerlike MoSe, microspheres for-
mation by wet chemical method via a three-stage growth process like nucleation,
oriented aggregation, and self-assembly growth. Tang et al. [43] synthesized MoSe,
nanoflowers by using precursors reagents Na,MoO,4-2H,0, Se, and NaBH, through
hydrothermal treatment at 200 °C by varying reaction time from 6 h to 48 h. Till
now synthesis of MoSe, self-assembled nanostructures remains a great challenge
upon controlling the reaction time. Tang et al. reported a morphological evolution
by increasing the reaction time. Initially when growth time was taken for 1 h, the
MoSe; nanoparticles were formed of diameter 5-10 nm. Afterward the reaction
time was increased to 6 h, the sheet-like nanostructures were formed and by further
increase of time to 12 h flowerlike nanostructures were formed by assembling of
many nanosheets without existence of any nanoparticles.

Finally when reaction time was prolonged to 48 h, then the nanosheets were assem-
bled gradually into perfect crystalline flowerlike microspheres. The uniform flow-
erlike morphology of as-prepared MoSe, was shown by SEM, TEM, and HRTEM
images (Fig. 2.15). The uniform flowerlike microspheres (Fig. 2.15a, b) showed the
structure of mean diameter about 1.0 m and each microsphere was consisted of num-
bers of nanosheets with thickness of 20 nm (Fig. 2.15¢). A clear lattice fringe pattern
of MoSe, was observed in HRTEM image which showed hexagonal MoSe, phase in
(100) plane with lattice spacing was about 0.28 nm (Fig. 2.15d). The above synthe-
sis process can be explained by ion reaction mechanism shown by Egs. (2.1)—(2.4)
where Se may well reduce to NaHSe by reaction between Se, H,O and NaBHy.
Correspondingly MoO3~ may well reduce to Mo** through ion reaction between
Na;MoO,, H,0 and NaBH,. Consequently reduced Mo* and Se?~ got reaction
with each other and formed MoSe; nanocrystals [43].

2Se + 4BH,~ + 7H,0 — 2HSe™ + B4,O;>~ + 14H, 2.1)
4Mo00,>~ + BH*™ + 10H,0 — 4Mo** + BO*™ + 240H (2.2)
HSe™ + OH™ — H,0 + Se’~ (2.3)

Mo** + 28e?>~ — MoSe, 2.4)
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Fig. 2.15 SEM (a, b), TEM (c) and HRTEM (d) images of flowerlike MoSe; microspheres [43].
Copyright 2016. Reproduced with permission from Elsevier

WSe, micro-rod and nanoparticles have been synthesized by one-step hydrother-
mal method by using ammonium tungstate [(NH4);0H2(W207)6], elemental sele-
nium, and hydrazine monohydrate [44]. The hydrothermally synthesized WSe, at
nanoscale shows superior electrochemical performance that is potentially applicable
for supercapacitor.

In another report, WSe;-graphene composite nanowire was prepared through wet
chemical method that showed exciting photocatalytic behavior where tungsten (vi)
oxide (WOs3) and crude selenium (Se) powder were used as source materials of
WSe, [45]. FESEM images (Fig. 2.16) showed nanowire-like WSe, formation on
the surface of graphene nanosheet under different magnifications. In this process,
WOj3 was first dispersed in deionized water and the solution was followed by drop-
wise addition of nitric acid.

Subsequently the mixed solution was heated at 120 °C to remove the by-products
O, and H,0. Separately an another solution was prepared by mixing anhydrous
sodium sulfite (Na,SO3) and Se powder with ethylene glycol under continuous stir-
ring at 80 °C to form selenium salt. Then both solutions were transferred into a
stainless steel autoclave to follow the heating process for 24 h at 250 °C in an electric
furnace. Finally WSe, precipitates were obtained after cooling the autoclave at RT.
The WSe, precipitate was then filtered and heated at 350 K for 12 h to get WSe;
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Fig. 2.16 SEM images of WSe; graphene composite with different magnifications [45]. Copyright
2017. Reproduced with permission from Nature

Fig. 2.17 FESEM data showing a low and b high magnification images of VSe; [46]. Copyright
2018. Reproduced with permission from Elsevier

powder. Afterward to prepare WSe,-graphene composite, WSe, and GO powder
were taken into 1:1 mass ratio and followed by successive treatments like sonication
heating, etc. VSe, has been reported through hydrothermal route by using source
materials sodium metavanadate (NaVO3) and selenium dioxide (SeO,) [46]. The
hydrothermal synthesis was performed in aTeflon-lined stainless steel autoclave at
200 °C for 24 h. The solid block-like structures of VSe; was found through hydrother-
mal route is shown in Fig. 2.17a, b by low and high magnification FESEM image
respectively. The hydrothermally grown VSe, showed solid block-like-layered struc-
tures evaluated from SEM images (Table 2.1).

2.3.2 Chemical Vapor Deposition

CVD is a preferred method for large area deposition of atomically thin TMD on
a relatively matching substrate. TMD growth can be conducted through CVD in
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Table 2.1 The preparation of TMD through wet chemical synthesis and their corresponding growth

criteria with structural view of grown materials

M. Dinara and C. S. Rout

TMDs | Precursors Synthesis Grown structure | Reference
temperature
MoS; | (NHyg)§Mo07024,4H,0 and | 180 °C for 50 h Thin monolayer | [28]
S
NaF, MoO3 and KSCN 220 °C for 48 h Hierarchical [29]
nanospheres
WS, WClg and thioacetamide 265 °C for 24 h Layered [30]
nanosheets
(NH4)6HayW12049-xH,O 220 °C for 48 h Flowerlike [31]
and thiourea nanosheets
Nay WOy, 2H,0, NH,OH, 18 °C for 72 h Nanoflowers [32]
HCI, CH4N,S, and CTAB
VS, Na3zVOy, 12H;0, and TAA | 160 °C for 24 h Layered [43]
nanosheets
MoSe; | NayMoOQy4 and Se 180 °C for 48 h Nanoflower [39]
Na;Mo0O4-2H,0, Se and 200 °C for 48 h 3D hierarchical [40]
NaBH4 flower
WSe, | (NHy)10H2(W207)6, 150-170 °C for Micro-rod and [37]
elemental selenium and 48 h nanoparticles
hydrazine monohydrate
WO3 and Se 250 °C for 24 h Nanowire [38]
VSe; |NaVOs3 and SeO, 200 °C for 24 h Solid block-like | [41]
structure

two ways: sulfurization and selenization where vapor-phase reactions in both cases
are conducted by transition metal with sulfur and selenium, respectively. TMDs are
grown in different morphology and different structural orientations with monolayer,
bilayer, and multilayer stacks of different crystallographic orientations in single crys-
talline, polycrystalline, or pure crystalline form.

Typically the vapor-phase reaction is occurred on transition metal-coated sub-
strate or bare substrate in chalcogen(S or Se) atmosphere or the reaction can be
conducted under vapor phase of both transition metal and chalcogen. In CVD, the
process parameters, i.e., deposition temperature, temperature ramp, carrier gas flow
rate, and vacuum pressure greatly influence the crystal structure, surface morphol-
ogy, electronic property, and orientation of the grown film. Typically the role of CVD
system is to generate vapor precursors of the source material and deliver those vapor
reactants through the reactor under specific temperature and pressure. The schematic
view of three-zone CVD furnace is shown in Fig. 2.18. The system mainly consists
of a reaction chamber equipped with three zones patterned for placement of sub-
strate and subsequent precursors, and heating system with temperature controller. In
general, CVD undergoes the growth kinetics by adsorption of reactant species into
vapor phase governed above relatively high decompose temperature of respective
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Fig. 2.18 Schematic view of CVD system

precursors into the substrate surface and subsequently heterogeneous reaction get
started by formation of newly grown film on the substrate surface and by-product
species.

The by-product species are removed from reactor chamber by diffusion process.
To transport vaporized reactant into the reactor on to the targeting substrate, car-
rier gasses (reactive gases such as H, and Nj or inert gases such as Ar) are used
with specific flow rate. Typically sulfurization and selenizations are occurred under
Ar and H, mixed atmosphere with definite ratio that correspondingly participate in
nucleation and reduction process. In this process, deposition rate can be willingly
adjusted and low deposition rate is mostly preferred for good quality thin film forma-
tion. The CVD system is well designed and can be operated with optimum process
conditions to generate good quality epitaxial film with uniform film thickness and
surface morphology.

2.3.2.1 Sulfurization

Zhan et al. [47] reported MoS, growth through sulfurization method where Mo
thin film-coated SiO; used as a precursor as well as substrate that placed in high-
temperature zone and ceramic holder carrying pure sulfur placed in a low-temperature
zone. Under specified growth condition, vapor-phase reaction was started at 750 °C
by introducing sulfur and successfully governed a large area deposition of poly-
crystalline MoS, atomic layer on SiO; substrate with grain size ranging from 10 to
30 nm. The CVD grown MoS; film has been shown in Fig. 2.19. Interestingly CVD
grown MoS; showed a floating morphology with layered orientation(Fig. 2.19a).
The as-grown MoS2 showed two- and three-layered structure (Fig. 2.19b, ¢) with
interlayer spacing of ~6.6 & 0.2 A. Moreover HRTEM image (Fig. 2.19d) showed
Moiré patterns of CVD grown MoS; film. Due to scalability nature of CVD, thin
film with good uniformity and of any size can be developed. The grown thickness of
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Fig. 2.19 TEM characterizations and chemical elemental analysis of CVD-MoS; ¢, d Two and
three layers of MoS,. The distance between two layers is about 6.5 A. e A HRTEM image with
Moiré patterns. The FFT in the inset reveals a three-layer packing [47]. Copyright 2012. Reproduced
with permission from Wiley-VCH Verlag GmbH

MoS; is scalable through this CVD method depending upon the as-prepared Mo film
and area of the substrate that is fully demanded as per device requirements. Likewise
Liu et al. [48] reported the same material through CVD with different approaches by
thermal decomposition of the precursor material.

The thermolysis temperature in CVD route is an important parameter to grow
high-quality film. So at higher temperature (~1000 °C), (NH4),MoS, precursor is
annealed to grow high-quality MoS, film. Here decomposition step is easily violated
by oxygen which may interrupt to grow sulfide film. So as well as H, gas is required
to prevent oxidation of as-deposited film into the growth chamber. The gas flow is an
important part in CVD system. Shi et al. [49] reported MOS; growth in low-pressure
CVD on graphene-templated Cu foil. In where they used ammonium thiomolybdate
as a precursor that thermally decomposes on graphene to form epitaxial MoS, single
crystalline hexagonal flakes. Remarkably it was observed that upon introducing a
large amount of precursors a continuous MoS, film is grown prior flake formation.

Elias et al. [50] reported a large area WS, synthesis through sulfurization method
where WO, -coated Si/SiO; substrate was heated at high temperature 750-950 °C into
sulfur-contained furnace in vapor phase. The grown WS sheet is totally flexible due
to its folded or wrinkled nature that signifies different regions of different thickness
and stacking. The CVD grown WS, film showed hexagonal lattice structure with very
small defects which confirm very good crystalline quality of the film (Fig. 2.20a).
Also bilayer and trilayer WS2 structure has been evaluated from HRTEM images
(Fig. 2.20b, c). Different stacking ordered layer formation of CVD grown WS, sym-
bolized the Moire patterns (shown in the inset of figures) that contained to monolayer,
bilayer, and trilayer stack at 1, 2, and 2.8 nm, respectively. The edge of single-layered
WS2 was shown by HRTEM (Fig. 2.20b, c). Strangely the electronic structure of
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Fig. 2.20 HRTEM images of WS, films. Insets show the Fast Fourier Transformation (FFT) of
the corresponding TEM micrograph. a WS, region exhibiting crystalline regions and some defects,
such as larger rings, highlighted by arrows. b, ¢ exhibit a bilayer and trilayer WS, with different
stacking, revealed by the formed Moire pattern and confirmed by the FFT, and d depicts the edge
of a single-layer WS, film [50]. Copyright 2013. Reproduced with permission from American
Chemical Society

grown film was also governed by number of stacking layers which correspondingly
notify the energy band structure. In this context, it was examined that the monolayer-
and multilayer-stacked structures specify the material property like direct band gap
and indirect band gap semiconductor, respectively.

A novel approach to conventional CVD reported as rapid cooling CVD (RCCVD)
process by Chao Li. et al. [51] where single crystalline WS, was formed with maxi-
mum size of 320 pm.

The process parameter optimization and suddenly decrease of temperature were
effectively introduced to govern good quality single crystalline film formation. The
temperature-growth profile of normal CVD and RCCVD is shown in Fig. 2.21a, b
respectively. In RCCVD mode after reaching the synthesis temperature, the system
is cooled down rapidly for a while and suddenly reheated at growth temperature. In
this process, the control parameters are rapid cooling start time (tRCS), rapid cooling
time (tRC), cooling rate, reheating rate and reheating/regrowth temperature (TRG)
those should be accordingly maintained to conduct a single crystalline growth.

In the above context, RCCVD paves a great role to synthesize the monolayer and
single-crystal WS, formation of a large domain size. Moreover domain size can be
controlled by optimizing the growth parameters during the rapid cooling stage.

VS, nanosheets preparation has been reported by a facile CVD method [52, 53]
where vanadium chloride (VCls) and sulfur (S) were used as precursors. The VS,
synthesis was carried out at 500-600 °C on SiO,/Si substrate under the environment
of carrier gasses mixture: N, with 10% of H,. The CVD grown VS, nanosheets exhib-
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ited mainly two types of VS, flakes: hexagonal and half hexagonal VS, nanosheets.
The characteristics edge length of VS, nanostructures is greatly influenced by H,
flow rate. Ji et al. demonstrated with reducing H, flow rate (from 8 sccm to 2 sccm) the
edge length of the nanosheet was increased from ~10 pwm to ~40 pm [53]. Figure 2.22
shows the morphology of CVD grown VS, at 600 °C reported by Yuan et al. where
it was shown that VS, has been grown in both phases hexagonal and half hexagonal.
The repeated observation has been followed (Fig. 2.22d, ) in an another study where
VS, has been synthesized at slightly lower temperature at 550 °C [53].

2.3.2.2 Selenization Through CVD

Selenization of metal oxide is a common way to form transition metal selenide
through CVD route. Typically selenization can be conducted through direct formation
of transition metal selenide or through the formation of transition oxide on preferred
substrate prior to selenization. Due to low chemical reactivity of selenium, H, is
mostly required to conduct selenization reaction through a strong reduction process
with transition metal oxide precursor to follow the chemical reaction as:

WOs3 + 3Se + H, — WSe, + H,O + SeO, (2.5)

Huang et al. [54] reported a large area synthesis of WSe, monolayer with high
crystalline quality through CVD route by selenization of WOj; and introducing hydro-
gen as a carrier gas throughout the reaction. The optimized carrier gasses Ar/H, were
taken into 4:1 to follow better synthesis chemistry. The good crystalline quality of
WSe, film exhibits hole and electron mobility around 90 and 7 cm?/Vs, respectively,
that signify its applicability in logic circuit integration. To conduct WSe, growth, as
precursor materials WO3 and selenium powder was taken and placed into the tem-
perature zone of the center and upper stream area of tube furnace respectively and
heated up to 950 and 270 °C to each zone. As a substrate sapphire was used and placed
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Fig. 2.22 a Scanning electron microscope (SEM) images of VS, nanosheets (synthesized at
600 °C) with different orientations b dominant hexagon [52]. Copyright 2015. Reproduced with
permission from Wiley-VCH Verlag GmbH. ¢ nearly “half-hexagon” shape for individual crystal,
d Optical image of the half-hexagon-shaped VS, nanosheets (synthesized at 550 °C) and e SEM
image of a VS, nanosheet (synthesized at 550 °C) as grown on SiO,/Si [53]. Copyright 2017.
Reproduced with permission from American Chemical Society

at the downstream side of the furnace. To carry out growth kinetics Ar and H, are
used as a carrier gasses at 80 and 20 sccm respectively to transmit the selenium and
WO; vapor toward the targeting substrate. Huang et al. also reported temperature-
dependent morphological change due to change of nucleation density in synthesis
time. The report showed that synthesized WSe; at 850 °C exhibited a triangular-
shaped crystal structure with lateral size of 10-50 pwm (shown in Fig. 2.23b, while
the grown WSe, at 750 °C has shown a continuous film formation after merging
many small domains into a single domain film (Fig. 2.23c). This should be noticed
that the lower synthesis temperature would be responsible for high-density nucle-
ation with better uniformity. WSe, monolayer of 0.73 nm thickness was evaluated
by atomic force microscopic (AFM) image (Fig. 2.23).

Liu et al. [55] followed the same route to prepare monolayer WSe, flakes and
studied shape evolution with increasing temperature. It was importantly noticed that
with increasing growth time larger single crystalline material could be formed with
large domain size in triangular geometry.
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Fig. 2.23 a Schematic illustration for the growth of WSe, layers on sapphire substrates by the
reaction of WO3 and Se powders in a CVD furnace. A photograph of the setup is also shown. b,
¢ Optical microscopy images of the WSe; monolayer flakes and monolayer film grown at 850 and
750 °C, respectively. Scale bar is 10 pwm in length. The inset in (c¢) shows the photograph of a
uniform monolayer film grown on a double side polished sapphire substrate. d AFM image of a
‘WSe, monolayer flake grown at 850 °C on a sapphire substrate [54]. Copyright 2013. Reproduced
with permission from American Chemical Society

Many reports were done on MoSe, synthesis through CVD with monolayer to few
layers formation in different crystalline phases [56-59]. The high-quality uniform
growth of MoSe, was reported by using MoOj3 and selenium pellets through CVD
under atmospheric pressure. MoSe, growth temperature has been taken at 750 °C
(heating ramp 50 °C/min) for 20 min throughout the reaction [59]. During growth
a mixture of Ar and H; (15% of Ar) have been used at 50 sccm as a carrier gasses.
The schematic view of CVD setup to grow MoSe, was shown in Fig. 2.24a. This
synthesis yielded under ambient pressure a triangular uniform MoSe, monolayers
growth resulting in a large single crystalline islands where the size of triangles was
in ranges of few tens to 100 pm or more than 100 wm (Fig. 2.24b, ¢). The monolayer
MoSe, growth was confirmed by atomic force microscopy (AFM, Fig. 2.24e), by
evaluating the thickness of CVD grown triangle of 0.8 nm that correspondingly
confirmed the film uniformity through optical micrographs with respect to color
homogeneity.

Vanadium diselenide (VSe,) is a typical TMD-layered material that consists of
vanadium atoms sandwiched between two selenium atom layers signifying CdI2-type
structure. In case of VSe,, growth was greatly influenced through van der Waals epi-
taxial strategy under matching substrate (mica, sapphire, etc.) with grown material.
In various reports, VSe, growth has been differently approached than conventional
TMDs through vapor-phase reaction of corresponding precursors not likely metal
oxide reduction process. Due to strong sigma bonding of vanadium oxide precursor,
it could not be easy to conduct oxide reduction for selenization. So in this mode
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Fig. 2.24 MoSe, monolayer synthesis and morphology. a Schematic of the controlled synthesis of
monolayer MoSe; via CVD. Se pellets and MoO3 powder are positioned in same ceramic boat at the
center of the tube furnace. b—d Typical optical images of monolayer triangles and continuous film.
Small bilayer domains with darker color can be observed in (¢) and (d). e AFM height topography of
monolayer MoSe;, and the height profile (inset) showing a thickness of ~0.8 nm, as measured along
the red dotted line [59]. Copyright 2015. Reproduced with permission from American Chemical
Society

growth kinetics should be differently controlled by other vanadium source mate-
rial like VCls. Zhang et al. [60] reported the growth of 1T VSe, mono-crystalline
nanosheets with high crystallinity and high electrical conductivity (10° S m~') that
is 4-10 times larger than compared to other TMDs.

The CVD grown VSe, exhibited uniform crystallinity and compositional unifor-
mity with different shapes of hexagonal and triangular geometry. Moreover compo-
sitional uniformity of VSe, nanosheets has been evaluated by uniform color contrast
image at the corner portion of the triangular nanosheet through energy dispersive
spectroscopy (Fig. 2.25a, b) mapping.

Carrier gasses are interestingly participating to control the film thickness into CVD
chamber. Remarkably the reported data has showed that under Ar flow from 500 to
100 sccm the thickness of synthesized VSe; film was decreased with increasing the
gas flow rate (Fig. 2.25¢e). Figure 2.25¢ shows optical microscopy image of VSe, of
different types of polygonal shapes like triangles, hexagons as well as hexagrams.
This type of well-defined shape confirmed the high crystallinity of the material.
Moreover atomic force microscopy showed a well-defined morphology of CVD
grown VSe; nanosheet of thickness about 4.9 nm (Fig. 2.25d). In another example,
Wang et al. [61] reported VSe, growth on mica substrate followed by same growth
conditions under same precursors. In both cases, deposition temperature was kept
around 600-650 °C.

High-quality growth of NbSe, monolayer was also conducted under same carrier
gas treatment and metal oxide reduction at 795 °C for 16 min as per report [62]. So
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Fig. 2.25 Direct synthesis of VSe; polygons on mica via an atmospheric-pressure CVD method.
a, b EDS mapping images of Se and V for a corner of a triangular VSe; nanosheet, respectively.
¢ OM image of typical VSe, triangles and hexagons achieved directly on the mica substrate (400
sccm Ar and 2 scem Hp as carrier gases, growth time of 2 min). d AFM image and corresponding
height profile of an ultrathin VSe; nanosheet with a thickness of ~4.9 nm. e Average thickness of
VSe; nanosheets plotted as a function of Ar flow rate. Insets are optical images of transferred VSe,
nanosheets on 300 nm SiO,/Si, showing contrast evolutions from yellow to red when decreasing their
thicknesses [60]. Copyright 2017. Reproduced with permission from Wiley-VCH Verlag GmbH

the above-mentioned CVD processes lead to form different types of TMDs with vary-
ing crystal structure and morphological orientation with controllable layer numbers
under growth parameters variations (Table 2.2).

2.3.3 Electrodeposition

Electrodeposition is a well handy technique to produce metallic or semiconducting
thin film on base material (substrate) through electrochemical reduction of metal-
lic ions from electrolytes. Currently, electrodeposition is emerging as a versatile
technique for the preparation of thin film with reduced grain size. To begin elec-
trodeposition cathode (working electrode) and anode (counter electrode) are taken
and immersed into an electrolyte contained cell/bath. The electrodeposition occurs by
charge transfer reaction when external potential is applied across substrate/electrolyte
interface. The schematic diagram of an electrochemical cell setup for electrodeposi-
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Fig. 2.26 Schematic view of Power supply
electrode deposition bath —
-+

Electrolyte

solution

tion set up consists of working electrode/cathode, anode, electrolyte containing bath,
current source and ampere/voltmeter is shown in Fig. 2.26.

Among the above-discussed processes, the electrodeposition method is a unique,
fast, simple, and inexpensive process for the synthesis of various nanostructured
materials, e.g., thin film, nanoparticles, nanowires, nanocrystalline material, and
nanocomposites with controlled characteristics, likely, composition, geometry, and
morphology [63]. Electrodeposition is occurred through pure metal deposition or
co-deposition of alloy from electrolyte by applying external current. In this method,
2D and 3D nanostructures are successfully deposited on targeting substrate. The
key advantage of this electrochemical deposition is its controllable synthesis process
for nanostructured materials of desired geometry, morphology, and crystallographic
orientation by the direct growth on substrates with control of operating conditions
and bath chemistry. This method also elucidates the influence of electrochemistry on
nanoparticle properties. [64].

This highly controllable, repeatable, and scalable nature of electrodeposition could
pave a great attention for fabrication of TMD nanostructures with various exciting
characteristics and device functionality through a low cost effective and efficient
way.

Nanostructured MoS;, has been prepared by various types of electrochemical
methods based on aqueous and non-aqueous cathodic electrodeposition [65-71].
Albu-Yaron et al. [65] reported MoS, synthesis through both aqueous (water) and
non-aqueous (ethylene glycol) route by using sodium tetrathiomolybdate ion at dif-
ferent temperatures on conductive glass substrate. The two-electron reduction of
tetrathiomolybdate ions (MoS,2™) produced MoS, followed by the reaction.

Cathode Anode

MoS42~ 4 2e~ +4H" — MoS, + 2H,S (2.6)

Potassium chloride and ammonium chloride were used as supporting electrolyte
and proton donor for ethylene glycol-based electrolyte respectively. This report
showed the formation of amorphous MoS, matrix embedded by nanocrystallites
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and nanoclusters MoS, under aqueous and non-aqueous electrolyte mode. The elec-
trodeposition process greatly influences the formation of crystalline embryo by vary-
ing temperature electrolytic medium, substrate and operating voltage. It was shown
by HRTEM image, the densely scattered crystalline embryo with disordered struc-
ture throughout the MoS, matrix. During electrodeposition when temperature was
increased, i.e., 98 °C for aqueous and 165 °C for ethylene glycol, the smaller sizes
nanoparticles were found into amorphous MoS, matrix. For the ethylene glycol-
based electrochemical synthesis, single or double (0002) plane MoS, nanoplatelets
were formed throughout the matrix. Importantly it was also noted that after increasing
the temperature structural quality might be deteriorated due to enhancement of vari-
ous types of defects. So it is essential to control structural morphology with increasing
temperature to get high-quality defect-free structure and exciting characteristics for
device potential applications.

Another report showed MoS, synthesis by electrolyzing the aqueous solution of
(NHy)>[MoS4] and the same amorphous MoS, formation was occurred with mixed
phases of MoS, and MoS; [68]. To overcome this type of amorphous material for-
mation and to get pure crystalline structure, a non-aqueous-based electrodeposition
method was proposed by using room temperature ionic liquids (RTILs) where pre-
cursors were taken as 1:1 molar ratio. This electrodeposition method was performed
on glassy carbon substrate into electrochemical bath containing Pt as a reference
electrode followed by potentiodynamic depositions (scan rate 100 mV/s, tempera-
ture varying from room temperature to 100 °C) and chronoamperometric deposi-
tion(at constant temperature, varying potential from 2.7 to 1 V). Murugesan et al.
[69] reported temperature-dependent morphology evolution where room temperature
synthesized MoS, showed amorphous nature and after increasing the temperature
nanoparticles were agglomerated and form nanoclustered material. Afterward by a
further increase of temperature at 100 °C the fused nanoparticles of cluster form a
thin crystalline film of pure phase via Oswald ripening where smaller nanoparticles
coalesce and form larger particles in crystalline form. In Potentiodynamic deposi-
tions, morphological evolution with increase temperature was happened as discussed
above.

Figure 2.27 shows the SEM image of potentiodynamic depositions of MoS, at
various temperatures. At room temperature (Fig. 2.27a), amorphous MoS,. nanopar-
ticles were formed and with increasing temperature nanoparticles agglomerate to
form MoS, cluster structure (Fig. 2.27b). Furthermore, increasing temperature at 75
and 100 °C (Fig. 2.27c, d) a uniform-layered MoS, structure was formed through
coalescence of small crystalline particles to larger crystalline structure via Oswald
ripening [72].

Moreover the chronoamperometric deposition at —2.7 V Vs Pt at 100 °C has
shown the flowerlike morphology (Fig. 2.28) of MoS, that was confirmed by irreg-
ular current response due to heterogeneous nucleation of MoS, growth on glassy
carbon substrate by ionic liquid electrolyte. The uniform flowerlike morphology of
electrodeposited MoS, was shown in SEM image (Fig. 2.28a) and the enlarged image
showed small spherical flowerlike particles (Fig. 2.28b, c).
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Fig. 2.27 SEM images of potentiodynamically electrodeposited MoS, at various temperatures.
a RT, b 50, ¢ 75, and d 100 °C [69]. Copyright 2013. Reproduced with permission from American
Chemical Society

Electrodeposition of WS, on conducting glass plate was reported into the elec-
trolyte of 1:1 mixture of tungstic acid and aqueous solution of Na,SOj3. Devadasan
et al. [73] studied the variation of film quality with current density and temperature
under specific pH value of the electrolyte. The study reported that at current density
30 mA/cm? and bath temperature 40 °C the electrodeposited film was of high thick-
ness and exceedingly opaque to light. But after increasing the current density, the
film quality was degraded and also with increasing temperature, i.e., above 40 °C
diffusion takes place that give rise to increase pin hole formation into the film. So to
get high-quality film, the temperature and current density should be optimized under
specific pH value.

Interestingly nanowire formation was also conducted through electrodeposition
which actively plays for hydrogen evolution. Jana et al. [74] reported polycrystalline
WS, formation on ITO-coated glass substrate using three electrode configuration
into an aqueous electrolyte solution mixed of sodium tungstate (NayWO4-2H,0)
and thioacetamide (CH3C(S)NH,). But in that process due to use of Na, WO,-2H,0
as a source of metal a mixed phase of WS,/WO; thin film was formed rather to
formation of pure phase WS,. Figure 2.29 shows the FESEM images of WS, thin
film and WS,/WOj3 thin films.

As the electrode potential of metal is more negative than hydrogen discharge
potential, metal cannot be easily electrodeposited from aqueous solution. Generally
the electrolysis reaction can be written as [75],

Electrolysis

H,MoO, (aqueous) + 6HT +6e~ <~ Mo + 4H,0 2.7
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Fig. 2.28 a SEM-EDS analysis of chronoamperometrically at —2.7 V versus Pt electrodeposited
MoS; over glassy carbon electrodes showing the formation of flower morphology. b, ¢ Enlarged
and closer view of MoS; flower morphology. d Elemental analysis of MoS; showing the presence
of Mo and S in the secondary electron (SE) image. e Elemental analysis of showing the presence
of Mo. f Elemental analysis showing the presence of S [69]. Copyright 2015. Reproduced with
permission from American Chemical Society

Fig. 2.29 a FESEM images of (a) WS, thin film; b WS2/WOj3 thin film [74]. Copyright 2015.
Reproduced with permission from Elsevier
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Fig. 2.30 Field emission scanning electron microscopy (a—c) shows the low resolution and high-
resolution images of 10 min electrochemically deposited MoSe,/Ni [77]. Copyright 2017. Repro-
duced with permission from Elsevier

But at the intermediate stage, MoO, 2 is formed which is highly thermodynam-
ically stable anion (high energy formation, i.e., —218.8 kcal/mol)) and cannot be
easily separated into Mo and O. So for breaking this type of strong hybridization
bond of MoO,~2 more potential energy is required than the cathodic potential for
hydrogen discharge. So it is not easy to achieve a cathodic deposition of metal under
normal bath condition. But it would be possible under critical controlling of growth
kinetics and bath condition. For deposition, equilibrium electrode potential of sele-
nium is more positive than molybdenum. It is theoretically recommended that high
concentration of Mo shifts the deposition potential toward positive value and low
concentration of Se shifts the potential toward negative value that are essentially
required for MoSe; deposition under diffusion-controlled growth kinetics.

The polycrystalline MoSe, synthesis was reported by electrolysis of ammoni-
acal solution (mixture of molybdic acid(H,MoQ,) and aqueous solution of SeQO,)
under galvanostatic conditions on titanium and conducting glass substrate [76]. In an
another report, Mariappan et al. [77] reported electrodeposition of MoSe, via three
electrode configuration (Ni foam as a working electrode, Ag/AgCl as a reference,
and platinum as a counter electrode) on Nickel foam under electrolyte solution mixed
of ammonium molybdate tetrahydrate ((NH4)¢Mo070,4-4H,0) and selenium dioxide
(Se0,). The electrodeposition was performed by applying chronoamperometry volt-
ageat —1.1 V (vs. Ag/AgCl) and during synthesis a slightly high temperature (60 °C)
was maintained to improve ion diffusion toward the electrode surface. Remarkably
with increasing deposition time from 5 to 10 min, the number of sheet formation of
MoSe, was increased in electrolysis technique (see Fig. 2.30; Table 2.3).

WSe, thin films are grown in the same way as discussed above as like MoSe;.
Gawale et al. [78] reported WSe, synthesis from aqueous ammoniacal electrolyte
solution of H, WOy and SeO, at the same deposition temperature 60 °C as discussed
for MoSe,. The electrodeposition of WSe, was performed on stainless steel and
fluorine-doped tin oxide-coated glass substrates. Delphine et al. [79] reported the
same synthesis procedure of WSe, under galvanometric mode and confirmed the
formation of polycrystalline WSe, with hexagonal structure using aqueous elec-
trolytic bath. The electrodeposited WSe, shows n-type semiconducting nature with
indirect band gap of ~ 1.0 eV.
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2.4 Conclusion

In summary, we have discussed various synthesis routes from top-down to bottom-up
approaches over various TMD materials with their exciting structural-morphological
orientation. As a top-down approach, exfoliation technique has been devoted as a
gateway to prepare layered material in large scale but it is not well suited for elec-
tronics and optoelectronics application due to lack of fine-tuning controllability over
growth techniques. The poor electronic properties of liquid-exfoliated TMDs might
be improved after annealing treatment. Bottom-up approach in contrary to top-down
approach has been developed through various process technologies to synthesize
high quality and uniform film with comparatively low defect density and various
morphological evolutions such as nanoparticles, nanosheets, nanowire, nanoflower,
hexagonal, half hexagonal, solid block structure. As a bottom-up approach, wet chem-
ical synthesis offers a powerful alternative method to exfoliation route that yields
various forms of nanostructures with interesting properties in nanoscale. Wet chem-
ical synthesis has been reported by a number of processes to grow various TMDs at
low synthesis temperature with various exciting morphology from nanoparticles to
nanoflowers with flake sizes typically from hundreds of nanometers to few microme-
ters. Among different bottom-up methods, importantly CVD offers a high crystalline
epitaxial growth with low defect density and various crystal structures in monolayer
to multilayer-stacked formation of different geometry under controlling the process
parameters. In CVD technique, carrier gasses perform a great role to conduct reac-
tion process upon the substrate under specific flow rate. Importantly different CVD
synthesis routes perform in wafer-scale fabrication of electronic and opto-electronic
devices. The electrochemical synthesis as a bottom-up approach is being explored
as a green synthesis technology in both aqueous and non-aqueous electrolytes bath
under galvanostatic condition and also the technique endorses multiple advantages
like versatility of substrate choice, very fast deposition rate, and growth scalability.
It has been also noticed that non-aqueous bath rather than aqueous provides better
quality film by using ionic liquid electrolyte at room temperature. Typically elec-
trodeposition is utilized for metallic coating or hybrid formation for the purpose of
good appearance, special surface and engineering properties.

Moreover, the preparations of layered TMDs are still remained a challenge to
control the desired morphology and crystal structure under specific treatment for
the purpose of rational-technological development. We predict and demonstrate the
growing research interest of various controlled synthesis routes for the development
of more powerful and exciting characteristics of the materials for the real applications.
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Chapter 3 ®)
Properties of Transition Metal i
Dichalcogenides

James T. Gibbon and Vinod R. Dhanak

Abstract Much of the interest in the two-dimensional transition metal dichalco-
genides (2D TMDs) is due to their varied optical, electronic, magnetic and electrical
properties, particularly how these properties vary as the number of layers is reduced.
In this chapter, we will consider these properties in detail and comment upon how
these are useful for various applications.

3.1 Introduction

Numerous crystal structures have been reported for the 2D TMDs, including the 2H,
IT and the (distorted) 1T’ structures. Such a range of crystal structures inevitably
results in many varied electronic phases. Figure 3.1 shows a ‘periodic table’ of the
2D TMDs, indicating the structural and electronic phases observed for each.

In the case of the Pd-based TMDs, the unit cell of the bulk material is orthorhom-
bic [2, 3], with neighbouring sheets bonded via van der Waals forces. Recent density
functional theory (DFT) results suggest that the most stable phase of PdS, has the
corresponding 2D rectangular unit cell, with a pentagonal configuration of atoms
[4], and similar results have been shown experimentally for PdSe, [5]. Experimental
verification of the properties of monolayer PdX, is rendered difficult as competing
Pd, X3 phases are frequently formed upon exfoliation [6]. Top and side views of the
2H, 1T and PdX; structures are presented in Fig. 3.2. The crystallographic informa-
tion presented in Fig. 3.2 was obtained from [7] for the 2H structure, [8] for the 1T
structure and [3] for the PdX;-type structure. A final phase of note is the Haeckelite
phase predicted for numerous TMDs. In the case of the group VI TMD monolay-
ers, the Haeckelite phases exhibit semi-metallic behaviour, whilst for group V TMD
monolayers, a band gap opens resulting in semiconducting behaviour [9].
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Fig. 3.2 Common crystal structures of the TMDs. Metal atoms are purple, and chalcogen atoms
are in yellow. Left shows the top and side views of the 2H structure [7]. Centre shows the top and
side views of the 1T structure [8]. Right shows the PdX,-type structure [3]. This structure is unusual
as it is pentagonal as can be seen in the top view. In the side view, it is clear that the structure follows
a puckered-type structure

3.2 Optical Properties of the TMDs

Generally, the semiconducting group VI TMDs, MX, (M = Mo, W), have an indi-
rect band gap when in the bulk phase. As the number of layers is reduced, there
exists a point at which the band gap transitions from an indirect to a direct gap. The
transition of the band gap has been studied theoretically and experimentally in the
archetypal TMD, MoS,, by DFT [10, 11] and angle-resolved photoelectron spec-
troscopy (ARPES) [12], respectively. Early experimental evidence of the transition
from an indirect to a direct gap came from observing the increased photolumines-
cence yield, as the number of layers decreased [13, 14]. Direct observation of the
changing value of the band gap with the number of layers has also been made by
spatially resolved optical absorption spectroscopy of MoS, flakes [15].

Figure 3.3 shows the ARPES band structure for monolayer, bilayer, trilayer and
bulk-like MoS,. For the bulk-like MoS, layer, the valence band maximum is at T,
whilst the conduction band minimum is known to be at K . As the number of layers is
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Fig. 3.3 ARPES valence band structure of MoS, for varying numbers of layers. a Monolayer
MoS; ARPES valence band spectra overlaid with DFT calculated band structure. b, ¢ are the
corresponding energy and momentum distribution curves, respectively. d—f ARPES band structure
of bilayer, trilayer and bulk-like MoS; [12]. Copyright 2013. Reproduced with permission from the
American Physical Society

reduced, the states at K move upwards in energy towards the VBM at T and finally
move above the states at ' when the MoS, is monolayer in nature. The evolution of
the band structure in this way is explained by considering the quantum confinement of
the electrons at K and T'. The electrons at K are derived from in-plane Mo d,>_ y2/dxy
orbitals, which are unaffected by the confinement in the z-direction [12]. In contrast,
the states at " are derived from Mo d,> and S p, contributions [12]. As the number
of layers is reduced, the interplanar contributions at T" are necessarily reduced.
Thus, the energy of the VBM at T is reduced relative to K as the number of
layers is reduced. Similar behaviour is predicted for many other TMDs including
MoSe;, MoTe; and the tungsten dichalcogenides [10, 11] and has been confirmed
experimentally in MoSe, [16], WS, [17] and WSe; [17]. Similar behaviour has
been seen for MoTe, [18]; however, verification of this behaviour in WTe, has been
complicated by the existence of a thermodynamically preferred type II Weyl semi-
metallic phase [19, 20]. As the increasing band gap with reduced layer number is due
to the reduced interactions between neighbouring atomic layers, it is likely that this
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Fig. 3.4 a, b Normalised photoluminescence of WS, and WSe, layers, respectively. ¢, d The
relative photoluminescence quantum yield as a function of layer number for the direct and indirect
transition of the WS, and WSe;, respectively [17]. Copyright 2012. Reprinted with permission
from the American Chemical Society

behaviour, in fact, holds for all of the semiconducting 2D TMDs in the 2H crystal
structure.

Figure 3.4a, b shows the photoluminescent behaviour of monolayers, bilayers and
multilayers of WS, and WSe,, after normalisation [17]. In the multilayer regime,
a small feature is seen due to photoluminescence across the direct gap (A), with a
larger feature occurring for the indirect gap (I).

Also present are hot electron peaks A" and B, corresponding to direct transitions
from excited states in the conduction band. As the layer number is reduced, the
indirect PL peak moves to higher energy (i.e. lower wavelength), indicating the
increasing band gap, whilst the direct gap does not change [17]. The direct PL
peak also becomes more intense with decreasing layer number [17] as can be seen in
Fig. 3.4c, d, which show the relative PL quantum yield. Similar behaviour is observed
in other group VI TMDs [13, 14].

Generally, the absorption spectrum of a 2D material within the infrared—visible
part of the electromagnetic spectrum is dominated by a step function-like spectrum
resulting from the joint density of states and the matrix elements close to the band
edges. In practice, the 2D TMDs actually exhibit strong resonance features close
to the absorption edge due to excitonic effects. Doped TMD monolayers have also
been observed to exhibit trion quasiparticles [21-26] (i.e. two-hole, one-electron or
one-hole, two-electron quasiparticles, analogous to H,™ and H™ ions, respectively
[27-29]), and there is evidence of bi-excitons [30-38] (bound states of two holes,
two electrons) in monolayer TMDs. The binding energy of these excitons is approx-
imately an order of magnitude larger [39-46] than can be obtained from quantum
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Fig. 3.5 A schematic diagram showing a an exciton, b negatively and positively charged trions
and ¢ bi-excitons

well-type structures [47-49] and would thus allow for high-temperature excitonic
devices. A schematic diagram showing excitons, trions and bi-excitons can be found
in Fig. 3.5. A tuneable excitonic LED has already been demonstrated using mono-
layer WSe, p—n junctions [50]. Manipulation of the excitons can also allow for the
nonlinear generation of light [51], by second-harmonic generation, which can be
controlled electrically using a FET-like device structure [52] as shown in Fig. 3.6.

Strongly bound excitons have been reported in other layered materials including
black phosphorous [53]. Relatively strongly bound excitons have also been reported
recently in the layered chalcostibite material, CuSbS,, where an excitonic state with a
binding energy of 27 meV was observed in bulk polycrystalline films [54], as shown
in Fig. 3.7. By comparison with MoS,, where the bulk exciton binding energy is
reported to be 84 meV [55], it is highly likely that the exciton binding energy of
CuSbS,; will similarly increase with reducing layer numbers, as a reduced number
of layers result in reduced dielectric screening and greater spatial confinement.

The excitonic properties of the TMDs can also enhance the absorbance of mono-
layers, resulting in enhanced absorbance in the visible part of the electromagnetic
spectrum, as shown in Fig. 3.8 [56]. Photovoltaics devices built on a graphene/MoS;
monolayer architecture are predicted to have power conversion efficiency (PCE) of
only 0.1-1%, whilst WS,/MoS, heterojunctions are expected to exhibit PCEs of
0.4-1.5%, both of which are considerably less than that of commercial Si-based
photovoltaics [56]; however, multilayer stacks could be used to increase the PCE
further [56].

Alternatively, devices based on these structures could be grown on architectural
glass, as a semi-transparent photovoltaic device [57, 58].

The nonlinear optical properties of the semiconducting monolayer TMDs are
likely also of interest as they naturally break inversion symmetry due to the reduced
dimensionality; however reports on these properties have been limited. The second-
order nonlinear susceptibility of WS, has been reported to be approximately three
orders of magnitude larger than other common nonlinear materials [59]. Results
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Fig. 3.6 Characterisation of second-harmonic generation (SHG) in a WSe, monolayer transistor.
a A schematic diagram of the WSe, monolayer transistor. Excitation with a frequency w generates
second-harmonic radiation at 2. b A microscope image of the transistor. The shaded area between
the contacts is the WSe, monolayer. ¢ The power dependence of the SHG peak intensity for two-
photon resonant excitation of the A exciton. The red line indicates a quadratic fit of the data as
would be expected. d The emission spectrum for excitation with a 0.83 eV source (red), which is
dominated by the SHG and excitation with a 0.88 eV source (black), which shows SHG and two-
photon-induced photoluminescence (2P-PL) from the exciton. e The left figure shows the SHG and
2-P PL intensity under 0.88 eV excitation parallel to the source polarisation, as a function of crystal
angle. The right figure shows the WSe; crystal structure with the corresponding orientation. The
armchair axis is offset from the horizontal by approximately 20° [52]. Copyright 2015. Reprinted
with the permission from Macmillan Publishers Limited

have shown that the nonlinear refractive index of these materials is tuneable [60].
The nonlinear absorption (i.e. two-photon absorption processes, etc.) has also been
shown to be size dependent [61] and layer number dependent [62], allowing for
further tuning of the optical properties.

Figure 3.9 shows an example of the layer number dependence of the nonlinear
optical properties. These materials are, thus, of interest for all-optical switches and
other ultrafast photonics applications [63—-65]; however, the nonlinear properties
and surface passivation need to be further investigated [66]. MoS, has also been
used to produce nanoscale optical components, including micro-lenses and gratings,
allowing for the control of light with considerably higher accuracy than traditional
bulk materials [67]. In contrast to the group VI TMDs, the group V TMDs (M =V,
Nb, Ta) are not semiconductors, but rather metallic in most cases [68—73], as such
the optical properties are relatively limited.

A lesser studied material, TiS,, is semi-metallic in the bulk; however, some
recent research has shown that for 2D sheets, the band gap opens to a direct gap
of 2.87 eV, as determined by photoluminescence [74]. In the same work, the TiS,
sheets also showed comparable transmittance to graphene [74] as shown in Fig. 3.10.



3 Properties of Transition Metal Dichalcogenides 75

wavelength (pm)
0.5 0.4

wavelength (pm)

0.9 08 0.7

0.6

0

(..w> ,01) IWanYaod uondiosqe

All DFT spectra:
)= lhoo+0.4 ov)

L 1 o

4 s

1400

1600

1800

3
hoton energy (eV)

-2
2
p

photon energy (mev)

T -,
P e s s e |
=k =
b T ] -
1700 Exnbk i T 4 4 g
B, e +4 |
s & Fob  at 41 8
(] 23 §2 I =
E 1680 &, |y 1 e
‘;’ L \ g 30 =+ 4 1 5
8 | =2 4 | %
1 - 8 J E
2 146D 0 60 120 180 240 300 | @
5 A, temperature (K) 1 8
- }.\ 1 [
1 ]
1840 - N S -
g 1840 % !
-— VNIhA by -
= 1 & Pma=Tiatmis \\ 4 1 ’ i 1252
i b 2t i 3 ey g o Py oG e
it ¥ ] i M""g—'—r e 200K
+ 3 = v, el 20k
1600 ! 1 I 1 I I 1 Trs L o P I Bt Sreror s i i e
a 40 80 120 160 200 240 280 320 1.76 1.8 1.84 1.88 1.92

temperature (K) pheton energy (eV)

Fig. 3.7 a Complex refractive index and absorption spectra obtained from DFT (HSE06) and
spectroscopic ellipsometry at 300 K. The DFT spectra are a good match to the experimental spectra.
b The absorption spectra of the CuSbS, films as measured by FTIR at temperatures from 4.2 to
300 K. An exciton-like feature is observed to occur at approximately 1.83 eV. ¢ The temperature
dependence of the optical gap, fitted with the Varshni relation. At high temperatures, an Urbach
tail is observed, the size of which can be seen in the inset figure. d The temperature-dependent
absorption feature after subtraction of the absorption edge [54]. Reproduced with the permission
under a CC BY 4.0 License

As such, TiS; may be of interest for applications where optically transparent layers
are required, such as optoelectronics and photovoltaics, where it has recently been
deployed as the n-type layer in a perovskite n-i-p solar cell [75], the characteristics
of which are shown in Fig. 3.11. Although Sn is not formally a transition metal, it is
worth noting that the SnX, (X =S, Se, Te) compounds also exhibit layered structures
and have similar properties to the group VI TMDs.

The bulk band gap of SnS; is known to be 2.2 eV [76-80], whilst the monolayer
band gap is approximately 2.6-2.7 eV [81]. In contrast to the group VI TMDs, the
band gap of SnX, remains indirect, even at the monolayer scale [78, 81, 82]. Thus
far, reports of high-quality 2D SnX, are somewhat limited; however, recent advances
have been made by numerous techniques, including atmospheric pressure vapour
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Fig. 3.10 a, c Reciprocal transmittance for TiS, and graphene sheets, respectively. The transmit-
tance for the TiS, is comparable to that graphene. b and d The fits for the nonlinear parameter,
B, for TiS; and graphene, respectively. Also shown in (b) is a fit for the second-order nonlinear

parameter, y [74]. Copyright 2017. Reprinted with permission from Wiley-VCH Verlag GmbH &
Co.

deposition [83], chemical vapour deposition [81, 84, 85] and atomic layer deposition
[86, 87]. Figure 3.12 shows the characterisation of SnS, multilayers, grown by atomic
layer deposition on Si substrates. With the band gap being comparatively large, SnS,
may be of interest for applications where optically transparent layers are required.
Two-dimensional SnS,/MoS; heterostructures have already been demonstrated [88].

3.3 Electronic Properties of the TMDs

Many of the 2D TMDs show a number of interesting phases with unusual elec-
tronic properties including charge density wave (CDW) phases [89], superconduct-
ing phases [90-92], Mott insulating phases and topological insulating phases [93].
Predictions of interesting topological phases [94, 95] have also been made for TMDs
in the distorted 1T crystal structure [96, 97], the 1S crystal structure [98] and for
nanoribbons [99, 100]. Several possible room temperature topological phases have
similarly been predicted from first principles [101, 102]. Despite the many theoret-
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Fig. 3.11 Characteristics of a p-i-n perovskite solar cell, where 2D TiS; is used as the n-type
layer. a A schematic diagram of the device architecture, with b showing a corresponding cross-
sectional SEM image. ¢ The J-V curves of typical cells with different n-type layers under AM
1.5G, 100 mW cm~? illumination. d The external quantum efficiency and the integrated current
density of the cell with a UVO-treated 2D TiS; layer. e The steady-state efficiency of devices with
a UVO-treated TiS; layer. f A histogram representing 26 devices with a UVO-treated TiS, layer
[75]. Copyright 2018. Reprinted with permission from the American Chemical Society

ical predictions of 2D topological phases, experimentalists are yet to demonstrate
these phases convincingly.

The monolayers of the group VI TMDs have a direct band gap at K, as outlined
in the previous section. However, there are two points at which K occurs, namely
K and K. This results in two degenerate valleys, one at K and the other at K’. The
degeneracy of the two valleys can be broken by the application of an external field,
such as a strain or magnetic field [103]. This can be seen in Fig. 3.13, where in
Fig. 3.13d, e, the energies of the valence band maxima at K and K’ are clearly at
different energies. Experimental breaking of the valley degeneracy has been reported
in several cases [104—-106].

The separation of charge carriers in reciprocal space can also lead to the formation
of numerous quasiparticles including Dirac fermions [107], polaritons [108] and
intervalley (bi)excitons [31, 33, 37]. The electrons in the different valleys are also
subject to opposite effective Zeeman fields, known as the Ising spin—orbit coupling
(SOC) [92]. If a half-metallic layer is placed on top of a monolayer TMD, spin triplet
Cooper pairs in the TMD can induce topological superconducting behaviour in the
half-metallic layer [92].

Superconductivity has been demonstrated in numerous TMDs, including the Nb-
[109], [110] and Ta-based [111], [112] dichalcogenides, WTe, [90], MoTe, [91],
MoS, [113] and WS, [113]. In the case of the Nb- and Ta-based TMDs, a CDW
phase is also observed. Castro Neto [114] provided a unified microscopic theory to
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Fig. 3.12 Characterisation of SnS; multilayer films. a A cross-sectional HAADF-STEM image
deposited on Si substrates. b and ¢ Enlarged HAADF-STEM images with the SnS; crystal structure
superimposed along the [100] and [210] directions, respectively. d The SnS, (001) in-plane pole
figure, which indicates that the (001) plane is tilted by about 10° with respect to the substrate
surface. e and f The Sn 3ds;; and S 2p core levels as measured by XPS, the fact that only one
set of spin—orbit split components suggests that the multilayers are phase-pure. g The valence
band maximum and conduction band minimum of the multilayer as measured by XPS and IPES,
respectively. By combining the band edge positions, the band gap of the multilayers can be obtained
[87]. Copyright 2018. Figure reproduced with permission Wiley-VCH Verlag GmbH & Co.
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Fig. 3.13 Band structure of monolayer MoS; close to the K and K’ points. a pristine, without
spin—orbit coupling (SOC), b with exchange field, but no SOC, ¢ pristine with SOC, d with exchange
field and SOC and e with exchange field and SOC but with inverted spin polarisation to (d), and
red and blue indicate spin-up and spin-down state, respectively [103]. Copyright 2014. Reprinted
figure with permission from the American Physical Society
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explain both the CDW and the superconducting phases of these materials. In this
theory, the primary excitations in the CDW phase are the Dirac electrons. The host
materials thus remain good metals whilst in the CDW phase. The Dirac electrons are
then coupled to the acoustic phonons due to the loss of the lattice inversion symmetry,
resulting in a damping of the electrons. These same phonons then drive the system to
a superconducting state via a Kosterlitz—Thouless phase transition, where the Cooper
pairs consist of Dirac fermions with momenta opposite to that of the Dirac points.

No CDW phase has been reported for the Mo- or W-based TMDs, suggesting a
different origin of the superconducting behaviour. Several explanations have been
proposed for origin of superconductivity in MoS,, namely electron—phonon inter-
actions (or quasiparticle-boson interactions) [115, 116], Ising SOC [92] and elec-
tron—electron interactions [117].

In the case of electron—electron interactions as the origin of superconductivity
in MoS,, the short-range repulsive forces between carriers at the conduction band
induce the superconducting phase, with a gap of opposite sign at the inequivalent
pockets of the conduction band [117]. MoSe,, WS, and WSe; will likely share the
same origin of superconductivity as MoS,. In contrast, the electron—phonon interac-
tion is heavily dependent on the occupation of valleys in the conduction band [115];
however when electron—electron interactions are neglected, the critical temperatures
T ¢ are consistently overestimated [116]. CDW phases have, in fact, been predicted
for MoS, at high doping levels [118], which may aid in unifying the origin of the
superconductivity of the Mo- and W-based dichalcogenides, with the Ta and Nb
chalcogenides. By considering Rashba SOC and the electron—electron interactions,
MoS; has been predicted to support numerous superconducting phases [ 100]. Defects
also play a key role in determining the electronic properties of the TMDs. MoS; has
been shown to exhibit both n-type [119-122] and p-type behaviours [122-126]. Dif-
ferent conductivity behaviours have, in fact, been observed within the same sample,
over the scale of nanometres, and appear to be heavily dependent on the local defect
density [127], as can be seen in Fig. 3.14.

The presence of defects has also been shown to significantly affect the height of
the Schottky barrier between the TMDs and the metallic contacts [128—130]. Con-
siderations of the defects in TMDs are therefore critical for applications in electronic
devices. It is reasonable to assume that this behaviour will likely extend to further
TMDs, and in fact, both n-type and p-type conductivities have also been demonstrated
in other TMDs [131-133].

In both WSe; and MoS; single crystals, irradiation with Ar* results in chalcogen
vacancies and causes the Fermi level of the crystal to move towards the valence band
edge [130, 134], suggesting that the crystal surface becomes more p-type in nature
or alternatively that the bands are bent upwards by the surface defects. In contrast,
when polycrystalline films or naturally occurring molybdenite is etched in the same
manner, chalcogen vacancies are still produced, but the Fermi level of the sample
is not observed to change, presumably due to pinning of the Fermi level by surface
defects [126, 134, 135].

In the work of Santoni et al. [126], polycrystalline thin films of MoS,, formed
by the sulphurisation of Mo films on glass, are exposed to Ar" ion irradiation with
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Fig. 3.14 Correlated -V characteristics of MoS; crystals with STM, STS and XPS a STM tip
position above an aperture in a shadow mask. b I-V characteristics of the MoS; crystal measured
from a particular aperture, indicative of n-type behaviour. Measurements shown in ¢—f were made
on the same aperture as (b). ¢ STM image showing light and dark defects. d STS from the aperture
used for (b), showing the Fermi level close to the conduction band, indicating n-type behaviour.
e XPS spectrum of the Mo 3d and S 2s core levels, consistent with n-type MoS,. f A different
aperture in the shadow mask. g I-V characteristics from the second aperture. The asymmetry on
the positive voltage side is indicative of p-type behaviour. h—j Measured from the same aperture.
h STM image showing a high concentration of dark defects. i STS results showing that the Fermi
level is much further away from the conduction band than for (d), suggesting p-type behaviour
(j) XPS spectrum of the Mo 3d and S 2s regions. The shift in the core levels relative to those in
(e) is indicative of p-type behaviour [127]. Copyright 2014. Reprinted with permission from the
American Chemical Society

increasing ion dosage and the changes in the chemical and electronic structures are
observed using XPS and IPES. The XPS spectra of the Mo 3d regions are shown
in Fig. 3.15. In this work, it is found that the surface region can become heavily
depleted of sulphur, with the Mo 3d component due to the MoS, having much less
area than the area of the metallic Mo species; i.e. the metal: sulphide ratio reaches
a value of greater than 1.5:1. An equilibrium state is found to occur at 2.49 x 10"
ions/cm?.

Unpublished work by the authors of this chapter considers Ar* ion bombardment
of MoS, multilayers exfoliated by carbon tape from a bulk synthetic single crystal
(2D semiconductors). The multilayers reach an equilibrium state at considerably
lower dosages (6.0 x 10'° ions/cm?) than in the work of Santoni et al. [126] and
have a much smaller metal: sulphide ratio (0.74:1) than reported elsewhere, as can
be seen by comparing Fig. 3.16f and Fig. 3.16e. This is likely due to the reduced
dimensionality of the multilayer system, as in bulk-like systems, both preferential
sputtering and ion implantation can occur. Implantation of lighter ions from the
surface region into the bulk is known to occur, even at low ion energies. Clearly, this
process cannot happen in a multilayer system such as that investigated, due to the
reduced dimensionality of the system; as such, this may explain the different ratios
at which the steady state occurs. Similarly, the reduced dimensionality is likely the
reason for the equilibrium state occurring at reduced dosage in the case of MoS,
multilayers.
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Fig. 3.15 Mo 3d X-ray photoelectron spectra from polycrystalline MoS; thin films grown on glass
at increasing Ar* ion doses. Ion doses are indicated on the graphs, in units of ions/cm? [126].
Copyright 2017. Reprinted with permission from Elsevier

Table 3.1 shows the binding energies of the features shown in Fig. 3.16. The
binding energy position of the low ion dose sample is consistent with the exfoliated
layers being p-type in nature [126, 127, 136]. With increasing ion dose, the binding
energies of the core levels due to the stoichiometric MoS, are shifted to lower binding
energy by 0.10 £ 0.05 eV. In contrast, metallic Mo species starts at 0.70 eV below the
MoS, peak, but moves to be approximately 0.90 eV below the stoichiometric species.
This is consistent with Santoni et al. [126], who found that the metallic species was
initially 0.70 eV below the MoS, species, before moving to approximately 1.00 eV
below the MoS,; species once the sample was equilibrated.

Figure 3.16d, h shows the valence bands of the dosed material. At low ion dose,
the valence band maximum occurs at 0.56 eV from the Fermi level. With increasing
ion dose, the valence band maximum approaches the Fermi level, until a steady state
is reached, at which point the valence band maximum is only 0.24 eV away from
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Fig. 3.16 XPS spectra of MoS, multilayers after Ar* ion etching. a and e The Mo 3d regions after
receiving an ion dosage of 6 x 10'# and 6 x 10'° ions/cm?. b and f The S 2p at the same dosage.
c and g The secondary electron cut-off (SEC), whilst d and h the valence bands for the same ion
doses

Table 3.1 A summary of the binding energies of features shown in Fig. 3.16

Ion dose Binding energy (eV) Mo%/MoS,
(ions/em?) o Mo®3dsp |S2s  |S2py2 |SEC | VBM,
3dsp £
6 x 101 229.05 228.35 22621 |161.88 |1482.63 |0.56 0.40
6 x 1013 228.97 228.05 226.10 |161.81 |1482.02 |0.24 0.74

Also given is the area ratio of the metallic Mo species to that of the MoS» species

the Fermi level. Intriguingly, there is a little variation in the relative intensities of
the features in the valence band, suggesting that at the photon energy used (hw =
1486.6 eV), the valence band is dominated by Mo states. Also present in (d) and
(h) are intensities at the Fermi level. This is due to the presence of the metallic
Mo? states. Also of interest is the secondary electron cut-off, which moves to lower
binding energy (0.61 eV). This is of interest as the ionisation potential is given by
the relation V;p = hw-(SEC — &); thus as the relative shifts of the VBM and the SEC
differ, there appears to be some tunability in the ionisation potential and electron
affinity of the material.

In contrast to MoS;, MoSe, single crystals were found to require a considerably
larger ion dose of 18 x 10'® ions cm? to reach a steady state. Figure 3.17 shows
the Mo 3d core levels for various ion dosages, the binding energies of which are
presented in Table 3.2. It should be noted that as these results are from a bulk single
crystal the sputtered atoms can be implanted into the bulk material, allowing for a
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Fig. 3.17 Mo 3d core levels for a MoSe, multilayer exposed to increasing Ar* ion doses. As the
dosage increases, the area of the Mo” component increases up to a dosage of 15 x 10> ions/cm?,
at which point a steady state is reached

Table 3.2 A summary of the binding energies of core levels in the Ar* ion-dosed MoSe; single

crystal at different dosages

Ton dosage (x 103 ions/cm?) | Binding energy (eV) Mo?/MoSe;| Se/Mo
MoSe; Mo® 3dsp, | Se 3s
3dsp
0 229.25 N/A 230.55 0.00 2.00
228.86 228.43 230.16 0.52 1.43
228.72 228.20 230.02 0.64 1.28
12 228.71 228.22 230.01 0.81 1.16
15 228.72 228.23 230.02 0.96 1.03
18 228.72 228.24 230.00 1.17 0.96

Also given is the ratio of the area of the metallic Mo? species to that of the MoSe; species

larger Mo?/MoX; ratio than was possible for the MoS, above. However, the final
Mo’/MoX, ratio is smaller than that obtained for bulk MoS, by Santoni et al. [126].
This is reasonable, as the atomic mass of Se is much closer to that of Mo than the
atomic mass of S is. As such, preferential sputtering processes are considerably less
likely, resulting in a higher X/Mo ratio and hence a smaller Mo’/MoSe; ratio.
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The binding energies presented in Table 3.2 are consistent with those of Abdallah
et al. [137] both before and after Ar* ion etching. Similarly, the final Se/Mo ratio
obtained is consistent with that found by Bernede [138].

As outlined previously, the TMDs have unusually strongly bound excitons, allow-
ing for their existence and application at high temperatures. Another intriguing prop-
erty of excitons is that due to their bosonic nature, they can, in principle, Bose con-
dense. Excitonic condensates have been observed in semiconductor quantum well
structures and in quantum Hall bilayers previously; however, recent work by Kogar
et al. [139] described the observation of an excitonic condensate in TiSe,. These
excitonic condensates have a considerable advantage over traditional condensates,
namely that they should be observable at much higher temperatures than would nor-
mally be the case, allowing their fundamental properties to be investigated much
more effectively. This is particularly important for the long-standing metal—insulator
problem, where exciton condensates have long been theorised to play a fundamental
role. Such a system would also help facilitate the study of macroscopic, coherent
quantum systems.

3.4 Magnetic Properties of the TMDs

The VX, compounds are expected to be ferromagnetic from the bulk [140], down to
the monolayer regimes [89, 140-142]. Room temperature ferromagnetic behaviour
has been observed in VSe, chemically exfoliated nanosheets [89] and monolayers
[143] as well as in few-layered VS, [144]. Results from DFT suggest that the fer-
romagnetic behaviour is primarily due to the V#* ions in the lattice, with electronic
structure [A]3d!, resulting in an unpaired electron and through-bond spin polarisa-
tion [141]. Interestingly, for VS,, the most stable phase exhibits the 1T-VS, structure,
which when reduced to a monolayer remains metallic. However, the H-VS, structure
is more stable at the monolayer level [145]. An energy level diagram for the T-VS,
and H-VS; structures in different magnetic phases is shown in Fig. 3.18, the energy
scale of which is referenced to the T-VS, ferromagnetic ground state [145].

In both theoretical [145—-150] and experimental works [144, 151], a band gap
opens for few-layered H-VS,, resulting in a magnetic semiconductor (Fig. 3.19),
with a magnetic moment of 1.0 up per unit cell [145, 146, 148-150, 152]. Similar
predictions have also been made for VSe, and VTe, [140, 150, 152].

Room temperature ferromagnetic behaviour has also been demonstrated in T-VSe,
monolayers grown on HOPG and MoS, substrates [143], where it is found that the
temperature dependence of the magnetic properties is enhanced, when VSe; is grown
on MoS; compared to HOPG. In contrast, a recently accepted work concerning VSe,
monolayers grown by molecular beam epitaxy on bilayer graphene and HOPG finds
no ferromagnetic ordering down to 10 K [153]. X-ray magnetic circular dichroism
(XMCD) measurements of the V L, 3 edge showed no dichroism down to 100 K,
in a magnetic field of 9 T, indicating a lack of ferromagnetic behaviour. ARPES
measurements show only a single V d-band in contrast to the split minority and
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Fig. 3.18 DFT energy level diagrams for the T-VS, and H-VS; in different magnetic phases. The
energy scale is referenced to the T-VS, ferromagnetic ground state [145]. Copyright 2016. Reprinted
figure with permission from the American Physical Society

majority spin bands predicted by magnetic calculations, as can be seen in Fig. 3.19
[153]. The single V d-band is observed down to temperatures of 10 K, suggesting
no magnetic ordering to this temperature.

The authors speculate that their work contrasts with that phase fluctuations may
play an important role in determining the magnetic properties of the system, suggest-
ing that these may cause renormalisation of the energy scale of the ferromagnetic
phase to below that at which the CDW is dominant [153]; however, further research
is required to fully understand the competition between the magnetic and the non-
magnetic states in VSe, monolayers.

An intriguing observation in the same work [153] is the presence of a Van Hove
singularity (i.e. a point in the density of states [DOS] where the DOS is not differen-
tiable [154]), close to the Fermi edge (Fig. 3.20). The presence of such a singularity
at a small energy separation from the Fermi level suggests that by controlled doping
of the VSe, monolayer, it may be possible to drive a Lifshitz transition [155, 156].
At low temperatures, extra features are seen in the low-energy electron diffraction
(LEED) pattern, which are suggested to be due to the F(l 1) family of charge order
spots with an ordering wavevector g,y = (1/4, 1/4) [153].
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Fig. 3.19 a Hall coefficient and carrier densities for bulk, metallic VS, and few-layered, semicon-
ducting VS,. b The V 2p core level as measured by XPS. ¢ The valence band of bulk and few-layered
VS, as measured by UPS. d The region close to the Fermi level for bulk and few-layered VS,. For
the bulk VS,, there is intensity at the Fermi level, indicative of metallic behaviour; however for the
few-layered VS,, the valence band edge occurs at 0.3 eV below the Fermi level, indicating that the
few-layered VS, is a semiconductor [144]. Copyright 2017. Figure adapted with permission from
Wiley-VCH Verlag GmbH & Co.

Low layer number VX, is therefore highly interesting material for optomagnetic
and spintronic applications, although further work is required to fully understand
their properties. Although not expected to natively exhibit magnetic properties, fer-
romagnetism (Fig. 3.21) is exhibited in both bulk, nanosheet and exfoliated MoS,
and WS, [157-159]. Theoretical models based on MoS, nanoribbons suggest that
these are due to the presence of zigzag edges, which are (half-)metallic, and have a
nonzero magnetic moment, in contrast to armchair edges, which are semiconduct-
ing and non-magnetic [160-163]. The zigzag edges are more chemically stable, are
energetically favourable and hence would be expected at the edges of crystals and
atomic-scale layers [158, 160, 163, 164].

In nanosheets and exfoliated MoS, and WS, the layers exhibiting ferromag-
netism are found to have a high density of point defects [157], [159]. Theoretical
modelling suggests that molybdenum and sulphur vacancies can both produce mag-
netic moments comparable to g [157, 162, 164]. An alternative explanation is that
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absence of XMCD and hence a lack of ferromagnetic ordering [153]. Copyright 2018. Reprinted
with permission from the American Chemical Society
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Fig. 3.21 a Ferromagnetic hysteresis loops of monolayers of MoS; and WS, exfoliated by two
different chemical methods, measured at room temperature. b The magnetisation curves for the
same samples measured at 2 K [159]. Figure reprinted with permission from the Royal Society of
Chemistry, under a Creative Commons Attribution 3.0 Unported Licence

wrinkles are observed by TEM in exfoliated samples [159], which has also been
seen in ferromagnetic ReSe, nanosheets [165]. Finally, unsaturated bonds at the
edges of the sample may be responsible [157]. Intriguingly, the Curie temperature
observed for nanosheet MoS; is 685 K, higher than that of other magnetic semicon-
ductors [157]. An alternative approach to inducing magnetism in the 2D TMDs is to
introduce magnetic defects by doping the material with metals [166—169] or other

elements, introducing defects [170, 171], applying strain [170—172] or irradiation by
charged particles [173].
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There are two main approaches to doping the TMD with metallic atoms. Firstly,
the dopant atom can replace the metal atom in the TMD, and secondly the dopant
atom can replace the chalcogen. Typically, the dopant will be more likely to occupy
a metal lattice site, rather than a chalcogen lattice site, due to the larger difference
in the electron affinity and ionic radius of the chalcogen. However, to confirm this
X-ray photoelectron spectroscopy should be used to confirm the chemical state of
the dopant. Theoretical methods have identified numerous potential dopants for the
metal site that could induce magnetic behaviour, namely Mn [166, 168, 174—-181], Ni
[174,182,183,Fe[166, 174,176-181], Co [166, 174, 176-182], Zn [177], Cd [177],
Cr [166, 176, 179-181], V [166, 178-180], Cu [166, 178, 184] and Hg [177] and
others [182, 185-190]. Co doping of transition metal pairs has also been suggested
to produce enhanced ferromagnetic coupling [191].

Experimental verification of this behaviour is still ongoing, with ferromagnetic
behaviour having been observed in Mn- [169, 174, 192], Fe- [174], Ni- [174], Co-
[174] and Cu [193] -doped MoS;. In the case of Cu-doped MoS,, the ferromagnetic
behaviour originates from the strong hybridisation of the Cu 3d bands, the Mo 4d
bands and the S 3p bands [193], with a similar origin also being proposed for Ni-
doped MoS; [183]. A key requirement for the development of spintronic devices
is that the ferromagnetic behaviour is observed at high temperature. In Cu-doped
MoS,, the Curie temperature is found to occur at approximately 930 K [193]; thus,
Cu-doped MoS; is of interest for spintronic applications.

Room temperature ferromagnetism has also been realised in the Fe-doped MoS,
[194] and Fe-doped ZrS, [195] systems, with Curie temperatures of > 930 K and
385 K, respectively. Also of importance for the development of spintronics is the
ability to switch magnetic states. Recent results of first principles calculations indicate
that the ferromagnetic response of transition metal-doped MoS, can be switched to
an antiferromagnetic response by current injection [196], which is a key result for
the development of spintronic devices based on these materials.

An alternative method is to use a different number of layers, as first principles
calculations have shown that for the Fe-doped MoS, system, monolayers are ferro-
magnetic, whilst bilayers and multilayers are antiferromagnetic due to the compe-
tition between the double-exchange and super-exchange couplings [197]. The spin
densities of Fe-doped MoS, monolayers and bilayer are shown in Fig. 3.22.

Numerous theoretical works have considered both transition metal [167] and non-
metal dopants on the chalcogen lattice sites [167, 179, 198, 199]. Caution must,
however, be taken when doping the 2D TMDs as numerous theoretical works have
shown that the dopants can have significant effects on the band structure of the
host material [200], by reducing the band gap [199] or changing the host from a
semiconducting to a semi-metallic material [179, 198, 201].

A particularly novel magnetic system in the TMDs is the case of Cr doping of
TiSe; [202]. The HAADF-STEM image of TiSe, with model crystal structures and
Curie—Weiss plot are shown in Fig. 3.23. At Cr concentrations up to 20%, the Cr ions
primarily occupy the interstitial sites between octahedral layers. However, at higher
concentrations, the Cr ions start to substitute Ti, which is displaced to the interstitial
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sites, resulting in considerable lattice disorder. The disorder causes frustration of the
magnetic ordering, resulting in the formation of a spin glass [201-204].

However, the Cr concentrations at which the phase changes to and from the spin
glass state are inconsistent in the reports to date, suggesting that it is dependent on
the growth and intercalation methods [202—-204].

3.5 Electrical Properties of the TMDs

Probably, the most important application of semiconductors is in digital electronics,
which is fundamentally based on the transistor. By Moore’s law, the number of
transistors in an integrated circuit doubles every two years; however, modern state-of-
the-art silicon-based metal-oxide-semiconductor field-effect transistors (MOSFETS)
are approaching sizes where quantum effects (i.e. quantum tunnelling) are no longer
negligible and heat dissipation becomes an issue. Recently, IBM announced the
development of 5-nm transistors based on Si nanosheets [205]; however, reducing
the size beyond this is likely to prove difficult for the aforementioned reasons.

One of the key developments that has enabled nanoscale devices is the develop-
ment of high-k dielectrics (i.e. a dielectric layer with a dielectric constant much larger
than that of SiO,.) such as HfO,, Ta,Os and ZrO,. The use of a high-k dielectric
results in a much reduced leakage current compared to a SiO; layer of the same thick-
ness. However, the dielectric constant is inversely related to the band gap [206] as can
be seen in Fig. 3.24. This is problematic as the conduction band offset between the
channel and the dielectric is required to be greater than 1 eV to prevent current leak-
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;q ;q :q :q _#  Antiferromagnetism

Fig. 3.22 Spin densities of Fe-doped MoS, monolayers and bilayers. Red and green isosurfaces
denote positive and negative spin densities. Blue and red arrows denote opposite spin polarisation.
Also shown are the exchanges explaining the ferromagnetic and antiferromagnetic ordering [197].
Copyright 2015. Reprinted with permission from the American Chemical Society
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Fig. 3.23 Left figure shows a HAADF-STEM image of the [100] lattice plane. Inset is a model
showing the crystal structure of TiSey in the [100] plane. On the right is a Curie-Weiss plot,
which shows that the compounds exhibit Curie behaviour at high temperature across the entire
concentration range. Inset is a figure showing the crystal structure, with the interstitial sites also
shown [202]. Copyright 2015. Reprinted with permission from the American Chemical Society
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Fig. 3.24 A plot of band gap against the static dielectric constant for numerous dielectric materials
[206]. Copyright 2012. Reprinted with permission from Elsevier

age by thermionic emission. As such, the band gap of the dielectric typically needs to
be considerably larger than that of the channel material, which places further limits
on the materials that can be used.

Due to the interesting electronic and mechanical properties of the TMDs, there
is considerable interest in replacing the Si MOSFET with a TMD-based field-effect
transistor (FET), a schematic of which is shown in Fig. 3.25. FET operation is
characterised by applying a voltage between the source and the drain through the
semiconducting channel to produce a current. By applying a potential to the top gate,
the channel can be partly depleted of charge carriers, resulting in a narrower effective
channel width and hence a reduced current, and this corresponds to the off state. The
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Fig. 3.25 A schematic diagram of a TMD-based field-effect transistor (FET). The current between
the source and the drain is controlled by applying a voltage to the top gate
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Fig. 3.26 A plot of the electron mobility against the carrier density for intrinsic, n-type monolayer
MoS; [207]. Copyright 2012. Reprinted figure with permission from the American Physical Society

case where no potential is applied to the top gate corresponds to the on state of the
transistor.

The ratio between the on and off currents is typically required to be in the range
of 10*~107 for application as a switch in digital logic applications. To obtain a high
on/off ratio, a high conductance is required, which requires a high carrier density
and a high mobility. Usually, a high carrier density can be obtained by doping the
material; however, doping can result in scattering due to the ionised impurities,
resulting in a decrease in the mobility. At high carrier densities, scattering is typically
dominated by ionised impurity, whereas at low carrier densities, scattering processes
are usually phonon-related. An example of the mobility limits in different carrier
density regimes for MoS, [207] is given in Fig. 3.26.

At impurity concentrations greater than approximately 5 x 10'! cm~2, the mobil-
ity is limited primarily by ionised impurity scattering, and this corresponds to a high
dopant density, far beyond what would typically be required for a device [207]. The
decrease in mobility with temperature shown in Fig. 3.26 is due to the increased
phonon scattering, primarily due to a greater number of excited optical phonons
[207, 208]. Similar results can also be seen in Fig. 3.27. A carrier density of 8 x 10'2
cm~2 is required to produce a degenerately doped material, where the Fermi level
sits above the conduction band minimum. Hence for most useful doping regimes, the
mobility of MoS, and likely the other semiconducting TMDs will be limited only
by phonon scattering [207].
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Fig. 3.27 Temperature-dependent mobility limits for an intrinsic n-type MoS; monolayer [208].
Copyright 2012. Reproduced with permission from Macmillan Publishers Limited

Hafnium-based and zirconium-based TMDs are likely to be particularly interest-
ing for electronic applications. HfSe, and HfS, have band gaps of 1.1 eV [209, 210]
and 2.0eV [211], respectively, whilst ZrSe, and ZrS, have band gaps of 0.95 eV [210]
and 2.16 eV [212], which are comparable to Si and hence would be suitable for high-
speed, low-power electronic and optoelectronic applications. Several of these TMDs
are expected to have considerably higher electron mobilities (1, > 1000cm?V~!s~!
than Si [213, 214]. The reported electron mobilities of several commonly used semi-
conducting materials, and the calculated mobilities the Zr and Hf-based TMDs are
presented in Table 3.3. The mobilities of each of the TMDs presented are at least
comparable to that of Si, and in the case of HfSe,, the mobility is comparable to
that of Ge. Thus, Zr- and Hf-based TMDs may be useful for high-speed, low-power
electronics, where Ge and Si-Ge alloys are currently used.

Arguably, more importantly, the native oxides of both the Zr-TMDs and the Hf-
TMDs are high-K dielectrics [215-217], which reduce the number of defects at the
interface of the dielectric and channel layers [210], thus facilitating the growth of
high-quality gate dielectric layers. Both dielectrics have a band gap considerably
larger than their respective TMDs as can be seen in Fig. 3.24, suggesting that the
CBO would be sufficiently large to facilitate their use in electronics.

High-efficiency ZrS; nanobelt-based FETs and photodetectors have already been
demonstrated, showing high responsivity, quantum efficiency and fast response times
[221], as can be seen in Fig. 3.28. HfSe, FETSs have also been demonstrated [222].
HfS, FETs have similarly been demonstrated and have shown field-effect responses
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Fig. 3.28 a I-V characteristics of the photodetector illuminated under different wavelengths; the
insert shows a schematic diagram of the experimental set-up. b The reproducible on/off switching
behaviour of the photodetector under illumination from a 450-nm source. ¢ The transient response
of the photodetector under illumination with a 450-nm light source, chopped at a frequency of
100 Hz. d The response of the photodetectors under different pressures [221]. Copyright 2010.
Reproduced with permission from Wiley-VCH Verlag GmbH & Co.

of e > 1000cm? V! s~!, despite the mobility being considerably lower than the
theoretical maximum [223]. The photoemission results shown in Fig. 3.29 suggest
that TaSe, would make an Ohmic contact with HfSe, [224].

Memristors and memcaps are attractive propositions for the development of com-
puting beyond current limitations as these phases can be used to mimic biological
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Fig. 3.29 a Secondary electron cut-offs for TaSe,, HfSe, and MoSe, as measured by UPS. b The
alignments of each material with the vacuum level and hence the natural band alignments by the
Anderson electron affinity rule between the materials. From this, it can be seen that TaSe, would be
expected to for an Ohmic contact with HfSe;, whereas for MoSe; a small barrier of approximately
0.4 eV is expected [224]. Copyright 2016. Reprinted with permission from the American Chemical
Society

neural systems, enabling lower power consumption and potentially enhanced cogni-
tive advantages over traditional computing systems [225].

The reduced dimensionality of the 2D TMDs results in a further reduced power
consumption over more traditional 3D materials [226]. Memristive phase switching
has been demonstrated in 2D 1T-TaS,, where the thickness of the crystal controls
the kinetics of the first-order CDW phase change [61]. Memristive behaviour has
also been observed in the MoS, [225, 227-229], as has memcapactive behaviour
[225]. Device characteristics of MoO,/MoS; memristors and memcaps can be seen
in Fig. 3.30. WS, has also been used to form memristors and memcaps [225].

3.6 Conclusions

In this chapter, electronic, optical and magnetic properties of TMDs are addressed.
The most studied TMDs from group IV to group X are included in terms of their
atomic arrangement, and electronic and magnetic properties. Furthermore, the effects
of layered TMDs on their optoelectronic and magnetic properties are discussed
throughout this chapter.
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Fig. 3.30 Performance and statistics of MoOx/MoS; memristors and memcaps. a A typical [-V
curve for a MoOx/MoS, memristor operated under forward bias and with a negatively biased top
electrode. b The capacitive and resistive components of the memory device. When the device is set
from off to on, the resistance decreases by 10*, whilst the capacitance increases by a factor. ¢ The I-V
behaviour with various top electrodes at a constant compliance current of 1 mA. d The set and reset
voltages as a function of MoS; thickness. As the voltage does not vary with thickness, it is implied
that the resistance switching is entirely due to the MoO, layer. e The threshold voltage for the set
and reset state as a function of sweep rate. For low sweep rates, the set and reset voltages approach
a critical value as oxygen vacancies can diffuse to the depletion region, whilst at high sweep rates,
the behaviour is exponential in nature. f The temperature dependence of the set threshold voltage
and the off current. Inset is a figure allowing for the determination of the activation energy [225].
Copyright 2015. Reprinted with permission from Macmillan Publishers Ltd.
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Chapter 4 ®
Transition Metal Dichalcogenides oo
in Photocatalysts

Ting Huang, Min Zhang, Hongfei Yin and Xiaoheng Liu

Abstract Photocatalysis is widely recognized as one of the most promising methods
for tackling many environmental and energy problems. Recently, transition metal
dichalcogenides (TMD) have attracted tremendous research interest owing to their
unique properties and great potential in a wide range of applications. TMDs are
normally applied as cocatalysts loaded on semiconductors, and the formed junctions
between them will facilitate charge transfer of the photogenerated electrons and holes.
Besides, the exposed edges of TMDs will function as active sites for catalytic process.
Till now, enormous research work has been focused on TMD-based photocatalyst for
use in pollutants degradation and hydrogen evolution. In this chapter, we will focus
on the recent progress about TMD-based photocatalysts especially currently most
studied MoS,-based photocatalysts. At the end of the chapter, we will also give some
perspectives on the challenges and opportunities in this promising research area.

4.1 Introduction

Environmental pollution and energy crisis are two serious problems facing our planet.
Photocatalysis might be a promising way to tackle these problems. Sunlight can be
harvested by semiconductor photocatalysts, which provide the driving force for pol-
lutant degradation and energy production. As early as 1972, Fujishima and Honda
successfully generated H, on a TiO,-based photoelectrode [1]. Their pioneering work
sparked a worldwide research interest toward semiconductor-based photocatalysis.
Numerous semiconductors, such as TiO; [2-6], ZnO [7-9], and CdS [10, 11], have
been exploited and used for photocatalysis. However, their real application is still
limited due to their low efficiency caused by the rapid electron—hole recombina-
tion [12]. Noble metals are widely used as cocatalyst to enhance the activity of the
semiconductor photocatalysts [13—15]. However, the high cost and low abundance
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hindered their application. Enormous efforts have been made in the search of their
low-cost alternatives composed of earth-abundant elements.

In recent years, transition metal dichalcogenides (TMDs) have attracted tremen-
dous research enthusiasm. Bulk TMD crystals can be exfoliated to layer-structured
nanosheets due to the weak van der Waals interaction between layers. Each individ-
ual layer of the TMDs consists of three atomic layers in which the transition metal
is sandwiched by two chalcogen [16]. Benefit from the high anisotropy and unique
crystal structures, TMDs can be utilized in various fields, including energy conver-
sion and storage [17-19], electronics/optoelectronics [20, 21], catalysis [22, 23], as
well as sensing [24].

The application of TMDs in photocatalysis is an attractive research topic. The
last few years have witnessed a growing research enthusiasm toward TMDs-based
photocatalysts. The layer-structured TMDs can be used as effective supports for
anchor of semiconductor nanoparticles. A more efficient charge transport will be
achieved through the formed heterojunctions between TMD nanosheets and semi-
conductors. Besides, density functional theory calculations and pioneer experimen-
tal works found that the catalytic activity stems from the active sites anchored in
the exposed and under-coordinated edge sites [25]. Thus, transition metal dichalco-
genides are widely accepted as a promising cocatalyst for semiconductor photocat-
alysts and show great potential as substitute of noble metal cocatalysts.

The family of transition metal dichalcogenides materials encompasses a wide
selection of compositions. Among them, MoS, and WS, are the most widely syn-
thesized and studied material to date. In this chapter, we will focus on the recent
progress in hybrid nanoarchitectures based on 2D TMD nanosheets, with an empha-
sis on their useful environmental applications for hazardous pollutants degradation
and sustainable hydrogen evolution. The synthetic strategies, properties, and appli-
cations will be summarized and discussed.

4.2 TMD-Based Binary Photocatalysts

4.2.1 MoS;,-Based Photocatalysts

Among all kinds of transition metal dichalcogenides, MoS is one of the most studied
materials. As a typical TMD compound, the layer of MoS; is composed of cova-
lent Mo-S bonding, while interactions between the layers are weak van der Waals
forces. Compared to their bulk counterparts, few-layer-structured MoS, has exploded
extensive research enthusiasm in the past decade due to their thickness-dependent
electronic structures. When it was exfoliated from bulk to monolayer, it will change
from an indirect bandgap semiconductor to a direct bandgap semiconductor. Since
Novoselov et al. successfully obtained monolayer graphene by mechanical exfolia-
tion of natural bulk graphite [26], numerous research work has been devoted to the
exploration of two-dimensional layer-structured materials. The non-covalent bonded
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interaction between the individual layers of TMDs allows them to be exfoliated from
bulk to a single layer and exfoliation of the bulk structures will create more edge sites
and expose more active sites and consequently to enhance the catalytic performances
of TMDs.

The application of layer-structured MoS, in photocatalysis is a quite appealing
research topic benefit from its unique structure and properties. Hybridizing MoS,
nanosheets with other semiconductors is a research focus during the past few years.
Here, we will discuss different MoS,-based photocatalysts with their different appli-
cations in photocatalysis, including their use in photocatalytic H, evolution and pol-
lutant degradation. The mechanism of photocatalytic reactions will also be clarified
through several examples.

4.2.1.1 MoS;-Based Photocatalysts for Photocatalytic H, Evolution

Nowadays, hydrogen has been recognized as a clean and sustainable fuel to replace
traditional fossil fuels. Hydrogen generation via photocatalytic water splitting holds
great promise for solar energy conversion in view of the abundance of both solar
energy and water. Since the combustion product of H; is water, it will be an ideal
solution to the current environmental and energy problem if we can generate H, from
water using solar light as driving force.

Figure 4.1 shows the main process in photocatalytic water splitting. Semiconduc-
tors have a band structure in which the conduction band is separated from the valence
band by a bandgap with a suitable width [27]. Under visible light and/or UV light
irradiation, the electrons in the valence band of the semiconductors will be excited to
the conduction band, while the holes are left in the valence band. The photogenerated
electrons and holes might diffuse to the surface of the photocatalyst and give rise to
the reduction or oxidation reactions. Water molecules are reduced by the electrons
to form H, and are oxidized by the holes to form O, for overall water splitting. In
this process, the band position of the semiconductor photocatalyst is quite important.
For semiconductor photocatalysts, to realize photocatalytic H, evolution from water,
the bottom level of the conduction band must be more negative than the reduction
potential of H*/H, (0 V vs. NHE, pH = 0) [28]. An appropriate bandgap is also
necessary so that it can absorb UV and/or visible light [29]. Normally, the minimum
bandgap for water splitting is 1.23 eV. To utilize visible light, that bandgap energy
should be <3.0 eV (>400 nm).

Considering the fast recombination of photogenerated electrons and holes, cocata-
lysts are usually applied for the modification of semiconductor photocatalysts. Load-
ing MoS, on semiconductor photocatalysts can promote or accelerate the photocat-
alytic courses because they can accept photogenerated charge carriers and provide
active sites for photocatalytic process.

The rational design and fabrication of MoS,-based photocatalysts are quite impor-
tant. Table 4.1 summarizes the recent development of MoS,-based nanocomposite
photocatalysts for H, evolution, including their synthesis approach, photocatalytic
activity, and morphology. From the table, we can see that various semiconduc-
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Fig. 4.1 Schematic illustration of photocatalytic water splitting

tors have been coupled with MoS, for use in photocatalytic H, evolution. Some
of them have achieved considerable improvement in photocatalytic activity com-
pared with pristine semiconductor photocatalyst. Among them, TiO, has been the
most widely studied photocatalyst benefiting from its low-cost, nontoxic, and good
anti-photocorrosion properties [30, 31].

Yuan et al. [37] reported the fabrication of layer-by-layer-structured MoS,/TiO,
composite via a two-step hydrothermal method. TiO, nanosheets with exposed (001)
facets were coupled with MoS, layers and the resulting product exhibited obviously
enhanced photocatalytic hydrogen evolution rate (Fig. 4.2a—c). Under the irradiation
of a 300 W Xe-arc lamp, the highest H, evolution rate of 2145 jumol h™! g=! was
obtained with an optimal ratio of 0.50 wt% MoS,; (Fig. 4.2d). The authors attributed
the enhanced activity to the intimate 2D nanojunction between TiO, and MoS,,
which provides an efficient transport channel for charge carrier. Besides, the lower
CB position of MoS, than TiO, provides a strong thermodynamic driving force for
electron transfer from excited TiO, to MoS, (Fig. 4.2e). The electron on the surface
of MoS; can react with the absorbed protons to evolve H, efficiently, while the holes
in the VB of TiO, are consumed by methanol sacrificial reagent.

In the above-mentioned work, MoS, acts as cocatalysts, whereas TiO, acts as
active component for light harvesting. But Zhou and his coworkers proposed a quite
different mechanism for their constructed TiO, @MoS; heterostructure [44]. In this
system, MoS; can function as active component for light absorption and utilization.
They successfully prepared TiO, @MoS, heterostructure which consists of a core
of TiO, nanobelt and shell of MoS, nanosheets. An acid treatment was applied
to TiO, nanobelts and the obtained TiO, nanobelts with rough surface provided
high-energy nucleation sites for the nucleation and growth of MoS, nanosheets.
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Table 4.1 Summary of MoS;-based nanocomposite photocatalysts for H, evolution

111

Catalyst Light source Sacrificial Activity Morphology Refs.
reagent
MoS,/ 300 W Xe 0.1 M ascorbic | 5463 Sheet/quantum | [32]
Cu—Znln, Sy lamp acid pmol g~ h™! | dots
A >420 nm
MoS,/ 300 W Xe 20 vol.% lactic | 775 umol h™! | Core/shell [33]
CdS lamp acid
A >420 nm
MoS,/CdS 500 W Xe 10 vol.% of 5.24 mmol g*1 Sheet/particle [34]
lamp lactic acid h~!
A >420 nm
MoS,/g-C3Nyg | 300 W Xe 10 vol.% of 26.8 pmol h~! | Sheet/hollow [35]
lamp lactic acid spheres
A >420 nm
MoS;-Cdp 5 500 W Xe 10 vol.% of 12.30 mmol g_1 Sheet/particle [36]
Zng5S lamp lactic acid h!
A>420 nm
MoS,/TiO, 300 W Xe 10 vol.% 2145umolg™! | Sheet/sheet [37]
lamp methanol h~!
MoS,/CdS 300 W Xe 10 vol.% of 49.80 mmol g_1 Sheet/nanorod | [38]
lamp lactic acid h~!
A>420 nm
MoS,/CdS 300 W Xe 20 vol.% lactic | 1914 wmol g_1 Sheet/nanowire | [39]
lamp acid h~!
A > 400 nm
MoS,/TiO, 300 W Xe 0.35 M Na,S 1.68 mmol g*1 Sheet/nanofiber | [40]
lamp and 0.25 M h~!
NaySO3
MoS,/ZnIny Sy | 300 W Xe 0.5 M NaySO3 | 153 wmol h=! | Sheet/ [41]
lamp and 0.43 M nanoflower
A > 420 nm Na,S
MoS,/StZrO3 100 W Nay$S (0.35M) |5.31 mmolh~! | Sheet/cube [42]
mercury lamp | and Na;SO3
0.25M)
Zny,Cd_«S/ 150 W Xe 10 vol.% lactic | 7806.0 umol g~!| Sheet/particle [43]
MoS, lamp acid
A >420 nm
MoS,/TiO5 300 W xenon | 0.35 M Na,$ 1.6mmolh~'g~!| Sheet/belt [44]
arc lamp and 0.25 M
NaySOs3
MoS,/CdS 300 W Xe 10 vol.% 532 pwmol h! Sheet/particle [45]
lamp lactic acid

A >420 nm
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Fig. 4.2 a TEM images of 2.00 wt% 2D-2D MoS,/TiO, photocatalyst. b, ¢ HRTEM images of
2.00 wt% 2D-2D MoS,/TiO;. The inset of (b) is a schematic diagram of the 2D-2D MoS,/TiO;
photocatalyst. d Rate of Hy production on TiO; nanosheets, 2D-2D MoS,/TiO2, P25, and MoS,/P25
under irradiation from a 300 W Xe lamp in 100 mL of 10 vol.% aqueous methanol solution.
e [llustration and energy diagram of charge transfer and photocatalytic processes for efficient solar-
to-H» conversion system using 2D-2D MoS,/TiO» as the photocatalyst. Reprinted with permission
[37]. Copyright 2015 American Chemical Society

The photocatalytic hydrogen production activities of aforementioned samples were
measured and compared as well. When the loading amount of MoS, was 50 wt%, the
highest hydrogen production rate reaches 1.6 mmol h~! g~! (Fig. 4.3). They proposed
a different mechanism for the photocatalytic hydrogen evolution process. Bare TiO;
nanobelts show negligible photocatalytic hydrogen production activity, although it
can absorb the UV light. While the introduction of MoS; can obviously enhance the
visible light absorption due to the apporpriate bandgap of MoS, (1.9 eV). Due to the
quantum confinement effect of the thin MoS; nanosheets, the redox potentials and
bandgap of MoS, also changed. In this case, the conduction band (CB) and valence
band (VB) positions of MoS, are higher than those of TiO, nanobelts. Under light
irradiation, the photoexcited electrons from the VB of MoS; nanosheets are directly
transferred to CB of MoS, and then transmitted to CB of TiO, nanobelts driven by
the built-in potential in the heterojunction and eventually to produce hydrogen. The
left hole was consumed by sacrificial agents.

Although TiO; is an active and stable photocatalyst for H, evolution, the practical
application of TiO, is still limited by its poor response to visible light [46]. So
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Fig. 4.3 a UV-Vis absorption spectra of pure TiO, nanobelts, TiO, @MoS; heterostructures and
pure MoS; nanosheets. b Comparison of the photocatalytic hydrogen production activities of dif-
ferent samples under the illumination with the same lighting source in the mixed aqueous solution
containing 0.35 M Na; S and 0.25 M Na,SOs3 as sacrificial agents. Reprinted with permission [44].
Copyright 2015 Wiley-VCH

tremendous efforts have been devoted to exploring semiconductor photocatalyst with
visible-light response [47, 48]. The appropriate bandgap and band alignment of CdS
make it a promising candidate for photocatalytic H, evolution under visible-light
irradiation [49]. During the past few years, the coupling of MoS; and CdS is another
research hotspot for TMD-based photocatalysis.

As early as 2008, Zong et al. [45] first reported the fabrication of MoS,/CdS
nanocomposite for photocatalytic H, evolution. CdS was first prepared and then
impregnated with an aqueous solution of (NHy),MoS,, followed by a treatment in
H,S flow at high temperatures for 2 h (Fig. 4.4a, b). The as-obtained MoS,/CdS
catalysts exhibited superior H, evolution activity. The activity is increased by up to
36 times when loaded with only 0.2 wt% of MoS, (Fig. 4.4c). The loading of MoS;
can offer the low activation potentials for H, evolution and are often served as the
active sites for H, generation.

Theoretical studies indicate that the edges of MoS, have strong bonds to H* in
the solution, which are easily reduced to H, by electrons. Thus, the H, evolution
rate is obviously enhanced after the loading of MoS,. A parallel experiment was also
conducted. Noble metal Pt was used as a cocatalyst for CdS as well. But the result
demonstrated that activity of 0.2 wt% MoS,/CdS is even higher than that of 0.2 wt%
Pt/CdS under the same reaction conditions (Fig. 4.4d). So we come to this conclusion
that MoS, might replace the currently widely used noble metals such as Pt, Pd, Rh,
Ru, and Au and function as efficient H, evolution promoters for photocatalysts.

Wu et al. [33] successfully synthesized core-shell structured MoS,—CdS via a
sequential two-step hydrothermal growth method. Flower-like MoS, was first formed
by the hydrothermal method. After that, certain amount of Cd source was added
directly to the above reaction system and sealed in the autoclave again (Fig. 4.5).
By varying the amounts of Cd source, the composites with different ratio of MoS,
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Fig. 4.4 a HRTEM image of 1 wt% MoS,/CdS prepared at 773 K. b Magnified HRTEM image
of the selected frame from image (a). ¢ Rate of H, evolution on MoS,/CdS photocatalysts loaded
with different amounts of MoS; under visible light (A > 420 nm). Catalyst (0.1 g); 10 vol.% lactic
solution (200 mL); light source, Xe lamp (300 W). d Rate of H; evolution on CdS loaded with 0.2
wt% of different cocatalysts. Catalyst (0.1 g); 10 vol.% lactic solution (200 mL); light source, Xe
lamp (300 W). Reprinted with permission [45]. Copyright 2008 American Chemical Society

and CdS were prepared. In this constructed system, MoS, flower served as the core
while CdS nanoparticles were placed on outside surface of MoS,.

Photocatalytic H, evolution performance was evaluated under visible-light irra-
diation (>420 nm) with lactic acid as sacrificial agents. Blank MoS, has no obvious
PHE activity. But the introduction of MoS, can significantly enhance the photo-
catalytic performance of CdS, indicating the cocatalyst role of MoS,. The optimal
photocatalytic activity was achieved at Mo:Cd = 1:6. The H; evolution rate could
reach to 775 pmol h™!, which is 64 times as high as the pure CdS. The authors
ascribed the enhanced photocatalytic performance to the intimate contacts between
MoS; and CdS. The formed heterojunction between them may facilitate the charge
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transfer and reduce the recombination rate of photogenerated electrons and holes.
Finally, the electrons trapped by MoS, can react with adsorbed H* to produce H,
due to the like-Pt activity of MoS,.

Recently, ZnIn,S4, a ternary chalcogenide which has a suitable bandgap
(2.34-2.48 eV), has sparked much research enthusiasm. Previous studies have
revealed that ZnlIn,S, are active for photocatalytic H, generation due to its suitable
bandgap alignment. However, the short lifetimes of the photogenerated electron—hole
pairs still limited its application. The coupling of ZnIn,S4 and MoS, might be an
effective way to enhance the photocatalytic H, production activity of ZnIn,S4. Wei
et al. [41] reported the preparation of MoS,/Znln,S4 nanocomposites by calcinating
(NH4)>,Mo0S4/Znln, S, precursors in H,S—H, mixed gas atmosphere. A maximum Hj,
evolution rate of 153 pmol/h was obtained when the loading amount of MoS, was at
0.6 wt%. Excess loading amount of MoS, will block the absorption of the incident
light by ZnIn,S4 (Fig. 4.6).

4.2.1.2 MoS;,-Based Photocatalysts for Pollutants Degradation
The application of MoS; to the degradation of pollutants in water is also an attractive

research topic. Table 4.2 listed some representative MoS,-based photocatalyst for
use in pollutant degradation. As can be seen from that, a variety of semiconductors,
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including Agz;PO,4 [50], C3Ny4 [51], and BiOBr [52], have been coupled with MoS,
for pollutant degradation.

Wang et al. [62] fabricated the nanocomposite AgzPO4/MoS, through a
hydrothermal-in situ precipitation method. Ag;PO, nanoparticles were in situ grown
on the surface of three-dimensional spherical MoS,. The coupling of MoS, could
significantly enhance the photocatalytic performance of RhB degradation compared
with pure AgzPO,4 under visible-light irradiation. When the loading amount of MoS,
was at 15 wt%, the nanocomposite showed the optimal photoactivity for the degra-
dation of RhB. A possible Z-scheme photocatalytic mechanism was proposed for
the hierarchical AgzPO4+/MoS, composite. The main reaction steps were depicted as
follows:

Ag;PO4/MoS; + hv (visible light) — Ag;PO4 /MoSz(h+ + e’)
Ag;PO4(e”) + MoS; (h™) — Ag;PO4 + MoS,

MoS; + Ag;PO4(e”) — MoS,(e”) + Ag;POy

O, +MoS;(e”) — 05 + MoS,

RhB + ¢O; — CO; + H,0 + other products

RhB + Ag;PO,(h") — CO, + H,0 + other products

Because the conduction band (CB) position and the valance band (VB) position of
MoS; are all higher than that of AgzPOy, the photogenerated electrons in the CB of
AgszPOy go to the VB of MoS; and combine with holes there. And the photogenerated
holes in the VB of Ag;PO, could directly react with the organic compounds.

BiVOy is a promising visible-light-driven photocatalyst with a bandgap of ~2.4 e V.
Li et al. [57] reported the fabrication of flower-like MoS,/BiVO, composite via a
two-step approach (Fig. 4.7a, b). The photodegradation of methylene blue (MB)
was adopted to assess the photocatalytic ability of the synthesized nanocompos-
ite. An enhanced photodegradation ability of MoS,/BiVOy heteronanostructure was
observed (Fig. 4.7c, d). A specific charge-transfer mechanism may account for that
phenomenon. Because the CB and the VB of BiVOy both lie below the corresponding
energy bands of MoS,, the photoexcited electrons tend to transfer to the CB of BiVO,
and while the holes to the VB of MoS,. The efficient separation of photogenerated
electrons and holes lead to the advancement of photocatalytic performance.

Di et al. [52] successfully synthesized the few-layer MoS, coupled BiOBr micro-
spheres via a facile hydrothermal method. Ionic liquid [C{¢gmim] Br functioned as the
source of Br and acted as a reactant to generate BiOBr. Besides, it can improve the
dispersity of MoS, on the surface of the BiOBr microspheres. The obtained compos-
ite was found to be an effective catalyst for degradation of RhB under visible-light
irradiation (Fig. 4.8a, b).

Because the CB and VB positions of MoS, are both more negative than those of
BiOBr microspheres, the photogenerated electrons can be effectively collected by
BiOBr, and the holes can be effectively collected by MoS, (Fig. 4.8c). A trapping
experiment was also conducted and verified that holes are the main active species
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Table 4.2 Summary of some representative MoS;-based photocatalyst for use in pollutant degra-

dation
Catalyst Synthesis Application Light source Morphology Refs.
method
Ag3P0O4/MoS, | Precipitation MB 35 W Xe lamp | Sheet/ [50]
method degradation A >420 nm nanoparticle
20 mg L~
MoS»/g-C3N4 | Hydrothermal | MO 500 W Xe Sheet/sheet [51]
method degradation lamp
20mg L~!
MoS,/BiOBr Hydrothermal RhB 300 W Xe Sheet/ [52]
method degradation lamp nanosphere
10mg L~! A > 400 nm
MoS,/Bi,WOg¢ | Hydrothermal |MB 250 W Core-shell [53]
method degradation mercury lamp | heterostructure
107 mol L~!
MoS,/Sn0O; Solvothermal RhB 150 W Sheet/ [54]
method degradation mercury lamp | nanoparticle
10mg L~!
MoS2/Ag3zPOy4 | Precipitation RhB 300 W Xe Sheet/ [55]
method degradation lamp nanoparticle
10mg L~! A > 400 nm
BPA
degradation
20mg L~!
MoS,/TiO, Hydrothermal | RhB 500 W Xe Sheet/nanobelts | [56]
method degradation lamp
10mg L™!
MoS,/BiVOy Hydrothermal MB 500 W Xe Nanoflower [57]
method degradation lamp
40 mg L~! A >400 nm
MoS,/BiMoOg | Solvothermal RhB 150 W Xe Nanoslice/ [58]
degradation lamp nanoflake
10mg L~! A > 420 nm
MoS,/CdS Hydrothermal | MB 300 W Xe Sheet/branched- | [59]
method RhB lamp like
degradation A >420 nm structure
2x 1073
mol L™!
MoS,/SrTiO3 Hydrothermal | MO GGZ 100-1, Sheet/ [60]
method degradation 100 W nanoparticle
30mgL~!
MoS,/C3Ny Hydrothermal RhB MO 300 W Xe Sheet/sheet [61]
method degradation lamp
5mgL~! A >420 nm
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Fig. 4.7 a High-magnification SEM images of the pristine MoS, nanoflowers. b High magnifi-
cation of a MBVS5 sphere. ¢ Absorption spectra of MB solution after 120 min irradiation at room
temperature in the presence of MBV5 heteronanostructure. d Normalized decrease concentration
C/Cy of the MB solution containing different catalysts. Reprinted with permission [57]. Copyright
2015 American Chemical Society

in RhB photodegradation. Thus, the holes accumulated in the VB of MoS, could
react with the pollutant and exhibit admirable photocatalytic activity for pollutant
degradation.

4.2.2 WS;,-Based Photocatalysts

WS, is another frequently used TMD cocatalyst for the modification of semiconduc-
tors. WS, possess extremely similar crystal structure and chemical property of MoS,
[63, 64]. The planes of W atoms are sandwiched between two atomic layers of S with
strong in-plane bonding; while layers are stacked together via weak van der Waals
interaction. They can also act as an efficient cocatalyst to enhance the activity of



120 T. Huang et al.

Irradliation time (min)

—&— Bi0Br
| o 1 wi% MoS /BiOBr
—d—3 wit% MoS,/BiDBr
—r—Swi% \In.‘iln’lliﬂ’Br
0.1 4 =4 Photolysis

Absorbance (a.u.)

T
10 20 0 40 50

Irradiation time (min) Wavelength (nm)
[+
©,

: Visible light
iy

W Organics

\ Products

Fig. 4.8 a Photocatalytic degradation of RhB in the presence of pure BiOBr and MoS,/BiOBr
and photolysis of RhB under visible-light irradiation. b Temporal UV-Vis absorption spectral
changes during the photocatalytic degradation of RhB in aqueous solution in the presence of 3 wt%
MoS,/BiOBr. ¢ Proposed photocatalytic charge-transfer mechanism in the MoS,/BiOBr materials
under visible-light irradiation. Reprinted with permission [52]. Copyright 2014 Royal Society of
Chemistry

BiOBr Mos,

semiconductor photocatalysts. But compared with the currently most studied MoS,,
their application in photocatalysis is rarely discussed.

4.2.2.1 WS;-Based Photocatalysts for Photocatalytic H, Evolution

Zong et al. [65] successfully loaded WS, onto commercial CdS powder by an
impregnation method. In brief, (NH4),WS4/CdS precursor was first prepared by
immersing CdS nanoparticles into ammonia solution containing different amounts
of (NH4),WS,. Then the obtained precursor was heated in H,S flow to obtain the
WS,/CdS catalyst. The result demonstrated that H, evolution rate of CdS loaded with
only 1 wt% of WS, increased up to 28 times in comparison with that of pristine CdS
(Fig. 4.9a). CdS loaded with different noble metals, including Pt, Ru, Rh, and Au,
were also prepared for a comparison (Fig. 4.9b). The obviously enhanced photocat-
alytic performance could be ascribed to the intimate junctions formed between WS,
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Fig. 4.9 a Rate of H; evolution on CdS photocatalysts under visible light (A > 420 nm) loaded
with different amounts of WS». b Time courses of photocatalytic H, evolution on CdS loaded with
1 wt% of different cocatalysts under visible light (A > 420 nm). ¢ Proposed reaction mechanism
for photocatalytic Hy production on WS»/CdS catalyst. Reprinted with permission [65]. Copyright
2011 American Chemical Society

and CdS. Besides, the introduction of WS, also produces active sites for hydrogen
evolution process (Fig. 4.9¢).

As we know, WS, possesses two main typical types of structure, 1T structure and
2H structure. The 1T structure exhibits metallic properties and the 2H structure own
semiconducting nature. Benoit Mahler and his coworkers [66] first described a novel
colloidal synthesis method for both 1T-WS; and 2H-MoS,. They compared the
photocatalytic water splitting properties of the two different structures by coupling
them with TiO, nanoparticles. The results demonstrated that I T-WS, structure was
an efficient hydrogen evolution cocatalyst, while the nanocomposite of 2H-WS; and
TiO; exhibits low photoactivity. This might because the introduction of 2H-WS, will
provide recombination centers for the photogenerated electrons and holes.

Chen et al. [67] developed a novel one-pot synthesis method for MS,—CdS
(M=Mo, W). The MS,—CdS nanohybrids were synthesized through a hot-injection
method. In brief, Cd source was injected into the solution containing sulfur donors,
such as WSi_ , EtoNCS;. In the obtained nanohybrids, single-layer MS, sheets selec-
tively grew on the Cd-rich (0001) surface of wurtzite CdS nanocrystals (Fig. 4.10).
The photocatalytic hydrogen evolution activities were evaluated under visible-light
irradiation. Compared with pure CdS, the hydrogen evolution rates of WS,/CdS
enhanced nearly 16 times. The authors ascribed the obviously enhanced photocat-
alytic performance to the large number of active sites of single-layer WS, and the
formed p/n heterojunction between WS, and CdS.

4.2.2.2 WS,-Based Photocatalysts for Pollutant Degradation

Yu et al. [68] exfoliated bulk WS, to few-layer by a mechanical exfoliation method.
The obtained WS, nanosheet served as supports for the growth of AgzPO, nanoparti-
cles. The AgzPO4/WS; heterostructure was found with superior photocatalytic activ-
ity for the degradation of RhB under visible-light irradiation (Fig. 4.11a—d). Several
factors may account for the improved photocatalytic performance. As can be seen
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Fig. 4.10 TEM images of WS,—CdS nanohybrids obtained at different reaction time. The reaction
timeisa 5, b 30, ¢ 60 min. d Schematic illustration of the shape evolution of WS,—CdS nanohybrids.
Reprinted with permission [67]. Copyright 2015 Wiley-VCH

from Fig. 4.11e, because of the energy level match between AgzPO,4 and WS, the
electrons tend to transfer from WS; to Ag;PO,4 while the holes located in the valance
band of Ag;PO, are prone to migrate to the valance band of WS;. A more efficient
separation of photogenerated electrons and holes contributes to the enhancement
of photocatalytic performance. Besides, the high interface area and abundant active
sites also play a vital role in the catalytic process.

Atkin et al. [69] synthesized WS, nanoflakes hybridized with carbon dots by
a facile two-step method. 2D WS, suspension was produced by a modified two-
solvent grinding/sonication method. The as-produced suspension was added to citric
acid solution and exposed to microwave irradiation for few minutes. To evaluate its
photocatalytic performance, Congo Red (CR) was selected as a model dye. Compared
with pure WS, nanoflakes, carbon dot anchored WS, exhibited obviously enhanced
photocatalytic performance. The authors ascribed the enhancement of photocatalytic
performance to the increased affinity of CR molecules onto the surface of the flakes
rather than a 2D WS,/CD heterostructuring effect.
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Fig. 4.11 a Photocatalytic degradation of RhB solution over the as-prepared AgzPO4/WS, com-
posite, bare WS, sheets and pure AgzPO4. b Repeated degradation of RhB solution over the
recycled AWO0.01 photocatalyst under visible light. ¢ Photocatalytic degradation of RhB solution
over AWO0.01 and pure Ag3POy4 prepared six months earlier, respectively. Insets in (c¢) and (d) are
pictures of catalyst powder. e Schematic of the band structure and expected charge separation of
Ag3P04/WS; composites under visible-light irradiation. Reprinted with permission [68]. Copyright
2015 Royal Society of Chemistry

4.2.3 Other TMD-Based Photocatalysts

The layered transition metal dichalcogenides constitute a broad family of materials.
Except from the above-mentioned MoS,, WS,, a variety of TMDs can be used in
photocatalysis application. For example, Zhu et al. [70] reported the synthesis of
NiS,/g-C3N4 hybrid photocatalysts by a facile hydrothermal method. The nanocom-
posite exhibited enhanced photocatalytic performance toward the degradation of
RhB. A possible mechanism was proposed for this photocatalytic process. The g-
C3Ny sheets provide a support for dispersing small NiS, on its nanosheet surface,
and the intimate contact between NiS, and g-C3;Ny can facilitate the charge transfer
and decrease the charge recombination rate, which is beneficial for the enhancement
of photocatalytic performance.

Meng et al. [71] synthesized novel BiOCl/SnS; hollow spheres via a facile one-pot
hydrothermal method. The photocatalytic activity was evaluated by the photodegra-
dation of RhB, and a remarkable improvement in the photocatalytic performance was
observed in the BiOCI/SnS; hollow sphere. Because the valence band and conduction
band potentials of SnS, are more negative than those of BiOCl, the photogenerated
electron can transfer from the conduction band of SnS, to the conduction band of
BiOCl, which can enhance the separation of photogenerated electrons and holes.
Besides, the authors think the hierarchical assembly of nanoflakes greatly increases
the surface area and enhances light-harvesting efficiency.
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4.3 TMD/GR-Based Ternary Photocatalysts

Although MoS; is an efficient cocatalyst for photocatalysis, the further advancement
of their photocatalytic performance is still limited by their poor electrical conduc-
tivity [72]. Graphene, featured by its single-layer sp>-hybridized carbon atoms, has
been widely accepted as an efficient charge transporter [73]. To couple graphene
with MoS; can significantly improve the electrical conductivity and overcome such
drawback. Till now extensive research works about this topic have been published.
We summarized some representative work in Table 4.3.

4.3.1 TMD/GR-Based Ternary Photocatalysts
Jor Photocatalytic H, Evolution

The coupling of MoS, and graphene can form a new cocatalyst for photocatalytic
H,; evolution. As early as 2012, Xiang et al. [82] first reported the synthesis of TiO,
NPs on a layered MoS,/graphene

hybrid for use in photocatalytic H, production. Layer-structured MoS,/graphene
was first prepared via a hydrothermal method and then served as a support for the
growth of TiO, nanoparticles (Fig. 4.12a—d). The photocatalytic H, production activ-
ity was evaluated under xenon arc lamp irradiation using ethanol as a scavenger.
Significantly enhanced photocatalytic performance was observed, and the highest
H, evolution rate was obtained when the cocatalyst 95M5.0G (the composite photo-
catalyst containing 95% MoS, and 5% graphene in the cocatalyst) was introduced to
this system. The authors claimed that MoS; and graphene play a synergetic effect on
the improvement of the photocatalytic H, production activity. Graphene sheet can
improve the mobility of the photogenerated electrons while MoS; can act as active
sites for H, evolution (Fig. 4.12¢).

Since MoS,-graphene/TiO, photocatalyst was inactive under visible-light irra-
diation, much research work was focused on visible-light-responsive photocata-
lyst. For example, Yuan and his coworkers [77] successfully synthesized MoS,-
graphene/Znln,S4 nanocomposite and evaluated their photocatalytic H, generation
performance in NayS—Na,; SOj3 solution under visible-light irradiation. As can be seen
from Fig. 4.13a—d, the synthesized ZnIn, S, possessed a flower-like morphology. The
photocatalytic results demonstrated that the optimum H; production rate was 22.8
times higher than that of pure Znln,Ss when the content of MoS,-graphene is 1.2
wt%. The superior catalytic activity was ascribed to the positive synergistic effect
between MoS, and graphene, which act as a hydrogen evolution reaction catalyst
and an electron transport bridge (Fig. 4.13e, f).
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Table 4.3 Representative work of MoS,/GR-based photocatalysts and their different application

Catalyst Synthesis Application Light source Morphology Refs.
method
CulnZnS/ Hydrothermal H; evolution 300 W Xe Nanoparticle/ [74]
MoS,-GO lamp sheet
A > 420 nm
g-C3Ny/ Two-step H; evolution 450 W Xe Quantum [75]
MoS,-GO method lamp with an dot/sheet
AM 1.5G filter
Zn0O/MoS,-GO | Hydrothermal H; evolution Natural Nanoparticle/ [76]
sunlight, a sheet
ZnlnyS4/ Hydrothermal | H; evolution 300 W Xe Microspheres/ | [77]
MoS,-GO lamp sheet
A >420 nm
CdS/MoS;,-GO | Hydrothermal | H, evolution 300 W Xe Hollow [78]
lamp spheres/sheet
A > 400 nm
CdS/MoS,-GO | Hydrothermal H, evolution 350 W Xe Nanorods/sheet | [79]
lamp
A > 420 nm
ZnS/MoS,-GO | Hydrothermal | H, evolution 300 W Xe Nanoparticle/ [80]
lamp sheet
CdS/MoS,-GO | Photodeposition | Hy evolution 350 W Xe Nanoparticle/ [81]
method lamp sheet
A > 420 nm
TiO,/Mo0S,-GO | Hydrothermal | H, evolution 350 W Xe Nanoparticle/ [82]
lamp sheet
CdS/WS>-GO | Solvothermal H; evolution 500 W Xe Nanorod/sheet | [83]
lamp
A >420 nm
Biy, WOg/ Hydrothermal | RhB 300 W Xe Nanoplates/ [84]
MoS,-GO degradation lamp nanosheet
A > 400 nm
Cu, O/ In situ Acid Blue 92 A >420 nm Cube/sheet [85]
MoS,-GO deposition degradation
Ag3zPOy Hydrothermal | phenol 500 W Xe Particle/sheet [86]
/MoS,-GO degradation lamp A

> 420 nm
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Fig. 4.12 Structural analysis of the T/95M5.0G composite. a, b TEM images of TiO, NPs com-
bined with layered MG hybrids. ¢, d High-resolution TEM images of TiO, nanocrystals grown on
layered MG hybrids. The MG sheets can be considered as a support and interconnecting medium for
the TiO, NPs. e Schematic illustration of the charge transfer in TiO2/MG composites. The proposed
mechanism for the enhanced electron transfer in the TiO>/MG system under irradiation assumes
that the photoexcited electrons are transferred from the CB of TiO; not only to the MoS; nanosheets
but also to the C atoms in the graphene sheets, which can effectively reduce H* to produce H,.
Reprinted with permission [82]. Copyright 2012 American Chemical Society

4.3.2 TMD/GR-Based Ternary Photocatalysts for Pollutants
Degradation

Using TMD/GR hybrid for degradation of pollutants in water is also an
attractive technology. Here, we give some examples in this area. Liu et al.
[84] synthesized a ternary Bi;WOs @MoS,/graphene (BWO/MG) nanocomposite
by a facile two-step hydrothermal method (Fig. 4.14a—d). The ternary nanocom-
posite exhibited superior photocatalytic performance for the degradation of RhB
under visible-light irradiation, which might be contributed to an enhanced charge
carrier separation via gradual charge transferred pathway. The loading of cocatalyst
MoS,/graphene can provide large specific surface area and a mass of active adsorp-
tion sites. Besides, a more efficient charge transfer can be achieved in the constructed
ternary composite (Fig. 4.14e, f).

Peng et al. [86] prepared Agz;PO4 coupled with MoS,/graphene hybrid via a sim-
ple two-step hydrothermal method. The photocatalytic performance was evaluated
by degradation of 2,4-dichlorophenol (DCP) under visible-light irradiation. With
the optimized composition (2% cocatalyst), DCP degradation exhibited best photo-
catalytic performance. It is worth noted that the photocatalytic performance of pure
MoS,/graphene was also tested and no degradation was observed. So MoS,/graphene
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«Fig. 413 a, b SEM images of 1.2 wt% Mol10G1/ZnIn,S4 composites. ¢ TEM and d HRTEM
images of 1.2 wt% Mo10G1/ZnlIn,S4 composite. e Schematic illustration for photocatalytic hydro-
gen generation over MoS-graphene/Znln, S4 under visible-light irradiation. f Schematic illustration
for charge carriers in MoS,-graphene/ZnIn;S4 photocatalyst, ZnInyS4: light-harvesting semicon-
ductor, graphene: electron transport bridge, MoS,: hydrogen evolution reaction catalyst. Reprinted
with permission [77]. Copyright 2016 Elsevier
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Fig. 4.14 SEM images of a BWO and b BWO/MG, ¢ TEM image of BWO/MG and d HRTEM
image of BWO/MG. e Schematic diagram for photocatalytic mechanism of BWO/MG hybrids.
f Band structure, RGO, CB and VB levels of MoS; and BWO. Reprinted with permission [84].
Copyright 2017 Springer

can only function as cocatalyst. In the constructed system, MoS,/GR nanosheets will
function as electron collectors for the interfacial electron transfer, which enhanced the
separation of the photogenerated electrons and holes. Besides, the MoS,/GR hybrid
can provide more active adsorption sites and allow for the activation of dissolved O,
for organic degradation (Fig. 4.15).

4.4 Summary and Outlook

As a kind of novel nanomaterials, TMDs have great potential in photocatalytic envi-
ronmental remediation and renewable energy production. It is worthy of mention that
the development of novel TMDs materials might open up a way for future energy con-
version as well as environmental remediation. Recently, huge advances in the design
and controlled synthesis of novel TMD nanosheets-based photocatalysts have been
achieved. However, MoS;-based photocatalyst is most explored in the past few years.
The variations in the composition of TMDs might lead to significant differences in
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Fig. 4.15 a Illustration of the AgzPO4—MoS,/GR photocatalyst synthesis. Photocatalytic DCP
degradation by the photocatalysts under SS light. b With different GR contents and ¢ with different
MoS,/0.005GR percentages. Reprinted with permission [86]. Copyright 2014 Royal Society of
Chemistry

their catalytic activity. So the research toward other rarely studied members in TMDs
or their combination alloys could be an interesting ground and allow new possibili-
ties for efficient photocatalysts. Although some key advances have been achieved at
the laboratory scale, it is still a long way to go to achieve practical efficiencies.
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Simulation of Transition Metal Guca i
Dichalcogenides

Mohammad Rezwan Habib, Wenchao Chen, Wen-Yan Yin, Huanxing Su
and Mingsheng Xu

Abstract The discovery of graphene in 2004 by Konstantin Novoselov and Andre
Geim opened a new scientific arena: “2D materials”. The finding of new layered and
non-layered materials and their potential applications in various fields has been taken
a great attention in recent years. A wide variety of 2D materials such as transition
metal dichalcogenides (TMDs), transition metal trichalogenides (Bi,Ses, BiTes,
etc.), transition metal monochalcogenide (GaSe, GaS, etc.), transition metal thio-
phosphides (MnPS3, FePSs, etc.), silicene, phosphorene and hexagonal boron nitride
have been found to possess many fascinating and unique properties that are promis-
ing for various potential applications such as in optoelectronics, sensors, spintron-
ics, valleytronics, energy storage and catalysis. Among the 2D family, the TMDs
grasp diverse properties, ranging from insulator, semimetal, metal, semiconductor
and superconductor and make them most interesting 2D materials in both academic
and industrial perspectives. The TMDs are usually abbreviated by the chemical for-
mula of MX,, where M is a transition metal such as Cr, Mo, W, Re, Ta, Zr and Pd,
and X is a chalcogen of S, Se and Te. The different filling states of the d orbitals
in this wide range of transition metals gives rise to TMDs with versatile properties.
Among TMDs, group 6 TMDs such as MoS,, WS,, MoSe; and WSe, are attract-
ing great attention due to their semiconducting nature, layer-dependent bandgap and
strong light—matter interaction. The finite and tunable bandgap of group 6 TMDs
compensate the lack in microelectronic application of graphene which arises due to
its gapless feature. Herein we address different phases of TMDs including hexago-
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nal (H), trigonal (T) and rhombohedral (R). We reviewed the optical and electronic
properties such as thickness-dependent band structure, spin—orbit coupling, excitonic
properties, Berry-phase-related properties and valley Hall effect of semiconducting
TMDs. The modulation of electronic properties by external stimuli such as electric
field and strain is also discussed in this chapter. The metallic TMDs such as 1T phase
of group 6 TMDs, Ti-, V-, Nb-based TMD and 2H phase of NbS,, NbSe,, TaS, and
TaSe, are discussed. The magnetism, strain and doping-induced magnetism in both
metallic and semiconducting TMDs are addressed in this chapter.

5.1 Introduction

The discovery of graphene through mechanical exfoliation from graphite [1] leads
us in pursuit a new class of materials known as “2D materials”. The finding of
alternative layered and non-layered 2D materials has emerged as an active field of
scientific research. This kind of layered material has attracted a significant atten-
tion compared to their bulk counterpart due to their unique physical, chemical and
optoelectronic properties. However, the gapless feature of pristine graphene limits
its microelectronic applications. The diverse properties of transition metal dichalco-
genides (TMDs), ranging from insulators such as HfS,, semiconductors such as
MoS,, WS, and PdS,, semimetal such as WTe,, metal such as NbS, and VS,, make
them a unique and wide field of research interest [2, 3]. Furthermore, the fascinating
physical, chemical, electronic, optical and magnetic properties of TMDs are ren-
dering them for potential candidate for applications in the field of optoelectronics,
catalysis, sensors, spintronics and valleytronics. In this chapter, we address the the-
oretical perspective of the electronic, optical and magnetic properties of TMDs and
their modulation by external strain and electric fields.

5.1.1 Structure of Transition Metal Dichalcogenides

5.1.1.1 Atomic Structure

The transition metal chalcogenides are usually abbreviated by the chemical formula
of MX, (M = transition metal and X = chalcogen). The position of the constitute
atoms M and X is indicated in the periodic table as shown in Fig. 5.1a. TMDs form
a very large and rich family of crystals, whose members present several kinds of
lattice structures and many different physical properties. An MX; single layer is a
sandwich structure in which the M atoms are ordered in a triangular lattice, each of
them bonded covalently to six X atoms, of which there are three of them in the top
and three in the bottom layer.

In the bulk, the monolayers (MLs) are held together by weak interlayer interac-
tions, i.e. van der Waals (vdW) force, thus allowing the crystal to readily cleave along
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Fig. 5.1 a Transition metals and the three chalcogen elements that form layered structure are
highlighted in the periodic table. Reprinted with permission from Ref. [2], Copyright 2013, Nature
Publishing Group. b—f Different polymorphs or phases of single-layer and stacked single-layer
TMDs: b 1H phase, ¢ 1T phase, d distorted 1T phase, e 2H phase and f 3R phase. Reproduced from
Ref. [4] with permission, Copyright 2015, from The Royal Society of Chemistry

the layer surface. It is noted that group 4—7 TMDs are predominantly layered struc-
ture like graphite, whereas group 8—10 TMDs are commonly found in non-layered
form.

5.1.1.2 Polymorphs

In contrast to graphite, bulk TMDs exhibit a wide variety of polymorphs and stacking
polytypes (a specific case of polymorphism) due to the presence of three atomic layers
(X-M-X) in one individual MX; layer. 1T, 2H and 3R are the commonly observed
polymorphs [4], where the letters “T”, “H” and “R” denote trigonal, hexagonal and
rhombohedral, respectively, and the number before the aforementioned three letters
specifies the number of X—M—X units in the unit cell, which implies the number of
layers in the stacking sequence as shown in Fig. 5.1b. The monolayer TMDs itself
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Fig. 5.2 a, b Structures of 2H- and 1T-MoS;. Reproduced with permission from Ref. [11], Copy-
right 2011, American Chemical Society. ¢, d Filling of the non-bonding d orbitals for a typical
d2 TMD along with the band structure and the representative position of the Fermi level for ¢ 2H
phase and d 1T phase. Reprinted with permission from Ref. [2], Copyright 2013, Nature Publishing
Group

exhibit two polymorphs [4-6]: trigonal prismatic (2H) and octahedral (1T) phases
(Fig. 5.2a). The 1T TMDs belong to the D34 group, and the 2H TMDs belong to the
D3y, Point Group. These structural phases can also be viewed in terms of different
stacking orders of the three atomic planes (X—M-X) forming the individual layers of
these materials. The 2H phase corresponds to an ABA stacking, in which chalcogen
atoms in different atomic planes occupy the same position A and are located on top
of each other in the direction perpendicular to the layer. By contrast, the 1T phase
is characterized by an ABC stacking order (Fig. 5.1b). Along with the 2H and 1T
phases, a metastable phase also exists in TMDs due to the formation of M—M bond
which is originated from distortions. For example, 1T’ structural phase is formed
due to the dimerization of the 1T phase of group 6 TMDs. In addition, ReX, (X =
S, Se) exhibits a distorted 1T structure originated from the Peierls distortion [7, 8].
And due to periodic weaker lattice distortions, charge density wave (CDW) phase is
formed in NbSe; and TaSe, at low temperature [9, 10]. Different structural phases
of TMDs exhibit different basic properties. For example, the 1T phase of MoS; is
metallic, while the 2H phase is semiconducting [5, 11].

According to the ligand field theory, the metallic nature of the 1T phase is caused
by the partially filled t,, band (dyy, d,;, d,;), while the semiconducting behaviour of
the 2H phase is due to the completely filled d;> and empty d,, and d,2_,> orbitals
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(Fig. 5.2b). The type of symmetry adopted by a TMD depends primarily on d orbital
filling, i.e. the d electron count of the transition metal (TM). Group 4 TMDs (defined
as d0 transition metal) are preferred to be in the 1T phase, whereas both octahedral
and trigonal prismatic phases are seen in group 5 TMDs (d1). Group 6 TMDs (d2) are
primarily found in 2H geometry, and group 7 TMDs (d3) are typically in a distorted
octahedral structure. Group 10 TMDs (d6) are all in an octahedral structure.

5.1.2 Electronic and Optical Properties

Unlike graphene, where the optoelectronic properties are based on s and p hybridiza-
tion, the optoelectronic properties of TMDs depend on the d electron count, i.e. filling
of the d orbitals of TM and its coordination environment. The number of d electron
in TM varies between 0 and 6 for group 4 to group 10 TMDs, respectively. This thus
provides diverse optoelectronic and magnetic properties in TMDs. The completely
filled d orbitals, as in the case of 2H-MoS,; (group 6) and 1T-PtS, (group 10), give rise
to semiconducting nature, while partially filled, as in the case of 2H-NbSe, (group
5) and 1T-ReS; (group 7), exhibit metallic conductivity.

5.1.2.1 Semiconducting TMDs

In general, group 6 and 10 TMDs show semiconducting behaviour due to the reasons
mentioned above. Among all semiconducting TMDs, the group 6 TMDs have been
intensively studied due to their extraordinary electronic, optical properties and air
stability at room temperature. In this section, we discuss the electronic and optical
properties of semiconducting TMDs.

DFT-Predicted Bandgap

The bandgap is generally defined as the energy difference between conduction band
minimum (CBM) and valance band maximum (VBM). Experimentally, this gap can
be measured either by transport or by optical measurement. Photoluminescence (PL)
measurement gives the information about exciton and measures optical bandgap,
whereas the gap which is measured by scanning tunnelling spectroscopy (STS)
and angle-resolved photoemission (ARPES) is called electronic bandgap. There
are mainly three approaches to predict the band structure of TMDs in DFT cal-
culations: (a) DFT with local density approximation (LDA) or generalized gradient
approximation (GGA), (b) Heyd—Scuseria—Ernzerhof (HSE) hybrid functional and
(c) GW method. DFT calculation based on the LDA or GGA approximation under-
estimates the bandgap of TMDs compared to the experimental bandgap. The most
commonly used hybrid functional HSEOQ6 incorporates a portion of the short-range
Hartree—Fock exchange energy of Kohn—Sham orbitals and rest of the potential
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energy of exchange-correlation, while long-range Hartree—Fock exchange energy
is derived from the exchange-hole formalism of PBE. The GW method which is
based on many-body perturbation theory is a potential method to describe the band
structure of TMDs accurately. However, the application of GW method is signif-
icantly restricted by the huge consumption of computational resources. Pure and
hybrid DFT methods underestimate the bandgap of TMDs at certain level if we com-
pare with experimental result. However, in general all the above-mentioned three
methods provide an identical physical picture of TMDs.

Thickness-Dependent Bandgap

The most interesting feature of semiconducting TMDs is thickness-dependent band
structure tunability. The bulk group 6 TMDs are indirect bandgap material. For
example, bulk MoS, has indirect bandgap of 1.2 eV since the VBM and CBM are
located at I point and Q point (middle of the I' and K points), respectively. As
the thickness decreases to monolayer, the bandgap of group 6 TMDs increases due
to quantum confinement and more interestingly they become direct bandgap mate-
rial [12]. The variation of band structure and bandgap with layer numbers is shown
in Fig. 5.3. All the bandgaps of different layered MoS, decrease monotonically
with increasing the number of layers and converge rapidly to the bulk value [13].
Monolayer MoS, shows a direct bandgap where VBM and CBM are lying at
K and —K points in the hexagonal Brillouin zone. Other group 6 TMDs such as
WX, (X =S, Se, Te) exhibit similar band structure evolution with layer numbers
[12].

Unlike group 6 TMDs, the group 4 TMDs show a wide range of electronic prop-
erties such as monolayer 1T-ZrS, which is a semiconductor with large bandgap [14],
1T-TiS, is semimetallic in nature [15], and 1T-HfS, is a wide bandgap semiconductor
[16] (Fig. 5.4a, b). IT-MX, (M = Zr, Hf; X = S, Se) shows same layer-dependent
bandgap as group 6 TMDs, but the indirect nature of bandgap remains intact as in
its bulk form. The layer-dependent band structure of ZrS, is shown in Fig. 5.4c [17].
The 1T-ZrS; and 1T-ZrSe; monolayers are semiconductors with indirect bandgap of
1.10 and 0.45 eV, respectively. In contrast, the monolayer of 1T-ZrTe, shows metallic
characteristics [14]. Hence, for monolayer ZrX,, the variation of bandgap due to the
change in the chalcogen anions is more significant than that for group 6 TMDs, i.e.
the bandgap of ZrX; ranges from 1.1 eV (1T-ZrS;) to 0 eV (1T-ZrTe;) as compared
to the variation from 1.8 eV for H-MoS, to 0.60 eV for H-CrTe,.

DFT calculations show that, unlike group 6 TMDs, ReX, (X = S, Se) exhibits
a distorted 1T structure which arises from the Peierls distortion [7]. This kind of
distortion prevents ordered interlayer stacking and minimizes the wave functions
overlap. As a result, the ReX, shows weaker interlayer interaction than that in MoS,
(18 meV vs. 460 meV per unit MXj) as predicted by DFT calculation as shown
in Fig. 5.5. Due to this weak interlayer interaction, the band structure of ReXj is
barely influenced by the layer numbers. DFT-calculated band structure of monolayer,
trilayer and pentalayer of ReS, is shown in Fig. 5.5b. The bandgap varies slightly
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Fig. 5.3 Layer-dependent band structure of MoS;. 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). Reproduced with
permission from Ref. [13], Copyright 2010, American Chemical society

from monolayer to the pentalayer ReS,, and the values of monolayer, trilayer and
five-layer ReS, are 1.44, 1.40 and 1.35 eV, respectively [18].

More interestingly, all of the mentioned bandgaps are direct in nature. Similarly,
the bulk ReS, also exhibits a direct bandgap of 1.35 eV as predicted by GGA. In
the case of PL of ReS; layers except the intensity enhancement, no significant peak
shift is observed as the layer number increases due to the similar bandgap [7]. Other
members of group 7 TMDs such as monolayer TcX, (X = S, Se) have indirect
bandgap of 1.91 and 1.69 eV for S and Se, respectively [19], as predicted by hybrid
DFT functional (Fig. 5.6a, b). The layer-dependent behaviour of TcS, and TcSe,
is different from each other. As the thickness increases, the bandgap of both TcS,
and TcSe, decreases. However, an indirect-to-direct bandgap transition is revealed
in TcS, as its layer number increases from one to two (Fig. 5.6) [19].

The strong interlayer interaction in MX, (M = Ni, Pt, Pd; X = S, Se) result-
ing from the overlapping of p, orbital of X atom, as compared to the weak inter-
layer interaction in group 7 TMDs and moderate interlayer interaction in group 6
TMDs, is responsible for unique and interesting features such as layer-dependent
semiconducting-to-metallic transition. The band structure of MX, (M = Ni, Pt, Pd;
X =S, Se) changes dramatically with the change of layer number. Monolayer MS,
(M = Ni, Pt, Pd) are semiconductors with indirect bandgaps of 0.51, 1.11 and 1.75 eV
for NiS,, PdS, and PtS,, respectively [20]. Furthermore, the bilayer NiS, and PdS,
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become metallic as predicted by first-principles calculation at DFT/PBE-D level of
theory (Fig. 5.7).

The experimentally verified and DFT-calculated layer-dependent bandgaps of
PtS, are compared [21] as shown in Fig. 5.8d. Similar to PtS,, monolayer PtSe,
is also an indirect bandgap semiconductor. First-principles calculation shows that
the bandgap of PtS, becomes narrow in bilayer and turns to zero in trilayer which
basically implies metallic character [22]. This theoretical result has also been exper-
imentally verified [23-25] (Fig. 5.8a—).

Mobility

Computationally, the carrier mobility of TMD semiconductors can be evaluated by
deformation potential (DP) theory, which was first proposed by Barden and Shockley
[26]. According to the DP theory, the respective energies of the CBM and VBM have
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a linear relationship with the lattice dilation or compression. The carrier mobility
() of TMDs can be expressed by the following formula [23, 27, 28]:

2eh3C

_—_— 5.1
3kpTm*mq(E})? -1

I,L:

where £ is reduced Planck’s constant, &y, is Boltzmann’s constant and T is the tem-
perature. m* and C are the effective mass along transport direction and in-plane
stiffness of the studied TMDs, respectively. mgq is the density of mass determined
by mq = /mynry. Term E i represents the deformation potential constant of the
VBM (hole) or CBM (electron) along the transport direction which is defined as
El = c Al /1 L where AV, is the energy change of the ith band under proper cell
compression and dilatation, [, is the lattice constant along the transport direction and
Al is the length of deformation on /. Phonon-limited electron mobility along both
x (ux) and y (u,) directions in MoS, is almost same (u, = 410 cm?/Vs and My
= 430 cm?/Vs) and provides mobility transport isotropy in MoS,. However, PdS,
and PtSe, show anisotropic mobility transport along x- and y-direction due to the
different wave-function overlap along the directions [23, 29]. In TMDs, the charge
carriers are confined within the layer, and that can potentially offer an improved
mobility. However, this charge carrier mobility in TMDs is influenced and reduced
by various charge scattering mechanisms such as Coulombic scattering, polar optical
phonon scattering, acoustic phonon scattering and surface roughness scattering [30].
The overall carrier mobility can then be obtained using Matthiessen’s rule [31]:
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where prorap is the overall mobility and e, upo, ma and usgr are the effective
carrier mobilities limited by Coulombic, polar optical phonon, acoustic phonon and
surface roughness scattering effects, respectively. In addition to the impact of the
above-mentioned scattering mechanisms, charge carrier mobility of TMDs is also
influenced by layer number, carrier density and temperature [32]. As temperature
increases, carrier mobility is increasingly affected by phonon scattering. The tem-
perature dependence of electron mobility in MoS; is calculated using DFT as shown
in Fig. 5.9.

At low temperatures (7' < 100 K), the acoustic component dominates, but at
elevated temperatures the optical component dominates. So, the room temperature
mobility in MoS, is mainly due to optical phonons [32, 33]. Coulomb scattering is
caused by charge impurity located within or on the surface of 2D materials. It is
the dominant mechanism in reducing the overall charge carrier mobility at or below
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the room temperature. Therefore, the increase in the dielectric constant of either the
surrounding environment or the 2D materials reduces the Coulombic effect, and it
has proven to be effective in enhancing the charge carrier mobility of 2D materials
such as graphene and MoS, [31, 34-36].

Critical Points in Band Structure and Valley

Critical points refer to extrema or saddle points in the band structure. The critical
points play a crucial role in determining the electronic and optical properties of
TMDs. In monolayer group 6 TMDs, the six corners in the first Brillouin zone
are grouped by inequivalent K and —K points, respectively, where each group has
three corners connected by reciprocal vector [37]. The energetically degenerated but
inequivalent band extrema at K and —K make another degrees of freedom for charge
carriers, which is known as valley index or pseudospin [38]. Therefore, in addition
to spin, low-energy electron or hole has this extra valley degrees of freedom. The K
and —K are related by time reversal operation, and these points are denoted by K,
and K, for CBM and VBM, respectively [39]. Conduction band (CB) also possesses
six local minima denoted by Q., and valance band (VB) has local maximum at I
referred by I'y [40]. Q. and I'y are important extrema because they are energetically
close to K, and K, respectively. And in certain cases such as in multilayers, they
become global energy extrema under strain [41]. Similar to K point, six Q. points
can be divided into two groups: Q and —Q, and they are related by time reversal
operation. K and I' are high-symmetry points, and they remain invariant under Cj
operation (the rotation by 2 /3 around Z-axis).
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Valley Optical Selection Rule

One of the most intriguing properties of group 6 TMD monolayer is the valley-
dependent circularly polarized selection rules for the optical direct bandgap transi-
tions at the £K points. This valley optical selection rule is analogous to the spin
optical selection rule in III-V semiconductors. According to the selection rules, the
direct bandgap optical transition at K (—K) couples only to o + (¢ —) circularly polar-
ized light. The inversion operation changes the K and —K to one another leaving
unchanged the circular polarization of light. Thus, the valley-dependent selection
rule conflicts the inversion symmetry. Hence, the broken inversion symmetry is the
necessary condition for having optical selection rule. This valley selection rule is not
only applicable near =K points but also can be applied within a large surrounding
region in the Brillouin zone of monolayer MoS, [42].

Spin—Orbit Coupling and Spin—Valley Locking

The 2D TMDs also provide a unique system to explore the interplay between spin
and pseudospins. TMDs have a strong spin—orbit coupling (SOC) which is originated
from the d orbitals of the heavy metal atoms. The SOC takes an unusual form in the
multivalley band structure. The SOC is included to the Hamiltonian through the term
[43, 44]:

1 13V(Q)

Hso = —— -
SO~ om22r  or

L-S (5.3)
where c is the speed of light, m the electron mass, V the electron potential, S the
spin angular momentum and L the angular momentum operator of an electron. To
compute the spin—orbit (SO) splitting in the bands, the single-particle Hamiltonian
(including the Hgo term) must be diagonalized within the space of up-spin and down-
spin eigenstates. The nature of SOC induced spin splitting of bands in monolayers
can be fully determined by symmetry elements, i.e. (a) mirror reflection symmetry
(o) about the metal atom plane and (b) time reversal symmetry. The former one
dictates that the Bloch state and its mirror reflection have identical energy. The oy,
mirror reflection of an in-plane spin vector is its opposite, while the mirror reflection
of an out-of-plane spin vector is itself. Thus, spin splitting is allowed in the out-of-
plane (z) direction only where the spin expectation value of the Bloch states is either
along the +s or —z direction. The later one dictates the spin splitting at an arbitrary
pair of momentum space points K and —K to have identical magnitude but opposite
in sign [41, 45].

As a result of this strong SOC, the VBM in monolayer TMDs has the spin index
locked with the valley index, i.e. valley K (—K) has only the up-spin (down-spin)
holes (Fig. 5.10a). The important consequence of this spin-valley locking is that the
valley-dependent optical selection rule becomes a spin-dependent as well [46]. For
example, o+ polarized light excites only the K valley with the carriers of either
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Fig. 5.10 Spin and valley physics in monolayer MoX5. a Schematics of the spin—valley-coupled
band edges in monolayer MoX5. Black (green) colour denotes spin-up (-down) bands. ¢ Schematics
of valley Hall effect. Reproduced with permission from Ref. [41], Copyright 2015, Royal Society
of Chemistry. b Valley- and spin-dependent optical transition selection rules in monolayers. Repro-
duced with permission from Ref. [45], Copyright 2013, Nature Publishing Group

up-spin or down-spin depending on the light frequency as shown in Fig. 5.10b.
Although the CB splits akin to the VB as a consequence of the spin-orbit coupling,
the magnitude of splitting is smaller than that of VB. SO-induced splitting of valance
band at K and —K points leads to a splitting of the lowest exciton into two excitons
with opposite spin (A and B excitons of monolayer MoS, as discussed later).

Berry-Phase-Related Properties

The dependence of the internal structure of a particle on the dynamical parameter
can give rise to anomalous transport properties, in particular the Berry-phase effect
[47]. The Berry curvature (£2) and orbital magnetic moment (m) are two physical
quantities that characterize the effect of Berry phase of electrons in the Bloch bands.
2 and m both have odd parity under time reversal operation which makes them good
candidates to distinguish the valley pseudospin states. The Berry curvature, behaving
like magnetic field in the momentum space, is originated from the dependence of the
periodic part of the Bloch function, u, , on the wave vector k. The orbital magnetic
moment arises from the self-rotating motion of electron wave packet. For 2D crystal,
Berry curvature and orbital magnetic moment are defined by [38, 48, 49]:

. hz Pn l(k) X Pi n (k)

QK =i— : : 54

(k) i ; [E000) - E?(k)]2 (5.4)
. eh Puik) x Py (k)

m,k) =—i— ) ——— (5.5)

2m? = EY(k) — E{ (k)
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here P,, ; (K) = (u, 1 |p|u; x) is the interband matrix element of the momentum oper-
ator p. E°(k) is the dispersion of nth band.

As both £ and m are pseudovectors, the =K valleys are allowed to have opposite
values of these quantities. A dilemma arises when spatial inversion symmetry is
present. Both the pseudovectors £ and m remain invariant under spatial inversion that
also transforms K and —K valleys into one another. Therefore, inversion symmetry
breaking is the necessary condition for the £K valleys to exhibit valley contrast for
2 and m.

In monolayer group 6 TMDs, the conduction and valance band edges at the £K
valleys can be described by a massive Dirac fermion model [46]:

A

P P A P
H = at(t.k, 05 + kyoy) + 50 (5.6)

where 7, = %1 is the valley index, a is the lattice constant,  is the effective nearest-
neighbour hopping integral and A is the bandgap. The Pauli matrix ¢ is defined in
a basis consisting of the two d orbitals of the metal atom with magnetic quantum
numbers of m = 0 and m = 27, respectively. The Berry curvature in the conduction
band (opposite signed for valance band) is given by [38]:

2a*t2A
(4a12k? + A?

Q.(k) = -2 (5.7)

)3/2 2

From theoretical modelling and DFT calculations, a sizable Berry curvature is found
in the neighbourhood of the K points of ML TMDs [38, 42, 46, 50]. The calcu-
lated Berry curvature of MoS; along high-symmetry lines and along 2D k plane
is presented in Fig. 5.11. The orbital magnetic moment has identical values in the
conduction and valence band and is expressed by:

) . 2at’A e (5.8)

mk)=-21-———"-=-—=T1; .
4a’1’k®> + A2 2h

Moreover, orbital magnetic moment and Berry curvature are related to optical circular

dichroism, and their ratio defines the degree of circular polarization for interband

transition [38].

Valley Hall Effect

The valley Hall effect refers to the opposite Hall currents for carriers located in oppo-
site valleys as shown in Fig. 5.9c. Briefly, in an electric field, the valley contrasting
Berry curvature (Eq. 5.7) serves as an effective magnetic field in momentum space
and can drive carriers at the K and —K valleys to the opposite transverse edges. This
valley-dependent Hall effect is analogue to spin Hall effect, but valley pseudovector
acts as spin. Like graphene [51-53], valley Hall effect has been also observed in TMD
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Fig. 5.11 Berry curvatures of monolayer MoS, along the high-symmetry lines (a) and in the 2D
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permission from Ref. [50], Copyright 2013, American Physical Society

system [54, 55]. Furthermore, a tunable valley Hall effect in bilayer TMDs has been
reported [55]. As the 2H-stacked unperturbed bilayer MoS, is centrosymmetric, the
valley current is forbidden, but the introduction of applied electric field breaks the
inversion symmetry. The broken inversion symmetry again gives rise to finite Berry
curvatures at the =K valleys, resulting in a finite valley Hall conductivity.

Tuning of Electronic Properties of TMDs

Various methods have been widely used to tune the properties of TMDs, including
external elastic strain and external electric field.

By external strain: Owing to the mechanical flexibility and anisotropy of TMDs,
elastic strain can intensely tune the properties of TMDs. The band structure of ML
TMDs is strongly affected by the external elastic strain. As reported by various
theoretical calculations, strain can cause a direct-to-indirect gap transition as well
as semiconducting-to-metallic transition. Using first-principles calculation, Chang
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Fig. 5.12 Bandgap variations of MX, with compressive and tensile biaxial strains. The VBM
(black line) and CBM (blue line) positions under strains are extracted in the lower panels. When the
black and blue lines overlap, the gap is direct (VBM and CBM are at the same k point). Reproduced
with permission from Ref. [56], Copyright 2013, American Physical Society

etal. [56] systematically studied the band structure of MX, (M = Mo, W; X =S, Se)
under both tensile and compressive strains. As shown in Fig, 5.12, direct-to-indirect
band transition occurred under both applied tensile and compressive strains for MX,.

It is observed that within 2% of compressive strain, it is possible to widen the
direct bandgaps by up to 10.7, 7.8, 6.9 and 5.2% for MoS,, WS,, MoSe, and WSe,
respectively. In addition, bilayer MoS, is found to behave similarly to its monolayer
counterpart under in-plane biaxial strain: (i) bandgap decreases with the increase of
tensile strain; (ii) under compressive strain, the gap first increases and then decreases
gradually; (iii) under large stain which may be either tensile or compressive, the
bilayer can become metallic [57]. Similarly, the bilayer TMDs can also exhibit
semiconducting-to-metallic transition under out-of-plane compressive strain [58].
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In case of monolayer TcS, and TcSe,, the semiconducting-to-metal transition can
be triggered by tensile or compressive strain as predicted by DFT [19] (Fig. 5.13a).

The uniaxial compression or elongation on MS, (M = Ni, Pd, Pt) leads to the
reduction of bandgap, whereas under biaxial stretch, deformations of the bandgap of
NiS, and PdS, monolayers increase up to 2-3% strain before decreasing, and the
bandgap of PtS, always decreases proportionally to the strain (Fig. 5.13b) [20].
Similarly, semiconducting-to-metallic or semimetallic transition is also predicted by
first principles in other TMDs such as TiS, [15] and ZrS, [59].

By electric field: The response of the electronic structure of 2D TMDs towards an
external perpendicular electric field (£ ) crucially depends on the number of layers
[43, 60—62]. The electronic structures of TMD MLs are not affected by £, within
field strengths that are common in electronic devices. In contrast, £ significantly
changes the electronic structure of bilayers (BLs) of TMDs. E, polarizes the elec-
tron density and introduces an anisotropy into the system. This anisotropy breaks
the inversion symmetry which creates SO splitting in the valence and conduction
bands due to the so-called Stark effect [43] (Fig. 5.14b). Figure 5.14c shows that
the bandgap of BLs reduces nearly linearly with the applied £, and undergoing the
semiconductor to metal transition for field strengths of about 1.2 V A-1[61]. In
addition, a weaker E | fields can easily modify the band structure of bilayer WX, (X
=S, Se) as compared to that of ML MoX, (X =S, Se) (Fig. 5.14c).

As a consequence of the Stark effect which causes band splitting and energy
shift under electric field, the monolayer and bilayer MX; (M = Mo, W; X = S,
Se) become indirect at smaller applied E field. Furthermore, electric field causes
another interesting phenomenon at the high-symmetry I" point, which is known as
Rashba spin splitting [60]. The Rashba effect leads to the shift of spin-splitting band
in the reverse directions in the momentum space as demonstrated in Fig. 5.14d.
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Fig. 5.14 Schematic representation of 2H TMD monolayer a and bilayer b together with the
VBM and CBM in the presence of an external electric field perpendicular to the basal planes.
The electric field polarizes the planes and breaks the inversion and mirror symmetries. Spin—orbit
coupling (SOC) at the K points occurs in the BLs, while it stays intact in the MLs. d Schematic
representation of Rashba spin splitting in the momentum space at the I" point. Er and kg denote
the Rashba energy of the split states and the momentum, respectively. Reproduced with permission
from Ref. [43], Copyright 2015, The Royal Society of Chemistry. ¢ Effect of an external electric
field (E ) perpendicular to the basal planes of TMC MLs and BLs. Reproduced with permission
from Ref. [61], Copyright 2012, The Royal Society of Chemistry

Rashba energy (Er) and Rashba coupling parameter («g) describe the spin-induced
splitting in the momentum space, and these two physical quantities are related by
the equation ag = %’ where, kg is the shift of bands in the momentum space. It
is to be noted that under an applied electric field, the heavier TMD materials exhibit

more pronounced Rashba effect and it increases with the field strength [43].

Dielectric Screening and Excitonic Properties

Similar to zero-dimensional (OD) and one-dimensional (1D) nanomaterials, 2D mate-
rials show different electronic screening compared to the bulk materials. In the gen-
eral description of screening, a test charge placed in the material polarizes the sur-
rounding medium by applying forces on the electrons and nuclei [63, 64]. In a bulk
metallic system, the additional charge is completely screened within a Thomas—Fermi
length of a few angstroms, and the macroscopic field vanishes within the metal,
whereas in a bulk semiconductor or insulator, a test charge Q is partially screened
by a polarization charge, —Q(1 — 1/¢), where ¢ is the static dielectric constant [63].
However, in 2D materials, these simple models break down since the field lines from
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the test charge extend outside the material into the vacuum where no screening is
possible. Therefore, a 2D metal may not screen a test charge completely, while in
2D semiconductors, screening is reduced by the presence of vacuum [65]. Similar
to other 2D materials, the dielectric function of TMDs is strongly q (wave vec-
tor) dependent. In an approximation, the TMDs can be modelled by an infinite thin
isotropic slab and according to this approximation, the dielectric function becomes
[44, 66]:

&n(q, w) = 1 4 2ra(w)g (5.9)

where « is the 2D polarizability of the layer, which can be computed from the first
principles. The screened interaction can be written as [44]:

2
Wan(q, 0) = ———— (5.10)
q&p(q, w)

where 27 /g is the 2D Fourier transformation of 1/r in the Coulomb interaction. This
simplest screened interaction has been extensively used to study the excitons and
excitonic properties of 2D materials [67, 68].

Excitons: One of the most important characteristics of the 2D semiconductors and
insulators is the existence of excitons. An exciton is a bound electron—hole pair. Simi-
lar to graphene [68] and #-BN [69], exciton with large binding energy is also observed
in TMD monolayers [70, 71] due to the combination of reduced dielectric screening
[66, 68, 72] and geometric confinement [73]. These excitons strongly couple to the
light and lead to peculiar optical properties which can be studied by treating them
as a hydrogen-like problem or computationally by solving Bathe—Salpeter equation
(BSE). The exciton is equivalent to a hydrogen-like problem; thus, the energy of the
nth level corresponds to the nth excitonic energy level:

4
ke 1 1

En ——282h2;——RX,? (511)

where integers n = 1, 2, 3 ..., Ry = 2’:% is the exciton Rydberg energy and

u = memy/me + my is the reduced electron—hole mass. Equation (5.11) gives the
exciton binding energy. In 2D materials, due to spatial confinement, the binding
energy of exciton is enhanced and is given by [74]:

w_ wet 1 — R 1
S s

(5.12)

The spectrum of exciton is series of discrete levels and for monolayer TMD is given
by:
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1

E.(n) = E, — Ry >
(n=3)

(5.13)

where E, is the quasiparticle bandgap and the equation describes that the exciton
resonances occur within the forbidden bandgap. Under excitonic effects, strong peaks
at energies equal to E, and just below the band edge are expected to appear in
absorption and emission spectra [75].

Computationally, the most used approach for addressing the excitonic properties
of TMDs is the GW plus Bethe—Salpeter equation (GW-BSE). The GW approxima-
tion is an approximation made to calculate self-energy of a many-body system in
terms of the single-particle Green function “G” and the screened Coulomb interaction
“W”. By solving the Bethe—Salpeter equation (BSE) for the basis set of quasi-electron
and quasihole states, the electron—hole interaction and optical absorption spectra can
be obtained as follows [76]:

(ECQP - 81)QP)AUC + Z (ve |Keh| v/cl)Av/C, = QAy (5.14)

V!

where €2 is the resulting e—h excitation energies, Ay, is the corresponding eigenvec-
tors, & is the single quasiparticle energies obtained at the GW level and K" is the CB
electron-VB hole interaction kernel. This term K consists of K, and Ky, of which
Ky is the exchange term containing the bare Coulomb interaction and determines
the excitation spectrum [77], while Ky is the direct interaction term involving the
screened Coulomb interaction which is responsible for the attractive interactions of
the electrons and holes and the formation of excitons [76].

Unlike the conventional semiconductors [78], the binding energies of excitons
in bulk TMDs are higher (~100 meV) than the thermal energy at room tempera-
ture (26 meV). Hence, a prominent excitonic effect in optical transitions at room
temperature can be observed [79]. The strong binding energy of neutral exciton in
bulk TMDs is attributed to weak van der Waals layered structure and the heavy
effective mass of valence or conduction bands [80]. The excitonic effects are more
clearly manifested in monolayer or a few layer TMDs, which arises from the com-
bination of reduced dielectric screening and geometric confinement. Figure 5.15
shows the absorption spectra of monolayer Mo- and WX, (X = S, Se, Te) calculated
from BSE [81].

As mentioned in the previous section, in the TMD monolayer the spin—orbit cou-
pling induces large VB splitting, whereas its effect in CB is negligible. Therefore,
two possible vertical transitions from two spin—orbit split VBs to a doubly degen-
erated CB contribute to two distinct low-energy features in absorption spectra that
commonly referred to as A and B exciton peaks. The energy difference between A
and B exciton peaks carries the information about valance band splitting, and it was
found to be larger in WX, compounds than that in their MoX, counterparts [81].
Similar to group 6 TMD, PtS, and PtSe, also show large exciton binding energy of
0.78 and 0.6 eV, respectively [82].
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Dark, Bright Exciton and Other Quasiparticles: Beyond neutral or two-particle
(electron and hole) complex, the strong geometric and dielectric confinement also
allow the formation of more complex quasiparticles such as charged exciton named
as trion and bi-exciton in TMDs [44, 83, 84] (Fig. 5.16a, b). In doped TMDs, free
electrons (in n-doped regions) or holes (in p-doped regions) can interact with the neu-
tral excitons forming three-particle complexes known as trions. The non-equivalent
valleys in the band structure are responsible for the formation of trions, which may
form optically bright states using carriers located within one valley known as intraval-
ley trion or in different valleys named as intervalley trion [85] (Fig. 5.16c, d). For
intravalley trions, the Pauli exclusion principle dictates that the two electrons must
occupy different spin states and therefore reside at the top and bottom spin-split
conduction bands, respectively, forming a spin singlet, whereas in case intervalley
trions, the two electrons may have the same spin as they have different valley index,
and thus form a triplet state [85, 86]. At higher concentration of exciton, two excitons
can bind together and form a four-particle complex called bi-exciton. Bi-exciton with
binding energy ranging from about 30—70 meV is observed in TMDs [87, 88].

The excitonic properties of MoX, and WX, are different due to the presence of
dark excitonic states as evidenced by temperature-dependent PL (Fig. 5.17a). The
spin—orbit-induced CB splitting and both sign and amplitude of the electron—hole
short-range Coulomb exchange within the exciton are responsible for the evolu-
tion and splitting of dark excitonic states [89, 90]. The sign and amplitude of the
spin—orbit-induced CB splitting differ among the different TMDs. For WX, (X =
S, Se, Te), electrons in the CBM are expected to have spin polarization opposite to
those in the VBM, leading to the lowest energy state of dark exciton [91]. In contrast,
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Fig. 5.16 a Illustration of exciton and higher-order excitonic complexes: a two-particle charge-
neutral exciton, a three-particle charged exciton (trion) and a four-particle bi-exciton. Reproduced
with permission from Ref. [84], Copyright 2015, Nature Publishing Group. b Dispersion relation
diagram of exciton, trion and bi-exciton. Different parabolas correspond to the dispersion relation
curves of trion, A, B exciton and bi-exciton. Ex A, Ex B, Exx., Et are emission energies of A, B
exciton, AA bi-exciton and trion, respectively. Ep x, Ep xx, Eb,T are binding energies of A exciton,
AA bi-exciton and trion. Reproduced with permission from Ref. [75], Copyright 2016, Elsevier
B.V. Schematic illustration of singlet (¢) and triplet (d) trion configurations for WS, in the K*
(K and K* denote the same) valley. Electrons in the conduction (valence) band are represented
by green (orange) spheres. Spin-up (-down) bands appear in red (blue) colour. The curved arrows
indicate the interband recombination. The final state of the remaining conduction band electron after
trion recombination is marked by the dashed black outline. The intervalley electron—hole exchange
interaction leading to an energetic splitting 3 is indicated by the dashed arrows. Reproduced with
permission from Ref. [85], Copyright 2016, Nature Publishing Group
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Fig. 5.17 a Comparison of temperature dependence of the time-integrated PL intensity of WSe»
and MoS,. Reproduced with permission from Ref. [90], Copyright 2015, American Physical Soci-
ety. b Summary of literature-reported bright—dark exciton energy splitting for TMD monolayers.
¢ Schematic illustration of the spin-allowed bright exciton (Ag) and spin-forbidden dark exciton
(Ap) in W-based TMDs at the K and K’ valleys. Ac is the bright-dark exciton energy splitting.
Reproduced with permission from Ref. [94], Copyright 2017, American Chemical Society

for MoX; (X = Se, Te) electron in the CBM is expected to have the same spin polar-
ization as holes in the VBM, leading to a bright state as lowest exciton energy level
[92, 93]. The case for MoS; is in under debate [94]. Korméanyos et al. [95] concluded
that lowest exciton energy level is bright exciton, while Molas et al. [96] inferred
lowest dark exciton with energy as much as ~100 meV below the bright exciton.
The splitting of dark and bright excitons for Mo- and W-based TMDs is summarized
in Fig. 5.17b. Because of the spin—orbit-induced splitting in the conduction band,
there are two intravalley bright (singlet-like) excitons (Ag) denoted by |KeTKhT)
and |K;TKL ¢) and two intravalley spin-forbidden (triplet-like) dark excitons (Ap)
represented by IKE i KM) and |K;TK}1 l) formed in W-based TMDs, as schematically
depicted in Fig. 5.17c. Four possible dark intervalley exciton states are also possible
and for W-based system those represented by |K¢ K}, ), [Ke1Kj, ), [KL,Kpy) and
K Kip).

5.1.3 Magnetism in TMDs

The absence of 2D magnetic material has been predicted from the 2D isotropic
Heisenberg model by Mermin—Wagner theorem [97]. However, magnetically ordered
states such as ferromagnetism (FM) and antiferromagnetism (AFM) have recently
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been discovered in monolayer 2D materials such as semiconducting FM Crl; [98]
and CrSiTe; [99], semiconducting AFM MPS; family (M = Ni, Fe, Mn) [100]. Few
metallic TMDs such as VX, (X = S, Se), T phase of CrX, (X = S, Se, Te) [101,
102] and semiconducting MnX, (X = S, Se) also exhibit magnetism. Furthermore,
doping, vacancy and strain can induce and manipulate the magnetic properties of
TMDs. In this section, we address the magnetic properties of metallic TMDs as well
as the induced magnetism by external stimuli in both semiconducting and metallic
TMDs.

5.1.3.1 Metallic TMDs

Beside semiconducting TMDs, several TMDs exhibit metallic behaviour. For exam-
ple, the 1T phase of TMDs such as ReS,, and Ti-, Nb-, V-, Mo-,W- and Cr-X;, (X =
S, Se, Te) show metallic properties [103, 104]. Beside the 1T phase of these TMDs,
2H phase of TMDs such as NbS;, NbSe,, TaS, and TaSe; is also metallic in nature
[102], and the phenomenon can be explained by nature of the d orbital of transition
metals. So, 2H and 1T phases do not give the guarantee of the material property as
semiconducting or metallic, respectively.

5.1.3.2 Magnetism in Metallic and Semiconducting TMDs

T phase of VX; and CrX,; (X = S, Se, Te) are metallic, and more interestingly, they
exhibit magnetic ordering. In contrast, MnX, (X = S, Se) has been predicted as
low bandgap semiconductor with long-range ferromagnetic order, which has been
shown by first-principles calculation [105]. The calculated band structure (Fig. 5.18)
of MnX, using hybrid functional implies that both MnS, and MnSe, are indirect
bandgap semiconductor with bandgap of 0.69 and 0.01 eV, respectively.
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Fig. 5.18 Band structure of monolayer a MnS; and b MnSe, calculated at HSE06 level. Repro-
duced with permission from Ref. [105], Copyright 2014, The Royal Society of Chemistry
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Table 5.1 Experimentally or theoretically reported magnetic TMDs in bulk and monolayer form

TMDs | Magnetic ordering of Curie or Neel temp in K Magnetic moment
1T-ML (bulk) TMDs
VS, FM (FM) 309 ~0.486-0.858 wp/V atom
[FM-thin flake] [RT] ~—0.026-0.047 wp/S
atom
[0.51 wp/V atom]
VSe; FM 541 0.680, 0.951 p/V atom
(FM/paramagnetic) [RT] 0.048, 0.062 p/Se atom
[FM-ML and thin film]
VTe, FM (FM) 618 0.986 p/V atom
0.096 pwp/Te atom
CrS; sAFM (AFM)
1H phase-NM
CrSe; AFM (FM) 363 (at 4% strain)
1H phase NM Bulk ~550
CrTe; | EM (FM) 219
1H phase NM 721 (at 4% strain) [310]
[FM-monolayer]
MnS, FM 225 3 wp/unit cell
MnSe, |FM 250 3 p/unit cell

Magnetic ordering, magnetic moment, Curie or Neel temperature are summarized. FM ferromag-
netic, AFM antiferromagnetic, SAFM striped antiferromagnetic, NM non-magnetic. Inside [] rep-
resent experimental result. The data taken from Refs. [101, 103—-107, 109, 110, 112, 113]

In Table 5.1, type of magnetism, Curie (Neel) temperature, and magnetic moment
of theoretically and experimentally reported bulk and monolayer magnetic materials
are summarized. Ma et al. [106] reported that monolayer VX, (X = S, Se) has both
stable FM and AFM ordering states while both the monolayers exhibit FM ordering
in their ground state. Figure 5.19 shows the density of states and the atomic site
projected density of states of VX, (X = S, Se). The difference between the up- and
down-spin states of VX, indicates that monolayer VX, is a ferromagnetic material.
The V-d states are highly delocalized and hybridized with the X-p states indicating
covalent bonding between the V and X atoms. The total magnetic moment of VX,
and their atomic contribution have been predicted using first-principles calculation
and mentioned in Table 5.1 [106-108].

The total magnetic moment in VX, is mainly contributed by V atom. Spin ordering
in magnetic TMDs can be realized by the competition between through-bond spin
polarization (defined as, an A atom with an up-spin (down-spin) density induces a
down-spin (up-spin) density on the adjacent B atom that is directly bonded to A
atom) and through-space spin polarization (defined as, an A atom with an up-spin
(down-spin) density induces a down-spin (up-spin) density on the nearest-neighbour
A atom without any mediation of a B atom.). The FM state in monolayer VX, (X =
S, Se) can originate from through-bond spin polarization; the up-spin of a V atom
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Fig. 5.19 Total density of states and corresponding projected density of states of VX,. The vertical
dashed line represents the Fermi level. Reproduced with permission from Ref. [106], Copyright
2012, American Chemical Society

induces down-spin to X atom. Furthermore, the down-spin X atom again induces
up-spin to another V atom, leading to long-range magnetic ordering. Because the
magnetic moment of V atoms is greater than that of X atoms, the total magnetic
moment is nonzero and leads to long-range FM ordering.

Bulk CrX; (X = S, Se, Te) exhibits magnetic ordering, while by first-principles
calculation, Ataca et al. [103] revealed that monolayer CrX, in H phase is non-
magnetic. In contrast, the T phase of CrX; (X = Se, Te) is AFM and FM at their
ground state, respectively; and they show strain-induced interplay between AFM
and FM [109]. Similarly, T phase of monolayer CrS, is reported as magnetic mate-
rial with striped AFM ordering. Moreover, T phase of CrS; exhibits a striped AFM
to FM transition undergoing from monolayer to bilayer or multilayer CrS, [110].
The Curie or Neel temperature characteristics of ferromagnetic or antiferromagnetic
material can be estimated based on mean field theory and Heisenberg model by using
the following equation [108, 111, 112]: kgT¢c = %AE . The Monte Carlo simulation
based on Ising model can also predict these critical temperatures [105]. The estimated
Curie temperatures for VS,, VSe, and VTe, are 309, 541 and 618 K, respectively,
which are higher than room temperature, making them attractive materials for spin-
tronics applications [108]. Recently, monolayer and few layered VS, and VSe, have
been synthesized experimentally, and ferromagnetism has been observed in these
materials [107, 113].
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Fig. 5.20 Strain dependence of the magnetic moment of transition metal and chalcogen of a mono-
layer VX,. Reproduced with permission from Ref. [106], Copyright 2017, American Chemical
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5.1.3.3 Induced Magnetism
Strain-Induced Tunable Magnetism

Magnetism can be induced and modulated by external strain in TMDs. Both mag-
netic moment and spin ordering in 2D magnetic TMDs are strongly affected by the
external strain. In monolayer VX, (X = S, Se), tensile strain enhances both mag-
netic moment of metal and magnetic moment of chalcogen, whereas compressive
strain quenches the magnetic moments (Fig. 5.20a). This modulation of magnetic
moment with strain can be understood from the competition of ionic and covalent
bonding interactions between V and X atoms. For example, the distance between
V and X atoms becomes elongated under tensile strain that results in the reduction
of covalent bonding interaction and enhancement of the ionic bonding interaction.
Consequently, the enhanced ionic bonding interaction leads to an increase in the
population of unpaired electrons on V and X atoms, giving rise to a strain-dependent
magnetic moment variation [106]. More interestingly, the external strain can induce
magnetism in non-magnetic NbX, (X = S, Se) [114]. The external tensile strain
generates a finite magnetic moment in NbX, (X = S, Se), which is further enhanced
with higher tensile strain (Fig. 5.20b, c).

The through-space and through-bond interactions, responsible for generating
magnetization as mentioned above, are affected by external strain. The through-
space interaction compared to the through-bond interaction is greatly reduced with
increasing tensile strain (or decreasing compression strain) which results in the rel-
ative increase of the through-bond interaction. This phenomena can explain the
monotonous increasing behaviour of AE (AE = Eapm — Epv) With strain ranging
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Fig. 5.21 Strain-tunable magnetism in monolayer TMDs. The energy difference between FM and
AFM order of a VX3 (X = S, Se). Reproduced with permission from Ref. [106], Copyright 2017,
American Chemical Society. b NbX; (X = S, Se). Reproduced with permission from Ref. [114],
Copyright 2017, American Chemical Society. ¢ CrX; (X = Se, Te). Reproduced with permission
from Ref. [109], Copyright 2015, American Physical Society

from —5 to 5% [106] (Fig. 5.21a). The 2D NbX,; (X = S, Se) also exhibits similar
behaviour as reflected in Fig. 5.21b. Furthermore, first-principles study showed that
the ground state of 1T-CrS; can be switched from AFM to FM at 2% tensile strain,
while 1T-CrTe, shows opposite transition, i.e. FM to AFM at 1% compressive strain
(Fig. 5.21c). A biaxial strain over 6% changes the ground state of 2D TaS, and TaSe;
from Pauli-paramagnetic to ferromagnetic [115].

Doping-Induced Magnetism in TMDs

Doping or alloying has been used to induce magnetism in 2D materials. Numerous
first-principles calculations have been carried out to investigate the doping-induced
magnetism in TMDs. There are mainly three approaches for doping to generate mag-
netism in TMDs: (a) vacancy creation, (b) surface hydrogenation or halogenation,
and (c) substitution by dopants.

Vacancy-Induced Magnetism: Like other 2D materials, vacancy provides an
effective approach to modulate the magnetic properties of TMDs. Using DFT-based
first-principles calculations, Zheng et al. [116] investigated the magnetism of mono-
layer MoS, with various types of vacancies and effect of strain. They found that in the
absence of strain, only Vs, (vacancy constructed by a Mo atom and nearby three
disulphur pairs) is magnetic and the magnetic moment is contributed by the six Mo
atoms around the vacancy. In contrast, single S vacancy (Vs), double S vacancy (Vs,)
and Vs, (vacancy introduced by removing Mo atom and nearby three S atoms on
a S layer) are non-magnetic [116]. In addition, Vg, Vs, and Vs, can be made mag-
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netic by applying an external biaxial tensile strain which breaks the Mo—Mo bonds.
Furthermore, chalcogen vacancies have an influence on the magnetic properties of
magnetic material. For example, in the case VS,, the magnetic moment of V atoms
near the S vacancy is gradually increased with more S vacancies (1.17, 1.67,2.32 and
2.74 wp for Vy, (no vacancy), Vs, Vs, and Vg, (triple S vacancy), respectively) [117].
More interestingly, the S vacancy changes the magnetic ordering. For instance, VS,
with no vacancies is stable at FM ordering, whereas in the presence of S vacancies,
AFM ordering is stable [117].

Dopant-Induced Magnetism: Magnetic properties of TM atom-doped TMDs
have been studied rigorously using first-principles calculations. Magnetic atom (Fe,
Co, Ni)-doped MoS; is predicted to be magnetic [118-121]. In addition to the
above TM, Cd-, Hg- or Zn-doped monolayer MoS, exhibits ferromagnetism. First-
principles calculation revealed that the magnetism induced by group 8 to group
12 TM atom dopants is suppressed by Jahn-Teller distortions [119]. Furthermore,
doping of TM atoms from the group 3 to group 6 results in non-magnetic states,
because the number of valance electrons is smaller than Mo. Moreover, like MoS,,
Mn, Fe, Co, Ni, Cu and Zn can induce magnetism in WS, monolayer. Interestingly,
using first-principles calculation, Manchanda et al. [122] revealed that addition of V
into WSe; leads to a transition from a non-magnetic semiconductor to a ferromag-
netic metal, with a magnetic moment of about 1.0 pg per V atom. In addition, Shu
et al. [123] revealed the layer number and chemical potential-dependent magnetic
exchange coupling of Fe-doped MoS,. The substitution Fe dopant atoms at the Mo
sites (Feyo) are energetically favourable in monolayer MoS,, whereas the formation
of intercalated and substitutional Fe complex (Fey,Fe;) is preferred in bilayer or in
multilayer MoS, at S-rich regime (Figs. 5.22 and 5.23).

Furthermore, in monolayer MoS,, the substitutional Fe dopants at Mo sites are
coupled ferromagnetically via the double-exchange mechanism with the FM cou-
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Fig. 5.22 a Optimized doping atomic configurations (side view) and b formation energies of two
Fe impurities in monolayer MoS,. Five potential doping configurations are Feyj, Fenmo, FemoFes and
FegFeg, respectively. Mo, S and Fe atoms are coloured by blue, yellow and purple balls, respectively.
Reproduced with permission from Ref. [123], Copyright 2017, American Chemical Society
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Fig. 5.23 a Optimized doping atomic configurations (side view) and b formation energies of two
Fe impurities in bilayer MoS;. Reproduced with permission from Ref. [123], Copyright 2015,
American Chemical Society

(a)

Fe-3d

Fig. 5.24 Schematic models of a double-exchange mechanism and b superexchange mechanism
in Fe-doped MoS;, nanosheets. Reproduced with permission from Ref. [123], Copyright 2015,
American Chemical Society

pling being mediated by the hybridization between Fe 3d states and S 2p states,
which results in the AFM coupling between the Fe dopants and the nearest-neighbour
S atoms. For Fe-doped bilayer or multilayer MoS,, the formation of Fey,Fe; struc-
tures leads to a direct and mediated bonding interaction between dopants which fol-
lows superexchange mechanism, resulting in an antiparallel spin polarization among
neighbouring Fe dopants (Fig. 5.24). Hence, AFM coupling is favoured in bilayer or
multilayer Fe-doped MoS, [123].

Furthermore, Mishra et al. [124] pointed out that Mn-doped MX, (M = Mo, W;
X =3, Se, Te) is more promising two-dimensional dilute magnetic semiconductors
(DMSCs) than TMDs doped by other TM. This is because the long-range FM of Mn
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Fig. 5.25 Effect of hydrogenation on magnetism. Representative structures of a VX, monolayer,
b VX, monolayer with one side fully covered by hydrogen atoms and ¢ VX, monolayer with two
sides fully covered by hydrogen atoms. d Calculated energy difference between antiferromagnetic
and ferromagnetic states of VX5 monolayer with and without hydrogenation. Reproduced with
permission from Ref. [108], Copyright 2014, American Chemical Society

spins is mediated by an anti-FM exchange between the localized Mn d states and the
delocalized p states of the S, Se and Te atoms. In contrast, TM like Fe, Co and Ni
showed a FM exchange with the S, Se and Te atoms, resulting in a very weak FM
(even slightly AFM) coupling for transition metal dopants with large separations.

Surface Hydrogenation or Halogenation: Hydrogenation or halogenation of 2D
materials can modify their magnetism and induce FM from non-magnetic materials.
He et al. [125] studied the magnetic properties of H-, B-, C-, N-, O- and F-adsorbed
MoS; by first-principles calculations. The contributions of the adatoms H, B, C, N
and F to the total magnetic moments are 12.6, 0.3, 1.7, 56.4 and 28.1%, respec-
tively, indicating non-magnetic atom can induce magnetism in non-magnetic TMDs.
Furthermore, using DFT calculation, Pan et al. [108] anticipated the effect of hydro-
genation on the magnetism of VS, and revealed interesting features as shown in
Fig. 5.25.

The observed features are: (i) the exchange energy (Ecx), where Ecx = (Eapm —
Ern) of monolayer VX increases as the chalcogen is varied from S to Te, indicating
a higher Curie temperature; and (ii) spin ordering and magnetic moment are strongly
affected by the coverage of hydrogen. For example, the half side H covered VX,
(VX,-1H) (Fig. 5.25b) loses its magnetic properties and further hydrogenation to
VX,-2H gives rise to AFM order in VX, (Fig. 5.25d).

5.2 Conclusion

In this chapter, electronic, optical and magnetic properties of TMDs are addressed
in theoretical point of view. The most studied TMDs from group 4 to group 10 are
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included in terms of their atomic arrangement, electronic and magnetic properties.
Furthermore, the effects of external stimuli such as elastic strain, external electric
field on their optoelectronic and magnetic properties are discussed throughout this
chapter.
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Chapter 6 ®)
Transition Metal Dichalcogenides oo
for Energy Storage Applications

Liangxu Lin, Shaowei Zhang and Dan A. Allwood

Abstract Energy storage techniques based on supercapacitors and secondary bat-
teries play important roles in the current energy fields. They all face some technical
challenges which need to be addressed urgently to satisfy the increasing demand for
modern clean energy technologies. In these electrochemical energy storage devices,
two-dimensional monolayered transition metal dichalcogenides (2D TMDs) may
play particular roles in improving many aspects of performances owing to their
thin structure, large surface area, high surface tenability, and both “Faradaic” and
“non-Faradaic” electrochemical behaviors. This chapter gives an overview of energy
storage techniques based on conventional and newly developed supercapacitors and
secondary batteries and discusses on how to engineer 2D TMDs to enable them to
find promising applications in the area.

6.1 Introduction

Electrochemical energy storage devices, in particular supercapacitors and Li-ion
batteries, are essential elements of modern energy technologies. They could be
key to storing and delivering clean energy (e.g., solar and wind power), potentially
enabling electronic devices and electric vehicles to have uninterruptible clean power
supplies [1-3].

The increasing global challenges in energy, environment, and climate change
mean that such energy storage techniques are vital for the sustainable development
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of our society. However, vehicles and power equipment nowadays still largely rely
on non-renewable resources due to the lack of highly efficient energy storage and
delivery technologies [1]. For example, the energy density of current supercapacitor
is unsuitably low for long time operation, whereas the power density of the current
secondary battery is not high enough to drive heavy-duty devices. How to design and
develop novel electrode materials to store and deliver energy more efficiently has
become one of the main challenges in the field of energy storage. Recent development
has suggested that two-dimensional (2D) materials such as thin transition metal
dichalcogenides (TMDs) could find promising applications in both supercapacitors
and secondary batteries. This chapter introduces the current status of supercapacitors
and secondary batteries (e.g., Li-ion battery) and discusses how thin TMDs could
be engineered and used to improve the performance of these two types of energy
storage device.

6.2 Supercapacitor

6.2.1 Current Status and Challenges

Electrochemical capacitors (supercapacitors) are electric energy storage devices
which store and deliver energy at the electrolyte/electrode interface through reversible
ion adsorption/desorption and redox reactions on the surface of the electrode mate-
rial [4]. The former mainly involves pure ion adsorption/desorption, so is also called
“double-layer capacitor” or “non-Faradaic capacitor”, while the latter is named as
“Faradaic capacitor” as a redox reaction is involved [4]. A “non-Faradaic capacitor”
shows high power density, high safety, and an almost unlimited lifetime [2]. Cor-
respondingly, the power density of a “Faradaic capacitor” is usually degenerated to
a certain extent due to the slow redox reaction, but it could provide higher energy
density by forming “pseudocapacitance” on the electrode surface [2].

Generally, the energy density (Wh kg™!) of an electrical vehicle represents how
far it can go, and the power density (W kg~!, the power delivery efficiency) indicates
how quickly it can speed up [2].

Compared with electrochemical secondary batteries (e.g., Li-ion batteries), super-
capacitors have distinct advantages of high safety, rapid charge/discharge rates and
an almost unlimited lifetime, showing much higher power delivery abilities (e.g.,
100 kW kg~! for many seconds) [2]. Nevertheless, even after decades of efforts,
practical applications of supercapacitors are still largely limited by their unsuitably
low energy densities (~several Whkg~!), which are far lower than those of secondary
batteries (Fig. 6.1). In the early stage of supercapacitor research, electrode materials
were mainly based on activated carbon in consideration of its low cost and chem-
ical stability [4-8]. Although significant progresses have been made on tuning the
pore size and improving the Brunauer—Emmett-Teller (BET) surface area of porous
carbon, the capacitance (or the energy density) of these supercapacitors remained
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unsatisfactory. For example, a supercapacitor based on activated carbon, with a pore
size ranged from 2 to 5 nm and BET surface area up to 1000-2000 m?> g~!, only
had a specific capacitance of 100-120 F g~! and related energy density of 3.47—4.17
Wh kg~! with 1 V operation window [8]. Carbon nanotubes have also been used
for supercapacitors, but their performance remained poor [9—11]. Researchers in this
field therefore proposed to combine metal oxide nanoparticles and/or conducting
polymer with activated carbon to improve the capacitance via the formation of near-
surface “pseudocapacitance” (“Faradaic capacitance”) [12, 13]. Unfortunately, such
a kind of hybrid structure also led to considerable degeneration of power density and
lifetime due to the following:

(1) Rapid charge transport became difficult without intimate contact between
nanoparticles and carbon materials, sacrificing the ion transport channels, and
decreasing the power density;

(2) The relatively thick (compared with atomically thin graphene) nanoparticles
with poor electrical conductivity (e.g., 107°-107° S cm™! in the case of man-
ganese dioxide/MnQ,) [14] also increased the electron transport length and ion
transport distance;

(3) The redox reaction only occurred on the topmost surface of the nanoparticles
(if they were not small enough), meaning that most of the material was wasted,
reducing energy capacity and increasing the cost. How to make an efficient
supercapacitor electrode with high energy density and retain high power density
and long lifetime has become a major issue.
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In electrochemical reactions, the kinetics of electrode processes such as adsorp-
tion/desorption kinetics and mass transfer efficiencies dominate the performance of
energy storage devices in many aspects. A high-performance supercapacitor requires
an electrode with high electrical conductivity and large surface area. Activated and/or
three-dimensional (3D) graphene developed recently could meet these criteria. In 3D
graphene, the thin graphene wall could provide an ideal super short electron trans-
port length/ion transport distance as well as high conductivity and large BET surface
area, which could improve the energy density, power density, and lifetime of the
supercapacitor. In a research work of Zhu et al. [15], activated graphene was pre-
pared from conventional graphene oxide (GO) sheets, showing a BET surface area
up to 3100 m? g~!, pore size range of 0.3-10 nm and a high electrical conduc-
tivity of 500 S cm™'. A packed supercapacitor cell fabricated from these activated
graphene materials exhibited power and energy densities of 75 kW kg~! and 70 Wh
kg~!, respectively. This supercapacitor also showed a good durability/stability and
retained 97% capacitance after 10,000 charge/discharge cycles. The preparation of
3D graphene has been improved significantly in recent years. For example, Zhang
et al. [16] have prepared 3D graphene with N doping (doping ratio was up to 15.8
at.%) using the thermal annealing method (Fig. 6.2a). The 3D network was built by
immersing a 3D interconnected and porous network structure into GO (Fig. 6.2b—c)
suspension, followed by thermal annealing in Ar, XeF, and NHj3 gases step by step.
This preparation has led to porous structure with N doping (Fig. 6.2d—e) and high
capacity of 380 F g~!. Although the energy density obtained from 3D graphene or
activated graphene was very close to those of some lead—acid batteries [15], it was
still considerably lower than those of current Li-ion batteries. To further improve the
energy density of 3D graphene-based supercapacitor, several strategies have been
proposed, including the old one using metal oxide nanoparticles. Nevertheless, such
a hybrid structure is unsuitable for efficient electrochemical mass transfer due to the
reasons discussed above.

6.2.2 Role of 2D TMDs in Supercapacitors

Like graphene, 2D TMDs are also thin materials (~1 nm thick, in the case of mono-
layer) with ideal super short electron transport length and small ion transport distance.
Hybrid supercapacitors from graphene and other 2D materials show many advantages
over their conventional counterparts, including:

e intimate contact between thin 2D materials and graphene ensures rapid charge
transport between the materials;

e the entire 2D material participates in the electrochemical processes and contributes
to both Faradaic and non-Faradaic capacitances, reducing considerably the mate-
rials’ usage and improving the energy density;

e the thin structure of 2D material retains the small electron transport length and
short ion transport distance of graphene, accelerating the charge/discharge rates;
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Fig. 6.2 a Schematic of the fabrication of the 3D graphene network, b SEM of 3D graphene
framework (inset was high-resolution SEM image), ¢ TEM image of GO, d, e low (d) and high-
magnification cross-sectional SEM of the 3D graphene (e) [17]. Copyright 2017. Reproduced with
the permission from Wiley-VCH Verlag GmbH



178 L. Lin et al.

e theelectrical conductivity of 2D materials is generally improved substantially from
their bulk or nanoparticle counterparts, further enhancing the charge and discharge
rates;

e the highly exposed surface of 2D materials allows them to be readily modified to
further improve their electrochemical performances.

Supercapacitors based on 2D TMDs combine many features of both “non-
Faradaic” and “Faradaic” capacitors. They could do energy storage/delivery through
ion adsorption and desorption and also redox reactions on the surface with high energy
density. Nevertheless, in comparison with some secondary batteries, this near-surface
redox reaction is essentially different by avoiding the intercalation/extraction of the
ions. As a result, the near-surface redox reaction provides a much higher efficiency
in power delivery than in the case of a traditional battery.

Although the work on hybrid supercapacitors from 2D TMDs is still in its very
early stage, the successful production of single- and multi-layered TMD sheets
ensures their availability for future applications in supercapacitors. They could be
engineered to have a very high specific surface area for surface redox reactions and
ion adsorption/desorption processes. Even in few-layered TMDs, simple/quick ion
intercalation and some special electrochemical properties (high reversibility, high
rate, and capacitive mechanism) are highly expectable, which is totally different
from the case with their micron-sized bulk counterparts. For example, a recently
published research discovered interesting pseudocapacitance behavior of thin tita-
nium disulfide (TiS;) sheets (~50-270 nm, 2—10 layers) in Li* electrolyte [18]. The
2D TiS; had an interplanar spacing of ~5.7 A and contained both 1T (Fig. 6.3a) and
2H phases (only existing in nanocrystal (NC) phase). The unit cell volume of 2D-TiS,
was larger than that of bulk TiS, (B-TiS,, Fig. 6.3b) in their pristine states. During
the reversible Li* intercalation/extraction process, the 2D-TiS, exhibited a smaller
c-axis lattice expansion (5.93 10\) as compared to B-TiS, (6.17 A from pristine 5.66
A) and did not show any significant crystallographic changes, which could directly
extend the lifetime of the device and improve its safety during energy storage oper-
ations. Further studies suggested that the charge storage characteristics of 2D-TiS,
were corresponding with the intercalation pseudocapacitance (Fig. 6.3c), resulting
in both higher energy and power densities than in the case of B-TiS, (Fig. 6.3d).
In 2D-TiS, NCs, the rate-limiting step for lithium-ion storage was also a quasi-2D
process and similar to that of 2D surface adsorption reactions (much quicker than
Li* intercalation/extraction process of conventional Li-ion batteries).

The above findings on few-layered TiS, suggest that 2D TMDs could be highly
promising in supercapacitor applications, though the work on supercapacitors from
pure 2D TMD monolayers is rather limited. This high application potential has also
been confirmed by several studies on 2D TMD-like materials. As early as in 2007,
Soon et al. discovered that thin edge-oriented molybdenum disulfide (MoS;) film
had comparable supercapacitor performance to that of carbon nanotube arrays [19].
A study by Cao et al. in 2013 [20] suggested that few-layered MoS, (Fig. 6.4a) actu-
ally had a theoretical capacity over that of graphite. Starting from few-layered MoS,
sheets (Fig. 6.4a), they fabricated a micrometer-sized supercapacitor (Fig. 6.4b) and
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Fig. 6.3 a Crystalline structure of TiS;, b In situ variations of the a-, and c-axis lattice parameters
of lithium titanium sulfides with the potential during the first intercalation, ¢ Cyclic voltammetry
curves (CVs) at 1 mV s~! in a Li* electrolyte for 2D-TiS, NCs, in comparison with the case of

B-TiS,, d Capacity versus V~!/2 [18]. Copyright 2015. Reproduced with the permission from the
American Chemical Society

demonstrated its very stable area and volumetric capacitances of 8 mF cm~2 and 178
F cm™3, respectively. Such capacitances were evidently higher than those reported
for many high-performance micro-supercapacitors, e.g., 0.5-3 mF cm™2 for onion-
like carbon [21] and graphene-based micro-supercapacitors [22]. More recently pre-
pared 2D 3R-MoS; thin film using a direct deposition technique [23] (Fig. 6.4c) and
designed a high-performance film supercapacitor using the as-prepared thin 2D 3R-
MoS; sheets (Fig. 6.4c), which showed a high capacitance of 330 F cm~ and long
lifetime (capacitance retention over 97% after 5000 charge and discharge cycles).
The volumetric energy and power densities of this device were 1.6-2.4 mW h cm~3
(close to those of some Li-ion thin-film batteries, Fig. 6.4d) and 40-80 W cm™>
(over two orders higher than in the cases of using other thin materials such as tran-
sition metal carbides and/or nitrides/MXenes, Fig. 6.4d), respectively. These results
suggested that thin MoS; could be a suitable and promising electrode material for
high-efficiency supercapacitors.

Since energy storage requires a high electrical conductivity, 1T-MoS, has been
considered a more promising electrode material. It is metallic and has electrical
conductivity 107 times higher than that of the 1H/2H phase. Acerce et al. prepared
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«Fig. 6.4 a HRTEM image of 2D MoS, nanosheets with 2-7 layers, b A photograph showing the
MoS; film micro-supercapacitor [23]. Copyright 2013. Reproduced with permission from Wiley-
VCH Verlag GmbH. ¢ Direct deposition of a MoS; film on a substrate by sputtering, the inset
showing thin 3R-MoS; film deposited on flexible polyimide substrate, d Ragone plot of the max-
imum energy and power densities from the commonly used power sources and a supercapacitor
based on 2D 3R-MoS; sheets [24]. Copyright 2015. Reproduced with the permission from the
Royal Society of Chemistry

monolayered 1T MoS; sheets (~70% phase ratio) via the chemical exfoliation of
bulk 2H-MoS, powders (Fig. 6.5a) [25] and applied them onto a flexible polyimide
substrate (Fig. 6.5b) with thickness up to 5 pm (Fig. 6.5¢). Basic CV measurements
of the electrode in various aqueous electrolytes (Fig. 6.5d) indicated that the specific
gravimetric capacitance was almost 20 times as high as that in the case of using
2H-MoS, monolayers. The volumetric capacitances of the 1T-MoS, sheets ranged
from 400 to 700 F cm~3, significantly higher than those given above for few-layered
2H- and 3R-MoS,; sheets. Apart from the high capacitance, 1T MoS, sheets were
suitable for high-voltage operation in organic electrolytes (Fig. 6.5¢) and exhibited
over 5000 charge and discharge cycles with 95% capacitance retention. Acerce et al.
[25] therefore concluded that the high performance of 1T-MoS, sheets in superca-
pacitor was mainly attributed to their hydrophilicity (water contact angle <30°) and
high electrical conductivity (10-100 S cm™1).

Based on the results described and discussed above, it could be considered that
monolayered MoS, NCs should be a very interesting material for high-performance
supercapacitors. Recently, Lin et al. reported the fabrication of monolayered 2H Mo-
S NCs (~20 nm) with and without S-depletion [26, 27] (Fig. 6.6a, b). The NCs showed
excellent electrocatalytic activity in the hydrogen evolution reaction and were also
able to split water driven by solar lights. Such a performance was mainly attributed to
the dramatically improved density of the active edge, a metallic surrounding region
and a semiconducting core (Fig. 6.6¢c). The metallic feature was further enhanced
upon suitable S-depletion on the surface. Combining S-depleted NCs with expanded
graphene (EG) gave a double-layer capacitance of ~1.7 times as high as the sum of
the NCs and EG (Fig. 6.6d). The metallic feature of the Mo-S NCs was revealed
by density of state calculation. The metallic surrounding region means that the 2D
Mo-S NCs may have similar high electrical conductivity to that of 2D 1T-MoS, for
electrochemical processes. The hybrid structure from such NCs and graphene can be
potentially used to develop high-performance supercapacitors. Unfortunately, only
very limited work on small monolayered NCs has been carried out due to the technical
difficulties in materials and device fabrication.

2D tungsten disulfide (WS,) has also been used to make supercapacitors. As
reported by Tu et al. [28], nanostructures based on 2D 2H-WS, sheets were formed
via in situ anchoring on reduced graphene oxide (rGO). Although the high specific
capacitance of 2508 F g~! was achieved at a very slow scan rate of 1 mV s~!, this
work still confirmed the feasibility of hybrid structure of 2D TMDs and graphene in
energy storage applications. Since 1T-WS,; is metastable in most cases, the use of
stable 2H-WS; is practically more feasible. Incorporating graphene to build a hybrid



182 L. Lin et al.

—_—

o

—
W
[=]
o

200 =
o o
© 100 e %
w 8 5mvs’ 40mvs’
8 0 e 0 10mvs' BOmVs"'
o x 20mvs” 100 mV s’
i} ©
B -100 8 -30
a —— H,50, —— Na,50, 8
8 -200 — Li;S0, K50, -60
-300
0.0 0.4 0.8 00 05 10 15 20 25 30
Potential (V vs NHE) Potential (V)

Fig. 6.5 a SEM image of monolayered 1T MoS;, b A photograph showing the electrode composed
of thick film of 1T MoS;, ¢ SEM side view of the electrode, d CV curves of MoS; in 0.5 M sulfate-
based electrolyte solutions, e CV curves of 1T MoS; in 1 M TEA BF4/MeCN electrolyte [22].
Copyright 2015. Reproduced with permission from Nature

supercapacitor should be a good strategy to avoid the re-stacking of 2D TMDs,
which could retain the high electrical conductivity of the materials (re-stacking of
2D sheets such as 2H MoS; and WS, would significantly decrease the electrical
conductivity [29]). A similar strategy was also used in recent work [30] to avoid the
agglomeration and re-stacking of 2D TMDs. The fabricated composite was composed
of 2D molybdenum selenide (MoSe;) sheets, graphene, and nickel—cobalt sulfide
(CoNi;Sy), as illustrated in Fig. 6.7.

From CV curves, the maximum specific capacitance of the composite was cal-
culated to be around 1141 F g=' at 1 A g~! rate with the three-electrode tech-
nique. Although this measurement technique sometimes is not as reliable as the
two-electrode technique from the packed device (see the best practice method to
determine the capacitance from Stoller et al. [31]), the demonstrated capacitance and
cycle life (capacitance retention of 108% after 2000 cycles) were rather encouraging.
Other 2D TMDs were also investigated for supercapacitors. For example, vanadium
disulfide (VS,), which unlike MoS, and WS,, is metallic. This feature means that
monolayered or few-layered VS, could offer great potentials as supercapacitors. As
confirmed by Feng et al. in 2011, few-layered VS, nanosheets could be used to build
a high-performance supercapacitor [32]. Such a supercapacitor had a specific capac-



6 Transition Metal Dichalcogenides for Energy Storage Applications 183

% '.:.-‘.h."c;'
i 5;0 " '.,". m

- ‘;‘\-F.’Oi.ql 'dt?fett;.'a‘f(ia: .

....ll
Ladani’

.
= 8 - ¥ .

[+ i - o
. a . - g 2
- i

% 8y f:) NQridefeet afgal™

-

- %R

..l‘_

./"/
2.0 1 z Qq\df//
0”"‘%/. /
151 Lo
\3‘05/‘/_/'/
10{ o«
AT VFIO,
€G. c=2- .
0.5 4 ) -
™ N'IOS\". c=1 28 pFlem
g0 d e ey
@Mo @S @S vacancy 60 100 140 180
Scan Rate (mV.S-1)

Fig. 6.6 a TEM image of an MoS; NC, b TEM image of an S-depleted Mo-S NC, ¢ Schematic illus-
tration of the metallic and semiconductor hybrid structure of Mo-S NC, d Double-layer capacitance
of Mo-S NC before and after S-depletion, and S-depleted Mo-S NCs on EG [26, 27]. Copyright
2016, 2017. Reproduced with permission from the American Chemical Society and Elsevier

itance of 4760 |WF cm™2 in a 150 nm in-plane configuration without degradation
after 1000 charge/discharge cycles. Other TMDs such as thin CoS; [16] and WSe;
[33] structures have also been explored for supercapacitors, but only limited work
has been done on supercapacitors based on their 2D counterparts, especially that on
monolayered TMDs required for the high-performance demonstration.

Unlike conventional forms of TMDs such as nanoparticles, 2D materials can be
used effectively in flexible supercapacitors, which have already been comprehen-
sively reviewed by several groups [34—37]. The flexible supercapacitors could be a
composite of 2D TMDs, graphene, and conducting polymer (with/without a flexible
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substrate). They were fundamentally demonstrated by Acerce et al., using highly
electrically conductive 2D 1T-MoS,; as the pure electrode material (Fig. 6.5) [22].
Another example of flexible supercapacitor was based on WS, nanosheets [38], in
which a device with volumetric capacitance of 0.97 mW h cm™> and 82% reten-
tion after 10,000 cycles was demonstrated. Nevertheless, for an industrially-relevant
flexible supercapacitor, packing of the cell will need smart design on the device,
especially when solid electrolytes and 3D printing techniques are involved. As men-
tioned earlier, the agglomeration of 2D TMDs could be avoided via building hybrid
electrodes. This process would normally decrease the loading of the TMDs, weaken-
ing both area and volumetric capacitances. Although the 2D TMD has considerably
higher power delivery capabilities than conventional Li-batteries, how to densely
pack the composite without degenerating the energy density has become one of the
main challenges. A smart idea to deal with this challenge could be the use of 3D
graphene with appropriate pore sizes, which can hold dense 2D TMDs nanomaterials
to retain super high area and volumetric capacitances. However, little demonstration
work on such prototypes has been carried out.

In recent years, van der Waals heterostructures from pure 2D TMDs have also
attracted a great deal of attention. The heterostructure is similar to that of 2D TMDs
on graphene sheet described above. Figure 6.8a shows how the 2D building blocks
assemble like Lego pieces [39]. The heterostructure could be fabricated via both
mechanically assembled stacks and physical epitaxy/CVD approaches [40]. Previ-
ous investigations of this kind of heterostructure were more focused on electronic
properties and band gap engineering, rather than on its energy storage applications. In
a recent report by Pomerantseva et al., potential advantages of such 2D heterostruc-
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Fig. 6.8 Building van der Waals heterostructures analogous to Lego construction [39]. Reproduced
with permission from Nature

tures for energy storage applications have been well identified [41]. As summarized
in this report, individual 2D sheets may have both advantages and disadvantages in
energy storage applications. For example, graphene has high electrical conductivity
and mechanical strength, but the capacity is not sufficiently high due to the sole
charge storage on the surface. Other 2D materials such as TMDs show high ini-
tial capacities but undergo a conversion reaction on the first discharge cycle, which
gives poor capacity retention. Disadvantages of 2D TMDs in energy storage appli-
cations could be potentially avoided via building heterostructures with different 2D
sheets (e.g., MXene and TMO/transition metal oxides). Pomerantseva et al. further
proposed approaches to the construction of relevant heterostructures [41]. Although
such heterostructures may potentially enable supercapacitors to have super high
performance in many aspects (e.g., lifetime, energy, and power density), practical
fabrication techniques and property examinations still have not been fully explored.

Despite the limited work on supercapacitors based on the strictly monolayered
2D TMD materials, the research highlighted above suggested that 2D TMDs could
be very promising materials for building novel supercapacitors. The research also
proposed several feasible strategies for design and construction of 2D TMD-based
supercapacitors, i.e., improvement of electrical conductivity, formation of thin struc-
tures, hybrid structures to avoid the re-stacking of TMDs, and heterostructures from
2D TMDs. With further development in the fabrication techniques, next-generation
high-performance supercapacitors based on 2D TMDs and other 2D materials could
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Fig. 6.9 Schematic illustration of the first Li-ion battery [42]. Reproduced with permission from
the American Chemical Society

realistically be produced and used for energy storage, which would be a big step
forward in the field.

6.3 Rechargeable Batteries

6.3.1 Current Status and Challenges

Rechargeable batteries are energy storage devices which store and deliver energy
through reversible chemical reactions at both electrodes. A typical reversible chemi-
cal reaction involves displacement at solid anodes and insertion reactions at cathodes.
Taking the first Li-ion battery as an example (Fig. 6.9), it uses a cathode on a copper
current collector (positive electrode), an anode on an aluminum current collector
(negative electrode), and an electrolyte made of lithium salt in an organic solvent.
The charge process corresponds to the ions’ flow from the cathode to the anode
through the electrolyte and a separator. The reversed process is named as discharge,
which corresponds to the ions’ flow from the anode to the cathode. During the dis-
charge process, the anode undergoes an oxidation reaction (losing electrons) and the
cathode undergoes a reduction reaction (gaining electrons). These chemical reac-
tions mean that rechargeable batteries generally have much higher energy density
but lower power density (energy delivery efficiency) than those of supercapacitors
(Fig. 6.1).
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Like supercapacitors, rechargeable batteries also play important roles in the energy
applications because of their recharging ability and mobility. The most commonly
used rechargeable batteries include lead acid, NiCd, NiMH, and Li-ion batteries
(Table 6.1, comparison of portable batteries, Battery University). Among them, Li-
ion batteries exhibit many advantages such as high energy density, very low toxicity,
high Coulombic efficiency, and maintenance-free operation. Although other types
of battery such as those based on sodium-ions have been proposed in recent years
in response to the resource depletion issue of Li, their energy density values are
well below those of currently used Li-ion batteries. To date, various types of Li-
ion batteries have been developed, and they all have one common characteristic of
“lithium-ion”. Most Li-ion batteries consist of a carbon/graphite anode and a metal
oxide cathode. Although Li-ion batteries are more expensive than other secondary
batteries, their high cycle life and low maintenance actually reduce the total cost
per cycle (Table 6.1). They are considered to be much suitable to replace many
applications previously served by lead and nickel-based batteries and are the most
popular energy storage devices in current portable electrical devices. Nevertheless,
for safety control, Li-ion batteries need to have a protection circuit. This risk arises
from the undesirable dendrites formed on the anode, which penetrate the separator
and cause electrical shorting, the melting of lithium and thermal runaway.

Li-ion batteries have led to great changes in our daily life (e.g., in mobile phones
and laptops), but such energy storage techniques still need considerable improve-
ments. Future energy storage system need to have longer cycle lives, smaller devices,
and higher energy densities. Currently, the achievement of high energy capacity (e.g.,
>3.0 Ah) with portable Li-ion batteries largely relies on smart cell engineering, i.e.,
creating numerous cell units in a device or a large volume. Modifications of the active
materials via size and morphology control have also been attempted, but this strategy
has nearly reached its limits [42].

Although Li-ion batteries with over 30,000 safe charge/discharge cycles at an
acceptable rate have been demonstrated [44], the achievement of larger energy density
is still challenging. As is well known, in an individual battery cell, the output current /
and the operating time Az can be increased by improving the electrode area (e.g., the
surface area of active electrode materials) and the power P = IV (V is the potential or
voltage). The energy density is highly dependent on the open-circuit voltage (OCV)
of a cell. Increasing the voltage would be a good way to further improve the energy
density, but it is technically difficult. As illustrated in Fig. 6.10, the operating window
of the electrolyte is the energy gap between the lowest unoccupied molecular orbit
(LUMO) and highest occupied molecular orbit (HOMO) of a liquid electrolyte (or
the gap between the bottom of the conduction band/CB and the top of the valence
band/VB of a solid electrolyte). Electrochemical potentials of the anode (u4) above
the LUMO and electrochemical potentials of the cathode (u.) below the HOMO
both reduce the electrolyte unless the electrode—electrolyte reactions are blocked
by a passivating solid-electrolyte interphase (SEI). The SEI causes an irreversible
loss of the capacity, which is unfavorable for the fabrication of batteries with a
long lifetime. Approaches have also been developed to modify the electrochemical
potentials of both anode and cathode, resulting in the improved window for higher
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energy density. Nevertheless, little work on these high-voltage electrode materials has
been reported because the organic liquid carbonate electrolytes are normally unstable
at a voltage > 5 V. Furthermore, since chemical reactions are usually involved in the
charge/discharge processes of electrochemical secondary batteries, cycle life and
power density are significantly inferior to those of supercapacitors. It is still a big
challenge to develop feasible strategies to retain the cycle life at an acceptable rate
in a safe and affordable battery with much larger energy density.

6.3.2 Role of 2D TMD:s in Rechargeable Batteries

2D materials such as TMDs also have great application potential in secondary bat-
teries, particularly in Li- and Na-ion batteries. A good example of this is TiS,
sheets, which have been previously explored for supercapacitors (Fig. 6.3a). TiS,
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sheets exhibit several ideal features that are useful for high-performance Li-ion
batteries: (1) no significant volume change on Li-ion intercalation/extraction; (2)
energy and power densities higher than those of their conventional bulk counter-
parts; (3) in nano-phases, the Li-ion intercalation/extraction process is rapid, which is
totally different from the slow process commonly involved with the charge/discharge
of conventional Li-ion batteries. These discoveries suggest that 2D TMDs could
play some particular roles in improving many aspects of Li-ion batteries, such
as energy/power density, cycle lifetime, and safety issue. For example, graphite
(negative electrode) has only a theoretical capacity of 372 mA h g~!, but MoS, sheets
could have one over 1000 mAh g~' [45]. A theoretical investigation predicted that
1T-MoS, monolayers possess comparable Li storage capacity and diffusion kinetics
to those of LiFePOy [46].

Recent experimental achievements on 2D TMDs have further revealed their great
application potential in Li-ion batteries. In most cases, the batteries tested were based
on 3D hybrid structures from graphene in consideration of its high surface area and
efficient charge transportation. For example, thin MoS, layers were formed on 3D
graphene via a commonly used CVD technique [23]. Using this hybrid structured
material as the anode, Cao et al. fabricated a Li-ion battery which showed high capac-
ities of 877 and 665 mAh g~! in the first 50 cycles at current densities of 100 and
500 mA g~ !, respectively. The packed battery also exhibited excellent high current
density performance of 466 mAh g~! at a high current density of 4 A g~!. Simi-
lar hybrid structured materials also have been produced by other groups. In 2015,
Zhou et al. [47] prepared few-layered (<5 layers) MoS; on 3D carbon nanosheets
(Fig. 6.11a, b). They demonstrated a specific capacity of 709 mAh g~! at 2A g~!
and 95.2% retention after over 500 deep charge/discharge cycles. Such a high per-
formance was attributed to the following: (1) the highly flexible carbon nanosheets
prevented the 2D MoS, from peeling off; (2) the well-crystallized MoS, coupled with
carbon nanosheets and enabled fast and stable transport of both electrons and ions
across the interface especially in high-rate charge/discharge cycling processes. More
recently, Jiang et al. [48] proposed and fabricated robust 3D porous architectures from
interconnected monolayered MoS,-graphene hybrid nanosheets (Fig. 6.11c, d). The
3D composite showed a large reversible capacity (up to 1200 mAh g~', at the scan
rate of 100 mA g~'), a good cycling stability (95% retention after 200 cycles), and a
high-rate performance (436 mAh g~! at the scan rate of 2 A g~!), making it a very
promising candidate for advanced anode materials for lithium-ion batteries [48].

Other 2D TMDs have also been investigated for use in Li-ion batteries. VS, is a
typical example because it has metallic features, providing great potential into the
enhancement of power densities of the batteries. A theoretical modeling study carried
out in 2013 [49] predicted that VS, monolayers can be utilized as a promising anode
material for Li-ion batteries with high energy density up to 466 mAh g~!. Such thin
VS, sheets could lead to fast charge/discharge rates with low Li diffusion barrier,
which is similar to that in the case of MoS; or graphite. By introducing graphene to
form a VS,/graphene heterostructure, the capacity can be further increased to 569
mAh g~!. In this heterostructure, the diffusion barrier is considerably lower than
that in the case of bulk VS, and comparable to that of graphitic anode (~0.2 eV)
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Fig. 6.11 a-b TEM images of few-layered MoS; anchored on 3D carbon nanosheets [47]. Copy-
right 2015. Reproduced with permission from the American Chemical Society. ¢ High magnification
TEM image of MoS;-graphene hybrid nanosheets, d A diagram showing the 3D porous architec-
tures with building blocks of MoS»/graphene hybrid nanosheets [48]. Reproduced with permission
from the American Chemical Society

[50]. Actually, VS, monolayers could have much higher theoretical energy density.
Recent calculations [51] predict that a VS, monolayer could adsorb three layers
of Li, two layers of Mg, one layer of K and 1/9 layer of Al on each of its sides.
The multi-layer adsorptions of VS, monolayers increase the theoretical capacities to
1397, 1863, 466, and 78 mAh g*1 for Li, Mg, K, and Al ion storage, respectively.
Although only limited experimental work on 2D VS, for Li-ion battery applications
has been carried out, the reported results so far have confirmed that 2D VS, is indeed
a very promising material for Li-ion batteries, as predicted by previous theoretical
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using hydrothermal deposition, d—f SEM and TEM images of C@WS,/S material [54]. Reproduced
with permission from Wiley-VCH Verlag GmbH

calculations. For example, Cai et al. [52] fabricated an all-solid-state lithium battery
from VS, nanosheets and demonstrated the capacity of 532.2 mAh g~! at the current
density of 50 mA g~!. This capacity is already higher than the early prediction (466
mAh g~!) [48], despite the fact that the VS, nanosheets tested were still not thin
enough (with a thickness of 50 nm).

2D WS; sheets also lead to high energy density when used in Li-ion batteries. In
a recent report [53], WS, nanosheets were deposited on carbon nanofibers (CNFs)
and then incorporated with S to form a hybrid material of C@WS,/S (see schematic
illustration in Fig. 6.12a—c). As seen from SEM and TEM images, the CNFs exhibited
coarse surface composed of many WS, nanosheets (about 10 layers, up to 1 wm in
size, Fig. 6.12d—f). The composite was evaluated for Li-S battery application. It
showed a high specific capacity of 502 mAh g~' at a charge/discharge rate of 2C
(2A s71). It was also stable for long cycling uses, retaining 90% capacity after 1500
cycles. The high capacity may be partially contributed by the enriched S in the
composite. In addition, the high capacity in the case of using 2D WS, has been
further demonstrated by a quite recent study [53], in which 2D WS, nanosheets were
fabricated on CNTs and used as the anode material. Li-ion batteries fabricated by
using them showed high capacities of 1000 and 688.3 mAh g~! at current densities
of 0.1and 1 A g~!, respectively.

Apart from thin MoS,, VS, and WS, materials described above, other 2D TMDs
have been attempted for Li-ion battery applications [55]. Nevertheless, theoretical
studies still need to be carried out to explore them further, in particular, when more
complex chemical compositions (e.g., with doping and defects) are involved. For
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example, in the case of MnSbS, monolayers, although they are not pure TMDs,
they still can be considered as Mn-doped TMDs. Theoretical calculations predict
that such monolayers could lead to very high capacity up to 879 mAh g~! in the
cases of Li, Na, and Mg ion storage. It is expected that similar TMDs doped with
other transition metals also will be explored for further performance improvements
required by future high-efficiency energy storage.

In consideration of the resource depletion issue with Li, researchers have also
attempted to use other types of ions such as Na to replace Li. In 2015, Yang et al.
systematically investigated several types of TMD monolayers used as the anode of
a sodium ion battery [56]. At the average voltage and capacity, TMDs based on Ti,
Zr, Nb, and Mo were suitable for the anodes of sodium ion batteries with voltages
of 0.49-0.95 V and theoretical capacities of 260-339 mA h g~! (Fig. 6.13a). The
results indicated that 2D TiS, and NbS, were highly promising in high-power Na-
ion batteries, with small ion migration barriers of 0.22 and 0.07 eV, respectively.
Similarly, high OCV of VS, monolayers was also calculated by other researchers
[57]. Apart from the theoretical calculations, several experimental studies on the Na
storage based on thin VS, sheets have been reported recently. They all demonstrated
the high capacitance of 2D VS,, which matched with that predicted by the theo-
retical calculations. For example, layer-by-layer stacked VS, nanosheets (thickness
around 20 nm, Fig. 6.13b) had capacity values of 250 and 150 mAh g~! at 0.2 and 20
A g~ !, respectively [58]. Hierarchical flower-like nanomaterials composed of VS,
nanosheets (Fig. 6.13c) exhibited capacitances of around 600 and 277 mAh g~! at
0.1 and 20 A g~ !, respectively [59]. These high capacitances were partially con-
tributed by the intercalation pseudocapacitance. 2D VS, with a few stacked layers
(e.g., <5 layers) might perform even better, increasing further the power density.
Unfortunately, a little work has been done so far in this and other aspects.

As predicted (Fig. 6.13a), 2D TiS, should also have a high capacitance in Na
storage. According to a recent research [60], 2D TiS, showed a highly stable cycling
performance, but its capacity (~146 mAh g~') was far lower than that predicted.
Considerable experimental work still needs to be carried out to achieve the high
performance of 2D TiS,. 2D MoS,, however, performed differently. In 2014, the
stable Na charge capacity of 230 mAh g~! with high Coulombic efficiency (~99%)
was demonstrated based on 2D MoS,. These values were already close to those
predicted (Fig. 6.13a). The composite electrode tested consisted of reduced GO and
chemically exfoliated few-layered MoS, sheets [61]. In a study by Yang et al., a high
capacity around 500 mAh g~! was achieved at the current density of 0.1 A g~!, by
forming directly the composite of few-layered MoS; nanosheets (<10 layers, ~15 nm)
and carbon conductors [62]. In this work, a similar Na storage capacity (~500 mAh
¢~ !) was also demonstrated in the case of using few-layered MoSe, nanosheets to
replace the few-layered MoS, nanosheets. The capacity can be further enhanced
to >600 mAh g~! by forming a hybrid structure with MoSe, vertically aligned on
the MoS, nanosheets [62].

Similarly, a high performance of MoSe, nanosheets was attributed to more
exposed active sites. This strategy was also used to build Na-ion batteries from 2D
SnS;. In a research by Chao et al. [63], a 3D graphene foam substrate was prepared
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Fig. 6.13 a Calculated average OCV values of different TMD monolayers (The desirable voltage
for a sodium anode ranges from 0.0 to 1.0 V) [56]. Copyright 2017. Reproduced with permission
from the American Chemical Society. b SEM image of layer-by-layer stacked VS; nanosheets
(the inset is a schematic of Na* intercalation and charge transportation) [58]. Copyright 2017.
Reproduced with permission from Elsevier. ¢ SEM image of hierarchical flower-like nanomaterials
composed of VS, nanosheets (the inset shows the rate capability at various current densities, the scale
bar of the full image length is around 10 wm) [59]. Copyright 2018. Reproduced with permission
from Elsevier

using a CVD method. Then, 2D self-branched SnS, nanoarrays were synthesized
and aligned vertically on the 3D graphene using a facile hot bath in-processing inter-
vention method (Fig. 6.14a). The size and density of SnS, nanoarrays can be well
controlled by adjusting the reaction parameters (Fig. 6.14b—e). SEM observations
on the surface of the 3D graphene revealed the dense arrays of 2D self-branched
SnS, nanoarrays comprising big nanoflake cores and small nanosheet branches
(Fig. 6.14b—e) having respectively 12 and four layers of SnS,. Thanks to the highly
exposed unsaturated S-edges of the nanoarrays, the 2D SnS; on the 3D graphene
exhibited very high performance in Na storage. Specifically, capacities of 900 and
400 mAh g~! were achieved with current densities of 0.2 and 10 A g~!, respectively.
The first-principle calculations further revealed that the exposed S-edges provided
feasible active sites for Na absorption with lower edge formation energy. The fast Na*
storage was mainly attributed to the alloying-based reaction which has a theoretical
capacity of 1136 mAh g~! [63].



6 Transition Metal Dichalcogenides for Energy Storage Applications 195

Fig. 6.14 a Schematics of fabricated 2D self-branched SnS, nanoarrays on 3D graphene, b SEM
image of 2D self-branched SnS; nanoarrays on 3D graphene (the insets are a photograph and
SEM images at different magnifications, c—e SEM image (scale bar of 200 nm) of SnS> nanoarrays
prepared under different conditions [54]. Copyright 2017. Reproduced with permission from Wiley-
VCH Verlag GmbH

Apart from using vertically aligned 2D TMDs, another novel strategy of building
van der Waals heterostructures of 2D materials, has been proposed to improve the per-
formance in secondary battery applications (Fig. 6.8). With this strategy, various 2D
materials are combined together to break through the limitations of single-material
systems. For example, by combining blue phosphorene (P) with 2D NbS, or TaS,
to form van der Waals heterostructures, both structural stability and capacity can be
improved significantly (Fig. 6.15a). Specifically, the capacity of blue P/NbS, was
calculated to be as high as ~528.26 mAh g~! which is much higher than that (485.31
mAh g~!) in the case of using heterostructured black P/graphene material [64]. Fur-
thermore, the formation of such a heterostructure also reduced Young’s modulus of
the material, making it more useful in flexible energy storage devices.

On nanoscale, the edge defect and the enhanced energy gap would reduce the elec-
trical conductivity of 2D TMDs. The electrical conductivity between layers of some
2D TMDs, such as MoS,, is also poor due to the hopping transport [29]. Considering
this, Xiang et al. investigated heterostructured borophone and 2D MoS, sheets used
as anode materials of secondary batteries (Fig. 6.15b) by using the first-principles cal-
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Fig. 6.15 a A schematic showing the heterostructure of 2D blue P and 2D NbS,/TaS; monolayers,
and an example of flexible devices based on this heterostructures [64]. Copyright 2016. Reproduced
with permission from the American Chemical Society. b A schematic showing the heterostructure
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erostructure as the anode of a Li-ion battery [65]. Copyright 2018. Reproduced with permission
from the American Chemical Society, ¢ A schematic showing how the heterostructure from the 2D
VS, and MoS; monolayers overcomes the disadvantages their monolayers for ion batteries [66].
Copyright 2017. Reproduced with permission from the American Chemical Society
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culations [65]. Their results suggest that substantial electrons could be transferred
from MoS; to borophene, producing strong electronic coupling which assists the
improvement in the Li affinity. Incorporating borophene into 2D MoS; also increases
the elastic modulus of the material, which is desirable for a long lifetime operation.
Moreover, the heterostructure is predicted to have a high Li storage capacity of 539
mAh g~! along with low-ion hopping barriers. More recently, heterostructures from
two different types of 2D TMDs were investigated as hybrid anodes for both Li and
Na storages [66]. One example was a heterostructure composed of 2D MoS, and 2D
VS, monolayers (Fig. 6.15¢). Owing to the interfacial charge accumulation between
the monolayered MoS; and VS,, the chemically active VS, monolayers can be sta-
bilized in energy and phonon vibrations. Such a hybrid structure enabled the MoS,
surface to adsorb high density of Li and Na ions, achieving a high capacity of 584
mAh g~! for Li/Na storage. Furthermore, the energy barriers for the Li/Na diffusion
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remained close to those in the cases of monolayered MoS, and VS,. In addition to
the advantages described above, the 2D heterostructures could potentially avoid the
problem caused by the formation of SEI layers during energy storage [41]. Never-
theless, such 2D heterostructures in secondary batteries have not been demonstrated
so far.

6.4 Summary and Prospective

Supercapacitors and secondary batteries are key devices for modern energy storage
applications. They could be further developed to satisfy the increasing demands of
our society. However, both of them suffer from several disadvantages which need
to be addressed properly or at least alleviated. For example, the energy density
of supercapacitors and the power density of secondary batteries should be further
improved appropriately. Ever for the current Li-ion batteries, the energy density
achieved so far is still not sufficiently high for future uses in heavy-duty devices,
especially when other technical parameters such as high safety, small volume of the
device, and long lifetime need to be considered as well. The developments in recent
years suggest that 2D TMDs could potentially fill the gap between the performance
and requirements for future energy storage.

Like graphene, 2D TMDs are also thin and have both super short electron trans-
port length and small ion transport distance in ideal electrochemical processes. The
electrochemical process on the surface of 2D TMDs has both rapid “Faradaic” and
“non-Faradaic” features. It is essentially different from and considerably quicker than
using a conventional anode material (e.g., graphite). Even as few-layered structures,
2D TMDs still exhibit simple and rapid ion intercalation/extraction features. Along
with the highly exposed active surface, the use of 2D TMDs has been proven feasi-
ble in improving the performances of both supercapacitors and secondary batteries
and has various advantages over the conventional materials. Theoretical and exper-
imental investigations carried out so far have revealed that the energy density of a
supercapacitor can be improved substantially by using a hybrid structure composed
of conducting materials and 2D TMDs. On the other hand, the power density and
lifetime of Li- and Na-ion batteries from 2D TMDs also have been demonstrated,
indicating that 2D TMDs are highly promising candidate materials for future energy
storage applications.

Nevertheless, significant amounts of future work on 2D TMDs for energy storage
applications are still required, including:

1. Demonstrations of energy storage devices based on strictly monolayered or few
layered (<5 layers) TMDs are rather limited, probably due to the technical diffi-
culties with fabrication. The development of feasible fabrication techniques for
super thin 2D TMDs and their small crystals is, therefore, essential.
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2. Several 2D TMDs suffer from poor electrical conductivity. Apart from the
reported one based on hybrid structures of 3D graphene and 2D TMDs, other
novel strategies need to be introduced to address this problem.

3. Theoretical investigations on 2D TMDs to overcome their disadvantages. For
example, using chemical doping to improve the conductivity and the surface
activity.

4. In both supercapacitors and secondary batteries, van der Waals heterostructures
from 2D TMDs and other 2D materials could potentially overcome the disad-
vantages of using single material and result in considerable improvements in
many aspects. Nevertheless, theoretical investigations and experimental demon-
strations are still limited, which could be a fruitful area for future research.

5. 2D TMDs could be highly suitable for making small flexible energy storage
devices. Some theoretical studies have been conducted to reduce the hardness of
some 2D TMDs and more similar modeling and experimental investigations are
expected.

Based on the achievements so far, more promising applications of 2D TMDs in
energy storage devices such as the supercapacitors and Li-/Na-ion secondary batteries
are highly expected. Moreover, it can be reasonably expected that 2D TMDs would
accelerate the development of clean energy technology to help meet the energy needs
of our society.
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Chapter 7 )
2D Transition Metal Dichalcogenides oo
for Solution-Processed Organic

and Perovskite Solar Cells

G. Kakavelakis, L. Gouda, Y. Tischler, I. Kaliakatsos and K. Petridis

Abstract The construction of low cost, printable compatible, solution processed,
of high performance, stable solar cells is one of the scientific milestones of the next
ten years. The discovery of graphene launched a new era in the materials science,
and the research implemented in the exceptional properties of the two-dimensional
(2D) materials. The chemical, physical, electrical and mechanical properties of 2D
materials match with the requirements that the various building blocks of the third-
generation photovoltaics should have in order for these devices to deliver exceptional
performance and become attractive alternatives to silicon-based solar cells. The 2D
library of materials expands in a very high pace and nowadays includes 150 exotic
layered materials. Among them are the transition metal dichalcogenides (2D-TMDs).
Recent advances in atomically thin 2D-TMDs (e.g., MoS,, WS,, MoSe; and WSe,)
have introduced numerous promising technologies in nanotechnologies, photonics,
sensing, energy storage and solar cells to name few. This chapter highlights the
contributions of 2D-TMDs toward the construction of high efficiency and of long
lifetime, solution-processed organic and perovskite solar cells.
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ce-MoS, Chemically exploited 2D Mo S,
O-ce-MoS, UV-ozone-treated ce-MoS,
O-MoS, UV-ozone-treated MoS,
m-MoS, Modified MoS,

MoSe; Molybdenum Diselenide

NbSe, Niobium Diselenide

TaS, Tantalum Disulfide

TiS, Titanium Disulfide

WS, Tungsten Disulfide

WS,-Au Gold nanoparticles decorated WS,
WSe, Tungsten Diselenide

7.1 Introduction

The integration of graphene and other two-dimensional (2D) materials (e.g., transi-
tion metal dichalcogenides (TMDs) and TMDs oxides) into energy devices provides
an interesting proposal to tackle challenges driven by the emerging energy demands
and the global environmental concerns [1]. Inspired by the great achievements of
the graphene and graphene-related materials (GRMs) in the past decade [2], TMDs
(MX,, M: transition metal, X:S, Se, Te) represent a vast family of materials (with
more than >100 different compositions), with key physical, chemical, mechanical
and electrical properties for energy-related devices especially due to their 2D mor-
phology.

Their incorporation and utilization are triggering a new field that promises the
introduction of new artificial materials with semiconducting, metallic and insulat-
ing properties and the construction of high performance, stable and environmen-
tally friendly energy converging devices, e.g., solar cells [3]. Among the fabrication
methods of 2D-TMDs, the solution processing methodologies, such as sonication-
assisted exfoliation, electrochemical Li-intercalation and exfoliation, electrochemi-
cal Li-intercalation and exfoliation, hydro/solvothermal synthesis and colloidal syn-
thesis, are capable of fabricating solution-processed 2D-TMDs in high yield and
large scale, which are essential for the third-generation solar cell devices [4].

Some of the parameters that determine the performance and the stability of a
planar architecture solar cell device are (a) the absorption spectrum of the active
layer; (b) the conductivity of the selected hole and electron transport layers (HTL
and ETL); (c) the relative work functions (WF) of the solar cell building blocks; and
(d) tolerance of the employed transporting materials and electrodes against degrada-
tion factors, e.g., humidity, temperature, ion migration and light exposure. Advances
in organic solar cells (OSCs) and perovskite solar cells (PSCs) are still underway
through research implemented to boost the efficiency and the stability of the selected
interlayers and electrodes. TMDs WF tunability and energy bandgap (depending on
their thickness—number of layers and synthesis) are their main advantages to be
exploited in a photovoltaic cell as transport layer material or within the active layer
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in the case of ternary solar cells in order to boost their performance and prolong their
operational lifetime. Their main impact on these devices is (a) the enhancement of
their photovoltaic performance and (b) the extended stability under various degra-
dation protocols. These contributions are attributed to the TMDs (a) superior carrier
mobilities caused by ballistic transport; (b) enhanced photoluminescence that is a
result of quantum confinement effects; and (c) the absence of dangling bonds which
enhances their resistance to reactions with other chemical species [5].

Thus, TMDs have huge potential and are highly promising alternatives to the
traditional HTL and ETL materials in OSCs and PSCs. In particular, layered TMDs
such as MoS,, WS,, WSe,, MoSe,, NbSe,, TaS, and TiS, nanosheets are promising
materials to be utilized as transporting layers or within the active layer of OSCs and
PSCs.

In this chapter, we will summarize the most important findings of the application
of solution-processed 2D-TMDs in OSCs and PSCs. Moreover, particular attention
will be given to the improvement of the photovoltaic performance and the enhanced
operational stability the TMDs induce into these third-generation solar cell devices.
At the end, we will attempt to highlight the perspectives of this field.

7.2 Transition Metal Dichalcogenides in Organic
Photovoltaics (OPVs)

OSC:s are characterized by some unique and attractive features, such as lightweight,
transparency, flexibility, ease of manufacturing scale-up through the roll-to-roll coat-
ing processes and low fabrication costs, which make them a very attractive technology
of high potential [6]. One of the most essential building blocks for the optimum oper-
ation of the OSCs is their charge selective transport layers otherwise known as ETL
and HTL. The ETL and HTL facilitate the transportation of the photogenerated carri-
ers and their effective collection in the respective electrodes. In Fig. 7.1 are depicted
the two possible OPVs architectures (conventional and inverted) and the different
positions where the 2D-TMDs can be placed within the device are highlighted.

7.2.1 TMDCs in the HTL of OPVs

One of the most prominently used HTL materials is the conductive conjugated poly-
mer poly(3,4-ethylenedioxy-thiophene):poly(styrenesulfonate) (PEDOT:PSS) [7].
However, the high acidity and hydroscopicity of PEDOT:PSS can cause the corro-
sion of indium tin oxide (ITO) as well as of the metal electrode [8]. Other alternative
materials, such as transition metal oxides (e.g., V,Os, MoO3, WO3, NiOx), have been
utilized [9]. Despite the improved stability [10] and better energy level alignment
[11] these materials have exhibited, the required expensive, complicated deposition
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Fig. 7.1 Schematic diagram showing both (left) the conventional and (right) the inverted OPVs
architectures. The picture in the center depicts the structure of the various 2D-TMDs, and the blue
arrows indicate the different layers in which these TMDs have been placed in the OPVs building
blocks

processes (through vacuum deposition) to be deposited and additional high temper-
ature annealing processing, has diverted scientific community’s attention to other
solution processed, annealing free, materials with high hole mobility such as TMDs.
The latter advantages of easy processing, no need of additional annealing, solution
processability, high efficiency and low trap density, make them ideal candidate mate-
rials to be exploited in the HTL of an OSC devices. Table 7.1 summarizes the reported
results regarding the utilization of 2D-TMDs as HTLs in both normal and inverted
architecture OPVs.

Until 2013, only a few attempts were reported for the application of 2D-TMDs
and especially of the exfoliated molybdenum disulfide (MoS,), as transporting layers
within the OSCs; this was mainly due to ambiguous WF value of the MoS, and the
inhomogeneous and aggregated morphology of spin cast MoS, thin films. Yun et al.
[12] were the first to report a facile and simple method for the n and p doping of
single layers (thickness of 1.1-1.2 nm, lateral size 100-300 nm) of MoS; in order
to (a) tune their WF and utilize them as HTL and ETL within normal and inverted
OSCs, respectively and (b) optimize the morphology of the doped MoS, layers in
order to build planar devices with the optimum performance. The p-doped MoS,
layers were utilized as HTL in a normal structured OSC whereas the n-doped used
as ETL in an inverted setup. Both of the doped MoS,-based HTL and ETL-based
OSCs were performed superior than the undoped MoS;-based devices due to (a)
better-aligned transport layers with the energy levels of the donor (P3HT) and the
acceptor (PCBM) and (b) similar morphology of the doped MoS, transport layers
with the undoped films. Critical factor for all the ascribed improvements was the
concentration of the employed dopants; the n and the p character were increased
with the dopants concentration whereas for the planarization of the doped MoS,
morphology there was an optimum value for each dopant.

Gu et al. [13] proposed the integration of chemical exfoliated solution-processed
MoS, nanosheets (lateral size between 400 and 800 nm) into OSCs as an effi-
cient HTL. The MoS, was double spin coated between the silver anode and the
active layer of the OSC. Its performance was tested in two systems (active layer):
P3HT:PC¢;BM and PTB7:PC7BM. Key to the optimum performance of MoS, as
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HTL is the good coverage of the active layer so to prohibit any current leakage path-
ways due to direct contact between Ag electrode and the active layer. The record
power conversion efficiency (PCE) results were achieved with the PTB7:PC7;BM
system with PCEs higher than 8.1%. The excellent performance of the MoS; as
HTL was reconfirmed through transient photovoltage measurements. The latter mea-
surements clearly showed the superiority regarding the transportation of holes (less
trapped photogenerated charges) through MoS, compared to the reference devices
that employed traditional vacuum e-evaporated molybdenum oxide (e-MoO3) HTLs.

The same research group [14] investigated the potential of chemical exfoliated
[15] niobium diselenide (NbSe,) nanosheets (thickness of 1.6 nm, lateral size of
200-400 nm) as an ideal HTL material in OSCs. As in the case of the spin-coated
MoS,, the uniform and full coverage of the active layer with NbSe; nanosheets is the
key for the construction of high performance OSCs. The record efficiency was 8.1%
with the average values for 20 cells to be 7.95%. The devices exhibited improved effi-
ciencies compared to e-MoO; HTL-based devices. The improved performance was
ascribed, as transient photovoltage and photocurrent measurements showed, to the
nanoflakes construction of the employed NbSe, nanosheets which contained fewer
traps (one of order less than in the case of e-M0Q3); as a result, lower recombina-
tion rates were occurred. Additionally, the devices used NbSe; nanosheets in HTL,
demonstrated longer carrier lifetimes which was an indication that the photogener-
ated carriers were effectively collected by the electrodes.

Le et al. [16] suggested the use of spin-coated ultraviolet ozone (UVO)-treated,
sonication exfoliated MoS, nanosheets (1 nm in thickness and 100-300 nm in lateral
size) as an interlayer between the anode and the PEDOT:PSS in a P3BHT:PCBM OSC.
The device exhibited enhanced stability without degradation of its photovoltaic per-
formance compared to the PEDOT:PSS HTL based on device. As a result of the UVO
treatment, the work function (WF) of the MoS, decreased from —3.9 eV to —4.9
and —5.2 eV for 15 and 30 min UVO treatment, respectively. This tuning in the WF
decreased the hole extraction barrier and improved the performance of the device.
The best-performed device was this one that exploited both UVO (for 15-min treated)
MoS,/PEDOT:PSS HTL between the active medium and the ITO. These devices per-
formed better compared to the HTL-free devices or the MoS, HTL based on reference
devices. Moreover, the non-encapsulated MoS,/PEDOT:PSS HTL OSCs exhibited
superior stability under air atmosphere compared to the reference cells. The main
finding was that the values of FF and V. demonstrated no significant difference for
the PEDOT:PSS and the MoS,/PEDOT:PSS HTL-based OSCs for 120 h of testing.
On the other hand, the MoS,/PEDOT:PSS HTL-based OSCs exhibited superior sta-
bility compared to the PEDOT:PSS respective devices regarding the behavior of the
Jsc. It was concluded that placing the MoS, between the PEDOT:PSS and the ITO
protects the latter from the hydroscopic nature of PEDOT:PSS and thus prolongs the
stability of the device.

To overcome the long time takes the liquid exfoliation of TMDs using ultrasounds,
Niuetal. [17] reported a modified liquid phase ultrasonication method that employed
low-cost inorganic salts in order to exfoliate bulk 2D TMD materials faster. This new
proposed technique yielded single and few layer 2D sheets of TMDs (65% of the
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as-made TMD 2D sheets are 1-5 layers, with lateral size of hundreds of nanometers
to several micrometers) including MoS,, MoSe,, WS, and WSe; in large quantities
and of high quality. Atomic force microscopy (AFM) measurements showed that
the lateral size of the fabricated flakes ranged from a hundred nanometers to several
micrometers whereas the thicknesses varied from 0.75 to 3.5 nm. For the proof of
concept of the applicability of the MoS, films, the authors utilized them as HTL in
normal P3HT:PCBM OSCs; as aresult, the open circuit voltage (V) improved from
0.34 V (HTL-free devices) to 0.58 V. Moreover, and compared to the PEDOT:PSS
HTL based on devices, all the MoS, cells demonstrated lower reverse saturation
current and a higher rectification ratio up to 10%; this was a direct demonstration for
the suitability of MoS; as a hole transport and electron blocking layer for OSCs.
The record results were obtained for the vacuum filtration deposited MoS, HTL-
based cells with 1.81% PCE. The latter performance was superior to that of HTL-
free devices (0.02%) but inferior to that of the PEDOT:PSS OSCs (2.34%). The
inferior performance compared to the PEDOT:PSS cells was attributed into (a) high
roughness (55 nm) due to the rough surface morphology of the filter paper used
during the vacuum filtration and (b) the lower transmittance (approximately of 6%)
at 550 nm as the UV-Vis measurements showed.

Yun et al. [18] in order to deal with the serious drawback the PEDOT:PSS is
characterized as an HTL regarding its stability studied a different solution-processed
HTL material consisted from bi- or tri-layer MoS; nanosheets (~230 nm lateral
dimension and thickness of ~1.17 nm) with MoO; nanoparticles (NPs) (average
diameter of 19 nm). The MoS,/Mo0O3-based HTL composite PBDTTT-CF:PC;; BM
OSC (under normal structure) performed better than the PEDOT:PSS HTL-based
OSC with respect to (a) higher power conversion efficiency (6.9% over 6.8%) and
(b) superior air stability of the device. The air stability of the MoO3;/MoS,-based cell
was exceptional long (over 16 days). During the stability tests period, MoO3/MoS,-
based cell retained to 80% of its initial value. In contrast, the PEDOT:PSS cells
completely failed within four days of testing. This enhanced stability was ascribed
to (a) better chemical inertness compared to the PEDOT:PSS and (b) better uniform
and full covered surface morphology compared to commercial MoO3 (c-MoOs3).

The authors Liu et al. [19] have proposed a chemical synthesis route to overcome
the instability issues for the MpS;, 2D nanosheets and its implication for optoelec-
tronic application. The chemically exploited 2D MgpS; (ce-MoS;) in DI water has
great tendency to agglomerate, which has no interest for electronic applications. The
chemical modification of a 2D nanosheet surface with surfactant, favored via elec-
trostatic interaction, was demonstrated to have hindrance behavior for the agglom-
eration. From the other hand, the insulating nature of these surfactant molecules
limits its implication for optoelectronic applications. The author Liu et al. proposed
the use of self-assembled hexadecyltrimethylammonium chloride surfactant (CTAC)
with 2D MgS,. This proposal resolved the issues of agglomeration and insulation
behavior. The performed Zeta potential measurements showed Zeta potentials shift
from —47.2 mV to +34.7 mV that confirmed the chemical modification of 2D MpS,
with the CTAC. The authors performed also, XPS measurements which evident that
the properties of 2D M S, remained unchanged after the modification. The stability
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of the modified MoS; (m-MgS,) was monitored by change in the absorption coef-
ficients of single-layered MS, peak at 672 nm. The absorption of pristine MpS,
stock solution was drastically dropped with storage time (within 3 days) whereas for
the modified one remained unchanged (99%) up to 100 days, confirming no agglom-
eration of the 2D sheets. Further the authors implicated m-2D MgS, and pristine 2D
MoS; as HTLs in the ITO/MpS,/PCBM/PFN/ALI stacked solar cell structures. Both
devices initially showed similar performance (pristine 7.12% and modified 7.23%),
which confirmed that the transport properties remained unchanged for m-2D Mg S,-
based devices. The solar cells fabricated from three days stored pristine 2D MoS,
HTL, showed an initial drop of performance to 5.35%, whereas the solar cell fab-
ricated with 100 days stored m-2DMgS; solution exhibited stable performances as
its initials. The authors concluded that the stability of m-2D MS,-based OSCs was
due to electrostatic repulsion and steric hindrance effect of CTAC molecules at the
2D MoS, surface.

Le et al. [20] have demonstrated the use of 2D WS, nanosheets (of thickness of
0.7-1.4 nm and lateral size of 300 nm) as better HTL for P3HT:PCBM solar cells.
The 2D WS, nanosheets have similar structure and properties like 2D MoS,, which
are recently demonstrated as HTL and owing to improve the solar cell performance.
The authors synthesized 2D WS, nanosheets using a simple sonication method. The
formation of 2D WS, nanosheets was confirmed by Raman and UV-Vis absorption
spectroscopy. After successful synthesis of WS, nanosheets, the authors performed
UVO treatment, which believed to increase the WF of the material. The implemented
WF measurements showed an increase from 4.9 to 5.1 eV after 30 min of UVO treat-
ment. It was considered that the UVO treatment partially converted the WS, to WOy,
which was further confirmed in XPS measurements, showing formation of O 1 s
after the UVO treatments. The authors fabricated neat solar cells without HTL, i.e.,
ITO/PCBMY/LiF/Al solar cells which exhibited low PCE of 1.84% mainly due to poor
fill factor (FF) of 55%. The solar cell fabricated with PEDOT:PSS as HTL, showed
improved J 8.14 mA, PCE (2.87%), Vo 0.52 V and FF (67%). The authors contin-
uously replaced the PEDOT:PSS with WS, nanosheets as HTL. The UVO-untreated
device demonstrated similar performance as the without HTL devices; contrary the
UVO-processed OSCs exhibited progress to all of its photovoltaic parameters: J
of 8.06 mA, V. of 0.59 V, FF 61% and PCE of 2.40%. These improvements were
attributed to the better energy band alignment of HTL with the PCBM. The sample
that employed both PEDOT:PSS and UVO-treated WS, nanosheet as HTL showed
the highest performance of 3.07%. The authors concluded that the combination of
PEDOT:PSS and UVO-treated WS, nanosheet as HTL was the way to improve the
OPV performance.

One of the most popular techniques to compromise the tradeoff between charge
transport and light absorption and simultaneously to improve the efficiency of thin
film active layer OSCs is the incorporation of metallic nanoparticles (NPs) within the
various building blocks of these devices. The utilization of metallic NPs increases
the absorption cross section of the active layers through the exploitation of (a) light
scattering (from the large size metal NPs, larger than 50 nm) or (b) the localized
surface plasmon resonance (LSPR) (from the smaller diameter NPs, smaller than
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50 nm). Yang et al. [21] followed this light trapping strategy and showed theoreti-
cally and experimentally that the decoration of thin films of MoS, with gold (Au)
NPs improved the photovoltaic performance of PTB7:PC7;;BM-based OSCs. More
specifically, the decoration of the surface of ultrathin (~1 nm) MoS, nanosheets (lat-
eral size of 200-300 nm) with 20 nm in diameter Au NPs and the use of MoS, @ Au
composite as HTL in normal structures enhanced the PCE of the pristine devices
(with MoS, HTL) by 17.3% mainly due to the enhancement of the J. (enhancement
by 15.6%, the other two parameters FF and V. remained unaffected). The enhance-
ment of the PCE was ascribed to (a) the LSPR of the Au NPs at 750 nm (when
emerged within PTB7:PCBM) that matched with the absorption of the PTB7:PCBM
blend; (b) the ultra-small thickness of the MoS; nanosheets that did not screen the
re-emitted wave from the Au NPs nano-antennas; and (c) the position of the Au NPs
on the surface of the MoS,.

The effect of the different local crystalline structures on MoS, sheets when
employed as HTL in OSCs was revealed by the work of Yang et al. [22]. The UVO
treatment of ce-MoS,, resulted to nanosheets free of defects (oxygen atoms filled the
defects, vacuum places of sulfur atoms), known as O-ce-MoS; nanosheets (thickness
of 2-3 nm and lateral sizes of 200-300 nm). The latter were employed as HTL in
normal architecture PTB7:PC;;BM OSCs that performed superior to the ce-MoS,
HTL and PEDOT:PSS HTL based on OSCs. This was attributed to the UVO treat-
ment that (a) reduced the defects, the electron trap states and the O-ce-MoS,-based
cells demonstrated higher J,. and FF values (14.98 from 14.29 mA/cm? and 0.699
from 0.563, that caused higher PCE (7.65% than 4.99% of the ce-MoS, HTL-based
0OSCs)) and (b) to the better energy alignment between the O-ce-MoS, (WF —4.9¢eV)
with the PTB7 (HOMO of —5.15 eV) than with the ce-MoS,; (—4.5 eV).

Kwon et al. [23] reviewed in their paper the application of atomically thin TMDs
as HTL in OSCs. The metal sulfides (MeS,), such as MoS, and WS,, were the
materials replace the PEDOT:PSS, mainly due to latter stability issues. As the result
of the UVO treatment (for 5 min), the WF of the MoS, and the WS, was decreased
from —4.6 and —4.75 eV to 4.8 and 4.95 eV, respectively. This means that the
lowest hole injection barrier belongs to UVO-treated WS, that was reflected higher
achieved PCE. The UVO treatment did not only tune the WF of the MeS, HTL
but also enhanced the transmission at 550 nm, from 91.7 to 94% for MoS, and
from 92.4 to 94.6% for WS,. The positive effect of the UVO treatment was also
reflected the photovoltaic performance of MeS, HTL-based OSCs, from 2.72 (in the
untreated MoS,) to 2.96% (after 5 min of UVO treatment) for the MoS, and from
2.79 to 3.08% for the WS,. The improved performance of the UVO-treated MeS,
HTL based on OSCs compared to the pristine ones was attributed to the increase of
the transmittance, variation of the WF and the removal of the surface contamination
due to UVO processing. Although the photovoltaic performance of the UVO-treated
MeS, HTL-based OSCs were inferior to the PEDOT:PSS HTL based on cells, the
stability was significantly improved (Fig. 7.2).

Le et al. [24] demonstrated the great potential of synthesis WSy and MoS nan-
odots for the use as HTL in OSCs. The use of solvothermal (at low temperatures,
<200 °C) produced WSy and MoSy as HTLs resulted in similar photovoltaic perfor-
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mances as the PEDOT:PSS respective devices and moreover to superior stabilities
when the aforementioned TMDs were UVO processed. The thickness of the applied
WS, and MoS, HTLs was between one and three nm whereas their sizes were
1-3 nm. After the UVO treatment for 30 min, the WF of the WSy and MoS, was
increased from 4.4 and 4.3 eV to 5 and 5.1 eV, respectively. The record results were
achieved for the 30-min UVO-treated WSy and MoS, nanodot HTL-based OSCs.
The highest reported PCEs were of the order of 3 and 2.95% for the WS and MoSy
HTL-based OSCs, respectively. These were similar performances compared to the
PEDOT:PSS reference devices. The well-satisfied photovoltaic performance of the

(a)

0.25

:

Absorbance@672 nm
-1
@

Fig. 7.2 a Normalized absorbance of solutions of ce-MoS; and m-MoS, at 672 nm as a function of
storage time. The inset is the image of m-MoS2 colloidal dispersion stored for ~100 days. b Images
(1,2, 3) of ce-MoS; and (4, 5, 6) of m-MoS2 colloidal dispersions stored for 0 day (1, 4), 3 days (2,
5) and 9 days (3, 6), respectively. ¢ Chemical structures of PTB7 and PC7; BM and schematic of the
OPVs architecture: ITO/ce-MoS, or m-MoS,/PTB7:PC71BM/PFN/ Al. d J-V curves of devices
fabricated by using different MoS, dispersions with various storage times. e Corresponding EQE
spectra for devices with freshly prepared ce-MoS; and m-MoS; dispersions. f Stability of the devices
fabricated by using ce-MoS, or m-MoS; dispersions with various periods of time. Reproduced with
permission from Ref. [19]. g OPVs with MoS; flakes as the HTL. h J-V curves and (i) EQE spectra
of the OPV devices with PEDOT:PSS, ce-MoS; and O-ce-MoS; as HTLs, respectively. j The
steady-state photoluminescence spectra of the PTB7 film deposited on ce-MoS; and O-ce-MoS>
thin films on a quartz substrate, respectively. k Charge collection probability as a function of internal
voltage for OPVs based on ce-MoS, and O-ce-MoS; HTLs. 1 Ultraviolet photoemission spectra of
ce-MoS;, O-ce-MoS; and PEDOT:PSS deposited on ITO substrates. m Energy level diagram of the
PTB7:PC71BM photoactive layer sandwiched between the ITO anode and the Al cathode utilizing
ce-MoS; and O-ce-MoS; as the HTL, respectively. Reproduced with permission from Ref. [22]
n Simulated extinction spectra of isolated Au NPs in water, PEDOT:PSS and the PTB7:PC7;BM
blend. Simulated electric field (IEI?) distribution around an Au NP compared with the incident light
electric field in o water, p PEDOT:PSS and q PTB7:PC7;BM blend. r Schematic of the device
architecture. s UV—Vis absorption spectra of PTB7:PC71BM films with MoS; HTL and MoS,; @ Au
HTL (the absorption enhancement after the incorporation of Au NPs onto MoS; sheets is provided).
t J-V curves and u EQE spectra of the OPVs with MoS,; HTL and MoS2@ Au HTL. The calculated
EQE enhancement against wavelength is also presented in (u). Reproduced with permission from
Ref. [21]
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Fig. 7.2 (continued)

WS, and MoS, nanodot HTL-based OSCs was attributed to the lowering of the energy
barrier between ITO and active layer. The stability of the WSy and MoSy HTL-based,
without encapsulation, OSCs demonstrated under atmospheric conditions was supe-
rior compared to the PEDOT:PSS-based cells; the latter were deteriorated after 24 h
whereas the WS, and MoS, HTL-based OSCs remained their PCE over the 50% of
its initial values for the same period.

It has been reported that quantum dots (QDs) constructions employing materials
such as PbS, TiO,, graphene and MoS, [25, 26] formed pinhole-free, thickness-
controllable and uniform spin-coated films. This is a very promising alternative
since other 2D-TMDs materials production techniques do not provide such of high
standards films, and this is detrimental to OSC performance. Xing et al. [27] were
from the 1st ones that tested UVO MoS; (O-MoS,) QDs (average size of 3.3 nm,
thickness of 0.5-2.5 nm) as a HTL in OCS. The UVO treatment was necessary in
order to tune the WF of the film and be appropriately matched with the energy levels
of the donor material. By controlling the time of the UVO treatment, the authors
managed to tune the WF of the MoS, QDs to the levels required, depending on
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the selected donor material (P3HT and PTB7-Th). The optimum UVO treatment
period also reflected the record photovoltaic performances achieved. As a result, a
record PCE for PTB7-Th-based OSCs was reported at 8.7% which was higher 71 and
12% than MoS, QDs and O-MoS; nanosheets-based OSCs, respectively. This was
mainly ascribed to smoother surface (that is very much affected by the OZO treatment
time) of the O-MoS, QDs compared to the O-MoS, nanosheets that allowed the
better contact with the active layer. Moreover, the stability of the non-encapsulated
PTB7-Th-based OSCs was much improved due to the replacement of the acid and
hydrophilic PEDOT:PSS (@ 25 °C and 30% humidity). The PEDOT:PSS-based
OSCs dropped to about half of their efficiency after eight days of operation whereas
the O-MoS, QDs retained the 64% of their PCE after 47 days of operation under
similar conditions.

Xing et al. [28] demonstrated a new innovative method to exfoliate the TMD 2D
nanosheets. These authors used a mixture of TMD crystal, graphite and PEDOT:PSS
solution. This reaction mixture employed for repeated ultrasonication and centrifuga-
tion before resulted in the final 2D nanosheet product. The PEDOT:PSS was adsorbed
onto surface of graphite/TMD nanocrystals and acted as a surfactant to dissoci-
ate TMD nanosheets after the sonication. In this method, the authors synthesized
MoS,, WS, nanosheets and characterized them with the Raman and XRD mea-
surements. The ink prepared by sonication and centrifugation of PEDOT:PSS/WS,
mixture was employed in OSCs as an HTL, in the ITO/HEL/P3HT:PCBM/Ca/Al and
ITO/HEL/PTB7-Th:PCBM/Ca/Al device structures. The device PEDOT:PSS with
WS, as HTL showed improved device performance with reduction in the series resis-
tance and also reduction in the negative currents in the IV. It indicated that the WS,
incorporation reduced the nonradiative recombination pathways and recombination
currents, thus increased the performance of the solar cells.

7.2.2 TMDCs into ETL of OPVs

Table 7.2 summarizes the reported results regarding the utilization of 2D-TMDs as
the ETL in both conventional and inverted OPVs.

Le et al. [29] have demonstrated that tantalum disulfides (TaS,) ultrasonic assisted
exfoliated nanosheets were very promising candidates for both anode and cathode
transporting layers in normal and inverted OSCs. The authors applied UVO and non-
treated TaS, nanosheets (thickness of 1 nm and lateral size of ~70 nm) as HTL and
ETL in normal and inverted OSCs, respectively. The TaS, HTL and ETL based on
devices had improved photovoltaic performances compared to the reference non-
TaS, OSCs (HTL-free devices). Even though TaS, is structurally similar to MoS;
and WS,, its electrical properties are superior to those materials since its electrical
resistivity is much lower (1073 to 18 and 0.1 Q cm, respectively). This makes TaS,
very attractive and promising material to be employed as transport layer within
OSC systems. In the case of the UVO-treated TaS, nanosheets, their WF was tuned
as a function of the UVO treatment period. The normal OSC structure employed
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30 min UVO-treated TaS, HTL provided PCEs comparable to the PEDOT:PSS OSCs
(~3.06% vs. 3.28% for the PEDOT:PSS). From the other hand, the inverted systems
employed non-treated TaS; as an ETL demonstrated the higher improvement with
respect to the achieved PCE compared to the ETL free devices: from 0.22 to 2.73%.
The better photovoltaic performance for both the UVO-treated and non-treated TaS,
nanosheets based on devices compared to the free HTL and ETL cells, respectively,
was ascribed to the matched energy levels between the active layer and the HTL and
ETL materials.

Chuang et al. [30] proposed the use of liquid phase exfoliated monolayer or few
layers of MoS; nanosheets (planar size of 100 nm) decorated with Au NPs (average
size of six nm) as an ETL in OSCs. The incorporation of metal NPs has shown to
be a promising way for increasing the light harvesting of solar cells of all the tech-
nologies [31, 32]. TEM images revealed that the Au NPs were grown on the surface
of the MoS, sheets and not within the volume of these nanostructures. Moreover,
the UV—Vis absorption spectroscopy measurements were shown an intense peak at
535 nm which corresponded to the localized surface plasmonic resonance (LSPR)
of the Au NPs. The employment of such nanocomposites as ETL enhanced the
photovoltaic performance of inverted OSCs due to surface plasmonic effect—light
trapping technique. The record results were obtained in the PBDTTT-CT/PC7;BM
system and for an optimum concentration of Au NPs onto MoS; nanosheets. Above
this optimum concentration value, the device performance started to degrade due to
NPs aggregation. As was expected, the PCE was enhanced from 4.41% of the refer-
ence MoS,; ETL based on OSC to 4.91% in the MoS,-Au NPs ETL based on OSCs.
This enhancement was attributed to the coupling of the plasmonic resonance effects
of Au NPs and the MoS; nanosheets; the improved performance was reconfirmed by
the higher obtained J. and EQE values and spectra for the plasmonic-based OSC
(Fig. 7.3).

7.2.3 TMDCs:s into the Active Layer of OPVs

Bulk heterojunction (BHJ) OSCs main disadvantage compared to the silicon solar
cells is their low PCE. The main reasons for this inferior performance are: (1) lim-
ited absorption width (~100 nm) [33]; (2) the low charge mobility [34]; (3) and the
low exciton diffusion length (~10 nm) [35]. One strategy to address in an extent the
aforementioned drawbacks of the OSCs is to move from binary systems to ternary
ones: A third element is utilized within the active layer [36]. Careful selection of the
third material dictates (1) the matching of its energy levels between the energy levels
of the donor and the acceptor material; (2) the balance of the electron and the hole
mobilities after the immersion of the third material; (3) the complementary absorp-
tion of the third material to the absorption of the donor; and (4) the morphological
matching of the third material with the donor and acceptor of the OSC. Table 7.3
summarizes the reported results regarding the utilization of 2D-TMDs as ternary
components in both conventional and inverted OPVs.
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A novel and facile method to decorate various 2D materials (graphene oxide (GO),
boron nitride (BN) and tungsten disulfide (WS;)) nanosheets with metal nanoparti-
cles has been proposed by Sygletou et al. [37]; in particular, the authors presented
a top-down technique where NS-NPs assemblies were formed under ambient con-
ditions via a solution laser assisted process (at 248 nm, 20 ns pulse duration) in the
presence of a metallic precursor. It was found the metal NPs (diameters from 1 to
15 nm) were anchored on the plane and at the edges of the employed 2D material-
based nanosheets. The decoration process was very controllable through (a) the laser
fluence (100 and 1000 mJ/cm? were tested); (b) the number of pulses irradiated the
mixed solution of the selected 2D material and the metallic precursor; and (c) the
concentration of the metallic precursor into the mixed solution (1%, 1.5 and 2.5%
v/v Au concentrations were tested). The general trend was that the gold plasmon
resonance frequency (@ 545 nm) becomes more pronounced with the fluence and
the number of ultraviolet pulses employed. For the proof of concept, the authors used
a WS,—Au NPs composite within the active layer of a ternary bulk heterojunction
OPV. Due to the better energy alignment (compared to the binary system), the input
of additional interfaces that lead further exciton dissociations and metal nanoparti-
cles induced scattering effects, the PCE of the ternary system was enhanced by 13%
and reached the value of 6.3%. The best performance was achieved for the 1.5% v/v
concentration of Au NPs within the WS;. The enhanced acquired PCE was mainly
attributed to the higher J. due to improved (a) charge separation; (b) transportation;
and (c) collection.

Kakavelakis et al. [38] provided important information regarding the application
of 2D crystals in the inverted BHJ OSCs. It was the 1st work that showed quan-
titative the interplay between 2D crystals and fullerene domains size. The authors,
when the lateral size of the liquid phase exfoliated (LPE) WSe, flakes, were matched
with that of the fullerene (PC7;BM), managed to report the highest ever reported
PCE for 2D material-based OSCs, ~9.3%. More particular, the authors exploited
the LPE of bulk WSe; crystals in ethanol, by combining an ultrasonication process
with sedimentation-based separation (SBS) to produce three different WSe, sam-
ples with fine-tuned area (~70, ~240, and ~720 nm?) and thickness (~2.6, ~6.1 and
~8.5 nm). The as-prepared WSe, flakes were mixed within the PTB7:PCB7;M blend
and employed as the active layer in a ternary inverted OSC. The cell that employed
WSe, flakes with area similar to the PC7;BM (240 nm?) provided the record perfor-
mance (~9.3%), yielding an increase of the PCE of 15% with respect to the binary
reference system (8.1%). The main enhancements were introduced to (1) the J that
was improved by 11% and (2) the FF that was enhanced from 68.7 to 71.7%. These
improvements were ascribed to (1) area matching between the PC;;BM and the
WSe,; (2) energy matching of the WSe, interlayer with that of donor and acceptor
materials of the OSC; (3) exciton generation by the absorption induced by the WSe,
(direct energy bandgap of 1.3 eV in the single-layer limit); (4) enhanced exciton
generation in the interface between WSe, and PCBM; and (5) improved electron
extraction to the cathode due to balanced charge carriers’ mobility (Fig. 7.4).
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Fig. 7.4 TEM images of BN-Au (a) and WS>-Au (b) NPs assemblies following the illumina-
tion of the mixed solutions with a single UV pulse. ¢ Images of the pristine and laser irradiated
dispersions. d Size distribution of the Au NPs grafted onto the WS, NS. e J-V curves for the
optimized devices incorporating the reference PCDTBT:PC71BM, the PCDTBT:Au:PC7{BM, the
PCDTBT:WS,:PC7;BM and the PCDTBT:WS2-Au:PC7;BM blends. f IPCE spectra for the control
device and the one containing the WS>-Au assemblies as a ternary component. Reproduced with
permission from Ref. [37]. g Schematic representation of the WSe, flakes separation, the device
architecture and the energy level diagram. h J-V curves of the PTB7:PC7;BM-based OPVs and
i IPCE measurements of solar cells based on WSe; flakes having different sizes. J—V? character-
istics under dark conditions of the fabricated devices for the calculation of j electron and k hole
mobility using the Mott—Gurney equation. Reproduced with permission from Ref. [38]
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Fig. 7.4 (continued)

7.3 Application of Transition Metal Dichalcogenides
in PSCs

The great success and progress of graphene and GRMs in third-generation solution-
processed photovoltaics [39] has inspired the researcher of the field to explore and
apply also other 2D layered materials beyond graphene and in particular the 2D-
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Fig. 7.5 Schematic diagram showing both (left) the mesoscopic and (right) the planar (regular and
inverted) PSC architectures. The picture in the center depicts various 2D-TMDs (MoS;, WS>, TiS;
and MoSe;) dispersions, and the blue arrows indicate the different layers in which these TMDs
have been placed in the PSC building blocks

TMDs in highly emerging PSCs. Importantly, 2D-TMDs due to their outstanding (a)
chemical, physical and electronic properties and (b) acceptability on doping or func-
tionalization processes to further improve their properties (e.g., enhancement of their
conductivity, tuning of their WF) constitute an excellent new class of materials to
be tested in this highly emerging photovoltaic technology. Moreover, 2D-TMDs are
characterized by an energy bandgap that overcomes the major limitation of graphene,
which is the absence of a bandgap. This allows the application of the 2D-TMDs as
ETLs (or hole blocking) or HTLs (or electron blocking) materials. These materials
can be fabricated on large area into a single layer or few layers utilizing chemical
vapor deposition (CVD) or liquid phase exfoliation, to demonstrate their superior
electrical and optical properties. The presence of (a) lone pairs of electrons at the
surfaces of 2D-TMDs, (b) non-covalent interaction and (c) the absence of dangling
bonds could enhance their resistance to reactions with other chemical elements [5]
and as a result enhancing the stability of PSCs when employed in one of their trans-
porting layers. The most commonly reported 2D-TMDs utilized in the field of PSCs,
after the necessary chemical processing, are few layers of the inorganic MoS, and
WS, [40]. In Fig. 7.5 are depicted the two possible PSCs architectures (mesoscopic
and planar) and the different positions where the 2D-TMDs can be placed within the
device are highlighted.

7.3.1 TMDs Interfacing Metal Halide Perovskites

The first demonstration of the huge potential of TMDs toward efficient charge-
extraction materials when interfacing metal halide perovskite photoactive materials
was presented by Peng et al. back in 2016 [41]. Despite the benefits of the cur-
rent state-of-the-art HTM used in PSCs, such as the ultrafast charge separation and
injection at the MAPbIs/spiro-OMeTAD interface [42], they present striking disad-
vantages toward the commercialization of these devices. On the one hand, spiro-
OMEeTAD (the most commonly exploited HTM used in PSCs) is in fact of higher
cost than gold in weight that is in contradiction with the need of low-cost solar cells.
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«Fig. 7.6 a Transient absorption signals at 1.63 eV upon excitation at 1.72 eV. The invariance of
the photobleach rise times indicates the absence of charge transfer between the pristine MoS;
monolayer and CH3NH;3Pblz. The blue dashed line is the pump—probe laser cross-correlation of
the spatially resolved micro pump—probe setup. b The increasing rise time indicates that the hole
transfer takes place. ¢ Schematic illustrating the type I band alignment and the absence of charge
transfer between the pristine MoS, monolayer and CH;NH3Pbl3. d Schematic of the type II energy
alignment at the vacancy-engineered MoS,2/CH3NH;3Pbl3 interface favoring hole transfer from the
perovskite to the vacancy-engineered MoS, monolayer. e Photobleaching signals at 1.63 eV after
excitation at 2.48 eV in CH3NH3Pbl3, vacancy-engineered MoS,>/CH3NH;3Pbl; heterostructure
and vacancy-engineered MoS; monolayer. f Evolution of the photobleaching signals at 1.63 eV
after excitation at 1.72 eV as the bleach builds up. Prolonged oxygen plasma treatment of the MoS»
monolayer resulted in the quenching of the PL. g Hole transfer efficiency and hole transfer time as
a function of S vacancy density. The higher S vacancy density results in a higher hole transfer rate
and efficiency. Reproduced with permission from Ref. [41]

On the other hand, being organic in nature and the need of a doping procedure to
improve its conductivity raises stability issues in the solar cell. Thus, the motiva-
tion of the authors for this work was to overcome the aforementioned limitations
of HTMs by testing CVD fabricated MoS, single-layer film that is of significantly
lower cost and higher carrier mobility material compared to spiro-OMeTAD. How-
ever, using ultraviolet photoelectron spectroscopy (UPS) the authors realized that
CVD fabricated MoS, single layer has a valence band (VB) of —6.28 eV, and since
the VB of MAPbI; is —5.79, CVD fabricated MoS, cannot efficiently collect the
photoexcited holes of MAPbI; due to the valence band barrier that is built at their
interface. Very surprisingly, they also demonstrated that the intrinsic band offset
at the MAPbI3/MoS; interface was overcome by creating sulfur vacancies in MoS,
using a mild plasma treatment due to the reduction in the band offset (increased work
function); using this approach, ultrafast hole transfer was reported from MAPDbI; to
MoS,; that occurred within 320 fs with 83% efficiency following photoexcitation
(these results were extracted using ultrafast transient absorption spectroscopy and
photoluminescence quenching measurements). Importantly, this work highlighted
the feasibility of applying defect-engineered 2D-TMDs as charge-extraction layers
in perovskite-based optoelectronic devices (Fig. 7.6).

7.3.2 2D-TMDs as Hole Transporters in PSCs

Table 7.4 summarizes the reported results regarding the utilization of 2D-TMDs as
HTLs in both mesoscopic and planar PSCs. The same year Kim et al. [43] pro-
posed for the first time the utilization of CVD produced thin films (~2 nm thick)
of MoS; and WS, as HTLs in mixed halide MAPbI; 4\Clx planar inverted PSCs.
The motivation toward this work was to address the stability related drawbacks of
the PEDOT:PSS hole transporter (acidic nature, aqueous processed material). The
2D-TMDs-based HTL exhibited similar PCEs, with respect to the reference devices
based on PEDOT:PSS. The PCEs of MoS, & WS, devices were 9.53 and 8.02%,
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respectively, versus 9.93% for the PEDOT:PSS-based devices. The lower PCE of
the WS,-based devices was mainly attributed to the lower measured open circuit
voltage (V) due to its lower work function (—4.95 eV compared to the —5 eV of
the MoS, and the 5.25 eV of the PEDOT:PSS with respect to the valence band of
CH3;NH;3Pbl;Cly).

A few months afterward, Capasso et al. [44] addressed the aforementioned
stability-related challenges of Spiro-OMeTAD-based PSCs with the use of LPE,
spin-coated MoS, 2D-flakes (~3 nm in thickness) as an interlayer between MAPbI;
active absorber and the Spiro-OMeTAD state-of-the-art hole transporter in a meso-
scopic PSC device. MoS, had a dual role: (1) to prevent the formation of shunt
contacts between the perovskite and the Au electrode and (2) to provide a more suit-
able energy band alignment between the active layer and the HTL that facilitates the
fast transportation of holes into the HTL. Because of the uniform deposition of MoS,
onto perovskite absorber and the favorite energy alignment between the valence band
(VB) of MoS; and the MAPbI; (as confirmed by top view SEM images and UPS
measurements, respectively), the measured short circuit current density was signifi-
cantly enhanced compared to the respective ones in reference (MoS,-free) devices.
Moreover, the MoS, flakes addition enhanced the stability of the devices preserving
almost completely the initial PCE of ~13.3% for over 550 h, while in the case of
the MoS,-free devices, the PCE was constantly decreased and after a 550 h of the
aging test under illumination the PCE dropped about 34% compared to the initial
value). The improved stability was ascribed to the surface passivation of the per-
ovskite layer provided by the MoS,, which prevented the iodine migration from the
perovskite into the HTL. The use of solution-processed MoS, flakes has also been
successfully demonstrated for the high performance of large active area (~1.05 cm?)
cells.

One year later, Dasgupta et al. [45] demonstrated the application of impressive
homogeneous, pinhole-free, spin-coated deposited LPE p-doped MoS, thin films
(five layers) operated as HTL in MAPbI; planar inverted PSCs. The record device
exhibited PCE of 6.01% which was superior to the HTL-free reference cells by
241%. However, these devices exhibited significantly lower PCE compared to the
previously reported works exploiting MoS, as the HTL. The supremacy of the MoS,
HTL based compared to the HTL-free PSCs was attributed to the suitable energy
band alignment, after the doping of the MoS, through UV-ozone treatment, between
the VB of the inorganic HTL and the VB of MAPbI; that facilitated the fast hole
extraction (within 320 fs) and thus more efficient collection.

Again in 2017, Huang et al. [46] proposed the incorporation of water soluble, low
temperature processed (to acquire the desired 1T phase, at 90 °C), thin films (~11 nm)
of 2D-TMDs such as MoS; and WS, as HTLs in planar inverted PSCs. The authors
reported higher PCEs for the MoS, and WS, HTL-based cells compared to the
PEDOT:PSS-based PSCs by 15.4 and 20%, respectively. This was attributed to (1)
the better energy band alignment between the VB of the selected TMD and perovskite
absorber layer leading to higher acquired V; (2) the lower series resistance and
the higher shunt resistance of the 2D TMD-based HTLs compared to the reference
PEDOT:PSS devices. Moreover, the TMD HTL-based non-encapsulated solar cells
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exhibited superior stability, under nitrogen storage conditions; the WS- and MoS,-
based PSCs retained 72 and 78% of their PCE after 56 days within the glove box
whereas the PEDOT:PSS cells degraded to zero % over 35 days (mainly due to
hygroscopic feature of PEDOT:PSS).

The main reason for the low performances of the PSCs that use 2D-TMDs as
the sole bottom HTL was mainly due to the poor coverage and passivation of the
ITO transparent electrode that resulted from the low dispensability of the TMDs
in the most of commonly used solvents. To overcome this limitation, Dai et al.
[47] introduced phenyl acetylene silver (PAS), a metalorganic compound, to modify
MoS;. PAS functionalized MoS, compound improved the dispersibility of the TMD
in common solvents such as of DMF and water. A conductive polymer PEDOT:PSS
blend with the MoS; led to a significantly enhanced performance of planar inverted
PSCs achieving 16.47% as well as largely increased stability.

Until recently, the stability of 2D-TMDs HTL-based PSCs was checked under
dark or under nitrogen environment conditions. In 2018, Kakavelakis et al. [48]
addressed for the first time on the stability of solution-processed planar inverted
MAPbI; PSCs under prolonged illumination conditions along with the continuous
operation at MPPT in ambient atmospheric conditions. The authors’ approach was
also successfully applied in larger area solar cells (with active layer of 0.5 cm?).
They demonstrated state of the art of long-term stability in the aforementioned stress
conditions; after 568 h of continuous operation, the PCE retained ~80% of its initial
~17% PCE (Tg time), using MoS, nanoflakes as the hole transporting interlayer
between the MAPbI; perovskite absorber and PTAA HTL. This extended stabil-
ity was attributed to (1) the interlayer operating as a shield for the perovskite to
contact the doped PTAA; (2) the stronger mechanical strength of the MoS,/PTAA
compared to the bare doped PTAA under electrical biasing stress; (3) prohibiting
water molecules to reach the active layer from ITO and HTL material; and (4) the
stopping of indium ions migration from ITO toward the interface between the HTL
and the perovskite active layer. Beside the improved stability of the devices, the
introduction of the MoS, facilitated the more efficient hole charge extraction (these
results were extracted using transient photocurrent and transient photovoltage mea-
surements) from the perovskite semiconductor due to almost perfect energy band
alignment that secured also the electron blocking by the MoS, interlayer. Addition-
ally, the use of MoS, contributed to the reduction of the bimolecular recombination
at the perovskite/HTL interface as revealed the intensity-dependent measurement of
the short circuit current density. These improvements resulted in a slightly higher
performance (~6% higher) of the MoS,-based compared to the MoS,-free PSCs.

Finally, Kohnehpoushi et al. [49] recently simulated a low-cost architecture that
satisfies the market criteria due to the utilization of low cost, stable inorganic HTL
and ETL transporting layers in PSCs. This work was mainly focused in address-
ing the high fabrication cost (high cost of most organic materials employed, e.g.,
PEDOT:PSS, Spiro-OMeTAD, PTAA, PCBM) that is still a main drawback for the
establishment and domination of PSCs. The authors following the current existing
research trend for the exploitation of low-cost nanosheets of 2D-TMDs simulated
the use of MoS,-based HTLs in planar inverted MAPbI; PSC configurations. The
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authors very clearly demonstrated the impact of determining the optimum thickness
of the HTL (and the ETL) and of the perovskite layer, to lower as much as possible
the recombination rates and maximize the solar light harvesting, respectively. The
authors calculated for 1.34-nm-thick MoS,, 350-nm-thick MAPbI; layer, the maxi-
mum PCE, 20.53% which is 96% higher than the one of the HTL-free device. The
record performances were calculated for devices employed aluminum (Al) or silver
(Ag) electrodes that lower even more the cost of the PSCs (Fig. 7.7).

7.3.3 2D-TMDs as Electron Transporters in PSCs

Table 7.5 summarizes the reported results regarding the utilization of 2D-TMDs
as HTLs in both mesoscopic and planar PSCs. The first demonstration of TMDs
placed in the ETL of PSCs was made by Ahmed et al. [50] in 2016. In this work
in order, the authors to boost the absorption spectrum of the MAPbI; at its band
edges without complicating the cell configuration, by introducing nanoparticles, for
example [32], or increase the thickness of the active layer, suggested the use of an
ETL nanocomposite build by MoS, nanosheets impeded within the TiO, layer. The
utilization of the MoS, into the ETL succeeded to extend the absorption spectrum
of the device from 350 to 800 nm (see Fig. 7.1d). The record results were obtained
for 20 wt% impeded MoS, flakes into the TiO, matrix. Above this concentration,
induced agglomeration of MoS; causing the CB of MoS, to be lower than the one
of TiO, which hinders the electrical properties of the ETL nanocomposite. Due to
absorption complementarily contributed by the MoS,, the PCE was enhanced from
3.74 to 4.43% compared to the pristine TiO, ETL-based device. The immersion of
the MoS,; flakes into the TiO, matrix did not only contributed to higher absorption
but also improved the conductivity of the TiO, which resulted in the faster electron
transport along the interface of active and ETL. This lowered the recombination rates
and enhanced the more efficient charge collection.

For the next almost two years, there were few reports of progress regarding the
utilization of 2D-TMDs as ETLs in PSCs since it was more than obvious that the
most commonly exploited TMDs (MoS; and WS;) performed better as HTLs of
these devices. However, very surprisingly in early 2018 and almost at the same time
two different groups reported the use of titanium disulfide (TiS,) as efficient and
stable ETLs for PSCs. The motivation of the authors of both works was to overcome
the tradeoff between the performance and the processing temperature that TiO, ETL
presents. By using LPE, 2D-TiS; as a low temperature processed ETL replacing the
state-of-the-art TiO, highly efficient and stable planar normal PSCs, was fabricated.

On the one hand, Huang et al. [51] exploited a room temperature and aqueous
solution-processed UV-ozone-treated 2D-TiS; film as ETL achieved 18.79% PCE.
This value is the highest ever reported performance for a solution and room tem-
perature processed planar normal PSC. Another important finding of this work was
that the pristine (UV-ozone free) TiS, ETL_based PSCs resulted in significantly
lower PCEs compared to the UV-ozone-treated TiS, ETL (~9.5%). This was due
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Fig. 7.7 Schematic of a the device architecture and b the energy band diagram of the fabricated
planar inverted PSCs. ¢ The J-V curves of PSCs based on PTAA (black) and PTAA/MoS; bilayer
(red) HTMs measured under AM 1.5G (100 mW cm~2) illumination conditions. d PCE distribution
of the devices with (red) and without (black) MoS; interlayer. e EQE spectra of the PTAA (red) and
PTAA/MoS; (black) based devices. f Photoluminescence spectra of CH3NH3PbI3/PTAA (black)
and MoS,/PTAA/glass (red) substrates. Reproduced with permission from Ref. [48]. g The J -V
curves and h the changes of PCE as a function of time for CH3NH3Pbl3 PSCs based on PEDOT:PSS
blended with different concentration of MoS,-PAS. Reproduced with permission from Ref. [47].
i Lifetime test under continuous illumination at the MPP tracking of devices with (red scatter)
and without MoS; (black scatter) in ambient conditions. Inset: Actual MPP values obtained for
both devices. j State-of-the-art lifetimes reported in continuous device operation in the above-
mentioned conditions of high-efficiency PSCs in both ambient (black marked) and inert conditions
(blue marked). Reproduced with permission from Ref. [48]. k J-V curves of the large-area cells
(1.05 cm? active area) with (blue curve) and without MoS; (red curve) measured under one sun
illumination conditions. (I) Photograph of a large-area cell with the MoS; interlayer. Reproduced
with permission from Ref. [44]
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to the unfavorable band alignment between the ETL and perovskite energy levels,
while such a treatment of the TiS, film with UV-ozone resulted in an almost per-
fect alignment band of the two materials. Additionally, the UVO-treated 2D-TiS,
ETL-based devices demonstrated an extremely high stability, and the average PCEs
of non-encapsulated cells remained over 95% of initial PCEs after being stored at
atmospheric conditions with relative humidity of ~10% for more than 800 h.

On the other hand, Yin et al. [52] prepared the 2D-TiS, nanosheets by a simple
solution exfoliation method and demonstrated that 2D-TiS, can be applied as an
effective ETL in normal planar PSCs. The optimum concentration of the TiS, flakes
in the dispersion resulted in PSCs with very high PCE of 17.37%. Photoluminescence
quenching and time-resolved photoluminescence measurements revealed that TiS,
can extract the charges and transport them as efficient as the state-of-the-art TiO,
ETL, resulting in comparable photovoltaic performances of the respective devices.
Furthermore, TiS,-based devices were significantly more stable in constant UV-
light exposure compared to TiO,-based cells. Flexible PSCs were also fabricated
using the low temperature processed TiS, presenting acceptable PCEs and bending
tolerance. Benefiting from the merits of solution and low temperature processability,
high mobility and suitable energy level, the proposed TiS, fabrication method could
aid scalable production of PSCs with high efficiency, excellent UV stability and
realization flexible PSCs (Fig. 7.8).

7.4 Conclusions and Perspectives

Third-generation photovoltaics such as OSCs and PSCs are very promising pho-
tovoltaic elements that are expected to contribute in the near future to satisfying
of the vast global demand for energy. Both of these technologies are under intense
research investigation, to improve their performance, lower their fabrication cost and
enhance their stability and lifetime, and thus, become competitive technologies to
silicon as alternatives or complementary solar cell elements in various applications.
2D-TMDs are solution-processed elements that can be incorporated in the case of
OSCs in all the building blocks whereas in the case of PSCs can be utilized mainly
into the transporting layers. Their main impact in OSCs includes (a) higher PCE,
reaching efficiencies higher than 9% and (b) extension of OSCs lifetimes mainly by
replacing the PEDOT:PSS. In the case of PSCs, the improved operational character-
istics were attributed to (a) facilitation of the charge extraction; (b) improvement of
the device long-term stability (under various degradation and stress protocols); (c)
increased scalability of these devices; and (d) the construction of solar cells at low
temperatures.

However, the challenges to be tackled are numerous. The success of the estab-
lishment of the 2D-TMDs based on solar cells is very much dependent on the devel-
opment and the optimization of production methods for the fabrication of uniform,
solution-processed TMD films with high yield and in industrial scale. These demands
are beyond the fabrication of the films but reach also the low-cost deposition tech-
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Fig. 7.8 a Schematic illustration of the device configuration and b cross-sectional SEM image of
the corresponding device. ¢ Typical J-V curves of the PSCs with different ETLs under one sun
illumination conditions. d EQE spectra of the PSCs with UV-O3-treated 2D-TiS; as ETL. e Steady-
state efficiency of the PSCs with UVO-treated 2D-TiS; as ETL. f Distribution of the PCEs of PSCs
with UVO-treated 2D-TiS;. Reproduced with permission from Ref. [51]. g Device schematic and
h cross-sectional SEM image of PSCs with the 2D-TiS, ETL. i Corresponding energy level diagram
of PSC with TiS; as ETL. j J-V curves of the PSCs with TiS, ETLs that were prepared with different
concentration of solution. k J-V curves of the PSCs with TiS, ETLs that were coated with different
spin speed. 1 J-V curves of the best-performing PSCs with ETLs (TiS, or TiO,) and without an
ETL. m Ultraviolet photocatalytic activity for decomposition of water in Na; SO4 solution by using
TiO; and on TiS; film on FTO glass as photoanodes. n Long-term UV-light stability of the PSCs
with TiO; or TiS; film as the ETLs. o J-V curves of the flexible devices with TiS, as ETLs. J-V
curves of the flexible PSCs before and after 300 bending cycles with a radius of curvature of p 12,
q 7 and r 5 mm, respectively. The insets show the corresponding bending images. Reproduced with
permission from Ref. [52]
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Fig. 7.8 (continued)

niques, e.g., spray coating away, from the expensive CVD methods. The implemented
research regarding the utilization of 2D-TMDs within OSCs and PSCs has thus far
involved a limited number of materials. The further testing of other available TMDs
beyond the MoS, and WS, as HTL in OSCs and PSCs should be attempted. It is note-
worthy that TMDs represent a large group of materials including TiS,, TaS,, ReS,
and ZrS, which have similar structural features but versatile chemical and electronic
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properties. These innovative materials should be further tested in OSCs and PSCs as
electrodes and/or as transport layers.
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Transition Metal Dichalcogenides oo
for Biomedical Applications

Linji Gong and Zhanjun Gu

Abstract The intriguing properties of two-dimensional transition metal dichalco-
genides (2D TMDs) have led to the rapid development of research on these emerg-
ing 2D inorganic graphene-like nanomaterials in various fields, such as electronic
devices, sensors, catalysis, and energy storage. Recently, 2D TMDs exhibit great
potentials and advantages in biological systems due to their tunable optical properties,
tailorable electronic characteristics, ultrahigh surface area, versatile surface chem-
istry, and good biocompatibility. In this chapter, we summarize the latest progress of
the use of 2D TMDs for biological applications, ranging from bioanalysis, antibac-
terial and wound repair, bioimaging, drug delivery, and cancer therapy to tissue engi-
neering and medical devices. Specifically, the nanotoxicology and biosafety profiles
of TMDs are reviewed to meet the concern of nanomedicine from the public and
scientific community. Moreover, the current challenges and future perspectives on
the development of 2D TMDs for biomedical applications are also outlined. It is
expected that these promising 2D TMDs will have a great practical foundation and
play an important role in next-generation biomedicine.

Keywords Transition metal dichalcogenides - Nanomaterials + Bioimaging -
Nanomedicine *+ Nanosafety
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PTT Photothermal therapy

PVP Polyvinylpyrrolidone

QDs Quantum dots
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SPECT Single-photon emission computed tomography
TBO Toluidine blue O
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8.1 Introduction

Two-dimensional transition metal dichalcogenides (2D TMDs) with unique planar
topography and versatile physicochemical properties have attracted great attention
and become the hot spot of fundamental research and technological applications in
recent years [1-4]. 2D TMDs consist of transition metal atoms (M) and chalcogen
atoms (X) with a MX; stoichiometry, where M ranges from Group IVB to Group
VIII (e.g., Ti, V, Mo, Ta, W, and Re), and X stands for the chalcogen (S, Se, and Te)
[1, 5]. The special layered structure and various combinations of transition metals
and chalcogens endow 2D TMDs with versatile properties, such as ultrahigh surface
area, versatile surface chemistry, unique electronic characteristics, tunable optical
properties, and good biocompatibility, all of which make these materials suitable for
applications in various fields including electronic devices, sensors, catalysis, energy
storage, and biomedicine [6].

The increasing demand for biomedicine and rapid growth of nanobiotechnology
have catalyzed and promoted the expansion of multifunctional TMDs nanosheets in
the field of biomedical application [7—13]. One of the advantages of 2D TMDs for
biomedical uses may be ascribed to their easy and feasible preparation methods. To
date, both top-down (e.g., mechanical exfoliation, liquid exfoliation, lithium interca-
lation, chemical exfoliation) and bottom-up approaches (e.g., chemical vapor depo-
sition (CVD), hydro/solvothermal methods) have been applied to prepare almost all
2D TMDs [14-16]. Then, their ultrahigh surface area and versatile surface chemistry,
such as surface atomic vacancy and surface charge, enable them to link with polymers
and target molecules, and/or deliver imaging agents, drugs, genes, and photosensi-
tizers for cancer diagnosis and therapy [17, 18]. The large surface area is propitious
to decorate with biocompatible polymers and further reduce the cytotoxicity and
improve the dispersibility and biocompatibility of TMDs [17, 19]. Moreover, the spe-
cific surface chemistry also helps to interact with surrounding biological molecules or
cellular components for the application of antibacterial strips [20] and wound repair
[21]. TMDs can act as reinforcing agents within biopolymers or scaffolds for con-
structing extracellular matrix-like (ECM-like) materials for tissue engineering [22]
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and bone regeneration [23]. Ultrathin-layered TMDs with the super photo-absorption
coefficient have been developed for the soft bio-optoelectronic device in ophthalmol-
ogy [24]. Also, most of the TMDs possess high photothermal conversion efficiency
in the near-infrared (NIR) region and have the potential to be a novel photothermal
agent for photoacoustic tomography (PAT) imaging and phototherapy [25-27]. Some
TMDs (e.g., MoS,, WS,, TaS,, ReS,) with high atomic number have been reported to
be suitable for X-ray-computed tomography (CT) contrast agents [28] and radiosen-
sitizers [29] due to their strong X-ray attenuation performance. More importantly,
the toxicity and safety profiles are the first factors of concern when applying TMDs
in biological applications. Researches on the toxicity profile of TMDs nanosheets
show that this newly developed 2D material exhibits lower cytotoxicity than many
other nanostructures [9, 10], ensuring their further applications for the direction of
nanomedicine.

Here, we will summarize the latest progress of the utilization of 2D TMDs for
biomedical field, ranging from bioanalysis, antibacterial and wound repair, bioimag-
ing, diagnosis, drug delivery, and cancer therapy to tissue engineering and med-
ical devices. Specifically, the nanotoxicology and biosafety profiles of TMDs are
reviewed to meet the concern of nanomedicine from the public and scientific com-
munity. Moreover, the current challenges and future perspectives on the development
of 2D TMDs for biomedical applications are also outlined.

8.2 Bioanalysis and Disease Diagnosis

Development of techniques for early and effective diagnosis of diseases is of highly
desired and paramount importance. The last decade has witnessed the rapid growth
of the application of TMDs in bioanalysis and disease diagnosis [30]. Owing to
the versatile physiochemical properties, such as easy preparation, layered structure,
large surface area, desirable optical properties, tunable electric properties, favorable
catalytic properties, and good biocompatibility, TMDs nanosheets have been widely
developed as fluorescent biosensors, electrochemical biosensors, photoelectrochem-
ical biosensors, field-effect transistor (FET) biosensors, and nanopore biosensors, to
fast, sensitively and selectively detect or analyze various biomolecules (e.g., DNA,
RNA, glucose, cholesterol, dopamine, cholesterol, protein, antigen, enzyme, glu-
tathione (GSH), and biomarkers) and the surrounding environment (e.g., pH, H,O»,
ATP) and cells (e.g., cancer cells, bacteria, virus). The readers can find out the related
contents of the mechanism and application of 2D TMDs-based biosensors in other
chapter.
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8.3 Antibacterial and Wound Repair

From ancient times, our forefathers had known that water, wine, and vinegar stored
in silver-coated containers could efficiently limit bacterial contamination [31]. With
the rapid development of modern medicine in the twentieth century, many antibi-
otics were produced to prevent bacterial infections, which led to a dramatic decline
in mortality rates all over the world. However, it was unexpected that the misuse
or long-term use of antibiotics gives rise to the uncertain outbreaks of infectious
diseases caused by drug-resistant bacteria. Thus, we are bound to seek more efficient
alternately antibacterial strategies to prevent the rise of bacterial infections.
Nanomaterials-based antibacterial agents have come into the picture in the past
decade. Compared with antibiotics, nanomaterials could inhibit the growth of bac-
teria with various mechanisms, such as the deconstruction of cell wall/membrane,
the production of reactive oxygen species (ROS), the interaction with the biologi-
cal macromolecules, the interruption of electron transport, and the release of metal
ions in bacteria [32, 33]. Not limited to nano-silver [33—-35], TMDs nanomaterials,
such as MoS, [36-39], WS, [39-42] and their composites [43—45], also show high
antibacterial activity. For example, it was reported that the antibacterial ability of
chemically exfoliated MoS, nanosheets was better than that of the untreated MoS,
powders [36]. This phenomenon may be ascribed to the larger surface area and better
electronic properties of the nanoscale MoS; sheet. The antimicrobial mechanisms
mainly include membrane and oxidation stress caused by the increased interaction
rate between MoS, nanosheets and bacteria and the production of ROS. Similarly,
Navale et al. [41] also tested the antibacterial performances of WS, nanosheets
against four bacterial strains through oxidative and membrane stress approaches.
But they found that WS, did not produce ROS, which was contradictory to the case
of its structural analog, MoS,. Notably, this outcome is consistent with the later
work by Liu et al. [42]. Under UV irradiation, as shown in Fig. 8.1, the phototoxicity
of CdS, MoS; as well as WS, nanoparticles toward Escherichia coli (E. coli) was
different (CdS > MoS, > WS,) [39]. When exposed to the same mass concentra-
tion (such as 50 mg/L) of those three nanoparticles, the inhibition ratios of E. coli
were 96.7, 38.5, and 31.2%, respectively. Different from the above-mentioned out-
comes [41, 42], WS, and MoS; could produce ROS including superoxide radical
(-O%7), singlet oxygen ('0,), and hydroxyl radical (-OH) under UV irradiation [39],
while CdS generated only -O>~ and 'O, [39]. In addition, due to the photon energy
(3.4 eV) of the incident UV light is higher than the band gap of WS, (2.1 eV) and

CdS (2.5 eV), the photocorrosion process will appear: WS, + 67T U Wot 4+ 28.
Moreover, under the irradiation of UV light, CdS and WS, could release metal ions,
but no detectable amount of Mo ion was found [39]. Thus, the dominant antibacterial
mechanism of MoS, may be ascribed to the generation of ROS, while both ROS pro-
duction and toxic metal ions release contribute to the toxic mechanism of CdS and
WS,. In addition, some TMDs-based nanocomposites also have been fabricated to
further increase the antibacterial activity. For example, Navale et al. [41] found that
reduced graphene oxide (rGO) and WS, were not able to produce -O>~ or ROS but
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Fig. 8.1 Antibacterial ability of CdS, MoS,, and WS,. TEM micrographs of E. coli cells exposed
to three sulfide nanoparticles before and after 4 h UV irradiation. (Reprinted with permission from
Ref. [39]. Copyright 2017, Elsevier.)

the rGO-WS, composite could generate both. It was shown that the higher antibac-
terial effects were observed in the group of rGO-WS, nanocomposite than solo WS,
or rGO.

The antibacterial properties of TMDs give them the opportunity to play a role in
antimicrobial therapy. For example, Yin et al. [21] fabricated a versatile antibacterial
agent based on polyethylene glycol (PEG) modified MoS; nanoflowers (PEG-MoS,
NFs) for safe and synergetic wound antibacterial applications. Firstly, the PEG-
MoS, NFs with good biocompatibility can be easily uptaken by cells. Second, the
peroxidase-like activity enables it to efficiently catalyze H,O, to produce cytotoxic
-OH, which has a higher antibacterial capacity. Besides, PEG-MoS, NFs with a
large surface area and high NIR absorption will be propitious to further improve
the bacteria-killing effects by NIR-induced hyperthermia. In mice model, the PEG-
MoS; NFs and low concentration of H,O, solutions were dropped on the wound area
of mice after bacterial infection. The wound-healing results demonstrated that the
PEG-MoS; NFs with peroxidase catalytic and NIR absorption capacities could sig-
nificantly inhibit the growth of resistant bacteria in wounds. Similarly, Huang et al.
[46] also found that silk fibroin-modified MoSe, nanosheets with low cytotoxicity
and favorable peroxidase-like ability showed rapid wound-healing efficacy in vivo.
Different from Yin’s work [21], silk fibroin-MoSe; films were posted on the skin of
infection area. Cao et al. [20] also designed an efficient and benign antibacterial depot
by the integration of Ag* and MoS, nanosheets. Compared with an equal amount
of AgNOs, the depot showed higher broad-spectrum antibacterial ability due to the
efficient release of Ag*. In addition, the antibacterial system exhibited negligible
biotoxicity, high antibacterial activities and avoided the waste of Ag. Besides wound
bacterial infection, artificial implants also provide a hospitable place for bacterial
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adherence and growth. Therefore, it is necessary to develop new-style multifunc-
tional artificial implants with excellent self-antibacterial capabilities. Feng et al. [47]
fabricated Ti implant coated with chitosan-assisted MoS, (CS@MoS;) hybrid via
electrophoretic deposition. The implant exhibited significantly antibacterial efficacy
under the combined irradiation of 660 and 808 nm light than the irradiation sepa-
rately, which might stem from the synergistic function of both !0, and hyperthermia.
After the implantation of CS@MoS,-Ti in mice, the photodynamic process can pro-
duce ROS under 660 nm visible light while the photothermal process will enhance
the temperature of the Ti implants when exposed to an 808 nm light. This research
demonstrated that TMDs-based artificial implants with novel self-antibacterial abil-
ities showed great promising for in situ disinfection.

8.4 Bioimaging

Over the past decades, TMDs have emerged as promising candidates in bioimaging
and diagnosis due to their versatile physicochemical properties including layered
structure, tunable band gaps, fluorescence properties, and low cytotoxicity. On the one
hand, TMDs can be used as imaging agents for diagnosis or imaging-guided therapy,
which have been illustrated with many works in recent years. On the other hand,
and more importantly, molecular imaging technologies, such as fluorescent imaging
(FL), PAT imaging, CT imaging, positron emission tomography (PET) imaging, and
single-photon emission computed tomography (SPECT) imaging, can be applied to
monitor the in vivo tracking, biodistribution, transportation, and clearance processes
of TMDs nanoparticles to meet the concern of drug delivery and nanosafety.

8.4.1 Fluorescent Imaging

Compared with the traditional organic fluorescent molecule, semiconductor quantum
dots (QDs) with tunable wavelength, good photostability, and high quantum yields
throw light on the development of in vivo bioimaging [7, 48-51]. Nevertheless, the
cellular toxicity of traditional inorganic QDs (such as cadmium-containing QDs)
severely restricts its biomedical applications [52]. Therefore, it is highly significant
to develop newly fluorescent nanomaterial. The emerging TMDs with easily tunable
structures and optical properties plus good compatibility show alternative potential
application for fluorescent bioimaging. Firstly, the large surface area and versatile
surface chemistry of TMDs will enable them to be good fluorescein carriers. For
examples, Cy5.5-labeled WS;-Fe;04@SiO,-PEG [53] or BSA-MoS,; [54] can be
applied for in vivo NIR fluorescence imaging to realize the visualization and local-
ization of the biodistribution of the nanocomposite in the small animal. Compared
with TMDs nanosheets, 0D TMDs QDs (e.g., MoS; QDs) with lateral sizes less than
10 nm show unique optical and electrical properties for their stronger quantum con-
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finement and edge effects [55-57]. For instance, the monodispersed MoS, QDs with
different uniform lateral diameters of ~3.5 nm [55], ~2.9 nm [56], and ~2.6 nm [57]
show fluorescence quantum yield of 9.65, 3.1, and 5.6% and fluorescence lifetime
of 4.66, 11.0, and 12 ns, respectively. Those optical features suggest that the MoS,
QDs is suitable for the applications of bioanalysis and cellular bioimaging.

8.4.2 Photoacoustic Tomography Imaging

PAT imaging is a newly developed noninvasive diagnostic imaging technology based
on the photoacoustic effects in biological tissue [58]. Compared with the traditional
optical imaging modality, this emerging PAT imaging offers remarkably increased
penetration depth and spatial resolution [59]. Therefore, PAT imaging may be con-
tributed to study the in vivo tracking of nanoparticles.

Based on the excellent NIR-absorbance performance and strong photothermal
effects, TMDs can produce thermal signals by thermal expansion or bubble for-
mation [27], which enables their suitability for PAT imaging. For example, one of
the first explorations of TMDs-based PAT imaging was published by Cheng et al.
[59]. They used WS,-PEG nanosheets as a photoacoustic agent to display its tumor
accumulation by the degree of photoacoustic signals. When the tumor-bearing mice
were intratumorally (i.t.) injected with the as-prepared WS,-PEG (2 mg/mL, 20 pL)
and subsequently imaged at different time points, strong photoacoustic signals in
the tumor region could be detected to show and visualize the efficient accumulation
of WS,-PEG nanosheets in tumor through the enhanced permeability and retention
(EPR) effect. After that, for the sake of the easy-to-fabricate feature and effective
NIR light-to-heat conversion capability, various TMDs with different morphology
and components (e.g., MoS; nanosheets [54, 60-66], MoS, nanodots [67-69], MoSe,
nanosheets [70, 71], WS, nanosheets [72, 73], WS, nanodots (Fig. 8.2) [74], TiS,
nanosheets [75], VS, nanosheets [76], ReS, nanosheets [77, 78], MoS, or WS,-based
nanocomposites [79-82], and some ternary chalcogenide nanosheets (Cu,MnS; [83]
and Ta,NiSs [84]) have also been developed for PAT imaging applications.

Fig. 8.2 TMDs-based photoacoustic tomography imaging. PAT images of tumor before and after
intravenously (i.v.) injection with WS, @PEI nanoparticles at various time points. (Reprinted with
permission from Ref. [74]. Copyright 2016, Wiley-VCH.)
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8.4.3 Computed Tomography Imaging

X-ray CT imaging is a well-established biomedical imaging technique being rou-
tinely used in various researches and clinical diagnosis [9, 28]. CT imaging is a non-
invasive bioimaging tool which provides a 3D visual reconstruction of the targeted
tissues with deep penetration and high resolution [9]. In CT imaging, the weakness
X-ray contrast signals can be enhanced and amplified by the use of contrast agents
[9, 59]. As a rule, the X-ray absorption coefficient (1) is formalized as follows:
n = (pZ*)/(AE?), where A is the atomic mass and E is the X-ray energy [28].
Therefore, CT contrast agents possessing higher density (o) or high atomic number
(Z) tend to have stronger X-rays absorbability.

As with gold and lanthanides nanoparticles-based CT imaging agents [28], TMDs
that comprise high atomic number metal elements (e.g., Mo, Ta, W, Re; their atomic
number is 42, 73, 74, and 75, respectively) have also been reported to be suitable
for CT imaging in recent years. For example, PEG [53, 59, 72, 85, 86], BSA [87],
PEI [74], hyaluronic acid (HA) [88], or polyvinylpyrrolidone (PVP) [73] modified
biocompatible WS, nanosheets or nanodots was successfully prepared for in vitro
and in vivo CT imaging. The X-ray attenuation coefficient of the W atom at 100 keV is
4.438 cm?/kg, which is higher than that of iodine (1.94 cm2/kg at 100keV) [85]. WS,
shows higher Hounsfield units (HU) value indeed when compared with commercial
iodine-based clinic used contrast agents (e.g., lohexol [85], Iobitridol [ 73], Iopromide
[59, 86, 87]) at the same concentration in those works. It is noted that the widely used
small molecular CT contrast agent, such as Iobitridol, can be rapidly cleared from
the blood within minutes [89]. Therefore, biocompatible nanoscale materials-based
CT contrast agents may have significant advantages compared with those traditional
iodine-based small molecular contrast agents.

The excellent CT contrast ability in vitro of WS, nanosheets encouraged
researchers further to pursue their in vivo CT imaging applications. For example,
BEL-7402 tumor-bearing mice were i.v. injected with PEGylated WS, QDs solution
(15 mg/mL, 200 pL) and then time-dependent whole-body CT imaging was col-
lected [86]. Before administration of WS,-PEG nanoparticles, the CT signals of the
liver, spleen, and tumor region were very weak, as shown in Fig. 8.3. In contrast, we
could observe the obvious enhancement of contrast signals in liver and spleen after
i.v. injection, suggesting the uptake of WS,-PEG nanoparticles by the reticuloen-
dothelial system (RES). After 2 h post-injections, the remarkably enhanced contrast
signals in tumorous regions were detected, which could be contributed to the gradual
accumulation of nanoparticles in tumors through passive targeting approach. Addi-
tionally, the contrast signals in the bladder were also gradually enhanced, indicating
that the ultrasmall WS, QDs might be cleared out through renal filtration and own
better biocompatible and biodegradable properties. Similarly, polymer functional-
ized ReS, [77, 78] and TaS, [89] nanosheets also can act as promising contrast
agents for CT bioimaging due to the strong X-ray attenuation performance of Re
and Ta. Besides, TMDs can conjugate with other components such as Au [90], Bi, S5
[79] or doped with Gd** ion [71, 72, 91] to realize better CT imaging effects. Those
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Fig. 8.3 TMDs-based computed tomography imaging. a Hounsfield unit values of iopromide and
WS, QDs. b CT images of tumor before and after i.v. injection of WS, QDs solution at different
time points. ¢ Corresponding HU value of CT images. (Adapted with permission from Ref. [86].
Copyright 2015, American Chemical Society.)

examples demonstrated that CT imaging could be applied to investigate the in vivo
biodistribution, transportation, and clearance processes of nanoparticles to realize
multifunction of nanomedicine.

8.4.4 Multimodal Imaging

It is worth noting that each imaging modality has its own advantages and drawbacks.
Therefore, the development of novel “all-in-one” bioimaging agents to combine
different imaging modalities is of highly desired and full of promising.

With the repaid development of molecular imaging, nanoparticles-based mul-
timodal bioimaging has become a booming trend. On the one hand, the inherent
excellent NIR-absorbance performance and strong X-ray attenuation ability endow
some TMDs with dual-modal PAT and CT imaging capability, to integrate the advan-
tages of CT and PAT imaging. For example, Miao et al. [78] prepared colloidal
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ReS; nanosheets by liquid exfoliation method for in vivo PAT and CT imaging. The
obtained PVP-ReS, nanosheets possess excellent photothermal conversion efficiency
(79.2%), which is higher than those of MoS; (24.37%) [92] and WS, (32.83%) [87].
The photoacoustic signals in the tumorous region were significantly enhanced and
reached the strongest at around 1 h after i.v. injection, indicating the efficient accu-
mulation of ReS, nanosheets via the EPR effect. In addition, the ReS, nanosheets
are also suitable for the application of CT imaging. When the tumor-bearing mice
were i.t. injected with PVP-ReS; solutions (10 mg/mL, 50 wL), an obvious con-
trast signal enhancement of the tumorous region was detected. Hence, the ReS,
nanosheets and other TMDs such as MoS, [68, 79], MoSe, [93], WS, [59, 68, 73,
74, 86, 88] with inherent versatile imaging capability can serve as a multifunctional
contrast agent for both PAT and CT imaging. On the other hand, some functional
moieties (e.g., magnetic particle, radioisotope), with other imaging capabilities, can
be modified onto the surface of 2D TMDs to realize multimodal bioimaging. As
mentioned above, PAT imaging provides useful information on in vivo tracking and
biodistribution of nanoparticles inside the tissue, while magnetic resonance imaging
(MRI) possesses high spatial resolution and excellent soft-tissue contrast effects with
a noninvasive feature. Thus, the combination of PAT and MRI imaging will further
improve the ability of diagnostic imaging. For example, Chen et al. [76] for the
first time found that PEGylated VS, nanodots could be used for T1-weighted MRI
and PAT imaging-guided photothermal therapy (PTT) due to its paramagnetism and
high NIR-absorbance feature. Meanwhile, there are many works reporting that iron
oxide (I0) [53, 62, 80, 81, 94-97] or Gd** ion [63, 71, 72, 91, 98] modified TMDs
can serve as dual-modal contrast agents for PAT and MRI imaging. Liu et al. [62]
successfully prepared iron oxide-decorated MoS, nanosheets via a sulfur chemistry
strategy to form MoS,-IO-PEG composites, which possess both the superparamag-
netic feature and T2 contrast capability. All the tumors and livers of mice after 24 h
post-injection of MoS,-10-PEG exhibited obvious darkening effects in T2-weighted
MRI images when compared to untreated mice. The results showed the effective
aggregation of MoS,-IO-PEG nanocomposites in tumors. Pan et al. [71] fabricated
Gd**-doped MoSe, nanosheets via a simple liquid phase method and then employed
this MoSe,(Gd*")-PEG nanosheets as a theranostic agent for PAT and MRI dual-
modal bioimaging and PTT. In a similar work, Gd** ions were used to enhance
the contrast action of WS, nanosheets in both MRI and CT imaging and also fur-
ther increased the efficacy of radiotherapy [72]. 2D TMDs nanosheets also can be
easily modified with radioisotope tracer including ®*Cu [62, 99], '88Re [100], ¥Zr
[101], and *™Tc** [76, 77] to enable noninvasive nuclear imaging such as PET and
SPECT imaging. For instance, ®™Tc*" ions, as a wide clinic used radioisotope tracer,
could be firmly and efficiently anchored on the surface of VS, nanosheets through
a chelator-free labeling strategy [76]. The signals of in vivo tumor SPECT imaging
were gradually increased from time after the i.v. injection of ™ Tc-VS, @lipid-PEG,
indicating the timely accumulation of nanoparticles by EPR effect. The delivery effi-
ciency of ™Tc-VS, @lipid-PEG was calculated up to 5.1 & 1.2% ID/g at 24 h [76].
It was demonstrated that nuclear imaging could help to precisely reveal the biodis-
tribution and tracking in vivo of administrated nanoparticles. In a word, taking full
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advantages of the high NIR and X-ray absorbance capabilities and functionalized
by magnetic components or radioisotope tracer, TMDs can serve as an “all-in-one”
nanoplatforms for multimodal in vivo tumor imaging including PA, CT, MRI, PET,
and SPECT imaging and imaging-guided therapy (Table 8.1).

8.5 Cancer Therapy

8.5.1 Photothermal Therapy

PTT is an invasive therapeutic modality, which typically employs external laser (usu-
ally NIR light) to cause hyperthermia within tumor tissues. Hyperthermia (41-43 °C)
can effective thermal ablate cancer cells via the change of the tumor microenviron-
ment, induction of apoptosis, and induction of gene and protein synthesis [108].
PTT also causes serious side effects to surrounding normal tissues. Moreover, PTT
is often hard to completely ablate the deep-located cancer cells due to the insufficient
penetration of laser. Thus, 2D TMDs nanosheets with better NIR light absorbance
property and excellent photothermal conversion performance will bring about an
alternative and feasible solution for promoting the efficiency of PTT.

In 2013, it was reported that MoS, nanosheets exhibited better photothermal per-
formance than that of Au and graphene and thus can be used as NIR photothermal
agents [109]. The MoS, nanosheets were chemically exfoliated via the Morrison
method. The as-prepared MoS; nanosheets have a mass extinction coefficient up to
29.2 L/(g cm) at 800 nm, which is approximately 7.8-fold of graphene oxide [3.6
L/(g cm)] [109] higher than that of gold nanorods [13.89 L/(g cm)] [110]. The in vitro
photothermal experiment showed better HeLa cells killing efficacy when incubated
with MoS, and subsequently treated with NIR irradiation (800 nm, 20 min). After
that, the application of TMDs in the field of PTT has exponentially increased. For
example, Wang et al. [111] for the first time used a versatile “bottom-up” one-pot
synthesis method to successfully synthesize PEGylated MoS, nanosheets for highly
efficient PTT. Ultrathin MoS, nanosheets with a smaller diameter were prepared
via the solvothermal procedure, which is very different from traditional “up-down”
strategy via exfoliation from bulk MoS, [59, 92, 109]. The (NH4),MoS4 was uti-
lized as a novel precursor to synchronously provide both Mo and S sources, and
PEG-400 aqueous solution was used as the solvent to control the size and enhance
the colloidal stability and biocompatibility of MoS, nanosheets. The as-prepared
MoS, nanosheets with no significant cytotoxicity were confirmed by in vitro cell
viability assay of 4T1 cells incubated with nanosheets, even at the concentration
up to 500 pg/mL. Encouraged by the better in vitro photothermal cells killing per-
formance, MoS; nanosheets also exhibits excellent antitumor efficiency in vivo,
demonstrating MoS, nanosheets have a great potential for PTT.

Like MoS,, WS, nanosheet is another representative example of the TMDs family
and also shows promising NIR photothermal agents. Cheng et al. [59] synthesized
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Table 8.1 The applications of 2D TMDs for bioimaging and cancer therapy
TMD Modification Bioimaging Therapy References
TiS, PEG PAT PTT [75]
VS, PEG, mTcH PAT/MRI/SPECT |PTT [76]
MoS, BSA, Gd** PAT/MRI PTT [63]
64Cu, Fe304, PEG PAT/MRI/PET PTT [62]
BSA MWT [102]
mPEG-PLGA, DOX, |CT/MRI MWT/chemotherapy | [95]
Fe30q4
PEG, Ce6 PAT PTT/PDT [61]
BSA FL/PAT PTT/PDT [54]
PEG, DOX PTT/chemotherapy [103]
Chitosan, DOX CT PTT/chemotherapy [92]
PEL HA, DOX PET PTT/chemotherapy [99]
Fe30y4, ICG, Pt(IV), PAT/MRI PTT/PDT/chemotherapy[81]
PEI
PEG, CpG PTT/immunotherapy | [104]
PANI, PEG PAT/CT PTT/RT [68]
Bi;S3, PEG PAT/CT PTT/RT [79]
MoSe; BSA, ICG PAT PTT [70]
PEG, Gd** PAT/MRI PTT [71]
PDA, DOX PTT/chemotherapy [105]
TaS> PEG, DOX CT PTT/chemotherapy [89]
WS, PEG PAT/CT PTT [59]
PVP PAT/CT PTT [73]
BSA, MB CT PTT/PDT [87]
Fe3;04, PEG, DOX FL/CT/MRI PTT/chemotherapy [53]
PEL siRNA PAT/CT PTT/gene therapy [74]
LA-PEG PAT/CT PTT/RT [86]
PEG, '83Re SPECT PTT/RT [100]
PEG, Gd** PAT/CT/MRI PTT/RT [72]
Fe304, sSi0,, FL/PAT/MRI PTT/RT [97]
MnO,, PEG
HA, PANI, Ce6 FL/PAT/CT PTT/PDT/RT [88]
WSe; BSA, MB PTT/PDT [106]
ReS, PVP PAT/CT PTT [78]
BSA, RSV, FA PTT/chemotherapy [107]
PEG, 99mTc4+ PAT/CT/SPECT | PTT/RT [771

MB methylene blue; BSA bovine serum albumin; RSV resveratrol; FA folic acid; PVP
polyvinylpyrrolidone; PDA polydopamine; PLGA poly(p,1-lactide-co-glycolide acid); /CG indo-
cyanine green; HA hyaluronic acid; PANI polyaniline; Ce6 chlorin e6; CpG cytosine-phosphate-
guanine; MWT microwave thermal therapy; 7f-SH thiol-functionalized transferrin
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PEGylated WS, nanosheets with strong NIR-absorbance performance for in vivo
CT and PAT imaging-guided PTT. The WS,-PEG nanosheets with the diameter of
50-100 nm and thickness of ~1.6 nm were revealed by TEM and AFM, respectively.
The mass extinction coefficient of the as-prepared PEGylated WS, nanosheets was
calculated to be 23.8 L/(g cm) at 808 nm. Compared to the uncoated WS, nanosheets,
PEGylated WS, nanosheets have better biocompatibility with no significant cyto-
toxicity, making it suitable for further biomedicine application. The excellent in vivo
photothermal antitumor outcome was achieved in the group of treated with WS,-
PEG solution (2 mg/kg of i.t. injection, 20 L) and NIR laser (808 nm, 0.8 W/cm?,
5 min). The tumor surface temperatures rapidly increased from ~30 to ~65 °C within
5 min. As aresult, the treated tumors have been completely inhibited without obvious
reoccurrences and the mice survived over 45 days. The PVP-ReS; nanosheets with
ultrahigh photothermal conversion efficiency (79.2%) were also found to remarkable
ablate and eradicate the tumors without recurrence [78]. In addition, Li et al. [112]
were the first to discover that chemically exfoliated WS, nanosheets could not only
efficiently inhibit AP aggregation due to the selective adsorption of Af monomers on
the surface of WS, nanosheets through van der Waals and electrostatic interactions
but also cross the blood-brain barrier (BBB) and dissociate preformed A aggregates
upon NIR irradiation. Moreover, a similar work further confirmed the inhibition of
AP aggregation by MoS, and found that MoS, nanoparticles could block the AB-
formed Ca2* channel and maintain the calcium homeostasis [113]. These phenomena
will open a new avenue for PTT of Alzheimer’s disease and enlarge the biological
application fields of WS, nanosheets.

The photothermal conversion efficiency of many TMDs (such as those mentioned
above, MoS, [109] and WS, [59]) was experimentally investigated only based on
the optical part and described by the mass extinction coefficient, which reflects the
wavelength-selective absorbing feature and the absorbance capability of nanopar-
ticles [78, 114]. However, the photothermal conversion performance of an agent
mainly depends on two independent factors: the mass extinction coefficient (¢) and
photothermal conversion efficiency (1) [78, 115]. Photothermal conversion efficiency
often represents the ability of the conversion from light energy to heat energy [78].
Therefore, many works also studied the photothermal conversion efficiency of TMDs,
which was shown in Table 8.2. For example, MoSe, nanosheets have revealed a pho-
tothermal conversion efficiency of 57.9% [116], which is higher than that of MoS,
(24.37%) [92], Nb,C nanosheets (36.4%) [115], Ta;Cs nanosheets (44.7%) [117],
black phosphorus (BP) QDs (28.4%) [118], and Au nanorods (21%) [119-121].
Besides the typical MoS, [23, 62-64, 67, 69, 80, 109, 111, 122—-133] and WS, [73,
85, 134-136], many other TMDs (e.g., MoSe; [70, 71, 93, 116, 132, 137, 138], TiS,
[75, 139], SnS [140], VS, [76], ReS, [78]) with different component and surface
chemistry also have been demonstrated as efficient NIR light-driven agents for PTT.

Although the TMDs-based photothermal agents have achieved remarkable anti-
tumor efficacy in PTT, some heat-resistant cancer cells are hard to be eradicated by
PTT alone. It is infeasible to directly increase the laser power, which will inevitably
damage to the surrounding healthy tissue. On account of the heat resistance of cancer
cells stem from the intrinsic heat shock response, we can develop novel strategies
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Table 8.2 The photothermal conversion performance of various agents including traditional pho-
tothermal agents and novel 2D nanomaterials

Material Photothermal Mass extinction Wavelength (A, nm) | References

conversion coefficient [¢,

efficiency (n, %) L/(g cm)]
TiS, - 26.8 808 [75]
VS, 31.5 22.6 808 [76]
MoS, 24.37 29.2 808 [92, 109]
MoSe; 57.9 11.1 808 [116]
MoTe, 33.8 3.15 808 [141]
SnS 36.1 16.2 808 [140]
TaS> 39 - 808 [89]
WS, 32.83 21.8 808 [87]
WSe; 35.07 - 808 [106]
ReS, 79.2 4.35 808 [78]
Ti3Cy 30.6 25.2 808 [142]
Nb,C 36.4 37.6 808 [115]
TasCs 44.7 4.06 808 [117]
TapNiSs 35 25.6 808 [84]
BiSes 34.6 11.5 808 [143]
BP QDs 28.4 14.8 808 [118]
Nano-rGO - 24.6 808 [144]
Au 21 13.9 808 [120]
nanorods

to inhibit the production of heat shock proteins (HSPs) (such as Hsp70 and Hsp90)
by regulating the related genes expression [74, 126, 145, 146]. For example, Zhang
et al. [74] decorated a positively charged polyetherimide (PEI) onto the surface of
MoS; to efficient carrying negatively charged survivin-siRNA. Firstly, hyperthermia
could increase cell membrane permeability and thus enhance the cellular uptake of
the as-prepared WS, @PEI-siRNA nanocomposite. Then, the silencing of survivin
could downregulate the Hsp70 expressions, making heat-resistant cancer cells more
susceptible to PTT. As aresult, all the WS, @PEI-siRNA involved in vitro and in vivo
experiments showed a remarkable synergistic GT/PTT efficacy (Fig. 8.4). Besides the
regulation of genes expression by loading siRNA onto WS,, using protein inhibitor
to disturb the function of Hsp90 also a feasible approach to enhance PTT efficacy.
Ariyasu and Mu et al. [126] utilized CS@MoS; as a carrier to load cyclic peptide
sequence (Cype), which could specifically bind to N-middle domain of intracellular
Hsp90. The as-prepared CS @MoS,-Cype nanocomposite could effectively induce
tumor ablation through the process of necrosis and enhance apoptosis under 808 nm
NIR light irradiations, resulting in significant enhancement of photothermal treat-
ment.
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8.5.2 Microwave Thermal Therapy

The employ of nanomaterials to induce localized heating within tumor tissue for the
thermal ablation of cancer cells is a general strategy in nanomedicine, mainly includ-
ing three approaches: the absorption of NIR light, magnetically induced heating, and
radiofrequency ablation [147]. In the above-mentioned section, we can conclude that
the applications of TMDs in PTT usually rely on the external incident light, especially
the NIR light due to the strong absorption by agents, high tissue penetration depths,
and low absorption of hemoglobin and water in the region around 650-900 nm
[148]. In the photothermal process, light induces the generation of hyperthermia
to ablate cancer cells. Different from light-mediated PTT, the hyperthermia situa-
tions in microwave thermal therapy (MWT) are triggered by external radiofrequency
(microwave) irradiation. The clinic translation of PTT is limited by the penetration
depths of NIR light (typically 1-3 mm [149]), while microwave possesses a deeper
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tissue penetration, faster heat generation, and wider ablation zones [102]. Moreover,
the microwave has been proofed as a friendly heat source to be applied for tumor
ablations in clinical [95, 150].

Recently, TMDs have also been found to be suitable for MWT. For example, Wang
et al. [102] successfully synthesized layered MoS, NFs via a hydrothermal process
for cancer MWT for the first time. The MoS, NFs was then modified by bovine
serum albumin (BSA) to improve its biostability and biocompatibility. The average
temperature of solutions was rapidly increased to as high as 42 °C after treated with
microwave (1.8 W, 450 MHz) for 1 min and 53 °C for 5 min. In the animal experi-
ment, ICR mice were i.t. injected with BSA-MoS, NFs (20 mg/kg) and then irradiated
by microwave for 5 min in the tumor region after two hours injection. Tumors on
mice were completely eliminated after microwave treatment, preliminary demon-
strating the as-prepared layered BSA-MoS, NFs have the potentials to be promising
microwave hyperthermia sensitizers for cancer MWT. After that, Tang and Fu et al.
[95] developed biocompatible mPEG-PLGA microcapsules with doxorubicin (DOX)
hydrochloride (DOX-HCl), MoS, nanosheets and Fe;O4 nanoparticles encapsulated
for MRI/CT dual-modal imaging-guided microwave-induced tumor therapy. These
microcapsules possess at least seven advantages include: (1) easy to prepare; (2)
hybrid organic-inorganic composites, biocompatible, degradable, and no significant
toxicity; (3) superselective arterial blocking; (4) superior microwave sensitive prop-
erty; (5) controlled release DOX-HCI under the microwave irradiation; (6) in vivo
MRI/CT dual-modal imaging; (7) synergetic chemotherapy and MWT. Following
up this work, the same research group [151] performed a systematic study of MoS,-
mediated microcapsules (MSMC)-based microwave embolization agents for large
orthotopic transplantation tumor therapy. To eradicate the large orthotopic trans-
plantation tumor, a novel microwave embolization agent was prepared by enclosing
MoS; nanosheets in the sodium alginate microcapsules. This agent not only has a
good biocompatibility and body-clearable but also exhibits excellent embolic and
microwave susceptible properties. Moreover, as shown in Fig. 8.5, microcapsules
can be dispersed in the margin of tumors after the arterial injection and then induce
the embolic effect on the blood vessels, which remarkably increases the microwave
ablation efficiency by reducing heat loss and cutting off the feeding of nutrition
[151]. The results show that the ablation zone was enlarged 5 times compared to
the microwave alone group. The excellent antitumor efficacy was contributed to the
synergistic therapy of enhanced MWT and transcatheter arterial embolization.

8.5.3 Photodynamic Therapy

Photodynamic therapy (PDT) is a clinically approved, minimally invasive therapeutic
method [152]. PDT procedure requires three important components: photosensitizer
(PS), light, and oxygen [152]. In the presence of oxygen and under light irradiation,
the administrated photosensitizing molecules absorb the light energy to produce toxic
ROS (e.g., '0,) to kill cancer cells and induce the inflammatory reaction. But the
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Fig. 8.5 TMDs-based microwave thermal therapy. a Schematic illustration of the MSMC used for
the microwave ablation and the chemoembolization therapy. b The simulated microwave suscepti-
bility for MSMC under the microwave irradiation. ¢ Digital subtraction angiography images of the
liver before and after embolization of MSMC. d Tumor tissues removed from the mice. (Adapted
from Ref. [151]. Copyright 2017, The Royal Society of Chemistry.)

efficacy of PDT is hindered by the tissue penetration depth of external light, the
insufficient water-solubility of PSs, the targeting delivery of PSs, and the efficiency
of ROS generation. For example, the hypoxic tumor microenvironments attenuate the
production of singlet oxygen in a photodynamic process and hence reduce therapeutic
efficacy. The combination of PTT with PDT may be a novel and feasible strategy
to tackle the problems. PTT-caused hyperthermia may soften microvasculature and
then increase intratumoral blood flow, which further transports more oxygen into the
tumor to improve PDT efficiency [25, 90].

2D TMDs, as a kind of excellent photothermal agent, possess great promising for
the combination of PTT and PDT. For example, 2D TMDs have large surface areas,
which endow them as photosensitizer carriers to load and delivery molecular PSs. In
addition, 2D TMDs-mediated PTT can enhance PDT efficiency by increasing intra-
tumoral oxygen concentrations as well as by promoting the cellular delivery of PSs.
Moreover, TMDs own the tunable size and optical properties, which endue them with
unique photosensitive behaviors. It is reported that the ultrasonic-exfoliated MoS,
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nanodots can produce massive toxic 'O, upon a light irradiation [39, 54, 153], even
higher than commercial photosensitizer PpIX [154]. BSA-coated MoS, nanosheets
have also been found to be a photosensitizer for the in vivo NIR light (808 nm)
triggered photodynamic cancer treatment [54]. Most importantly, the combination
of PTT and PDT can promote the cancer killing efficiency in a synergistic manner.

Yong et al. [87] pioneered the utilization of TMDs for PTT/PDT combined therapy.
Water-soluble BSA modified WS, nanosheets were prepared by a H,SO4 exfolia-
tion strategy. Methylene blue (MB) molecules, a common photosensitizer, were then
loaded onto the surface of the as-prepared BSA-WS,. The greatest HeLa cell prohi-
bition was observed when incubated with BSA-WS, @MB and exposed to an 808 nm
laser (1 W/cm?, 15 min) and then a 665 nm LED lamp (50 mW/cm?, 5 min). MB
could efficiently product singlet oxygen under irradiation in a controllable manner.
The synergistic effects may be ascribed to WS,-based PTT and MB-based PDT. Not
long after, the first 2D TMD-based PDT/PTT combined therapy in the animal model
was reported by Liu et al. [61]. The chlorin e6 (Ce6) was selected as the photosensi-
tizer and physically adsorbed onto the surface of MoS, nanosheets. The as-prepared
MoS,-PEG/Ce6 nanocomposites could remarkably increase the intracellular uptake
of Ce6 molecules because mild hyperthermia could increase cell membrane perme-
ability. The cancer cell growth was significantly inhibited upon the separate exposure
of laser with wavelengths at 808 nm (0.45 W/cm?, 20 min) and 660 nm (5 W/cm?,
20 min). In similar works, MB-loaded WSe,-BSA complexes (Fig. 8.6) and PEG-
MoS;-Au-Ce6 nanocomposites also demonstrated to be the promising therapeutic
agent for the combination of phototherapy [90, 106].

To increase the release of photosensitizers, a pH-sensitive charge-convertible
peptide [LA-K11(DMA)] was modified on the surface of MoS, nanosheets and sub-
sequently loading a positively charged photosensitizer (toluidine blue O, TBO) [155].
Under acidic conditions (e.g., tumor microenvironment), the negatively charged LA-
K11(DMA) peptide was converted into a positively charged one, reducing the interac-
tion between TBO and MoS,. Moreover, light-induced hyperthermia could promote
the release of TBO, leading to a synergistic tumor therapy. In addition, the pro-
motion of the targeting ability of photosensitizers is also of great importance for
PDT [156, 157]. Herein, folic acid (FA) was selected to be decorated on the surface
of MoS,-UCNPs to form a tumor-targeting nanocomposite [157]. To study the tar-
get specificity of the as-prepared MoS,-UCNPs-FA/ZnPc, two types of FR-positive
cells and one type of FR-negative cell were incubated with MoS,-UCNPs/ZnPc or
MoS,-UCNPs-FA/ZnPc, respectively [157]. Strong ZnPc fluorescence was observed
in the group of FR-positive cells incubated with MoS,-UCNPs-FA/ZnPc, while FR-
positive cells incubated with MoS,-UCNPs/ZnPc, and all FR-negative cells emitted
negligible ZnPc red fluorescence. These results accelerated the application of 2D
TMDs-based nanoplatforms in phototherapy.
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Fig. 8.6 TMDs-based photodynamic therapy. Schematic illustration of the MB-loaded WSe>-BSA
nanosheets for combined PTT/PDT therapy. (Reprinted from Ref. [106]. Copyright 2017, The Royal
Society of Chemistry.)

8.5.4 Chemotherapy

Chemotherapy, which utilizes chemotherapeutic drugs for the inhibition and dam-
age of cancer cells, is one of the widely used antitumor approaches in clinical [25].
However, chemotherapy or drugs also meet some shortcomings, such as drug resis-
tance, drug efflux, short circulation time, low specificity or selectivity, insufficient
drug-controlled release nanocarriers.

Recent years, 2D TMDs nanomaterials have been demonstrated to be an efficient
promoter of chemotherapy. Firstly, TMDs with an ultrahigh surface area and versatile
surface chemistry will enable them to feasibly link and delivery drugs. Then, TMDs,
as an excellent photo-absorb agent, could trigger the smart drug release at the desired
site and time in an external light-controlled manner. In addition, hyperthermia can
improve the sensitivity of cancer cells to drugs and increase the drug uptake and
accumulation. Moreover, the combination of PTT and chemotherapy can obtain an
enhanced synergistic antitumor effect. Therefore, it is necessary to develop the novel
and smart NIR light-responsive drug-controlled release systems for chemotherapy.

In the last decade, various NIR light and pH-responsive drug-controlled release
systems based on 2D TMDs have been successfully developed [53, 82, 89, 92, 94,
96, 103, 105, 107, 141, 158-163]. For example, as shown in Fig. 8.7, Yin et al.
[92] employed CS@MoS, as DOX carriers to construct a NIR light-triggered drug
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release system for effective cancer treatment. The DOX loading data showed that the
saturated loading rate of CS@MoS, was up to ~32% at pH 8.00. In the presence of
808 nm laser irradiations (0.8 W/cm?, 10 min), 12.4% DOX was released within 1 hin
PBS buffer (pH 5.00); while only ~6% DOX was measured without irradiation. This
feature will be beneficial to the release of DOX in the acidic tumor microenvironments
under external irradiation. In addition, only 0.2% of DOX was released in the next
hour in the absence of laser. The accumulated release of DOX was up to 38%, while
80% of DOX was released when the laser power increases to 1.4 W/cm?. It means
that the release of DOX was in a pH and light-controlled manner.

In a similar work, PEG-TaS,-DOX could also realize the controlled drug releases
triggered by NIR light, and moderate acidic pH, leading to the accumulation of drugs
[89]. After arriving at the mild acidic tumor microenvironment, those nanoplatforms
could effectively release the chemotherapeutic drugs and synergistically damage the
cancer cells under the irradiation of external NIR laser.
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To realize the slow release of drug and reduce its systemically side effects, Wang
et al. [65, 66, 164] designed a series of injectable MoS, and drug co-encapsulated
implant for NIR light-triggered synergistic PTT and chemotherapy. For example,
they fabricated a PLGA/MoS,/DOX (PMD) oleosol by homogenizing Poly(lactic-co-
glycolic acid) (PLGA), MoS,, and DOX together into N-methylpyrrolidone (NMP)
[164]. The release of encapsulated DOX was relatively slow at pH 7.4 as well as at
acidic pH condition (pH 5.4) due to the shielding effect of hydrophobic of PLGA.
Howeyver, in an acidic solution, the DOX release rate was increased from 8.7 to
31.8% in the light-treated group [164]. Moreover, the PMD hydrogel could restrain
their access to body fluid circulation. Such a pH/light dual-stimuli-responsive drug
release implant significantly enhanced cancer therapeutic efficacy and mitigated the
side effects on normal tissues.

In addition, the chemotherapeutic effects are often reduced by low specific deliv-
ery. To address this problem, Liu’s group designed a novel targeting approaches based
on MoS;-mediated disulfide chemistry for drug-targeted chemotherapy [165-167].
The copolymer P(OEGA)-b-P(VBA-co-KH570) (POVK) was modified on the
surface of MoS, nanosheets and subsequently loaded with DOX [165]. Then,
thiol-functionalized transferrin (Tf-SH) was selected as the targeting ligand and
anchored onto the surface of MoS, through disulfide bonds (—S—S), which could
be easily cleaved in the presence of the reductive intracellular GSH. The as-
prepared DOX-POVK-MoS,-Tf nanocomposites showed good stability in physi-
ological condition but rapidly release DOX upon the synergistic trigger of GSH and
acidic conditions. The excellent in vitro antitumor outcomes demonstrated that the
transferrin-decorated MoS,-enabled nanocarriers are promising for targeting chemo-
photothermal therapy.

8.5.5 Immunotherapy

Activating the body’s own immune system for targeting and eradicating cancer cells
has long been a goal in immunology [168]. After decades of development, cancer
immunotherapy comes of age and has been regarded as the fourth most important
cancer therapy modality, after surgery, radiation therapy, and chemotherapy [168,
169]. As an emerging tumor treatment strategy, cancer immunotherapy offers advan-
tages to patients that include higher overall response rates, promoted durable anti-
tumor responses, reduced metastasis, recurrence, decreased side effects, and better
tolerance for some special patients more than traditional treatments [169, 170].
Nano-delivery systems hold great potential for further improving the efficiency of
cancer immunotherapy due to their versatile physiochemical properties and advan-
tages in efficient tissue-specific delivery, enhanced tumor microenvironment respon-
siveness [170]. Various types of nanovehicles (e.g., inorganics [171], nanoscale
metal-organic frameworks (nMOFs) [172—-174], polymers [175], liposomes [176],
DNA hybrid [177]) have been studied for anti-metastatic cancer immunotherapy. But
up to now, the TMDs-based immunomodulators are relatively scarce. Pardo et al.
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[178] reported that WS, nanotubes (INT-WS;) and inorganic fullerene-like MoS,
(IF-MoS,) nanoparticles could induce low levels of the proinflammatory cytokines
IL-1p, IL-6, IL-8, and TNF-a in human bronchial cells and activate the antioxidant
response. Owing to the excellent photothermal performance and delivering capability
of TMDs, Han and Wang et al. [104] found that cytosine-phosphate-guanine (CpG)
and PEG-functionalized MoS,-PEG-CpG nanoconjugates could disturb the prolifer-
ative activity of 4T1 cells upon NIR irradiation (808 nm, 2 W/cm?, 10 min), realizing
in vitro photothermal-enhanced cancer immunotherapy. The negatively charged CpG
was hard to cross the cell membrane and could be easily biodegraded by nucleases,
making it difficult to cross the cell membrane [104]. Fortunately, MoS, nanocarriers
can efficiently promote the intracellular accumulation of CpG and then increase DC
(dendritic cells) maturation and TNFa generation, and finally improve the immune
response level. The results demonstrated that TMDs-based NIR light-responsive
nanovehicles could specifically eradicate tumor-associated immune cells or induced
an inflammatory immune response by activating killer T cells [179]. Those prelim-
inary studies will stimulate the development of nanomaterial-based photo-triggered
cancer immunotherapy.

8.5.6 Radiotherapy

Radiotherapy or radiation therapy (RT), as an important procedure for many types
of cancer, employs ionizing radiation to kill cancer cells [25, 180]. The high energy
ionizing radiations in radiotherapy can directly damage intracellular DNA to cause
its structural and functional changes and simultaneously indirectly break DNA by
the free radicals. In the indirect process, the water and biomolecules are dissociated
by ionizing radiation to generate toxic-free radicals including ROS. However, RT
also has some drawbacks, such as the requirement of elevated doses, the side effects
to normal tissue, and the radioresistance of hypoxic cancer cells [29, 180].

With the development of emerging nanomedicine, two feasible approaches come
into being to enhance the efficiency of RT [25]. Since the high Z element possesses
strong X-ray attenuation ability, the first strategy is to improve the effectiveness
of external ionizing radiation by using nanoradiosensitizers which contain elements
with high atomic number (e.g., Au, Gd, Hf, Ta, W, Bi) [29]. The high Z element could
increase energy deposition and then generate secondary and Auger electrons, which
can efficiently cause DNA damages and suppress cell growth [72, 77, 100]. The other
is to modulate tumor microenvironment (e.g., hypoxia, H,O,, low pH) or disturb
cellular biochemical process (e.g., cell cycle, DNA repair) by using multifunctional
nanoparticles [29, 181]. For example, hyperthermia not only can directly kill cancer
cells but also inhibit the repair of damaged DNA by inducing protein aggregation
[146]. In addition, as mentioned above, hyperthermia can increase intratumoral blood
flow, which may relieve the hypoxic microenvironment, making cancer cells more
susceptible to radiation [146]. Moreover, hyperthermia can damage the cancer cells
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which are resistant to ionizing radiation. Hence, the combination of PTT and RT may
be a feasible approach to improve the therapeutic effects of RT alone.

Some TMDs (e.g., MoS, [68], WS, [72, 86, 88,97, 100], ReS; [77]) with strong X-
ray attenuation ability have the potential for facilitating the combination of PTT and
RT into one system. For example, Yong et al. [86] designed biocompatible WS,-PEG
with ultrasmall size (3 nm) via a facile H,SOy4 exfoliation strategy. The as-prepared
WS,-PEG possesses good water-solubility, low cytotoxicity, high absorbance in the
NIR region, and more importantly, strong X-ray attenuation performance. After the
treatment of NIR light plus X-ray radiation, the remarkable DNA breaking was
observed in the group of 4T1 cells incubated with WS,-PEG, as shown in Fig. 8.8.
Encouraged by the excellent outcomes of in vitro experiment, the tumor-bearing mice
were i.t. injected with WS,-PEG solutions and then treated with PTT and RT sepa-
rately. Three weeks later, tumor growth in the treated group was significantly delayed.
In addition, the Liu group also reported the use of PEGylated WS, nanocomposites
(e.g., Gd3+-doped WS,-PEG [72], MnO; coated WS, @Fe3;04/sSi0, [97]) as mul-
tifunctional agents for RT involved combination cancer therapy. In those works, W
and Gd atoms strongly deposit X-ray energy to promote the generation of toxic ROS
for radiosensitization. Besides, the catalytic MnO, with pH-responsive ability can
decompose tumor endogenous H,O, and relieve tumor hypoxia to further reverse the
radioresistance of hypoxic cancer cells. WS;-mediated PTT could also effectively
kill the radioresistant cancer cells, leading to the remarkably PTT-enhanced RT thera-
peutic effects. Differ from external-beam radiation therapy, radioisotope ions labeled
WS,-PEG ('#Re-WS,-PEG) could realize “self-sensitization” to enhance the syner-
gistic effects of PTT and internal radioisotope therapy without the demand of external
X-ray source [100]. After the treatment, the tumors were gradually eradicated and
the mice survived for more than 60 days.

8.5.7 Radioprotection

Although radiotherapy is a widely used and highly effective treatment for cancer
therapy, it also causes inevitable damage to healthy tissues in the body. Radioprotec-
tion, which makes use of radioprotectants to protect healthy tissues from radiation
damage, is becoming increasingly important [182, 183]. There is an urgent demand
for designing highly efficient radioprotectants to relieve the pain of patients.
Ionizing radiation can directly damage cellular DNA and indirectly damage DNA
by the generation of cytotoxic free radicals. On this account, the strategy of radiopro-
tective often originates from the scavenging of free radicals. Different from radiosen-
sitizers, which aim to improve the generation of free radicals in tumor tissues, radio-
protectors provide a feasible approach to shield healthy tissues from radiation dam-
age. The most remarkable radioprotectors are the sulfthydryl (SH) compounds, such
as cysteine and cysteamine, which could protect animals from total body exposure to
irradiation [184]. Amifostine, which is the first selective-target and broad-spectrum
radioprotector [184, 185], has been used as a protector for radiotherapy as well as
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chemotherapy due to its quick accumulation in normal tissues and little penetration
into tumors [184]. But the side effects and short blood circulation half-life [186] of
amifostine seriously impede its extensive uses. Therefore, it is of great importance
to developing more ideal radioprotectors to address these critical challenges.

The emerging nanobiotechnology provides such an opportunity for developing
alternative radioprotectors [ 183]. Ceria (CeO;) nanoparticles are one of the most rep-
resentative nanoradioprotectors revealed to show remarkable free radical scavenging
performance and radioprotection effects in vivo and in vitro [187-190]. In addition,
some carbon nanomaterials (e.g., bamboo charcoal [191], multiwalled carbon nan-
otubes [192], graphene [193], graphdiyne [182]) also have free radical scavenging
ability for radioprotection. Yim et al. [194] deeply studied the ROS scavenging
mechanisms in vitro of TMDs nanosheets based on experimentally ROS detections
and theoretically simulations. They thought that the radical-mediated oxidation of
TMDs and hydrogen transfer from the oxidized TMDs to radicals were the two main
steps involving ROS scavenging. Recently, the Zhang group pioneered the study of
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Fig. 8.9 TMDs-based radioprotection. Schematic illustration of the radioprotective process of the
ultrasmall MoS>, WS», and WSe; nanodots. (Reproduced with permission from Ref. [196]. Copy-
right 2017, American Chemical Society.)

TMDs-based radioprotectors for radioprotection in vivo [195-197]. For example,
they designed ultrasmall cysteine-protected MoS; dots with high catalytic properties
as radioprotectants. The electrochemical measurements showed that the as-prepared
cysteine-protected MoS, dots exhibit strong in vitro catalytic activities for H,O,
and oxygen reduction reactions. The catalytic capability of the ultrasmall MoS,
dots might stem from its size effect and surface atomic defects. The A31 cells were
incubated with cysteine-MoS, dots in different concentrations and then exposed to
various gamma radiation doses. At the same doses of radiations, the survival rates
of cells were significantly increased with increasing cysteine-MoS, concentrations,
suggesting an efficient protective phenomenon against external radiation damages
in vitro. The tail moment experiments showed effectively DNA repair in the cysteine-
MoS, dots-treated group. The reason is that the catalytic properties enable MoS, dots
to scavenge free radicals via rapid reactions with -O,~ and H,O, and thus reduce
DNA damage. It is well known that radiation can destroy healthy cells in the body,
especially bone marrow cells and cells in the gastrointestinal tract [198]. So, we
can assess the level of in vivo radioprotection by analyzing the DNA concentrations
of bone marrow cells. After 7 days post-exposure to radiation, the total DNA in
bone marrow cells and bone marrow nucleated cells recovered to the health level in
the MoS,-treated group, resulting in the enhanced surviving fraction of mice. It is
worth to note that cysteine with SH group also can scavenge free radical and repair
DNA, which is mentioned above. But the author observed only a low survival rate
of cysteine-treated mice, clearly indicating that the principal radioprotection effects
originated from MoS, instead of cysteine. Similarly, they also developed highly cat-
alytic ultrasmall (sub-5 nm) cysteine-protected WS, [196] and WSe; [197] dots with
renal clearance to scavenge free radicals for radioprotection (Fig. 8.9).
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8.5.8 Combination Therapy

The current trend in nanomedicine has gradually shifted from monotherapy to combi-
nation therapy for enhanced treatment efficacy [199]. In Table 8.1, we can conclude
that significant progress has been achieved in 2D TMDs nanomaterials-mediated
multimodal combination therapy in the recent decade. Since their multifunctional
physicochemical properties, such as high surface area, versatile surface chemistry,
excellent photothermal conversion efficacy, and strong X-ray attenuation ability,
2D TMDs can be designed on demand for the combination of diagnostic applica-
tions (e.g., FL, PAT, CT) and therapeutic applications including PTT, MWT, PDT,
chemotherapy, and RT. The combined therapy can not only overcome the shortcom-
ing of monotherapy but also may obtain the remarkable superadditive (namely “1 +
1 > 27) effects in the battle against cancer.

8.6 Tissue Engineering

Tissue engineering aims to develop biological substitutes that restore, maintain, or
improve damaged tissue and organ functionality [200]. During the past ten years,
multifunctional nanomaterials have been served as alternative biomaterials to tradi-
tional implants and recognized as promising candidates for bone, vascular, neural,
and bladder tissue engineering applications.

As a new type of inorganic biomaterials analogous to graphene, TMDs not only
attract extensively interest in bioimaging and cancer therapy but also show great
potentials for tissue engineering although research works in this field are only at a
beginning stage. On the one hand, TMDs with versatile physicochemical properties
can act as reinforcing agents within biopolymers. Due to the high Young’s modulus
and functional group, WS, nanotubes have been utilized to increase and reinforce the
mechanical properties of biodegradable poly(propylene fumarate), which is widely
investigated for bone tissue engineering [201]. In addition, the atomic defects of 2D
MoS; (mostly due to sulfur vacancies) can offer a facile binding center for four-
arm poly(ethylene glycol)-thiol (PEG-SH) via covalent conjugation, forming a high-
water content gel [202]. The hydrogel obtained from vacancy-driven gelation exhibits
better cytocompatibility and elastomeric and robust mechanical behavior. On the
other hand, TMDs reinforced nanofibers or scaffolds with excellent biocompatibil-
ity and various fascinating properties can be applied to tissue engineering, especially
stem cells proliferation and bone regeneration. It is well known that electrospinning
is a simple yet effective approach to fabricate ECM-like nanofibrous materials with
desirable performances for tissue engineering [203]. For example, prepared by elec-
trospinning technology, as shown in Fig. 8.10, the polyacrylonitrile/MoS, composite
nanofibers showed low cytotoxicity and natural ECM-like structure [203]. Moreover,
they could guide effective adhesion and differentiation of bone marrow mesenchymal
stem cells (BMSCs) on nanofibers. This phenomenon indicated that the as-prepared
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Fig. 8.10 The use of TMDs for tissue regeneration. a Schematic illustration of the fabrication of
MoS, composite nanofibers by electrospinning technology. b SEM images of MoS, composite
nanofibers with 40% MoS, (w/w). ¢ Alkaline Phosphatase activity of BMSCs cultured on different
MoS, composite nanofibers in various incubation periods. d SEM images of BMSCs cultured on
20% MoS; composite nanofibers on day 3. (Reproduced with permission from Ref. [203]. Copyright
2017, American Chemical Society.)

MoS; nanofibers could promote the growth of stem cells and positively regulate
cellular proliferation and osteogenic differentiation. Similarly, nanostructured MoS,
also has the potential to promote the differentiation of neural stem cell (NSC) and
the maturation of neurons.

Wang et al. [22] designed nanostructured MoS; thin films (MTFs) on glass slides
via a bottom-up hydrothermal process. When seeded and cultured NSCs on an MTF,
they found that biocompatible MTFs played important roles in promoting cell attach-
ment on films and directing NSC differentiation. Motivated by their comparable per-
formance than tissue culture plate, these MoS, thin films were then used to assemble
with an electrospun PVDF support substrate matrix to construct 3D living conduit
scaffolds for nerve regeneration. 3D bioprinting is another emerging popular tech-
nique to fabricate extracellular matrix biomaterials for tissue engineering including
bone regeneration in recent decades [204]. For example, Wang et al. [23] for the
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first time reported a bifunctional 3D-printed bioceramic scaffold for simultaneous
tumor therapy and tissue regeneration. The as-fabricated porous scaffold with good
biocompatibility comprised two functional parts: akermanite (Ca,MgSi,O) as the
matrix material for osteogenesis and angiogenesis, and MoS, nanosheets as pho-
tothermal agent for NIR tumor ablation. After implanting the hybrid scaffolds into
the center of tumors and then exposed to an 808 nm laser, the temperature in tumor
tissue rapidly increased to ~50 °C. Moreover, akermanite contained scaffolds could
contribute to the attachment, proliferation, and osteogenic differentiation of BMSCs
and promote bone regeneration in the rabbit model, indicating that the scaffolds have
the potential to act as bioactive materials for bone regeneration. This studies provide
a promising strategy to overcome tumor-induced bone defects and opens a new way
for the combination of tumor therapy and tissue engineering by using TMDs-based
multifunctional inorganic nanomaterials.

8.7 Medical Devices

Since TMDs possess versatile promising physicochemical properties, such as elec-
trical, mechanical, and catalytic property, it has attracted significant attention partic-
ularly in biomedical devices for many types of diseases.

Medical strips, such as woundplast, are the most commonly used external medi-
cation. Strips usually consist of rubberized fabric and infused therapeutic drugs for
hemostasis, wound antibiosis and skin infection, and so on. Recently, nanotechnol-
ogy has shown the potentials to revolutionize traditional medical strips. For example,
some nanomaterials with enzymatic property (e.g., peroxidase) have been success-
fully used to fabricate strips for effective and sensitive detecting HINT1 virus [205].
Cao et al. [20] infused the cysteine-MoS, with Ag* ions and then coated with a layer
of cationic polyelectrolyte to fabricate an antibacterial depot for wound disinfection
in vivo (Fig. 8.11). The biocompatible MoS, nanosheets not only possess antibacte-
rial ability [21] but also can efficiently adsorb Ag* and then release it to the cell walls.
Inspired by Cao’s work [20], MoSe, hybrid nanosheets were twined by silk fibroin
to form macroscopic films [46] (Fig. 8.11). Then, the films were posted on the E.
coli infected skin wounds on the mice. Due to the superior peroxidase-like activity,
MoSe; nanosheets can catalyze the decomposition of H,O, into -OH radicals, which
possess high antibacterial ability without bacterial resistance. Therefore, a rapid and
effective wound disinfection and healing efficacy were observed after treating with
silk fibroin-coated MoSe; films and low-dose H,O; in vivo. Those proof-of-concept
studies demonstrated the feasibility of wound disinfection in wound care manage-
ment using catalytic TMDs-based medical strips [20, 21, 46].

Soft bioelectronics, employing soft materials whose modulus is well matched
with soft human tissues, have been extensively used in internal environment owing
to their soft mechanical properties that lead to minimize tissue damages and immune
responses [24]. For instance, there is still a challenge to fabricate implantable artificial
retina simultaneously with the function of optoelectronic sensing and retinal stimu-
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Fig. 8.11 TMDs-based woundplast for wound disinfection. a, b Schematic illustration of the prepa-
ration TMDs-based woundplast (Reprinted with permission from Ref. [20]. Copyright 2017, Amer-
ican Chemical Society.) ¢ The wound repair process on the mice by the use of the silk fibroin-MoSe»
films (Adapted from Ref. [46]. Copyright 2017, The Royal Society of Chemistry.)

lation. Therefore, Choi and his co-workers [24] designed an ultrasoft, high-density
and hemispherically curved image sensor (CurvIS) array based on the atomically
thin MoS,-graphene heterostructure, as shown in Fig. 8.12. The soft, ultrathin, as
well as super photo-absorption coefficient enables MoS; nanosheets as a photodetec-
tor to achieve high-quality imaging, while the ultrathin graphene acts as electrodes
to conduct photocurrent. The CurvIS array exhibits many advantages including the
high-density array design, hemispherical shape, small optical aberration, and sim-
plified optics. It was found that the soft MoS,-graphene CurvIS array successfully
stimulated a rat’s retinal nerves in response to the pulsed external optical signals. This
deep work might greatly promote the application of 2D ultrathin nanomaterials-based
implantable soft bio-optoelectronic device in ophthalmology.

8.8 Toxicity and Biosafety

8.8.1 Nanotoxicity Mechanisms of TMDs

The clinical translation of nanomaterials and nanotechnology gives rise to the high
awareness of nanotoxicity and nanosafety originated from the public and scientific
community. The toxicity of TMDs is of great importance and should be first con-
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Fig. 8.12 TMDs-based soft bioelectronics for ophthalmology. a Schematic illustration of the high-
density CurvIS array based on the MoS,-graphene heterostructure. b Schematic illustration showing
the ocular structure with the soft optoelectronic device. ¢ Sigma-shaped image captured by the
CurvIS array (Reproduced with permission from Ref. [24]. Copyright 2017, Springer Nature.)

sidered to guarantee their safe uses in the biomedical field. Therefore, since TMDs
have shown great promising in disease diagnostic, bioimaging and cancer therapy,
we are bound to pay more attention to study their biological effects and toxicology
profiles in vitro and in vivo.

The interaction of 2D TMDs nanosheets with biosystems plays a vital role in
understanding the nanotoxicity mechanisms of TMDs and guiding their safe and
biomedical application. A deep study on cellular-level revealed the nano-bio interac-
tions of MoS; nanosheets (the representative example of 2D TMDs family) with can-
cer cells from the aspect of endocytosis/exocytosis and autophagy [206]. As shown
in Fig. 8.13, the main internalization processes and intracellular tracks of MoS,
nanosheets consist of three different pathways: endocytosis through macropinocyto-
sis, transportation from early endosomes to lysosomes, secretion of the internalized
MoS, via exocytosis. Moreover, autophagy is also involved in the accumulation of
MoS; in the lysosomes. So far, as the Achilles’ heel, the biosafety evaluation and
toxicity mechanisms of different types of TMDs in the biosystems are still not well
revealed and understood [207].
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Fig. 8.13 The nano-bio interactions of MoS; nanosheets with cancer cells. a Scheme of the prepa-
ration of MoS; nanosheets with therapeutic/diagnostic molecules. b Schematic diagram illustrating
the intracellular fates of MoS,-based nanosheets. The process consists of three different pathways:
endocytosis through macropinocytosis, transportation from early endosomes to lysosomes, secretion
of the internalized MoS; via exocytosis. (Reproduced with permission from Ref. [206]. Copyright
2018, American Chemical Society.)
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On the one hand, when TMDs nanoparticles enter the body, it may cause many
stress reactions such as ROS production as it can be regarded as foreign components
by cells and tissues. ROS usually generated from different routes such as the direct
production, the interaction with cellular organelles, and the catalysis of intracellu-
lar H,0, and so on. However, various negative effects, especially cell apoptosis or
necrosis, will be appeared when the ROS level is too high. So, we must find out the
safe concentrations and permissible doses of TMDs to ensure the minimum harmful-
ness to healthy tissues. It is worth mentioning that the generation of ROS caused by
TMDs is an effective strategy to prohibit the growth of bacteria and cancer cells for
antibacterial and antitumor, respectively. On the other hand, TMDs can be gradually
biodegraded by various degradative components or the physiological environment,
resulting in the release of free metal ions from TMDs, which may be also contributed
to the toxicology profiles. For example, similar to CdS nanoparticles, Shang et al.
demonstrated that the antibacterial activity of WS, was not only caused by ROS gen-
eration but also related to the release of toxic tungsten ions under UV irradiation [39].
Besides, the outstanding physicochemical properties such as the large surface area,
surface atomic vacancy, and surface charge enabled TMDs nanosheets to interact with
surrounding biological molecules via electrostatic interaction, covalent conjugation,
or van de Waals forces. For example, the interaction of MoS, with protein can be
investigated by all-atom molecular dynamics simulations [208-210]. The simulation
results show that the secondary and tertiary structures of B-sheet protein were quickly
damaged after adsorbing onto the MoS, surface [208]. In a later work, Villin Head-
piece (HP35), a model protein widely used in protein folding studies, was chosen
to further study the potential toxicity of MoS, nanosheets to proteins at the atomic
level. MoS; nanosheets exhibit robust denaturing capability to severely destroy the
secondary structures of HP35 within hundreds of nanoseconds. The dispersion inter-
action between protein and MoS; monolayer is contributed to the main driving force
behind the adsorption process. Those interesting works illustrated the nanotoxicol-
ogy origination from the atomic and theoretical levels, which help us to understand
the underlying molecular mechanism. Then, Zou et al. [211] revealed for the first time
that single-layer MoS, (SLMoS,) accelerated proliferation and promoted myogenic
differentiation and epithelial-mesenchymal transition (EMT) in human embryonic
lung fibroblasts (HELFs) via the Akt-mTOR-p70S6 K signaling pathway, which
is triggered by the generation of ROS. In contrast, after BSA binding, the cellular
uptake of SLMoS, and the production of intracellular ROS were markedly reduced,
and the SLMoS;-activated phosphorylation of Akt-dependent signaling pathways
was also mitigated. This studies demonstrated that serum proteins binding provides
an effective strategy to reduce the potential nanotoxicity of MoS, nanosheets. So,
after being uptake into tissue, TMDs will be coated by serum proteins, forming a
protective protein corona.
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8.8.2 Effects of Physicochemical Factors on Nanotoxicity

Compared to the corresponding bulk material, TMDs nanosheets have unique proper-
ties which can greatly affect the biological interaction of TMDs with cells. According
to previous studies, the biocompatibility and nanotoxicity of TMDs nanosheets may
vary with different synthesis methods, surface modification, size, shape, number of
layers, surface charge, chemical composition, dose as well as the exposure time and
route [212, 213]. The mainly physicochemical factors influencing biocompatibility
of 2D TMDs nanosheets are as follows.

(1) Preparation methods

Chemically exfoliation is a well-known and widely used method to prepare bio-
compatible 2D TMDs for biosensing and cancer treatment. However, little is known
about the degree of exfoliation of the nanosheets impacting on their toxicologi-
cal behaviors. In one such recent work, Chng et al. [214] systematically compared
the toxicity in vitro of MoS; nanosheets, which were chemically exfoliated using
various lithium intercalating agents. All the results of the methylthiazolyldiphenyl-
tetrazolium bromide (MTT) and water-soluble tetrazolium salt (WST-8) assays on
A549 cells indicated that the tert-butyllithium (~-Bu-Li) and n-butyllithium (n-Bu-
Li) exfoliated MoS, nanosheets showed higher cytotoxicity than MoS, exfoliated
by methyllithium (Me-Li). In fact, the cytotoxicity of Me-Li-exfoliated nanosheets
was similar to that of bulk MoS,. ~-Bu-Li and n-Bu-Li provide more efficient exfo-
liation over Me-Li, indicating that MoS, nanosheets exhibit stronger toxicity with
increased exfoliation and decreased layer number. In contrast, a separate work by
Wang et al. [215] has reported the increasing toxicological potential of three aqueous
suspended forms of MoS, with increasing thickness or aggregates. It was observed
that the aggregated and layered MoS, nanomaterials did not induce significant in vitro
cytotoxic effect on BEAS-2B and THP-1 cell lines. Compared to lithiation-exfoliated
MoS, (Lit-MoS,) and Pluronic F87-dispersed MoS, (PF87-MoS,), aggregated MoS,
(Agg-MoS,) induces stronger in vitro proinflammatory and profibrogenic responses.
Moreover, Agg-MoS, caused acute lung inflammation in mice model, while both
Lit-MoS, and PF87-MoS, had little effect. The observed phenomenon suggests that
exfoliation attenuates the toxicity of Agg-MoS,. Hence, it is a tremendous need to
standardize the preparation of TMDs for toxicity tests.

In addition, the cytotoxicity of 2D TMDs may vary with different preparation
methods. For example, Appel et al. [217] carefully investigated the toxicology pro-
files of mechanically exfoliated and CVD-grown pristine 2D TMDs (ME-WS,,
MEMoS,, and CVD MoS,) through various biocompatibility tests, including live-
dead cell assays, ROS generation assays, and cellular morphology assessment. It
turns out that both mechanically exfoliated and CVD-grown TMDs do not decrease
cell viability and induce genetic defects when the concentrations of TMDs as high
as 100 pg/mL.
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(2) Surface modification

Taking MoS, as an example, Liu et al. [103] firstly studied the in vitro toxicity of pris-
tine and PEGylated MoS; nanosheets using MTT assay. HeLa cells were incubated
with various concentrations of MoS, or MoS,-PEG for 24, 48, and 72 h. It was found
that pristine MoS, nanosheets exhibited slight cytotoxicity (cell viability is ~73%,
MoS; at 0.16 mg/mL) after culturing for 3 days, while PEGylated MoS, nanosheets
showed negligible cytotoxicity (cell viability over 90%). The intracellular ROS levels
in MoS, treated cells were subsequently assessed by using dihydroethidine (DHE)
probe, indicating minimal oxidative stress induced by MoS,. Moreover, PEGylated
MoS; nanosheets also exhibited no significant cytotoxicity at a series of concentra-
tions up to 500 pg/mL [111]. The novel outcomes of this work may be ascribed to the
PEG-mediated one-pot solvothermal procedure. The “bottom-up” strategy improves
the colloidal stability and bio-tolerance of MoS, nanosheets in the physiological
environment. A separate study conducted by Pumera group also revealed that thio-
barbituric acid functionalized MoS, nanosheets showed more protective effects than
non-functionalized MoS, [218]. Thereafter, many works have been developed based
on biocompatible polymers, liposomes, and even cellular components functionalized
approaches to reduce the cytotoxicity of MoS, nanosheets. The excellent biocom-
patibility inspires the researchers to further pursue the biomedical applications of
MOSz.

(3) Size and morphology

Nanoparticle size and morphology play important roles when interacting with bio-
logical molecules and cells present in physiological conditions. In one such study,
three kinds of cells (THP-1, AGS, and A549 cells) were incubated with three sizes
(50, 117, and 177 nm) of MoS, at varying concentrations for 24 h [219]. The results
showed that AGS cells were the most susceptible to 117 nm MoS; at the highest
concentrations, while THP-1 showed the highest toxicity toward the smallest MoS,
sheets (50 nm), indicating that the cytotoxicity of MoS, nanosheets varies with its
sizes and cell types. Besides, some studies reported that the ultrasmall TMDs may
be faster and easier to be cleared out of the kidney and body [67, 195-197]. Not only
the 2D-layered TMDs nanosheets but other morphological TMDs such as radar-like
MoS; nanoparticles [123], flowerlike MoS; nanoflakes [21, 102, 122, 158], multiwall
WS, nanotubes [220], fullerene-like nanoparticles (IFWS, [220], MoSe, [221]) also
have been demonstrated to be favorable biocompatibility in a certain concentration
range.

(4) Chemical Composition

The chemical compositions are also key factors impacting on the toxicology profiles
of TMDs nanosheets. Pumera group pioneered the study of the nanotoxicity of 2D
materials including graphene, black phosphorus, and TMDs. In a work, they found
that MoS, and WS, induced slight cytotoxicity in the A549 cells after 24 h exposure,
even at high concentration up to 400 wg/mL, while WSe, showed higher toxicity
compared to MoS, and WS, [222]. Moreover, the studied Group 6 TMDs (MoS,,
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WS,, WSe,) exhibited significantly lower cytotoxicity than different synthesized
graphene oxide (GO) and layered GaSe tested on the same cell lines in the same
conditions, while black phosphorus showed a generally intermediate cytotoxicity
between GO and TMDs [222-225]. They subsequently compared the toxicological
behavior of Group 6 TMDs with Group 5 vanadium dichalcogenides (VS,, VSe,,
VTe,) under similar experimental conditions [216]. For the same chalcogen element,
VS, consistently shows higher toxicity for both MTT and WST-8 assay at all concen-
trations than that of MoS, and WS,; the similar tendency was also observed among
WSe; and VSe;. They also compared the cytotoxicity of the Group 5 transition metal
ditellurides (VTe,, NbTe,, TaTe,) to understand their biological effects for the future
applications [226]. The results suggest that VTe, is highly toxic to A549 cells with
92.5% of cells elimination at a concentration of 200 wg/mL, whereas NbTe, and
TaTe, are mildly toxic. For the same metal element, the metal sulfides (WS;, VS,)
display higher cell viability relative to their corresponding metal selenides (WSe,,
VSe;) [216]. In addition, a recent work revealed that the toxicity of Pt dichalco-
genides follows the trend of PtTe, > PtSe, > PtS, [227]. It is concluded that TMDs
consist of vanadium element which is inherently more toxic than Mo and W, while
sulfides are generally less toxic compared to their selenide and telluride counterparts
for TMDs.

8.8.3 Nanotoxicity and Biodegradability of TMDs

To date, many research works have been conducted to evaluate the in vitro cyto-
toxicity of 2D TMDs through CCK-8, MTT assays, or WST-8 assay. Most of the
results showed that 2D TMDs were non-cytotoxic or negligible cytotoxic within a
certain range of concentrations, which importantly encouraged the in vivo applica-
tions of TMDs. In this regard, researches concerning the evaluations on the biosafety
and biodegradability in vivo of 2D TMDs are urgently required. Many studies have
reported that the TMDs nanosheets treated mice could survive for more than one
month. For example, Liu et al. [103] assessed the biocompatibility of PEGylated
MoS; nanosheets to BALB/c mice at the dose of 3.4 mg/kg. The results showed
that PEGylated MoS, nanosheets may not be noticeably toxic to mice within one
month. In a similar work, WS,-PEG (20 mg/kg of i.v. injection) and NIR irradiation
(808 nm, 0.8 W/cm?, 5 min) treated BALB/c mice showed no obvious abnormal
behavior and noticeable organ damage within 45 days [59]. The blood biochemistry
assay revealed that all measured indexes of the blood test fell within normal refer-
ence ranges, indicating the excellent histocompatibility of WS,-PEG. In addition,
4T1 tumor-bearing mice died within 16 days, while the TiS,-PEG and PTT treated
mice survived over 60 days, suggesting no obvious toxicity to mice at the tested
dose [75]. In another in vivo toxicology assays, i.v. injected ReS,-PEG nanosheets
did not induce obvious organ damages, hepatic or kidney disorder at the dose of
20 mg/kg [77]. Besides, Yu et al. [228] conducted the first investigation of the tox-
icity of CS@MoS, micro-sheets in adult zebrafish. It was found that CS@MoS, at
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high concentrations (20 mg/L) induced a proinflammatory response and apoptosis
in the gills and liver.

More importantly, the long-term biodistribution, degradation, and excretion of
PEGylated MS,; (M = Mo, W, Ti) were carefully evaluated and compared by Hao
et al. [229]. After i.v. injection, these three kinds of PEGylated TMDs nanosheets
were found mainly to be accumulated in liver and spleen. Notably, large amounts
of injected W or Ti were still retained in the RES for months, while MoS,-PEG
could be almost completely degraded and then excreted. PEGylated MoS, and TiS,
will be oxidized into water-soluble Mo"-oxide species (such as MoO4%~), water-
insoluble TiO, aggregates, respectively, while WS,-PEG was hardly oxidized for
the higher chemical stability. The histological and blood analysis demonstrated that
these three kinds of PEGylated MS, nanosheets have no obvious long-term toxicity
at the tested dose [229]. In a separate work, ultrasmall VS, nanodots converted from
their sheet materials via ultrasonic exfoliation exhibited effective body excretion
without appreciable toxicity [76]. Dark black VS, @lipid-PEG solutions were found
to be gradually oxidized into light yellow after air exposure 30 days. The results
confirmed that V element in VS, nanostructures was oxidized from V3*/V* to the
high valence state (VV). Thus, VS, @lipid-PEG nanoparticles might be gradually
oxidized and degraded into water-soluble and degradable VV-oxide species.

8.9 Conclusions and Outlook

The utilization of multifunctional TMDs nanosheets for biomedical applications is
of great importance and has achieved remarkable advancement. In this chapter, we
summarized the latest progress of inorganic 2D TMDs in bioanalysis, antibacterial
and wound repair, drug delivery, bioimaging, cancer therapy, tissue engineering, and
medical devices. In particular, the nanotoxicology and biosafety profiles of TMDs
are reviewed to ensure their further biomedical use. The abundant chemical compo-
sitions, unique physicochemical properties, and diverse biological effects endow the
emerging TMDs nanosheets with the potential for next-generation biomedicine.

However, the investigation of these 2D TMDs in biomedicine is only in its infancy,
and two critical challenges are to be concerned. From the materials point of view,
the first is the standardization of the synthesis methods of 2D TMDs nanosheets.
Different parameters and synthesis methods will lead to diverse characteristics, such
as size and layer number, which will impact their physicochemical properties and
even biological effects. Thus, we need to standardize the preparation of 2D TMDs in a
controllable and repeatable manner to obtain the materials with desired structure and
property. Moreover, detailed biosafety and toxicity evaluations of these 2D TMDs
are urgently demanded from the biosafety point. Although the current evaluation has
demonstrated that 2D TMDs exhibit relatively low toxicity, their potential long-term
biosafety and in vivo biodegradation in the diverse animal model, and related toxicity
mechanisms are still insufficient and should be systemically assessed to reduce the
awareness of nanotoxicity.



278 L. Gong and Z. Gu

In conclusion, although the various remarkable progresses of 2D TMDs in
biomedical field that has achieved in the last decade are exciting, more research
efforts are needed to be undertaken to accelerate the clinical translations of the
emerging 2D TMDs.
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Chapter 9 ®)
Transition Metal Dichalcogenides oo
in Sensors

Rajeswari Ponnusamy and Chandra Sekhar Rout

Abstract Transition metal dichalcogenides (TMDs), an emerging 2D analogy of
graphene, with their captivating physiochemical properties find applications in
advanced point-of-care diagnosis of various health-related issues. Specially, mul-
tidimensional structures of TMDs and its structure-dependent electronic, optical and
electrocatalytic properties are apt for the design of different types (electrochemical,
photoluminescence and colorimetric) of biosensing devices. Henceforth, this chapter
outlines the biosensing applications of TMDs and its recent developments. Introduc-
tion part of this chapter will give a brief knowledge about the principle mechanisms
of the different sensing methods followed by the importance of TMDs. Second p
art, particularly concerned to address the recent advances in the different TMDs-
based biosensors for the detection of diverse analytes. Present challenges preceded
by the suggestions of its amelioration for day-to-day life clinical applications and
opportunities are proposed at the end.

9.1 Introduction

Advanced personalized health care utilizes modern tools and techniques to detect
and diagnose various diseases by the introduction of nanotechnology in biosensors.
Simplicity, cost-effectiveness and rapid response of biosensors make it as a powerful
tool in the detection of biological analytes such as small molecules, nucleic acid and
proteins, and heavy metal ions. Analyte molecules are extracted from the biologi-
cal systems and used as a biomarker for particular disease. Since the analytes are
available in (less than micromolar) low concentrations, selection of sensing material
is a matter of utmost importance for better signal amplification. Hitherto, differ-
ent nanostructures of metal oxides [1-3], metal nanoparticles [4, 5], carbon-based
materials [6] and its hybrids were studied as biosensors. Carbon-based nanomate-
rials have unique properties such as high conductivity, fast electron transfer rate,
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biocompatibility and flexibility which can be effectively utilized in the development
of biosensors [7, 8]. In the search of new materials for biosensing, researchers found
transition metal dichalcogenides as a best substitution to carbonaceous materials.

Transition metal dichalcogenides (TMDs) are promising for a wide range of appli-
cations (solar energy harvesting, catalytic energy conversion, photocatalysis, opto-
electronics, supercapacitors and so on) due to its exceptional chemical and physical
properties that are not available in other nanomaterials [9-13]. Graphene-like two-
dimensional lattice structure is the characteristic of TMDs where the metal and
chalcogens formed a hexagonal arrangement. However, this hexagonal structure is
not thin as graphene because of the sandwiched X-M-X structure, where M is a tran-
sition metal element from 3 to 12 groups and X is a chalcogen which are arranged in
three layers. Intra-plane atoms strongly held together by covalent bonding whereas
the interaction with its neighbouring atoms is weak by van der Waals forces, facili-
tating the easy exfoliation of sheets for the improved biosensing activity.

Transition metal disulphides including MoS,, WS;, VS, and SnS,, and the transi-
tion metal diselenides mainly MoSe, and WSe,, are the most widely studied among
the TMDs. However, remaining sulphide (S,)- and selenide (Se;)- based compounds
and ditellurides are at their infant stage in the synthesis as well as various field imple-
mentation. A vast variety of synthetic methods including chemical vapour deposition
[14-16], mechanical cleavage [17, 18], wet chemical synthesis [19, 20], ultrasound
and liquid phase exfoliation [21-23], chemical or electrochemical Li-intercalation
[24, 25] etc. are assisted in the preparation of TMDs mainly to obtain 2D layered
structure. Similar to transition metal oxide materials, size and shape of the TMDs can
be tailored from zero to three dimensions (0D, 1D, 2D and 3D) for its constructive
applications [26-30].

The basic aim of this chapter is to provide the recent advances in the development
of TMD-based biosensors. It will also bring the basic knowledge about the biosen-
sors and the different biosensing methods with their underlying mechanisms. The
structure—property relation in TMDs that affects the sensing behaviour is also briefly
described in it. Then, the recent progress of the TMDs-based electrochemical, opti-
cal and colorimetric biosensor for the detection of different analytes such as small
molecules, nucleic acids, DNA and heavy metal ions is also reviewed. The chapter
closes with the major challenges in the current TMD biosensors, and the potential
opportunities are also proposed at the end.

9.2 Biosensors

9.2.1 Fundamentals

Advantageous characteristics that determine the practical applicability of nanoma-
terials in the biosensor design are defined below.
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e Linear range: It is attributed to the accuracy of measured response for a set of
measurements with different doses of analyte which generally follows a straight
line. Linearity over the bioavailability of the particular analyte is most desirable.

e Sensitivity: It is an essential parameter of biosensors that derived from the slope
of the calibration plot (analyte concentration vs. sensor response) and is defined
as the change of measured signal per unit analyte concentration.

e Response time: It is usually quantified as time taken to reach 90% of the steady-
state response to a step change in concentration (not more than 30 s).

e Selectivity: It is the ability to respond only to the particular target analyte among
the co-substances/contaminants.

e Stability: It is the degree of susceptibility to ambient disturbances over a period
of time with reproducible results.

e Limit of detection: It is the minimum concentration of analyte that a sensor can
detect or a concentration that gives a response signal exceeding three times the
standard deviation of a blank sample.

An ideal working electrode material that has wide linear range, high sensitiv-
ity, quick response, low detection limit, good selectivity and long-term stability is
promising for practical applications.

9.2.2 Types of Biosensor

Biosensor can be classified either based on the transduction mechanism or type of
receptor used. According to the receptor type, biosensors can be labelled as enzy-
matic, immuno, DNA and aptamer sensors. Electrochemical, optical, piezoelectric,
electronic and colorimetric are the common biosensors of transduction category.

Electrochemical biosensors

Electrochemical biosensors are frequently used in the detection of various
biomolecules due to its low cost, simplicity and high performance. It can be divided
further into two types as enzymatic and non-enzymatic biosensors. In enzymatic
sensors, using a specific material, bioreceptor molecules such as enzymes, antibod-
ies, tissues and nucleic acids will initially immobilize on the working electrode
surface. For the immobilization of bioreceptors, specific approaches, namely phys-
ical adsorption via van der Waals interaction, chemical adsorption by the covalent
bonding, entrapment, cross-linking, etc., were used. In course of measurement, biore-
ceptor acts as a transducer and the subsequent electrical signal resulted by the reac-
tion of bioactive material with the analyte species is generated. Analytical meth-
ods like chronoamperometry, squarewave pulse voltammetry (SWYV), differential
pulse voltammetry (DPV) and electrochemical impedance spectroscopy (EIS) have
been used in the enzyme-based biosensing to detect the analyte molecules. The first
enzyme-based electrochemical biosensor was developed by Clark for the detection
of glucose molecules, and glucose oxidase (GOx) enzyme is used for the immobi-
lization.
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Non-enzymatic electrochemical biosensors work based on the principle of charge
transfer between the working electrode surface and the analyte that dissolved in
a particular electrolyte solution. A typical electrochemical set-up consists of three
different electrodes specifically a working, a counter and a reference electrode. Gen-
erally, cyclic voltammetry will be used for the initial evaluation of sensing activity
of the material, in combination with any of the analytical methods mentioned for
enzymatic biosensors.

Fluorescence biosensors

Optical methods (via fluorescence changes or colorimetric changes) are more con-
venient for the ultrasensitive detection of biospecies due to its simplicity and low
detection limit. Every optical sensor assay must contain an active centre/probe that
interacts strongly with the target analyte and a chromophore or fluorophore that can
strongly couple with the active centre. An active centre of fluorescence biosensors
works as fluorescence probe or quencher, and the change in fluorescence intensity
measures the level of analyte added. In the case of less emissive active centres,
dye labelling will be introduced where the active centre plays a quencher role by
absorbing its emissive radiation. Quenching is usually governed by the fluorescence
resonance energy transfer (FRET) mechanism that happens between the donor—ac-
ceptor pair formed by the dye molecules and the active centre. Traditional organic
dyes, such as cyanine, FAM and Texas Red, that can emit in the UV near infrared
region of electromagnetic spectrum are frequently used in the FRET-based sensors
for labelling. Fluorescent proteins have been considered in the living cell experiments
for FRET processes. In contrast, as a fluorescent probe, intrinsic emissive radiation of
the active centre gets quenched by the analyte species. For the quantitative measure
of target materials, conventional fluorescence spectrophotometers are used to study
the respective intensity changes.

Colorimetric biosensor

It is one of the simplest analytical methods that can be used for the determination of
different biomolecular species as well as heavy metal ions. Colorimetric sensors use
either peroxidise enzymes to get the coloured reaction or peroxidase mimetics for
label-free detection. In colorimetric analyses, the analyte molecules could be detected
by two ways: (i) by measuring the change in absorption intensity at a particular
wavelength, i.e. colour appearing or fading; and (ii) by monitoring a change in the
absorption wavelength (blue or red shift for new colours). The results can directly be
read out from the colour change, and the spectral changes can be recorded using a
simple UV-Vis spectrophotometer. Here, for signal amplification, various aptamers
(oligonucleotides or peptide molecules) were bind with the target.
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9.3 TMDs in Biosensor

9.3.1 Basic Properties of TMDs

Based on their atomic configuration in the individual slab, TMDs can exist in two
different crystallographic forms, namely octahedral (1T) and trigonal prismatic (2H).
Generally, 1T phase is metallic in nature and less stable which will be transformed to
semiconducting 2H phase easily. Metallic nature of 1T phase is more advantageous
in electrochemical sensing [31], but almost all synthesized TMDs are crystallized
in semiconducting 2H form. A recent report by Nayak et al. states that a pressure
of 22 GPa at 280 K can transform the semiconducting WS, into metallic. During
this transformation, a 6-order decrease in resistivity, a 2-order decrease in mobil-
ity and a 4-order increase in carrier concentration can be realized [32]. Another
efficient and easiest way to improve the poor conductivity of 2H TMDs is hybridiza-
tion/functionalization with carbonaceous materials, metal NPs, organic compounds,
etc.

A recent review on MoS,-based biosensor by Barua et al. has addressed the pos-
sibility of different dimension-wise sensing application [33]. Excitation wavelength-
dependent photoluminescence of OD quantum dots that arise due to a quantum con-
finement effect could be convenient for optical biosensing. Large surface area of
2D layered structures is beneficial for the electrochemical sensing, and its tuneable
band gap makes it suitable for fluorescent biosensing too [29]. However, the prop-
erties of the 1D structured TMDs are not explored, and so there is a huge potential
for 1D-based biosensors. Current status of the different TMDs-based biosensors is
summarized in the subsequent sections.

9.3.2 Electrochemical Sensors

In electrochemical sensing, different TMD nanomaterials and its hybrids were uti-
lized for the assessment of wide variety of bio-analytes, mainly small molecules
(glucose, hydrogen peroxide, dopamine, etc.), DNA, proteins, etc. For the detec-
tion of the bio-analytes, potentiometric and amperometric methods were generally
employed in electrochemical biosensors. In recent days, with the help of DPV, SWV
and EIS, ultrasensitive detection of biospecies is possibly achieved. Some of the
reports that deal with TMDs-based electrochemical biosensing have been briefly
reviewed below.

Detection of glucose

Glucose is one of the utmost studied analytes by electrochemical methods in the area
of biosensing. Materials including metals [34, 35], bimetallics [36—38], metal oxides
[39—41], carbon materials [8, 42, 43], different hybrids/nanocomposites [44—46], etc.
are extensively used in the biosensor matrix design for glucose sensing. 2D layered
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TMDs also showed interesting performance in glucose oxidation which is briefly
discussed here. Both glucose oxidase (GOx)-assisted enzymatic and non-enzymatic
methods are repeatedly used in the construction of TMDs-based glucose sensors.
GOx is an ideal enzyme that used considerably in glucose biosensor fabrication due
to its catalytic ability in the glucose oxidation [47, 48]. It is obvious that the large
surface area of MoS, nanosheets (NSs) can be conveniently decorated with nobel
metal (Au, Pd, Pt) nanoparticles (NPs) to avail the superior electrocatalytic proper-
ties. Practically, it was realized in microwave-assisted synthesized MoS, NSs while
hybridizing with Au NPs [49]. Uniformly distributed 5 nm sized Au NPs (Fig. 9.1a,
b) not only increase the conductivity of the MoS, matrix (Fig. 9.1c) but also facilitate
the electron transfer between the GOx and electrode. Typical cyclic voltammetric
(CV) scans shown in Fig. 9.1d on different modified electrodes undoubtedly explain
the importance of Au NPs and GOx. This hybrid sensor can detect the glucose in the
concentration range from 10 to 300 WM. SnS;, an n-type semiconductor in TMDs
family, has been combined with carbonaceous materials and nobel metals and used
in glucose detection. Li et al. decorated the SnS, on multiwalled carbon nanotubes
surface (MWCNTs) [50]. GOx immobilized MWCNTs-SnS, composite showed a
surface-controlled, reversible two-proton and two-electron transfer reaction with an
electron transfer rate of 3.96 s~!. They also used SnS, nanoflakes in glucose sens-
ing by decorating it with Au NPs. Here, GOx was immobilized on the matrix to
improve the direct electrochemistry of glucose. The scan rate-dependent redox peak
currents indicating a quasi-irreversible surface-controlled reaction on GOx/AuNPs-
SnS;-chitosan/glassy carbon electrode (GCE) and GOx-modified sensor exhibited
a better sensitivity of 21.8 mA M~!cm™2 than the bare SnS,-based sensor [51].
Later, SnS, nanoplates were exfoliated by an organic solvent-free ultrasonication
method and used as glucose biosensor. This exfoliated SnS, nanoplates significantly
improved the hydrophilicity of the electrode and the electron transfer microenvi-
ronment upon decoration [52]. The sensitivity of 28.9 pA mM~! cm~? achieved
in exfoliated SnS; is the highest among reported for CNT- and GOx-based direct
electrochemical glucose sensing.

Bonding between the sulphur of MoS; and Cu and its considerably increased
specific surface can support large number of electroactive species which facilitate
the mass and electron transfer in sensing [53, 54]. So, with the use of CV and
chronoamperometric methods, electrochemical and electrocatalytic performances of
3D nano-flower-like Cu/layered MoS, composite (CuNFs-MoS, NPs) prepared by
layer-by-layer deposition were explored. The morphology of the prepared CuNFs-
MoS; NPs was investigated by SEM and TEM analyses. Quantitative detection of
H,O, at neutral pH (PBS) and glucose at basic pH (NaOH) by amperometric I-t
method suggests that it can be applied in real sample analyses like tap water and
blood serum (Fig. 9.2) [55]. In other cases, Ni and Ni(OH), nanoparticles were func-
tionalized on MoS, nanosheets to get the improved electrochemical sensing activity
in glucose detection. Huang and his co-workers used Ni as a supporting material with
MoS,, and the fabricated sensor showed an excellent sensitivity of 1824 LA mM~!
cm~2 in alkaline media [56]. TEM images in Fig. 9.3 a, b clearly showed the uni-
formly distributed Ni NPs (size: 4-8 nm) on MoS, which attributes the obtained



9 Transition Metal Dichalcogenides in Sensors 299

(©)1500,
1600 -
1400 4
1200 .

S 1000+ a

-
a1 4% _4s a1 a1 a1 4

—T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 07 06 05 04 03 02 -04
Z'IQ EIV (vs.SCE)

Fig. 9.1 TEM images of a MoS>; b AuNPs@MoS, nanostructures; ¢ EIS spectra of bare
GCE; a MoS;/GCE; b AuNPs@MoS,/GCE; ¢ Nafion-GOx-MoS,/GCE; d Nafion-GOx-
AuNPs@MoS,/GCE; and e inset EIS of bare GCE; d CVs of bare GCE; a MoS,/GCE;
b AuNPs@MoS,/GCE; ¢ Nafion-GOx-MoS,/GCE; d Nafion-GOx-AuNPs @MoS,/GCE; e in N,-
saturated 0.1 M PBS at the scan rate of 100 mV/s. Reprinted with permission from [49]. Copyright
2014 Springer Nature

high-level electrocatalytic activity (Fig. 9.3c). This hybrid is very selective in detect-
ing the glucose molecules in the presence of common interferents (dopamine, uric
acid, ascorbic acid, Fig. 9.3d). Ji et al. had modified the glassy carbon electrode with
two-step electrodeposited Ni(OH),/MoSx nanocomposite and studied its glucose-
sensing behaviour. In CV tests, enhanced anodic and cathodic peak currents were
observed for Ni(OH),/MoSx due to the oxidation of glucose into gluconolactone and
the representative redox reactions are stated as follows [57]:

(Ni(OH), + OH™ <> NiOOH + H,0 + e~ (1

NiOOH + glucose — (Ni(OH), + glucanolactone 2)
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Fig. 9.2 Schematic representation of synthesis and sensing mechanism of Cu NFs/MoS,/GCE for
H,0; and glucose. Reprinted with permission from [55]. Copyright 2016 Elsevier
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Fig. 9.3 TEM images of a MoS;; b Ni-MoS; nanosheets; ¢ scan rate-dependent CV response of
GCE/Ni-MoS;/Nafion in 0.1 M NaOH with 1.0 mM glucose; and d specificity test of GCE/Ni-
MoS,/Nafion. Reprinted with permission from [56]. Copyright 2014 Elsevier

More available surface area of Ni(OH), nanoparticles can adsorb more glucose
molecules, and the active sulphides of MoS will assist the dissociation of glucose.
Finally, a good linear response over the glucose concentration of 10-1300 pM was
achieved using this non-enzymatic sensor.
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Detection of H,0,

Hydrogen peroxide (H,O,), a major reactive oxygen species in living organisms,
has been generated during the incomplete reduction of oxygen and plays a sig-
nificant role in signal transduction and oxidation pathway of cells. Besides, as an
oxidative stress marker, it helps to diagnose the diseases like cancer, cardiovascular
and neuro-degenerative disorders. Hence, the detection of H,O; level is essential and
imperative which can be done possibly by different TMDs grown by various method-
ologies as asserted. Beyond the layered structure, particle-shaped TMDs can also be
synthesized and utilized in the construction of sensitive H,O, biosensor. An example
demonstrating the synthesis of ultrasmall MoS, nanoparticles was reported by Wang
et al. [58]. This MoS, nanoparticle of size 1-2 nm was harvested from 2 pm sized
MoS; via an easy ultrasonication process. It is also stated that these nanoparticles
would adhere more strongly on GCE even in the Nafion-free environment. While
testing the sensing ability towards H,O, in the N, saturated 0.1 M PBS at-0.25 V
potential, a sensitivity of 2.58 x 10> mA cm~2 M~! over the wide concentration
range of 5-100 nM and 160 mA cm~2 M~! for 100 nM to 100 WM was achieved in
it. Furthermore, it showed an amazing sensitivity in the real-time analysis of H,O,
that released from RAW 264.7 cells. They also demonstrated that the MoS, nanopar-
ticle is a potent working electrode material to detect various bio-analytes such as
glucose, because H,0, is the main product in the GOx-catalysed reactions.

Detection of analytes by biomolecular (e.g. metalloproteins)-based biosensors
has the practical limitations such as unintended orientation of biomolecules on the
electrode, low electrochemical signal from the biomolecules and slow and varying
electron transfer rate. It is well known from the previous reports that encapsulation
of graphene with metal dichalcogenides can improve the efficiency by preserving
the effective carrier mobility of graphene during the electron transfer at the inter-
face and can facilitate the charge transfer from the metalloproteins. Hence, Jinho
et al. [59] had made the first attempt to fabricate the electrochemical biosensor com-
posed of myoglobin (Mb) on MoS, nanoparticles encapsulated with graphene oxide
and tested it for H,O, detection. In cyclic voltammograms, compared to Mb/GO,
Mb/MoS;, an enhanced redox signal was observed for Mb/GO@MoS, which also
has the ability of sensing very low concentration (detection limit: 20 nM) of H,O,
in amperometric measurement. Karthik et al. prepared the grass-like VS, via sim-
ple sonochemical route and employed in non-enzymatic electrochemical sensing of
H,0; [60]. The recorded high-magnification images revealed the grass-like (GL)
structure which could be composed of randomly oriented leaf-like flakes. So they
believed that the as-prepared VS, are potential for electrochemical sensing and exper-
imented it. Figure 9.4a, b shows the VS, grass-like structure and the comparative
CV curves of bare GCE and GL-VS; modified GCE electrodes in the presence and
absence of H,O,. The higher electrocatalytic response, lower reduction potential
and increase in the active surface area (Fig. 9.4c) of GL-VS,; resulted in the high
sensitivity of 0.23 WA uM~! cm~2 for H,O, sensing.

Sarkar et al. [61] for the first time designed a VS, NPs-based amperometric sen-
sor for the detection of H,O, and glucose. High conducting property and cheap
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Fig. 9.4 a FESEM image of GL-VS;; b CVs of a bare GCE; b GL-VS,/GCE; ¢, d in presence
of 400 uM H,0,; ¢ EIS of bare GCE (a), GL-VS,/GCE (b) in 0.1 M KCI containing 5 mM
[Fe(CN)6]3*/4*. Reprinted with permission from [60]. Copyright 2018 Elsevier

cost of VS, NPs encouraged them to study its electrochemical sensing behaviour.
The calibration plot of I-t curve exhibits a sensitivity of 37.96 WA mM~! over the
range 0.5-2000 pM with 0.224 pM detection limit. They also revealed its effec-
tive non-enzymatic sensing capability towards glucose. Metallic 1T-phase of WS,
could act as a better immobilization material to use in the heme-based H,O, sensors
due to its desirable properties like high surface-to-volume ratio, high conductivity
and capacitive behaviour. To enhance the charge transfer rate of the haemoglobin
(Hb) in H,0, sensing, Toh et al. had utilized the 1T-WS; sheets as immobilization
source [31]. The schematic representation of the construction of working electrode
assembly is depicted in Fig. 9.5. Glutaraldehyde (GTA) is used for entrapment and
the synergistic interactions between 1T-WS, and Hb attained a limit of detection of
36 nM. This t-BuLi-exfoliated 1T-WS, is more advantageous in H,O; sensing, than
its counterparts like MoS,, MoSe; and WSe;.

The sensing performance of the layered TMDs can be improved by the inter-
calation of other electrode materials. For example, cubic-PtW nanocrystals were
grown on MoS; nanosheets and studied for H,O, sensing. Smallest electron transfer
resistance (PtW/MoS,/GCE < MoS,/GCE < GCE) in electrochemical impedance
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Fig. 9.5 Scheme for the construction of GTA/Hb/1T-WS,/GCE. Reprinted with permission from
[31]. Copyright 2016 John Wiley and Sons

spectroscopy and quick response (<5 s) in amperometry for each H,O, dose are
originating from the more available active sites induced by PtW on MoS, surface
(Fig. 9.6). The real sample analysis on H,O, released from 4T1 breast cancer cells
also exposed its potential application in sensing of biosystems [62]. Solvothermally
synthesized hybrid SnS,/Pt nanoparticles with porous structure also showed good
electrocatalytic activity towards H,O, reduction. It is the first attempt for its prepa-
ration by hydrothermal route. High surface area of SnS,, efficient electrochemical
activity of Pt NPs and their interesting synergistic effects find a better position in the
sensing platform for this material [63]. Summary of the recently reported TMDs-
based glucose and H,O, biosensors is provided in Table 9.1.

Detection of DNA

Because of its exceptional physical and electrochemical properties, MoS; has also
been used in the development of electrochemical biosensor for the detection of DNA.
The basic principle that involved in the DNA detection by MoS, is its differential
affinity towards single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA).
Based on this principle, MoS, nanoflakes synthesized by Loo et al. showed excel-
lent sensitivity towards the ssDNA and dsDNA [64]. Wang et al. too experienced
the differential affinity of MoS, nanosheets while performing the assay of the gene
sequence [65]. Here, MoS, nanosheets were synthesized via ultrasound exfoliation,
and the modified electrode was prepared on carbon paste electrode (CPE). Most
importantly, they avoided the costly fluorophore labelling and used methylene blue,
a classic electroactive indicator to read the surface changes of electrode after DNA
immobilization and hybridization. The amount of target DNA can be estimated from
the decrease in reduction peak currents of MB in DPV, and the detection limit is
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Fig. 9.6 Scheme of PtW/MoS; nanocomposite synthesis and its sensing mechanism of H,O;
released from living cells. Reprinted with permission from [62]. Copyright 2016 Elsevier

1.9 x 10~!7 M for the proposed sensor. Similar methodology was followed by Yang
etal. [66] where the free-standing ZnO nanosheets were electrodeposited on MoS, to
detect the specific DNA sequence. The strong electrostatic interaction between nega-
tively charged DNA and positively charged ZnO makes the ZnO/MoS, nanocompos-
ite capable of immobilizing DNA. This free-standing ZnO/MoS; structure showed
good differences in the redox current values of MB while adding probe DNA and
its complement. It also exhibited the low limit of detection (6.6 x 1076 M) for
PML/RARA fusion gene. Thionin-functionalized MoS, also displayed a stable and
enhanced electrochemical sensing behaviour towards DNA [67]. In the presence of
ionic liquid (1-butyl-3-methylimidazolium hexafluorophosphate), bulk MoS, was
exfoliated easily and thionin was attached by the charge transfer process. During
dsDNA detection, thionin as a cationic phenothiazine dye can strongly bind with
dsDNA through intercalation and electrostatic interaction that leads the inhibition of
its own electrochemical signal. A linear response from the thionin-MoS, modified
electrode was obtained in the range 0.2-2.0 nM in SWV measurements. Besides,
it can also be used for the sensing of ssDNA and RNA. Cao et al. exploited the
signal amplification strategy in DNA sensing for AuNPs/MoS,/Gr composite elec-
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Table 9.1 Summary of recent reports on different TMDs-based glucose and H,O; biosensors

Material Analyte Linear range Sensitivity LOD References
Nafion-GOx-Au | Glucose 10-300 uM - 2.8 uM [49]
NPs@MoS,

GOx/MWCNTs- | Glucose 0.02-1.95 nM 21.65 mAM™! 0.004 nM | [50]

SnS; cm 2

GOx/Au NPs- Glucose 0.02-1.32 mM 21.8mAM! 0.00l mM | [51]
SnS;-chitosan cm2

SnS; nanoplates | Glucose 0.0625-2.8 mM |28.9 pA mM~! 0.0125mM | [52]
-2

Cu Glucose 1-20, - 0.32 uM [55]
0.04-1.88,
1.88-35.6 pM
Ni-MoS; hybrid | Glucose Up to 4 mM 1824 pAmM~! | 0.31uM/L |[56]
cm2
Ni(OH),/MoSx- | Glucose 10-1300 pM - 5.8 uM [57]
GCE
Ultrasmall H,O, 2.0-16.0 mM 152 mA M~! 2.5nM [58]
MoS,/GOD cm™2
GL-VS, H,0, 0.1-260 uM 0.23 pA pM~! 26 nM [60]
cm2
VS, NPs H,O, 0.5-2000 pM 3796 pAmM~! 0224 pM | [61]
Glucose

0.5-3000 uM 4196 uAmM~!' 0211 pM

GTA/Hb/1T- H,0, 2-38, - 0.036 uM | [23]
WS, 48-1728 uM
PtW/MoS, H,0, 1 pM-02mM | 171 pApuM~! |5nM [62]
cm—
SnS,/Pt NPs H,0, 1-185, - 033uM | [63]
385-2185 uM

trode which showed high selectivity among single-base mismatched and three-base
mismatched sequences of DNA. Streptavidin-horseradish peroxide functionalized
AuNPs were used for signal amplification, and hence, the designed sensor detected
the DNA down to 2.2 x 1015 M [68].

Again, an organic—inorganic mixed matrix was fabricated by Yang et al. where
polyaniline (PANI) was hybridized with MoS, [69]. Their series of experiments on
the synthesis conditions provide direct evidence for the influence of MoS, dose on
immobilization of probe DNA and its hybridization. At the optimum concentration of
0.054 g MoS,, PANI-MoS, composite possesses high surface area and its detection
limit is 2.0 x 107 M in cauliflower mosaic virus 35S (CaMV35S) gene sequence
detection. Moreover, either internal self-signals (PBS system) or external indicator
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Fig. 9.7 Schemes of DNA sensing by a thin-layer MoS, NSs. Reprinted with permission from
[65]. Copyright 2015 Elsevier. b WS,-Gr nanocomposites. Reprinted with permission from [71].
Copyright 2014 Elsevier

signals (MB), PANI-MoS, displayed an enhanced electrochemical activity over PANI
and bare MoS,.

Unlike MoS,, only a limited number of attempts were made to use WS, as an elec-
trode material in biosensors because of its relatively low conductivity. To improve
it, Shuai et al. hybridized acetylene black (AB) with WS, to effectively sense DNA
molecules [70]. Subsequently, the electrode was modified with target DNA, aux-
iliary DNA and hairpin DNA’s H1, H2 for hybridization chain reactions (HCR).
The formed double helices from HCR are used to immobilize horseradish peroxi-
dase enzyme which produces signal amplification in DNA detection by the catalytic
reaction of H,O, + hydroquinone system. In the DPV study, a linear relationship
between the current and log of DNA concentrations was observed over the range of
0.001—100 pM. Huang et al. had made WS,-Graphene (Gr) composite to overcome
the conductivity deficiency in WS, and tested against DNA. As synthesized compos-
ite exhibits good dispersibility in water which played an important role during the
electrochemical sensing. Here, chitosan was used to bind the composite on GCE, and
then, thiolated probe ssDNA (5'-SH-(CH;)s-TCT TTG GGA CCA CTG TCG-3)
was linked on it. When target DNA 5'-CGA CAG TGG TCC CAA AGA-3-3 is
introduced, a lower redox current appeared in DPV scans and the detectable concen-
tration of the fabricated electrode is 0.00001-0.5 nM [71]. Figure 9.7a, b represents
the schemes of DNA detection by MoS, nanosheets and WS,-Gr nanocomposites,
respectively.
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Detection by TMD-carbon hybrids

Despite the fact that MoS, is a remarkable material in electrochemical sensing, differ-
ent functional groups were decorated on MoS; to further improve its properties and
to widen the applications. Especially, carbonaceous materials were combined with
MoS,; due to its large specific surface area and excellent biocompatibility which
are used in the detection of various analytes. For instance, Chu et al. [72] had inte-
grated MoS, and graphene through hydrothermal and ultrasonication processes and
used it to design a label-free, amplification-free ultrasensitive tumour DNA electro-
chemical sensor. The designed sensor can detect the trace amount of DNA in the
range of 107'® to 10~!* M. Determination of honokiol content is of great impor-
tance, since it used in Chinese herbal medicine to treat various problems. So Zhao
et al. hybridized MoS, with graphene to improve its electrical conductivity and used
for the tracing of honokiol level [73]. By a two-electron redox reaction, honokiol
was reduced in the presence of MoS,/graphene nanohybrid and its detection limit
is estimated to be 6.2 x 107! M. Song et al. also prepared layered MoS,-graphene
nanocomposite which is hybridized further with horseradish peroxidase for H,O,
sensing. This MoS,-graphene-HRP composite biosensor exhibits a fast amperomet-
ric response with a high sensitivity of 679.7 uA mM~!' cm~? [74]. Similar to this,
graphene had been compounded with VS, to defeat its poorer electronic conductivity
and this hybrid compound was harvested by hydrothermal method. The AuNPs/VS,-
GR/HRP-modified aptamer sensor detected the trace level of platelet-derived growth
factor BB (PGDF-BB) molecules successfully via signal amplification [75].

Detection by TMD non-carbon hybrids

To acquire more interesting and superior electrocatalytic properties in TMDs, differ-
ent organic and inorganic materials were amalgamized by different synthetic strate-
gies. For example, a simple electrochemical sensor was constructed using MoS;
films which is modified with chitosan (CS) and decorated with Ag NPs. The uniform
decoration of Ag NPs and the formation of Ag-MoS,/CS composite were verified
with TEM images shown in Fig. 9.8a. Then, the determination of tryptophan was
carried out by DPV (Fig. 9.8b) where the linearly increased current with each dose
of tryptophan was obtained [76]. PANI, a conducting polymer, also assisted in the
composite making and resulted in an outstanding conductivity. On MoS, NSs, self-
doped PANI (SPAN) was deposited and utilized for the first time in chloramphenicol
(CAP) sensing by Yang et al. [77]. This SPAN/MoS, hybrid showed remarkable
synergistic effect in CAP reduction than the sole MoS, and SPAN. The typical DPV
scans and the corresponding calibration plot are displayed in Fig. 9.9.

In this route, organic Cunanowires (OCu) were used to modify the surface of MoS,
to get the better mobility in electrochemical analysis [78]. MoS,-OCu nanohybrids
can detect H,O; and ascorbic acid simultaneously without any enzyme addition. The
OCu nanowires act as a spacer to isolate MoS, NSs which in turn ensure sufficient
reactive sites for the redox reactions of the analytes. Because of the unique charac-
teristics, such as high conductivity, biocompatibility, anti-oxidant characteristics and
better electron affinity, etc., noble metal NPs are frequently used in hybridization of
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Fig. 9.8 a TEM images of MoS; films (A, A”), MoS,/CS films (B, B), Ag-MoS,/CS films (C,C’) at
different magnifications; b DPVs of Ag-MoS,/CS/GCE with different concentration of tryptophan
(0.5, 3.0, 10.0, 20.0, 30.0, 40.0, 50.0, 60.0, 75.0, 95.0 and 120.0 wM, respectively) in 0.1 M PBS.
Reprinted with permission from [76]. Copyright 2014 Elsevier. ¢ DPVs of WS>-GR electrode with
mixtures (ato I: 1 x 10793 x 1070,5 x 107%,7 x 107°, 1 x 1075,2 x 1073, 3 x 107, 4 x
1075,5 x 1073, 6 x 107,8 x 107,10 x 1073) of CT, HQ and RS in 0.1 M PBS. Reprinted with
permission from [81]. Copyright 2013 Elsevier

IpA

TMDs. In the nanocomposite of SnS,, platinum (Pt) NPs were assembled on SnS,
nanoflakes and its enzymatic glucose-sensing activity was tested [79]. The possible
reactions involved in the oxidation of glucose at the GO/PtNP @ SnS, modified GCE
electrode are:

GOx(FAD) + 2e~ + 2H" < GOx(FADH,) 3)
GO (FADH,) + O, — GOx(FAD) + H,0, “4)
Glucose + GO (FAD) — Gluconolactone + GOy (FADH;) ®)

Another work reported by Su et al. demonstrated that Au NPs addition greatly
enhanced the electron transfer kinetics and electrocatalytic activities of the MoS,.
Also, in dopamine sensing, this AuNP@MoS, nanocomposite showed a detection
limit of 80 nM which is attributed to the cooperative effect that aroused from excellent
conductivity of AuNPs and high surface area of MoS; [49]. Lin et al. also prepared
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Fig. 9.9 DPV curves of SPAN-MoS; (1:3)/CPE in PBS with chloramphenicol concentrations vary-
ing from 0.1 to 1000 uM (a), enlarged view of 0.1-10 uM (b), (¢, d) calibration plots of a and b.
Reprinted with permission from [77]. Copyright 2015 Elsevier

MoS;-AuNPs hybrid and quantified the concentration of cholesterol in egg yolk and
pork liver samples with the help of cholesterol oxidase [80].

Detection of other biomolecules

Besides the above discussed analytes, the application of large surface area of 2D
layered TMDs with its intriguing properties can be expanded for the sensing of
other biospecies. Some of the recent reports with interesting results are discussed
here briefly. At first, WS, NSs with GR composite was synthesized by L-cysteine-
assisted solution-phase method. Three dihydroxybenzene isomers, catechol (CC),
resorcinol (RS) and hydroquinone (HQ), were taken as a model to check out the
feasibility of as-prepared WS,-GR biosensor. The sensor showed distinct cathodic
peaks at the potentials 0.05, 0.16 and 0.55 V for HQ, CC and RS, respectively
(Fig. 9.8c). It corroborates that WS,-GR composite can simultaneously detect the
dihydroxybenzene isomers without any enzymes [81]. A multilayered film comprised
of chitosan, SnS; NPs and single-walled carbon nanotubes (SWCNTSs) was success-
fully synthesized and used as a multifunctional biosensor to detect the biomolecules
dopamine (DA), uric acid (UA) and ascorbic acid (AA) [82]. In CV, well-separated
voltammetric signals with the peak-to-peak separation of 171, 136 and 307 mV
were obtained for DA-UA, DA-AA and UA-AA, respectively, which confirm its
multi-potentiality in electrochemical sensing. Interestingly, for the tracing of 178-
estradiol, one of the environmental endogenous estrogens, Au NPs modified VS,
nanoflowers-based sensor was developed by Huang et al. [83]. Aptamer immobi-
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lized Au NPs/VS,/GCE electrode showed amplified signals towards 178-estradiol
because of high loading ability of VS, for Au NPs along with its own surface area.
The analyte 17B-estradiol can be detected up to 1.0 x 107'> M using this novel
sensor. For this purpose, Au NPs/WS,/GCE electrode also applied and detected
the 17p-estradiol concentrations in serum and water samples [84]. Very recently,
miRNAs were also electrochemically sensed by the MoS,-CuFe,0,4 nanocomposite
[85]. The proposed PDMS microfluidic sensing system can detect the paratuberculo-
sis (pTb)-specific miRNAs in highly sensitive and selective manner with a detection
limit of 0.48 pM. A label-free electrochemical aptasensor was designed by Liu et al.
using leaf-like VS;-Au NPs for the sensitive detection of platelet-derived growth
factor BB. The results obtained from the real urine sample analysis using this sensor
are well comparable with the ELISA method [86]. TMDs can be used as an effi-
cient electrode material in the sensing of antimicrobials, nucleobases, vitamins, etc.
From a simple hydrothermal process, strontium-doped MoSe, was harvested by Sak-
thivel et al. to detect an antimicrobial agent [87]. With the increased active surface
area of 0.104 cm?, SrMoSe; exhibits a 1.83 times higher reduction peak current for
metronidazole (MTZ). During the reduction, via a four-electron process, nitro group
(—=NO,) of MTZ was reduced to hydroxylamine group (—NHOH) by SrMoSe;.
Sensitivity of StMoSe; on MTZ was calculated to be 1.13 wA uM~! cm™2. Vitamin
B, also known as riboflavin biosensor, was constructed by Wang et al. [88] using
reduced MoS,/graphene/homo adenine single-stranded DNA/Au electrode (rMoS;-
graphene/As;/Au). In DPV, rMoS,-graphene/As,/Au composite displayed a wide
linear range of 0.025-2.25 uwM for riboflavin. The good electrocatalytic activity of
poly(xanthurenic acid) (PXa)-MoS, composite film was found by yang et al. during
guanine and adenine sensing [89]. Negative charge of PXa-MoS, nanocomposite
prompted the adsorption of positively charged guanine and adenine on it which
resulted the low detection limits of 1.7 x 1078 and 3.0 x 1078 M, respectively.
One of the major public health threats chikungunya that caused by a chikungunya
virus (CHIGV) also can be sensed by TMD-based electrochemical sensor. Recently,
Singhal et al. developed a MoS; nanosheets deposited screen printed gold electrode
for CHIGV sensing [90]. The developed biosensor showed a linearity over the range
of 0.1 nM to 100 M with 3.4 nM as detection limit. It is demonstrated that intro-
duction of hydrogen in titanium disulphide (HxTiS,) can result in peculiar electrical
conductivity of 6.76 x 10* S/m [91]. Hence, it can be effectively employed in the
electrochemical sensing platform. A recent report says that HxTiS,-PANI nanocom-
posite prepared by Li-intercalation and exfoliation method is highly selective in Cu?*
ions detection that endowed from the coordination interaction between Cu* cations
and the N atoms of the imine moieties in PANI. The detection limit for Cu?* ions by
this sensor is 0.7 nM, and the linear range is 25 nM to 5 wM [92]. Details of various
analytes (DNA, metal ions, proteins, etc.) that sensed by different TMDs were listed
in Table 9.2.
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Table 9.2 List of TMDs-based electrochemical biosensors for DNA and other biospecies detection

Material Analyte Analytical | Linear range LOD References
method
MoS; nanosheets DNA DPV 1.0x107%t0 |19 x [65]
10x 1071°M 107" M
ZnO/MoS; DNA DPV 1L0x 10750 |66 x [66]
1.0 x 107°M 10710 M
MoS,-thionin DNA SWv 0.09 to - [67]
1.9 ngmL~!
AuNPs/MoS,/Gr/GCE| DNA DPV 0.000005-5 0.0022 [68]
M
PANI-MoS, DNA DPV 1.0x107Pt0 |20 x [69]
1.0 x 107°M 10716 M
WS;-AB DNA DPV 0.001-100 pM  |0.12fM | [70]
WS,-Gr/GCE DNA DPV 0.01-500 pM 0.0023pM| [71]
MoS,/graphene DNA DPV 1.0 x 1 x [72]
10710-1.0 x 107 M
10713 M
MoS,/graphene Honokiol DPV 1.0 nM to 62 nM [73]
2.5 uM
VS;,-Gr PGDF-BB DPV 0.001-1 nM 0.03pM | [75]
Ag-MoS,/CS/GCE | Tryptophan DPV 0.5-120 mM 0.05mM |[76]
SPAN-MoS, Chloramphenicol | DPV 0.1-1000 M 6.5 x [77]
1073
mol L~!
MoS,-OCu Ascorbic acid AM 0.015-11.75mM | 0.022uM | [78]
MoS,-Au NPs Cholesterol AM 0.5-48 uM 0.26 puM | [80]
WS,-GR/GCE Catechol DPV 1-100 pM 02uM | [81]
Resorcinol 1-100 pM 0.1 pM
Hydroquinone 1-100 puM 0.1 uM
Aptamer/Au 17B-estradiol DPV 1.0x107"t0  |1.0pM |[83]
NPs/VS,/GCE 1.0 x 1078 M
Aptamer/Au 17B-estradiol DPV 1.0x 10715 |20pM | [84]
NPs/WS,/GCE to 0 x 107 M
MoS;,-CuFe;Oy4 pTb specific SWV - 048 pM | [85]
miRNA
Au NP/VS, PGDF-BB DPV 0.001-1 nM 04pM | [86]
SrMoSe;/GCE metronidazole DPV 0.05-914.92uM | 0.001 uM | [87]
MoS;- riboflavin DPV 0.0025-2.25pM | 0.020uM | [88]
graphene/Azy/Au
PXa-MoS, Adenine DPV 0.5-10 uM 3.0 x [89]
guanine 1078 M

(continued)
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Table 9.2 (continued)

Material Analyte Analytical | Linear range LOD References
method
0.5-10 pM 1.7 x
1078 M
HTiS;-PANI/GCE | Cu (II) ions SWASV [25nMto5uM |0.7nM [92]

SWASV-square wave anodic striping voltammetry

9.3.3 Optical Biosensors

The simplicity, fast detection and direct visible read out features of optical biosensors
are fascinating and feasible for the medical diagnosis and the pollutant monitoring.
Fluorescence sensing and colorimetric sensing are the two major subclasses of opti-
cal biosensors [93]. 2D layered structure of TMDs has triggered intensive interest
owing to its tunable optical and electronic properties that depend on the number
of layers. For instance, indirect band gap of bulk MoS, becomes direct when the
number of layers reduced to one [94]. Efficient fluorescence quenching ability for
fluorophores and photoluminescence emission properties make the TMDs beneficial
for the construction of fluorescent-based sensing devices. Hence, in the forthcoming
sections, interesting results from the recent reports on fluorescence and colorimetric
sensing performances of TMDs were presented.

Fluorescence sensors

In fluorescence (FL) sensors, based on the morphological features and optical prop-
erties, TMDs can be employed either as a fluorescence probe or quencher. Like
electrochemical sensors, TMDs-based FL sensors are also proficient in detecting the
different analytes including small molecules, DNA, proteins, metal ions, pathogens,
etc.

TMD composites in metal ions detection

Hybridization of 2D TMDs with other nanomaterials such as noble metals, carbon
materials and transition metal oxides paved the way to explore its synergistically
enhanced properties in variety of sensing applications. For example, a fluorescent
turn-on biosensor based on graphene QDs/MoS,; NSs was designed by Shi and his
co-workers [95] for the detection of epithelial cell adhesion molecule (EpCAM).
Initially, via fluorescence resonance energy transfer (FRET) mechanism, the fluores-
cence signal of GQDs was diminished (Fig. 9.10). Upon addition of target protein,
the stronger affinity interaction between the aptamer and EpCAM restored the same
by detaching the GQDs from MoS; NSs. In this process, the target could be detected
by monitoring the change in the fluorescence signal. To enrich the fluorescence prop-
erties of MoS, nanosheets in the direction of sensing, Liu et al. [96] doped boron (B)
and nitrogen (N) in it. B, N-MoS, NSs with increased band gap of 1.61 eV acted as
a facile sensing platform for label-free detection of Hg?*. The observed fluorescence
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Fig. 9.10 a spectral overlapping between MoS, absorption and graphene QDs emission; b fluo-
rescence spectral response of GQDs-PEG-aptamer/MoS,; for different concentrations of EpCAM;
¢ MCF-7 cell detection by GQDs-PEG-aptamer/MoS;. Reprinted with permission from [95]. Copy-
right 2017 Elsevier

quenching after the introduction of Hg>* could have proceeded with the photoinduced
electron transfer from the CB of B, N-Mo$S, to complex Hg?* where the redox poten-
tial of Hg?*/Hg* lies between the energy gap of the matrix. They have extended the
same doping strategy in WS, NSs to get the enhanced fluorescence. Further, the B,
N-WS, NSs were used in the label-free detection of Hg?*. In this fashion, WSe,:CdS
and MoSe;:CdS nanohybrid quantum dots (NHDs) were synthesized by Karfa et al.
via hydrothermal and top-down approaches, respectively [97]. MoSe,:CdS NHDs
showed excellent excitation wavelength-dependent fluorescence and used as a turn-
off fluorescence probe for the detection of Pb?*. The real-time analysis (human sera
and polluted industrial water) made on the NHDs-coated paper sensor showed a good
response towards the trace level (20 pwg/L) of Pb?*. It is believed that onto the surface
of nanoparticles, metal ions will be adsorbed and a nanoparticle-metal matrix will
be formed, leading to PL. quenching.

Wang et al. have synthesized the photoluminescent MoS, quantum dots by
hydrothermal method using sodium molybdate and cysteine as precursors [98]. As a
photoluminescent probe, MoS, QDs had successfully detected 2,4,6-trinitrophenol
(TNP) with a high detection limit of 95 nM via PL quenching. The analysis of
Stern—Volmer quenching constant suggested that the high sensitivity very likely orig-
inated from a combination of PL resonance energy transfer, electronic energy transfer
and electrostatic interaction between MoS, QDs and TNP. Interestingly, cysteine-
MoS,; QDs prepared by Wu’s group showed good dispersion in aqueous solution and
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blue emission at 428 nm [99]. They have applied the as-prepared cysteine-MoS, QDs
in dual-mode PL sensing for the effective detection of AI>* and Fe** simultaneously.
In typical sensing, the blue fluorescence was gradually enhanced for AI** (turn-on)
and quenched for Fe** ions (turn-off).

Chemical doping of inorganic compounds is the easiest way to enhance the fluo-
rescent quantum yield of MoS; NSs rather than organic compounds or DNA molec-
ular doping. Wang et al. realized it in MoS, NSs prepared via hydrothermal method
with lead (II) (Pb**) and sulphide (S27) ions doping which also can be exploited
to design a label-free fluorescent “turn-on/turn-off” sensor for the detection of Pb**
and S?~ heavy metal ions. Various analytical techniques demonstrated the origin of
FL enhancement/quenching as the Pb**-induced formation of PbSO, at MoS, sur-
face and its transformation into PbS by S~ ions, respectively [100]. This formula
could be expanded in the area of high-performance optical modulators, solar cells
and biological applications.

TMDs in DNA sensing

First and foremost, pristine TMDs like MoS,, WS,, VS,, etc. are employed in DNA
molecular sensing. Available reports addressed both the fluorescent dye-labelled and
label-free detection of DNA molecules. Generally, all the single layered TMDs are
possibly composed of X-M-X sandwich structure, where the X (S, Se, Te) and M
(Mo, W, V, etc.) denote chalcogenide and transition metal ion, respectively. This
unique morphological characteristic of TMDs facilitates the specific absorption of
ssDNA via van der Waals force between nucleobases and the basal planes of TMDs,
so the fluorescence gets reduced. In contrast, due to weaker affinity, dSDNA restores
the emission behaviour of fluorophores and these differential affinities were utilized
for the tracing of nucleic acid levels. Huang et al. followed the hybridization chain
reactions (HCRs) strategy in DNA detection using MoS; NSs. Two complementary
hairpin DNA probes, HP1 and HP2, with FAM were employed in the typical sensing
system. After adsorption of FAM-probes, MoS, quenches the fluorescence ability of
FAM. When the target DNA is introduced, it hybridized with the anchoring end of
HP1 followed by the opening of HP2. The as-formed long-chain HP1-HP2 duplex
was desorbed from the sheet due to their weaker interactions with MoS, and hence
the strong fluorescence signal generated again [101].

Selection of transition metal in layered TMD perhaps influences their applica-
tion in the fluorescence biosensing platform. To check this, Loo et al. had made
the comparative study on the fluorescence-sensing performances of MoS, and WS,
nanoflakes [64]. Both MoS; and WS, nanoflakes exhibited the similar degree of flu-
orescence quenching (~71 to 75%), at the optimal amount of nucleic acid. However,
a better performance in the areas of detection range (9.60-366 nM) and selectivity
(97.8%) was achieved with MoS, nanoflakes than WS,. Hence, it is proven that
transition metal in layered TMD nanoflakes is strongly affecting their quenching
efficiency in DNA detection. Likewise, interaction of collagen peptide was tested
with both MoS, and WS, by Sun et al. where WS, provides strong fluorescence
enhancement [102] and the interaction between target peptide and matrix is shown
in Fig. 9.11a.
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Fig. 9.11 Schemes illustrating a interaction of peptide with WS, or MoS;. Reprinted with permis-
sion from [102]. Copyright 2017 Nature Publishing Group. b adsorption of ssDNA and ¢ dsDNA
on Au-MoS; surface. Reprinted with permission from [104]. Copyright 2016 American Chemical
Society

Effective utilization of target sample in the fluorescence sensing not only pro-
vides high throughput analysis but enables the ultrasensitive detection of DNA
molecules. Huang et al. had applied the microfluidic technique in DNA detec-
tion in order to reduce the sample volume. To investigate this, a dye-labelled
probe (5’-TAMRA-TGCGAACCAGGAATT-3') and its complementary DNA (5'-
AATTCCTGGTTCGCA-3") were used and are mixed with MoS, nanosheets in a
zigzag microchannel. Using this methodology, a detection limit of attomole level for
DNA was achieved [103]. A slightly altered tactics was used by Jin and his group
members for the detection of DNA [104]. As an alternative for dye labelling, thiol
functionalization was employed while using Au-modified MoS, as a fluorescence
probe to detect the target. The PL emission of MoS; observed at 1.84 eV gets tiny
blue shift initially by Au deposition and continuously shifted with increasing concen-
tration of A30-thiol target. Given that the bond formation between the Au and thiol
group helps for the enhanced adsorption of DNA on MoS, surface (Fig. 9.11b). From
the absence of peak shift after the target DNA mixing and its clear blue shift with
mismatched DNA, one can easily differentiate the target DNA through PL analysis
and the interactions of Au-MoS, with A30-SH also verified by DFT calculations.

MoS, nanosheets were also used in the design of protein fluorescent biosen-
sor where the combination of terminal protection of small-molecule-linked DNA
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(TPSMLD) and Exo III-aided DNA recycling amplification was adopted for the
streptavidin protein testing. The minimum level (LOD) of streptavidin protein that
can be detected by this route is 0.67 ng/mL. The high specificity of MoS, was con-
firmed from the less fluorescent signal observed in the presence of bovine serum,
recombinant human TNF-a and immunoglobulin G [105]. A water-soluble thiol-
functionalized atomic-thick-sheet fluorescent MoS, nanosheet was reported to sense
dopamine through PL quenching. This sensor is working based on “turn-off” response
and quenched the PL intensity in the range from 0.05 to 20 WM with a lower limit of
0.027 M. The possible mechanism of do pamine sensing is stated as charge transfer
by the stacking of MoS,; layers through C-O---H-O bonding interaction [106].
Rhodamine B isothiocyanate (RhoBS) fluorescent dye adsorbed MoS, nanosheets
were used by Yang et al. to detect Ag* ions in aqueous solution and living E.coli
cells [107]. On the surface of MoS,, Ag* reacts with RhoBS and detached from
the surface as Ag nanoparticles. Hence the fluorescence intensity of RhoBS-MoS,
complex was recovered and so it is a “turn-on” mode. As a non-toxic nanoprobe, it
can sense Ag* ions down to 10 nM with great selectivity. Zhu et al. for the first time,
employed the fluorogenic MoS, for the detection of DNA and small molecules like
adenosine [108]. They have used a simple ‘mix and detect’ assay format to sense the
analyte molecules within a few minutes. In 2014, aptamer-functionalized MoS; nano
biosensor also exploited in the sensitive detection of prostate-specific antigen (PSA)
[109]. When the target PSA binded to the aptamer, resulting in the release of aptamer
probe away from the surface of the MoS; nanosheets. Thus the quenched fluorescence
was restored and the sensor showed the ‘turn-on’ response to PSA. Further, by
considering MoS, as a FL probe, a digital sensing assay was made by Singh et al. to
detect the pathogens [110]. Initially, FL of fluorescin-tagged aptamer (Apt-FAM) was
diminished by primary ssDNA as shown in Fig. 9.12. However, the target pathogen
S.typhimurium binds to Apt-FAM and retaining its FL emission and the presence
of target was noted from a digital ‘yes’ or ‘no’ type of response. The selectivity of
MoS; is good for S.typhimurium over E.coli and P.vulgaris with a detection limit of
10 CFU.mL~!. Similar kind of detection was made electrochemically to detect the
food pathogen and chikungunya virus using MoS, as working electrode material [90,
111]. FRET-based fluorescence-sensing behaviour of water-soluble VS, QDs was
disclosed for the first time by Du et al. [112]. In their work, 3.3 nm sized VS, QDs
with unusual optical properties were used for the tracing of glutathione (GSH). By
mixing MnO, nanosheets with VS, QDs, due to the FRET process, the inherent FL.
emissions of VS, QDs are lessened. Then it is recovered by the addition of GSH and
this principle was applied for the sensing of GSH under UV and NIR excitations. On
the contrary, with the cooperation of FAM-aptamer, fluorescence quenching ability
of VS, NSs was exploited in the detection of protein, cytochrome C (Cyt C). It
hinders the fluorescence of probe which is recollected again by incubating Cyt C
target and giving a linear detection over the range of 0.75 nM to 50 uM [113].
Taking the advantage of intense emission merits of TMD QDs, exploring the
shape, size and surface modification related sensing behaviour would be remarkable
in the path of multifunctional sensor device designing. Dhenadhayalan et al. [114]
reported the interesting results obtained from the three distinct surface functionalized
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Fig. 9.12 Schematic representation of pathogens detection by MoS, Ns binded with Apt-FAM
probe. Reprinted with permission from [110]. Copyright 2016 Springer Nature

MoSe; QDs. The MoSe,/COOH, MoSe,/NH, and MoSe,/SH were synthesized by
hydrothermal method and tested against Cu?*, TNP and melamine (MA) respectively.
The higher sensitivity of 4.6, 45.3 and 27. 7 nM in the detection of Cu?*, TNP and MA
follows the different mechanism as metal ion induced fluorescence turn-on, electron
transfer and FRET process respectively which makes MoSe; a perfect chemosensor.

In the optical sensing platform, rarely p-type WSe; also used for the detection of
DNA molecules. On the p-type WSe, monolayer, Han et al. hybridized Cy3 fluo-
rescent dye and the doping and de-doping effect has been used as a mechanism of
DNA sensing [115]. When the relative concentration of Cy3/probe DNA (p-DNA)
is increased, PL intensity quenched and red shifted because of the p-type doping
charge transfer effect (i.e. injection of excess holes). In contrast, target DNA (t-DNA)
hybridization de-quenched and increased the PL intensity of WSe,/Cy3/p-DNA sys-
tem along with the repositioning of peak (blue shift). This de-doping effect is possibly
originated from the charge and energy transfer to WSe, from Cy3/p-DNA/t-DNA.
In addition to this, single layer TaS, NSs were prepared by Zhang et al. based on
the lithium-intercalation method and tested for fluorescence biosensor [116]. While
comparing the results of fluorescent detection of DNA, this TaS; possess high fluores-
cence quenching abilities and differential affinities towards ssDNA and dsDNA than
MoS; and TiS,. The 6-carboxyfluorescein (FAM)-labelled ssDNA probe exhibited
strong fluorescence emission at the excitation of 494 nm (FAM) which then dimin-
ished by TaS, addition. It reveals the strong interaction between the ssDNA and TaS,.
However, the fluorescent emission was restored when the target DNA influenza A
virus subtype HIN1 gene was added in it. This result suggests that dSDNA is having
weaker interaction with TaS, than ssDNA. Table 9.3 summarizes the TMD-based
fluorescent biosensors for the detection of different analytes.
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Table 9.3 Summary of TMD-based fluorescent biosensors for the detection of different analyte

R. Ponnusamy et al.

molecules
Material Target Mode of operation | LOD References
MoS;,-GQDs EpCAM Turn-on 450 pM [95]
B, N-MoS, Hg2+ Turn-on Less than [96]
1 nM
MoSe,: CdS Pb2* Turn-off 0.5pug L™t [97]
NHDs 6.3 e L—l
WSe,:CdS NHDs
MoS; QDs 2,4,6- Fluorescence 95 nM [98]
trinitrophenol quenching
Cys-MoS, QDs APt Turn-on - [99]
Fe?* Turn-off
MoS; Ns Pb%+ Turn-on 0.22 uM [100]
s Turn-off 0.42 uM
RhoBS-MoS, Ag* Fluorescence <10 nM [107]
recovery
MoSe,/COOH Cu?* Turn-on 4.6 nM [114]
MoSe;/NH, 2.4,6- Electron transfer 45.3 nM
MoSe>/SH trinitrophenol
Melamine Energy transfer 27. 7nM
MoS; NSs DNA Turn-off 15 pM [101]
MoS; Ns DNA Turn-off 500 pM [103]
Au-MoS, DNA Blueshift in PL - [104]
peak
Single layered DNA Dye quencher 0.5 fmol [108]
MoS, NSs
p-WSe,/Cy3 DNA Doping and - [115]
de-doping effect
TaS, DNA Fluorescence 0.05 nM [116]
quenching
WS, Collagen peptide Fluorescence 21 nM [102]
recovery
MoS; Ns Streptavidin-biotin | Turn-on 0.67 ng/mL [105]
TGA-MoS, Dopamine Charge transfer 27 nM [106]
MoS; Ns Salmonella Digital YES/NO 10 CFU/mL [109]
typhimurium
VS, QDs Glutathione Turn-on 3.5 uM [112]
VS, Ns Cytochrome C Fluorescence 0.50 nM [113]
quenching

Ns nanosheets, QDs quantum dots, PSA prostate specific antigen, TGA thioglycolic acid, GODs
graphene quantum dots, EpCAM epithelial cell adhesion molecule
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9.3.4 Colorimetric Sensors

Colorimetric sensing method is very simple as well as attractive due to its instant
detection of analytes where it can be visualized directly by naked eyes. These sensors
are potent for portable and inexpensive day-to-day life sensing applications as it does
not require any sophisticated instrumentation for the analysis. For the detection of
analytes, optical properties like absorption or surface plasmon resonance have been
utilized. However, in most colorimetric methods, to catalyse the enzymatic chro-
mogenic substance 3,3,5,5,-tetramethylbenzidine (TMB) and to produce the blue
coloured reaction, peroxidase enzymes such as horseradish peroxidase (HRP) were
adapted. On the other hand, the need for the development of peroxidase mimetics
has been increased due to the expensive and time-consuming preparative procedures
in the natural enzyme-based colorimetric methods. At this time, intrinsic peroxi-
dase mimetic behaviour in TMDs was explored and are efficiently applied in the
sensing of various biomolecules. In 2013, Lin’s group has reported the peroxidase-
like activity of WS, nanosheets and the colorimetric detection of H,O, and glucose
[117]. They also reported the analytical behaviour of MoS; nanosheets which is
capable of catalysing TMB in the presence of H,O,. The catalytic activity of MoS,

Absorbance

600

- %'f %%4%&%% %%%%

Fig. 9.13 a UV spectral changes of blank (a), FeZ*/OPD/H,0, (b), MoS,/OPD/H,0, (¢),
Fe2*/MoS,/OPD/H,0; (d, theoretical) at t-1172 s; b absorption of spectra of MoS>/OPD/H;0; in
the presence of different concentrations of Fe?* ions (0-2.0 uM) Reprinted with permission from
[121]. Copyright 2016 Elsevier. ¢ UV Vis absorption spectra of VS, POx at different concentrations
of HyO (2-100 wM); d anti-interference test of VS, POx over glucose with coexisting substances
in fruit juice. Reprinted with permission from [125]. Copyright 2017 Springer Nature
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Fig. 9.14 Possible mechanism of colorimetric catalytic reactions during cholesterol sensing by
TMB + MoS; NRs-Au NPs. Reprinted with permission from [123]. Copyright 2015 Elsevier

follows Michaelis-Menten kinetics and is dependent on temperature, pH, H,O, con-
centration and reaction time [118]. Guo et al. also followed the similar strategy
for their hydrothermally synthesized layered MoS, and achieved the sensitivity of
0.125-1.75 uM for H,O, with a LOD of 0.08 wM [119]. Chen et al. synthesized
the WS, nanosheets (NSs) and functionalized the Hemin (iron protoporphyrin) on
its few layered structure via van der Waals interactions [120]. This assembled struc-
ture not only resolved the issues of Hemin (oxidative self-degradation and molecular
aggregation) but also showed several advantages over HRP and other peroxidase
mimetics, such as ease of preparation, low cost, stability, dispersibility and high cat-
alytic efficiency. In glucose detection, hemin/WS, NSs showed a linear range 0.5 x
107 t0 2.0 x 10~* mol.L~! with a LOD of 1.5 uM. Recently, luminescent MoS,
nanosheet-based peroxidase mimetics was reported by Wang et al. for the label-free
colorimetric sensing of Fe?* ions [121]. It produces a yellow-coloured reaction dur-
ing the catalytic oxidation of peroxidase substrate o-phenylendiamine (OPD) in the
presence of H,O, (Fig. 9.13a). Further addition of Fe?* greatly enhanced the cat-
alytic activity of nanosheets (Fig. 9.13b), and the origin of enhanced sensitivity and
selectivity was analysed by multivariate curve resolution by alternating least squares
(MCR-ALS) and time-dependent UV-Vis spectral studies and found to be its large
reaction rate constant. Since the catalytic activity of the nanomaterials depends on
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Fig. 9.15 a Illustration of label-free DNA biosensor based on ssDNA induced dispersion of 2D
MoS; in aqueous salt solution; b absorption spectra of layered MoS; in the presence of different
concentrations of target DNA (T2) for fixed concentration of probe DNA (T1). Reprinted with
permission from [124]. Copyright 2015 John Wiley and Sons

their size and dispersibility, beyond the layered structure of MoS,, particle-shaped
MoS; functionalized with PVP also synthesized by Yu and his co-workers which is
tested for H,O, detection [122]. The biocompatibility of this 5 nm sized PVP-MoS,
NPs is good which was verified by in vitro cytotoxicity and haemolysis studies. They
have also obtained reliable results while measuring glucose concentration in serum
by colorimetric strategy as well as electronic glucometer based on the electrochem-
ical method. Increased cholesterol-related diseases demand for the economic, quick
and reliable detection approach to check the level of cholesterol. Combining the high
surface area MoS, along with gold nanoparticles, a long appreciated material in the
colorimetric route, it is proven that synergistically enhanced detection of cholesterol
is possible. Nirala et al. had experimented it and explained the mechanism of colori-
metric catalytic reaction as high aspect ratio and electron transfer that provides better
loading capacity and binding efficiency through the strong mechanical bonding with
the analytes (Fig. 9.14) [123].

Like peroxidase mimetics activities, size-dependent optical absorption behaviour
of MoS; can be utilized in the detection of DNA oligonucleotides. Based on the
discrimination ability of MoS, on ssDNA and dsDNA, Li et al. considered it for
the DNA sensor construction [124]. Aggregation of layered MoS, is more in a salt
solution where the sedimentation of layered MoS, occurred subsequently. The coag-
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ulation between MoS, layers gets inhibited upon the adsorption of ssDNA on its
surface, which retains its original optical absorption ability. Whereas, dsSDNA stayed
away from the surface and hence the dispersion behaviour was remarkably weak-
ened. Therefore, for the detection of DNA molecules, the size-dependent change in
the optical absorption of layered MoS, can be effectively utilized (Fig. 9.15). VS,
nanosheets, due to their unique properties and also its richness in natural enzymes, can
possibly exploited in biocatalytic applications. Of late, for the first time, peroxidase-
like activity was found in layered VS, nanosheets and reported by Huang’s group
[125]. Like MoS; and WS,, VS, also possess good glucose detection capabilities in
colorimetric measurements, with H,O, as a co-substrate (Fig. 9.13c, d). The above
survey clears that enzyme-mimic TMD nanomaterials could be useful in medical
diagnosis of various bio-analytes.

9.4 Conclusions and Future Prospects

Herein, the recent works on TMDs-based electrochemical, photoluminescence and
colorimetric biosensors were highlighted and discussed. Based on the current reports,
it is absolutely clear that TMDs with peculiar layered structure and high specific
surface area finds great variety of applications, especially in biosensors. However,
finding solutions to some of the unresolved challenges can improve the sensing
performance of TMDs. The performance of TMDs in biosensor is strongly related
to different parameters like shape, size, number of layers, etc. Hence, the synthe-
sis of composite materials with dimensionally different TMDs should be made for
advanced sensing. Simple preparation routes also to be established for the fabrication
of different TMD materials. Besides, large-scale synthesis of TMDs for industrial
applications is still challenging because most of the reported TMD electrochemical
biosensors were designed and fabricated at lab-scale. Mechanism of electron trans-
fer between the TMDs and the biomaterials should be completely investigated for
the better understanding of its interactions which can offer the improved sensitiv-
ity beyond the current detection limit. From the family of TMDs, only MoS, and
WS, were mainly focused for biosensing applications. While other TMD nanoma-
terials were unnoticed by the researchers even they are potential to serve as working
electrode in biosensor device. So, in the future, more light should shed to study the
sensing activity of other TMD materials.
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Chapter 10 ®)
Electronic Devices Based on Transition Geda
Metal Dichalcogenides

Jiaxu Yan and Ze Xiang Shen

Abstract In spite of the tremendous development in the semiconductor industry,
the Moore’s Law is believed to soon reach its limit and traditional microelectronic
devices are currently facing challenges such as high energy consumption and the
short-channel effect. As an alternative, two-dimensional (2D) layered transition metal
dichalcogenide (TMDC) materials show the ability to restrain the carriers in a 1 nm
physical limit and demonstrate high carrier mobility, tunable band gap, and excellent
manufacture compatibility, which will hopefully give birth to revolutionary changes
in nanoelectronics. In this chapter, we review the most recent progress of 2D TMDC
in field-effect transistors (FETs). We present the achievements in carrier mobility and
electrical contacts. We also point out the emerging directions for further development.

Keywords Transition metal dichalcogenides * Field-effect transistors + Mobility -
Electrical contact

10.1 Introduction

In the era of digital information, the core status of semiconductor technology is
increasingly prominent. With the 10 nm technology node and beyond, the semi-
conductor industry faces unprecedented challenges over power consumption issues
caused by the short-channel effects. In order to overcome the power consumption
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problem brought about by large-scale integration and maintain the cost advantage
brought by Moore’s Law, the new device technology in the post-Moore era, featuring
new materials, new structures, and new principles, has become an important frontier
of nanoelectronics.

Discovery of graphene has diverted the interest to the two-dimensional (2D) lay-
ered materials as the most promising alternative for the next-generation nanoelec-
tronics, owing to its excellent carrier mobility. Unfortunately, the lack of band gap
limits the further possible applications in semiconductor technology. Among the 2D
materials family, the transition metal dichalcogenides (TMDCs), in which transition
metal (M) is sandwiched between two chalcogen atoms (X), have various band gaps
and solve the biggest bottleneck of graphene, ranging from the visible to the near-
infrared [1]. Among TMDCs, MoS,, WS,, MoSe,, and WSe, are semiconductor
materials with a band gap of 1-2 eV, good air stability and process compatibility
and can be synthesized by chemically vapor deposition (CVD) method, which are
best suited for transistors in digital electronics [2]. In addition, TMDCs can be eas-
ily combined to form Van der Waals heterojunctions for the possible applications
of tunneling transistors, photodiodes, photodetectors, and other prototype devices
[3], independent of the limitations of lattice matching in traditional semiconductor
epitaxy growth.

10.1.1 2D TMDC-Based Transistors

In principle, the semiconductor TMDCs possess the three main advantages as the
channel materials for the efficient switching devices: Optimum balance between high
mobility and on/off ratio, ultrathin 2D layered structure with the thickness of <1 nm
and great process compatibility with traditional Si-based technologies. Figure 10.1
compares the on/off ratio and mobility of various unconventional channel materials.
Semiconducting TMDCs (s-TMDCs) are placed at vantage points compared to other
semiconductors [4]. Such high mobility can still be maintained at the limit thickness
due to the atomic-scale clean surfaces without chemical dangling bonds. Unlike
conventional semiconductors in which the mobility drop drastically with the sixth
power of the thickness decrease to 10 nm or less, TMDCs can maintain high mobility
even in the case of a single layer, e.g., 410 cm? V™! s~! at room temperature [5], is
much higher than Si with equivalent thickness.

As early as 1996, T. Loher et al. conducted a preliminary study on the principle
of carrier transport at the interface between MoTe, and WSe; [6]. In the same year,
R. Tenne et al. reported on the electrical properties exhibited by the WSe, thin-
film devices, and its carrier mobility could reach 19.2 cm?/Vs [7]. However, after
more than ten years, due to bottlenecks in the material preparation process, research
on TMD semiconductor devices entered a low tide. Until the last decade, with the
improvement of controllability of TMDC semiconductor materials and the emer-
gence of new device structures, the application of TMDCs to semiconductor devices
has once again entered the academic field of vision. In 2004, Podzorov et al. [8]
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began to study the transition metal sulfide FETs, which opened the study sequence
of TMDCs-FET. In this way, the MoS, device possesses high mobility, high on/off
ratio, and ideal subthreshold slope are of special interests. Although the theoretical
mobility of MoS, devices can reach 200-400 cm? V~! s~! [5], previously exper-
imental mobilities are too low (lower than 10 cm?® V~!' s~! [9, 10]) for practical
devices.

Subsequent studies by Chen et al. [11] and Konar et al. [12] show that the mobility
of the device can be effectively enhanced by introducing a high dielectric constant of
the gate dielectric layer. The reason is that the high dielectric constant gate medium
can effectively reduce the Coulomb impurity scattering by dielectric screening.

The first monolayer MoS, field-effect transistor with high on/off ratio (up to
10%) was realized in 2011 by the Kis group, setting off a research boom in TMDC
[13] (Fig. 10.2). The carrier mobility at room temperature can reach 60-70 cm?
V~! 57! and the device had a low subthreshold swing (74 mV dec™!). In addition,
MoS;-based FET also has good electrostatic regulation [14] and can well avoid short-
channel effects [15]. In 2012, Kim et al. [ 16] reported a multilayer MoS, FETs with a
single back-gated insulator of 50-nm-thick Al,O3 by atomic layer deposition (ALD).
The corresponding devices show high electron mobility (>100 cm?/Vs), near-ideal
subthreshold swings (~70 mV/dec), and a stable saturation current over a large voltage
window. They further verify the experimental results through simulations based on
Shockley’s long-channel transistor model and calculations of scattering mechanisms.
Zou et al. [17] demonstrated high-performance top-gated MoS, transistors using a
unique design of a hexagonal boron nitride (h-BN)/HfO, dielectric heterostructure,
in which few-layer BN grown by CVD serves as a buffer layer and high-kx HfO,
suppresses Coulomb scattering. The device shows high room-temperature mobility
up to 104 cm?/Vs, and the on/off ratio can reach close to 108.

The atomic thickness of <1 nm effectively suppresses the short-channel effect
and reduces the power consumption during operation, which is expected to extend
the lifespan of Moore’s Law [18]. Si transistors will fail below 5 nm gate lengths
due to severe short-channel effects, in which direct source-to-drain tunneling occurs
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with the loss of gate electrostatic control on the channel. MoS, has been shown
theoretically more than two orders of magnitude reduction in leakage currents to
Si in the OFF state, as shown in Fig. 10.3a, b. In 2016, Desai et al. constructed a
MoS, field-effect transistor (FET) with a 1 nm physical gate (Fig. 10.3c) with excel-
lent switching characteristics with an on/off current ratio of 10° and a subthreshold
swing of 65 mV/dec (Fig. 10.3d) using a single-walled carbon nanotube as the gate
electrode, demonstrating that MoS, can be used as the ideal channel materials at the
sub-5 nm scaling limit [19].

In layer dependence study, Li et al. [20] found that the thinner the conductive
material, the lower the electron mobility for the MoS, field-effect transistor when
number of layers, NL is <5 (Fig. 10.4a—c). It is mainly because the interaction dis-
tance between the charged impurities, i.e., adsorbed gas molecules, and the carrier
is shortened as the thickness of MoS, is reduced, especially to the single atomic
layer, which leads to the enhancement of the interface Coulomb scattering. The scat-
tering ability of the carrier is far more than the phonon scattering, which greatly
affects the electronic transport. More specifically, as thickness increases, the effect
of the substrate or charge impurities can be mitigated to some extent, leading to a
mobility enhancement. For thick samples (NL > 5), the situation is changed [21].
The additional interlayer resistance associated with an increasing NLs reverses this
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Fig. 10.3 Calculated direct source-to-drain tunneling leakage current (/sp-Lgak) (a) and Isp.LEAK
versus gate length (b) with the change of channel thickness for Si and MoS; at OFF state. ¢ Schematic
of FET with a MoS;, channel and single-walled carbon nanotube (SWCNT) gate. d Ip — Vgs
characteristics of a bilayer MoS, channel SWCNT gated FET at Vgg =5V and Vpg =50 mV and
1 V [19]. Copyright 2016. Reproduced with permission from the American Chemical Society

trend and leads to an effectively lower total mobility of the devices. According to the
resistor network model (Fig. 10.4d, f), a non-monotonic trend of carrier mobility for
multilayer MoS, materials as a function of channel thickness is shown, giving rise
to a maximum mobility value for a finite layer thickness. For example, to achieve
the maximum potential of MoS; for high-performance device applications, a ~10-
nm-thick multilayer MoS, flake should be adopted. Similar trends in mobility were
also found by Lin et al. at low temperature [22].

As mentioned above, unlike the process challenges and power consumption in
conventional Si channel materials for sub-5 nm CMOS technology nodes, TMDCs
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Fig. 10.4 a Optical images for MoS; flakes with various layer number and b corresponding FET
devices. ¢ and d carrier mobility as a function of channel thickness [20]. e Transfer characteristics
of MoS; FETs with different thickness for Vps = 0.2 V. Insert: The output characteristics for a gate
overdrive voltage of 2 V. f Summarized effective carrier mobility as a function of the MoS, thickness.
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2013. Reproduced with permission from the American Chemical Society

are ideal channel materials owing to their ultrathin body thickness and good mobility
at nm thinness.

In addition, chemical vapor deposition (CVD) of TMD is a compatible growth
method with CMOS process integration and suitable for ultrathin body formation. In
2014, Chen et al. [23] integrated few-layer MoS, with a silicon-based fin field-effect
transistor (Fin-FET), which is fully compatible with silicon-based complementary
metal-oxide—semiconductor (CMOS) process. In 2016, they further reported silicon-
based integrated U-shaped MoS,; transistors (Fig. 10.5). Using doped poly-Si as
the source/leak, CVD MoS, deposition creates a channel between the source and
leak. The 10 nm grid length of the MoS, p-MOSFET device exhibits excellent
performance: Switch ratio > 10°, I,, > 150 wA/pum [24].
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Fig. 10.5 a Schematic model of the U-shape MoS, p-MOSFET device. Insert: cross-sectional
TEM image of U-shape MoS; transistor. b I versus Vg of a 10 nm channel MoS; transistor with
Ton/lofe > 10° [24]. Copyright 2016. Reproduced with permission from IEEE

10.2 Factors Related to Electronic Performance

In theoretical, due to the intrinsic phonon scattering, the room-temperature mobility
is predicted at ~410 cm? V~! s~!, which is set as an upper limit for the experimental
achievement [5, 25]. However, the experimentally obtained carrier mobility is too
low to be applicable to real device [26, 27]. Figure 10.6 shows the typical structure
of the FET and the flow of electrons. The electrons are first injected into the channel
from the source electrode. The channel is then injected into the drain electrode. In this
process, there are mainly three interfaces that affect device performance. One is the
contact between the metal electrode (A region) and the MoS, channel (B region), in
which a large contact resistance may exist [28]. The study of the metal-MoS, contact
interface is called contact electronics. Second is that MoS, can metallize when it
contacts with a metal electrode. A new barrier is formed between the metallized
MoS, (B’ region) and the non-metallized MoS, (C region) interface in the channel.
Third, carriers are scattered by Coulomb impurities or phonons (C region) at the
interface formed between the MoS, channel and the gate insulating layer. There are
two main aspects responsible for the device performance in TMDCs-based FETs
[29]: (1) carrier injection at the electrode/channel contacts and (2) carrier scattering
within the conduction channels. Therefore, we only consider the relevant factors at
the A/B interfaces and C region. This part will discuss TMDC transistor contacts,
including the main means to reduce the contact resistance and the electronic transport
properties in TMDC using MoS, as an example.
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Fig. 10.6 Schematic cross-sectional view of a typical FET and the pathway of electrons. A, B, B/
and C represent different regions from Au to MoS;

10.3 TMDC Electrical Contact

Since TMDC has no chemical bonds on the surface, it cannot bond with metal, leading
to high Schottky barrier and low carrier injection efficiency. The contact resistance
is typically more than an order of magnitude higher than that in Si-based MOSFETs,
and this is a major limiting factor in device currents especially in short-channel
conditions. Therefore, lowering contact resistance is the key issue for improving
TMDC transistor performance. In the past few years, various methods have been
used to effectively reduce the contact resistance, mainly including metal-TMDC,
graphene-TMDC, TMDC phase-change contacts and tunneling contacts (Fig. 10.7).
This section describes the progress of the current TMDC transistor electrical contact
from these four aspects.
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Fig. 10.7 Electrical contact types of 2D semiconductor TMDC transistor: a Metal-semiconductor
contact; b graphene contact; ¢ phase transition contact; d tunneling contact
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10.4 Metal-TMDC Contact

Typical metal-single-layer TMDC contact resistance is in the order of 1-100 k€2 pum,
which is 1-3 orders of magnitude higher compared to that of Si-based CMOS devices.
Generally speaking, the method of reducing the metal-TMDC contact resistance is
divided into two categories: The first is to choose the type of contact electrode metal,
making its work function similar to that of the channel material; the second is doping
the channel material, changing the carrier density of the channel material, and hence
improving the contact resistance of the interface. This part will systematically explain
the reduction in the contact resistance from these two aspects.

10.4.1 Effect of Different Metals on Contact

Interfacial Schottky barrier, proportional to the energy-level difference of two cou-
pled materials, can be reduced by making contact between n-type (or p-type) semi-
conductor and low (or high) work function metals. In 2012, Das et al. [21] compared
the difference in the performance of MoS, devices using different contact electrodes
metals (Pt, Ni, Sc, and Ti). They found that for an n-type MoS, device, a low work
function metal Sc can achieve higher performance electron injection and low contact
resistance (Fig. 10.8a). Walia et al. [30] compared metals Al, W, Au, and Pt as contact
electrodes and found that the Al and W electrode with low work function are able
to facilitate the electron transport, while the hole transport is dominant with high
work function metal electrodes, e.g., Au and Pt (Fig. 10.8b). In 2012, Toméanek et al.
[28] conducted theoretical studies on the electronic structure, bonding, and geometry
of metal-monolayer MoS, contact regions using ab initio density functional theory.
They found that the charge carrier density at the Au—MoS, interface is very low
and the electron transport is mainly of a tunneling nature with low electron injection
efficiency; while the Ti-MoS, interface displays a high density of delocalized states
at the Fermi level that can form a low-resistance ohmic contact. It is worth noting
that the measured output I-V characteristics using Au contacts are linear, indicating
electrically ohmic contacts to MoS,. Such observation seems counterintuitive to the
above analysis that high work function metal (i.e., Au) will increase the Schottky
barrier for n-type MoS,. Actually, owing to the ultrathin MoS,, a tunneling current is
responsible for the observed linear or electrically ohmic behavior even with high work
function metal contacts. In 2013, Banerjee et al. [31] reported a high-performance
multilayer MoS, transistors with low contact resistance (~0.8 k2 wm) using Ti as
the electrode. It was found that the edge contacts between Ti and MoS, increased
electron injection efficiency between channels. Later, the layer-dependent interfacial
barrier at Au/MoS, contacts was reported [32]. The barrier increases from 0.3 to
0.6 eV as the layer number of MoS, changes from five to one layer, as a result of
quantum confinement. Furthermore, the dependence of electrical transport properties
on channel lengths ranging from 2 pm down to 50 nm in MoS,-based MOSFETs
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Fig. 10.8 I-V characteristics for different metal/MoS, contacts under identical bias conditions
[21, 30]. Copyright 2013. Reproduced with permission from the American Chemical Society and
Institute of Physics. Insert: The realistic band alignments

was examined [15]. No obvious short-channel effects on the device with 100 nm
channel length were found. In 2014, using tunneling barriers (Van der Waals gap
of metal-TMDC interface), Schottky barrier (Fermi level difference at metal-TMDC
interface) and orbital overlap (overlapping of electron cloud of metal-TMDC inter-
face), three indices were systematically evaluated for interfacial contact between
different metals and a single layer of MoS,; [33, 34]. They found that metals Ti and
Mo can form ohmic contacts with a single layer of MoS,. The former originates
from the Ti—-MoS, interface with small tunneling barrier and improved the elec-
tron injection efficiency; while the latter is due to the higher lattice matching of the
Mo-MoS; contact interface, resulting in higher electron injection efficiency. Subse-
quently, in experiments, the team measured the contact resistance between MoS,—Ti
and MoS;-Mo is 1.3 k2 wm [35] and 2 k2 wm [36], respectively.

10.4.2 Effect of Doping on Contact

Heavy doping reduces the Schottky barrier height, and the metal-semiconductor
contact current is greatly enhanced by tunneling. For conventional semiconductors,
doping can be precisely controlled by impurity diffusion or ion implantation. For
two-dimensional TMDC semiconductor materials, their atomically smooth surfaces
without dangling bonds and atomic-scale thickness hinder the effective doping. How-
ever, their ultrathin 2D nature allows the exploration of novel approaches, such as
chemical and molecular doping. Javey et al. have performed a series of pioneering
studies on surface charge doping in TMDC FETs [37, 38]. In 2012, they adopted
the patterned NO, molecules chemisorption on WSe, for hole injection to lower
the contact resistance. Later, using potassium, degenerate n-doping of few-layer
MoS; and WSe; semiconductors were achieved. In 2013, Ye et al. proposed a sim-
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Fig. 10.9 a Schematic illustration of a Cl-doped back-gated MoS,/WS; FET and the measured
contact resistance, b after doping [42]. Copyright 2014. Reproduced with permission from the
American Chemical Society. ¢ Schematic illustration of a BV surface charge transfer doped back-
gated MoS; FET and d the measured contact resistance before (green curve) and after (blue curve)
BV doping [41]. Copyright 2014. Reproduced with permission from the American Chemical Society

ple method to incorporate doping in few-layer MoS, FETs by soaking the devices
in polyethyleneimine (PEI) solutions as n-type surface dopants [39]. Owing to the
reduction in sheet resistance and contact resistance, the device performances in ON-
current and mobility are effectively improved. At present, there are many reports on
surface charge transport doping of two-dimensional semiconductor TMDC [37—41].
In 2014, the Javey team used benzyl viologen (BV) as a surface charge transport
donor to achieve effective n-type doping of MoS, [41]. They found that MoS, FET
fabricated by using the Ni/Au electrode has a contact resistance of 3.3 k2 wm before
the doping and a contact resistance of 1.1 k2 pwm after the doping (Fig. 10.9¢, d).
Moreover, this doping method has the characteristics of air stable and no degradation.
In addition, the effect of doping can be eliminated by soaking in toluene reagent.
The alternative approach is to introduce new elements into TMDC channel mate-
rials to achieve effective doping. Yang et al. [42] proposed a method of soaking thin
slices of MoS, into dichloroethane (DCE) to achieve n-type chlorine doping of 2D
TMDC materials. After doping, the chlorine atoms occupy the sulfur atom vacancy
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in MoS; and WS,, causing the Fermi level to shift upward and the Schottky barrier
is reduced. The contact resistance of Ni-WS, and Ni-MoS, systems is effectively
reduced to 0.7 and 0.5 k2 pm (Fig. 10.9a, b). Due to the presence of many sul-
fur atom vacancies in MoS, and WS,, the doping concentration of corresponding
chlorine atoms is very high. The multilayer WS, and MoS, can achieve high dop-
ing densities of 6.0 x 10'' cm™2 and 9.2 x 10'> cm™2 at zero grid voltage. For
MoS, FET devices with ferromagnetic Co electrodes, with the insertion of a thin
MgO [43] or TiO, [44] oxide barrier between the Co electrode and the MoS, flake,
the Schottky barrier height can be reduced drastically. Here, the integration of a thin
oxide layer could simultaneously bypasses the conductivity mismatch problem while
minimizing carrier depletion near the contacts.

The high-k dielectric oxides can also serve as the effective charge transfer dopants
for the doping of monolayer MoS,. In 2015, Rai et al. [45] adopted (ATO) amorphous
titanium suboxide thin film as a high-k dopant in monolayer MoS; transistor using an
Ag/Au electrode. The effective n-doping of ATO resulted in low contact resistance
of about 180 € m, with the room-temperature mobility increased to 102 cm? V!
s~!. Theoretical calculations show that ATO doping is an interface with oxygen
vacancies modulation. ATO doping not only effectively reduces the Schottky barrier,
but also acts as a high dielectric material that can effectively shield Coulomb impurity
scattering. Subsequently, in 2017, Pop et al. [46] performed n-type doping of MoS;
by depositing a layer of unsaturated alumina AlO, on the channel surface of a single-
layer MoS, transistor. The contact resistance is reduced to 480 2 pwm, and the ON-
current is increased to 700 pA/pum.

10.4.3 Graphene-TMDC Contact

Graphene-TMDC contact refers to the use of graphene as an electrode and TMDC as a
contact material for channel formation (Fig. 10.7b). Graphene is a 2D semimetal with
ultra-high mobility and can realize the atomic-scale contact interface with TMDC.
Graphene has a zero band gap, and its work function can be controlled by the gate
voltage effectively reducing the Schottky barrier. Graphene can form two kinds of
graphene-based contacts to TMDCs, i.e., top contact and edge contact. For graphene
top contacts, Liu et al. [47] have shown that with proper gate voltage control, graphene
and Mo$S; can form a good contact, realizing a true zero barrier and linear output
characteristic at low temperatures (less than 19 K). Due to a very small contact barrier,
their MoS,-FETs achieve a low-temperature field-effect mobility of 1300 cm? V!
s~! (Fig. 10.10a). Here, one should note that there is still a large contact resistance
for graphene top contacts, due to the existing Van der Walls gap between graphene
and MoS,. To reduce the contact resistance height, Thong et al. [48] developed a
nickel-etched graphene electrode on MoS, using a dry transfer method and a metal-
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contacts [47]. Copyright 2015. Reproduced with permission from the American Chemical Society. b
Schematic illustration of back-gated MoS, FET fabricated with four different types of contacts and ¢
the corresponding measured contact resistances [48]. Copyright 2015. Reproduced with permission
from the American Chemical Society

catalyzed graphene treatment process (Fig. 10.10b). The contact resistance between
nickel-etched graphene electrode and MoS, are only approximately 200  pm.
Compared to pure nickel electrodes, the contact resistance is reduced by two orders
of magnitude due to the very low work function of the nickel graphene electrode and
the presence of zigzag edges on the treated graphene (Fig. 10.10c), which enhances
the tunneling efficiency between graphene and nickel [49].

To reduce the effects of MoS,’s extrinsic scattering, Dean et al. [50] proposed a
Van der Waals heterojunction device, where the device is wrapped in the two lay-
ers of h-BN MoS,, using graphene as electrodes. Magnetic transport results show
that six layers of MoS, devices at low temperatures get a Hall mobility record
of up to 34,000 cm?> V~! s~!, confirming that the previous low-temperature char-
acteristics were dominated by external interface impurities, including both long-
range Coulomb impurities and short-range defects, instead of the scattering centers
within the bulk. They also used this structure to fabricate dual-grid FETs. Studies
have shown that they have high-quality electrical contact. The mobility of carriers
at both ends is 33151 cm? V~! s~! at room temperature, and the subthreshold
swing is 80 mV/dec [51].

10.4.3.1 Phase-Change Contact

Phase-change contact refers to the use of multiple phases of a two-dimensional mate-
rial for different parts of a device: The semiconductor phase acts as a channel, the
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Fig. 10.11 a Atomic models and optical images of 2H- and 1T-TMDs. The different color con-
trast shows locally patterned 2H (bright color) and 1T (dark color) phases [54]. Copyright 2014.
Reproduced with permission from Nature. b Schematic of device structure with 1T phase contact. ¢
Transfer characteristics of top-gated MoS; FET. Blue curves represent devices with 1T phase con-
tact and the black curves are with Au contact on the 2H phase [55]. Copyright 2014. Reproduced
with permission from the Institute of Physics

metal phase acts as an electrode, and the two phases are connected by chemical bonds,
making contact in a seamless manner (Fig. 10.7c). The method of the phase-change
contact interface has no Van der Waals energy gap and has atomic-level contact
boundaries, enabling the efficient injection of carriers. As shown in Fig. 10.11a,
monolayer MoS; delivers two distinct symmetries: the trigonal prismatic 2H and
octahedral 1T phases. The 2H phase exhibits semiconducting and the 1T is metal-
lic. Through intralayer atomic plane gliding, the 1T phase was the first reported to
transform from 2H-MoS,; by Li and K intercalation [52, 53]. One can use the metal
1T phase as the electrode and the semiconductor 2H phase as the channel material
to create a seamless MoS, FET [54, 55]. Tests have shown that the contact resis-
tance is 200-300 €2 pwm at zero gate voltage, which mainly comes from the apparent
atomic-level grain boundary between the 1T phase and the 2H phase (Fig. 10.11b).
This is one of the lowest reported contact resistances. Phase-change contact opens
up a new route for phase engineering toward the future development of integrated
design of TMDC FETs. However, current means of inducing phase transitions are
implemented through solution processing methods [53] or Ar-plasma bombardment
[56] with organic adsorbents or induced defects. To reduce the contact resistance via
phase engineering technique, a facile, clean, controllable, and scalable approach is
desperately needed.
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10.4.3.2 Tunneling Contact

When an ultrathin insulating layer is inserted into the contact interface between
the metal and the two-dimensional TMDC, a metal-insulator—-semiconductor (MIS)
is formed, which can reduce the Schottky barrier height and contact resistance
(Fig. 10.7d). Such MIS sandwich structures were designed to reduce the Schot-
tky barriers of metal contacts to Si [57], Ge [58], and Group III-V semiconductors
[59, 60]. The reduction of the effective Schottky barrier height has been ascribed to
the attenuation of metal-induced gap states in the insulator and/or electronic dipole
formation at the insulator—semiconductor interface [61]. Recently, inserting an ultra-
thin tunneling layer into the metal-MoS, interface is adopted to reduce the Schottky
barrier height and various insulating oxides are involved, such as MgO [44], TiO,
[43], Ta,Os [61]. Initially, the thin insulating layer in the MIS structure used was
MgO and TiO,. The experimental results show that the insulating layer can effec-
tively reduce the Schottky barrier height, but the contact resistance has not been
quantified. In 2016, Wong et al. used Ta,Os as the tunneling layer to fabricate a
MoS,;-TayOs—Ti/Au MIS structure. Via thickness optimization analysis of the insu-
lating layer, it was found that when the Ta,Os is 1.5 nm, the Schottky barrier of the
metal in contact with CVD-MoS, is reduced to 29 meV. However, these ultrathin
oxide tunneling layers are difficult to be deposited directly on the MoS, surface
without dangling bonds. Thus, 2D insulating materials are proposed instead of 3D
oxide insertion. Wang et al. [62] used CVD h-BN as the tunneling insulation layer to
reduce the Schottky barrier height and improved the metal-MoS, contact resistance.
The 1-2 layers of h-BN have atomic-level ultrathin thicknesses, producing only a
small tunneling resistance, which greatly reduces the Schottky barrier height from
158 to 32 meV and the contact resistance from 5.2 to 1.8 k2 wmm. The MoS, FET
can have field-effect mobility of 73 cm? V~! s=! and output current of 330 wA/pm
at room temperature due to the optimization of the tunneling contact. At 77 K, the
mobility and output current increase to 321.4 cm? V= s~! and 572 wA/pum, respec-
tively. Subsequently, Cui et al. [63] produced a mechanically stripped monolayer
h-BN wrapped monolayer MoS,. The sandwich structure, using metal Co as the
electrode, realizes a low-temperature ohmic contact. The 42-BN not only reduces the
Schottky barrier of the interface as a tunneling insulating layer, but also modulates
the work function of the metal electrode Co, resulting a greatly improved contact
interface at a low temperature of 20 K. The contact resistance at a carrier concen-
tration of 5.3 x 10'?/cm? was approximately 3 k2 ym, and the extracted Schottky
barrier was 16 meV. Good contact made the SdH oscillation of monolayer MoS,
observable under lower carrier concentration, which provided a rare platform for the
study of the inherent properties of monolayer MoS, (Fig. 10.12).
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Fig. 10.12 a Measured contact resistance as a function of TayOs layer thickness in FETs [61]. b
Measured contact resistance as a function of temperature for Co/h-BN/1L MoS; FET [63]. Copyright
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10.5 TMDC Mobility

Although TMDC is an important candidate for extended Moore’s Law, recent stud-
ies have shown that their electron transport is limited by many external factors. The
experimental mobility reported so far is far below the theoretical limit of phonon scat-
tering. For example, the theoretical phonon-limited mobility of single-layer MoS,
and WS, at room temperature is approximately 410 cm?> V= s=! [5] and 1100 cm?
V-1 s [64], respectively; however, for these two materials, the experimental val-
ues can only reach 150 cm? V~! s~! [65] and 80 cm? V~! s~! [66]. Therefore, the
mobility problem seriously affects the performance of TMDC device. Through the
study of electron transport [2, 67-69], these external factors mainly include semi-
conductor—dielectric interface coulomb impurity (Cls) scattering, intrinsic electron-
phonon (e-ph) scattering, oxide surface-optical (SO) phonon scattering, and defects
(Fig. 10.13). They will significantly reduce the carrier scattering free path, thereby
reducing the mobility.

10.5.1 Intrinsic Electron-Phonon Scattering

In the absence of any external scattering source, the mobility of the material is
limited by the interaction between electrons and different types of lattice phonons
(Fig. 10.13a). The intrinsic phonon limit mobility is a very important concept that
determines the highest mobility that can be achieved for perfect samples without
impurities and defects, which can be used as a yardstick to evaluate the quality of
experimental samples. Kaasbjerg et al. [S] found that the internal phonon scattering
rates are derived from the interactions between electrons and longitudinal acoustic
(LA) phonons, transverse acoustical (TA) phonons, intravalley polar TO phonons,
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intervalley polar LO, and homopolar optical phonons. The sum of the intensity of
these effects will change with temperature: As shown in Fig. 10.14a, below 100 K,
the internal phonon-limited mobility in monolayer MoS; is mainly determined by the
acoustic phonon and follows a jL ~T~!7 temperature dependence. As the temperature
rises, the role of carriers and internal phonons is dominated by LO phonons, so that
the phonon-limited mobility is linear with T~!.

At 300 K, if Coulomb impurity scattering and the surface of the optical phonon
scattering are not considered, the mobility can be achieved 410 cm? V~! s~! in
monolayer MoS, dominated by optical phonon scattering via intra and intervalley
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10.5.2 Optical Phonons on Oxide Surfaces

In semiconductors, electrons can excite phonons in the surrounding dielectric mate-
rial through long-range Coulomb interactions if the dielectrics support polar vibra-
tional modes. In high-k insulators, e.g., HfO,, the chemical bonds between met-
al-oxygen atoms are very likely to polarize, creating a locally polarized electric
field at the interface. In silicon [70, 71], organic transistor [72, 73], and graphene
[74, 75] devices, it has been widely observed that the remote interfacial phonon
or surface-optical (SO) phonon is determined by the phonon mode energy of the
interface material, and the lower the energy its phonon mode is, the more significant
the scattering of carrier transport is. As shown in Fig. 10.13b, the dielectric near
MoS,; provides support for the polar vibration mode, resulting in a SO phonon in the
oxide surface. Yu et al. [69] calculated the temperature-dependent SO phonon-limited
mobility wso for different dielectric materials and different carrier concentration. As
shown in Fig. 10.14b, they found that the high-k dielectric significantly degrades
FET carrier mobility. Because of the effect of carrier screening, the dominant mobil-
ity of remote interface phonon scattering will gradually increase with the increase of
carrier concentration. At the same time, the remote interface phonon shows a strong
temperature dependence, and its scattering will rapidly increase with the increase of
temperature, resulting in a rapid decline in mobility. Therefore, SO phonon scattering
is one of the main sources of high-temperature scattering of the MoS, FET device
since SO phonons are more thermally populated at higher temperatures. Moreover, as
the surface field strength of the material increases and the dielectric constant becomes
larger, the energy of the surface-optical phonon will gradually decrease, leading to
even stronger interfacial phonon scattering. For materials with multiple long-range
phonon modes (hexagonal boron nitride (4-BN), etc.), the remote phonon scattering
is a superposition of several modes.

10.5.3 Coulomb Impurity Scattering

In a 2D system, since the carriers are distributed on the surface, their transmission
is severely scattered by the charged impurities (CIs) distributed at the interface of
the channel and the dielectric. Each CI will produce a long-range Coulomb potential
field V(d), where d is the interaction distance. Figure 10.13c shows that the scattering
potentials generated by the two CIs located on the upper and lower surfaces of the
trench interface. The carriers in monolayer MoS, are confined within 1 nm, leading
to a small d. Since the scattering potential V(d) is proportional to 1/d, the scattering
intensity in monolayer MoS, is much stronger than on the thick ones. Experiments
have shown that the CIs are one of the main factors affecting mobility in crystalline Si
FETs [76], graphene [77], and monolayer MoS; [78]. In comparison with Si FETs,
where impurities mainly originate from the residual metals ions and unsaturated
Si bonds at the channel/dielectric interfaces, the sources of CIs in TMDCs include
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gas molecules adsorbed during device fabrication, chemical residues, defects, and
oxidation, the surface charge of the object, etc. To increase the carrier mobility,
reducing the above sources of CI must be considered.

In the case of the same carrier concentration, the use of a high-k dielectric layer
such as HfO, can improve the electron mobility because of the dielectric screening
effect on Coulomb scattering. Fischetti [78] established a CI scattering model and
calculated the CI-limited mobility of single-layer MoS, at different temperatures
and electron concentrations in high-k (HfO,) top-gate oxide structures. Since the
screening depends on the temperature, the Coulomb impurity-limited mobility of a
single layer of MoS; should be sensitive to the temperature. They also found that the
introduction of high-k oxidation would increase the mobility at room temperature by
several times [79-81]. Subsequently, Yu et al. [65, 69] found through experiments
and theoretical studies that high carrier concentration also acts as a screening effect
for Coulomb impurities. As the concentration increased from 10'2to 10'3 cm™2, the
mobility also increased.

However, the use of high-k dielectrics will also bring the side effects on the
room-temperature mobility due to SO phonon scattering in the polar dielectric, as
we discussed in Sect. 3.2.2. In fact, the two competing factors deliver the contentious
roles of the dielectric environment in improving or suppressing carrier mobility. For
example, Liao et al. found a mobility degradation of 30-50% in top HfO, gated
MoS,; FET, as compared with back SiO, gated devices [82]. The observed mobility
degradation is attributed to the strong SO phonon scattering in the high-k dielectric.
To address this controversy, Ma and Jena [83] performed a comparative study of the
individual scattering mechanisms between SO phonon and CI scattering. When the
average permittivity of the top and bottom dielectrics is smaller than 10, the mobility
is improved. For the value is higher than 10, enhanced SO phonon scattering will
determine the overall mobility. As shown in Fig. 10.12b, Yu et al. [65] systematically
compared the performance of MoS, FET with a different gate dielectric, e.g., SiO,,
Al»,O3, and HfO,. They concluded that the screening of CI by high-k dielectric is
the dominant factor in the practical situation. When the CI density is reduced, SO
phonon scattering will determine the highest mobility attainable at room temperature
and low-k dielectric will be preferable, such as SiO;.

10.5.4 Scattering of Defects

Various kinds of structural defects such as vacancies and grain boundaries [84—88]
are inevitably present in TMDCs by various methods (Fig. 10.13d). For example,
MoS; samples grown by the CVD method have sulfur atom vacancy density up to
(1.2 £ 0.4) x 10" cm™2, i.e., 0.4%. These defects can result in highly localized
band-to-band electronic states or tails that affect the electronic transport of TMDCs.
A large number of theoretical calculations and experiments have been conducted
on the effect of MoS, defects on the band structure and properties, such as the
S atom vacancy in MoS; and their applications, e.g., in the petroleum industry to
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Fig. 10.15 Scanning transmission electron microscopy (STEM) images of S vacancy (a), MoS;
antisite defect (b), grain boundaries (¢, d) in monolayer MoS,. Electron transport mechanism in
perfect (e) and defective (f) MoS;. g Band structure and partial density of states for monolayer
MoS; [85]. Copyright 2013. Reproduced with permission from Nature

catalyze desulfurization [89, 90] and accelerate water decomposition [91, 92]. Qiu
et al. [85] found that charge hopping transport at low carrier concentration through
sulfur vacancy defects played an important role for the observed low mobility in
monolayer MoS, (Fig. 10.15). In addition to sulfur atom defects, grain boundary
defects are also widely present in the sample. van der Zande et al. [93] compared the
mobility of mechanically exfoliated MoS, and CVD synthesized MoS, samples at
room temperature and found that the performance of the device depends not only on
the type of grain boundary, but also on the relative direction of current transport.

10.6 Summary and Outlook

In summary, as typical 2D materials, TMDCs possess excellent electrical properties,
flexibility, and light transmission, and thus have broad application prospects in chan-
nel materials of FET devices. Currently, the research of TMDCs-based electronic
devices mainly focuses on the mechanism of carrier transport and the improvement
of transistor performance. In this chapter, we discuss the main scattering mechanisms
that affect carrier transport and the methods to suppress scattering. The influence of
metal-semiconductor contact on the performance of the devices is analyzed, as well
as the current process methods to effectively reduce the contact resistance of TMDC.

2D semiconductor TMDC materials have shown advantages over traditional sili-
con materials in the field of electronic devices, such as the preparation of sub-10 nm
channel devices [94-96], overcoming the short-channel effect of the incompatibil-
ity of silicon materials. Therefore, it still has enormous potential in nano-electronic
devices field.

Future research will explore more exotic properties of TMDCs, e.g., superconduc-
tivity, spin-orbit coupling, toward the next-generation nanoelectronics. We believe
that the technological impact of semiconducting TMDCs can likely be maximized.



10

Electronic Devices Based on Transition Metal Dichalcogenides 351

Acknowledgements J.X.Y is supported by the National Natural Science Foundation of China
(Grant No. 11704185) and the Natural Science Foundation of Jiangsu Province, China (Grant No.
BK20171021). J.X.Y. and Z.X.S. gratefully acknowledge the Ministry of Education (MOE) for the
following grants: AcRF Tier 1 (Reference No: RG103/16); AcRF Tier 2 (MOE2015-T2-1-148);
AcRF Tier 3 (MOE2011-T3-1-005).

References

10.

11.

15.

16.

17.

18.

19.

20.

. Mattheiss LF (1973) Band structures of transition-metal-dichalcogenide layer compounds.

Phys Rev B 8:3719-3740

. Wang QH, Kalantar-Zadeh K, Kis A, Coleman JN, Strano MS (2012) Electronics and opto-

electronics of two-dimensional transition metal dichalcogenides. Nat Nanotechnol 7:699

. Liu'Y, Weiss NO, Duan X, Cheng HC, Huang Y, Duan X (2016) Van der Waals heterostructures

and devices. Nat Rev Mater 1:16042

. Jariwala D, Sangwan VK, Lauhon LJ, Marks TJ, Hersam MC (2014) Emerging device appli-

cations for semiconducting two-dimensional transition metal dichalcogenides. ACS Nano
8:1102-1120

. Kaasbjerg K, Thygesen KS, Jacobsen KW (2012) Phonon-limited mobility in n-type single-

layer MoS; from first principles. Phys Rev B 85:115317

. Loher T, Tomm Y, Klein A, Su D, Pettenkofer C, Jaegermann W (1996) Highly oriented layers

of the three-dimensional semiconductor CdTe on the two-dimensional layered semiconductors
MoTe, and WSe;. J Appl Phys 80:5718-5722

. Tenne R, Galun E, Ennaoui A, Fiechter S, Ellmer K, Kunst M (1996) Characterization of

oriented thin films of WSe, grown by van der Waals rheotaxy. Thin Solid Films 272:38-42

. Podzorov V, Gershenson ME, Kloc C, Zeis R, Bucher E (2004) High-mobility field-effect

transistors based on transition metal dichalcogenides. Appl Phys Lett 84:3301-3303

. Novoselov KS, Jiang D, Schedin F, Booth TJ, Khotkevich VV, Morozov SV, Geim AK (2005)

Two-dimensional atomic crystals. PNAS 102:10451-10453

Ayari A, Cobas E, Ogundadegbe O, Fuhrer MS (2007) Realization and electrical characteriza-
tion of ultrathin crystals of layered transition-metal dichalcogenides. J Appl Phys 101:014507
Chen F, Xia J, Ferry DK, Tao N (2009) Dielectric screening enhanced performance in graphene
FET. Nano Lett 9:2571-2574

. Konar A, Fang T, Jena D (2010) Effect of high-k gate dielectrics on charge transport in graphene-

based field effect transistors. Phys Rev B 82:115452

. Radisavljevic B, Radenovic A, Brivio J, Giacometti V, Kis A (2011) Single-layer MoS; tran-

sistors. Nat Nanotechnol 6:147-150

. LiuH, Ye PD (2012) MoS; dual-gate MOSFET with atomic-layer-deposited Al,O3 as top-gate

dielectric. IEEE Electron Device Lett 33:546-548

Liu H, Neal AT, Ye PD (2012) Channel length scaling of MoS, MOSFETs. ACS Nano
6:8563-8569

Kim S, Konar A, Hwang WS, Lee JH, Lee J, Yang J (2012) High-mobility and low-power
thin-film transistors based on multilayer MoS; crystals. Nat Commun 3:1011

Xuming Z, Chun-Wei H, Lifeng W, Long-Jing Y, Wenging L, Jingli W (2016) Dielectric
engineering of a boron nitride/hafnium oxide heterostructure for high-performance 2D field
effect transistors. Adv Mater 28:2062-2069

Schwierz F (2010) Graphene transistors. Nat Nanotechnol 5:487

Desai SB, Madhvapathy SR, Sachid AB, Llinas JP, Wang Q, Ahn GH (2016) MoS; transistors
with 1-nanometer gate lengths. Science 354:99-102

Li SL, Wakabayashi K, Xu Y, Nakaharai S, Komatsu K, Li WW (2013) Thickness-
dependent interfacial coulomb scattering in atomically thin field-effect transistors. Nano Lett
13:3546-3552



352 J. Yan and Z. X. Shen

21. Das S, Chen HY, Penumatcha AV, Appenzeller J (2013) High performance multilayer MoS»
transistors with scandium contacts. Nano Lett 13:100-105

22. Ming-Wei L, Ivan IK, Jason F, Xufan L, Alexander AP, Christopher MR (2016) Thickness-
dependent charge transport in few-layer MoS; field-effect transistors. Nanotechnology
27:165203

23. Chen MC, Lin CY, Kai-Hsin L, Li LJ, Chen CH, Cheng-Hao C et al (2014) Hybrid Si/TMD
2D electronic double channels fabricated using solid CVD few-layer-MoS, stacking for Vth
matching and CMOS-compatible 3DFETs. In: IEEE international electron devices meeting,
pp 33.5.1-33.5.4

24. Kai-Shing L, Bo-Wei W, Lain-Jong L, Ming-Yang L, Chia-Chin Kevin C, Cho-Lun H et al
(2016) MoS; U-shape MOSFET with 10 nm channel length and poly-Si source/drain serving
as seed for full wafer CVD MoS; availability. In: IEEE symposium on VLSI technology, pp
1-2

25. Li X, Mullen JT, Jin Z, Borysenko KM, Buongiorno Nardelli M, Kim KW (2013) Intrinsic
electrical transport properties of monolayer silicene and MoS; from first principles. Phys Rev
B 87:115418

26. Yoon Y, Ganapathi K, Salahuddin S (2011) How good can monolayer MoS, Transistors be?
Nano Lett 11:3768-3773

27. Liu H, Si M, Najmaei S, Neal AT, Du Y, Ajayan PM, Lou J, Ye PD (2013) Statistical study
of deep submicron dual-gated field-effect transistors on monolayer chemical vapor deposition
molybdenum disulfide films. Nano Lett 13:2640-2646

28. Popov I, Seifert G, Tomanek D (2012) Designing electrical contacts to MoS; monolayers: a
computational study. Phys Rev Lett 108:156802

29. Li SL, Tsukagoshi K (2015) Carrier injection and scattering in atomically thin chalcogenides.
J Phys Soc Jpn 84:121011

30. Walia S, Balendhran S, Wang Y, Kadir RA, Zoolfakar AS, Atkin P, Ou JZ, Sriram S, Kalantar-
zadeh K, Bhaskaran M (2013) Characterization of metal contacts for two-dimensional MoS,
nanoflakes. Appl Phys Lett 103:232105

31. LiuW,KanglJ, Sarkar D, Khatami Y, Jena D, Banerjee K (2013) Role of metal contacts in design-
ing high-performance monolayer n-type WSe; field effect transistors. Nano Lett 12:1983—-1990

32. LiSL, Komatsu K, Nakaharai S, Lin YF, Yamamoto M, Duan X, Tsukagoshi K (2014) Thick-
ness scaling effect on interfacial barrier and electrical contact to two-dimensional MoS; layers.
ACS Nano 8:12836-12842

33. KangJ, Sarkar D, Liu W, Jena D, Banerjee K (2012) A computational study of metal-contacts
to beyond-graphene 2D semiconductor materials. In: International electron devices meeting,
pp 407410

34. Kang J, Liu W, Sarkar D, Jena D, Banerjee K (2014) Computational study of metal contacts
to monolayer transition-metal dichalcogenide semiconductors. Phys Rev X 4:031005

35. Liu W, Sarkar D, Kang J, Cao W, Banerjee K (2015) Impact of contact on the operation and
performance of back-gated monolayer MoS, field-effect-transistors. ACS Nano 9:7904-7912

36. Kang J, Liu W, Banerjee K (2014) High-performance MoS; transistors with low-resistance
molybdenum contacts. Appl Phys Lett 104:093106

37. Fang H, Chuang S, Chang TC, Takei K, Takahashi T, Javey A (2012) High-performance single
layered WSe; p-FETs with chemically doped contacts. Nano Lett 12:3788-3792

38. Fang H, Tosun M, Seol G, Chang TC, Takei K, Guo J, Javey A (2013) Degenerate n-doping of
few-layer transition metal dichalcogenides by potassium. Nano Lett 13:1991-1995

39. Du Y, Liu H, Neal AT, Si M, Ye PD (2013) Molecular doping of multilayer MoS, field-effect
transistors: reduction in sheet and contact resistances. IEEE Electron Device Lett 34:1328-1330

40. Zhao P, Kiriya D, Azcatl A, Zhang C, Tosun M, Liu YS (2014) Air stable p-doping of WSe»
by covalent functionalization. ACS Nano 8:10808-10814

41. Kiriya D, Tosun M, Zhao P, Kang JS, Javey A (2014) Air-stable surface charge transfer doping
of MoS; by benzyl viologen. J] Am Chem Soc 136:7853-7856

42. Yang L, Majumdar K, Liu H, Du Y, Wu H, Hatzistergos M (2014) Chloride molecular doping
technique on 2D materials: WS, and MoS;. Nano Lett 14:6275-6280



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Electronic Devices Based on Transition Metal Dichalcogenides 353

Chen JR, Odenthal PM, Swartz AG, Floyd GC, Wen H, Luo K, Kawakami RK (2013) Control
of Schottky barriers in single layer MoS, transistors with ferromagnetic contacts. Nano Lett
13:3106-3110

Dankert A, Langouche L, Kamalakar MV, Dash SP (2014) High-performance molybdenum
disulfide field-effect transistors with spin tunnel contacts. ACS Nano 8:476—482

Rai A, Valsaraj A, Movva HCP, Roy A, Ghosh R, Sonde S (2015) Air stable doping and intrinsic
mobility enhancement in monolayer molybdenum disulfide by amorphous titanium suboxide
encapsulation. Nano Lett 15:4329-4336

McClellan CJ, Yalon E, Smithe KKH, Suryavanshi SV, Pop E (2017) Effective n-type doping
of monolayer MoS» by AlOy. In: 75th Annual device research conference (DRC), pp 1-2
Liu Y, Wu H, Cheng HC, Yang S, Zhu E, He Q (2015) Toward barrier free contact to molyb-
denum disulfide using graphene electrodes. Nano Lett 15:3030-3034

Leong WS, Luo X, Li Y, Khoo KH, Quek SY, Thong JTL (2015) Low resistance metal contacts
to MoS; devices with nickel-etched-graphene electrodes. ACS Nano 9:869-877

Stokbro K, Engelund M, Blom A (2012) Atomic-scale model for the contact resistance of the
nickel-graphene interface. Phys Rev B 85:165442

Dean CR, Young AF, Meric I, Lee C, Wang L, Sorgenfrei S (2010) Boron nitride substrates
for high-quality graphene electronics. Nat Nanotechnol 5:722-726

Lee GH, Cui X, Kim YD, Arefe G, Zhang X, Lee CH (2015) Highly stable, dual-gated MoS,
transistors encapsulated by hexagonal boron nitride with gate-controllable contact, resistance,
and threshold voltage. ACS Nano 9:7019-7026

Eda G, Yamaguchi H, Voiry D, Fujita T, Chen M, Chhowalla M (2011) Photoluminescence
from chemically exfoliated MoS;. Nano Lett 11:5111-5116

Wypych F, Schéllhorn R (1992) 1T-MoS,, a new metallic modification of molybdenum disul-
fide. Chem Commun 0:1386—1388

Kappera R, Voiry D, Yalcin SE, Branch B, Gupta G, Mohite AD, Chhowalla M (2014) Phase-
engineered low-resistance contacts for ultrathin MoS; transistors. Nat Mat 13:1128-1134
Kappera R, Voiry D, Yalcin SE, Jen W, Acerce M, Torrel S (2014) Metallic 1T phase
source/drain electrodes for field effect transistors from chemical vapor deposited MoS,. APL
Mater 2:092516

Zhu J, Wang Z, Yu H, Li N, Zhang J, Meng J (2017) Argon plasma induced phase transition in
monolayer MoS;. J Am Chem Soc 139:10216-10219

Lin L, Robertson J, Clark SJ (2011) Shifting Schottky barrier heights with ultra-thin dielectric
layers. Microelectronic Eng 88:1461-1463

Tomonori N, Koji K, Akira T (2008) A significant shift of Schottky barrier heights at strongly
pinned metal/germanium interface by inserting an ultra-thin insulating film. Appl Phys Exp
1:051406

Hu J, Saraswat KC, Wong HSP (2010) Metal/III-V Schottky barrier height tuning for the design
of nonalloyed III-V field-effect transistor source/drain contacts. J Appl Phys 107:063712

Hu J, Nainani A, Sun Y, Saraswat KC, Philip Wong HS (2011) Impact of fixed charge on
metal-insulator-semiconductor barrier height reduction. Appl Phys Lett 99:252104

Lee S, Tang A, Aloni S, Philip Wong HS (2016) Statistical study on the Schottky barrier
reduction of tunneling contacts to CVD synthesized MoS;. Nano Lett 16:276-281

Jingli W, Qian Y, Chun-Wei H, Xuming Z, Lei L, Shanshan C (2016) High mobility MoS;
transistor with low Schottky barrier contact by using atomic thick h-BN as a tunneling layer.
Adv Mater 28:8302-8308

Cui X, Shih EM, Jauregui LA, Chae SH, Kim YD, Li B etal (2017) Low-temperature ohmic con-
tact to monolayer MoS, by van der waals bonded Co/h-BN electrodes. Nano Lett 17:4781-4786
Zhang W, Huang Z, Zhang W, Li Y (2014) Two-dimensional semiconductors with possible
high room temperature mobility. Nano Res 7:1731-1737

Yu Z, Ong ZY, Pan Y, Cui Y, Xin R, Shi Y (2015) Realization of room-temperature phonon-
limited carrier transport in monolayer MoS, by dielectric and carrier screening. Adv Mater
28:547-552



354 J. Yan and Z. X. Shen

66. Cui Y, Xin R, Yu Z, Pan Y, Ong ZY, Wei X et al (2015) High-performance monolayer WS,
field-effect transistors on high-k dielectrics. Adv Mater 27:5230-5234

67. LiZL, Tsukagoshi K, Orgiu E, Samori P (2016) Charge transport and mobility engineering in
two-dimensional transition metal chalcogenide semiconductors. Chem Soc Rev 45:118-151

68. Salvatore GA, Miinzenrieder N, Barraud C, Petti L, Zysset C, Biithe L et al (2013) Fabrication
and transfer of flexible few-layers MoS, thin film transistors to any arbitrary substrate. ACS
Nano 7:8809-8815

69. Zhihao Y, Zhun-Yong O, Songlin L, Jian-Bin X, Gang Z, Yong-Wei Z, Yi S, Xinran W (2014)
Analyzing the carrier mobility in transition-metal dichalcogenide MoS; field-effect transistors.
Adv Funct Mater 27:1604093

70. Moore BT, Ferry DK (1980) Remote polar phonon scattering in si inversion layers. J Appl
Phys 51:2603-2605

71. Fischetti MV, Neumayer DA, Cartier EA (2001) Effective electron mobility in Si inversion lay-
ers in metal-oxide—semiconductor systems with a high-k insulator: the role of remote phonon
scattering. J Appl Phys 90:4587-4608

72. Veres J, Ogier SD, Leeming SW, Cupertino DC, Mohialdin Khaffaf S (2003) Low-k insulators
as the choice of dielectrics in organic field-effect transistors. Adv Funct Mater 13:199-204

73. Hulea IN, Fratini S, Xie H, Mulder CL, lossad NN, Rastelli G, Ciuchi S, Morpurgo AF (2006)
Tunable Frohlich polarons in organic single-crystal transistors. Nat Mater 5:982-986

74. Chen JH, Jang C, Xiao S, Ishigami M, Fuhrer MS (2008) Intrinsic and extrinsic performance
limits of graphene devices on SiO;. Nat Nanotechnol 3:206-209

75. DaSilva AM, Zou K, Jain JK, Zhu J (2010) Mechanism for current saturation and energy
dissipation in graphene transistors. Phys Rev Lett 104:236601

76. Ando T, Fowler AB, Stern F (1982) Electronic properties of two-dimensional systems. Rev
Mod Phys 54:437-672

77. Das Sarma S, Adam S, Hwang EH, Rossi E (2011) Electronic transport in two-dimensional
graphene. Rev Mod Phys 83:407-470

78. OngZY, Fischetti MV (2013) Mobility enhancement and temperature dependence in top-gated
single-layer MoS;. Phys Rev B 88:165316

79. Radisavljevic B, Kis A (2013) Mobility engineering and a metal—insulator transition in mono-
layer MoS,. Nat Mater 12:815-820

80. Ghatak S, Pal AN, Ghosh A (2011) Nature of electronic states in atomically thin MoS; field-
effect transistors. ACS Nano 5:7707-7712

81. Amani M, Chin ML, Birdwell AG, O’Regan TP, Najmaei S, Liu Z et al (2013) Electrical
performance of monolayer MoS; field-effect transistors prepared by chemical vapor deposition.
Appl Phys Lett 102:193107

82. Jingli W, Songlin L, Xuming Z, Johnny H, Lei L, Xiangheng X, Changzhong J, Weida H,
Jianlu W, Jinchai L (2015) Integration of high-k oxide on MoS; by using ozone pretreatment
for high-performance MoS; top-gated transistor with thickness-dependent carrier scattering
investigation. Small 11:5932-5938

83. MaN, Jena D (2014) Charge scattering and mobility in atomically thin semiconductors. Phys
Rev X 4:011043

84. Yu Z, Pan Y, Shen Y, Wang Z, Ong ZY, Xu T (2014) Towards intrinsic charge transport in
monolayer molybdenum disulfide by defect and interface engineering. Nat Commun 5:5290

85. Qiu H, Xu T, Wang Z, Ren W, Nan H, Ni Z (2013) Hopping transport through defect-induced
localized states in molybdenum disulphide. Nat Commun 4:2642

86. Fuhr JD, Saul A, Sofo JO (2004) Scanning tunneling microscopy chemical signature of point
defects on the MoS; (0001) surface. Phys Rev Lett 92:026802

87. LuCP, Li G, Mao J, Wang LM, Andrei EY (2014) Bandgap, mid-gap states, and gating effects
in MoS;. Nano Lett 14:4628-4633

88. Zhou W, Zou X, Najmaei S, Liu Z, Shi Y, Kong J et al (2013) Intrinsic structural defects in
monolayer molybdenum disulfide. Nano Lett 13:2615-2622

89. Moses PG, Hinnemann B, Topsge H, Norskov JK (2007) The hydrogenation and direct desul-
furization reaction pathway in thiophene hydrodesulfurization over MoS, catalysts at realistic
conditions: a density functional study. J Catal 248:188-203



10

90.

91.

92.

93.

94.

95.

96.

Electronic Devices Based on Transition Metal Dichalcogenides 355

Paul JF, Payen E (2003) Vacancy formation on MoS; hydrodesulfurization catalyst: DFT study
of the mechanism. J Phys Chem B 107:4057-4064

Voiry D, Yamaguchi H, Li J, Silva R, Alves DCB, Fujita T et al (2013) Enhanced catalytic
activity in strained chemically exfoliated WS, nanosheets for hydrogen evolution. Nat Mater
12:850-855

Karunadasa HI, Montalvo E, Sun Y, Majda M, Long JR, Chang CJ (2012) A molecular MoS,
edge site mimic for catalytic hydrogen generation. Science 335:698-702

van der Zande AM, Huang PY, Chenet DA, Berkelbach TC, You Y, Lee GH et al (2013)
Grains and grain boundaries in highly crystalline monolayer molybdenum disulphide. Nat
Mater 12:554-561

XuK, Chen D, Yang F, Wang Z, Yin L, Wang F et al (2017) Sub-10 nm nanopattern architecture
for 2D material field-effect transistors. Nano Lett 17:1065-1070

Nourbakhsh A, Zubair A, Sajjad RN, Tavakkoli A, Chen KGW, Fang S et al (2016) MoS,
field-effect transistor with sub-10 nm channel length. Nano Lett 16:7798-7806

Li X, Mengzhou L, Shuopei W, Hua Y, Luojun D, Jian T et al (2017) Graphene-contacted
ultrashort channel monolayer MoS, transistors. Adv Mater 29:1702522



	Preface
	Contents
	Editors and Contibutors
	1 Two-Dimensional Transition Metal Dichalcogenides: An Overview
	1.1 Introduction
	1.2 Group VIB TMDs (MoS2, WS2, MoSe2, WSe2, MoTe2, WTe2)
	1.2.1 Atoms Arrangement and Band Structure
	1.2.2 Electronics
	1.2.3 Photo-, Chemical, and Bio- Sensors
	1.2.4 Tunneling FET
	1.2.5 Light Emitters and Photovoltaics
	1.2.6 Valleytronics

	1.3 Group VIIB TMDs (ReS2 and ReSe2)
	1.3.1 Atoms Arrangement and Band Structure
	1.3.2 Anisotropic Optical and Electrical Properties
	1.3.3 Anisotropic Electrical Properties
	1.3.4 Electronics and Optoelectronic Devices

	1.4 Group VIII TMDs (PtS2 and PtSe2)
	1.4.1 Atoms Arrangement and Band Structure
	1.4.2 Electronic Devices

	1.5 Other 2D TMDs
	1.6 Conclusions
	References

	2 Preparation Methods of Transition Metal Dichalcogenides
	2.1 Introduction
	2.2 Top-Down Approach
	2.2.1 Mechanical Exfoliation Method
	2.2.2 Liquid Exfoliation Method

	2.3 Bottom-up Approach
	2.3.1 Wet Chemical Process
	2.3.2 Chemical Vapor Deposition
	2.3.3 Electrodeposition

	2.4 Conclusion
	References

	3 Properties of Transition Metal Dichalcogenides
	3.1 Introduction
	3.2 Optical Properties of the TMDs
	3.3 Electronic Properties of the TMDs
	3.4 Magnetic Properties of the TMDs
	3.5 Electrical Properties of the TMDs
	3.6 Conclusions
	References

	4 Transition Metal Dichalcogenides in Photocatalysts
	4.1 Introduction
	4.2 TMD-Based Binary Photocatalysts
	4.2.1 MoS2-Based Photocatalysts
	4.2.2 WS2-Based Photocatalysts
	4.2.3 Other TMD-Based Photocatalysts

	4.3 TMD/GR-Based Ternary Photocatalysts
	4.3.1 TMD/GR-Based Ternary Photocatalysts for Photocatalytic H2 Evolution
	4.3.2 TMD/GR-Based Ternary Photocatalysts for Pollutants Degradation

	4.4 Summary and Outlook
	References

	5 Simulation of Transition Metal Dichalcogenides
	5.1 Introduction
	5.1.1 Structure of Transition Metal Dichalcogenides
	5.1.2 Electronic and Optical Properties
	5.1.3 Magnetism in TMDs

	5.2 Conclusion
	References

	6 Transition Metal Dichalcogenides for Energy Storage Applications
	6.1 Introduction
	6.2 Supercapacitor
	6.2.1 Current Status and Challenges
	6.2.2 Role of 2D TMDs in Supercapacitors

	6.3 Rechargeable Batteries
	6.3.1 Current Status and Challenges
	6.3.2 Role of 2D TMDs in Rechargeable Batteries

	6.4 Summary and Prospective
	References

	7 2D Transition Metal Dichalcogenides for Solution-Processed Organic and Perovskite Solar Cells
	7.1 Introduction
	7.2 Transition Metal Dichalcogenides in Organic Photovoltaics (OPVs)
	7.2.1 TMDCs in the HTL of OPVs
	7.2.2 TMDCs into ETL of OPVs
	7.2.3 TMDCs into the Active Layer of OPVs

	7.3 Application of Transition Metal Dichalcogenides in PSCs
	7.3.1 TMDs Interfacing Metal Halide Perovskites
	7.3.2 2D-TMDs as Hole Transporters in PSCs
	7.3.3 2D-TMDs as Electron Transporters in PSCs

	7.4 Conclusions and Perspectives
	References

	8 Transition Metal Dichalcogenides for Biomedical Applications
	8.1 Introduction
	8.2 Bioanalysis and Disease Diagnosis
	8.3 Antibacterial and Wound Repair
	8.4 Bioimaging
	8.4.1 Fluorescent Imaging
	8.4.2 Photoacoustic Tomography Imaging
	8.4.3 Computed Tomography Imaging
	8.4.4 Multimodal Imaging

	8.5 Cancer Therapy
	8.5.1 Photothermal Therapy
	8.5.2 Microwave Thermal Therapy
	8.5.3 Photodynamic Therapy
	8.5.4 Chemotherapy
	8.5.5 Immunotherapy
	8.5.6 Radiotherapy
	8.5.7 Radioprotection
	8.5.8 Combination Therapy

	8.6 Tissue Engineering
	8.7 Medical Devices
	8.8 Toxicity and Biosafety
	8.8.1 Nanotoxicity Mechanisms of TMDs
	8.8.2 Effects of Physicochemical Factors on Nanotoxicity
	8.8.3 Nanotoxicity and Biodegradability of TMDs

	8.9 Conclusions and Outlook
	References

	9 Transition Metal Dichalcogenides in Sensors
	9.1 Introduction
	9.2 Biosensors
	9.2.1 Fundamentals
	9.2.2 Types of Biosensor

	9.3 TMDs in Biosensor
	9.3.1 Basic Properties of TMDs
	9.3.2 Electrochemical Sensors
	9.3.3 Optical Biosensors
	9.3.4 Colorimetric Sensors

	9.4 Conclusions and Future Prospects
	References

	10 Electronic Devices Based on Transition Metal Dichalcogenides
	10.1 Introduction
	10.1.1 2D TMDC-Based Transistors

	10.2 Factors Related to Electronic Performance
	10.3 TMDC Electrical Contact
	10.4 Metal-TMDC Contact
	10.4.1 Effect of Different Metals on Contact
	10.4.2 Effect of Doping on Contact
	10.4.3 Graphene-TMDC Contact

	10.5 TMDC Mobility
	10.5.1 Intrinsic Electron-Phonon Scattering
	10.5.2 Optical Phonons on Oxide Surfaces
	10.5.3 Coulomb Impurity Scattering
	10.5.4 Scattering of Defects

	10.6 Summary and Outlook
	References




