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ARTICLE INFO ABSTRACT

Article history: Two-dimensional transition metal dichalcogenides (2D TMDs) possess a rich set of extraordinary struc-
Received 20 September 2017 tural, chemical, electrical, and optical properties unattainable with any traditional materials. A large
Received in revised form 8 January 2018 number of these properties are particularly suitable for energy generation/conversion applications,
Acce;pted 20 february 2018 which renders unprecedented yet tremendous opportunities for addressing the multi-faceted demands
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of up-coming energy technologies. Heterogeneously integrating 2D TMDs with other energy materials is
projected to improve the performance of existing energy devices and/or achieve unconventional func-
tionalities in a highly synergic manner, which cannot be catered by stand-alone 2D TMDs. In this article,
we present a comprehensive review on the up-to-date progress in the development of 2D TMD hybrid
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T™MD materials for a variety of energy applications. This review focuses on addressing how the incorporation of
Hybrid material 2D TMDs can help manipulate the functionalities of conventional energy materials to achieve targeted and
Energy generation improved energy device performances. An overview of the recent progress in the development of various
Energy storage 2D TMD hybrid materials and their fabrication strategies is presented, followed by a survey on various

energy devices based on these materials and their performance comparison. Current challenges asso-
ciated with material developments are discussed, and forward-looking outlooks assessing unexplored
research areas are also suggested.
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Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMDs)
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material properties in 2D carbon allotrope ‘graphene’ [1-4]. Since
then, 2D TMDs represented by MX; (M: transition metals; Ti,
Zr, Nb, Mo and W. X: chalcogens; S, Se, and Te) have experi-
enced a drastic resurgence as they were identified to possess
a rich set of superior properties like graphene as well as some
exotic functionalities beyond graphene and any traditional mate-
rials [5-7]. This extraordinary attribute bestows tremendous yet
unprecedented opportunities for a variety of applications encom-
passing electronics, optoelectronic, and energy [8-11]. Unlike
graphene, 2D TMDs exhibit substantial energy bandgaps and semi-
conducting carrier transports, allowing for large ON/OFF current
ratios suitable for digital electronics [12,13]. Quantum confinement
and reduced coulombic charge screenings owing to 2D dimen-
sionality allow for unusual excitonic effects, leading to strong
light-matter interactions and ultrafast optoelectronic responses
[14,15]. Electronic band structures of 2D TMDs can be exter-
nally tailored by applying mechanical stress to 2D layers and/or
by varying their 2D layer numbers [16,17]. Moreover, 2D TMDs
display various material properties and distinct structural advan-
tages suitable for energy applications, such as electrically/optically-
and/or thermally-driven energy generation (e.g., photovoltaics
(PVs) and thermoelectrics (TEs)) and electrochemically-driven
energy conversion/storages (e.g., batteries and supercapacitors)
[18-22]. For example, some 2D TMDs present indirect-to-direct
transitions of bandgap energies and significant photon absorp-
tions in the near infrared-to-visible frequency regime. Such tunable
optical/electrical properties coupled with their intrinsically large
in-plane strain limits can project unique opportunities for mechan-
ically deformable multi-junction PV devices of unconventional
form factors [23,24]. Anisotropic 2D crystallinity accompanying
strong in-plane intra-layer covalent bonding and weak inter-layer
van der Waals (vdW) attraction is another critical attribute for
energy applications [25,26]. Such structural uniqueness results
in the large surface area of adjoining 2D TMDs with numerous
sub-nanometer vdW gaps, which provides pathways to efficiently
absorb charged species and intercalate ions from electrolytes in
energy storage/conversions [27,28]. Additionally, 2D layer edge
sites with unsaturated charge valences and dangling bonds can be
utilized as highly active catalytic centers for hydrogen evolution
reactions (HERs) [29,30].

Beyond the aforementioned exotic material properties and
structural advantages, 2D TMDs offer great opportunities for
developing unconventionally functional materials to address the
multi-faceted demands of up-coming energy technologies. Ratio-
nally integrating 2D TMDs with other energy materials can improve
the performance of existing energy devices and/or achieve uncon-
ventional functionalities which cannot be catered by stand-alone
2D TMDs only. 2D TMDs can be facilely exfoliated and iso-
lated from their mother crystals owing to their weak inter-layer
vdW attraction and be heterogeneously assembled with other
materials of distinct dimensions/functionalities by various phys-
ical/chemical manners. For example, they can be integrated with
a wide range of inorganic/organic materials including noble met-
als, metal oxides, and carbonaceous nanomaterials in various forms
of alloyed composites and hierarchical 3D structures [31-34]. The
driving motivation is to mitigate the inherent weakness of each par-
ticipating material by compensating for their material properties,
thus achieving novel and improved functionalities which are not
attainable in their mono-component counterparts. For example,
noble metals such as platinum (Pt), palladium (Pd), and ruthe-
nium (Ru) are well known for their superior catalytic activity, but
their high cost restricts practical applications. 2D TMDs with highly
exposed 2D layer edges with ample dangling bonds/defective
sites present high chemical reactivity which can be employed to
reduce the consumption of the noble metals, circumventing the
cost issue [35-37]. Carbonaceous 2D materials such as metallic

graphene are gaining substantial interests in electrical and opti-
cal applications owing to their extremely high carrier mobility and
mechanical flexibilities. Integrating semiconducting 2D TMDs with
metallic graphene will lead to new PV Schottky junctions which
can accompany the tunable optical absorption of 2D TMDs and
facile charge separation from graphene [38,39]. Similarly, stack-
ing up 2D TMDs of distinct components or modulated carrier types
(p- or n-) can achieve ultrathin p-n junctions which can easily
separate photo-excited electron-hole pairs (e~-(h)*) for enhanced
photon energy harvesting in ultrathin PV devices [15,40,41]. More-
over, combining 2D TMDs with conjugated polymers will find
niche applications in various energy storage/production, which
benefits from outstanding mechanical flexibility, tunable electri-
cal/chemical activity, and ease of material synthesis inherent to
both the materials [42,43]. The scheme in Fig. 1 overviews the
applications of 2D TMD hybrids in current and future energy tech-
nologies. Intrinsically exotic physical/chemical properties inherent
to 2D TMD hybrids include superior optical absorption, tunable
band gaps, enriched catalytic sites, and controllable charge carrier
transports which are unattainable in their monolithic counterparts.
These hybrid materials have already set new paradigms for the
applications in energy storage (lithium-ion batteries (LIBs), super-
capacitors, sodium-ion batteries) and energy generation (PVs, TEs,
hydrogen storage). Moreover, hierarchically-structured large-scale
2D TMDs combined with organic/inorganic materials present an
ideal combination of mechanical flexibility with tailored electrical
and electrochemical properties, offering unprecedented oppor-
tunities for future stretchable, wearable and integrated energy
devices.

Considerable efforts have been devoted in developing viable
synthesis/integration methodologies to achieve the optimum
material properties of 2D TMD hybrids for targeted energy
applications. Besides the reliable fabrication of 2D TMDs them-
selves, it is imperative to precisely control their dimensional
and morphological coherency by incorporating new materials
to ensure the structural/chemical stabilities at their interfaces.
Various approaches have been explored by considering the
physical/chemical natures of participating materials. Integrating
2D TMDs with carbonaceous nanomaterials (graphene or car-
bon nanotubes (CNTs)) were initially pursued with mechanical,
liquid-assisted exfoliation and dispersions [44-46]. However, the
demerits associated with these approaches such as non-uniform
material coverage and uncontrolled interfacial morphologies
require the development of more reliable strategies such as chem-
ical or physical vapor deposition (CVD or PVD) which enable the
sequential integration of one material onto the other [47,48].
Hydrothermal approaches such as solvothermal or one-pot/two-
step hydrothermal processes were used to integrate 2D TMDs with
noble metals and metal oxide nanoparticles benefiting from their
intrinsic scalability of producing large quantity 2D crystals [49,50].
Hybridizations of conjugated polymers incorporating morphology-
sorted 2D TMDs were also pursued via in-situ and/or ex-situ
manners [51-53].

In this review, we provide a comprehensive survey on up-to-
date research of 2D TMD hybrid materials for energy applications.
The focus of the review addresses how the incorporation of 2D
TMDs can help manipulate the functionalities of conventional
energy materials to achieve targeted performances in energy
generation/storage applications. First, an overview of the recent
progress and development of 2D TMD hybrid materials which
incorporates a wide range of organic/inorganic materials as well as
present their fabrication/integration methodologies. Performance
comparisons are made with conventional materials in a variety
of energy devices, emphasizing the opportunity and potential of
these hybrid approaches in terms of achieving novel functionalities
and improved energy efficiencies. Current challenges associated
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Fig. 1. Schematic illustration of 2D TMD hybrid materials for current energy applications and their prospect for future energy technologies.

with material development and forward-looking outlooks assess-
ing unexplored research areas will also be suggested.

Classification and fabrication of 2D TMD hybrid energy materials

2D TMD hybrid materials can be broadly classified into two cat-
egories depending on the types of the materials to be incorporated
with 2D TMDs; i.e., 2D TMD/inorganic hybrids, and 2D TMD/organic
hybrids. The inorganic 2D TMD counterparts include noble metals,
metal oxides, and metal chalcogenides, while the organic mate-
rials comprise conjugated polymers, carbonaceous nanomaterials,
and metal organic frameworks (MOFs). Material components to be
incorporated with 2D TMDs are determined by considering their
intrinsic physical/chemical properties and projected functionalities
after the incorporation as well as their mechanical stabilities upon
interfacing with 2D TMDs. Depending on the type of constituting
organic/inorganic components, their physical/chemical structures
and the interaction/reaction mechanisms of binding with 2D TMDs
vary. In most of 2D/2D hybrids such as TMD/TMD, TMD/graphene,
and TMD/2D metal oxides, the interfacial interaction is dictated
by the weak vdW forces which hold the atomic layers of distinct
2D materials together. In addition to the vdW attraction inherent
to 2D materials, bindings of 2D TMDs with non-2D components
were extensively pursued through various chemical functionaliza-
tion methods [35,54]. For example, polymers, metal nanoparticles,
and metal oxides covalently or non-covalently decorated 2D TMDs.
Such functionalization/decorations were observed to preferably
occur at the edges of 2D TMD layers rather than their chemically
inert basal planes [55]. However, it is also noted that the intrinsic
defects and impurities (e.g. sulfur vacancies or point defects) on 2D

TMD basal planes can also provide preferred binding sites for their
interfacial covalent/ionic bonding with foreign materials [56]. In
essence, further investigations are required to unveil the detailed
interface chemistries behind the binding mechanism of 2D TMDs
with various materials.

Successful integrations of 2D TMDs with inorganic/organic
materials have been accomplished by a variety of physical/chemical
methods and their combinatorial approaches. The physical meth-
ods include mechanical exfoliation/assembly, solution mixing,
and physical deposition (sputtering and evaporation), whereas
chemical methods employ in-situ reduction, hydro(solvo) ther-
mal synthesis, high temperature calcination, chemical vapor
transport, and surface-functionalization/anchoring. The applica-
tion/versatilities of 2D TMD hybrids are strongly determined by
the fabrication/integration methods of choice which significantly
determine their material properties, qualities, and morphologies.
For example, mechanical exfoliation methods generally produce
structurally intact, high-quality 2D basal plane crystals which
are most suited for fundamental electrical/optical researches.
Liquid-phase exfoliation methods are desirable for the scalable
integrations of 2D TMDs with various 2D or non-2D compo-
nents. Accordingly, they are suitable for large-scale energy storage
applications which do not require high charge carrier mobility
in comparison to electronics-based applications. Meanwhile, they
can often result in unwanted chemical functionalization and phase
modifications in 2D TMDs. CVD methods allow for morphology-
controlled and scalable fabrication of 2D TMDs, as demonstrated
in 2D TMD/2D TMD heterojunctions in lateral or vertical geome-
tries with seamless atomic stitching of sub-atomic layers [57,58].
In contrast, 2D heterojunctions formed via mechanical exfoliations
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are limited to be small areas of 2D TMD vertical stacks with sub-
stantial impurities present at their interfaces [59]. However, the
nature of the high temperature (typically,>600°C) process inher-
ent to CVD methods limits the incorporation of other temperature
sensitive materials (e.g., polymers) into 2D TMDs, which often limit
the versatilities of 2D TMD hybrid fabrications.

2D TMD-based inorganic hybrids

2D TMD/metal chalcogenide hybrids. 2D TMDs possess chemically
inert/dangling bond-free 2D basal planes held via weak inter-layer
vdW attraction, which allow for a facile integration of arbi-
trary 2D TMD layers circumventing the lattice match constraint
demanded in conventional thin film crystal growths [60-62]. The
novel 2D TMD/2D TMD hybrid materials with atomically sharp and
high-quality interfaces provide unique functionalities for uncon-
ventional energy applications while retaining the intrinsic material
properties of each constituent component. For example, combin-
ing two different 2D TMDs of distinct band gap energies and/or
carrier types realizes 2D/2D electronic band structures with band
offset/alignments (e.g. type Il heterojunctions or p-n junctions)
[63,64]. These hybrids can be utilized for extremely thin and opti-
cally transparent PVs owing to the facile collection/separation of
photo-excited electron-hole pairs (e~-(h)*) at the 2D/2D interfaces.
2D TMD/2D TMD hybrids based on the combination of molyb-
denum (Mo) or tungsten (W)-based disulfides, diselenides, and
ditellurides (e.g., MoS;,, WS,, MoSe;,, WSe, MoTe;, WTe;) have
been extensively explored [65-67]. For example, PV energy conver-
sions have been demonstrated in 2D/2D p-n junctions by vertically
stacking up one 2D TMD on top of the other such as stacked 2D WSe;
(p-type)/2D MoS, (n-type) [68,69]. Despite the projected poten-
tial advantages (e.g., mechanical flexibility and optical tunability),
the power conversion efficiencies of these 2D TMD/2D TMD hybrid
materials at present remain very low to compete with matured
PV technologies [70,71]. While a majority of planar 2D TMD/2D
TMD hybrids focus on PV applications, other forms of TMDs such
as 0D quantum dots and 1D nanowires were also developed for
electrocatalytic and energy storage applications [72-75].

Besides Mo, W based sulfides and selenides, other metal chalco-
genides incorporating Cd, Sn, Co, Bi, Ni, Zn, and Cu have been
receiving significant interests in developing their own 2D struc-
tures and/or being incorporated into existing 2D TMDs [36,76,77].
Chalcogenides based on Co, Sn, and Ni are promising catalysts for
HER and electrochemical energy storages (e.g., LIBs and superca-
pacitors) owing to their abundant active edge sites, defects, as
well as structural similarities to other 2D TMDs [78,79]. For exam-
ple, cadmium sulfide (CdS) integrated with 2D TMDs works as an
efficient noble metal-free photocatalyst for water splitting since
the CdS/2D TMD heterojunctions facilitate electron transfer with
reduced charge recombination [80,81]. Bismuth selenide (Bi,Se3)
in nearly 2D forms [82] combined with 2D MoS, layers demon-
strated tunable optical and photoemission properties, making them
highly intriguing for post silicon PV devices.

The fabrication of 2D TMD hybrids incorporating other
layered/non-layered metal dichalcogenides has been pursued
using various physical/chemical methods. Vertically-stacked lay-
ered 2D TMD/2D TMD hybrid materials (e.g., MoS;/WS,,
MoSe,/WS,, etc.) were initially pursued with manual stacking of
mechanically exfoliated 2D TMD flakes [83-85]. Fig. 2(a) shows an
optical image of a typical 2D TMD/2D TMD hybrid material con-
structed by manually assembling mechanically exfoliated 2D MoS,
and 2D WSe, flakes [86G]. Despite the high quality of produced
materials, this manual approach suffers from low-production yield
and uncontrolled spatial integration, which makes it impracti-
cal for commercial usage. Another top-down fabrication approach
involves solution-assisted exfoliation and assemblies of 2D TMDs
[87,88]. Fig. 2(b) illustrates the solution-based production of 2D

MoS, /2D WS, hybrid materials [89]. In this method, ammoniated
(NH3/NH4* ion intercalated) MS; (M=Mo, W) compounds were
prepared to exfoliate stable MoS, and WS, dispersions in various
solvents. 2D MoS;/2D WS, hybrids were obtained by the sonication
of the mixture of colloidal suspensions of MoS; and WS, sheets. The
method can be extended to integrate 2D TMDs with other dimen-
sional materials as demonstrated in OD/2D MoS, hybrids where
MoS, quantum dots were decorated in few-layer 2D MoS, flakes
(Fig. 2(c)) [72]. Despite the intrinsic advantage of the facile produc-
tion of large-scale 2D TMDs, this method suffers from unwanted
introduction of defects/impurities and uses highly reactive lithium
(Li) inherent to solution-based intercalation processes [90,91].
CVD has been employed as an alternative bottom-up technique
to directly grow vertically-stacked 2D TMD/2D TMD hybrid mate-
rials. The co-evaporation of transition metals (e.g., Mo, W) and
chalcogen (e.g., S, Se) precursors or sequential growth of one 2D
TMD material on the top of the others have yielded a large fam-
ily of 2D TMD/2D TMD hybrid materials including 2D WS,/2D
MoS,, 2D WSe, /2D MoS, (or, 2D MoS, /2D WSe; ), and 2D WSe, /2D
MoSe; [92-94]. Besides the vertically-stacked 2D TMD/2D TMD
hybrids, these CVD approaches, under certain experimental con-
ditions, have allowed for the fabrication of lateral 2D TMD/2D
TMD hybrids with atomically stitching heterointerfaces [95,96].
Fig. 2(d, e) shows 2D WS, domains laterally grown from 2D MoS,
edges forming in-plane 2D WS, /2D MoS; heterointerfaces realized
via one-step co-evaporation CVD process [58]. Successful growth
of these lateral 2D MoS,/2D MoSe, and 2D WS,/2D WSe, were
demonstrated via in-situ exchange of vapor phase reactants [97]
along with via two-step epitaxial CVD growths [98]. The growth
of lateral 2D TMD/2D TMD hybrids with in-plane interfaces is
currently limited to high lattice matched materials and requires
sophisticated experimental conditions and special precursors [99].
In addition to the co-evaporation-based CVD process, a two-step
CVD synthesis employing the sulfurization/selenization of metal
seed layers is emerging as an alternative to the growth of large-area
2D TMD/2D TMD hybrids with controlled interfacial morphologies
[100]. In this approach, as shown in Fig. 2(f) [101], stacks of pre-
deposited metal seeds (e.g.,, Mo/W) are subsequently sulfurized (or,
selenized), which leads to the conversion of Mo/W to 2D MoS;/2D
WS, (or, 2D MoSe, /2D WSe5 ). Moreover, 2D TMD hybrids with TMD
counterparts of non Mo- or W- sulfides/selenides were developed,
including 3D hierarchical CoS; /WS, hybrids by one-step sulfuriza-
tion of Co and W precursors [102]. Various 2D TMD/TMD hybrids
such as MoS,/CdS, MoS,/CoSe,, and MoS,/ZnS were also developed
by hydrothermal synthesis (solvothermal) methods [103,104]. For
example, a 3D porous flower-like MoS;/CoSe, hybrid was syn-
thesized via a two-step hydrothermal process [79]. Other growth
techniques traditionally developed for thin film growth utilize
molecular beam epitaxy (MBE), pulsed laser deposition (PLD),
atomic layer deposition (ALD), and metal organic CVD (MOCVD)
have been employed for various 2D TMD/TMD hybrids [105-107].

2D TMD/transition metal oxides. Transition metal oxides (TMOs) are
extensively employed in a variety of energy generation/storage
applications owing to their environmental benignity, low cost,
and excellent catalytic activities [108,109]. TMOs such as titanium,
zirconium, or zinc oxides (TiO,, ZrO,, and ZnO) are photocat-
alytic semiconductors employed for water splitting because of their
suitable bandgap energies and redox potentials [110,111]. Upon
sunlight illumination, TMOs generate e~-(h)* which migrate to the
reactive sites of their surfaces and in turn split water to evolve
hydrogen gas (Hy) [112]. Amongst various TMOs, TiO, is one of
the most extensively studied photocatalysts due to its intrinsically
high photocatalytic activity and chemical stability in acidic/basic
environments [113,114]. However, TiO, suffers from a few major
technical bottlenecks; 1) limited optical absorption in ultravio-
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Fig. 2. (a) An optical image of 2D MoS;/WSe, hybrid material constructed by a mechanical exfoliation. Reproduced with permission from Ref. [86]. Copyright 2014, the
American Chemical Society. (b) Chemical exfoliation steps for the preparation of 2D MoS, /WS, hybrids materials. Reproduced with permission from Ref. [89]. Copyright
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Optical images of vertical and in-plane 2D MoS; /WS, hybrids. Reproduced with permission from Ref. [58]. Copyright 2014, the Nature Publishing Group. (f) Schematic
representation of a wafer-scale fabrication of 2D MoS;/WS; vertical hybrid materials. Reproduced with permission from Ref. [101]. Copyright 2016, the Nature Publishing

Group.

let (UV) regime corresponding to ~4% of total sunlight energy, 2)
large overpotential for H, evolution, and 3) rapid recombination
tendency of e~-(h)* [115,116]. To circumvent these issues, TMOs
have been incorporated with highly catalytic noble metals such as
Pt, Pd, and Ru [117,118]. Despite the excellent catalytic activity,
the intrinsically high cost and rarity of the noble metals hinders
their sufficient usage. Recently, 2D TMDs have drawn substantive
interests as promising co-catalysts for TMOs owing to follow-
ing attributes; 1) Their bandgap energies (~1.2-1.8 eV) match the
visible regime, thereby broadening the energy harvesting range
beyond the conventional UV regime in water splitting. 2) Suitable
electronic band structures (e.g., rectifying junctions) formed at 2D
TMD/TMO interfaces can facilitate the separation/collection of e~ -
(h)* by efficiently inhibiting their recombination, which can lead to
higher photocatalytic activity. 3) Large surface area and tailorable
crystalline phases, i.e. semiconducting (2H) and metallic (1T) inher-
ent to 2D TMDs coupled with their chemically reactive 2D edge
sites can be utilized to enhance the photo catalytic activity of TMOs
[42,119,120].

Fig. 3(a) illustrates how the photo catalytic efficacy of TiO,
can be tailored and improved by incorporating 2D MoS, for HERs
[121]. When TiO, is irradiated by sunlight, it generates e~-h* pairs
which have higher chances of recombination without the presence
of any co-catalyst, resulting in poor photocatalytic performance.
However, in the presence of 2D MoS, co-catalysts, the photo gen-
erated electrons can be easily transferred from the conduction
band of TiO, to MoS, surface, circumventing the possibility of
e -h* recombination so that electrons react with adsorbed H* to
produce H, efficiently. 2D TMDs have also been functionally cou-
pled with other TMOs and studied for energy storage applications
(LIBs and supercapacitors) and electrocatalytic HERs. These mate-
rials include TMOs with d" electronic configurations such as iron
oxides of various oxidation states (Fe,; 03, Fe30,4), manganese oxide

(Mn304), cobalt oxide (Co304) and various metal dioxides like man-
ganese dioxide (MnO,), ruthenium oxide (RuO,), and tin dioxide
(Sn03) [122,123]. In these hybrid structures, TMOs offer high spe-
cific capacitance, rich redox activity, and high reversible capacity
as well as inhibiting the restacking of 2D TMDs [124]. In turn, 2D
TMDs with large surface areas serve as supporting templates to
anchor individual TMOs and confine their volume change during
charge/discharge cycles [125]. Moreover, 2D TMD/TMO hybrids are
expected to present wider operation voltage windows and higher
ionic/electron conductivities over those stand-alone TMO mate-
rials, leading to enhanced energy density and rate capacitance
performance in supercapacitors/LIBs applications [126,127].
Hydrothermal processes have been extensively used to pro-
duce a wide range of 2D TMD/TMO hybrids owing to their
high simplicity and versatility [128,129]. For example, 3D hier-
archical structures composed of 2D MoS, decorated on TiO,
nanobelts were prepared by sequential hydrothermal processes
[49]. Fig. 3(b) shows representative scanning electron microscope
(SEM) images of TiO, nanobelts before (left) and after (right)
the incorporation of 2D MoS,. Similarly, ultrathin 2D MoS,/TiO,
hybrid materials using TiO, nanobelts were reported [130]. The
resulted hybrids offer a significant enhancement of surface areas
by more than an order of magnitude, leading to higher photo-
catalytic activities in both UV and visible regions compared to
thicker TiO, nanobelt-based 2D MoS,/TiO, nanocomposites. 2D
MoS, was deposited on TMO nanofibers prepared by electrospin-
ning through a hydrothermal deposition, resulting in 1D TMO/2D
MoS, core/shell nanowires [42,131,132]. Fig. 3(c) shows 2D WS,
sensitized TiO, nanospheres which exhibit a wide range of opti-
cal absorption for enhanced photocatalytic activity [133]. In some
cases, 2D TMDs serve as host materials incorporated with nanos-
tructured TMOs such as copper, zing, or tin oxides (CuO, ZnO, SnO)
by hydrothermal processes [134,135]. For example, ultra-small
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CH,OH CO,+H,0
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Fig. 3. (a) Schematic representation of the photocatalytic H, evolution activity and fast charge transfer mechanism in 2D MoS,/TiO, hybrids. Reproduced with permission
from Ref. [121]. Copyright 2015, the Royal Society of Chemistry. (b) SEM images of pristine TiO, nanobelts (left) and 2D MoS,-coated TiO, hybrids (right). Reproduced with
permission from Ref. [49]. Copyright 2013, the John Wiley and Sons. (c) SEM (left) and TEM (right) images of 2D MoS,/TiO, nanospheres synthesized by a hydrothermal
method. Reproduced with permission from Ref. [133]. Copyright 2015, Elsevier. (d) Schematic procedure for the fabrication of CoO3-decorated 2D MoS, hybrids by a laser
ablation in liquid (LAL) and (e) energy dispersive x-ray (EDX) mappings to show a spatial distribution of Co, S, and Mo. Reproduced with permission from Ref. [141]. Copyright

2015, Elsevier.

(~3.5nm) iron oxide (Fe30,4) nanoparticles were uniformly dec-
orated on the surfaces of 2D MoS; nanosheets [136]. Moreover,
a hydrothermal synthesis of molybdenum trioxide (MoO3) and
ethylene glycol in the presence of 2D MoS, dispersions yields 2D
MoS;/MoO, hybrids via reciprocal hybridization [137]. However,
hydrothermal methods suffer from some technical limitations such
as complex/incomplete reduction reactions and the production
of secondary phases, which led to the development of alterna-
tive methods. Mechano-chemistry approaches were extensively
explored where 2D TMDs are mechanically/chemically sorted and
assembled into TMOs. Simple sonication methods were devel-
oped to fabricate 2D MoS,/TiO, hybrids in which chemically
exfoliated metallic 1T-MoS; nanosheets were sonicated/bind with
TiO, nanoparticles [138]. Ball milling methods offer advantages in
terms of achieving uniform 2D TMD/TMO hybrids of high struc-
tural homogeneity [121]. Photon-assisted deposition and anion
exchange reaction methods were also utilized to decorate TMOs
on 2D TMDs and partially convert TMOs to 2D TMDs, respectively
[139,140]. Laser ablation in liquid (LAL) was claimed to produce
highly clean, small-sized reactive cobalt (Co) colloids [141] which
were subsequently mixed with 2D MoS; and allowed for aging at
low temperatures (Fig. 3(d)). Resulting MoS;,-Co304 hybrids were
shown in Fig. 3(e). MoO3/MoS, core/shell nanowires were fabri-
cated by partially sulfurizing initial MoO3 nanowires. The surface of

the MoO3 nanowires was converted to 2D MoS, via anion exchange
reactions, and these novel 2D TMD/TMO hybrids exhibit excellent
catalytic performances for HER applications [34].

2D TMD/noble metal hybrids. Noble metals such as Au, Pd, Pt, and
Ag are attractive for a variety of energy applications including pho-
tocatalytic and electrochemical energy conversions owing to their
high electrical conductivity coupled with their chemical inertness
[142,143]. These properties can be facilely tailored just by con-
trolling their shape/dimensions at nanoscales (1D, 2D, and 3D) as
well as by tuning their compositions, which can render additional
functionalities. Despite such excellent properties, the scarcity of
noble metals and the associated high cost hinder their practical
applications. Hence, significant efforts have been made on finding
inexpensive/abundant materials that can achieve certain function-
alities of precious noble metals. 2D TMDs have recently gained
increasing interests as a low cost, non-metallic replacement of
noble metals owing to their tunable electrical properties, intrinsic
phase transformation, and electrochemically active 2D edge sites
[144,145]. However, their electrical conductivity is significantly
lower than that of pure metals, undermining their versatilities
for many applications which require fast charge carrier trans-
ports (e.g., PVs). It is clear that either stand-alone noble metals or
2D TMDs cannot meet the aforementioned requirements of low
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Society.

cost and high electrical/chemical activity. This limitation drives
the development of new 2D TMD/noble metal hybrids, which can
alleviate the inherent weaknesses of each component and result
in synergic positive effects. For example, the incorporation of a
small amount of noble metals into 2D TMDs can create tunable
and enhanced optical absorption through the light-trapping effect
via 2D TMD/metal plasmonic coupling in a relatively inexpen-
sive manner [146]. Fig. 4(a-c) are the representative images that
show significant enhancement in the optical absorption and pho-
tocurrent of 2D MoS;,/Au composite electrodes when utilized in
a photoelectrochemical cell (PEC) [147]. Fig. 4(a) is the schematic
representation of PEC in which 2D MoS;/Au on fluorine-doped tin
oxide (FTO) and Pt wire was used as a photoanode and a photocath-
ode, respectively. The UV-vis spectrain Fig. 4(b) reveal significantly
high absorption in annealed 2D MoS,/Au as compared to pristine
2D MoS, or non-annealed states. As a result, 2D MoS;/Au-based
PEC yields about 3.7 times higher photocurrent (~370 pwA/cm?2)
compared to pristine 2D MoS; PEC (~100 pA/cm?), observed at
0.8V under visible light illumination (Fig. 4(c)). Moreover, the
metal/semiconductor Schottky junctions of noble metal/2D TMDs
can be utilized for photon-assisted energy conversion/generation
applications. Schottky junctions facilitate the separation/collection
of photo-excited charges generated, thus efficiently suppress e~ -
(h)* recombination, leading to enhanced light harvesting activity
of catalytic 2D TMDs [148,149]. Moreover, plasmon-excited hot
electrons from the noble metals can further assist a direct reduc-

tion of water to form hydrogen. 2D TMD/noble metal hybrids have
also exhibited a great promise to replace conventional poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) hole
transport layers (HTLs) for organic solar cells in which 2D TMDs
act as a hole extraction material while noble metals function as a
light trapping centers [150]. Moreover, noble metal nanoparticles
anchored on defect-rich 2D TMD basal planes have exhibited excel-
lent HER activities by modifying the surface electronic states of 2D
TMDs while retaining their active edge sites [151].

Fabrications of 2D TMD/noble metal hybrids were initially pur-
sued by directly depositing the metals on 2D TMDs, employing
various vapor-deposition techniques including thermal/e-beam
evaporation and ALD. Despite some successful demonstrations
[152,153], these techniques suffer from low throughput and diffi-
culties in controlling the size and spatial homogeneity of deposited
metals [154]. Wet-chemical synthetic methods were alternatively
pursued to directly grow 2D TMD/noble metal hybrids in an easier
and more controlled manner accompanying high versatility to grow
almost all noble metals. In-situ chemical reduction-based growths
of noble metals were demonstrated on 2D MoS; [155,156]. Most of
the noble metals (Pd, Pt) were epitaxially grown on the basal planes
of 2D MoS, layers, while the SEM images in Fig. 4(d) show that Au
nanoparticles (NPs) reduced from gold tetrachloride (AuCly) pref-
erentially grow on the edge/defect sites of 2D MoS, layers. The
edge/defect-oriented decorative growth of Au is due to the high
work function of MoS, (i.e. 5.2eV) that tends to locate its Fermi
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level above the reduction potential of AuCly (+1.002 V), allowing
for 2D MoS; to donate electrons to reduce AuCly into Au (Fig. 4(e)).
Accordingly, AuNPs tends to grow at the edge- or line defect-sites of
2D MoS; as they are energetically more favorable. Controlled and
selective decorations of Au NPs on the edge sites of CVD-grown
2D MoS, were also demonstrated using dip-casting methods by
reducing AuCly [55]. Anchoring of Au and Ag NPs to few-layer
2D MoS; was employed via microwave-assisted functionaliza-
tion/reductions, which resulted in substantial enhancement in its
electrical, thermal, and structural properties [157]. Moreover, a
significant increase of photoluminescence (PL) was observed in
Au NPs-incorporated 2D WS, layers via a simple treatment of a
chloroauric acid (HAuCly) aqueous solution in comparison to its
pristine state [158]. Solvothermal methods, heating a mixture of
metal precursors, chemical agents, and 2D TMDs in autoclaves were
employed as a cost-effective and facile approach to synthesize 2D
TMD/noble metal hybrids [159]. For example, Au/MoS, core/shell
heterostructured NPs with uniformly surrounding few-layer 2D
MoS, shells were developed [160]. Direct CVD co-evaporations of
fullerene-like 2D MoS, onto the surface of Au nanoparticles were
also employed, resulting in Au/2D MoS, core/shell nanoparticles
(Fig. 4(f)). As-grown Au/2D MoS, core/shell nanoparticles with
well-resolved ~5-10 atomic layers of 2D MoS, are presented in

Fig. 4(g).

2D TMD-based organic hybrids
2D TMD/carbonaceous materials. Carbon-based nanomaterials such
as activated carbon, carbon nanotubes (CNTs), carbon fibers, and
graphene have been recognized as promising materials to produce
2D TMD hybrids owing to their high electrical conductivities, light
weight, low toxicity, and ease of fabrication [161,162]. Integrat-
ing carbonaceous nanomaterials with 2D TMDs leads to following
advantages for energy generation/storage applications; (1) Their
high electrical conductivity (specially, CNT and graphene) allevi-
ates the intrinsically low electrical conductivities of 2D TMDs. (2)
Hierarchically-configurable carbonaceous materials such as car-
bon nanofibers and CNTs enhance the structural integrity of 2D
TMDs and accommodate the volume change during their cyclic
charge-discharge process in electrochemical energy storage appli-
cations. (3) The aggregation of 2D TMDs can be mitigated by
dispersing carbonaceous materials, which will help to improve
catalytic/electrochemical properties. (4) Graphene - 2D carbona-
ceous material - can be used as templates for the growth of
2D TMDs while providing conducting networks for the trans-
portation/separation of charges/ions [163,164]. Similarly, 2D TMDs
also reciprocate several advantages to the aforementioned car-
bonaceous materials; (1) 2D TMDs anchored/hybridized onto the
surfaces of CNT or graphene offer electrocatalytically active sites
which can facilitate the reduction of tri-iodide species, making
these hybrids promising for counter electrodes (CEs) in dye-
sensitized solar cells (DSSCs). (2) 2D TMDs of tunable band gap
energies (~1.2-1.8eV) combined with graphene of low visible
absorbance (~2.3%) can produce electronic junctions which display
significant light-matter interactions for ultrathin optoelectronics
and photocatalytic HER applications. (3) 2D TMDs hybridized with
graphene can circumventits aggregation problem and maximize its
surface area for enhanced electrochemical applications [165-167].
Hydrothermal method has been the main synthesis route for
most of 2D TMDs/carbonaceous hybrid materials [168]. Fig. 5(a-c)
schematically illustrate the procedure of in situ hydrothermal reac-
tions of carbon precursors (resorcinol and formaldehyde) with
molybdenum sol, ammonium tetrathiomolybdate ((NH4),MoSy).
The hydrothermal reactions were performed at 180 °C, which leads
to the formation of 2D MoS;/carbon hybrids [169]. The TEM image
in Fig. 5d clearly reveals that 2D MoS, layers are homogeneously
embedded in the matrix of amorphous carbon with a lateral size

of ~40 nm. Similarly, 2D MoS,/carbon nanosphere hybrids in 3D
flower-like morphologies were prepared for high-performance
sodium (Na) ion battery anodes [170]. A glucose-assisted reduc-
tion method to grow 2D MoS, layers on the surface of CNTs was
developed [171]. In this approach, acid-treated CNTs were dis-
persed into glucose solutions by ultrasonication followed by an
addition of sodium molybdate dihydrate (Na;MoO4-6H,0), which
results in highly crystalline 2D MoS,/CNT hybrid nanostructures.
Similarly, mixing CNTs with (NH4)>,MoS,4 and HCI solutions yielded
few-layer 2D MoS, coated multi-wall CNTs (MWNTSs) [172]. How-
ever, such pretreatment of CNTs with strong acids to enhance their
adhesions to 2D TMDs were found to be detrimental to the elec-
trical properties of CNTs. An acid-free solvothermal method was
alternatively developed to overcome this limitation [173], which
involved the homogenous mixing of (NH4),MoS,; powders with
MWCNTs in N, N-dimethylformamide (DMF) followed by heating
in autoclaves. MoSy/MWNTs coaxial hybrids were also developed
and their fabrication is demonstrated in Fig. 5(e). MoSx nanosheets
were grown on the sidewall of MWNTs, whereas they started to
protrude with increasing Mo/C ratio. Fig. 5(f) is a representative
TEM image of the MoSx/MWNTs coaxial hybrid, revealing highly
interconnected MoSy nanoflakes attached to MWNTSs. Moreover,
highly-crystalline phases of constituent MoS, and MWNTs were
confirmed by the Raman spectroscopy characterization (Fig. 5(g)).
2D TMDs/carbon fiber hybrids were prepared by electrospinning
or hydrothermal-combined electrospinning methods [174,175].
Electrospinning of (NH4);MoS4 and (poly(vinylpyrrolidone) (PVP)
followed by thermal annealing in inert gas yielded thin carbon
nanofibers embedded with ultra-small 2D MoS, flakes [176].

2D TMDs/graphene hybrids were initially pursued via a mechan-
ical exfoliation and transfer of individual 2D layers [177,178].
This manual approach introduces unwanted gaps/wrinkles as well
as residual contaminants between adjoining 2D layers, which is
detrimental to the performances of resulting devices [179,180].
Chemical growth of 2D TMD/graphene hybrids was alternatively
pursued for practical applications [181]. Direct growth of various
2D TMD layers on epitaxial graphene/silicon carbide (SiC) sub-
strates were demonstrated by sulfurizing e-beam deposited Mo
films on graphene [182]. In this approach, 2D MoS, and 2D WSe,
layers were epitaxially grown on the basal planes of graphene
(Fig. 5((h))), which was implemented either by co-evaporation CVD
using powder precursors or by MOCVD process. Raman spectra
(Fig. 5(i)) and scanning TEM images (Fig. 5(j)) show the structural
integrity of 2D TMD/graphene hybrids achieved by these methods,
indicating atomically sharp 2D TMD/graphene interfaces without
noticeable interfacial diffusion. Growths of large-area (several pm)
2D MoS; layers on graphene were also demonstrated via thermal
annealing of (NH4)>,MoS, and sulfur precursors at relatively low
temperature of 400°C [60].

2D TMD/conductive polymers. Conductive polymers (CPs) including
polyaniline (PANI), polypyrrole (PPy), polythiophene (PT), poly(3,4-
ethylenedioxythiophene) (PEDOT), and their derivatives have been
increasingly employed for energy storage and conversion applica-
tions owing to their low cost, high electrical conductivity, facile
process, light weight, and biodegradability [183,184]. However,
their inherent weakness including poor mechanical strength and
low heat resistance has demanded the use of filler materials to
improve such properties in their matrices [185]. 2D TMDs, as
fillers, have a variety of properties that can be utilized to engineer
the physical properties of hosting polymers. The high mechani-
cal strength of 2D TMDs (e.g. ~0.3 TPa for monolayer 2D MoS,) is
ideally suited to enhance the mechanical properties of CPs, mak-
ing them an ideal reinforcing agent [186]. 2D TMDs can be easily
dispersed and entangled into CPs to provide physical barriers of
heat diffusion, thus enhance the thermal properties of the hybrids
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[187].Most notably, 2D TMDs present variable oxidation states (e.g.,
+2 to +6 in MoS,) [188], which can achieve reversible redox reac-
tions combined with CPs enhancing their capacitive properties via
pseudocapacitive reactions [189]. Such reversible redox reactions
inherent to 2D TMDs can be applied to various inorganic/organic
counterparts, generally improving the electrochemical perfor-
mances of 2D TMD hybrids for energy storage applications. 2D
TMDs like MoS; exist in different polymorphic forms such as 2H-
(semiconducting), 1T-(metallic), and 3R-(semiconducting) which
can be suitable for certain applications. For example, 1T-MoS;
can significantly improve the electrical conductivity of PT [190],
PPy [191] and PEDOT [189]. Since, most of 2D TMDs in their
pristine form possesses low solubility in water and organic sol-
vents, effective methods are required to make them compatible
with polymer processing. Till date, several non-covalent and cova-
lent approaches have been developed to efficiently incorporate 2D
TMDs with polymers. These methods include (1) physical mix-
ing of 2D TMDs and polymers via solution- and/or melting-based
approaches, (2) in-situ polymerization of monomers in the pres-
ence of 2D TMDs, and (3) covalent functionalization of 2D TMDs
with polymers using their precursors. The physical mixing of 2D
TMDs were carried out in a variety of water-soluble (e.g. polyvinyl
alcohol (PVA), polyethylene oxide (PEO), gelatin) and water-
insoluble polymers (e.g. epoxy resins, polyurethane, polystyrene)
[192-195]. For example, mechanically exfoliated 2D MoS, layers
were mixed with epoxy polymers via high speed sheer blending
(Fig. 6(a)), which reinforced the polymers for structural applica-
tions [196]. Similarly, hydrothermally synthesized 2D MoS, layers
were dispersed in poly(3,4-ethylenedioxythiophene)-poly(styrene
sulfonate) (PEDOT-PSS) aqueous solutions via mechanical mix-
ing [197]. The major common drawback of these approaches
is the spontaneous restacking of individual 2D layers because
of their intrinsic vdW interaction which results in poor dis-

persion in polymer solutions [198]. As alternatives methods,
in-situ polymerizations of functionalized 2D TMDs were devel-
oped via solution mixing/blending approaches [199], which were
proposed to achieve better dispersion of 2D TMDs. Various
CPs including polypyrrole (PPy), polyaniline (PANI), and poly(3-
methylthiopene) (P3MT) were polymerized with 2D TMDs to
develop 2D TMD/CP-based electrode materials for electrochemi-
cal energy storage/generations such as LIBs, supercapacitors, and
electrocatalysts. For example, 2D MoS, /PPy hybrids were produced
by an in-situ oxidation-based polymerization of pyrrole in MoS,
suspensions. As shown in Fig. 6(b) [200], 2D MoS, with inter-
twined layers was first formed by a hydrothermal synthesis. It
was followed by the oxidative polymerization of pyrrole monomers
adsorbed on the MoS, surface, which resulted in PPy-filled MoS,
hybrids. Fig. 6(c) are the TEM images of the entangled/folded MoS,
nanosheets (left) and MoS, /PPy hybrids revealing PPy embedded in
MoS; matrix (right). In another study, 2D MoS, /PANI hybrids where
PANI nanowires were vertically integrated on the surfaces of tubu-
lar 2D MoS; layers were produced via a simple chemical oxidative
polymerization method [201]. Combining organic semiconduc-
tors (OSCs) with 2D TMDs was also pursued, aiming to develop
large-scale, low-cost p-n junction PV devices. For example, p-
type dioctylbenzothienobenzothiophene (C8-BTBT) and pentacene
were incorporated with 2D MoS, layers (intrinsically n-type) by a
vapor-deposition method, leading to OSC/2D MoS, p-n junction
hybrids [202]. Similarly, poly(3-hexylthiophene) (P3HT) blended
with phenyl-C61-butyric acid methyl ester (PCBM) OSCs were
incorporated with CVD grown n-type MoS, layers (Fig. 6(d, e))
[203]. These hybrid materials coupled with Ag-based plasmonic
metastructures exhibit ~6 fold enhancement of photo-carrier gen-
eration/absorption in comparison to stand-alone polymers.

In addition to conventional CPs, MOFs represent a new class
of polymeric compounds comprising metal ions/clusters coordi-
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nated to organic ligands which exhibit enriched surface active sites
and tunable porosity (up to 90%) in highly versatile geometries
[204]. Their unique functionalities, particularly structural flexi-
bility and enormous porosity, make them promising for energy
conversion/storage applications. However, their poor chemical sta-
bility and insufficient electrical conductivities severely limit their
applicability. In order to mitigate these drawbacks, hybrid mate-
rials combining MOFs with other nanostructured active materials
such as metals, polymers, oxides, and carbon materials have alter-
natively been pursued [205]. Particularly, 2D materials such as
graphene and 2D TMDs are expected to improve MOFs’ mechan-
ical, electrical, and optical properties. Pt-dispersed 2D MoS, layers
were incorporated into zeolitic imidazolate frameworks (ZIF-8)
via an in-situ reduction (Fig. 6(f)) [206]. ZIF-8 was coated on the
Pt/2D MoS, layers by a simple mixing of the aqueous solution of

2-methylimidazole and zinc acetate in the presence of the 2D tem-
plates where intimate contacts of ZIF-8/2D MoS, were achieved
as shown in Fig. 6(g). Besides 2D MoS, layers, molybdenum poly-
sulfide (MoSyx) anchored-MOF hybrids were developed for HER
applications via a facile one-pot solvothermal reaction of MoSy with
a zirconium (Zr)-based MOF (i.e. UiO-66-NH;) [207]. MOFs have
also been utilized as precursors to synthesize various 2D TMD-
based catalysts, including 2D MoS,/TiO, [208].

Energy applications of 2D TMD hybrid materials

Energy generation

Photovoltaics. Semiconducting 2D TMD layers, particularly in their
mono-to-few layer forms, have attracted significant attention for
PV applications owing to their direct bandgap energies and broad
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optical absorptions in a range of infrared to visible light [209].
Applications of 2D TMDs in PV devices have been driven in two
major directions. The first direction focuses on exploring novel PV
devices by employing the excellent mechanical flexibility and opti-
cal absorption inherent to 2D TMDs. This approach was mainly
pursued by integrating multiple 2D TMD layers of distinct elec-
trical/optical functionalities. The second direction involves the
incorporation of 2D TMDs into existing PV materials (e.g., Si or
conductive polymers). This approach focuses on bestowing addi-
tional functionalities/merits into conventional PV devices such as
cost reduction. In the former case, the simplest form of 2D TMD-
based PV hybrid devices can be realized by combining two different
2D TMDs of distinct carrier types and/or appropriate band offsets.
A large number of 2D TMDs form typical type-II band alignments
when they are interfaced with each other, which enables fast and
efficient separation of photo-excited e~-h* via the built-in poten-
tials at their 2D/2D interfaces. Fig. 7(a) shows the calculated band
alignments formed by interfacing various 2D TMD monolayers,
which indicates the suitability of 2D TMD/2D TMD hybrids for PV
applications [210]. Fig. 7(b) represents a schematic diagram for the
generation/separation of photo-excited e~-h* at the junction of 2D
MoS;/2D WS, while both 2D monolayers present n-type trans-
ports [15]. Experimentally verified power conversion efficiencies
(PCEs) of the 2D MoS,/2D WS, hybrids presently remains below
2% [209]. Combining 2D TMDs of intrinsically distinct carrier types
(i.e. p-type and n-type) was extensively pursued for p-n junction
PV applications. Fig. 7(c) shows a typical photo response from a
vertically-stacked 2D WSe; (p-type)/2D MoS,(n-type) p-n junc-
tion under an illumination of varying amplitudes, indicating its
substantive PV effect [86]. External quantum efficiency (EQE) of
~2.4% was reported in similarly prepared 2D WSe,/2D MoS, p-n
junction PV devices [40]. Recently, 2D MoTe; (p-type)/2D MoS,
(n-type) hybrids in the form of vertically-stacked 2D monolay-
ers were developed (Fig. 7(d)) [211]. These p-n junction diodes
exhibited an excellent PV response with a high photoresponsiv-
ity of 322 mA/W, open-circuit voltage (Voc) of ~0.3 and EQE of
85% (Fig. 7(e)). In addition to the manual stacking of distinguish-

able individual 2D layers, PV heterojunctions were also developed
in single 2D TMD layers via monolithic approaches. For example,
plasma-irradiation introduced p-doping in intrinsically n-type 2D
MoS, was utilized to develop p-n junction in single 2D MoS, layers
[212]. The p-n 2D MoS; PV devices composed of asymmetric con-
tacts (Au/p-MoS; and ITO/n-MoS, ) yield a PCE of ~2.8%. In addition
to 2D TMD/2D TMD hybrids, graphene/2D TMDs were explored
for PV applications exploiting the extremely high electrical con-
ductivity of metallic graphene which forms Schottky junctions
with semiconducting 2D TMDs. One of the earliest examples is PV
devices based on 2D WS, layers sandwiched between graphene (i.e.
graphene/2D WS,/graphene) (Fig. 7(f)) [14]. These 2D/2D hybrid
devices achieved a high photoresponsivity of >0.1 A/W with an
EQE of >30% (Fig. 7(g)). Similarly, PV devices based on few layer
graphene/2D WS, [213] and graphene/2D MoS, [214] Schottky
junctions achieved PCEs of ~3-4%.

2D TMD-based hybrids incorporating a wide range of conven-
tional PV materials (inorganic or organic) were also developed and
their PV performances were evaluated. Firstly, n-type 2D MoS,
monolayers were directly integrated onto p-type Si substrates, real-
izing 2D/3D p-n heterojunction PV devices with PCEs of >5% [215].
Moreover, 2D MoS, layers interfaced with ITO (indium tin oxide)
realized Schottky junction PV devices, benefiting from the high
electrical conductivity and optical transparency of ITO [216]. Incor-
porating 2D TMDs into various functional materials were explored
to improve the performances of PV device electrodes. MoS,/CuS
hybrids prepared by in-situ solvothermal methods worked as
efficient counter electrodes for CdS/CdSe DSSCs, utilizing their
enriched catalytic sites and reduced recombination rates at the
electrode/electrolyte interfaces. A PCE of 5% with a fill factor of
0.48 were achieved in this case [217]. 2D MoS, layers incorpo-
rated with reduced graphene oxide (rGO) were used as counter
electrodes in DSSCs, which leads to the enhancement of PCE by >6%
in comparison to rGO-only electrodes [218]. 2D MoS, layers dec-
orated with noble metals such as Pt were used as hole transport
layers in organic PV devices [150]. 2D TMDs directly integrated
with functional CPs were also explored as active components for
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Table 1
Performance comparison of various 2D TMD hybrids-based PV devices.

Composite Solar cell type Jsc (MAcm—2) Voc(V) FF (%) PCE (%) Ref.

Graphene/MoS, Schottky 33.40 0.56 60.0 11.1 [221]
MoS;/CNT DSSC 15.82 0.77 65.0 7.92 [222]
Graphene/MoS; /n-Si Schottky 27.2 0.55 32 4.8 [223]
MoS, /WS, bilayer Type II heterojunction 3.5 1.0 60.0 1.5 [209]
p-MoS;/n-MoS, p-n junction 20.9 0.28 47.0 2.8 [212]
WSe;/MoSe; p-n junction - 0.05 - 0.12 [67]

Mos_,W,Se, Schottky 92.0 0.44 32.0 16 [224]
MoO3/MoS, Organic solar cell (OSC) 13.2 0.77 68.2 6.96 [225]
MoS;/TiO; Bulk heterojunction 4.7 0.56 - 1.7 [226]
MoS,/TiO, DSSC 17.72 0.60 77.8 8.96 [227]
Au/MOS,/ITO Schottky junction 5.37 0.59 55.0 1.8 [216]
Au NP@MOS, Organic photovoltaic device (OPV) 134 0.69 53.0 491 [228]
Au-MoS, 0sC 154 0.72 65.2 7.25 [150]
MoSe, /Mo DSSC 16.71 0.74 72.2 9.00 [229]
PEDOT:PSS/MoS,-PAS Perovskite 24.0 0.90 68.5 16.47 [230]
MoS,/PTB;:PC71BM 0sC 15.86 0.72 71.0 8.11 [231]
Pentacene/MoS;, p-n junction - 0.30 - 0.004 [220]
p-Si/MoS;, p-n junction 18.0 0.39 63.0 4.46 [232]
n-MoS;/i-SiO, [p-Si n-i-p junction 5.5 0.30 - 4.5 [233]
Pd:MoS,/Si p-n junction 15.1 0.45 - 24 [234]
MoS;/h-BN/GaAs Schottky junction 21.1 0.76 56.3 9.03 [235]
TiO,/CH3NH3Pbl3/MoS;/Spiron-OMeTAD/Au Perovskite 21.5 0.93 66.7 133 [236]

PV devices. For example, n-type 2D MoS, layers were directly
integrated onto p-type rubrene to develop PV devices based on
rubrene/2D MoS; p-n heterojunction vertical stacks [219]. Other
examples include pentacene/2D MoS, p-n junction PV devices
which exhibit gate-tunable PV responses [220]. Moreover, p-type
organic semiconductors such as C8-BTBT were demonstrated to
epitaxially grow on the top of n-type 2D MoS; monolayers, achiev-
ing PV p-n junctions [202]. Table 1 summarizes various solar cell
parameters such as short-circuit photocurrent density (Js¢), open
circuit voltage (Voc), fill factor (FF), and PEC for 2D TMDs-based
hybrid solar cells.

Hydrogen generation. Hydrogen (H;) generation via a solar energy-
driven water splitting is recently gaining substantial interest as
a new approach to generate renewable energy. This approach
requires low-cost catalysts to initiate the HER accompanying high
current densities at low over potentials. Traditionally, noble met-
als such as Pt have been utilized for this application, while their
high cost is a major hurdle to hinder their commercial usage
[237]. Researches have been looking for alternative catalytic mate-
rials which are chemically stable, non-toxic, earth abundant, and
inexpensive. Recent studies have demonstrated that 2D TMDs
are promising non-metallic catalysts owing to their large sur-
face area coupled with the aforementioned attributes inherent
to them, suggesting their potential as an alternative to Pt cat-
alysts [238]. Theoretical and experimental studies conducted a
decade ago demonstrated that the edge sites in 2D MoS, layers
can drastically facilitate charge carrier transports associated with
HER [29,239]. Since then, substantive researches have been driven
toward utilizing the edge sites of 2D TMDs, which has focused on
maximally/preferentially expose the 2D edge sites via controlled
growths and structural modifications [30,240]. Along these efforts
toengineer the structures of 2D TMD layers to achieve high catalytic
activity, 2D TMDs themselves have been incorporated with noble
metal catalytic NPs such as Pt, Pd, and Ag. The resulting hybrid
materials can sustain the high electrical conductivity of the con-
ventional catalyst (mostly, noble metals) while the 2D edge sites
can further enhance HER. Fig. 8(a) shows the epitaxial/uniform
growth of Pd NPs (5nm in size) on the surface of 2D MoS, lay-
ers [155]. The performances of 2D TMD/noble metal hybrid for
catalytic HER applications were also evaluated. For example, Pt-
decorated 2D MoS, layers exhibit significantly higher catalytic
activity in comparison to pristine 2D MoS, layers (Tafel slopes of

40 mVdec~! vs. 94 mVdec~1), as shown in Fig. 8(b). Similar studies
also demonstrate that 2D MoS,/Pd hybrid catalysts exhibit excel-
lent HER activity accompanying the high turnover frequency (TOF)
of 0.013s~! and lower Tafel slope of 39mVdec~! [241]. Drastic
(~ three fold) improvement of HER activity was observed in 2D
MoS,/Au hybrids in comparison to pristine 2D MoS, layers [242],
which is mainly attributed to the increased carrier density resulted
from the introduction of Au-plasmonic hot electrons.

In addition to the noble metals, 2D TMDs have also been incor-
porated with other functional materials (e.g. metal oxides and CPs)
for HER applications. Fig. 8(c) shows molybdenum trioxide (MoO3)
nanowires coated with 2D MoS; layers and their HER performances
[34]. A Tafel slope of 50-60 mVdec~! was demonstrated, which
was claimed to be the combined consequence of the fast charge
transports in the MoO3 core and the enhanced catalytic activity
contributed by the large surface area of the 2D MoS, shell. A wide
range of 2D TMD/CP hybrid catalysts were developed owing to their
intrinsic advantages of facile low-temperature solution fabrication
process. 2D MoS, /PPy hybrid films exhibited outstanding HER per-
formances (Tafel slope as low as 29 mVdec~!) nearly comparable
to those of Pt catalysts [243]. Amongst many, carbonaceous nano-
material (CNT or graphene) additives are particularly promising for
HER because they can offer substantial enhancement in the electri-
cal conductivity as well as provide large surface areas. 2D MoS,
layers were incorporated with 3D-networked CNT forests [244]
where largely exposed 2D edge sites contribute to achieving excel-
lent HER performances (onset overpotential of 75mV). Reduced
graphene oxide (rGO) is an intriguing host material for 2D TMDs
as it can efficiently disperse and anchor 2D TMDs maintaining their
functionalities. Moreover, the oxygen-containing functional groups
on the rGO surface serve as nucleation sites for 2D TMD growth.
2D MoS,/rGO hybrids were initially developed using solvothermal
processes. 2D MoS, layers were directly grown on the rGO sur-
face using DMF as a surfactant (Fig. 8(d)), which achieved small
2D MoS; flakes uniformly distributed on rGO surfaces (Fig. 8(e))
[245]. The 2D MoS,/rGO hybrid material exhibits excellent HER
performances (Fig. 8(f), (g)); a very small overpotential ~0.1V and
a Tafel slope as small as 41 mVdec~'. Besides 2D MoS,, other 2D
TMD layers such as 2D WS, and 2D MoSe;, have been employed
with rGO and their HER performances were evaluated. For exam-
ple, 2H-WS, /rGO hybrid exhibited a Tafel slope of 58 mVdec~! [45].
Moreover, highly porous MoSe, /[rGO/CNT stacked hybrids prepared
by a spray pyrolysis demonstrated an overpotential of 0.24V and
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a Tafel slope 53 mVdec~!, respectively [246]. 2D TMD hybrids con-
taining non Mo- or W- metal chalcogenides also present promising
HER performances [247,248]. For example, NiS,-intercalated MoS;
nanowires yielded a low onset potential of 76 mV and a Tafel slope
of 70mVdec—! [249]. Noticeably, MoS,/CoSe; hybrid electrocata-
lysts prepared by solvothermal methods exhibited excellent HER
performances; a small Tafel slope of 36 mVdec~! and no current
loss even after repeated measurements, which surpasses the per-
formances of nearly all noble metal-free HER electrocatalysts [250].
The underlying principles behind these performance advantages
are attributed to the catalytically active sites and defects abundant
in these hybrids as well as their large surface areas. 2D MoS;-
incorporatd CdS nanorods were demonstrated to work as efficient
metal-free photocatalysts under visible light, evolving H, at a rate
of 49.80 mmol g~! h~! with a high quantum yield of 41.37% [103].
This performance advantage was attributed to the combined results
of the co-catalytic activities of CdS and MoS, and the efficient rad-
ical transfer with reduced charge recombination enabled by their
intimate interfacial contacts.

Thermoelectrics. Sustainable energy requires technologies to effec-
tively utilize all forms of energy including hydroelectricity, solar
energy, wind energy, etc. Heat, a major source for electric-

ity, can be obtained from either green energy sources such as
solar heat and geothermal energy, or raw energy sources (e.g.,
petroleum, natural gas, and coal). According to a report from
Lawrence Livermore National Laboratory, out of about 98.3 Quads
(1 Quad =1.055 x 1018 joules) of energy used in US in 2014, 59.4
Quads were wasted as heat in power generation, transport, and
utilization [251]. Effective recovery of waste heat is important in
solving energy and environmental problems by providing supple-
mental electrical power without burning additional fossil fuel. The
thermoelectric (TE) effect, a phenomenon that converts thermal
energy directly into electric energy offers a reliable and envi-
ronmentally friendly approach to utilize various types of waste
heat. When a temperature gradient is generated in thermoelectric
materials (usually semiconductors), electrons and holes with high
thermal energy at the hot end diffuse to the cold end, creating a
potential difference to power an external load. The efficiency of a
thermoelectric material is represented by the Figure-of-merit, ZT,
where Z = SZT"is a function of the electrical conductivity (o), ther-
mal conductivity (k) and the Seebeck coefficient (S, a measure of
thermoelectric voltage induced by a temperature difference across
the hot and cold end), T is the average of the temperature at cold and
hot ends. Improving ZT requires increasing the Seebeck coefficient
and electrical conductivity, while minimizing the thermal conduc-
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tivity at the same time [252]. It is important to note that electrical
conductivity, Seebeck coefficient, and thermal conductivity are not
independent, which makes it difficult to optimize one parameter
without affecting the other parameters. Hence, substantive efforts
on improving ZT focus on the development of new TE materials
and/or their structural optimizations [253].

2D TMDs present promising electrical/thermal properties as
efficient TE materials owing to their intrinsic quantum size effects
which make the physical factors defining ZT free from the afore-
mentioned interdependence [254,255]. Fig. 9(a) reveals how the
ZT value changes with a structural evolution of TE materials
from bulk materials to nanostructured/layered 2D materials [256].
Mono and few-layer 2D TMDs have exhibited great potential for
improved TE conversion efficiencies [257,258]. Single crystalline
2D MoS; layers have exhibited a significantly large value of S
~105 wVK~1, measured in a field-effect-transistor (FET) configu-
ration [259]. Mechanically-exfoliated few layer 2D WSe, layers
also presented similar properties, measured via ionic gating [260].
However, these studies were carried out with 2D TMD flakes of
very small sizes (<10 wm?), making them non-commensurate for
reliable experimental determinations of the thermoelectric prop-
erties. In this regard, large-area CVD-grown 2D MoS; and 2D WSe,
monolayers were investigated and their thermoelectric properties
were determined in a FET configuration [261]. In this approach,
a large FET channel length of 400 pwm was maintained to ensure
reliable thermoelectric measurements via uniformly large temper-
ature gradient. As a result, large |S| (>200 wVK~!) and power factor
(>200 pWm~1K~2) were observed in both 2D MoS; and 2D WSe,.
Fig.9(b)indicates an order of magnitude enhancementin the power
factor as a function of ¢ in various 2D TMD monolayers compared
to their bulk counterparts. Experimental efforts have been further
driven to precisely determine the TE properties of various 2D TMD
nanostructures. Fig. 9(c) shows the schematic setup for measur-
ing the TE properties of WS, nanotubes placed on an insulation

layer of parylene. A heater was attached at the back side to create
the thermal gradient and the generated TE voltages were mea-
sured using electrolyte gating [262]. Fig. 9(d) presents the back
gate (V) dependent electrical conductivity, Seebeck coefficient
and power factor in the WS, nanotubes, revealing their ambipo-
lar transports. In addition to the experimental efforts to measure
the TE properties, it is predicted that metal chalcogenides and
2D TMD hybrids with other functional materials can achieve bet-
ter TE properties compared to mono-component nanostructures.
These projected advantages are attributed to the reduced thermal
conductivity through phonon scattering at their hybrid interfaces
[263]. Experimental efforts were pursed in developing 2D TMD
hybrid TE materials to verify these merits [264,265]. Metallic 1T
phased 2D MS; (M: Mo, W) layers were incorporated into rGO,
which led to a maximum power factor of 15.1 and 17.4mW m™!
K~2inrGO/MoS; and rGO/WS;, respectively [266]. 2D WS, /PEDOT:
PSS hybrids were also developed by sonicating 1T phase 2D WS,
flakes into an aqueous solution of PEDOT: PSS [267]. The presence
of PEDOT: PSS chains in WS, facilitated the transport of charge car-
riers and reduced the energy barrier within adjacent WS, flakes. A
TE power factor of 45.2 uW m~1k~! was achieved in these hybrids,
which reflects the enhanced electrical conductivity and the See-
beck coefficient. In another recent study, a simple oxygen doping
strategy was employed to incorporate MoO, nanoclusters into 2D
MoS,, which significantly improved the electrical conductivity and
the Seebeck coefficient as well as suppressing the thermal conduc-
tivity. As a result, ~50 times enhancement in the TE efficiency was
observed in comparison to the pristine state without doping [268].

Hierarchically structured Bi,Te;Sg3(BTS)/Bi;Tes3(BT) hybrid
nanosheets were realized by the layer-epitaxial growth of BTS
on and along chemically exfoliated mono-to-few layer BT seed-
crystals [269]. Fig. 9(e) shows the synthetic steps of BTS/BT hybrids.
In these hybrid materials, the enhanced phonon scattering mostly
pronounced at their interfaces resulted in ultralow thermal conduc-
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tivity, which led to a maximum ZT of 1.17 at 450K, approximately
three times higher than that of pristine BT nanostructures. The
intrinsically-layered structure of 2D TMDs allows for the incor-
poration of other functional materials into their vdW gaps. This
intercalation-induced 2D structural change is predicted to enhance
interfacial phonon scattering, which can lead to reduce the thermal
conductivity [270]. For example, intercalation of hexylammo-
nium ions into layered 2D TiS, crystals from an organic salt of
dimethyl sulfoxide (DMSO) achieved an organic/inorganic hybrid
of TiS[(HA)x(H20)y(DMSO),]. Fig. 9(f) shows the cross-sectional
TEM image of the material, revealing its layered structure. These
hybrid materials showed an eight-fold reduction in lattice thermal
conductivity, leading to three times higher in-plane ZT value as
compared to TiS, bulk materials [271].

Energy storage

Lithium ion batteries. Lithium ion batteries (LIBs) have become
a major energy source for a large number of today’s consumer
electronic devices, including hybrid electric vehicles (HEVs), UPS
systems, and power supplies for portable electronics. However, the
low theoretical capacity (372mAhg-1) and the poor rate perfor-
mance inherent to conventional graphite anode materials are not
sufficient to fulfill the ever-increasing demand for higher power
densities demanded in advanced LIBs [272]. 2D TMDs possess
a great potential as LIB anode materials owing to their unique
layered structures with highly dense vdW gaps which could effi-
ciently facilitate Li* intercalation/de-intercalation, projecting the

advantage of extended cyclic stability. However, the major bottle-
necks of 2D TMDs for LIB applications include their low electrical
conductivity and the structural instability associated with the
large volume expansion during Li* intercalation events. To cir-
cumvent these issues, 2D TMDs have been incorporated with
other capacitive and conductive materials, yielding 2D TMD hybrid
LIB electrodes with improved performance and stability. In this
context, carbonaceous nanomaterials, particularly, graphene and
rGO have been extensively investigated. LIB anodes based on 2D
MoS, layers directly grown on the surface of graphene exhib-
ited a reversible capacity of 1290 mAhg-! at a current density
of 100mAg-!, with a capacity retention up to 50 cycles [273].
2D MoS;/graphene flower-like 3D structures were realized by
the hydrolysis of lithiated MoS, (LiMoS,), delivering a reversible
capacity of 1300-1400 mAhg~! with a limited rate performance of
~500mAhg~! at a current density of 1000 mA g~ [274]. Recently,
a new type of 2D MoS,/graphene hybrids were developed where
individual 2D MoS, layers were vertically grown on top of the
basal plane of graphene (Fig. 10(a)) [275]. The obtained vertical 2D
MoS,/graphene hybrids exhibited a high capacity of 1077 mAhg~!
at 100mAg-! up to 150 cycles (Fig. 10(b)). This performance
improvement is attributed to the presence of C-O-Mo bonds which
facilitate the transport of charged carriers and the ample free
volumes between the vertical 2D MoS, layers which efficiently
accommodate the volume expansion/shrinkage during the course
of lithiation/de-lithiation events. A variety of 2D MoS, [rGO hybrids
were also developed for LIB anodes. 2D MoS, /rGO hybrids produced
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via a hydrothermal method exhibited a capacity of 1150 mAhg~!
after 60 cycles and an excellent rate performance of ~890 mAhg~!
at a current of 1A/g [276]. 2D MoS, layers integrated into 3D rGO
foams reached a capacity of ~650mAhg~! at a current rate of
0.1C [277]. In addition to graphene and rGOs, CNTs have drawn
particular attention owing to their very high electrical conduc-
tivity and facileness of integrating with 2D TMDs. Various forms
of 2D MoS,/CNT hybrids were exploited for LIB anodes which
exhibited high capacities in the range of ~400-1000mAhg-!.
These materials include 2D MoS,/CNTs in 3D networked struc-
tures [278], cylindrical 2D MoS;/CNTs [279], coaxial CNTs with
2D MoS; on the their surfaces [280], and hierarchically integrated
2D MoSx/MWNTs [173]. Most notably, hierarchically-structured
2D MoS,/CNT hybrids were developed (Fig. 10(c,d)) [281], where
individually networked CNTs were wrapped by tubular 2D MoS,
layers which enhance the adsorption of Li* while the internal
CNTs provide pathways for charge carriers. These 2D MoS;/CNT
hybrids delivered an extraordinary high capacity of ~1320 mAhg~!
(at 0.1 Ag—1) with an impressive cyclic stability up to 1000 cycles
(Fig. 10(e)).

Metal oxides are another promising class of materials that
possess suitable material properties with a potential to replace
conventional graphite electrodes in LIBs. For example, tin oxide
(Sn0O,) shows twice of the theoretical capacity (~781 mAhg!)
compared to graphite (~372 mAhg~1) in terms of intercalating Li*
[282]. These oxides can easily form hybrid materials with 2D TMDs
while maintaining their structural suitability for LIB electrodes.
2D MoS,/Sn0, hybrids developed by the hydrothermal synthesis
of SnO, NPs onto 2D MoS, layers delivered a reversible capacity

of 602 mAhg~! after 230 cycles [125]. The observed performance
enhancement in these hybrid materials is endowed by the syn-
ergistic effects between 0D SnO, NPs and 2D MoS, layers, which
complements each other to overcome their inherent weaknesses.
For example, SnO, NPs incorporated into 2D MoS; layers served as
“spacers” to prevent the restacking of individual 2D layers, whereas
the structurally-retained 2D MoS, layers worked to prevent the
agglomeration of SnO, NPs. Iron oxides of various oxidation states
have been incorporated with 2D TMDs, aiming at utilizing their
intrinsic advantages of high theoretical capacities, environmental-
benignity, and earth abundance [ 136]. Fe;03 NPs (size ~4 nm) were
decorated onto 2D MoS, layers to utilize the aforementioned prop-
erty advantages as well as inhibit the restacking of 2D MoS, layers
[283]. Specifically, 2D MoS, layers not only contribute to enhanc-
ing the total capacity of the hybrid anode but also support Fe;05
to attain low irreversible capacity by converting irreversible Li,O
to Li* through the formation of Mo metal clusters. Accordingly,
this strong electrochemical coupling of Fe;03 and MoS, resulted
in excellent capacitive performances with a high reversible capac-
ity of 864mAhg~! at a current density of 2 Ag~! after 140 cycles.
Similarly, structured 2D MoS;/Co304 hybrids delivered a high dis-
charge capacity of 1100 mAh g~ after 50 cycles at 200mAg~! and
a high reversible capacity of 946.6 mAhg~! after 50 cycles at a cur-
rent density of 500 mA g~ [284]. The synergetic effects as a result
of combining 2D MoS; layers with Co30,4 NPs are multi-fold; Alarge
amount of Co304 NPs acts as physical spacers for maintaining the
structural integrity of 2D MoS; layers. Moreover, they provide short
pathways for efficient ion transports while their agglomeration is,
in turn, inhibited by surrounding 2D MoS, layers.
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Sodium ion batteries. Extensive uses of LIBs in recent years follow-
ing the explosive development of portable electronics and HEVs
have been straining our Li resources to the extent where they
approach the category of rare materials. In addition, LIBs tend to
exhibit meager performances in harsh environments such as lim-
ited lifetimes mainly due to their safety concerns, which limits
their versatility in emerging technologies such as flexible energy
storage devices [285]. Recently, sodium ion batteries (SIBs) are
representing a paradigm-shift for the safer and more sustainable
battery technologies due to a huge abundance of sodium (Na) -
4th most abundant element on earth. SIBs are projected to signif-
icantly lower the cost of rechargeable batteries as many as thirty
times compared to LIBs while being free of safety concerns [286].
However, the major drawbacks associated with SIBs are the larger
size of Na* (1.02 A) as compared Li* (0.76 A) and their high standard
electrode potential (—2.71 V), which makes the storage of Na* into
conventional anode materials difficult, resulting in inferior stor-
age capacity compared to LIBs. Incorporating 2D TMDs into SIB
anode materials have been directed to mitigate these problems
[287]. It is noted that most of the 2D TMD hybrids developed for
SIB anodes till now incorporated carbonaceous additive materi-
als [288], targeted at enhancing electrical conductivity as well as
accommodating more Na*. Moreover, carbonaceous nanomateri-
als can buffer the substantial volume change of 2D TMDs during
charge/discharge cycles [289], and improve the poor electrochem-
ical performances inherent to pristine 2D TMDs at low operating
voltages (e.g., 0.4V in case of 2D MoS5 ) [290]. 2D MoS, /rGO hybrids
in the form of a paper were developed using a vacuum filtra-
tion method [291] (Fig. 11(a)), where individual 2D MoS;/rGO
hybrid layers were vertically stacked retaining numerous physical
gaps (Fig. 11(b,c)). These hybrid SIB electrodes offered a capac-
ity of ~230mAhg~! and a coulombic efficiency reaching 99%.
Additionally, the interleaved structure of porous rGO backbones
provided a high mechanical support to 2D MoS, layers, result-
ing in good structural stability even after cycling at 200mAg-1,
retaining 72% of the initial capacity (Fig. 11(d)). Other studies with
similarly structured 2D MoS,/rGO hybrids report a higher capac-
ity of 352 mAhg~!, where the high diffusivity of Na* and the high
electron transfer efficiency in 2D MoS; interfaced with rGO were
experimentally and computationally verified [292]. In addition to
rGO, graphene were also extensively pursued as a host mate-
rial for 2D TMDs, and 2D WS;/graphene hybrids with 2D WS,
layers anchored onto the graphene surface exhibited a capacity
of ~590mAhg~! [293]. A novel SIB anode material based on 3D
MoS, /graphene hybrids were developed using one-pot spray syn-
thesis methods (Fig. 11(e)) [294]. A stable colloidal spray solution
of polystyrene (PS) nanobeads, rGO, and (NH4),MoS,; was used to
form micrometer-sized droplets by an ultrasonic nebulizer. These
droplets were then passed through a tube furnace at 800°C and
were converted to 3D MoS,/graphene microspheres with a high
porosity (Fig. 11(f,g)). These highly porous hybrid materials exhib-
ited a high capacity of 797 mAhg~! at the 1st cycle and retained
an average coulombic efficiency of 99.98% even after 600 cycles
(Fig. 11(h)).

In addition to 2D MoS; and 2D WS,, several other 2D TMDs have
been explored to be incorporated into carbonaceous nanomaterials
for SIB anodes. For example, 3D CNTs embedded with fullerene-
like MoSe; prepared via spray pyrolysis and selenization processes
exhibited much higher discharge capacity (296 mAhg~1) as com-
pared to stand-alone MoSe; (144 mAhg~!) [295]. This enhanced
Na* storage capacity is attributed to the synergetic effect from both
constituting materials; Fullerene-like MoSe, provide large surface
areas and ample reactive sites for efficient the intercalation/de-
intercalation of Na* with 3D CNTs. In parallel, 3D CNTs possess
high structural porosity and electrical conductivities, which fur-
ther contributes to increase the capacity. In another report, 2D

MoSe,/MWCNT hybrids were formed by coating 2D MoSe, lay-
ers on MWCNTs exhibited a retention of 385 mAhg-! over 90
cycles at a current rate of 2000 mAhg~! [296], significantly higher
than that of pristine 2D MoSe;,. It is due to the uniform distribu-
tion of MoSe, sheets onto MWNTs which shorten the electronic
Na* pathways while MWCNT flexible support prevents the elec-
trode structure damage from volume expansion/contraction during
cycling. Carbon nanofibers prepared by an electrospinning method
were incorporated with 2D MoS; layers, and the resulting hybrids
exhibited outstanding rate and cycling performances comparable
to those of LIBs [297]. Porous hollow carbon spheres decorated
with 2D MoSe, layers exhibited an excellent reversible capacity of
580 mAh g1 after 100 cycles [298]. The synergic effects that lead to
the high capacitive performance in these hybrids are attributed to
following; High porosities of electrically conductive carbon spheres
facilitate to accommodate/release the mechanical stress accumu-
lated during charge-discharge cycles. Moreover, the uniformly
coated individual 2D MoSe; layers provide percolation pathways
for efficient Na* diffusions. Other metal sulfides-based 2D TMDs
have also been combined with carbon nanomaterials for SIB appli-
cations [287]. For example, electrodes based on 2D SnSe layers and
carbon black fabricated by high-energy ball milling exhibited a high
capacity of 324.9mAhg~! at a high current density of 500 mAg~!
over 200 cycles [299]. The high capacity/retention is also attributed
to that the carbon black functions as a “buffer layer” to accommo-
date the volume change of the hybrid material, while enhanced
electrical conductivity is offered by the uniformly dispersed 2D
SnSe layers. Despite the successful storage of Na* in these novel
hybrid materials, the easy dissolution of reaction intermediates
(i.e. Na,S) into electrolytes during continued charging/discharging
cycles severely limits the retention stabilities of SIBs [170]. The
deposition of passivation layers to electrode/electrolyte interfaces
has been explored to circumvent this structural loss-associated
performance degradation. Atomic layer depositions of metal oxide
layers were extensively pursued [300,301]. For example, the depo-
sition of TiO, resulted in ~53% enhancement in the discharge
capacity (i.e. 1392mAhg-1) and ~1.3 time increase in the capaci-
tance retention of 2D MoS, [carbon cloth hybrids. Table 2 represents
the characteristics of 2D TMD hybrids based Li* and Na* battery
electrodes comparing their key parameters, i.e., discharge capacity,
coulombic efficiency, and cycle performance.

Supercapacitors. 2D TMDs have been increasingly employed in var-
ious energy conversion devices as overviewed above, while their
applications to supercapacitors remain sparse for now. Although
their intrinsic structural uniqueness of large surface area and
numerous vdW gaps is projected to be ideal for supercapaci-
tor applications [321], their relatively low electrical conductivity
and structural instabilities are the major concerns making them
uncompetitive with conventional LIBs [322,323]. Integrating 2D
TMDs with other capacitive materials for supercapacitors has been
directed to mitigate these issues while realizing additional func-
tionalities (e.g., high mechanical flexibility) as well as retaining the
intrinsic advantages of supercapacitors over LIBs (e.g., high power
density and air stability). Most studies on 2D TMD hybrids for
supercapacitors have focused on developing new electrode mate-
rials to alleviate their intrinsic weakness (e.g. low energy density)
over LIBs. The presence of the numerous vdW gaps in 2D TMD lay-
ers is ideally suitable for efficient charge transports driven by the
electrical double layer capacitance (EDLC) mechanism, while com-
bining 2D TMDs with other pseudocapacitive materials can further
improve the energy density. Traditionally, various TMOs such as
NiO, Co304, and Fe,03 have been used for supercapacitor elec-
trodes [324] as they present various oxidation states suitable for
pseudocapacitive reactions. The integration of 2D TMDs with these
pseudocapacitive materials can further improve the supercapac-
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Table 2
Performance comparisons of Li* and Na* batteries based on 2D TMDs hybrids with various organic/inorganic components.

Classification Hybrid Battery 1st discharge Coulombic Cycle performance Ref.

electrode Type capacity (mAhg") efficiency (%) (mAhg~1)/Current
density (mAg~1)/Cycles

TMDs/Carbon materials MoS, /CNT nanohybrid LIB 1747 83.6 1679/1000/425 [302]
ReS,/CNT 1513 65.0 793/215/100 [303]
MoS, /Graphene 1483 91.1 1351/100/200 [274]
MoSe,/Carbon fibre SIB 887.9 85.5 452.6/200/100 [304]
SnS, /rGO 75.0 628/200/100 [305]
Sb,Ss/Graphene foam 1156 73.6 748/200/300 [306]

TMD/Metal MoS,-G/Ag nanoclusters LIB 1605 66.0 1300/500/200 [307]
Sb/MoS,/C 1046.7 - 679.5/200/250 [308]

TMDs/Polymers SnS, @PANI nanoplates LIB 1395.8 69.4 730.8/100/80 [309]
SnS/PPy 1828 59.4 703/1000/500 [310]
MoS, /PANI nanowires 1062.7 - 952.6/100/50 [52]
MoS,/PEO SIB 99.0 148/50/70 [311]
MoS; [PANI 83.2 456/300/100 [312]

TMD/TMO Fe304/MoS, LIB 1237 99.4 1200/500/560 [136]
SnS/Co304 1344 73.0 715/100/100 [313]
Ti0,@MoS, /C 1083.9 78.0 457/100/100 [314]
WS, /WO; thorn bush SIB 1213 - 600/100/100 [315]
Na,Ti 05/VS, 99.8 203/100/100 [316]
HfO,-coated MoS; 1058 - 636/100/50 [300]

TMD/TMD MoS, /WS, LIB 1157 90.0 998/100/100 [317]
Ce,S3/MoS, 2255 99.1 459.2/100/500 [318]
SnS-MoS; SIB - 396//100 [319]
MoS,/SnS,-Gr 60.0 655/150/100 [320]
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Fig. 12. (a) Schematic representation of an array of WO3;/WS; core/shell nanowires and their WO3; /WS, interface morphology. (b) Cycle test of the WO3/WS, core/shell
nanowire electrode showing an excellent stability up to 30,000 charge/discharge cycles. Reproduced with permission from Ref. [325]. Copyright 2016, American Chemical
Society. (c) SEM image of 2D MoS;/PANI hybrids showing the needle-like structure. Reproduced with permission from Ref. [328]. Copyright 2015, John Wiley and Sons. (d)
TEM image of 3D MoS,/CNT/rGO hybrids. (e) Long-term cyclic stability of the 3D MoS,/CNT/rGO hybrids up to 10,000 cycles under mechanical bending at a current density
of 10 mAcm~2. The insets show the galvanostatic charge/discharge curve and the image of 3D MoS,/CNT/rGO hybrids supercapacitors in flat and bent states. Reproduced

with permission from Ref. [334]. Copyright 2017, John Wiley and Sons.

itor performances (mainly via enhanced EDLC). For example, 2D
MoS;/porous NiO hybrids with vertically-aligned 2D layers exhib-
ited a high capacitance of 1080Fg~1 at 1Ag~! [126]. Recently,
core/shell hybrid nanowires based on single-crystalline tungsten
trioxide (WO3 ) core nanowires and 2D WS, shell layers were devel-
oped and integrated onto W foils [325]. These nanowires possess
atomically sharp 2D WS, /WOs interfaces and tailored function-
alities specific to each constituting components (i.e., adsorption

and transport of charges through shell and core, respectively)
(Fig.12(a)). The core/shell hybrid nanowires exhibited an outstand-
ing charging/discharging cyclic stability up to 30,000 cycles owing
to their excellent chemical/mechanical stability (Fig. 12(b)), and
achieved high energy densities exceeding a majority of conven-
tional energy storage devices.

2D TMDs were also incorporated with a variety of carbonaceous
materials including CPs, graphene, and CNTs, targeted at achieving
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Table 3
Electrochemical performances of 2D TMD hybrids based supercapacitor electrodes.

TMD Hybrid electrode Capacitance/Scan rate Capacitance Retention (%)/Scan rate Cycles Energy density Operation voltage (V) Ref.

WS, /rGO 350Fg~'/2mV/s 100/3Ag™! 1000 49 WhKg! - [335]
MoS, /rGO 265Fg~1/10mVs~! 92/20mVs! 1000 63 WhKg~! 0.25-0.8 [336]
MoS; /MWCNT 452.7Fg1/1Ag™! 95.8/1Ag™! 1000 - —-0.75-0.25 [329]
3D Graphene/MoS, 169.37Fg'/1Ag! 90/100mVs~! 1400 24.59 Wh/Kg -0.9-0.2 [337]
Porous C/MoS; 210Fg~ '/ 1Ag! 105/4Ag™! 1000 - 0.0-0.5 [338]
Carbon fiber cloth/WS; 399Fg-1/1Ag! 99/1Ag! 500 - —0.8-0.2 [339]
MoS;-NiO 1080.6Fg 1/1Ag™! 101.9/2Ag! 9000 39.6 Whkg! 0.0-0.5 [126]
MoS;/NiCo,04 7.1Fcm~2/2mVs! 98.2/6 Ag~! 8000 18.4Whkg! 0.0-0.6 [340]
WS, /W03 47.5mFcm—2/5mVs! >100/100 mVs~! 30,000 0.06 Whem 3 -0.3-0.5 [325]
MoS;,-CoSe; 2577Fg 1/ 1Ag! 91.03/20Ag! 5000 60.5 Whkg! -0.2-0.8 [79]

MoS,/Bi,S3 1258 Fg~1/30Ag! 92.8/10Ag™! 5000 - -0.2-0.6 [341]
MoS;/CoS; 142 mFcm~2/1 mAcm 2 92.7/1 mAcm 2 1000 11.11 Whkg! —-0.6-0.2 [342]
NiSe@MoSe; 223Fg 1/1Ag! 91.4/5Ag™! 5000 32.6 Whkg! -0.1-0.6 [343]
MoS,@3D-Ni-foam 3400 mFcm—2/3 mAcm—2 80/50 mAcm 2 4500 - 0.0.0.6 [344]
Ag@MoS, 980Fg'/1Ag! 97/1Ag™! 5000 - —-0.1-0.6 [345]
3D tubular MoS;/PANI 552Fg~1/0.5Ag™! 79/1Ag! 6000 - -0.1-0.6 [201]
1H-MoS,@Oleylamine 50.65mFcm~2/0.37 Ag™! 240/2.75 mAcm 2 5000 1-7 nWhcm—2 0.0-1.0 [346]
MoS, /PPy 700Fg-1/10mVs~! 85/1Ag™! 4000 83.3Whkg! 0.0-0.9 [327]
MoS;/RGO@PANI 1224Fg ' at 1Ag! 82.5/10Ag™! 3000 22.3Whkg! -0.2-0.8 [347]
1D PANI/2D MoS; 812Fg~1/1 mAcm2 - - 112 Whkg! 0.0-1.0 [188]

high capacitance and energy density using low-temperature solu-
tion mixing processes. 2D MoS;/PANI hybrids synthesized using an
in-situ polymerization method exhibited a capacitance of 575 Fg~1
at 1Ag~! and energy density of 265 WhKg~! [326]. 2D MoS; /PPy
hybrids prepared by the similar methods achieved an impressive
capacitance of ~700Fg~! at a scan rate of 10mVs~!, surpassing
nearly all previously developed stand-alone PPy-based superca-
pacitors [327]. These materials also presented a significantly high
energy density of 83.3Whkg~! at a power density of 3332 WKg~!
while their cyclic stability is presently limited. 2D MoS,/PANI
hybrids developed in the form of “nanoneedles” (Fig. 12(c)) [328]
presented an improved cyclic stability with a capacitance retention
of 91% after 4000 cycles, while delivering a high energy density
of 106 Wh kg~! and a capacitance of 669Fg~! at 1Ag~!. Vari-
ous 2D MoS, [carbon nanomaterial hybrids including 2D MoS;/CNT
and 2D MoS;/graphene were developed and their performances
were evaluated. 2D MoS;/MWNT hybrids developed by a one-
pot L-cysteine-assisted hydrothermal method exhibited a high
capacitance of 452.7Fg~! with 4.2% capacitance loss after 1000
cycles [329]. Flexible fibrous supercapacitors based on aligned 2D
MoS,/CNT hybrids delivered a capacitance of 135 Fcm~3 [330]. 3D
sphere-like MoS,/graphene hybrids obtained by a solution phase
method exhibited a maximum capacitance up to 243 Fg~! with an
excellent energy density of 73.5 Whkg~! [27]. 2D MoS,/graphene
hybrid membranes achieved capacitance of 11 mFcm~2 at 5mVs—!
[331]. Interestingly, a significant enhancement of capacitance up
to 800% was observed in cyclic charging/discharging events, which
was attributed to the continued exfoliation of the layered mate-
rials. More complex hybrids based on the ternary components of
2D TMDs, CPs, and metal oxides (or carbonaceous materials) have
recently drawn attentions toward further improving supercapac-
itor performances [332]. 2D MoS,/PANI/MWNT hybrids prepared
by an in-situ polymerization method reached a capacitance of 350
Fg~! and high energy density of 7.77 WhKg~! [333]. Moreover,
large-scale 3D networked 2D MoS;/CNT/rGO hybrids were devel-
oped for flexible supercapacitor devices (Fig. 12(d)) [334]. These
novel supercapacitor electrode materials offered a capacitance
of 129 mFcm~2 at 0.1nmAcm~2. Flexible supercapacitor devices
based on these electrodes exhibited a remarkably long cycle sta-
bility of 94.7% and capacitance retention under severe mechanical
bending even at 10,000 cycles (Fig. 12(e)). Table 3 compares the
energy storage capacities of various 2D TMD hybrids based super-
capacitor electrodes. 2D TMDs incorporated with carbonaceous
materials or conductive polymers presently present superior per-

formances over 2D TMD hybrids with metal oxides and/or other
TMDs.

Conclusion and outlook

The onset of the energy crisis caused by the exhaustive use
of fossil fuels has driven exploration into novel materials which
could replace or complement traditional non-renewable energy
resources and realize alternative energy generation/storage sys-
tems with improved performances. 2D TMDs hold high promise
in these endeavors as they offer a variety of structural, chemical,
electrical, and optical properties uniquely suited to energy appli-
cations as well as being usable for emerging energy technologies of
unconventional form factors such as flexible devices. Despite their
projected potentials, pristine 2D TMDs offer unsatisfactory per-
formance as stand-alone energy device components due to their
intrinsic weaknesses associated with their structural fragility and
defect-mediated limited carrier transports. These challenges have
motived the study of 2D TMD hybrid materials which can bene-
fit from both the unprecedented material properties inherent to
2D TMDs and the robust and established functionalities of tra-
ditional energetic materials in a highly synergistic manner. This
review comprehensively summarizes the recent advancements in
the development of a wide range of 2D TMD hybrid materials and
their applications to energy generation, conversion, and storage
systems. The material property advantages of 2D TMDs for energy
applications has been utilized in two broadly defined directions;
1) To compensate the intrinsic demerits of the counterpart energy
materials while maintaining or improving the performances of tra-
ditional energy systems. 2) To realize functionalities that cannot
be achieved with traditional materials for next-generation energy
systems. One example of the former case is to incorporate 2D
MoS, with ample edge sites into noble metals to mitigate their
high cost of in catalytic applications. Various 2D TMD hybrids have
been developed with similar motivations and have been applied
to energy conversion systems, including hydrogen generation, bat-
teries, and supercapacitors. One example of the latter case is to
combine 2D TMDs and other non-traditional nanomaterials such
as graphene. For example, 2D TMD/graphene hybrids containing
semiconductor (2D TMD)-metal (graphene) Schottky junctions can
efficiently generate/separate photo-excited charge carriers upon
solar illumination. These unique electrical properties of 2D TMDs
coupled with their extremely small thickness were utilized to
develop highly flexible and semi-transparent PV devices that are
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unachievable with traditional materials/approaches, although their
energy conversion efficiencies presently remain very low.

Despite the tremendous potential of 2D TMD hybrids and the
increasing interest in their fundamental researches, their proper-
ties still need much improvement for practical energy applications.
Some major directions are suggested as following:

(1) Phase engineering of 2D TMDs. 2D TMDs possess multiple crys-

(4) New energy conversion devices and concepts. Lastly, the contin-

ued exploration of 2D TMDs beyond traditionally developed
materials could project new venues for relatively less inves-
tigated energy applications. Examples of such applications
include thermophotovoltaics (TPV) which directly converts the
heat energy from the solar radiation to electricity. A basic TPV
system consists of a thermal emitter and a PV diode where
thermally radiated photons are absorbed and converted into

talline phases (e.g.,, semiconducting 2H- and metallic 1T-),
and each phase is required to be engineered to meet the
specific needs for energy applications. For example, maxi-
mizing 2H-phase is desirable for PV applications to avoid
unwanted Schottky barrier formation, while enriching 1T-
phase is essential for certain applications (e.g., HER and LIB)
which only require the high electrical conductivities of 2D
TMDs. A few strategies for the phase engineering have been
explored including the intercalations of Li* [348], but more rig-
orous, controllable and scalable approaches are demanded.

(2) Controlled and scalable integration of 2D TMDs. Manual stack-

ing of individually exfoliated 2D TMD layers was initially
applied to integrate multiple 2D TMDs. Although it was
proven to be successful in integrating 2D TMDs with other
2D materials such as graphene, this manual approach is not
technically viable and practical because of the lack of scala-
bility and structural control. For the integration of 2D TMDs
with other 2D materials, it is highly demanded to develop
reliable integration strategies such as chemical vapor depo-
sition process which can grow morphology-controlled 2D
TMD hybrids accompanying wafer-level scalability and atomic
level precision. Moreover, the morphology-controlled integra-
tion of 2D TMDs with other functional materials of more
pronounced structural/dimensional dissimilarity is another
demanding challenging. Convention solution-based integra-
tions or hydrothermal synthesis methods often result in
randomly-oriented assemblies of 2D TMDs with their coun-
terpart functional materials, leading to uncontrolled interfacial
morphologies and degraded material properties. For exam-
ple, integrating 2D TMDs with polymers employs adhesive
“binders” in many cases, which can cause the chemical and/or
mechanical instability at the 2D TMD/polymer interfaces, lim-
iting their performances for energy applications. It is highly
demanded to develop scalable methods which can maintain the
structural integrity of constituent materials at nanoscales and
transfer their resulting functionalities to practical-level devices.

(3) Fundamental understanding of the performance-property rela-

tionships in 2D hybrid materials. In parallel to the efforts directed
to developing practical devices, the fundamental understand-
ing of structural property-energy performance relationships in
2D hybrid materials is critically essential. A large number of
important questions have remained unanswered. For example,
how would the performances of energy conversion devices be
affected by the intrinsic structural variations (e.g., crystallinity,
layer number/orientation, etc.) of 2D TMDs? What are the fun-
damental factors that determine these structural variations,
and would they be adjustable to leverage the material proper-
ties and device functionalities of 2D TMD hybrids? What are the
atomistic mechanisms for the mechanical/chemical “binding”
of 2D TMDs with other interacting materials and what would
the atomistic views of the interfacial morphologies of 2D TMD
hybrids be? Addressing these questions would greatly broaden
and deepen the material sciences of 2D TMDs as well as pro-
vide technical guidance for optimizing the performances of 2D
TMD hybrid energy devices. Some of these questions would
be only possible to answer via advanced material characteri-
zation techniques such as in-situ spectroscopies and electron
microscopies.

electricity by the same principle for PV. Accordingly, the mate-
rials of high thermal stability and broadband optical absorption
- from near infrared to visible light — are highly desired to
ensure high energy conversion efficiency. Some 2D TMDs are
identified to be highly promising for these applications when
they are heterogeneously integrated with other 2D materials or
optical metamaterials [349,350]. A large number of unprece-
dented yet promising opportunities is to follow as more 2D
TMDs are developed and their fundamental sciences interfacing
with other functional materials are better elucidated.
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