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Graphene and its analog, two-dimensional (2D) layered molybdenum disulphide (MoS,), have been used
for ‘clean energy’ applications in the last several years because of their remarkable electrochemical,
optical, and magnetic properties. Their huge success and application potential in various fields has led to
the investigation of new 2D nanomaterials which cross the boundaries of existing graphene-based de-
vices. The combination of chemically inert graphene and redox-active MoS; in a single electrode is
providing new opportunities to improve the performance of energy devices and circumvent existing
limitations. This article updates our previous review on advances in graphene-MoS; hybrids for energy-
oriented applications. In particular, a summary of recent developments in the synthesis of the graphene-
MoS; hybrids, with an emphasis on energy storage and hydrogen production, is provided. Future chal-
lenges and opportunities associated with the development of 2D hybrid materials, and their applications
in energy storage systems, are discussed.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Among various types of two-dimensional (2D)—layered mate-
rials, graphene is considered a potentially disruptive material in a
wide range of existing technologies, from energy storage/genera-
tion to optical and biological applications [1-5]. Graphene's 2D
layered structure, combined with excellent electrical and me-
chanical properties, makes it a particularly promising material for
energy-related applications [6]. The recent success of graphene-
based materials in emerging applications has also sparked inter-
est in other 2D materials, which have the potential ability to
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minimize production costs and boost the efficiency of advanced
energy systems.

In particular, 2D transition metal dichalcogenides (TMDCs),
which are structurally analogous and have properties that are
complementary to graphene, have been demonstrated as attractive
electrode materials for future energy conversion and storage ap-
plications [7—9]. Molybdenum disulphide (MoS,), for example, has
been shown to be a capable alternative to graphene as an electrode
material because of its amazing strength and electrical properties,
which include a 2D layered structure and an appropriate band gap.
In addition, the facile synthesis and rich abundance of molybdenite
makes the compound even more attractive and fascinating [10—12].
There are some differences. In graphene, carbon atoms form a
single layer, while MoS; consists of a ‘sandwich’ type structure with
three atomic layers, in which the sulfur atoms reside between two
planes of molybdenum atoms (Fig. 1). But similar to graphene, in
the last few years MoS; has been used in various energy-related
applications including supercapacitors [13,14], batteries [15,16],
and water splitting for hydrogen production [17,18].

2590-0498/© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. (a) 3D illustration of MoS, structure, adapted with permission from the study by Radisavljevic et al [29]. Atomic positions in (b) the 2H phase with trigonal prismatic
coordination and the 1T phase with octahedral coordination. Adopted from the study by Wang and Mi[30] (c) The structure of graphene and (d) Exfoliated few layer MoS, and rGO

flakes. Adapted from the study by David et al [31].

Because of its distinctive structure and conductivity, MoS; is
classified as having two separate phases, a semiconducting 2H
phase and a metallic 1T phase. The two phases have clear differ-
ences in their chemical and physical properties. The metallic 1T
phase has higher electrical conductivity than the semiconducting
2H phase [19,20]. As an electrode material, the low electrical con-
ductivity of semiconducting MoS; hinders electrochemical pro-
cesses, and as a result, is mostly unsuited for energy storage
applications. However, it has good cycling stability, and its well-
developed synthesis procedure makes it popular for other
energy-oriented applications [21,22].

To tackle the low conductivity issue of semiconducting MoS,, it
was recently suggested that it be combined as a nanocomposite
with another conducting material such as carbon black or gra-
phene. Metallic MoS;, on the other hand, has high electrical con-
ductivity, which makes it highly desirable for energy storage
applications, and removes the need for conductive additives to
achieve excellent rate capability [23—25].

Despite recent advances, MoS; nanosheets have a tendency to
restack. This restacking of the 2D MoS; sheets obstructs the charge
transfer process, which directly affects the resulting electroactive
surface area and electrochemical performance. Because the
restacking issue is a limiting factor that hinders performance,
simple and effective methods need to be developed to prevent the
restacking of the 2D nanomaterial. In some studies, graphene
restacking is prevented by inserting a spacer material between the
two layers of graphene [26]. A similar strategy can be used with
MoS;-based materials. Another promising way to overcome the
restacking issue is to functionalize or hybridize the 2D MoS, with
another highly conducting material such as graphene. The
controlled hybridization of MoS, and graphene can modify the
physicochemical properties of the individual components and
enhance the electrochemical and mechanical properties of the final
electrode materials [27,28]. Essentially, the hybridization enhances
the electrochemical features of the individual material and its
hybrid.

In this review, we introduce recent advances in the synthesis of
graphene-MoS, hybrids for energy storage and water splitting ap-
plications. To begin with, we briefly summarize the diverse syn-
thesis routes used to prepare the graphene-MoS; hybrids, and then
discuss the effect of hybridized materials in supercapacitors,
rechargeable batteries, and water splitting applications. Finally, we
present current challenges and future prospects for the develop-
ment of graphene-MoS; hybrids.

2. Synthesis methodologies

Simple, reliable, sustainable, and scalable synthesis methods are
always preferred for materials preparation, as well as processes
that allow their properties to be tailored for various applications. To
develop graphene, MoS;, and their hybrids, physical (dry process)
and chemical approaches (wet process) have typically been
explored and used [1,29—31]. More specifically, chemical vapor
deposition (CVD), liquid exfoliation methods, microwave synthesis,
electrochemical exfoliation, and hydrothermal methods have been
successfully used to prepare 2D nanostructures, including gra-
phene and MoS; [32]. However, the synthesis of large-area gra-
phene films with low defects is a challenging topic in material
science [33]. Various methods similar to those used for graphene
have also been used to prepare MoS;. Among them, CVD is spe-
cifically attractive because of its compatibility with electronic de-
vice manufacturing technologies. However, many energy-related
applications require bulk quantities of the electroactive material,
which is not possible to achieve with the CVD method.

The process of dip coating the insulating substrate in a
(NH4)2MoS4 solution followed by sulfurization at 1000 C in vide
supra presence of sulfur vapor has been reported by Liu et al. [34] to
form three-layered MoS,. Similarly, Zhan and co-workers [35]
developed MoS; thin films by sulfurization of the Mo substrate.
Despite these developments, the preparation of large area and
uniform 2D MoS; thin films by physical methods remains a great
challenge.
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Using liquid exfoliation methods and other top-down ap-
proaches to produce layered materials is a promising alternative to
the CVD process and has been widely investigated to prepare large-
area 2D nanomaterials, especially for energy applications. Several
different methods have been reported so far. For instance, exfoli-
ating parent materials such as graphene or MoS; using ultrasonic
waves in the presence of a solvent such as dimethylformamide
(DMF) or N-methyl-2-pyrrolidone is an efficient and large-scale
approach [36]. The sonication method is capable of producing
single-and multi-layered MoS;, material [37].

Another approach, the aqueous solution—based hydrothermal
process has also been proposed to prepare MoS,-based nanosheets,
using controlled temperature and pressure operating conditions
[38]. In the hydrothermal process, the reaction between the mo-
lybdenum source, such as ammonium molybdate, and a sulfur
source such as thiourea under controlled pressure and temperature
leads to the formation of a MoS; nanostructure.

The lithium intercalation and exfoliation method is another
effective approach for preparing metallic MoS;. In organic solvents,
the bulk MoS; and strong reducing agents (n-butyl lithium or
LiBH4) react with each other to form a Li-intercalated MoS;. Later,
the dispersion of Li—MoS; in aqueous solvent with subsequent
sonication process gives 2D metallic MoS; [39].

Similar synthesis routes can be used to prepare graphene-MoS,
hybrid materials. Typically, graphene or reduced graphene oxide
(rGO) is used as a supporting material or substrate to develop the
MoS;-based nanostructures. For example, Zhang et al. [40] pre-
pared the rGO-MoS; hybrid using the solvothermal method, in
which the graphene oxide was dispersed in DMF with (NH4),MoS4
followed by heating at a reaction temperature of 210 C. It is
important to note that the synthesis method and operating con-
ditions strongly affect the quality and physicochemical properties
of graphene and MoS,. Therefore, depending on the application, a
suitable method needs to be used to achieve the desired properties
of the 2D materials. In the following section, we discuss the
different synthesis methods used to prepare graphene, MoS;, and
their hybrid combinations. How the structural and surface prop-
erties (such as morphology, surface areas etc.) of the MoS,-gra-
phene hybrid affect particular applications is discussed.

3. Applications

With their 2D layered structure, excellent electrical conductiv-
ity, and well-developed synthesis procedure, graphene-MoS; hy-
brids are promising potential materials for energy storage and
water splitting applications. In the past, a range of 2D materials
have been investigated for these energy-related applications. Here,
we focus on the energy storage (supercapacitors and rechargeable
batteries) and water splitting (hydrogen production) applications of
graphene-MoS; hybrids.

3.1. Supercapacitors

Capacitors are two terminal power components widely used in
electronic circuits for various purposes. They have the unique
ability to store/release energy at high charging/discharging rates,
which makes them especially valuable in power hungry electronic
applications [41—43]. Supercapacitors achieve the central position
in the Ragone plot because they exhibit higher energy density than
traditional capacitors and higher power than rechargeable batteries
[44,45]. Supercapacitors can also tolerate more charging/dis-
charging cycles than rechargeable batteries, making them espe-
cially suitable for remote or inaccessible applications [46].

Supercapacitors are classified into two subclasses based on the
electrode material and their electrochemical signatures: (1) electric

double layer capacitors (EDLCs) and (2) surface redox-active
material—based pseudocapacitors. In the EDLC, the charges are
electrostatically stored at the electrode surfaces. The most prom-
ising EDLC electrodes include those prepared with a carbon-based
material such as graphene and its derivatives, carbon nanotubes
(CNTs), activated carbons, and others [47,48]. Pseudocapacitive
materials include transition metal oxides/sulphides and conducting
polymers, where the charges are stored through surface redox re-
actions. The low energy storing capacity of the EDLCs and
comparatively low cycling stability and power density of pseudo-
capacitors limit their practical applications. However, by combining
EDLC and pseudocapacitive materials, it is possible to achieve
synergic effects which permit the development of high energy and
high power systems [49—51].

Fundamentally, the energy storing capacity of the super-
capacitor depends upon the physical properties of the electrode
materials, such as electrical conductivity and surface area. High
electrical conductivity, large surface area, and redox activity are
preferred for high-energy supercapacitor applications [52]. Typi-
cally, graphene and its derivatives fulfill the first two requirements.
The graphene analog—layered MoS; is then used as a pseudoca-
pacitive material, thanks to its rapid surface redox activity and good
structural stability. However, in supercapacitor electrodes, the
material's low electrical conductivity leads to poor rate perfor-
mance and low cycling stability.

When designing a suitable nanostructure, or making a hybrid
with the MoS; using another conducting material, such as carbon
or a conducting polymer, carbon is the best solution to overcome
these limitations. Moreover, it is also beneficial to prepare the MoS;
on a three-dimensional (3D) conducting substrate, which can
enhance the electron transport process. For instance, a graphene-
MoS; hybrid was reported by Zhang et al. [53] for supercapacitor
and lithium-ion battery applications. They prepared highly con-
ducting 3D graphene decorated with a MoS, flocculent
nanostructure and determined it was promising electrode material,
as shown in Fig. 2. The combined effect of the graphene and MoS;
led to excellent energy storage capacity in both energy storing
systems.

In the supercapacitor, the prepared graphene-MoS, hybrid
electrode worked as a negative electrode and the resultant asym-
metric supercapacitor showed the excellent energy density value of
156 Wh/kg at 197 W/kg power density (Fig. 3). Impressively, the
asymmetric supercapacitor maintained an energy density of
97 Wh/kg even at a high power density of 8314 W/kg, with a stable
cycle life. The electrochemical results clearly showed that the
nanocomposite-based asymmetric supercapacitor can simulta-
neously provide both higher energy and power density, which is
very advantageous in advanced electronic applications. Further-
more, the electrochemical performance of the graphene-
MoS,—based asymmetric supercapacitor proved to be superior to
traditional activated carbon-based negative electrodes [54].

The energy density values of the supercapacitor depend upon
the operating voltage window and the weight of the whole device.
Having current collectors that weigh more than the active electrode
material affects the energy density values. To overcome this issue,
ultralight weight and porous natured graphene aerogels (GAs) were
recently proposed as a current collector material and an electro-
active material for the supercapacitor application. The highly con-
ducting and 3D porous nature of the GA are suitable for the high-
energy supercapacitor application. Most importantly, the GA itself
acts as a current collector by removing the need for costly current
collectors.

With this motivation, Sha et al. [55] developed a two-step
approach to prepare GA-decorated MoS;/polyaniline (MoS,/PANI/
rGO). The MoS,/PANI was well dispersed on graphene oxide and
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Fig. 2. (a) Schematic of fabrication of the MoS,-graphene hybrid structure, (b) Scanning electron microscopy (SEM) image of the porous graphene sample, (c¢) SEM image of the
MoS,-graphene hybrid (inset: optical photograph of MoS2-graphene bulk sample, scale bar: 1 cm). (d) SEM image of MoS,-graphene hybrid at higher magnification. (e, f)
Transmission electron microscopy (TEM) images of the MoS,-graphene hybrid at different magnifications. (g) High-resolution transmission electron microscopy (HRTEM) image of
the MoS,-graphene composite showing lattice fringes of MoS; nanosheets. Adapted from the study by Zhang et al [53].

later reduced using urea in a hydrothermal process, to form a
ternary nanocomposite. Electrochemical measurements were car-
ried out for the MoS,/PANI/rGO ternary nanocomposite electrodes
with different rGO ratios, and they displayed a maximum capaci-
tance of 618 F/g at 1.0 A/g with a retention capacity of 96% over
2000 cycles when the MoS;/PANI to rGO ratio was 1:1. Using a
hydrothermal technique, Saraf et al [56] prepared an rGO-MoS;
hybrid for the supercapacitor application. The prepared rGO-MoS;
hybrid electrodes showed satisfactory electrochemical perfor-
mance because of the synergetic effect of both components. The
rGO-MoS; hybrid exhibited a capacitance value of 387.6 F/g at 1.2 A/
g, which was much higher than the pristine rGO and MoS;
electrode.

In recent studies, it was suggested that heteroatom (such as
nitrogen, sulfur, phosphorus etc.) doping of carbon-based materials
such as graphene can enhance their capacitive features by
enhancing its electrical conductivity and as redox activity. For
example, Xie et al. [57] prepared the flower-like MoS;-nitro-
gen—doped graphene (MoS,-NG) hybrid electrode using a one-pot
hydrothermal process. The maximum capacitance was found to be
245 F[g at 0.25 A/g, whereas it is decreased to the 146 F/g at 20 A/g.
The cycling stability result exhibited around 91.3% capacitance
retention after 1000 cycles at 2 A/g. Similar efforts were used in the
past to prepare graphene-MoS, hybrids for the supercapacitor ap-
plications [58—62]. The aforementioned studies demonstrate the
enhanced electrochemical performance of graphene-MoS, hybrids
in supercapacitor applications, where the complementary features
of the graphene and MoS; lead to excellent electrochemical results.
However, the reported electrochemical properties including
capacitance, energy density, and the cycling durability have yet to

meet commercial standards. Thus, further efforts and strategies are
needed to improve the current electrochemical performances of
graphene-MoS, hybrids for high-energy supercapacitor
applications.

In comparison with the present battery technology, the energy
density value of the supercapacitors is negligible. On the other side,
supercapacitors have higher power density and cycling stability
than the present battery technology. The merging of the battery-
type and capacitor-type electrode materials in the single cell can
overcome the limitations of the batteries and supercapacitors.
Recently, the hybrid capacitors are investigated to merge the fea-
tures of the supercapacitor and battery in a single cell. Typically, the
hybrid capacitor consists of the battery-type negative electrode and
capacitor-type positive electrode with non-aqueous electrolytes.
The lithium-ion capacitors (LICs) are the best example of the hybrid
capacitors, which consist of the carbon-based capacitor-type elec-
trode storing the charges by double layer mechanism. The other
electrode is battery-type, such as graphite and LisTisO1y (LTO),
storing the energy via intercalation/deintercalation reaction
mechanism. Traditionally, the graphite and LTO have been used as
anode materials to construct the LICs. However, the poor electrical
conductivity and relatively high redox potential (~1.5 V, vs. Li/Li")
of LTO-based materials limit the resultant electrochemical perfor-
mance of the LICs, while the poor rate capability of graphite is not
suitable for their effective application. Recently, to overcome this
issue, Wang et al. [63] developed the LICs using the graphene-MoS,;
as the anode material and the activated carbon as the cathode
material. The LICs exhibited an ultrahigh specific energy density of
188 Wh/kg at 200 W/kg and remained 45.3 Wh/kg even at a high
specific power density of 40,000 W/kg, as well as long cycle life.
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Fig. 3. (a) Schematic illustration of the working mechanism of the MoS,-graphene nanoporous carbon hybrid supercapacitor (b) The Ragone plot of the hybrid supercapacitor using
MoS,-graphene as a negative electrode and nanoporous carbon as a positive electrode with various mass ratios from 2:1 to 6:1 (positive electrode: negative electrode) over a voltage
window of 0.0—4.0 V. (c) CV curves of the MoS,-graphene nanoporous carbon hybrid supercapacitor over a voltage window of 0.0—4.0 V at different scan rates. (d) Galvanostatic
charge/discharge curves of the MoS,-graphene nanoporous carbon hybrid supercapacitor at different current densities from 0.5 to 4.0 A/g. (e) Galvanostatic charge/discharge curves
of the MoS,-graphene nanoporous carbon hybrid supercapacitor and the MoS, nanoporous carbon hybrid supercapacitor as contrast at a current density of 0.2 A/g. (f) Cycling
performance of the MoS,-graphene nanoporous carbon hybrid supercapacitor and MoS; nanoporous carbon hybrid supercapacitor at a current density of 1.0 A/g for 2000 cycles.

Adapted from the study by Zhang et al [53].

Similar to the LICs, interlayer-expanded MoS,-rGO has been used as
an anode material for the sodium-ion capacitor (NICs) by Zhan et al.
[64]. In the MoS,-rGO hybrid electrode, the graphene frame
delivered sufficient enough charges and the highly expanded MoS;
achieved fast ion diffusion. As a result, the MoS,-rGO—based NICs
reached the energy density of 630 Wh/kg with excellent stability
over 10,000 cycles. Ramakrishnan et al. [65] also reported the so-
dium ion symmetric hybrid supercapacitor with MoS; nano-
flowers@rGO hybrid system, which was produced via a
hydrothermal method followed by an ultrasonication process. The
developed symmetric hybrid electrode (full cell) delivered a
maximum capacitance of 55 F g at 0.03 A/g.

3.2. Rechargeable batteries

3.2.1. Lithium-ion battery
LIBs are the heart of today's advanced electronic gadgets, as
nearly all such devices are now powered by LIBs. The high energy

density and portability of LIBs make them suitable energy storage
devices for a wide range of commercial applications [66]. Constant
efforts are being invested by research institutes and industries to
further enhance their energy density, cycling stability, and power
capability. It is well known that the physical and electrochemical
characteristics of the positive and negative electrode materials
determine the resulting electrochemical features of the LIBs. In
commercial LIBs, graphite is commonly used as an anode because of
its low oxidation/reduction potential vs lithium and its abundance
and low cost. However, graphite has low energy storage capacity
(~370 mA h/g) and inferior cycling performance, which degrades its
electrochemical performance [67,68]. Finding superior anode ma-
terials for LIBs to overcome the limitations of graphite-based an-
odes is necessary.

In the literature, different electrochemically active materials
such as Sn0; [69], Fe;03 [70], Fe304 [71], MoOs [72], and Si [73]
have been used as anode materials in LIBs, but the practical use of
these materials is limited because of the large change in volume
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during the charging/discharging process, unstable solid electro-
lyte interface, and rapid deterioration in capacity after a few
electrochemical cycles [74,75]. In recent studies, the graphene-
MoS; hybrid has been reported to be the best alternative to
graphite anodes in LIB applications. The highly conducting nature
and 2D layered structure of the graphene, which provides a high
surface area, results in a facile path for the charge transport
process. On the other hand, graphene is quite suitable for LIB
anode applications because it has a higher energy storage ca-
pacity (~669 mA h/g), excellent cycling stability, larger interlayer
distance (~0.615 nm) with weak van der Waals forces, which
allow an easy intercalation/deintercalation process [76]. Accord-
ingly, combining 2D graphene and MoS; in a single electrode is a
promising strategy to achieve high performance (high capacity
and stability) LIBs.

Considering these aspects, Tian et al. [77] combined inter-
connected graphene nanoribbons and layered MoS; via a one-pot
hydrothermal process for the LIB application. The mesoporous
nature and larger surface area of the prepared electrode provided a
high contact area between the electrode and electrolyte. As a result,
the developed electrode delivered a specific capacity of
1009.4 mA h/g at 200 mA/g. To control the volume expansion of the
MoS; electrode after long-term cycling, Xue et al. [78] proposed a
carbon encapsulation strategy. The core-shell—structured MoS,@-
graphene composite, with MoS, spheres as the core and ultrathin
graphene sheets as the shell, was synthesized using a novel spray
drying method. In the MoS,@graphene composite, the graphene
layer helped to enhance the cycling stability of the MoS, during the
charge/discharge process. In addition to this, the graphene layer
was found to enhance the electrical conductivity of the resultant
composite electrode and prevent aggregation during the charge/
discharge process. The prepared MoS,@graphene composite, when
used as an anode in the LIBs, showed good reversibility even after
100 charge/discharge cycles, with a coulombic efficiency of over
99%.

It is well documented that bulk MoS; has limited Li-ion storage
capacity because of its structural disorder and low electrical con-
ductivity. To overcome this issue, Li et al. [79] recently proposed a
surface modification—triggered self-assembling strategy to boost
the Li-ion storage capacity of bulk microsized MoS,. Commercially
available micron-sized MoS; was used as a raw material during in-
situ polymerization. A subsequent hydrothermal process and sin-
tering treatment were carried out to prepare the composite elec-
trode for the LIBs, as shown in Fig. 4(a). Initially, the edge activation
of the bulky micron-sized MoS, was performed by etching process
in 6 wt% H;0,. Then, the MoS; was coated with polydopamine and
graphene oxide. Hydrothermal and sintering processes were car-
ried out to produce the final MoS,@C/RGO aerogels. In this com-
posite, the carbon and rGO components helped not only to
immobilize the active Mo atoms and polysulfide ions during
extended cycles but also to release volumetric strain and accelerate
electron transport. As a result, the prepared composite electrode
exhibited a discharge capacity of 1189 mA h/g at 200 mA/g after 100
cycles. More importantly, the full cell LIB showed good energy
density, implying this was an effective strategy for enhancing the
Li-ion storage capacity of the MoS,.

Combining the MoS; and graphene as a single hybrid electrode
can effectively improve the overall electrochemical performance
of the system. However, typically, powder samples are used to
prepare the electrode with a slurry coating method, in which
some polymeric binders and conductive additives are added to
the host material. These additives can affect the rate capability of
the electrode by reducing electrical conductivity. In addition, the
polymeric binder and metallic conductor reduce gravimetric ca-
pacity, which will limit practical applicability. Preparing free-

standing electrodes is considered to be a promising solution.
Lee et al. [80] developed a free-standing, additive-free MoS;-
graphene aerogel paper. A self-assembling process was used to
prepare the free-standing composite electrode. Graphene aerogel
paper first served as the conductive medium for the MoS;
sheets and later as a free-standing support for the current col-
lector. Fig. 5(a) shows a schematic diagram of the preparation of
the MoS,-graphene aerogel paper composite. The electrochemical
results showed improved energy storing capacity, with a cycling
performance of over 700 cycles at 101.1% capacity retention. This
might be attributable to the highly conducting and porous
nanostructure of the MoS,-graphene, as seen in Fig. 5. A MoS;/
graphene composite has been also used for the quasi-symmetrical
MoS, battery, in which an electrochemical activity
modulation strategy was used to activate redox in the electro-
negative and electropositive parts [81]. Several similar ap-
proaches to enhance the Li-ion storage capacity of MoS;-
graphene—based hybrid electrodes have been discussed in the
literature. Combining both electroactive materials in a single
electrode is an effective strategy to enhance the cycling stability
and resultant energy storing capacity of the LIBs.

3.2.2. Sodium-ion battery

Given the high cost and limited availability of Li in the earth's
crust, researchers have been actively attempting to find its alter-
native. Recently, sodium-ion batteries (NIBs) have attracted
extensive attention because of their wide availability and accessi-
bility. Over the past few years, tremendous efforts have been
devoted to developing the NIBs with excellent electrochemical
features and they can overcome the limitations of the LIBs. Similar
to the LIBs, the different electrode materials, such as metals/alloys,
phosphorus/phosphides, and metal oxides/sulfides/selenide, have
been tested for the NIB applications. The larger ionic radius (1.02 A)
of Na than Li ion (0.76 A) results in the lower electrochemical
performance in terms of the power capability, rate capability, and
cycling stability. The most common graphitic carbon anode mate-
rials are inactive for the NIBs because of their high ionic radius [82].
Thus, developing electrode materials with enough channels and/or
interstitial sites for Na-ion intercalation/deintercalation process is
principally required.

Layered MoS; is the suitable candidate for the NIBs because of
its large interlayer spacing of approximately 6.2 A, which is nearly
twice of graphite (3.2 A). Moreover, MoS; layers are connected
each other by the weak van der Waals forces, and therefore the
larger metal ions, such as Na* and Mg™, can be accommodated
during the electrochemical process. Moreover, merging MoS, with
highly conducting graphene simultaneously enhances the energy
storing capacity, power capability, and cycling stability. Recently, Li
et al. [83] reported a NIB using a MoS,@liquid-phase exfoliated
graphene (LEGr) composite as an anode electrode. The microwave-
assisted solvothermal method was used to prepare the MoS,@LEGr
composite electrode, in which the LEGr was used as a support for
the MoS;. The prepared composite electrode exhibited initial
discharge and charge capacities of 615.6 and 400.5 mA h/g, with
70.1% capacity retention over 100 cycles. Brown et al. [84] devel-
oped a 3D freeze-printing method to prepare MoS,-graphene
aerogels for NIB application. The prepared hybrid MoS,-rGO aer-
ogel was tested as an anode electrode and exhibited a high initial
specific capacity of over 429 mA h/g at C/3.3 rate in the potential
range of 2.5—0.10 V (vs Na*/Na). The single-sheet tulip-like MoS;
was anchored over the N-doped graphene substrate (tulip-MoS;/
NG) using an in-situ synthesis technique with the help of N-
methyl-2-pyrrolidinone as the ‘sacrificial agent’ [85]. As an NIB
anode, the tulip MoS,-NG electrodes exhibited good capacity
retention and long cycling stability, with over 1000 charge/
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Fig. 4. (a) Schematic of the synthesis strategy and electrochemical performance of the MoS@C/RGO composite, electrochemical performance of the MoS,@C/RGO composite. (b) CV
curves from 0.01 to 3.00 V at 0.2 mV/s, (c) typical charge-discharge profiles for different cycles and electrochemical properties of the MoS,@C/RGO//LiCo0O, full cells. (d) CV curves

between 1.0 and 3.8 V at 0.2 mV/s, (e)

cycling performance at 200 mA/g, (f) rate performance, and (g) corresponding charge-discharge profiles from 1.0 to 3.8 V. The full cells were

assembled based on the reversible capacities of MoS,@C/RGO (approximately 1200 mA h/g) and commercial LiCoO; (150 mA h/g) with 5% cathode excess to achieve full utilization

of MoS,@C/RGO. Adapted from the study by Li et al [79].

discharge cycles, opening a new frontier in the design of low-cost
electrodes. Li et al. [86] prepared NIB anode material consisting of
few layered MoS,-decorated sulfur-doped graphene nanosheets
(Mo0S;-SG). The MoS,-SG anode retained the capacities of 619.2
and 265 mA h/g after 100 and 1000 cycles, respectively, at 200 and
1000 mA/g with excellent cycling stability over 1000 cycles at
current density of 1.0 A/g. The enhanced cycling stability is
contributed to the synergistic coupling effect between MoS; and S-
doped graphene.

3.3. Water splitting for hydrogen production

Presently, fossil fuel energy resources fulfill the majority of the
world's energy demand. However, the excessive use of these fossil
fuels contributes to rising global temperature and air pollution.
Finding carbon-free alternative energy resources is necessary to
mitigate these issues [87—89]. Hydrogen energy is the best alter-
native solution to fossil fuels because the combustion of hydrogen
only produces water as a by-product. This is compared with the
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(h) specific capacities of MGAP, MoS,-graphene oxide powder (MrGO), and pristine MoS; at various current densities; and (i) cyclic performance and coulombic efficiency of MGAP,
MrGO, and pristine MoS, cycled at 0.5 A/g. Adapted from the study by Lee et al [80]. LIBs, lithium-ion batteries.

combustion of fossil fuels, which produce greenhouse gases, and
are not suitable for a healthy atmosphere [90,91].

Today, natural gas is used to produce hydrogen via steam
methane reformation, which emits CO, To tackle this issue,
hydrogen production via water splitting is considered to be one of
the most efficient and sustainable approaches. In 1972, for the
first time, Honda and Fujishima proposed hydrogen production
via photoelectrochemical water splitting using a Pt—TiO, elec-
trode [92]. Pt and its alloys are still promising catalysts for the
hydrogen evolution reaction (HER) because of its excellent elec-
trical conductivity, catalytic activity, and low overpotential
[93,94]. Nevertheless, the large-scale application of Pt-based
electrodes for HER is hampered by the limited natural availability
of Pt and its high cost. This has stimulated a wide number of
investigations to find an alternative to Pt electrodes for the water
splitting application.

Among these, 2D MoS;, has been intensively studied for the
water splitting application because of its low cost, good chemical
stability, and high HER activity [95—97]. However, issues with
restacking, low electrical conductivity, and small surface area
remain as obstacles. Several efforts to address these deficiencies
have been reported in the literature, including heteroatom doping,
surface modification, and the preparation of a carbon-based
nanocomposite [98—101]. Making a MoS;-carbon composite has
lots of advantages, including a high surface-to-volume ratio, good
stability, and fast electron transfer, which boosts HER activity
[102,103]. Li et al. [ 104] prepared MoS; quantum dots (MoS; QDs)—
decorated rGO via a facile sonication method, as highly effective
electrocatalysts for the HER. Electrochemical measurements
showed good HER activity in terms of lower overpotential
(64 mV at 10 mA/cm?) and a Tafel slope as small as 63 mV per
decade. The catalytic activity resulted from the zero-dimensional

MoS; QDs, which have a defect-rich structure, endowing the
quantum dots with a multitude of active sites, which can further
enhance catalytic activity via a synergistic effect with rGO. Electron
flow from the current collector to the edges of the MoS; occurred
because of the high electrical conductivity of the MoS; edges.
Deng et al. [105] prepared ultrathin nanosheets composed of
MoS, perpendicular to rGO (MoS,-rGO) for the HER application

a MPCVD Hydrothermal
= -
cc MDNS/VG/CC

-

Fig. 6. (a) Schematic illustration of the fabrication of MDNS/VG/CC for the HER
application, the low and high-magnified (insets) for the (b) VG/CC, (c, d) few-
layers molybdenum disulfide nanosheets supported by vertical graphene on conduc-
tive carbon cloth (MDNS/VG/CC), (e) Energy-dispersive X-ray spectroscopy (EDS)
mapping for the MDNS/VG/CC composite. Adopted from the study by Zhang et al [106].
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using a simple hydrothermal process. The perpendicular
morphology of the MoS; on rGO enhanced the electron transport
through each MoS; nanosheets, resulting in an overpotential of
172 mV at 10 mA/cm? current density.

Similarly, Zhang et al. [106] reported a MoS,-graphene com-
posite for the water splitting application. The vertically aligned
graphene was prepared on a carbon cloth (CC) substrate via mi-
crowave plasma enhanced chemical vapor deposition. Then, MoS;
nanosheets were decorated on the graphene using a hydrothermal
process as presented in Fig. 6(a). The composite electrode showed
significant HER electrocatalytic activity, including an onset poten-
tial of 50 mV, an overpotential of 78 mV at 10 mA/cm? (110), and a
Tafel slop of 53 m/dec (Fig. 7). The low overpotential was attributed
to the abundant active edges provided by the vertical MoS; nano-
sheets and the effective electron transport route provided by the
graphene arrays. In other work, a microwave-assisted synthesis
process was used by Cao et al. [107] to prepare MoS; nanosheets/
rGO with a small Tafel slope of 57 mV/dec and an overpotential of
130 mV at 10 mA/cm? current density.

Zhou et al. [108] studied the effect of MoS; mass loading on the
catalytic performance of a MoS,-rGO electrode. The mass loading of
the redox-active material played an essential role in the catalysis
process. The prepared MoS,-rGO composite electrode contained
94 wt% MoS; and 6 wt% rGO. Compared with the baer MoS, elec-
trode, the MoS,-rGO composite had ten-fold higher catalytic
activity.

Doping can also change the catalytic activity of the MoS, hybrid
electrode. Recently, Guo et al. [109] studied the effect of vanadium
and nitrogen codoped MoS; on rGO for HER application. Doping can
expand interlayer spacing, with enhanced defect sites at the edges
of the MoS; to boost the catalytic activity. As a result, the prepared
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vanadium and nitrogen codoped MoS; on an rGO electrode showed
the extremely low overpotential of 68 mV at 10 mA/cm? and a Tafel
slope of 41 mV/dec.

Li et al. [110] studied the effect of a Cu-doped MoS,-rGO hybrid
for the HER application with a Tafel slope as low as 90 mV/dec.
Similarly, Wu et al. [111] reported a manganese (Mn)-doped MoS;-
rGO composite for the HER application. They found that the Mn-
doped MoS,-rGO composite had higher catalytic activity than the
MoS,-rGO and MoS; electrodes.

Similar to other applications described in the previous section,
nitrogen (N)-doped graphene also plays an essential role in water
splitting. Nitrogen doping the graphene can essentially enhance the
catalytic activity toward the HER. Recently, Xu et al. [112] demon-
strated the HER activity of N-doped rGO (N-rGO)—decorated NizS4/
MoS; (Ni3S4/M0S,@N-rGO). The resulting electrode showed a low
overpotential of 94 mV and a small Tafel slope of 56 mV/dec in
acidic electrolyte. Similarly, Dong et al. [113] prepared a MoS;-N-
rGO composite for the HER application and reported a low over-
potential of 112 mV and a small Tafel slope of 44 mV/dec.

4. Summary and outlook

Graphene and its 2D analogs, the inorganic layered metal
dichalcogenides, have been widely investigated for various appli-
cations in the last few years, owing to their high electrical con-
ductivity, low dimensionality, and high surface area. Among the
different 2D materials, graphene, MoS; and their hybrids have been
particularly emphasized in recent studies on energy-related ap-
plications. To date, such studies have demonstrated enormous
progress in the preparation of graphene-MoS,—based hybrids, us-
ing various synthesis methods. In the energy storage and
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Fig. 7. (a) The polarization curves corresponding (b) Tafel plots for the carbon cloth (CC), vertical graphene/carbon cloth (VG/CC), few-layers molybdenum disulfide nanosheets
supported by vertical graphene on conductive carbon cloth (MDNS/VG/CC), MDNS/CC electrodes, (c) the stability for the MDNS/VG/CC at an overpotential of 0.25 V. Adopted from

the study by Zhang et al [106].
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generation field, graphene-MoS; hybrids have shown tremendous
potential because of their higher electrical conductivity, layered
structure merged with larger interlayer spacing, which allows facial
electrolyte penetration. Moreover, the combination of different
electrode materials in a single system has been demonstrated to be
beneficial as an approach to avoid the individual issues of graphene
and MoS;. Many encouraging concepts and results have recently
been reported for energy storage applications using graphene-
MoS; hybrids. However, issues remain which must be solved.

A large number of synthesis processes, such as CVDs, wet
chemical methods, liquid exfoliations, ion intercalation and exfo-
liations, hydrothermal treatments, and liquid exfoliation, have been
used to prepare the graphene-MoS, hybrids for various applica-
tions. Regardless of the synthesis routes, the controlled synthesis of
the 2D materials is quite essential to maintain their physical and
chemical features. For example, the conductivity of the 2D mate-
rials is prominently depending upon the number of stacked layers.
In addition to this, the mass production of the 2D materials with
controlled number of their layers is crucial for their real-life ap-
plications. Therefore, it is essential to have appropriate fabrication
technology to tune and control the number of layers. In addition to
this, developing the green, easy, and ecofriendly synthesis
approach is required to prevent pollution.

The surface energy, redox activity, and conductivity of the
electrode materials are the very essential parameters for their en-
ergy-related application. The lower surface energy and the redox
activity of the 2D graphene-based materials can be enhanced by
doping some heteroatoms or by reacting with other materials to
form heterostructures. For example, nitrogen-doped graphene has
been used in nearly every energy-related field, providing consid-
erable improvements in energy storage devices. In addition to this,
synthesizing new form of the graphene, such as edge-free gra-
phene, holey graphene, 3D graphene, graphene aerogel and so on,
is beneficial to improve the electrochemical performance of elec-
trochemical cells. In the energy storage and water splitting fields,
overall electrochemical performance depends on the physical and
electrochemical properties of the electrode materials. This makes it
essential to understand the energy storing mechanism of the gra-
phene and MoS;-based hybrids via advanced in-situ microscopic
and spectroscopic techniques. Moreover, standardized methods
should be developed to report the electrochemical parameters to
avoid any kind of confusion. Furthermore, most of the time the
electrochemical parameters for the energy storage devices are re-
ported in the literatures with low active mass loading (~1 mg/cm?).
However, it is misleading to take advantage of the high capacity by
low active material mass loading to compare with the commercial
devices, which generally have a high mass loading on the order of
~10 mg/cm?. Reporting the electrochemical parameters for high
mass-loaded electrodes are essentially required for their practical
applications. The lower electrochemical cycling stability is another
obstacle for the graphene/MoS;—based electrodes that needs to be
overcomed.

Finally, great progress in the development of graphene-MoS,
hybrids has been evident in recent years in energy fields, making
them some of the most attractive electrode materials. However,
‘the job’ is still not yet complete: there is still plenty of room to
further enhance their electrochemical performance. Such results
are anticipated in the near future.
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