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energy storage application: a review of recent
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Ying-Ying Zhang® and Lu Liu®

Two-dimensional transition metal diseleniums (2D-TMDSs) have recently triggered worldwide research
interest due to their outstanding properties, such as abundance, low cost, chemical and thermal stability,
low framework density and ease of processability. More fascinating is the fact that these materials are ex-
tensively used in energy storage (including supercapacitors, lithium ion batteries (LIBs), and sodium ion bat-
teries (SIBs)) and hydrogen storage, and exciting progress has been recently achieved in the synthesis,
characterization, device fabrication and functionalization of these 2D-TMDS materials. In this work, the
properties of 2D-TMDSs and their use in energy storage are reviewed. In addition, being semiconductors
with considerable mobility, TMDSs have been touted as a candidate in next generation electronics, and this
review demonstrates the merits of TMDSs by intensive investigations into their use in energy storage. As a
result of numerous opportunities for applications and multiple challenges to overcome, this review will be
instructive and useful to researchers working in the area of 2D materials as well as scientists and engineers
interested in their applications in supercapacitors, LIBs, SIBs and hydrogen storage.

1. Introduction

Meeting the growing energy demand of the current society,
while avoiding resource depletion and environmental pollu-
tion, requires the development of high-performance, low-cost
and environment-friendly energy storage and production
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such as supercapacitors, batteries (especially LIBs and SIBs),
and hydrogen storage. In order to accomplish such targets,
key aspects are focused on the design of novel materials and
the development of synthesis processes that allow precise
control over the structural and chemical characteristics of the
material, as well as seeking greener and more effective mate-
rial synthesis processes for the widespread utilization of such
devices.

Recently, transition metal dichalcogenides (TMDCs) have
been intensively investigated in energy storage fields because
of their high theoretical capacity and inexpensiveness to-
gether with the abundance of the elements. TMDCs are lay-
ered materials consisting of a hexagonal arrangement of tran-
sition metal atoms sandwiched between two layers of group
six chalcogenide atoms such as S or Se.*” The positions of
the elements in the periodic table are highlighted in Fig. 1a.*
In TMDCs, the transition metal atoms are covalently bonded
to a trigonal arrangement of chalcogenides within the same
layer while individual layers are held together through non-
covalent van der Waals forces. Fig. 1d describes the physical
structure for a particular TMDC, MoS,.° Unlike graphene
which only has a single molecular structure as it contains
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only a single element and is a single atom thick, a single
layer of TMDC which consists of three layers of atoms (a cen-
tral transition metal sandwiched between chalcogenides) can
exist in two different molecular structures, depending on the
relative arrangement of the three atomic layers. Fig. 1b and ¢
describe two molecular structures that a monolayer of TMDC
can be in. The trigonal prismatic (Dz,) phase has a non-
centrosymmetric configuration while the octahedral (Oy)
phase, also known as the antiprismatic point group (Dzq)
phase, has a centrosymmetric configuration.”

Many reports, for instance, have described the energy stor-
age of molybdenum disulfides by manufacturing MoS, with
particular morphologies and sizes® > and MoS, with the
combination of other electrically conductive matrixes™* "’
including carbon nanotubes, graphene, carbon spheres,
and polymers. As a matter of fact, selenium is a d-electron
containing member of group 16 with high electrical conduc-
tivity (approximately 20 orders of magnitude greater than that
of3 sulphur). However, the electrochemistry of Se in different
electrochemical systems is still not fully understood, which
may be the greatest hindrance for developing advanced Se
electrode materials, and thus requires continuous
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Fig. 1 Structure of monolayer TMDCs. (a) About 40 different layered TMDC compounds exist. The transition metals and the three chalcogen
elements that predominantly crystallize in these layered structures are highlighted in the periodic table. Partial highlights for Co, Rh, Ir and Ni
indicate that only some of the dichalcogenides form layered structures. c-Axis and section view of single-layer TMDC with trigonal prismatic (b)
and octahedral (c) coordination. Atom colour code: purple, metal; yellow, chalcogen. The labels AbA and AbC represent the stacking sequence
where the upper- and lower-case letters represent chalcogen and metal elements, respectively. (d) Three dimensional representation of the struc-
ture of MoS, with single layers being 6.5 A thick. (a—c) Reproduced with permission.* Copyright 2013, Macmillan Publishers Limited. (d) Reproduced
with permission.® Copyright 2011, Macmillan Publishers Limited. Reproduced with permission.*® Copyright 2010, American Chemical Society.
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investigation. In addition to the electrochemistry, for possible
future applications, we have to evaluate several other bench-
marks of Se in energy storage applications, which are listed
in Table 1 in comparison with S. The density and electronic
conductivity of Se are its advantages, while other characteris-
tics raise some concerns (and some unnecessary concerns)
about the application prospect of Se-based energy storage
materials. On the contrary, Se-based materials have been ex-
plored as electrode materials for solar cells**>* and recharge-
able batteries.”** Two-dimensional transition metal
diseleniums (2D-TMDSs), like 2D-TMDCs, are layered mate-
rials which can be thinned down to a single layer, albeit be-
ing three atoms thick instead of one.* 2D-TMDSs have
exhibited considerable charge mobility with a semiconduct-
ing band gap,*”** allowing significant intrinsic on-off cur-
rent ratios.>® Furthermore, 2D-TMDSs have also shown re-
markable physical and optoelectronic properties such as high
tensile strength'® as well as exhibited intrinsic spin-valley po-
larization of its electronic bands.>® Thus, 2D-TMDSs have
been touted to be a promising component in advanced device
technology and optoelectronics. 2D-TMDSs are also focused
on the improvement of performance of energy storage
devices.

A multitude of articles have focused on the synthesis and
applications of 2D-TMDSs, which mainly include top-down
and bottom-up means. In top-down processes, they can be
fabricated by thinning down bulk TMDS crystals to their con-
stituent layers. The most commonly used method is mechani-
cal exfoliation where an adhesive tape is used to peel off thin
layers of TMDSs and deposit them on the desired surface.*
The crystal quality of the material produced as such is the
highest but is greatly limited by the randomness in thick-
nesses of the flakes that can be obtained as well as its low
yield which prevents potential from scaling up. Chemical va-
por deposition (CVD) is an important bottom-up technique
for growth of 2D-TMDSs, in which solid powders containing
the elements present in the TMDS are thermally evaporated
and undergo chemical reaction on a solid surface to form the
desired TMDS layer in a furnace at high temperatures.**>*

2D-TMDSs have attracted crucial interest in multiple
energy-related applications due to their processability and
the possibility of tuning their textural and structural charac-
teristics to fulfill the requirements of specific applications.
Thus, they have an enormous attractiveness to the re-
searchers as outstanding energy storage materials which may
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reported a simple hydrothermal method to synthesize layered
MoSe, nanosheets on Ni-foam (MoSe,-Ni) for enhanced
supercapacitor performance. The MoSe,-Ni displayed fara-
daic pseudo-capacitance characterization and sufficiently fa-
vorable structure stability for sustaining good cycling stability
(retaining 104.7% after 1500 cycles) as well as remarkably en-
hanced specific capacitance (1114.1 F g ' at 1 A g''). Wang
et al’ successfully synthesized VSe,/graphene
composites as anode materials for lithium-ion batteries.
Keith Share et al®® primarily demonstrated tungsten
diselenide (WSe,) as an efficient electrode for sodium ion
batteries. A high reversible capacity above 200 s™ was ob-
served at 20 mA g ' rate, with over 250 mA h g™ capacity
measured in the first sodium extractions. Ultra-thin and po-
rous MoSe, nanosheets studied by Lei et al.>* were shown in
a modified liquid exfoliation method to be efficient electro-
catalysts for the hydrogen evolution reaction.

These characteristics have widened the usefulness of 2D-
TMDSs to more demanding applications. This review covers
the energy-related applications of 2D-TMDSs, with a sum-
mary of recent research progress on the development of 2D-
TMDSs with more controlled structural and chemical charac-
teristics. Herein, we highlight the applications of 2D-TMDSs
in energy storage, such as supercapacitors, LIBs, and SIBs,
and hydrogen storage.

nano-

2. Use of 2D-TMDSs in energy related
applications

Nowadays, an increasing number of researchers are paying
attention to 2D-TMDSs. These materials are being researched
for their applications in supercapacitors, batteries (especially
in LIBs, and SIBs) and hydrogen storage. This section high-
lights the performance of various 2D-TMDSs used in different
energy related applications.

2.1. Supercapacitors

The recent development of modern electronic devices and
the progressive research on renewable energy-based electro-
chemical energy conversion systems have fuelled the drive to-
ward advanced high-performance energy storage devices.
Among the various types of energy storage devices, super-
capacitors have been recognized as one of the most promis-
ing candidates for high-power applications such as hybrid-

take the place of TMDC materials. Huang et al®® first electric vehicles, portable electronics, digital
Table 1 Comparison of several parameters of S and Se. Reproduced with permission.2® Copyright 2015, American Chemical Society
Sulfur Selenium
Density (g cm ™)’ 2.07 (a-S) 4.8 (t-Se)
Electrical resistivity (uQ cm)*® 2 x 10%* (20 °C) 1.2 (0 °C) the text runs thus
World production (2012, t)*° 68100 000 2240
Toxicity (LD50 oral, rat, g kg™")*° 3 6.7
Melting point (°C)*° 114 217-222
Autoignition temperature (°C)*® 235 n/a

Price (2013, $ per kg)*'

This journal is © The Royal Society of Chemistry 2017

0.124 (mine and/or plant)

77 (refined)
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communications, and renewable-energy systems due to
their attractive properties, including high power density,
long cycle life, fast charge/discharge rate, and better
safety.’™*® In general, supercapacitors can be classified into
two categories based on the charge storage mechanism:
electrochemical double layer capacitors (EDLCs: where ion
adsorption occurs at the electrode/electrolyte interface) and
pseudocapacitors (involving fast faradaic charge transport
reactions).”>*®*” Electrode materials for EDLCs are usually
carbon-based materials such as activated carbon, carbon
nanotubes (CNTs), carbon nanofibers (CNFs) and
graphene.*® " However, the specific capacitance of carbon-
based materials is generally low due to the limited specific
surface area and nonuniform pore size distribution of these
materials, which in turn limits the effective utilization of
these electroactive materials in supercapacitors.”>>® On the
other hand, transition metal oxides,>*>® metal
hydroxides,”” > conducting polymers,”° and TMDCs®*"**
have been widely used as electrode materials for pseudo-
capacitors due to their much higher specific capacitance.
Although pseudocapacitors generally have a high specific
capacitance, the poor stability and low conductivity of the
pseudocapacitive materials limit their practical application
in the energy storage field.®*** In order to overcome these
issues as well as to achieve an enhanced electrochemical
performance, novel hierarchical hybrid nanostructures com-
bining EDLCs and pseudocapacitors have emerged, where
these systems have a large surface area, good electrical con-
ductivity, and a short path for ion diffusion.

2.1.1. MoSe,. Recently, TMDCs, MX, (M = Mo, W; X = S,
Se), with a layered structure (analogous to graphene) have
emerged as one of the most prominent candidates for energy
storage, catalysis, photo-transistors, and sensor systems due
to their unique crystal structures and diverse material
properties.®>®® In these materials, metals and chalcogens
interact via strong chemical bonds in the molecular layers,
whereas the individual layers interact via weak van der Waals
forces, forming a graphene-like layered structure, as shown
in Fig. 1. This structure is beneficial for the insertion and ex-
traction of a variety of electrolyte ions and can be exploited
in the field of energy storage.®®’® Interestingly, similar to
MoS,, MoSe,, is an important narrow-bandgap semiconduc-
tor that has a layered structure (Se-Mo-Se), which might be a
good choice for energy storage devices.”"”> Furthermore, the
interlayer spacing of MoSe, (0.646 nm) is larger than that of
graphite (0.335 nm) and MoS, (0.615 nm).” Therefore, as a
representative of TMDS, MoSe, is considered as one of the
most promising electrode materials for supercapacitors, and
some studies have been carried out on the electrochemical
performance of supercapacitors employing MoSe,.”*”® The
reaction mechanism of MoSe, nanosheets resulting from the
faradaic electrochemical process is shown in eqn (1). Al-
though MoSe, has been applied in energy storage, its poor
electrical conductivity, which is similar to that of other metal
oxides, hinders its electrochemical performance and practical
implementation.

408 | CrysttngComm, 2017, 19, 404-418
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A commonly employed strategy to further enhance the
electrochemical performance of MoSe, involves the design of
a hybrid nanostructure with a carbon matrix. Compared with
other carbon materials, graphene is considered as the most
auspicious matrix to support host materials because of its in-
triguing advantages, including a large specific surface area,
superior electrical conductivity, good chemical stability, and
excellent mechanical flexibility.””*" Due to its outstanding
properties, graphene shows excellent potential as an
electrode material for high-performance supercapacitors.
Moreover, the graphene nanosheets in the hybrid nanostruc-
ture serve as a powerful support, which can provide better
electrical conductivity, curtail aggregation of the target nano-
materials, and shorten the transport paths for effective mass
and charge transport. Furthermore, grafting with MoSe, can
also effectively reduce restacking of the graphene nanosheets,
thereby facilitating complete utilization of the surface active
sites and further accelerating ion diffusion. Hence, it is
expected that the hybrid nanostructure of MoSe,/graphene,
in which MoSe, nanosheets are uniformly distributed in the
graphene matrix, should be an effective and competitive plat-
form to achieve outstanding electrochemical performance by
combining the advantages of the individual components
while exploiting their synergistic effects in the electrode
matrix.”’

Up to now, some studies have explored the use of pristine
MoSe, and graphene/MoSe, composites for energy storage
applications. For instance, Huang et al.®" first reported the
preparation of MoSe,—-graphene grown on Ni-foam (MoSe,-
graphene/Ni) (Fig. 2). By taking advantage of its porous lay-
ered structure and vertically aligned orientation, MoSe,-
graphene/Ni displayed a high performance when used as the
supercapacitor electrode material. Balasingam et al.®* synthe-
sized a large quantity of few-layered MoSe, nanosheets using
a facile hydrothermal method. The MoSe, nanosheets were
investigated for supercapacitor applications in a symmetric
cell configuration. The result exhibited a maximum specific
capacitance of 198.9 F g ' and the symmetric device showed
49.7 F g ™" at a scan rate of 2 mV s™'. A capacitance retention
of approximately 75% was observed even after 10000 cycles
at a high charge-discharge current density of 5 A g”*. The fol-
lowing year, Balasingam et al.** introduced a facile, low-cost,
and scalable approach for synthesis of MoSe,/graphene nano-
sheet electrode materials via a hydrothermal method. The hy-
brid nanostructure materials exhibited a maximum specific
capacitance of 211 F g at a scan rate of 5 mV s and a good
capacitance retention ratio of 180% even after 10000 cycles
at a current density of 5 A g'. A facile hydrothermal strategy
was applied by Liu et al.®® to prepare net-like MoSe,-acety-
lene black (AB), tailoring the interior structure by using Ni
substrate. The MoSe,-AB nanostructures constructed with
MoSe, ultrathin nanosheets were applied as supercapacitor
electrode materials. As expected, the net-like MoSe,-AB com-
posites exhibited a high specific capacitance (2020 F g™* at 1

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM images of MoSe,-graphene/Ni with various MoSe,/graphene mass ratios: (A) 5:1; (B) 6:1; (C) 7:1 and (D) 8:1. Reproduced with

permission.8! Copyright 2015, Elsevier Ltd.

A g7') and good cycling stability (107.5% after 1500 cycles)
due to their unique architecture. Therefore, the 2D MoSe,
nanosheets exhibit a high specific capacitance and good cy-
cling stability, which makes them a promising electrode ma-
terial for supercapacitor applications.

2.1.2. Others. In addition to MoSe,, many other TMDSs
have attracted particular attention in the energy research
community. Take CoggsSe for example. As early as 2013,
Wang et al.®® successfully synthesized polycrystalline Co, g5Se
nanotubes by using Co(COs)y35Ci0.20(OH)1.10 Nanorods as a
precursor through a solvothermal process. The as-prepared
Coy.gsSe nanotubes showed efficient catalytic performance
for the decomposition of hydrazine hydrate at room tempera-
ture. The values of specific capacitance with respect to
charge-discharge cycle number (up to 2000 cycles) at a cur-
rent density of 1 A g”* were determined; the specific capaci-
tance of Co, gsSe electrode was increased from 216 to 238 F
¢! after the initial 100 cycles. With increasing cycle number,
the specific capacitance slowly decreased and a deterioration
of about 9.7% of the maximum specific capacitance occurred
after the next 1900 cycles. The impedance of the Co,gsSe
nanotube electrode after the 1st and 50th cycles was mea-
sured. In the high frequency domain, a small semicircle is
observed, and in the low frequency section, the plot tends to
be a straight line where the imaginary part of the impedance
rapidly increases. In the ensuing year Banerjee et al.®® fabri-
cated a supercapacitor electrode with a Co, gsSe hollow nano-
wire (HNW) array, which was synthesized by wet chemical hy-
drothermal selenization of initially grown cobalt hydroxyl

This journal is © The Royal Society of Chemistry 2017

carbonate nanowires on conductive carbon fiber paper. The
dense self-organized morphology of Co,gsSe HNWs was re-
vealed by scanning/transmission electron microscopy. The as-
synthesized CoggsSe HNWs possessed a high pseudo-
capacitive property with high capacitance retention and high
durability. The areal capacitance value was seen to vary from
929.5 to 600 mF cm > (60% retention) as the current density
was increased from 1 to 15 mA cm 2, with an increase of a
factor of 15. Based on mass loading, this corresponded to a
very high gravimetric capacitance of 674 (for 2 mA cm™ or
148 Ag ') and 444 F ¢' (for 15 mAcm > or 11 Ag ") in a
full-cell configuration with the Co, gsSe HNWs as the cathode
and activated carbon as the anode (asymmetric configura-
tion); promising results were obtained. Peng et al.®’
fully assembled a novel asymmetric supercapacitor (ASC)
based on petal-like cobalt selenide (Co,gs5Se) nanosheets as
the positive electrode and nitrogen-doped porous carbon net-
works (N-PCNs) as the negative electrode in a 2 M KOH aque-
ous electrolyte. The Co, g5Se/N-PCN ASC device possessed an
extended operating voltage window of 1.6 V, high energy den-
sity of 21.1 W h kg™ at a power density of 400 W kg™ and
outstanding cycling stability (93.8% capacitance retention af-
ter 5000 cycles) in an aqueous electrolyte. Yu et al.®® reported
hierarchical CoSe, nanostructures (see Fig. 3) successfully
grown on conductive carbon fabrics with robust adhesion by
a facile two-step method. The hierarchical CoSe, architec-
tures exhibited a large specific capacitance of 332 mF cm™ at
a current density of 1 mA em™. After charging/discharging
for 5000 cycles, the electrode still showed superior stability

success-
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Fig. 3 (a) XRD pattern of CoSe, products. (b) SEM image of the Coz0,4 nanowire array on carbon cloth. (c and d) SEM images of CoSe, on carbon
cloth. (e) TEM image of CoSe, products. () HRTEM image of CoSe,. Reproduced with permission.8% Copyright 2015, The Royal Society of

Chemistry.

with the capacity retention of about 95.4%. Pazhamalai
et al.*® demonstrated the use of CuSe, nanoneedles grown on
copper foil as a binder-free electrode for supercapacitors.
Zhang et al.® claimed that SnSe, nanodisks were promising
candidate materials for use in high-performance, flexible, all-
solid-state supercapacitors. Wang et al.®' synthesized hierar-
chical GeSe, nanostructures by using a chemical vapor depo-
sition method, which exhibited a specific capacitance of 300
F ¢! at a current density of 1 A g”*, and was rarely observed
for other electro-active metal chalcogenides. On the basis of
the excellent electronic properties of 2D layered crystal struc-
tures and their unique mechanical flexibility,”>°* synthesiz-
ing 2D-TMDS nanostructures and exploring their applications
in supercapacitors seem to be of great importance.

2.2. Batteries

2D-TMDS nanomaterials, including multi-layered nanosheets
of layered compounds have been widely investigated and

410 | CrysttngComm, 2017, 19, 404-418

employed in energy storage applications.’**> Their particular

mechanical, optical, and electrical properties are closely
bound up with their physico-chemical uniqueness. The
TMDS compounds possess a structure similar to graphite,
consisting of three atom layers in which the layers of metal
atoms are sandwiched between two chalcogen layers. There-
fore, Li-ions and Na-ions are easily intercalated and
deintercalated from this layered structure because of the
weak van der Waals forces. Thus, layered TMDS compounds
have been considered as promising anodes for lithium and
sodium storage.’®

2.2.1. Lithium ion batteries. Since the commercialization
of LIBs by Sony Energytech in 1991, LIBs have become the
prominent energy storage technology in modern applications.
LIBs have not only been widely used in portable electronic
devices, but also are now powering hybrid electric and plug-
in electric vehicles and show promise to be applied in sta-
tionary energy storage systems. Batteries for these large-scale
applications require a significant improvement in the lithium

This journal is © The Royal Society of Chemistry 2017


https://doi.org/10.1039/c6ce02223e

Published on 12 December 2016. Downloaded on 9/24/2024 9:26:24 PM.

CrysttngComm

storage capacity.””*® LIBs have been extensively studied to
obtain more efficient storage systems so as to satisfy the
growing demands of higher power and energy density for
large-scale rechargeable batteries. Since the traditional pre-
vailing graphitized carbon anode materials could not satisfy
the increasing demands for high power and high energy be-
cause of low theoretical capacity (372 mA h g™*) and poor rate
performance,” many efforts have been made in the develop-
ment of new anode materials with high performance and
high capacity.'®°

Layer structured TMDS are of great interest in energy stor-
age because their crystal structure can be easily utilized for
the reversible storage of lithium via electrochemical intercala-
tion, making them good candidates for LIB applications. Re-
cently, a great amount of research has focused on the synthe-
sis and application of various nanostructured TMDS
materials in electrochemical lithium storage due to the high
theoretical capacity and excellent cycling performance. Many
works related to the use of flexible TMDS nanostructure com-
posites in LIBs can be found in the literature. As early as
2006, Xue et al.'®" successfully synthesized NiSe, thin film by
reactive pulsed laser deposition and investigated its electro-
chemistry with lithium for the first time. The reversible dis-
charge capacities of NiSe,/Li cells cycled between 1.0 V and
3.0 V were found in the range of 314.9-467.5 mA h g”* during
the first 200 cycles. Galvanostatic cycling measurements and
cyclic voltammetry (CV) were used to examine the electro-
chemical behavior of the NiSe,/Li cell. A large reversible dis-
charge capacity of 351.4 mA h g™* of the NiSe,/Li cell was
achieved. By using ex situ XRD, TEM and SAED measure-
ments, a complicated electrochemical reaction mechanism of
NiSe, with lithium consisting of three reversible conversions
with the intermediates B-NiSe and Ni;Se, and metal nickel
was first proposed. The two redox active centers of both cat-
ion (nickel) and anion (selenium) in NiSe, were revealed. The
high reversible capacity and good cycling stability of NiSe,
thin film electrode make it one of the promising storage en-
ergy materials for future rechargeable lithium batteries. Shi
et al.'®® synthesized highly ordered mesoporous crystalline
MoSe, using mesoporous silica SBA-15 as a hard template via
a nanocasting strategy (see Fig. 4). Selenium powder and
phosphomolybdic acid (HzPMo,,0,4,) were used as Se and Mo
sources, respectively. The obtained products had a highly or-
dered hexagonal mesostructure and a rod-like particle mor-
phology, analogous to the mother template SBA-15. The UV-
vis-NIR spectrum of the material showed a strong light ab-
sorption throughout the entire visible wavelength region. The
direct bandgap was estimated to be 1.37 eV. The high surface
area MoSe, mesostructure showed remarkable photocatalytic
activity for the degradation of rhodamine B, a model organic
dye, in aqueous solution under visible light irradiation. In ad-
dition, the synthesized mesoporous MoSe, possessed a re-
versible lithium storage capacity of 630 mA h g™ for at least
35 cycles without any notable decrease. Wang et al.'®* synthe-
sized MoSe, nanocrystals via a facile thermal-decomposition
process. As the anode, the nanocrystalline MoSe, yielded the

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a-d) SEM images of the synthesized mesoporous MoSe,
materials using SBA-15 as the template via a nanocasting method.
Reproduced with permission.’°? Copyright 2013, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

initial discharge and charge capacities of 782 and 600 mA h
g at a current of 0.1 C in a voltage of 0.1-3 V. Kang et al.’*
prepared SnSe nanosheets via a reaction at the oil-water
interface in a solvothermal process at low temperature (130
°C), which did not involve any templates and amines such as
oleylamine. X-ray diffraction, transmission electron micros-
copy, absorption spectroscopy and nitrogen adsorption were
used to characterize the products. The results indicated that
the SnSe nanosheets obtained adopted a square-like mor-
phology with lateral dimensions of approximately 120 nm X
120 nm and possessed high crystallinity. Moreover, their
electrochemical performance, as an anode material, was eval-
uated by galvanostatic discharge-charge tests, showing that
the as-prepared SnSe nanosheets exhibited a high initial dis-
charge capacity of 1009 mA h g™ as a potential energy stor-
age material. Klavetter et al.'® showed the high tap density
microparticles of selenium-doped germanium to be a high ef-
ficiency, stable cycling anode material in LIBs. In particular,
Im et al.'® reported the novel synthesis of GeSe, and SnSe,
(x = 1 and 2) nanocrystals by a gas-phase laser photolysis re-
action and their excellent reversible capacity for LIBs. SnSe,
exhibited higher rate capabilities compared to GeSe,. Ex situ
X-ray diffraction and Raman spectroscopy revealed the cubic-
tetragonal phase conversion of Ge and Sn upon lithiation/
delithiation to support their distinctive lithium ion battery
capacities. Chen et al.'”” synthesized an ordered mesoporous
WSe, with a crystalline framework by a nanocasting method
using mesoporous silica SBA-15 as a hard template. The
mesoporous WSe, displayed good electrochemical properties
with a high reversible capacity (530 mA h g™*) and stable cy-
cling performance. Another form is TMDS and its
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nanostructured composite for LIBs. Yao et al.'® synthesized
a self-assembled MoSe, nanolayer/reduced graphene oxide
(MoSe,/rGO) foam using a hydrothermal method. The spe-
cific capacity of the MoSe,/rGO anode could reach up to 650
mA h g™* at a current rate of 0.1 C in the voltage range 0.01-
3.0 V (vs. Li/Li"), which was higher than the theoretical capac-
ity of MoSe, (422 mA h g™'). Additionally, the fabricated half
cells have shown good rate capability and long cycling stabil-
ity with 10.9% capacity loss after 600 cycles under a current
density of 0.5 C. Ma et al'® successfully synthesized
ultrathin MoSe,/graphene hybrids through a facile ionic
liquid-assisted hydrothermal approach. The resultant hybrids
were characterized by X-ray diffraction (XRD), field emission
scanning electron microscopy (SEM) and high-resolution
transmission electron microscopy (HRTEM). It was revealed
that the MoSe, nanosheets in the hybrids exhibited a
graphene-like few-layered structural characteristic of 2-3
layers and were well dispersed and anchored on the large
flexible graphene sheets. Furthermore, MoSe,@HCNF (hollow
carbon nanofiber) composites,"'® MoSe,@SWCNT (single-
walled carbon nanotube) composites,"’ MoSe,@C compos-
ites,"’> SnSe,@graphene composites,""* SnSe@CNF (carbon
matrix) composites,""* SnSe@C composites,'*® VSe,/graph-
eme composites''® and ZnSe/C composites''” were prepared
and used for LIBs, exhibiting excellent electrochemical
properties.

2.2.2. Sodium ion batteries. LIBs have become the promi-
nent energy storage technology in modern applications such
as electric vehicles and portable electronics.''® As battery de-
mand increases, alternative earth-abundant battery materials
are required to achieve progress both in performance and in
cost. Recently, SIBs have been considered to be attractive al-
ternatives to LIBs for energy storage systems owing to the
abundant reserves and low cost of sodium and have gained
more and more attention. In many cases, this enables direct
application of knowledge gained from LIB research to be
readily applied in SIB systems since electrode materials, such
as transition metal oxides, have Na equivalents."**"*° H
ever, there is a main drawback because the size of Na" (1.02
A) is larger compared to Li* (0.76 A), which hinders their ex-
pansion. The energy density of SIBs is slightly lower than that
of LIBs because the reversible capacity and operating voltage
of currently reported electrode materials in SIBs are lower in
comparison. As an example, graphite, which is the bench-
mark anode material for LIBs, stores over 10 less Na ions per
carbon atom than Li."**'*' This underlines the need for the
exploration of new electrode materials for SIBs that can be
competitive in performance with commercially available
lithium-ion cells.'*?

In conclusion, it is not easy to replace LIBs with SIBs be-
cause the cost per energy stored ($ per W h) of SIBs does not
provide much advantage.'®® Therefore, new electrode mate-
rials having higher reversible capacities are necessary for in-
creasing the energy density of SIBs. Recently, there have been
notable achievements in the development of high-capacity
2D-TMDS based materials in SIBs. For example, Ko et al.'**

ow-
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reported pioneering work on the synthesis of yolk-shell-
structured MoSe, microspheres via a simple selenization pro-
cess, as shown in Fig. 5. The prepared MoSe, yolk-shell
microspheres were aggregates of thin-layered nanosheets and
exhibited excellent Na-ion storage properties. The yolk-shell-
structured MoSe, and MoO; microspheres delivered initial
discharge capacities of 527 and 465 mA h g™' in the voltage
range of 0.001-3 V vs. Na/Na' at a current density of 0.2 A
g, respectively, and their discharge capacities after 50 cycles
were 433 and 141 mA h g™, respectively. Wang et al.'*® syn-
thesized MoSe, nanoplates for high performance SIBs. Kim
et al."*® first examined SnSe as an anode material for SIBs.
WSe, was demonstrated as an efficient electrode for SIBs for
the first time by Share et al.’*” Recently, much research on
energy storage has examined TMDS and its nanostructured
composite for SIBs. Zhang et al.’*® decorated ultrathin molyb-
denum diselenide nanosheets on the surface of multi-walled
carbon nanotubes (MWCNTSs) via a one-step hydrothermal
method. The MoSe,@MWCNT composites delivered a revers-
ible specific capacity of 459 mA h g ™' at a current of 200 mA
g™ over 90 cycles, and a specific capacity of 385 mA h g™*
even at a current rate of 2000 mA h g™, which was better
than that of MoSe, nanosheets. Choi et al.'® exhibited the
superior sodium-ion storage properties of MoSe,/CNT (car-
bon nanotube) composite balls to that of bare MoSe,. Yang
et al."®*® synthesized porous hollow carbon spheres (PHCS)
decorated with MoSe, nanosheets (MoSe,@ PHCS) via a
three-step process. Zhang et al'*' synthesized a flexible
MoSe,/CF (carbon fibre) composite by a simple solvothermal
method. Zhang et al'*®> synthesized SnSe/carbon nano-
composite by high energy ball milling as an anode material
for SIBs. Similarly, nanostructured WSe,/carbon composites
were synthesized by Zhang et al.'** as anode materials for
SIBs.

2.3. Hydrogen storage

Hydrogen, a clean renewable energy source, has been vigor-
ously proposed as the promising future energy carrier in the
hydrogen-economy paradigm.****® Recently, the generation
of hydrogen by efficiently splitting water initiated either by
light or by electricity has attracted a great deal of attention
due to its cleanliness and low cost."**"'*® Hydrogen evolution
reaction (HER) is the essential step in water electrolysis
where hydrogen is produced by reduction of protons. Both ef-
ficient and economical electrocatalysts for HER are required
to achieve high current densities at low overpotentials. Al-
though some precious metals and their alloys, such as Pt and
Pd, have a exhibited high catalytic activity for HER, the high
cost and low natural abundance restrict their practical appli-
cations in the industrial production of hydrogen.'*”

Recent studies have proven that newly emerging two-
dimensional molybdenum diselenide is a promising noble-
metal-free electrocatalyst for HER. Take MoSe, for example. It
is a newly emerging catalyst and most used owing to its low
cost, high chemical stability, and excellent electrocatalytic
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Fig. 5 Morphologies of the hierarchical MoSe, yolk-shell microspheres: (a and b) FE-SEM images, (c) FE-SEM image of the fractured microsphere,
and (d) schematic illustration of the microsphere. Reproduced with permission.*?* Copyright 2013, The Royal Society of Chemistry.

activity."*®*°> Similar to the catalytic mechanism of MoS,,
the electrocatalytic HER activity of MoSe, depends strongly
on its active selenium edge sites, while its basal planes are
catalytically inert.'>® Density functional theory calculations
reveal that the Gibbs free energy for atomic hydrogen adsorp-
tion on MoSe, edges is closer to thermoneutral than that on
MosS,, with an H coverage of about 75% on the edge under
operating conditions, which is also higher than that of MoS,
reported in the literature. The consistency between the exper-
imental and computational results indicates that MoSe,
nanosheets have potential to be a better HER catalyst than
their MoS, counterpart. Therefore, reducing the size of MoSe,
down to nanoscale and increasing the exposure of its active
edges can boost the catalytic activities of MoSe,. It is reported
that the vertically aligned MoSe, molecular layers on curved
and rough surfaces such as Si nanowires and carbon micro-
fibers possess maximally exposed active edge sites and
thereby exhibit large exchange current densities in HER.'>*
In addition to the exposure of active edge sites, electrical con-
ductivity is another key factor influencing the HER perfor-
mance. However, the poor conductivity between two adjacent
van der Waals bonded layers of MoSe, would significantly
suppress their overall HER rate. In this regard, preparation of
uniformly distributed MoSe, nanostructures with more ex-
posed selenium edges on a conductive substrate is an effec-
tive strategy to enhance its electrocatalytic performance for
HER. For example, Kong et al.'® described a two-step reac-
tion for preparing electrodes composed of CoSe, nano-
particles grown on carbon fiber paper (see Fig. 6). The

This journal is © The Royal Society of Chemistry 2017

electrode exhibited excellent catalytic activity for HER in an
acidic electrolyte (100 mA cm™ at an overpotential of 180
mvV). Stability testing through long-term potential cycles and
extended electrolysis confirmed the exceptional durability of
the catalyst. Zhao et al.">® presented a one-pot colloidal route
to synthesize VSe,, a new type of metallic single-layer nano-
sheet. The about 0.4 nm thick VSe, single layer nanosheets
possessed an extraordinary electrocatalytic HER performance
with a low onset overpotential of 108 mV, a small Tafel slope
of 88 mV per decade, and an exceptional overpotential of 206
mV at a current density of 10 mA cm™. In addition, many re-
searchers were fascinated by other TMDSs, such as MoSe,
(ref. 157-175) and WSe,."?16*17%1737175 Carbon materials, in-
cluding graphene, CNTs, CNFs, activated carbon, carbon
aerogels (CAs), and carbon fiber aerogel (CFA) cloth, etc., are
ideal substrates for loading MoSe, to improve its electrocata-
Iytic activity'”>*®" owing to the unique physicochemical prop-
erties and excellent conductivity of these carbon materials.
For example, Huang et al.'”® synthesized a unique hierarchi-
cal nanostructure of few-layered MoSe, nanosheets perpen-
dicularly grown on CNTs through a one-step solvothermal re-
action. This rationally designed architecture based on a
highly conductive CNT substrate possessed fully exposed ac-
tive edges and open structures for fast ion/electron transfer,
thus leading to a remarkable HER activity with a low onset
potential of —0.07 V vs. reversible hydrogen electrode, a small
Tafel slope of 58 mV per decade and excellent long-cycle sta-
bility. Zhang et al.">’ reported MoSe,@CFA, which exhibited
excellent electrochemical activity as a HER electrocatalyst
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Fig. 6 (a) Crystal structure of CoSe, in cubic pyrite-type phase (left)
and orthorhombic marcasite-type phase (right), in which Co and Se
are displayed in orange and yellow, respectively. (b) Photograph of as-
prepared CoSe, catalyst on a piece of 1.5 cm x 10 cm carbon fiber pa-
per. (c) SEM image of a layer of CoSe, catalyst grown on carbon fiber
paper. (d) High-resolution SEM image revealing the structure of CoSe,
coating, consisting of nanoparticles in dimensions of tens of nanome-
ters. Reproduced with permission.'>> Copyright 2014, American Chem-
ical Society.

with a small onset potential of —0.104 V vs. reversible hydro-
gen electrode and a small Tafel slope of 62 mV per decade,
showing its great potential as a next-generation Pt-free
electrocatalyst for HER. Tang et al.,”” Liu et al.,'®® and Jia
et al.'® reported the synthesis of MoSe,@graphene. The
number of layers of the MoSe, nanosheets was typically <10.
HER studies showed that the onset potentials of MoSe, and
MoSe,/graphene hybrids were only 0.15 V vs. RHE and 0.05 V
vs. RHE, respectively, and about 20-30 mV lower than those
of MoS, and its graphene hybrids. All results indicated that
MoSe,@graphene composite film had potential to be a better
catalyst for HER. Therefore, due to their high chemical stabil-
ity, low cost, high-capacity, and excellent electrocatalytic ac-
tivity, 2D-TMDS materials have become a type of emerging
catalyst and have been used extensively in HER.

3. Summary and outlook

Since the Nobel Prize was awarded for graphene in 2010,
there has been considerable research in the field of 2D mate-
rials. One particular class of layered 2D materials, TMDCs, is
receiving increased interest in applications in energy storage.
In recent years, 2D-TMDSs, as a substitute for TMDCs, have
attracted more attention in many energy-related applications
due to their abundance, chemical and thermal stability, pro-
cessability and the possibility of tuning their textural and
structural characteristics to fulfill the requirements of spe-
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cific applications. The application of these materials has
been extensively researched as energy storage in super-
capacitors, LIBs, SIBs, and hydrogen stores.

2D layer-structured TMDSs have been recognized to have
high electrochemical activity, which is due to their unique
metallic conductivity, multiple available oxidation states and
special geometric structures with weak interlayer van de
Waals coupling. Some TMDSs, including MoSe,, CoSe,, and
WSe,, are mainly investigated as novel positive electrode ma-
terials for supercapacitors in view of their fascinating physi-
cochemical properties. The development of novel electrodes
with more energy and power density for supercapacitor appli-
cations has been an emerging area of interest during the re-
cent decade. Similarly, Li-ions and Na-ions are easily interca-
lated and deintercalated from the layered structure because
of the weak van der Waals forces. Thus, layered TMDS com-
pounds have been considered as a promising anode for lith-
ium and sodium storage. Synthesizing new 2D layer-
structured TMDSs that have suitable and stable crystal struc-
tures as well as good electron/ion conductivities to accommo-
date long term efficient Li/Na-ion intercalation and
deintercalation will be of great significance. On the other
hand, constructing composites (e.g., 2D layer-structured
TMDS and carbon composite) to utilize the synergistic effect
of components is another strategy to promote their lithium/
sodium storage capability. As a clean and renewable energy
source, hydrogen has a far-reaching significance for the sus-
tainable development of environment and energy. Economi-
cal and efficient electrocatalysts for HER are the target of sci-
entific research workers. But at the same time, these require
high current densities at low overpotentials. Although some
precious metals and their alloys have exhibited high catalytic
activity for HER, the low natural abundance and high cost set
a limit to their practical applications in industrial production
of hydrogen. Due to their high chemical stability, low cost,
high-capacity, and excellent electrocatalytic activity, 2D-TMDS
materials have become a type of emerging catalyst and have
been used potentially in HER. Thus, assembling non-
precious 2D-TMDS materials or composites with rich active
edges and excellent electron/ion transfer paths to obtain cata-
lysts with high HER activity and can be operated in different
systems to replace the current precious catalyst will be the fu-
ture research directions. In a word, further research on 2D-
TMDS materials is needed for clear understanding and as an
effective measure to apply in energy storage.

Layered TMDS materials have been known and studied for
decades, but their properties as atomically thin, 2D forms are
a relatively new and exciting area in nanotechnology, with
many promising applications in energy storage. The large
bandgaps seen in several members of the TMDS family make
them attractive channel materials in logic transistors, and
the direct bandgaps in several single-layer TMDSs open up
many prospects in energy storage. In studying the physics
and chemistry of 2D-TMDSs, researchers will be able to draw
upon the previous research on the bulk TMDS intercalation
chemistry, material processing and characterization, along
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with techniques for device fabrication and nanoscale charac-
terization developed with graphene and other nanostructured
materials. But 2D-TMDSs have many distinctive properties
that are not seen in other material systems. When re-
searchers learn more about them, there are sure to be unex-
pected and exciting applications. In the next few years, prog-
ress in this field will require advances in scalable and
controllable sample preparation to make large amounts of
atomically thin and uniform TMDS layers, either in solution
or on substrates. For solution-phase preparation, the chal-
lenges include controlling the area and thickness of either ex-
foliated or chemically grown flakes and finding new methods
and chemicals that can efficiently and safely produce these
materials in large scale. For solid-state samples, crystal
growth methods need to be improved to achieve large areas,
large grain sizes, uniformity and control of layer number. Ac-
cess to high-quality samples will enable more researchers to
better understand the physical and chemical properties of
TMDS, as well as to pursue a wider variety of applications.
The properties and applications of 2D-TDMS materials are a
relatively new but exciting and rapidly expanding area of
research.
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