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Sodium ion capacitors are under extensive investigation as companionable pre-existing lithium ion batteries
and sodium ion batteries. Finding a suitable host for sodium ion storage is still a major challenge. In this
context, here we report a MoS, nanoflowers@arGO composite produced via a hydrothermal method
followed by an ultra sonication process as a sodium ion symmetric hybrid supercapacitor. The structural
and electrochemical performances of the electrode material were investigated to establish its
applicability in sodium ion capacitors. The electrochemical performance was evaluated using metallic

sodium in a half cell configuration which delivered a maximum specific capacitance of 226 F gt at
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capacitance of 55 F g7 at 0.03 A g~% This combination may be a new gateway for upcoming research

DOI: 10.1035/c8na00104a work which deals with sodium ion storage applications. The results confirmed that the as-synthesized
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Introduction

Currently, extensive attention has been paid to energy storage
and energy conversion, as a consequence of increasingly tech-
nology dependent human lives and advancement in the world
economy. Batteries and supercapacitors are significant energy
storage devices for hybrid electric vehicles and portable elec-
tronics.”” Among these, supercapacitors store electrical energy
on the basis of charge accumulation on large surface area
materials, known as electrical double layer capacitors (EDLCs),
or through fast redox (faradaic) reactions, where they are called
pseudocapacitors. Supercapacitors based on novel electrode
nanomaterials have shown remarkable progress owing to their
ultrafast charge-discharge rate, long cycle life and high power
density. However, significant advancements are required to
improve the energy density of supercapacitors. The energy and
power density of supercapacitors are mainly governed by the
elementary charge storage mechanism and the resultant
kinetics at the electrode/electrolyte interface. Generally, the
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MoS, nanoflowers@rGO heterostructure electrode exhibited notable electrochemical behaviour.

performance of supercapacitors is basically dependent on the
electrode materials.>™®

As proficient energy storage devices, supercapacitors should
be able to constrain active components. In contrast to batteries,
supercapacitors are rich in power density but still have lower
energy density than batteries.>'® Hence, investigations are being
carried out to enhance both energy and power density by
combining battery and supercapacitor technologies through the
smart combination of electrode materials.

Of these materials, sodium ion supercapacitors (NICs) are
listed as one of the hotspots in the field of energy storage
devices. The use of capacitive storage based on sodium ion
systems is smart and cost-effective and they are competent
substitutes for other systems.* "> The properties of the materials
used in the devices are essential for determining the perfor-
mance of the supercapacitors.

Metal oxides have been extensively investigated as active
materials for supercapacitors due to their high specific capaci-
tance and ease of fabrication.”® Recently, metal nitrides,
carbides and sulphides have arisen as new and promising
electrode materials for high-performance supercapacitors.
Among the metal sulphides, NiS, CosSg, M0S,, WS,, and SnS,
have been considered for energy storage applications of which
MoS, may be of special interest.***” It has many key advantages
like high theoretical capacity, good rate capability and good
cyclability. Metal sulphides with structural features analogous
to graphene have gained further attention recently on account
of their distinctive structural, electronic, and electrochemical
properties.'®??

This journal is © The Royal Society of Chemistry 2019
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Moreover, MoS, can offer capacitive properties. It has a theo-
retical capacity higher than that of graphite and higher ionic
conductivity compared to metal oxides. Hence, MoS, could be
a better choice for sodium ion storage applications. The layered
structure of MoS, has a tendency to restack due to its large surface
energy correlated with weak van der Waals attraction. It can be
assumed that this layered structure facilitates the appropriate
insertion of foreign atoms and provides stability to the whole
structure, which is beneficial for the electrochemical stability.
Further, poor electrical conductivity impedes its performance in
energy storage applications.”®** This can be overcome by making
composites with carbon matrixes which can offer enhanced
electrical conductivity, mechanical strength and thermal stability.
Herein, we have reported a sodium ion symmetric hybrid super-
capacitor based on a MoS,@rGO composite.

Molybdenum disulphide has a similar structure to reduced
graphene oxide, with excellent physical and electrical proper-
ties. It has emerged as an attractive candidate to be mixed with
reduced graphene oxide to form a composite with improved
characteristics. The combination of MoS, with rGO is seen as
a fundamental tactic for enhancing the electrochemical
performance of active materials. The reduced graphene oxide
will provide an efficient pathway for the diffusion of sodium
ions and also firmly hold the active material during cycling. Due
to its aforementioned properties, rGO can be exploited as an
ideal support for graphene like MoS,. Most importantly, the
rGO matrix can not only effectively enhance the conductivity
and stability of the active materials but can also significantly
hamper the aggregation of MoS, sheets.>*°

Results and discussion

Fig. 1 shows the XRD patterns of MoS, and the MoS,@rGO
composite. The XRD pattern of MoS, is indexed with a hexag-
onal structure with the space group P6;/mmc (ICSD ref. no: 01-
075-1539). The peaks at 14.12°, 33.60°, 39.59°, and 59.16°
correspond to the (002), (100), (103) and (110) planes of MoS,,
respectively. The peak at 14.03° relates to the (002) plane,
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Fig. 1 XRD patterns of MoS, and MoS,@rGO composite.
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confirming the hexagonal layered structure of MoS,.** The
diffraction peaks of rGO do not appear in the XRD of the
MoS,@rGO composite, which confirms the lower content of
rGO in the composite. The XRD pattern of rGO (as shown in
Fig. S1t) consists of a broadened peak located at around 25.15°,
corresponding to 002 diffraction of the graphitic layered struc-
ture as a result of GO reduction, with the shifting of the peak at
20 = 10.56° attributable to disordered graphene layers with few
structural defects.

Fig. S2t depicts the thermogravimetric curves of MoS, and
the MoS,@rGO composite. The minor weight loss region
around 160 °C is due to absorbed water molecules. For MoS,,
the weight loss around 300 °C is mainly due to the oxidation of
MoS, into MoO; and the remaining weight is 59.3% of the
initial weight. In the composite, the weight remaining is 45.6%,
which confirms that the composite contains 13.7% rGO.

Raman spectroscopy was employed here to evaluate the
existence of rGO in the composite and the hexagonal layered
structure of MoS,. Fig. 2 shows the Raman spectrum of the
MoS,@rGO composite. The peaks appearing at 379.4 and
405.5 cm ™' confirm the in-plane vibrational modes of the S-
Mo-S bond. The energy difference between the two peaks of
MoS, can reveal the number of layers of MoS,. The obtained
value of 26.1 cm ' confirmed that the MoS, contains few
layers.®> Further, the D band (1341.6 cm™') and the G band
(1570.4 em™") reveal the presence of rGO in the composite.
Fig. S3 (see ESIt) depicts the Raman spectrum of pure rGO. The
characteristic D and G bands were observed at 1338 and
1593 ecm™ ', respectively. The Ip/Ig value of rGO is 1.13, which
results in more defective graphene layers in rGO.

The morphology of the as synthesized materials was ana-
lysed using field emission scanning electron microscopy
(FESEM) and high resolution transmission electron microscopy
(HRTEM). The image shown in Fig. 3a reveals the sheet- or leaf-
like morphology of rGO. The flower-with-petals-like morphology
of bare MoS, at two different magnifications is shown in Fig. 3b
and ¢, which represent the uniformity of the MoS, particles. In
the composite (Fig. 3d), the MoS, flowers are scattered and
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Fig. 2 Raman spectrum of MoS,@rGO composite.
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Fig. 3 FESEM images of (a) rGO, (b & c) MoS; at different magnifications and (d) MoS,@rGO composite.

firmly held by the rGO sheets. HRTEM images of the samples demonstrate the uniform array of MoS, nanoflowers at different
are shown in Fig. 4. The image of rGO is in good agreement with  magnifications. In the case of the composite, MoS, creases with
the results obtained from the FESEM image. Fig. 4b and ¢ the rGO sheets (Fig. 4d).

Fig. 4 HRTEM images of (a) rGO, (b & c) MoS; at different magnifications and (d) MoS,@rGO composite.
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In order to evaluate the sodium ion storage properties of
MoS, nanoflowers@rGO, half cell studies were carried out
between potential limits of 0.01 and 2.6 V at different current
densities. The electrochemical performance of the half cell is
shown in Fig. 5. The charge storage is accomplished by faradaic
reaction of the MoS, nanoflowers. The charge-discharge profile
of the MoS,@rGO composite is shown in Fig. 5a. The distorted
linear (or) sloping curve is evidence for the pseudocapacitive
behavior of the composite electrode. Furthermore, the cell was
examined at different current densities (Fig. 5b). While the
current density increases from 0.03 to 4.02 A g%, the specific
capacitance decreases from 226 to 25 F g~ '. Good capacitance
retention of 78% was observed (Fig. 5¢) even after 2000 cycles at
a current density of 0.1 A g™,

Fig. S41 shows the charge/discharge profiles of composites
with different proportions of rGO. For comparison, MoS,@rGO
composites were prepared with different weight percentages
(i.e., M0S,-1GO: 80-20% and 90-10%). Of these, the composite
containing 15% rGO shows good specific capacitance. The
maximum attained capacitances were 142 F g~ " (for 80-20%),
226 Fg ' (for 85-15%) and 135 F g~ (for 90-10%) at 0.03 Ag™ .
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From these charge/discharge profiles we clearly understood that
the optimized composition of rGO is 15% for obtaining better
electrochemical performance.

Further cyclic voltammetry studies were carried out to
investigate the pseudocapacitive behavior of a single electrode
at various scan rates between the potential limits of 0.01 and
2.6 V, which are shown in Fig. 5d. The energy storage mecha-
nism in supercapacitors is a surface phenomenon. Thus, from
lower to higher scan rates, the specific capacitance value
decreases and it can be found that the slight deviation of the
curve at higher scan rates is due to the polarization effects
which further hinder the diffusion of ions into the electrode. At
lower scan rates, sufficient time is available for diffusion,
leading to higher specific capacitance. Furthermore, the linear
variation of current with applied scan rate is evidence for the
capacitive behaviour of the composite electrode.*

Electrochemical impedance spectra of MoS, and MoS,
nanoflowers@rGO are shown in Fig. S5.1 The depressed semi-
circle in the high-medium frequency region and straight line in
the low frequency region of the Nyquist plot is attributed to the
high electrical conductivity and the fast charge transfer reaction
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Fig. 5 Electrochemical performance of the MoS,@rGO composite vs. Na/Na* (half cell). (a) Galvanostatic charge—discharge curves; (b) specific
capacitances at different current densities; (c) cycling stability; (d) cyclic voltammograms at different scan rates.
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results in the good electrochemical performance of MoS,@rGO.
The straight line in the low frequency region (Warburg region)
corresponds to the sodium ion diffusion process as well as the
ideal capacitive behaviour of the composite electrode. The
diffusion coefficient (D) value of the MoS,@rGO composite
electrode was calculated using the following equation.?***

D = R°T’ A F* C*o? (1)

where R is the gas constant (] K~' mol™"), T is the absolute
temperature (K),  is the number of electrons transferred, A is
the area of the electrode (cm?), C is concentration (mol cm™?),
F (coulomb mol ") is the Faraday constant and ¢ is the coef-
ficient of Warburg impedance, which is obtained from the
extrapolation of the straight line from the semicircle to a real
axis and is equal to (Rs + Ry — 20°Cq). R is the solution
resistance in the bulk electrolyte, R, is the charge transfer
resistance and Cy; is the double layer capacitance in the
electrode-electrolyte interface. Teng et al.®® calculated the
diffusion coefficient for a sandwich-like graphene@MoS,@C
sheets (G@MS@C) electrode and found a value of 2.32 x 10~ ">
cm?® 5™, In our study, the calculated diffusion coefficients of
pristine MoS, and the MoS,@rGO composite are 11.31 X
10 "% and 8.12 x 10~ '® cm? s, respectively, which leads to
good electrochemical performance in the MoS, nano-
flowers@rGO composite. MoS, nanoflowers@rGO exhibits
conductivity two orders of magnitude higher than that of the
G@MS@C electrode. The improved conductivity is mainly due
to the existence of a highly conductive rGO matrix in the
composite.

So far, many efforts have been made to apply MoS, as an
electrode in aqueous supercapacitors (as shown in Table S17).
Karade et al. prepared ultrathin MoS, nanoflakes via a chemical
bath deposition method with a capacitance of 576 F g~ at 5 mV
s ' in 0.5 M Na,S0O,.*” Ramadoss et al. reported mesoporous
MoS, with a maximum capacitance of 376 and 403 F g~ at 1 mV
s~'in 1 M Na,SO, and 1 M KCl, respectively.*® Ilanchezhiyan
et al. synthesized MoS, nanospheres with a specific capacitance
of 122 at 5 mV s ' in 1 M Na,S0,.*® Soon et al. achieved
a maximum capacitance of 100 F g ' at 1 mV s ' in 0.5 M
H,S0,.%° But the reports available for MoS, in non-aqueous
electrolytes for sodium ion supercapacitors are few in
number. Wang et al. constructed a Na-ion pseudocapacitor with
a MoS,/graphene composite which delivered a capacitance of 50
Fg 'at 1.5 Cin 1 M NaClO, (in PC + FEC) electrolyte.”® Cook
et al. examined the pseudocapacitive behaviour of mesoporous
MoS, for sodium ion storage and reported a specific capacity of
118 mA h g ' at 1 mV s~ " in a half cell configuration with 1 M
NaClO, (in PC) electrolyte and concluded that MoS, is the
ultimate candidate to host the larger alkali ions because its
large van der Waals gap and nanoscale architecture can lead to
charge storage via a pseudocapacitive mechanism.”” In this
work we used NaPF, (in EC + DEC) as the electrolyte and ach-
ieved a maximum capacitance of 226 F g~ ' in a half cell
configuration.

The electrochemical performance of pristine MoS, (both half
cell and full cell) is shown in Fig. S6.1 Pristine MoS, delivered
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a maximum capacitance of 119 and 24 Fg ' at 0.03 Ag ' in the
half cell and the full cell configuration, respectively, with
similar pseudocapacitive behaviour, which was confirmed by
charge-discharge and CV studies. Further, 56% (half cell) and
23% (full cell) of the initial capacitance was observed after 2000
cycles. We also fabricated the capacitor without MoS, nano-
flowers and investigated its electrochemical performance. The
charge discharge profile of rGO (full cell) is shown in Fig. S7.} In
the full cell configuration, it delivered a maximum capacitance
of 22 Fg ' at0.03Ag ",

A further symmetric sodium ion capacitor (full cell configu-
ration, Scheme 1) was fabricated in which two identical elec-
trodes were used (MoS, nanoflowers@rGO composite).
Galvanostatic charge-discharge measurements were carried out
at various current densities as a function of time vs. voltage
(Fig. 6a). The maximum specific capacitance achieved at
a current density of 0.03 A g~ ' was 55 F ¢~ ', which decreased to
only 6 F g, even at a high current density of 4.02 A g~ . A full
cell has different electrochemical behaviour compared to that of
a half cell. The reason may be attributed to the limited supply of
reversible sodium in the case of the full cell. The initial
coulombic efficiency of the full cell was 79%. The low coulombic
efficiency may be assigned to the formation of a solid electrolyte
interface during the initial charge-discharge process and may
also be due to an irreversible intercalation reaction during the
initial charge-discharge cycle.?® For comparison, the symmetric
sodium ion capacitors were assembled using rGO, pristine
MoS, and MoS,@rGO electrodes and delivered specific capaci-
tances of 22, 24 and 55 F g~ ', respectively, at a current density of
0.03 A g~ '. The enhancement of the electrochemical perfor-
mance of the MoS,@rGO composite when compared to pristine
MoS, is mainly due to the rGO network, which serves as
a conductive matrix as well as contributing some capacity,
which leads to the good electrochemical performance of the
composite.

The specific capacitances at different applied current
densities is plotted in Fig. 6b. The cycling stability of the elec-
trode was evaluated at a current density of 0.1 A g~*. After 2000
cycles, it retained 67% of the initial capacitance (Fig. 6¢). Even
after prolonged cycling, the flower-like morphology has been
retained with some disorder, which may be due to the PVDF

Sodium-ion symmetric hybrid supercapacitor

MoS,@rGO

sodium-ion

Scheme 1 Fabrication of a
supercapacitor.

symmetric  hybrid

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Electrochemical performance of the symmetric hybrid device (full cell). (a) Galvanostatic charge—discharge curves; (b) specific capaci-
tances at different current densities; (c) cycling performance; (d) cyclic voltammograms at different scan rates.

binder and conductive carbon used for the coating process,
which was confirmed by HRTEM analysis (as shown in Fig. S8a
& bt). The performance of the full cell was evaluated using CV
studies at different scan rates, as shown in Fig. 6d. The CV
curves were recorded at various scan rates (5-100 mV s’l) in
a potential window of 0.01 to 2.6 V. The CV curves are rectan-
gular and identical in shape, indicating ideal capacitive char-
acteristics and implying good reversibility of the electrode. The
sodium ion symmetric hybrid supercapacitor consisting of the
MoS,@rGO composite delivers a maximum energy density of
52 W h kg~ " and power density of 60 W kg™ " at 0.03 A g~ . The
prominent electrochemical performance of the MoS,@rGO
composite in both the half cell and full cell configurations is
mainly attributed to the rGO network, which can reduce the
diffusion path length and boost ion transfer during the elec-
trochemical reaction. Further, it induces the interfacial contact
between the active particles, the electronic conductivity and the
mechanical strength to hold the MoS, particles. Additionally,
the structure of the MoS, nanoflower may provide easy access
for electrolyte ions.

This journal is © The Royal Society of Chemistry 2019

Experimental
Synthesis of MoS,, rGO and the MoS,@rGO nanocomposite

MoS, was synthesized using a hydrothermal method in which
ammonium heptamolybdate and thiourea (mass ratio = 3 : 4)
were dissolved separately in double distilled water.** Then, both
the solutions were mixed to form a homogeneous mixture
under stirring. Afterwards, the mixture was sonicated for 2 h
and transferred to a 200 ml Teflon-lined autoclave and heated at
180 °C for 28 h. The obtained black suspension was filtered and
washed several times with water and dried in a hot air oven.

Graphene oxide (GO) was synthesized using a modified
Hummers method.*>** Reduced graphene oxide (rGO) was
prepared by reduction of graphene oxide. In this process, the
synthesized GO was dispersed in double distilled water and
sonicated for 2 h. Then, sodium borohydride (NaBH,) was
added to it under sonication. After the addition of NaBH,, it was
stirred vigorously for 8 h. The precipitate that formed was
filtered, dried at 60 °C for 48 h and ground well.

The molybdenum disulphide-reduced graphene oxide
composite (MoS,@rGO) was synthesized in a ratio of 85:15

Nanoscale Adv., 2019, 1, 334-341 | 339
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from as synthesized MoS, and rGO. 0.15 g of rGO was dispersed
in DI water under sonication for 1 h. 0.85 g of MoS, powder was
added and allowed to sonicate for about 2 h. Further to this, the
mixture was stirred for 24 h and the resulting black solid was
separated by filtration and washed with DI water followed by
ethanol to remove most residual ions. Finally it was dried at
80 °C for 24 h, and then the product was obtained as a fine
powder after grinding. For comparison, composites with
different compositions (80 : 20 and 90 : 10) were also prepared
using the same procedure.

Structural characterization

The crystal structure of the material was evaluated using an X-
ray diffractometer (XRD, Bruker D8) with Cu Ka radiation (1 =
1.5406 A), employing an operating voltage of 40 kV and a current
of 20 mA between 10 and 90° at a scan rate of 2° min~'. Ther-
mogravimetric analysis was conducted (PerkinElemer/
TGA4000) from room temperature to 900 °C at a heating rate
of 20 °C min " in an air atmosphere to obtain the proportion of
rGO present in the composite. Morphology and particle size
were characterized using a Field Emission Scanning Electron
Microscope (FESEM, CARL ZEISS-Neon 40 microscope) and
a High Resolution Transmission Electron Microscope (TEM, FEI
Technai-20 G2 microscope). The Raman spectra of the samples
were recorded at room temperature on a Renishaw InVia laser
Raman microscope with a He-Ne laser (A = 633 nm).

Electrochemical characterization

The electrochemical behaviour of the synthesized material was
analyzed using CR2032 coin type cells. The composite electrode
was prepared by mixing 80 wt% active material with 10 wt%
super P carbon (conductivity additive) and a 10 wt% PVDF
(polyvinylidene fluoride) binder in NMP (N-methyl pyrrolidone)
solvent. The obtained slurry was coated on Cu foil and used as
a working electrode. The mass loadings of the active material
for MoS, and MoS,@rGO were 1.17 and 1.49 mg cm 2,
respectively. In the half cell configuration, sodium metal was
used as a reference electrode. The electrolyte used was 0.75 M
NaPFs in EC:DEC (1:1 v/v) mixture. The electrodes were
separated by a polypropylene membrane (separator). Coin cells
were assembled in an argon-filled glove box with an oxygen and
water content of less than 1 ppm. To construct a symmetrical
MoS,@rGO based sodium ion capacitor, both sides used the
same electrodes. The cyclic voltammograms were recorded
using a Bio-Logic instrument (SP-240) with different scan rates
from 5-100 mV s~ ' and electrochemical impedance spectra
were measured using a Bio-Logic instrument (SP-250) in the
frequency range between 100 kHz and 5 mHz. The cells were
galvanostatically cycled using a battery tester (NEWARE)
between 0.01 and 2.6 V. The specific capacitance of the single
electrode was calculated according to the following equation.

C = 4IAtImAV )
where C (F g7') is the specific capacitance. I (A) is the current,

AV (V) is the potential window during the discharge process, At
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(s) is the discharge time and m (g) is the total mass of active
materials in both the electrodes. The energy density and power
density of the symmetric device were calculated using the
following equations.

E = (1R)cAav)? (3)
P =Elt (4)

where E (W h kg™ ') is the specific energy density, C (F g~ ') is the
specific capacitance, AV (V) is the cell voltage, P (W kg™ ") is the
specific power density and ¢ (h) is the discharge time.**

Conclusions

In summary, a MoS, nanoflower@rGO composite has been
prepared using a simple and scalable hydrothermal method
followed by an ultra sonication process. The better electro-
chemical performance of MoS, nanoflower@rGO is mainly
owing to the sodium ion storage via the pseudocapacitive
nature of MoS, and also the structural integrity, strong
mechanical support and conductive pathway provided by the
rGO network. MoS, nanoflowers@rGO delivers good electro-
chemical performance in terms of specific capacitance with
various current densities and long-term cycling stability in half
cell as well as in full cell configurations. The composite elec-
trode delivered a maximum specific capacitance of 226 F g~ * (in
the half cell) and 55 F g~ * (in the full cell) at 0.03 A g~*. The
sodium ion symmetric hybrid supercapacitor device made up of
MoS, nanoflowers@rGO electrodes delivered a maximum
energy density of 52 W h kg™ " and a power density of 60 W kg™
at 0.03 A g~ '. The above mentioned observations and results
offer ideas regarding a new pathway for a simple, cost effective
MoS, nanoflowers@rGO composite electrode material for high
performance energy storage devices which can fulfil future
energy needs.
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