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Sb/ZnWO4/r-GO nanocomposite has been prepared by a single step
solvothermal method. The crystal structure of the prepared nanocomposite
has been characterized using a powder x-ray diffractometer (XRD). The optical
properties of the prepared nanocomposite were studied using UV-visible
spectroscopy and photoluminescence. The energy band gap of 3.52 eV is ob-
tained for the ZWS-5 nanocomposite using Tauc plots. For both Sb/ZnWO, and
Sb/ZnWO4/r-GO nanocomposite XRD shows the monoclinic Wolframite
structure. The supercapacitor performance of the prepared samples was car-
ried out using electrochemical techniques such as cyclic voltammetry, gal-
vanostatic charge—discharge and electrochemical impedance spectroscopy.
The nanocomposite ZWS-5 exhibits a specific capacitance of 102 F/g, which is
higher than pristine ZWS specific capacitance of 64 F/g. Both ZWS and ZWS-5
electrodes show good capacitance retention proficiency even after 1000 cycles.
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INTRODUCTION

The energy problem is one of the current issues
for mankind due to technology development, limited
availability of fossil fuels and a rapidly growing
population. Energy production and storage is a
million dollar market. In recent years, the main
challenge is to provide a sufficient and reliable
storage of energy. Supercapacitors and lithium ion
batteries are widely used for energy storage.’? Due
to faster charge and discharge process, high power
density and good cycle stability supercapacitors are
an alternative to conventional batteries®*. The
performance of the supercapacitors mainly depends
upon the electrode materials. Carbon-based materi-
als,”® conducting polymers,'®%nitrides,'" 22 car-
bides,?> 2" and transition metal oxides 2733 are
widely used electrodes for supercapacitors. Carbon
based nanomaterial electrodes are good candidates
for the supercapacitors due to their good electrical
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conductivity, wide range of operating temgerature,
chemical stability and high surface area.>*" But
low specific capacity of the carbon based electrodes
limit their practical usage.?® The main challenge for
supercapacitors is to build a new electrode material
with a good cyclic stability and high power density
for practical application.

The relation between the band gap and superca-
pacitance of the materials is one of the interesting
topics to further investigate. There are many works
reported on the basis of band gap and supercapac-
itance. Shouzhi Wang et al.,*® prepared a Porous
Borocarbonitrides Nanosheets with tuning the band
gap for a supercapacitor application. As they con-
cluded that lower band gap BCN provides the good
specific surface area, massive active sites and
excellent conductivity which provides high specific
capacitance and good stability. Also, Sanjit Saha
et al.,>?*% prepared a band gap altered NiO/Fe;0,
nanostructure with boron doping for supercapacitor
application and also prepared h-BN/rGO composites
to study the band structure and electrochemical
properties. These works show that, a lower band
gap material shows a higher specific capacitance
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when compared to a higher band gap material. The
present work discusses the enhancement of specific
capacitance of Sb/ZnWOQ, by the incorporation of r-
GO, which reduces the band gap. Here we report
lower band gap Sb/ZnWO,r-GO nanocomposites
with high capacitance. As far as we know, there is
no report on Sb/ZnWO,/r-GO nanocomposites for a
supercapacitor application.

EXPERIMENTAL
Materials

Ammonium tungsten oxide ((NH4 WO, was
purchased from Alfa Aesar Co. Ltd. and zinc acetate
dihydrate ((CH3COO) 3Zn-2H,0) was purchased
from Merck Specialities Private Ltd. and antimony
trioxide (Sb,O3) was purchased from Nice Chemi-
cals Pvt. Ltd. Ethylene glycol (CoHgO5) is used as
solvent. All the chemicals were used as received,
with no further purification.

Synthesis of Antimony-Zinc Tungstate (ZWS)

The 0.3012 g of (NH4)2 WOy, 0.512 g (CH3COO),Z-
n2H,0 and 6.946 mg of Sb,O3 were dissolved
separately in a solution of distilled water and
ethylene glycol (1:1 volume ratio). The solutions of
antimony trioxide and zinc acetate dihydrate were
added to the ammonium tungsten oxide solution
and stirred well for 15 min. This reaction mixture
was then transferred to a Teflon jar for hydrother-
mal treatment at 180°C. After 24 h the system was
switched off and cooled down to room temperature.
The precipitate was separated and washed with
distilled water and acetone several times.

To prepare Sb-doped Zinc Tungstate-GO compos-
ite, the procedure for the synthesis of Antimony-
Zinc tungstate was repeated followed by the addi-
tion of 5 mg GO (Modified Hummers method was
used to prepare graphene oxide as explained in our
previous reports*!), and the sample is named as
ZWS-5.

Preparation of Working Electrode

The working electrodes for the supercapacitor
were prepared using a slurry obtained by mixing
the polyvinylidene fluoride (PVDF), carbon black
and active material in the ratio of 70:15:15 with
some quantity of N-methyl-2-pyrrolidone (NMP)
being coated on the cleaned titanium foil
(1 x 1 em?) and dried overnight in an oven at
60°C. Electrochemical tests were performed using
a three electrode system of Biologic SP-150 electro-
chemical workstation using coated titanium foil as a
working electrode, Ag/AgCl as the reference elec-
trode and platinum wire as the counter electrode.
The electrochemical properties of the prepared
samples were evaluated using cyclic voltammetry
(CV), galvanostatic charge—discharge (GCD) and
electrochemical impedance spectroscopy (EIS) in
2 M KOH aqueous electrolyte.

Characterizations

The crystal structure of the prepared sample was
characterized by x-ray diffractometer (XRD, Rigaku
miniflex 600 XRD instrument) at the scan rate of 2°/
min in the 20 range 10-80°. The micro structure
study of the prepared sample was done by a
Scanning Electron Microscope (SEM). The optical
properties were studied using photoluminescence
and UV-visible spectroscopy.

RESULT AND DISCUSSION
Powder X-ray Diffraction

Figure 1 indicates the XRD patterns of the r-GO,
ZWS and ZWS-5 nanocomposites, which were anal-
ysed and indexed by means of Panalytical Xpert
high score plus software. The XRD pattern of ZWS
shows a Wolframite structure of Sanmartinite and
cubic structure, which indicates that Sb formed a
separate cubic phase in the sample. ZnWO, and Sb
phases were indexed using JCPDS Card no. 01-073-
0554 and 00-017-0125, respectively. In r-GO we can
observe a broad peak at around 20° to 25° which
confirms the formation of the reduced graphene
oxide. In composite we can observe peaks of ZnWO,
and Sb along with reduced graphene oxide.

Morphology of the Samples

The morphology of the prepared samples was
studied using FESEM. We can observe a sheet-like
structure for a graphene oxide, which is shown in
Fig. 2a. From Fig. 2b we can observe a nanorod-like
structure of pure ZWS. ZWS nanorods are formed
and grown on r-GO sheets and r-GO sheets are
wrapped around the ZWS nanorods, which is clear
from Fig. 2c.

The specific surface area of ZWS-5 has increased
because of the incorporation of r-GO with ZWS
nanorods. It has a specific surface area of 48.607
(m? g~ 1) which is greater than that of pure ZWS and

—ZWS-5

Relative Intensity (a.u.)

2 0 (Degree)

Fig. 1. Powder x-ray diffraction patterns of the r-GO, ZWS and
ZWS-5.
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Fig. 2. FESEM images of the prepared (a) r-GO, (b) ZWS and (c) ZWS-5.
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Fig. 3. (a) Absorption spectra and (b) Emission spectra of the prepared r-GO, ZWS and ZWS-5 nanocomposite.

r-GO (16.408 and 46.432 m? g~ ') respectively. (See

supplementary Figure S1 and Table SI).

Absorption and Emission Spectra

The absorption spectra of the prepared r-GO,
ZWS and ZWS-5 composites are given in Fig. 3a.
Prepared r-GO, ZWS and ZWS-5 nanocomposites

have an absorbance in the UV region with an

absorption edge of about 267 nm.

The energy band gap of the prepared samples
was estimated using the plot of (¢Av)? versus (Av)
by indirect band gap method as shown in Fig. 4.
From the below equation, the conduction band (E.)
(Ey) of ZnWO,

and valence band
calculated.*?*3
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Fig. 4. Tauc plot analysis of the (a) r-GO, (b) ZWS, (c) ZWS-5 nanocomposite samples and (d) schematic representation of Eg4 values.

Table I. Obtained Energy band gap from the (¢hv)? Vs (hv) plot

E, (eV) literature References
4.9-0.02 Refs. 44-46
3.25-4.4 Refs. 47, 48
3-3.7 Refs. 49-51

Compound E, (eV) obtained
r-GO 4.11
ZWS 3.68
ZWS-5 3.52
E.=E,-E; (1)
E,=X—-E.+0.5E,, (2)

where X is the electronegativity
X = (X(Zn)X(W)X(0)V6. While Zn, O and W atoms
have electronegativity values of 4.45 eV, 7.54 eV
and 4.40 eV, respectively. Then the calculated value
of X is 6.31 eV. The value of E. is 4.5 EV, which is
the energy of free electrons in a hydrogen atom. The
conduction band (E.) and valence band (E,) of the
ZnWO, are 3.65 eV and — 0.03 eV, respectively.
The obtained band gap values of the prepared
samples from the (ahv)® versus (hv) plot and their
comparison with the reported values are given in
the Table I.

The ZWS-5 nanocomposite shows a comparatively
higher absorption than that of ZWS. This may be
due to the synergic interactions of r-GO and ZWS in

the composite. From Table I, we can observe that,
there is a reduction in the band gap. This may
possibly be due to the surface charge delocalization
brought about by the interaction of r-GO and ZWS
in the composite. Such interpretations for a semi-
conductor composite was stated in the litera-
ture.’®®! Schematic diagram of delocalization of
charges is shown in Fig. 4d.

The emission spectra of the prepared r-GO, ZWS
and ZWS-5 nanocomposite are shown in Fig. 3b.
The photoluminescence (PL) emission was recorded
for the prepared r-GO, ZWS and ZWS-5 with the
excitation wavelength of 260 nm. The PL emission
signal arises from the recombination of excited
electrons and holes. The PL spectrum of ZWS has
a broad emission with peak value of 475 nm
(2.61 eV) but there is no emission peak for r-GO.
Whereas in the ZWS-5 nanocomposite, there is a
shift in emission peak at 487 nm (2.54 eV). The
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ZWS-5 composite has a broader emission peak than
ZWS due to the transfer of photoinduced electrons
from the trapped states of ZWS to the r-GO nano-
sheets. These observations suggest that the combi-
nation of ZWS and r-GO can enhance the recombi-
nation of excited electrons and holes.

Electrochemical Supercapacitor

Figure 5a presents the CV curves of the ZWS and
ZWS-5 nanocomposite samples at a scan rate of
100 mV/s using a three electrode system in 2 M
KOH electrolyte at a potential range of — 0.6-0.2 V.
The absolute area of the CV curve is higher for
prepared ZWS-5 nanocomposite than pristine ZWS
due to the incorporation of r-GO. The specific
capacitance (C) of the prepared samples at different
scan rates was calculated using Equation 52

_JI(V)dv
Cs = muvAV '’ 3)
where C; (F/g) is the specific capacitance, m (mg) is
the mass of the active material, v (mV/s) is the scan
rate and AV (volts) is the potential window. The
specific capacitances of the ZWS and ZWS-5 are
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obtained as 64 F/g and 102 F/g at a scan rate of
1 mV/s. The increase of the specific capacitance is
due to r-GO. The incorporation of r-GO enhances
the surface area, conductivity and improvement in
the properties of the composites results in the
increment in the specific capacitance of the compos-
ite. The composite is one of the best materials for
the supercapacitor electrode compared to other
metal tungstates. The comparison with other metal
tungstates was tabulated in Table II.

Figure 5b and c represent the CV curves of ZWS
and ZWS-5 at different scanning rates of 1 mV/s,
5 mV/s, 25 mV/s, 75 mV/s and 100 mV/s, respec-
tively. The figure clearly depicts the increase in the
area under the curve with respect to scan rate. For
the lower scan rate, capacitance increases due to
absorption and desorption of the ions at available
sites. In the lower scan rate the ions diffuse and get
absorbed at accessible sites which increase the
specific capacitance of the material.’®

Figure 5d shows the charge—discharge curve of
the ZWS and ZWS-5 at 1 A/g. The electrodes
represent the triangular symmetrical curves, which
demonstrate the supercapacitor behavior. As seen
in Fig. 5d, ZWS-5 structure shows the longest
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Fig. 5. (a) CV of the ZWS and ZWS-5 nanocomposite at a scan rate of 100 mV/s. (b) and (c) CV of the ZWS and ZWS-5 at different scan rates.
(d) Charge—discharge curve of the ZWS and ZWS-5 nanocomposite at 1 A/g.
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charge—discharge period, compared to ZWS, provid-
ing the highest capacitance.

Figure 6 shows the band gap and the specific
capacitance plot. The specific capacitance and band
gaps of the ZWS and ZWS-5 nanocomposite are 64
F/g, 102 F/g, 3.68 eV and 3.52 eV, respectively.
From Fig. 6 it is clear that, the specific capacitance
is negatively correlated to the energy band gap of
the material. The decrease in the band gap
increases the electrochemical performance of the
ZWS in accordance with the incorporation of
reduced graphene oxide. The graphene oxide con-
tent can create bonding and anti-bonding bands
which are related to hybridization of empty and
occupied defect states. This transports more
electrons and improves the conductivity. During
the charging—discharging process, the good conduc-
tivity can rush the transport and relocate electrolyte
ions or electrons in the ZWS.?%5%6° The lower band
gap and incorporation of r-GO enhances the capac-
itance of the ZWS-5 nanocomposite.

To find the kinetics of the electrode material, EIS
were performed in the frequency range of 0.1 Hz to
1 MHz in a 2 M KOH electrolyte besides Ag/AgCl as
the reference electrode and Pt wire as counter
electrode. Figure 7a represents the Nyquist plot of
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the prepared ZWS and ZWS-5 electrodes. It is
notable that, at high frequency, the supercapacitor
exhibits resistive behavior while at a lower fre-
quency it exhibits capacitive behavior.51*? Gener-
ally, Nyquist curves provide information about
capacitors and the resistor behavior of the material.
A vertical straight line at a lower frequency region
explains the capacitor behavior of the electrode and
the kinetic arc at a higher frequency region explains
the resistive behavior. From Fig. 7a, the Nyquist
plot of the electrodes exposes the semicircles due to
the charge transfer resistance at the electrode and
electrolyte interface. For ZWS-5 a nanocomposite
semicircle was decreased due to incorporation of r-
GO, which specifies the decrease in the charge
transfer resistance. Figure 7c shows the simple
Randles circuit fitted to the Nyquist plot. Values of
the solution resistance (R), charge transfer resis-
tance (R.) and double layer capacitance (Cg) are
tabulated in Table III for the electrodes.

Figure 7b illustrates the capacitance retention of
the prepared ZWS and ZWS-5 nanocomposite. For
ZWS, capacity is gradually reduced, and it has 52%
retention at the 1000th cycle. While for ZWS-5 it
reduces to 67% at the 100th cycle, and there is no

Table II. The comparison of the specific capacitance with other metal tungstate Nanomaterials

C; (F/g) Scan rate ( mV/s) Electrolyte References
ZnWOQO4 nanoparticles 72 5 3 M KOH Ref. 53
MnWO, nanorods 27 5 1 M H,SO,4 Ref. 54
MnWO, 68 5 6 M KOH Ref. 55
MnWO, 18 5 1 M H,S0,4 Ref. 56
FeWO, 8 10 3 M NaCl Ref. 57
ZWS 64 1 2 M KOH Present work
ZWS-5 102 1 2 M KOH Present work
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Fig. 6. The band gap and specific capacitance of the ZWS and ZWS-5 nanocopmposite electrodes.
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Fig. 7. (a) Nyquist plot of the ZWS and ZWS-5 electrodes, (b) Cyclic stability of the sample and (c) equivalent circuit for the Nyquist plot.
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Table III. Capacitance and solution resistance calculated from the Nyquist plot

Samples Solution resistance (Ry) Q

Charge transfer resistance (R.) Q Double layer capacitance (Cq;) uF

ZWS
ZWS-5

1.435
1.036

5467
2308

153.5
431

significant reduction till 500 cycles, then it has
reduced to 47% at the 1000th cycle.

CONCLUSION

Solvothermally prepared Sb/ZnWO 4/r-GO
nanocomposite has Sb/ZnWQO, nanorods of mono-
clinic wolframite structure. The specific capacitance
of Sb/ZnWO, mnanorods and Sb/ZnWO,/r-GO
nanocomposite are 64 F/g and 102 F/g, respectively.
The incorporation of r-GO nanosheets with Sb/
ZnWO, nanorods enhances the specific surface area
of Sb/ZnWOQ, nanorods, thereby it increases the
electrochemical activity. Also, the band gap and
charge transfer resistance (R.) of Sb/ZnWO, have
been reduced on addition of r-GO nanosheets, which
contribute to the enhancement of electrochemical
activity of the composite.
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