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A study on the effect of phase conversion of
tungsten nanostructures on their electrochemical
energy storage performancet
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Herein, we report the synthesis of tungsten based nanostructures such as WOz, WO3z_, (W0, .72:WS;),

and WS, through a facile single step hydrothermal technique. The optical, structural, and morphological

studies are conducted, and the electrochemical performance of each electrode material is evaluated in

a symmetric two electrode configuration. An enhancement in the electrochemical energy storage
performance has been observed on changing the phase from WOz to WS,, which may be due to the
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accompanying changes in morphology and surface area. At 1 A g%, the symmetric supercapacitors with
WOs, WOs_,, and WS, electrodes exhibit specific capacitance values of 62, 86, and 215 F g%
respectively. At a power density of 0.76 kW kg™, the WO3z, WO5_, and WS, based devices offer energy

density values of 5.5, 7.6, and 19.1 W h kg%, respectively. The WS, electrode based supercapacitor

rsc.li/materials-advances

1. Introduction

Supercapacitors and batteries are the two crucial realms of
energy storage technology that have gained immense attention.
Batteries are characterized by their high specific energy value,
whereas supercapacitors are known for their high specific
power."™ Combining the properties of supercapacitors and
batteries led to the invention of ‘supercapattery’.’™ Before
establishing supercapattery on a large scale, the fabrication of
novel electrode materials for supercapacitors need to be
encouraged. Theoretical models suggest that tungsten-based
nanostructures can enhance electrochemical performance
because of their superior optical and electronic properties.
Herein, we focus on investigating the activity of the tungsten-
based nanostructures as supercapacitor electrode materials.
As a predominant non-ferrous metal, the well-organized
implementation and high-quality processing of tungsten
resources are of great importance. Synthesis of tungsten-
based nanostructures in large quantities offers immense oppor-
tunities to produce desired nanodevices. The high theoretical
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retains an excellent cycling stability rate of 97% over 10 000 continuous charge discharge cycles.

capacitance of tungsten oxide (WOj3), along with its convenient
crystalline features, tunable bandgap, earth abundance, economic
viability, and eco-friendly nature, makes this material a promising
candidate for a supercapacitor electrode material.>® The
electrochemical method, sol-gel synthesis, microwave treat-
ments, etc., are the most reported synthesis techniques of
WO, nanomaterials."'"* Specific capacitance (Cy,) values of
58.3 and 42.6 F g !, respectively, have been reported for
electrodeposited rGO-WO; and WO; electrodes at a current
density of 1 A g~ "." In 2021, Feiyan Shi et al. reported a
solid-state type supercapacitor based on 3D porous lignin-
derived carbon/WO; with a specific capacitance of 432 F g *
at 0.5 A g " and cycling stability of 86.6% after 10 000 cycles.®
In another study, a solid-state device was fabricated using WO,
(monoclinic phase) and 2D Ti;C,Tx on a 3D graphene foam
with a Cg, value of 145.2 F g~ ' at 5 mV s~ "7 All these studies
were conducted in a three-electrode asymmetric configuration.
Not many reports are available on the electrochemical perfor-
mance of WOj; in the symmetric two-electrode configuration.
The tungsten oxide materials can be found in various
colours, like green, violet, and dark blue, owing to some
oxygen-deficient non-stoichiometric materials, namely WO, g3,
WO, ¢ and WO, 5,, etc.'®2* Growth time, growth temperature,
synthesis methods, and the precursors used for the synthesis
determine the colour change. The morphological structure and
the optoelectronic properties of these compounds vary. Still,
the materials are stable in various conditions, like dry or humid
atmospheres and in the dark or under light irradiation. The
properties such as carrier concentration, charge transport,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electrical conductivity, etc., are improved within the semi-
conductor by the shallow donor energy level created by the
oxygen vacancies. Yingying Li et al. reported an oxygen vacancy
study on tungsten oxide materials. In his work, the change of
colour of WO; material from yellow to dark blue (WO, 5,) due to
the effect of hydrogen treatment (as a photothermocatalyst) was
explained.”” The oxygen vacancies of the WO; material and its
photocatalytic applications were also reported by Michael Sachs
et al.> 1t is of great value to explore the charge storage
mechanism of tungsten oxides possessing different contents
of oxygen vacancies for supercapacitor applications since this
field has not been investigated much.

Tungsten disulfide (WS,) is another trending material
among transition-metal dichalcogenides (TMD), which is consid-
ered a next generation 2D TMD for energy storage applications.>*
WS, possesses many optoelectronic properties similar to tungsten
oxides. According to the theoretical models, in comparison
with other TMDs, WS, exhibits the highest mobility because
of its reduced effective mass. The material has high theoretical
capacitance and a large surface area.>*>® So WS, can be
considered a promising material for supercapacitor applications.
Recently Amrita De et al. reported a WS,/PANI composite
supercapacitor for high-frequency AC filtering applications.
The symmetric supercapacitor based on WS,/PANI shows a
capacitance of 72.27 F g " at 1 A g~' and energy density and
power density value of 6.42 W h kg™ " and 399.9 W kg ',
respectively. The device shows 98% capacitance retention after
10000 cycles.?® In another symmetric configuration study, WS,/
RGO composite electrodes were fabricated by S. Ratha et al. The
device shows a specific capacitance of 350 F g~ * at a scan rate of
2mV s~ '. But the bare WS, shows a Cy, of 70 F g~ " only.”” In the
asymmetric three-electrode configuration, K.V. Raghavendra
et al. fabricated a WS,/ZnCo,0, composite electrode material
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Fig. 1 Schematic of the synthesis of tungsten based nanostructures.
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for supercapacitor applications in 2021. The device shows a
specific capacity of 154.74 mAh g~ '. The device exhibited
80.08% rate capability and 96.34% stability up to 4000 cycles.
Here also, the bare WS, electrode exhibited a specific capacity
of 48.61 mAh g~ only.*! Reports suggest that the WS, material
shows poor performance as an electrode material for super-
capacitors, whereas WS, performs exceptionally well in combi-
nation with other organic/inorganic composite materials.
Considering the innate potential of WS,, the outcome has not
reached up to the expectation. So it is necessary to focus more
research on this area.

The present work is devoted to the experimental investigation of
the supercapacitor performance of tungsten oxide nanostructures
and tungsten sulfide synthesized through a single-step and facile
hydrothermal synthesis method. WO;, WO;_,, and WS, nano-
structures are synthesized and optimized. The electrochemical
energy storage performance of the materials in symmetric two-
electrode configurations is evaluated, and the results are discussed.

2. Experimental
2.1 Materials

Thiourea: CH,N,S (Sigma-Aldrich; >99.0%), sodium chloride:
NaCl (Sigma-Aldrich; >99%), sodium tungstate dihydrate:
Na,WO0,.2H,0 (Sigma-Aldrich; >99%), hydrochloric acid: HCI
(Sigma-Aldrich; 37%).

2.2 Synthesis

2.2.1 Method 1: synthesis of WO;. To synthesize a WO;
nanomaterial through a hydrothermal process, Na,W0O,.2H,0
(sodium tungstate dihydrate) was used as the tungsten
source. As a direct growth agent, sodium chloride was used.
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Both Na,WO0,.2H,0 and NaCl were dissolved in 60 ml of
deionized water at 50 °C with 40 min vigorous magnetic
stirring. After complete dissolution, the pH level of the solution
was adjusted by using HCI and it was placed in a Teflon-
lined stainless steel autoclave (100 ml). The temperature
maintained for the entire process is 220 °C for 24 h.
Finally, the product obtained was taken and washed and dried
at 80 °C for 20 h. The colour of the product is yellow, as shown
in Fig. 1.

2.2.2 Method 2: synthesis of WO;_,. The entire synthesis
process was repeated, as mentioned in Section 2.2.1, except that
CH,N,S was used instead of NaCl, all the other processes being
the same. Finally, a dark blue colour precipitate was obtained,
as shown in Fig. 1.

2.2.3 Method 3: synthesis of WS,. The entire synthesis
process was repeated, as mentioned in Section 2.2.2, except
that the temperature for the hydrothermal synthesis was
increased to 265 °C from 220 °C, for the same period of
time that is 24 h. At the end of the hydrothermal synthesis
process, a black colour precipitate was obtained, as shown
in Fig. 1.

2.3 General characterization

The structural and optical investigations of the samples were
done using XRD (Bruker Dg Advance) and Raman spectroscopy
(Horiba Jobin Yvon micro spectrometer). Also the model Jasco
6800 was used for FTIR spectroscopy (400 to 2500 cm™%).
Morphological analyses were conducted by using a Carl ZEISS
FESEM. A Tristar 3000 was used for Brunauer-Emmett-Teller
(BET) surface area analysis. An Octane Elect was used for EDS
Elemental composition analysis. An FEI, Tecnai G230LaB6 was
employed for TEM analysis. XPS analysis was done using a PHI
5000 Versa Probe II (ULVAC-PHI Inc.).

2.4 Symmetric device fabrication and performance studies

For electrochemical performance studies and device fabrication,
first WO;, WO3_,, and WS, samples were ultrasonicated for 10-
15 min using ethanol. After that, each one was deposited
separately over a carbon cloth having an area of 1 cm”. These
deposited electrodes were then dried at nearly 70 °C for the
time period of 6 h.

The electrochemical studies were performed in a two-
electrode configuration by using an electrochemical worksta-
tion (VMP3 biologic). The two active electrodes were set apart
with an insulating separator (Celgard 3400). The electrolyte
used for the fabrication of the device is KOH. The assembly was
then put together in a test cell, EL-Cell, for electrochemical
measurements.

The specific capacitance value for the symmetric device is
calculated by the equation,

Cp=—r )

()

. . AV
Here ‘7’ stands for the cathodic current, AL represents the slope
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of the discharge curve, and ‘m’ stands for the mass of active
electrode material in each electrode.

3. Results and discussion

3.1 Material characterization

The XRD spectra of the WO3z;, WO;_,, and WS, materials are
shown in Fig. 2. All peaks of the WO; sample are indexed. The
observed peaks closely match the JCPD file number 00-072-
1465, corresponding to the monoclinic crystal system (Space
Group P21/n) of WO; with the predominant peak showing
orientation toward the 002 crystalline plane. The XRD pattern
of the WO;_, sample shows a peak broadening compared to the
XRD spectra of WO;. The peak broadening suggests a change in
crystallite size, which is due to the introduction of sulfur. The
presence of a non-stoichiometric compound was also identified
from these observations. The non-stoichiometric compound of
tungsten oxide is WO, ;,, which is confirmed from the JCPD file
number 00-073-2177. All peaks of the WO;_, sample are
indexed and the crystalline planes indicate that the prepared
sample was a monoclinic phase of WO, ;, with space group
P2/m. Similar observations were also seen in Raman analysis.
The XRD pattern of the WS, sample matches the hexagonal
phase of WS, with Space Group P63/mmc (JCPDS file number:
00-008-0237).

A peak broadening has been observed on moving toward
the WS, sample from WOj; due to the change in crystallite size.
The crystallite size has been calculated from the Debye-Scherrer
equation given in the ESIt as eqn (1).

The Raman spectra of WOz, WO;_,, and WS, are shown in
Fig. 3a. In the case of the WO; sample, the sharp peaks
observed at 808 cm ' and 716 cm™ ' are allocated to the
stretching mode of the tungsten atom with the nearest oxygen
atoms. The other two peaks observed at 324 cm™ ' and 270 cm ™ *

M
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Q
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£ I | 1 L
- WO,, JCPDS: 00-073-2177
WO3 JCPDS :00-072
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Fig. 2 XRD Pattern of WO3, WOs_, and WS, samples.
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Fig. 3 (a) Raman spectra, and (b) FTIR spectra of the WO3z, WOs_, and WS, samples.

correspond to the W-O-W bending mode of vibration,'*?**>

No impurity phases were observed. When coming to the WO;_,
sample, with sulfur treatment, a broadening has been observed
in the characteristics of the Raman bands. The broadening
suggests that there is a weakening in crystallization. Also a shift
to a lower wavenumber has been observed which might be due
to the introduction of oxygen vacancies. The presence of non-
stoichiometric compounds like WO, ;, was identified from
these observations. The shift in the W-O stretching mode of
vibration to the lower wavenumber region might be due to
the oxygen vacancy,which would have lead to the rise in
the interplanar distance and lengths of W-O bonds. Similar
observations were also reported by Y. Li et al.>® Finally, while
analyzing the WS, sample, it has been noted that all the peaks
corresponding to the W-O bands have vanished. The presence
of oxygen and non-stoichiometric tungsten oxide compounds
entirely disappeared. No other impurity phases were detected.
This is achieved by the controlled synthesis strategy adopted
during the hydrothermal synthesis process, as mentioned in
Section 2.2.3. Two dominant peaks were observed at 347 +
2 ecm™ ' and 415 £ 2 em ™' corresponding to the in-plane and
out-of-plane vibration of the WS,.***?

The FTIR is closely associated with molecular vibration and
instructions related to the bonding and structure of molecules.
The FTIR spectra of WO;, WO;_,, and WS, samples (wavenumber
between 400 and 2500 cm ') are shown in Fig. 3b. The dominant
peak at 616 cm ™" detected for the WO; sample corresponds to the
stretching and bending vibrations for O-W-O and W-O-W
in WO0,.**** No other dominant peaks were detected, which
guaranteed the purity of the tungsten oxide sample. In the WO;_,
sample, the peak observed at 670 + 2 cm™ " corresponds to the

© 2022 The Author(s). Published by the Royal Society of Chemistry

W-O-W stretching mode of vibration, and the peak detected at
nearly 956 cm ™" is attributed to the W-O stretching vibration of
the sample, and the peak at 1396 cm ™" is attributed to the O-H
bending vibration in W-OH.**?* S-S/W-S bonds were also
detected due to the presence of WS, in the sample. The peak
detected at 650 cm™ ' indicates W-S stretching and bending
vibrations in WS, and that at nearly 1082 cm ™" refers to the S-S
vibrations in the as-prepared sample.’**>*®* Hence in the
WO;_, sample, a composite formation of WO, ;,:WS, was con-
firmed. The shift in peaks were observed due to the formation of
WS, in the WO;_, sample. These results match with the XRD
results. In the case of the WS, sample, three dominant peaks were
observed. The first two peaks detected at 650 cm™* and 1399 cm ™+
are attributed to W-S stretching and bending vibrations (similar
to the WO;_, sample), and the third one detected at nearly
1082 cm ' shows the existence of S-S bonds. Also the peak
observed at 452 cm™ " suggests the confirmation of the existence
of the S-S stretching vibrations of WS,.**?>4647

The optical properties of WO;, WO;_,, and WS, were analyzed
by the UV-visible spectroscopy technique. The optical band gap
of each sample was calculated by the diffuse reflection spectra
(DRS) method with the help the Kubelka-Munk equation®® and
shown in Fig. Sla-c in the ESI.{ The optical bandgap of WO;
is 2.5 eV, that of WO;_, is 2.2 eV and for the WS, sample is
1.7 eV. A decrease in bandgap was observed when coming from
WO;/WO;_, to WS,. The reduction in bandgap for the WO;_,
and WS, samples might be due to oxygen vacancies. The oxygen
vacancies in the samples produce in-gap donor states,
thereby trying to decrease the gap between the Conduction
Band Minima (CBM) and Valance Band Maxima (VBM).*® The
oxygen vacancy and bandgap narrowing studies were also

Mater. Adv., 2022, 3, 5900-5910 | 5903
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Fig. 4 FESEM images of (a) WO3, (b) WO3_, and (c) WS,, and nitrogen adsorption and desorption isotherms of (d) WOs, (e) WOz_, and (f) WS,.

reported in the case of the ZnO material by Junpeng
Wang et al.’’

XPS analysis was carried out to investigate the oxygen vacancy
study of the WO;_, sample, and the results are shown in the ESI{
in Fig. S1d to f. The analysis reveals that three oxidation states of
W are found in the WO;_, sample as +6, +5 and +4, confirming
the presence of WO, 5, and WS, in the sample.

The morphology and the microstructure of the samples were
examined by FESEM and TEM measurements, respectively.
Fig. 4 shows the FESEM images of WO3;, WO, _,, and WS, samples
synthesized via the hydrothermal technique. The WO; sample
exhibited a nanoplate-like structure, whereas the WO;_, sample
exhibited nanorod/nanowire-like morphologies,*® as evident from
Fig. 4a and b. In the WO;_, sample, layered flakes were moder-
ately wrapped around the nanowires. The change in morphology
might be due to the effect of the sulfur precursor in the
sample.*®****® The average diameter of the WO; nanoplate was
around 260 nm. The average diameter of the nanorod was around
84 nm. And the average length of the nanorod was 950 nm. The
WS, sample exhibited a nanosheet/nanoflake-like morphology, as
shown in Fig. 4c. The high temperature assisted synthesis of the
WS, sample helps in the conversion of WO; nonorod/nanowire to
WS, nanosheet/nanoflake-like morphology.** The substitution of
oxygen by sulfur (conversion of the oxide to sulfur) takes place due
to the effect of temperature. A similar observation was reported for
the SnS based material in 2020.**

The growth mechanism of the different morphologies of
WO3;/WO;_, can be explained according to the following
equations®

Na,WO0,-2H,0 = 2Na' + WO,>~ + 2H,0

(2)

5904 | Mater. Adv., 2022, 3, 5900-5910

2Na" + WO,%~ + 2HCI = H,WO, + 2NaCl

®)
(4)

H,WO, = WO; (crystal nucleus) + H,O

WO; (crystal nucleus)/WO; (different morphologies)

The incomplete sulfidation of the tungsten oxide resulted in
the morphological deviation of plate-like TMO to nanorods of
the composite WO, 7, :WS,. The complete sulfidation of tung-
sten oxide favours the formation of sulfide layers over the TMO.
The continuous sulfidation leads to the change in morphology
from nanorods to nanosheets.

The nanosheet-like morphology can contribute to maximum
electrolyte accessible surface area. The existence of an immense
quantity of redox-active regions will contribute to better con-
ductivity for WS,, thereby improving the electrochemical per-
formance of the electrode material.>>

The BET surface analysis provides details regarding the pore
volume and surface area of the material. Fig. 4d-f show the
nitrogen adsorption and desorption isotherms of WO;, WO;_,
and WS, electrode materials. The BET results confirm that the
WOj electrode material has a surface area of 7.3 m* g~ ' with an
average pore radius of 3.2164 nm. The WO;_, electrode material
possesses a surface area of 23.789 m” g~ ' with an average pore
radius of 4.5996 nm. The WS, electrode material shows a com-
paratively higher surface area of 24.486 m® g~ with an average
pore radius of 4.0390 nm. These results are in good agreement
with our FESEM analysis. The isotherms of all these samples
come under the type IV profile. The hysteresis loop also confirms
that all three electrode materials were mesoporous in nature.*>*!

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TEM images of (a) WOs3, (b) WOs_, and (c) WS, and HR-TEM images of (d) WOs, (e) WOs_, and (f) WS, samples.

Fig. 5a—c, respectively, show the bright field TEM images of
WO;, WO;_, and WS,. Nanoplate-like morphology was con-
firmed for the WO; material. The nanoplate-like morphology
then changes to nanorod/nanowire-like morphology in the case
of the WO;_, sample. Nanosheet-like morphology was con-
firmed for the WS, electrode material. Fig. 5d shows the HR-
TEM image of the WO, electrode material for which the d
spacing is 3.1 A, indicating that the reflection is from the
(—112) plane. Fig. 5e shows the HR-TEM image of WO;_,
electrode materials, where the d spacing is 2.6 A and the
reflection is from the (113) plane. Fig. 5f shows the HR-TEM
image of the WS, electrode material for which the d spacing is
3 A, indicating the reflection from the (004) plane.

3.2. Fabrication of WO;, WO;_, and WS, based symmetric
supercapacitors and electrochemical performance studies

The cyclic voltammograms (CV) of the three symmetric super-
capacitors based on W03z, WO;_,, and WS, electrode materials
were investigated between the potential range 0 to 0.8 V at
different scan rates from 5 to 200 mV s ', and the results are
shown as Fig. S2 in the ESI.{ Fig. 6a depicts the comparison CV
curves of WO;, WO;_,, and WS, based supercapacitors at a
scan rate of 20 mV S . The quasi rectangle structure of the CV
curve of all three electrode materials suggests that the charge
storage mechanism is a combination of the double layer and
the pseudocapacitive behaviors. The percentage of surface
capacitive and diffusion contributions for each electrode mate-
rial has to be confirmed later. The comparison of the galvano-
static charge-discharge (GCD) measurements of the devices
was conducted between the potential ranges of 0 to 0.8 V at
different current densities from 1 to 5 A g~ '. The GCD curves
for the supercapacitors at a constant current density of 1 A g™"
are shown in Fig. 6b. The deviation from the ideal triangular

© 2022 The Author(s). Published by the Royal Society of Chemistry

shape of the GCD curves indicates the contribution from
the pseudocapacitive and EDLC charge storage mechanism. The
specific capacitance values of devices were calculated from the
GCD measurements by using eqn (1). At 1 A g, symmetric
supercapacitors based on WOz, WO;_,, and WS, electrode mate-
rials exhibited Cj, values of 62, 86, and 215 F g’l, respectively. The
superior capacitive performance of the WS, based supercapacitor
can be attributed to the large electrolyte accessible surface area
offered by the WS, material.

The electrochemical charge storage mechanism of WO;/
WO0,_, in KOH electrolyte can be expressed using eqn (5) as:**

WO; + xK" + xe~ = KxWO;. (5)

The storage mechanism of WS, can be explained by using
equations 6 and 7,%*

WS, + K" + e~ < WS—-SK (faradaic) (6)

(WSZ)Surface + K+ +te < (WSZ__I<+)Surface (1’101’1 faradaic)

)

The variations in the specific capacitance values at different
current densities are shown in Fig. 6¢c. A decline in specific
capacitance value with increasing current density is observed.
This behavior matches the general trend in the rate perfor-
mance of energy storage devices. The ions from the electrolyte
could get more access to the pores that exist in the inner
structure of the electrode material at a lower scan rate. This
process increases the specific capacitance at lower scan rates.

For the practical application of the device, the stability or
charge retention rate should be higher. Here, the fabricated
symmetric devices of WOz, WO;_,, and WS, possess excellent
charge retention rates. The WS, based device demonstrated
97% capacitance retention even after 10000 cycles at 5 A g~
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current density, which is much better than the other two devices,
as shown in Fig. 6d. The WO; and WO;_, electrode material
based devices exhibited nearly 93% and 96% capacitance reten-
tion even after 10 000 cycles. The cyclic stability of the WS, based
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Fig. 6 (a) CV curve of WOz, WO3_, and WS; at 20 mV s7%, (b) GCD curve of WOz, WO3_, and WS; at 1 A g™, (c) variation of the specific capacitance with
current density, (d) the capacitance retention of the WOz, WOs_, and WS, electrode material over 10 000 cycles.

device at a high current density of 20 A g~ over 6500 cycles has
also been done, shown in Fig. S3 in the ESL}

The morphology and microstructure of the materials were
further evaluated using SEM and TEM measurements after the

50 nm
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Fig. 7 SEM images of (a) WOs, (b) WOs_, and (c) WS, and TEM images of (d) WOs, (e) WOs_,, and (f) WS, after the cycling stability test.
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Table 1 Comparison of the symmetrical device performance of WOz and WS, based electrode materials with the literature

Electrode Material

Stability (%)

Energy density (W h kg™') Ref.

rGO-WO;

WO; Monoclinic
WO; Monoclinic
WO;3/CNT

Co (5%) doped WO;/f*CNT
WO; Monoclinic
W03—x
WS,/PANI

WS,

WS, Nanoflower
WS, Nanosheet

Electrolyte  Current density/scan rate Capacitance (F g~ ')
1MH,S0, 1Ag"’ 58.3
1MH,S0, 1Ag" 42.6
6MKOH 10mvS*' 37
2MKOH 1Ag! 50
2MKOH 1Ag™ 60.14
6MKOH 1Ag"' 62
6MKOH 1Ag! 86
1M Na,SO, 1Ag™" 72.27
1M Na,SO, 2mV S 70
6MKOH 1Ag! 119
6MKOH 1Ag"' 215

81 —
83 —

93 5.5 @0.76 kW kg™
9 7.6 @ 0.79 kw kg !
98 6.42 @ 0.4 kW kg ™!
100 10.57 @ 0.8 kW kg *
97 19.1 @0.8 kW kg™ !

15
15
42
43
43
This work
This work
29
30
32
This work

stability studies. Fig. 7 shows the FESEM images and TEM
images of the samples after cycling stability measurements.
The samples did not show any noticeable changes in the
morphology and microstructure.

Table 1 shows the comparison of the symmetrical device perfor-
mance of WO; and WS, electrode materials with the literature.

Fig. 8a-c show the Nyquist plots of WO;, WO;_,, and WS,
supercapacitors. The EIS measurements of the three symmetric
devices were conducted over 0.01 Hz to 100 kHz frequency.
The diameter of the semicircle region represents the charge

supercapacitors based on WOz, WO;_,, and WS, materials
exhibit R.; values of 8.9, 7.6, and 5.8 Q, respectively. With the
lowest R.; value, the WS, electrode offers better conductivity
and excellent specific capacitance. The fitting of the EIS plots
using ZSimpWIN3.21 software is illustrated in Fig. S4a—c of the
ESL+ The Bode plots of the supercapacitors are shown in
Fig. S4d (ESI}). Energy and power density values have been
calculated using eqn (8) and (9):

Cyp X 12 B
transfer resistance (R.) of the electrode material. Symmetric Sg = ﬁw hkg™! (8)
1000
| a *-Wo,| 600f b —m-Wo_,
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Fig. 8 Nyquist plot of (a) WOs3, (b) WO=_, and (c) WS,, and (d) Ragone plot.
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Sp="EX 2 Wkg! (9)

where Cy, is the specific capacitance, V is the cell voltage, At
is the discharge time in seconds, Sg is the specific energy in
W h Kg~' and S is the specific power in W kg™ '. The Ragone
plot is shown in Fig. 8d. At a power density of 0.76 kW kg™, the
WO3;, WO;_,, and WS, based devices offer energy density values
of 5.5, 7.6, and 19.1 W h kg™ !, respectively.

The contribution of charge storage can be calculated from
Trasatti’s method and Dunn’s method, as shown in Fig. S5 of
the ESIL.{ The present study demonstrates that the WS, based
supercapacitor shows excellent electrochemical performance
compared to the other two devices due to its higher surface
area and better charge transfer resistance. An increment has
also been seen in specific capacitance, energy density, and
stability rate while coming from WO; to WS, nanostructures
due to the changes in morphology and surface area.

The WO3;, WO;_,, and WS, nanomaterials show excellent
electrochemical performance, making them ideal for super-
capacitor electrode materials. The asymmetric combinations
of these electrode materials can also be explored.**>*

4. Conclusion

WO;, WO;_,, and WS, nanomaterials were successfully synthesized
through a single-step hydrothermal technique. The electrochemical
energy storage performance of the as-prepared nanomaterials was
evaluated in symmetric two-electrode configurations. At a constant
current density of 1 A g™, the symmetric supercapacitors with
WO;, WO;_,, and WS, electrodes exhibited specific capacitance
values of 62, 86, and 215 F g, respectively. At a power density of
0.76 kW kg™ ', the WO,;, WO;_,, and WS, based devices demon-
strated energy density values of 5.5, 7.6, and 19.1 W h kg™,
respectively. The WS, based device exhibited superior electroche-
mical performance with excellent cycling stability of 97%, even after
10000 consecutive GCD cycles at 5 A g .
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