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Abstract: To enhance the energy density and power per-
formance of supercapacitors, the rational design and syn-
thesis of active electrodematerialswith hierarchicalmeso-
porous structure is highly desired. In the present work,
fabrication of high-performance hierarchical mesoporous
WO3-MnO2 composite nanostructures on carbon cloth
substrate via a facile hydrothermal method is reported. By
varying the content of MnO2 in the composite, different
WO3-MnO2 composite thin films are obtained. The forma-
tion of composite is confirmed by X-ray diffraction (XRD)
and X-ray photoelectron spectroscopy (XPS) analyses. The
Brunauer-Emmett-Teller (BET) analysis reveals maximum
specific surface area of 153 m2 g−1. The optimized WO3-
MnO2 composite electrode demonstrates remarkable elec-
trochemical performancewith high specific capacitance of
657 F g−1 at a scan rate of 5 mV s−1 and superior long-
term cycling stability (92% capacity retention over 2000
CV cycles). Furthermore, symmetric flexible solid-state su-
percapacitor basedonWO3-MnO2 electrodes has been fab-
ricated. The device exhibits good electrochemical perfor-
mance with maximum specific capacitance of 78 F g−1 at a
scan rate of 5 mV s−1 and specific energy of 10.8 Wh kg−1

at a specific power of 0.65 kW kg−1. The improved elec-
trochemical performance could be ascribed to the unique
combination of multivalence WO3 and MnO2 nanostruc-
tures and synergistic effect between them
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1 Introduction
Supercapacitors are the most promising electrical en-
ergy storage devices which gained significant attention
because of their desirable features like fast charging-
discharging rates, high efficiency, long-term cycling sta-
bility and ease of operation [1–3]. Recently, the develop-
ment of supercapacitorswith superior cycling stability and
high energy density without sacrificing its power density
is highly recommended [4, 5]. Generally, transition metal
oxides are widely used electrodes for the development of
efficient supercapacitors [6, 7]. However, their poor elec-
trical conductivity and limited cycle life restrict their fur-
ther practical application. The composite supercapacitors
are one of the impeding class of electrochemical capac-
itors with the prospect to deliver high energy density at
high charging-discharging rates. Moreover, many research
groups have prepared carbon based metal oxide compos-
ites to enhance the poor electrical conductivity of metal
oxides. For example, MnO2/CNT composite prepared by
Li et al. [8] exhibited a specific capacitance of 201 F g−1.
Wang et al. [9] preparedMnO2/carbon nanowires compos-
ite which exhibited a specific capacitance of 465 F g−1.
However, the use of carbon materials as a supercapacitor
electrode decreases the cost-effectiveness of electrode and
specific capacitance. Therefore, the extensive research ef-
forts towards making efficient supercapacitor electrodes
with low-cost and high performance remain a challenge.
Meanwhile, highly conductivemetal oxides are utilized for
enhancing conductivity and electrochemical performance
of metal oxide based supercapacitors [10–12].

The mixed metal oxide composites are widely used
to enhance the electrochemical performance of metal ox-
ides by expanding their redox activity, specific surface
area as well as conductivity. The mixed metal oxides be-
cause of their different valencies provide additional re-
dox sites during electrochemical reactions and thereby en-
hance the specific capacitance and energy density [13, 14].
Recently, various mixed metal oxide composite electrodes
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such as NiO/Co3O4, Mn3O4/ Co3O4, NiCo2O4/NiWO4 etc.
have been regarded as best electrodes for next-generation
supercapacitors [14–16].

Many research groups have reported WO3 as an active
electrode material for supercapacitors due to their excel-
lent physico-chemical properties and diverse potential ap-
plications [17–19]. In previous studies, Kang et al. [20] pre-
pared ordered mesoporous WO3 with high electrical con-
ductivity of 1.76 S cm−1which is comparable to the conduc-
tivity of ordered mesoporous carbon (3.0 S cm−1). More-
over, supercapacitors based on composite electrodes us-
ingMnO2 are of significant importancebecauseof their no-
table theoretical capacitance, abundantnatural resources,
low cost and environmental compatibility [21]. However,
the intrinsically poor electrical conductivity of MnO2 (10−5

to 10−6 S cm−1) restricts its power performance. The in-
dividual capacitive performance of WO3 and MnO2 has
been widely studied, however, there are only few reports
on their composites. Therefore, in the present investiga-
tion, a simple synthesis strategy is employed to prepare
WO3-MnO2 composite thin films on carbon cloth sub-
strate. This approach has number of advantages such as,
MnO2 nanoparticles in the composite allow fast and re-
versible faradic reactions and reduces the ion diffusion
length. WO3 nanostructures with high conductivity pro-
vides a direct pathway for electron transport and create
mesoporous channels for the effective transport of elec-
trolyte ions. The main advantage of this composite elec-
trode is that the composite electrode is capable of achiev-
ing superior cycling stability as compared to MnO2 and
higher storage capacity than the bare WO3 electrode.

Herein, the synthesis of hierarchical mesoporous
WO3-MnO2 composite nanostructures on carbon cloth us-
ing hydrothermal method is reported. By varying the con-
tent of MnO2, differentWO3-MnO2 composite films are ob-
tained. The electrochemical performance of electrodes is
investigated in a standard three-electrode cell with 1 M
Na2SO4 solutionas anelectrolyte. The fabricationofmixed
metal oxide composites on carbon cloth can provide a
novel idea for the development of promising electrodes for
supercapacitors.

2 Experimental

2.1 Synthesis of WO3-MnO2 composite thin
films

The hydrothermal method is well suited for the prepa-
ration of composite materials. The WO3-MnO2 composite

thin films were deposited directly on carbon cloth sub-
strate by binder- and additive-free approach. Briefly, 0.1
M Na2WO4·2H2O was dissolved in 75 ml of double dis-
tilled water (DDW). The resulting solution was sonicated
for about 10 min. Further, 0.05 M KMnO4 (75 ml) solution
was added dropwise into above solution under continu-
ous magnetic stirring at room temperature. Subsequently,
the pH of resulting solution was maintained at ~2.0 by
dropwise addition of 3 M HCl solution under stirring to
form a suspension. Afterwards, the reaction mixture was
placed in a teflon-lined stainless steel autoclave with a
capacity of 200 ml. The well cleaned carbon cloth sub-
strate (2 × 5 cm2) was placed into the autoclave and main-
tained at 453 K for 12 h in an oven. The autoclave was
naturally cooled down to room temperature and the car-
bon cloth coated with grey-brown material was taken out,
washed repeatedly with DDW to remove residual nanopar-
ticles and dried overnight. Furthermore, different WO3-
MnO2composite thin films were obtained by varying the
amount of KMnO4 as 0.05, 0.075, 0.1 and 0.125 M while
keeping other parameters the same. The films obtained
with WO3:MnO2 molar ratios 1:0.5, 1:0.75, 1:1 and 1:1.25 are
labelled as A:WMn, B:WMn, C:WMn and D:WMn, respec-
tively. Schematic illustration for hydrothermal synthesis of
WO3-MnO2 composite thin film is shown in Figure 1.

2.2 Characterization techniques

The WO3-MnO2 composite thin films were characterized
by different physicochemical techniques. The surfacemor-
phologies of prepared thin films were monitored by field-
emission scanning electron microscope (FE-SEM; JEOL
JSM-6390). The energy dispersive X-ray analysis (EDAX)
was employed for the chemical characterization or el-
emental analysis of the sample. The X-ray diffraction
study was performed using Bruker AXS D8 advancemodel
with copper radiation (λ = 1.5418 Å). The X-ray photo-
electron spectrum (XPS) was analysed using ESCALAB
250Xi X-ray photoelectron spectrometer microprobe. The
N2 adsorption-desorption isotherms were measured on a
Quantachrome, Model-NOVA 1000E. All electrochemical
characterizations were carried on a automatic battery cy-
cler (WBCS3000) using the standard three electrode sys-
temwith 1 M Na2SO4 as an electrolyte, prepared thin films
as a working electrodes, platinum foil as a counter elec-
trode and saturated calomel electrode (SCE) as a reference
electrode. Electrochemical impedance spectroscopy (EIS)
measurement was performed using electrochemical work-
station (ZIVE SP 5).
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Figure 1: Schematic illustration for hydrothermal synthesis of WO3-MnO2 composite thin film.

3 Results and discussion

3.1 Surface morphological and elemental
studies

The FE-SEM images of WO3-MnO2 composite thin films
prepared with various precursor’s molar ratio at two dif-
ferent magnifications of 13,000 X and 80,000 X are shown
in Figure 2. The composite thin films demonstrate porous
structure with agglomerated surface morphology, which
is composed of bunches of nanostructures with WO3 3-
dimensional (3-D) cubes and MnO2 nanoparticles. The 3-
D cubes and nanoparticles together form large number of
mesopores in the composite material.

The surface morphology of A:WMn (1:0.5) thin film
demonstrates that the film surface is covered with rough
and irregularly shaped grains in the form of cubes (Fig-
ure 2(a-b)). ThegrowthofMnO2 nanoparticles into clusters
is clearly observed on these cubes. The 3-D cubes have di-
ameters in the range of 400-500 nm. The surface of B:WMn
(1:0.75) thin film in Figure 2(c-d) depicts that the diame-
ter of 3-D cubes is reduced to half with increasing con-
centration of Mn in composite. The increased number of
MnO2 nanoparticles covers the surface of 3-D cubes. The
3-D cubes have diameters in the range of 200-300 nm.
With further increase in concentration of Mn for C:WMn
(1:1) thin film, the 3-D cube structure of WO3 collapses and
forms small nanoparticles as shown in Figure 2(e-f)). The
small nanoparticles agglomerated together to form a clus-
ter of nanoparticles. The cluster of nanoparticles with ir-
regular shape and size are randomly oriented all over the
carbon cloth substrate. This causes the formation of nu-

merous mesopores on the surface and in the bulk of ac-
tive material. The intermediate space between these clus-
ters provides an easy path for the diffusion and trans-
portation of electrolyte ions and decreases the ion diffu-
sion length. Such a nanostructured mesoporous surface
morphology provides numerous electrochemically active
sites during charge intercalation/deintercalation process
and improves the rate of electrochemical reactions. The
porosity of film enhances the interaction between active
material and the electrolyte which thus improves the elec-
trochemical performance. Impressively, MnO2 nanoparti-
cles possess high specific surface area to store the charge
and WO3 nanoparticles enhance the rate of penetration
of electrolyte into the interior of porous nanostructure.
Moreover, addition of extra Mn in D:WMn (1:1.25) thin film
shows the formation of slightly compact surface morphol-
ogy (Figure 2(g-h)). At higher concentration of Mn, num-
ber of nanoparticles in composite thin film are increased.
Thesenanoparticles are attached to the cluster of nanopar-
ticles. As a result, clusters of nanoparticles grow into a
larger size and form a compact surface of film. The com-
pact surface of D:WMn thin film reduces the porosity and
active surface area during electrochemical reactions as
compared to C:WMn thin film.

Themolar ratio of precursors (Na2WO4·2H2O/KMnO4)
is one of the important parameters to obtain the required
WO3-MnO2 composite thin films. For C:WMn thin film
equimolar concentration of both precursors form highly
porous surface morphology. The porous surface provides
large numbers of electrochemically active sites on the elec-
trode during electrochemical reaction. Also, the synthesis
of WO3-MnO2 composite directly on conducting substrate
enhances the electrochemical performance of supercapac-
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Figure 2: The FE-SEM images of (a-b) A:WMn, (c-d) B:WMn, (e-f) C:WMn, and (g-h) D:WMn thin films at magnifications of 13,000 X and
80,000 X.
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Figure 3: The EDAX elemental mapping of C:WMn thin film a) Mn-K (green), b) O-K (red), c) W-L (blue) and d) the energy-dispersive X-ray
pattern of C:WMn thin film, inset chart show atomic percentage of O, Mn and W.

itor electrode. The direct growth of nanostructured mate-
rials on conducting surface finds its own contact with the
current collector. Therefore, each nanostructuredmaterial
is participating in electrochemical reactions more effec-
tively [22].

The EDAX elemental mapping analysis is used to ob-
serve the elemental composition and spatial distribution
of elements present in the composite material. Figure 3(a-
c) illustrates the elemental mapping of C:WMn thin film.
The EDAX elemental mapping shows that, Mn (green), O
(red) andW (blue), elements are detected clearly. These el-
ements are homogeneously distributed over the entirema-
trix of C:WMn thin film. The EDAX analysis spectrum and
atomic percentage in the C:WMn thin film is presented in
Figure 3(d). The peaks ofW, Mn and O are clearly observed
in the EDAX spectrum. These results visualize that WO3
andMnO2 nanostructures in the composite are in physical
contact with each other and assist in making good electri-
cal contact with the support substrate.

3.2 Structural studies

The crystal structure of WO3-MnO2 composite thin films is
examined by XRD analysis. Figure 4 shows the XRD pat-
terns of A:WMn, B:WMn, C:WMn and D:WMn thin films.
The XRDpatterns of all the films represent the same peaks.
All the diffraction peaks are well indexed to the hexago-
nal phase ofWO3 (JCPDS 33-1387) and orthorhombic phase
of MnO2 (JCPDS 42-1316). The sharp and intense peaks in-
dicate good crystallinity of WO3-MnO2 thin films. The re-
sults confirm that WO3-MnO2 composites are successfully
synthesized. Further, to confirm the chemical constituents
and oxidation states, XPS analysis of C:WMn thin film is
performed. The survey scan spectrum in Figure 5(a) re-
veals that the surface of C:WMn thin film is composed of
W, Mn, O and C elements. Further, Figure 5(b) illustrates
the XPS spectrum of W 4f core level. The peaks situated
at binding energies of 38.04 and 35.92 eV correspond to
W 4f5/2 and W 4f7/2 levels, respectively, with a spin-orbit
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Figure 4: The XRD patterns of a)A:WMn, b)B:WMn, c)C:WMn and d)D:WMn.

splitting of 2.12 eV. These peaks correspond to 6+ oxida-
tion state of W [23]. The Mn 2p core level spectrum re-
veals two major peaks at binding energies of 654.3 and
642.6 eV related to Mn 2p1/2 and Mn 2p3/2 levels, respec-
tively (Figure 5(c)). The spin-orbit separation of 11.7 eV is
in good agreement with previous reports for MnO2 [24, 25].
In addition to this, the fitted O 1s spectrum is character-
ized by three peaks as shown in Figure 5(d). The two peaks
at 532.86 and 531.96 eV are attributed to the adsorption of
oxygen andwatermolecules onWO3-MnO2 composite sur-
face, and a peak at 530.5 eV corresponds to the O2− band
with W and Mn. These results also confirm the formation
ofWO3-MnO2 composite, which is in good agreement with
the earlier XRD analysis.

3.3 Electrochemical studies

The cyclic voltammetry (CV) curves of A:WMn, B:WMn,
C:WMn and D:WMn thin films measured in 1 M Na2SO4
electrolyte at a scan rate of 100mV s−1 in a potential range
of −0.6 to +0.6 V/SCE are shown in Figure 6(a). As shown
in figure, C:WMn thin film exhibits larger area under the

CV curve as compared to A:WMn, B:WMn and D:WMn thin
films, which means that it gives higher specific capaci-
tance. The result obtained here agrees with the FE-SEM
morphologies, signifying that nanoparticles composed
into a porous surface of C:WMn thin film provides good
surface area and improves chargediffusion/transportation
into the interior region. Furthermore, CV curves of C:WMn
thin film at different scan rates (5 - 100 mV s−1) are shown
in Figure 6(b). As scan rate increases area under the CV
curve also increases. The CV curves for all samples ex-
hibit direct proportion between currents and scan rate
of voltammograms, this indicates perfectly capacitive fea-
tures. The CV curves demonstrate symmetric rectangular
shape with no noticeable redox peaks. The absence of re-
dox peaks is attributed to the fast and reversible redox
reactions in between active electrode and electrolyte at
steady rate [26, 27].

The specific capacitance from CV curve is calculated
using following formula;

Cs =
1

mv(Vmax − Vmin)

Vmax∫︁
Vmin

I(V)dv (1)
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Figure 5: The XPS spectra of C:WMn thin film a) survey scan, b) W 4f core level, c) Mn 2p core level, and d) O 1s core level.

where, Cs is the specific capacitance, m is the mass of de-
posited material, Vmax − Vmin is the potential window, I
is the average current for unit area dipped in the elec-
trolyte. The variation of Cs with scan rate is illustrated in
Figure 6(c). The maximum Cs of 657 F g−1 is obtained at
scan rate of 5mV s−1. Themaximumvalue of Cs for C:WMn
thin film is due to its highly porous and fine nanoparti-
cles composed surface morphology, which in turn offers
a large number of active sites and intermediate space for
charge transfer and storage. Also, the different valencies
ofW andMn in the composite allowmultiple electrochem-
ical reactions, which thus enhance the Cs and energy stor-
age capacity of the electrode. The obtained value of spe-
cific capacitance is larger than the earlier reports. For in-
stance, Yuan et al. [28] obtained Cs of 363 F g−1 for elec-
trodeposited nano-WO3·H2O/MnO2 composite thin film.

To evaluate Cs and rate capability of C:WMn thin film,
the charge-discharge measurements are performed. The

galvanostatic charge-discharge (GCD) curves of A:WMn,
B:WMn, C:WMn and D:WMn thin films at constant cur-
rent density of 2 mA cm−2 are shown in Figure 6(d). The
maximum discharge time is clearly observed for C:WMn
thin film. This suggests that composition of W and Mn
in C:WMn thin film makes good stoichiometric thin film,
whichhelps to improve its electrochemical performance as
compared to other films. Furthermore, Figure 6(e) displays
the GCD curves of C:WMn thin filmat different current den-
sities (2 - 8 mA cm−2). The non-linear behavior of charge-
discharge curves confirms its pseudocapacitive feature.
This behavior is due to the electrochemical adsorption-
desorption reactions at the interface of electrode and elec-
trolyte [29].

The Cs from GCD curve is calculated using following
formula;

Cs =
Id × Td
∆V × m (2)
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Figure 6: (a) The comparative CV curves of A:WMn, B:WMn, C:WMn and D:WMn thin films at a scan rate of 100 mV s−1, (b) the CV curves of
C:WMn thin film at different scan rates, (c) the plot of Cs versus scan rate, (d) the GCD curves of A:WMn, B:WMn, C:WMn and D:WMn thin
films at a current density of 2 mA cm−2, (e) the GCD curves of C:WMn thin film at different current densities, (f) the plot of Cs versus current
density, (g) the CV curves for 1st–2000th cycles and (h) the plot of capacity retention versus cycle number for C:WMn thin film.
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Figure 7: (a) The Nyquist plot (inset figure shows magnified Nyquist plot) and (b) the N2 adsorption-desorption isotherms (inset figure
shows pore size distribution curve) for C:WMn sample.

where, Id is the discharge current, Td is the discharge time
and ∆V is the potential window. The estimated values of
Cs with respect to current density are plotted in Figure 6(f).
The C:WMn thin film demonstrates Cs of 492 F g−1 at cur-
rent density of 2 mA cm−1 and it decreases for further
higher current densities.

The long-term cycling stability of supercapacitor elec-
trode is crucial for measuring capability of the electrode
formany practical applications. Therefore, the cycling sta-
bility of C:WMn thin film is recorded in 1 M Na2SO4 elec-
trolyte using CV measurement for 2000 cycles at a scan
rate of 100 mV s−1 . Figure 6(g) illustrates CV curves of
C:WMn thin film for 1st – 2000th cycles. The plot of vari-
ation of capacity retention with cycle number is demon-
strated in Figure 6(h). The C:WMn thin film depicts 92%
capacity retention after 2000 CV cycles. The uniform dis-
tribution of nanoparticles on carbon cloth surface makes
good adhesionwith the current collector and stabilizes the
resulting nanostructure. As a result, the loss of active ma-
terial in electrolyte during cycling is very less for C:WMn
composite thin film, which gives higher stability.

Electrochemical impedance spectroscopy (EIS) study
is employed to evaluate equivalent series resistance
and charge transfer rate of electrolyte ions at the elec-
trode/electrolyte interface. The Nyquist plot of C:WMn
thin film in the frequency range of 10 mHz to 100 kHz
is illustrated in Figure 7(a). The distinct region provided
by Nyquist plot explains the charge transfer process at
the electrode/electrolyte interface. The Nyquist plot con-
sists of high-frequency semicircle arc and low-frequency
straight line. The equivalent series resistance (Rs) obtain
from the X-axis intercept of Nyquist plot is associated with
the combinationof bulk resistanceof electrode, ionic resis-

tance of electrolyte and contact resistance between active
material and current collector [30]. The semicircle at high
to medium frequency region corresponds to the charge
transfer resistance (Rct) and double layer capacitance. The
low-frequency straight line, inclined at an angle of 45∘ to
Z’-axis represents the diffusion process. The values of Rs
and Rct from Nyquist plot are 2.65 and 0.25 Ω cm−2, re-
spectively. The smaller value of Rs and Rct signifies the im-
proved conductivity and charge storage capacity of C:WMn
thin film.

As C:WMn thin film shows superior electrochemical
performance as compared to other thin films, therefore,
the texture properties of C:WMn composite were stud-
ied by Brunauer-Emmett-Teller (BET) and N2 adsorption-
desorption isotherms as illustrated in Figure 7(b). The
C:WMn composite shows a typical type III isotherm with
hysteresis loop in a high relative pressure (P/P0) range
of 0.5–1.0. The pore size distribution in C:WMn composite
is analyzed using Barrett-Joyner-Halenda (BJH) technique.
The inset of Figure 7(b) illustrates the BJH pore size dis-
tribution plot for C:WMn sample. It is seen that, C:WMn
composite revealed characteristics of mesoporous struc-
ture with averagemesopores in the radius of ~1-18 nm. The
C:WMn composite exhibits BET surface area of 153 m2 g−1.
The high BET surface area and mesoporous structure im-
prove the electron and ion transport, which result in the
high electrochemical capacity of WO3-MnO2 composite.
The obtained specific surface area forWO3-MnO2 compos-
ite is relatively high. For instance, Gao et al. [31] obtained
a specific surface area of 8.25 m2 g−1 for hydrothermally
prepared WO3-SnO2 composite.

The composition of composite thin film is very im-
portant for making high-performance mixed metal oxide
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Figure 8: (a) The CV curves of C:WMn symmetric FSS-SCs device at different scan rates, (b) the plot of Cs versus scan rate, (c) the GCD curves
of C:WMn symmetric FSS-SCs device at different currents, (d) the plot of Cs versus current, (e) the Ragone plot and (f) the Nyquist plot (inset
figure shows equivalent circuit) of C:WMn symmetric FSS-SCs device.
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Figure 9: (a) The CV curves of C:WMn symmetric FSS-SCs device at different bending angles, (b) the variation of capacity retention at differ-
ent bending angles, (c) the CV curves for 1st–2500th cycles and (d) the plot of capacity retention versus cycle number for C:WMn symmetric
FSS-SCs device.

thin film. The nanoparticles composed porous structure
of C:WMn thin film stabilizes the resulting nanostructure
and improves its electrochemical performance. Also, the
binder-free electrode enhances the electronic conductiv-
ity of supercapacitor. MnO2 nanoparticles in the compos-
ite allow fast and reversible faradic reactions and reduce
the ion diffusion length. WO3 nanostructures with high
conductivity providedirect pathway for electron transport.
Moreover, the combination of MnO2 and WO3 with dif-
ferent redox transition states provides large number of
electrochemically active sites for electrochemical redox re-
actions. The high specific surface area and mesoporous
nanostructure of C:WMn thin film store more charges
which leads to improved overall electrochemical perfor-
mance.

3.4 Electrochemical properties of symmetric
flexible solid-state supercapacitors
(FSS-SCs) device

To further investigate practical applicability of C:WMn thin
film for portable electronic appliances, C:WMn based sym-
metric FSS-SCs device is fabricated. For this, C:WMn thin
films are prepared on 4.5×5 cm2 area flexible carbon cloth
substrates and utilized to fabricate FSS-SCs device. Car-
boxymethyl cellulose-sodium sulphate (CMC-Na2SO4) gel
electrolyte was prepared for symmetric FSS-SCs device in
order to correlate with the electrochemical performance of
C:WMn electrode. The CMC-Na2SO4 gel acts as both sepa-
rator as well as electrolyte. The solid-state gel electrolyte
prevents the dissolution of active material into the elec-
trolyte and hence increases the cycling stability of the de-
vice.
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Figure 10: The digital photographs of (a-e) C:WMn symmetric FSS-SCs device at different bending angles and (f) the demonstration of two
C:WMn symmetric FSS-SCs device in series combination by lighting red LEDs.

Figure 8(a) shows the CV curves of C:WMn symmetric
FSS-SCs device at various scan rates (5 - 100mVs−1)within
thepotentialwindowof 0 to +1.2V. TheCVcurves illustrate
symmetric nature along both cathodic and anodic direc-
tions, indicating better pseudocapacitive behaviour of the
device. The area under the curve increases with increas-
ing scan rate. The CV curves maintain their shape even at
high scan rate of 100 mV s−1, which indicates high rate
capability of the device. The plot of Cs versus scan rate
is demonstrated in Figure 8(b). It is observed that, Cs of
C:WMn symmetric FSS-SCs device decreases with increas-
ing scan rate, which could be due to the insufficient time
for electrochemical reactions at the electrode. The device
exhibits maximum Cs of 78 F g−1 at a scan rate of 5 mV s−1.
The GCD curves of C:WMn symmetric FSS-SCs device at
different currents (3 - 8 mA) are presented in Figure 8(c).
During charging-discharging process, small IR drop is ob-
served, which indicates capacitive features and ultrafast
charge-discharge rate of device. The increase in charging-
discharging time with decrease in current is clearly seen.
This is due to the limitations in charge-transport process at
higher current density. The plot of Cs versus different cur-

rents is shown in Figure 8(d). The maximum Cs of 54 F g−1

is obtained at current of 3 mA and remained 41 F g−1 at
higher current of 8mA.Moreover, Ragoneplot demonstrat-
ing the relationship between specific energy (SE) and spe-
cific power (SP) is employed in order to estimate the oper-
ational performance/efficiency of supercapacitor device.

The SE and SP are calculated from the discharge curve
according to the following formulae;

SE = 0.5 × Cs × (V2max − V2
min)

3.6 (3)

and
SP = ED × 3600

Td
(4)

The Ragone plot for C:WMn symmetric FSS-SCs device
is presented in Figure 8(e). The C:WMn symmetric FSS-SCs
device demonstratesmaximumSE of 10.8Wh kg−1 at SP of
0.65 kW kg−1. Impressively, device demonstrates SP of 1.73
kW kg−1 maintaining SE of 8.16 Wh kg−1 at current of 8
mA. In addition to this, Nyquist plot of C:WMn symmetric
FSS-SCs device within the frequency range of 10 mHz to
100 kHz is shown in Figure 8(f). The Nyquist plot consists
of a small semicircle arc in the high-frequency region and
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straight line in the low-frequency region. The equivalent
circuit used for fitting impedance data is shown in inset
of Figure 8(f). From impedance plot Rs and Rct of C:WMn
symmetric FSS-SCs device are about 1.7 and 1.17 Ω cm−2,
respectively. The smaller values of Rs and Rct signify the
mesoporous structure of active electrode which facilitates
efficient accessibility of electrolyte ions at the interior of
active material and smaller ion diffusion path.

The mechanical flexibility of FSS-SCs device is essen-
tial for its practical application. To investigate themechan-
ical flexibility of C:WMn symmetric FSS-SCs device, CV
measurements are carried out at different bending angles
(0-180∘) at the fixed scan rate of 100 mV s−1 as shown
in Figure 9(a). The shape of CV curves remains almost
same even at bending angle of 180∘. This indicates the bet-
ter adhesion of active electrode material with the support
substrate and good interface between active material and
CMC-Na2SO4 gel electrolyte. The plot of capacity retention
with different bending angles is shown in Figure 9(b). The
C:WMn symmetric FSS-SCs device exhibits good mechani-
cal flexibilitywith 96.8%capacity retention at bending an-
gle of 180∘. The better cycling stability of the device is pri-
mary requirement for its practical applications. Therefore,
the stability of device is tested for 2500 CV cycles at a scan
rate of 100 mV s−1. Figure 9(c) shows CV curves of C:WMn
symmetric FSS-SCs device for 1st–2500th cycles and Fig-
ure 9(d) depicts the plot of capacity retention versus cycle
number for C:WMn symmetric FSS-SCs device. More strik-
ingly, the device demonstrates capacity retention of 94%
over 2500 CV cycles.

The digital photographs of C:WMn symmetric FSS-
SCs device at different bending angles are shown in Fig-
ure 10(a-e). In order to demonstrate practical application
of C:WMn symmetric FSS-SCs device, two C:WMn symmet-
ric FSS-SCsdevices are connected in series as shown inFig-
ure 10(f). The device was charged to 2.5 V for 30 s and pow-
ered red light emitting diode (LED). These results show
good performance of C:WMn symmetric FSS-SCs device
and confirm that C:WMn thin film is promising electrode
for practical applications.

4 Conclusions
The additive- and binder-free approach is employed for
the direct synthesis of WO3-MnO2 composite thin films on
carbon cloth using hydrothermal method. By varying the
content of MnO2 in the composite different stoichiometric
WO3-MnO2 composite thin films are obtained. The C:WMn
composite thin filmwith equimolar concentrations of both

W and Mn precursors yield mesoporous structure with
high specific surface area of 153 m2 g−1. Also, it demon-
strates remarkable electrochemical performancewithhigh
specific capacitance of 657 F g−1 at a scan rate of 5 mV s−1

and good capacity retention (92% over 2000 CV cycles).
The C:WMn symmetric FSS-SCs device exhibits specific ca-
pacitance of 78 F g−1 at a scan rate of 5 mV s−1 and specific
energy of 10.8 Wh kg−1 at specific power of 0.65 kW kg−1

with good mechanical flexibility and stability. This syn-
thesis method provides a new approach to increase the
electrical conductivity and electrochemical performance
of transition metal oxides for potential applications in su-
percapacitors and other energy storage devices.
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