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INTRODUCTION

Renewable energy sources are indented to help with energy
insufficiency and massive environmental difficulties produced
with using of fossil fuels. Electrochemical energy production
was one of the alternative energy sources. Recently, the effective
energy management has needed the production of energy fuel
which is given by an electrochemical energy storage system
consisting of batteries, fuel cell and electrochemical capacitors.
Electrochemical capacitors are called as supercapacitors received
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The electrochemical capacitors that use polymer nanocomposite electrode are the most efficient electrical energy storage devices due to
their superior power density, quick charge/discharge, long cycle life and high degree of safety. The electrochemical performance of
transitional metal oxide-based polymer nanocomposites electrode has been synthesized by solution casting method. The prepared polymer
nanocomposites (PNCs) physical and electrochemical properties such as structural, morphology, cyclic voltammetry (CV), galvanostatic
charge/discharge (GCD) and electrochemical impedance spectroscopy (EIS) were investigated. Subsequently, the solid-state asymmetric
supercapacitor was assembled with (PVP/PVA/CuO X wt.%)//activated carbon in 6 M KOH electrolyte. Benefiting from the efficient
pseudocapacitive properties of the flexible polymer nanocomposite positive electrode and activated carbon as a negative electrode. The
PVP/PVA/5 wt.% CuO polymer nanocomposite electrode demonstrates a superior specific capacitance of 7.90 F g-1 at a current density of
2 A/g. The device has examined to life time application for cycling retention study and charge/discharge stability for 5 wt.% of PNCs
electrode exhibited 88% capacity retention after 5000 GCD cycles at current density of 5 A g-1. The assembled flexible solid-state
asymmetric supercapacitor exhibits a high energy density of 6.34 Wh kg–1 and power density of 566.06 W kg–1. These electrochemical
results showed that the polymer nanocomposite exposed the strong synergistic effect between CuO nanoparticles and PVP/PVA blend
polymer matrix and being facilitated by fast charge transfer, charge transfer resistance and the improved capacitance performances.
Moreover, the fabricated asymmetric supercapacitors (ASCs) device also shows an excellent stability of electrochemical performance and
hence finds a promising candidate for energy storage in supercapacitor as a flexible power source for wearable and portable electronics.
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a lot of attention as an alternative to traditional energy storage
technologies. Due to its high-power density, longer stability
and superior activity than conventional energy storage devices,
supercapacitors have recently emerged as promising devices
[1-3].

Pseudo-capacitors have more specific capacitance and
energy densities than electric double layer capacitor (EDLC).
Due to its huge electrochemical capabilities, different materials
such as different metal oxide nanoparticles (MnO2, NiO, Fe3O4,
CeO2 and SnO2), conducting polymers and their composition
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are usually applied as pseudo-capacitor materials [4,5]. In this
research, polyvinyl alcohol (PVA) has chosen much interest
due to its film forming properties, biocompatibility, good chemical
resistance, and it contain water degradable crystalline structure
that has been easily solubilized [6,7]. Also, PVP has chosen for
their mechanical efficiency and superior thermal stability, more-
over, it is a good reducing agent for nanoparticle and the presence
of carbonyl group tends to product metal nanoparticle within
the matrix [8,9].

Polymer blending is widely known as one of the most
effective method to developed novel polymeric compounds
providing relevant information with different physical and
chemical properties [10]. The good result of the blend polymer
could be designed to get needs of requirements that could not
be achieved by unique polymer. The composite made up of
polymer and nanoparticle has a strong interest in developing
new methods to create a new substance with desirable features
that exhibit advantages in terms of different properties [11-14].

The metal oxide nanoparticle has promising results in
terms of physical and chemical properties due to their higher
density and limited size. Hence, the characteristics of PNC can
be enhanced by adding metal oxide nanoparticle. Transition
metal oxides such as ruthenium, copper, titanium and manganese
oxides have shown promising potential as electrode materials
for supercapacitors due to their high psudocapacitance value
[15-18]. Copper oxide has inspired global interest because of
its low cost, non-toxicity, a different nanoscale dimension.
Among metal oxides, copper oxide has low band gap (1.2 eV)
and exhibit p-type semiconductor behaviour and is considered
to be one of the best supercapacitor electrode due to its superior
psudocapacitance properties [19]. Hence, in this work copper
oxide nanoparticle has been chosen as nanofiller to prepare
the polymer nanocomposite by varied concentration. The types
of PNCs attracted much attention in supercapacitor application.
In this present work, a solid state flexible asymmetric super-
capacitors (ASCs) using the PVA/PVP/CuO polymer nanocom-
posite as active material for cathode and activated carbon
material as anode are developed. To the best of our knowledge
to date, the present work is the first report where the fabrication
of mechanically stable solid state high performance PVA/PVP/
CuO asymmetric supercapacitors (ASCs) device.

EXPERIMENTAL

Polyvinyl alcohol (Mw: 90000 g/mol) and polyvinyl pyrro-
lidone (Mw: 1300000 g/mol) were purchased from Sigma-
Aldrich, USA. Copper nitrate hexahydrate [Cu(NO3)2·6H2O]
and ammonia solution (NH4OH) were purchased from Merck,
India and the other chemicals were used as received. The nano-
particles and polymer nanocomposites (PNCs) were prepared
using ethanol and double-distilled water.

Preparation of copper oxide nanoparticles: The copper
oxide nanoparticles were prepared by adopting simple co-
precipitation method. In brief, 0.1 M Cu(NO3)2·6H2O as
precursor dissolved in 100 mL of double-distilled water and
stirred for 3 h to obtain a homogenous solution. A 10 mL of
NH4OH dissolved in 100 mL of double-distilled water, thus
the solution well mixed by stirring 1 h. Diluted ammonia

solution was added by dropwise up to reach pH 9 and strongly
stirrer in 4 h. The obtained precipitate was washed by double-
distilled water and ethanol for several times to eliminate the
unreacted impurities and then dried at 60 ºC for 10 h in vacuum
oven. At the end, the prepared samples were calcined at 400
ºC for 4 h in muffle furnace.

Preparation of polymer nanocomposites: The polymer
nanocomposites PVA/PVP/CuO (X wt.%) (X = 0.25, 0.5, 0.75,
1 and 5) were prepared by solution casting technique. In typical
preparation of PVA/PVP wt.% ratio of 50:50 was taken separ-
ately under constant stirring for 3 h and then blended together
to obtain homogenized viscous solution after stirring for 4 h.
Now, 0.25 wt.% of CuO nanoparticles was added dropwise in
a well mixed blend polymer PVA/PVP solution and stirrer for
6 h to get fine dispersion of CuO nanoparticles. The prepared
mixed solution was dried at room temperature for 9 days. Simi-
larly, the other polymer nanocomposites X wt.% (X = 0.5,
0.75, 1 and 5) were prepared by following similar process.

Characterization: Structural properties of the prepared
PNCs were studied by XRD, Bruker-D8 advance ECO system
by CuKα radiation (λ = 1.5406 Å). Fourier transform infrared
spectral studies (FTIR) of the prepared samples were carried
out using Shimadzu (IR Tracer-100) spectrometer recorded in
ATR mode. The morphology of the PNCs samples was analyzed
by FE-SEM (Carl Zeiss Model Supra 55). Dielectric property
and electrical conductivity were carried out using HIOKI 3532-
50 LCR Hi-Tester in the frequency range from 42 Hz to 1 MHz.

Fabrication of asymmetric supercapacitors (ASCs)
device: The ASCs supercapacitor devices were fabricated in a
two-electrode configuration and studied in 6008E Electro-
chemical Workstation. As-prepared PVP/PVA/CuO (X wt.%)
as the positive electrode and active carbon as negative electrode,
both electrodes consisted the similar area of 1 cm × 2 cm. A
separator composed of grade one Whattman filter paper was
placed between the two electrodes and soaked in 6 M KOH
electrolyte solution for 30 min. The negative electrode was
prepared by 90 wt.% of activated carbon and 10 wt.% of poly-
vinylidene fluoride as binder and then added few drops of  N-
methyl-2-pyrrolidone to make it slurry. The slurry was glazed
on nickel foil as a working in current collector. Furthermore
prepared negative electrode allows to dried at 50 ºC in vacuum
oven for 6 h. The positive electrode were obtained by synthe-
sizing polymer nanocomposites (PVA/PVP/CuO X wt.%). Fig. 1
represents the model diagram of the prepared asymmetric super-
capacitor (ASC) with positive and negative electrodes. The asse-
mbled ASCs device was analyzed by CHI6008E electrochemical
workstation, to examine the cyclic voltammetry (CV), galvano-
static charge/discharge (GCD) and electrochemical impedance
spectroscopy (EIS) studies in the alkaline electrolyte solution.

RESULTS AND DISCUSSION

XRD study: The structural properties of the prepared
polymer nanocomposites were analyzed using powder XRD
pattern. Fig. 2 displays the XRD patterns of the PVA/PVP/CuO
polymer nanocomposites with varying weight percentages of
CuO nanoparticles (X = 0.25, 0.5, 0.75, 1, and 5 wt.%). The
XRD patterns of the prepared CuO nanoparticles show the
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Fig. 1. Model diagram of asymmetric supercapacitor for polymer nano-
composite
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Fig. 2. XRD graph for PVA/PVP/CuO X wt.% (X = 0.25, 0.5, 0.75, 1 and 5)

diffraction peaks at 2θ about 32.49º, 35.57º, 38.61º, 48.78º,
53.38º, 58.36º, 61.48º, 66.30º, 68.12º, 72.46º which is confirmed
by purity of the prepared nanoparticles. These diffraction peaks
were well-matched with JCPDS No. 89-5895. The addition of
CuO nanoparticles to the blend polymer resulted in a decrease
in the amorphous form of the polymer as the weight percentage
of nanoparticles increased. The wide peak is detected in the
low diffraction angle for all weight percentages of polymer

nanocomposites, indicating the amorphous nature of the blended
polymer. Furthermore, the XRD pattern of PVP/PVA/CuO (X
wt.%) polymer nanocomposites exhibits the prominent peaks
of higher intensity as increasing wt.% of CuO nanoparticles,
which suggests that the combination of polymer nanocomposite
components is highly effective. The crystallite size was calcul-
ated using Scherrer’s formula based on the most intense peak
in CuO NPs and PVA/PVP/CuO (X wt.%) polymer nanocom-
posites.

K
D

cos

λ=
β θ

where D is crystallite size (nm), K is shape factor, λ is wave-
length of CuKα (λ = 1.54056 Å), β is full width at half of
maximum in diffraction (hkl) peak and θ is diffraction angle.
The calculated crystallite size was approximately 45, 50, 51
and 49 nm for CuO NPs, 0.5 wt.%, 0.5 wt.%, 0.75 wt.% and 5
wt.% of polymer nanocomposites, respectively.

Morphology studies

SEM studies: The irregular shaped particles and particle
agglomerates are visible on the surface of a granular structure.
The pure form of CuO has a granular texture characterized by
compact bonded particles. The energy dispersive spectra of the
sample were used to determine the purity and chemical compo-
sition of the synthesized material. Only elemental copper (Cu)
and oxygen (O), no other elemental impurities were found in
the EDS spectrum (Fig. 3).

FE-SEM analysis: Fig. 4 reveals the FESEM images of
PVA/PVP/CuO (X wt.%) (X = 0.25, 0.5, 0.75, 1.0, 5.0). The
FESEM micrographs of PVA/PVP/CuO clearly showed that
uniform morphology and fine dispersion of copper oxide into
the PVA/PVP blend matrix. It could be observed that the surface
morphology of 0.25 wt.% of CuO is obviously different from
that of 5 wt.% of CuO in polymer matrix. Furthermore, the
rough and porous structure on the surface of polymer becomes
more evident and consistent as the CuO content increases, in
contrast to the 0.25 wt.% CuO in PVA/PVP. As shown in Fig. 4,
the concentration of CuO nanoparticles in the PVA/PVP matrix,
leads to the formation of large agglomerates.

Electrochemical studies

Cyclic voltammetry: In order to learn more about the
possibilities of various PVA/PVP/CuO (X wt.%) PNCs as cathode
electrode materials for energy storage in supercapacitors, the
electrochemical performance of different wt.% of ASCs device
was examined by cyclic voltammetry, galvanostatic charge-
discharge and electrochemical impedance spectroscopy in
alkaline electrolyte. The PVA/PVP/CuO (X wt.%)//activated
carbon ASCs device was fabricated using two electrode system
by PVA/PVP/CuO (X wt.%) as positive electrode and activated
carbon as a negative electrode.

Fig. 5 displays the CV profiles of ASCs device and potential
window of 0 to 1.9 V with different scan rate of 5 to 150 mV/s.
The CV profiles of ASCs device exhibit the pseudocapacitance
behaviour (Faradic redox reaction). The redox reaction of Cu+/
Cu2+ has a synergistic effect of blended PVA/PVP polymer,
because it is an electrochemically active substance [20]. The
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wt.% of CuO nanoparticles increased with the current density
of CV profiles, which is indicated by the well-redox reaction
of the ASCs device and the area of the CV curve increased with
respect to increasing wt.% of CuO NPs, which is shown in the
energy storage of the electrode. The specific capacitance of
assembled ASCs device was calculated by following equations
[21]:

sp

IdV
C (Gravimetric) F/g

m v V
=

× × ∆
∫

where Csp = specific capacitance (F g-1), ∫IdV = area of CV
profiles, m = mass of ASCs device (g), v = scan rate and ∆V =
potential window (V). The calculated Csp are listed in Table-1.

The specific capacitance of the ASCs device (0.25 wt.%
to 5 wt.%) attain from the CV measurements are 9.2 F/g, 11.9
F/g, 13.9 F/g and 21.6 F/g for PVA/PVP/CuO (X wt.%) at a
scan rate of 5 mV/s. The higher specific capacitance 40.2 F/g
is attained for PVA/PVP/CuO 5 wt.% as shown in Table-1.
From Fig. 5e, the redox processes at the electrode and electro-
lyte interface were initiated by the higher concentration of CuO

and these redox peaks were much visible at 5 wt.% of CuO.
Particularly, the PVA/PVP/CuO 5 wt.% sample gained larger
area which then yielded higher specific capacitance amounting
to 40.2 F/g. The redox reaction of the PVA/PVP/CuO electrode
might be represented by the following mechanism:

2CuO + H2O + 2e–  Cu2O + 2OH–

Furthermore, as the scan rate increased, the specific capaci-
tance decreased, may be due to the reduction of active partici-
pation of ions within the active material at higher scan rates. An
electrolyte also contributes to improve the specific capacitance.
The comparison CV graphs for PVA/PVP/CuO (X wt.%) at 5
mV/s scan rate and the  comparison plot of PVA/PVP/CuO (X
wt.%) for different scan rate vs. specific capacitance are shown
in Figs. 6 and 7, respectively. These plots are additional reference
to confirm the higher specific capacitance obtained for PVA/
PVP/CuO 5 wt.%.

Galvanostatic charge and discharge: The charge-
discharge of prepared ASCs device were examined at different
current densities and are shown in Fig. 8a-f. The GCD profiles
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Fig. 5. Cyclovoltagrams of PVA/PVP/CuO X wt.% (X = 0.25, 0.5, 0.75, 1 and 5) at different concentration

TABLE-1 
SPECIFIC CAPACITANCE VALUES FOR PVA/PVP/CuO X wt.% 

Specific capacitance PVA/PVP/CuO X wt.% from CV 

0.25 0.50 0.75 1.00 5.00 
Scan rate 
(mV/s) 

F/g mF/m2 F/g mF/m2 F/g mF/m2 F/g mF/m2 F/g mF/m2 
5 9.2 55.3 11.9 65.5 13.9 76.8 21.6 97.4 40.2 160.9 
10 8.0 48.2 9.59 52.7 11.0 60.9 16.5 74.6 34.2 136.6 
25 6.7 40.3 7.11 39.1 8.0 44.0 11.3 51.06 22.4 89.6 
50 4.5 27.5 5.20 28.6 6.2 34.5 8.1 36.63 15.4 61.7 
75 3.9 23.5 4.18 23.0 5.02 27.5 6.78 30.53 12.6 50.5 

100 3.4 20.6 3.62 19.9 4.49 24.7 5.08 24.49 10.8 43.6 
125 3.1 18.6 3.22 17.7 4.00 22.1 5.03 22.90 9.7 38.9 
150 2.8 16.9 2.74 15.1 3.92 22.0 4.71 22.06 8.9 35.7 
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displayed a non-triangular form indicating its pseudocapacitive
nature resulting from the Faradic redox reactions. The gravi-
metric and areal specific capacitance can be determined using
GCD discharge time by the following equations [22]:

1
sp

I dt
C (F g )

m V
− ×=

× ∆
1

sp

I dt
C (F cm )

A V
− ×=

× ∆
where Csp = specific capacitance, I = applied current density
in A, ∆t = discharging time in s, m = mass of polymer nano-
composites in g, ∆V = potential window (V), A = surface area
of polymer nanocomposite (cm).
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The specific capacitance calculated from the GCD charac-
teristics for the PNCs (0.25 wt.% to 5 wt.%) are 2.82 F/g, 3.67
F/g, 4.01 F/g, 7.72 F/g and 7.90 F/g at 1 A/g (Table-2). Areal
capacitance also calculated and the values are 16.95 mF/cm2,
20.20 mF/cm2, 22.06 mF/cm2, 34.74 mF/cm2 and 67.18 mF/
cm2. According to their structure and morphology, which help
in the good interaction and provide synergism among the poly-
mer nanocomposite, the PVA/PVP/CuO 5 wt.% PNC electrode
exhibits a higher specific capacitance as shown in Table-2.
Because of the electrolyte’s ion diffusion, the internal resistance
of the discharge curves during fast charging and discharging
exhibits low internal resistance [23].
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Fig. 8. GCD graphs for PVA/PVP/CuO X wt.% (X = 0.25, 0.5, 0.75, 1 and 5) at 1.7 V
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For an electrochemical device, a cycling stability is one
of the important for practical application. The cycling perfor-
mance of PVA/PVP/CuO (X wt.%) device for 5000 cycles in
3 M KOH solution at a current density of 5 mA in potential
window of 0 to 1.7 V was carried out to test the stability of
asymmetric supercapacitor device as shown in Fig. 9. The ratio
of discharge capacitance to the charge capacitance can be used
to calculate the columbic efficiency. The columbic efficiency
was calculated by the following equation [24]:

d

c

t
100%

t
η = ×

where td = total amount of discharge and tc = total amount of
charge.
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Fig. 9. GCD graphs for capacitance retention and columbic efficiency of
PVA/PVP/CuO 5 wt% at 1.7 V

For the asymmetric supercapacitor device PVA/PVP/CuO
(X wt.%) (X = 0.25, 0.5, 0.75, 1.0, 5.0 wt.%) shows the capaci-
tance decreases gradually with the cycle number increase and
shows 64.23%, 75.73%, 76.25%, 79.63%, 83.23% of capaci-
tance retention, respectively after 5000 cycles has remarkable
cyclic stability. The Ragone plot of PVA/PVP/CuO (X wt.%)
representing the energy density and power density is depicted
in Fig. 10. The energy density and power density were calcu-
lated by following equation and the values are listed in Table-3.
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Fig. 10. Comparison of specific capacitance of PVA/PVP/CuO X wt.% (X
= 0.25, 0.5, 0.75, 1 and 5) vs. current density

TABLE-3 
ENERGY DENSITY vs. POWER DENSITY 

PVA/PVP/CuO X 
(wt.%) 

Energy density  
(Wh kg–1) 

Power density 
(W kg–1) 

0.25 1.13 354.16 
0.50 1.47 300.80 
0.75 1.61 386.36 
1.00 3.09 472.22 
5.00 6.34 566.06 

 
Electrochemical impedance spectroscopy (EIS): Electro-

chemical impedance spectroscopy was used to examine the
electrochemical behaviour of ASCs device. The Nyquist plot
of the ASCs device for before GCD and after GCD 5000 cycle
was analyzed in the frequency of 1 Hz to 100 kHz and shown
in Fig. 11a-e. At high frequencies region a small semi-circle is
appeared at the lower frequencies side. Usually, the charge
transfer resistance (Rct) defines the semicircle diameter and the
low frequency straight line shows that the prepared materials
are pseudocapacitive. A almost straight line in the low frequ-
ency reflects the perfect capacitive behaviour and the low equi-
valent series resistance reveals the low internal resistance of
the device [25]. According to the equivalent circuit involving
the solution resistance (Rs) and the charge transfer resistance
(Rct) were calculated (Table-4). Due to its low interfacial charge
resistance and good conductivity, these results indicated that
the PVA/PVP/CuO PNCs electrode materials are suitable for
the energy storage in supercapacitor.

TABLE-2  
SPECIFIC CAPACITANCE DATA OF PVA/PVP/CuO X wt.% FROM GCD TECHNIQUE  

Specific capacitance PVA/PVP/CuO X wt.% from GCD 

0.25 0.50 0.75 1.00 5.00 
Current 
density 
(A/g) F/g mF/m2 F/g mF/m2 F/g mF/m2 F/g mF/m2 F/g mF/m2 

2 2.82 16.95 3.67 20.20 4.01 22.06 7.72 34.74 7.90 67.18 
3 2.20 13.23 2.72 14.97 3.07 16.88 5.11 23.02 6.27 53.32 
4 1.76 10.58 2.11 11.65 2.41 13.28 4.07 18.31 6.06 51.54 
5 1.44 8.64 1.60 8.82 2.06 11.35 3.36 15.16 5.31 45.16 

 

1292  Muthumari et al. Asian J. Chem.



Conclusion

The PVP/PVA/CuO (X wt.%) polymer nanocomposites
were prepared by simple solution casting method. The struc-
tural properties and morphology were studied by XRD and
FESEM techniques. The FESEM images of PVA/PVP/CuO
showed a uniform distribution of copper oxide nanostructures
into the PVA/PVP matrix. The fabricated devices PVA/PVP/
CuO were characterized for electrochemical properties in 6 M
KOH electrolyte. The PVA/PVP/5 wt.% CuO polymer nano-
composite based asymmetric supercapacitors (ASCs) device
excelled a higher specific capacitance of 7.90 F/g and 67.18
mF/cm2 at current density of 2 A/g which is very high capaci-
tance than other wt.% CuO and retained 88% of capacitance
at 5000 cycles with a coulombic efficiency of 96%. The obtained
energy density and power density were 6.34 Wh/Kg and 566.06
W/Kg, respectively. The PVA/PVP/CuO polymer nanocom-
posite must be studied extremely for achieving high performance
electrode.
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Before 
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Before 
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After 
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Before 
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After 
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