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A symmetrical (p/p) supercapacitor has been fabricated by making use of nanostructured zinc oxide

(ZnO)–activated carbon (AC) composite electrodes for the first time. The composites have been

characterized by field emission scanning electron microscopy (FESEM) and X-ray diffraction analysis

(XRD). Electrochemical properties of the prepared nanocomposite electrodes and the supercapacitor

have been studied using cyclic voltammetry (CV) and AC impedance spectroscopy in 0.1 M Na2SO4 as

electrolyte. The ZnO–AC nanocomposite electrode showed a specific capacitance of 160 F/g for 1:1

composition. The specific capacitance of the electrodes decreased with increase in zinc oxide content.

Galvanostatic charge-discharge measurements have been done at various current densities, namely 2, 4,

6 and 7 mA/cm2. It has been found that the cells have excellent electrochemical reversibility and

capacitive characteristics in 0.1 M Na2SO4 electrolyte. It has also been observed that the specific

capacitance is constant up to 500 cycles at all current densities.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

Supercapacitors or electrochemical capacitors are energy
storage devices that have gained importance in recent years
owing to their technological significance ranging from satellites to
consumer electronic devices [1]. In general, two kinds of electrode
materials are used for the fabrication of supercapacitors: (i)
carbon materials with high surface area, such as activated carbon,
carbon aerogel, etc.; (ii) metal oxides such as oxides of Ru, Ni, Co,
Zn etc., and conducting polymers [2]. Ruthenium oxides are
widely used in electrochemical supercapacitor due to its high
specific capacitance and prominent electrochemical properties
[3]. However, the high cost of Ru has retarded its commercial
acceptance and a cheap metal oxide with various oxidation states
are promising materials for supercapacitor applications. Nickel
oxide [4,5], cobalt oxide [6] and manganese oxide supercapaci-
tors[7], are inexpensive and exhibit pseudo capacitive behavior
similar to that of ruthenium oxide. Though the physical properties
of the zinc oxide (ZnO) nanoparticles are available in literature
[8–11], available information on the suitability of the ZnO as a
potential candidate for supercapacitor application is very little
[12]. ZnO is a well-known battery active material having high
energy density of 650 A/g, but it has the disadvantage of
formation of dendrite growth during consecutive cycling, which
leads to decrease in cycle life. However, because of its good
ll rights reserved.
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electrochemical activity and eco-friendly nature, zinc oxide can be
a promising electrode material for supercapacitor.

In this work, nanostructured ZnO has been prepared by a
microwave assisted synthesis method [13] and ZnO–activated
carbon(AC) composite electrodes have been prepared as a
candidate electrodes for the fabrication of supercapacitor. The
supercapacitor properties have been evaluated by cyclic voltam-
metry, electrochemical impedance spectroscopy and charge–
discharge cycling tests.
2. Experimental procedures

A typical experimental strategy was as follows: zinc acetate
and hydrazine hydrate were mixed at a molar ratio of 1:4 in water
under stirring. Hydrazine readily reacted with zinc acetate to form
a slurry like precipitate of the hybrid complex between them. The
stirring of the slurry was continued for 15 min and then the
mixture was subjected to microwave irradiation at 75 W micro-
wave power for 10 min. The slurry became clear with a white
precipitate at the bottom. The precipitate was filtered off, washed
with absolute ethanol and distilled water several times and then
dried in a vacuum at 60 1C for 4 h.

X-ray diffraction patterns of ZnO nanoparticles were taken on
a Japan Rigaku D/max rA X-ray Diffractometer equipped with
graphite monochromatized high intensity Cu Ka radiation
(l=1.54178 Å). The accelerating voltage was set at 0.061/s in the
2y range 10–801. The field emission scanning electron microscopy
(FE-SEM) images were taken on a FEI Company FE-SEM.
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2.1. Preparation of electrode

AC (Aldrich) was mixed with ZnO in three different ratio (1:1–
1:3) by using n-methylpyrrolidone along with a binder, poly-
vinylidiene fluoride (PVDF), in the ratio of 70:30 using a pestle
and mortar. This paste was then applied with a brush to pre-
weighed stainless steel current collector and dried at room
temperature.
Fig. 2. FESEM image of ZnO.
2.2. Electrochemical characterization of electrode

Electrochemical half cell measurements were conducted in a
three-electrode cell equipped with a reference electrode (SCE),
platinum foil as counter electrode and AC–ZnO composite as the
working electrode. Electrochemical characterizations of the
electrode were carried out by cyclic voltammetry (CV), electro-
chemical impedance spectroscopy (EIS) and galvanostatic charge–
discharge studies. All the electrochemical studies were carried out
using an Autolab electrochemical system (ECO Chemie BV, The
Netherlands). AC impedance measurements were made in the
frequency range of 0.01–106 Hz characterization.
Fig. 3. SEM image of ZnO–activated carbon composite.
3. Results and discussion

3.1. Structural analysis

The crystal structure of the prepared ZnO was characterized by
X-ray diffraction analysis. Fig. 1 shows the XRD pattern of as
prepared ZnO. All the peaks of the ZnO nanoparticles can be
indexed to the wurtzite single phase ZnO (JCPDS Card No. 36-
1451, a=3.249 Å, c=5.206 Å, space group: P63mc, No.186). No
characteristic peaks of other impurities such as Zn(OH)2 were
detected in the diffractogram. The average diameter of the
particles calculated using Scherrer formula based on the
maximum intesity peak in the XRD pattern is around 25 nm.
However, the FESEM (Fig. 2) image of the ZnO samples indicates a
wide distribution of particle sizes ranging from 10 to 200 nm and
exhibited only irregular granular feature. Fig. 3 shows the SEM
image of nano ZnO-activated carbon composite pasted on to the
SS panel. The image clearly shows the coating of the
nanostructured ZnO on to activated carbon. This kind of surface
morphology is quite ideal for the fabrication of the electrode as it
would be having high surface area and expected to yield good
capacitance.
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Fig. 1. XRD pattern of ZnO.
3.2. Electrochemical properties of ZnO–AC composites and
supercapacitor

Fig. 4 shows the cyclic voltammogram (CV) response of ZnO
nanomaterials prepared under different microwave powers. The
CVs have been measured in 0.1 M Na2SO4 at a scan rate of
50 mV s�1. The CV corresponding to ZnO material prepared under
10% microwave power indicated better response than at other
power settings. Hence, ZnO synthesis was done under 10%(75 W)
microwave power. The synthesis at higher microwave power may
cause changes in the surface features of the product resulting in
poor cyclic voltammetric response. Fig. 5 shows CV responses of
nano ZnO-activated carbon composite electrodes with different
ratios such as 1:1, 2:1 and 3:1. prepared on stainless steel panels.
The specific capacitance calculations show that the composite
electrode with 1:1 (ZnO:AC) composition has higher specific
capacitance. AC Impedance spectroscopy also supports this
observation. Fig. 6 shows the Nyquist plot for electrodes with
three different compositions. The one with 1:1 composition
exhibits lowest resistance and high capacitance. Fig. 7 shows
the CV of the p/p symmetrical supercapacitor fabricated with
ZnO–AC composite electrodes. The observed rectangular type
plots are indicative of good capacitive behavior. This is in fact a
synchronization of double layer and redox type supercapacitor
features.
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Fig. 5. CV for ZnO–AC composites at compositions of 1:1, 2:1 and 3:1.

Fig. 6. Nyquist’s plots for ZnO–AC composites at compositions of 1:1, 2:1 and 3:1.

Fig. 7. CV for ZnO–AC (1:1) composite at scan rates, (a) 50 mV/s, (b) 25 mV/s, (c)

20 mV/s, (d) 10 mV/s, (e) 5 mV/s in 0.1 M Na2SO4.Fig. 4. CV of ZnO prepared at different % microwave powers (a) 10% (b) 20% (c)

30% (d) 40% at a scan rate of 50 mV/s.

Table 1
Specific capacitance values of AC–ZnO electrodes and supercapacitor.

Materials Scan rate (mV/s) Specific capacitance (F/g)

AC–ZnO (1:1) 50 76

AC–ZnO (1:2) 50 55

AC–ZnO (1:3) 50 42

AC–ZnO (1:1) 50 76

20 84

10 105

5 123

2 160

Symmetrical supercapacitor 50 35

20 47

10 59

5 75

2 93

Fig. 8. Nyquist plot for the supercapacitor.
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The specific capacitance values of the various electrodes have
been calculated from the respective cyclic voltammograms using
the equation, C= i/s where s is the potential sweep rate and i the
average current. The specific capacitance values of the electrodes
and the supercapacitor have been tabulated in Table 1.

The AC impedance response (Nyquist plot) of p/p super-
capacitor is shown in Fig. 8. A semicircle is obtained at high
frequency in the range 100 KHz–10 Hz and a straight line in the
low-frequency region. The capacitance value increases at low
frequencies due to a larger number of ions moving which cause a
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Fig. 9. Charge–discharge profile for the sopercapacitor.

Fig. 10. Variation of specific capacitance of the supercapacitor under cyclings.
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decrease in the bulk resistance of the capacitor. The semicircle
results from the parallel combination of resistance and
capacitance and the linear region is due to Warburg impedance.
In the low frequency region, the linear region leans more towards
imaginary axis and this indicates good capacitive behavior [14–
16]. Hybrid capacitor and carbon capacitor electrodes behave
almost similarly in the high frequency region but AC–ZnO hybrid
is more capacitive compared to simple carbon capacitors as is
evident in the low frequency region. Fig. 9 shows the charge–
discharge profile of the supercapacitor as measured by
galvanostatic method at a current density of 6 mA cm�2. The
specific capacitance calculated under cyclings are, 84, 73 and
73 F g�1 for 1st, 500th and 5000th cycle, indicating almost
negligible decrease in the capacitance under cyclings (Fig. 10).
This suggests that the supercapacitor is quite stable under
cyclings.
4. Conclusions

In summary, nanostructured ZnO has been prepared by a facile
microwave method and has been used to prepare electrodes by
compositing with activated carbon. A p/p symmetrical hybrid
supercacitor has been fabricated using this composite electrodes
and studied for their electrochemical properties by cyclic
voltammetry, ac impedance spectroscopy and galvanostatic
methods. The studies reveal that the supercapacitor has good
capacitance and stable under cyclings. Hence ZnO–AC composites
can be used effectively as supercapacitive active materials.
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