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Abstract−This study synthesized α-Zn2V2O7 nanopowders using a hydrothermal approach followed by annealing
treatment. The resulting powders were then mixed with multi-walled carbon nanotubes and electrochemically charac-
terized as new nanocomposite electrodes for supercapacitors. The structure and surface morphology of the powders
were characterized by X-ray diffraction, transmission electron microscopy, and scanning electron microscopy. Plus, the
capacitive behavior of the composite electrodes was evaluated by cyclic voltammetry and galvanostatic charge-dis-
charge cycles in different molar aqueous KCl solutions. The α-Zn2V2O7/multi-walled carbon nanotube composite elec-
trodes were prepared using three different ratios and screened for their use in supercapacitors. As a result, the α-Zn2V2O7/
multi-walled carbon nanotube composite electrode with a 1 : 2 ratio was identified as the best electrode with a specific
capacitance value of 44.8 F g−1 in 0.5 M KCl. Notwithstanding, all the tested composite electrodes demonstrated an
excellent cycle stability and showed a less than 4% change in their specific capacitance values when compared to the
initial values.
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INTRODUCTION

Supercapacitors can store a greater amount of energy than con-
ventional capacitors and deliver more power than batteries, mak-
ing them an emerging energy storage alternative. Furthermore, super-
capacitors, also known as electrochemical capacitors or ultracapac-
itors, fill the gap between batteries and conventional capacitors [1].
Based on their energy storage mechanism, supercapacitors can be
classified as both an electrical double-layer capacitor (EDLC) and
a pseudo-capacitor. The capacitance of the former comes from the
charge accumulation at the electrode/electrolyte interface, thereby
strongly depending on the surface area of the electrode accessible
to the electrolyte. Meanwhile, the capacitance of the latter is due to
the reversible faradic reaction of the electro-active species of the
electrode, such as surface functional groups and transition metal
oxides. Thus, the electrode is clearly the key for the development
of supercapacitors [2].

One approach to enhancing the specific capacitance is to add a
pseudo-capacitor component to EDLC electrodes [3-5]. Consider-
able effort has already been devoted to the development and char-
acterization of new electrode materials with a lower cost and im-
proved performance. While carbon electrode materials have a low
cost, their capacitance is limited. Therefore, cheaper candidates
with good capacitive characteristics have been attracting significant
attention. Various studies have found that new composite binary,
mixed metal oxides, like microporous nickel-manganese oxide, cobalt-

manganese oxide, annealed Mn-Fe binary oxides, Ru-Co mixed
oxides on the surface of single-walled carbon nanotubes, and ruth-
enates based on SrRuO3 perovskite, exhibit pseudo capacitance be-
havior, while LiNi0.8Co0.2O2/MWCNT composite electrodes have
good capacitive and energy characteristics [6-10]. Zinc Oxide (ZnO),
due to its promising electrical and optical properties, has also been
evaluated for application in supercapacitors as a composite elec-
trode in combination with carbon-aerogel; CNT composite film
and with carbon in a basic gel polymer solid state electrolyte; and
ZnO/C in an aqueous KNO3 solution [11-13]. Most recent research
efforts have been focused on using more environmentally-friendly
electrolytes instead of concentrated acid or alkali. Moreover, vana-
dium pentoxide has versatile redox-dependent properties due to
the multiple valence states of vanadium, providing a good capaci-
tive performance in neutral solutions [14]. It has already been estab-
lished that mixed 3d-transition metal oxides are more active than
simple oxides [15-20]. α-Zn2V2O7 is isostructural with β-Cu2V2O7

and was first reported by Gopal and Calvo [21]. Plus, (Zn2xCux)V2O7

solid-solutions have been synthesized by heating to 1,000 oC, fol-
lowed by cooling to 750 oC and quenching [22].

Accordingly, this study synthesized pyrovanadate α-Zn2V2O7 nano-
particles using a hydrothermal method followed by calcination and
then applied this new material as a composite electrode in combina-
tion with multi-walled carbon nanotubes for use in supercapacitorss.

EXPERIMENTAL

1. Chemicals
All the reagents were of analytical-reagent grade and used as re-

ceived. The water used in all the experiments was doubly distilled.
High purity N2 was used to remove the oxygen from the solution.
All the experiments were carried out at room temperature (20±5 oC).
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2. Synthesis of Zinc Pyro Vanadate, α-Zn2V2O7

In brief, the precursor solution with a mole ratio of V/Zn=1 was
prepared by mixing the starting materials NH4VO3 (0.05 M) and
Zn(NO3)2·6H2O (0.05 M) in 400 ml of water, followed by the addi-
tion of urea (0.1 M) and transfer into an autoclave. Next, the solu-
tion temperature was increased to 200 oC during 1 hr (ramp time)
and the reaction then maintained at this temperature for 4 hrs (soak
time) with an in-situ pressure of around 18-20 kg cm−2. Thereaf-
ter, the solution was cooled to room temperature during 2 hrs, at
which point the product was filtered, washed with water and ace-
tone, and dried at 110 oC in a hot air oven. While the initial pH of the
experimental solution was acidic (pH~4), the final pH was alka-
line (pH~7.8). Finally, the powder was calcined at 500 oC for 2 hrs.
3. Material Characterization

The powder XRD data for the samples was obtained using a Sie-
mens D 5000 X-ray diffractometer with Bragg-Brentano geometry
and Cu Kα radiation (λ=1.5418 Å). The samples were scanned for
their 2θ values within a range of 2 to 80o. The transmission elec-
tron microscope (TEM) images were obtained using a PHILIPS
made Tecnai-12 FEI instrument operated at an accelerating volt-
age of 100 kV. The SEM analysis was conducted using a scanning
electron microscope, Leo 440 (Germany), equipped with an Econ
4 detector (EDAX, USA).
4. Electrode Preparation and Electrochemical Measurements

The α-Zn2V2O7 powder was mixed with the multiwalled carbon
nanotubes (in-short CNT, supplied from ILJIN Nanotech Com-
pany Ltd.) in a ratio of ZVC11 (1 : 1), ZVC12 (1 : 2), and ZVC21
(2 : 1) using ultrasonic agitation in ethanol for 10 min, followed by
drying and physical mixing. The electrodes for the electrochemi-
cal capacitors were prepared by mixing the prepared powders (70
wt%) with 25 wt% carbon black as the conductive agent and 5 wt%
of the PTFE binder to make the total electrode mass. A small amount
of ethanol was added to the composite for coating a stainless steel
(SS) mesh (0.5 cm×0.5 cm) that was used as the current collector.
The resulting electrodes were pressed at a pressure of 10 MPa for
1min and subsequently dried at 373K for 12h. All the electrochemi-
cal measurements were taken based on a three-electrode arrange-
ment using a PGSTAT 30 Auto lab system (Ecochemie, Utrecht,
the Netherlands) connected to a PC with Eco-Chemie GPES soft-
ware. The GPES software was used for all the electrochemical data
analyses. The reference electrode was Ag/AgCl (3M KCl), while
the counter electrode was a platinum foil supplied with the instru-
ment. The electrodes were tested in 0.1M, 0.5M, and 1M KCl aque-
ous electrolyte solutions.

RESULTS AND DISCUSSION

1. Formation of α-Zn2V2O7 

The XRD patterns for the as-prepared and calcined samples of
zinc pyrovanadate prepared by urea hydrolysis under hydrother-
mal conditions are given in Figs. 1(a) and (b). The XRD peaks for
the as-prepared sample were indexed to both Zn3(OH)2V2O7·2H2O
(JCPDS 50-0570) and VO2 peaks; Zn3(OH)2V2O7·2H2O was pres-
ent as the major phase and the peaks were sharper and broader,
indicating a good crystallinity (see Fig. 1(a)). A blackish white pre-
cipitate was obtained after 4 hrs of continuous stirring under the

hydrothermal conditions at a 20kg cm−2 pressure, which then turned
into an orange tinted white α-Zn2V2O7 powder after calcination at
500 oC for 2hrs. The X-ray diffractogram of the blackish white pre-
cipitate revealed a crystalline phase, the diffraction peaks for which
agreed well with a previously published X-ray diffractogram of zinc
pyrovanadate with a small amount of VO2 as a minor phase [23].

Fig. 1(b) shows the evolution of the X-ray diffraction pattern for
the pure α-Zn2V2O7 phase obtained using thermal decomposition
of the as-prepared sample at 500 oC for 2 hrs., which was found to
be monoclinic with space group C2/c and lattice parameters of a=
7.429 Å, b=8.340 Å, and c=10.098 Å [24]. In the calcined sample,
as expected, while the Zn3(OH)2V2O7·2H2O phase disappeared,
α-Zn2V2O7 (monoclinic structure, JCPDS 70-1532) [24] developed
as the single phase, plus the peaks had a higher intensity and were
sharper than those for the as-prepared sample, indicating a good
crystallinity on a nano-scale dimension. The scanning electron
micrograph of α-Zn2V2O7 in Fig. 2(a) shows the morphology on a
micro-scale dimension, in which case the particles appear as clus-

Fig. 1. X-Ray diffraction patterns of the (a) as prepared Zn3(OH)2
V2O7·2H2O (b) Zn3(OH)2V2O7·2H2O calcined at 500 oC for
2 hrs in presence of air, α-Zn2V2O7 (monoclinic structure).
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ters due to agglomeration; however, the distribution of the nano-
particles (50-60 nm) can be seen more clearly in the TEM image
in Fig. 2(b), where the average particle size is between 50-55 nm.
Meanwhile, Fig. 2(c) shows the distribution of the carbon nano-
tubes, where the dark surface of the image shows the presence of
α-Zn2V2O7 nanoparticles dispersed on the outer surface of the car-
bon nanotubes, plus Fig. 2(d) shows a TEM image of the carbon
nanotubes (Nanotech Int. Ltd) with an average carbon nanotube
width of around 10-12 nm.
2. Electrochemical Studies

The cyclic voltammetry (CV) response is a valuable tool to deter-
mine the performance of an electrode for a supercapacitor. Fig. 3(a)
shows the voltammetric responses of the pure CNT and compos-
ite ZVC11 (1 : 1) electrode in a 0.1M KCl solution at a sweeping
rate of 0.1 Vs−1. The specific capacitance can be calculated using
the following equation:

Specific capacitance (CV) (F g−1)=Q(c)/[Δ E(V) m(g)] (1)

Here, Q is the charge in coulombs, ΔE the potential difference
in volts, and m the active material mass in grams. Table 1 shows

the specific capacitance calculated for the anodic and cathodic scans
in the case of the initial and 100th scan.

In an earlier study by the present authors, the specific capacitance
values for CNT obtained in dilute KCl solutions were lower than
the present values, yet the shape of the CV was that of a perfect
double layer capacitor [25]. Thus, the higher values in the present
study can be attributed to the electrode preparation method. In the
previous study, the CNT was immobilized mechanically on a graph-
ite electrode, hence the difference in the active material construc-
tion of the electrode evidently produced the observed difference in
the specific capacitance. The present voltammograms generally
stabilized after the first cycle. As expected and revealed by the capaci-
tance values obtained for the first and 100th cycles, the value for the
composite ZVC11 was three times higher than that for the pure
CNT; this difference was due to the pseudocapacitive contribution
of the metal oxides against the only double layer capacitance of the
CNT electrode. Fig. 3(b) shows the CV responses for the compos-
ite ZVC11 in 0.5 M, 1 M, and 0.1 M KCl solutions, where the spe-
cific capacitances increase when increasing the concentration of
KCl in the electrolyte solution, yet decrease with cycling. While

Fig. 2. (a) SEM and (b) TEM images of α-Zn2V2O7 nanoparticles, (c) TEM image of composite ZVC12 (1 : 2), inset shows the close view of
the specific nanoparticle attached to the carbon nanotube, (d) TEM image of multiwalled carbon nanotubes.
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the specific capacitance was doubled when increasing the KCl con-
centration in the electrolyte solution from 0.1 M to 0.5 M, a further

concentration increase to 1.0 M KCl did not increase the capaci-
tance, suggesting the saturation of the electrode surface, and resulted
in a decline of the specific capacitance (see Table 2). In fact, the 1M
KCl seemed to deteriorate the electrode with continuous cycling.

Thus, 0.5 M KCl was clearly the ideal electrolyte concentration
to obtain a better capacitance. As the non-faradic double layer capaci-
tance increases due to the ion alignment at the electrode/electro-
lyte interface, this increases the population of charged ions in the
proximity of the electrode surface, thereby producing a change in
resonance with an equally charged electrode surface, which explains
the capacitance of 32 Fg−1 observed with 0.5 M KCl in contrast to
16 Fg−1 observed with 0.1KCl. However, the decreased capacitance
of the 100th cycle for both the dilute and strong concentrations of
KCl reflects the concentration from the faradic charge transfer of
the composite electrode, which may be irreversible.

Fig. 3(c) compares the CV profiles of the α-Zn2V2O7 - CNT com-
posite electrodes with different ratios, measured at a scan rate of
100 mVs−1. The different shapes of the CV profiles according to the
composite materials were attributed to the different capacitance val-
ues. When using a 0.5M KCl solution, the area of the active electrode
material was increased in the CV scan for α-Zn2V2O7 - CNT (1 : 2)
when compared to the CV scans for α-Zn2V2O7 - CNT (1 : 1) and
α-Zn2V2O7 - CNT (2 : 1). Thus, when increasing the CNT content
in the composite electrode with α-Zn2V2O7 nanoparticles (ZVC12),

Fig. 3. Cyclic voltammograms for 100th scan of (a) pure CNT and composite ZVC11 (1 : 1) electrode in 0.1 M KCl solution, (b) in 0.1 M,
0.5 M and 1 M KCl solutions, (c) 100th scan of ZVC11, ZVC12 and ZVC21 electrodes in 0.5 M KCl solution, (d) comparison of the
CV profiles and cycling performance of the different composite electrolytes; all the electrodes are tested at a constant scan rate of
0.1 V s−1.

Table 1. Specific capacitance values of bare CNT and ZVC11 (1 : 1)
calculated from the cyclic voltammograms; scan rate, 100
mVs−1; electrolyte 0.1 M KCl

Electrode
Specific capacitance (Fg−1)

Anodic scan Cathodic scan
1 100 1 100

CNT
ZVC11

4.5
16

04.6
14.1

04.2
15.1

04.1
15.5

Table 2. Specific capacitance values calculated from the cyclic vol-
tammograms of ZVC11 (1 : 1) in 0.1 M, 0.5 M, 1 M KCl;
scan rate, 100 mVs−1

Electrolyte solution
Specific capacitance (Fg−1)

Cycle no.
1st 100th

0.1 M KCl
0.5 M KCl
1 M KCl

16
 31
34

14.1
35.0
26.0
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this increased the surface area and porosity of the electrode mate-
rial, along with the pseudocapacitive behavior of the α-Zn2V2O7

nanoparticles. The specific capacitance values are presented in Table
3, while the cycling performances of all three composite electrodes
are shown in Fig. 3(d). For the ZVC12 composite electrode, the
specific capacitance value clearly increased from the first cycle to
the 200th cycle, although after 200 cycles, the ZVC12 composite
capacitor showed an average capacitance decrease of 3.4%. Mean-
while, the specific capacitance value increased 2% from the first
cycle to the 400th cycle for the ZVC21 composite electrode, and
decreased 3.4% from the first cycle to the 500th cycle for the ZVC11
composite electrode. Notwithstanding, the ZVC12 composite pro-
duced better specific capacitance values than ZVC11 and ZVC21,
even at the 500th cycle. Interestingly, parallel specific capacitance
values were observed for the ZVC11 and ZVC21 composites, even
though the latter had a higher mass of mixed metal oxide than the
former. This was attributed to the redox properties of α-Zn2V2O7

in the composite materials, as well as the effect of the particle size
on the utilization of the pseudo active species.

The supercapacitive characteristics were also measured using a
constant current charge-discharge cycling test, which provides a
better quantitative insight into the supercapacitive nature of an elec-
trode material and where the ideal capacitive nature of an active

material is indicated by a straight line charge-discharge curve. Thus,
the α-Zn2V2O7: CNT composite electrodes with ratios of 1 : 1, 1 : 2,
and 2 : 1 were subjected to charge-discharge studies using double
potential step chrono potentiograms. At a constant current den-
sity of 0.1 Ag−1 in 0.5 M KCl, the samples were subjected to 500
cycles and the results tabulated (see Table 4). Figs. 4(a) and (b) show
the typical plots obtained for ZVC11, ZVC12, and ZVC21 at the
100th cycle and 500th cycle, respectively, while Fig. 4(c) shows the
variation in the capacitance stability according to the cycle num-
ber. The curves were all essentially straight lines, a trademark of
capacitive charge-discharge behavior. Plus, the specific capacitance
values decreased gradually from the initial cycle, although the high-
est value was for ZVC12 (38.32 Fg−1). A sudden potential drop was
noted for all the composite electrodes at the very beginning of the
constant current discharge, which is usually observed for EDLCs
and called the IR drop. Liu et al. previously reported that this poten-
tial drop is due to the resistance of the electrolytes, contact resis-
tance between the carbon and the current collector, and inner re-
sistance of the ion migration in the carbon micropores [26].

One explanation for the significant decrease in resistance at the
500th cycle for all the composite electrodes is that after the electrodes
were soaked in the electrolyte, the presence of CNTs not only favored
ionic diffusion but also possibly reduced the connection resistance
between the CNT- α-Zn2V2O7 composite and the current collector.
The variations in the discharge capacitance according to the cycle
number also showed a lower decrease in capacitance after 250 cycles.

Table 3. Specific capacitance values calculated from the cyclic voltam-
mograms of α-Zn2V2O7: CNT in the ratios 1 : 1 (ZVC11),
1 : 2 (ZVC12), 2 : 1 (ZVC21) in 0.5 M KCl; scan rate, 100
mVs−1

Electrode
Specific capacitance (Fg−1)

Anodic scan Cathodic scan
1 100 1 100

 ZVC11
 ZVC12
 ZVC21

 31
 39
 24

35.0
44.8
26.0

30.8
35.4
19.5

33.52
46.80
27.60

Table 4. Specific capacitance values calculated from the galvanos-
tatic charge-discharge curves in 0.5M KCl solution at a con-
stant current density of 0.1 Ag−1

Cycle no.
Specific capacitance (Fg−1)

 ZVC11 ZVC12 ZVC21
001
100
500

30.12
18.21
10.71

38.32
29.11
20.83

31.25
16.44
13.28

Fig. 4. Galvanostatic charge–discharge plots of nanocomposite electrodes, (a) ZVC11, ZVC12 and ZVC21 respectively recorded for 100th

cycle, (b) 500th cycle, (c) cycle-life of the electrodes at a constant current density of 0.1 Ag−1.
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Overall, the capacitance values showed that the capacitance of ZVC12
(38.32 Fg−1) was higher than that of ZVC11 and ZVC21. Specifi-
cally, at the 500th cycle, ZVC12 showed a higher capacitance than
ZVC11 and ZVC21, indicating that the higher percentage of CNT
combined with the pseudo capacitance of α-Zn2V2O7 produced a
higher number of pores (range 5-15 nm) in the composite elec-
trode, which in turn led to the additional specific capacitance of
the nanocomposite electrode in the aqueous neutral electrolyte.

CONCLUSIONS

We synthesized nano particles of α-Zn2V2O7 based on thermal
treatment of the product obtained from a urea-assisted hydrother-
mal method, and then investigated the application of the new mate-
rial in a supercapacitor with an aqueous electrolyte when using a
composite electrode material including CNT at ratios of 1 : 1, 1 : 2,
and 2 : 1. The Zn2V2O7/CNT composites exhibited good capaci-
tor properties and different capacitive behaviors depending on the
CNT content, and among these electrodes the electrode with 1 : 1
ratio showed superior performance due to the better dispersion of
metal oxide nanoparticles on CNT networks, which resulted in max-
imum amount of metal oxide surface exposed to the electrolyte
during analysis. In cyclic voltammetry studies, all the composite elec-
trodes showed a good cycling stability up to 500 cycles with a less
than 4% loss of the specific capacitance. The best specific capaci-
tance value was up to 44.8 Fg−1 when using the α-Zn2V2O7/CNT
(1 : 2) composite electrode in a 0.5 M KCl solution.
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