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Electrochemical properties of dip-coated vanadium pentaoxide thin ﬁlms
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Abstract. Vanadium oxide (V2 O5 ) thin ﬁlms have been deposited on to the stainless-steel substrates by simple
dip-coating technique using vanadium pentaoxide as an initial ingredient. Deposited samples were annealed at
773 K for 3 h in air. X-ray diffraction analysis of the sample shows crystalline with orthorhombic crystal structure.
Scanning electron microscopy study depicts the homogeneous and dense surface morphology. Optical study proves
the direct bandgap transition with energy ∼2.25 eV. Electrochemical performance of the deposited electrode was
studied in 1 M NaNO3 electrolyte using cyclic voltammetery, electrochemical impedance spectroscopy and galvanostatic charge–discharge tests. Prepared V2 O5 electrode shows 207.50 F g−1 speciﬁc capacitance at the scan rate
5 mV s−1 , speciﬁc energy, speciﬁc power and efﬁciency are 41.33 Wh kg−1 , 21 kW kg−1 and 96.72%, respectively.
The internal resistance observed from impedance spectroscopy is ∼8.77 ohm. Electrode exhibits excellent chemical
stability up to 1000 cycles.
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Introduction

Supercapacitors or electrochemical capacitors (ECs) are
investigated as potential energy storage elucidations because
of high energy density than conventional capacitors and high
power density than batteries [1,2]. Supercapacitor types are
based on Helmholtz’s double-layer capacitance, which is
formed on an electrode/electrolyte interface (EDLC), and
a pseudocapacitance, which results from a fast reversible
faradic process, redox active materials, e.g., transition metal
oxides or conducting polymers [3,4]. Because of the combined features of conventional capacitor and batteries, it has
lot of commercial applications in several ﬁelds; such as,
hybrid electric vehicles, laser, fuel cells, cellular phones,
digital camera, etc. [5]. In the preparations of supercapacitor electrodes, transition metal oxides, conducting polymers
and activated carbon materials are preferably used via different techniques [6–12]. Among these, transition metal oxides
specially offer low electrochemical series resistance (ESR),
more valance states, long cycle life, porous nature, etc.
Some of the most extensively studied transition metal oxides
for ECs are hydrous ruthenium oxide [13], iridium oxide
[14,15], vanadium oxide [16,17], chromium oxide [18,19],
etc. Contrarily, their high costs forced scientists to look for
the cheap alternatives.
In this regard, cheap and abundantly available vanadium
oxide is one of the promising electrode material because
of large potential window, multivalences, high redox activity, 3D architecture and large stability [20]. Vanadium oxide
and their compounds have attracted much attention for their
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important applications in various ﬁelds, such as lithium batteries [21–24], actuators [25], sensors [26], catalysis [27],
optical switching devices [28] and electrochemical supercapacitors [29–31]. Vanadium oxide (V2 O5 ) is found to be
a promising electrode material of suitable layered crystal
structures to get high-speciﬁc capacitance [32,33].
However, these applications depend on the techniques
used to grow the ﬁlms and the performance of the ﬁlms
is linked to its crystallinity and morphology [34]. V2 O5
ﬁlms have been prepared by various techniques, such as
sol–gel deposition [35], vacuum evaporation [36], sputtering [37], electron-beam evaporation [38], spray pyrolysis
technique [39] and dip coating [40]. Dip coating is one of
the most widely used methods for depositing metal oxides
onto large surfaces and cylinder- or irregular-shaped objects
[41], where the substrate is ﬁrst immersed into and subsequently extracted from a precursor solution (suspension),
thus resulting as thin ﬁlms on the surface of substrate. This
method also offers certain advantages over conventional
deposition techniques like simplicity, versatility, cost effectiveness, processing temperatures, quantity of product, control of stoichiometry and ﬁlm structure etc. Stainless-steel
(SS) substrates that are used to coat V2 O5 ﬁlms are selected
on the basis of their high electrical conductivity, high thermal stability and less corrosiveness as compared to other
metals [42].
Current literature focuses very little work on thin ﬁlm
preparation of V2 O5 by dip coating [43], but no work is
found in the literature regarding electrochemical study (e.g.,
speciﬁc capacitance (SC), speciﬁc energy density (SE), speciﬁc power density (SP) and efﬁciency (η)) of V2 O5 thin
ﬁlm electrodes prepared using vanadium pentaoxide by dip
coating. Hence in this article, emphasis has been given on the
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preparation of vanadium oxide thin ﬁlm samples (V2 O5 ) by
dip coating, and varying number of deposition cycles through
the precursor solution. Samples are annealed at 773 K and
electrochemical characterizations of the prepared samples
are investigated in 1 M NaNO3 electrolyte.
2.

Experimental

2.1 Preparation of precursor
Well-reported melt-quench technique was used for the preparations of vanadium oxide precursor. Typical melt-quench
process would start by melting 10 g V2 O5 (SD Fine Chem)
precursor powder in a ceramic crucible and allowing it to
stabilize at 1223 K for 30 min (V2 O5 powder melts at 943–
958 K) [43]. The molten form of V2 O5 powder is then
slowly poured into 1000 ml of double-distilled water and
stirred for a period of 1 h. By the same preparative process,
Darling et al [43] got long ﬁbres or ribbons of V2 O5 with
hydrated solution. The resultant solution was dark orange
in colour. Prepared solution was ﬁltered by using Wattman
ﬁlter paper. Filtered sticky solution was then deposited on
the substrates by dip coating method. After deposition, the
substrates were dried under IR lamp and annealed at 673 K
for 3 h.
2.2 Preparation of dip-coated V2 O5 thin samples
Well-cleaned thin SS substrates (no-304), on which V2 O5
deposition has to be carried out, were used [44]. Initially,
20 ml of the above-prepared vanadium oxide solution was
taken in a beaker as a precursor. Then SS substrates were
dipped into the precursor solution at the rate of 5 mm s−1
and held for 30 s, then removed out from the precursor at
the same rate. After that, the samples were dried under IR
lamp and annealed at 773 K for 3 h in air. Prepared samples
were thereafter submitted to structural, morphological and
electrochemical characterizations.

obtained from cyclic voltammetery (CV) of 1 cm2 surface
area of the deposit. The scan rate variation is applied within
the potential window −1.2 to 1.2 V in 1 M NaNO3 , platinum
wire was used as a counter electrode and saturated Ag/AgCl
as a reference electrode. The cyclic voltamogram was used to
calculate the SC using the relations (1) and (2). The charge–
discharge behaviour of the samples was studied using galvanostatic charge–discharge for different current densities
applied to the electrode. Multifrequency impedance measurement was carried out in the frequency range 1 MHz to
1 MHz using AC signal of −0.332 V open-circuit potential.
Impedance data were ﬁtted with standard data to search an
equivalent circuit using Zsimpwin software [45].

3.

Results and discussion

3.1 Structural, morphological and optical studies
The structural characterization of the prepared sample was
performed using X-ray diffraction (XRD) technique. The
XRD pattern of V2 O5 electrode was used to determine the
crystal structure, orientation of the planes and grain size.
Figure 1 represents the XRD pattern of V2 O5 sample electrode annealed in air at 773 K for 3 h. XRD pattern shows
number of reﬂections (200), (010), (110), (020), (220), (620),
(811) and (103) indicating polycrystalline nature of the
deposit. The observed ‘d’ values closely match to the standard ‘d’ values taken from JCPDS card no. 72-0598 of V2 O5
exhibiting orthorhombic crystal structure. The standard and
observed ‘2θ ’ and ‘d’ values are tabulated in table 1. Same
structure was reported by Wang et al [46] by sol–gel method.
The crystallite size of V2 O5 electrode was calculated by
using slow scan of XRD. The estimated average crystallite size (D), using Scherer’s formula [47], for (010) peak
was ∼87.71 nm. This value is analogous to crystallite size
reported by Wang et al [46].
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Figure 1.

XRD spectra of annealed V2 O5 sample.
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The structural and morphological characterizations of the
annealed V2 O5 samples were conﬁrmed from the diffraction
pattern obtained using X-ray diffractometer (RigakuD/max
2550V b+18 kW with Cu-Kα 1 = 1.54056 Å), by varying 2θ from 10 to 90◦ by the step width of 0.2◦ and
scanning electron microscope (SEM; JEOL model JSM6360). Optical absorption of the deposited samples was
observed in the wavelength range 400–900 nm with the
help of Shimadzu (UV 3600) spectrophotometer. Weight of
the deposited material was measured by weight difference
method using 1 × 10−5 high accuracy microbalance (Contact
C–84). Computer-controlled Potentiostat (H CH 600D spl.
Electrochemical analyzer/workstation) with standard three
electrodes cell was used for electrochemical characterization.
Electrochemical measurements were made using the data

(010)

2.3 Characterization techniques
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Table 1. Observed and standard ‘2θ ’ and ‘d’ values (matched
using JCPDS card no. 72-0598).
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Figure 3. Absorption spectra and inset shows plot of (αhν)2 vs. hν.
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Figure 2. SEM image of annealed V2 O5 sample.

Surface morphological evaluation of V2 O5 deposited on
to the SS was carried out using SEM digital photo-images.
Figure 2 shows the SEM image of annealed sample. Image
shows that material is highly dense, uniform and rough in
appearance having scratches on the surface. Optical characterization was used to search the bandgap of the material. Figure 3 shows the variation of absorbance (αt) with
wavelength λ (nm) for V2 O5 samples (coated on glass substrates) recorded in the wavelength range 400–1000 nm. The
observed value of ‘α’ is in the order of 104 . It is further
observed that absorption coefﬁcient decreases with increase
in wavelength and the sharp cutoff is observed near the band
edge reported for CdO by Lokhande and group [48]. This
may be attributed to the better crystallinity and lower defect
density as observed from XRD. The recorded data were further used to calculate the bandgap energy of the deposited
sample using Tauc method [49]. Inset of ﬁgure 3 shows the
plot of (αhν)2 vs. hν. Plot consists of linear portion, which
exhibits the presence of direct interband transition in V2 O5
samples. The obtained bandgap energy for V2 O5 sample is
∼2.25 eV.
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Figure 4. Cyclic voltamograms of annealed V2 O5 sample at
different scan rates.

3.2 Electrochemical characterization
Electrochemical behaviour of annealed V2 O5 sample electrode was observed using CV by varying the scan rate from
5 to 100 mV in 1 M NaNO3 electrolyte. Figure 4 shows the
cyclic voltamograms of V2 O5 sample at different scan rate.
It is observed that the shape and area under the CV changes
with increase in scan rate. The cyclic voltamogram carried at
5 mV s−1 scan rate shows very small area under the curve
having single redox peak. With rise in scan rate, area under
the peak increases, curve shifts towards negative side of the
potential window showing single oxidation peak and two
redox peaks. All curves show nearly symmetric behaviour.
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By using the following relations [50], the values of SC at
different scan rates were evaluated.

I dt
,
(1)
C=
dv/dt

SE =

C
SC =
,
W

(2)

where ∫ I dt is the area under curve, dv/dt the voltage scan
rate, C the capacitance and W the weight of the active
material dipped in the electrolyte.
Calculated values are tabulated in table 2. It is seen that,
the value of SC decreases with increase in scan rate. It shows
maximum value of SC, 207.50 F g−1 , at lower scan rate
5 mV s−1 . The decrease in SC with increase in scan rate
has been attributed to the presence of internal vigorous sites
that cannot sustain the redox transitions completely at higher
scan rates. This is probably due to the improper diffusion of
protons within the electrode.
Chronopotentiometric charge–discharge measurement of
the annealed V2 O5 sample electrode was observed at different current densities in 1 M NaNO3 electrolyte. Figure 5
shows charge–discharge variation for annealed V2 O5 electrode at variable current densities 4–14 mA cm−2 . It is observed
that with rise in current density, the charge–discharge
time decreases and also time variation of potential shifts
towards linear nature. At 14 mA cm−2 , charge–discharge curve

Speciﬁc capacitance (F
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100
200

Potential (V cm−2)

0.5

Table 3. Variations of speciﬁc energy, speciﬁc power and
columbic efﬁciency with applied current densities for annealed
V2 O5 sample.
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A

B

V × Id
,
(4)
W
td
η% =
× 100,
(5)
tc
where V is the voltage, I d and td are the discharging current
and time (h), W the weight of active electrode (kg and tc the
charging time (h).
The calculated values of SE, SP and η% are summarized
in table 3, and it is observed that at 14 mA cm−2 current
density, electrode shows maximum power output.
Electrochemical impedance measurements were made to
search internal resistance of the electrode. Figure 6 shows
the Nyquist plot between real and imaginary impedance values in the frequency range of 1 mHz–1 MHz, obtained at
−0.332 V open-circuit potential. At high frequency region,
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E D C

(3)
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−160
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V × I d × td
,
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(mA cm−2 )

Table 2. Variation in SC with scan rate for
annealed V2 O5 .

1.0

shows maximum symmetric nature indicating good reversible nature of the material at that current density. The electrical parameters such as SE, SP and η were calculated from
charge–discharge curves using the following relations [50].
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Figure 5. Charge–discharge variation of annealed V2 O5 sample.

Figure 6. Nyquist plot of annealed V2 O5 sample and inset shows
matched equivalent circuit.
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energy value ∼2.25 eV. The V2 O5 electrode exhibits a maximum SC of 207.50 F g−1 at 5 mV s−1 , SE of 82.66 Wh kg−1 ,
SP of 42 kW kg−1 and columbic efﬁciency of 98.87% in
1 M NaNO3 electrolyte. Overall, the study shows that materials have good electrochemical cyclic stability and better
capacitive performance.
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Figure 7. Stability plot of annealed V2 O5 sample.

the crossover point of the highest frequency with the real part
of the impedance is, in general, a combine resistance of the
electrolyte, intrinsic resistance of substrate and contact resistance between the active material and the current collector.
The observed internal resistance was ∼8.77  cm−2 . In the
intermediate region of frequency, the straight line nature with
the inclination of ∼45◦ to the real axis was noticed, which
is in fact the characteristic of ion diffusion into the electrode
materials. In the low frequency range, the straight line part
was leaned slowly towards the imaginary axis, indicating that
the electrode material experienced capacitive behaviour [50],
and inset of it shows matched equivalent circuit obtained by
simulation using ZsimpWin software.
Electrochemical stability of V2 O5 electrode was measured
in 1 M NaNO3 at 200 mV s−1 high scan rate (ﬁgure 7). Here
it is observed that with increase in cycle number, the value
of SC changes from 77.56 to 88.28 F g−1 . Initially it was
77.56 F g−1 and increases up to 88.28 F g−1 within 200
cycles, later it decreases slowly up to 700 cycles and then
remains steady at 75 F g−1 . The initial increase in SC was due
to complete activation and achievement of optimum condition
of the electrode. It also indicates a high degree of reversibility
in the repetitive charge–discharge cycles. The later decrease
in SC is due to the loss of small amount of active material
from the surface of electrode into the electrolyte. Overall, it
is observed that material does not show much change in SC
with cycle number, indicating good stability of the electrode
in repetitive cycling.
4.
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Conclusions

V2 O5 thin ﬁlm electrodes were successfully prepared on
SS substrates by a simple dip-coating method via aqueous
medium. Deposited V2 O5 sample shows orthorhombic crystal structure with highly dense and uniform morphology. The
optical study proves direct bandgap transition with minimum
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