
Electrochimica Acta 167 (2015) 97–104
Synthesis, characterization and electrochemical performances of
nanocrystalline FeVO4 as negative and LiCoPO4 as positive electrode for
asymmetric supercapacitor

V.D. Nithya a, K. Pandi a, Y.S. Lee b, R. Kalai Selvan a,*
a Solid State Ionics and Energy Devices Laboratory, Department of Physics, Bharathiar University, Coimbatore-641 046, India
b Faculty of Applied Chemical Engineering, Chonnam National University, Gwangju 500-757, South Korea

A R T I C L E I N F O

Article history:
Received 26 January 2015
Received in revised form 2 March 2015
Accepted 14 March 2015
Available online 17 March 2015

Keywords:
Iron vanadate
Aqueous electrolyte
Olivine lithium cobalt phosphate
Asymmetric Supercapacitor

A B S T R A C T

Iron vanadate, FeVO4 nanoparticles are synthesized by simple co-precipitation method and explored as
the pseudocapacitor negative electrode for the first time. The structural analysis shows the highly
crystalline nature and phase purity of the material. The morphological features of FeVO4 particles are
polyhedral in shape and are in the range of 100–200 nm. The well defined lattice fringes corroborate the
highly crystalline nature of FeVO4. The FeVO4 electrode exhibits a pronounced supercapacitive
performance in 1 M KOH electrolyte than 1 M NaOH and 1 M LiOH electrolytes due to its smaller
hydration sphere radii, increased mobility and ionic conductivity. The obtained higher specific
capacitance of 972 F g�1 at 2 mV s�1 and 922 F g�1 at 2 mA cm�2, inferred that it could be utilized as a
suitable negative electrode. On the other hand, LiCoPO4 is tested as the positive electrode (0 to 0.5 V) for
the first time and delivers a specific capacitance of 320 F g�1 at 5 mV s�1. Finally, an asymmetric
supercapacitor is fabricated using FeVO4 as negative and LiCoPO4 as positive electrodes. The device
exhibits an excellent energy density of 21 Wh kg�1 with a power density of 1326 W kg�1 in the potential
range between 0 to 1.6 V.
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1. Introduction

Supercapacitors are considered as one of the newest advances
in the field of energy storage and conversion devices due to its
attractive features such as high power density, long cycle life, etc.
[1]. Generally, supercapacitors are classified into two types
including (i) Electric double layer capacitor (EDLC) and (ii)
Pseudocapacitor [2]. In EDLC’s, the carbon based materials are
used as the electrodes, where the charges are accumulated at the
electrode–electrolyte interface [3,4]. In pseudocapacitors, the
conducting polymers and metal oxides are employed as electrodes
and the redox reactions are the reason for charge storage
mechanism [5,6]. The energy density (E) of the supercapacitor is
calculated by E = CV2/2, where C is the specific capacitance and V is
the operating cell voltage. According to this relation, the energy
density (E) is proportional to the specific capacitance (C) and
square of the operating voltage (V) of the supercapacitor. Hence,
the effective way of improving the energy density is to enhance the
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specific capacitance of the materials and widening the operating
potential window of the supercapacitor.

There are numerous reports on the positive electrode materials
with high capacitances working in a wide potential window [7–12].
The existing positive electrode material, RuO2 provides high specific
capacitance of 1580 F g�1 [7] however, its high cost and toxicity
limits the wide utility. Therefore, variety of metal oxides including
NiO (690 F g�1 at 0.1 A g�1 in the potential of �0.3 V to +0.35 V),
NiCo2O4 (1588 F g�1 at 1 A g�1 in the potential of 0 to +0.7 V), MnO2

(411.9 F g�1 at 0.25 A g�1 in the potential of -0.2 V to +0.8 V), Co3O4

(456 F g�1 at 1 A g�1 in the potential of �0.1 V to +0.5 V), Mn3O4

(232.5 F g�1 at 0.5 A g�1 in the potential of 0 to +1.0 V) and CuO
(212 F g�1 at 0.41 mA mg�1 in the potential of 0 to +0.4 V) has been
revealed as the less expensive positive electrodes [5,8–12].

Therefore, identification of suitable negative electrode is an
imperative one to counter balance the charges and to obtain the
superior supercapacitive performance. There are some reports on
the negative electrodes for supercapacitors such as Fe3O4, Fe2O3,
Bi2O3, VN, etc. [13–16]. However, the obtained specific capacitance
of these materials is insufficient for practical applications. The
obtained capacitance is 163 F g�1 at 1 A g�1 for Fe3O4-carbon
nanosheets in the potential range between �0.2 and �0.8 V [13].
Sethuraman et al. has utilised Fe2O3/C nanocomposites as the
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negative electrode and reported a specific capacitance of 315 F g�1

in 2 M KOH (+0.2 to �0.7 V) at 2 mV s�1 [14]. Similarly, Bi2O3

provided the specific capacitance of 250 F g�1 at 100 mV s�1 in 1 M
Na2SO4 electrolyte (�0.2 to �1.0 V) [15] and vanadium nitride (VN)
delivered a specific capacitance of 413 F g�1 at 1 A g�1 in the
potential range of 0 to �1.1 V [16]. Although the capacitance
rendered by the negative electrodes is quite enough, they are
further insufficient to match the higher capacitances of the
positive electrodes such as NiO (1085 F g�1), Ni(OH)2–Co(OH)2
(2684 F g�1), Ni3V2O8 (1284 F g�1), etc [17–19].

In this line, the present work concentrated on the synthesis of
FeVO4 nanoparticles by simple co-precipitation method. The iron
based oxide i.e. FeVO4 is chosen as the electrode material for
supercapacitor since the availability of multiple oxidation states of
iron, possess high potential window in aqueous solution upto
�1.2 V, low cost, natural abundances and non-toxicity [20].
Normally, FeVO4 has four different polymorphs named as
FeVO4-I, FeVO4-II, FeVO4-III, and FeVO4-IV, whereas FeVO4-I has
the stable phase formed at room temperature and the rest of them
are metastable phase that are usually formed at high pressure and
high temperature. It is reported that the FeVO4 has unique
applications in various fields, including electrodes for Li-ion
batteries, photocatalyst, gas sensors, etc. [21–23]. Thorough
Fig. 1. (a) DSC curve (b) XRD pattern (c) FTIR spectrum (d) N2 adsorption
investigations on the structural, electrical and magnetic properties
of FeVO4 have been reported by us previously [24,25]. Conse-
quently, in this present work an ample analysis of electrochemical
performance of FeVO4 is reported in various aqueous electrolytes
such as 1 M LiOH, 1 M NaOH and 1 M KOH for the suitability of the
negative electrodes. Normally, the supercapacitive performance of
the electrodes is largely dependent on the hydration sphere radii,
mobility and ionic conductivity of the electrolyte ions and hence it
is essential to optimize the suitable electrolyte [26,27]. Subse-
quently, an asymmetric supercapacitor is fabricated using FeVO4 as
negative and new LiCoPO4 as the positive electrode and studied
their performances. Also in the present work, LiCoPO4 is utilized as
positive electrode for the first time.

2. Experimental Methods and Materials

2.1. Synthesis of FeVO4

For the typical synthesis of FeVO4 (3 g), the stoichiometric
amount of Fe (NO3)3.9H2O (i.e. 7.096 g), NH4VO3 (2.052 g), NaOH
(0.702 g) was dissolved in double distilled water individually. The
dissolved aqueous Fe (NO3)3�9H2O was added into Triton X-100
(10 ml) in 100 ml of distilled water under magnetic stirring. Then
–desorption isotherms (Inset: Pore size distribution curve) of FeVO4.
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NH4VO3 was added, followed by NaOH solution. The pH of the
solution was found to be 2. The above solution was stirred for
another half an hour and kept undisturbed for 24 h. The obtained
precipitate was washed several times with double distilled water
and ethanol to remove impurities and dried overnight at 100 �C.
Finally, the material was calcinated at 600 �C for 3 h.

2.2. Synthesis of LiCoPO4

The detailed experimental procedure and the characterization
techniques of LiCoPO4 are already given in our previous article [28].
Solution combustion synthesis method was adopted for the
preparation of LiCoPO4. Briefly, the stoichiometric quantities of
the starting materials such as Lithium chloride (LiCl), Cobalt nitrate
(Co(NO3)2�6H2O) and Ammonium dihydrogen phosphate
(NH4H2PO4) were taken and dissolved in double distilled water
individually and mixed together with the addition of urea
[(NH2)2CO] as a fuel (pH 10). Subsequently, the mixed solution
was heated at 100 �C to get a sticky paste and ignited the
combustion reaction at about 400 �C to form a foamy powder.
Finally, the obtained foamy powder was calcinated at 800 �C for 5 h
to improve the crystallinity.

2.3. Characterization techniques:

The as prepared FeVO4material dried at 100 �C was subjected to
Differential Scanning Calorimetry (DSC) analysis that was
Fig. 2. (a) FE-SEM (b & c) TEM (
performed in air atmosphere using DSC Q20V24. The material
calcined at 600 �C was characterized by various techniques such as
XRD (X-Ray Diffraction), Fourier Transform Infrared Spectroscopy
(FT-IR), FE-SEM (Field Emission Scanning Electron Microscope) and
HR-TEM (High Resolution Transmission Electron Microscope)
analysis respectively. XRD was carried out using BRUKER
D8 Advance with CuKa radiation, FT-IR through SHIMADZU Model
IR Affinity 1, FESEM and HRTEM using Quanta FEG 250 and JEOL
JEM 2100 respectively. In addition, Nitrogen adsorption desorption
measurements were performed using Micromeritics ASAP
2010 surface area analyzer. The electrochemical performance
was investigated using cyclic voltammetry (CV), Galvanostatic
charge–discharge (GCD) and electrochemical impedance spectros-
copy (EIS).

The electrochemical measurements were carried out in a three
electrode system containing an active material coated onto the
graphite material as the working electrode, graphite as the counter
electrode and Hg/HgO as reference electrode respectively. The
active material, carbon black and PVDF are taken in the weight
ratio of 80:15:5 which is made into slurry by adding NMP (0.3 ml).
Then 8 ml of slurry is then coated onto a graphite electrode
(1 �1 cm2) and dried at 60 �C for the whole night. The mass of the
active material coated is 1 mg. The cyclic voltammetry, charge–
discharge, electrochemical impedance analysis was carried out
using the SP-150 BIO-LOGIC science workstation. The electro-
chemical impedance spectrum was studied in the frequency range
between 10 mHz–1 MHz.
d) HRTEM image of FeVO4.
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3. Results and discussion

3.1. Structural and electrochemical analysis of FeVO4

The thermal behavior of the prepared material is characterized
by DSC analysis. The DSC curve of FeVO4 is shown in Fig. 1(a). It can
be seen that there is a wide endothermic peak observed in between
100–250 �C, followed by a sharp exothermic peak between 390–
450 �C. The wide endothermic peak observed in between 100–
250 �C corresponds to the dehydration of adsorbed water
molecules in the FeVO4 [29]. The observed sharp exothermic peak
between 390–450 �C may be due to the transformation from the
amorphous phase into the crystalline FeVO4 triclinic structure or a
temperature of crystallization [30,31]. It is also reported that, this
exothermic peak is the characteristic peak of the oxidation of
organic residues present in the material [32]. It is also noted from
the figure that, there is a slight endothermic peak observed in the
range of 250–300 �C which is due to the removal of coordinated
water within the crystal structure [33].

The XRD pattern of the 600 �C calcinated FeVO4 is given in
Fig. 1(b). It shows the sharp and well defined peaks indicating the
high crystalline nature of the material. The obtained diffraction
pattern is well matched with the standard (JCPDS. 38-1372) and
possess triclinic structure. The calculated lattice parameters are
a = 8.0518 Å, b = 9.3618 Å, c = 6.7120 Å, a = 106.65�, The obtained
diffraction pattern b = 101.38� and g = 96.76� which is in agreement
with the standard values. The standard values are a = 8.0572 Å,
b = 9.347 Å, c = 6.7138 Å, a = 106.590�, b = 101.526� and g = 96.69�.
Subsequently, the observed cell volume and lattice density are
466.92 Å3 and 3.259 g cm�3, respectively.

In order to further confirm the presence of possible functional
groups in FeVO4, FTIR analysis is carried out. The corresponding
FTIR spectrum is shown in Fig. 1(c). It can be seen that the bands
observed at 1050–850 cm�1 corresponds to the stretching of short
vanadyl (V¼O) bonds [34] and at 911 cm�1 attributes to V¼O and
V—O—V coupled vibrations [35]. Similarly, the band in the range of
830–700 cm�1 is due to the bridging V—O . . . ..Fe stretching
[36,37]. As well as the broad peak at 700–500 cm�1 attributes to
V—O . . . Fe and V-O..Fe mixed bridging stretching. The wave-
number below 500 cm�1 attributes to the V—O—V deformations
mixed with Fe—O stretching modes [36,37]. In addition to that,
there is a presence of bands at 2853 and 2923 cm�1 which
corresponds to CH2 stretching vibrations [38]. The BET specific
surface area of FeVO4 is obtained using N2 adsorption desorption
experiments (Fig. 1(d)) The observed hysteresis type behavior
infers that the materials having a slight porous nature and the
calculated specific surface area is 4 m2g�1. The average pore
volume is 0.0227 cm3 g�1, which is calculated from the pore size
distribution curve (Fig. 1(d) inset).
Fig. 3. (a) CV curves of FeVO4 in various electrolytes at 20 mV/s�1 (b) CV curve in 1 M KO
electrolytes at different scan rates.
The morphological feature of FeVO4 is analyzed using
FE-SEM and TEM analysis. The FE-SEM image of FeVO4 is
shown in Fig. 2(a). As it is seen, the particles are found to be
polyhedral in shape and randomly distributed. The average
particle size (one side length) of the material is measured
using the scion image software, and the maximum number of
particles is found to be in the size range of 100–200 nm.
Fig. 2(b–c) shows the TEM images of FeVO4 in different
magnifications. As it is seen from the figure, the shape of the
particles is found to be polyhedral. The HRTEM image of FeVO4 is
shown in Fig. 2(d). The fringes are clearly visible and the d spacing
values calculated from the fringes are in accordance with the XRD
data. The d spacing value measured from the lattice fringe is
found to be 0.64 nm that corresponds to ð110Þ lattice plane.
The formation of FeVO4 is also confirmed from HRTEM
characterization.

The pseudocapacitive behavior of FeVO4 is evaluated using
electrochemical analysis, including cyclic voltammetry (CV),
galvanostatic charge discharge (GCD) and EIS analysis is carried
out using three electrode systems. The CV measurement of FeVO4

is carried out in three different electrolytes such as 1 M LiOH, 1 M
NaOH and 1 M KOH to optimize the suitable electrolyte. It is well
known that the size and diffusion speed of the solvated electrolyte
ions played a major role to determine the performance of the
material. The CV curves of FeVO4 in three different electrolytes
such as 1 M LiOH, 1 M NaOH and 1 M KOH at 20 mV s�1 is shown in
Fig. 3(a). A pair of redox peaks is clearly observed at �1.0 V and
�0.5 V vs Hg/HgO.

The peak at �1.0 V is due to the reduction process given by [39],

Fe3+ + e�! Fe2+ (1)

The oxidation reaction occurs at �0.5 V is given by,

Fe2+! Fe3+ + e� (2)

As it is seen from Fig. 3(a), the current area under CV
curves is high in 1 M KOH electrolyte compared with 1 M NaOH
and 1 M LiOH. It indicates that the FeVO4 electrode possesses a
higher value of capacitance in 1 M KOH. In general, the area under a
CV curve is related to specific capacitance (Csp) by the relation
given by,

Csp ¼
R
IdV

2:DV:Dm:n
(3)

Where
R
IdV is the integral area, DV is the potential window, Dm is

the active material mass, n is the scan rate.
A higher value of specific capacitance is observed in 1 M KOH,

when compared with 1 M NaOH and 1 M LiOH. The values of
H electrolyte at different scan rates (c) Comparison of specific capacitance in various



Fig. 4. (a) GCD curves of FeVO4 at various current densities (b) EIS spectra (c) Phase angle vs. frequency plot in 1 M KOH electrolyte.

Fig. 5. (a) CV curves of LiCoPO4 at various scan rates and (b) Scan rate vs specific
capacitance.
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specific capacitance for 1 M LiOH, 1 M NaOH and 1 M KOH at
20 mV s�1 are 304, 326 and 376 F g�1 respectively. This variation
arises due to the difference in hydrated radius of K+ ions (3.31 Å),
Na+ ions (3.58 Å) and Li+ ions (3.82 Å). Also, the reported ionic
conductivity of K+ ions (73 cm2V�1mol�1) is greater than Na+ ions
(50 cm2V�1mol�1) and Li+ ions (38 cm2V�1mol�1) at 25 �C
[40,41]. The lower hydrated radius of K+ ions favors faster ionic
mobility and interaction with the electrode material, thereby
resulting in enhanced electrochemical performance.

The CV curves of FeVO4 in the optimized KOH electrolyte at 2,
20, 30, 40 and 50 mV s�1 are given in Fig. 3(b). The obtained specific
capacitances are 972, 376, 326, 288 and 259 F g�1 respectively. The
specific capacitance is found to be higher at lower scan rates while
it decreases upon increasing scan rates. The calculated specific
capacitances in different electrolytes at various scan rates are given
in Fig. 3(c). The obtained value of capacitance is very high
compared to n-Fe2O3 films, where a specific capacitance of
210 F g�1 is achieved at 2 mV s�1 in the potential range from
�0.9 V to �0.1 V [42]. It is also higher than VOx�nH2O where a
specific capacitance of 227.3 F g�1 is obtained at 200 mA g�1 in
NaNO3 solution [43].

The further electrochemical characterizations of FeVO4 are
carried out in the optimized 1 M KOH electrolyte. Fig. 4(a) shows
the galvanostatic charge discharge (GCD) curves of FeVO4 at
different current densities in 1 M KOH electrolyte. It can be seen
that a non-linear type of curves is observed that indicates the
pseudocapacitive nature. It is well known, the larger discharge
time would lead to higher specific capacitance [44]. The specific
capacitances are calculated at various current densities [44], and
they are 922, 824, 751 and 683 F g�1 for 2, 3, 4 and 5 mA cm�2

respectively.
The electrochemical conductive behavior of FeVO4 is studied

using electrochemical impedance spectral (EIS) analysis in the
frequency range between 10 mHz and 1 MHz. The EIS spectrum of
FeVO4 is shown in Fig. 4(b). It can be seen that, there is a depressed
semi-circle with a single vertical line observed at high frequency
observed. The semi-circle in the mid-high frequency attributes to
the charge transfer resistance (RCT). Subsequently, the intersection
of the impedance plot at the real axis in the high frequency region
indicates the equivalent series resistance (Rs). The equivalent
series resistance is a combination of ionic resistance of the
electrolyte, the intrinsic resistance of the active material and the
contact resistance at the active material/current collector interface
[45,46]. The observed EIS spectra is fitted using the equivalent
circuit consisting of Rs, RCT, double layer capacitance (CDL) and
Warburg diffusion (W). The equivalent circuit is given as an inset of
Fig. 4(b). The fitted parameters such as Rs, RCT, CDL and W are
3.15 V, 0.29 V, 3.8 � 10�3 F and 20.04 Ohm s�1/2, respectively,
where the Warburg diffusion is the frequency dependence of
the ionic diffusion in the electrolyte [47]. The variation of phase
angle as a function of frequency of FeVO4 is given in Fig. 4(c). The
phase angle is found to be �62� which clearly indicates the
pseudocapacitive behavior of the material [48].

3.2. Structural and electrochemical analysis of LiCoPO4 electrodes

The structural analysis of the prepared LiCoPO4 is reported
elsewhere [28]. Briefly, the X-ray diffraction analysis revealed the
formation of phase purity and highly crystalline LiCoPO4 with
orthorhombic structure. The functional groups and vibrational
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modes of LiCoPO4 were confirmed from FTIR and Raman analysis.
X-ray photoelectron spectroscopy (XPS) analysis confirmed the
presence of Co 2p, P 2p and O1s states in LiCoPO4. The high-
resolution scanning electron microscopic (HR-SEM) image showed
the particles with irregular shape and their size ranged between
1–2 mm.

Herein, LiCoPO4 is tested as pseudocapacitor electrode for the
first time and its electrochemical performance is studied using
cyclic voltammetric (CV) analysis. The LiCoPO4 electrode exhibits
the redox characteristics in the positive potential region from 0 to
+0.5 V in 1 M KOH electrolyte. The CV curves of LiCoPO4 at various
scan rates are given in Fig. 5(a). There are two oxidation and
reduction reaction are observed, where the occurred oxidation (P1)
and reduction peak (P4) at lower potentials corresponds to the
reversible reaction between Co (II) and Co(III) [49,50] and is given
by Eq. (4),

Co2þ$Co3þ þ e� (4)

Also, the presence of oxidation (P2)/reduction (P3) peaks
attributes to Co(III)/Co(IV) reversible reaction [49,50] and is given
by Eq. (5),

Co3þ$Co4þ þ e� (5)

The specific capacitance at each scan rate is calculated and is
given in Fig. 5(b). The calculated specific capacitance is 360, 339,
320, 304 and 286 F g�1 for 10, 20, 30, 40 and 50 mV s�1 respectively.
The observed specific capacitance of LiCoPO4 is higher than the
reported positive electrodes such as V2O5, SnO2, Mn2O3 etc. [51–
53]. In brief, Bonso et al., has reported the synthesis of V2O5

nanotube/exfoliated graphite nanoplate composites and obtained
a specific capacitance of 35 F g�1 at 10 mV s�1 in 2 M KCl electrolyte
and it was higher than V2O5 nanotubes (25.5 F g�1 at 10 mV s�1)
[51]. Subsequently, the electrochemical performance of
Fig. 6. (a) CV curves of LiCoPO4 and FeVO4 in 1 M KOH electrolyte at 5 mV/s�1, (b) CV curv
at various current densities, (d) Cycling stability at a current density of 5 mA/cm�2 of t
supercapacitor in a charged condition and (f) Glow of a light emitting diode by the fab
nanostructured SnO2 deposited onto stainless steel electrode by
potentiodynamic method was studied by Prasad et al., [52]. The
capacitive behavior studied in 0.1 M Na2SO4 electrolyte exhibited a
specific capacitance of 285 F g�1 at a scan rate of 10 mV s�1. In
addition, the synthesized porous Mn2O3 nanocubes exhibited a
specific capacitance of 115.3 F g�1 at 20 mV s�1 in 0.5 M Na2SO4

with a high rate capability (58%) and a long-term cycle stability etc.
[53]. Hence, the results showed that our LiCoPO4 with high
capacitance have great potential for use as positive electrode in
supercapacitors.

3.3. Electrochemical behaviour of hybrid LiCoPO4||FeVO4

supercapacitor

To investigate the possibility of the prepared electrodes for
practical applications, an asymmetric supercapacitor is fabricated
using LiCoPO4 as positive electrode and FeVO4 as negative
electrode. The CV curves of LiCoPO4 and FeVO4 in their respective
potential range at 5 mV s�1 is shown in Fig. 6(a). LiCoPO4

electrode is measured in the potential range of 0 to 0.5 V and
FeVO4 from 0 to �1.2 V respectively. Since the total cell voltage is
the sum of the potential range of LiCoPO4 and FeVO4, the
asymmetric supercapacitor can be operated upto 1.7 V. There is no
oxygen evolution upto 1.6 V and thereafter a prominent evolution
occurs. Therefore, the cyclic voltammetry and charge discharge
analysis is carried out in the potential range of 0 to 1.6 V. Since, the
two electrodes have different specific capacitance, there must be
a perfect balance between the mass of the positive and negative
electrode. The mass balancing is done based on the following
equation [54],

m�

mþ ¼ ðCþ � DVþÞ
ðC� � DV�Þ (6)

where m+ and m� are mass, C+ and C� are specific capacitance, DV+

and DV� are potential window of the positive (LiCoPO4) and
es at various scan rates of the fabricated asymmetric supercapacitor, (c) GCD curves
he fabricated asymmetric supercapacitor, (e) Three serially connected asymmetric
ricated asymmetric supercapacitor at different time intervals.
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negative (FeVO4) electrode. After the mass being balanced, the
asymmetric supercapacitor is fabricated and the performance is
studied using CV and GCD analysis.

The CV curves of asymmetric supercapacitor (LiCoPO4||FeVO4)
at various scan rates are given in Fig. 6(b). The CV curves exhibits
prominent redox peaks due to the pseudocapacitive behavior of
the materials. The specific capacitance values calculated for 5, 10,
20, 30, 40 and 50 mV s�1 are 73, 62, 52, 45, 41 and 37 F g�1

respectively. Fig. 6(c) shows the charge discharge curves of
asymmetric LiCoPO4||FeVO4 at various current densities. The
calculated specific capacitance is 73, 65 and 59 F g�1 at 3, 4 and
5 mA cm�2 respectively. The hybrid cell performance is usually
dependent on the specific capacitance of individual electrodes.
Since both the electrodes possess good specific capacitance, the
hybrid supercapacitor exhibits superior performance.

The energy density and power density values for asymmetric
LiCoPO4||FeVO4 supercapacitor is calculated using the relation,

E ¼ I
R
VðtÞdt
M

(7)

P ¼ E
t

(8)

Here,
R
V(t) dt is the integral area of the discharge curve, I is the

current density, M is the mass of the active material and t is the
discharge time. The calculated energy density at a current densities
of 2, 3, 4 and 5 mA cm�2 are 27, 26, 23 and 21 Wh kg�1 respectively.
The corresponding power densities are 484, 737, 1010 and
1326 W kg�1 respectively.

The cycling stability is another important requirement for
practical applications of supercapacitor. The cycling stability of
asymmetric LiCoPO4||FeVO4 supercapacitor at 5 mA cm�2 is given
in Fig. 6(d). The initial specific capacitance of the asymmetric
supercapacitor is found to be 59 F g�1. There is a gradual increase in
capacitance upto 400 cycles and a specific capacitance of 88 F g�1 is
reached. This initial increase in the specific capacitance is due to
the electrode activation effect [55]. Then the capacitance begins to
decrease until 900 cycles thereafter it maintains a specific
capacitance of 71 F g�1. The corresponding energy density values
is 25 Wh kg�1 which is higher compared with the literatures for
Ni/Ni(OH)2kC (21.8 Wh kg�1), Co(OH)2kVN (22 Wh kg�1), Carbon
coated LiTi2(PO4)3kAC (14 Wh kg�1), ACkMnO2 (17.3 Wh kg�1) etc
[56–59].

In order to know the efficiency of the fabricated asymmetric
supercapacitor, a red LED is attempted to glow. For the same, three
asymmetric cells are connected serially as shown in Fig. 6(e) and it
is charged upto 3.0 V. The asymmetric cells successfully powered
the red light emitting diode (LED) on discharging. Fig. 6(f) shows
the glowing of the LED at different time intervals. It is observed
that the LED could be able to shine light for more than 2 min with
considerable intensity and then only it starts to diminish. The
efficiency of the fabricated asymmetric supercapacitor is found to
be good and hence it could be utilized for practical applications.

4. Conclusion

FeVO4 nanoparticles are successfully synthesized by simple
precipitation method and were characterized using various
techniques. Highly crystalline material was obtained and it was
revealed through structural analysis. The particles were found to
be polyhedral in their shape and sizes in the range of 100–200 nm.
The d spacing values calculated from HRTEM lattice fringes
confirmed the formation of FeVO4. The FeVO4 material exhibits a
superior electrochemical performance in 1 M KOH electrolyte
among the electrolyte systems studied and inferred that it might
be utilized as a suitable negative electrode for pseudocapacitors. A
higher specific capacitance of 972 F g�1 at 2 mV s�1 and 922 F g�1 at
2 mA cm�2 is achieved in the potential range between 0 to �1.2 V
vs. Hg/HgO. An asymmetric hybrid supercapacitor was fabricated
using FeVO4 as negative and LiCoPO4 as the positive electrode. The
electrochemical performance of LiCoPO4 as positive electrode was
tested for the first time and a specific capacitance of 320 F g�1 was
obtained at a scan rate of 5 mV s�1. The asymmetric capacitor
provided an excellent energy density of 21 Wh kg�1 at a power
density of 1326 W kg�1 in the potential of 0 to 1.6 V.
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