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ABSTRACT

To fulfill the increasing energy demand, it is necessary to develop such an

electrode material for pseudocapacitors having a high energy density, better

cycle life, and potential for commercialization. Herein, we report an electro-

codeposition technique to fabricate a high-performance V2O5-PANi composite

deposited on the metallic Nickel foam substrate as an electrode for pseudoca-

pacitors. Ni foam serves as a porous and conductive framework and therefore

shortens the ions diffusion pathway. Composite shows good performance than

pure V2O5 and PANi due to their synergistic effect. X-ray diffraction (XRD) and

energy dispersive X-ray spectroscopy (EDX) analysis have confirmed the suc-

cessful incorporation of metal oxide into the polymer backbone. Moreover,

V2O5-PANi composite exhibited a very wide voltage window of 2.5V (between

- 1 and 1.5V vs. SCE), the highest specific capacitance of 1115 F/g, and less

charge transfer resistance. The ability to prepare composite electrodes with high

performance via a binder-free electro-codeposition technique could open up

new prospects for high energy density pseudocapacitors.

1 Introduction

The demand for high-performance energy storage

devices such as supercapacitor and batteries increa-

ses with prompt progress in the hybrid electric

vehicles (HEV) and portable electronic devices [1–4].

A supercapacitors (SCs) have potential usage in

backup power source, electronic fuses, and power

supply devices for electric vehicles due to their long

cycle life, fast charge/discharge rates, high power

density, and low cost of maintenance [5–7]. However,

batteries have high energy density than supercapac-

itors [8, 9]. On the basis of electrode material and

energy storage mechanism, SCs are divided into two

types: electric double-layer capacitor (EDLC) and

pseudocapacitors (PCs) [10, 11]. EDLCs employ
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carbon-based material as an electrode due to their

large surface area for energy storage ensured by the

accumulation of ions to form an electrical double-

layer at the interface of electrolyte and electrode.

Examples of electrode materials include carbon nan-

otubes, activated carbon, graphene, carbon ion. For

such electrode materials, power density and cycling

stability of EDLCs are high [12, 13], but their energy

density and specific capacitance are lower than PCs

due to the accumulation of charges restricted only to

the surface [14], leaving the bulk of materials unused.

However, the high cost and the complication of

production procedures for carbon-based materials

significantly affects their practical use in superca-

pacitors for industrial applications. Therefore, it is

necessary to search exponential active electrode

materials to improve the performance of current

collecting electrode that can significantly affect real-

time applications of SCs [15]. It is also well known

that electrode materials play a crucial role in the

electrochemical performance of the energy storage

devices [16]. PCs are based on redox-active transition

metal oxides [17, 18] and conducting polymers

materials for energy storage via faradaic reactions

[19–21]. Ruthenium oxide was the first metal oxide to

be used as an electrode for PCs giving specific

capacitance of 600–1000 F/g in the voltage window

of 1.4 V [22], but its commercial utilization has been

restricted owing to its high cost. Other low-cost

transition metal oxides such as MnOx, CrOx, CoOx,

NiO, NiCoO2, and V2O5, have also been studied as

electrode materials for PCs [23–27]. Recently, layered

double metal hydroxides (CoMn-LDH@MnO2) and

mixed metal oxide and sulfides have also been

investigated as electrode materials for supercapaci-

tors [28, 29]. Among transition metals, Vanadium

oxide has gained much attention owing to its layered

structure, undergoing easy diffusion of lithium ions

in and out of the structure, and attainment of high

capacitance due to its multiple oxidation states. The

high oxidation state of vanadium leads to the prob-

ability of multiple electrons storage per formula unit.

However, the electronic conductivity of vanadium

oxide is low. It has been described that electro-spun

V2O5 nanofibers displayed excellent stability in the

voltage window between - 1 and 0 V vs. SCE [30].

Moreover, V2O5-polypyrrole nanocomposite exhib-

ited a specific capacitance of 308 F/g in a wide volt-

age range, from - 0.9 to 0.1 V vs. SCE [31].

Moreover, different conducting or conjugated

polymers such as polypyrrole (Ppy), polyaniline

(PANi), and their derivatives have been investigated

for PCs due to their high specific capacitance [32–34].

Electroconducting polymer such as PANi is well-

known among recently developed electrode material

for pseudocapacitor. It has the advantages of highly

reversible charge storage ability, high thermal sta-

bility, notable applications in energy storage tech-

nology [35, 36], ease of synthesis and high

capacitance (3407 F/g) [37]. The PANi is affordable

as it composed of cheap components including C, H,

N or S. However, long-term degradation and

shrinkage upon cycling are the associated drawbacks

with these conducting polymers [38].

Recently, composite materials based on transition

metal oxides and conducting polymers have gained

significant consideration, as they can combine the

benefits of both constituents providing superior

properties. Composite has a synergistic effect over

enhancing the surface area, minimizing particle size,

preventing particle agglomeration, improving cyclic

stability and providing extra pseudo capacitance. In

composite form conceivable role of both components

is; metal oxide provides structural and mechanical

support to conducting polymer and acts as a charge

storage material whereas conducting polymer offers

good electrical conductivity owing to its flexible and

polymeric nature. Hence, significantly improved

performance is expected in composite form than the

individual component material. Composites of PANi

and carbon-based material have been synthesized via

in situ chemical oxidation of co-polymerization

method, however, the same method has rarely been

employed for the combination of metal oxides and

PANi [39]. This may be due to the reason that the

formation of metal oxides generally requires a mild

alkaline environment while the polymerization of

PANi proceeds under an acidic condition. Fortu-

nately, one step electro deposition method can still be

carried out for combining certain transition metal

oxides with PANi, as long as the voltage ranges for

the deposition of both the components coincide [40]

and the subsequent composite remains insoluble in

the electrolytes. Moreover, the synthesis of nanos-

tructural materials with pores or voids (porous

materials) can enhance interactions of elec-

trode/electrolyte interface, delivering low internal

resistance and rapid ionic diffusion paths for better

electrochemical performances including maximum

21036 J Mater Sci: Mater Electron (2020) 31:21035–21045



specific capacitance and good energy and power

density [41].

In the present work, a binder-free electro-codepo-

sition of V2O5-PANi composite on nickel foam as a

conducting substrate has been carried out for the

fabrication of electrode material. In the conventional

route, a binder is added to an active material for

proper adhesion between different constituents

which negatively affect the electrochemical perfor-

mance of electrode, as they do not add to charge

storage, but increase the interfacial stress and ohmic

résistance causing the failure of PCs. Moreover, the

electrochemical polymerization of PANi is a quicker

and environmentally benevolent polymerization

route, devoid of additives and oxidants.

2 Experimental

2.1 Electro-codeposition

Cyclic voltammetry of V2O5-PANi composite was

carried out using Gamry Ref-3000 Potentiostat/Gal-

vanostat in a three-electrode set up with Ni foam as

working electrode, Saturated Calomel Electrode

(SCE) as a reference electrode and graphite rod as a

counter electrode. Prior to electro-codeposition, Ni

foam was ultrasonicated in 0.1 M H2SO4 solution,

washed with deionized (DI) water, ultrasonicated in

acetone and methanol for 30 min, again washed with

DI water, and dried in N2 flow at 100 8C for 30 min.

An aqueous solution of 0.1 M Vanadyl sulfate and

0.05 M Aniline was used as an electrolyte for the

electro-codeposition of PANi-Vanadium oxide in the

potential range of - 2 to 1.6 V. Electrodeposited

samples were rinsed with DI water followed by

annealing at 300 8C for 3 h in a tube furnace. The

quantity of V2O5-PANi composite deposited was

evaluated by measuring the difference between the

weight of bare foam and V2O5 deposited foam after

annealing. The annealed sample was further used for

structural, morphological, and electrochemical

testing.

2.2 Characterization

The phase and crystal structure, elemental composi-

tion, and morphological studies were done using

X-ray diffraction (XRD), Energy Dispersive

Spectroscopy (EDX), and Field Emission Scanning

Electron Microscopy (FESEM).

2.3 Electrochemical testing

The electrochemical performance was investigated in

a conventional three-electrode cell with V2O5-PANi

composite deposited Ni foam as working electrode,

graphite rod as a counter, saturated calomel electrode

(SCE) as the reference electrode and 0.5 M LiClO4

dissolved in Propylene carbonate as an electrolyte.

Cyclic voltammetry (CV), Galvanostatic charge-dis-

charge (GCD), and Electrochemical impedance spec-

troscopy (EIS) measurement were carried out to

explore the charge-discharge capability, reversibility,

and other electrochemical properties. Gamry Ref-

3000 Potentiostat/Galvanostat was operated for all

electrochemical characterization. The gravimetric

discharge capacitance was calculated from GCD

according to the following formula:

Csp ¼ I � t

m� V
ð1Þ

where Csp, I, t, m and V symbolize the specific

capacitance (F/g), current density (A/g), discharge

time (seconds), mass of the active material loaded

(gram) and discharge potential windows (volts),

respectively.

3 Results and discussion

Figure 1 shows the cyclic voltammetric deposition of

the composite. In the initial cycle, high oxidation

current was observed owing to the higher conduc-

tivity of Ni foam as deposition process of the aniline

and VO2?, responsible for diminution of conductiv-

ity, was just initiated. However, the efficiency and

hence the oxidation currents decreased in the pro-

ceeding cycles due to a decrease in the conductivity

of foam by the deposited V2O5-PANi composite. The

amount of deposited material increases with the

successive number of cycles, thus degrading sub-

strate conductance. As a result, the currents

decreased and saturated in the 25th cycle. Moreover,

the electrode resistance increases which by deposi-

tion up-shifted the oxidation potential.

XRD analysis was carried out to investigate the

structure of V2O5-PANi composite. Figure 2 shows

the typical XRD pattern of V2O5-PANi annealed at
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300 8C for 3 h with diffraction peaks between 148 to
308 corresponding to perpendicular and parallel

periodicity of the polyaniline chain [34]. Peaks at 148,
198 and 258 marked as asterisk for PANi corresponds

to (011), (020), and (200) crystal planes [42–44]. The

peak at 15.68, 20.48, 21.98, 26.38, 31.28, 34.38, 52.38, and
54.88 corresponds to (002), (001), (110), (040), (130),

(012), (200), and (201) plan for orthorhombic V2O5

crystal structure (JCPDS no 41-1426) [45].

Morphology and size of the particles affect the

electrochemical performance of the electroactive

material significantly and the formation of small size

particles can enhance such behavior. The morphol-

ogy of V2O5/PANi composite has been investigated

using FESEM technique. Figure 3 presents the mor-

phology of the deposits with an average particle size

of * 200 nm. The particles possess spherical plate

shape morphology with voids that permit easy

Fig. 1 a Cyclic voltammetric deposition of V2O5-PANi composite at a scan rate of 50 mV/s, b showing number of cycles

Fig. 2 XRD pattern of electrodeposited V2O5-PANi composite

electrode

Fig. 3 FESEM images of

electrodeposited V2O5-PANi

composite, a part of Nickel

foam showing thick deposition

and b showing plates

morphology of composite
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transport of ions of electrolytes for charge storage

and also make use of the bulk of the material.

Figure 3a shows part of Nickel foam with a layer of

thick deposition for maximum number of charge-

discharge cycles to be carried out resulting in longer

cycle life of the electrode. Moreover, this type of

nanostructure does not impede the transport of Li?

ions and electrons between the PANi surface and

electrolyte, sustaining the faradaic pseudocapacitive

property of V2O5 and PANi.

Figure 4 displays the EDX spectrum confirming the

presence of Vanadium, Oxygen, Nickel, and Nitrogen

(from PANi), which assures the successful electro-

codepositions of V2O5 on Nickel foam.

To investigate the electrochemical behavior of

V2O5-PANi composite, cyclic voltammetry (CV) was

performed in 0.5 M LiClO4 in propylene carbonate

solution in a potential range of - 1.5 to 1.5 V. The

exposed area for the electrolyte of the working elec-

trode was 1 cm2. The CV of V2O5, PANi, and V2O5-

PANi composite is shown in Fig. 5. The CV shows a

pair of redox peaks A and A0 corresponding to Li

removal and insertion in the layered V2O5 material

[46, 47]. The peaks B/B0 correspond to switching

between leucoemeraldine and emeraldine form while

peaks C/C0 correspond to transition between emer-

aldine and pernigraniline form of PANi [5, 40, 48].

Cyclic voltammogram of V2O5-PANi composite dis-

plays a combined shape of V2O5 and PANi verifying

the successful incorporation of V2O5 into polyaniline.

CV curves demonstrate that only V2O5 and PANi

contribute towards capacitance. There is no contri-

bution from Ni foam as no peak around 0.3 V cor-

responding to the conversion of NiO to NiOOH

Fig. 4 EDX spectra of V2O5-PANi composite deposited on Ni

foam

Fig. 5 Cyclic Voltammogram of V2O5, PANi and V2O5-PANi

composite

Fig. 6 a Cyclic voltammogram at different scan rates and b CV 200 cycle of V2O5-PANi composite
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redox process was observed [49]. The CV profiles of

all three samples are noticeably different from that of

pure electric double-layer capacitors which are gen-

erally ideal rectangles. This suggests the progression

of redox reaction in the electrodes and the pseudo-

capacitive nature of electroactive material [50]. From

the CV profile, it can be clearly seen that the com-

posite possess a higher capacitive current and larger

CV integration area required for desirable capaci-

tance. Notably, the composite electrode possesses

better electrochemical activity owing to the

synergistic effect of PANi and V2O5 with the largest

voltage window of 2.5 V. The widening of working

voltage is possibly induced by the combination of

high oxygen over potential and hydrogen evolution

voltage offered by PANi and V2O5 under positive

and negative polarization, respectively.

Figure 6a shows the CV of V2O5-PANi composite

at different scan rates from 10 to 70 mV/sec. CV

profile at different scan rates has the same shape

within the potential range of - 1 to 1.5 V vs. SCE in a

LiClO4 in propylene carbonate electrolyte revealing

Fig. 7 a GCD curve of V2O5, PANi and V2O5-PANi composite at

a current density of 1 mA/cm2, b GCD of V2O5-PANi composite

at different current densities, c retention of capacitance of 5000

GCD cycles vs. cycle number of composite and d Variation of

gravimetric capacitance with current density

Table 1 Comparison of similar reported V2O5-PANi composite for supercapacitors

S. No. V2O5-PANi composite Current Density

(A/g)

Specific capacitance (F/g) Ref.

1 V2O5-PANi composite nanowires 1 538 [40]

2 V2O5-PANi composite micro-fibrillar 1 450 [57]

3 V2O5-PANi composite nanoplates 1 1115 Present work
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the stability of the composite. Moreover, the perpet-

uation of CV shape at higher sweep rates is a better

evidence of the good reversibility of composite

material. The CV loop area and current density at

each peak increase with increasing scan rates, repre-

senting good rate property of the composite electrode

[51]. Figure 6b shows the composite material depos-

ited on nickel foam cycled repeatedly for about 200

cycles at a scan rate of 100 mV/s to check their

electrochemical stability. No abrupt change in the

currents, voltage, and shape of the cyclic voltammo-

grams confirmed the stability of the composite.

To further investigate the capacitance of V2O5-

PANi composite, the galvanostatic charge-discharge

(GCD) test was carried out from - 1 to 1.5 V vs. SCE

in 0.5 M LiClO4 in propylene carbonate solution. The

first GCD curves of pure PANi, V2O5, and V2O5-

PANi composite carried out at 1 mA/cm2 are shown

in Fig. 7a. The GCD curve shows non-linearity sug-

gesting redox process during discharge [52]. The

slope of the DC curve possesses two specific portions

verifying the pseudocapacitive behavior: the portion

of slope parallel to the y-axis designates the IR drop

(voltage change) while the remaining portion of the

slope is associated with the capacitive component.

The GCD curve of V2O5-PANi composite shows a

smaller IR drop than PANi and V2O5 indicating

smaller contact resistance in the former case. To

achieve higher energy densities, it is useful to achieve

a higher potential window for a supercapacitor

electrode. These higher operating potential windows

cannot be achieved in the case of aqueous elec-

trolytes. Therefore, organic electrolytes, propylene

carbonate-based electrolytes, have been used to serve

the purpose. However, high resistance of the later

class hindered the mobility of ions. In addition to

this, the pore resistance offered by an electrode

towards organic electrolyte is higher than that of

aqueous one, resulting in larger values of the IR drop,

especially at higher current densities. The discharge

time of V2O5-PANi composite is much higher than

that of V2O5 and PANi separately indicating its better

electrochemical performance. GCD test of the com-

posite was performed at different current densities as

shown in Fig. 7b. V2O5-PANi exhibited specific

capacitance of 1115, 1087, 998, 875, 768, and 689 F/g

at a current density of 1, 1.5, 2, 2.5, 3, and 3.5 A/g,

respectively (calculated using Eq. 1). The highest

specific capacitance reported previously for V2O5-

PANi composite are given in Table 1. A decrease in

the specific capacitance has been observed with

increasing current densities as shown in Fig. 7d.

When charges are injected at high rates and higher

currents, the mass of the involved ions probably do

not find enough time to utilize the bulk of the mate-

rial and only the surface layer of composite con-

tribute to charge-discharge processes [53, 54].

Moreover, with increasing current density, an

increase in the IR drop has also been observed. The

Fig. 8 Illumination of 3 LEDs using 2 electrode device of V2O5-

PANi nanocomposite and graphite

Fig. 9 Nyquist plot of PANi, V2O5, and V2O5-PANi

electrodeposited on Nickel foam
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equivalent series resistance (ESR) value for all the

series electrodes were also calculated from GCD plot

engaged at 1 A/g according to the following formula

[55]:

ESR ¼ DV
2I

ð2Þ

where DV is the potential drop and I is the current at

which the GCD is obtained. The ESR values for PANi,

V2O5 and V2O5-PANi composite were 0.667, 0.65.and

0.55 ohms, respectively.

The capacitance retention of the composite is dis-

played as a function of cycle number in Fig. 7c where

the material shows a decrease in retention of capac-

itance after 2000 and 4000 cycles. The material

retained a capacitance of up to 90% even after 4000

cycles that can be attributed to the excellent syner-

gistic effect of composite and their good adherence to

the Nickel foam substrate. Furthermore, an asym-

metric device consisting of 1 cm2 deposited V2O5-

PANi composite electrode and graphite electrode

separated by a cellulose paper separator was assem-

bled and soaked in the electrolyte for 30 min before

testing. The response of the device is presented in the

supplementary video where 3 LED lights were used

to demonstrate the charge storage ability of the

deposited electrodes (Fig. 8).

Figure 9 shows the Nyquist plot of PANi, V2O5,

and V2O5-PANi composite deposited on Nickel

foam. The corresponding models used to fit the curve

using Echem analyst are shown in Fig. 9. Electro-

chemical impedance spectroscopy (EIS) was carried

in a three-electrodes setup, with 0-volt DC vs. open

circuit potential and an AC voltage of 10 mV (root

mean square). The bode plots of EIS spectra for PANi,

V2O5, and V2O5-PANi are shown in Fig. 10a–c,

respectively with their corresponding circuit model

shown as an inset. The bode plot of PANi is fitted

with a simple Randle model with a single time

Fig. 10 Bode plot of EIS spectra of a V2O5, b PANi and c V2O5-PANi with corresponding circuit model above each
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constant i.e. R p(Polarization resistance) in parallel

with a double-layer capacitor which is in good

accordance with the Nyquist as shown in Fig. 9 (a

semi-circle). Bode plot for V2O5 also has one single

time constant with a broad peak at relatively higher

frequencies than that of PANi because of higher

resistance due to the highly porous structure of V2O5

than PANi. Figure 10c shows the bode plot of V2-

O5-PANi with an equivalent circuit model. This

model contains two-time constants, a charge transfer

resistance (Rct) is paralleled by a capacitor behaving

like a CPE (constant phase element) and a Warburg

Impedance paralleled by a capacitor. In the oxides

layer, if the non-uniform porous structure is intruded

by a uniform porous matrix the resulting EIS spectra

appear with two-time constants instead of one time

constant due to decreased resistance of ions inside

porous materials [56]. This behavior of two-time

constants can be seen in both the bode plot (two

peaks in phase vs. frequency plot) and in the Nyquist

plot (two semicircular types Nyquist plot). The

appearance of 2nd time constant for V2O5-PANi

shows a decrease in the charge transfer resistance due

to the existence of PANi matrix inside a porous V2O5

structure.

4 Conclusions

In summary, a facile electro-codeposition technique

has been carried out for the successful deposition of

V2O5-PANi composite through cyclic voltammetry

on 3D Nickel foam substrate as a current collector

without using any binder. V2O5-PANi composite

displayed a very wide voltage window of 2.5 V for

charge storage and highest specific capacitance of

1115 F/g at a current density of 1 A/g. The enhanced

electrochemical activity of V2O5-PANi composite

than pure metal oxide and PANi can be attributed to

their synergistic effect. The V2O5-PANi composite

can be a better candidate to be used in high-perfor-

mance pseudocapacitors.
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