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Abstract 

Microglobules of polyaniline (PANi) synthesized by chemical bath method on commercial 

steel plates that have been used as the catalyst support for tungsten trioxide (WO3) particles 

fabricated by hydrothermal method.  The crystalline phases and surface analysis of the WO3, 

PANi and WO3/PANi film were examined using X-ray diffraction and scanning electron 

microscopy, while electrochemical capacitive properties were determined using cyclic 

voltammetry (CV), electrochemical impedance spectroscopy (EIS) and galvanostatic charge-

discharge (GCD).  The PANi incorporated WO3 film influences significant catalytic 

performance wherein a pseudo-capacitor was obtained. The constant phase element was 

considerably eliminated in WO3/PANi hybrid film.  The cyclic stability was scrutinized via 

GCD technique.  The degradation of specific capacitance observed low (2.61%) after 3000 

GCD cycles, indicating superior cycling stability of WO3/PANi supercapacitor.   

Keywords: polyaniline, tungsten trioxide, supercapacitor, catalyst 

1. Introduction 

 Present studies on various pseudo-capacitive materials are mostly based on transition 

metal oxides [1]. Due to simple synthesis, outstanding conductivity, high capacity, and 

universality, WO3 is the best electrode material for supercapacitor [2]. In n-type of 

semiconductor, WO3 has the best corrosion resistance and excellent electron transport 

properties [3-4] WO3 nanofiber has offered the lowest internal resistance revealing highest 
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conductivity [5]. Qiu et al. adopted electrodeposition technique to synthesize n-type 

flowerlike WO3 electrode for all-solid-state asymmetric supercapacitors and shown an 

effective electrochemical behavior of 196 F g−1 at a sweep rate of 10 mV/s [6, 7]. However, 

hydrothermally grown hierarchical WO3 nanofibers enriched on carbon clothes gives an 

excellent performance of cyclability, specific capacity, initial discharge capacitance and 

stability [7].  Besides metal oxides, conducting polymers have concerned interests in energy 

storage, sensors and electrochromic devices [8-10].  They have high conductivity and 

excellent capacitive properties [11]. Elements in it like C, H, N or S also indicates the high 

affordability [12].  In connection with several conducting polymers, polyaniline (PANi) has 

encountered most attention on account of its highest specific capacitance owing to multi-

redox reactions, good electronic properties due to protonation [11], improved thermal 

stability including reasonable cost [13-14].  It can simply be blended in a form of thin film or 

powder by chemically or electrochemically deposition method [15]. In light of these 

beneficial properties, PANi has been long-established in energy storage and conversion 

devices, containing supercapacitors [16], batteries [17] and fuel cells [18]. In case of PANi as 

a supercapacitor, it accumulates the charge by redox reaction on account of its various 

oxidation states with a maximum specific capacity about 950 Fg-1 [16, 19].  

The incorporation of PANi inside tungsten trioxide gives rise to promising 

applications such as gas sensor [20], supercapacitor [21-22], humidity sensor [23], 

electrochromic energy storage [24-25], catalyst [26] and so on.  Among these, the 

advancement of a supercapacitor in energy storage application has received adequate 

attention.  Particularly, the advantage of WO3/PANi composite promoted the degree of 

equivalence in ion transfer characteristics of both the materials [27-30].  In addition, doping 

of PANi has been recognized as a promising catalyst in various applications [31-32] that 

facilitates electronic conductivity, oxygen mass transfer, corrosion resistance, durability.  
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Although WO3/PANi composites have been assembled by adopting several techniques; 

nevertheless, the efficacy of these materials explored less in all the circumstances. 

To date several methods have been used to fabricate WO3/PANi thin film for 

supercapacitor characteristics including potentio-dynamic co-deposition [33], chemical 

synthesis on WO3 prepared via chemical bath deposition [34], potentio-dynamic deposition 

via sol-gel method [35], galvanostatic electrodeposition on chemically prepared WO3 [36].  

Thus, from the literature survey, it clearly indicates that there was no research on 

hydrothermally grown tungsten oxide film with PANi for supercapacitor application.  Hence, 

the present work was planned to deposit WO3 by hydrothermal method.  In the second part, 

PANi was coated on WO3 by chemical bath deposition. 

2. Experimental section 

2.1.Preparation of steel substrates: 

To improve the substrate profile, initially, a large square of steel plate cut in the 3.5x1 cm2 

area with A grade quality blade.  Further alkaline cleaning of steel substrates provided to 

remove contaminant followed by heat treatment (60°C) in a solution of nitric acid (25% by 

weight) and double distilled water, ddH2O (75% by weight) for 20 minutes.  The substrates 

were cleaned with plain ddH2O and dried in air.  Thus, steel substrates prepared for the 

deposition process.  

2.2. Materials 

All the chemicals were of analytical grade and taken without further purification or 

modification. Tungstic acid (H2WO4) is the starting material. Hydrochloric acid (HCl), 

hydrogen peroxide (H2O2), ethylene glycol (CH2OH)2, aniline (C6H5NH2) and ammonium per 

sulphate ((NH4)2S2O8) were the other chemicals used for the growth of WO3/PANi film. 
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2.3. Fabrication of WO3 films 

In a typical procedure, 2.5g of H2WO4 was dissolved in 30 mL of H2O2 and diluted to 100 

mL by ddH2O.  Out of the above solution, in 10 mL solution, 3.5 mL of 3 M HCl added 

dropwise and stirred continuously.  While stirring the solution, 25 mL of (CH2OH)2 added to 

the precursor vigorously.  Further, the solution was poured in an autoclave (40 mL Teflon-

lined stainless steel vessel) with a cleaned substrate and preserved at 180 °C for 90 min.  The 

as-obtained films were cooled at room temperature and annealed at 400 °C for 2h in the 

furnace. Thus annealed WO3 films on steel substrates were prepared.   

2.4. Fabrication of WO3/PANi films: 

In the second part of experiment, PANi solution was prepared by adding 2 mL of aniline in 

30mL of 1 M HCl solution in one beaker and 1.95 g ((NH4)2S2O8) and 20mL of 1 M HCl in 

the other beaker.  These two solutions were added separately in an empty beaker by 

maintaining the temperature at 5°C.  Thus PANi solution is prepared for the deposition 

process.  Further, the bare steel substrates (to deposit PANi film) and annealed WO3 films (to 

deposit WO3/PANi film) were dipped in PANi solution twice for 10 sec and dried at room 

temperature.  Consequently, PANi, WO3 and WO3/PANi films were prepared on the steel 

substrates for further characterization. 

2.5. Characterization Techniques: 

The morphologies of WO3, PANi and WO3/PANi films were characterized using scanning 

electron microscopy (SEM, Hitachi S-4700 II, 25 kV). The crystal patterns were obtained via 

X-ray diffraction (XRD, Thermo ARLSCINTAG X’TRA with copper Kα irradiation, λ = 

0.154056 nm).  Electrochemical behavior and capacitance determinations were carried out in 

a classical three electrode set-ups using cyclic voltammetry (CV) and Nyquist plot on a 

CHI608E electrochemical analyzer with 0.5 M LiClO4-PC electrolyte. For this, the 
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nanotablets on the metal substrates were used as a working electrode; graphite plate served as 

a counter electrode and a standard calomel electrode (SCE) electrode served as a reference 

electrode. Further Nyquist curves were simulated using software (ZSimpWin 3.21). 

3 Results and discussion: 

 

 
Fig. 1: XRD patterns of WO3, PANi, WO3/PANi samples where asterisk (*) denotes peaks of steel substrate.  

The inset shows XRD patterns of before and after annealed WO3 samples  

The XRD corroborated the crystal phases of all the samples depicted in fig.1.  It indicates the 

orthorhombic structure of as-prepared tungsten trioxide (WO3, JCPDS card 20-1324), 

wherein the broad peaks and amorphous hump in the pattern show poor crystallinity. The 

annealed WO3 sample displayed a pure hexagonal structure (JCPDS card 33-1387) with the 

elimination of other peaks (shown in inset of Fig. 1).   Pure PANi film has the partial 

crystalline orthorhombic C6H7N structure (JCPDS file 00-053-1718) [37, 38].  However, in 

WO3/PANi only two diffraction peaks were obtained, one owing to the PANi peak (at 

2θ=23º) [38] and the other peaks of WO3 (2θ located at 29º, 34º, 43º, 45º and 47º) [39].  The 
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other diffraction peaks were slightly seen in WO3/PANi sample on account of the protonic 

acid doping of PANi that recrystallizes WO3.  The steel substrate peaks are denoted by 

asterisk (*) [40].  

 

 

Fig.  2: Scanning Electron Microscope (SEM) images of (a,b) WO3 samples (before, after annealed), (c) PANi 

and (d) WO3/PANi hybrid sample 

Fig. 2 shows the SEM images of synthesized WO3 thin films before and after annealing 

(a, b), PANi (c) and a composite WO3/PANi (d) respectively. As prepared sample showed 

cracked morphology with randomly distributed micro-sized tablet shaped particles with poor 

uniformity on the surface (Fig. 1 (a)), Whereas annealed WO3 sample revealed a uniform 

nanotablet like morphology (Fig.1(b)). The average size of the nanotablets was of the order of 

100-250 nm in width and 800-1000 nm in length. PANi film displayed globular morphology 

(fig. 1 (c)).  When PANi coated on annealed WO3 film, it was observed that the nanotablet 

melted under the effect of PANi, keeping the residue of uniformly distributed nanodot on the 

surface of the substrate.  The sizes of nanodot were of the order of 100 nm with nanoporous 

structure (fig. 1 (d)).  As a result, PANi provided quantum confinement effect to WO3. 
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Fig. 3:  Cyclic voltammogram records of WO3, PANi and WO3/PANi hybrid in 0.5 M LiClO4-PC electrolyte at 

the scanning rate 100 mV/s.  The inset represents CV of PANi sample.  

Table 1: Charge storage properties of the samples 

Sample 

↓ 

Charge-discharge 

 

 

 

Cyclic Voltammetry 

Poten

tial 

wind

ow 

(V) 

Current 

density 

(mA/c

m2) 

Specific 

capacita

nce 

(mF/g) 

Areal 

capacita

nce 

(mF/cm2

) 

Potential 

window  

(V) 

Swe

ep 

rate 

(mV

/s) 

Specifi

c 

capacit

ance 

(mF/g) 

Areal 

capacita

nce 

(mF/cm2

) 

WO3 
0.0−0

.8 
0.5  908.1 5.11 -1−0.8  100 5.760 67 

PANi 
0.0−0

.8  0.05 336.5 2.09 
-0.45 

−0.6 
100 0.87 10 

WO3/P

ANi 

0.0−0

.8  0.05 774.4 5.19 -0.8 −0.6  100 21.37 294 

 

Fig. 3 compares the cyclic voltammetric changes of the films recorded in 0.5 M LiClO4-PC 

electrolyte in a potential window of -0.8 to 0.6 V, -0.5 to +0.6 V and -1.1 to +0.8 V for WO3, 

PANi and WO3/PANi films.  PANi film displayed oxidation peak at approximately +0.6 V in 
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forwarding scan, though the oxidation of aniline was not clearly seen in the forward scan, the 

reverse scan shows a small shoulder at +0.3 and -0.1 V, which was due to the reduction of 

PANi formed on the electrode (inset of fig. 3).  The WO3 thin film showed a small oxidation 

and reduction peak at -0.6 and -0.3V vs SCE.  However, WO3/PANi film illustrated a large 

difference among the CV of PANi and WO3. The enhancement of the peak current density of 

about 0.16 A/cm2 could be observed in WO3/PANi composite film with respect to pure PANi 

and WO3 films and is comparable to the earlier reports [34].  This could be due to the 

nanoporous structure of WO3/PANi which provided more reactive centers on the film to 

contact with the electrolyte and so assist the charge transfer process with improved charge 

density.  This also indicated the catalytic behavior of PANi in WO3. 

The capacitance from CV curve of all the film calculated using following relation [34, 41]: 

C=Imax/ds where Imax is the maximum current (in Ampere) and ds is the potential scan rate 

in V/s.  Further, the specific capacitance (Cs) and areal capacitance (Ca) was evaluated using 

the following equation and summarized in table 1: 

Cs= C/m and Ca = C/A where m and A are the mass and area of deposited film dipped in an 

electrolyte.  Mass of WO3, PANi and WO3/PANi films were measured using a high precision 

weight balance and is evaluated as 0.0117, 0.0117 and 0.0138 g respectively. 
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Fig. 4 : Typical Nyquist plots of WO3, PANi and WO3/PANi hybrid in 0.5 M LiClO4-PC electrolyte with a 

frequency loop from 100 kHz to 1 Hz using open circuit potential of +0.38 V, +0.07 V and -0.4 V. 

AC impedance spectra (EIS) of PANi, WO3, and WO3/PANi were measured to 

substantiate our approach of injecting PANi over WO3 nanotablets using a hydrothermal 

method that contributed superior strength in electricity, ion diffusion process, and structural 

cyclability [42, 43].  Fig. 4 displayed the impedance spectra of a WO3, PANi, and WO3/PANi 

measured at +0.38V, +0.07V, and -0.4V respectively.  Strikingly, the diffusion layer 

resistance of WO3/PANi was lower than their sole performance.  An impedance spectrum in 

the Nyquist plot possesses a straight line inclined by 45º at a higher frequency and a 

semicircle at a lower frequency.  However, the compressed semicircle indicated irregular 

electrode surface that compensates double layer capacitance (CDL) by a constant phase 

element (CPE) [43].  Particularly, the Nyquist plot of WO3/PANi exemplified small straight 

line at higher frequencies as a result of the diffusion process and a broad semicircle in the 

smaller frequency attributed to fast electron transfer and its prolonged existence in the film 

[43].   
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Fig. 5: Equivalent Randles circuit for (a) WO3, PANi (b) WO3/PANi hybrid used for fitting the experimental 

impedance plots obtained in fig. 4.  

Table 2: Electrical parameters obtained using the Randles equivalent circuit of fig.5 

Sample 

↓ 

RS 

(Ω) 

RCT1 

(Ω) 

CPE 

(μF) 
W1 

RCT2 

(Ω) 

CDL 

(μF) 

RX 

(Ω) 
W2 

WO3 3.308 10.23 11.3 0.00268 16.7 47.35 0.001 0.00023 

PANi 3.227 0.028 124 0.00008 16.58 855.3 29 0.00230 

WO3/PANi 3.121 ----- ----- ----- 31.09 668.3 25.03 0.00012 

 

The corresponding Randles circuit shown in fig. 5 (a,b) included Rx, a resistance in 

parallel with RCT (charge transfer resistance), to give a good fit to the experimental data 

summarized in table 2.  W is the Warburg element indicating a comparable electrical 

component that replicates the diffusion process in the dielectric medium [44]. Warburg 

element (W) for PANi, WO3, and WO3/PANi observed as 0.002303, 0.0002313 and 

0.0001214.  These values elucidated that PANi improves the structural property of WO3 

facilitating good charge transport. In WO3/PANi (fig. 5b), CPE was considerably eliminated 

that circumvent the flattening of the semicircle. 

(a) (b) 
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Fig. 6: (a) Galvanostatic charge/discharge (GCD) curve of WO3, PANi and WO3/PANi hybrid in 0.5 M LiClO4-

PC electrolyte at current density  of 0.5, 0.05 and 0.05 mA/cm2 respectively (b) GCD of WO3/PANi for initial 

10 cycles 

The galvanostatic charge-discharge (GCD) is a trustworthy technique to measure the 

electrochemical behavior of the material under controlled conditions using three electrode 
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systems with 0.5 M LiClO4-PC electrolyte [45].  Fig. 6(a) exhibited GCD curves of PANi, 

WO3, and WO3/PANi for initial cycles at constant current density of 0.05, 0.5 and 0.05 

mA/cm2 respectively , while fig. 6(b) represents charge-discharge cycles for initial 10 cycles 

of WO3/PANi films.  The potential responses of the composite film during charge-discharge 

were more symmetrical than the sole performance of WO3 and the working potential could be 

extended to 0.8 V.  The discharge curve represented the characteristic profile of a 

pseudocapacitance showing the potential dependent nature of faradic reaction [46].  When we 

correlated GCD with the morphological study, it indicated that WO3 has a larger particle size 

that decreases surface density increasing the interplanar spacing between atoms.  Thus, 

during the charging process, it utilizes less coulombic force that accumulates large charges in 

a short time.  Subsequently, the capacity of WO3 increases with less charge-discharge time.  

In PANi, the charge-discharge time increases because it is highly conductive consisting of 

many electrons that enhances displacement of the electron cloud.  Accordingly, it utilizes 

more coulombic force with the increase in charge-discharge time.  However, when PANi 

coated over WO3, it enhances the surface area of WO3 with the reduction in the distance [47].  

Ultimately the resistance decreases intrinsically with the improved charge transport process.  

Owing to this, WO3/PANi uses more coulombic force with more time for charging and 

discharging process.  Therefore, the charge storing capacity of the system enhances.  The 

values of specific and areal capacitance enumerated in table 2.  The results were consistent 

with EIS and XRD studies. 

The capacitance from GCD curves evaluated using following relation [48, 49]: 

C= Itd/mΔV Where I and td are the in applied current density and time discharge, ΔV 

is the potential range, m is the mass of deposited film mentioned above.  From this value of 

capacitance, the specific capacitance (F/g) and areal capacitance (F/cm2) were measured and 

presented in table 1.  

Page 12 of 20AUTHOR SUBMITTED MANUSCRIPT - MRX-108569.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



 

Fig. 7: Cycling stability of WO3/PANi or initial and after 3500 galvanostatic charge/discharge (GCD) cycles in 

0.5 M LiClO4-PC electrolyte at constant current density 0.05 mA/cm2  

Cycling stability is a significant factor that implies effectiveness and longevity of 

supercapacitors.  Fig. 7 illustrates the specific capacitance of WO3/PANi film recorded for 

initial and after 3500 GCD cycles at a 0.05 mA/cm2 current density.  The specific capacitance 

increases upto 774.4 mF/g and remains stable till 3000 GCD cycles.  Following this, it starts 

to decrease and reaches to 754.2 mF/g after 3500 GCD cycles showing less degradation 

(2.61%) in specific capacitance compare to earlier reports [50]. The excellent stability of 

WO3/PANi could be ascribed to the concomitant performance of the hybrid material.   

 As a consequence, the microgloubles of PANi as a catalyst resulted in an improved 

morphology of WO3 that facilitated charge storing capacity and electronic strength leading to 

the pseudocapacitive framework at the same time WO3 provides its firmness to PANi with 

superior stability. 

Conclusion 
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We conclude from our studies, a successful demonstration of a simple and economic aspect 

for the synthesis of nanocomposite WO3/PANi film for supercapacitor application.  The 

morphological study represented the uniform distribution of WO3 nanodots catalyzed by 

PANi over the substrate and thus exhibited large surface area.  The catalytic performance of 

PANi facilitated higher specific capacitance of WO3/PANi with superior cyclic stability.  

Consequently, supercapacitor behavior of WO3 film was improved by PANi.  Synergistic 

effect offered by PANi enhances the surface area of WO3.  Fabricated WO3/PANi films 

found to have a specific capacitance about 294 mF/cm2 at a potential window -0.8 −0.6 V 

versus SCE.  Thus, the present study demonstrated that the PANi globules act as a promising 

catalyst for WO3 films while WO3 provides its firmness to PANi in supercapacitor 

application. 
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