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Abstract 

Polyanine and its nanocomposite WO3/PANI films were deposited on Fluorine doped tin oxide 

(FTO) glass slides by simple Chemical Bath Deposition Method. The morphology and crystalline 

structure of the composite film was studied using Atomic force (AFM) and Scanning Electron 

Microscopy, while the electrochemical capacitive properties were determined using Cyclic 

Voltammetry (CV), chronopotentiometry (CP) and electrochemical impedance spectroscopy 

(EIS). The WO3 / PANI nano-composite exhibited multiple colors (electrochromism) during the 

CV scans, from brownish green to transparent to light green then back to brownish green. 

Surprisingly, the integration of the PANI with the WO3 led to synergistic performance of 

nanohybrid wherein a true electrochemical double layer capacitor was obtained. Also, 

interestingly and unlike literature reports, the CBD method led to excellent capacitance 

retention (> 98%) of the PANI even at 1000 continuous cycles. This work demonstrates that 

simple CBD can be used to get WO3 / PANI films that give good electrochromism and pseudo-

capacitance comparable to the ones obtained by other methods. Hence the obtained 

nanocomposite film of WO3 / PANI can be a promising material for electrochromic and energy 

storage applications.  

  

Key words: Chemical bath deposition; PANI film; WO3/PANI film; Electrochromism; 

Electrochemical capacitors. 
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1. Introduction 

Tungsten oxide (WO3) is an attractive transition metal oxide that has been widely studied due 

to its multifunctional properties that leads to a wide range of applications. It has shown good 

electrochromic, optochromic and gasochromic properties [1-3].  Tungsten oxide’s band gap is 

within the solar spectrum range making it one of the solar energy materials for photo catalytic, 

photoconductivity and photovoltaic applications [4, 5]. The electrochromic (EC) effect, i.e. a 

reversible color change induced by an electric field of WO3 was first reported by Deb in 1969 [3] 

and is considered the best material for EC applications due to its high coloration efficiency [6, 

7].  

Various models have been proposed to explain the EC mechanism in WO3. One of such is that 

by Schirmer et al [8], in which they proposed that the optical absorption of the films is caused 

by the small polaron (SP), or transitions between two non-equivalent sites of tungsten (W+5 and 

W+6): 

)()()()( 6565 AWBWBWAWh         1 

According to this model, inserted electrons are localized in W+5 sites and polarize their 

surrounding lattice to form small polarons. It is widely believed that WO3 thin films undergo a 

chemically reversible electron and cation intercalation reaction to form tungsten bronzes 

(MxWO3) during coloration and an electron and cation deintercalation reaction during bleaching 

[7, 9] according to the following equation: 

33 WOMxexMWO x          2 

where etcLiHM ,,     
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Conducting polymeric materials like polypyrrole (PPy), Polyaniline (PANI) and 

polythiopheres etc. have been considered as EC materials but among these, PANI has emerged 

as the most promising active materials for electrochromic devices due to its high capacitive 

characteristics, relative ease in preparation, good environmental stability and tuneable 

conductivity [10]. PANI has been shown to give four distinct colors corresponding to four redox 

states which are: yellow (leucoemeraldine base), green (emeraldine salt), blue (emeraldine 

base) and purple (pernigraniline base) [11]. One drawback of polyaniline film is that it shows 

low conductivity where it can affect its electrochromic behavior [12]. To improve the 

performance of PANI, some conductive fillers are introduced in the PANI structure forming 

nanocomposites. The aim is to obtain materials with synergetic or complementary properties to 

PANI. Some of those improvements were shown by Wei et al [13], using nanocomposite of PANI 

and graphite oxide. Others include the works done by Gupta and Miura [10], Shahazmi et al, 

[12] using PANI/carbon nanotube composite, PANI/ZnO nanocomposite [14, 15], PANI/WO3 

nanocomposte [16-22] etc.  

WO3 along with some other transition metal oxides and some conducting polymers have 

also been considered as good materials for psuedocapacitors. Among these, the most 

intensively investigated is Ruthenium oxide (RuO2) which has been shown to give appreciable 

specific capacitance of up to 1500Fg−1 over a wide potential range of 1.4V [23-25] but its 

commercial application is limited due to high cost and high toxicity. To reduce the cost of RuO2 

some low cost metal oxides such as NiO, CoOx and MnOx etc. have been investigated as 

electrode materials for electrochemical capacitors [26, 27]. Nano-composites of these metal 

oxides with high surface area carbon materials have been shown to enhance the capacitance as 
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reported by Zheng et al [28]. Although tungsten oxides especially in its crystalline state shows 

little capacitance, the pseudocapacitive properties of amorphous tungsten oxide synthesized by 

microwave irradiation investigated over the potential range of 0–0.5V vs SCE displayed a 

volumetric capacitance of 231Fcm−3 [29]. The high specific capacitance was ascribed to the 

participation of proton provided by the tungsten oxide.  

Conducting polymers like PANI, PPy and polythiopheres are also good materials for 

electrochemical capacitors due to their excellent capacity for energy storage, slow charge 

discharge, easy synthesis, high energy and power density and good chemical stability. The 

shortcoming of these polymers is the degradation that occurs due to its swelling and shrinking 

during cycling. This occurs because the insertion and removal of ions causes a volume change in 

the polymer. This problem is overcome by the use of composite structures as indicated earlier.  

Hybrid organic/inorganic materials in general represent the natural interface between two 

worlds of material science. The main challenge is managing to synthesize inorganic–organic 

hybrid combinations that keep or enhance the best properties of each of the components while 

eliminating or reducing their particular limitations. Tungsten oxide shows electroactivities over 

comparatively negative potential range and is a cathodic EC material which changes color from 

transparent or yellow to deep blue with large optical modulation when it is reduced by H+ or Li+ 

while PANI is an anodic coloration material [9, 30]. Nano-composite film of WO3/ PANI tends to 

enhance the properties of the two materials singly while reducing their shortcomings.  

Quantitative parameters of the electrochromic and psuedocapacitive properties of 

tungsten oxide and PANI strongly depend on its structural, morphological and compositional 

characteristics and, therefore on the deposition techniques and deposition parameters. WO3 
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thin film is deposited by various techniques including physical vapor deposition (thermal 

evaporation and sputtering) [31-32], electrochemical methods [33] and chemical methods (sol-

gel and hydrothermal approach) [5, 34-35]. PANI thin films is mainly prepared by the oxidation 

of aniline oligomer with ammonium peroxydisulfate in acidic aqueous medium [36-37] and by 

electrochemical deposition method [16-18, 38]. One major disadvantage of WO3 is that it has a 

slow response time compared to other electrochromic materials like NiO etc. [6] while PANI 

gives a relatively low electrochemical stability [16]. This imposes a challenge to their 

applications.  

In this paper we investigate the electrochromic and electrochemical capacitive 

properties of nancomposite film of WO3/PANI obtained by a simple chemical bath deposition 

(CBD) method. The enhancement of electroactivity within the applied potential window 

without losing any electroactivity due to the presence of the component is advantageous for 

the utilization of such composites for electrochromic and super capacitive applications. To the 

extent of our knowledge, the electrochromic and electrochemical capacitive properties of this 

nanocomposite deposited by this method has not been investigated. Most of the work that 

investigated these properties for the nanocomposite deposited PANI on WO3 electrochemically. 

However, the electrochromically deposited polyaniline exhibit substantial resistivity, which is 

attributed to the lack of conducting pathways at the nanoscale associated with random 

deposition morphology [12]. Also, CBD method offers greater advantage for easy scale-up for 

commercialization than electrochemical deposition. In this work, we clearly show that the CBD 

method provides much higher energy storage properties compared to the values reported for 

electrochemical deposition. The morphology and structure of the composite films were studied 
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using Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM). The optical 

properties were investigated using UV-VIS spectroscopy while the capacitive behaviors of the 

films for electrochromic and energy storage device applications were investigated using cyclic 

voltammetry, galvanostatic charge-discharge cycling and electrochemical impedance 

spectroscopy. 

 

2. Experimental Details 

2.1 Deposition of Tungsten oxide (WO3) 

WO3 was deposited on fluorine doped tin oxide (FTO) coated glass substrates (resistance 17-

30Ω) using simple chemical bath deposition method. The deposition conditions (temperature, 

concentrations, time of deposit and pH) were optimized and we arrived at hydrolyzing 0.07M 

sodium tungstate (Na2WO4.2H2O) in distilled water. The deposition is pH dependent hence 

0.6M HCl was added to the solution to get a pH of 5.  The volume ratio of Na2WO4 2H2O:HCl was 

1:1. The FTO substrates which have been cleaned with detergent and water, rinsed with 

distilled water and sonicated in distilled water for 5mins were immersed into the solution and 

the bath temperature kept at 40oC. The deposition time was varied but the sample we used for 

this analysis was deposited after 7hrs. The films were then removed and rinsed with distilled 

water. It was found that at higher concentration of the Na2WO4 2H2O, the solution precipitates 

and gives no deposit while at room temperature the reaction is incomplete resulting also to 

lack of deposit. At higher temperature the solution precipitates quickly. The films were 

annealed at 400oC during which the color changed from white to milky color. 
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2.2   Tungsten oxide / polyaniline nanocomposite (WO3 / PANI) 

PANI films were deposited by oxidation of aniline in an acidic aqueous medium using 

ammonium peroxydisulfate as the oxidant. 0.25 M ammonia persulfate was dissolved in 60ml 

of 1 M HCl to which 2 mL of aniline is added.  The deposition was at room temperature and 

time of deposit was one 1hr after which the film was rinsed with distilled water and air dried. 

To get thicker films the above process was repeated for up to five times (1-5 deposit times). It 

was noticed that the polymerization reaction is completed by 1hr after which the solution 

precipitates and no more deposit occur on the substrates even if it is left in the solution for 

longer period of time.  To get the WO3 / PANI nanocomposite, the FTO with already deposited 

WO3 thin films were immersed into the solution prepared for PANI and the bath temperature 

kept at room temperature. The films were removed and rinsed with distilled water after one 

hour. 

 

2.3   Characterization techniques 

The surface morphology of the films was studied using Atomic Force Microscopy (AFM) and 

scanning electron microscopy (SEM). The AFM measurements were carried out with a 

commercial Agilent 5500 AFM (Agilent technologies, USA) in the acoustic mode (also known as 

tapping mode) at a scanning rate of 1 Hz. The Si cantilevers used had a nominal resonant 

frequency of ~ 230 kHz and a nominal force constant of ~ 50 N/m. The UV-VIS-NIR 

spectrophotometer was used to get the optical properties of the film in the wavelength range 

of 300 – 900 nm. The electrochemical properties were investigated by Cyclic Voltammetry (CV) 

at different scan rates in 0.5 M H2SO4 aqueous solution. The capacitative performance were 
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investigated by galvanostatic charge–discharge and electrochemical impedance spectroscopy 

(EIS). The EIS was done between 100 kHz and 10 MHz using an Autolab potentiostat PGSTAT 

302N (Eco Chemie, Utrecht, Netherlands) making use of the general purpose data processing 

software (GPES and FRA version 4.9). 

 

3. Results and Discussions 

3.1  Growth kinetics and the mechanism of the films formation. 

The WO3 thin films were prepared by simple CBD method using sodium tungstate 

(Na2WO4.2H2O) and HCl as the precursors. The growth mechanism of the WO3 takes place as 

follows: Sodium tungstate is a white crystalline powder that is soluble in water and dissociate 

according to equation 

  OHNaWOOHOHWO aqaq 3)(

2

)(42242 222Na
      3

 

On addition of the HCl, tungstic acid is formed and the following reaction in equation 3 is the 

most probable. The tungstic acid adsorbed to the FTO substrate in the bath which on heating 

gives the tungsten trioxide. 

OHNaClWOHWOHClOHNaWO aqaq 24233)(

2

)(4 ..2  

    4
 

OHWOheatWOHWO s 2)(3423 2.. 
       5 

Aniline oligomers are first produced during the oxidation of aniline in an acidic aqueous 

medium. These Aniline oligomers are more hydrophobic than the original anilinium cations 

hence they have a tendency to separate from the aqueous medium by adsorbing themselves at 

available surfaces in contact with aqueous reaction mixture [37]. Practically any substrate 
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present in the reaction mixture used for the oxidation of aniline becomes coated with a thin 

PANI film. The first adsorbed oligomers initiate the growth of PANI chain by anchoring on the 

FTO and producing the nucleus of the future film. Then the new oligomers adsorb close to the 

nucleus, and stimulate the growth of new PANI chains. According to Sapurina et al, [39] the 

PANI chain that forms a film proliferates along the surface orients preferentially perpendicularly 

to the substrate. The WO3 particles are then distributed in the PANI chain to form the 

composite film. 

3.1.1 Morphology Analysis 

The SEM of WO3 and WO3/PANI are shown in Figure 1.  The WO3 film shows spherical grains 

spread irregularly all over the surface while the WO3 / PANI shows micro aggregates with a 

larger active surface area than that of pure WO3. This micro-porous structure with high specific 

area may provide more opportunity for the reactive centers on the film to contact with 

electrolyte and so aid the charge transfer in the bulk of the film. AFM surface morphologies of 

 

Figure 1: SEM images of (a) WO3 (b) WO3/PANI  

(a) (b)
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Figure 2: AFM images of (a) WO3, (b) WO3/PANI, (c) WO3 after 1000
th

 charge-discharge cycle, and (d) WO3/PANI 

after 1000
th

 charge-discharge cycle. 

 

the films are shown in Figure 2. The composite film showed morphology slightly different from 

that of the WO3 indicating the possible presence of PANI distributed in the network of WO3. 

0.5 µm

(a) (b)

(c) (d)
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Figure 3: The absorbance spectrum of the films. 

 

3.2 Optical properties of the films 

The absorbance spectrum of the thin films is shown in Figure 3. The bandgap Eg of the thin films 

was estimated from the absorbance spectra using equation 6 [40]: 

edge

gE


1240
            6 

where Eg is the optical bandgap in eV and λedge is the absorption edge in nm.  The λedge for the 

films were around 450, 503 and 350 nm while the estimated Eg values are 2.7, 2.4, 3.5eV for the 

PANI, WO3/PANI and WO3 films respectively. The fully reduced and insulating form 

(leucoemeraldine base, LB) of PANI exhibits larger bandgap (higher than 3eV) while the fully 

oxidized and semiconducting form (pernigraniline base, PNB) possess a lower bandgap (lower 
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than 2 eV) [41]. The band gap of the nanocomposite is close to the reported value of 2.29 eV 

for PANI doped with MWNT [42]. The reduced band gap for the composite also makes this 

material desirable for other applications such as photoelectrochemical cells for solar energy 

conversion or water splitting to generate water. 

 

3.3   Cyclic Voltammetry of the films 

Figure 4 compares the cyclic voltammetric evolutions of the films immobilized on FTO 

glass recorded in 0.5 M H2SO4 solution in a potential window of -0.6 to +0.8 V. The PANI film 

showed two redox couples, (I)/II) and (III)/(IV) arising from the transitions between 

leucoemeraldine (LS) / emeraldine salt (ES) and emeraldine salt (ES) / pernigraniline salt (PS) 

of PANI, respectively. Peak potential separation has been used to determine the reversibility 

of an electrochemical redox reaction. The WO3 film showed weak redox couple (V) around – 

0.1 V, which is related to the intercalation / de-intercalation of H+ [36]. The anodic potential 

scan causes the de-intercalation of H+ ions giving rise to the bleaching of the film due to the 

oxidation of W+5 to W+6 while the cathodic scan causes simultaneous intercalation of e-s and 

H+ ions into the films giving rise to the reduction of W6+ to lower valence W+5 state hence the 

films get colored. The development of two peaks could be attributed to two types of H+ 

injection site: reversibly active and shallow trap site [36]. It should be seen from the 

comparative CVs that the peak-to-peak separations (Ep) between the anode and cathodic 

waves for the PANI film are much larger than for the nanocomposite WO3/PANI film, 

indicating that the composite film exhibits enhanced reversible redox reactions than the PANI 

alone. Each CV curve consists of a pair of redox peaks, which indicates that the capacitance  
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Figure 4: (a) CV curves for the films at 50mVs
-1

, (b) the CV at 50 and 100 mVs
-1

 for the composite film. 
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characteristics are mainly governed by Faradaic reactions (i.e., pseudocapacitive properties). 

The CV at various scan rates for the composite film (Figure 4b) shows that the peaks gets more 

pronounced with increased scan rate.  

The nanocomposite WO3 / PANI film showed multiple peaks corresponding to the 

redox pairs of WO3 and PANI. A reduction of the peak currents of about 0.2mA could be 

observed for the composite film with respect to pure PANI film. This could be due to the 

formation of a donor (PANI)-acceptor (WO3) system [43]. The composite exhibited 

electrochromic behavior (multiple coloration) during the scanning process, from brownish 

green to transparent to light green then back to brownish green (Figure 5).  

 

 

Figure 5: Color change of the composite film during cyclic voltammetry.  

 

The capacitance (C) of the films was calculated using the following relation [44]: 

dt
dv

I
C max            7 

where Imax is the maximum current in ampere and dV/dt is the voltage scanning rate. The 

specific capacitance (F/cm2) was calculated using the relation:  

Bleached cross section 

of WO3/PANI 

 

Bleached cross 

section of PANI 
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A

C
Cs 

           8
 

where A is the area of the active material dipped in the electrolyte. The capacitance of the 

composite film obtained is 10 mF/cm2 while that of WO3 and PANI are 4 and 17 mF/cm2 

respectively at a scan rate of 50 mV/s. The values obtained for the composite film is 

comparable to 25 mF/cm2 obtained at a much low scan rate of 5 mV/s by Wei et al. [16].  

 

3.4   Galvanostatic charge–discharge analysis 

The galvanostatic charge–discharge (GCD) measurements give more reliable data than CV 

measurements for capacitance [45], thus GCD test were carried out on the films in a three-

electrode system with 0.5M H2SO4 at 0.02 mA cm−2 (Figure 6a). The potential responses of the 

composite film during charge and discharge are more symmetrical than that of the WO3 and the 

absolute working potential window can be extended to 1.0V. The shape of the discharge curves 

does not show the characteristic profile of a pure double layer capacitor, but mainly 

pseudocapacitance. The slope of the charge/discharge curves indicates the potential dependent 

nature of the Faradaic reaction [46].  

The areal capacitance (CA) can be calculated using the following equation [13,47]: 

AV

ti
CA




            9 

where i is the applied current in A, ΔV the voltage range in Volt, Δt the discharge time in 

seconds and A  the active area in cm2. 



17 

 

 

Figure 6: (a) Comparative charge–discharge curves of the films measured in 0.5M H2SO4 at 0.02mAcm
−2

, and (b) 

charge-discharge curves of the films at different current densities. 
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The dependence of the specific capacitance on current density are shown in Figure 6b. The 

specific capacitance of the composite film (WO3 / PANI) derived from the discharge in the 

charge-discharge curve is 4.1 mF/cm2 at a current density of 0.02 mA/cm2 and 2.4 mF/cm2 at a 

higher current density of 0.16 mA/cm2. WO3 is seen to display very quick discharge times at 

higher current densities with a potential overshoot to approximately 1.1 V due to its high 

resistance. Its specific capacitance at current densities of 0.02 mA/cm2 and 0.16 mA/cm2 are 2.8 

mF/cm2 and 0.3 mF/cm2, respectively. The areal capacitancde of the WO3 is improved by the 

incorporation of PANI due to the distribution of WO3 particles in the network of PANI.  

 
Table 1: Maximum performance parameters of the electrodes 

Electrode CA (F cm-2) 

WO3 2.8 

WO3/PANI 4.1 

PANI 9.2 

 

From table 1 it is evident that the areal capacitance of the PANI is superior, with the composite 

WO3/PANI beating the WO3. 

Next, we studied the long-term cyclability of the films by performing repetitive 

repetitive charge-discharge cycling for 1000 cycles lasting about 2 days (Figure 7). It is clearly 

evident from Figure 7 that at the 800th cycle, the WO3 film retained only 21% of its original 

capacitance, while the WO3/PANI and PANI retained approximately 38% and 98% of their 

starting capacitance values at the 1000th cycle, respectively. Again, this is an interesting result 

as it contradicts the works of Wei et al. [13,16] that reported that PANI film formed by  
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Figure 7: Comparative cycle stability of the films at 0.16 mAcm
-2

.  

 

electropolymerisation lost most of its capacitance after the 350th cycle. Our result implies that 

the CBD method represents a more viable strategy than electro-polymerisation for the 

preparation of the PANI films for electrochemical capacitors. The reason for the improved 

performance of the CBD is not clear at the moment, but may be related to the possible 

improvement of the physico-chemical homogeneity of the polymer (PANI) that allows for 

enhanced mobility of the counter ions. Conducting electro-polymers are usually characterised 

to the so-called negative ‘redox-switching hysteresis [45].  
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Figure 8: Nyquist plots of the various films at 0.1 V vs Ag/AgCl (sat’d KCl). 
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Figure 9: Bode plots for the (a) PANI and (b) WO3/PANI film. 
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3.5   Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) was employed to provide further some insights 

into the electrochemical acapacitive behavior of the three films. Figure 8 displays the Nyquist 

plots of the films performed in 0.5M H2SO4 at 0.1 V vs Ag/AgCl (sat’d KCl) before (Fig.8a) and 

after (Fig. 8b) the 1000th cycle. To our surprise, the WO3/PANI did not show any resistive 

component (i.e., the real impedance Z’ is zero) even after the 1000th cycle, which is 

characteristic of a ‘pure capacitive’ or electric double layer capacitor (EDLC) behaviour. On the 

other hand, the PANI and WO3 films showed resistive properties. Also, from the Bode plots 

(Figure 9), the phase angles of the PANI and WO3/PANI films are -67.3o and -89.0o, respectively. 

Pure capacitive behaviour should give a phase angle of -90o, thus our Bode results again 

confirm the pure EDLC behavior of the composite compared to the PANI alone. The ‘‘knee’’ or 

‘‘onset’’ frequency (fo) for the WO3/PANI film 4.9 Hz while that of the PANi alone is 0.82 Hz, 

suggesting that most of the stored energy of the WO3/PANI is still accessible at higher 

frequencies compared to the PANI film. 

 

4. Conclusion 

Simple Chemical Bath deposition (CBD) method has been used to prepare polyanilline and its 

nanocomposite film of WO3/PANI on fluorine doped tin oxide (FTO) glass slides. The composite 

film exhibited electrochromic behaviour during the cyclic voltammetry. The key findings in this 

work that we need to emphasize are (i) the PANI films is able to maintain its energy storage 

capability even at 1000 cycles, and (ii) the integration of the PANI with WO3 led to the 

formation of a true electrochemical capacitor. This work demonstrates that simple CBD can be 
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used to get WO3/PANI film that gives good electrochromic and pseudo capacitance comparable 

to the ones obtained by other methods. Hence the obtained nanocomposite film of WO3/PANI 

can be a promising material for electrochromic and energy storage applications.  
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