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 Graphical  Abstract 

 

Abstract 
Copper hetero poly acid and tungsten hetero poly acid compounds 

were used as model polyoxometalates. Sol was prepared using 

polyoxometalate and TiO2 derived from titanium tetraisopropoxide. 

This sol was electrodeposited on indium tin oxide (ITO) plate. The 

TiO2-polyoxometalate nanocomposite was formed on the surface of 

ITO as film. The film thus obtained was characterized by XRD, FT-IR, 

SEM, UV-DRS, AFM and PL analyses. XRD results indicate the 

presence of TiO2and polyoxometalate in the nanocomposite film. FT-

IR results show the existence of metal-oxygen-metal linkage in the 

composite. Narrow band gap noticed from UV-DRS spectra reveals 

the interaction of POM with TiO2. The nanocomposite film was tested 

for photocatalytic activity in the decolourization of model pollutant 

dyes such as Reactive Red 2 (RR2) and Disperse Yellow 231 (DY231). 

The decolourization efficiency and reusability of tungsten based 

composite film was higher than that of copper based composite film.   

 

Keywords: TiO2, polyoxometalates, electrodeposition, ITO, 

photocatalytic. 
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Introduction 

TiO2 is an excellent candidate for a broad range of applications 

due to its physicochemical properties, wide band gap 

semiconductor, low-cost, abundant and a relatively nontoxic 

nature. TiO2 enhances the catalytic activity of a system due to 

strong interactions between the active phase and the TiO2 support. 

Among the three phases of TiO2, anatase phase exhibits 

tremendous attention for potential applications in paints and 

photodegradation of environmentally toxic dyes and organic 

pollutants. Pearson et al. (2013). The application of TiO2 particles 

is limited due to the large band gap and charge recombination (or 

electron−hole recombination), whereby an inherently large driving 

force promotes the recombination of electron and the newly 

generated hole upon photo excitation that reduces its overall 

photocatalytic performance. Effort has been put forward to shift 

the band gap energy of TiO2 particles toward the visible region of 

the spectrum, where photoexcitation can become more 

energetically favourable. Lu et al. (2012). 

Polyoxometalates (POMs), a well-known class of inorganic 

clusters with a metal-oxygen framework, have an intrinsic ability 

to accept electrons readily Ozer et al. (2001) Tachikawa et al. 

(2006). POMs can successively transfer the photogenerated 

electrons from the TiO2 conduction band to the empty d orbit, thus 

greatly improving the photoactivity of composite due to the 

synergistic effect of POMs and TiO2. Some POMs supported on 

TiO2 composite materials as heterogeneous photocatalysts exhibit 

relatively higher photocatalytic degradation abilities towards 

aqueous organic pollutants. Studies on photocatalysts are mainly 

based on powders that severely hindered the practical applications 

due to the post-treatment problems such as separation, recovery 

and reuse. To overcome these disadvantages, much attention has 

been paid to explore immobilized TiO2-based film materials. Niu 

et al. (2013). 

Dye molecules are extensively used in textile dyeing, paper 

printing, leather, pharmaceutical, cosmetic and nutrition industries. 

Textile industries generate wastewaters that contain considerable 
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amounts of non–fixed dyes and a huge amount of inorganic salts. 

Principal sources of environmental aqueous contamination in 

wastewaters are dyes. They need to be removed from wastewaters 

by different methods. The most often used methods for the 

treatment of textile dyes, including membrane filtration, 

adsorption, biological degradation, ozonation are not efficient 

enough. Advanced oxidation processes (AOPs) seem to be a very 

promising way to deal with the problem of organic pollutants 

destruction in aqueous systems. Among the AOPs, heterogeneous 

photocatalysis was found as an emerging destructive technology 

leading to the total mineralization of most organic pollutants. 

Behnajady et al. (2011). 

Electrodeposition is a promising technique for the preparation of 

transparent nanocrystalline semiconductor oxide thin films in large 

area substrates. Electrodeposition process from an aqueous 

solution is cost effective, environmentally friendly and 

advantageous to achieve facile control of the film thickness. 

Tangestaninejada et al. (2010).  

In this research work copper based heteropolyacid and tungsten 

based heteropolyacid were used as model polyoxometalates. Sol 

was prepared using polyoxometalate and TiO2 derived from 

titanium tetraisopropoxide (TTIP) and electrodeposited on indium 

tin oxide (ITO) plate. Reactive Red 2 (RR2) and Disperse Yellow 

231 (DY231) dyes were used as model pollutants.  

Preparation of TiO2-POM nanocomposite film on ITO, 

characterization of film by analytical techniques and 

photocatalytic activity of the film in the decolourization of dyes 

are studied and presented. 

 

Materials and methods 

 

Titanium tetraisopropoxide 99.5% was purchased from Aldrich 

and used as such. Copper based (designated as P1) and tungsten 

based (designated as P2) polyoxometalates were synthesized as 

per procedures outlined and kindly supplied by Dr. Monika Goral 

of Poland. Purified water was obtained using TKA-LAB Reinst 

water system.  

 

Synthesis of TiO2-POM sol 

TiO2 sol was prepared using TTIP, P1 or P2 and nitric acid. The 

preparation of film was performed in three steps; (1) synthesis of 

composite sol, (2) electrodeposition of sol on ITO plate and (3) 

annealing. For step 1, 1 mL of TTIP was slowly dropped into 20 

mL of 0.5 M nitric acid and stirred vigorously for 2 h at 70°C. To 

this, 0.6 g of POM (either P1 or P2) was added and stirred on a 

magnetic stirrer for 1 h at 70˚C.  

 

Coating of the sol on ITO plates  

In step 2, electrodeposition was performed using CHI-620A 

instrument with a three electrode setup. Prior to the 

electrodeposition, the ITO plate was thoroughly cleaned with 

acetone and kept in an oven at 100˚C for 15 min. Cleaned ITO 

plate as the working electrode, platinum wire as the counter 

electrode and Ag/AgCl as the reference electrode were used in the 

3 electrode set up. The coating solution consisted of 10 ml sol and 

1 ml acetate buffer (pH 1) solution. Anodic electrodeposition was 

carried out on the ITO electrode at a potential application of 1.0 V 

for 30 min. After the deposition, the composite film thus formed 

was washed with distilled water and dried at 100˚C for 10 min. 

The ITO plate containing the composite film was annealed at 

400˚C for 2 h. The composite film thus obtained with copper 

based was designated as P1T and with tungsten based was 

designated as P2T. 

 

Characterization  

The films were subjected to characterization. UV-Vis diffuse 

reflection spectra (DRS) were obtained using Shimadzu UV-

3101PC spectrophotometer equipped with an integrating sphere 

and BaSO4 as a reference. Fourier transform infrared (FT-IR) 

spectra were obtained using Shimadzu 8400S spectrophotometer. 

Photoluminescence (PL) spectra of the samples were obtained 

using FluoroMax-3, Jobin-Yvon-Horiba PL system in the study 

range from 300 to 900 nm using excitation line at λ 300 nm. X-ray 

diffraction (XRD) measurements were performed using X’Pert–

PRO diffractometer with Cu K radiation. Leo series 1430 VP 

equipped with INCA instrument was used to record scanning 

electron microscopy (SEM) image of samples. The surface 

roughness of film was studied by atomic force microscopy (AFM) 

at tapping mode with a Nanoscope III Digital-VEECO (E type 

scanner, 512×512 pixels, with scanned size 500 nm×500 nm). 

 

Photocatalytic activity  

The photocatalytic activity of P1T and P2T films was studied with 

the aqueous solutions of RR2 and DY231 dyes at a concentration 

of 10-4 mol L-1. Warm soft lamp (visible) having wavelength 

greater than 370 nm and color temperature of 3000 K was used as 

photo source. The photocatalytic decolourization efficiency of P1T 

and P2T films was tested using UV-vis spectral absorbance of the 

dye solution before and after the activity. Effect of pH was studied 

at different conditions such as 1, 7 and 13. 

 

Results and discussion 

XRD analysis 

 
Figure.1. XRD patterns of a) as deposited TiO2 film b) annealed 

TiO2 film c) as deposited P1T film d) annealed P1T film e) as 

deposited P2T film f) annealed P2T film    

   

The XRD patterns obtained for as deposited TiO2, P1T, P2T 

films and annealed TiO2, P1T, P2T composite films are shown in 

Fig.1. As deposited TiO2 and P1T composite films are found to 
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be amorphous in nature, but the as deposited P2T film shows 

improved crystallinity. This is evidenced from the peak at 25º 

usually observed for anatase. Annealed TiO2 film exhibits 

anatase phase since diffraction peaks are observed at 25.3º, 37.8º, 

48.0º, 54.4º, and 62.7º. Similar characteristic peaks are observed 

for the annealed P1T and P2T composite films, which reveal the 

formation of anatase phase. An additional less intense peak is 

observed at 35º for P2T. It is reported that the diffractions 

originated from the interaction between Keggin unit and TiO2 

are hardly observed for the composites containing 

polyoxometalates. Lu et al. (2012). This may be due to the 

interaction of phosphotungstate in the octahedral interstitial site 

or the substitutional position of TiO2. These results infer that the 

phosphotungstate might interact with titania through oxygen 

atom at the corner of Keggin structure. Tangestaninejada et al. 

(2010). Ullah et al. (2013). From the difference in XRD peak 

intensity at 25º, 48º and 54º, it is inferred that the 

electrodeposition on ITO plate resulted into the formation of 

TiO2-polyoxometalate composites (P1T and P2T) effectively. 

 

FT-IR analysis 

 
Figure.2 FT-IR spectra of a) as deposited TiO2 film b) annealed 

TiO2 film c) as deposited P1T film d) annealed P1T film e) as 

deposited P2T film f) annealed P2T film    

 

FT-IR spectra of as deposited and annealed TiO2, P1T and P2T 

films are shown in Fig.2. The absorption peak observed at 1632 

cm-1 for as deposited TiO2 may be attributed to the bending 

vibration of free O-H bond or the stretching mode of Ti-OH. 

Tayade et al. (2007). Similar less intense peak is observed at 

1640 cm-1 for as deposited P1T and P2T. The band observed at 

3399 cm-1 for as deposited TiO2 film is attributed to the OH 

stretching of surface absorbed water. In the annealed TiO2 film, 

the intensity of OH stretching at 3399 cm-1 has been 

considerably reduced due to the heat treatment. The peaks 

observed for as deposited P1T film at 3476 cm-1 and for as 

deposited P2T film at 3500 cm-1 are attributed to OH stretching 

vibration. In the annealed P1T and P2T films, the intensity of OH 

stretching at 3476 cm-1 has been considerably reduced upon 

calcination. Absorption peaks noticed at 2960 cm-1 and 2872 cm-

1 for as deposited P1T and P2T film attributes to the N-H 

stretching vibrations. The peaks observed at 1092 cm-1, 932 cm-1 

and 790 cm-1 for as deposited P1T attributes to laccunary keggin 

type structure. The characteristic bands noticed in the region 

from 1100 to 700 cm-1 for as deposited P2T film are attributed to 

the possible vibrations between W-O and W–O–W. Yang et al. 

(2003). The peak observed at 536 cm-1 for the as deposited P1T 

and P2T film has been widened in the annealed P1T and P2T film. 

This shows that strong interactions were built between anions of 

polyoxometalates and TiO2. The hydrolysis of TTIP has resulted 

in titanium hydroxide (Ti–OH) containing products. In these 

products, the Ti atoms in Ti–OH groups are assumed to contain 

electrophilic properties. In the case of P2T, Ti–OH groups were 

chemically linked to the surface of POM via W–O–Ti bonds, 

resulting in the saturation of the surface oxygen atoms of XW11 

clusters. From the spectra it is noticed that both as deposited P1T 

and P2T films had almost similar interactions with variations in 

intensity. This has been reflected in the case of P1T and P2T 

annealed composite films. The shift in peak position and 

intensity between as deposited and annealed films confirm the 

formation of composite with strong interaction between 

polyoxometalate and TiO2. 

 

SEM analysis  

 

 

Figure.3. SEM images of a) annealed TiO2 film b) annealed P1T film c) 

annealed P2T film 

 

The SEM images of the annealed TiO2, P1T and P2T films are 

shown in Fig.3. The SEM image of P1T has a few localised 

aggregation with smooth and homogenous surface. The energy 

dispersive spectrum (EDX) results reveal the presence of  

titanium, oxygen and copper. These results confirm the 

formation of P1T composite. The SEM image of P2T shows 

uniform film formation with some gutters. The film surface is 

relatively smooth over a large area. This might be due to the 

deposition of  polyanions of tungsten on ITO plates. Liu et al. 

(2009). The EDX spectrum of the sample has revealed the 

presence of titanium, tungsten and oxygen in P2T film. These 

results indicate that the morphology of TiO2 in P1T and P2T 

composite films are different for different materials. 
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AFM analysis 

 
Figure.4 AFM images of annealed TiO2 film         

 

 
Fig.5 AFM images of annealed              Fig.5 AFM images of annealed 

 P1T film                                                   P2T film 

 

Fig.4 shows the AFM images of the annealed TiO2 films. The 

surface roughness of the annealed TiO2 films is 0.2834 μm. 

AFM image of the P1T film is shown in Fig.5. The two-

dimensional and three-dimensional images provide detailed 

information about the surface morphology and roughness of 

nanocomposite films. Granular pattern of arrangement is 

observed from the images. As the POM polyanions can reduce 

the coulombic repulsion of adjacent positive TiO2 nanoparticles, 

the aggregation of TiO2 colloidal nanoparticles may occur to a 

certain level. The average roughness of the film is calculated as 

0.2515 µm. The topography of the composite films suggests the 

interactions between TiO2 and P1 and the fine dispersion of 

POM particles in TiO2 inorganic network. The formation of 

films by electrodeposition could be considered as evidence in 

the interaction between P1 and TiO2. Fig.6 shows the AFM 

image of P2T film. The average surface roughness of the film is 

calculated as 0.2532µm. The morphological changes of P1T or 

P2T composite films with that of the pristine TiO2 film might be 

due to varied interactions between the two components. He et al. 

(2009).   

 

 

 

 

UV-DRS analysis 

 
Fig.7 UV-DRS spectra of annealed TiO2 film      

   
Fig.8 UV-DRS spectra of annealed P1T film and annealed P2T film 

 

Fig.7 shows UV- DRS spectra of annealed TiO2 film. The 

calculated band gap of annealed TiO2 film is 1.8 eV which is 

smaller than reported value 3.2 eV. Fig.8 shows UV- DRS 

spectra of P1T and P2T films. The results show the interaction 

between the primary Keggin structure and TiO2 nanostructure 

that depend on the type of polyoxometalate. This may be due to 

the changes in coordination environment of TiO2. 

Tangestaninejada et al. (2010). Ullah et al. (2013). The bandgap 

energy (Eg) of the P1T composite film calculated through 

Kubelka-Munk formula is 3.1 eV. The bandgap energy (Eg) 

calculated for the P2T composite film is 2.3 eV. The widening of 

the band gap in the composite films may be due to the 

interaction of Keggin unit with TiO2. The charge transfer occurs 

from O (2p) to Ti (3d) orbit in pristine TiO2 film. But in the case 

of composite films, the charge transfer occurs from O (2p) to the 

new conduction band that is constructed from the hybridization 

of Ti (3d) and W (5d) orbit. Lu et al. (2012). The changes in the 

coordination environment of Ti may be due to the interaction of 

polyoxometalates with TiO2. The transmittance edges of the 

composite films continuously extended to the longer wavelength. 

 

  Photoluminescence analysis  

 

 
 

Fig.9 Photoluminescence spectrum of annealed TiO2 film.         
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Fig.10 Photoluminescence spectra of annealed P1T and P2T 

films 

 

The PL spectrum of annealed TiO2 film is shown in Fig.9. The 

photoluminescence spectra show different patterns for different 

POM-TiO2 composites (Fig.10). A peak is observed at 580 nm 

for TiO2, P1T and P2T films. This peak is attributed to the 

electronic transition mediated by the defect levels such as 

oxygen vacancies in the band gap. The emission peak observed 

at 412 nm for both P1T and P2T corresponds to the TiO2 

nanoparticles. Kulak et al. (2009). The tiny peaks observed in 

the range from 420 nm to 560 nm for P1T and P2T films may be 

due to the excitonic photoluminescence trapped by surface states 

and defects. Liu et al. (2007). The increased photoluminescence 

intensity observed in P1T than in P2T indicates the lower 

crystallinity of P1T film. Fang et al. (2008).    

 

Photocatalytic Activity 

 
Fig.11 Photocatalytic activity of a) annealed TiO2 film b) P1T and c) 

P2T films in the decolourization of RR2 dye 

 
Fig.12 Photocatalytic activity of a) annealed TiO2 film b) P1T and c) 

P2T films in the decolourization of DY231 dye  

Photocatalytic experiments were carried out to evaluate the 

effectiveness of the annealed TiO2 and POM-TiO2 composite 

films for the decolourization of azo dyes that are the major 

contaminant in textile wastewater. The decolourization 

efficiency using P1T film in 2 h of irradiation time was found 

to be 75% and 56% for RR2 and DY231 dyes respectively; 

but at similar experimental conditions, the decolourization 

efficiency of P2T film was found to be 83% and 81% for 

RR2 and DY231 dyes respectively. This clearly shows that 

the photocatalytic activity of P2T is higher than P1T. The rate 

of photocatalytic decolourisation is not only affected by the 

nature of film, but also by the transport of species (dyes) to 

and from bulk solution. The degradation curves of RR2 dye 

are slightly shifted to a lower C/Co value than the values of 

DY231 (fig.11 and fig.12). Improved photocatalytic activity 

of P1T and P2T composite film is mainly attributed to the 

existing interaction between TiO2 and Keggin unit which 

results in the retardation of the recombination of the 

photoexcited hole and electron pairs owing to trapping 

photoexcited electrons into unoccupied metal 5d states of 

Keggin unit. Lu et al. (2012). From the rate constant values 

obtained, it is noted that P2T film shows improved efficiency 

for DY231 dye than RR2 dye. It is clear from the R2 values 

(Table.1) that all reactions follow more or less pseudo first-

order kinetics. The higher surface area in the composite also 

provides a higher number of catalytic sites on the surface of 

TiO2 with less recombination of electron hole pairs, which is 

the rate-determining step in the photocatalytic degradation. 

The improved photocatalytic activity of P2T film may be due 

to its increased surface area, good porosity, presence of 

hydroxyl group and lowered band gap energy. It is reported 

that reduced band gap retards the charge recombination ratio 

that advantages for the photocatalytic performance. 

Peerakiatkhajorn et al. (2012). Amines and hydroxyl groups 

are very strongly active ortho and para directors with non-

bonding electrons. Generally these electron donating 

substituent groups inductively take electrons from the ring 

and give it back by resonance. Hence, the decolourisation of 

the dyes strongly depends on the chemical structure and 

substituent groups. In RR2, two sulphonic acid groups are 

present, which are electron withdrawing favouring reduction. 

Both the dyes contain hydroxyl group conjugated with azo 

group that usually exists an equilibrium mixture of two 

tautomeric forms (azo or hydrazone) in the aqueous solution. 

It is reported that when the hydroxyl group is positioned in a 

naphthol, ortho to the azo bond, the hydrazone form is 

favourable at equilibrium. Hence intramolecular hydrogen 

bonding could be formed in the solution. Yu et al. (2004). 

 

Table.1 Calculated Rate constant values for the two composite films       

Composite RR2 dye DY231 dye 

R2 K R2 k 

TiO2 0.997 0.008 0.981 0.006 

P1T 0.983 0.0230 0.966 0.0230 

P2T 0.988 0.0460 0.986 0.0276 
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Reusability of the film  

 
Fig.13 Photocatalytic efficiency of P2T film on reuse 

 

Between the composite films, P2T film showed improved 

performance than P1T film in the photocatalytic 

decolourization of dyes. Thus, P2T film was chosen to 

evaluate the reusability, which is particularly important in the 

practical applications. This composite film was used for 

twenty photocatalytic cycles with RR2 dye solution. After 

each cycle, the film was washed with distilled water, dried in 

air and reused under the same photocatalytic conditions (10 

ml of 0.4 M dye, pH 1). Fig.13 shows the performance of 

P2T film with good decolourization efficiency at an average 

about 80%. The reusability results indicated that the film was 

sufficiently active even up to 20 cycles. 

 

Conclusions 

 

Annealed TiO2 and TiO2-POM composite films were 

prepared by sol–gel method followed by electrodeposition 

process onto ITO plates. The structure and morphology of 

the films were characterised by XRD, FT-IR, SEM, UV-DRS, 

AFM and PL techniques. Changes in XRD patterns and 

shifts in peak position noticed from FT-IR spectra between 

as deposited and annealed films evidenced the formation of 

TiO2-POM composite films. SEM and AFM images also 

support the formation of TiO2-POM composite films. 

Narrowed band gap was observed for P1T and P2T composite 

films. The photoluminescence spectral peaks reveal the 

strong interaction between TiO2 and polyoxometalates. The 

photocatalytic decolourization of RR2 and DY231 dyes in 

aqueous solution was evaluated using the annealed TiO2 and 

composite films. P2T composite film showed improved 

activity than P1T due to the synergistic effect existed 

between P2 and TiO2. P2T film was tested for reusability up 

to 20 cycles and found to be active. 
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