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Abstract: Tungsten oxide (WO3) and boron-doped WO3 (WO3-B) nanoparticles were synthesized using 

the co-precipitation technique. In addition, as-prepared photocatalysts were compounded with a 

conducting polymer, polypyrrole (PPy), to prepare PPy/WO3 and PPy/WO3-B composites. The 

photocatalytic activity of pure WO3, WO3-B, and the PPy composites for decomposing an organic dye, 

methylene blue, was compared. Doping with boron atoms and/or compounding with polypyrrole 

improved the photocatalytic performance of WO3, which was probed by performing UV-Vis absorption 

spectroscopy. The boron doping improved the photocatalytic performance of the WO3 nanoparticles, 

which was ascribed to reducing the recombination rate of the photoinduced charge carriers and the 

increase in the number of photogenerated holes on WO3 upon UV light irradiation. Compounding WO3 

with polypyrrole enhanced the photocatalytic activity, which was also assigned to the decrease in the 

recombination rate of the photoexcited charge carriers. 
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1. Introduction 

Different industries, especially the fabric and leather industries, continue to increase 

their production, increasing the discharge rate of the wastewater with pollutants. Industries 

utilize various types of organic dyes that are highly toxic and can cause serious effects on 

humans and other living organisms. To diminish the negative effects of the organic pollutants 

on the human being and the environment, industrial wastewater must be properly treated before 

being released into the environment [1]. Many studies have been carried out to develop efficient 

technologies to reduce the amount of wastewater released and enhance the quality of the 

wastewater by reducing the number of pollutants within it. Numerous efforts have been 

attempted to develop efficient technologies to decrease the amount of wastewater produced and 

increase the quality of the treated water [2]. Photocatalytic decomposition of organic molecules 

under UV light or visible light in the presence of a semiconductor photocatalyst has been 

known as a considerable technique for removing organic pollutants from wastewater. In the 

last years, significant attempts have been performed to synthesize high-efficient photocatalysts 

to remove the organic pollutants from the wastewater through photocatalytic decomposition 

[3]. 
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Among the photocatalysts researched, TiO2 [4] and ZnO [5] have been the most 

preferred ones used to decompose the organic pollutants within the wastewater. The main 

drawback of the specified photocatalysts is that they can absorb a narrow wavelength region of 

the natural sunlight owing to their wider optical band gaps and utilized in photocatalytic 

degradation reactions. To utilize the sunlight more effectively and enhance the photocatalytic 

activity, it is required to extend the absorption capability of the photocatalyst to the long-

wavelength region greater than 387 nm. Tungsten oxide (WO3) with an optical band gap of 

2.4-2.8 eV can benefit much more from the sunlight [1]. Owing to its favorable hole diffusion 

lengths, WO3 can benefit almost 12% of the sunlight [6]. Possessing unique optoelectronic 

properties, WO3 has been utilized in various fields such as dye-sensitized solar cells, gas 

sensors, and lithium-ion batteries [1,6]. WO3 can also be utilized as a catalyst for hydrogen 

energy production [7]. 

The fast recombination of photoexcited charge carriers on the semiconductor 

photocatalysts suppresses the photocatalytic activity and limits their application potential in 

removing the organic pollutants from the wastewater [3]. WO3 exhibits poor photocatalytic 

performance in the degradation of organic pollutants due to its sluggish kinetics, resulting in 

slow charge transfer at the photocatalyst-wastewater interface [6]. To enhance the 

photocatalytic performance of WO3, different strategies have been followed by the scientists 

who studied this topic [3]. Combining WO3 with a conducting polymer, such as polypyrrole 

[8], polyaniline [9], and polythiophene [10] are among the strategies applied. The composite 

application can enhance the photocatalytic performance of WO3 by promoting interfacial 

electron transfer and harvesting more sunlight. Any effect that provides electron transfer from 

the conduction band or valence band of WO3 also reduces the recombination rate of the 

photoinduced charge carriers [7]. Polypyrrole has attracted more attention among the 

conducting polymers due to its unique properties such as chemical stability, relatively high 

electrical conductivity, redox property, and simplicity of its synthesis [8,11]. In the literature, 

TiO2 [12], Ag [8], ZnO [5], Fe3O4 [5], g-C3N4 [13], Bi2O4 [14], graphene oxide [15], CuO [16], 

Fe2O3 [17], Ag3PO4 [18], Bi2MoO6 [19], ZnTi [20], SnO2 [21] and BiVO4 [22] have been 

studied to prepare their composites with the conducting polymer, polypyrrole. With its highly 

conductive structure, polypyrrole allows interfacial electron transfer depending on its band 

energy levels, reducing the photoexcited charge carriers on WO3. 

Alternatively, the photocatalytic performance of WO3 can be improved by increasing 

the lifetime of the photoexcited charge carriers and suppressing the recombination rate, which 

can be achieved by metal or nonmetal doping. WO3 can absorb the solar spectrum's UV light, 

blue light, and green light regions (up to 516 nm). To enhance the visible light sensitivity and 

photocatalytic performance, the optical band gap of WO3 can be narrowed. The optical band 

gap of WO3 can be effectively narrowed by metal or nonmetal doping. In literature, the metal 

or nonmetal doping with sulfur atoms [3], Mg atoms [23], Au atoms [24], Ag atoms [25], Zn 

atoms, and Cu atoms [26] has been employed to tailor the optical band gap and to enhance the 

separation of the photoexcited charge carriers. Among different metal or nonmetal atoms used 

as a dopant, several attempts have been performed to obtain boron-doped TiO2 [27], ZnO [28], 

BiOBr [29], and  Bi2WO6 [30]. Boron atoms can disturb the crystal growth and introduce 

energy levels into the bandgap of the semiconductor photocatalyst, which gives rise to the 

reduction in the optical band gap energy and enhancement in the photocatalytic activity.  

Within the scope of this study, boron doping was applied to the WO3 nanoparticles. In 

addition, pure and boron-doped WO3 nanoparticles were compounded with polypyrrole 
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separately. The photocatalytic activity of the doped WO3 and polypyrrole composites were 

analyzed and compared with pure WO3 by monitoring the degradation of the model dye, 

methylene blue, in an aqueous solution under UV light irradiation. Doping WO3 with boron 

atoms and/or compounding WO3 with polypyrrole seemed to be efficient techniques to enhance 

the photocatalytic activity of WO3. To the best of our knowledge, the study on the effect of 

boron doping on the photocatalytic activity of WO3 and the PPy/WO3 composite has not been 

reported so far. 

2. Materials and Methods 

WO3 nanoparticles were synthesized following the co-precipitation technique. 

Chemicals used to synthesize WO3 nanoparticles were purchased from Sigma-Aldrich. In 

detail, sodium tungstate dihydrate (Na2WO4·2H2O) (3 g) was dissolved in distilled water (20 

ml) and kept under stirring at room temperature using a magnetic stirrer. Meanwhile, 8 M HCl 

solution (20 ml) was prepared and poured into the sodium tungstate dihydrate solution. The as-

prepared solution was stirred for 2 hours at 80 °C and then left to cool. Hence, a slurry, 

including amorphous WO3 structures, was obtained. The as-prepared slurry was separated from 

the solution and cleaned thoroughly, washing with distilled water. Afterward, the slurry was 

dried at 80°C for 12 hours and then calcined at 600°C for 1 hour to convert the amorphous 

WO3 phase into the crystalline phase. Following the calcination process, WO3 crystallites were 

grounded. Finally, WO3 nanoparticles were obtained [31]. Boron doped WO3 (WO3-B) was 

also synthesized using the co-precipitation technique in the presence of a boron atom source, 

boric acid. In detail, a certain amount of boric acid was added to the sodium tungstate dehydrate 

solution and stirred for 30 minutes. Then, 8 M HCl solution was poured into the as-prepared 

solution, including boric acid. The solution was stirred for 2 h at 80°C. Then the solution was 

left to cool. Thus, a slurry phase was obtained. The resulting slurry was separated from the acid 

solution and rinsed with distilled water. Afterward, the slurry was dried at 80°C for 12 hours 

and then calcined at 600°C for 1 hour. Following the specified technique, WO3-B 

nanoparticles, including 1 wt.% of a boron atom, were obtained [27,31]. 

PPy/WO3 and PPy/WO3-B composites, including 50 wt.% of WO3 and WO3-B, 

respectively, were prepared using the in-situ polymerization technique. The conducting 

polymer, polypyrrole, was synthesized in the presence of WO3 (or WO3-B) nanoparticles 

through the oxidation of the monomer (pyrrole) with an oxidant (iron(III) oxide hexahydrate). 

All chemicals used to synthesize the PPy composites were purchased from Sigma-Aldrich. For 

this purpose, 0.7 ml (10 mmol) of pyrrole was dispersed in 100 ml of distilled water. A certain 

amount of WO3 (or WO3-B) nanoparticles were added to the pyrrole solution and stirred for 

30 minutes. In accordance with the stoichiometric ratio ([FeCl3]/[pyrrole] = 2.5), 6.76 g (25 

mmol) of iron(III) oxide hexahydrate was added into the pyrrole solution. The solution was 

stirred at room temperature for 24 hours. Following 24 hours of stirring, a solid composite 

phase was obtained. The resulting composite phase was separated from the solution through 

filtration. Afterward, the composite particles were rinsed with 0.1 M hydrochloric acid and 

acetone. The PPy/WO3 and PPy/WO3-B composites were obtained after drying at room 

temperature [32]. 

The optical properties of all samples were investigated using UV-Vis absorption 

spectroscopy (Genesys 10S, Thermo Scientific). Photocatalytic activity of all samples was 

evaluated by monitoring the decomposition of the model dye, methylene blue, in an aqueous 

solution under UV light irradiation. 0.5 g of the photocatalyst sample was dispersed in 100 ml 
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of the dye solution (10 mg/l). The dye solution, including the photocatalyst, was stirred in the 

dark for half an hour using a magnetic stirrer. Then, the dye solution was irradiated using a 

UVA lamp (12 W) under stirring. Samples (3 ml) were collected every 20 min. and centrifuged 

to separate the solution from the photocatalyst particles. The clarified solution was analyzed 

using the UV–Vis spectrophotometer (Genesys 10S, Thermo Scientific). The absorbance of 

methylene blue, measured at 664 nm, was used to calculate the degradation efficiency using 

the following equation [12]:  

Degradation efficiency (%) = (A0-A)/A0                                        (1) 

Where A0 is the initial absorbance of methylene blue, and A is the absorbance of methylene 

blue after irradiation. In addition, to reveal the degradation mechanism of the photocatalyst 

samples, ammonium oxalate (1 mM) as a hole scavenger (h+) and potassium persulfate (1 mM) 

as an electron scavenger were added into the dye solution of WO3-B and PPy/WO3-B. 

3. Results and Discussion 

3.1. UV-Vis spectroscopy. 

The UV–Vis absorption spectra of WO3-B, PPy/WO3, and PPy/WO3-B were compared 

with pure WO3 in Figure 1. It was observed that the photo-response of WO3 nanoparticles 

doped with boron atoms shifted slightly into the visible spectrum. The reason for the red-shift 

might be the formation of energy levels in the bandgap of WO3 due to the diffusion of boron 

atoms through the interstitial of the crystal lattice [33]. 

 
Figure 1. UV-Vis absorbance spectra of (a) WO3, (b) WO3-B, (c) PPy/WO3, and (d) PPy/WO3-B. 

PPy composites exhibited wide absorption starting from the UV spectrum to the visible 

spectrum up to 600 nm. The absorption spectrum of PPy/WO3-B  was also broad and slightly 

red-shifted compared with PPy/WO3. The optical band gap energies (Eg) of WO3, WO3-B, 

PPy–WO3 and PPy/WO3-B were estimated by extrapolating the linear part of the curve to the 

x-axis on the plot of hυ vs. (αhν)2 using the Tauc’s equation (Figure 2) [33]: 

αhʋ = A(hʋ - Eg)
1/2             (2) 

where α, hʋ, A and Eg are the absorption coefficient, the photon energy, a constant, and the 

optical band gap energy, respectively [33]. The estimated bandgap energy for WO3, WO3-B, 
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PPy/WO3, and PPy/WO3-B was 2.75 eV, 2.70 eV, 2.60 eV, and 2.45 eV, respectively. 

According to these results, the bandgap energies of the PPy composites are lower than that of 

WO3 nanoparticles. Upon the boron doping of WO3, further reduction in the bandgap energy 

for WO3 and PPy/WO3 was observed, indicating that the boron atoms were integrated into the 

interstitial sites WO3 crystal lattice successfully. 

 
Figure 2. Tauc’s plot for (a) WO3, (b) WO3-B, (c) PPy/WO3, and (d) PPy/WO3-B. 

3.2. Photocatalytic activity. 

The photocatalytic degradation reactions start with the formation of electrons and holes 

on the conduction band and the valence band, respectively, when the photocatalyst is irradiated 

with UV or visible light. Afterward, the electrons and holes can react with surface adsorbed O2 

and H2O molecules to form superoxide anion radicals (•O2
−) and hydroxyl radicals (•OH) 

radicals, respectively. These strong radicals can decompose the organic dye molecules into 

small molecules such as H2O and CO2 [8]. The photocatalytic activity of as-prepared samples 

was evaluated through the degradation of methylene blue in an aqueous solution. Figure 3 

illustrates the decline in the absorption of the model dye under UV light irradiation. Methylene 

blue was degraded 10.9% by boron-doped WO3 within 80 minutes. With the boron doping, 

approximately 3% more methylene blue decomposition was obtained at the end of the UV light 

irradiation (80 min.) (Figure 4). Boron atoms might diffuse through the interstitial sites of the 

WO3 crystal lattice. The diffusion of boron atoms through the interstitial sites of the WO3 lattice 

could reduce the optical band gap energy by forming energy levels between the conduction 

band and the valence band of WO3 [34]. The boron doping might result in the formation of 

electron-empty acceptor levels located above the valence band of WO3, known as hole traps. 

These hole traps accept electrons; if the energy difference between the valence band edge and 

the hole traps is smaller than the thermal energy of the electrons, the electrons in the valence 

band can be thermally excited to these hole traps, resulting in the formation of additional holes 

to participate in the oxidation reactions [35]. On the other hand, these hole traps can accept 

photoexcited electrons from the conduction band. Eventually, the electrons trapped by these 

energy states above the valence band recombine with the holes. The excitation of valence band 

electrons to the conduction band and simultaneous formation of holes in the valence band 

occurs in femtoseconds. On the other hand, the trapping of the photoexcited electrons can 

happen on a time scale of seconds to minutes, reducing the recombination rate of the 
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photoinduced charge carriers [35]. Hence, the improvement in the photocatalytic activity might 

be attributed to the electron traps formed with the boron doping. Boron doping was thought to 

improve photocatalytic performance by increasing the number of holes in the valence band of 

WO3 and reducing the recombination rate of the photogenerated electron-hole pairs formed on 

WO3. 

 
Figure 3. The variation in the UV–visible spectrum of the dye solution including (a) WO3, (b) WO3-B, (c) 

PPy/WO3, (d) PPy/WO3-B, (e) WO3-B with e- scavenger, (f) WO3-B with h+ scavenger, (g) PPy/WO3-B with e- 

scavenger and (h) PPy/WO3-B with h+ scavenger. 

 
Figure 4. Degradation efficiency of methylene blue (a) WO3, (b) WO3-B, (c) PPy/WO3, and (d) PPy/WO3-B 

under UVA light irradiation. 

To understand the photocatalytic mechanism of the boron doped WO3 nanoparticles, 

the effect of electron and hole scavengers on the decomposition of methylene blue molecules 
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was studied. The addition of the electron and hole scavengers significantly affected the 

decomposition of the model dye. Methylene blue was degraded 93.4% and 17.1% within 80 

minutes by the WO3-B nanoparticles in the presence of e- and h+ scavengers, respectively 

(Figure 5). The enhancement in the photocatalytic activity indicated that the photoinduced 

electrons and holes were effective in the photocatalytic decomposition of organic dye 

molecules. It was expected that the scavengers might hold the photoexcited electrons or holes, 

leading to a decrease in the recombination rate and an increase in the number of charge carriers. 

This effect of the scavengers might increase the number of active radicals, decompose the 

organic dye molecules, and enhance photocatalytic activity. When both scavengers were 

compared, the electron scavenger seemed to be more effective, which was attributed to the fact 

that the photoexcited holes were more effective in degrading the organic pollutant. The low 

reduction potential of the photoinduced electrons of WO3 might reduce the formation rate of 

superoxide anion radicals and the following decomposition reactions on the conduction band 

[36]. On the other hand, boron doping might increase the number of holes by introducing 

energy levels above the valence band of WO3. This fact also revealed that the photoinduced 

holes were taken a more active role in the degradation reactions. The low photocatalytic 

performance of pure WO3 nanoparticles might be attributed to the low reduction potential of 

electrons on the conduction band and the high recombination rate of the photoexcited electron-

hole pairs. 

 
Figure 5. The degradation efficiency of methylene blue over (a) WO3-B without scavenger, (b) WO3-B with e- 

scavenger, and (c) WO3-B with h+ scavenger under UVA light irradiation. 

The photocatalytic degradation of methylene blue in the presence of PPy/WO3 

composites was enhanced compared to pure WO3. Methylene blue was degraded 12.0% with 

PPy/WO3 composite. The highest degradation rate was obtained with PPy/WO3-B composite. 

35.4% of methylene blue in the aqueous solution was decomposed on the composite surface 

after 80 minutes of UV light irradiation (Figure 4). This improvement was assigned to reducing 

the recombination rate of the photoinduced charge carriers of WO3. According to the literature, 

the valence band edge of PPy is more negative than the valence band edge of WO3. So, the 

photoinduced holes of WO3 can transfer to the valence band of PPy, which can suppress the 

recombination of the photoexcited electron-hole pairs of WO3. Also, the conduction band edge 
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of PPy is more negative compared to the conduction band edge of WO3, which gives rise to the 

transfer of the photoexcited electrons from the conduction band of PPy to the conduction band 

of WO3, which increases the number of electrons of WO3 to reduce the surface adsorbed O2 

molecules [12]. Thus, combining WO3 with PPy might lead to suppression in the recombination 

of the photoinduced charge carriers of WO3 owing to the differences in the band energy levels 

of the composite constituents. 

When the presence of scavengers on the photocatalytic activity of the PPy/WO3-B 

composite was examined, it was observed that the addition of the electron (e-) and hole (h+) 

was added scavengers enhanced the photocatalytic decomposition of the dye molecules. 84.0% 

and 94.1% of the organic dye were decomposed within 80 min. with e- and h+ scavengers, 

respectively (Figure 6). The enhancement in the photocatalytic decomposition revealed that 

both charge carriers were quite effective in the decomposition reactions. Under UV light 

irradiation, the photoinduced electrons of WO3 and the electrons migrating from the conduction 

band of PPy might reduce the surface adsorbed O2 to the superoxide anion radicals (•O2
−). On 

the other hand, the photoinduced holes, boron sourced and not migrated into the valence band 

of PPy, might oxidize the surface adsorbed H2O to the hydroxyl radicals (•OH) [33].  

 
Figure 6. The degradation efficiency of methylene blue over (a) PPy/WO3-B without scavenger, (b) PPy/WO3-

B with e- scavenger, and (c) (PPy/WO3-B with h+ scavenger under UVA light irradiation. 

To study the photocatalytic degradation kinetics of the organic dye in the presence of 

the photocatalysts, the pseudo-first-order kinetic model was used [37]:  

ln(C0/Ct) = kt                    (3) 

Where C0 is the concentration of the model dye before irradiation, Ct is the concentration of 

the model dye after irradiation, t is the time duration, and k is the rate constant, which can be 

obtained from the slope of the plot t vs. ln(C0/Ct) (Figure 7). It was observed that the rate 

constant of WO3-B is higher than that of pure WO3 (Table 1). Similarly, the rate constant of 

PPy/WO3-B is higher than that of the composite, including undoped WO3 (Table 1). Compared 

with pure WO3, the degradation reaction rate obtained with the PPy/WO3-B composite 

increased about 6 times. High R2 values indicated that the pseudo-first-order kinetic model 

could be applied to the photocatalytic decomposition reactions. 

https://doi.org/10.33263/BRIAC131.086
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC131.086  

 https://biointerfaceresearch.com/ 9 of 11 

 

 
Figure 7. Photocatalytic degradation kinetics of methylene blue onto (a) WO3, (b) WO3-B, (c) PPy/WO3, and 

(d) PPy/WO3-B under UVA light irradiation. 

Table 1. The discoloration rate of methylene blue for WO3, WO3-B, PPy/WO3, and PPy/WO3-B. 

Sample k (min-1) R2 

WO3 0.001 0.9090 

WO3-B 0.0015 0.9557 

PPy/WO3 0.0019 0.7527 

PPy/WO3-B 0.0063 0.8338 

4. Conclusions 

WO3 nanoparticles were prepared using the co-precipitation method. In addition, to 

improve the photocatalytic performance, WO3 was doped with boron atoms during its synthesis 

and then combined with polypyrrole. The photocatalytic activity of the as-prepared samples 

for the degradation of the model organic dye, methylene blue, under UV light irradiation was 

evaluated. PPy/WO3-B composite exhibited the highest photodegradation efficiency among all 

the samples. The degradation percentage of the model dye by the specified composite reached 

35.4% after 80 min. of UV light irradiation. This improvement was ascribed to the formation 

of interfacial sites between the composite constituents, suppressing the recombination of the 

photoexcited charge carriers on WO3. In addition, doping WO3 with boron atoms improved the 

photocatalytic activity by increasing the number of holes in the valence band of WO3 and 

reducing the recombination rate of the photogenerated electron-hole pairs formed on WO3. 
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