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Abstract：In order to improve the charge separation and migration efficiency, a 9 

conducting polymer, poly(3-hexylthiophene) (P3HT), was introduced into Bi2WO6 10 

photocatalyst. The hall mobility of P3HT/Bi2WO6 composite and bare Bi2WO6 were 11 

4.7197x10
2 

cm
2
/Vs and 3.0159x10

2 
cm

2
/Vs, respectively, indicating the high charge 12 

transfer ability of the P3HT/Bi2WO6 composite. The photo-degradation of a model 13 

pollutant, rhodamine B (RhB) under simulated solar light irradiation, demonstrated 14 

that the P3HT/Bi2WO6 composite showed much enhanced photocatalytic activity than 15 

bare Bi2WO6. The excellent photocatalytic performance of the P3HT/Bi2WO6 16 

composite could be ascribed to the internal electric field formed between n-type 17 

Bi2WO6 and p-type P3HT, which facilitates the separation of photo-generated 18 

electron–hole pairs, as well as the high charge carrier mobility of P3HT, which can 19 

transport the photo-generated holes to the surface of the semiconductor quickly to 20 

participate in the oxidation of pollutants. 21 

Keywords: Photocatalysis; Conducting polymer; Composites; Bi2WO6; P3HT 22 
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 1 

1. Introduction 2 

  With the increasing global environmental problems, the potential application of 3 

photocatalysis in environmental purification has aroused widespread concern in the 4 

past few decades [1, 2]. In principle, heterogeneous photocatalysis involves the 5 

generation, separation and migration of photo-induced charge carriers, which undergo 6 

redox reactions with the adsorbed substrates on the surface of the semiconductor [3, 7 

4]. Desired photocatalysts are expected to promote the charge transfer process while 8 

suppressing the recombination process. Unfortunately, due to the fast recombination 9 

rate of photo-induced electron–hole pairs, the photocatalytic systems developed thus 10 

far have been restricted by its low efficiency [5, 6]. Therefore, in order to expand the 11 

application of photocatalysis, it is important to facilitate the charge separation and 12 

migration rates. To date, great efforts have been made to increase the charge 13 

separation efficiency, such as the loading of noble metals on the surface of the 14 

photocatalyst as cocatalysts [7, 8], or forming a composite photocatalyst between two 15 

kinds of semiconductors [9-14]. Another effective way to promote the charge 16 

separation rate is hibridizing a conjugated polymer with the semiconductor 17 

photocatalyst [15-17]. 18 

   Conjugated polymers such as polythiophenes, polypyrroles, polyanilines, 19 

poly(p-phenylenevinylene), and their derivates are extensively employed in 20 

photovoltaic devices as antenna layers for photovoltaic conversion of solar energy 21 

[18-20]. In recent years, conjugated polymers have also been widely applied in 22 

photocatalysis area to improve the photocatalytic properties of TiO2. For example, Lin 23 
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 3

et al. synthesized polyaniline (PANI)/TiO2 composite and found that its photocatalytic 1 

activity in degradation of methyl orange dye and 4-chlorine phenol was much higher 2 

than that of pure TiO2 [21]. Chu et al. reported that the photocatalytic properties of the 3 

TiO2 were enhanced from the UV to the visible after incorporation of 4 

poly(3-hexylthiophene) (P3HT) [22]. Yi et al. have prepared polythiophene (PT)/TiO2 5 

composite and investigated its photocatalytic performance in the degradation of 6 

methyl orange (MeO) [23]. These studies demonstrate that the introduction of a 7 

conjugated polymer is an effective way to enhance the photocatalytic activity. 8 

  Among the conjugated polymers, poly(3-hexylthiophene) (P3HT) has attracted 9 

much attention due to its high charge carrier mobility, dissolubility and processability, 10 

long-term stability and broad absorption in visible region [24]. Especially, due to its 11 

extended π-conjugated system, it’s considered to be an excellent hole transporter. 12 

Taking account of the efficient hole transporting ability of P3HT, we intended to 13 

design a composite photocatalyst by combining P3HT with an inorganic 14 

semiconductor, Bi2WO6, whose main oxidative species are holes [25, 26]. It is 15 

expected that P3HT as an excellent hole conductor can transport the photo-generated 16 

holes to the surface of the semiconductor quickly to participate in the oxidation of 17 

pollutants, which can lead to an enhanced photocatalytic activity.  18 

  In this study, a novel P3HT/Bi2WO6 composite with high charge separation and 19 

migration efficiency was designed. The P3HT/Bi2WO6 composite has a much higher  20 

hall mobility than bare Bi2WO6, suggesting the high charge transfer ability of the 21 

P3HT/Bi2WO6 composite. The photocatalytic activity evaluation, via the 22 
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 4

photo-degradation of a model pollutant, rhodamine B (RhB) under simulated solar 1 

light irradiation, demonstrated that the P3HT/Bi2WO6 composite showed much higher 2 

photocatalytic activity than bare Bi2WO6. Moreover, the mechanism of the enhanced 3 

photocatalytic activity was discussed in detail. 4 

2 Experimental 5 

2.1 Sample preparation 6 

The reactants used in the experiment were analytical grade, without further 7 

purification. Bi2WO6 photocatalyst was synthesized via a hydrothermal method. In a 8 

typical process, 2 mmol of Bi(NO3)3·5H2O was dissolved in 2 M nitric acid solution 9 

to obtain a transparent solution A. Meanwhile, 1 mmol of Na2WO4·2H2O was 10 

dissolved in 30 mL of deionized water to get a transparent solution B. After that, 11 

solution A and solution B were mixed together to obtain a white suspension. NaOH 12 

solution was then added into the suspension until the pH value of the last suspension 13 

was about 1-2. After being stirred for several hours, the suspension was added to a 50 14 

mL Teflon-lined autoclave up to 80% of the total volume. The autoclave was sealed in 15 

a stainless steel tank and heated at 160 °C for 20 h. Next, the autoclave was cooled to 16 

room temperature naturally. The final products were washed with deionized water for 17 

several times, and finally dried at 60 °C in air for 12 h. 18 

  P3HT/Bi2WO6 composites were prepared as follows: 0.3 g of the Bi2WO6 powder 19 

was added into 10 mL of CH3Cl and dispersed under ultrasonic vibration for 30 min. 20 

Meanwhile, desired amount of P3HT was dissolved into 20 mL of CH3Cl under 21 

magnetic stirring. Subsequently, the two solutions were mixed and stirred for 24 h at 22 

room temperature. Then the solvent was evaporated slowly in the vacuum and the  23 
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 5

obtained powders were dried in an oven at 60 °C for 12 h. The loading amount of 1 

P3HT was 0.25 wt%, 0.5 wt%, 0.75 wt% and 1 wt%, respectively. 2 

2.2 Characterization 3 

The phase and composition of the as-prepared samples were measured by X-ray 4 

diffraction (XRD) studies using an X-ray diffractometer with Cu Kα radiation under 5 

40 kV and 20 mA and with the 2θ ranging from 20° to 70° (Rigaku, Japan). The 6 

morphologies and microstructures of the as-prepared samples were investigated by 7 

transmission electron microscopy (TEM, FEI Tecnai). FT-IR spectra of the samples 8 

were measured on a Nicolet iN10 (Thermo Fisher Scientific) FT-IR spectrometer. The 9 

KBr pellets were prepared with dried samples and the spectrum was collected in the 10 

range from 4000 to 400 cm
-1

. UV-vis diffuse reflectance spectra (DRS) of the samples 11 

were recorded with a UV-vis spectrophotometer (Cary Series UV-Vis-NIR 12 

Spectrophotometer 5000) using BaSO4 as a reference. The Hall mobility of the 13 

samples were measured on a Lake Shore 775 HMS Matrix by pressing the powders 14 

into a pellet. Photoelectrochemical measurements were performed in a three electrode 15 

quartz cells with 0.1 M Na2SO4 electrolyte solution. Saturated calomel electrode (SCE) 16 

and platinum wire were used as reference and counter electrodes, respectively. 17 

Bi2WO6 and P3HT/Bi2WO6 film electrodes on ITO served as the working electrode. 18 

The photoelectrochemical experiment results were recorded with an electrochemical 19 

system (CHI-650E, China) using a 500 W Xe lamp as the light source. 20 

2.3 Photocatalytic test  21 

  Photocatalytic activities of the P3HT/Bi2WO6 composites and Bi2WO6 were 22 
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 6

evaluated by photocatalytic degradation of rhodamine B (RhB) under simulated solar 1 

light irradiation. A 500 W Xe lamp with the wavelength of λ > 290 nm was used as 2 

the light source. The experiments were conducted at room temperature as follows: 0.1 3 

g of photocatalyst was added to 100 mL of RhB (10
−5

 mol L
−1

) solution. Prior to 4 

irradiation, the suspensions were magnetically stirred for an hour in the dark to ensure 5 

the adsorption–desorption equilibrium between RhB and photocatalyst powders. At 6 

fixed time intervals, 3 mL suspension was sampled and centrifuged to remove the 7 

catalyst powders. After that, the supernatant was taken out to measure the absorption 8 

spectral change of RhB through a UV–vis spectrophotometer (Cary Series 9 

UV-Vis-NIR Spectrophotometer 5000) to monitor the photo-degradation rate. The 10 

concentration change of RhB was determined by monitoring the optical intensity of 11 

absorption spectra at 552 nm. 12 

3 Results and discussion 13 

3.1. Crystal Structure 14 

The phase structures of the prepared products were investigated by a powder 15 

X-ray diffractometer. The diffraction pattern in Fig. 1 shows that all the peaks can be 16 

indexed to the orthorhombic phase of Bi2WO6 according to the JCPDS card no. 17 

39-0256 and no other crystalline phase can be detected. Compared with the XRD 18 

pattern of bare Bi2WO6, no distinct difference was observed on the P3HT/Bi2WO6 19 

composites due to the low quality ratio of P3HT. This result implies that the 20 

crystalline phase of Bi2WO6 has not been changed by the modification of P3HT. 21 

3.2. Morphology 22 
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 7

  The morphologies and microstructures of P3HT, Bi2WO6 and the P3HT/Bi2WO6 1 

composite (0.5 wt%) were revealed by TEM, as shown in Fig. 2. As shown in Fig. 2 

2(a), P3HT exhibits a porous spongy morphology. Both Bi2WO6 and the 3 

P3HT/Bi2WO6 composite display a two-dimensional plate-like morphology with 4 

lateral sizes of 100–200 nm, as shown in the panoramic view in Fig. 2 (b) and Fig. 2 5 

(c). However, closer observation of the P3HT/Bi2WO6 composite in Fig. 2 (d) and Fig. 6 

2 (e) shows that some tiny nanocrystals with sizes of 5−10 nm are decorated on the 7 

nanoplates, which could be ascribed to the existence of P3HT. Moreover, the 8 

high-resolution transmission electron microscopy (HRTEM) in Fig. 2(f) shows clear 9 

lattice spacing of the nanosheet matrix, which is consistent with the d-spacing (0.315 10 

nm) of the (131) reflection of Bi2WO6. 11 

3.3. FT-IR spectra analysis  12 

  Molecular structures of the resulting samples were characterized by FT-IR spectra 13 

in the range from 4000 to 400 cm
-1

, as shown in Fig. 3. The characteristic peaks of 14 

P3HT and Bi2WO6 can be found in the spectra of the P3HT/Bi2WO6 composite. The 15 

main characteristic peaks of P3HT appear in the spectrum of P3HT/Bi2WO6 16 

composite as follows: The peak at 2926 cm
−1

 is ascribed to the C–H stretching mode 17 

of the thiophene rings. The peak at 2854 cm
−1

 is attributed to the hexyl C–H 18 

stretching absorption, while the absorption peak at 1459 is assigned to the C=C 19 

stretching vibration on the thiophene ring [27]. Besides the characteristic peaks of 20 

P3HT, main absorption bands at 400–1000 cm
-1

, which are attributed to Bi–O, W–O 21 

stretching, and W–O–W bridging stretching modes are also observed [28], which 22 
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 8

indicates that the composite is composed of P3HT and Bi2WO6. 1 

3.4. UV–vis spectra 2 

  The UV-vis diffuse reflectance spectra (DRS) of the P3HT/Bi2WO6 composites are 3 

compared with that of bare Bi2WO6, as shown in Fig. 4. According to the spectra, bare 4 

Bi2WO6 sample shows the characteristic spectrum with its fundamental absorption 5 

edge at ca. 450 nm, corresponding to the band gap of 2.75 eV. It could be observed 6 

that with the introduction of P3HT, the absorption intensity of the P3HT/Bi2WO6 7 

composites increases remarkably, which is attributed to the electron transition from 8 

the valence bond to the antibonding polaron state (π–π* type) of P3HT [29]. 9 

Therefore, the P3HT/Bi2WO6 composite can harvest visible light effectively to 10 

generate more photo-induced electrons and holes, which could result in higher visible 11 

light photocatalytic activities.  12 

 13 

3.5. Photocatalytic activity  14 

In order to investigate the photocatalytic activity of the P3HT/Bi2WO6 15 

composites, photo-degradation of RhB was carried out under simulated solar light 16 

irradiation. The photo-degradation efficiencies of RhB as a function of irradiation 17 

time in the presence of P3HT/Bi2WO6 composites compared to bare Bi2WO6 is shown 18 

in Fig. 5. Blank test (RhB solution without any photocatalyst) shows that RhB 19 

exhibits little photolysis, which demonstrates that RhB is quite stable under simulated 20 

solar light. Obviously, the introduction of P3HT into Bi2WO6 could significantly 21 

enhance the photocatalytic activity of the composite. When the loading amount of 22 

P3HT is 0.5 wt%, the sample shows the best photocatalytic performance, which could 23 
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 9

degrade RhB completely within 5 min. When the loading amount of P3HT further 1 

increases to 0.75 wt% and 0.1 wt%, the photocatalytic activities of the composites 2 

decrease as compared to that of 0.5 wt%, but still higher than that of bare Bi2WO6, 3 

which suggests that there is an optimum loading content for P3HT. It is estimated that 4 

when the loading amount of P3HT increases, more active reaction sites on the surface 5 

of Bi2WO6 are covered, and the photocatalytic activities decrease. Therefore, 6 

appropriate amount of P3HT could enhance the photocatalytic activity of Bi2WO6 7 

effectively. 8 

The stability of the photocatalyst is a main factor determining the potential for its 9 

practical application. In order to check the stability of the P3HT/Bi2WO6 composite, 10 

the photocatalyst was recycled and characterized by TEM and FT-IR spectra. As 11 

shown in Fig. 6(a), the morphology of the recycled P3HT/Bi2WO6 composite does not 12 

show obvious change, with the P3HT nanoparticles decorated on the Bi2WO6 13 

nanoplates. Moreover, the FT-IR spectrum of the recycled P3HT/Bi2WO6 composite 14 

shown in Fig. 6(b) indicates that the characteristic peaks corresponding to the C–H 15 

stretching mode of the thiophene rings, the hexyl C–H stretching absorption, and the 16 

C=C stretching vibration of P3HT molecule could be observed. These results 17 

demonstrate that the P3HT/Bi2WO6 composite is stable and is not photodegraded with 18 

time. 19 

3.6. Mechanism of enhancement of photocatalytic activity 20 

The photocatalytic process involves the generation of charge carriers such as 21 

electrons and holes induced by light, which then transfer to the surface of the 22 
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 10

semiconductor to participate in the oxidation of pollutants. Therefore, an ideal 1 

photocatalyst should have both a high charge separation efficiency and a high charge 2 

migration rate. The hybridization of P3HT could contribute to these two parameters in 3 

such two ways: first, P3HT is a p type semiconductor with a bandgap of 1.9-2.1 eV 4 

[30], while Bi2WO6 is an n type semiconductor with a bandgap of ca. 2.8 eV [31]. 5 

Therefore, when Bi2WO6 is hybridized by P3HT, a p–n heterojunction would be 6 

formed and the charge carriers would diffuse in the opposite direction to form an 7 

internal electric field in the direction from n-type Bi2WO6 to p-type P3HT at the 8 

heterojunction interface. Under simulated solar light irradiation, the P3HT polymer 9 

absorbs photons and promotes an electron from the ground state into an excited state. 10 

The polymer π-orbital becomes the highest occupied molecular orbital (HOMO) and 11 

the π*-orbital becomes the lowest unoccupied molecular orbital (LUMO). 12 

Simultaneously, electrons can be excited to the conduction band (CB) and leave holes 13 

in the valence band (VB) of Bi2WO6. Since the LUMO level of P3HT is more 14 

negative than the conduction band edge of Bi2WO6 [30, 32], the photo-induced 15 

electrons of P3HT could transfer easily to Bi2WO6 via the well developed interface, 16 

while the photo-generated holes are effectively collected in the π-orbital of P3HT, as 17 

shown in Fig. 7. Due to the formation of the internal electric field, the migration of 18 

photo-generated carriers is promoted. In this way, the photo-induced charge carriers 19 

are separated effectively, resulting in higher photocatalytic activity. 20 

Photocurrent is an effective method to reflect the generation, separation and 21 

migration efficiency of photogenerated charge carriers. Fig. 8 shows the photocurrent 22 
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 11

of Bi2WO6 and P3HT/Bi2WO6 samples under simulated solar light. It can be seen that 1 

the photocurrent generated from P3HT/Bi2WO6 composite is larger than that of pure 2 

Bi2WO6. The increased photocurrent could be attributed to the higher separation 3 

efficiency of photogenerated electron-hole pairs, which is beneficial to the 4 

enhancement of photocatalytic activity. 5 

  More importantly, due to its special conjugated structure, P3HT is an excellent   6 

hole conductor, and the photo-generated holes can be transported easily through the 7 

π-conjugated bond of P3HT. Coincidently, the main oxidative species in the Bi2WO6 8 

photocatalysis system are holes. To further confirm this, the trapping experiments of 9 

radicals were performed using tert-butyl alcohol (tBuOH) as a hydroxyl radical 10 

scavenger, and EDTA-2Na as a hole radical scavenger, respectively [33, 34]. As 11 

shown in Fig. 9, the photocatalytic activity of P3HT/Bi2WO6 is hardly inhibited by 12 

adding free radical scavenger, while the photocatalytic activity of P3HT/Bi2WO6 is 13 

severely suppressed by the addition of hole scavenger. This indicates that the 14 

photo-generated holes are the major oxidative species in the P3HT/Bi2WO6 system on 15 

the degradation of RhB. The high hole carrier mobility of P3HT can enable the 16 

photo-generated holes to migrate to composite/solution interface easily to participate 17 

in the oxidation reaction, which is beneficial to the enhancement of the photocatalytic 18 

activity. In order to compare the charge transfer ability of Bi2WO6 and P3HT/Bi2WO6, 19 

the hall mobility of the two samples were tested. The result shows that the hall 20 

mobility of test samples of Bi2WO6 and P3HT/Bi2WO6 (0.5wt%) are 3.0159x10
2 

21 

cm
2
/Vs and 4.7197x10

2 
cm

2
/Vs, respectively, which indicates that hybridizing P3HT 22 
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 12

can improve the charge transfer rate of Bi2WO6 effectively. Therefore, due to the high 1 

charge separation and transportation efficiency, the P3HT/Bi2WO6 composite exhibits 2 

excellent photocatalytic performance. 3 

4 Conclusion 4 

  In summary, a novel P3HT/Bi2WO6 composite photocatalyst with high charge 5 

separation and transportation efficiency was synthesized. The composite photocatalyst 6 

exhibited excellent photocatalytic activity in degradation of RhB under simulated 7 

solar light irradiation, which was much higher than that of bare Bi2WO6. The 8 

enhanced activity can be attributed to the effective separation of electron−holes pairs 9 

due to the formation of the internal electric field between P3HT and Bi2WO6, as well 10 

as the high hole carrier mobility of P3HT, which can transport the photo-generated 11 

holes to composite/solution interface quickly to participate in the oxidation of 12 

pollutants. Such a composite photocatalyst is promising for water purification and 13 

environmental remediation. 14 
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Figure Captions 1 

Fig. 1 XRD patterns of the as-prepared products. 2 

Fig. 2 (a) TEM image of P3HT; (b) TEM image of Bi2WO6; (c) and (d) TEM images 3 

of the P3HT/Bi2WO6 composite (0.5 wt%); (e) and (f) high resolution TEM images of 4 

the P3HT/Bi2WO6 composite (0.5 wt%). 5 

Fig. 3 FT-IR spectra of P3HT, Bi2WO6 and P3HT/Bi2WO6 composite (0.5 wt%). 6 

Fig. 4 UV−vis diffuse reflectance spectra of the as-prepared samples. 7 

Fig. 5 Degradation efficiency of RhB as a function of time by the as-prepared samples 8 

under simulated solar light irradiation. 9 

Fig. 6 TEM image (a) and FT-IR spectrum (b) of the recycled P3HT/Bi2WO6 10 

composite. 11 

Fig. 7 Schematic representation of interfacial charge separation in P3HT/Bi2WO6 12 

composite. 13 

Fig. 8 Photocurrent response for Bi2WO6 and P3HT/Bi2WO6 composite. 14 

Fig. 9 Photocatalytic degradation of RhB by P3HT/Bi2WO6 composite photocatalyst 15 

with different scavengers under simulated solar light irradiation. 16 
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A novel P3HT/Bi2WO6 composite photocatalyst with high charge separation and 

migration efficiency was designed, which exhibited excellent photocatalytic 

performance in degradation of RhB under simulated solar light irradiation. 

Page 26 of 26RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


