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Abstract: A novel ternary Z-scheme photocatalytic system containing Ag3PO4, WO3 and Bi2WO6 was prepared by a one-pot 

hydrothermal method. The WO3-Ag3PO4-Bi2WO6 photocatalyst was characterized by X-ray powder diffraction (XRD), scanning 

electron microscopy (SEM), transmission electron microscopy (TEM), UV-vis diffuse reflection spectroscopy (DRS). Using 

Rhodamine B (RhB) as the target of elimination, WO3-Ag3PO4-Bi2WO6 exhibited outstanding photocatalytic compared with 

those of Bi2WO6 and WO3-Bi2WO6. The rate constants of photocatalytic degradation of RhB for WO3-Ag3PO4-Bi2WO6 

(0.2:0.3:1) was 1.9 and 1.3 times that of pure Bi2WO6 and WO3-Bi2WO6. In this system, the efficient separation and migration of 

the photoinduced current carriers was realized through a double Z-scheme electron-transfer mechanism in which the Ag3PO4 and 

WO3 acted as electron donor. The Ag3PO4 served as a charge transmission bridge between the WO3 and the Bi2WO6, and the 

Z-scheme kept the electrons with high reducing capability in the conduction band (CB) of Bi2WO6 and the holes with high 

oxidation capability in the valence band (VB) of WO3, thereby enhancing the photocatalytic activity and stability of Ag3PO4. The 

present study provided a new perspective for enhancing photocatalytic and anti-photocorrosion performances in perishable 

photocatalysts for organic sewage and other environmental contamination treatments. 
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1. Introduction 

Dye pollutants are inevitably released into the aquatic 

environments due to their huge production from the textile 

industry, which is hazardous to human health [1]. Dyes are 

important organic pollutants, and their release as wastewater 

in the ecosystem is a dramatic source of esthetic pollution, 

eutrophication, and perturbations in aquatic life [2-5]. Most 

the dyes are resistant to biodegradation and direct photolysis, 

and many N-containing dyes such as rhodamine B (RhB) 

undergo natural reductive anaerobic degradation to yield 

potentially carcinogenic aromatic amines. Biological 

oxidation and physical chemical treatments cannot usually 

remove dyes efficiently [6]. Accordingly, extensive research 

has been directed toward RhB degradation. The photocatalytic 

degradation of RhB is considered one of the more promising 

strategies to address this crisis [7, 8], such as TiO2 [9], Bi2WO6 

[10] and Ag3PO4 [11]. However, these semiconductor 

photocatalysts exhibit unsatisfactory photoactivity, leading 

researchers to recognize that, due to the disadvantages of 

limited visible-light harvesting and rapid charge 

recombination, a single-component semiconductor 

photocatalyst shows poor the photocatalytic degradation 

efficiency. Increasingly, researchers have instead turned their 

attention to composite photocatalysts consisting of different 

semiconductors, including Ag3PO4/g-C3N4 [12] and 

Ag3PO4/RGO/Ag [13]. The resulting heterojunctions in these 

composites can markedly diminish the recombination of 

electron-hole pairs, thereby improving their photocatalytic 

efficiency. 

Recently, Bi-based semiconductor materials, such as 

Bi2WO6, BiVO4, Bi2MO6 and BiOBr, have attracted 
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widespread attention in photocatalytic application owing to 

the relatively narrow gap, nontoxicity, chemical inertness, 

stability, and sunlight utilization for wastewater treatment 

[14-21]. Among the Bi-based semiconductor materials, 

Bi2WO6, as a typical aurivillius oxide, is regarded one of the 

ideal photocatalyst materials because of its unique layered 

structure feature and relatively high visible photocatalytic 

activity. However, the photocatalytic activity of a 

single-component semiconductor photocatalyst Bi2WO6 is 

limited by the high recombination rate of photoinduced 

electron-hole pairs and the low absorption capacity of 

visible-light (less than 450 nm). Therefore, scientists have 

made significant efforts to improve the photocatalytic 

activity of Bi2WO6 by coupling it with other semiconductors. 

The previous investigations have demonstrated that 

combining two or more semiconductors to fabricate an 

appropriate heterojunction structure may be a good strategy 

[22-24]. Among all the semiconductor oxides, Bi2WO6 and 

WO3 as narrow band gap photocatalysts have attracted 

extensive attention. Bi2WO6 is an n-type semiconductor with 

a direct band gap of 2.75 eV and has suitable band edges (ECB 

= -1.02, EVB = 1.73 eV), which matches well with WO3 (ECB 

= 0.74 eV, EVB = 3.44 eV) to form a heterojunction 

photocatalyst [25, 26]. Because of the more negative 

conduction band (CB) level of Bi2WO6, electrons could be 

injected from the CB of Bi2WO6 to the CB of WO3 under 

visible irradiation. And holes could be injected from the VB 

of WO3 to the CB of Bi2WO6 under visible irradiation. 

However, the CB position of the WO3 (0.74eV) is located 

below the standard oxidation reduction potential 

(E(O2/•O2−)=0.13 eV vs. NHE), which can’t reduce O2 to yield 

•O2-, and the VB of the Bi2WO6 (1.73 eV) is also located 

above the standard oxidation reduction potential (E (OH−/•OH) 

= 1.99 eV vs. NHE), which can’t oxidize OH to give •OH. 

Thus, the oxidation and reduction ability of the transferred 

photo-induced carriers are lower than that of original 

photo-induced carriers because of the difference of band 

positions, leading to reduce degradation efficiency. Recently, 

the Z-scheme principle of semiconductor has become a focus 

of research because of its stronger oxidation and reduction 

capability and higher separation efficiency of charge carrier 

than traditional charge transfer path. So exploitation of 

Bi2WO6-WO3 heterojunction coupled with other 

semiconductors forming the double Z-scheme system is a 

key topic. 

A silver orthophosphate (Ag3PO4) semiconductor has 

been reported as an active visible-light-driven 

photocatalyst for dye degradation and oxygen evolution 

from water splitting [27, 28]. Ag3PO4 has a body-centered 

cubic structure with space group P4-3n [29]. In our 

previous work, under visible light, Ag3PO4 drastically 

degraded dye pollutants in a short time [30, 31]. Ag3PO4 

has excellent photocatalytic activity due to its superior 

electronic structure characteristics. Yi et al. reported that 

Ag3PO4 exhibits extremely high capability in the O2 

evolution from photooxidation of water and decomposition 

of organic dye under visible light, and the quantum 

efficiencies achieved up to 90% at wavelengths greater than 

420 nm, which prominent photocatalytic performances may 

be ascribed to the inductive effect of PO4
3-

 and the 

dispersive conduction band [32]. What's more, Ag3PO4 has 

suitable band edges (ECB =0.13 eV, EVB =2.65 eV), which 

match well with WO3 and Bi2WO6 to form WO3-Ag3PO4 

[33] and Ag3PO4-Bi2WO6 [34] Z-scheme system, 

respectively. Owing to suitable band gaps and band 

potentials between Ag3PO4 and Bi2WO6-WO3, it is 

expected that photo-induced electrons on CB of Ag3PO4 

could rapidly recombine with photo-induced holes on VB 

of Bi2WO6 and photo-induced electrons on CB of WO3 

could simultaneously recombine with photo-induced holes 

on VB of Ag3PO4 to realize a double Z-scheme system, 

which accelerates transfer and separation of electrons-holes 

and enhances oxidation and reduction capacity. 

Here, in this study, the WO3-Ag3PO4-Bi2WO6 double 

Z-scheme system with excellent oxidation and reduction 

capacity was prepared to make further improvement of 

photocatalytic activity in organic pollutant degradation. With 

the introduction of Ag3PO4, the Ag3PO4 served as a charge 

transmission bridge between the WO3 and the Bi2WO6, and 

the Z-scheme kept the electrons with high reducing capability 

in the CB of Bi2WO6 and the holes with high oxidation 

capability in the VB of WO3, thereby enhancing the 

photocatalytic activity and anti-photocorrosion performance 

of Ag3PO4. The enhancement was attributed to the 

high-efficiency transport of electrons away from the Ag3PO4 

surface via a double Z-scheme electron-transfer mechanism, 

which was proposed and verified by conducting active 

substance trapping experiments. Finally, this strategy can also 

be applied to other labile photocatalysts for wastewater 

treatment and other environmental remediation techniques in 

the future.  

2. Experimental Section 

2.1. Preparation of WO3-Bi2WO6 

The WO3-Bi2WO6 sample was synthesized by a 

hydrothermal method. Bi(NO3)3
.
5H2O was dissolved in a 11 

mL 4 mol/L HNO3 solution, stirred for 10 min at 40°C. 

Na2WO4
.
2H2O was dropwise added in the above solution. 

Then the suspension was stirred for 24 h at 40°C and 

transferred into a 60 mL Teflon-lined autoclave, kept 160°C 

for 20 h, cooled to room temperature. The precipitate was 

collected and washed with distilled water and ethanol for 

several times, dried at 60°C. The product was marked as 

WO3-Bi2WO6. 

2.2. Synthesis of WO3-Ag3PO4-Bi2WO6 

WO3-Bi2WO6 powder was dispersed in 60 mL of distilled 

water and the solution was stirred for 20min. AgNO3 was 

added in the above solution and the solution was stirred for 

30min. The mixed solution was labeled as A suspension. 

Na3PO4 was dissolve in 30 mL of distilled water and the 

solution was stirred 30min, the solution was added dropwise 
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in a suspension by acid burette. Then, the suspension was 

heated in water bath at 80°C for 4h. Finally, the precipitate 

was washed with distilled water and ethyl alcohol several 

times and then was dried under vacuum drying oven at 60°C 

for 10h. The obtained WO3-Ag3PO4-Bi2WO6 composites were 

collected for further use. 

2.3. Characterization of Photocatalysts  

X-ray diffraction (XRD, Model D/max2200PC, Rigaku) 

analysis was performed using a diffractometer with Cu Kα 

radiation (λ=0.154 nm), operated at accelerating voltage of 40 

kV and current of 40 mA. The morphology of samples was 

characterized by a scanning electron microscopy ( FE-SEM, 

Model Hitachi S-4800，Rigaku) and transmission electron 

microscope (TEM, Model FEI Tecnai G2 F20 S-TWIN, 

American FEI). The Brunauer-Emmett-Teller (BET) surface 

area and Barrett-Joiner-Halenda (BJH) pore-size distribution 

measurement were tested on the surface area analyzer (Model 

ASAP 2460, USA). The UV-vis diffuse reflection spectra 

were obtained using a Scan UV-vis spectrophotometer 

(UV-vis DRS, Model Cary 5000, Agilent) equipped with an 

integrating sphere assembly. The photocurrent measurement 

and electrochemical impedance spectroscopy (EIS) were 

conducted on the electrochemical system (Model CHI760D, 

Shanghai) using a standard three-electrode cell with a working 

electrode (an active area of ca. 4 cm
2
), a platinum (Pt) wire 

counter electrode and a standard Ag/AgCl reference electrode. 

Na2SO4 (0.2 M) was used as the electrolyte solution. The EIS 

was carried out at the open-circuit potential with 5 mV 

amplitude of perturbation and frequency in the range 0.1 Hz 

to100 kHz. 

2.4. Evaluation of Photocatalytic Properties 

The photocatalytic degradation of RhB was used as a model 

system to evaluate the photocatalytic performance of 

WO3-Ag3PO4-Bi2WO6 heterojunction photocatalyst. The 

photocatalytic degradation was carried out in a photochemical 

reactor equipped with a magnetic stirrer and a jacketed cooler to 

maintain a constant temperature (25 ± 2°C). A 300 W Xenon 

lamp equipped with an ultraviolet cutoff filter provided visible 

light with λ>420 nm. In a typical photocatalytic measurement, 

the sample was added into RhB aqueous solution via 

ultrasonication for 5 min. To reach an adsorption-desorption 

equilibrium, the suspension was stirred in the dark for 30 min 

before light irradiation. Then, 5 mL of suspensions was taken 

out at given time intervals and separated by centrifugation. At a 

defined time interval, the concentration of RhB in the 

suspension was analyzed using a UV-vis spectrophotometer and 

the photocatalytic activity of the samples were calculated from 

the decrease amount of RhB. 

3. Results and Discussion 

3.1. Characterization of WO3-Ag3PO4-Bi2WO6 

Photocatalysts 

Figure 1 showed the XRD patterns of the Bi2WO6 based 

samples. Figure 1a was diffraction peaks of pure Bi2WO6 

microspheres, the diffraction peaks could be ascribed to the 

orthorhombic phase of Bi2WO6 (JCPDS NO. 73-1126). Form 

Figure 1b, it could be found that characteristic peaks of 

Bi2WO6 would not change with the introduction of WO3, 

suggesting that WO3 may be highly dispersed on the surface 

of Bi2WO6. Figure 1c-e was characteristic peaks of 

WO3-Ag3PO4-Bi2WO6 photocatalyst. It was not difficult to 

see the characteristic peaks of body-centered cubic Ag3PO4 

(JCPDS No. 06-0505) [35, 36] in the XRD patterns of 

Ag3PO4-WO3-Bi2WO6. Major characteristic peaks of 

Ag3PO4 in the at 2θ=20.88°, 29.70°, 33.29°, 36.59°, 52.70°, 

55.02° and 57.28° were indexed to the (110), (200), (210), 

(211), (222), (320) and (321) crystal planes, respectively. 

Meanwhile, with the increase of Ag3PO4 content, the 

diffraction peaks intensity and crystallinity of Ag3PO4 

gradually increased. However, no clear diffraction peak 

belonging to WO3 was observed in the Figure 1b-e, due to 

the small amount of WO3 and their highly dispersion in 

samples. The existence of WO3 could be further confirmed 

by following TEM and HRTEM.  

 
Figure 1. XRD patterns of (a) Bi2WO6, (b) WO3/Bi2WO6 (0.2:1), (c) 

WO3-Ag3PO4-Bi2WO6 (0.2:0.1:1), (d) WO3-Ag3PO4-Bi2WO6 (0.2:0.3:1), (e) 

WO3-Ag3PO4-Bi2WO6 (0.2:0.5:1). 

The morphology of all samples was investigated by SEM. 

Figure 2a showed overall morphology of Bi2WO6 had 

sphericity, with diameters ranging from 3 to 5 µm. As shown 

in Figure 2b, the Bi2WO6 microsphere possessed flower-like 

superstructure with diameter about 4 µm and consisted of 

numerous two-dimensional nanosheets. Figure 2c displayed 

the SEM image of the WO3-Bi2WO6. With the WO3 loading, 

the nanosheets of flower-like superstructure became denser in 

the Figure 2d. At higher magnification, small pores were 

observed in the nanosheets, which could serve as transport 

paths for small molecules and enhance the photocatalytic 

property in the inset (Figure 2d). After the modification of 

Ag3PO4, new features were observed on the surface of 

WO3-Bi2WO6 in Figure 2e-h. Figure 2e-h displayed 
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morphology of WO3-Bi2WO6 microsphere had not changed by 

the incorporation of Ag3PO4 nanoparticles. Moreover, more 

and more Ag3PO4 deposited on the microspheres surface, 

result in the increase of the thickness of Bi2WO6 nanosheets 

in Figure 2f-h, due to the Ag3PO4 uniformity distributed on 

surface of Bi2WO6. 

 

Figure 2. SEM images of (a, b) Bi2WO6, (c, d) WO3/Bi2WO6 (0.2:1), (e, f) 

WO3-Ag3PO4-Bi2WO6 (0.2:0.1:1), (g) WO3-Ag3PO4-Bi2WO6 (0.2:0.3:1), (h) 

WO3-Ag3PO4-Bi2WO6 (0.2:0.5:1). 

TEM was further used to investigate the morphology and 

microstructure of the sample. Figure 3a was the TEM image 

of an individual WO3-Bi2WO6 (0.2:1) microsphere. The 

sample was flower-like microspheres and consists of two 

dimensional thin nanosheets. As shown in Figure 3b, some 

nanoparticles adhered to the nanosheets of Bi2WO6 with a 

size about 10 nm. Further information about the 

WO3-Bi2WO6 was obtained from the HRTEM (Figure 3c), 

two different kinds of lattice fringes with spacing of 0.192 

and 0.334 nm were obtained. It could be sure that the lattice 

fringe with spacing of 0.192 nm belong to the (202) 

crystallographic plane of orthorhombic Bi2WO6 [37]. And 

the lattice fringe with spacing of 0.334 nm belonged to (120) 

plane of monoclinic WO3 [38], which proved that the WO3 

loaded successfully in Bi2WO6 surface. After introducing 

Ag3PO4, the HRTEM image of WO3-Ag3PO4-Bi2WO6 

observed in the Figure 3d. Three phases of WO3, Ag3PO4 and 

Bi2WO6 were clearly observed and closely contacted to form 

an intimate interface. One of the d spacing was 0.301 nm, 

which agreed well with the lattice spacing of (200) of 

Ag3PO4. Therefore, the WO3 and Ag3PO4 nanoparticles 

dispersed on the surface of Bi2WO6 were confirmed by the 

HRTEM images. 

Figure 4 displayed the nitrogen adsorption-desorption 

isotherms and Barrett-Joyner-Halenda (BJH) pore-size 

distribution curves of Bi2WO6 and WO3-Ag3PO4-Bi2WO6 

(0.2:0.3:1). The nitrogen adsorption-desorption showed that 

all the samples are of type Ⅳ (BDDT Classification) in Figure 

4a, suggesting the presence of mesopores. The pore size 

distribution of the each sample was calculated from the 

desorption branch of the isotherms using the BJH algorithm 

(Figure 4b). The specific surface area of 

WO3-Ag3PO4-Bi2WO6 (0.2:0.3:1) was 23.52 m
2
/g, larger than 

that of pure Bi2WO6 (17.41 m
2
/g). On the contrary, the pore 

size of WO3-Ag3PO4-Bi2WO6 (0.2:0.3:1) was 11.44 nm, 

smaller than that of Bi2WO6 (13.92 nm). From Table 1, it 

could be observed that the specific surface areas and pore size 

distribution were in the range of 17.41-24.17 m
2
/g and 

11.39-13.92 nm, respectively. Noticeably, the 

Ag3PO4-WO3-Bi2WO6 (0.3:0.2:1) heterojunction had larger 

specific surface area and smaller pore size than that of 

WO3-Bi2WO6, especially pure Bi2WO6. With increasing the 

content of Ag3PO4, the BET specific surface area became 

larger and larger and the BJH pore size became smaller and 

smaller. 

Table 1. Adsorption parameters and the pseudo first-order kinetic (k) value of all samples. 

Sample surface area (m2/g) Pore size (nm) K (min-1) 

Bi2WO6 (pure) 17.41 13.92 0.65×10-2 

WO3-Bi2WO6 (0.2:1) 19.93 11.68 1.23×10-2 

WO3-Ag3PO4-Bi2WO6 (0.2:0.1:1) 22.43 11.53 1.53×10-2 

WO3-Ag3PO4-Bi2WO6 (0.2:0.3:1) 23.52 11.44 2.31×10-2 

WO3-Ag3PO4-Bi2WO6 (0.2:0.5:1) 24.17 11.39 1.99×10-2 
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Figure 3. (a), (b) and (c) TEM and HRTEM image of WO3-Bi2WO6 (0.2:1), (d) HRTEM image of WO3-Ag3PO4-Bi2WO6 (0.2:0.3:1). 

 

Figure 4. Nitrogen adsorption/desorption isotherm curves (a); BJH pore size distribution curves (b) of pure Bi2WO6 and WO3-Ag3PO4-Bi2WO6 (0.2:0.3:1) 

samples. 

The UV-vis diffuse reflection spectra of Bi2WO6, 

WO3-Bi2WO6 and different content Ag3PO4 modified 

flower-like WO3-Bi2WO6 were presented in Figure 5. It could 

be seen that Bi2WO6 presented a photo-absorption in the range 

from UV light to visible-light region up to 450 nm. According 

to the absorption edge, the band gap was calculated (αhν=A 

(hν-Eg)
n/2 

to be approximately 2.75 eV. The WO3-Bi2WO6 

composite exhibited similar photo-absorption with Bi2WO6, 

because the band gap of WO3 (2.7 eV) and Bi2WO6 was 

almost alike. Nevertheless, the absorption edge of Ag3PO4 
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modified flower-like WO3-Bi2WO6 microspheres was quite 

gentle and had high absorption. Meanwhile, with increased of 

Ag3PO4 amount, the WO3-Ag3PO4-Bi2WO6 (0.2:0.3:1) 

heterojunction showed intense absorption bands from visible 

light to nearly infrared region. The results indicated that the 

WO3-Ag3PO4-Bi2WO6 photocatalyst could effectively 

broaden the visible-light response of WO3-Bi2WO6 and 

resulted in a more efficient utilization of the sunlight as energy 

source for contaminant degradation. 

 

Figure 5. UV-vis diffuse reflectance spectra of (a) Bi2WO6, (b) WO3-Bi2WO6 

(0.2:1), (c) WO3-Ag3PO4-Bi2WO6 (0.2:0.1:1), (d) WO3-Ag3PO4-Bi2WO6 

(0.2:0.3:1), (e) WO3-Ag3PO4-Bi2WO6 (0.2:0.5:1). 

 

Figure 6. Photocurrent transient responses for (a) Bi2WO6, (b) WO3-Bi2WO6 

(0.2:1), (c) WO3-Ag3PO4-Bi2WO6 (0.2:0.1:1), (d) WO3-Ag3PO4-Bi2WO6 

(0.2:0.3:1) and (e) WO3-Ag3PO4-Bi2WO6 (0.2:0.5:1) under visible light 

irradiation. 

The photocurrents were measured for pure Bi2WO6, 

WO3-Bi2WO6 and all WO3-Ag3PO4-Bi2WO6 electrodes, as 

shown in Figure 6. It could be seen that fast photocurrent 

responses via on-off cycles were observed in these electrodes 

under visible-light irradiation, which may directly correlate 

with the separation efficiency of photogenerated carriers. The 

photocurrent spike upon light irradiation in the 

photoelectrochemical measurement could be attributed to the 

charge recombination on the surface of photocatalysts [39]. In 

the Figure 6a-e, for Bi2WO6, WO3-Bi2WO6, 

WO3-Ag3PO4-Bi2WO6 (0.2:0.1:1), WO3-Ag3PO4-Bi2WO6 

(0.2:0.3:1) and WO3-Ag3PO4-Bi2WO6 (0.2:0.5:1) electrodes, 

the current density was 4.01, 5.26, 5.95, 7.5 and 6.39 µA/cm
2
, 

respectively. The pure Bi2WO6 showed very low current 

density, which could be attributed to the low electron mobility 

and fast recombination of photogenerated electrons and holes. 

However, the current density of the WO3-Ag3PO4-Bi2WO6 

(0.2:0.3:1) was significantly higher than that of Bi2WO6 and 

WO3-Bi2WO6, which indicated higher separation efficiency of 

electrons and holes at the interface between semiconductors. 

Furthermore, electrochemical impedance spectroscopy 

(EIS) was used to investigate the photogenerated charge 

separation process. EIS Nyquist plots of pure Bi2WO6, 

WO3-Bi2WO6 and all WO3-Ag3PO4-Bi2WO6 electrodes under 

visible light irradiation were shown in Figure 7. A smaller arc 

radius of the EIS Nyquist plot suggested an effective 

separation of photogenerated electron-hole pairs and fast 

interfacial charge transfer [40-44]. Under illumination, the 

impedance decreased considerably due to the generation of 

abundant photogenerated charge carriers. Obviously, the arc 

radius increased in the order of WO3-Ag3PO4-Bi2WO6 

(0.2:0.3:1) < WO3-Ag3PO4-Bi2WO6 (0.2:0.5:1) < 

WO3-Ag3PO4-Bi2WO6 (0.2:0.1:1) < WO3-Bi2WO6 < Bi2WO6, 

suggesting that the introduction of moderate Ag3PO4 was 

beneficial to the separation of electrons and holes. It indicated 

that the WO3-Ag3PO4-Bi2WO6 (0.2:0.3:1) had the highest 

separation efficiency. 

 

Figure 7. EIS Nyquist plots of (a) Bi2WO6, (b) WO3-Bi2WO6 (0.2:1), (c) 

WO3-Ag3PO4-Bi2WO6 (0.2:0.1:1), (d) WO3-Ag3PO4-Bi2WO6 (0.2:0.3:1) and 

(e) WO3-Ag3PO4-Bi2WO6 (0.2:0.5:1) under illumination. 

3.2. Photodegradation of Rhodamine B 

As displayed in Figure 8A, the absorption of RhB in the 

visible light region significantly deceased with the increase of 

irradiation time. Meanwhile, the color of the reaction 

suspension changed gradually from red to light pink and faded 

nearly colorless after 100 min. Figure 8B showed the variation 
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of RhB concentration (C/C0%) with irradiation time over the 

samples. RhB molecules were very stable and experience 

almost no decomposition in the absence of catalyst, which 

excluded the possibility of photolysis in the present system. 

For the pure Bi2WO6 and WO3-Bi2WO6, it also showed poor 

activity, on which ∼47% and ∼72% of RhB was decomposed 

after irradiation for 100 min. After combining Ag3PO4 and 

WO3-Bi2WO6, the photocatalytic activity of heterojunctions 

was significantly improved for the degradation of RhB 

compared with the pure Bi2WO6 and WO3-Bi2WO6. The 

photocatalytic activity firstly increased from 

WO3-Ag3PO4-Bi2WO6 (0.2:0.1:1) to WO3-Ag3PO4-Bi2WO6 

(0.2:0.3:1), then, gradually decreased with the further increase 

of Ag3PO4 content. This result proved that too much Ag3PO4 

in the heterojunction would create an unsuitable ratio between 

Ag3PO4 and WO3-Bi2WO6, thus reducing photocatalytic 

activity of the heterojunction [45]. The highest activity was 

obtained over the WO3-Ag3PO4-Bi2WO6 (0.2:0.3:1) 

heterojunction, resulting in a 91% degradation activity of RhB 

within 100 min visible light irradiation. 

 

Figure 8. (A) Absorption spectra of RhB with irradiation time over WO3-Ag3PO4-Bi2WO6 (0.2:0.3:1) heterojunctio; (B) Degradation rates of RhB under 

visible light irradiation without catalyst and in the presence of (a) Bi2WO6, (b) WO3-Bi2WO6 (0.2:1), (c) WO3-Ag3PO4-Bi2WO6 (0.2:0.1:1), (d) 

WO3-Ag3PO4-Bi2WO6 (0.2:0.3:1), (e) WO3-Ag3PO4-Bi2WO6 (0.2:0.5:1) samples. 

 

Figure 9. (A) kinetic linear simulation curves of the (a) Bi2WO6, (b) WO3-Bi2WO6 (0.2:1), (c) WO3-Ag3PO4-Bi2WO6 (0.2:0.1:1), (d) WO3-Ag3PO4-Bi2WO6 

(0.2:0.3:1) and (e) WO3-Ag3PO4-Bi2WO6 (0.2:0.5:1) photocatalysts for the photodegradation of RhB under simulated sunlight irradiation. (B) Cycling runs for 

the photocatalytic degradation of RhB over WO3-Ag3PO4-Bi2WO6 (0.2:0.3:1) heterojunction under visible light irradiation. 

The kinetic curves for the RhB photodegradation of all 

samples were displayed in Figure 9A. All of them fit well with 

the pseudo-first order correlation, ln (C0/C) = kt, where k was 

the apparent reaction rate constant, C0 and C were the initial 

and instantaneous concentrations of RhB, respectively. One 

could easily compare the photocatalytic performance of 

different photocatalysts, based on the k values. It could be 

observed that the k value of Bi2WO6, WO3-Bi2WO6 (0.2:1), 

WO3-Ag3PO4-Bi2WO6 (0.2:0.1:1), WO3-Ag3PO4-Bi2WO6 

(0.2:0.3:1) and WO3-Ag3PO4-Bi2WO6 (0.2:0.5:1) was 0.0064, 



 International Journal of Environmental Chemistry 2018; 2(2): 56-66 63 

 

0.0125, 0.0151, 0.0240 and 0.0205 min
-1

, respectively. 

Obviously, the k value of WO3-Ag3PO4-Bi2WO6 (0.2:0.3:1) 

was the highest in all samples and was over 3.8 and 1.9 times 

higher than that of pure Bi2WO6 and WO3-Bi2WO6 

respectively, which were in consistence with the curves of the 

photocatalytic degradation (Figure 8B). The stability and 

recyclability of photocatalysts were extremely important for 

practical applications. The cycling runs for the 

photodegradation of RhB with WO3-Ag3PO4-Bi2WO6 

(0.2:0.3:1) heterojunction were performed to evaluate its 

photocatalytic stability and recyclability. Figure 9B illustrated 

the relationship between degradation ratio of RhB and cycle 

times. After reusing four cycles, the photodecomposition rate 

of RhB still remained about 91%, indicating that the 

WO3-Ag3PO4-Bi2WO6 heterojunction possessed excellent 

photocatalytic stability and recycle stability. 

3.3. Double Z-Scheme Electron-Transfer Mechanism 

The main active substances for the degradation of RhB 

were studied by performing a series of capturing experiments 

in the double Z-scheme photocatalytic system. To make the 

reaction mechanism clear, triethanolamine (TEOA), 

isopropanol (IPA) and benzoquinone (BQ) were respectively 

introduced as the scavengers of h
+
, •OH and •O2- to examine 

the main active species on the photocatalytic degradation of 

RhB [46]. As shown in Figure 10, the degradation efficiencies 

of RhB were 91% without scavengers. The degradation 

efficiencies of RhB decreased to 51%, 40% and 25%, 

respectively, when the TEOA, IPA and BQ were added into 

reaction solution. Hence, h
+
 played a minimal role in RhB 

degradation, and •OH and •O2- were the primary active 

substances that played key roles during the RhB 

photocatalytic degradation process. 

 

Figure 10. Effects of a series of scavengers on the photocatalytic efficiency of WO3-Ag3PO4-Bi2WO6. 

As shown in Figure 11, we proposed a double Z-scheme 

electron-transfer mechanism of the WO3-Ag3PO4-Bi2WO6 for 

the photodegradation of RhB. Ag3PO4, WO3 and Bi2WO6 

could absorb visible photons, and their Eg values were 

estimated to be 2.32 eV, 2.70 eV and 2.75 eV, respectively. 

According to the traditional heterojunction electron-transfer 

mechanism (Figure 11a), the electrons in the CB of Bi2WO6 

would migrate to the CB of Ag3PO4, and the electrons in the 

CB of Ag3PO4 would migrate to the CB of WO3. Meanwhile, 

the holes in the VB of WO3 would migrate to the VB of 

Ag3PO4, and the holes in the VB of Ag3PO4 would migrate to 

the VB of Bi2WO6. As a result, these accumulated electrons in 

the CB (0.74 eV) of WO3 couldn’t reduce O2 to •O2- 

(E(O2/•O2−)=0.13 V vs. NHE), and the holes in the VB (1.73 eV) 

of Bi2WO6 couldn’t oxidize OH
-
 to •OH (E (OH−/•OH) = 1.99 V 

vs. NHE). This result was inconsistent with the trapping 

experiments. In contrast, for the double Z-scheme electron 

transfer mechanism (Figure 11b), the photoinduced electrons 

in the CB of Ag3PO4 migrated and neutralized the 

photoinduced holes in the VB of Bi2WO6 and GO, and 

photoinduced electrons in the CB of WO3 migrated and 

neutralized photoinduced holes in the VB of Ag3PO4, resulting 

in the electrons accumulating in the CB of Bi2WO6 (thereby 

retaining sufficient capacity to reduce O2 species to •O2-) and 

the holes accumulating in the VB of WO3 (generation of •OH 

radicals), respectively. These electrons could easily reduce O2 

to •O2- (E(O2/•O2−)=0.13 V vs. NHE) and these holes could 

easily oxidize OH
-
 to •OH (E (OH−/•OH) = 1.99 V vs. NHE), 

explaining the experimental results that showed that •O2- and 

•OH were the primary active species in this catalysis system. 

The RhB reacted with the •O2−, h+ and •OH formed in the 

photocatalysis reaction and decomposed into the degradation 

products, which consist of smaller molecules, CO2 and H2O. 

Additionally, in this system, the Ag3PO4 nanoparticles played 

the following roles: Ag3PO4 could effectively broaden the 

visible-light response, improving the utilization rate of 

sunlight (Figure 5); Ag3PO4 served as a charge transmission 

bridge between the WO3 and the Bi2WO6, which could 

accelerate the transfer of the photogenerated electrons and 

avoid photocorrosion of Ag3PO4. In conclusion, using the 
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above double Z-scheme electron-transfer mechanism, the 

separation and migration efficiencies of the photoexcited 

current carriers of Ag3PO4 were dramatically enhanced, which 

contributed to the structural stability and photocatalytic 

activity of the Ag3PO4. 

 

Figure 11. Diagram of (a) a traditional heterojunction electron-transfer mechanism and (b) double Z-scheme electron transfer mechanism. 

4. Conclusions 

A novel Z-scheme photocatalyst WO3-Ag3PO4-Bi2WO6 was 

successfully synthesized by the hydrothermal method. In the 

WO3-Ag3PO4-Bi2WO6 Z-scheme system, Ag3PO4 served as a 

charge transmission bridge between the WO3 and the Bi2WO6. 

The accumulated electrons in the CB of Bi2WO6 exhibited high 

reducing ability to reduce the molecular oxygen to yield •O2-, 

and the holes in the VB of WO3 showed high oxidizing ability 

to oxidize H2O to generate abundant active •OH radicals. The 

enhanced photocatalytic performance and stability of Ag3PO4 

were attributed to the double Z-scheme electron-transfer 

mechanism. Hence, this study provided a new perspective on 

enhanced anti-photocorrosion and photocatalytic performances 

in visible-light sensitive photocatalysts for dye-containing 

wastewater degradation and other environmental remediation 

applications. 
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