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Abstract: The constructing of efficient photocatalysts for environmental remediation has attracted 

a great deal of attention in recent years. In this study, the novel Ag3VO4/WO3 heterojunction 

photocatalyst has been successfully prepared via a hydrothermal process and a facile precipitation 

reaction. Under visible light irradiation, the hybrid materials could significantly enhance 

photocatalytic activity for the degradation of tetracycline (TC) in comparison with the single 

Ag3VO4 and WO3. Within 30min, 71.2% TC could be photodegraded by the optimum sample 

(10%A/W), which was about 3.1 times and 4.6 times higher than that of the individual Ag3VO4 

and WO3, respectively. On the basis of the active species trapping experiments and ESR, the 

photocatalytic oxidation mechanism of Ag3VO4/WO3 composite was also discussed. It can be 

assumed that the enhancement of the photocatalytic activity was attributed to the heterojunction 

which could widely accelerate the photogenerated electron-hole pair’s separation. In general, the 

WO3 hybridized with Ag3VO4 will also efficiently address the problem of low photocatalytic 

activity.  

Kew words: Ag3VO4/WO3, heterojunction, tetracycline, visible light 
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Introduction 

In recent times, the abuse of antibiotics in the field of pharmaceutical has generated serious 

threats to ecosystem and human health [1, 2]. As a very noted broad-spectrum antibacterial agent, 

tetracycline (TC) antibiotics are widely used in human medicine, livestock, and the 

treatment of bacterial infection, which are usually detected in aquatic environments. Therefore, it 

is indispensable to remove TC from aqueous environments. Unfortunately, the traditional 

treatments are often limited by the high cost and low efficiency [3, 4]. Recently, as an efficient yet 

green technology, photocatalysis oxidation has been regarded as a significant and predominant 

pathway to resolve the increasing energy and environmental crisis [5-10] and offered a better tool 

for transforming and degrading the pollutants [11-13]. In a view of energy conversion, visible light 

counts for more than 43% of the incoming solar energy. Thus, development of a high-efficiency 

visible-light-driven photocatalyst for the photodegradation of TC is urgently needed [14-16]. 

Tungsten trioxide (WO3), a transition metal oxide semiconductor, has been considered as an 

effective candidate for pollutant degradation due to its narrow band gap (2.6-2.8 eV), nontoxicity 

and resilience to photocorrosion [17-20]. In addition, as a promising visible-light-driven 

photocatalyst, WO3 has also been reported for oxygen evolution [21-22]. However, the efficiency 

of the single-phase WO3 is still confined by fast recombination of photo-generated charge carriers, 

leading to the low photocatalytic performance [23-24]. Over the past years, numerous efforts have 

been devoted to improve the photocatalytic activity of the single-phase semiconductor, such as 

metallic or nonmetallic element-doping [25], coupling with other semiconductors [26-27] and so 

on. As is well known, the construction of heterojunction structure is a very efficient route to 

overcome this defect [28-29] by realizing the interfacial charge transfer between semiconductors, 
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such as coupling with the wide-band gap semiconductors (WO3/TiO2 [30] and WO3/ZnO [31] etc) 

or the narrow-band gap semiconductors (WO3/g-C3N4 [32] and WO3/CdS [33] etc), thus inhibiting 

the recombination of photogenerated electrons and holes. However, compared to the WO3-based 

composites with wide-band gap semiconductors, the narrow-band gap photocatalyst can not only 

largely improve the optical absorption property, but also enhance their solar energy conversion. 

Thus far, the construction of WO3-based herejunction system with narrow band gap 

semiconductor photocatalyst for efficiently utilizing the solar light is still facing the challenge.  

Importantly, since pioneering contributions by the research group from Konta [34], the 

monoclinic-scheelite Silver Vanadate (Ag3VO4), a visible-light-driven photocatalyst with the 

narrow gap (2 eV), has been of considerable interest and extensively developed because of its 

good performance for water splitting into H2 and O2. However, to the best of our knowledge, WO3 

hybridized with Ag3VO4 about photocatalytic performance for pollution degradation have not been 

reported.  

Herein, we have, for the first time, reported a novel Ag3VO4/WO3 heterojunction by 

developing a two-step hydrothermal and precipitating methodology. The photocatalytic activity 

was evaluated by the degradation of TC under visible light irradiation (λ≥420nm). The as-prepared 

heterojunction materials showed enhanced photocatalytic performance in comparison with the 

pure WO3 and Ag3VO4. Furthermore, tentative mechanism was also discussed based on the active 

species trapping experiments and electron spin resonance (ESR) analysis. 

2. Experiment 

2.1. Chemicals 

Sodium tungsten oxide (Na2WO4·2H2O), silver nitrate (AgNO3), sodium orthovanadate 

Page 4 of 25Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



5 

 

(Na3VO4) were purchased from Aladdin (China). Nitric acid (HNO3) and tetracycline (TC) were 

purchased from Sinopharm (Chia). All chemicals were of analytical reagent grade and used 

without further purification, deionized water was used in all experiments. 

2.2. Synthesis of the WO3 

WO3 nanosheets were synthesized via a hydrothermal process. Typically, 65% nitric acid (10 

ml) was immersed dropwise into 50 mL of deionized water with stirring for 10 min. Then 20 mL 

Na2WO4·2H2O solution (containing 3 mmol Na2WO4·2H2O) and nitric acid were mixed together 

to form the light yellow solution. After stirring for another 1h, the obtained precursor was 

transferred into a Teflon-lined stainless steel of 100 mL capacity, which was carried out at 180°C 

for 3 h. When the container cooled down to the room temperature, the final yellow products were 

collected by centrifugation, washed with the deionized water and ethanol for three times, dried at 

60°C for 12 h. 

2.3. Synthesis of Ag3VO4/WO3 

The Ag3VO4/WO3 samples were prepared by a simple in-situ deposition method. Briefly, a 

certain amount of WO3 samples (2.5, 3.3, 5 and 10 mmol) were dissolved in 50 mL deionized 

water. Then, 1.5 mmol AgNO3 was added into the above solution under vigorous stirring for 30 

min. Subsequently, 50 mL aqueous solution (containing 0.5 mmol Na3VO4) was added dropwise 

to the above solution and kept stirring violently for 7 h in the darkness. Lastly, the obtained 

Ag3VO4/WO3 hybrid photocatalysts at different mole percent ratio (abbreviated as 5% A/W, 10% 

A/W, 15% A/W and 20% A/W) were centrifuged and washed with deionized water and ethyl 

alcohol, dried in vacuum at 60℃ for 12 h. For comparison, bare Ag3VO4 was prepared similarly 

but without adding the as-prepared WO3 sample. 
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2.4. Characterization 

The phases and crystal structures of the as-prepared products were investigated by X-ray 

diffraction (XRD) patterns with a D/MAX-2500 diffract meter (Rigaku, Japan) equipped with a 

nickel-filtered Cu Kα radiation source (λ = 1.54056Å). The morphology of the samples were 

observed by scanning electron microscopy (SEM) using a Hitachi S-4800 field emission SEM 

(FESEM, Hitachi, Japan). Transmission electron microscopy (TEM) and high-resolution 

transmission electron microscopy (HRTEM) were gathered on an F20 S-TWIN electron 

microscope (Tecnai G2, FEI Co.), using a 200kV accelerating voltage. X-ray photo-electron 

spectroscopy (XPS) was conducted on a PHI5000 Versa Probe electron spectrometer using Al Kα 

radiation (ULVAC-PHI, Japan), identifying surface chemical composition and chemical states of 

the catalysts. The UV-vis diffuse reflectance spectra (DRS) were measured using a 

spectrophotometer (Shimadzu UV2550), BaSO4 was used as a reflectance standard. To detect the 

generation of activated species, Electron Spin Resonance (ESR) analysis was conducted with a 

Bruker EPR JES-FA200 spectrometer. The electrochemical impedance spectroscopy (EIS) was 

measured with an electrochemical analyzer (CHI 660B Chenhua Instrument Company). 

2.5. Photocatalytic Degradation of TC  

The photocatalytic degradation action of TC was carried out at 308 K in a photochemical 

reactor under the irradiation of visible light. In the typical process, 50 mg as-prepared samples 

were added into the 100 mL solution of TC (10 mg/L), prior to irradiation, the suspensions were 

kept stirring for 30 min in darkness to insure the adsorption equilibrium. The photochemical 

reactor was irradiated with a 300 W xenon lamp. UV light with a wavelength less than 420 nm 

was removed by a UV-cutoff filter. In 5 min irradiation intervals, a battery of aqueous solution 
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samples (6 mL) were collected and separated from the suspended catalyst particles for analysis. 

The photocatalytic degradation ratio (DR) was calculated via the following formula: 

DR = (1- Ai / A0) ×100%        (1) 

where A0 is the foremost absorbency of TC that arrived adsorption equilibrium, Ai is the 

absorbency after the sampling analysis. The concentration of TC was measured on a UV-vis 

spectrophotometer at its maximum absorption wavelength (357 nm).  

3. Results and Discussion 

3.1. Structure and morphology  

Fig. 1 shows the XRD patterns for the WO3, Ag3VO4/WO3 hybrid materials, and pure Ag3VO4. 

As can be seen from the picture, the nanosheet structure WO3 was in good agreement with the 

monoclinic phase of WO3 in the JCPDS card (JCPDS No.43-1035), while the diffraction peaks of 

Ag3VO4 matched with its monoclinic phase (JCPDS No.43-0542). For the Ag3VO4/WO3 

composites, the characteristic peaks of WO3 were predominant, whereas the intensities of Ag3VO4 

peaks became stronger as increasing the content of Ag3VO4. In addition, we can’t discover any 

other impurity phases, indicating that the as-prepared Ag3VO4/WO3 heterostructured 

photocatalysts were two-phase hybrid. 

The morphology was obtained by SEM. Form the Fig. 2a, it can be observed that the pure 

WO3 was composed of square sheet-like structures, and the Fig. 2b exhibit the thickness of the 

sheet structure was about 30 nm. The as-prepared Ag3VO4 was mainly composed of irregular 

spherical nanoparticles in the Fig. 2c. After introducing the Ag3VO4 on the surface of the WO3 in 

the Fig. 2d, some nanoparticles appeared on the square sheet-like structure, resulting in the 

formation of the heterostructure. 
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Further insight into the morphology and detailed surface nature of the Ag3VO4/WO3 

composites were characterized by the TEM and HRTEM. Fig. 2e offers an over-view image of the 

TEM. It clearly display that the Ag3VO4 nanoparticles dispersed over the surface of WO3 

nanosheets. The lattice interlinear spacing (Fig. 2f) of d=0.277 nm and d=0.262 nm were 

coincided with the (121) plane of Ag3VO4 and the (202) plane of WO3 respectively, which clearly 

suggested that the composites between WO3 and Ag3VO4 have been formed. 

3.2. XPS analysis 

The chemical states of the as-prepared 10%A/W sample were examined by the XPS analysis, 

the results of which were displayed in the Fig. 3a. According to the XPS observations, the peaks of 

Ag, W, V, O and C were all detected in the 10%A/W sample. The C 1s peak located at 284.6 eV 

can be attributed to the signal from carbon contained in the instrument and was used for 

calibration [35-37]. Fig. 3b exhibits two strong peaks at 367.9 eV and 374.1 eV, which were 

assigned to Ag 3d5/2 and Ag 3d3/2, respectively, verifying that the Ag+ cations originate from 

Ag3VO4. No peak was observed at 369.2 eV or 375.8 eV, indicating that no Ag0 was formed 

during the preparation [38]. In the high resolution spectrum of W 4f (Fig. 3c), there were two 

peaks at 35.37 eV and 37.62 eV, which corresponded to the W 4f7/2 and W4f5/2. The bands were 

attributed to W6+. In the V 2p and O 1s high-resolution XPS spectrum in the Fig. 3d, the V 2p 

peak at 517.2eV and the O 1s peak at 531.1 eV, corresponding to V5+ as well as O2− in the 

10%A/W sample. The results of the XPS analysis were consistent with those of the XRD analysis, 

further confirming the coexistence of Ag3VO4 and WO3 in the composite powders. 

3.3. UV-vis absorption spectra 

Fig. 4a displays the UV-vis diffuse reflectance spectroscopy of the as-prepared samples. 
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According to the spectra, the pure Ag3VO4 presented a light absorption edge at about 600 nm, 

while the WO3 sample showed a light absorption edge at 460 nm. Meanwhile, the absorption 

edges of the Ag3VO4/WO3 composites with different mole percent ratio somehow changed in an 

orderly pattern and possess visible light response. Energy band gaps (Eg) of different samples can 

be calculated with the following equation [39]: 

αhv = A (hv-Eg) n/2            (2) 

where α, h, v, A, Eg are the absorption coefficient, Planck’s constant, the incident light frequency, 

constant and the band gap energy, respectively. What is more, n depends on the transition type of 

semiconductor. The n=1 for direct transition, while n is 4 for indirect transition. Therefore, the 

values of Ag3VO4 and WO3 are 1 and 4, respectively [33, 40]. According to the Fig. 4b, the energy 

band gaps of WO3 and Ag3VO4 from the plots of (αhν)2 versus hv can be estimated were 2.7 eV 

and 2 eV. With increasing the content of Ag3VO4, the Eg of the Ag3VO4/WO3 composite was 

closer to that of the Ag3VO4. 

3.4. Photocatalytic activity 

The photocatalytic activity of the as-prepared Ag3VO4/WO3 samples were evaluated by the 

degradation of TC under visible light irradiation (λ>420 nm). For comparison, the single WO3 and 

Ag3VO4 were also provided. As shown in the Fig. 5a, pure WO3 and bare Ag3VO4 exhibited low 

photocatalytic performance, however, the photocatalytic activity can be efficiently enhanced after 

introducing appropriate amount of Ag3VO4 in the WO3. Among all the samples, the 10%A/W 

sample displayed the highest photocatalytic performance. Within 30 min irradiation, about 71.2% 

of TC was degraded. Nevertheless, the content of Ag3VO4 has a significant influence on 

photocatalytic activity, when the molar percent ratio exceed 10%, the photocatalytic efficiency 

Page 9 of 25 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



10 

 

declined but was still higher than that of the pure WO3 and Ag3VO4. Such an optimal synergistic 

effect between WO3 and the other semiconductors had been widely observed in previous works 

[32]. Fig. 5b displays temporal evolution of the UV-vis spectral variations during the TC 

degradation over 10%A/W sample under visible light irradiation. Obviously, the main absorption 

peak of TC molecule located at 357 nm, which decreased rapidly with extension of the exposure 

time.  

The kinetic behavior was employed to further investigate the photodegradation of TC. As can 

be seen in the Fig. 5c, the plots of TC decomposition matched the pseudo-first order kinetic 

correlation:  

ln (C0/C) = kapp t           (3) 

where C and C0 are the TC concentration at irradiation time of t and the initial concentration at t 

=0, respectively. Kapp represents the degradation apparent rate constant. The k values of different 

samples were exhibited in the Fig. 5d. Obviously, the highest value of k is 0.03938 for 10%A/W, 

which is consistent with the result of photocatalytic degradation. 

3.5 The intermediates of TC degradation 

It is significant to report the intermediates of TC by the LC-MS, the results were displayed in 

the Fig. 6. From the Fig. 6a, it can be clearly found that the m/z of the major peak is at the value of 

445, corresponding to TC. From the analysis of LC-MS, as the major reactive species h+ attracted 

the TC. The successive ions fragmentation during collision-induced dissociation is in the 

following order: m/z=445→m/z=406 (by loss of OH, H and CH3) →m/z=362 (by loss of 

CONH2)→m/z=318 (by loss of N, CH2 and CH3)→m/z= (then by loss of CH, C, H and OH). 

Based on the conclusion of the experimental and the reported studies [41], the possible processes 
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of the degradation were shown in Fig. 7. At last, the intermediate products would be degraded to 

the small inorganic molecular material. 

3.6. Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) was finally carried out to explore the process 

of their charge transfer resistance of pure WO3, Ag3VO4 and 10%A/W samples. The radius of the 

arc about the EIS Nyquist plot represent the charge transfer rate occurring at the contact interface 

between the working electrode and electrolyte solution. The smaller radius of the Nyquist circle 

represents the lower charge-transfer resistance. As can be seen from the Fig. 8a, the arc radius on 

EIS of the 10%A/W sample was smaller than that of the bare WO3 and Ag3VO4, indicating that the 

10%A/W sample presented the lowest resistance, which could accelerate the photogenerated 

electron-hole pair’s separation, improving the separation efficiency. 

3.7. Mechanism 

A series of active species trapping experiments for the TC degradation over the 10%A/W 

sample were carried out to explore the photocatalytic mechanism. In the Fig. 8b, when the 

triethanolamine (TEA) [42-44] was added into reaction solution to trap the holes (h+), the 

photodegradation ratio was significantly declined (23.4%) compared to the reaction without TEA, 

indicating that h+ play major role during the progress of photodegradation. As iso-propanol (IPA) 

[45] for •OH was added, the photodegradation was inhibited (58.1%), suggesting the •OH also 

plays an important role in the photocatalytic process. However, the photocatalytic degradation 

ratio (82.5%) of TC was obviously increasing with the addition of AgNO3 for e- [42-44], 

indicating that the scavenger of e- had less opportunity for electron-hole pairs’ recombination and 

facilitated the production of more holes to participate in redox reaction. The results were 

consistent with the ideas we proposed, further demonstrating the •OH and h+ do exist in the 

process of TC degradation. 
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The electron spin resonance (ESR) technique was further used to explore the reactive species 

evolved during the photocatalytic reaction process. Before to determine the reactive species, 10 

mg samples were dissolved in 0.5 mL deionized water, and then 30 µL 5,5-dimethyl-1-pyrroline 

N-oxide (DMPO) was added with ultrasonic dispersion for 5 min. The 10%A/W hybrid materials 

suspension are irradiated for 8 min by a Quanta-Ray Nd:YAG pulsed laser system. From the Fig. 

8c, it can be observed that no ESR signals were exhibited as the reaction was carried out in the 

darkness. On the country, four characteristic peaks with the intensity of 1:2:2:1 were observed 

under visible light irradiation. The characteristic peak intensity of 1:2:2:1 is the evidence that OH• 

radicals were indeed formed on the 10% A/W sample. From the result of ESR, we concluded that 

certain visible light irradiation was essential to the generation of •OH radical and it was confirmed 

that •OH was produced on the surface of the 10%A/W composites. 

In order to explain the photocatalytic reaction mechanism, we carried out band position 

calculations by a plain method as the literature reported with the following equation [46]:  

ECB =X-Ee -1/2 Eg     (4) 

ECB = EVB –Eg       (5) 

where ECB and EVB are the conduction band and valence band edge potentials, respectively; X is 

the electronegativity of the semiconductor (Ag3VO4
 is 5.645 eV and WO3 is 6.49 eV [46, 32]); Ee 

is the energy of free electrons on the hydrogen scale (4.5 eV); and Eg is the band gap energy of the 

semiconductor. According to the calculation, the ECB of the Ag3VO4
 and WO3 were 0.145 eV and 

0.64 eV respectively, and the EVB were estimated to be 2.145 eV and 3.34 eV, respectively.  

Based on the active species trapping experiments, ESR and calculated energy bands, a possible 

photocatalytic mechanism of Ag3VO4/WO3 heterojunction was proposed in the Fig. 8d. When the 

Page 12 of 25Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



13 

 

Ag3VO4/WO3 sample subjected to visible light irradiation with photon energy higher or equal to 

the band gaps of Ag3VO4 and WO3, electrons can be excited form the VB to the CB with 

simultaneous generation of holes in the VB. Due to the CB of Ag3VO4 is more negative than that 

of the WO3, electrons on the CB of Ag3VO4 can be easily injected into the CB of WO3 by the 

interface. Simultaneously, the VB edge level of WO3 is more positive than that of the Ag3VO4, 

holes in the VB edge of the WO3 will transfer to that of the Ag3VO4, which effectively inhibited 

recombination and improved the separation of photogenerated electrons and hole. After the 

migration of the photo-induced carriers, the photo-induced and transferred electrons in the CB of 

WO3. According to the calculation, the CB of WO3 is 0.64 eV, the •O2
- could not be produced 

because of more positive reduction potential of -0.33 eV/NHE (O2/•O2
-) by electrons [47], 

However, due to the reduction potential of O2/ H2O2 was 0.695 eV, the electrons can react with O2 

and H+ to generate •OH by the following way: O2 + 2e− + 2H+ = H2O2, H2O2 + e− = •OH + OH− 

[48]. On the country, the h+ transfer to the valence band of the Ag3VO4. Compared with the 

potential of •OH/OH− (2.38 eV/NHE) and •OH/H2O (2.72 eV/NHE) [42]，the VB of Ag3VO4 (EVB 

= 2.14 eV) is more negative, so the •OH could not produce with the react of h+, OH− and H2O. The 

h+ can just react with TC, immediately. 

4. Conclusion 

In summary, we have first successfully proposed a facile yet efficient Ag3VO4/WO3 

heterojunction photocatalyst by developing a two-step hydrothermal and precipitating reaction. 

The as-prepared hybrid materials showed much higher photocatalytic activity for the TC 

degradation than that of the single semiconductor, and the optimized photocatalytic efficiency was 

71.2% remove ratio of TC in 30 min. This largely enhanced photocatalytic activity has been 
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successfully obtained due to the formation of the heterojunction, which would widely improve the 

separation performance and prolonged the lifetime of the photogenerated charge carriers. 

Meanwhile, the WO3 hybridized with Ag3VO4 could also solve the problem of low photocatalytic 

performance. Finally, we envision that the as-prepared Ag3VO4/WO3 will provide a promising 

approach for water purification application and environmental remediation. 
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Fig.1. XRD patterns of the as-prepared samples. 
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Fig.2. SEM images of prepared samples WO3 (a-b), Ag3VO4 (c), 10%A/W (d), TEM (e) and 

HRTEM (f) images of 10%A/W  
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Fig.3. Survey XPS spectra (a), high-resolution XPS spectrum of Ag (b), W (c), O and V (d). 
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Fig.4. UV-vis adsorption spectra with as-prepared samples (a), calculated band gap of WO3 and 

Ag3VO4 (b). 
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Fig.5. Photocatalytic degradation of TC with as-prepared samples (a); Time-dependent UV-vis 

absorption spectra of the TC solution in the presence of 10%A/W sample (b); The 

pseudo-first-order reaction kinetics for TC degradation (c); The apparent rate constants for TC 

degradation (d). 
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Fig. 6. Typical LC–MS chromatogram and m/z of degraded tetracycline (a) tetracycline, (b) 

degradation of tetracycline in 15 min, and (c) degradation of tetracycline in 30 min. 
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Fig. 7. Proposed degradation pathways for photocatalytic degradation of TC with 10%A/W 

sample. 
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Fig.8. (a ) EIS for the WO3, Ag3VO4 and 10%A/W samples; (b) photocatalytic degradation ratios 

of TC using different radical scavengers over 10%A/W sample sample; (c) DMPO spin-trapping 

ESR spectra; (d) the possible photocatalytic mechanism. 
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