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This research focused on the structural, optical, and electrochemical characterization of WO3 and Zn-

doped WO3, as well as their application as photocatalysts for the degradation of Rhodamine B (RhB), a 

growing organic contaminant from water and wastewater, when exposed to visible light. According to 

structural analyses, microwave irradiation successfully generated nanorod-shaped WO3 and Zn-doped 

WO3 structures. The optical band gap values of WO3 and Zn-doped WO3 structures were determined 

to be 3.12 and 2.83 eV, respectively, resulting in quick charge transfer and leading to an increase in the 

photocatalytic activity of the Zn-doped WO3 structure under visible light irradiation. According to 

electrochemical experiments, the lifespan of photo-generated electrons in Zn-doped WO3 was longer 

than that of WO3, indicating that Zn-doped WO3 had the highest separation efficiency and the fastest 

diffusion rate. The entire degradation efficiency of 150 mL of 10 mg/L RhB solution was reached after 

30 and 15 minutes of visible light irradiation in current WO3 and Zn-doped WO3, respectively, 

according to the photodegradation assays. The photocatalytic degradation capability of Zn-doped WO3 

was tested for the treatment of 150 mL of 5 mg/L RhB solution prepared from real textile effluent, and 

the results confirmed that Zn-doped WO3 has a high photocatalytic activity when exposed to visible 

light for the treatment of RhB from real textile effluent. 
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1. INTRODUCTION 

 

Rhodamine B (RhB) is an organic chloride salt with the counter ion N-[9-(2-carboxyphenyl)-6-

(diethylamino)-3H-xanthen-3-ylidene]-N-ethylethanaminium [1, 2]. It's a fluorochrome that's made up 

of amphoteric dyes [3, 4]. It is frequently utilized in biotechnology applications such as fluorescence 

microscopy, flow cytometry, fluorescence correlation spectroscopy, and ELISA as a fluorochrome, 
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fluorescent probe, and histology dye [5-7]. RhB is a xanthene dye that is widely used in the textile, 

paper, paint, food, and leather industries for printing and dyeing [8-10]. Food safety officials have been 

aware of cases of commercially driven adulteration, in which it has been unlawfully used to lend a red 

hue to chili powder [11, 12]. RhB is a common contaminant found in industrial wastewater [13-15]. 

RhB is a poisonous dye because of its carcinogenic and neurotoxic properties, as well as its 

capacity to cause a variety of disorders in people [16, 17]. When it mixes with food and water, it enters 

the body and causes oxidative stress in cells and tissues [18], and may cause gastrointestinal irritation 

with nausea, vomiting and diarrhea [19, 20]. As a result of these substantial environmental and 

biological issues, removing RhB from wastewater is a significant challenge. Liquid membrane [21], 

ozonation [22], adsorption [23, 24], Fenton pre-oxidation [25], electro-biodegradation process [26] and 

photocatalysis [27-32] are the conventional methods for treatment of RhB. Many of these treatment 

procedures are costly and ineffective, because they cause chemical bonds to break or breakdown, 

resulting in a substantial amount of secondary contamination [33-35]. Photocatalysis is a cost-effective 

and affordable oxidation technology for treating dye-contaminated wastewater in the presence of 

photocatalysts, and it is an efficient and sustainable oxidation technique. 

Therefore, the focus of this research was on the preparation of WO3 and Zn-doped WO3 using 

the microwave irradiation method, as well as structural, optical, and electrochemical characterizations, 

and application as photocatalysts for the degradation of RhB, an emerging organic pollutant from 

water and wastewater, when exposed to visible light. 

   

2. EXPERIMENT 

2.1. Preparation of WO3 and Zn-doped WO3 

 

The microwave irradiation method was used for the synthesis of Zn-doped WO3 as follows  

[36]: 0.1 g of tungstic acid (≥99%, Sigma-Aldrich) and 0.05 g of zinc nitrate hexahydrate ( ≥99.0%, 

Sigma-Aldrich) were added to 100 mL of 0.5M sodium hydroxide (≥97.0%, Sigma-Aldrich) solution. 

To obtain precipitates, the liquid was magnetically stirred for 25 minutes. After that, the precipitate 

was washed three times with deionized water to remove any unreacted chemical species from the 

reaction mixture. The precipitates were then dried for 10 hours in a vacuum oven. Microwave (2.45 

GHz) radiation with a most constructive power of 160 W was applied to the dried precipitates for 15 

minutes in an ambient atmosphere to produce a light greenish yellow powder as Zn-doped WO3. The 

same technique was used for pure WO3 without zinc nitrate hexahydrate. 

 

2.2. Photodegradation tests 

 

On visible light irradiation, photodegradation studies of WO3 and Zn-doped WO3 towards the 

degradation of RhB dye were carried out in a Pyrex flask type reactor. A 400 W Xe lamp (Guangzhou 

Deao Light Source Technology Co., Ltd., China) was mounted on top of the reactor and emitted 

visible light. Under steady stirring, 0.2 g of synthesized photocatalysts were added to 150 mL of RhB 
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dye solutions for photodegradation. The suspension was magnetically agitated in the dark for 40 

minutes prior to visible light irradiation to achieve the desorbance-absorbance balance. The stable 

suspension was then exposed to visible light for a photocatalytic reaction while being constantly 

stirred. The photodegraded RhB sample was removed at regular intervals and collected, then 

centrifuged for 10 minutes at 1500 rpm to remove photocatalyst particles. Finally, the absorption 

spectrum of photodegraded RhB using a UV–visible spectrophotometer (2550-Shimadzu, Japan) at 

λ=554 nm was employed to calculate the degradation efficiency (ξ) by the following equation [30]: 

 

ξ (%) = 
C0−Ct

C0
 × 100                      (1) 

Where C0 is initial concentration of the RhB and Ct is concentration of the RhB after visible 

light irradiation.  

 

2.3. Characterizations  

The morphology and structure of photocatalysts were studied using a scanning electron 

microscope (SEM; JEOL JSM-6390, Japan) and X-ray difraction (XRD; Bruker D8 Advanced 

difractometer, AXS, Karlsruhe, Germany). A spectrometer was used to measure UV–vis absorption 

spectra (2550-Shimadzu, Japan). Electrochemical impedance spectroscopy (EIS) measurements were 

performed on a traditional three-electrode system containing a photocatalyst modified Indium tin oxide 

(ITO), Pt foil, and Ag/AgCl electrode as a working, counter, and reference electrode, respectively, on 

an electrochemistry workstation (CHI 660E, Chenhua Technology Co., Ltd., Shanghai, China). EIS 

experiments were carried out in solution containing solution containing a frequency range of 10-2–104 

Hz with 10 mV amplitude. 

 

 

3. RESULTS AND DISCUSSION  

 

3.1. Study of morphology and structure of photocatalysts 

 

The SEM pictures of WO3 and Zn-doped WO3 structures are shown in Figure 1. Figure 1a 

shows homogeneous nanorods with cuboid-like cross sections with an average width of 160nm and a 

length of 700nm on the surface of the WO3 nanostructure. Figure 1b shows a SEM picture of a Zn-

doped WO3 structure with irregular nanorod shapes with average diameters of 150nm and average 

lengths of 650nm. 
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Figure 1. SEM images of (a) WO3 and (b) Zn-doped WO3. 

 

 

 

Figure 2. XRD patterns of WO3 and Zn-doped WO3. 

 

Figure 2 shows the XRD patterns of WO3 and Zn-doped WO3. XRD patterns of WO3 and Zn-

doped WO3 display characteristic peaks at 2θ=14.63°, 14.85°, 15.25°, 17.39°, 19.71°, 20.45°, 32.47°, 

and 38.75°, which correspond to the (002), (020), (200), (112), (022), (202), (140), and (420) planes, 

respectively (JCPDS card no. 43-1035) [37-39].  The XRD pattern of Zn-doped WO3 shows two extra 

faint diffraction peaks in the (021) and (130) planes, respectively, which correspond to the monoclinic 

structure of ZnWO4 (JCPDS card no. 15-0774) [40-42]. The XRD patterns of both samples show that 

the microwave irradiation approach successfully produced WO3 and Zn-doped WO3. 
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3.2. Optical properties of photocatalysts 

 

Figure 3a shows the UV–vis absorption spectra of WO3 and Zn-doped WO3. Both 

nanostructures absorb light in the UV and visible spectrums. Pure WO3 has a 470 nm absorption start 

in its UV–vis absorption spectra [43-45]. The doped sample shows a slight redshift in absorption onset 

to 500 nm. It is associated with the fact that Zn is the conductive metal and addition in the WO3 

structure which increases in absorbance due to the presence of metal ion (Zn2+) [46], due to generation 

of the intermediate energy level and electronic transitions between localized energy levels between the 

blocked conduction band and unblocked valance band which improves the light absorption ability in 

both UV and visible regions [47-49]. Photo-generated electrons can be trapped by defects, resulting in 

rapid charge transfer and separation [50]. Furthermore, Zn doping causes the absorbance onset to tail 

into the visible range, indicating the development of oxygen vacancies during nucleation growth in 

microwave conditions and the production of the Zn–O–W link, which is compatible with the XRD 

results [51-53]. It can increase of carriers with high mobility and thus improving the separation and 

injection efficiency of carriers [54, 55]. The band gap energy (Eg) value for samples can be estimated 

using the following equation [56, 57]: 

 (αhν)2 = A(hν − Eg)             (2) 

Where α and hv are the absorption coefficient and the photon energy, respectively, and A is the 

proportionality parameter. The Eg values of WO3 and Zn-doped WO3 structures were determined by 

plotting Tauc’s plots using intercepts of the extrapolating the straight-line part plots between (αhν) 2 

versus photon energy (hυ) as exhibited in Figure 3b. As seen, the Eg values of WO3 and Zn-doped 

WO3 structures are determined to be ∼3.12 and 2.83 eV, respectively. Because of the substitution of 

Zn2+ for W6+ and the formation of oxygen vacancies, the optical band gap of Zn-doped WO3 decreases 

toward WO3, increasing the electron carrier density as well as the electrical conductivity, resulting in 

fast charge transfer and the enhancement of photocatalytic activity of Zn-doped WO3 structure under 

visible light irradiation [24, 58, 59]. 

 

 

 

Figure 3. (a) UV–vis absorption spectra of the WO3 and Zn-doped WO3 and (b) Tauc’s plots. 

 

 

 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 221045 

  

6 

3.3. Electrochemical properties of photocatalysts 

  

Figure 4 shows the EIS Nyquist and bode plots of WO3 and Zn-doped WO3 after exposure to 

visible light. The Nyquist plots show one semicircle, whose radius is related to the rate of 

electrochemical reaction at the electrode's surface, and a lower arc radius implies simpler electron 

transit and higher separation efficiency of photo-exited electrons and holes, as shown in Figure 4a. As 

can be seen, the arc radius of Zn-doped WO3 is less than that of undoped WO3, showing that the 

addition of Zn2+ improves photo-exited electron and hole separation and facilitates charge transfer [60-

62], which is in agreement with the optical results. As a result, it enhances photo-electrochemical 

performance. The EIS data were analyzed with an equivalent electrical circuit model, as shown in 

Figure 4a, where Rs and Rct represent solution resistance and charge transfer resistance, respectively, 

and CPE represents double layer capacitance [63, 64]. The parameters obtained from the equivalent 

circuit are summarized in Table 1, which implies the lower charge transfer resistance of Zn-doped 

WO3. Furthermore, the lifetime (τ) of the photo-generated electrons can be estimated using the 

maximum peak frequency (fmax) in bode plots using the below equation [65, 66]:  

τ = 
1

2π fmax
                     (3) 

As observed from Table 1, The corresponding lifetime of photo-generated electrons in Zn-

doped WO3 is   longer than that WO3, which indicated to its largest separation efficiency and faster 

diffusion rate in  Zn-doped WO3 [67].  

 

 

 

 

Figure 4. (a) The Nyquist and the equivalent circuit, and (b) bode plots for WO3 and Zn-doped WO3 

upon visible light irradiation. 

 

Table 1. The parameters obtained from the equivalent circuit.   

 

Parameters WO3 Zn-doped WO3 

Rs (Ω) 36.65 34.69 

Rct (Ω) 981.1 420.2 

τ (ms) 13.41 34.95 
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3.4. Photodegradation tests 

 

Figure 5 shows the photocatalytic degradation efficiency of WO3 and Zn-doped WO3 for the 

treatment of 150 ml of 10 mg/L RhB solution when exposed to visible light. After 60 minutes of 

visible light irradiation, the degradation efficiency for the blank sample reaches 0.75 percent. After 5 

minutes of visible light irradiation, the photocatalytic degradation efficiency of WO3 and Zn-doped 

WO3 is 24 percent and 43 percent, respectively. In current WO3 and Zn-doped WO3, the entire 

degradation efficiency is attained after 30 and 15 minutes of visible light irradiation, respectively. 

These findings support the high photocatalytic activity of Zn-doped WO3 under visible light 

irradiation, which is linked to three factors in good agreement with XRD, EIS, and optical analyses, 

including more efficient photo-generated electron-hole separation and quick charge transfer of Zn-

doped WO3 than WO3, and a narrow band gap of the Zn-doped WO3 that could explain the improved 

photocatalytic degradation of RhB under visible light irradiation. The photocatalytic mechanism of Zn-

doped WO3 catalyst is described as follows [68, 69]: the doping of Zn ions narrows the band gap of 

WO3, because of the introduction of acceptor energy levels below the conduction level of WO3 which 

makes it more photosensitizer to visible light, and under visible light irradiation, the Zn-doped WO3 

photocatalyst improves generation electron–hole pair and transfers a photogenerated electron from its 

valence band to the conduction band [70-72]. This leads to enhanced photodegradation performance. 

 

  

 

 

 

Figure 5. Degradation efficiency of blank sample (without photcatalyst), and photocatalytic 

degradation efficiency of WO3 and Zn-doped WO3 for the treatment of 150 ml of 10 mg/L RhB 

solution upon visible light irradiation   

    

 

Figure 6 shows the effect of initial RhB concentrations (5, 10, 20, 50, and 100 mg/L) on the 

photocatalytic degradation efficiency of Zn-doped WO3. As shown, the photocatalytic degradation 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 221045 

  

8 

efficacy decreases as the concentration of RhB solution increases. After 10, 15, 25, 35, and 50 minutes 

of visible light irradiation, 100 percent treatment of 5, 10, 20, 50, and 100 mg/L of RhB occurs. Table 

2 compares our findings to the photodegradation performance of various reported photocatalysts for 

the treatment of RhB. As found, Zn-doped WO3 presents a high photocatalytic degradation efficiency 

due to the substitution of Zn2+ for W6+ and the creation of oxygen vacancies, which facilitate charge 

transfer and cause efficient separation of electron–hole pairs, as well as an increase in the 

photocatalytic activity of the Zn-doped WO3 structure when exposed to visible light. Taking into 

account that Zn2+ ions form acceptor type centers in the crystal lattice of WO3 make an improvement in 

the photoelectrochemical properties of Zn-doped WO3 with respect to the undoped one [73, 74]. Cheng 

et al.[73] suggested that the commonality in all cation-doping Zn2+ ions rests with the formation of 

oxygen vacancies and the advent of color centers that absorb the visible light irradiation under the 

conditions of lowly doping. The fast degradation RhB solution can be considered as the novelty of this 

research between the reported ZnO and TiO2 photocatalysts reported in Table 2. It can be related to the 

main drawback of ZnO and TiO2 as photocatalysts, which is that the absorption wavelength of material 

lies in the UV region  [28, 30]. This causes excessive electron–hole recombination. Additionally, ZnO 

has the ability to promote photochemical corrosion [75]. Modifications to ZnO and TiO2 such as 

thermal treatment and/or doping the materials with other metal ions could enhance photocatalytic 

activity through limiting the recombination of electron–hole pairs and improving the absorption of UV 

light [31, 32]. In this research, Zn-doped WO3 presents the fast degradation RhB solution solution upon 

visible light irradiation to enhance the cost effectiveness of the catalytic process. 

 

  

 

 

 

Figure 6. The influence of initial RhB concentrations (5, 10, 20, 50 and 100 mg/L) on the 

photocatalytic degradation efficiency of Zn-doped WO3. 
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Table 2. Photodegradation performance of Zn-doped WO3 and various reported photocatalysts for the 

treatment of RhB. 

 

Photocatalyst Amount of 

RhB (mg/L) 

Light source Degradation 

efficiency (%) 

Degradation 

time (minute) 

Ref. 

TiO2-P25/Cu2+ 8.2 UV 100 60 [31] 

ZnO 10 UV 95 70 [30] 

Pb3Nb4O13 10 Visible 100 125 [29] 

TiO2-P25 16.94 UV 80 180 [28] 

NaBiO3  20 Visible 100 30 [27] 

Ag/ZnO-TiO2 50 UV 83.2 30 [32] 

Zn-doped WO3 5 Visible 100 10 This 

work 10 15 

20 25 

50 35 

100 50 

 

 

3.5. Treatment of real textile effluent 

 

The practical photocatalytic degradation capability of Zn-doped WO3 was investigated for the 

treatment of 150 mL of 5 mg/L RhB solution collected from a textile mill (Shanghai, China) and 

compared to the sample prepared with deionized wastewater (RhB2). Figure 7 shows the 

photodegradation efficiency of RhB1 and RhB2 after exposure to visible light for 25 and 10 minutes, 

respectively. Because of the presence of additional pollutants in textile wastewater, thorough treatment 

of RhB1 generated from real textile effluent takes longer. The results demonstrate the efficient 

photodegradation of Zn-doped WO3 for the treatment of RhB in genuine textile effluent. 

 

 
Figure 7. The photocatalytic degradation efficacy of 150 mL of 5 mg/L RhB solution made from real 

textile effluent (RhB1) and sample prepared with deionized wastewater (RhB2) using Zn-doped 

WO3 upon visible light irradiation. 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 221045 

  

10 

4. CONCLUSION  

 

The practical photocatalytic degradation capability of Zn-doped WO3 was investigated for the 

treatment of 150 mL of 5 mg/L RhB solution collected from a textile mill (Shanghai, China) and 

compared to the sample prepared with deionized wastewater (RhB2). Figure 7 shows the 

photodegradation efficiency of RhB1 and RhB2 after exposure to visible light for 25 and 10 minutes, 

respectively. Because of the presence of additional pollutants in textile wastewater, thorough treatment 

of RhB1 generated from real textile effluent takes longer. The results demonstrate the efficient 

photodegradation of Zn-doped WO3 for the treatment of RhB in genuine textile effluent. According to 

electrochemical experiments, the lifespan of photo-generated electrons in Zn-doped WO3 was longer 

than that of WO3, indicating that Zn-doped WO3 had the highest separation efficiency and the fastest 

diffusion rate. The entire degradation efficiency of 150 mL of 10 mg/L RhB solution was reached after 

30 and 15 minutes of visible light irradiation in current WO3 and Zn-doped WO3, respectively, 

according to the photodegradation assays. The photocatalytic degradation capability of Zn-doped WO3 

was tested for the treatment of 150 mL of 5 mg/L RhB solution prepared from real textile effluent, and 

the results confirmed that Zn-doped WO3 has a high photocatalytic activity when exposed to visible 

light for the treatment of RhB from real textile effluent. 
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