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 In recent years, considerable attention has been devoted to developing sustainable, cost-effective, and 
environmentally friendly composites for the removal of organic pollutants from aqueous media. Among 
semiconductor photocatalysts, BiVO4 has attracted significant interest due to its favorable 
physicochemical properties and potential application in photocatalytic processes. In this study, 
BiVO4/WO3 composite doped with cobalt-containing species loadings were synthesized via a 
hydrothermal method to investigate the effect of cobalt-containing species addition on methylene blue 
(MB) degradation. The morphological and crystalline structures of the synthesized composites were 
characterized using scanning electron microscopy coupled with energy-dispersive spectroscopy (SEM-
EDS) and X-ray diffraction (XRD). EDS analysis confirmed the presence of oxygen, bismuth, vanadium, 
tungsten, and cobalt within the composite structure. Photocatalytic degradation experiments were 
performed under UV-C irradiation (254 nm, 44 W m-2) using methylene blue as a model pollutant. Among 
the samples examined, the BiVO4/WO3 photocatalyst containing 0.5% by weight Co-dopant showed the 
highest degradation efficiency, achieving 61% MB removal after 120 minutes. In comparison, 
BiVO4/WO3/1 wt% Co-dopant, BiVO4/WO3, BiVO4/WO3/1.5 wt% Co-dopant, and BiVO4/WO3/2wt% Co-dopant 
showed removal efficiencies of 45%, 35%, 28%, and 6%, respectively. The results suggest that moderate 
loading of cobalt-containing species is associated with enhanced photocatalytic degradation 
performance under the conditions investigated, whereas excessive loading adversely affects MB 
removal efficiency. 

 

1. Introduction 

The persistence, chemical stability, and toxicity of synthetic organic dyes released into industrial wastewater pose serious environmental 
concerns. Their resistance to biodegradation and complex aromatic structures makes removal by conventional treatment methods difficult [1, 
2]. Among these pollutants, methylene blue (MB) is widely used in textile, paper, printing, and dyeing industries and is frequently employed as 
a model organic contaminant because of its stable aromatic structure and resistance to degradation [2, 3]. Therefore, the development of 
sustainable, economical, and efficient remediation technologies for removing dye pollutants has become increasingly important [4, 5]. 

Semiconductor-based photocatalysis has emerged as a promising advanced oxidation process for wastewater treatment due to its ability to 
generate highly reactive species that degrade persistent organic contaminants into less harmful products [6, 7]. When irradiated with photons 
whose energy exceeds the semiconductor band gap, electrons are excited from the valence band to the conduction band, forming 
photogenerated electron-hole pairs. These charge carriers may subsequently participate in oxidation and reduction reactions, producing 
reactive oxygen species such as hydroxyl radicals (•OH) and superoxide radicals (•O₂⁻), which play important roles in pollutant degradation [8, 
9]. However, the rapid recombination of photogenerated charge carriers remains one of the major limitations that reduces photocatalytic 
efficiency. 

Among semiconductor photocatalysts, bismuth vanadate (BiVO4) has attracted considerable attention owing to its favorable physicochemical 
properties, suitable band structure, and good stability in aqueous environments [10, 11]. Tungsten trioxide (WO3), due to its strong oxidative 
capability, structural stability, and favorable electronic properties, is also considered a suitable component in composite photocatalytic systems 
[12-14]. Constructing composite structures between semiconductor materials may facilitate interfacial charge transfer, improve charge carrier 
separation, and suppress recombination losses, thereby enhancing photocatalytic performance [15-17]. 

In recent years, transition-metal oxide cocatalysts have attracted increasing interest for improving photocatalytic systems. Among them, Co-
dopant is considered a promising cocatalyst due to its favorable redox characteristics, catalytic activity, and ability to provide additional active 
surface sites for photocatalytic reactions [18, 19]. The incorporation of cobalt-containing species into composite systems may improve interfacial 
electron transfer and promote surface redox reactions. However, excessive cocatalyst loading may lead to particle agglomeration, surface 
coverage, or the formation of additional recombination centers, which can adversely affect photocatalytic activity [20-25]. 

Although BiVO4/WO3-based photocatalytic systems have been investigated in previous studies, the specific role of cobalt-containing species as 
a cocatalyst and the influence of cobalt-containing species loading on photocatalytic degradation efficiency remain insufficiently understood. 
In particular, systematic studies on optimizing cobalt-containing species loading in BiVO4/WO3 composite systems for dye degradation remain 
limited. Therefore, determining the optimum cobalt-containing species loading is essential for maximizing catalyst performance and 
understanding its contribution to photocatalytic activity. 
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In this study, cobalt-containing species-modified BiVO4/WO3 composite were synthesized using a hydrothermal method. The morphological and 
crystalline properties of the synthesized composites were investigated using SEM-EDS and X-ray diffraction (XRD) analyses. The photocatalytic 
performance of the prepared samples was evaluated through methylene blue degradation under UV irradiation, and concentration changes 
were monitored using UV–Vis spectroscopy. 

2. Materials and methods 

2.1. Materials 

Sodium tungstate dihydrate (Na2WO4·2H2O, Sigma-Aldrich, ≥ 99%), sodium chloride (NaCl, Sigma-Aldrich, ≥ 99%), hydrochloric acid (HCl, Sigma-
Aldrich, 37%), bismuth (III) nitrate pentahydrate (Bi(NO3)3·5H2O, Sigma-Aldrich, 98%), vanadium (V) oxide (V2O5, Merck, 99%), potassium sulfate 
(K2SO4, Sigma-Aldrich, ≥ 99%), and sodium hydroxide (NaOH, Sigma-Aldrich, ≥ 98%) were obtained from the respective suppliers. For the 
preparation of Co-dopant, precursor reagents, specifically ammonium fluoride (NH4F, Sigma-Aldrich, ≥ 98%), urea (CO(NH2)2, Sigma-Aldrich, ≥ 
98%), and cobalt nitrate hexahydrate (Co(NO3)2·6H2O, Sigma-Aldrich, ≥ 98%), were employed as precursor material. Potassium iodide (KI, Sigma-
Aldrich, ≥ 99%), benzoquinone (BQ, Sigma-Aldrich, ≥ 98%), potassium bromate (KBrO3, Sigma-Aldrich, ≥ 99.8%), and isopropanol (IPA, (CH3)2CHOH, 
Sigma-Aldrich, ≥ 99.5%) were used as scavengers in reactive species-trapping experiments.  Deionized water (DI) was used throughout all stages 
of the experimental work. In addition, MB (C16H18ClN3S, Sigma-Aldrich, ≥ 82%) was used as a model dye in the photocatalytic activity experiments 
to determine the optimum cobalt oxide loading. 

2.2. Synthesis of BiVO4 

BiVO4 was synthesized via a hydrothermal method. Briefly, 1.455 g of Bi(NO3)3·5H2O, 0.555 g of V2O5, and 15 g of K2SO4 were dispersed in 150 mL 
of deionized water. The mixture was magnetically stirred until a homogeneous solution was obtained. The resulting solution was transferred 
into a Teflon-lined stainless-steel autoclave and heated at 200 °C for 24 h. After completion of the hydrothermal reaction, the autoclave was 
allowed to cool naturally to room temperature. The resulting precipitate was collected by filtration and washed several times with distilled 
water to remove residual impurities. After drying at 90 °C, the obtained powder was calcined at 550 °C for 2 h to obtain crystalline BiVO4 particles. 

2.3. Synthesis of WO3  

WO3 was synthesized via a hydrothermal method. Briefly, 6.579 g of Na2WO4·2H2O and 2.3128 g of NaCl were dissolved in deionized water under 
continuous magnetic stirring until a clear solution was obtained. The pH of the solution was adjusted to 2 using 3 M HCl. The resulting solution 
was transferred into a Teflon-lined stainless-steel autoclave and heated at 180°C for 24 h. After the hydrothermal reaction, the autoclave was 
allowed to cool naturally to room temperature. The precipitate was collected by filtration, thoroughly washed with deionized water, and dried 
at 90 °C. Finally, the dried powder was calcined at 520 °C for 2 h to obtain WO3. 

2.4. Synthesis of BiVO4/WO3 composite doped with cobalt-containing species 

BiVO4/WO3 composite doped with cobalt-containing species was synthesized via a hydrothermal method. Predetermined amounts of BiVO4 and 
WO3 (according to Table 1) were dispersed in deionized water and magnetically stirred for 10 min to obtain a homogeneous slurry. Subsequently, 
the calculated amounts of cobalt-containing species precursor materials, namely NH4F, CO(NH2)2, and Co(NO3)2·6H2O, were added to the 
suspension, followed by an additional 10 min of magnetic stirring. The resulting mixture was then ultrasonicated for 10 min to ensure uniform 
dispersion. 

The prepared suspension was transferred into a Teflon-lined autoclave and heated at 110 °C for 6 h. After completion of the hydrothermal 
reaction, the autoclave was allowed to cool naturally to room temperature. The resulting solid product was collected by filtration and washed 
several times to remove residual impurities. The obtained material was dried at 60 °C and subsequently calcined at 300 °C for 2 h to obtain the 
final BiVO4/WO3 composite doped with a cobalt-containing species photocatalyst. 

As shown in Table 1, cobalt-containing species loadings ranging from 0 to 2 wt% were evaluated to determine the optimum loading amount. 

Table 1. Composition of BiVO4/WO3 composite with types containing different amounts of cobalt (0–2 wt%) 

Sample Co-dopant (wt%) WO3 (mg) BiVO4 (mg) Co-dopant (mg) Co-dopant 
(mmol) 

Co(NO3)2·6H2O 
(mg) 

Urea 
(mg) 

NH4F 
(mg) Total (g) 

F1 0 416.7 583.3 0 0.000 0.00 0.00 0.00 1.000 
F2 0.5 414.6 580.4 5 0.067 19.42 20.04 2.47 1.000 
F3 1.0 412.5 577.5 10 0.133 38.84 40.08 4.94 1.000 
F4 1.5 410.4 574.6 15 0.200 58.26 60.11 7.41 1.000 
F5 2.0 408.3 571.7 20 0.267 77.68 80.15 9.89 1.000 

To prepare the sample without cobalt oxide, BiVO4 and WO3 were mixed by magnetic stirring for 10 min, then ultrasonicated for an additional 
10 min. Subsequently, the same hydrothermal treatment, drying, and calcination procedures were applied. 

2.5. Characterization 

The morphological, elemental, and crystalline properties of the synthesized samples were characterized using scanning electron microscopy 
coupled with energy-dispersive spectroscopy (SEM-EDS, Zeiss Sigma 300) and X-ray diffraction (XRD, Rigaku SmartLab). XRD measurements 
were performed using Cu-Kα radiation (λ = 1.5406 Å) over a 2θ range of 10–90°. Photoluminescence (PL) analysis was performed at room 
temperature between 325-1000 nm. Analyses were performed using a Si photodetector with a wavelength range of 300–1000 nm. 

2.6. Photocatalytic degradation of methylene blue 

The photocatalytic activity of BiVO4/WO3 composite doped with cobalt-containing species was evaluated by degrading MB in aqueous solution. 
Photocatalytic experiments were carried out using a low-pressure mercury vapor UV lamp operating in the UV-C region (254 nm, 44 W m-2) as 
the irradiation source. Experimental conditions included an initial MB concentration of 20 mg/L, a solution volume of 400 mL, a catalyst dosage 
of 100 mg, and a reaction temperature of 25 °C.  
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Photocatalytic recycling experiments were performed independently in multiple replicates (n=10). After the dye degradation experiment was 
completed, the catalysts were separated from the dye by centrifugation (4000 rpm, 10 min). The catalysts were then washed several times with 
DI to remove the dyes and dried at 60 °C. The parameters for the recycling experiments were determined to be the same as those for the 
photocatalytic activity experiments. Before irradiation, the suspension was magnetically stirred in the dark for 30 min to establish adsorption–
desorption equilibrium between the catalyst surface and MB molecules. Air was continuously supplied to the reaction system using an O2 pump 
to maintain sufficient dissolved oxygen during photocatalysis. During the degradation experiments, samples were collected at 5 min intervals 
during the initial stage and subsequently at 15 min intervals. The concentration of MB was determined using a UV–Vis spectrophotometer 
(Optizen α) at λmax = 668 nm. 

For scavenger experiments performed on the cobalt-containing species-modified BiVO4/WO3 composite, all experimental parameters were kept 
identical to those used in the photocatalytic degradation experiments. Each scavenger was sequentially introduced into the reaction medium 
at a fixed concentration of 1 mM to evaluate the contributions of different reactive species during the photocatalytic degradation process. 

3. Results and discussion 

3.1. SEM and EDS studies 

SEM images of the synthesized BiVO4/WO3, BiVO4/WO3/0.5% Co-dopant, BiVO4/WO3/1% Co-dopant, BiVO4/WO3/1.5% Co-dopant, and BiVO4/WO3/2% 
Co-dopant composites are presented in Figure 1, providing insight into the surface morphology and microstructural characteristics of the 
prepared composite samples. 

 

Figure 1. SEM images of the synthesized composites: a) BiVO4/WO3, b) BiVO4/WO3/0.5% Co-dopant, c) BiVO4/WO3/1% Co-dopant, d) 
BiVO4/WO3/1.5% Co-dopant, and e) BiVO4/WO3/2% Co-dopant 
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Figure 2. EDS spectra of the synthesized composites: a) BiVO4/WO3, b) BiVO4/WO3/0.5% Co-dopant, c) BiVO4/WO3/1% Co-dopant, d) 
BiVO4/WO3/1.5% Co-dopant and e) BiVO4/WO3/2% Co-dopant 

As presented in Figure 1, all synthesized samples exhibited heterogeneous composite morphologies with noticeable particle agglomeration. The 
BiVO4/WO3 sample (Figure 1a) mainly displayed plate-like and layered structures with relatively compact domains. After cobalt-containing 
species modification (Figures 1b–d), additional fine particles and agglomerated domains were observed on the composite surface, indicating 
morphological changes associated with cobalt incorporation. These structural changes suggest increased interfacial contact between the 
constituent phases. 

Rod-like crystallites observed in the SEM images may correspond to BiVO4-rich regions, whereas flat and irregular plate-like structures may be 
associated with WO3-rich domains, consistent with morphologies reported in previous studies [26]. In the cobalt-containing species modified 
samples, small, granular, nearly spherical particles were also observed, which may be attributed to cobalt-containing species dispersed within 
the composite matrix. The presence of these particles suggests that cobalt-containing species were successfully introduced into the BiVO4/WO3 

composite structure. 

Among the synthesized samples, the 0.5 wt% Co-dopant composite exhibited a relatively well-dispersed morphology with limited agglomeration, 
which may favor improved surface interaction and photocatalytic activity. In contrast, increasing cobalt-containing species loading beyond 
this level resulted in more pronounced agglomeration and partial coverage of surface-active regions. Particularly, the 2 wt% Co-dopant sample 
(Figure 1e) exhibited a more compact and sheet-like morphology similar to the undoped sample, suggesting that excessive cobalt-containing 
species loading may reduce accessible active sites and hinder photocatalytic performance. 

As shown in Figure 2, EDS spectra confirmed the presence of oxygen, bismuth, vanadium, tungsten, and cobalt in the synthesized composites, 
supporting the successful incorporation of cobalt-containing species into the BiVO4/WO3 matrix. The appearance of cobalt peaks in cobalt-
containing species-modified samples further supports cobalt incorporation. However, since EDS analysis provides localized compositional 
information, quantitative variations in elemental percentages should be interpreted with caution. 

Figure 3 presents the XRD patterns of BiVO4/WO3, BiVO4/WO3/0.5% Co-dopant, BiVO4/WO3/1% Co-dopant, BiVO4/WO3/1.5% Co-dopant and 
BiVO4/WO3/2% Co-dopant composites.  
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Figure 3. XRD patterns of (a) BiVO4/WO3, (b) BiVO4/WO3/0.5% Co-dopant, (c) BiVO4/WO3/1% Co-dopant, (d) BiVO4/WO3/1.5% Co-dopant and (e) 
BiVO4/WO3/2% Co-dopant composites 

Figure 3 presents the XRD patterns of BiVO4/WO3, BiVO4/WO3/0.5% Co-dopant, BiVO4/WO3/1% Co-dopant, BiVO4/WO3/1.5% Co-dopant and 
BiVO4/WO3/2% Co-dopant composites. The diffraction peaks observed at approximately 18.8°, 28.9°, 30.5°, 34.5°, 35.2°, 39.8°, 42.4°, 46.7°, and 53.3° 
can be indexed to the characteristic crystal planes of monoclinic scheelite BiVO4 (JCPDS card no. 14-0688), confirming the formation of 
crystalline BiVO4 [27]. In addition, diffraction peaks observed around 23–24°, 26–27°, 33–34°, 41–42°, 49–50°, and 55–56° are consistent with 
monoclinic WO3 (JCPDS card no. 43-1035), indicating the successful incorporation of WO3 into the composite structure [26]. 

After cobalt-containing species modification, no significant peak shift or structural distortion was observed, indicating that the crystal 
structures of BiVO4 and WO₃ remained largely unchanged. Furthermore, no distinct diffraction peaks corresponding to crystalline cobalt-
containing species were detected. Characteristic diffraction peaks of cubic cobalt-containing species are generally expected near 36.5°, 42.4°, 
61.5°, and 73.7° (JCPDS card no. 48-1719) [28]. The absence of clearly distinguishable cobalt-containing species peaks may be attributed to the 
relatively low cobalt-containing species loading (0.5–2 wt%), high dispersion of cobalt-containing species on the composite surface, and/or 
overlap of cobalt-containing species reflections with the dominant BiVO4 and WO3 diffraction peaks. These results suggest that cobalt-
containing species incorporation did not significantly alter the crystalline framework of the BiVO4/WO3 composite [29]. 

Figure 4 shows the PL spectra of BiVO4/WO3, BiVO4/WO3/0.5% Co-dopant, BiVO4/WO3/1% Co-dopant, BiVO4/WO3/1.5% Co-dopant, and 
BiVO4/WO3/2% Co-dopant composites. 

 

Figure 4. PL spectra of BiVO4/WO3, BiVO4/WO3/0.5% Co-dopant, BiVO4/WO3/1% Co-dopant, BiVO4/WO3/1.5% Co-dopant and BiVO4/WO3/2% Co-
dopant composites 
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The PL spectrum shown in Figure 4 exhibits emission bands at 443, 496, 615, and 773 nm. A scattering-related peak is observed around 625 nm. 
Co-doped composites suppress PL emission and inhibit electron-hole pair recombination compared to the pure BiVO4/WO3 composite. The 0.5% 
weight Co-doped BiVO4/WO3 composite, exhibiting a 61% degradation percentage, shows high degradation behavior towards methylene blue 
dye, while a decrease in PL intensity is observed. This is thought to be due to the 0.5% Co doping leading to an optimum concentration and 
improving charge separation. Adding 1% and 1.5% Co to the BiVO4/WO3 composite resulted in a decrease in PL intensity but did not lead to a 
photocatalytic improvement. This suggests that the degradation efficiency is affected by parameters such as the presence of accessible catalytic 
sites, interfacial charge transfer, adsorption of reactant molecules, and synergistic interactions during charge dissociation. Therefore, judging 
photocatalytic performance solely by PL peaks is insufficient. Finally, considering the 2% Co addition, excessive Co doping reduces the effective 
participation of redox reactions occurring on the surface of photon-generating charge carriers by covering the active surfaces of the BiVO4/WO3 
composite. According to PL results, composites with high Co doping have lower photocatalytic activity compared to those with 0.5% Co doping. 

3.2. Photocatalytic (PC) activity characteristics of composites 

The Time-Concentration graph of composites with Dark medium, without catalyst, BiVO4, WO3, BiVO4/WO3, BiVO4/WO3/0.5% Co-dopant, 
BiVO4/WO3/1% Co-dopant, BiVO4/WO3/1.5% Co-dopant, and BiVO4/WO3/2% Co-dopant after 120 minutes is shown in Figure 5. Furthermore, the 
error bars (n=10) shown in Figure 5 were calculated from the results of repeated recycling. The methylene blue removal percentages of the 
synthesized composites and the standard deviation values calculated from the recycling results obtained by reconstruction (n=10) are given in 
Table 2. 

 

Figure 5. Time-concentration graph of methylene blue degradation of Dark medium, without catalyst, BiVO4, WO3, BiVO4/WO3, BiVO4/WO3/0.5% 
Co-dopant, BiVO4/WO3/1% Co-dopant, BiVO4/WO3/1.5% Co-dopant, and BiVO4/WO3/2% Co-doped composites within 120 minutes, and error bars 

showing the standard deviation of ten independent (n=10) replicates. 

Table 2. Methylene blue removal percentages and standard deviations of recovery values obtained after 10 replicates for dark medium, 
without catalyst, BiVO4, WO3, BiVO4/WO3, BiVO4/WO3/0.5% doped, BiVO4/WO3/1% doped, BiVO4/WO3/1.5% doped, and BiVO4/WO3/2% doped 

composites 

Samples Photocatalytic activity efficiency (%) SD (±) 
Dark medium 0.095 0.00127 

Without catalyst 0.105 0.00158 
BiVO4 15.74 0.9978 
WO3 20.725 0.9503 

BiVO4/WO3 35.215 1.0024 
BiVO4/WO3/0.5% Co-dopant 61.075 1.0185 
BiVO4/WO3/%1 Co-dopant 45.09 1.0137 

BiVO4/WO3/1.5% Co-dopant 27.38 0.9269 
BiVO4/WO3/2% Co-dopant 5.635 0.3983 

As shown in Figure 5, the photocatalytic degradation profiles of MB over BiVO4, WO3, BiVO4/WO3, BiVO4/WO3/0.5%Co-dopant, BiVO4/WO3/1% Co-
dopant, BiVO4/WO3/1.5%Co-dopant, and BiVO4/WO3/2%Co-dopant composites were monitored for 120 min under UV irradiation, while the 
corresponding removal efficiencies are summarized in Table 2. Among all synthesized samples, the BiVO4/WO3/0.5%Co-dopant photocatalyst 
exhibited the highest photocatalytic activity, with the MB concentration decreasing from approximately 20 mg/L to about 7 mg/L after 120 min, 
corresponding to approximately 61% dye removal.  

In experiments conducted in the dark and without a catalyst, the occurrence of the photocatalytic reaction is at a low level. Therefore, the 
variation between recycling repeats in experiments conducted in light-free and catalyst-free environments is generally small. In standard 
deviation experiments, the sample with 0.5% Co additive shows good photocatalytic activity compared to other samples and its stability is 
observed to be good after n=10 repeats. Before UV irradiation, the dye solution was stirred in the dark for 30 minutes to ensure adsorption-
desorption equilibrium. A negligible change in MB concentration was observed in the dark. This indicates minimal dye adsorption on the catalyst 
surface, suggesting that the concentration change was due to photocatalytic degradation. The BiVO4/WO3/1% Co-dopant sample exhibited the 
second-highest photocatalytic performance, achieving approximately 45% MB removal. In comparison, BiVO4, WO3, BiVO4/WO3, BiVO4/WO3/1.5% 
Co-dopant, and BiVO4/WO3/2.0% Co-dopant composites achieved removal efficiencies of approximately 16%, 21%, 35%, 28%, and 6%, respectively. 
These results indicate that the photocatalytic performance of the BiVO4/WO3 composite is highly sensitive to cobalt-containing species loading, 
with 0.5 wt% identified as the optimal loading under the conditions investigated.  
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Photocatalytic experiments were conducted using methylene blue dye to evaluate the photocatalytic performance of the synthesized composites 
under UV light. In recycling tests performed under the same experimental conditions, the composite showed good stability and reproducibility 
over 10 repeated cycles. The enhanced photocatalytic performance at low cobalt-containing species loading may be attributed to improved 
interfacial interactions and the availability of additional active surface sites. However, excessive cobalt-containing species loading resulted in 
a significant decline in photocatalytic activity. In particular, the poor performance of the 2 wt% Co-dopant sample suggests that excessive 
cobalt-containing species may promote particle agglomeration, partially block active surface regions, and introduce additional recombination 
centers. Under UV irradiation, photogenerated charge carriers may react with adsorbed oxygen and water molecules to generate reactive species 
responsible for MB degradation. 

 

Figure 6. Photocatalytic stability of BiVO4/WO3/0.5% Co-dopant over 10 successive degradation cycles 

As shown in Figure 6, the degradation efficiency of MB dye is over 60% after 10 repeated recycling cycles, indicating good reusability and 
stability. The slight decreases seen in the graph are likely due to surface contamination or minor catalyst losses during recovery. 

As shown in Figure 7, scavenger experiments were performed to identify the dominant reactive species involved in the photocatalytic 
degradation process. KI, BQ, KBrO3, and IPA were added separately to the reaction medium as scavengers for h+, •O2⁻, e⁻, and •OH species, 
respectively. The photocatalytic degradation experiments on the BiVO4/WO3/0.5% Co-dopant composite were conducted under UV irradiation 
to evaluate the contribution of these reactive species to methylene blue degradation. 

 

Figure 7. The effect of scavengers on the photocatalytic oxidation process of Methylene blue dye on BiVO4/WO3/0.5% Co-dopant composite 

As shown in Figure 7, the addition of different scavengers significantly influenced the photocatalytic degradation of methylene blue, indicating 
that multiple reactive species participated in the degradation process. Among the scavengers tested, KI caused the greatest suppression of 
photocatalytic activity, resulting in the highest residual MB concentration after 120 min. Since KI acts primarily as a h⁺ scavenger, this result 
suggests that photogenerated holes play a dominant role in the degradation mechanism. 
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The addition of BQ, a •O2⁻ scavenger, also noticeably reduced photocatalytic performance, indicating that superoxide radicals contribute 
significantly to MB degradation. In contrast, the addition of IPA, a •OH scavenger, caused only limited inhibition, suggesting that hydroxyl 
radicals play a comparatively minor role in the photocatalytic process. 

Interestingly, the addition of KBrO3, an electron scavenger, enhanced photocatalytic degradation compared with the control sample. This 
behavior suggests that photogenerated electrons may act as recombination centers, and their consumption by KBrO3 suppresses electron-hole 
recombination, thereby prolonging hole lifetime and enhancing photocatalytic efficiency. Based on these results, photogenerated holes (h⁺) are 
identified as the dominant reactive species, while superoxide radicals (•O2⁻) act as secondary contributors during methylene blue degradation. 

The kinetic model applied to the BiVO4/WO3/0.5% Co-dopant sample in this study is expressed mathematically below. 

Pseudo-first-order model: 𝑙𝑛(
𝐶0

𝐶
)  =  𝑘𝑡 

Pseudo-second-order model: 
1

𝐶
−

1

𝐶0
 =  𝑘𝑡 

where C0 and C represent the initial and time-dependent concentrations of MB (mg L-1), k1 (min⁻¹), and k2 (L mg-1min-1) are the rate constants of 
the respective models, and t is the reaction time (min). The photocatalytic degradation kinetics of methylene blue using the BiVO4/WO3/0.5% Co-
dopant composite were evaluated using both pseudo-first-order and pseudo-second-order models. As shown in Figure 8, the kinetic data were 
linearly fitted to the respective kinetic models ln(C0/C) versus time for pseudo-first-order and 1/C-1/C0 versus time for pseudo-second-order.  

 

Figure 8. Kinetic modeling results: (a) pseudo-first-order and (b) pseudo-second-order linear fits for MB degradation using BiVO4/WO3/0.5% Co-
dopant composite 
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Table 3. Calculated k and R2 values of composites according to the first and second pseudo-kinetic models 

Samples Pseudo-first-order kinetic model Pseudo-second-order kinetic model 
 k1 (min-1) R2 k2 (mg-1min-1) R2 

BiVO4 0.001156 0.735990 0.000064 
 

0.752783 
 

WO3 0.001485 
 

0.760767 
 

0.000086 
 

0.788016 
 

BiVO4/WO3 0.002987 
 

0.781608 
 

0.000195 
 

0.824144 
 

BiVO4/WO3/0.5% Co-dopant 0.007783 
 

0.911786 
 

0.000714 
 

0.970892 
 

BiVO4/WO3/%1 Co-dopant 0.004473 
 

0.844368 
 

0.000321 
 

0.892094 
 

BiVO4/WO3/1.5% Co-dopant 0.002330 
 

0.776222 
 

0.000142 
 

0.804673 
 

BiVO4/WO3/2% Co-dopant 0.000413 
 

0.945204 
 

0.000021 
 

0.948687 
 

As shown in Figure 8, the pseudo-second-order kinetic model exhibited a better linear fit, with a rate constant (k) of 0.00714 L mg⁻¹ min⁻¹ and 
a correlation coefficient (R²) of 0.9708. In contrast, the pseudo-first-order kinetic model showed a poorer linear fit, with a rate constant (k) of 
0.007783 min⁻¹ and a correlation coefficient (R²) of 0.9118. These results demonstrate that the photocatalytic degradation of methylene blue 
(MB) on the BiVO4/WO3/0.5% Co-doped composite is best described by a pseudo-second-order kinetic model. 

4. Conclusion 

In this study, BiVO4/WO3 composite doped with cobalt-containing species with different cobalt-containing species loadings were successfully 
synthesized via a hydrothermal method, and their photocatalytic performance toward MB degradation under 254 nm UV-C irradiation was 
systematically investigated. SEM analysis revealed noticeable morphological changes after cobalt-containing species modification, while EDS 
confirmed the presence of cobalt-containing species in the composite structure. XRD analysis showed that the characteristic crystalline phases 
of BiVO4 and WO3 were preserved after cobalt-containing species incorporation, indicating that cobalt-containing species addition did not 
significantly alter the crystalline framework of the composite. PL analyses show that the addition of cobalt-containing species causes a change 
in the intensity of the peaks and that charge separation occurs in the samples. Photocatalytic degradation experiments demonstrated that 
cobalt-containing species loading significantly influenced photocatalytic performance under UV-C irradiation. Among all synthesized samples, 
the BiVO4/WO3/0.5 wt% Co-dopant photocatalyst exhibited the highest activity, achieving approximately 61% MB removal after 120 min, 
whereas higher cobalt-containing species loadings resulted in progressively lower degradation efficiencies. These findings demonstrate that 
small variations in cobalt-containing species loading substantially affect photocatalytic behavior under the applied experimental conditions. 
The enhanced performance at low cobalt-containing species loading may be attributed to improved interfacial interactions and the availability 
of additional active surface sites, while excessive cobalt-containing species loading likely promoted particle agglomeration and increased 
charge carrier recombination. Reactive species trapping experiments indicated that photogenerated holes (h⁺) were the dominant reactive 
species responsible for MB degradation, while •O2⁻ also contributed to the photocatalytic process.  
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