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Highlights 

- Ag-BiVO4 is synthesized by photo-deposition method 

- Ag-BiVO4 is designed to match with ROS and dyes’ redox potentials (rational design) 

- Material has been tested under LED towards degradation of cationic and anionic dyes 

- Catalyst degrades MB and BG by 91 % and 84 % within 20 min, respectively  

- Catalyst degrades AR and MO by 79 % and 65 % within 60 and 120 min, 

respectively. 

 

Abstract 

By employing a rational design approach of matching redox potentials of dye, catalysts, and 

reactive oxygen species (ROS), Ag-BiVO4 photo-catalysts of 2, 5 and 7 wt% Ag were 

successfully prepared via sol-gel and UV photo-reduction methods. The as-prepared 

composites over-perform existing counterparts by exhibiting excellent photocatalytic 

properties towards degradation of cationic methylene blue (MB, 20 min, 90.9 ± 2.4 %), 

brilliant green (BG, 20 min, 84.0 ± 2.7 %) and rhodamine B (RhB, 120 min, 90.5 ± 3.3 %) as 

well as anionic acid red 1 (AR, 60 min, 79.0 ± 2.5 %) and methyl orange (MO, 120 min, 64.9 

± 2.0 %) dyes.  Furthermore, based on our novel approach of rational design, the degradation 

of MB dye was ascribed to photoelectrons from n-type BiVO4, while degradation of MO and 

AR was attributed to photo-holes from p-type Ag2O. Meanwhile, BG and RhB dyes degrade 

due to photoelectrons and photo-oxidation by ROS, which was confirmed by carrier 

scavenger experiments. Results indicate that Ag-BiVO4 oxide can be efficiently used for 

wastewater treatment, solar energy, water splitting, and medicine. 

 

Keywords: photocatalysis, dye degradation, rational design, solar energy, visible light, reactive 

oxygen species 

 

Introduction  

In our previous reports [1, 2] we developed a rational design strategy for predicting 

the efficiency of dye degradation process based on the mapping of (1) catalysts’ energy bands 

with reactive oxygen species (ROS) redox potentials, (2) ROS redox potentials with 

molecular orbitals of dyes, and (3) molecular orbitals with energy bands of dyes and 
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catalysts, respectively. Next, based upon the proposed chemical reactions and positions of 

ROS redox values vs. valence band (VB)/conduction band (CB) of catalysts in the system, we 

were able to estimate the relative yield of O2
-, H2O2, and OH during photocatalytic process. 

Finally, based upon the estimated relative yield of ROS and HOMO/LUMO positions of 

pollutants, the role of ROS in the photo-oxidation process was predicted. HOMO and LUMO 

stand for highest occupied molecular orbital and lowest unoccupied molecular orbital, 

respectively, and define energy levels in molecules, such as organic dyes. 

For our current system of study Ag-BiVO4, relevant redox potentials are shown in 

Figure 1, where CB of BiVO4 is 0.00 eV [3] and VB is 2.25 eV vs. NHE (from absorbance 

measurements in Figure 4). CB/VB of Ag nanoparticles (NPs) are 0.69/2.8 eV and Ag2O are 

0.34/2.34 eV vs. NHE, respectively [4]. The redox values of ROS are -0.33, 0.94, 0.32, and 

2.33 V vs. NHE for O2, O2
-, H2O2, and OH, respectively [5, 6]. HOMO/LUMO values of 

cationic methylene blue (MB) and rhodamine B (RhB) are 0.065/1.77 eV and 0.54/2.78 eV, 

respectively [7, 8]. HOMO/LUMO values of anionic acid red 1 (AR) and methyl orange 

(MO) are -0.2/2.14 eV and -0.036/1.644 eV vs. NHE, respectively [9, 10]. Molecular orbital 

values of brilliant green (BG) were estimated from the literature [11]. BiVO4 and Ag NPs are 

n-type materials, while Ag2O is a p-type material with photoelectrons and photo-holes as 

predominant charge carriers, respectively. Consequently, electrons are responsible for 

photocatalytic degradation of cationic dyes (MB, RhB and BG), while photo-holes drive 

degradation of anionic pollutants (AR and MO).    

 

Figure 1: Schematic of relative positions of VB/CB of BiVO4, Ag2O and Ag NPs and HOMO/LUMO of 

cationic BG, RhB, MB and anionic AR and MO dyes. 

In this work, we extend our rational design approach by mapping Figure 1 to discern 

between photocatalytic and photo-oxidative degradation pathways. Through a series of 

radicals, electrons, and holes scavenging experiments and matching strategy of dyes’ and 
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catalysts’ energy bands with ROS redox potentials, it was found out that MB, MO and AR 

dyes degrade due to interaction with photoelectrons and photo-holes, while RhB and BG dyes 

degrade due to combination of photo-oxidation by ROS and photo-holes.  For such a task, we 

synthesized Ag-BiVO4 by sol-gel and UV photo-reduction methods and carried out a 

comprehensive dye degradation study under visible light of cationic MB, RhB and BG and 

anionic AR and MO.  

Experimental 

2.1 Preparation          

Reagents. Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O, 98%, Sigma-Aldrich) and 

ammonium metavanadate  (H4NO3V,  99%, Sigma-Aldrich)  were purchased as precursor for 

bismuth and vanadium sources, respectively. Silver nitrate (AgNO3) was purchased as a 

source of silver from Sigma-Aldrich. Acetic acid (CH3COOH, 99%, Alfa Aesar), nitric acid 

(HNO3, 70%, Sigma-Aldrich), ethanol (CH3CH2OH, 96%, Sigma-Aldrich) and deionized 

water (DI, 50 K) were used as solvents throughout all experiments. Methylene Blue (dye 

content  82%), Brilliant Green (dye content  95%), Acid Red 1 (dye content 60%), 

Rhodamine B (dye content  95%) and Methyl Orange (dye content 85%) were purchased 

from Sigma-Aldrich.           

 Pristine BiVO4 and Ag-BiVO4 synthesis. Monoclinic BiVO4 was prepared by 

following the recipe from our previous work [2]. Ag-BiVO4 with 2 wt%, 5 wt% and 7 wt% 

loading of Ag were synthesized by photo-deposition method. During preparation, 0.1 g of 

pristine BiVO4 was dispersed in 1 mL of ethanol and the corresponding amount of AgNO3 

was added to obtain 2-7 wt% Ag. The solution was stirred for 180 min, the intensity of UV 

light was set for 14 mW/cm2, the distance between vial and the light source was kept for 2 

cm. At the last stage of synthesis ethanol was evaporated and Ag-BiVO4 composites were 

used for further characterization and dye degradation experiments.  

2.2. Instrumentation  

X-ray diffraction (XRD) experiments were carried out on a Bruker D8 Advance X-ray 

diffractometer with Cu Kα radiation of 0.154 nm wavelength to evaluate powder’s 

composition and phase.  The scanning angle was set from 25 ̊C to 60 ̊C. UV-Vis absorbance 

spectra were recorded and monitored by using a PG Instruments TIIO+ UV-Vis 

spectrophotometer.  Surface morphology of samples was examined by scanning electron 

microscopy (SEM) JEOL JSM-7600F. Fourier-transform infrared spectroscopy (FTIR) 
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spectra was carried out from 400 cm-1 to 1200 cm-1 by a Vertex 70 (Bruker).  Chemical 

composition and phase structure was recorded by X-ray photoelectron spectroscopy (XPS) 

with a Thermo Fischer Scientific Theta Probe system.  Annealing of the sample was 

performed in a box furnace (Anhui Haibei 1100 model). Photoluminescence (PL) tests with 

254 and 365 nm excitation wavelength, was carried out by a QE Pro spectrofluorometer 

(Ocean Optics, USA).  A Prizmatix Ultra High Power LED lamp (48 W) was used as a light 

source during dye degradation experiments. The light intensity was monitored by an Optical 

Power Meter PM100D from Thorlabs. Zeta potential was measured by NanoBrook Omni 

device in PALS mode.  

2.3 Photocatalyic tests 

 The photocatalytic tests were conducted for MB, BG, RhB, AR and MO dyes in 

aqueous solution under visible light irradiation of 100 mW/cm2.  During a typical experiment 

15 mg of catalyst were dispersed in 15 mL of water (1 g L-1 concentration) and sonicated for 

1 hour. After that, the solution was mixed with dye with the concentration 1 g L-1 and kept in 

dark for 30 min to achieve adsorption-desorption equilibrium. The same concentration was 

used for all dyes.  Next, the suspension was transferred into 1.5 mL centrifuge tubes and the 

LED lamp was switched on.  For each measurement, 1 mL of the solution was collected, 

centrifuged for 5 min, and transferred to the cuvette for UV-Vis absorption experiments.  

 

Results and Discussions 

3.1 Structural Characterization of Catalyst 

Figure 2 shows the X-ray diffraction (XRD) patterns for pristine BiVO4 and Ag-

BiVO4 with different Ag loadings. It can be seen that material possess monoclinic scheelite 

structure (JCPDS Card no. 14-0688). No peaks from other phases were detected, indicating 

high purity of the synthesized composite. The major (121) peak exhibits shift to the lower 

angle from 28.698° for pristine BiVO4 to 28.685°, 28.659° and 28.631° for 2, 5, and 7 wt% 

Ag, respectively. Facet (040) also demonstrates lower angle shift from 30.461° for pristine 

BiVO4 to 30.434°, 30.408° and 30.381° for 2, 5, and 7 wt% Ag, respectively. Lower angle 

shift can be attributed to either (1) cationic or (2) anionic doping as we showed earlier [2]. 

Cationic doping is consistent with the fact that Bi+3 ions (100 pm) can be substituted by 

slightly larger Ag+ ions (110 pm). Vanadium (V+5) ions are less likely to be replaced due to 
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smaller size (49.5 pm) [12]. Due to the low Ag presence, no corresponding XRD peaks were 

detected. 

 

Figure 2: Left panel: XRD profiles for pristine BiVO4  and Ag-BiVO4 with 2, 5 and 7 wt% Ag loading. Right 

panel displays (121) and (040) peaks associated with a shift to lower angles.   

 

The Fourier-transform infrared spectroscopy (FTIR) at 400-1200 cm-1 range was 

applied to characterize chemical bonds of BiVO4 and Ag-BiVO4 catalysts as shown in Figure 

S1 in the Supplementary Information (SI). No Ag-related bands in bulk were observed 

indicating the absence of chemical bonding between Ag and BiVO4. The intense band at 474 

cm-1 is ascribed to symmetric bending of VO4
3- [13]. The weak and intense absorption bands 

at 554 cm-1  and 606 cm-1 are the signs of bending vibration of Bi-O bonds, respectively [14]. 

Bands at 661 cm-1 and 811 cm-1  are associated with asymmetric and symmetric stretching of 

VO4
3-, respectively [13, 14]. In summary, the FTIR spectra confirm the presence of 

monoclinic BiVO4.   

Figure 3 shows high-resolution X-ray photoelectron spectrum (XPS) to evaluate 

chemical states of C, Bi, V, O and Ag elements of 7 wt% Ag-BiVO4. The XPS spectra of C 

1s is displayed in Figure 3 (panel A) and suggests the presence of C=O and C-OH bonds 

(290.1 eV and 287.4 eV, respectively) [15]. The Bi 4f peaks (panel B) at 158.9 eV and 164.2 

eV represent metallic Bi0, while peaks at 164.1 eV and 169.4 eV ascribed to Bi+3 chemical 
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state [14, 16]. The O 1s and V 2p peaks are overlapped and shown in Figure 3 (panel C). The 

V 2p peaks at lowest binding energies of 516.5 eV and 524.1 ascribed to metallic V0, while 

doublets at 521.8 eV and 529.4 eV attributed to V+5 state. The largest O1 s peak at 529.7 

ascribed to O2- anions (Bi-O bonds) [14]. The O 1s peaks at 530.8 eV and 534.6 eV can be 

assigned to V-O bond and surface adsorbed oxygen species, respectively [14, 16]. Panel D 

confirms the presence of metallic Ag (368.3 eV and 374.3 eV) and Ag2O (371.3 eV and 

377.4 eV). Figure S2 in the SI compares chemical states of Ag for pristine monoclinic BiVO4 

and Ag-BiVO4 catalysts. Table S2 in SI shows the atomic % of metallic Ag0 and Ag+ in 2 

wt%, 5 wt% and 7 wt% Ag-BiVO4, respectively. With larger Ag loading the amount of Ag0 

gradually increases from 2.55 at. % to 6.56 at. %, while Ag+ increases slower (2.19-2.91 at. 

%). The total presence of Ag in both chemical states increases from 4.74 atomic % for 2 wt% 

Ag to 6.37 atomic % and 9.47 atomic % for 5 wt% Ag and 7 wt% Ag, respectively. 

 

Figure 3: XPS spectra of 7 wt% Ag-BiVO4 for A) C 1s; B) Bi 4f; C) O 1s and V 2p and D) Ag 3d.   

The optical properties of samples were investigated by measuring the absorbance as 

the function of the wavelength, see Figure 4. The corresponding band gap was calculated 

from a plot depicting (αhν)2 versus (hν) and shown on the inset of Figure 4. Absorption edges 

were found to be 551.11 nm, 556.05 nm, 570.73 nm and 573.48 nm for BiVO4, 2 wt% Ag, 5 

wt% Ag and 7 wt% Ag, respectively. It can be seen that the absorbance spectra of Ag-BiVO4 

are red-shifted in comparison with pristine monoclinic BiVO4, which can be explained by 
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surface plasmon resonance (SPR) effects. As a result, incorporation of Ag reduces the band 

gap: for example, for 2 wt% Ag loading the band gap slightly drops in comparison with 

pristine BiVO4, 2.23 eV vs. 2.25 eV, respectively.  Higher Ag loading leads to enhanced 

absorption capacity of visible light with the band gaps of 2.17 and 2.16 eV for 5 wt% and 7 

wt% Ag, respectively.  

Figure 4: UV-Vis absorbance spectroscopy of pristine monoclinic BiVO4 and Ag-BiVO4 composites. Inset of 

the plot shows band gap values based on extrapolation of the linear segment of (αhv)2 versus hv for pristine 

BiVO4 and Ag-BiVO4.  

 The room temperature photoluminescence (PL) technique (λe = 254 nm) was 

employed to investigate the electron-hole recombination rate in the as-prepared samples 

(Figure S3 in SI), where the less intense PL signal manifests enhanced charge carrier 

separation efficiency [17]. The most intense UV-light-induced peak is located at 537 nm and 

attributed to pristine BiVO4. The peak corresponds to electron-hole recombination where 

holes formed in the O 2p band and electrons are in the V 3d band [18]. The intensity of PL 

peak drastically drops when Ag introduced. The weakest PL signal was recorded from 2 wt% 

Ag, indicating major inhibition of electron-hole recombination. Furthermore, the red-shift 

from 537 nm for BiVO4 to 516-520 nm for Ag-BiVO4 composites demonstrates the 

interaction among metallic Ag, Ag2O and BiVO4 [14, 19]. Therefore, incorporation of Ag 

leads to suppressed recombination rate of charge carriers.    

 Representative SEM images of the as-synthesized pristine BiVO4 (panels A and B) 
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and 7 wt% Ag-BiVO4 (panels C and D) are shown in Figure 5. BiVO4 particles has 

microsphere morphology with 1-2 μm diameter. When Ag is added there is no significant 

morphological change observed. Based on SEM results, it can be concluded that the UV 

photo-reduction synthesis method does not affect the morphology of Ag-BiVO4 catalyst.  

 

Figure 5: SEM representative images of pristine monoclinic BiVO4 (panels A and B) and 7 wt% Ag-BiVO4 

(panels C and D). 

 

3.2 Photocatalytic degradation of anionic acid red 1 (AR) and methyl orange (MO) dyes  

The photocatalytic activity of as-prepared composites was evaluated for 60 min and 

120 min under LED light by degradation of anionic AR and MO dyes, respectively. 

Degradation kinetics was routinely monitored by UV-Vis spectroscopy of the main 

characteristic bands at 517 nm for AR and at 465 nm for MO, with results shown in Figure 6. 

Panels A and C depict the change in degradation rate, where C0 is the concentration of 

pollutant after adsorption-desorption equilibrium and C is the concentration at the certain 

irradiation time. Panels B and D show the Langmuir-Hinshelwood model by plotting first-

order reaction curves.  Blank experiments (photolysis) were carried out to confirm the major 
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role of Ag-BiVO4 catalyst in the degradation process. Further information of absorption 

bands of 7 wt% Ag-BiVO4 are shown in Figure S4, panels A and B in SI.  

Figure 6: Normalized photocatalytic degradation by pristine BiVO4 and Ag-BiVO4 (2, 5 and 7 wt% Ag) for A. 

AR and C. MO dyes. First-order kinetic plots for B) AR and D) MO dyes. Error bars based on the standard 

deviation for n = 3 measurements.  

 

Visible-light degradation of AR by pristine BiVO4 is negligible (8.1 ± 0.7 %) and 

comparable to photolysis results. Once Ag is introduced on the BiVO4 surface, degradation 

rate increases to 39.3 ± 1.9 % and 78.8 ± 2.5 % for 2 wt% Ag and 5 wt% Ag, respectively, 

and reaches a maximum value of 79.0 ± 2.5 % for 7 wt% Ag. Interestingly, no significant 

change was observed in removal rate between 5 wt% Ag and 7 wt% Ag, which can be 

attributed to minor p-type Ag2O content difference on the BiVO4 surface (from Table S2, 

0.41 atomic % Ag2O difference between 5 wt% Ag and 7 wt% Ag, respectively). The 

increase in AR removal rate from 8.1 ± 0.7 % for pristine BiVO4 to 39.3 ± 1.9 % for 2 wt% 

Ag can also be explained by major contribution of 2.19 atomic % of p-type Ag2O. On the 

other hand, the drastic difference in AR degradation between 2 wt% Ag and 7 wt% Ag 

cannot be ascribed to the effect of Ag2O only (0.72 atomic % Ag2O increase between 2 wt% 

Ag and 7 wt% Ag). Here, rapid AR degradation was likely induced by the formation of OH 

radicals from interaction of photo-generated charge carriers, electrons from metallic Ag and 

holes from Ag2O, respectively, with water molecules [20].     
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 Figure 6, panels C and D, shows degradation of anionic MO dye in the presence of 

photocatalyst under visible light. After 120 min a notable intensity decrease was observed at 

465 nm, indicating continuous process of intermediates formation as was previously 

described here [21, 22]. First, one of the benzene rings was replaced with OH- group due to 

attack of OH radicals. Second, the breakage of N-C bond in dimethylamino group causes the 

replacement of methyl group with protons. Finally, the breakage of the main azo double bond 

-N=N- (color-bearing group) due to ROS attack leads to formation of inorganic sub-products. 

Evidently, the highest degradation rate was achieved with 7 wt% Ag (64.9 ± 2.0 %), while 

with 5 wt% Ag and 2 wt% Ag the removal rate dropped to 41.5 ± 1.6 % and 34.2 ± 1.3 %, 

respectively.  Similarly to anionic AR, the difference in degradation rate between pristine 

BiVO4 and 2 wt% Ag-BiVO4 can be attributed to p-type Ag2O (2.19 atomic % from Table 

S2), while the difference in removal rate between 2 wt% Ag and 7 wt% Ag-BiVO4 cannot be 

explained by Ag2O contribution only (0.72 atomic % Ag2O increase between 2 wt% and 7 

wt%). The latter change in MO removal rate is possibly attained to the detrimental effect of 

ROS, like OH, H2O2 and O2
- radicals.       

 Degradation kinetics of AR and MO dyes was routinely analysed by Langmuir-

Hinshelwood model. The first-order model was applied:      

      ln(𝐶0/𝐶) = 𝑘𝑡,                                                              (1)                                                                                                 

where C0/C is the ratio of concentration of dye solution at adsorption-desorption equilibrium, 

and k is the first order constant (min-1). Based on first-order model, k values were collected 

and analysed, where largest k implies better dye degradation properties. Both total 

degradation, % and k constant values for anionic dyes are summarized in Table 1. 

Table 1. Total degradation (%) and k constant values (min-1) for AR and MO dyes, respectively. 

 AR (60 min) MO (120 min) 
Total 

degradation, % 

k constant 

(min-1) 

Total 

degradation, % 

k constant 

(min-1) 

BiVO4 8.1 ± 0.7a 0.0012b -c - 

2 wt% Ag 39.3 ± 1.9 0.0198 34.2 ± 1.3 0.0036 

5 wt% Ag 78.8 ± 2.5 0.0239 41.5 ± 1.6 0.0044 

7 wt% Ag 79.0 ± 2.5 0.0223 64.9 ± 2.0 0.0086 
a Average and standard deviation values are based on n = 3 measurements.  b k value reported is the highest rate 

constant obtained, c dye degradation value is below 5 %. 

 

3.3 Photocatalytic degradation of cationic methylene blue (MB), brilliant green (BG) and 

rhodamine B (RhB) dyes 
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Photocatalytic degradation of cationic MB, BG and RhB was monitored under LED 

irradiation and recorded by using UV-Vis spectroscopy. Decolorization of MB and BG was 

evaluated for 20 min with measurements taken every 5 min, while removal rate of RhB was 

studied for 120 min with measurements taken every 30 min. The results are shown in Figure 

7. 

Figure 7: Normalized photocatalytic degradation by pristine BiVO4 and Ag-BiVO4 (2, 5 and 7 wt% Ag) for A) 

MB, C) BG and E) RhB dyes. First-order kinetic plots for B) MB, D) BG and F) RhB dyes. Error bars based on 

the standard deviation for n = 3 measurements.  

MB degradation is shown in panels A and B. Under visible light, decomposition of 

MB is largely independent from the Ag presence with best result ascribed to 2 wt% Ag and 7 

wt% Ag (91.7 ± 3.1 % and 90.9 ± 2.4, respectively). The results can be explained by direct 

match of CB from n-type BiVO4 with LUMO level of MB, where p-type Ag2O and metallic 
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Ag do not participate in the photocatalytic reaction (we elaborate more in “Proposed 

mechanism of dye degradation” section). MB exhibits two main absorption peaks at 668 nm 

and 615 nm. The major peak at 668 nm is characteristics of conjugation system between the 

two dimethylamine substituted aromatic rings through the nitrogen and sulfur, while the 

minor peak at 615 nm is attributed to dye dimmer [23]. Both peaks retard gradually with 

slightly faster kinetics ascribed to the 615 nm peak, see Figure S5, panel A in the SI. 

 Degradation of BG is shown in panels C and D. Cationic BG degrades mainly due to 

contribution of n-type BiVO4 (51.1 ± 2.0 %). With Ag presence degradation rate increases to 

65.2 ± 2.7 %, 73.0 ± 2.3 % and 84.0 ± 2.7 % for 2, 5, and 7 wt% Ag, respectively, which can 

be explained by self-sensitization mechanism and photo-oxidation by ROS (more details in 

“Proposed mechanism of dye degradation” section). No hypsochromic shift of main 

absorption band at 619 nm was observed, indicating BG chromophore destruction, as shown 

in Figure S5, panel B in the SI [24].        

 Degradation of RhB was investigated for 120 min and shown in panels E and F. 

Pristine BiVO4 is not sufficient to induce breakage of the dye given a decomposition rate of  

12.1 ± 0.7.  Higher presence of Ag leads to enhanced degradation rate with 85.5 ± 2.8 %, 

86.9 ± 3.0 % and 90.5 ± 3.3 %, for 2, 5 and 7 wt% Ag, respectively. The main absorption 

peak is located at 535 nm wavelength, as shown in Figure S5, panel C in the SI, indicating 

the n  * transition of C=N and C=O groups [25]. No hypsochromic peak shift was 

observed, suggesting degradation pathway via (1) chromophore cleavage, (2) hydroxylation, 

(3) aromatic ring opening and, finally (4) mineralization [25]. The major role in RhB 

degradation is attributed to n-type metallic Ag NPs on the surface and photo-oxidation by 

ROS. Although, the CB level of Ag is slightly more positive than LUMO level of RhB, 

breakage of dye molecule can be accomplished by self-sensitization mechanism. Both total 

degradation, % and k constant values for cationic dyes are summarized in Table 2. 

Table 2. Total degradation (%) and k constant values (min-1) for MB, BG and RhB dyes, respectively. 

 MB (20 min) BG (20 min) RhB (120 min) 
Total 

degradation, 

% 

k constant 

(min-1) 

Total 

degradation, 

% 

k 

constant 

(min-1) 

Total 

degradation, 

% 

k 

constant 

(min-1) 

BiVO4 88.4 ± 2.4a 0.0964b 51.1 ± 2.0 0.0373 12.1 ± 0.7 0.0006 

2 wt% Ag 91.7 ± 3.1 0.1259 65.2 ± 2.7 0.0519 85.5 ± 2.8 0.015 

5 wt% Ag 88.1 ± 2.7 0.1051 73.0 ± 2.3 0.0640 86.9 ± 3.0 0.0165 

7 wt% Ag 90.9 ± 2.4 0.1091 84.0 ± 2.7 0.0928 90.5 ± 3.3 0.0189 
a Average and standard deviation values are based on n = 3 measurements.  b k value reported is the highest rate 

constant obtained. 
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3.4 Radical, electron, and hole scavenger tests 

 Species involved in the process of dye degradation were further identified by adding 

p-benzoquinone (BQ), EDTA and isopropanol (IP) to the analyte solutions as scavengers to 

capture electrons, holes and OH radicals, respectively [26]. Results are shown in Figure 8.  

 

Figure 8: Normalized photocatalytic degradation curves with 7 wt% Ag-BiVO4 in the presence of scavengers 

(BQ, EDTA, IP) for A) MB, B) BG, C) RhB, D) AR and E) MO.  Error bars based on the standard deviation for 

n=3 measurements.  
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Anionic AR and MO dyes degrade due to contribution of photo-holes, as shown by 

degradation rates of 12.8 ± 1.5 % and 14.6 ± 1.8 %, respectively. Cationic MB decomposes at 

a rate of 21.2 ± 3.0 % due to photoelectrons with very minor role of photo-holes and OH 

radicals. Decomposition of cationic BG and RhB is governed by photoelectrons and OH 

radicals, with decomposition rates of 22.1 ± 1.8 % and 27.6 ± 2.3% for BG and 24.7 ± 2.3 % 

and 27.5 ± 2.4 % for RhB, respectively.  

3.5 Proposed mechanism of dye degradation 

 The efficiency of dye degradation depends upon many parameters: (1) band gap of the 

catalysts, (2) light intensity and generated number of charge carriers, (3) efficiency of charge 

carriers (electron-hole pairs) and corresponding recombination rate, (4) amount and type of 

generated ROS, (5) morphology, (6) structure of dye molecule, and (7) self-sensitization 

mechanism, etc. In general, photo-degradation of dyes occurs due to photocatalytic attack of 

electron-holes after transfer and adsorption of dye molecules on the catalyst’s surface. 

Consequently, ROS (O2
-, H2O2, and OH) are produced, from the reaction of charge carriers 

with water molecules, known as photo-oxidation, and also participate in oxidation of 

pollutants.         

 Degradation of cationic MB is driven by photoelectrons from n-type BiVO4. As the 

CB level of BiVO4 is less positive than LUMO level of MB (0.00 eV vs. 0.065 eV), electrons 

can freely flow causing rapid degradation within 20 min. Ag NPs as another n-type material 

have minor influence on degradation of MB due to a mismatch of their CB and LUMO levels 

which is in line with our experimental results from Table 2. Decomposition of cationic BG 

and RhB follows similar principles with direct electrons transition from CB of BiVO4 or Ag 

NPs to LUMO level of BG and RhB. Unlike MB, BG and RhB pollutants exhibit more 

efficient degradation in the presence of Ag, which can be explained by (1) n-type Ag NPs and 

further self-sensitization mechanism [27] and (2) the influence of ROS, which we discuss 

further (from Figure 8 both dyes degrade due to influence of photoelectrons and OH 

radicals). Degradation of anionic AR and MO exclusively depends upon surface Ag, which is 

attributed to p-type Ag2O. From Figure 1 it can be observed that VB level of Ag2O is more 

positive than HOMO of both AR and MO, manifesting the major role of photo-holes in the 

degradation process, which is confirmed by scavenging tests from Figure 8.  

 From the above explanation, degradation mechanism of cationic BG and RhB is still 

unclear and role of ROS need to be discussed further. It can be approached by photo-

oxidation mechanism and the formation of ROS from n-type Ag NPs. Here, we propose a 
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sequence of chemical reactions, from most negative to most positive vs. NHE, excluding 

photolysis as all the dyes are stable under LED light. VB/CB values of catalysts, 

HOMO/LUMO of dyes and redox values of ROS are shown in Figure 1.    

O2 + e-   O2
-     (ionization of O2)                          (2) 

The reduction potential of this reaction is -0.33 eV, which is far from CB/VB values of 

catalysts as well as HOMO/LUMO values of dyes. Thus, we can exclude this reaction from 

further discussion. 

H2O2 + H+  H2O + h+ + OH                                                                                         (3) 

The reduction potential of reaction is 0.32 eV (production of H2O2). Therefore, holes from 

VB of p-type Ag2O (2.34 eV) can participate in the reaction.  

H2O2 + H+ + e-  H2O + OH                                                                                                (4) 

The reaction of OH production from H2O2 has the reduction potential of 2.3 eV. Electrons 

from CB of both Ag NPs and BiVO4 can participate in the reaction. However, the CB level of 

Ag NPs is more positive than of BiVO4. As a result, electrons from CB of Ag NPs have to 

travel shorter distance, yielding larger amount of OH.  

O2
- + 2 H+  H2O2 + h+                                                                                                         (5) 

The reduction potential of production of O2
- by oxidation of H2O2 is 0.94 eV. Therefore, holes 

from VB of p-type Ag2O can participate in the reaction. 

O2
- + 2 H+ + e-  H2O2                                                                                                           (6) 

The reduction potential of H2O2 production is 0.32 eV. However, only electrons from CB of 

BiVO4 can participate in this reaction as CB of Ag NPs is more positive, making their 

electrons inaccessible for the above reaction.       

 From the proposed sequence of chemical reactions, it becomes clear that electrons 

from n-type Ag NPs can yield large number of OH radicals (reaction (4). Additionally, OH 

radicals participate in reaction with holes from VB of Ag2O to produce H2O2 (reaction (3). 

Based on matching of ROS redox values with HOMO/LUMO of BG and RhB, it can be 

concluded, that RhB and BG are more likely to be degraded due to attack of OH (within the 

HOMO/LUMO range of RhB) and H2O2 radicals (within the HOMO/LUMO range of BG), 

respectively. The proposed mechanism finds support in the Zeta potential values shown in SI, 
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whereby MB is degraded by photoelectrons on the surface stabilized by a positive potential in 

the double layer, presumably induced by the cationic dye molecules.  Similarly, MO and AR 

are degraded by photoholes on the surface, stabilized by a negative potential in the double 

layer induced by the anionic dye molecules.  Finally, BG and RhB are degraded by photo-

oxidation by radical oxygen species, such as *OH an H2O2, whose precursors are HO- and O2
-, 

as displayed by the negative Zeta potential value. Thus, degradation of BG and RhB has 

partially photo-oxidation nature, while MB, AR and MO pollutants undergo pure 

photocatalytic degradation, which was confirmed by scavenging experiments and the energy 

mapping approach.    

Summary   

In this work we designed the monoclinic visible-light-sensitive Ag-BiVO4 catalyst by 

using the UV photo-reduction method and tested its photocatalyst properties on several 

pollutants. By employing a combination of (1) strategy where photo-catalysts and dye 

molecule energy bands match with ROS reduction potentials and (2) charge carrier trapping 

experiments, we were able to predict and identify the major degradation pathway for each 

pollutant tested. Thus, cationic MB degrades due to mobile photoelectrons from n-type 

BiVO4, while anionic AR and MO break down due to photo-holes from p-type Ag2O. 

Cationic RhB and BG undergo the combination of photocatalytic degradation from both n-

type BiVO4 and Ag NPs and photo-oxidation by OH and H2O2 radicals, respectively. 

Furthermore, the synthesized composites were able to degrade MB and RhB dyes in 20 min 

and 120 min, respectively, which over-performs previous materials [14, 28-31], and other 

pollutants, such as BG (in 20 min), AR (in 60 min) and MO (in 120 min), which have not 

been previously tested with Ag-BiVO4.  The present work suggests that Ag-BiVO4 materials 

is efficient agent for wastewater treatment, with other potential applications in the fields of 

solar energy, water splitting and medicine.  
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Supplemental Information  

Further information on bismuth-based photocatalysts (Table S1), FTIR absorbance 

spectrum for pristine and 2, 5, 7 wt% Ag-BiVO4 (Figure S1), atomic % and XPS spectrum of 

Ag and Ag2O in Ag-BiVO4 oxides (Table S2 and Figure S2, respectively), PL studies (Figure 

S3), characteristic absorption bands of anionic and cationic dyes of 7 wt% Ag-BiVO4 

(Figures S4 and S5, respectively),  antibacterial studies of pristine BiVO4 and Ag-BiVO4 

catalysts against E. coli (survived colonies, Figures S6-S8), zeta potential studies is shown in 

the Supplemental Information. 
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