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Abstract. Ni-doped BiVO4 photocatalysts were successfully synthesized by hydrothermal 

method. The catalytic samples were characterized by scanning electron microscopy (SEM), UV-

vis diffuse reflection spectroscopy (DRS), photoluminescence spectroscopy (PL) and X-ray 

diffraction (XRD). Based on the results of PL spectrum analysis, the electron-hole 

recombination phenomenon is limited by the presence of the second metal Ni in the structure at 

Bi
3+

 sites. The catalyst materials at the Ni doping ratios all have the monoclinic-scheelite BiVO4 

structure as shown by the XRD and Raman methods. The photocatalytic ability of methyl blue 

(MB) on the Ni/BiVO4 catalyst was studied under visible light irradiation in order to contribute 

to reducing the current environmental pollution problem. The removal efficiency of MB varies 

with the doping ratio of Ni/BiVO4, reaching the highest decomposition efficiency of 84.77 % in 

the 5 % mol Ni sample, which is 30 % higher than that of the BiVO4 sample. The BiVO4 

material modified with Ni giving a high photocatalytic efficiency of organic pigment 

decomposition under visible light indicates the potential improvement in the efficiency of a 

material for existing applications and exploit many new applications in the future. 
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1. INTRODUCTION  

Nowadays, along with the rapid development of the industries, the issue of environmental 

pollution is increasing at alarming rate, especially water pollution. In particular, the textile 

industry is one of the industries that discharges a significant amount of hazardous waste into the 

water environment, causing pollution to the water resources and degrading the water quality. 

Recently, a new advanced oxidation method has been developed for the treatment of textile and 

dyeing wastewater. This method involves the use of catalysts as semiconductors to generate HO• 

radicals with very strong oxidizing ability that can decompose most toxic organic substances 

under lighting conditions [1 - 3]. BiVO4 material is considered as one of the new generation 

materials for the decomposition of pollutant compounds as it can absorb the visible light region 

(gap energy is 2.4 eV). However, the actual efficiency achieved by this material remains far 

from expectations owing to the poor electron-hole separation efficiency. Research efforts have 

focused on improving the electron-hole separation efficiency, including (1) controlling the 

crystal structure, crystallite morphology and crystal face, (2) p-n bond formation, and (3) 

forming the monoclinic-tetragonal polyphasic structure of BiVO4 [4, 5]. To this end, many 

studies have been reported. Chhabilal et al. (2017) carried out experiments to remove water 

contaminants such as Escherichia coli (bacteria), green tides (phytoplankton), and ibuprofen 

(pharmaceutical) using a Ni-doped BiVO4 catalyst synthesized by microwave-hydrothermal 

method [ref.?]. The photocatalytic efficiency is determined by the Ni doping in the position of 

the BiVO4 lattice, the separation of electron-hole pairs increases and prevents the recombination 

of the carriers by the intermediate energy state. Specifically, the photocatalytic degradation 

efficiency of green tides (70 %, 60 minutes), E. coli (92 %, 5 hours) and IBP (80 %, 90 minutes) 

under visible light [6]. M - BiVO4 catalyst materials (M = Ag, Co and Ni) were successfully 

synthesized based on heteronuclear complex precursors by Bin Zhou et al. (2021). The 

photocatalyst M - BiVO4 decomposes almost 90 % of 2,4-dichlorophenol and 85 % of 

methylene blue under visible light [7]. 

Obregon et al. (2012) [8] successfully prepared needle-shaped BiVO4 by hydrothermal 

method without using surfactants, mainly depends on pH values, type of precipitating agent, 

temperature and hydrothermal time. BiVO4 material with monoclinic-tetragonal heterostructure 

is able to effectively improve the photochemical activity. Tan et al. (2013) [9]  showed that 

BiVO4 with monoclinic-tetragonal heterostructure prepared by hydrothermal method 

hydrothermal method based on the change of pH value, exhibited much higher activity than the 

monoclinic form (m-s BiVO4, t-s BiVO4), under the effect of UV light or visible light. In 

addition, Usai et al. (2013) [10] reported another synthesis method by which BiVO4 with 

monoclinic-tetragonal heterostructure can be prepared by modifications with yttrium. 

The BiVO4 photocatalyst has proven to be a promising material for a variety of 

applications, including the optical degradation of dyes and the use of sunlight in an eco-friendly 

photocatalysis process [11–14]. However, BiVO4 has limitations in the process of recombination 

of the dominant fast electrons and holes, resulting in the degradation of the photochemical 

activity of the material. This problem has been improved by a number of measures such as 

controlling the crystal structure (research and synthesis of s-m BiVO4 structural materials or m-t 

BiVO4 heterostructures), size control and BiVO4 crystal morphology (research and synthesis of 

BiVO4 materials with micro-nano size, sheet, fibrous, tubular, spherical, star shape, etc.), and 

modification of BiVO4 by doping metals (Au, Ag, Fe, Co, Ni, Cu, Ce), composite materials 

based on BiVO4 [15 - 18].  
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Therefore, in this study, we focused on the modification of BiVO4 and investigated the 

synthesis of a new photocatalyst that can use visible light instead of UV light with high 

efficiency at a reasonable cost and can be applied in many fields, especially in environmental 

remediation. With the attempt of producing the materials with improved photocatalytic activity 

using a simple and low-cost process, the method of synthesizing BiVO4 catalyst by 

hydrothermal method is feasible and potential for industrial-scaled development. The composites 

were structurally characterized by XRD, SEM and UV-Vis DRS methods from which methylene 

blue dye removal was applied. 

2. MATERIALS AND METHODS  

2.1. Chemicals 

Bismuth(III) nitrate pentahydrate (98 %), NH4VO3 (99 %) and methylene blue were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Ni(NO3)2.6H2O (98 %), NaOH, HNO3 

from Xilong Chemical Co., Ltd. (Guangzhou, China). 

2.2. Preparation of Catalysts 

The process of synthesizing the original BiVO4 and Ni-doped BiVO4 with different ratios 

by hydrothermal method was based on the study of Anjali Athawale et al. [19]. Briefly, 

Bi(NO3)3.5H2O and Ni(NO3)2.6H2O were dissolved in 20 ml of solvent. 2 M HNO3, was then 

stirred well for 30 min to form solution A. NH4VO3 was dissolved in 40 ml of 0.3 M NaOH 

solution and stirred well for 30 min to form solution B. The solution B was slowly mixed with 

solution A and the mixture was continued stirring for 30 min. Then, the pH of the mixture was 

adjusted to 10 by using 4 M NaOH and stirred well for 30 min to stabilize the pH. Distilled 

water was added to the mixture to obtain a total volume of 80 ml. The mixture was placed in 

teflon and heated to 180 ºC for 24 h. The hydrothermal mixture was washed by centrifugation 

with distilled water several times until pH  7 and dried at 80 ºC for 24 h. After drying, the 

material in powder form was calcined at 300 °C for 2 h. 

2.3. Characterization of catalysts 

The X diffraction (XRD) patterns were measured on a Bruker D8 advance. UV-Vis DRS 

spectra were measured on a Shimadzu UV-2450 instrument. SEM images of the material 

samples after synthesis were investigated on the JSM 7401F device of Jeol. Photoluminescence 

(PL) spectra were performed using excitation light with wavelength 315 nm, on an F-4500 

Spectro-fluorometer (Hitachi, Japan). 

2.4. Photocatalytic reaction 

The photocatalytic activity of the materials was evaluated on the decomposition reaction of 

the organic pigment Methylene Blue (MB) using visible light. The procedure to evaluate the 

photocatalytic activity in the color degradation reaction of MB under visible light of the material 

samples was carried out by dissolving the catalytic samples (0.05 g) into 100 ml of solvent in a 

250 ml double-layer glass beaker. The solution was stirred in the dark for 60 min to achieve 

adsorption equilibrium, then illuminated (60 W LED) and sampled over time. The sample was 

then centrifuged (5000 rpm/10 min) to separate the material from the color. After centrifugation, 
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the sample was collected and measured on a UV-Vis machine (the Thermo brand) to determine 

the light absorption. 

3. RESULTS AND DISCUSSION 

Ni-doped BiVO4 samples were synthesized with different Ni/Bi
3+

 ratios. As shown in 

Figure 1, as the doping ratio increases, the yellow color of the material becomes less intense. At 

low doping ratio (2 % to 5 %), the material appears in a dark yellow color, yet when the doping 

ratio is increased from 10 % to 30 % mol Ni, the color of the material turns into light blue. 

 

Figure 1. Real images of Ni-doped BiVO4 samples with Ni/Bi
3+

 ratio change. 

To investigate the effect of the Ni-doping ratio on the crystalline phase formation of BiVO4, 

the crystal structure of the undoped and Ni-doped BiVO4 samples was determined by XRD. The 

XRD measurement results show that the XRD pattern of undoped BiVO4 with diffraction peaks 

on the XRD pattern is consistent with the crystal structure of monoclinic scheelite with the 

characteristic strong diffraction peak at angle 2θ = 29.4° (crystal face (121)) and weak 

diffraction peaks separated at 2θ = 19.1°; 30.5° and 47.6°, which is consistent with JPCDS 

standard card number 14-0688 in the data bank (Figure 2). For the XRD pattern of the Ni-doped 

BiVO4 samples, when changing the Ni/Bi
3+

 ratio, the Ni samples that were doped at different 

molar ratios (from 2 % to 30 %) exhibited no phase change in general. At the ratios from 2 % to 

10 % mol, the samples at this ratio have characteristic diffraction peaks of m-s BiVO4 crystal 

structure at the 2θ = 19.3°; 29.4°; 30.7° and 47.8°, conforming to JPCDS standard card number 

14-0688. For the Ni-doped BiVO4 sample, when increasing the molar ratio of Ni/Bi
3+

 from 20 % 

mol to 30 % mol, the characteristic diffraction peaks of the s-m BiVO4 crystal structure at 2θ = 

19.3°; 30.5° (crystal face (011); (040)) were observed, similarly to the study published by 

Chhabilal et al. (2017) [6]. In addition, some strange peaks appeared such as the peak of α Bi2O3 

phase at position 2θ = 28.1° (crystal face (1 2 0)), the peak of phase β-Bi2O3 at position 2θ = 

28.9° (crystal face (201)), and the peak of phase V2O5 at positions 2θ = 25.2°; 34.6 (crystal face 

(110)); (130)). The peak intensities of α-Bi2O3 and β-Bi2O3 are clearly shown in Figure 2. The 

formation of the above characteristic peaks depends mainly on the hydrothermal method, which 

plays an important role in the formation of the β phase. On the other hand, it is found that the β-

Bi2O3 sample has wider diffraction peaks than the α phase samples. The ionic radius of Bi
3+

 

(0.103 nm) is larger than Ni
2+

 (0.069 nm), so it is difficult for Ni
2+

, to penetrate into the structure 

of BiVO4, so the nickel element is deposited on the surface of BiVO4 particles in the form of 

oxide. The incorporation of Ni
2+

 in the lattice of BiVO4, can be caused by the substitution of V
5+
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(0.059 nm) with Ni
2+

 (0.069 nm), the diffraction peak is widened due to the increased Ni doping 

concentration, this shows that the crystallite size decreases, the intensity decreases with 

increasing doping concentration [20]. 

 

Figure 2. XRD patterns of the Ni-doped BiVO4 sample with the Ni/Bi
3+

 ratio changed.  

Figure 3 is the scanning electron microscope (SEM) image of the Ni-doped BiVO4 sample 

with various Ni/Bi
3+

 ratios. The undoped BiVO4 sample has a heterogeneous surface 

morphology with spherical crystallites of about 1-3 µm in size. For the Ni-doped samples with 

different Ni-doping ratios from 2 % to 30 %, the crystallites were of small sizes and 

heterogeneous shapes. Specifically, the sample (5 %) Bi0.95Ni0.05VO4 has the form of stacked 

pellets with a crystallite size of about 1 - 2 µm. 

 

Figure 3. SEM image of the Ni-doped BiVO4 sample with changes in the Ni/Bi
3+

 ratio. 
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The ability to absorb light in the short-wavelength (UV) and long-wavelength regions 

(visible light region) of the material samples was studied by UV-Vis DRS. Results of the 

undoped and Ni-doped BiVO4 sample at the Bi
3+

 position at the wavelength range from 300 to 

800 nm are shown in Figure 4. In general, the samples absorb in the visible light region. 

Specifically, the undoped BiVO4 sample exhibits absorption in the visible light region and 

extends to a wavelength of about 550 nm, which is consistent with the results of previous studies 

[10]. The Ni metal-doped samples have an increased absorption in the visible light region and 

extend to a wavelength of about 550 nm. The band gap energy of the catalyst material (Eg) is 

determined by the line tangent to the graph of the Kubelka–Munk function [F(R∞)hv]1/2 with 

the corresponding photon energy hv. The band gap energies of the material samples range from 

2.32 eV - 2.36 eV (Table 1), which is consistent with the results of previous studies [10]. 

 

Figure 4. Absorption spectra of the undoped and Ni-doped BiVO4 sample at the Bi position. 

Table 1. Band gap energy of undoped and Ni-doped BiVO4 samples at Bi position. 

Materials Eg (eV) 

BiVO4 2.32 

(2 %) Bi0.98Ni0.02VO4 2.3 

(5 %) Bi0.95Ni0.05VO4 2.31 

(10 %) Bi0.9Ni0.1VO4 2.33 

(20 %) Bi0.8Ni0.2VO4 2.35 

(30 %) Bi0.7Ni0.3VO4 2.36 

To investigate the influence of the Ni-doping ratio on the luminescence of the materials, the 

luminescence ability of the undoped and Ni-doped BiVO4 samples was determined by PL 

method. Low PL intensity generally indicates a higher separation efficiency of the photocatalyst 

charges, thus higher photocatalytic activity. The PL spectrum of the undoped and Ni-doped 

BiVO4 sample at the Bi
3+

 position (specifically, sample (2 %) Bi0.98Ni0.02VO4 and sample (5 %) 

Bi0.95Ni0.05VO4) shown in Figure 5 demonstrated that when receiving the excitation light with 

wavelength 315 nm, only the BiVO4 samples are luminescent at wavelengths from 400 nm to 
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500 nm, (2 %) Bi0.98Ni0.02VO4 and sample (5 %) Bi0.95Ni0.05VO4 samples are less luminescent at 

400 nm to 500 nm. The samples of BiVO4 without doping and without doping with Ni at the 

remaining Bi
3+

 positions showed similar results as the sample Bi0.98Ni0.02VO4. This can be 

explained that the ability to recombine electrons with holes and generate energy in the form of 

light of the BiVO4 sample is higher than that of the Ni-doped samples at the Bi
3+

 position. The 

PL intensity decreased in the order of: BiVO4 > (2 %) Bi0.98Ni0.02VO4 > (5 %) Bi0.95Ni0.05VO4, 

which is opposite to the photocatalytic activity. Therefore, this result further confirms that (5 %) 

Bi0.95Ni0.05VO4 sample has high catalytic activity.  

 

Figure 5. PL spectra of  BiVO4, (2 %) Bi0.98Ni0.02VO4 and (5 %) Bi0.95Ni0.05VO4 samples. 

The influence of the doping ratio on the photocatalytic activity of the materials is shown in 

Figure 6 and summarized in Table 2. The results show that the undoped BiVO4 sample upon 

exposure to darkness for 60 min has absorbed an amount of 7.5 of MB. Then upon light 

exposure for 3 h, the MB treatment efficiency reach 54.56 % (Figure 6A. For the Ni-doped 

BiVO4 samples at the Bi
3+

 position, when increasing the Ni content from 2 % to 10 %, the MB 

treatment efficiency gradually increases and reaches the highest level in 5 % Ni-doped samples. 

Specifically, for the sample (5 %) Bi0.95Ni0.05VO4 that has the highest photocatalytic activity, the 

MB treatment efficiency after 3 h of light exposure was 83.77%. However, as the content 

continued to increase from 20 % to 30 %, the MB processing efficiency would decrease sharply. 

In contrast, for the sample (30 %) Bi0.7Ni0.3VO4 that has the lowest photocatalytic activity, the 

treatment efficiency is only 41.40 % after 3 h of illumination. For example, Sha Li et al. [21]  

showed the ability to remove rhodamine B (RhB) pigment in the presence of 0.75 % Ni in 

BiVO4. Under visible light conditions, 96 % RhB was removed after 75 minutes, the efficiency 

is 52 % higher than BiVO4 catalyst. Therefore, the material achieves the highest MB treatment 

efficiency when being doped with 5 % molar ratio. The MB solution before and after treatments 

with (5 %) Bi0.95Ni0.05VO4 material is shown in Figure 7. 

According to the previous reports [22], when the pollutant is in the range of mM 

concentration, the photocatalytic oxidation of organic pollutants follows the first-order kinetic 

equation, thus the rate constant degree (k) is calculated for the photocatalytic degradation of MB 

under visible light irradiation by the following equation: 

k =- 
 

 
 ln (

 

  
) 

where C0 and C are the concentrations of MB when the reaction times are 0 and t, respectively. 
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Figure 6. The photocatalytic activity of the undoped and Ni-doped BiVO4 materials at the Bi
3+

 

position in the MB (A) color degradation reaction; Kinetics of undoped and Ni-doped BiVO4 materials               

at Bi
3+

 position in MB (B) color degradation reaction; UV-Vis absorption spectrum of MB solution 

illuminated with time catalyzed by (5 %) Bi0.95Ni0.05VO4 (C). 

 

Figure 7. MB solution before (A) and after (B) the treatment with Bi0.95Ni0.05VO4 material. 

Table 2. Photocatalytic performance and kinetic results of undoped and Ni-doped BiVO4 materials at 

Bi
3+

 position in MB color degradation reaction. 

Materials 
Ni-doping ratio 

(%mol) 

Treatment 

efficiency (%) K R
2 

BiVO4 0 54.56 3.87.10
-3 

0.96724 

(2 %) Bi0.98Ni0.02VO4 2 69.92 5.74.10
-3

 0.95134 

(5 %) Bi0.95Ni0.05VO4 5 84.77 8.51.10
-3

 0.9466 

(10 %) Bi0.9Ni0.1VO4 10 64.61 5.22.10
-3

 0.9684 

(20 %) Bi0.8Ni0.2VO4 20 55.91 3.72.10
-3

 0.9848 

(30 %) Bi0.7Ni0.3VO4 30 41.41 2.21.10
-3

 0.9964 
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As shown in Figure 6B and Table 2, the rate constant (k) for the photocatalytic degradation 

of MB of the catalysts (2 %) Bi0.98Ni0.02VO4 (k = 5.74.10
-3

 min
-1

) and (5 %) Bi0.95Ni0.05VO4 (k= 

8.51.10
-3

 min
-1

) is 1.5 and 2.2 times higher than the undoped BiVO4 (k= 3.87.10
-3

 min
-1

), 

respectively. Therefore, it can be concluded that the highest rate constant (k) and the reaction 

rate were obtained in the sample (5 %) Bi0.95Ni0.05VO4. 

4. CONCLUSIONS  

Undoped and Ni-doped BiVO4 photocatalyst materials at Bi
3+

 positions have been 

successfully synthesized by hydrothermal method. The XRD patterns show that the structural 

characteristics of all BiVO4 photocatalyst materials doped with Ni metal at the Bi
3+ 

site at 

various ratios from 2 % to 30 % Ni belong to the monoclinic-scheelite BiVO4 structure. The 

UV-Vis method shows that the BiVO4 samples and the Ni metal-doped BiVO4 samples at the Bi 

site can both absorb light in the visible light region. The PL results show that the BiVO4 material 

is doped with Ni metal in Bi
3+

 sites has low luminescence ability, which indicates that Ni doping 

would limit the electron-hole recombination phenomenon. The photocatalytic activity of 

undoped and Ni-doped BiVO4 materials was investigated in the decomposition reaction of MB 

pigment under visible light. The photocatalytic activity of Ni-doped BiVO4 materials is based on 

the change of Ni and Bi
3+

 ratios in the decolorization reaction of MB. In general, samples of Ni-

doped materials (2 % - 10 %) performed well with MB color treatment efficiency above 60 %. 

Meanwhile, the MB processing efficiency was highest (84.77 %) in the 5 % molar Ni-doped 

sample, 30 % higher than the original BiVO4 sample. 
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