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Abstract

:

In this research work, we reported the synthesis of a spherical-shaped bismuth vanadate (BiVO4) photocatalyst using a cost-effective, simple, chemical hydrothermal method and studied the effect of deposition temperatures on the structural, morphological, optical properties, etc. The XRD result confirmed the monoclinic scheelite phase of BiVO4. An XPS study confirmed the occurrence of Bi, V, and O elements and also found that Bi and V exist in +3 and +5 oxidation states, respectively. SEM micrographs revealed the spherical-shaped morphology of the BiVO4 photocatalyst. Optical investigation showed that the bandgap of the BiVO4 photocatalyst varied between 2.25 and 2.32 eV. The as-synthesized BiVO4 photocatalyst was used to study the photocatalytic degradation of crystal violet (CV) dye under visible light illumination. The photocatalytic degradation experiment showed that the degradation percentage of crystal violet dye using BiVO4 reached 98.21% after 120 min. Mineralization of crystal violet dye was studied using a chemical oxygen demand analysis.
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1. Introduction


In recent decades, the semiconductor-assisted photocatalysis process has proven to be effective for the decomposition of organic pollutants, such as acids, dyes, and aromatic and phenolic compounds, etc., which are present in wastewater, due to its strong redox potential, environmental friendliness, moderate operation temperature, easy operation, and useful final products [1,2]. In recent years, researchers have tried to develop novel photocatalyst materials that are visible light-responsive due to their stability, modifiable energy band structure, low cost, non-toxicity, and environmental friendliness. Presently, several visible light-responsive photocatalysts, such as BiVO4, g-C3N4, and Ag3PO4, etc., have been developed and used in the photocatalytic destruction of organic pollutants. Among the different visible light-responsive photocatalysts, BiVO4 is one of the better, n-type visible light-driven photocatalysts, which has received much attention due to its narrow bandgap, non-toxicity, favorable valence band position, and high stability during the photocatalytic reaction [3,4,5]. It has been used in different applications such as supercapacitors, gas sensors, batteries, hydrogen production, photocatalysis, etc. Furthermore, it is used as a pigment and a ferroelectric material. It occurs in three major crystal phases, namely monoclinic scheelite, tetragonal zircon, and tetragonal scheelite [6,7]. Among these, the monoclinic BiVO4 phase has a bandgap energy of 2.4 eV, making it the most appropriate BiVO4 phase for visible light-induced photocatalysis applications [8].



Different methods have been reported for the synthesis of BiVO4 photocatalyst such as solid-state reaction, sonochemical, organic decomposition, precipitation, hydrothermal, sol–gel, etc. [9]. Among these, the hydrothermal method is considered to be a good technological process for preparing photocatalysts. There are several advantages of the hydrothermal method such as lower deposition temperatures, high purity of materials, good control of the size and shape of the particles, and the opportunity to obtain good crystalline material in a single step without post-annealing treatment, etc. [10]. Furthermore, this method is useful to produce different morphologies of the BiVO4 photocatalyst such as flower-like, flake-like, cuboid-like, and plate-like structures, etc., in order to improve the specific surface area and the photodegradation efficiency [11].



Kudo et al. [12] prepared highly crystalline monoclinic and tetragonal BiVO4 using an aqueous process via reaction of the layered potassium vanadates KV3O8 and K3V5O14 with Bi(NO3)3 at 20 °C for three days. Guo et al. [13] made a BiVO4 catalyst using a facile surfactant-free method and studied the photocatalytic degradation of methylene blue. Sarkar et al. [14] prepared a spherical-shaped BiVO4 photocatalyst using a precursor-mediated growth method and investigated the photocatalytic degradation of Rhodamine B under visible light illumination. Dong et al. [15] synthesized sponge-like BiVO4 films prepared with polystyrene (PS) as a pore-forming material and F-doped SnO2 (FTO) glass as a substrate and reported photoelectrocatalytic degradation of phenol under visible light irradiation. Deebasree et al. [16] synthesized a BiVO4 photocatalyst using a sol–gel-assisted ultrasonication method by varying the output power and studied the decolorization of methylene blue under visible light irradiation. Chen et al. [17] fabricated a BiVO4 photocatalyst using a microwave hydrothermal process and studied the overall water-splitting reaction.



Herein, we reported the preparation of a spherical-shaped BiVO4 photocatalyst using a simple, chemical, cost-effective hydrothermal method. Furthermore, we studied the effect of different deposition temperatures on the structural, morphological, optical, and photocatalytic properties of the BiVO4 photocatalyst. The prepared catalyst materials were characterized using different characterization tools such as X-ray diffraction (XRD), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and UV–Vis spectroscopy, etc. Crystal violet (CV) dye is used in many industries such as the textile, paper, agriculture, and leather industries. Therefore, it was chosen as the model organic impurity in order to evaluate the photocatalytic performance of the spherical-shaped BiVO4 photocatalyst under visible light illumination. Crystal violet was successfully degraded using the BiVO4 photocatalyst without the use of external catalysts, such as H2O2, HClO4, and NaH2PO4, etc., which influence the degradation efficiency. Furthermore, we obtained good degradation efficiency compared to the literature (Table 1).




2. Results and Discussion


The crystal structures of the as-synthesized BiVO4 samples were studied using XRD. Figure 1 presents the XRD patterns of the BiVO4 photocatalysts synthesized at different deposition temperatures. The XRD patterns were measured by varying the diffraction angle (2θ) from 10° to 70°. All of the prepared samples were polycrystalline. For all of the synthesized photocatalysts, the diffraction peaks were well indexed to the monoclinic scheelite phase of BiVO4 (JCPDS Card number 01-083-1699) [18]. As the deposition temperature increased from 140 to 160 °C, the intensity of the (1 2 1) plane increased and then decreased with a further increase in deposition temperature. The BiVO4 sample deposited at 160 °C was highly crystalline and the preferred orientation was observed along the (1 2 1) plane for all samples. A higher intensity indicated a higher extent of crystallization along that plane [19]. The average crystallite size was calculated using Debye-Scherrer’s formula and was found to be 28.81, 26.90, and 27.68 nm for samples prepared at temperatures of 140, 160, and 180 °C, respectively. No impurity peaks or mixed phases were detected. Furthermore, confirmation of the formation of the BiVO4 photocatalysts was achieved using Raman spectroscopy.



Raman spectroscopy is a useful characterization tool to understand the local structure and symmetry of a material. Figure 2 shows the Raman spectra of the BiVO4 photocatalysts. From the Raman spectra, it is evident that there are four well-resolved characteristic peaks (199.85, 315.10, 355.75, and 813.12 cm−1) with different intensities. A similar trend was observed in the Raman study to that seen in the XRD result. The maximum peak intensity was observed for the sample prepared at 160 °C. The occurrence of a peak at 813.12 cm−1 corresponds to the to the symmetric V-O stretching mode (Ag symmetry) [20], while the other peaks at 315.10 and 355.75 cm−1 are attributed to the bending modes of the VO4 tetrahedra [21], and the peak at 199.85 cm−1 corresponds to the vibration of the crystal lattice [22]. The Raman and XRD results confirm the formation of the monoclinic scheelite phase of the BiVO4 photocatalysts.



An XPS study was used to investigate the chemical composition and oxidation states that the BiVO4 photocatalyst deposited at 160 °C and they are presented in Figure 3. Figure 3a presents the survey scan spectrum of the BiVO4 photocatalyst, which shows that the sample was composed of Bi, V, and O elements and no other impurity elements were found. The Bi 4f spectrum is shown in Figure 3b. The peaks located at binding energies of 159.28 and 164.60 eV correspond to Bi 4f 7/2 and Bi 4f 1/2, respectively [23]. This result proves that Bi exists in the +3 oxidation state. Figure 3c displays the V 2p spectrum, which splits into two major peaks at binding energy values of 516.75 (V 2p3/2) and 524.60 eV (V 2p1/2) that were assigned to V5+ [24]. Figure 3d presents the high-resolution O 1s spectra of the BiVO4 photocatalyst, which were fitted into two components at binding energy values of 530.40 and 532.15 eV, which are signals from the hydroxyl group and adsorbed water on the surface of the catalyst [25].



Surface morphology plays a crucial role in photocatalysis application. The morphology of the prepared BiVO4 photocatalysts was characterized using scanning electron microscopy. Figure 4a–c display SEM micrographs of the BiVO4 photocatalyst prepared at a 160 °C deposition temperature. From the first SEM image (Figure 4a), spherical-shaped BiVO4 particles with agglomeration in some places are evident [26]. Figure 4b,c present SEM micrographs at a higher magnification. Such spherical-shaped morphology is useful for photocatalysis application [27].



Optical study is an important characterization technique for studying photocatalysis application. Therefore, we employed UV–Vis spectroscopy to determine the absorption edges and bandgap energy of the BiVO4 photocatalysts. Figure 5a,b present the UV–Vis absorbance spectra and bandgap plot, respectively, of the BiVO4 photocatalysts at different deposition temperatures. Absorbance spectra were measured in the wavelength range of 300–800 nm. The bandgap edges of the BiVO4 photocatalysts were estimated at 645 (140 °C), 660 (160 °C), and 636 nm (180 °C). It was observed that all BiVO4 samples had stronger and wider absorption in the visible region. Figure 5b displays the bandgap plot of the BiVO4 samples. By plotting the graph of (αhν)n versus hν for the BiVO4 photocatalysts, the bandgap was determined. The bandgap energy of the BiVO4 photocatalysts was determined by plotting a tangent line across the vertical part of the curve and intersecting it with a horizontal reference line [28]. The bandgap energy for the BiVO4 photocatalysts was found to be 2.32 (140 °C), 2.25 (160 °C), and 2.28 eV (180 °C).



Figure 6 shows the photoluminescence (PL) spectra of the BiVO4 photocatalysts. PL spectra provide useful information about the migration, transfer, and recombination processes of the photogenerated charge carriers (electron–hole pairs) in semiconductor materials. The intensity of PL emission peaks is associated with the recombination of photogenerated electrons and holes. Therefore, a low-intensity PL emission peak implies a lower recombination of charge carriers upon light irradiation, and vice versa [29,30]. A broad emission peak was observed around 577 nm. The sample deposited at 160 °C exhibited the lowest PL intensity in the range of 540–610 nm compared to the BiVO4 samples deposited at 140 and 180 °C. These results shows that the sample deposited at 160 °C had the lowest recombination of photogenerated charge carriers. The XRD, Raman, UV–Vis, and PL results proved that the sample deposited at 160 °C was better for studying the photocatalytic activity because the sample deposited at 160 °C had good crystallinity, lower recombination of photogenerated charge carriers, etc.




3. Photocatalytic Degradation Activity and Stability Performance


The photocatalytic performance of the BiVO4 photocatalyst prepared at 160 °C was used to study the degradation of crystal violet dye under visible light irradiation and the results are presented in Figure 7. Figure 7a displays the extinction spectra of crystal violet dye collected at different time intervals. The extinction spectra were recorded in the wavelength range 400–700 nm. A strong absorption peak was observed at 590 nm for the crystal violet dye [31]. From the extinction spectra, it was observed that the maximum absorbance at 590 nm decreased gradually and eventually disappeared after 120 min, indicating oxidative degradation of the crystal violet dye. During the progress of the degradation experiments, the frequent decrease in the extinction indicated a decrease in the crystal violet dye concentration with respect to time, and it was also visually confirmed by the reaction solution decoloration. This observation confirms that a redox reaction taking place on the surface of BiVO4 photocatalyst [32]. From this plot, degradation percentage was calculated. The following equation was used to calculate the degradation percentage [33].


  Degradation   efficiency =    C 0  − C    C 0    × 100  ( % )   



(1)




where C and C0 are the final and initial concentrations of crystal violet dye, respectively. It was found that 98.21% degradation of CV dye occurs under visible light illumination. Using the extinction plot, the graph of In (C/C0) vs. reaction time was plotted and is shown in Figure 7b. From the slope, the plot’s reaction rate constant was calculated. Equation (2) was used to calculate the rate constant of the reaction [34].


  ln  (   C   C 0     )  = − k ⋅ t  



(2)




where t is the time and k can be taken as the apparent first-order rate constant of the degradation reaction. The value of the rate constant k was found to be 5.88 × 10−6 s−1. The variation in chemical oxygen demand (COD) values with respect to reaction time when using the BiVO4 photocatalyst is presented in Figure 7c. Unlike extinction, studying COD as a function of illumination time gives information about the concentration of oxidizable matter left in the electrolyte solution, not the concentration of the parent molecule. From the graph, it can be observed that the values of COD decrease with the increase in reaction time. COD values decreased from 78.1 to 7.4 mg/L. The variation in COD values indicates that the rate of degradation was high in the initial period, followed by a slow rate. This slow rate indicates the formation of a few long-lived intermediate by-products, which have a low reaction rate with hydroxyl radicals, which revealed the formation of intermediates such as aldehydes and aliphatic acids, etc. [35]. These intermediate products proceeded at a much slower reaction rate; therefore, the reduction in COD values resulted from the degradation of the CV dye.



The stability study of a photocatalyst is an important factor for its practical applications. Therefore, the photostability of the sample synthesized at 160 °C was evaluated in repeated photocatalytic experiments under similar experimental conditions. To study the stability of the as-prepared BiVO4 photocatalyst, degradation experiments were performed and the stability was checked five times with the same BiVO4 photocatalyst. The stability study showed that little decrease was observed in the degradation efficiency after five successive runs, as shown in Figure 7d. There were no noticeable changes in the degradation percentage of the CV dye. However, a slight decrease in the degradation percentage was observed, which may have been due to the loss of catalyst during centrifugation [36]. A 98.21% photocatalytic degradation efficiency was observed for the first time, which slightly reduced to 95.80% after the fifth cycle run. Thus, the BiVO4 catalyst exhibited good stability and recyclability for CV dye degradation. Table 1 presents the photocatalytic degradation of crystal violet dye using different materials and methods.





[image: Table] 





Table 1. Photocatalytic degradation of crystal violet (CV) dye using different materials and methods.






Table 1. Photocatalytic degradation of crystal violet (CV) dye using different materials and methods.





	Sr. No.
	Materials
	Methods
	Degradation Percentage (Time)
	References





	1
	ZnO
	Chemical solution route
	88.84% (7 h)
	[37]



	2
	GO
	Chemical solution route
	97.90% (24 h)
	[37]



	3
	ZnO/GO
	Co-precipitation
	99% (240 min)
	[38]



	4
	BiVO4
	Hydrothermal
	96.23% (120 min)
	[39]



	5
	BiVO4
	Hydrothermal
	98.21% (120 min)
	Present work








Figure 8 presents the possible pathways for photocatalytic degradation of crystal violet dye using the BiVO4 photocatalyst under visible light illumination. Initially, oxidized intermediate products were formed, which involved the N-demethylation of the CV dye and the cleavage of the chromosphere structure, which occurred due to the loss of aromatic conjugation and after the hydroxylation of intermediates. Hydroxylated species were oxidized to the quinoid compound, while in the second step, the aromatic rings opened and carboxylic acids were formed. The ring-opening processes continued and the final degradation products could be CO2 and H2O. The latter situation is achieved only when the degradation process reaches mineralization [32,40].




4. Materials and Methods


4.1. Materials


All chemicals were purchased from commercial sources and used without further purification. Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O), ammonium metavanadate (NH4VO3), sodium hydroxide (NaOH), potassium dichromate (K2Cr2O7), sulfuric acid (H2SO4), and nitric acid (HNO3) were purchased from Sigma-Aldrich.




4.2. Preparation of BiVO4 Photocatalysts


BiVO4 photocatalysts were prepared using the hydrothermal method. In a typical synthesis process, firstly, solution A was prepared by dissolving 2 mmol of Bi(NO3)3·5H2O in a concentrated nitric acid solution under constant stirring. Solution B was prepared by dissolving 2 mmol (NH4VO3) in a sodium hydroxide solution. Then, solutions A and B were mixed together well under vigorous stirring and the pH of this solution was adjusted to 7 using NaOH solution (1 M). Lastly, the obtained mixed solution was transferred into a 50-mL Teflon-lined stainless steel autoclave and kept in a furnace at different deposition temperatures of 140, 160, and 180 °C for 12 h. The formed precipitate was collected, filtered, washed with distilled water several times, and then dried in a vacuum at 80 °C for 6 h. The BiVO4 photocatalysts prepared using this method had good morphology, stability, and high purity.




4.3. Material Characterization


The structural, morphological, and optical properties of the prepared BiVO4 catalysts were investigated using several characterization techniques. The structural properties were analyzed using X-ray diffraction (XRD; Ultima IV, Rigaku, Tokyo, Japan) and Raman scattering spectroscopy (NRS-5100, JASCO, Tokyo, Japan). The XPS analysis of the catalyst was carried out using an AXIS Nova X-ray photoelectron spectrometer (Milton Keynes, UK). The surface morphology was analyzed using scanning electron microscopy (SEM; JSM-7600F, JEOL, Tokyo, Japan). The optical properties were studied using photoluminescence (PL), photoluminescence excitation (PLE) spectroscopy (LS5, Perkin Elmer, Waltham, MA, USA), and UV–Vis absorption spectroscopy (V-670, JASCO, Japan).




4.4. Photocatalytic Activity


The photocatalytic activity of the as-prepared BiVO4 photocatalyst was evaluated through the degradation of crystal violet dye under visible light irradiation at room temperature. An amount of 0.5 mM of crystal violet dye was used as the model organic impurity. A 300-W Xe lamp (λ > 420 nm) was used as the visible light source and a 420-nm cut-off filter was placed between the lamp and the reaction mixture to filter out UV light. In the actual experiment, 0.2 g of catalyst was dispersed into a beaker containing 200 mL of 0.5 mM crystal violet aqueous solution. This mixture was magnetically stirred in the dark for 30 min before illumination in order to attain an adsorption/desorption equilibrium. Then, the reaction solution was exposed to visible light illumination whilst under constant magnetic stirring. At specific time intervals, 3 mL of the reaction solution was collected and centrifuged. After centrifugation, the reaction solution was analyzed using a UV–Vis spectrophotometer.



Samples (0.8 mL) withdrawn from the reaction mixture at different time intervals during the photocatalytic degradation experiment were also used to determine the chemical oxygen demand (COD). The samples (0.8 mL) withdrawn at different time intervals were mixed with an excess of potassium dichromate (0.7 mL) and sulfuric acid (2 mL), and the mixture was heated under total reflux conditions for a period of two hours at 140 °C. During the reaction, the chemically oxidizable organic material reduced a stoichiometrically equivalent quantity of dichromate. The quantity of potassium dichromate reduced gave a measure of the amount of oxidizable organic material. From the dichromate extinction, the concentration of the organic solute was calculated [41].





5. Conclusions


A BiVO4 photocatalyst was successfully prepared using the hydrothermal method. The effect of different deposition temperatures on the structural and optical properties of the BiVO4 photocatalyst was studied. The XRD, Raman, and PL results confirmed that the sample prepared at 160 °C was considered to be the optimized sample. The XRD and Raman results confirmed the formation of BiVO4. The SEM study revealed the spherical-shaped morphology of the BiVO4 photocatalyst. Optical investigation showed that the BiVO4 catalyst has strong absorption in the visible region. The chief vibrational modes of the BiVO4 sample, located at 315.10, 355.75, and 813.12 cm−1 and corresponding to the bending and symmetric stretching modes of vibration, were consistent with the monoclinic structure. The photocatalytic degradation percentage of crystal violet dye reached up to 98.21% with good photostability when using the BiVO4 photocatalyst under visible light illumination. The extent of mineralization of the degraded sample was confirmed using a chemical oxygen demand analysis.
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Figure 1. XRD patterns of BiVO4 photocatalysts prepared at different deposition temperatures. 
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Figure 2. Raman spectra of BiVO4 photocatalysts prepared at different deposition temperatures. 
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Figure 3. XPS spectra of BiVO4 photocatalyst deposited at 160 °C: (a) narrow scan spectrum; (b) Bi 4f, (c) V 2p, and (d) O 1s spectra. 
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Figure 4. (a–c) SEM images of BiVO4 photocatalyst deposited at 160 °C with different magnifications. 
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Figure 5. (a) Absorbance spectra and (b) bandgap plot for BiVO4 photocatalysts deposited at different deposition temperatures. 
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Figure 6. Photoluminescence (PL) spectra of BiVO4 photocatalysts deposited at different deposition temperatures. 
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Figure 7. Photocatalytic degradation of crystal violet dye using BiVO4 photocatalyst prepared at 160 °C temperature. (a) Extinction spectra; (b) In (C/C0) vs. reaction time; (c) variation in chemical oxygen demand (COD) values of crystal violet dye with respect to reaction time, and (d) stability study. 
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Figure 8. Possible pathways for photocatalytic degradation of crystal violet using BiVO4 photocatalyst under visible light illumination. 
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