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Abstract:



Bi2WO6 samples were prepared by a hydrothermal method using Bi(NO3)3·5H2O and Na2WO4·2H2O as raw materials. X-ray diffraction (XRD), field-emission scanning electron microscopy (FESEM), Raman and Brunauer–Emmett–Teller (BET) were employed for sample characterization. The photocatalytic activity of the samples was evaluated by the degradation of Rhodamine B under visible-light irradiation. The photocatalytic activity of Bi2WO6, as well as the effect of varying HNO3 concentrations on the morphologies of Bi2WO6, was investigated. The HNO3 concentration significantly affected the structure and morphology of the Bi2WO6. The photocatalytic performance varied with the structure, morphology, and surface area of the Bi2WO6 samples. The results indicated that the H10 sample exhibits uniform morphology and excellent photocatalytic performance; using this sample, the degradation of Rhodamine B reached 96% in 90 min under visible-light irradiation.
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1. Introduction


Over the past decades, photocatalysis has attracted significant attention for the effective utilization of solar energy and the reduction of environmental pollution [1,2,3,4,5,6]. The degradation of dyes, for instance Rhodamine B (RhB), is a typical test that is used to measure the degradation efficiency and the performance of several photocatalysts such as CeO2, ZnO, Ag3PO4, TiO2 [7,8,9,10,11,12,13,14,15,16]. TiO2 is well known as an excellent photocatalyst, attributed to its efficient photocatalytic activity and good chemical stability, as well as its environmentally friendly characteristics [17,18,19,20,21,22]. However, because of its wide band gap of 3.2 eV, only ultraviolet light (approximately 4% of solar energy) [23,24,25,26] can be absorbed, which considerably hinders the practical applications of TiO2. Hence, it is necessary and imperative to develop new visible-light–responsive photocatalysts, which can increase the utilization of solar energy.



Among all photocatalysts, Bi2WO6 is known as a potential photocatalyst with a narrow band gap of 2.7 eV as well as several advantages [27,28,29,30], such as excellent light catalytic performance, stable structure, and environmentally friendly characteristics; as one of the simplest Aurivillius oxides, Bi2WO6 has a layered structure composed of (WO4) n2n− octahedrons and (Bi2O2) n2n+ sheets [31,32,33,34]. The valence-band Bi2WO6 structure is composed of hybrid orbitals of Bi 6s and O 2p, which is more dispersed, thereby benefitting the transfer of photo-induced carriers [35]. Currently, a number of studies have reported on the size and morphology control or modification.



For instance, Zhang has synthesized Bi2WO6 with a novel flower-like superstructure using a hydrothermal method without any surfactant or template [36]. Amano has successfully synthesized a flake-ball Bi2WO6 photocatalyst via a hydrothermal process without using any structure-directing agents, which exhibits excellent photocatalytic properties [37]. Wu has synthesized a Bi2WO6 hierarchical nest-like structure using a facile method in the presence of polyvinylpyrrolidone (PVP), composed of aligned higher-order nanoplates [38]. Shang has synthesized a novel Bi2WO6 nanocage using colloidal carbon as the template via facile reflux in ethylene glycol [39], which exhibits excellent visible-light–driven photocatalytic efficiency.



However, most of the studies focus on the self-assembly of Bi2WO6 sheet units using various methods, and the effect on Bi2WO6 basic sheet units during the synthesis process has been seldom reported, especially concerning HNO3 concentrations. Hence, this study investigated the effect of varying HNO3 concentrations on the structural morphologies and properties of the Bi2WO6 photocatalyst, as well as on the formation mechanism. X-ray diffraction (XRD), field-emission scanning electron microscopy (FESEM), Brunauer–Emmett–Teller (BET), as well as Raman were employed for measuring the crystal structure, morphology, and surface area. In addition, the degradation of Rhodamine B was utilized for evaluating the photocatalytic properties of Bi2WO6 prepared at different HNO3 concentrations.




2. Results


2.1. Structural Analysis


Figure 1 shows the typical XRD patterns observed for the samples, showing their phase structure. All diffraction peaks were assigned to orthorhombic Bi2WO6 (JCPDS: 39-256) [40]. Peaks were observed at 28.2°, 32.7°, 47.1° and 55.9°, corresponding to the diffraction peaks of the (131), (200), (202), and (133) crystal planes of Bi2WO6, respectively. All of the samples clearly exhibited high intensity and narrow diffraction peaks, indicative of the excellent crystallinity of the samples. Meanwhile, the XRD peaks of the samples with HNO3 (H5, H10, H15) exhibited a slight shift as compared to those observed for the H0 sample (without HNO3). The larger the diffraction angle, the more obvious the shift. Table 1 shows the average grain size and lattice constant a of the samples, which is calculated by Jade 5.0 and the Scherrer equation [41,42].


Figure 1. X-ray diffraction (XRD) patterns of Bi2WO6 samples prepared by different HNO3 concentrations. H0, H5, H10, H15 represent the samples prepared by adding 0 mL, 5 mL, 10 mL, 15 mL HNO3 with certain concentrations (the details can be found in the sample preparation section).
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Table 1. Grain size and lattice constant of the samples prepared at different HNO3 concentrations.







	
Sample

	
Grain Size/nm

	
Lattice Constant a/Å






	
H0

	
28.3

	
5.45649




	
H5

	
49.0

	
5.45493




	
H10

	
38.3

	
5.45301




	
H15

	
36.0

	
5.45004










Table 1 shows the average grain size and lattice constant a of the samples. The lattice constant a of the samples decreased with the increasing HNO3 concentration, attributed to the addition of HNO3 changing the growth of the Bi2WO6 grain, which results in the distortion of the crystal lattice, thereby decreasing the lattice constant.




2.2. Morphologies Analysis


Figure 2 shows the FESEM images of Bi2WO6 samples prepared using different HNO3 concentrations. As shown in Figure 2a, H0 exhibited a two-dimensional (2D) square sheet structure, with a length and width of approximately 1 μm and a thickness of nearly 80 nm. As shown in Figure 2b, the 2D sheet structure was composed of irregular nanosheets, arranged in order. This observation indicated that nanosheets exhibit a strong Van Edward force with each other [43], caused by the fact that although the sample was stirred and subjected to ultrasonic dispersion and centrifugation during preparation, the structure retained its stability. However, after adding a certain amount of HNO3 (as can be observed in H5), the 2D sheet structure became smaller and more uniform (the length and width were approximately 0.5 μm, and the thickness was 50 nm) (Figure 2c). As shown in Figure 2d, the hierarchical structure of the nanosheet disappeared, and the closely integrated sheet structure became smoother as compared with that in Figure 2b. With increasing HNO3 concentrations, as shown in Figure 2e,f, the morphology transformed from an irregular size (as can be observed in H5) into a regular square structure, with a length and thickness of approximately 0.15 μm and 40 nm (H10), respectively, and the nano-squares overlapped each other, forming a porous structure. In Figure 2g (H15), with the further increase in the HNO3 concentration, the morphology of the sample remained the same. Nevertheless, irregular Bi2WO6 nanoparticles combined with each other, resulting in considerable sample agglomeration.


Figure 2. Field-emission scanning electron microscopy (FESEM) images of Bi2WO6 samples prepared using different HNO3 concentrations: (a,b) H0; (c,d) H5; (e,f) H10; (g,h) H15.
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The size of the samples decreased with the increasing HNO3 concentration. The H+ concentration increased with the increasing HNO3 concentration, which accelerates the combination of H+ and WO42−. Hence, an increasing amount of H2WO4 precipitates are formed [44], which provide a large number of nucleation centers for Bi2WO6; these nucleation centers increase the nucleation rate. However, because of a high number of nucleation centers, ion diffusion is restricted, resulting in a decreased sample size, as well as a more compact structure. The small nanosheets produced during crystallization were mainly attributed to the anisotropy of Bi2WO6.




2.3. Raman Analysis


Figure 3 shows the Raman spectra of the samples, which was conducted for characterizing the sample structure. A peak was observed at 713 cm−1, attributed to the asymmetric stretching vibration between the W plane and O atoms [32]. Peaks were also observed at 793 cm−1 and 824 cm−1, attributed to the symmetric and asymmetric stretching vibrations between W atoms and O atoms [45]. Peaks were also observed at 170–520 cm−1, mainly attributed to the stretching or bending vibration of the WO6 octahedron, BiO6 polyhedron, and Bi–O bonds [46]. The peak observed at 149 cm−1 was attributed to the external vibration mode of the WO6 octahedron [47]. However, a slight red-shift was observed at 149, 713, 793 and 824 cm−1 with the characteristic peaks of the Bi2WO6 samples prepared by the addition of HNO3. The addition of HNO3 results in the decrease of the sample particle size. However, the XRD results indicate that grain size increases after the addition of HNO3. Hence, the grain-boundary densities decrease, resulting in the decrease of internal stress, as well as the possible weakening of the structural vibration [48,49]; this weakened vibration intensity results in a red-shift of the Raman characteristic peak.


Figure 3. Raman spectra of Bi2WO6 samples prepared using different HNO3 concentrations.
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2.4. Surface Area Characterization


Figure 4a,b show the nitrogen adsorption-desorption isotherms of Bi2WO6 samples and the pore size distribution curves, respectively. All of the four samples exhibited a type IV isotherm with an H3 hysteresis loop, suggesting that mesopores are formed by the stacking of the flake-like samples, as revealed by SEM images in Figure 2. The greater the amount of mesopores, the higher the BET-specific surface area.


Figure 4. (a) Adsorption-desorption isotherms; (b) pore size distribution of Bi2WO6 samples prepared using different HNO3 concentrations.
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As shown in the details in Table 2, the BET-specific surface area and pore size varied with experimental parameters. The BET surface and Barrett–Joyner–Halenda (BJH) volume exhibited the same tendency with varying experimental parameters. H0 exhibited the largest BET surface (102.16 m2·g−1) and BJH pore volume (0.18 cm3·g−1), combined with the SEM results, because the two-dimensional sheet structure of H0 was composed of the small nanoparticles, which resulted in the increase of porosity as well as a large surface area. With the addition of HNO3, the size of Bi2WO6 decreased, and the superposition of Bi2WO6 significantly increased, resulting in a decreasing porosity. Hence, the BET-specific surface area and BJH pore volume decrease to 62.92 m2·g−1 and 0.11 cm3·g−1, respectively. With the increasing HNO3 concentration, a regular square structure was observed. The regular nanosheets were small and overlapped with each other, thereby increasing the porosity between the particles. Thus, H10 exhibits a relatively large pore volume (0.17 cm3 g−1) and a BET surface area (82.33 m2·g−1). However, the H15 sample exhibited a rather small BET surface area of 65.94 m2·g−1, attributed to the closely bound, severe aggregation of Bi2WO6 nanoplates.



Table 2. BET surface area and pore size of Bi2WO6 samples prepared by different HNO3 concentrations.







	
Sample

	
BET Surface/m2·g−1

	
BJH Pore Volume/cm3·g−1

	
BJH Pore Size/nm






	
H0

	
102.16

	
0.18

	
5.85




	
H5

	
62.92

	
0.11

	
5.47




	
H10

	
82.33

	
0.17

	
7.08




	
H15

	
65.94

	
0.14

	
7.12











2.5. Photocatalytic Study


The photodegradation of Bi2WO6 samples prepared using different HNO3 concentrations was investigated using Rhodamine B as a pollutant model. As shown in Figure 5a, H0 and H10 exhibited excellent photocatalytic activities, which is much better than those of the TiO2 (P25) photocatalyst (the green curve). The degradation rate of Rhodamine B reached 96% after 90 min. With the increasing HNO3 concentration, the photocatalytic performance of the samples first decreased, then increased, and finally decreased. Meanwhile, H10 exhibited the best photocatalytic properties. From the results of XRD, Raman, SEM, and BET, it is obvious that compared with the other samples, the H10 sample has higher crystallinity, more regular morphology, larger specific surface area and pore structure, and these factors make the sample have higher photocatalytic activity [7,50]. Figure 5b shows the absorbance curves of Rhodamine B for H10. The absorption peak observed at 554 nm clearly decreased over time. The initial absorption value of Rhodamine B was 3, while after visible-light irradiation for 90 min, it decreased to almost 0, and the curve nearly became a straight line. No other absorption peaks were observed, indicating that Rhodamine B is almost completely degraded.


Figure 5. Photocatalytic activity of Bi2WO6 samples (a) prepared using different HNO3 concentrations, (b) as well as their UV spectrum.
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Various primary active species, such as superoxide radicals (•O2−), hydroxyl radicals (•OH), and photogenerated holes (h+), could be created during the photocatalytic degradation process [10]. It is important to detect the main oxidative species in the photocatalytic mechanism of Bi2WO6. In this study, p-benzoquinone (BZQ, an •O2− radical scavenger, c = 2mol/L), disodium ethylene diamine tetra acetate (Na2-EDTA, a hole scavenger, c = 2mol/L), and tert-butanol (t-BuOH, an ·OH radical scavenger, c = 2mol/L) were used [51]. As shown in Figure 6, when BZQ, a scavenger for •O2− radicals, is added to the H0 and H10 reaction system, an obvious degradation decrease of Rhodamine B is observed. However, for both H0 and H10 samples, the addition of t-BuOH, a scavenger for •OH radicals, nearly had no deleterious effect on the photocatalytic activity. While the radical scavenger of Na2-EDTA for h+ is added to the H0 and H10 samples, the degradation of Rhodamine B is both remarkably prohibited (the degradation rate decreases from almost 96% to 39%). These results suggest that the addition of a certain concentration of HNO3 has little influence on the creation of active species and Rhodamine B photodegradation by Bi2WO6 under visible-light is dominated by h+ and •O2− oxidation being the main active species. The reason that •OH radicals are not involved in the photocatalytic degradation of Rhodamine B is that •OH might only be formatted via the e- →O2→H2O2→•OH route [50]. Meanwhile, the standard redox potential of positive holes photogenerated in the valence band of Bi2WO6 is more negative than that of OH/ OH−, suggesting that the “non-selective” •OH radicals could not be formed in the heterogeneous photocatalytic oxidation [52,53,54].


Figure 6. Trapping experiments of photocatalytic degradation of both H0 (a) and H10 (b) samples with/without the presence of scavengers.
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Based on the trapping experiment results, we propose a possible mechanism for the photocatalytic degradation of Bi2WO6. Under visible-light irradiation, electro-hole pairs are generated over the semiconductor Bi2WO6 in water and the photogenerated electrons trapped with molecular oxygen would further produce •O2− radicals. The adsorbed Rhodamine B on the surface of Bi2WO6 is oxidized by the h+ and •O2− radicals.





3. Materials and Methods


3.1. Sample Preparation


Bi2WO6 was prepared by the hydrothermal method using Bi(NO3)3·5H2O and Na2WO4·2H2O as the raw materials. First, 4 mmol Bi(NO3)3·5H2O and 2 mmol Na2WO4·2H2O were dissolved in 40 mL and 20 mL deionized water, respectively. Second, the precursor was obtained after mixing the two solutions. HNO3 and NaOH were used for adjusting the pH of the precursor and the final pH value was 3. Third, the precursor was transferred into a 100 mL stainless steel Teflon-lined autoclave, which was maintained at 160 °C for 12 h, and then naturally cooled to room temperature. Next, the sample was washed several times using deionized water and absolute ethanol and then dried at 60 °C for 12 h. Maintaining the other conditions constant, Bi(NO3)3·5H2O was dissolved in 40 mL HNO3 (HNO3 solution was prepared by HNO3 (c = 8 mol/L) with contents of 5 mL, 10 mL, 15 mL), the above steps were repeated for each sample. Hereafter, the samples will be referred to as H0, H5, H10, and H15 by the addition of 0 mL, 5 mL, 10 mL, and 15 mL of the HNO3 solution, respectively.




3.2. Sample Characterization


X-Ray diffraction (XRD) patterns were recorded on a DlmaxUltimaIII (Rigaku Corporation, Tokyo, Japan) with CuKα1 radiation under 40 kV and 40 mA, with scanning over a range of 20°–80°. The morphology and size of the samples were investigated by scanning electron microscopy (SEM) (S-3400N, HITACHI Corporation, Tokyo, Japan). The Brunauer–Emmett–Teller (BET) surface area was estimated in terms of the N2 adsorption data using a volumetric adsorption apparatus (ASAP 2020 HD88, Micromeritics Corporation, Norcross, GA, USA). The concentration of the remnant Rhodamine B was monitored on a UV–vis spectrophotometer (UV-2550, Shimadzu Corporation, Kyoto, Japan). For evaluating the photocatalytic activities of the samples (50 mg), the degradation of Rhodamine B (50 mL; 20 mg/L) under visible light was investigated using a 300 W Xe lamp with a cut-off filter having a wavelength of 420 nm. The degradation experiment was conducted at three times, and the results in Figure 5a represent the average values of the three measurements.





4. Conclusions


In summary, Bi2WO6 samples were prepared using different HNO3 concentrations by a hydrothermal method. The results reveal that the HNO3 concentration affects the structure, morphology, and photocatalytic performance of the samples. The XRD and Raman peaks of the samples exhibited slight shifts with the addition of HNO3, indicating the changes of grain size and structure. Meanwhile, the morphology of Bi2WO6 becomes more compact with the increasing HNO3 concentration, and the BET surface area was consistent with the SEM results, while a further increase in the HNO3 concentration resulted in the considerable aggregation of Bi2WO6. Thus, both the structure and morphology significantly affect the photocatalytic performance of the samples. UV-vis measurements imply that H10 exhibits the best photocatalytic properties, and its degradation of Rhodamine B can reach 96% after 90 min. The addition of HNO3 has little influence on the creation of active species and Rhodamine B photodegradation by Bi2WO6 under visible-light is dominated by h+ and •O2− oxidation being the main active species.
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