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Abstract. 
Pyrochlore-type Bi2Sn2O7 (BSO) nanoparticles have been prepared by a hydrothermal method assisted with a cationic surfactant cetyltrimethylammonium bromide (CTAB). These BSO products were characterized by powder X-ray diffraction (XRD), infrared spectroscopy (IR), scanning electron microscopy (SEM), transmission electron microscopy (TEM), Brunauer-Emmett-Teller (BET), and UV-visible diffuse reflectance spectroscopy (DRS). The results indicated that CTAB alters the surface parameters and the morphology and enhances the photoinduced charge separation rate of BSO. The photocatalytic degradation test using rhodamine B as a model pollutant showed that the photocatalytic activity of the BSO assisted with CTAB was two times that of the reference BSO. Close investigation revealed that the size, the band gap, the structure, and the existence of impurity level played an important role in the photocatalytic activities.


1. Introduction
Synthetic textile dyes and other industrial dyestuffs are important organic pollutants and produced all over the world. Their release as wastewater in the ecosystem will cause serious consequences, such as esthetic pollution, eutrophication, and perturbations in aquatic life [1, 2]. Many treatments have been developed and photocatalytic oxidation is regarded as a “green” technology for the decomposition of the soluble dyes in wastewater [3]. Nanosized TiO2 semiconductor has been considered as one of the most promising photocatalysts in practical applications due to its high photocatalytic activity, chemical stability, low cost, and nontoxicity [4, 5]. However, the TiO2 photocatalyst has no visible-light response due to its large band gap of 3.2 eV [6]. As a result, there are two strategies to develop the visible-light-driven photocatalysts: modification of TiO2 [7–11] and exploitation of novel semiconductor materials [12–15]. Recently, many investigations have been undertaken on the latter strategy. A great deal of effort has been devoted to developing photocatalysts containing bismuth with high activities for environmental applications and/or water splitting, such as α-Bi2O3 [14], Bi2WO6 [15], BiVO4 [12], CaBi2O4 [16] and Bi2O2CO3 [17]. Zhou et al. [7] have synthesized mesoporous Au-TiO2 nanocomposite with high visible-light photocatalytic activity. Chen et al. [6] reported that some dyes could be degraded under visible-light irradiation over TiO2 by a self-photosensitized process. However, its photoefficiency was rather low due to the much slower interfacial electron transfer to the oxidize sensitizer. Therefore, the development of efficient visible-light-induced bismuth-based oxides photocatalysts through new synthetic routes has been an urgent issue.
Bi2Sn2O7, a novel important semiconducting material with a typical pyrochlore structure and a band gap of 2.88 eV [18], has received considerable attention in catalysis and gas sensors [19–23]. However, the photocatalytic performance of bismuth stannate should be further improved for practical use. In order to overcome the defect, some researches have shown that properties of the matter were limited by its size, shape, and specific surface area. Therefore, recently, in order to explore some photocatalysts with specific morphologies and unique properties, surfactant containing system has been employed to the preparation of nanosized photocatalysts. Liu et al. achieved nanocrystalline TiO2 in microemulsions by using CTAB as surfactant [24]. Yin et al. have synthetized highly efficient monoclinic BiVO4 with the assistance of CTAB [25]. Shen et al. found that the photocatalytic activities of ZnIn2S4 photocatalysts improved with the amounts of CTAB increasing [26]. CTAB can make the surface of photocatalysts hydrophobic, which is beneficial to the adsorption of nonionic organic compounds onto the photocatalyst and will improve the photocatalytic efficiency. Moreover, synthetic method also played an important role in preparing samples. Solid-state reaction technique had been a common method for the synthesis of pyrochlore BSO [12, 16, 17]. Compared with solid-state reaction, hydrothermal route [18] provided a milder environment for the pyrochlore BSO and the reaction parameters could be easily tuned. However, to the best of our knowledge, the synthesis of BSO by hydrothermal method with surfactant CTAB as the template has not been reported.
In this paper, we developed a facile surfactant (CTAB)-assisted hydrothermal method to prepare BSO photocatalyst at 180°C and the sample was labeled as C-BSO. A model dye of rhodamine B (RhB) was used to evaluate its photocatalytic efficiency under visible-light irradiation. Furthermore, the effects of CTAB on the crystal structure, morphology, and photocatalytic activity were discussed in detail.
2. Experimental
2.1. Synthesis
All the reagents were of analytical purity and used without further purification. In a typical reaction, K2SnO3·3H2O (3 mmol) and Bi(NO3)3·5H2O (3 mmol) were added by stoichiometric ratio, and 0.3 mmol CTAB was dissolved in a Teflon liner with 100 mL capacity containing 80 mL of deionized water. Under vigorous stirring, the pH value of the mixture was adjusted to 12 by using 2 mol/L KOH, and then the Teflon liner was sealed in the stainless steel autoclave and maintained at 180°C for 24 h. The as-prepared products were obtained by filtration and washed with deionized water and absolute ethanol several times. Finally, the products were dried in hot air oven at 80°C for 12 h. BSO was also prepared by the same procedure mentioned previously without the presence of CTAB.
2.2. Characterization
Samples were characterized by using X-ray diffraction (XRD) with a Bruker D8 Advance diffractometer using Cu KR (
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 = 1.5406 nm) and operating at 40 kV and 40 mA. FT-IR spectra were taken in a Shimadzu IR Prestige-21 Fourier transform spectrometer. A scanning electron microscopy (SEM) images were obtained on a JEOL JSM-6700F instrument. Transmission electron microscopy (TEM) images were obtained with a JEOL JEM-2100HR field-emission electron microscope. The Brunauer-Emmett-Teller (BET) specific surface areas of the materials were detected by Micromeritics ASAP 2010 nitrogen adsorption apparatus. UV-visible absorption spectra of the samples were determined on a Hitachi U-3010 UV-Vis spectrophotometer with BaSO4 as the reference.
2.3. Photocatalytic Test
The photocatalytic efficiencies of BSO were evaluated by the degradation of RhB under visible-light irradiation. A 300 W Xe arc lamp (LTIC 300BF, Boyi Ltd, China) was used as the light source with a 420 nm cutoff filter. In every experiment, 0.1 g of catalyst was immersed in a 250 mL Pyrex beaker with 100 mL of RhB solution (5 mg/L). In order to ensure adsorption/desorption equilibrium between RhB and the photocatalyst, the suspension was stirred in the dark for 1 h. As for the photocatalytic reactions, 3 mL of the suspensions was taken out at given time intervals and centrifuged to remove the photocatalyst particles. The concentrations of the centrifuged RhB solutions were monitored using a UV-Vis 8500 spectrophoto-meter (Shanghai Tianmei Science Apparatus Ltd. Co. China).
3. Results and Discussion
3.1. Structural and Morphological Characterization
The XRD patterns of as-prepared samples are shown in Figure 1. All strong peaks can be indexed to a pure cubic phase of BSO (JCPDS no. 87-0284). No other peaks can be observed, indicating high purity of the final products. The average sizes of the crystallite estimated using the Scherrer equation from (222) crystal plane of pyrochlore phase at 2θ = 28.8° are 13.5 and 10.2 nm for BSO and C-BSO, respectively. Compared with the BSO sample, the diffraction peak intensity of the C-BSO nanoparticles is weak and broad. This implies that the crystallite size of C-BSO catalyst is smaller than that of the BSO catalyst. 


	
		
		
			
		
		
			
		
		
	


	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
		
		
			
		
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
		
	

Figure 1: XRD patterns of BSO and C-BSO photocatalysts.


The IR spectrum of the BSO and C-BSO samples, recorded in the range 400–4000 cm−1, is shown in Figure 2. Subramanian et al. have reported the infrared spectra of the pyrochlore oxides and demonstrated that the band at about 600 cm−1 was from the B-O stretching vibration in the BO6 octahedron and the A-O stretching vibration of pyrochlore A2B2O7 centered at about 500 cm−1 [27]. Similar results are obtained by the previous present work. It can be seen clearly that the main band at about 625 cm−1 is assigned to the Sn-O stretching vibration while the weak bands of 440 cm−1 and 530 cm−1 are ascribed to Bi-O-Bi bonds vibrations [28]. The bands centered at about 3415 cm−1 and 1630 cm−1 are assigned to O-H stretching and bending modes of water, respectively [29].


	
	
	
		
	
	
		
	
	
		
			
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	
	
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	



Figure 2: IR spectrum of the as-prepared BSO and C-BSO samples.


The morphology of BSO and C-BSO is characterized by SEM as shown in Figure 3. Figure 3(a) shows the BSO samples which consist of a large number of microspheres, indicating that highyield of products can be readily achieved through this approach. Figure 3(b) shows the SEM image of the C-BSO photocatalyst; it can be seen that the irregular lumps and particles are relatively dispersed. The size of the as-prepared BSO nanoparticles is in the range of 8–20 nm (Figure 3(a)). After modification by CTAB, the size of the C-BSO sample has slightly changed. The mean mesopore size is about 10–15 nm, which is consistent with the pore size calculated from N2 isotherms.
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Figure 3: SEM images of as-prepared samples, (a) BSO sample and (b) C-BSO sample.


The high-magnification TEM images of the BSO and C-BSO samples are shown in Figure 4. Figure 4(a) displays various specifications block-like morphology with sizes of 8–20 nm. Figure 4(b) shows irregular spherical-like morphology of C-BSO, and the sizes of C-BSO are only slightly smaller than BSO sample. Clearly, the size of the as-synthesized C-BSO is smaller than BSO. This phenomenon is consistent with the typical crystallite sizes calculated from XRD results.
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Figure 4: TEM images of (a) BSO sample and (b) C-BSO sample.


3.2. N2 Adsorption/Desorption Isotherm Analysis
The N2 adsorption-desorption isotherms and pore size distributions of BSO and C-BSO are determined by BET and BJH methods (shown in Figure 5). The isotherms of all the two samples are of classical type IV, characteristic of mesoporous materials according to the IUPAC. The result indicates that the BET surface area of nanosized BSO samples increased, from 45.3 to 71.9 m2/g, accompanied with the increase of pore volumes from 0.11 to 0.18 m2/g. The pore size distribution curves of BSO and C-BSO determined by BJH method from the absorption branch of the isotherms exhibit one single narrow peak centered at 12.7 nm, indicating the good homogeneity of the pores. 
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(b)
Figure 5: The N2 sorption isotherms and pore width distribution of as-synthesized samples and (a) BSO, (b) C-BSO sample.


3.3. UV-Vis Diffuse Reflectance Spectra
Figure 6 shows the diffuse reflectance spectra of the BSO and C-BSO samples. It is clearly visible from the spectra that the absorption edge of C-BSO gets further shifted to the visible region comparing to the BSO sample. The band gap absorption edges of the BSO and C-BSO are measured to be 450 nm (2.76 eV) and 464 nm (2.67 eV), respectively. Such differences may be ascribed to the changes of crystallite phase and the size of coupled oxides, defects, and so on [30]. In this work, we believe that C-BSO photocatalyst, with its long wavelength absorption band, is an attractive photocatalyst for pollutant. The narrower band gap of C-BSO photocatalyst not only benefits the absorption of more photons in sunlight, but also promotes the excitation of photogenerated electrons from the valence band (VB) to the conduction band (CB), which may make the photocatalyst with high photocatalytic activity.


	
		
		
			
				
			
				
		
		
			
		
			
	


	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
			
			
		
	

Figure 6: UV-Vis diffuse reflectance spectra of BSO and C-BSO samples.


3.4. Photocatalytic Activity of BSO and C-BSO Nanocomposites under Visible Conditions
The photocatalytic performance of BSO and C-BSO is compared and presented in Figure 7, where 
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 represent the time-dependent concentration and the initial concentration of pollutants solution, respectively. The blank test exhibits extremely low photodegradation efficiency in the absence of a photocatalyst under visible-light irradiation. The decrease of RhB concentration in the presence of BSO under visible light is about 51.0% after six hours of illumination. It can be found that the photodegradation efficiency of BSO assisted with CTAB decreases with the increase of CTAB amounts. However, their photocatalytic efficiency can be significantly improved compared with the sample without CTAB. 0.3 mmol C-BSO product exhibits better photodegradation activity than 1.5 mmol C-BSO photocatalyst, with the RhB concentration reduced as much as 97.8% under the same condition. 


	
		
		
			
				
			
			
				
			
			
			
			
				
			
			
				
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
				
			
			
				
			
			
				
			
				
			
				
		
		
			
		
			
		
			
		
			
		
			
		
			
				
			
			
				
			
			
				
			
				
			
				
		
		
			
		
			
		
			
		
			
		
			
				
			
			
				
			
			
				
			
				
			
				
			
				
		
		
			
		
			
		
			
		
			
		
			
				
			
				
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
	


	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
		
		
			
			
			
			
			
		
	
	
		
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
		
	
	
		
			
			
			
		
		
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
		
		
			
			
			
			
			
			
			
			
			
		
	

Figure 7: Degradation curves of RhB over as-prepared nanoparticles.


3.5. Effect of CTAB Assistance
As an efficient sorbent material, supramolecular assemblies (hemimicelles/admicelles) are formed from adsorption of surfactants on the surface of metal oxides. Attractive electrostatic interactions between the head group of ionic surfactants and oppositely charged groups on the oxide lead to the formation of monolayers of adsorbed surfactant termed hemimicelles. After saturation of the oxide surface, hydrophobic interactions between hydrocarbon chains of surfactant molecules lead to the formation of admicelles [31]. In term of hemimicelles, the hydrophobic tails are exposed to aqueous solution, so that the surfactant-coated oxide surface will become hydrophobic, which contributes to the adsorption of nonionic organic compounds onto the adsorbents [32]. Owing to the possession of higher special areas and more ion-exchangeable OH groups on surface, BSO materials have obvious advantage for the sorption of ionic surfactant and have remarkable adsorption capability to organic compounds correspondingly [33]. Therefore, as shown in Figure 7, the nanomaterials BSO prepared by using CTAB are advantageous in photocatalytic reaction.
3.6. Reasons for Enhanced Efficiency of Photocatalysts
The photocatalytic activity of pyrochlore BSO is strongly influenced by its phase structure, crystallite size, and specific surface area [25]. From the XRD results, the phase structure of BSO did not change before and after using CTAB and retained the good crystallization. The crystallite size of BSO decreased from 13.5 nm to 10.2 nm after using CTAB, which may be good for the enhancement of their photocatalytic performance. Moreover, the sample prepared with CTAB exhibited larger surface area (71.9 m2/g) than the reference BSO (45.3 m2/g). As the specific surface area and pore volume increased, it could result in the transition of band electron indirectly and the enhancement of the generation rate of photogenerated carriers [34]. Therefore, it also can be concluded that the surface area and pore structure of this sample played an important role in its degradation efficiency for wastewater. Moreover, another factor may be the existence of impurity level which could give rise to the shift of absorption edge to the long wavelength side and thus improves photocatalytic efficiency.
In order to test the previous assertion, the C-BSO is calcined at 600°C for 2 h to remove the impurity level (labelled as C-BSO-cal). The XRD pattern of C-BSO-cal (Figure 8(a)) reveals that the C-BSO-cal has the same phase as the C-BSO. The BET surface area of the C-BSO-cal is much smaller than that of the C-BSO, which can respond for the decline of photocatalytic efficiency of the C-BSO-cal. The photocatalytic efficiency of the C-BSO-cal is presented in Figure 8(b). Obviously, only about 85.1% of RhB is degraded after 6 h of irradiation. It can be attributed to the elimination of impurity level by calcination that affects the removal efficiency of RhB.
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Figure 8: (a) XRD patterns of C-BSO-cal; (b) photocatalytic activities of RhB of C-BSO-cal product.


4. Conclusions
In conclusion, nanoscale BSO could be conveniently synthesized by a CTAB assisted hydrothermal process at the temperature 180°C for 24 h. The experimental results show that adding CTAB into the synthesis system resulted in excellent dispersivity of lumps blocks and particles spheres with irregular shapes. BET surface area and pore volume of C-BSO are higher than those of BSO sample. Moreover, the photocatalytic activity of C-BSO is two times that of the reference BSO. The results demonstrate that the excellent photocatalytic activity of C-BSO stems from the efficiency of electron-hole pairs separation rate and the existence of impurity levels in C-BSO crystals.
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