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Abstract

:

Bi2MoO6 with a tunable morphology was synthesized by a facile hydrothermal route using different surfactants, including nanosheet-assembled microspheres, smooth microspheres, nanoparticle aggregates and nanoparticles. The morphology, crystal structure and photocatalytic activity of as-obtained Bi2MoO6 were characterized by scanning electron microscopes (SEM), X-ray diffraction (XRD), photoelectron spectroscopy (XPS), Brunauer–Emmett–Teller (BET) and UV–Vis spectrophotometer. Bi2MoO6 flower-like microspheres using cetyl-trimethyl-ammonium bromide (BET) as the surfactant exhibited much better photocatalytic activity than Bi2MoO6 with the other morphologies, with a degradation efficiency of 98.4%. It can be summarized that the photocatalytic activity of Bi2MoO6 samples depends on their morphology and composition.
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1. Introduction


The properties of most materials are strongly dependent on their compositions, structures and morphologies, and different morphologies of materials with the same composition could exhibit varied performances [1,2,3,4,5,6,7]. Additionally, the properties of nanomaterials can be tuned effectively by adjusting their size and shape [8,9,10,11,12]. The facile synthesis of photocatalytic nanomaterials with controllable morphology and structure is necessary and has a profound influence on their photocatalytic performances [13,14,15,16,17,18,19]. Therefore, controlling morphology and structure of the photocatalysts has been regarded as one of the most effective methods in fundamental scientific interest for exploring practical applications.



As a typical photocatalyst, Bi2MoO6 [20,21,22,23], its activity was affected by the morphology, structure, and size of the sample. Much progress has been made in the preparation of various nanostructures of Bi2MoO6. For example, Li et al. [24], reported bismuth molybdates with three crystal structures created by tuning the experimental parameters using a hydrothermal method, and an aurivillius structure of Bi2MoO6 showed a better photocatalytic property than other bismuth molybdates. Shi et al. [25] have prepared Bi2MoO6 with flower-like and hierarchical microspheres by hydrothermal synthesis using ethylene glycol solution, and found that the shape and size of Bi2MoO6 have an influence on the photocatalytic activities. Zheng et al. [26] have obtained Bi2MoO6 samples with different morphologies and surface structures via the hydrothermal route, and showed that the photocatalytic activity of Bi2MoO6 had a close relationship with the crystal structure of the exposed surface plane. Yang et al. [27] hydrothermally synthesized Bi2MoO6 nanosheets with varied morphologies, crystal phases, and light absorption by adjusting the hydrothermal preparation conditions, and found that the photocatalytic activity of the Bi2MoO6 materials was influenced by the pH value, reaction temperature and the surfactant [28,29]. Furthermore, despite this recent progress, there are still some difficulties in Bi2MoO6 morphology-controlled synthesis, although nanosheets/nanospheres of Bi2MoO6 and Bi2MoO6-based composites [30,31,32,33,34,35,36] have been synthesized. Hence, it is necessary to develop a simple and economical technique to meet the demand for exploring the photocatalytic property of Bi2MoO6 materials.



Herein, we present a simple hydrothermal route using different surfactants for synthesizing varied Bi2MoO6 nano/microstructures with excellent reproducibility. The crystal structure and morphology of the Bi2MoO6 samples were characterized by X-ray diffraction (XRD), Brunauer–Emmett–Teller (BET) and scanning electron microscope (SEM), and the energy band characteristics of Bi2MoO6 samples were measured by photoelectron spectroscopy (XPS) and ultraviolet–visible absorption spectroscopy. We investigated the photocatalytic activity of nanosheet-assembled Bi2MoO6 microspheres compared to Bi2MoO6 nano powders under visible light irradiation.




2. Results and Discussion


Figure 1 shows the crystal structures of as-fabricated Bi2MoO6 samples using different surfactants confirmed by X-ray diffraction (XRD) patterns. In the XRD pattern of Bi2MoO6 sample without using any surfactant, it is easy to observe three typical peaks (2θ = 28.3 °C, 32.6 °C and 46.7 °C), which are characteristic peaks of Bi2MoO6 powder crystals (JCPDS card no. 21-0102), and indicate that high-quality orthorhombic-phase Bi2MoO6 was obtained. In the XRD pattern of Bi2MoO6 samples using CTAB, SDS-1 and SDS-2 as the surfactants, respectively, no new peak was observed in these Bi2MoO6 samples. Careful examination of Figure 1 indicates that the intensity of the diffraction peaks at 28.3 °C and 32.6 °C from the Bi2MoO6 sample using CTAB, SDS-1 and SDS-2 as the surfactants changes in comparison to the Bi2MoO6 sample without a surfactant. When using GLU and TCD as the surfactants, the diffraction peaks at 32.6 °C disappeared, and two peaks at around 37.6 °C and 39.6 °C are seen. The diffraction peaks at 28.3 °C, 37.9 °C, 39.6 °C, 44.6 °C, 46.0 °C and 48.3 °C correspond to the (131), (221), (042), (080), (152) and (222) planes of Bi2MoO6 crystal (JCPDS card no. 21-0102), and indicate that different structures of the Bi2MoO6 samples are obtained using GLU and TCD as the surfactants. The XRD analysis results confirm that the crystal structures of Bi2MoO6 are varied in a hydrothermal process using different surfactants.



The morphologies and sizes of as-prepared BMO, BMO-CTAB, BMO-TCD, BMO-GLU, BMO-SDS-1 and BMO-SDS-2 samples were observed by scanning electron microscopy (SEM). SEM images of the Bi2MoO6 samples prepared by a hydrothermal process without using the surfactant are shown in Figure 2a,b. The Bi2MoO6 material is composed of flower-like microspheres with diameters of 1~3 μm, which are built from two-dimensional (2D) nanosheets with a width of ~300 nm and a thickness of ~30 nm. When preparing the Bi2MoO6 samples by the hydrothermal process with the surfactants of CTAB and TCD, the BMO-CTAB samples (Figure 2c,d) display the flower-like microspheres similar to the Bi2MoO6 sample without using the surfactant, and the BMO-TCD samples are composed of different-sized microspheres constructed by irregular nanosheets (Figure 2e). When preparing the Bi2MoO6 samples with the surfactant of GLU, SDS-1 and SDS-2, the BMO-GLU (Figure 2f), BMO-SDS-1 (Figure 2g) and BMO-SDS-2 (Figure 2h) samples show different morphologies, such as microspheres with smooth surfaces, aggregated nanoparticles and nanoparticles, respectively. The SEM results suggest that the morphology of the Bi2MoO6 samples is different when different surfactants are used in the hydrothermal process. It is a generally agreed result that the surfactants affect the morphology of nanostructures; for example, Sun et al. reported changes of the nanostructures in the hydrothermal process with different surfactants [37,38].



The specific surface areas of the products were analyzed by the BET method. N2 adsorption-desorption measurement was performed to obtain the parameter of specific surface area. The specific surface area data of the BMO samples are shown in Table 1. The surface area of the material plays an important role, which leads to the difference in photocatalytic performance. Porous materials with a high surface area are beneficial to the photocatalytic reaction efficiency and promote electron–hole transport. The Bi2MoO6 samples prepared by hydrothermal process without surfactants, and with the surfactants of CTAB, TCD, SDS-1 and SDS-2, show high specific surface area. When GLU is used as a surfactant, the surface of BMO-GLU is smooth (Figure 2f), and the specific surface area is relatively small, which is not conducive to improving the photocatalytic activity.



The UV–Vis-NIR absorption spectra of a series of the BMO samples prepared with different surfactants are shown in Figure 3. All samples showed a sharp absorption edge of the spectra in the violet region of visible light (400–480 nm), which is related to the transition of the intrinsic band. The band gap of the Bi2MoO6 samples can be calculated using the following equation [9,39]


  α h v = A    (  h ν −  E g   )    1 / 2    



(1)




where α, h, ν, A and Eg are the absorption coefficient, Planck constant, light frequency, constant and band gap, respectively. The band gap is determined by plotting (αhν)2 versus hν for the BMO samples, extrapolating the linear region of the plot toward low energies, as shown in Figure 3b–d. The estimated band gap of BMO and BMO-CTAB is 2.75 eV and 2.50 eV, respectively. The values of the band gap of other samples are 2.77 eV, 2.90 eV, 2.58 eV and 2.95 eV, respectively. The slightly smaller band gap of the BMO-CATB sample may have been caused by the adjustment and doping of surfactants, and it has extended the spectrum absorption range.



The surface electronic state and chemical states of the Bi2MoO6 samples were investigated by the X-ray photoelectron spectroscopy (XPS). Figure 4 shows the high-resolution XPS spectra of the Bi 4f, Mo 3d, O 1s and VB spectra. The two sharp peaks centered at 158.2 eV and 163.4 eV for the BMO-CTAB correspond to Bi 4f7/2 and Bi 4f5/2 of Bi3+ ions [35,36] (Figure 4a). Two strong peaks located at 231.8 eV and 234.1 eV were indexed to Mo 3d5/2 and Mo 3d3/2 orbitals of Mo6+ ions, respectively (Figure 4b). It is evident that O 1s exhibited a distinct peak at the binding energy of 529.3 eV (Figure 4c), which was associated with the Bi-O bond in Bi2MoO6. The atomic percentage of nitrogen in BMO-CTAB measured by XPS is greater than 18% (Supporting Information, Table S1), indicating that nitrogen was successfully doped into BMO when CTAB was used as a surfactant. Through the doping of nitrogen, the binding energy of each element in BMO-CTAB changed slightly compared with the BMO. In order to further investigate the band bending, the valence band XPS patterns of the BMO and BMO-CTAB were also tested, as shown in Figure 4d. The value of valence band maximum (VBM) has shifted toward the lower energy (~1.1 eV) of BMO-CTAB (BMO, ~1.5 eV). It demonstrates that the process helps to reduce the separation of the valence band energy level from the Fermi level, which may reduce the concentration of electrons, and promote the generation of hydroxyl radicals (OH) in the photocatalytic process [40,41,42].



In order to further study the information of the crystal structure, infrared spectroscopy and Raman spectroscopy were performed, and the results are presented in Figure 5. Figure 5a shows Fourier transform infrared (FTIR) spectra of BMO and BMO-CTAB over the wave number of 400–4000 cm−1. The FTIR band at near 727 cm−1 corresponds to the asymmetric stretching of Mo–O relating to the vibration of the equatorial oxygen atoms in the MoO6 octahedron. The band 841 cm−1 is assigned to the asymmetric and symmetric stretching modes of Mo–O vibration of the apical oxygen atoms, respectively [43]. The absorption peak at 3424 cm−1 is caused by the stretching vibration of the OH− group in the water of the physical adsorption. The intensity of the absorption bands at 727, 841 and 3424 cm−1 appear to slightly increase with the use of CTAB as the surfactant. This suggests that CTAB could be successfully attached to the surface of Bi2MoO6. Figure 5b shows the Raman spectra of BMO and BMO-CTAB. Both pure BMO and BMO-CATB show many identical characteristic peaks at 294, 349, 399, 718, 798 and 839 cm−1, which illustrates the consistency of the crystal structure of the prepared samples [44]. The characteristic peaks at 718, 798 and 839 cm−1 correspond to the asymmetric, symmetric and asymmetric tensile vibrations of the MoO6 octahedron, respectively. The characteristic peaks below 400 cm−1 are due to Bi–O stretching and lattice modes.



RhB is a popular probe molecule in heterogeneous catalytic reactions and displays a characteristic absorption peak at a wavelength of around 554 nm. The photocatalytic activity of BMO-CTAB as the catalyst was evaluated under visible light. With 0.2 g of the BMO-CTAB as the catalyst after exposure to visible light, the time evolution of the absorption spectrum of RhB solution is shown in Figure 6. It can be seen that the intensity of the absorption peak at 554 nm decreases rapidly with increased exposure time. The degradation efficiencies for RhB under visible light irradiation were 75.3% after 40 min and 98.4% after 120 min, confirming that the RhB solution can be efficiently photodegraded by the BMO-CTAB.



For a comparison, the photocatalytic activities of the BMO, BMO-TCD, BMO-GLU, BMO-SDS-1 and BMO-SDS-2 were evaluated under the same conditions. Figure 7 depicts the variation of RhB relative concentration C/C0 with time over different catalysts with visible light, as well as for blank RhB solution in the dark. It can be seen from Figure 6 that the RhB solution without a catalyst did not degrade in the dark. When BMO, BMO-TCD, BMO-GLU, BMO-SDS-1 and BMO-SDS-2 were used as the catalysts, after 120 min of visible light irradiation, the degradation rate of RhB solution was 54.3%, 59.8%, 14.7%, 35.6% and 65.8%, respectively. Among them, BMO-CTAB displays the highest photocatalytic activity, suggesting that the surfactant in the hydrothermal process for preparing the Bi2MoO6 sample could affect the photocatalytic performances of catalysts. In comparison with other Bi2MoO6 morphologies for the degradation of RhB [40,45,46], Bi2MoO6-CTAB exhibited enhanced photocatalytic activity.



Bi2MoO6-CTAB has better degradation activity, which indicates that the surfactant in the hydrothermal process for preparing the Bi2MoO6 sample played a key role in the improved photocatalytic performance. The enhancement of the photocatalytic properties may be due to the following reasons. Firstly, the higher photocatalysis efficiency of Bi2MoO6-CTAB samples could be explained in terms of the enhancement of UV–vis absorbance spectra because of the surfactant. The enhancement of UV–Vis absorbance spectra of the Bi2MoO6-CTAB samples represents their optical absorption property, offering the higher photocatalytic activity. Secondly, Bi2MoO6-CTAB has the larger surface area due to nanosphere-like structures with nanosheets building blocks. The special hierarchical nanospheres absorb more RhB-molecules, leading to enhanced photocatalytic performance. Therefore, Bi2MoO6-CTAB exhibits higher catalytic activity than BMO, BMO-TCD, BMO-GLU, BMO-SDS-1 and BMO-SDS-2.




3. Experimental Section


3.1. Preparation of Different Morphologies of Bi2MoO6


All reagents were used without further purification. Different morphologies of Bi2MoO6 were prepared by a simple hydrothermal method. In the typical hydrothermal synthesis, firstly, 2 mmol of Bi(NO3)3·5H2O (0.97 g) was weighed and mixed with 20 mL of ethylene glycol, which was magnetically stirred until dissolved. Then, 1 mmol of Na2MoO4·2H2O (0.242 g) was added and stirred for 20 min, and 20 mL of anhydrous ethanol and the surfactant (0.15 g) were added to the mixture solution and stirred for 30 min at room-temperature. After that, the mixed solution was transferred into a 50 mL Teflon-lined stainless-steel autoclave. After the reaction had occurred at 160 °C for 20 h, the autoclave was naturally cooled to room-temperature, the sample was collected, washed with ethanol and deionized water three times, and dried at 60 °C for 12 h. Bi2MoO6 with different morphologies were obtained, and named the samples respectively, i.e., BMO (no surfactant), BMO-CTAB (cetyl-trimethyl-ammonium bromide), BMO-SDS-1 (sodium-dodecyl sulfate), BMO-SDS-2 (sodium-dodecyl sulfonate), BMO-TCD (trisodium citrate dehydrate) and BMO-GLU (glucose).




3.2. Characterizations


X-ray diffraction was performed with an X-ray powder diffractometer (XRD, D/max-2550 PC, Rigaku, Japan) to determine the phase composition and crystal structure of the as-obtained samples. The morphology of the products was investigated through a scanning electron microscope (SEM, Hitachi S-4800, Tokyo, Japan). X-ray photoelectron spectroscopy (XPS) spectra were studied on an XPS spectrometer (Thermo SCIENTIFIC, Waltham, MA, USA) using Mg-K radiation excitation. UV–Vis spectra were recorded using a UV–Vis spectrophotometer (PerkinElmer Phoenix-1901, NEZSCH, Germany).




3.3. Photocatalytic Property Experiments


In order to evaluate the photocatalytic activity, degradation experiments of rhodamine B (RhB) dye were carried out under visible light at room-temperature. The RhB is a typical probe molecule for heterogeneous catalytic reactions, because it is a dye resistant to biodegradation and direct photolysis. A xenon lamp (500 W, Model PLS-SXE300) with a cut-off filter (λ > 400 nm) was used as the visible light source. The experimental procedures were performed as follows: 20 mg of catalysts was dispersed in 50 mL of RhB solution (5 mg L−1). Afterwards, the dispersion was stirred for 60 min in the dark to reach adsorption/desorption equilibrium. Then, dispersion under magnetic stirring took place approximately 10 cm below a xenon lamp. At each sampling time (20 min), a dispersion of about 3.5 mL was taken, and the RhB and the catalysts were separated by a centrifugation process. The concentration of RhB solution was analyzed using a spectrophotometer (UV-1901).





4. Conclusions


In summary, the Bi2MoO6 materials with different morphologies have been prepared by a simple hydrothermal process with different surfactants. Using different surfactants greatly changed the morphology of the Bi2MoO6, from nanosheet-assembled microspheres, to the smooth microspheres and aggregated nanoparticles. The photocatalytic efficiency was greatly improved with the conversion of Bi2MoO6 nanostructures from the nanoparticles to the nanosheet-assembled microspheres. The BMO-CTAB of nanosheet-assembled microspheres, especially, displayed high photocatalytic activity; meanwhile, nitrogen was doped during this process, which improved the photocatalytic performance. This work not only provides a low-cost and simple production method for the preparation of the Bi2MoO6 materials with various morphologies in design, but also increases their photocatalytic degradation efficiency in organic pollutant treatment.
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Figure 1. X-ray diffraction patterns of different Bi2MoO6 samples, including, BMO-SDS-2 (sodium-dodecyl sulfonate), BMO-SDS-1 (sodium-dodecyl sulfate), BMO-CTAB (cetyl-trimethyl-ammonium bromide), BMO (no surfactant), BMO-GLU (glucose), and BMO-TCD (trisodium citrate dehydrate). 






Figure 1. X-ray diffraction patterns of different Bi2MoO6 samples, including, BMO-SDS-2 (sodium-dodecyl sulfonate), BMO-SDS-1 (sodium-dodecyl sulfate), BMO-CTAB (cetyl-trimethyl-ammonium bromide), BMO (no surfactant), BMO-GLU (glucose), and BMO-TCD (trisodium citrate dehydrate).



[image: Catalysts 10 01161 g001]







[image: Catalysts 10 01161 g002 550] 





Figure 2. SEM images of BMO (a,b), BMO-CTAB (c,d), BMO-TCD (e), BMO-GLU (f), BMO-SDS-1 (g) and BMO-SDS-2 (h). 
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Figure 3. (a) UV–Vis-NIR absorption spectra of the Bi2MoO6 samples. (αhν)2 versus hν plots for the samples of BMO and BMO-CTAB (b), BMO-SDS1 and BMO-SDS2 (c), BMO-TCD and BMO-GLU (d). 
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Figure 4. The Bi 4f (a), Mo 3d (b), O 1s (c) and VB (d) XPS spectra of the BMO and BMO-CTAB. 
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Figure 5. Fourier transform infrared spectra (a) and Raman spectra (b) of BMO and BMO-CTAB. 
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Figure 6. UV–visible spectra of rhodamine B (RhB) solution with time over BMO-CTAB under visible light. 






Figure 6. UV–visible spectra of rhodamine B (RhB) solution with time over BMO-CTAB under visible light.



[image: Catalysts 10 01161 g006]







[image: Catalysts 10 01161 g007 550] 





Figure 7. The photocatalytic activities for RhB over different samples under visible light irradiation. 
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Table 1. The specific surface area data of Bi2MoO6 samples.






Table 1. The specific surface area data of Bi2MoO6 samples.





	Surfactant
	SDS-1
	BMO (None)
	TCD
	SDS-2
	CTAB
	GLU





	Surface area (m2/g)
	45.120
	48.959
	72.191
	45.213
	41.170
	4.892
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