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Abstract: Niobium oxalate was employed to obtain BiNbO4 for the first time and the 

BiNbO4 nanorods were successfully synthesized through a hydrothermal method at a 

low temperature. Oxygen vacancies were introduced into the BiNbO4 nanorods, 

lowering the BiNbO4 bandgap. The O-deficient BiNbO4 exhibited excellent 

sonocatalytic performance.  
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1.Introduction 

 The ultimate goal in materials synthesis remains at the low-cost and effective 

route to prepare materials with tailored properties for large-scale applications [1-5]. In 

this regard, proper synthesis of nanometerials is more urgently demanded than their 

bulk forms because the nano-sized products exhibit better functionalities than the bulk 

ones [6-8]. A typical example is demonstrated by the preparation of nanostructured 

BiNbO4. Due to multifunctionality and potentials in electronics and catalysis, its 

synthetic methods have been extensively studied [9-12]. However, prior arts suffer 

from two major difficulties [13-17]. High-temperature sintering or calcination in one-

step preparation bars industrial production due to high-energy consumption and large 

particle size of the final product. Though reaching nanostructured BiNbO4, the 

dedicated liquid-phase synthesis (e.g., sol-gel method, hydrothermal method) requires 

nano-sized particles as precursors, and then careful calcination during product 

formation stage. The complexity and precursor costs are unsuitable for mass-

production of such kind of materials.  

In this work, an environment-friendly and easy-handling method was invented to 

synthesize O-defective BiNbO4 nanorods with excellent sonocatalytic properties. To 

our knowledge, this is the first time that niobium oxalate was introduced as the Nb 

source to synthesize BiNbO4. Comparing to conventional Nb sources (Nb2O5, 

niobium (V) chloride, etc.) [18-20], it is advanced in ambient stability, aqueous 

dissolution, and easy dispersion in high temperature and high pressure conditions. The 

oxygen defective but highly crystallized BiNbO4 nanorods are endowed with 

excellent ultrasonic catalytic abilities of degrading model dyes and solid pollutants in 

the presence of H2O2. A degradation rate of 99% has been reached for RhB under 30 
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minutes ultrasonic irradiation condition, and 99% for DNP after 90 minutes, denoting 

a superior catalytic ability over most binary composites as previously reported [21-23]. 

2. Experimental 

2.1 Materials 

Niobium oxalate was purchased from Ningxia Orient Tantalum Industry Co., Ltd. 

Bismuth nitrate pentahydrate and Nitric acid were provided by Shantou Xilong 

Science Co., Ltd. Absolute ethanol was brought from Hunan Jianghong Reagent Co., 

Ltd. All chemicals were of analytical grade and used without further purification.  

2.2 Material synthesis 

The hydrothermal synthesis process is performed as follows. 2.69 g Nb(HC2O4)5 

was dispersed in 20 mL deionized water. 4 mL of 2 M HNO3 containing 2.43 g 

Bi(NO3)3·5H2O solution was  added dropwise in Nb(HC2O4)5 solution under stirring. 

After 30 min of vigorous stirring, the solution was placed into an 80 ml autoclave and 

heated to 210 � for 20 h. The powder was obtained by centrifuging, and sequentially 

washed 6 times with distilled water. Finally, the precipitate was dried at 70 � for 48 

h.  

2.3 Measurement of sonocatalytic properties 

The ultrasonic catalytic activity of as-prepared sample was investigated by 

ultrasonic degradation of RhB (frequency 40 kHz, power 200 W) after the 

adsorption−desorption equilibrium among the sonocatalyst and dye. In each test, 100 

ml aqueous solution containing 10 mg/L of RhB and 50 mg of BiNbO4 were kept in 

dark under continuous stirring for 30 min. Then the suspension was irradiated under 

ultrasound for different time in the dark. 3 ml of the suspension was sampled at pre-
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set times and centrifuged immediately to remove the sample. Then the supernatant 

was transferred into a clean tube. RhB was analyzed using a UV-vis 

spectrophotometer.  

3. Results and discussion 

The x-ray diffraction (XRD) pattern is shown in Fig. 1a to study microstructures 

of the as-prepared material. The product owns orthorhombic (JCPDS 82-0348) and 

triclinic (JCPDS 16-0486) phases. Diffraction peaks at 24.7°, 31.5°, 48.4°, 54.1°, 

58.8° and 60.2° are indexed to the orthorhombic phase (a=5.703 Å, b=11.780 Å, 

c=5.099 Å, α=β=γ=90°). Peaks at 11.7°, 45.1° and 46.7°are assigned to (100) (104) 

and (004) lattice plane of the triclinic BiNbO4 phase. Peaks at 23.8°, 28.4° and 36.0° 

can be assigned to the common peaks of the orthorhombic and the triclinic phase [24-

26]. No other characteristic peaks were detected from the Nb2O5, Bi2O3, or Bi2O2CO3.  

Thus, the synthetic compound is high-purity BiNbO4 but containing two phases. The 

appearance of both phases may be due to the selection of niobium oxalate as the 

source of niobium, which decomposes with nitric acid at high temperature and high 

pressure. The Bi-O and Nb-O bonds are preferentially formed on the X axis, enabling 

the cubic and triclinic phases generate at the same time. 
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Fig. 1. (a) XRD pattern.(b) XPS spectras of O 1s and (c) EPR spectra of the sample. (d) 
Photoluminescence spectra of as-prepared BiNbO4 sample and no O-deficient BiNbO4.  

The elemental chemical states were researched via XPS. The O 1s spectra was 

shown in Fig. 1b while the full survey in Fig. S1, and other elements in S2-S3. Two 

peaks were found for O in Fig. 1b, the one at 529.9 eV is the characteristic feature 

from the oxygen in the BiNbO4 lattice, with another at 532.3 eV from the over 

charged O induced by oxygen vacancies (Vo) [27-30]. Two peaks at 206.8 and 209.6 

eV in Fig. S2 corresponded to 3d5/2 and 3d3/2 of Nb5+ ions. The binding energies of Bi 

4f7/2and 4f5/2 in Fig. S3 are 159.1 eV and 164.4 eV, in accordance to the +3 state of 

the bismuth [31-32]. The electron paramagnetic resonance (EPR) spectroscopy in Fig. 

1c provides direct evidence for the existence of oxygen vacancies. The obvious signal 

of g value at 2.004 arises from Vos, in line with the XPS results. Fig. 1d depicts the 

photoluminescence (PL) spectrum of the as-prepared sample to study electron 

deexcitation processes in the sample. The  PL intensity of the as-prepared BiNbO4 
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sample is much lower than that without Vos as reported in [20]. This is due to the O 

vacancies trap photoexcited electrons, delay electron-hole pair recombination, and 

subsequently reduce PL intensities [33-35]. 

The morphology of the synthetic catalyst was investigated by TEM and the 

images are shown in Fig. 2a, b. The sample is consisted of nanorods with an average 

diameter of about 20 nm, and a varied length from about 50 nm to 200 nm. The high-

resolution TEM (HRTEM) images clearly show the (121) (200) lattice planes of 

orthorhombic phase in Fig. 2c and (100) lattice plane of triclinic phase in 3d. The 

orthorhombic phase and triclinic phase coexist in the as-prepared sample. The 

microscopic result is in line with XRD analysis, further confirming the coexistence of 

mixed crystal phases in the as-prepared BiNbO4. Moreover, the clear lattice fringes in 

HRTEM images demonstrate high crystallinity of the synthetic nanorods. 

Though the as-prepared BiNbO4 coexists two crystal phases, the morphology of 

nanorod structure was uniform and evenly distributed. The formation mechanism of 

BiNbO4 nanorods was inferred as follows: because of the aquatic insolubility, 

Bi(NO3)3·5H2O was dispersed in the solution under vigorous stirring in the form of 

tiny particles. Niobium oxalate is water-soluble, which can be definitely dissolved in 

the solution. Niobium oxalate molecules evenly surrounded at and diffuse into the 

Bi(NO3)3 particles. The reagents were fully contacted. Later the nitrate and oxalate 

were decomposed under high temperature and high pressure. Bonds of Bi-O and Nb-

O were preferable formed in the x-axis direction. The morphology gradually evolved 

from particles to nanorods, while composition from Bi(NO3)3 to BiNbO4. The 

formation of tiny BiNbO4 nanorods is conducive to the exposure of active sites, which 

can effectively enhancing the catalytic activities in decomposing the organics.  
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Fig. 2. (a)-(b) TEM images and (c)-(d) HRTEM images of the sample.   

Fig. S4 shows the UV-vis spectrum of the synthetic BiNbO4. The absorption 

edge of the synthetic BiNbO4 is around 496 nm corresponding to a band gap of 2.50 

eV. It is slightly narrower than that in the previous report (2.81 eV) [36]. This is 

probably due to modified valance band structures (indireclty shown in PL spectrum at 

Fig. 1) induced by Vos in the BiNbO4, subsequently causing the band gap narrowing 

[37-39]. The narrowed band gap is much more favorable for the absorption of light 

and the separation of electron-hole pair.  

The ultrasonic catalytic performance over pure BiNbO4 was investigated. Fig. 3 

presents the UV-vis absorption spectrums of dye after ultrasonic irradiation under 

different conditions. As shown in Fig. 3a, after achieving the equilibrium of 

adsorption-desorption, pure BiNbO4 exhibited low adsorption efficiency (10%) at the 

end of 30 min of ultrasonic irradiation. While after adding 0.5 ml 30% H2O2 into the 
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aqueous solution, the degradation efficiency of RhB could be significantly improved 

to 99% in the same time. To compare the effect of H2O2 on RhB degradation, the 

blank group without catalyst was tested under the same condition. The result 

suggested that the degradation efficiency of RhB is 23%. The degradation efficiency 

was largely improved when BiNbO4 combines with H2O2. In addition, the degradation 

of micro-molecule organic compound (2,4-dinitrophenol) was investigated to evaluate 

ultrasonic catalytic activity of the product. The results were shown in Fig. 3b. High 

degradation efficiency (99%) from BiNbO4 with 0.5 ml 30% H2O2 can be achieved 

after 90 min ultrasonic irradiation. Similarly, the two contrast tests, one without H2O2 

and the other one without catalytic, were conducted in identical conditions. Only 46% 

and 27% degradation efficiencies were achieved respectively. These results 

demonstrate the versatility of the as-prepared sample in decomposing organics. The 

recycle ultrasonic catalytic tests of RhB were studied to prove the reusability of the 

as-prepared catalyst. The results (Fig. S5) showed that the degradation efficiency 

maintain a high level after 5 cycle.  

The photocatalytic performance over pure BiNbO4 was also evaluated to 

compare with sonocatalytic performance. Experimental condition: 50 mg sample, 100 

ml 10 mg/L RhB, 0.5 ml 30% H2O2, 500 W Xe lamp. Test procedures were the same 

as the ultrasonic irradiation. The results were presented in Fig. S6. The degradation 

efficiency of RhB after 30 min visible light irradiation (500 W) achieved 85%. While 

the degradation efficiency reached to 99% under ultrasound (40 kHz, 200 W) 

irradiation in the same condition.  
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Fig. 3. UV-vis absorption spectrums of (a) RhB (ultrasound irradiation 30 min) and (b) 2, 4-
dinitrophenol (ultrasound irradiation 90 min).  

We also investigate the predominant active radicals and the degradation 

mechanism of as-prepared BiNbO4 sample under ultrasonic irradiation. The ascorbic 

acid (AA), isopropyl alcohol and EDTA-2Na were used as ·O2
-, ·OH and h+ 

scavengers during the Rhodamine B degradation process [40-41]. As shown in Fig. 

S7, the addition of IPA has littile impact on the ultrasonic catalysis, suggesting that 

·OH be not the main active species for oxidizing the organics. On the contrary, the 

degradation efficiencies (24% and 34%, respectively)  are significantly inhibited after 

the addition of ascorbic acid and EDTA-2Na. This confirms the effective role sof ·O2- 

and h+ in the degradation process.  

The possible degradation mechanism over the BiNbO4 in the presence of H2O2 

was proposed in Fig. 4. The light induced by ultrasonic cavitation leads to electron 

transition within the nanorodes. Oxygen vacancies adsorb O2 and meanwhile trap 

electrons subjected to delayed electron-hole pair separation after ultrasonic cavitation 

excitation of electrons. The Vos provide active sites to host the chemical reaction of 

O2 + e- → ·O2
-. The superoxide radicals oxidize and decompose the RhB to CO2 and 

H2O as final produts. Meanwhile ultrasound-produced holes also directly react with 
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RhB and transfer RhB to CO2 and H2O. During the sonocatalysis, the H2O2 can act as 

initiator in the oxidative degradation process. It generates O2 to start the radical 

reaction in a short time and circularly formed in the ultrasonic solution system [42-43]. 

The reaction path is described as follows:                    

 

                                                                      

 

Fig. 4. Mechanism of ultrasonic catalytic degradation of RhB over the sample. 

4. Conclusion 

In summary, by using water-soluble niobium oxalate as the Nb source, we 

realized a facile synthesis of BiNbO4 nanrods via one-step hydrothermal method. The 
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formation of oxygen vacancies could improve the efficiency of electron-hole 

separation due to the narrowed band gap and the trap of electrons. The nanorod 

structure serves large amounts of active sites on the surface of BiNbO4. These result 

in efficient catalytic degradations of organic pollutants under ultrasonic and light 

irradiation, with the sonic one superior. Besides paving the route for mass-production 

of one inorganic catalyst, the work is hoped to inspire facile preparations of similar 

groups of compounds for practical catalysis in industrial scale. 

Declaration of Competing Interest 

  The authors declare no conflict of interest. 

Acknowledgements 

  The authors acknowledge with thanks the financial support of Hunan 2011 

Collaborative Innovation Center of Chemical Engineering & Technology with 

Environmental Benignity and Effective Resource Utilization and Oulu University 

Strategic Grant, and EU Regional Development Fund and Council of Oulu Region. 

Feng Li thanks the support of China Scholarship Council. 

Appendix A. Supplementary data 

Supplementary material related to this article can be found online at 

References 

[1] M. El-Roz, L. Lakiss, A. Vicente, K.N. Bozhilow, F. Thibault-Starzyk, V. Valtchev, Ultra-fast framework 

stabilization of Ge-rich zeolites by low-temperature plasma treatment, Chem. Sci. 5 (2014) 68-80. 

[2] Z. Lan, X. Xu, X. Zhang, J. Tang, L. Zhang, X. He, J. Wu, Low-temperature solution-processed efficient 

electron-transporting layers based on BF4
--capped TiO2 nanorods for high-performance planar 

perovskite solar cells, J. Mater. Chem. 6 (2018) 334-341.  



 

12 

 

[3] J. Cao, H. Yu, S. Zhou, M. Qin, T. Lau, X. Lu, N. Zhao, C.Wong, Low-temperature solution-processed 

NiOx films for air-stable perovskite solar cells, J. Mater. Chem. 5 (2017) 11071-11077.  

[4] H. Zhai, R. Tang, A. Li, H. Guo, Y. Xia, D. Wu, Preparation and Characterization of Relaxor 

Ferroelectric 0.65Pb (Mg1/3Nb2/3)O3–0.35PbTiO3 by a Polymerizable Complex Method, J. Am. Ceram. 

Soc. 92 (2009) 1256-1261. 

[5] H. Zhai, B. Xia, H.S. Park, Ti-based electrode materials for electrochemical sodium ion storage and 

removal, J. Mater. Chem. A. 7 (2019) 22163-22188. 

[6] Y. Xia, P. Yang, Y. Sun, Y.Wu, B. Mayers, B. Gates, Y. Yin, F. Kim, H. Yan, One-dimensional 

nanostructures: synthesis, characterization, and applications. Advan. Mater. 15 (2003) 353-389.  

[7] Y. Koizumi, H. Nishiyama, I. Tomita, S. Inagi, Templated bipolar electrolysis for fabrication of robust 

Co and Pt nanorods, Chem. Commun. 54 (2018) 10475-10478.  

[8] G. Zhang, J. Wu, B. Xu, Syntheses of sub-30 nm Au@ Pd concave nanocubes and Pt-on-(Au@Pd) 

trimetallic nanostructures as highly efficient catalysts for ethanol oxidation, J. Phys. Chem. 116 (2012) 

20839-20847.  

[9] E.S. Kim, W. Choi, Effect of phase transition on the microwave dielectric properties of BiNbO4, J. Eur. 

Ceram. Soc. 26(2006) 1761-1766.  

[10] S. Chattopadhyay, P. Ayyub, R. Pinto, M. Multani, Synthesis of thin films of polycrystalline 

ferroelectric BiNbO4 on Si by pulsed laser ablation, J. Mater. Res. 13(1998) 1113-1116.  

[11] J. Nisar, B. Wang, B. Pathak, T. Kang, R. Ahuja, Mo- and N-doped BiNbO4 for photocatalysis 

applications, Appl. Phys. Lett. 99(2011) 051909.  

[12] S. Kamba, H. Wang, M. Berta, F. Kadlec, J. Petzelt, D. Zhou, X. Yao, Correlation between infrared, 

THz and microwave dielectric properties of vanadium doped antiferroelectric BiNbO4, J. Eur. Ceram. 

Soc. 26 (2006) 2861-2865.  

[13] O. Shlyakhtin, A. Orlov, Y. Oh, Liquid phase low temperature sintering of niobate and cerate fine 

powders, J. Electroceram. 17 (2006) 405-413.  

[14] N. Wang, M. Zhao, Z. Yin, W. Li,  Low-temperature synthesis of β-BiNbO4 powder by citrate sol-gel 

method, Mater. Lett. 57 (2003) 4009-4013.  

[15] A. Gaikwad, S. Navale, V. Samuel, A. Murugan, V. Ravi, A co-precipitation technique to prepare 

BiNbO4, MgTiO3 and Mg4Ta2O9 powders, Mater. Res. Bull. 41 (2006) 347-353.  

[16] C. Xu, D. He, C. Liu, H. Wang, L. Zhang, P. Wang, S. Yin, High pressure and high temperature study 

the phase transitions of BiNbO4, Solid. State. Commun. 156 (2013) 21-24.  



 

13 

 

[17] M. Alcântara, J. da Silva, R. Soares, H. Andrade, L. da Silva,  A. Mascarenhas, Hydrothermal synthesis 

of bismuth niobates and their application in azo-dyes photo-discoloration,  Mater. Res. Bull. 103 (2018) 

166-172.  

[18] H. Zhai, A.  Li, J. Kong, X. Li, J. Zhao, B. Guo, J. Yin, Z. Li, D. Wu, Preparation and visible-light 

photocatalytic properties of BiNbO4 and BiTaO4 by a citrate method, J. Solid State Chem. 202 (2013) 6-

14.  

[19] R. Ullah, H. Ang, M. Tadé, S. Wang, Synthesis of doped BiNbO4 photocatalysts for removal of gaseous 

volatile organic compounds with artificial sunlight, Chem. Eng. J. 185 (2012) 328-336.  

[20] A.J.M. Sales, P.W.S. Oliveira, J.S. Almeida, M.M. Costa, H.O. Rodrigues, A.S.B. Sombra, Copper 

concentration effect in the dielectric properties of BiNbO4 for RF applications.J. Alloy. Compd. 542 

(2012) 264-270.  

[21] J. Gao, R. Jiang, J. Wang, B. Wang, K. Li, P. Kang, Y. Li,  X. Zhang, Sonocatalytic performance of Er3+: 

YAlO 3/TiO2-Fe2O3 in organic dye degradation, Chem. Eng. J. 168 (2011) 1041-1048.  

[22] R.D.C. Soltani, S. Jorfi, M. Safari, M.S. Rajaei, Enhanced sonocatalysis of textile wastewater using 

bentonite-supported ZnO nanoparticles: Response surface methodological approach, J. Environ. Manage. 

179 (2016) 47-57.  

[23] H. Zhang, C. Wei, Y. Huang, G. Li, Q. Wu, J. Wang, Y. Song,  Preparation of Er3+: Y3Al5O12/KNbO3 

composite and application in innocent treatment of ketamine by using sonocatalytic decomposition 

method, J. Hazard. Mater. 317 (2016) 667-676.  

[24] S. Usai, S. Obregón, A. Becerro, G. Colón, Monoclinic-tetragonal heterostructured BiVO4 by yttrium 

doping with improved photocatalytic activity, J. Phys. Chem. 117 (2013) 24479-24484.  

[25] S. Obregón, G. Colón, Heterostructured Er3+ doped BiVO4 with exceptional photocatalytic performance 

by cooperative electronic and luminescence sensitization mechanism, Appl.  Catal. B: Environ. 158 

(2014) 242-249.  

[26] S. Zhu, Q. Li, M. Huttula, T. Li, W. Cao, One-pot hydrothermal synthesis of BiVO4 microspheres with 

mixed crystal phase and Sm3+-doped BiVO4 for enhanced photocatalytic activity, J. Mater. Sci. 52 (2017) 

1679-1693.  

[27] Y. Zhang, Z. Ding, C.W. Foster, C.E. Banks, X. Qiu, X. Ji, Oxygen vacancies evoked blue TiO2 (B) 

nanobelts with efficiency enhancement in sodium storage behaviors, Adv. Funct. Mater. 27 (2017) 

1700856.  



 

14 

 

[28] H. Du, T. Wan, B. Qu, J. Scott, X. Lin, A. Younis, D. Chu, Tailoring the multi-functionalities of one-

dimensional ceria nanostructures via oxygen vacancy modulation, J. Colloid Interface Sci. 504 (2017) 

305-314.  

[29] Q. Gan, H. He, K. Zhao, Z. He, S. Liu, S. Yang, Plasma-induced oxygen vacancies in urchin-like 

anatase titania coated by carbon for excellent sodium-ion battery anodes, Appl. Mater. Interface. 10 

(2018) 7031-7042.  

[30] H. Zhai, J. Kong, J. Yang, J. Xu, Q. Xu, H. Sun, A. Li, D. Wu, Resistive Switching Properties and 

Failure Behaviors of (Pt, Cu)/Amorphous ZrO2/Pt Sandwich Structures, J. Mater. Sci. Technol. 32 (2016) 

676-680. 

[31] S.S. Dunkle, K.S. Suslick, Photodegradation of BiNbO4 powder during photocatalytic reactions, J. Phys. 

Chem. 113 (2009) 10341-10345.  

[32] J. Hao, Q. Wang, Z. Zhao, Synthesis and characterization of g-C3N4/BiNbO4 composite materials with 

visible light photocatalytic activity, J. Photochem. Photobiol. A. 335 (2017) 94-101.  

[33] V. Etacheri, J.E. Yourey, B.M. Bartlett, Chemically bonded TiO2-bronze nanosheet/reduced graphene 

oxide hybrid for high-power lithium ion batteries,  Acs Nano. 8 (2014) 1491-1499.  

[34] M. Xing, J. Zhang, F. Chen, B. Tian, An economic method to prepare vacuum activated photocatalysts 

with high photo-activities and photosensitivities, Chem. Commun. 47 (2011) 4947-4949.  

[35] H. Zhai, J. Qi, Y. Tan, L. Yang, H. Li, Y. Kang, H. Liu, J. Shang, H.S. Park, Construction of 1D-MoS2 

nanorods/LiNb3O8 heterostructure for enhanced hydrogen evolution, Appl. Mater. Today. 18 (2020) 

100536. 

[36] Y. Min, F. Zhang, W. Zhao, F. Zheng, Y. Chen, Y. Zhang,  Hydrothermal synthesis of nanosized 

bismuth niobate and enhanced photocatalytic activity by coupling of graphene sheets,  Chem. Eng. J. 

209 (2012) 215-222.  

[37] M.M. Khan, S.A. Ansari, D. Pradhan, M.O. Ansari, J. Lee, M.H. Cho,  Band gap engineered TiO2 

nanoparticles for visible light induced photoelectrochemical and photocatalytic studies, J. Mater. Chem. 

2 (2014) 637-644.  

[38] J. Tian, Z. Chen, X. Deng, Q. Sun, Z. Sun, W. Li, Improving visible light driving degradation of 

norfloxacin over core-shell hierarchical BiOCl microspherical photocatalyst by synergistic effect of 

oxygen vacancy and nanostructure, Appl. Surf. Sci. 453 (2018) 373-382.  

[39] S. Anuchai, S. Phanichphant, D. Tantraviwat, P. Pluengphon, T. Bovornratanaraks, B. Inceesungvorn, 

Low temperature preparation of oxygen-deficient tin dioxide nanocrystals and a role of oxygen vacancy 

in photocatalytic activity improvement, J. Colloid Interface Sci. 512 (2018) 105-114.  



 

15 

 

[40] S. Zheng, Y. Cai, K. O'Shea, TiO2 photocatalytic degradation of phenylarsonic acid, J. Photochem. 

Photobiol. A. 210 (2010) 61-68.  

[41] C. Di Valentin, D. Fittipaldi, Hole scavenging by organic adsorbates on the TiO2 surface: a DFT model 

study, J. Phys. Chem. Lett. 4 (2013) 1901-1906.  

[42] W. Shan, Y. Hu, M. Zheng, C. Wei, The enhanced photocatalytic activity and self-cleaning properties of 

mesoporous SiO2 coated Cu-Bi2O3 thin films, Dalton. Trans. 44 (2015) 7428-7436.  

[43] R. Cai, B. Zhang, J. Shi, M. Li, Z. He, Rapid photocatalytic decolorization of methyl orange under 

visible light using VS4/carbon powder nanocomposites. ACS Sustainable Chem. Eng. 5 (2017) 7690-

7699.  



Declaration of interests 

 

☒ The authors declare that they have no known competing financial interests or personal relationships 

that could have appeared to influence the work reported in this paper. 

 

☐The authors declare the following financial interests/personal relationships which may be considered 

as potential competing interests:  

 

 
 
 

 

Saisai Xiong , Yu Liu, Taohai Li, Feng Li, Wei Cao 


