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Abstract

:

2D nanomaterials, with unique structural and electronic features, had been demonstrated as excellent photocatalysts, whose catalytic properties could be tunable with surface defect engineering. In this work, few-layer BiOBr nanosheets with oxygen vacancies (BiOBr-Ov) have been fabricated by a simple solvothermal reaction with the help of ethylene glycol. The obtained BiOBr-Ov exhibited the superior photocatalytic performance with a complete reduction of Cr(VI) (20 mg/L) within 12 min by visible light irradiation. Moreover, Cr(VI) with a high concentration (such as 30 mg/L) only requires 2 min to be photoreduced completely under solar light irradiation. The enhanced photocatalytic performance is contributed to the existence of oxygen vacancies. It has been proved by the results of electrochemical impedance and photocurrent that oxygen vacancies can effectively suppress recombination of photogenerated carriers.






Keywords:


oxygen vacancy engineering; photoreduction Cr(VI); BiOBr nanosheets












1. Introduction


Photocatalysis is able to directly convert solar light into chemical energy, being identified as a promising technology to solve environmental problems and the energy issues [1,2,3,4,5]. Despite exploring many photocatalysts and achieving numerous advancements, it is a far way to meet with the requirements of the practical application, due to the low photocatalytic efficiency and the poor stability. In order to boost the photocatalytic performance, there are adopted various strategies such as heterostructure, crystal facet exposure, doping, the engineered defects, dimension tuning, etc. [6,7,8,9,10,11,12]. Recently, Wang et al. demonstrated that excitons could be effectively dissociated into charge carriers with the incorporation of oxygen vacancy, leading to excellent performances in superoxide generation and selective organic syntheses under visible-light illumination [13].



2D nanomaterials with few-layers have emerged as a promising application in the photocatalytic field [14,15,16,17], by virtue of the optimal intrinsic properties or/and emerging behaviors induced by the high anisotropy, powerful quantum confinement effect and the surface defect [18]. In comparison with their bulk counterparts, the ultrathin 2D materials possess some superior advantages with the merit of the unique atomic structure [19]. For example, the large surface area could be propitious to the efficient light harvesting, the short charge diffusion distance from bulk to surface could decrease the photogenerated-carriers recombination, the rich coordination-unsaturated atoms at the surface could accelerate the interfacial redox reaction [20], and a low atomic-escape energy could be beneficial to constructing the atom-vacancies by the surface-atomic escape from crystal lattice [21]. Therefore, it is highly desirable to design the few layer 2D materials as photocatalysts to boost the catalytic performance.



The tetragonal BiOBr is a typical layered structure, which makes it beneficial to obtain few or atom layers [22]. It should be noted that the oxygen vacancies on BiOBr could be achieved by exposing the (001) crystal facets with the more high-density oxygen atom, resulting in the higher defect levels and thus regulating the structure of the electronic band, expanding the light absorption with the redshift [23,24,25,26,27,28]. In addition, oxygen vacancies could act as the trapping sites by capturing photogenerated holes or electrons, which would be helpful to the separation of carriers. Moreover, oxygen vacancy can effectively boost the adsorption and thus activate the gas molecules (such as O2, N2, H2O, CO2) [24]. Additionally, density functional theory (DFT) calculations [22] discover that an increased density of states (DOS) can be created at the conduction-band edge in the presence of oxygen vacancies compared with the BiOBr bulk, accelerating electron transport. Recently, few- or atom-layers BiOBr with oxygen vacancies have been reported, and these BiOBr exhibit good photocatalytic performance for photoreduction of CO2 [22,25], photocatalytic nitrogen fixation [24,26], and degradation of organic compounds [27]. However, the study on the photoreduction of Cr(VI) catalyzed by few-layers BiOBr with oxygen vacancies has not been reported.



It is well known that the Cr(VI) species as a highly toxic and mutagenic reagent is detrimental to the environment and human beings [29,30]. The Cr(VI) species universally exists in the industrial wastewater, such as paint fabrication, textile manufacturing, leather tanning, steel fabrication, petroleum refining, and so on [31,32,33,34]. Therefore, the chemical reduction of Cr(VI) to Cr(III) is an essential key to be resolved. However, due to the limitation of the incomplete precipitation, sludge production and high operating costs, it is still an embarrassing circumstance to utilize the traditional methods of removing Cr(VI), such as ion exchange, bioremediation, membrane separation, adsorption, reduction, electrodialysis, and chemical precipitation [35,36,37,38,39,40,41,42]. Compared with the above procedures, the photocatalytic reduction has been considered as a low-cost technique with the merits of the low energy consumption and non-secondary pollution [43]. BiOX(X = Cl, Br, I) photocatalysts have been the comprehensive application in the degradation of organic dyes and pollutants, and recently, it is proved that BiOX photocatalysts also display great potential to the photoreduction of Cr(VI) ions [44,45,46,47,48,49,50,51,52]. However, these obtained BiOX materials have poor ability to photoreduce Cr(VI) ions.



Herein, few-layer BiOBr nanosheets with oxygen vacancies have been designed and fabricated by solvothermal reaction using ethylene glycol as a solvent. The photocatalytic activity of the as-made products was assessed by photoreduction of Cr(VI) under the visible light irradiation. The obtained BiOBr-Ov displays superior photocatalytic performance with a complete reduction of Cr(VI) (20 mg/L) within 12 and 14 min at acid and neutral condition, respectively. The enhancement on the photocatalytic activity could be attributed to the presence of oxygen vacancies, which can narrow band gap, effectively trap photoelectrons at the oxygen vacancy sites, and suppress the photogenerated electron-hole recombination.




2. Results and Discussion


BiOBr samples have been synthesized by a simple solvothermal reaction, and their XRD patterns were shown in Figure 1. It can be found that the main diffraction peaks of as-synthesized BiOBr are all indexed to tetragonal crystal phase (JCPDS No. 09-0393) [53]. Furthermore, no other diffraction peaks are detected, indicative of the high purity and single-phase of as-made samples. The intensity of (001) peaks in BiOBr is the strongest among all the diffraction peaks, indicating that the as-made sample exposes (001) crystal facets. However, all the (00L) related planes (L = 1, 2, 3 and 4) in BiOBr-Ov obtained from the ethylene glycol/water solvent suffer from serious weakened intensity. Therefore, it’s believed that the possible reason accounting for the reduced (00L) peaks arises from defects on the (001) facets that seriously deteriorate the diffraction of X-ray on such facets [54].



The FESEM images of the obtained BiOBr were shown in Figure S1. It can be found that the obtained BiOBr and BiOBr-Ov are all ultrathin nanosheets. Figure 2a,c shows the atomic force microscopy (AFM) images of BiOBr-Ov and BiOBr. Cross-sectional line profiles of them are illustrated in Figure 2b,d. It can be seen that the thickness of the obtained BiOBr-Ov and BiOBr nanosheet is 1.238 and 3.168 nm, respectively. Fifty nanosheets were measured, and their thickness is in the range of 1.1–1.5 and 3.0–3.5 nm. The thickness of a single unit cell (atomic layer) along the [001] orientation is 0.818 nm for BiOBr with tetragonal crystal phase. AFM results confirm that BiOBr-Ov with two-layers, and BiOBr with four-layers were successfully synthesized.



TEM image (Figure 3a) of BiOBr shows that BiOBr is a few-layer nanosheet. The clear lattice fringes with a distance of ca. 0.277 nm (Figure 3b) is indexed to the (110) crystal plane. Meanwhile, the selected area electron diffraction (SAED) pattern of the BiOBr nanosheet (inset in Figure 3b) gives a paralleled spot pattern, which shows the single crystal structure. Two nearest spots with the angle of 45 °C are ascribed to the (200) and (110) planes, proving that the BiOBr ultrathin nanosheets mainly expose the (001) facet. The lattice fringes and SAED pattern of BiOBr-Ov are all the same with that of BiOBr, which indicates that BiOBr-Ov also mainly exposes (001) crystal facets. Interestingly, some streaky or stretched spots indexed to defect sites can be observed in the SAED pattern of BiOBr-Ov (see red arrows in Figure 3d) [55,56]. So, some defects are formed in BiOBr-Ov using ethylene glycol/water as a solvent. During solvothermal synthesis, ethylene glycol molecules can extract lattice oxygen atoms and leave oxygen vacancies on the (001) crystal facets of BiOBr [54].



In order to prove the presence of oxygen defects in the BiOBr-Ov sample, electron paramagnetic resonance (EPR) spectroscopy, which could be regarded as an effective technique to present direct evidence of oxygen vacancies is measured. As shown in Figure 4, a strong EPR signal at about g = 2.004 can be found for the BiOBr-Ov sample, indicating oxygen vacancies existence [57]. However, no obvious EPR signal for BiOBr appears which proves no oxygen vacancies exist in BiOBr sample.



The compositions of BiOBr and BiOBr-Ov samples were further investigated by XPS. It can be found from Figure 5a that the signals of Bi, C, O and Br are clearly detected. Figure 5b shows the high-resolution XPS spectra for the O1s. The binding energies at 530.28 eV are attributed to the Bi−O bond in the BiOBr sample. In addition to the Bi−O bond, there is a unique peak observed at 531.53 eV, which is ascribed to the vacancy oxygen [58,59]. Compared with the BiOBr, the intensity of the peak assigned to the vacancy oxygen at 531.56 eV is much stronger in BiOBr-Ov, indicative of more vacancy oxygen in BiOBr-Ov. The peaks located at 159.92 eV and 164.25 eV are ascribed to Bi 4f7/2 and Bi 4f5/2, respectively (Figure 5c), indicating the existence of Bi3+ in the BiOBr sample. It should be pointed out that the peaks of Bi 4f for the BiOBr-Ov shift at ∼0.1 eV toward lower binding energy in comparison with BiOBr, strongly proves the appearance of Bi(3−x)+ due to the formation of neighboring oxygen vacancies with a high electron-attracting effect [26]. A similar phenomenon is also found in the XPS spectra of Br 3d (Figure 5d) and O1s, which results from the removal of oxygen atoms bonded with Bi atoms.



N2 Nitrogen adsorption–desorption isotherms and pore-size distributions of the BiOBr-Ov and BiOBr samples are shown in Figure 6. It can be calculated that the BET surface areas of the BiOBr and BiOBr-Ov are 7.23 and 10.84 m2·g−1, respectively. The larger BET surface area of BiOBr-Ov can improve its photocatalytic activity. The pore size distribution curves (Figure 6b) show that no pores exist in both BiOBr and BiOBr-Ov.



Cr(VI) has been regarded as one of the most harmful metals in all heavy metals which destroy the environment through different industrial paths. A long-term exposure of Cr(VI) would be fatal to living organisms. As a result, it is highly desirable to exploit efficient catalyst to reduce Cr(VI) in wastewater to Cr(III). It is found that BiOBr-Ov presents better reduction efficiency than BiOBr at acid or neutral condition (Figure 7a–d), and 20 mg/L of Cr(VI) can be completely photoreduced by BiOBr-Ov within 40 and 12 min at neutral and acid condition, respectively. The photocatalytic activity of BiOBr-Ov for the Cr(VI) reduction is higher than most of other recently reported photocatalysts (Table 1). The recycling experiments over the BiOBr-Ov exhibit slight loss over five cycles (Figure 7e). From the XRD pattern and SEM image (Figure 7f,g), it can be found that the BiOBr-Ov exihibts good photostability. Interestingly, Cr(VI) with high concentration (30 mg/L) can be photoreduced by BiOBr-Ov in 2 min under solar light irradiation at acid condition (Figure S2a). Compared with other reported photocatalysts, BiOBr-Ov displays outstanding ability for Cr(VI) reduction [52]. The recycling experiments over the BiOBr-Ov also show some loss over five cycles (Figure S2b). The reason for the decreased activity is ascribed to the formation of a large number of photocatalytic reduction products (Cr(III)) in a short time, which cover on the surface active sites of BiOBr-Ov. The photocatalytic activities of the as-synthesized samples were also evaluated by degrading MO under visible/solar light irradiation (Figure S3). The BiOBr-Ov possesses the better photocatalytic performance than BiOBr, and 100% of MO can be completely degraded in a short time under the visible/solar light irradiation.



The optical absorption properties of BiOBr-Ov and pure BiOBr samples were investigated by the UV-vis DRS. It can be seen that pure BiOBr has absorption in the visible light range with an absorption edge at around 420 nm. BiOBr-Ov exhibits slighter red-shifts and the absorption edge is at 427 nm (Figure 8a), demonstrating that oxygen vacancies can effectively narrow the band gap of semiconductor and expand absorptive range. Furthermore, the optical band gap of BiOBr and BiOBr-Ov can be calculated by the following Equation (1) [66]:


αhν = A(hν − Eg)n/2



(1)




where α, h, ν, A and Eg are the absorption coefficient, Planck constant, light frequency, a constant and band gap, respectively. And n equals to 4 and 1 for indirect band gap and direct band gap, respectively. Here n = 4 for BiOBr. Figure 8b gives out the plots of (αhν)1/2 compared to hν of BiOBr and BiOBr-Ov. The band gap (Eg) is estimated by extrapolating the straight line to the abscissa axis. So, Eg (BiOBr) and Eg (BiOBr-Ov) are deduced to be 2.84 and 2.76 eV. The band gap energy of BiOBr-Ov is obviously lower than that of BiOBr, which might be attributed to the overlapping of the band edge of the semiconductor and surface defect electronic states with a high concentration of oxygen vacancies [54]. Valence band X-ray photoelectron spectroscopy (VB-XPS) for BiOBr and BiOBr-Ov were surveyed to determine the relative positions of the conduction band (CB) and valuable band (VB) edges. It can be clearly seen from Figure 8c that the EVB top of BiOBr and BiOBr-Ov are located at 1.45 and 1.30 eV, respectively. According to the VB edges of BiOBr and BiOBr-Ov, and combined with the band gap derived from DRS, the CB edge potentials of the two semiconductors can thus be obtained by the equation of ECB = EVB − Eg. The conduction band (CB) edge potentials of BiOBr and BiOBr-Ov are estimated at −1.39 eV and −1.46 eV, respectively.



To further investigate the photocatalytic mechanism and to clarify the roles of different reactive species (h+ and e−), different scavengers were added during the photocatalytic process. Trapping of electrons and holes were performed using K2S2O8 and methanol as electrons and h+ scavengers, respectively. As shown in Figure 8d, the photoreduction activity of Cr(VI) for BiOBr-Ov decreases significantly when the electron trapping agent (K2S2O8) is added, indicating the electrons are the main active species and directly participate in the Cr(VI) photoreduction reaction. However, the addition of methanol increases obviously the photoreduction efficiency of Cr(VI), which indicates that trapping h+ will make more photogenerated electrons involve in the photoreducing Cr(VI) reaction.



According to UV-vis DRS, VB-XPS and trapping experiment analysis, the schematic photocatalytic mechanism for the reduction of Cr(VI) is shown in Figure 9. It can be found that the VB potential (1.45 eV) of BiOBr and BiOBr-Ov (1.30 eV) is all enough positive to E0 (Cr2O72−/Cr3+) (1.23 eV compared to NHE), which shows that the photogenerated holes of BiOBr or BiOBr-Ov can’t reduce Cr(VI) to Cr(III) during photocatalysis. However, the CB potential of BiOBr (−1.39 eV) or BiOBr-Ov (−1.46 eV) is all lower than that of E0 (Cr2O72−/Cr3+), which indicates that the photogenerated electrons can directly reduce Cr(VI) ions adsorbed on the surface of the BiOBr or BiOBr-Ov to Cr(III) ions, which is consistent with the result of the trapping experiment. A new energy level is formed in the band gap due to the existence of oxygen defects in the BiOBr-Ov sample. So, more photogenerated electrons are provided to take part in the photoreduction of Cr(VI), which makes the BiOBr-Ov display high photoreduction ability.



To prove this viewpoint, the electrochemical impedance and photocurrent of the obtained samples, which are the effective strategies to check the amount of photogenerated charge carriers, were performed. As shown in Figure 10a, it can be clearly found that the photocurrent intensities of BiOBr-Ov is obviously higher than that of BiOBr, which shows that much photogenerated electrons are produced in BiOBr-Ov than in BiOBr. The electrochemical impedance test further confirms these results (Figure 10b) because BiOBr-Ov gives a lower slope than BiOBr. So it can be concluded that oxygen vacancies in BiOBr-Ov play the key role in improving the separation efficiency of photogenerated charge carrier.




3. Experimental Section


3.1. Photocatalyst Synthesis


All the reagents utilized in the experiments were analytical grade and used without further purification.



In the typical synthesis, 2 mmol Bi(NO3)35H2O (Guo Yao chemical company, Nanjing, China) was dissolved in 15 mL H2O (or 15 mL ethylene glycol) solution (solution A), and 2 mmol cetyltriethylammnonium bromide (CTAB) (Guo Yao chemical company, Nanjing, China) was dissolved in 15 mL H2O solution (solution B). Solution A was added into solution B with vigorous magnetically stirring for 1 h. Then, the above mixture was introduced into a Teflon-lined autoclave, maintaining at 453 K for 24 h. The resulting solids were rinsed with deionized water and ethanol several times. Then, the obtained products were finally dried in the oven at 333 K for 4 h. The samples obtained from H2O and H2O/ethylene glycol solvents were denoted as BiOBr and BiOBr-Ov, respectively.




3.2. Photocatalytic Activity Assessment


The photocatalytic activity of the as-prepared BiOBr samples was determined by detoxifying heavy metal ion Cr(VI) with the condition of visible/solar light irradiation. A 300 W Xe lamp (CEL-HXF300F, Beijing China Education Au-light Co., Ltd., Beijing, China) with a cut-off filter at 400 nm was served as a visible light source. In a typical experiment, the photocatalyst (40 mg) was added into 40 mL K2Cr2O7 (or methyl orange (MO)) solution (Guo Yao chemical company, Nanjing, China). The mixture was ultrasonicated for 10 min to form a suspension for the degradation reaction. Before irradiation, the suspension was magnetically stirred for 30 min in the dark to achieve the Cr(VI) species (or MO molecules) adsorption/desorption equilibrium on the surface of the catalyst. After that, the suspension was illuminated by solar/visible light under magnetic stirring. By extracting a 4 mL aliquot from the reaction mixture and making centrifugation to remove the precipitate, UV-Vis spectroscopy was periodically monitored to obtain the Cr(VI) (or MO) concentration as a function of irradiation time.




3.3. Electrochemical Impedance Spectroscopy (EIS) and Photoelectrochemical Measurements


Electrochemical impedance spectroscopy (EIS) measurements were performed at a frequency between 0.1 Hz and 100 kHz using a CHI660D instrument (Shanghai Chenhua Limited, Shanghai, China). A three-electrode electrochemical setup was applied, where the counter electrode and reference electrode were used with a platinum wire and saturated calomel, respectively. Working electrodes were constructed by a BiOBr and BiOBr-Ov film on ITO, separately. The [Fe(CN)6]3−/4− solution containing 10 mM K3Fe(CN)6, 10 mM K4Fe(CN)6 and 0.1 M KCl (as the supporting electrolyte) was prepared as the detecting electrolyte.



Photoelectrochemical test systems were composed of a CHI 660D electrochemistry potentiostat (Shanghai Chenhua Limited, China), a 300 W xenon lamp with cutoff filters (λ ≥ 400 nm), and a homemade three-electrode cell with using Pt wire as the counter electrode and Ag/AgCl as the reference electrode, and 1 M Na2SO4 as the electrolyte. BiOBr and BiOBr-Ov electrodes were prepared by depositing suspensions (the concentration of sample dissolved by absolute ethanol is 10 mg⋅mL−1) onto Ti foil using the doctor-blade coating method with a glass rod and scotch tape as a frame and spacer, respectively. The electrodes were annealed at 90 °C for 24 h. During measurements, the electrodes were pressed against a □-shape of an electrochemical cell with a working area of 4.0 cm2.




3.4. Characterization


X-ray powder diffraction (XRD) pattern was collected on a Rigaku D/max-γA X-ray diffractometer using Cu-Kα radiation (λ = 0.154178 nm). Scanning electron microscopy (SEM) images were performed on a Hitachi S-4800 microscope. High-resolution transmission electron microscopic (HRTEM) images were obtained by a JEOL-ARM200F microscope with an accelerating voltage of 200 kV. The UV-vis diffuse-reflectance spectra were surveyed with a UV-2450 spectrophotometer in the wavelength range from 200 to 800 nm at room temperature, with BaSO4 as the reflectance standard material. The X-ray photoelectron spectroscopy (XPS) was performed on a Perkin-Elmer RBD upgraded PHI-5000C ESCA system. The electron paramagnetic resonance (EPR) spectra were recorded on a Bruker (A200-9.5/12) spectrometer with the X-band frequency of 9.8 GHz under room temperature. Nitrogen adsorption–desorption measurements were performed at 77 K using a Micromeritics Tristar II 3020 M analyzer after the samples were degassed at 180 °C for 6 h. The Brunauer–Emmett–Teller (BET) surface area was estimated by using adsorption data in a relative pressure range of 0.05 to 0.3. The thickness of the BiOBr and BiOBr-Ov nanosheets was determined by AFM measurement (SPA-300HV&SPI3800N).





4. Conclusions


In brief, few-layer BiOBr nanosheets with oxygen vacancies (BiOBr-Ov) have been prepared via a simple solvothermal reaction with the help of ethylene glycol. The existence of oxygen vacancies in the BiOBr-Ov sample have been verified by the techniques of HRTEM, XPS and ESR. The obtained BiOBr-Ov displays superior photocatalytic performance, with a complete reduction of Cr(VI) (20 mg/L) within 12 and 40 min at acid and neutral condition, respectively. This enhancement on the photocatalytic performance could be contributed to the existence of oxygen vacancies which can narrow bang gap, trap electrons and suppress recombination of photogenerated electrons and holes. The large BET surface area maybe is a reason to enhance the photocatalytic activity.
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Figure 1. The XRD patterns of the obtained BiOBr and BiOBr-Ov. 
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Figure 2. Atomic force microscopy (AFM) images of BiOBr-Ov (a) and BiOBr (c); cross-sectional line profiles of BiOBr-Ov (b) and BiOBr (d). 
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Figure 3. TEM (a,c) and high-resolution TEM (HRTEM) (b,d) images of the obtained samples. BiOBr (a,b); BiOBr-Ov (c,d). 
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Figure 4. Electron paramagnetic resonance (EPR) spectrum of the obtained samples. 
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Figure 5. (a) Survey X-ray photoelectron spectroscopy (XPS) spectra and high-resolution XPS spectra of (b) O 1s, (c) Bi 4f and (d) Br 3d for BiOBr and BiOBr-OV sample. 
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Figure 6. (a) Nitrogen adsorption–desorption isotherms and (b) the corresponding pore-size distributions of BiOBr and BiOBr-Ov. 
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Figure 7. (a,c) Photocatalytic activity for reduction of Cr(VI) (20 mg/L) under visible light irradiation at pH = 7 and pH = 3, (b,d) UV-Vis absorbance spectrum of Cr(VI); (e) cycling times of the photoreduction of Cr(VI); (f) XRD patterns of BiOBr-Ov before and after five recycles, and SEM image (g) of the BiOBr-Ov after five recycles. 






Figure 7. (a,c) Photocatalytic activity for reduction of Cr(VI) (20 mg/L) under visible light irradiation at pH = 7 and pH = 3, (b,d) UV-Vis absorbance spectrum of Cr(VI); (e) cycling times of the photoreduction of Cr(VI); (f) XRD patterns of BiOBr-Ov before and after five recycles, and SEM image (g) of the BiOBr-Ov after five recycles.



[image: Catalysts 09 00558 g007]







[image: Catalysts 09 00558 g008 550]





Figure 8. (a) UV-Vis diffuse reflectance spectra, (b) the plots of (ahν)1/2 vs. hν and (c) valence band X-ray photoelectron spectroscopy (VB-XPS) spectra of BiOBr and BiOBr-Ov, (d) photogenerated carriers trapping for photoreduction of Cr(VI). 
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Figure 9. Schematic representation of photoreduction mechanism for Cr(VI). 






Figure 9. Schematic representation of photoreduction mechanism for Cr(VI).



[image: Catalysts 09 00558 g009]







[image: Catalysts 09 00558 g010 550]





Figure 10. (a) Electrochemical impedance spectra and (b) photocurrent of BiOBr and BiOBr-Ov. 
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Table 1. Brief summary of recently reported materials for photocatalytic Cr(VI) reduction under visible light irradiation.
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No.

	
Material

	
Reaction Condition

	
Time (min)

	
Redcution Rate (%)

	
Ref.




	
Catalyst (mg)

	
Volume (mL)

	
Cr(VI) (mg/L)






	
1

	
Conjugatedpolyelectrolyte photocatalyst (P-FL-BT-3)

	
1

	
5

	
25

	
120

	
100

	
[60]




	
2

	
BiVO4/Bi2S3

	
10

	
20

	
10

	
60

	
92

	
[61]




	
3

	
Metal–organic framework (NH2–MIL-88B (Fe))

	
20

	
40

	
8

	
40

	
100

	
[62]




	
4

	
R-TiO2:N

	
25

	
100

	
10

	
10

	
100

	
[63]




	
5

	
Bi24O31Br10

	
50

	
50

	
50

	
40

	
100

	
[47]




	
6

	
Carbon dots coupled TiO2 mesocrystals

	
20

	
20

	
10

	
20

	
100

	
[64]




	
7

	
Bi4O5BrxI2−x solid solutions

	
20

	
50

	
60

	
60

	
100

	
[48]




	
8

	
P doped-g-C3N4

	
50

	
50

	
20

	
60

	
100

	
[65]




	
9

	
BiOBr-Ov

	
40

	
40

	
20

	
12

	
100

	
Our work
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