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A B S T R A C T   

Regulation of oxygen defects, in addition to the adjustment of spatial arrangement and bandgap in the materials 
can effectively improve the materials’ photocatalytic performance. Bismuth oxybromide (BiOBr) are widely used 
in the field of photocatalysis because of its abundant active sites and the regulable surface area. Herein, a novel 
introducing oxygen vacancies (OVs) strategy was developed to synthesize hierarchical 3D BiOBr microsphere 
constructed by nanopetals, and a serious of tests were used to characterize and quantify OVs. Moreover, the 
applications of BiOBr with different concentrations of OVs in water antibiotic pollution was discussed, and 
specific effect of OVs on the photocatalytic performance was also analyzed simply. Benefiting from its rich OVs, 
the UV–vis light-driving tetracycline hydrochloride degradation efficiency increased to 86.8% within 20 min 
irradiation. Hence, this work provides theoretical guidance for the regulation of OVs, and the prospect of pho-
tocatalyst containing OVs in the photocatalytic field were suggested.   

1. Introduction 

The accumulation of antibiotics in surface water basins stems from 
the frequent use of drugs and aquaculture, thus leading to the evolution 
of drug-resistant strains and environmental contamination. Nowadays, 
compared to other techniques [1–4], semiconductor-based photo-
catalytic degradation is considered as a safe, quick, low energy con-
sumption and repeatable strategy for reducing environmental and 
energy crises using solar energy [5–7]. Therefore, it is worthwhile to 
explore the novel semiconductor-based photocatalyst to boost this 
technology. Furthermore, the presence of structure defect can help 
narrow the band gap of the photocatalyst to improve the degradation 
efficiency [8–12]. 

Oxygen vacancies (OVs), one of the nonstoichiometric defects, have 
been attracting massive attention in improving the material properties 

based on it can behave as important adsorption and active sites for 
catalysis [13]. Especially, introducing OVs on the catalyst surface has 
been considered a facile, effective and prevalent method to strongly 
influence the reactivity of catalytic performances [14,15]. It has been 
shown that the photocatalytic properties including the electronic 
structure [16], charge transport, and surface properties of catalyst are 
closely related to OVs [17]. In addition, the formation of OVs on the 
surface introduce more unpaired electrons or highly reactive and un-
saturated dangling bonds, which could provide potential active sites to 
facilitate the catalytic reactions [18]. Moreover, OVs have significant 
influences on affecting the e− -h+ recombination process in photo-
catalysts, capturing the photogenerated electrons, and facilitate the 
surface adsorption of substrate molecules [19]. For instance, the recent 
relevant reported. reported the photocatalysts with abundant OVs to 
help effectively photodegrade the water pollutions [20–22]. Hence, it is 
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an urgent task to adjust the OVs concentrations for the significant 
improvement of the optical and electronic properties in photocatalysts. 

Recently, bismuth oxybromide (BiOBr) has attracted increasing 
attention due to its stability, and processing into multi-dimensional su-
perstructures with lamellar nanounits [23–25]. Therefore, a novel 
solvent-coordination induced self-assembly solvothermal strategy was 
developed to synthesize hierarchical 3D BiOBr microsphere (denoted as 
sample S1) constructed by large numbers of ultra-thin nanoplates 
(thickness of ~7.5 nm), where EG played as both complexant and cross 
linker due to its stretching hydroxyl groups and high permittivity. And 
more importantly, OVs could be created when EG were removed, thus 
decreasing the recombination rates of e− -h+ pairs for photocatalysis 
[26,27]. For comparison, several other solvents with different polarities 
(isopropanol, ethanol, tetrahydrofuran and water) were also used to 
generate BiOBr counterparts under the same conditions, labelled as 
sample S2-S5, respectively. Benefiting from the rich amount of OVs in 
sample S1, the UV–vis light-driving tetracycline hydrochloride (TCH) 
degradation efficiency increased to 86.8% within 20 min radiation, 
10.7–30.1% higher than those for other four samples. Combining a se-
ries of tests and theoretical calculations, it can be concluded that richer 
OVs can promote the electron transfer and surface adsorption in the TCH 
photodegradation. In summary, this work displays a rational regulation 
of OVs upon the BiOBr microsphere, thus obtaining the excellent pho-
todegradation performances, and promising actual light-driven purifi-
cation technology. 

2. Experimental section 

2.1. Synthesis of BiOBr microsphere 

BiOBr powder was synthesized by a simple solvothermal method. In 
a typical synthesis, 1 mmol of Bi(NO3)3⋅5H2O and 400 mg of PVP were 
dissolved in five solutions (30 mL for each) with different coordination 
capabilities (ethylene glycol, isopropanol, ethanol, tetrahydrofuran and 
water). After rapid stirring for 30 min, 1 mmol of NaBr was added to the 
solution and continued stirring for 1.0 h at room temperature. After-
wards, the mixture was poured into a 50 mL Teflon-lined stainless steel 
autoclave, which was heated at 160 ◦C for 3 h and then cooled to room 
temperature. The product was washed several times with deionized 
water and ethanol to remove unreacted chemicals and solvents. Finally, 
it was dried overnight in a vacuum oven at 60 ◦C. The products obtained 
from different solvents were labelled as sample S1 to S5, respectively. 

2.2. Photocatalyst characterization 

The samples were characterized by means of powder XRD analysis 
(Rigaku Ultima IV, Cu Kα radiation, λ = 1.5418 Å, Japan), Field- 
emission SEM (Hitachi SU5000, Japan), TEM and HRTEM with EDS 
(FEI TeN-Cai G2 f20 s-twin, 200 kV, USA), HADDF-STEM (JEM- 
ARM200F Japan)AFM (Hitachi 5100 N Japan), XPS (Thermo SCIENTI-
FIC ESCALAB 250Xi, Al Kα X-ray monochromator, USA), Electron 
paramagnetic resonance (EPR) spectra (Bruker A300, Germany), Steady 
state and transient state fluorescence spectrometer (HORIBA TCSPC 
FluoroLog− 3, USA), Time-resolved PL (TR-PL) spectra (FLSP-980 Edin-
burgh, UK), UV/Vis/NIR spectrophotometer (PerkinElmer, LAMBDA 
1050+, USA), the surface photovoltage spectroscopy (SPV) measure-
ment (CEL-SPS1000, China), the transient photovoltage spectroscopy 
(TPV) measurements (CEL-TPV2000, China), BET (Autosorb-IQ, USA), 
Raman spectroscopy (Renishaw inVia, UK), TG-FTIR (TGA 8000-FT-IR, 
PerkinElmer, USA). Respectively, for probing of •O2

− and •OH radical, 
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) and catalysts were dissolved 
in a methanol or aqueous solution, then placed the mixed solution into a 
paramagnetic tube and irradiated with Xe lamp to test. Total Organic 
Carbon (TOC) analyzer (Shimadzu, TOC-L CPH, Japan). 

2.3. Photodegradation of tetracycline hydrochloride 

Evaluation of the photocatalytic activities of the obtained BiOBr 
samples were performed by the degradation of TCH under UV–vis light, 
visible light and actual sunlight irradiation, respectively. 

Firstly, 20 mg L− 1 of TCH solution was prepared and stored in 
refrigerator for subsequent use. The photocatalyst powder (20 mg) ob-
tained from Part 2.1 was added into 100 mL of TCH solution in quartz 
tube and an UV–vis light was used by a 350 W Xenon lamp (CEL-PF300- 
T8E, 300–780 nm, China). Before the photocatalytic degradation, the 
mixtures in quartz container were stirred for 30 min in darkness in order 
to attain an absorption–desorption equilibrium between the powder and 
solution. The average light intensity of the lamp was about 886 mW 
cm− 2 as measured by a light power meter (CEL-NP2000-10, China). 

Secondly, the sample extraction process can be divided into two 
steps. During the initial 10 min, 4 mL of the suspensions were extracted 
every 2 min; then every 10 min for the residual 50 min. All the groups 
were then filtered through a 0.22 μm of PTFE syringe to obtain the su-
pernatant solutions. The residual TCH concentrations were measured by 
testing the absorbance of as-obtained supernatant solutions through the 
UV–vis spectra (SHIMADZU UV-2700 spectrophotometer), and the test 
absorbance wavelength was chosen as 356 nm according to the optimal 
absorption peak of TCH solution. Besides, we also compared the UV–vis 
adsorption results with other common international methods such as 
HPLC testing, which can be seen in the supporting information. 

In addition, the photodegradation processes under visible light (5 W 
Xe lamp, PCX50B 400–780 nm, China) and actual sunlight irradiation 
were similar to that under UV–vis light, and the average light intensities 
for them were about 35.4 mW cm− 2 and 54.0 mW cm− 2. 

2.4. Identification of degradation products 

The photocatalytic degradation products in the solutions were 
determined by Thermo Fisher Ultra performance liquid chromatog-
raphy/tandem mass spectrometry (UPLC-MS/MS) system, and the 
detailed compounds during each process can be seen in the Fig. S16 of 
the supporting information. 

3. Results and discussion 

3.1. Structure and morphology 

The phases and crystallographic structure of the samples were 
investigated through XRD characterization. As shown in Fig. 1a, the XRD 
patterns of various BiOBr products show that all the resolved diffraction 
peaks are well indexed to pure tetragonal phase (JCPDS No. 09-0393) 
but without characteristic peaks of other compounds [28], indicating 
the high purity of the five prepared BiOBr catalysts. Especially, the sharp 
diffraction peaks of sample S1 show that the good coordination ability of 
EG is beneficial to the orderly assembly and gradual growth of grains, 
leading to the construction of BiOBr photocatalyst with well 
crystallinity. 

Furthermore, the typical high-magnified FESEM images of sample S1 
(Fig. 1b and c) present the hierarchical 3D microspheres with the 
assistance of EG solvent, tightly assembled by interwoven ultra-thin 
nanoplates with average size of approximately 1.8 μm. Contrarily, 
rough, nonuniform and group-shaped structures can be observed with 
other four solvents in Fig. S1a-h, including some irregular spheres and 
blocks with different sizes. The TEM results in Fig. 1d and Fig. S2 further 
reveal more detailed morphological information about sample S1, where 
the clear contrast and wrinkled edges prove the ultra-thin nanounits of 
microsphere again. Besides, the clear lattice stripe of HRTEM image 
(Fig. 1e) further indicates the good crystallization of sample S1, and the 
planar lattice spacing of 0.277 nm corresponds to its (110) plane. While 
the corresponding SAED plot (Fig. 1f) indicates that the sample is 
polycrystalline in micro-structure. As presented in HAADF-STEM image 
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(Fig. 1g), clear lattice disorder and dislocations have been observed in 
sample S1, highlighting the proof of the existence of numerous OVs 
defects. Besides, the elemental mapping and EDS analysis (Fig. 1h and 
Fig. S3) confirm the presence and uniform distribution of Bi, O and Br 
element in the sample S1. Lastly, the thickness of the nanoplates was 
further measured by AFM test (Fig. 1i) with 7.5 nm, and the results are 
consistent with the conclusion in Fig. 1d. 

To further understand the structural characteristics of the 

photocatalysts, nitrogen adsorption-desorption was analyzed in Fig. S4 
of the supporting information. As can be seen, the specific surface areas 
were calculated by BET method and the corresponding BJH pore size 
distributions shown in Table S1, In general, the largest surface area and 
relatively moderate pore size of sample S1 (57.7176 m2 g− 1, 4.31 nm) 
are favorable for efficient antibiotic adsorption. 

Fig. 1. (a) The XRD patterns of all the as-prepared BiOBr samples, (b-c) SEM images, (d) TEM image, (e) HRTEM image, (f) SAED pattern, (g) HAADF-STEM image, 
(h) mapping images, (i) AFM image and the corresponding height profiles of sample S1. 

Fig. 2. The schematic illustration for the proposed regulation process of OVs in sample S1 (EG as complexant and cross-linker).  
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3.2. Proposed formation process of hierarchical 3D microspheres (sample 
S1) 

Previous work reported that EG played both the roles as a com-
plexant and cross-linker in fabricating metal oxides with different con-
centrations of OVs due to its high permittivity and viscosity [29,30]. 
Hence, EG was introduced as an excellent reaction medium for the 
regulation of OVs in BiOBr photocatalysts. Fig. 2 presents a plausible 
regulation process of OVs for the formation of hierarchical 3D micro-
spheres (sample S1) in EG solvent. Firstly, the initial nuclei are gener-
ated by the coordination of EG and Bi3+ ions as the form of Bi ← OH 
coordination bonds. Then the side chain from the nuclear center extends 
along with the PVP template while coordinating with more Bi3+ ions, 
leading to the prolonging and spatial intertwining of the branched 
chains, forming the embryonic form of nanoplate assembly units. Sub-
sequently, BiO+ ions are gradually produced because the complexes 
would be weakened at a relatively high temperature and an automati-
cally generated vapor pressure under solvothermal treatment [31]. As 
the temperature of the reaction system increases, Br− ions can directly 
insert into BiO+ ions layers to form the nanoplates of the target com-
pound BiOBr [32]. Followingly, these nanoplates tend to bind to each 
other to reduce the total surface energy under solvothermal treatment 
inserted and OVs can be created when EG is removed [31]. Finally, the 
hierarchical 3D BiOBr with a tunable concentration of OVs can be ob-
tained due to the different permittivity and viscosity of various 
solutions. 

3.3. Electrical and optical property measurements 

As far as we know, some advanced characterization techniques can 
not only detect the existence of OVs at both qualitative and semi- 
quantitative scale, but also help explain the role of OVs in catalytic 
materials, such as Scanning Tunneling Microscopy [33], X-ray Photo-
electron Spectroscopy [34,35], Electron paramagnetic resonance (EPR) 
[10,36], and so on. Hence, in this work, the above techniques were used 
to characterize OVs combined with DFT calculations. The analysis of 
these characterizations is as follows: 

The surface compositions and chemical valence states of the samples 
S1-S5 were investigated by XPS analysis. The binding energies 

determined from the XPS were corrected for specimen charging by 
internally referencing C 1s line to 284.6 eV. The XPS spectrum in 
Fig. S5a shows that all the BiOBr products are composed of three ele-
ments of Br, O and Bi. In the high-resolution spectrum of S5b, two strong 
peaks at 158.1 eV and 163.4 eV could be assigned to the binding en-
ergies of Bi 4f7/2 and Bi 4f5/2, respectively, which is characteristic to 
Bi3+ in BiOBr [37]. As for the high-resolution XPS spectrum of the Br 3d 
(Fig. S5c), 68.2 eV and 69.1 eV are consistent with the binding energies 
of Br 3d5/2 and Br 3d3/2, respectively, indicating the existence of the Br−

anions [23]. Meanwhile, as shown in Fig. 3a, the O 1s peak could be 
fitted by three peaks centered at ~528.6, 529.2 and 530.2 eV, con-
firming the existence of three different chemical states of oxygen spe-
cies, namely lattice oxygen (O1) belonging to the Bi-O bonds and Br-O 
bonds, oxygen vacancy (O2) and chemisorbed oxygen (O3) like –OH 
[35]. Correspondingly, Table S2 summarizes the relative percentages of 
three oxygen species on the surface of five samples, respectively. 
Obviously, the relatively higher OVs content in the oxygen chemical 
state can be seen in the sample S1, implying its stronger photocatalytic 
degradation potential. Interestingly, as shown in Fig. 4a, sample S1 did 
display the optimal photocatalytic degradation activity, consisting with 
the XPS conclusions. 

Besides, EPR spectroscopy is known to be a sensitive and effective 
method for examining unpaired electrons in the materials to verify the 
existence of OV. In the EPR spectrum (Fig. 3b), the obvious EPR signal at 
about g = 2.003 can be seen obviously in all the BiOBr samples, indi-
cating the electron trapping at OV sites [36]. Remarkably, the signal 
intensity in sample S1 is strongest, and the amount of surface OVs in 
sample S1 is higher than those in the other four catalysts, which can be 
attributed to the removing of EG from the coordination assembly pre-
cursor during the solvothermal treatment, when the structure of Bi ← 
EtOH bond will be destroyed to form these high-energy reaction sites 
OVs [26,27]. 

As is known, Raman spectroscopy is a useful tool for the identifica-
tion of microstructural changes. As shown in Fig. S5d, the Raman bands 
at around 113 cm− 1 and 163 cm− 1 can be assigned to the internal A1g Bi- 
Br stretching modes and the E1g internal Bi-Br stretching modes [38]. 
Notably, the bands that appeared at 91 cm− 1 can be assigned to the A1g 
first-order vibration modes of the Bi metal, which is due to the formation 
of OVs in samples S1-5 [39]. And compared with samples S2-5, the peak 

Fig. 3. Surfaces state characterizations of S1-S5: (a) High-resolution XPS spectra of O 1s, (b) EPR spectra, (c) the energy gap calculated by plotting (αhν)1/2 versus hν, 
(d) emission PL spectra with excitation wavelength at 325 nm at room temperature, (e) SPV spectra and (f) TPV responses excited by the laser pulse at 355 nm. 
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intensity of sample S1 were not only lower but also wider. In addition, a 
blue shift was observed for the peak position of sample S1, which is 
caused by the introduction of OVs [40]. 

In addition, UV–vis spectroscopy can be used to determine the optical 
properties of BiOBr samples. The Fig. S6 and Fig. 3c demonstrate the 
UV–vis diffuse reflectance spectra of the BiOBr samples. It is clear from 
Fig. S5d that most of the absorption edges of the samples are below 410 
nm. In contrast, the absorption wavelength of sample S1 is extended to 
450 nm since the existence of OV, resulting in excellent light-scattering 
ability of its hierarchical structure. Correspondingly, the band gap en-
ergies of the samples are calculated from Tauc’s plots [41] with esti-
mated band gaps of 2.54, 2.81 2.78, 2.10 and 2.74 eV, respectively, 
among which sample S1 displays a narrower band gap. Hence, the defect 
level will be introduced into the band gap owning to the presence of OVs 
to narrow the band gap [42], which promotes light absorption in visible 
light region and benefiting the photoactivity of sample S1. 

Photoluminescence (PL) spectroscopy characterization can be used 
to detect the separation and transfer efficiency of charge carriers. Ac-
cording to the previous literature, the peak around 440 nm corresponds 
to the edge emission of the BiOBr intrinsic band [43]. As we know, a 
lower PL intensity indicates a lower recombination rate of photo-
generated e− -h+ pairs [44]. As the recombination rate decreases, the 
generation of active species increases and the activity will be enhanced 
accordingly. As shown in Fig. 3d, the sample S1 exhibits a broad emis-
sion peak. And the PL intensity in the samples follows the order of S5 >
S4 > S3 > S2 > S1, which means that the recombination of photo- 
induced e− -h+ pairs is effectively suppressed in the sample S1 owing 
to the richer content of OVs, thus improving the charge transfer effi-
ciently. Furthermore, fluorescence lifetime measurements were used to 
further understand the charge carrier separation dynamics of the sam-
ples. The luminescence decay measurements were carried out at an 
excitation wavelength of 325 nm. The time-resolved PL decay spectra of 
as prepared samples are presented in Fig. S7. According to the analysis of 
fit curves (Table S3), the fluorescence life time τav are found to be 
15.126 ns, 15.116 ns, 13.907 ns, 13.567 ns and 7.989 ns for samples S1- 
S5 materials, respectively. Obviously, sample S1 shows relatively pro-
longed life time decay than others. It also suggests that the formation of 
OVs in the sample can allow photogenerated electrons to be trapped by 
OVs before recombining with holes, leading to a slight increase in the 
average decay time, which is consistent with the PL analysis. 

In addition, the SPV technique can provide direct information on the 

band gap transition of photogenerated charge carriers as the intensity 
represents the photogenerated carrier separation efficiency in space 
[45]. In Fig. 3e, it can been noted that the SPV amplitude of sample S1 is 
as high as about 400 μV at 350 nm, significantly stronger than those in 
the other catalysts, which implies that more spatially separated charges 
are produced in sample S1, thus exhibits the best charge separation ef-
ficiency to improve its photocatalytic degradation effect. To further 
understand the diffusion process of the photogenerated charge carriers, 
the TPV spectra of the five catalysts are shown in Fig. 3f. It can be clearly 
seen that all samples show the positive TPV signals, whose values in-
crease gradually in the order of S5 < S4 < S3 < S2 < S1, implying that 
the photogenerated holes accumulate at the excited surface area nearby 
the testing electrode [46]. Moreover, the TPV signals for sample S1 have 
no retardation and rapidly reached their maximum, while the signals 
need a relatively long time to reach their maximum for sample S2-S5, 
indicating that sample S1 displays a slower charge mobility rate than 
that of the other samples. These findings are consistent with the SPV 
results in Fig. 3e. 

3.4. Photocatalytic performance 

Given to above analysis, TCH (20 mg L− 1) was adopted to determine 
the catalytic activity of the synthesized photocatalysts under UV–vis 
light irradiation (Fig. S8). As shown in 4a, the concentration of TCH of 
the blank line exhibits almost no change without the addition of any 
photocatalyst, suggesting the good photostability of TCH. While the 
adsorption-desorption process between TCH and photocatalysts reaches 
the equilibrium within 30 min in the dark which also can be proved by 
adsorption kinetics of TCH on sample S1 (Fig. S9 and Table. S4). 
Meanwhile, the adsorption capacity of sample S1 is higher than the 
other four samples, which may be ascribed to the richer adsorption sites 
from its higher surface area. Obviously, the photodegradation activity of 
TCH over the sample S1 is the strongest (nearly 86.8%) within the first 
20 min and 96.5% degradation within 60 min, which meets the practical 
demand. In contrast, the TCH degradation rates are 76.1%, 64.9%, 
56.7% and 56.3%, respectively for sample S2-S5 in 20 min. Meanwhile, 
the Fig. S10 shows the various characteristic absorption curves of TCH 
for the five samples corresponding to Fig. 4a. As can be calculated from 
the curves of Ln(C0/Ct) versus t (Fig. 4b), the corresponding rate con-
stants k over samples S1-S5 are 0.071 min− 1, 0.053 min− 1, 0.052 min− 1, 
0.039 min− 1 and 0.038 min− 1, respectively. Accordingly, the results 

Fig. 4. (a) Photodegradation curves and (b) kinetic curves of TCH (20 mg L− 1, 100 mL) with different photocatalysts under UV–vis light irradiation, (c) degradation 
dynamic curves and (d) kinetic curves of TCH with sample S1 under actual sunlight light irradiation, and (e-g) photos of the actual outdoor TCH degrada-
tion experiment. 
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indicate that sample S1 possesses greatly enhanced photocatalytic effi-
ciency compared with other samples under UV–vis light irradiation. In 
addition, Table S5 has proved that due to the cost-effectiveness and the 
high degradation efficiency of TCH, the proposed BiOBr microsphere 
photocatalyst in this study has prominent photocatalytic activity and 
receives widespread application for degrading antibiotics. 

To further evaluate the visible light photocatalytic response of 
sample S1, the similar experiment was carried out under visible light 
irradiation. Impressively, the TCH degradation rate of sample S1 is 
70.1% in 60 min (Fig. S11a-b), while the corresponding dynamic curves 
(Fig. S11c) shows the k value is 0.013 min− 1. Although the dynamic rate 
has decreased, the degradation efficiency is still gratifying. Meanwhile, 
given to the practical application, the actual outdoor TCH degradation 
experiment was carried out from 12 to 13o’clock PM (Beijing Time) with 
the solar power of 54.0 mW cm− 2. The result is that the sample S1 shows 
excellent actual sunlight photocatalytic performance, with the degra-
dation rate of 91.2% in 60 min (Fig. 4c-d), while the corresponding 
dynamic curves (Fig. S12) shows the k value increases from 0.013 to 
0.036 min− 1, revealing that the catalytic efficiency of sample S1 is 
greatly improved under sunlight irradiation. The photos and the reac-
tion solutions of the actual outdoor TCH degradation experiment can be 
seen in Fig. 4e-g and Fig.S13. Hence, the above results lay a foundation 
for its practical application. 

In summary, the above series results prove that this solvent- 
coordination method does allow reasonable regulations of the OV con-
centrations in the hierarchical 3D microspheres. In addition, the rich 
content of OVs and the largest surface area for sample S1 can help 
enhance the adsorption of the target molecules on more active sites, thus 
improving the practical photocatalytic activity. 

The stability and recyclability of catalysts are crucial to practical 
wastewater treatment. Therefore, the catalytic reusability of sample S1 
was evaluated by performing the same measurement over five cycles 
under UV–vis light irradiation. After each cycle, the catalyst was sepa-
rated by centrifugation, washed, vacuum dried and then used to the next 
circulating experiment. As exhibited in Fig. 5a, the activity can be 
maintained at a stable level after each cycle, and the removal efficiency 
of TCH after 5 times is still preserved above 90.0% after 60 min irra-
diation. Moreover, the crystal structure and morphology of sample S1 
are compared by XRD, FTIR and SEM before and after 5 times reaction. 
Obviously, the XRD pattern (Fig. S14a) shows that the crystal structure 
maintains after five cycles, indicating no collapse in the special sphere- 
like structure. Meanwhile, Fig. S14b shows no additional impurity peak, 

which means that organic impurities are not adsorbed on the surface of 
the catalyst. To get the close observation, as shown in Fig. S14c, the 
sample S1 catalyst still exhibits hierarchical 3D BiOBr microsphere 
structure without any destruction. Meanwhile, the released concentra-
tions of Bi and Br from sample S1 were determined by ICP and HPIC, 
which are shown in Table S6. Indeed, it can be seen that the release 
amount of Bi and Br elements after multiple recycling can be negligible 
compared with the initial addition amount. The above analysis shows 
the excellent stability of the sample S1, underlining its great potential 
for photodegradation of TCH. 

Usually, solution pH value confers a distinct effect on the photo-
catalytic performance for the degradation of organic pollutants. To 
evaluate the influence of solution pH on photodegradation efficiency of 
TCH over sample S1, the pH value of the reaction system was adjusted 
from 2 to 10 by adding HCl or NaOH. As shown in Fig. 5b, the degra-
dation efficiency of TCH is almost unchanged along with the different 
pH values, indicating the stability against pH changes for sample S1. 

Active species produced during the photocatalytic reaction are sig-
nificant for degrading organic pollutants, hence, the radical trapping 
experiment (Fig. 5c) was carried out during TCH degradation by sample 
S1 to detect their types. When isopropyl alcohol (IPA) was added •OH 
scavenger, there was no obvious negative effect on removal efficiency of 
TCH under UV–vis light illumination, suggesting that •OH are not the 
main active species. However, with the addition of benzoquinone (BQ) 
or Triethanolamine (TEOA) as •O2

− or h+ scavenger, the removal effi-
ciency of TCH decreases from 96.5% to 26.0% or 3.5% respectively, 
suggesting that •O2

− and h+ are pivotal during this photocatalytic re-
action. It can be concluded that the effect order of the active species over 
TCH removal is h+ >

•O2
− >

•OH. Simultaneously, the generation of the 
reactive oxygen species (ROS) during BiOBr samples photocatalytic 
process can be detected by EPR technology. For comparison, it is noted 
that no signal in dark can be seen for all samples. After light illumination 
for 5 min, the EPR spectrum of DMPO−

•O2
− (Fig. 5d) in methanol dis-

persions ascribed to existence of •O2
− , which are generated by the mo-

lecular oxygen, since they easily capture the photoelectrons on the 
surface OVs then negatively charged [47,48]. Meanwhile, the typical 
four peaks of DMPO−

•OH (Fig. 5e) adduct with an intensity ratio of 1: 2: 
2: 1 are obtained in the aqueous dispersions of all the BiOBr samples, 
and the intensity of DMPO−

•OH for sample S1 is significantly stronger 
than the other four samples, which corresponds to the photocatalytic 
performance. The above results indicate that h+, •O2

− and •OH are 
produced in the BiOBr samples in the photodegradation of TCH. As is 

Fig. 5. (a) Cycling tests in the photodegradation of TCH by sample S1 as photocatalyst, (b) effects of solution pH on TCH degradation with sample S1, (c) the 
efficiencies of TCH by sample S1 without/with trapping agents; EPR spectra in methanol dispersion for (d) DMPO−

•O2
− , and in aqueous dispersion (e) DMPO−

•OH; 
(f) the TOC concentration of TCH solution (20 mg L− 1, 150 mL) versus the irradiated time. 
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shown in Fig. 5f, it can be seen that the TOC was reduced to less than 20 
mg/L by using sample S1 after 180 min irradiation, which indicates its 
high mineralization efficiency for TC photodegradation. 

To study the degradation pathway of TC, LC-MS technique can be 
utilized to detect intermediates in sample S1 during the photocatalytic 
process. The prominent peak of initial TC at m/z = 445 (Fig. S15a) is 
obviously detected in the solution mass spectra, which is similar to 
previous studies [49,50]. Then two photocatalytic degradation path-
ways for the TC are proposed in Fig. 6, named A and B. For the pathway 
A [51], product 1 (m/z = 461) is produced through the hydration pro-
cess of photogenerated •OH. Afterwards, as the ring structure breaks, 
products 2 (m/z = 277), 3 (m/z = 209), 6 (m/z = 149) are thus generated 
and the corresponding MS spectra in the UPLC-MS can be shown in 
Fig. S15b-d. For the pathway B [52], product 4 (m/z = 433) is generated 
due to the loss of an N-methyl bond as the energy of the N-C bond is 
reduced [53,54]. Subsequently, due to the ring break of product 1 and 
the •OH radical can be oxidized to undergo a dihydroxylation reaction to 
produce product 5 (m/z = 301). Finally, product 5 is further oxidized to 
produce 6 (m/z = 149), the corresponding MS spectra in UPLC-MS are 
shown in Fig. S15e-g. These facts demonstrate that sample S1 can 
effectively degrade TCH successfully under the UV–vis light irradiation. 

The bandgaps of perfect BiOBr and its counterpart with OVs were 
investigated by DFT calculations to further elucidate the mechanism of 
improved BiOBr photocatalytic capability, and both structures were 
shown in Fig. 7a and 7c. As is shown in Fig. 7b, the perfect BiOBr pos-
sesses a bandgap of 2.18 eV where all the oxygen atoms are equivalent. 
In the contrast, in Fig. 7d, when OVs are introduced, an occupied band at 
1.1–1.2 eV above the valence band top will be produced, and the OVs 
shows a character of n-type doping. Hence, the DFT calculations in-
dicates that the presence of OVs can narrow the bandgap, leading to an 
improved photocatalytic performance, which concretely matches the 
experimental findings. 

3.5. Photocatalytic mechanism 

We used the Mott-Schottky plot to measure the conduction band (CB) 
(Fig S16). Therefore, sample S1 displays a CB with the edge of the energy 
at about − 0.05 eV. Combined with the results of optical measurements, 
the valence band (VB) of sample S1 is calculated to be 2.49 eV. As shown 

in Fig. 8, the CB potential of S1 is negative than the standard reduction 
potential of O2/

•O2
− (− 0.046 eV/NHE), implying the photogenerated 

electrons in the CB of S1 can directly reduce dissolved O2 to •O2
− [55], 

while the photoinduced holes leaving the VB of S1 can combine with 
OH− to produce richer active •OH due to the VB potential of S1 positive 
than the standard reduction potential of OH− /•OH (2.44 eV/NHE). 
Therefore, the photocatalytic activity of sample S1 are mainly attributed 
to the generated •O2

− and •OH active species, meanwhile, parts of h+ can 
also directly degrade TC. 

Finally, the photodegradation mechanism based on the above 
viewpoints is depicted in Fig. 8. As is displayed, the diagram vividly 
shows the photocatalytic degradation of TC by sample S1. Firstly, TC 
molecules will be preferentially adsorbed by the active sites of OVs on 
the surface of BiOBr nanosheets, where the Br− ions insert into the 
[Bi2O2]2+ layers as laminated microstructures. Since large numbers of 
2D ultra-thin sheet-like nanounits construct the 3D hierarchical struc-
ture with many open channels, the specific surface area is up to 57.7176 
m2 g− 1. Such special morphology will benefit the TCH molecules 
adsorption, and then further facilitate the mass transportation. Sec-
ondly, the increase of OVs can help introduce more highly active reac-
tion sites at the surface of the sample S1, enabling better excitation to 
generate e− and h+ under actual sunlight irradiation, and boost the re-
action between these photo-induced e− -h+ species and O2, H2O or OH− , 
thus yielding more active species mentioned in Fig. 5d-e. Last but not the 
least, these active species (h+, •O2

− and •OH) have also pre-adsorbed on 
sample S1 catalyst and readily interact with TCH molecules, and the 
corresponding MS spectra of photo-degradation reaction for 30 min in 
the UPLC chromatogram (Fig. S17) helps to prove that the larger m/z 
intermediates are not available, demonstrating that TC molecules are 
completely degraded. 

4. Conclusion 

In this work, a feasible strategy was carried out to regulate the 
concentrations of OVs in the 3D BiOBr microsphere structure (denoted 
as sample S1) for photocatalytic degradation of TCH performance. 
Additionally, four other solvents with different polarities were also used 
to generate BiOBr counterparts contained various concentrations of OVs 
(denoted as sample S2-S5). The sample S1 with the higher content of 

Fig. 6. The proposed photocatalytic degradation pathways of TCH under UV–vis light illumination in the presence of sample S1.  
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OVs exhibits the highest degradation efficiency, with nearly 86.8% of 
TCH degraded within the first 20 min and 96.5% degraded within 60 
min. Moreover, the photo-degradation efficiencies of sample S1 under 
visible light (λ > 400 nm) and actual sunlight were 70.1% and 91.2% 
within 60 min irradiation, respectively, which can meet the actual 
application. The superior photocatalytic degradation performance of 
sample S1 can be attributed to its rich OVs to help decrease recombi-
nation rates of e− -h+ pairs, which is consistent with the test results of 
EPR, PL, SPV, TPV, etc. Furthermore, the two detailed TCH photo- 
degradation paths were analyzed in our work via LC-MS analysis. This 
work not only provides new insights into the preparation of novel 
photocatalysts with regulated OV amount, but also presents theoretical 
guidance for practical photodegradation applications. 
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Appendix A. Supplementary material 

Experimental details related to materials preparation and test; 
Fig. S1. Typical SEM images of the as-prepared BiOBr samples from four 
different solvents: (a, b) S2 (isopropanol), (c, d) S3 (ethanol), (e, f) S4 
(tetrahydrofuran), (g, h) S5 (water); Fig. S2. Typical TEM image of 
sample S1; Fig. S3. The EDS pattern of sample S1; Fig. S4. Nitrogen 
adsorption-desorption isotherms and the corresponding BJH pore size 
distribution curves of the obtained samples (inset); Fig. S5. (a) Survey 
XPS spectra, and (b-c) high-resolution XPS spectra of Bi 4f and Br 3d, (d) 
Raman spectra of samples S1-5 using 785 nm excitation; Fig. S6. UV-vis 
diffusion reflectance spectra of the as-obtained BiOBr samples; Fig. S7. 
The time-resolved photoluminescence decay curves of the five samples; 
Fig. S8. The standard curve of TCH; Fig. S9. Adsorption kinetics of TCH 
on sample S1; Fig. S10. (a-e) Temporal evolution of UV-vis spectra of 
TCH solution under UV-vis light irradiation degraded by samples S1-S5, 
respectively; Fig. S11. (a) Degradation dynamic curves, (b) time evo-
lution of the UV-vis spectra and (c) kinetic profiles of sample S1 under 
visible light irradiation; Fig. S12. The time evolution of the UV-vis 
spectra of sample S1 under actual light illumination; Fig. S13. The re-
action solutions of the actual outdoor TCH degradation experiment; 
Fig. S14. The characterizations of sample S1 before and after 5 times 
circular usages: (a) XRD spectra, (b) FTIR spectra and (c) SEM image; 
Fig. S15. (a-g) The corresponding MS spectra of the TC, product 1, 
product 2, product 3, product 4, product 5 and product 6 in the UPLC 

Fig. 7. (a) The structure and (b) the corresponding band structure of pure BiOBr; (c) the structure and (d) the corresponding band structure of BiOBr with OVs.  

Fig. 8. Schematic illustration for the photodegradation process of TCH using 
sample S1 as photocatalyst. 
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chromatogram; Fig. S16. Mott-Schottky plot of sample S1; Fig. S17. The 
corresponding MS spectra of photo-degradation reaction for 30 min in 
the UPLC chromatogram. Table S1. Surface area and pore size param-
eters of samples S1-S5; Table S2. Curve fitting of O 1s in XPS spectra for 
samples S1-5; Table S3. Parameters of the time-resolved PL decay 
curves; Table S4. Adsorption kinetics parameters of TCH on sample S1; 
Table S5. Comparison of TC photodegradation with various photo-
catalysts; Table S6. The released amount of Bi and Br from sample S1 
after different circles; Supporting References. Supplementary data to 
this article can be found online at https://doi.org/10.1016/j.apsusc.20 
22.152902. 
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