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A B S T R A C T   

Bismuth oxybromide-based heterostructure has been constructed widely for various photocatalytic application. 
However, the function of the exposed facets in heterostructure still remains to be elucidated. Herein, we 
chemically implanted bismuth oxybromide nano-units with dominantly exposed (010) facets on indium vana
date particles to form composites. Results showed that the absorption range of visible light was extended due to 
the high photosensitivity of InVO4 and the charge transfer was also effectively expedited by the formation of 
internal electric field. Contrast experiments manifested that BiOBr with dominant (010) facets was more suitable 
than that with (001) facets to act as electron acceptor in InVO4/BiOBr heterojunction, because the open channels 
on (010) facets provided large accommodation space for organic pollutants. Thus, the generated superoxide 
radicals on BiOBr could annihilate the adsorbed pollutants rapidly. Moreover, the hierarchical core-shell 
structure provided large surface area to further intensify the affinity of InVO4/BiOBr composites to pollutants. 
Consequently, the hierarchical InVO4/BiOBr heterojunction exhibited excellent photocatalytic activity and could 
degrade 92.59% of ciprofloxacin (CIP) within 1 h under visible light. The reaction data were fitted with multiple 
models to investigate the whole reaction process. Furthermore, the impacts of various simulated actual factors on 
CIP adsorption and degradation were explored. The intermediates and possible degradation pathways were also 
illustrated through Liquid Chromatography-Mass/Mass Spectrometry (LC-MS). This work not only provide a 
facet engineering concept for heterojunction construction, but also help us to further understand the relationship 
between adsorption and photocatalytic degradation.   

1. Introduction 

Recently, the aggravating environmental pollution and energy 
shortage have attracted tremendous attention worldwide. Photo
catalysis technology has been considered as a promising strategy to 
address these issues [1–5]. Therefore, a great deal of effort has been 
devoted to developing efficient semiconductor photocatalysts for 
various applications, such as wastewater treatment [6], bacterial 
destruction [5], hydrogen evolution [7] and CO2 reduction [8]. 
Whereas, the reality is the capability of photocatalysts is far from 
satisfying the practical application requirements. Two of the major is
sues are the limited optical absorption and the fast charge carriers 
recombination. Thus, seeking and constructing efficient heterogeneous 

photocatalysts have become a potential strategy for improving photo
catalytic activity [9–14]. 

Indium vanadate (InVO4), with the band gap of about 2.3 eV, has 
been considered promising for visible-light driven pollutant decompo
sition and hydrogen evolution. Originally, the InVO4 powders were 
synthesized by solid-state reaction with raw materials of In2O3 and V2O5 
or In(NO3)3 and NH4VO3 [15]. In recent years, the application of solu
tion routes gradually became the mainstream for direct synthesis of 
crystalline InVO4 particles at low temperature due to its versatility in 
controlling the microstructure and physical properties of materials. As 
results, various InVO4 morphologies, such as nanorods, nanoparticles, 
nanobricks and nanosheets, have been prepared through tuning envi
ronmental pH value and adding different surfactants [16]. Although the 
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relatively narrow band gap and excellent chemical stability endow 
InVO4 with wonderful talent as visible-light-response photocatalyst, the 
catalytic performance of pristine InVO4 is still not ideal. Undoubtedly, 
the quick recombination of photogenerated charges is answerable for 
the poor photocatalytic activity. However, the limited number of active 
sites confined in tiny surface area is also a mainly passive factor [17–20]. 

Bismuth oxybromide (BiOBr) as a remarkably multi-component 
V–VI–VII semiconductor, has been widely used as photocatalyst due to 
its intrinsic superiority of self-generated internal electric fields (IEF) 
along (001) direction [21]. More importantly, the surface atom coor
dination of BiOBr could be manipulated by modulating the configura
tion between [Bi2O2] units and bromine atoms, leading to the formation 
of distinguishing crystal facets and then exhibited different photo
catalytic performances [22]. For instance, Wu et al. increased the per
centage of (001) facet exposure by adding different amount of nitric 
acid, correspondingly leading to higher CO2 photoreduction activity and 
improved inactivation of Escherichia coli [10,23]. Whereas, Scott’s 
group reported that BiOBr with dominantly exposed (010) facets 
possessed better photo-oxidative capability for oxygen evolution and 
formic acid degradation [24]. Other research reported that BiOBr with 
dominant (010) facets exhibited better photocatalytic performance to
wards salicylic acid degradation than that dominated by the (001) facet 
under visible light (λ > 420 nm), while the opposite was true under light 
wavelength of 254 nm [25]. Despite of the promoting effect of crystal 
facet engineering, the rapid recombination of photogenerated charges 
and the insufficient visible light absorption always limited the photo
catalytic activity of BiOBr monomer. Therefore, lots of hybrid BiOBr- 
based materials with interlaced band structures have been prepared, 
such as AgI/BiOBr [13], Bi/BiOBr [26], g-C3N4/BiOBr [27], Cu2O/ 
BiOBr [28], BiOBr/NiFe2O4 [29] and MIL-53/BiOBr [30]. However, the 
influence of specific exposed facets of BiOBr in heterojunction towards 
photocatalytic performance has been rarely reported. Actually, the 
(010) facets have been demonstrated to benefit the injection of photo
induced electrons from plasmonic metals or dyes, as well as offer more 
active sites and broader accommodation space for the pollutants 
adsorption due to its open channel characteristics (Scheme S1) [31,32]. 
Therefore, we proposed a hypothesis that constructing InVO4/BiOBr 
heterojunction with (010) facets of BiOBr as mainly exposed surface 
would promote the photocatalytic activity. 

Considering that three-dimensional hierarchical architectures 
generally display increased adsorption capacity due to the increased 
surface area, it is viable to construct hierarchical InVO4/BiOBr nano
structure to further improve the photocatalytic activity [33]. Herein, we 
in situ implanted unit BiOBr nanosheets with dominantly exposed (010) 
facets on InVO4 nanoparticles via a novel solvothermal strategy [34], 
which resulted in a well-defined InVO4/BiOBr core-shell structure. 
Various characterization methods was conducted to probe into the 
physicochemical and photoelectrical properties. The performance of 
InVO4/BiOBr photocatalysts with different exposed facets for CIP 
removal was investigated under visible light irradiation (λ > 420 nm). 
The adsorption and degradation results were studied with multiple 
models. Plenty of actual factors were selected to investigate the signif
icance of adsorption for CIP removal. Meanwhile, the photodegradation 
products and pathway of CIP were investigated by the LC-MS. In virtue 
of the inertia of BiOBr in NIR region, the charge transfer direction and 
the function of active sites on BiOBr were verified. The radical trapping 
experiments and ESR measure were also conducted to inquire into the 
photodegradation mechanisms. This study proposed a new design tactic 
to control the exposed facets and the surface properties of hetero
junction and might be helpful for understanding the photocatalytic 
pollutants removal mechanism. 

2. Experimental section 

2.1. Synthesis of InVO4 

InVO4 nanoparticles were prepared by a PVP-assistance hydrother
mal method [35]. Typically, 1 mmol In(NO3)3⋅4.5H2O and 1 mmol 
NH4VO3 were dissolved in 40 mL deionized water under ultrasonication, 
respectively. After 10 min, 200 mg PVP was dispersed in the In 
(NO3)3⋅4.5H2O solution and magnetically stirred for 20 min. Then the 
NH4VO3 solution was dropped into the above solution under continuous 
stirring and the pH value of the mixed suspension was adjusted to 6.4 
with NH3⋅H2O. After one-hour agitation in dark environment, the ob
tained suspension was transferred to an 100 mL Teflon-lined stainless 
autoclave and maintained at 180 ◦C for 24 h. Afterwards, the naturally 
cooled product was washed for three times with ultrapure water and 
ethyl alcohol, respectively. Finally, the resultant InVO4 nanoparticles 
were dried at 65 ◦C overnight for further use. 

2.2. Synthesis of InVO4/BiOBr 

The InVO4/BiOBr heterojunction photocatalyst was prepared by a 
solvothermal method. In a typical procedure, the different amount of 
InVO4 were dispersed in beakers containing 20 mL 2-methoxyethanol 
separately under ultrasonic condition for 10 min to form a uniform 
suspension. Then 1 mmol Bi(NO3)3 5H2O were added to the above 
suspensions. Simultaneously, 1 mmol [C12min]Br were dissolved into 
another 20 mL 2-methoxyethanol. After stirred for 30 min, the latter 
solutions were poured into the former suspensions and further stirred for 
10 min. Finally, the mixtures were heated in Teflon-lined stainless steel 
autoclave at 160 ◦C for 2 h. After the solvothermal process, the targeted 
powders were collected through centrifugation, rinse and drying pro
cesses. The samples containing different amounts of InVO4 were marked 
as IB-5, IB-10, IB-20 and IB-30, where the theoretical mass ratios of 
InVO4 to BiOBr were 5%, 10%, 20% and 30%, respectively. 

For comparison, pure BiOBr was fabricated by the similar procedure 
without the addition of InVO4 nanoparticles. Plate-like BiOBr with 
dominantly exposed (001) and (010) facets and the corresponding 
InVO4/BiOBr heterojunctions were also prepared by hydrothermal 
method as previous reported [22]. Details were provided in Supple
mentary Materials. 

2.3. Photocatalytic degradation ability 

The photocatalytic degradation activity of InVO4/BiOBr composite 
was evaluated using CIP as target pollutant under visible light irradia
tion. A typical batch test contained 50 mg catalyst and 10 mg L− 1 CIP in 
100 mL of solution. The visible-light source was a 300 W Xenon lamp 
(CEL-HXF300F3) equipped a light filter (λ > 420 nm) to cut off UV light. 
The light density parameter was 37.86 mW/cm2, which was detected by 
PL-MW2000 photoradiometer. The distance between the light source 
and liquid level was about 16 cm and the exposed area under illumi
nation was about 63.62 cm2. As a comparison, another Xenon lamp 
source (Beijing Perfectlight, PLS-SXE300D/300DUV) with a light filter 
(λ > 420 nm) was also employed. The light density parameter was 63.13 
mW/cm2. Prior to irradiation, the mixed solution underwent a sonicat
ion for 1 min and was stirred in dark condition for 60 min to ensure the 
adsorption-desorption equilibrium. At a given time interval of irradia
tion, 3 mL aliquot was taken out from the reactor and centrifuged. The 
reaction solution was analyzed by the means used in our previous report 
[13]. 

Photocatalytic generation of superoxide radical (•O2
− ) was investi

gated with nitroblue tetrazolium (NBT) as indicator under visible light 
irradiation [36]. Refer the detailed experimental procedure in the Sup
plementary Materials. 
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3. Results and discussion 

3.1. Physicochemical properties 

The design and fabrication of core-shell composites, composed of 
InVO4 nanoparticles coated with BiOBr nanosheets was illustrated in 
Scheme. S2. [C12min]Br as an attractive bromide source could form 
emulsions in 2-methoxythanol due to the limited miscibility [37]. These 
microsized [C12min]Br miniemulsions coating on InVO4, acted as the 
microreaction chambers to react with Bi3+ ions, which surrounded the 
mini-emulsions. Thus, at elevated temperature, the newly formed BiOBr 
nanosheets may attached onto the surface of InVO4 with assistance of 
minimized surface energy. The XRD patterns of InVO4/BiOBr com
pounds (Fig. S1) obviously comprised two sets of diffraction peaks and 
the characteristic peaks of InVO4 were linearly intensified with its 
increased proportion in composites, indicating the successful growth of 
BiOBr on the surface of InVO4 nanoparticles. Importantly, the high in
tensity ratios of both (110) to (001) peaks and (200) to (002) peaks 
indicated that the dominant facet was (010) facets of BiOBr [21,38]. 
ESR spectra (Fig. S2) implied that the BiOBr possessed somewhat crystal 
defects due to the relatively low crystallinity, which might benefit to the 
photocatalytic reaction. 

Zeta potential results (Fig. S3) revealed that in most cases, BiOBr and 
InVO4 owned same electric charge, meaning that the formation of het
erostructure was not dependent on electrostatic interaction but on 
chemical bonding, which was beneficial for charge transfer. XPS spectra 
were recorded to further investigate the formation of InVO4/BiOBr 
heterojunction. As displayed in Fig. S4a, all of Bi, O, Br, In and V ele
ments coexisted in survey spectrum, indicating the formation of InVO4/ 
BiOBr composite. In high resolution XPS spectra (Fig. S4b–e), the 
binding energy of Bi 4f and Br 3d decreased accompanied with the red 
shift of In 3d and V 2p peaks in IB-20, indicating that charge transfer 
occurred at the interface [39,40]. According to these results, we 
believed that the InVO4/BiOBr heterojunction was successfully con
structed and an internal electric field (IEF) was formed. 

The microscopic morphologies of the obtained samples were also 
characterized by SEM and TEM. InVO4 nanoparticles mainly displayed 
popcorn and rod shapes with size of 200–500 nm (Fig. 1a and d). The 
pristine BiOBr completely showed flower-like microspheres built by 
interlaced BiOBr nanosheets (Fig. 1b and e). The size was estimated to be 
2–3 μm. The SEM images of InVO4/BiOBr heterostructure was shown in 
Fig. 1c and f, in which BiOBr sheets uniformly grew on the surface of 
InVO4 particles to form a core-shell structure. Compared with pure 
BiOBr microsphere, the size of heterostructure was decreased to 

Fig. 1. The SEM images of (a and d) InVO4, (b and e) BiOBr and (c and f) IB-20. (d-e) the corresponding HRTEM images of them, respectively.  
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nanoscale, availing to the contact of photocatalysts with pollutant 
molecules. The EDS mapping images (Fig. S6) and HRTEM images 
(Fig. 1g-i) further confirmed the combination of InVO4 with BiOBr 
[41,42]. It was noteworthy that two lattice fringes with spacing of 0.284 
nm and 0.403 nm were observed on the surface of BiOBr (Fig. 1h), which 
matched well with the (102) and (002) planes, respectively [43]. The 
corresponding SAED pattern (inset in Fig. 1h) displayed that (102) and 
(002) planes formed an angle of approximately 45.9◦, indicating the 
dominantly exposed (010) facets [22]. The result coincided with XRD. 
Unquestionably, InVO4/BiOBr-(010) composites with close contact 
were successfully fabricated. Benefitting from the hierarchical core-shell 
structure, the specific surface area (Fig. S7) was enlarged (35.62 m2 

g− 1), compared with pure InVO4 (9.82 m2 g− 1) and pure BiOBr (29.49 
m2 g− 1). The largely exposed surface were expected to impose favorable 
effect on the photocatalytic efficiency [44,45]. 

3.2. Optical absorption and photoelectric properties 

The light absorption property of the obtained photocatalysts were 
evaluated by the UV/vis diffuse reflectance spectra (DRS). The results 
showed all the samples had response under UV–vis light and incorpo
ration of InVO4 could improve the optical absorption ability of BiOBr 
within visible light region (Fig. 2a). In addition, the energy band edges 
(Eg) of semiconductors could be calculated by Kubelka–Munk equation 
(Eq. (1)) [3]: 

αhv = A
(
hv − Eg

)n/2 (1)  

where Eg was the band gap energy, A was a constant, and α, ν, h rep
resented the absorption coefficient, Planck’s constant and light fre
quency, respectively. Here, the values of n were determined to be 1 for 
InVO4 and 4 for BiOBr according to the type of electronic transition in 
semiconductor [46,47]. As shown in Fig. 2b, the band gaps of as- 
obtained photocatalysts were confirmed to be 2.47 eV and 2.71 eV 
corresponding to InVO4 and BiOBr, respectively. 

Furthermore, the XPS valence band (VB XPS) spectra were also 

measured to estimate the valence band (VB) edge positions of InVO4 and 
BiOBr (Fig. 2c). The VB potentials of InVO4 and BiOBr were determined 
to be +1.74 eV and +2.23 eV, respectively. Thus, the conduction band 
(CB) edge positions of InVO4 and BiOBr were calculated to be − 0.73 eV 
and − 0.48 eV, respectively. The semiconductor type and flat band po
tential (Ufb) were characterized by Mott-Schottky (M-S). As displayed in 
Fig. 2d, both InVO4 and BiOBr exhibited n-type semiconductor proper
ties [48]. The Ufb of the samples were identified to be − 0.48 eV and 
− 0.13 eV vs NHE, respectively [49]. Theoretically, the CB position of n- 
type semiconductors is more negative about 0–0.2 V than Ufb, the 
calculated results were well in line with the previous calculated CB 
values. 

With the aim of systematically surveying the movement action of 
photogenerated charges, photoelectrochemical and photoelectric mea
surements were performed. The transient photocurrent response curves 
(Fig. 2e) displayed substantial increase of photocurrent signal under 
visible light from IB-20, which was nearly 10 and 2 times of pure InVO4 
and BiOBr, respectively. The enhancement could be attributed to the 
formation of IEF between InVO4 and BiOBr, which acted as an electron 
transport channel to accelerate the electron transfer. Meanwhile, pure 
BiOBr exhibited higher photocurrent intensity than InVO4, even though 
InVO4 possessed stronger visible light absorption ability, demonstrating 
that fast recombination of photoexciton severely restrained the photo
catalytic ability of InVO4. The electrochemical impedance spectroscopy 
(EIS) measurement further confirmed the accelerated interfacial charge 
migration over IB-20 (Fig. 2f). These results manifested that incorpo
rating BiOBr with InVO4 could not only enhance the optical absorption 
ability but also achieve giant enhancement on charge separation 
efficiency. 

3.3. Photocatalytic performance 

The as-synthesized IB-x samples with different InVO4 mass ratios 
were investigated for the CIP removal under visible light irradiation to 
determine their capabilities for water purification. Fig. 3a showcased 

Fig. 2. (a) UV–vis absorption spectra over InVO4, BiOBr and IB-x samples; (b) the plots of the transformed Kubelka-Munk function (αhν)n/2 vs. the absorbed photon 
energy (hν), (c) XPS valence band spectra and (d) the Mott-Schottky plots of pure InVO4 and BiOBr; (e) transient photocurrent response of pristine InVO4, BiOBr and 
IB-20; (f) corresponding EIS Nyquist plots of the prepared composites. 
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the total CIP concentration changes vs. adsorption or irradiation time in 
the presence of the as-prepared photocatalysts. About 27.04% and 
71.63% of CIP was removed in the whole 120 min of reaction (60 min 
adsorption and 60 min visible light irradiation) over pure InVO4 and 
pure BiOBr, respectively, and the removal efficiencies increased after 
coupling InVO4 with BiOBr. The optimal removal rate appeared on IB- 
20, where 97.04% of CIP was dislodged from the solution. 

It was noted that the IB-x samples had much higher adsorption 
ability than pure InVO4 and pure BiOBr, which might be an important 
factor that affected the following photocatalytic degradation. In order to 
eliminate the distraction of adsorption effect on the experiment data in 
light stage, the adsorption tests of above samples for CIP were carried 
out under the dark conditions. As depicted in Fig. 3b, all of the photo
catalysts could reach their saturation adsorptions within 60 min, indi
cating that the adsorption process wouldn’t affect the accuracy of the 
following photocatalysis results. IB-20 owned much higher adsorption 
quantity than BiOBr, which was attributed to the enlarged surface area. 
Furthermore, the adsorption curves were fitted with pseudo-first-order 
equation and pseudo-second-order equation, respectively and the re
sults were listed in Fig. S8. Pseudo-second-order kinetics process was 
more suitable for our data and the rate constants were determined to be 
0.1391 g min− 1 mg− 1 and 0.0943 g min− 1 mg− 1 for BiOBr and IB-20, 
respectively. This result illustrated that chemical adsorption was the 
rating-limiting step in the adsorption process [50]. Afterwards, Lang
muir and Freundlich adsorption isotherm models were employed to 
interpret the adsorbent-adsorbate interaction, respectively. As shown in 

Fig. S9, the Langmuir isotherm model correlated better than Freundlich 
isotherm model for BiOBr and IB-x samples, whose R2 were greater than 
0.99. It was suggested that the monolayer adsorption of CIP occurred 
[51]. Meanwhile, the adsorption coefficient Ka were calculated based on 
the fitted Langmuir isotherm curves and listed in the nested table in 
Fig. S9a. 

Furthermore, the photocatalytic degradation of CIP over different 
photocatalysts was investigated. As shown in Fig. 3c, there was no sig
nificant reduction in the concentration of CIP in the presence of a single 
InVO4 after 60 min of visible light irradiation. BiOBr displayed relatively 
higher activity with decomposition efficiency of 58.93%. However, the 
photocatalytic CIP degradation efficiency of IB-x composites was 
remarkably higher than that of single InVO4 and single BiOBr, indicating 
that InVO4 played a significant role in the photocatalytic degradation 
although it had no CIP degradation activity. Moreover, it was also found 
that the CIP degradation efficiency depended, to a large extent, on the 
incorporation content of InVO4. Obviously, the photodegradation effi
ciency improved as the InVO4 content rose from 5 wt% to 20 wt%. 
Importantly, the IB-20 composite exhibited the optimal outcome, where 
92.59% of CIP was decomposed within 60 min. However, the further 
increment of InVO4 content from 20 wt% to 30 wt% lead to an attenu
ation in photocatalytic degradation, which was due to the fact that the 
excessive InVO4 might adhere onto the surface of BiOBr shell and 
blocked the pores, suppressing the exposure of reactive sites. It was 
interesting to note that there was a lag on the degradation curves of IB-x 
composites within the first 20 min after switching on the light. This 

Fig. 3. (a) The total removal curves of different samples; (b) adsorption effect of as-prepared samples toward CIP in dark condition; (c) photocatalytic activities and 
(d) the corresponding reaction kinetic curves of as-obtained samples under visible light. 
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strange photocatalytic performance might be caused by the vast 
adsorption quantities under dark condition, which was further discussed 
in the following part. 

The degradation kinetics was fitted by pseudo-first-order model as 
displayed in Fig. S10a. Although the order of reaction rate constants was 
consistent with the degradation efficiencies, the pseudo-first order 
model seemed inadequate to fit the CIP degradation over BiOBr and IB-x 
samples. Meanwhile, we observed that the degradation data in the first 
20 min well fitted for the zero-order kinetic rate equation with relatively 
low rate constants and the measured data after 20 min transformed to be 
in good relation to the first-order kinetic rate equation with relatively 
high rate constants (Fig. S10b). Actually, adsorption of the organic 
pollutant molecules on the surface of photocatalysts could be an 
important factor that affected the photocatalytic degradation rate. After 
dark reaction, the surface of photocatalysts tended to be saturated with 
adsorbed CIP molecule. Thus, in the first 20 min, the generation of active 
oxidation species would be the rate-limiting and preferentially attacked 
the already adsorbed CIP. When achieving the adsorption-degradation 
equilibrium, pollutant molecules in solution could swimmingly attach 
to the surface of photocatalyst, leading to a first-order kinetic reaction. 
This phenomenon was similar with the previous reported work [51]. 
Fortunately, another equation (Eq. (2)) based on Langmuir- 
Hinshelwood model, which considered the adsorption was proposed 
[52]. 

1
Ka

Ln
(

C0

C

)

+(C0 − C) = krt (2)  

where C (mg L− 1) and C0 (mg L− 1) were the concentration of CIP at 
reaction time t and initial time under irradiation condition; kr (mg L− 1 

min− 1) was the reaction rate constant. As depicted in Fig. 3d, the 
degradation data were fitted quite well and the degradation rate of IB-20 
was almost 2.12 and 70.44 times that of BiOBr and InVO4, respectively. 
The comparisons of photocatalytic degradation efficiency towards CIP 
over recently reported photocatalysts were listed in Table S4. As can be 
seen, the performance of IB-20 was relatively conspicuous, despite 
various reaction conditions including dosage, light density and incident 
wavelength. 

The stability and repeatability of the obtained photocatalysts are 
very important in the practical water purification. To evaluate their 
stabilities, the IB-20 composite was used in cycling experiments and the 
results were shown in Fig. 4a. There was still an excellent removal ca
pacity for CIP after four repeated treatments, where the CIP degradation 
efficiency was 83.79% on the fifth cycling run, slightly lower than that of 

the initial round (92.59%). Moreover, XRD of the fresh and used IB-20 
composited were provided to detect the robustness of the crystal struc
tures. As shown in Fig. 4b, the XRD pattern of the used IB-20 had no 
significant distinction compared with the original one, which suggested 
that the crystalline structure had no changes before and after reaction. 

In order to deeply investigate the CIP degradation, total organic 
carbon (TOC) measurements was employed. As shown in Fig. S11, IB-20 
photocatalyst showed great mineralization capacity (TOC removal rate) 
of 71.88% to CIP under visible light irradiation, which was much 
dazzling than that of pristine BiOBr (37.81%). In order to probe into the 
potential second pollution, the LC-MS technique was carried out to 
identify the main intermediate products and the total MS spectra of 
possibly molecular intermediates at different reaction time were listed in 
Figs. S12 and S13. Apparently, plenty of degraded products appeared as 
prolonging the reaction time and the peak intensities of all intermediates 
performed extremely low, which proved the exclusion of organic carbon 
by the photocatalytic effort of InVO4/BiOBr composites. Meanwhile, the 
proposed structural formulas of the primary chemical components in 
mass spectra were listed in Table S2. According to the data analysis and 
relevant literatures [53,54], the reasonable degradation pathways of CIP 
were proposed, as illustrated in Scheme 1. In summary, three plausible 
pathways were involved in the decomposition of CIP. Pathway 1: CIP → 
P1 (m/z 362) → P2 (m/z 334) → P3 (m/z 306) → P4 (m/z 291) → P5 (m/ 
z 263) → P6 (m/z 245) → P7 (m/z 274). In this degradation process, one 
dominant product of the desethylene ciprofloxacin (P3) was detected 
due to a net loss of –C2H2 at the piperazinyl substituent of CIP, where the 
N (1) and N (4) atoms in the piperazine ring could be easily attacked by 
h+ so that the piperazine ring opening was initially happened to form di- 
aldehyde derivative P1 and subsequently lost one formaldehyde to form 
keto-derivatives P2 and P2′, then the other formaldehyde was elimi
nated leading to the formation of P3. Further oxidation of P3 imposed 
the generation of P4 with a keto group through the loss of amine ni
trogen. After decarbonylation, the aniline (P5) was produced, in which 
the piperazinyl ring of CIP was completely destroyed. Then, the subse
quent defluorination and oxidation transformed P5 to P7. Pathway 2: 
CIP → P9 (m/z 348) → P10 (m/z 320) → P11 (m/z 318). This pathway 
mainly involved the cleavage of the quinolone ring. Firstly, CIP was 
attacked by hydroxyl radicals, generating hydroxylation intermediate 
P9. After decarboxylation and hydroxylation, P10 was formed. Finally, 
followed by F substitution and quinolone ring opening, an opened ring 
product P11 formed. Pathway 3: CIP → P8 (m/z 330). In this pathway, 
the photo-substitution of the F atom by –OH was first occurred. 
Although the subsequently detailed intermediates were too plethoric to 

Fig. 4. (a) Recycling runs of IB-20 for degradation of CIP; (b) XRD spectra of IB-20 before and after photocatalytic reactions.  
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be identified, the depressed peak intensity in MS spectra evidently 
confirmed the further cleavage of P8. According to the TOC tests, all of 
the byproducts could be further mineralized into elemental molecular 
substances or even CO2 and H2O. 

In order to assess the feasibility of applying IB-20 to degrade CIP via 
photocatalysis in real waters, three water matrices in the environment 
were selected. As a benchmark, deionized water was also included. 
Fig. 5a displayed the effects of these water matrices on the degradation 
of CIP over the time period of 60 min. The degradation efficiencies at 60 
min were decreasing in the order of deionized water (92.59%), under
ground water (87.69%), river water (75.40%) and tap water (62.60%). 
Therefore, compared to deionized water, the degradation of CIP was 
inhibited in environmental waters, but the IB-20 photocatalyst in un
derground water and river water still remained appreciable removal 
performances. Notably, the degradation efficiency in tap water was 
unexpectedly the worst one and the degradation trends in these three 
natural water matrices were different from that in deionized water, 
which was likely a result of the multiple action of many factors, 
involving solution pH value, inorganic ion species as well as the dis
solved organic substance. Thus, the following sections will study the 
impacts in detail. 

The influence of pH on the IB-20 mediated degradation of CIP was 
evaluated, as shown in Fig. 5b. When the pH values were within the 
range of 5–9, the IB-20 composites maintained high degradation effi
ciencies, which showed an uptrend with the augmentation of pH value. 
Whereas only 20.08% and 39.88% were removed at the pH of 3 and 11, 
respectively. The free-fall decline might be related with the surface 
properties of photocatalyst and the states of CIP molecules. As known, 
different pH value may lead to the alterations in Zeta potential of 

catalysts and the transformation of ciprofloxacin speciation via the 
protonation-deprotonation reaction [4,55]. The CIP molecule can form 
five molecular species including CIP3+ species (pH < 3.01), CIP2+ spe
cies (3.01 < pH < 6.14), CIP+ species (6.14 < pH < 8.70), − CIP+ species 
(8.70 < pH < 10.58) and CIP− species (pH > 10.58) as shown in 
Fig. S14a. It was clear that the pH value of 10.58 acted as a boundary to 
distinguish the states of CIP molecules, where the lower pH value 
endowed the CIP molecules with positive charge and vice versa the CIP 
molecules exhibited negative charge at the pH value above 10.58. 
Meanwhile, the Zeta potentials of IB-20 at different pH conditions were 
investigated in Fig. S14b. When the pH was in the range of 3–9, the 
surface of IB-20 presented positive charges with an approximately 
downward trends, where the electrostatic repulsion between IB-20 and 
the protonated CIP tended to be weaker. Thus, the amount of CIP mol
ecules attached to the active sites on the surface of IB-20 was enlarged, 
which was in favor of the photocatalysis. Nevertheless, the Zeta poten
tial chopped to − 22.8 mV at pH value of 11, implying that the repulsive 
force between IB-20 and the deprotonated CIP was intensified and 
thereby led to an inferior CIP degradation efficiency. The adsorption 
experiment well evidenced this phenomenon as shown in Fig. S14c. The 
increased pH value gave rise to a gradual increment on the adsorption 
percentage in the range of 3 to 9 and a drastic shrink occurred at the pH 
11. Considering that strong acid or alkaline environment might corrode 
the structure of BiOBr, the solubility of Bi ion with pH value was tested 
by ICP-MS as shown in Fig. S14d. The relatively high leaching amount 
indicated that the strong acid would injure the BiOBr crystal, which was 
another potential reason for the declined degradation ability at pH 3. 

Considering that tap water was the most-affected water matrix for 
the degradation of CIP, the impacts of the commonly contained 

Scheme 1. Suggested photocatalytic degradation pathway of CIP.  
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inorganic anions (Cl− , NO3
− , SO4

2− and CO3
2− ) were systematically eval

uated. The unadjusted solution (pH 4.43) was employed, and the 
selected ions (NaCl, NaNO3, Na2SO4 and Na2CO3) were added separately 
to the ciprofloxacin solution at concentrations of 50 mM. As Fig. 5c 
showed, no significant decay could be seen in the degradation curve of 
the solutions containing NaNO3, indicating that NO3

− did not impact the 
degrading activity of IB-20 composite. However, the presence of NaCl, 
Na2SO4 and Na2CO3 inhibited the degradation process obviously and the 
photocatalyst in Na2CO3 even was inactivation. Due to the fact that the 
surface of IB-20 in neutral solution was electropositive, these anions 

may prefer to adhere to the photocatalyst, which covered some active 
sites and changed the surface charge of material as shown in Table S3. 
Furthermore, Cl− may cause the BiOBr transform to BiOCl which 
adsorbed poor visible light, and CO3

2− could be hydrolyzed to produce a 
certain amount of OH− ions and HCO3

− ions, which increased the pH 
value of solution (from 4.3 to 10.4) and quenched some active species 
[56]. Therefore, moderate pretreatment was necessary in the treatment 
of the wastewater with extreme pH or sulfite, carbonate and chloride 
anions. 

Ciprofloxacin typically coexists with natural dissolved organic 

Fig. 5. Effects of different (a) water matrices, (b) pH values, (c) inorganic salts, (d) BSA, (e) HA and (f) polystyrene (PS) particles upon the removal of CIP by IB-20.  
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matters in natural water and wastewater. Accordingly, bovine serum 
albumin (BSA) and humic acid (HA) were chosen as representatives to 
investigate the effects of the coexisting organic substances on the CIP 
degradation. Fig. 5d indicated that the removal efficiency of CIP was 
significantly restrained by the addition of BSA regardless of concentra
tion. This may be induced by the competitive interaction of BSA with the 
oxidized radicals. And the hydrophobic binding interaction and van der 
Waals forces between CIP and BSA also played an important role in the 
reduced photocatalytic performance [57]. As shown in Fig. S15a, the 
adsorption amount of CIP on the surface of IB-20 was reduced dramat
ically with the increase of BSA corresponding to the gradually deterio
rative degradation performance. Furthermore, Fig. 5e showed that, up to 
a point relatively lower concentrations of HA (5 mg/L–20 mg/L) 
accelerated the CIP removal rate compared to that without HA. How
ever, the higher concentration of 40 mg/L cut down the degradation 
efficiency from 92.59% to 62.89%. This phenomenon was triggered by 
the fact that HA as a photosensitizer could be excited to 3HA* states that 
promoted the formation of reactive species or induced the degradation 
of CIP via energy transferring [58]. However, excessive HA might serve 
as radical scavenger and light filter [59]. Meanwhile, HA could restrain 
the contact between CIP and IB-20 (Fig. S15b), thereby attenuating CIP 

photocatalysis. 
Microplastics which originate from the fragmentation of plastic 

debris or from direct environmental emission, are ubiquitous in terres
trial and aquatic environments [60]. Thus, in this study, polystyrene 
(PS) particles were added into the reaction system with high concen
tration (Fig. 5f). Interestingly, the degradation efficiency displayed a 
collective decline, indicating that IB-20 was not appropriate for the 
purification of waste water from plastics industry. Moreover, the effec
tive prescription must be found to limit microplastics in the environment 
in case certain environmental treatments lose efficacy. Similarly, the 
adsorption percentage of CIP over IB-20 in the presence of PS particles 
was also measured in Fig. S15c, in which the adsorption ability of IB-20 
was diminished expressively. Given that the nasty photocatalytic per
formances in various conditions were relevant with poor adsorption 
capacities, a conclusion could be proposed that the adsorption of CIP 
over InVO4/BiOBr composites played a vital role in the photo
degradation process. 

3.4. Photocatalytic mechanism 

Radical species trapping experiments were carried out to detect the 

Fig. 6. Scavenger experiments of the photocatalytic degradation under visible light irradiation over (a) IB-20 and (b) BiOBr; (c and d) ESR spectra of DMPO spin- 
trapping over IB-20 under visible light irradiation. 
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generated reactive species in photocatalytic CIP degradation. 2,2,6,6- 
tetramethylpiperidine-1-oxyl (TEMPOL), tert-Butanol (TBA) and Trie
thanolamine (TEOA) were used as scavengers of superoxide radical 
(•O2

− ), hydroxyl radical (•OH) and hole (h+), respectively [61]. From 
Fig. 6a, the photodegradation activity of IB-20 displayed negligible 
variation after adding the TBA and TEOA, while the presence of TEM
POL showed obvious inactivation effect on IB-20 catalyst, which 
demonstrated that •O2

− was the major reactive specie in the photo
degradation of CIP. It was necessary to ask a question. Did the formation 
of heterojunction between InVO4 and BiOBr alter the contributions of 
reactive radicals? To unveil this question, the radical species trapping 
experiments over pure BiOBr were also conducted. As shown in Fig. 6b, 
the main reactive species participated in the photodegradation reaction 
were •O2

− and h+, coincident with that of IB-20. However, the inhibiting 
effect of TEOA was stronger and the inhibiting effect of TEMPOL was 
weaker compared to the trapping experiments over IB-20, indicating 
that the contributions of h+ was decreased and the contribution of •O2

−

was increased after constructing InVO4/BiOBr heterojunction. The ESR 
signals further verified the generation of •O2

− and •OH during the pho
tocatalytic process (Fig. 6c and d). However, at the same illumination 
point-in-time (10 min), the signal intensity of DMPO-•O2

− was much 
stronger than DMPO-•OH, suggesting that the •O2

− was the major reactive 
radical, and the •OH only played a minor role. Meanwhile, the yield of 
•O2

− between BiOBr and IB-20 was compared in Fig. S16. The intensity of 

characteristic absorption peak over IB-20 significantly declined after 
photocatalytic reaction and the IB-20 photocatalyst exhibited much 
more affinity to NBT than pure BiOBr. As a result, the total •O2

− pro
ductions of BiOBr and IB-20 samples were estimated to be 7.97 and 
16.41 µM after visible light irradiation for 60 min, respectively. 

The steady-state and time-resolved transient photoluminescence 
decay spectra in Fig. 7a and b implied that the agile charge transfer 
between BiOBr and InVO4 was a main reason for the promoted gener
ation of reactive radicals. However, the contribution of the changed 
surface properties also should not be ignored. To identify the effect of 
(010) facets of BiOBr within the hierarchical structure, the photo
catalytic activities of BiOBr and IB-20 with (001) facets and (010) 
facets were evaluated under the same condition. As shown in Fig. S17a, 
BiOBr-010h owned larger adsorption quantity than BiOBr-001h, indi
cating that the open channel on (010) facets facilitated the adsorption of 
organic pollutants. The hierarchical BiOBr with dominantly exposed 
(010) facets possessed further improved adsorption capacity, resulting 
from the large surface area. Meanwhile, BiOBr-010h and the corre
sponding heterojunction (IB-20-010h) displayed better degradation 
performances than those with dominant (001) facets (Fig. S17b). This 
suggested that the dominantly exposed (010) facets of BiOBr were more 
favorable to the degradation of CIP. Resultantly, the hierarchical IB-20 
had much higher degradation efficiencies due to the further enlarged 
exposure of (010) facets. The function of (010) facets were further 

Fig. 7. (a and b) The steady-state PL spectra and ns-level time-resolved PL decay spectra of the as-prepared samples, respectively; (c) photocatalytic activities of pure 
InVO4 and IB-20 photocatalysts under NIR light irradiation; (d) schematic diagram revealing the band positions of InVO4 and BiOBr. 
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confirmed by the photocatalysis experiment under near-infrared (NIR) 
light irradiation. In terms of DRS results, only InVO4 could absorb the 
light energy with wavelength longer than 760 nm and pure BiOBr was 
powerless under NIR region. As shown in Fig. 7c, InVO4 could hardly 
remove CIP despite its NIR response ability. This phenomenon was 
mainly stemmed from the lack of active sites on InVO4 surface and the 
rapid recombination of photoinduced charge carriers. After loading 
BiOBr nanosheets onto InVO4, the CIP concentration followed a down 
trend with prolonging the irradiation time, indicating that BiOBr pro
vided extra active sites for InVO4. 

Based on the above experimental results and the energy levels of 
InVO4 and BiOBr (Fig. 7d), a photocatalytic mechanism illustrating the 
high-efficiency photocatalytic CIP removal over IB-20 was proposed in 
Fig. 8. The smaller BiOBr nanosheets with dominantly exposed (010) 
facets were evenly immobilized on the surface of InVO4 by chemical 
bonding. Compared with BiOBr microspheres, the teeny-weeny InVO4 
particles as substrate material resulted in the smaller size of InVO4/ 
BiOBr composites, thereby the relatively higher surface-volume ratio 
made more adsorption sites of BiOBr be exposed. This gave preference to 
CIP molecules to be adsorbed onto the surface of BiOBr in the dark. 
Under visible-light irradiation, both InVO4 and BiOBr could be activated 
into excited state and produced electrons and holes. Considering the 
band positions, the CB potentials of InVO4 and BiOBr were calculated to 
be − 0.73 eV and − 0.48 eV and their corresponding VB potentials were 
+1.74 eV and +2.23 eV, respectively. Therefore, the photo-produced 
electrons on the CB of InVO4 could thermodynamically migrate to the 
CB of BiOBr whereas holes transferred oppositely in the VB due to the 
built-in electric field at the interface. Therefore, the photoexcited elec
trons and holes were effectively separated in micro-space. Furthermore, 
these extraneous electrons could migrate promptly on the (010) surface 
of BiOBr owing to the intra-electric field along (001) direction, thereby 
dispensing with travelling across the bulk. The existence of crystal defect 
might also contribute to the electron transport. Due to the CB potentials 
of BiOBr being more negative than the reduction potential of O2/•O2

−

(− 0.33 eV vs. NHE) [4], the accumulated electrons on the CB of BiOBr 
could reduce molecule oxygen to generate •O2

− for CIP degradation. 
However, referring to the VB potential of InVO4 which was less positive 
than the H2O/•OH potential (+2.38 eV vs. NHE) [62], the holes 

possessed relatively weaker oxidizability, thereby unable to oxidize H2O 
into •OH. That was the reason of the fact that the contribution of •O2

− was 
enlarged. The DMPO-•OH signals in ESR test was probably ascribed to 
the further transition of •O2

− via •O2
− → H2O2 → •OH [20]. Coincidently, 

the adsorption of CIP and the generation of active species together 
proceeded on BiOBr. Therefore, the •O2

− could oxidize CIP molecule 
quickly. 

4. Conclusion 

In summary, BiOBr nanosheets with different exposed facets were in 
situ grown on InVO4 nanoparticles. It was demonstrated that (010) 
facets of BiOBr possessed larger adsorption capacity and higher degra
dation ability towards CIP than (001) facets, because the open channels 
on (010) facets provided large accommodation space for organic pol
lutants. Base on this, a hierarchical InVO4/BiOBr heterojunction with 
mainly exposed BiOBr-(010) facets was constructed. The nanometer- 
scale InVO4 particles minified the size of composites, thereby 
achieving a much higher surface area. Consequently, the adsorption of 
CIP was further improved. Benefiting from the formation of internal 
electric field, the photogenerated charges were able to flow directionally 
with a prolonged lifetime. Coincidently, the reduction of molecule ox
ygen was also occurred on BiOBr. Thus, the generate •O2

− could anni
hilate CIP as soon as possible. Deservedly, the photocatalytic reaction 
was accelerated. The prepared IB-20 composites presented 97.04% 
removal efficiency after one-hour adsorption in dark and another one- 
hour visible light irradiation. In addition, it also presented outstanding 
mineralization capability with TOC removal efficiency of 71.88% within 
two-hour visible light irradiation. The photocatalytic degradation 
pathways of CIP were deduced aided by LC-MS. Furthermore, the 
InVO4/BiOBr composites possessed good reusability. This work may 
provide a new strategy to design heterojunction photocatalyst, which 
gathers the pollutant adsorption and the free radicals generation on one 
component, to shorten the distance between radicals with target 
pollutants. 

Fig. 8. Photocatalytic degradation mechanism scheme of InVO4/BiOBr photocatalyst under visible light irradiation.  
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