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One-step co-precipitation method was used to prepare the flower-like BiOCl/BiOBr composite materials 
(BOBCs) with heterojunction structures, in which various amounts of BiOBr were used to adjust the 
band gap of BiOCl and thereby improve its photocatalytic activity. Based on photocatalytic performance 
experiments, BOBC2, in which the molar ratio of BiOCl to BiOBr is 1:0.75, exhibited the highest 
photodegradation efficiency (90.5%) to remove ofloxacin after 100 min illumination. The cyclic utilization 
performance of BOBC2 under the same conditions was tested by a cycle experiment. It was found that its 
photocatalytic activity remained at a high level after three cycles. The composition and microstructure of 
the material were analyzed by characterization techniques including XRD, FTIR, XPS, and SEM. The optical 
properties and the degradation process of the material were studied by DRS, PL, photocurrent, and 
active species trapping methods. The reasonable mechanism for photocatalytic degradation of ofloxacin 
was proposed.

Introduction
Ofloxacin as one kind of antibiotics [1], having been widely 
used in the field to treat bacterial infections in humans or 
other animals because it can inhibit or eliminate various com-
mon bacteria. With the wide application of antibiotics in many 
fields, a large amount of ofloxacin is discharged into our daily 
environment with the sewage generated by hospitals, pharma-
ceutical factories and animal husbandry [1–3]. These ofloxacin 
residues in sewage are difficult to remove [4, 5], leading to some 
bacteria resistance to ofloxacin or accumulation in the human 
body through the biological chain [6]. Due to the characteristics 
of ofloxacin, conventional physical or chemical methods such 
as precipitation, coagulation, neutralization, adsorption and 
other treatment methods can not completely remove ofloxa-
cin in aqueous solution, and may cause secondary pollution 
[7, 8]. Therefore, it become urgent and significant to find an 
energy-saving treatment technology to remove ofloxacin. In 
recent years, photocatalytic technology has gradually entered 
the research field of photocatalysis for its ability to effectively 
treat harmful organic pollutants in wastewater [9–11]. Previ-
ous experimental studies have shown that the photogenerated 

electron–hole pairs generated by some semiconductor materi-
als when excited by external light sources can cause reduction 
or oxidation reactions of organic pollutants in water [12, 13], 
effectively degrading most organic dyes, antibiotics, and other 
organic pollutants in the environment.

In photocatalytic semiconductor materials, bismuth halide 
oxides (BiOX, X = Cl, Br, and I) [14] with unique layered struc-
ture have been considered to be great potential for application 
in the field of photocatalysis owing to their suitable bandgap, 
and non-toxic and inexpensive properties. Among them, the 
tetragonal structure of BiOCl consists of [Cl–Bi–O–Bi–Cl] [15] 
covalent bond layers, which are superposed and kept together 
by the Van der Waals force interaction between halides. For this 
special structure, the relevant atoms and orbitals have sufficient 
polarization space, which can promote the separation of photo-
generated charge carriers [16]. According to existing studies, 
BiOCl catalysts exhibit high photocatalytic activity, but their 
wide bandgap (Eg approximately 3–3.6 eV) limits the separation 
rate of photo-generated carriers, made their practical photo-
catalytic activity worsen [17]. In order to decrease the recom-
bination rate of photogenerated carriers in BiOCl, methods to 
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modifying BiOCl have been developed by researchers. Overall, 
there are three common methods to enhance the photocata-
lytic efficiency of BiOCl photocatalytic materials: controlling the 
microstructure of BiOCl, ion doping of BiOCl materials [18], 
and constructing heterostructures with other semiconductors 
[19].

The construction of heterojunctions [20] can enhance the 
separation efficiency of photo-generated carriers by forming an 
interface electric field, which is an effective method to improve 
photocatalytic performance. In recent years, some researchers 
have combined bismuth halides composed of different halogens 
to construct heterostructures [21], such as BiOCl/BiOBr [22], 
BiOBr/BiOI [23], and BiOCl/BiOI [21], in order to increase 
the separation rate of photo-generated carriers. Compared to 
heterostructures composed of BiOX and other materials, the 
BiOX/BiOY heterostructure demonstrates a robust configura-
tion. Furthermore, by manipulating the compositions of BiOX 
and BiOY, it is feasible to finely tune its inherent optical proper-
ties [24] and oxidation potential. This feature holds promise for 
academic applications, highlighting its structural stability and 
controllable physicochemical characteristics [25]. Zhang et al. 
[24] synthesized BiOCl/BiOBr microspheres by a hydrothermal 
process, and Liao et al. [26] constructed flower shaped BiOCl/
BiOBr in aqueous solution containing acetic acid. Both results 
gotten by them have proved that the degradation of Rhodamine 
B by BiOCl/BiOBr composite photocatalyst materials has been 
significantly improved. Liu et al. [27] synthesized layered BiOCl/
BiOBr using ultrasonic and precipitation method in aqueous 
solution with ethanol under UV induction, which improved 
the photocatalytic performance of the material. These studies 
mainly focus on the degradation of organic dyes by bismuth 
halide oxide composite materials.

Inspired by the above reports, this article adopts a one-step 
precipitation method to synthesize BiOCl composites with vari-
ous compositions of BiOBr under acidic conditions. The rela-
tionship between the process parameters and the photocatalytic 
performance of BiOCl/BiOBr composites was assessed by pho-
tocatalytic degradation of ofloxacin. The BiOCl/BiOBr photo-
catalytic materials were characterized by XRD, FTIR, XPS, SEM, 
BET, UV–Vis diffuse reflectance, and other methods. The photo-
catalytic degradation mechanism of ofloxacin under visible-light 
irradiation by BiOCl/BiOBr was analyzed through free radical 
capture and ESR experiments.

Results and discussion
Compositional and structural information

Figure 1 showed the XRD spectra of pure BiOCl, BiOBr, and 
three BOBCs. It is evident that the diffraction peaks at 11.9°, 
25.8°, 32.6°, 33.4°, 46.8°, 54.2°, and 58.7° of BiOCl sample 

are consistent with the standard PDF card (JCPDS 06-0249), 
corresponding to (001), (101), (110), (102), (201), (211), and 
(212) crystal planes of BiOCl [28], respectively. The diffrac-
tion peaks at 25.3°, 32.4°, 46.5°, and 57.2° of BiOBr sample 
are consistent with the standard PDF card (JCPDS 09-0393), 
corresponding to (101), (102), (201), and (211) crystal planes 
of BiOBr [29], respectively. The diffraction peaks appeared in 
the BOBC1, BOBC2, and BOBC3 samples are all aligned to 
the characteristic peaks of BiOCl or BiOBr, and no other dif-
fraction peaks were detected, indicating that the three BOBCs 
are all only composed of BiOCl and BiOBr.

The functional groups of BiOCl, BiOBr and BOBC2 were 
characterized in the FTIR spectra. As demonstrated in the 
Fig. 2, the vibration peak at 520 cm−1, 1400 cm−1, 1630 cm−1 
and 3440 cm−1 are attributed to the Bi–O [30] stretching vibra-
tion, Bi–Cl or Bi–Br in BiOCl or BiOBr [31, 32], and hydroxyl 
stretching vibration caused by water absorption [33], respec-
tively. There are no other vibration peaks in the FTIR spectra 
were found, further proving the successful synthesis of BiOCl/
BiOBr composite materials.

The elemental composition and chemical states of the 
surface of pure BiOCl, pure BiOBr, and BOBC2 samples were 
studied by XPS. As demonstrated in the [Fig. 3(a)], the full 
XPS spectra revealed the existence of C, Bi, O, Cl or/and Br 
in pure BiOCl, BiOBr, and BOBC2 samples. The carbon ele-
ment should be attributed to the amorphous carbon of the 
sample [34]. The high-resolution XPS spectra of Bi 4f [21] 
were shown [Fig. 3(b)]. The peaks in the spectra revealed the 
binding energy of 158.7 eV and 164 eV in BiOCl, 158.1 eV 
and 163.5 eV in BiOBr, 158.5 eV and 163.8 eV in BOBC2, 

Figure 1:   XRD patterns of different photocatalysts.



 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 
 V

ol
um

e 
39

  
 I

ss
ue

 9
 

 M
ay

 2
02

4 
 w

w
w

.m
rs

.o
rg

/jm
r

© The Author(s), under exclusive licence to The Materials Research Society 2024 1451

Article

respectively, which all were in consistence with the peaks of 
Bi 4f7/2 and 4f5/2, indicating that Bi3+ exists in the pure BiOCl, 
BiOBr and BOBC2 samples. Compared with pure BiOCl and 
BiOBr, the binding energies of Bi 4f7/2 and 4f5/2 in BOBC2 
have a blue-shift and a red-shift, respectively, which can be 
attributed to the interaction between BiOCl and BiOBr.

A high-resolution XPS spectra of Cl 2p3/2 and Cl 2p1/2 
were shown in [Fig. 3(c)]. The peaks at 197.4 and 199 eV were 
appeared in BiOCl, and the peaks at 197 and 198.8 eV were 
found in BOBC2 [35]. We can find that the peaks of Cl 2p in 
BOBC2 were blue shifted compared with those in pure BiOCl, 
indicating that the orbit of Cl 2p in BiOCl was occupied by 
extra photogenerated electrons. Figure 3(d) showed the high-
resolution XPS spectra of Br 3d5/2 and Br 3d3/2. The peaks at 
67.3 eV and 68.4 eV, and 67.7 eV and 68.8 eV were appeared in 
BiOBr and BOBC2, respectively [36]. Red shifted can be found 
in the peaks of Br 3d in pure BiOBr as compared with those 
of BOBC2, which can be attributed to some electrons in the 
orbit of Br 3d in BiOBr are lost during the irradiation process 
[37]. From the above data, it can be concluded that electrons 
migrate from the BiOBr interface to BiOCl in BOBC2, form-
ing an internal electric field.

Figure 3(e) showed the high-resolution spectra of O 1 s of 
BiOCl, BiOBr and BOBC2. The peaks appeared at 529.4 and 
531 eV in BiOCl, 529.2 and 530.8 eV in BiOBr, and 528.9 and 
530.5 eV in BOBC2, are all attributed to lattice oxygen and 
hydroxyl in above substances [38].

The results measured by XRD, FTIR, and XPS meth-
ods confirmed the presence of BiOCl and BiOBr in BOBCs, 

suggesting the successful synthesis of heterostructures existing 
in BiOCl/BiOBr.

Microstructure information

The SEM images of BiOBr, BiOCl, and BOBC2 materials were 
shown in [Fig. 4(a–d)]. As indicated in [Fig. 4(a)], the large 
amount of stacked nanosheets with side length of 100–600 nm 
and thickness of about 20 nm can be easily observed in BiOBr. 
The BiOBr shows the flower-like structure in [Fig. 4(b)]. Fig-
ure 4(c and d) show the morphology of the BOBC2 composite 
material at different magnifications. It can be seen clearly that 
BOBC2 exhibits a uniform flower-like structure assembled with 
nanosheets. Contrasted with the stacked lamellar structure, the 
flower-like structure enhances the specific surface area, thus 
enhancing more active site and improving the photocatalytic 
activity. The EDS in [Fig. 4(e)] shows the presence of Bi, O, Cl, 
and Br uniformly distributed in BOBC2, suggesting the success-
ful combination of BiOCl with BiOBr.

Figure 5 displays the nitrogen adsorption–desorption iso-
therms for BiOCl, BiOBr and BOBC2. At relatively high relative 
pressures, distinct hysteresis loops, indicating typical type IV 
isotherms [39], can be observed in the curves, suggesting that 
BiOCl, BiOBr, and BOBC2 are all mesoporous materials. By 
measuring the nitrogen adsorption–desorption isotherms, the 
calculated surface areas [40] of BiOCl, BiOBr, and BOBC2 were 
9.0591 m2 g−1, 15.243 m2 g−1, and 24.471 m2 g−1, respectively. 
Similarly, using the Barrett–Joyner–Halenda (BJH) desorption 
method, the pore volumes of BiOCl, BiOBr, and BOBC2 were 
calculated as 0.0317 cm3 g−1, 0.0662 cm3 g−1, and 0.1071 cm3 g−1, 
respectively. The BET surface area and pore volume information 
for BiOCl, BiOBr, and BOBC2 are outlined in Table 1. The find-
ings indicate that the incorporation of BiOBr increased both the 
specific surface area and pore volume of BOBC2, leading to a 
higher amount of adsorption and active sites, thereby enhancing 
the photocatalytic performance of the material.

Optical and electronic properties

UV–visible diffuse reflection spectroscopy (DRS) was used to 
investigate the optical properties of pure BiOCl, BiOBr, and 
BOBC materials. As demonstrated in the [Fig. 6(a)], the absorp-
tion edges of pure BiOCl and BiOBr were located at 360 and 
408 nm, respectively, while the absorption edge of BOBC was 
in the range of 380–400 nm. The addition of BiOBr in BiOCl 
led to a redshift in the absorption edge of the composite mate-
rial, resulting in a stronger absorption capacity for visible-light.

Generally, the Kubelka–Munk function (Eq. 1) [39] is used 
to calculate the bandgap width of materials:

(1)αhν = A · (hν − Eg)
n/2

Figure 2:   FTIR spectra of BiOCl, BiOBr, and BOBC2.
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where α, h, ν, and Eg represent the absorption coefficient, 
Planck’s constant, photonic frequency, and energy band 
gap, respectively. A is a constant, and the value of the expo-
nent n depends on the type of semiconductor (n = 1 for direct 

transitions, n = 4 for indirect transitions). According to literature 
reports, BiOX is an indirect bandgap semiconductor with n = 4. 
[25] From this, the calculated bandgap energy (Eg) values for 
BiOCl, BiOBr, and BOBC2 are 3.23 eV, 2.84 eV, and 2.93 eV, 

0 100 200 300 400 500 600 700 800

BiOCl

BiOBr

BOBC2

B
i 4

f
B

i 4
f

B
i 4

f
C

l 2
p

C
l 2

p

O
 1

s
O

 1
s

O
 1

s

C
 1

s
C

 1
s

C
 1

s

B
r 

3d
B

r 
3d

Binding energy (eV)

).u.a(
ytisnetnI

a

156 158 160 162 164 166

Bi 4f5/2

Bi 4f5/2

Bi 4f5/2

Bi 4f7/2

Bi 4f7/2

Bi 4f7/2

b

BiOCl

BiOBr

BOBC2

Bi 4f

164 eV158.7 eV

163.5 eV158.1 eV

163.8 eV158.5 eV

Binding energy (eV)

).u.a(
ytisnetnI

194 196 198 200 202

BiOCl

BOBC2

Cl 2p

Cl 2p1/2

Cl 2p1/2

Cl 2p3/2

Cl 2p3/2

Binding energy (eV)

).u.a(
ytisnetnI

c

199 eV

197.4 eV

197 eV
198.8 eV

64 66 68 70 72

BiOBr

BOBC2

Br 3d

Br 3d3/2

Br 3d3/2

Br 3d5/2

Br 3d5/2

67.3 eV

68.4 ev

67.7 eV
68.8 eV

Binding energy (eV)

).u.a(
ytisnetnI

d

526 528 530 532 534

e
O 1s

BiOCl

BiOBr

BOBC2

531 eV

529.4 eV

530.5 eV

528.9 eV

530.8 eV

529.2 eV

Binding energy (eV)

).u.a(
ytisnetnI

Figure 3:   XPS spectra: (a) full spectra of BiOCl, BiOBr, and BOBC2. (b) Bi 4f of BiOCl, BiOBr, and BOBC2. (c) Cl 2p of BiOCl and BOBC2. (d) Br 3d of BiOBr 
and BOBC2. (e) O 1 s of BiOCl, BiOBr, and BOBC2.
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respectively. The addition of BiOBr results in a smaller bandgap 
for the composite material compared with BiOCl.

The conduction band potential (CB) and valence band 
potential (VB) of BiOCl and BiOBr can be calculated using the 
Mulliken electronegativity theory (Eqs. 2 and 3): [41]

where X is the geometric mean of the electronegativity of the 
constituent atoms (XBiOCl = 6.36  eV, XBiOBr = 6.17  eV), [42] 
Ee is the free electron energy on the hydrogen scale (usually 

(2)EVB = X − Ee + 0.5Eg

(3)ECB = EVB − Eg

Ee = 4.5 eV), and Eg is the bandgap potential. By calculations, VB 
of BiOCl and BiOBr is found to be 3.47 and 3.10 eV, respectively, 
while CB of them is 0.24 and 0.23 eV, respectively.

Photoluminescence (PL) spectroscopy employing an exci-
tation wavelength of 270 nm was employed to investigate the 
charge carrier separation, transfer, and recombination capa-
bilities of the BOBCs materials during photocatalytic reac-
tions [43]. As demonstrated in [Fig. 7(a)], the emission peaks 
of BiOCl, BiOBr, and BOBC materials were mainly concen-
trated at 540 nm. The order of luminescence intensity for 
the photocatalysts was BiOCl > BiOBr > BOBC1 > BOBC3 > 

Figure 4:   SEM morphologies of pure BiOCl (a). BiOBr (b) and BOBC2 (c, d) and EDS mapping of BOBC2 (e).
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BOBC2. The release of energy in the form of PL emission 
was made while recombining electron–hole pairs. There-
fore, a higher PL intensity indicates a higher rate of recom-
bination of photogenerated charge carriers. As expected, a 
lower charge carrier recombination rate was found in BOBCs 

compared with pure BiOBr, thus improving their photocata-
lytic performance [44].

The photocurrent response of pure BiOCl, BiOBr, and 
BOBC2 samples under visible-light (> 400 nm) illumination 
was tested using an electrochemical workstation. The efficiency 
of charge carrier separation plays a crucial role in photocatalytic 
reactions, and a larger photocurrent indicates higher charge car-
rier separation efficiency and, consequently, higher photocata-
lytic activity [45]. As demonstrated in the [Fig. 7(b)], the tran-
sient photocurrent responses of BiOCl, BiOBr, and BOBC2 were 
recorded during five on–off cycles of visible-light illumination. 
Figure 7(b) demonstrates that the photocurrent signal is initially 
low in the absence of light, then sharply increases upon illumi-
nation, and returns to its original value once the light is turned 

0.0 0.2 0.4 0.6 0.8 1.0

0

20

40

60

80
 BiOCl
 BiOBr
 BOBC2

Relative pressure (P/Po)

debrosda
ytitnau

Q
(c

m
3

P
TS

g/
)

a

0.0 0.2 0.4 0.6 0.8 1.0

0

5

10

15

20  BiOCl

Relative pressure (P/Po)

debrosda
ytitnau

Q
(c

m
3

P
TS

g/
)

b

Figure 5:   N2 adsorption–desorption isotherm pore size of BiOCl, BiOBr, and BOBC2.

TABLE 1:   BET-specific surface area and pore volume of BiOCl, BiOBr, and 
BOBC2.

Sample BET Surface Area(m2 g−1)
Pore 

Volume(cm3 g−1)

BiOCl 9.0591 0.0317

BiOBr 15.243 0.0662

BOBC2 24.471 0.1071

Figure 6:   (a) UV–vis DRS of BiOCl, BiOBr, BOBC1, BOBC2, and BOBC3. (b) Plot of (αhν)1/2-hν of BiOCl, BiOBr, BOBC1, BOBC2, and BOBC3.
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off. This behavior indicates that the photocurrent is primarily 
generated by light illumination on the photoanode. Compared 
to BiOCl and BiOBr, BOBC2 exhibits a higher transient photo-
current response under light illumination. This is attributed to 
the formation of heterojunctions in the BOBC2 composite mate-
rial, which facilitates the migration of photogenerated charge 
carriers from the conduction band of BiOBr to that of BiOCl, 
and the migration of photogenerated holes from the valence 
band of BiOCl to that of BiOBr. This effective suppression of 
charge carrier recombination promotes charge transfer in the 
composite material, leading to a higher photocurrent response. 
These results are consistent with the findings from photolumi-
nescence spectroscopy.

Photocatalytic tests

The performance of photocatalytic materials was evaluated using 
ofloxacin as the target pollutant under visible-light (> 400 nm) 
illumination. As depicting in [Fig. 8(a)], the absorbance of 
ofloxacin shows no significant change with increasing illumi-
nation time in the absence of a catalyst, indicating that ofloxacin 
is highly enduring and resistant to self-decomposition. After 
attaining the adsorption–desorption equilibrium in the solu-
tion, relation between photocatalytic degradation rates and light 
irradiation time were analyzed. After 100 min of illumination, 
the degradation rates of BiOCl, BiOBr, BOBC1, BOBC2, and 
BOBC3 reached 37.4%, 35%, 80.5%, 90.5%, and 82.3%, respec-
tively. BOBCs all exhibited a higher photocatalytic degradation 
rate, which could be attributed to a lower recombination rate 
of photogenerated charge carriers because of the construction 
of heterojunction in the BiOCl/BiOBr composite materials [1].

The first-order kinetics of the photocatalytic degradation 
of the materials were analyzed by the Langmuir–Hinshelwood 
model (Eq. 4).

In which C0, Ct, and k represent the peak absorbance of 
ofloxacin at 0 min and t minutes under light irradiation, as well 
as the kinetic rate constant of the catalyst, respectively.

As demonstrated in the [Fig. 8(b)], the rate constants for 
the photocatalytic degradation of ofloxacin using BOBCs are 
0.1706 min−1, 0.2406 min−1, and 0.1888 min−1, respectively. 
Among them, the BOBC2 sample exhibits the highest rate con-
stant for ofloxacin degradation under 300 W xenon light bulb 
irradiation, which is approximately 5 times greater than that of 
pure BiOCl and pure BiOBr (KBiOCl = 0.0452; KBiOBr = 0.0484).

Figure 8(c) shows the change in absorbance of the ofloxacin 
solution during photocatalytic degradation using the BOBC2 
photocatalytic material under xenon lamp irradiation. With 
escalating illumination time, the absorption peak of ofloxacin 
at 294 nm progressively decreases, indicating a reduction in the 
concentration of ofloxacin in the solution.

To assess the cycling stability of the BOBC2 material, four 
consecutive cycle tests were conducted under identical condi-
tions. After each experiment, the solution was centrifuged and 
washed multiple times, subsequently undergoing drying at 
60 °C for 12 h. The dried material was then ground uniformly 
and used for the next cycle. Figure 8(d) shows the cyclic deg-
radation data for BOBC2. After three cycles, the degradation 
rate of ofloxacin using BOBC2 remains at 83.9%, indicating 
that BOBC2 photocatalytic material possesses a certain level 
of stability. As can be seen from [Fig. 8(e)], the XRD pattern of 
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Figure 7:   (a) Photoemission spectra (PL) of BiOCl, BiOBr, BOBC1, BOBC2, and BOBC3 at the excitation wavelength of 270 nm. (b) Transient photocurrent 
response curves of BiOCl, BiOBr, and BOBC2.
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BOBC2 before and after the four cycles test, the crystal struc-
ture of BOBC2 remains unchanged after undergoing cycles test, 
indicating that BOBC2 may be considered as a favorable choice 
for the removal of ofloxacin from water due to its stability and 
consistent performance over multiple cycles.

Mechanism of pollutant photodegradation

Free radical capture investigations were conducted to analyze 
the active species engaged in the ofloxacin photocatalytic deg-
radation process using BOBC2. Isopropanol (2 mmol L−1), ben-
zoquinone (BQ, 2 mmol L−1), and ammonium oxalate (2 mmol 
L−1) [46, 47] were employed as quenching agents to selectively 
capture ·OH,·O2

−, and h+ radicals, respectively.
From [Fig. 9(a)], it can be observed that the inclusion of 

ammonium oxalate does not exhibit any substantial influence on 
the photocatalytic efficiency of BOBC2, and the degradation rate 
of ofloxacin decreases from 90.5 to 80%. This suggests that h+ 
holes do not play a substantial role in the photocatalytic process. 
The inclusion of isopropanol leads to a slight decrease in the 
photocatalytic efficiency of BOBC2, with the degradation rate of 
ofloxacin decreasing from 90.5 to 57%. This indicates that ·OH 
radicals play a certain role in the photocatalytic mechanism. On 
the other hand, the addition of BQ significantly suppresses the 
photocatalytic efficiency of BOBC2, with the degradation rate of 
ofloxacin decreasing from 90.5 to 22.7%. This demonstrates that 

·O2
− plays a crucial role in the photocatalytic mechanism. These 

findings unequivocally clearly indicate that ·O2
− is the primary 

active species during the photocatalytic degradation, while ·OH 
radicals are secondary active species [19].

To further verify the active species involved in the ofloxa-
cin photocatalytic degradation process, electron spin resonance 
(ESR) [48] tests were conducted. As shown in [Fig. 9(b and c)], 
no ·OH and ·O2

− signals were detected in the dark. However, 
after 10 min of light irradiation, clear ·OH and·O2

− signals 
appeared, further confirming the presence of active free radicals 
·OH and ·O2

− during the reaction.
Drawing upon the experimental results mentioned above, 

a preliminary mechanism for the photocatalytic degradation of 
ofloxacin using BOBCs is proposed (Fig. 10). Under visible-light 
irradiation, electrons in the valence band of the semiconductor 
catalysts transfer to the conduction band, producing a photo-
generated electron that leaves a positively charged hole in the 
valence band, and photoexcited electron–hole pairs are gener-
ated. The band gaps and band positions of BiOCl and BiOBr were 
determined utilizing the findings from UV–Vis diffuse reflec-
tance spectroscopy (DRS) and Mulliken electronegativity theory 
calculations. As shown in Fig. 10, BiOBr has a lower valence band 
position (EVB BiOCl = 3.47 eV, EVB BiOBr = 3.10 eV) and a higher 
conduction band position (ECB BiOCl = 0.24 eV, ECB BiOBr = 0.23 eV) 
compared to BiOCl. Under the action of inner electric field in 
BOBC composite materials, photoexcited holes migrate from the 

Figure 8:   (a) degradation rates of ofloxacin of the samples. (b) k values of the first-order kinetic degradation rate of the samples. (c) UV–vis absorption 
spectra of 20 mg/L ofloxacin aqueous solution degraded by BOBC2. (d) The degradation rate of BOBC2 in four cycles, and. (e) XRD patterns of BOBC2 
before and after used.
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valence band position of BiOCl to that of BiOBr, where they react 
with OH− to generate·OH radicals. Simultaneously, photoexcited 
electrons migrate from the conduction band position of BiOBr 
to that of BiOCl, where they react with ·O2

− adsorbed on the 
surface of the photocatalytic material to produce ·O2

− radicals 
[49]. Therefore, the formation of a heterojunction effectively sup-
presses the rapid recombination of photoinduced charge carriers, 
thereby enhancing the photocatalytic efficiency.

Conclusion
One-step co-precipitation method was used to prepare the flower-
like BOBC composite materials with heterojunction structures. 
Absorption range of visible-light increases with the proportion of 
BiOBr increase in BOBCs compared with pure BiOCl. Compared 

to pure BiOCl or BiOBr, BOBCs have a lower rate of photoin-
duced charge carrier recombination. The BOBC2 catalyst, with a 
composition ratio of 1:0.75 (BiOCl:BiOBr), exhibited the highest 
photocatalytic performance, achieving a 90.5% degradation rate of 
ofloxacin within 100 min. After three cycles testing, the degrada-
tion efficiency of ofloxacin using the BOBC2 composite material 
remained at 83.9%. XRD pattern of the material before and after 
the cycles confirmed its high chemical stability, making it favorable 
for practical applications.

Through quenching experiments and electron spin resonance 
(ESR) tests, it was confirmed that ·O2

− played a significant role 
as the active species during the photocatalytic degradation of 
ofloxacin, while ·OH radicals acted as secondary active species 
in the photocatalytic mechanism. A reasonable mechanism for 
the photocatalytic degradation of ofloxacin was proposed based 
on these findings.

Experimental section
Materials

Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O), potassium chlo-
ride (KCl), hexadecyl trimethyl ammonium bromide (CTAB) and 
acetic acid were purchased from Aladdin Biotechnology Co, Ltd. 
(Shanghai, China) and used in this experiment, which are ana-
lytical pure and not further purified. The pure water was obtained 
from the purification system in our lab.

Preparation of composite materials

Preparation of BiOCl

BiOCl was prepared by a simple precipitation method through 
the following process. 0.727 g of Bi (NO3)3·5H2O (1.5 mmol) 
was dissolved in 7.5 ml of acetic acid and the solution was 

Figure 9:   (a) Effects of different trapping agents on ofloxacin degradation by BOBC2. (b, c) ESR spectra of BOBC2.

Figure 10:   Photocatalytic degradation mechanism of OFl by BOBC2.
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denoted as solution A. 0.111 g of KCl (1.5 mmol) was dissolved 
in a mixture of 45 ml of pure water and 15 ml of ethylene glycol, 
and the solution was denoted as solution B. And then the solu-
tion B was slowly added into solution A dropwise by a magnetic 
stirrer at room temperature for 9 h. After stirring, the mixed 
solution was centrifuged at a speed of 8000 r min−1 and a kind 
of powders was gotten. Then washed the as-prepared powders 
with pure water and anhydrous ethanol 5 times and dried them 
overnight at 70 °C to prepare the BiOCl product.

Preparation of BiOBr

The preparation process of BiOBr is the same as that of BiOCl. 
0.727 g of Bi (NO3)3·5H2O (1.5 mmol) was dissolved in 7.5 ml 
of acetic acid and the solution was, denoted as solution C. After 
dissolving 0.544 g (1.5 mmol) of CTAB in a mixture of 45 ml 
of pure water and 15 ml of ethylene glycol, which denoted as 
solution D, Slowly drop solution D into solution C, mix with 
a Magnetic stirrer for 9 h at room temperature, centrifuge the 
stirred solution at 8000 r min−1 to obtain the product, clean the 
product with pure water and ethanol for many times, and dry it 
in an oven at 70 °C overnight to obtain BiOBr.

Preparation of BiOCl/BiOBr

BiOCl/BiOBr samples were prepared by a co-precipitation 
method. 0.727 g of Bi(NO3)3·5H2O (1.5 mmol) was dissolved 
in 7.5 ml of acetic acid and the solution was denoted as solution 
E. A total molar mass of 1.5 mmol of KCl and CTAB (the ratio 
of molar of Cl: Br is 1:0.5, 1:0.75 and 1:1, respectively) was dis-
solved in 45 ml pure water with 15 ml ethylene glycol, and the 
mixed solution was referred as solution F. Slowly drop solution 
F into solution E by a magnetic stirrer at room temperature for 
9 h. After then, the above mixed solution was centrifuged at a 
speed of 8000 r min−1. The as-prepared powders was cleaned 
with pure water and ethanol multiple times, and dried in an 
oven at 70 °C overnight. According to the ratio of molar of Cl: 
Br varied from 1:0.5, 1:0.75 to 1:1, the obtained BiOCl/BiOBr 
samples were denoted as BOBC1, BOBC2, and BOBC3.

Photocatalyst characterization

X-ray diffraction (XRD) analysis was measured used a Cu Ka 
radiation source at a scanning speed of 5° min−1 by a BRUKER 
D8 ADVANCE X-ray diffractometer. The functional groups and 
chemical bond of the materials were investigated with a resolu-
tion of 4 cm−1 by a Fourier transform infrared spectrometer 
(FTIR, Thermo Scientific Nicolet iS20) in the range of wave 
numbers between 400 and 4000 cm−1. The chemical states of 
the photocatalysts were analyzed by X-ray photoelectron spec-
troscopy (XPS, Kratos Axis Ultra DLD) with a monochromatic 

Mg-Ka source operating at 20 kV. Morphologies of the catalysts 
were observed by a scanning electron microscopy (SEM, JEOL 
JSM-6700F). The surface area was calculated from N2 absorp-
tion–desorption isotherms via Brunauer–Emmett–Teller (BET, 
NOVA4200e) method on a Micrometrics Micromeritics Gemini 
V 2380 system. A certain amount of catalyst powder was pressed 
onto a BaSO4 substrate and tested using a UV vis spectrometer 
(UV2450, Shimadzu, Japan) to obtain the UV visible spectrum 
of the prepared material. A Hitachi F-4600 spectro-fluorimeter 
was used to record the photoluminescence (PL) spectra with an 
excitation wavelength of 270 nm. A Cecile 9000 UV–vis spectro-
photometer was used to measure the concentration of organic 
pollutants. Photocurrent testing was conducted on an electro-
chemical workstation (CHI-660E) using a xenon lamp (300 W) 
as the light source. Electron Spin Resonance (ESR) experiments 
were carried out at room temperature using a Bruker E500 
spectrometer.

Photocatalytic experiment

The concentration of ofloxacin after treated by BiOCl/BiOBr 
composites in different time periods was measured to evaluate 
their photocatalytic property. Normally, in a 40 ml of ofloxacin 
solution dissolve the 15 mg of photocatalyst powder(20 mg L−1), 
which was put into the dark box for 30 min treatment to attain the 
adsorption–desorption equilibrium. The solution was irradiated 
under a 300 W xenon light bulb, and five samples were taken once 
every 20 min from the solution after centrifugating to remove the 
catalyst. The absorbance value of the supernatant was measured 
at the wave length of 290 nm using a UV visible spectrophotom-
eter. After comparing the difference between the absorbance peak 
points before and after illumination, the photocatalytic degrada-
tion efficiency of the photocatalytic material can be calculated.

Experiments were conducted to determine the active sub-
stances involved in the photocatalytic degradation process 
through free radical capture. A concentration of 2 mmol L−1 of 
benzoquinone (BQ),isopropanol (IPA), and ammonium oxalate 
(CAS) were added to the photocatalytic solution in the process 
of degradation experiments under nitrogen atmosphere, to 
capture hydroxyl radicals (·OH) and superoxide radicals (·O2

−) 
and hole (h+) quenchers, respectively. After comparing the pho-
tocatalytic degradation rate before and after adding the above 
active substances in order to the main active substances really 
participating in the photocatalytic reaction.

Cyclic experiments were tested to verify the stability of pho-
tocatalytic materials. Four cyclic tests were conducted on the 
photocatalytic material under the same conditions. After each 
cycle, the catalyst is collected by centrifugation and washing 
multiple times. Calculate the degradation rate for each test and 
compare it with the initial degradation rate.
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