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nt synthesis of bismuth
oxybromide composites for photocatalytic removal
of the antibacterial agent ciprofloxacin and
mechanism insight

Xiaoxing Zeng,ac Yiqun Wan,b Xiaofeng Gong*a and Zhaodi Xu *b

Bismuth oxybromide composites were synthesized by solvothermal synthesis, applying triethanolamine

(TEOA), sodium hydroxide (NaOH) and ammonium hydroxide (NH3 H2O) as the additives, which were

denoted as S-TEOA, S-NaOH and S-NH3, respectively. The obtained samples were characterized by X-

ray diffraction (XRD), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS),

electron spin resonance spectrometry (ESR), Brunauer–Emmett–Teller (BET) measurement, and UV-Vis

absorption spectrometry. The results showed that the samples consisted of the same phases containing

BiOBr and Bi24O31Br10, and possess different structures, morphology and optical absorption properties

depending on the additive. Their photoactivities were evaluated by degradation of ciprofloxacin (CIP)

under visible light (l $ 420 nm) irradiation. The apparent rate constant value of the sample S-TEOA is

2.62 and 4.17 times higher than that of the samples S-NaOH and S-NH3. The possible formation

mechanism of the sample S-TEOA and adsorption mode of CIP species on the prepared samples are

discussed on the basis of the experimental results.
1. Introduction

Ciprooxacin (CIP) as a broad-spectrum antibacterial agent has
been widely used for treating bacterial infections. The wide-
spread use and difficult degradation of CIP1,2 may pose serious
threats to the ecosystem and human health by inducing prolif-
eration of bacterial drug resistance.3 Therefore, the employment
of an appropriate approach to degrade CIP is of great importance.
The photocatalytic degradation has been acknowledged as
a promising technology for removal and degradation of CIP.4–6

The catalyst plays a key role in the photocatalytic degradation
process. As a new class of promising layered materials for pho-
tocatalytic energy conversion and environmental remediation,
Bismuth oxyhalides BiOX (X ¼ Cl, Br, or I) have been intensively
investigated.7–11 Among these BiOX photocatalysts, BiOBr pos-
sessing a layered structure composed of an alternating arrange-
ment of (Bi2O2)

2+ slabs and double slabs of Br�, has attracted
great interest owing to its relatively superior catalytic activity and
stability under visible light irradiation.12–16 As we all know, the
photocatalytic properties of catalysts are closely related to their
microstructure, grain size and morphology,17 and the
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morphology and microstructure of catalysts depend on the
preparation method.18 Li et al. synthesized BiOCl nanosheets
with tunable lamella thickness and dominantly exposed (001)
facets via hydrothermal method using P123 and mannitol as
surfactants.19 Xiong et al. synthesized a series of BiOBr nano-
sheets with tunable exposing proportion of (010) facets using
different n-alcohols as solvent, the exposure of (010) facets, size
and thickness of these BiOBr nanosheets could be well controlled
by tuning the n-alcohols.20 Liu et al. prepared BiOBr/Bi24O31Br10
heterojunction photocatalysts applying ethylene glycol for
solvent and NaOH as pH regulator,21 Li et al. reported the
synthesis of BiOBr/Bi24O31Br10 heterojunction which was con-
structed by a route of one-step self-combustion of ionic liquids,22

however, the evolution process of the product, the degradation
mechanism and adsorption mode between catalysts and pollut-
ants were not further explored in these researches.

In recent years, some literatures reported triethanolamine
(TEOA) as a regulator was employed to preparing complexes,
which will be potential application in catalysis, magnetism and
medicine.23–25 In these researches, TEOA plays important roles
in the synthesis and crystallization process, as it has excellent
ability in adjusting the pH value and the usability as counterion.
Moreover, TEOA readily coordinates to metal ions to form
complexes and stabilizes the anions by hydrogen bonding
interactions because of its properties as both a tertiary amine
and a primary alcohol.26
RSC Adv., 2017, 7, 36269–36278 | 36269
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In this paper, we prepared bismuth oxybromide composites
by one pot solvothermal synthesis method using TEOA, NaOH
and NH3 H2O as the additive, respectively. And compared with
the obtained samples, the sample obtained using TEOA as
additive held the best photodegradation activity of CIP under
visible light irradiation. We explored the formation mechanism
of the sample S-TEOA, and found the additive TEOA may act as
the complex agent except for the pH regulator. Meanwhile the
adsorption modes of CIP species on the products were dis-
cussed according to the experimental results.

2. Experimental details
2.1. Materials

Bismuth nitrate pentahydrate (Bi(NO3)3$5H2O, AR), cetyl-
trimethyl ammonium bromide (CTAB, AR), ciprooxacin (CIP),
ethylene glycol ((HOCH2)2, EG, AR), triethanolamine (TEOA),
NaOH, NH3 H2O, all reagents were used directly for the exper-
iment without any further purication. Distilled water was used
throughout this study.

2.2. Preparation of bismuth oxybromide composites

Firstly, a total of 8 mmol Bi(NO3)3$5H2O was dissolved into 30
mL of ethylene glycol (EG) stirring until a transparent solution
was obtained. Subsequently, pH value of the solution was
adjusted to 8 using TEOA, 1 mol L�1 NaOH aqueous solution
and NH3 H2O (30.0%), respectively. Then another 30 mL of EG
solution containing 8 mmol of cetyltrimethylammonium
bromide (CTAB) was dropped into the above solution. The
resultant precursor solution was poured into a 100 mL Teon-
lined autoclave aer stirring for 30 min. Finally, the autoclave
was kept at 160 �C for 16 h and allowed to cool down to room
temperature naturally. The precipitate was washed with abso-
lute ethanol and distilled water for several times, and dried at
60 �C in air. The samples obtained with adding TEOA, NaOH
aqueous solution and NH3 H2O were denoted as S-TEOA, S-
NaOH and S-NH3, respectively.

2.3. Characterization

XRD patterns were acquired with a Bede D1 System multifunc-
tion X-ray diffractometer employing Cu Ka (l ¼ 1.5418 Å)
radiation. The voltage and current were 40 kV and 40 mA,
respectively. Scanning electron microscopy (SEM) images were
taken with a JSM 6701F eld emission scanning electron
microscope. Brunauer–Emmett–Teller (BET) surface areas were
determined by nitrogen adsorption–desorption using a JW-
BK132F analyzer. X-ray photoelectron spectroscopy (XPS)
measurements were conducted on ThermoFisher Scientic
Spectrometer using Al Ka radiation as the excitation source
under vacuum at 2 � 10�6 Pa. JEOL JES-FA200 electron spin
resonance (ESR) spectrometer (300 K, 9.063 GHz, X-band) was
used for ESR analysis. The g factor was obtained by taking the
signal of manganese as standard. UV-vis diffuse reectance
spectra were obtained using a TU-1900 spectrophotometer
using BaSO4 as a reference and were converted from reection
to absorbance by the Kubelka–Munkmethod. UV-vis absorption
36270 | RSC Adv., 2017, 7, 36269–36278
spectra were obtained using a Shimadzu UV-2501PC spectro-
photometer. Fourier transform infrared spectra were recorded
at room temperature with a KBr pellet on Nicolet 5700
spectrometer.

2.4. Photocatalytic and active species experiments

The photocatalytic activity of the samples was evaluated by
degrading of colourless CIP aqueous solution. A 300 W Xe lamp
with 420 nm cut off lter was used as the light source. In order
to maintain constant room temperature during visible light
irradiation process, a water bath was used. In each experiment,
0.15 g of the as prepared photocatalyst was added to 250 mL the
aqueous solution of CIP (20 mg L�1). Before irradiation, the
suspension was treated by ultrasonication for 10 min, and then
magnetically stirred in dark for 40 min to ensure the estab-
lishment of adsorption–desorption equilibrium of the CIP on
the catalyst surface. Subsequently, at intervals of every 20 min,
about 5 mL of suspension was sampled and separated by the
lter membrane of a syringe to remove the catalyst particles.
The absorbance of the solution was analyzed by using a UV-vis
spectrophotometer. The removal efficiency of target pollutant
(CIP) was calculated by the following equation:

Removal ¼
�
1� C

C0

�
� 100% (1)

where C0 is the concentration of CIP aer adsorption equilib-
rium, C is the residual concentration of CIP at different illu-
mination intervals.

The photodegradation of CIP follows pseudo rst-order
kinetics, which can be expressed as:

ln(C0/C) ¼ kt (2)

where k is the apparent reaction rate constant (min�1).
For detecting the active species during photocatalytic reac-

tivity, hydroxyl radicals (cOH), superoxide radical (O2c
�) and

holes (h+) were investigated by adding 1.0 m M isopropanol
(IPA) (a quencher of cOH), 1 m M TEOA (a quencher of h+),
respectively. The method was similar to the former photo-
catalytic activity test. Nitroblue tetrazolium (NBT, 2.5 � 10�5 M,
exhibiting an absorption maximum at 259 nm) was used to
determine the amount of O2c

� generating from photocatalyst.
The production of O2c

� was quantitatively analyzed by detecting
the concentration of NBT with Shimadzu UV-2501PC spectro-
photometer. The method was similar to the former photo-
catalytic activity test with NBT replacing the pollutant CIP.

3. Result and discussion
3.1. XRD analysis

The XRD patterns of the samples S-TEOA, S-NaOH and S-NH3

are exhibited in Fig. 1. It can be seen that the three samples
show a coexistence of BiOBr (JCPDS#09-0393 a ¼ 3.926 Å, b ¼
3.926 Å, c¼ 8.103 Å) and Bi24O31Br10 (PDF#75-0888, a¼ 10.13 Å,
b ¼ 4.008 Å, c ¼ 29.97 Å). Compared with the corresponding
diffraction pattern of the sample S-TEOA, the (002) facet
diffraction peak of Bi24O31Br10 disappears and the (001) facet
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The XRD patterns of the sample S-TEOA, S-NaOH and S-NH3.

Table 1 The weight percentages of BiOBr and Bi24O31Br10 in the
obtained samples and the pseudo-first order rate constants K for CIP
degradation under visible light irradiation over the samples

Sample

Phase composition
(wt%)

K
(min�1)

Correlation
coefficient (R)BiOBr Bi24O31Br10

S-TEOA 36.7 63.3 0.01644 0.9906
S-NaOH 26.7 73.3 0.00628 0.9957
S-NH3 35.8 64.2 0.00394 0.9980

Fig. 2 SEM images of the obtained samples. (a, b) S-TEOA, (c, d) S-
NaOH, (e, f) S-NH3.

Fig. 3 TEM images (a, b) of the sample S-TEOA.
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diffraction peak of BiOBr appears in the sample S-NaOH. While
the (002) facet diffraction peak of Bi24O31Br10 and the (001) facet
diffraction peak of BiOBr appears in the sample S-NH3, but the
peak intensity of (002) facet is weaker than that in the sample S-
TEOA. The experimental results illustrate although the three
samples contain the same phases, the two phases have different
growth orientation. The sample S-TEOA obviously grows up
along c-axis. The RIR method is employed to calculate the phase
composition of the hybrids quantitatively, according to the
following equations:27

Wa ¼ Ia

Ia þ ðIb=RIRa=RIRbÞ (3)

Wb ¼ Ib

Ib þ ðIa=RIRb=RIRaÞ (4)

The RIR values of BiOBr and Bi24O31Br10 phase read from the
PDF database are 14.5 and 8.56, respectively. In calculation
process, the “WPF Renement” function of the “MDI JADE 5.0”
soware was employed. The weight percentages of BiOBr and
Bi24O31Br10 in the samples are summarized in Table 1.
According to the Table 1, the three samples contain much more
Bi24O31Br10 than BiOBr.

3.2. Crystal morphology and microstructure analysis

Fig. 2 shows that the SEM images of the obtained samples, the
sample S-TEOA is composed of microspheres with a diameter of
ca. 2–4 mm assembled by nanosheets and few of lamellates
This journal is © The Royal Society of Chemistry 2017
stacking on the surface of microspheres (Fig. 2(a)). Magnifying
a microsphere, the microspheres exhibit marigold-like super-
structure (Fig. 2(b)). The sample S-NaOH and S-NH3 are both
composed of irregular thin sheets. By comparison, the thin
sheets in the sample S-NH3 stack more closely and are much
bigger than the sample S-NaOH (Fig. 2(e) and (f)). This indicates
TEOA can improve the information of marigold-like role on the
information and growth of thin sheets. It implies TEOA might
act as complex agent and pH regulator, but NaOH and NH3 H2O
work as pH regulators.

The image (Fig. 3(a)) shows the sample is consisted of
nanosheets, which is consistent with the SEM images. From the
Fig. 3(b), the HRTEM image shows the (102) lattice fringes of
BiOBr with d value of 0.282 nm and (304) lattice fringes of
Bi24O31Br10 with d values of 0.308 nm.
3.3. The XPS spectra

Fig. 4(a) shows the survey spectra of the samples S-TEOA, S-
NaOH and S-NH3. This reveals the prepared samples are
RSC Adv., 2017, 7, 36269–36278 | 36271
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Fig. 4 XPS spectra of the sample S-TEOA, S-NaOH and S-NH3 (a)
survey, (b) Bi 4f, (c) O 1s, (d) Br 3d.

Fig. 5 ESR signals of the sample S-TEOA, S-NaOH and S-NH3.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 6
:2

7:
09

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
constituted of Bi, O, and Br elements. The high resolution XPS
spectra Bi 4f, O 1s and Br 3d of the samples are shown in
Fig. 4(b–d). From Fig. 4(b–d), the peak positions of Bi 4f, O 1s
36272 | RSC Adv., 2017, 7, 36269–36278
and Br 3d of the three samples are different, which imply the
elements Bi, O and Br are in the distinct chemical environment.
From Fig. 4(b), the Bi 4f spectrums are the symmetric Gauss two
peaks structure, which are attributed to Bi3+.28,29 As shown in
Fig. 4(c), the O 1s region are tted into several peaks, we can
classify these peaks into crystal lattice oxygen (Olatt) located at
low binding energy (up to 530 eV) and the adsorbed oxygen
(Oads) located at high binding energy (beyond 530 eV). From the
Fig. 4(c), the sample S-TEOA has more Oads species than that of
S-NaOH and S-NH3. Fig. 4(d) shows high-resolution XPS spectra
for the Br 3d region. The binding energy could be assigned to Br
at the monovalent oxidation state. Although the binding ener-
gies of Br 3d in the three samples shi, the energy differences of
the overlapping spin–orbit components (D ¼ 1.1 eV) keep
constant. The XPS analysis results further illustrate the three
samples have different surface structures, which agree with the
XRD results.

In order to verify the oxygen vacancy on the surface of the
samples, the ESR technique was carried out. As can be seen
from the Fig. 5, a strong ESR signal of the sample S-TEOA at g ¼
2.000 is ascribed to the surface oxygen vacancy feature.22 While
for the sample S-NaOH and S-NH3, no ESR signal at g ¼ 2.000 is
found. Therefore, it can be concluded that there are a good
number of oxygen vacancies on the surface of the sample S-
TEOA, but it is absent on the surface of the sample S-NaOH
and S-NH3.
3.4. Optical absorption properties

The optical properties of the as-prepared samples were inves-
tigated through the diffuse reectance spectra (DRS) analysis.
According to the Fig. 6(a), the three samples can absorb the
visible light with the wavelength of above 420 nm. It was re-
ported that the intensity of visible light with a wavelength range
of 500 to 600 nm for a Xe lamp is larger than that of radiation
wavelength below 500 nm.17 Therefore the sample S-TEOA can
absorb more adequate the light source of Xe lamp than the
sample S-NaOH and S-NH3. The band gap of semiconductor can
be calculated according to the formula:

a(Ephoton) ¼ A(Ephoton � Eg)
n/2, (5)

where a, Ephoton, A and n are the absorption coefficient, the
photo energy, constant and an integer, respectively. The n is
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (a) UV-vis diffuse reflectance spectra and (b) plots of (aEphoton)
1/2

versus Ephoton curves of the sample S-TEOA, S-NaOH and S-NH3.

Fig. 8 PL spectra of the prepared samples.
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equal to 1 for an indirect band gap, and it is 4 for a direct band
gap.30 Then the band gap of the sample S-TEOA, S-NaOH and S-
NH3 is estimated to be 2.48 eV, 2.19 eV and 2.52 eV, respectively.
It is further instructive of their property of visible light
absorption.
3.5. BET surface area and pore size distribution

Fig. 7 shows the nitrogen adsorption–desorption isotherms of
the as prepared samples. They all show hysteresis loops at P/P0 >
0.45. According to the IUPAC classication,31 the three samples
can be clearly classied as typical type IV adsorption–desorption
isotherms, which correspond to mesoporous solids. Further-
more, the hysteresis loop of S-TEOA is type H3, indicating the
Fig. 7 Nitrogen adsorption–desorption isotherms of the sample S-
TEOA, S-NaOH and S-NH3 (inset is pore size distribution curves of the
samples calculated on the basis of the BJH equation).

This journal is © The Royal Society of Chemistry 2017
presence of slit-shaped pores with non-uniform size and
shape.32 The hysteresis loop of S-NaOH and S-NH3 are type H4,
which is oen associated with narrow slit-like pores.33 The BET
surface areas were estimated to be 28.20, 23.24 and 22.82 m2 g�1

for samples S-TEOA, S-NaOH and S-NH3, respectively. A larger
BET surface area provides more active sites for the photo-
chemical reaction, leading to an enhancement of the photo-
catalytic performance.34,35

3.6. Fluorescence emission spectra

Fluorescence emission spectra have been used to reveal the
migration, transfer and recombination of photo-generated
electrons and holes, the relative lower PL emission intensity
represents means the lower recombination rate of the photo-
generated carriers and higher photocatalytic activity.36,37 The
uorescence emission spectra of the as prepared samples using
an excitation wavelength of 360 nm are shown in Fig. 8. It can be
seen the sample S-TEOA displays the lowest PL intensity than
the other two samples, corresponding to the highest efficient
separation of photo-generated electrons and holes under light
irradiation.

3.7. Photocatalytic activity

In order to reach the adsorption–desorption equilibrium
between CIP and the catalyst, CIP aqueous containing the
catalyst was ultrasounded for 10 min and stirred for 40 min in
dank. Aer the adsorption–desorption equilibrium, adsorption
rates of the obtained samples were 45.07% for S-TEOA, 31.10%
for S-NaOH and 30.55% for S-NH3, which indicate the sample S-
TEOA shows higher adsorption capability than the sample S-
NaOH and S-NH3.

Fig. 9(a) presents the variation of CIP concentration (C/C0) as
the function of reaction time in the presence of the obtained
samples under visible light. For comparison, P25 TiO2 was used
as a reference. As it can be seen from Fig. 9(a), P25 nearly has no
photocatalytic ability under visible light irradiation, because it
is a kind of ultraviolet-light responsive photocatalyst. With the
increase of the irradiation time, the concentration of CIP solu-
tion decrease step by step. Aer irradiation for 180 min, 94.8%
CIP in suspension can be photodegraded in the presence of the
sample S-TEOA, however, 68.0% and 51.9% of CIP for the
sample S-NaOH and S-NH3, respectively. The photocatalytic
RSC Adv., 2017, 7, 36269–36278 | 36273
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Fig. 9 (a) Photocatalytic performance for CIP solution under visible
light irradiation of CIP solution containing 150 mg of P25 and the
samples S-TEOA, S-NaOH, S-NH3. (b) Plots of ln(C0/C) as a function of
visible light irradiation time for photodegradation of CIP solution
containing 150 mg of the samples S-TEOA, S-NaOH, S-NH3.

Fig. 10 (a) Time course of the photodegradation for CIP over the S-
TEOA photocatalyst in the presence of various radicals scavengers and
(b) UV-vis absorption spectra of NBT in the S-TEOA suspension under
the visible light irradiation (l $ 420 nm).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 6
:2

7:
09

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
degradation kinetic of CIP in the presence of the three samples
was investigated (Fig. 9(b)). The linear relationship between
ln(C0/C) and irradiation time follows pseudo rst-order kinetics.
The calculated reaction rate constants and relative coefficients
are listed in Table 1. The apparent rate constant value of the
sample S-TEOA is 2.62 and 4.17 times higher than that of the
sample S-NaOH and S-NH3, respectively.

According to the above characterization of the prepared
samples, we infer that excellent photoactivity of the sample S-
TEOA could be attributed the following factors. Firstly, the
hierarchical ower-like morphology assembled with nano-
sheets in S-TEOA could obtain stronger visible-light absorbance
via improving light multi reections, and the ower-like
morphology could provide more efficient transportation of
reactants.38 Secondly, the sample S-TEOA with larger SBET and
larger pore volume enables adequate photocatalyst-pollutants
contact and adsorbs more active species, which are benet to
photocatalytic activity.39 Thirdly, more exposure percentage of
(001) facet of the sample S-TEOA and the abundant surface
oxygen vacancies favor to enhance photoactivity.40

As well know, various primary reactive species, such as the
hydroxyl radical cOH, photogenerated hole h+ and superoxide
radical O2c

� can be formed during the photocatalytic degrada-
tion process in the UV-vis/semiconductor system.41–44 In order to
conrm the main reactive species in the photocatalytic system,
we carried out radical trapping experiments. We used trietha-
nolamine (TEOA) as a quencher of holes (h+) and isopropanol
(IPA) as a quencher of cOH. According to Fig. 10(a), aer adding
36274 | RSC Adv., 2017, 7, 36269–36278
1 mmol L�1 IPA into the suspension containing the sample S-
TEOA, its photodegradation efficiency was reduced by ca. 13%
in comparison with no IPA. It indicates OHc can be produced
and plays some roles in photodegradation process. When add-
ing 1 mmol L�1 TEOA into the suspension containing the
sample S-TEOA, the degradation efficiency for CIP was reduced
by ca. 40% compared with no scavenger. It indicates holes play
an important role in photocatalytic process.

In this work, nitroblue tetrazolium (NBT) was used to
determine the amount of O2c

� generated from the photo-
catalytic system. Fig. 10(b) shows the UV-vis absorption spectra
of NBT in the suspensions of S-TEOA under visible light irra-
diation. It is obvious that the maximum absorbance declines
with irradiation time increasing. It indicates that photo-
generated electrons can react with O2 to produce O2c

� in the
suspension of S-TEOA under visible light irradiation (eqn (6)).

O2 + e� / O2c
� (6)

According to above experimental results, holes and cOH and
O2c

� are reaction active species during the photocatalytic process.
Since the valence band potential of Bi24O31Br10 (2.79 eV) is

more positive than the E of (cOH/OH�) (2.38 eV vs. NHE), E of
(cOH/H2O) (2.27 eV vs. NHE) and the oxidation potential of
water (1.23 eV vs. NHE), hvb

+ in the valence band of Bi24O31Br10
can oxidize water molecules to form cOH (eqn (7) and (8)). The
conduction band potential of BiOBr (0.48 eV) is more negative
than the electrode potential of O2 capturing photogenerated
This journal is © The Royal Society of Chemistry 2017
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electrons to form hydrogen peroxide (O2c
�). Therefore cOH can

be produced by reduction of O2 by photogenerated electrons
(eqn (9)–(12)).45 In the end, the adsorbed CIP are oxidized by
photogenerated holes (h+) and hydroxyl radicals (cOH) and
superoxide radical (O2c

�) to the nal products (eqn (13)).

H2O + h+ / cOH + H+ + 2.27 eV (7)

OH� + h+ / cOH + 2.38 eV (8)

2H+ + O2 + 2e / H2O2 + 0.69 eV (9)

2H+ + O2 + e / H2O2 + 1.71 eV (10)

H+ + HO2 + e / H2O2 + 1.42 eV (11)

H2O2 + hn / cOH + cOH (12)

CIP + h+ + cOH + O2c
� / CO2 + H2O + small moleculars

(13)
3.8. Plausible formation mechanism of Bi24O31Br10/BiOBr

In order to explore the formation process of the sample S-TEOA
during the solvothermal treatment, the samples obtained at
different solvothermal times were characterized by XRD and
SEM. Fig. 11(a) shows the XRD patterns of the sample S-TEOA
under different thermal treatment time (t denoted as reaction
time). When treatment for one hour, the intensities of diffrac-
tion peaks of the sample is very low, which indicates the poor
crystallinity. But we can still index the diffraction peaks to
Fig. 11 XRD patterns (a) and magnified patterns (b) of the sample S-
TEOA-t (t ¼ 1, 2, 4, 8, 20 h).

This journal is © The Royal Society of Chemistry 2017
Bi24O31Br10 and BiOBr. During the experimental process, we
found aer the EG suspension containing CTAB was added into
the EG solution containing Bi(NO3)3 and TEOA, the mixed
suspension was clear aer stirring for 30 min. It is possibly due
to the formation of one bismuth complex ion (Bi(TEOA)3+) using
TEOA as the ligand (eqn (14)). The literature46 reported that the
TEOA complex ion of Bi3+ could transform to more stable
Bi(TEOA)(OH)2+ complex ion when pH value of the solution is
up to 7 (eqn (15)). Aer adding CTAB into the Bi(TEOA)(OH)2+

solution, the CTAB species can be resolved into the solution
which illustrates a new species arise, in other words, the Br ions
maybe react with complex ion Bi(TEOA)(OH)2+ into the
Bi(TEOA)(OH)Br2 species (eqn (16)).46

Bi3+ + TEOA 5 Bi(TEOA)3+, log K ¼ 9.2 (14)

Bi(TEOA)3+ + OH� 5 Bi(TEOA)(OH)2+, log K ¼ 10.3 (15)

Bi(TEOA)(OH)2+ + CTAB 5 Bi(TEOA)(OH)Br2 (16)

Bi(TEOA)(OH)Br2 / Bi24O31Br10 + BiOBr + TEOA (17)

While TEOA coordinating with Bi3+, the bismuth ion chelates
by polydentate coordination with three hydroxyls of TEOA,47 then
the rich oxygen Bi24O31Br10 and BiOBr will be formed gradually in
the process of heating. From Fig. 11(a), with reaction time
increasing, the diffraction peaks become stronger which indicates
the crystal grains grow bigger. Magnied the (002) facet diffrac-
tion peak (Fig. 11(b)), with the reaction time prolong, the (002)
diffraction peaks of Bi24O31Br10 are stronger and the diffraction
peaksmove to the higher angle gradually. According to the Bragg's
equation: 2d(hkl)sin q ¼ nl, where d(hkl) is interplanar spacing of
(hkl) facet, q is the Bragg angle, l is the wavelength of incident X-
ray, the d(002) of Bi24O31Br10 decreases gradually. It is possibly
because that complexes of TEOA with Bi insetting into the inter-
layer of Bi24O31Br10 at the preliminary reaction lead to (002) crystal
plane expansion. With the thermal treatment time increasing and
the crystal grain ripening, more and more Bi(TEOA)(OH)Br2
complexes transform into Bi24O31Br10 and BiOBr. Meanwhile the
TEOA releases from interlayer of Bi24O31Br10.

According to the eqn (3) and (4), the weight percentages of
BiOBr and Bi24O31Br10 in the sample S-TEOA-t were calculated
and listed in Table 2. It is can be seen from Table 2 that weight
percentage of Bi24O31Br10 lied up and then declined slowly
with the increase of reaction time. It is maybe because that at
reaction initial stage (up to 2 h), the complex Bi(TEOA)(OH)Br2
is increasingly decomposed into Bi24O31Br10 and BiOBr phase.
Beyond 2 h, the reaction process is an Ostwald-ripening one and
during the process BiOBr phase grows up at the cost of slight
dissolution of Bi24O31Br10.
Table 2 The weight percentage of BiOBr and Bi24O31Br10 in the ob-
tained product S-TEOA-t

Time (t) 1 h 2 h 4 h 8 h 16 h 20 h
Bi24O31Br10 (wt%) 69.9 76.0 70.5 68.3 63.3 65.1
BiOBr (wt%) 30.1 24.0 29.5 31.7 36.7 34.9

RSC Adv., 2017, 7, 36269–36278 | 36275
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Fig. 12 SEM images of samples obtained during different solvothermal
times: (a, b) 1 h, (c, d) 2 h, (e, f) 4 h, (g, h) 8 h, (i, j) 20 h.

Scheme 1 CIP molecular structure in pure water.
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The SEM images of the sample S-TEOA-t (t¼ 1 h, 2 h, 4 h, 8 h,
20 h) are shown in Fig. 12 According the Fig. 12(a, c, e, i and j),
with the increase of reaction time, the marigold-like micro-
spheres grow up gradually. Magnify the single microsphere, we
can obviously nd out the petal-like superstructure of micro-
sphere increase, which lead to the interspaces of petal enlarge
(Fig. 12(b, d, f, h and j)). It agrees with the XRD analysis result.
Fig. 13 FTIR spectra of CIP powder and CIP species adsorbed onto the
samples: (a) CIP powder, (b) CIP/S-TEOA, (c) CIP/S-NaOH, (d) CIP/S-
NH3.
3.9. Chemical interaction between CIP and the interface of
photocatalysts

The photocatalytic efficiency is inuenced by the adsorption
site and mode of CIP on the photocatalyst. So it is necessary to
further study on the interaction between CIP and catalyst. CIP
possesses ionogenic functional groups (carboxylic acid group,
36276 | RSC Adv., 2017, 7, 36269–36278
N1 and N2 amino group on piperazine band and N3 amino
group on band).48 According to the literature, charged CIP
molecular varies with pH value as its pKa1 ¼ 6.0 and pKa2 ¼ 8.8,
respectively.49 The pH value of the photocatalytic reaction
system was determined to be ca. 6.4, close to the neutral. So,
most of CIP species are amphoteric rather than nonionic.
Carboxylic acid group is negatively charged by losing one
hydrogen and N1 group is positively charged by obtaining one
hydrogen (Scheme 1). Functional groups of the CIP species
possibly interact with the interface of photocatalyst via elec-
trostatic attraction, coordination with metal ions and H-
bonding. Infrared vibrational spectroscopy usually provides
a powerful tool to distinguish these binding modes. Fig. 13
shows the FTIR spectra of the sample S-TEOA, S-NaOH and S-
NH3 aer adsorbing CIP using the CIP solid powder as a refer-
ence 0.15 g of the samples S-TEOA, S-NaOH and S-NH3 was
added into the 250 mL of CIP solution with the concentration of
20 mg L�1, respectively. And the suspension was ultrasounded
10 min and stirred for 40 min in dark in order to reach the
adsorption equilibrium, then ltered and dried at 60 �C in air.

For the pure CIP powder, the stretching vibration of the
carboxyl group is located at 1715 cm�1. The OH stretching
vibration of the adsorbed water is at ca. 3520 cm�1, and the C–N
stretching vibration peak is at ca. 1280 cm�1. The 1630 and 1460
cm�1 can be attributed to the amide doublet stretching vibra-
tion and the N–H bending vibration peak,50,51 respectively
(Fig. 13(a)). Aer adsorption of CIP on the obtained samples,
the stretching vibrations of the carboxyl group at 1715 cm�1
This journal is © The Royal Society of Chemistry 2017
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Scheme 2 Diagrammatic adsorption modes of CIP on the surface of
the sample S-TEOA.
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over the three samples disappear. Meanwhile, the two new
peaks appear at ca. 1624 and 1385 cm�1, which can be attrib-
uted to antisymmetric (nas) and symmetric (na) stretching
vibration of the carboxyl group.51 This splitting vibration was
also observed in the RhB coordination with TiO2.52,53 Generally,
the frequency difference (D) between the antisymmetric and
symmetric stretching vibration of carboxyl group in various
chemical environment is in the order of –(monodentate) >
–(ionic) � (bridging) > –(bidentate)–.54–57 In our work, the D

value (239 cm�1) of carboxyl group indicates that carboxyl group
links with the Bi3+ by monodentate coordination. Additionally,
we nd that the intensities of the splitting vibration are distinct
among the three samples. As for the sample CIP/S-TEOA, the
transmittance of vibration at 1385 cm�1 is the weakest. In
reverse, it indicates that the interaction between the carboxyl
group and Bi ions makes the vibration absorption peak of
carboxyl group being stronger. Oxygen vacancy on the surface of
the sample S-TEOA should be responsible for stronger vibration
absorption of carboxyl group. Since the oxygen atoms escape
from the sample surface, the positively charged oxygen vacan-
cies decrease the constraint of adjacent Bi ions. It is likely that
these Bi ions coordinating with carboxyl groups lead to increase
vibration dipole moments of carboxyl groups, corresponding to
the vibration absorption peak intensity being stronger.

From the Fig. 13, we can nd the N–H bending vibration
peak at ca. 1460 cm�1 of the pure CIP powder shis to the ca.
1470 cm�1. It is believed that a new linkage between positively
charged NH2 and the surface of the samples can be formed. But
due to the stronger interaction between the positively charged
NH2 and the sample S-TEOA, the peak at ca. 1470 cm�1 almost
disappears. It is well known that the water molecules can bond
with surface bridging hydroxyls (HObr) of materials through
interaction between H2O and HObr. During the adsorption
process of CIP species, due to water molecules bonding inter-
action, HObr donates its proton to H2O, forming H3O

+–Obr
�

structures. Simultaneously, the positively charged NH2 groups
of CIP species displace the H3O

+ and interact with Obr
� by the

electrostatic adsorption. According to the above experimental
results and analysis, the possible adsorption modes of CIP
species on the sample S-TEOA can be illustrated in Scheme 2.
The closely interaction between CIP species and the surface of
the sample S-TEOA via electrostatic attraction, coordination
This journal is © The Royal Society of Chemistry 2017
with metal ions benet to the transference of electrons and
holes on the interface. The proper adsorption site and mode of
CIP play an important role on the improvement of photo-
catalytic activity of the sample S-TEOA.
4. Conclusions

In this paper, Bismuth oxybromide composites have been
synthesized through a facile solvothermal process. The ob-
tained samples are consisted of the same phases containing
BiOBr and Bi24O31Br10. The microstructure, morphology and
optical property of the samples are distinct depending on the
additives. The sample S-TEOA obtained using TEOA as coordi-
nation agent and pH regulator has high percentage of (001)
facet of Bi24O31Br10, surface oxygen vacancies, excellent optical
absorption and adsorption properties. Therefore, the sample S-
TEOA has the highest photocatalytic activity for degradation of
CIP under visible light irradiation. Additionally, the adsorption
modes between the CIP species and surface of the sample S-
TEOA are monodentate coordination and electrostatic interac-
tion. This work is important to understanding the application of
TEOA for preparing high effective photocatalysts.
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