
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
N

ov
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 4
:4

2:
50

 A
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
View Journal  | View Issue
Fabrication of no
aHuaide School, Changzhou University, Jing
bSchool of Mathematics & Physics, Changzh
cSchool of Materials and Engineering, Jiang

213001, China. E-mail: xiaweiwei906@126

Cite this: RSC Adv., 2018, 8, 39187

Received 22nd October 2018
Accepted 15th November 2018

DOI: 10.1039/c8ra08733d

rsc.li/rsc-advances

This journal is © The Royal Society of C
vel AgBr/Bi24O31Br10 composites
with excellent photocatalytic performance

Zuming He, ab Yongmei Xia*c and Jiangbin Su ab

Novel porous AgBr/Bi24O31Br10 (AB/BOB) heterojunction composites were prepared by a hydrothermal

calcination-ion exchange route and their physico-chemical properties were characterized by XRD, XPS,

SEM, EDX, UV-vis DRS, BET and electrochemical measurements. The photocatalytic activity of the

composites consisting of different AB/BOB mass ratios was evaluated by degradation of methylene blue

(MB) under visible light irradiation. Compared with pure AB and BOB, the porous 20% AB/BOB

composite exhibits much enhanced photocatalytic activity with good cycling stability. The significant

enhancement in photoactivity is contributed to by both a high adsorption capacity and the separation

efficiency of photo-generated electron–hole (e�–h+) pairs via a Z-scheme mechanism. In addition,

radical scavenging experiments confirm that the reactive $OH radicals play an important role in the

photocatalytic reaction. The novel (AB/BOB) heterojunction composites could have a promising

application in treatment of various dyestuff wastewaters on a large scale.
1. Introduction

Semiconductor photocatalysis is an important technology that
utilizes light to degrade organic pollutants in wastewater.1,2

Over the past decade, TiO2 and ZnO have received tremendous
attention owing to their advantages of nontoxic nature, low
cost, high photosensitivity, and eco-friendly features in the
eld of photocatalytic applications.3,4 Unfortunately, the wide
band gap photocatalysts can only absorb photons in the
ultraviolet (UV) range, and thus their photocatalytic activity is
limited under irradiation of solar light as it contains only 5%
UV light.5,6 To achieve efficient use of solar energy, it is urgent
to explore and develop new types of visible-light-responsive
photocatalysts.7–10

Recently, Bi24O31Br10 (designated as BOB) has attracted
substantial attention as a promising photocatalyst due to its
unique crystal structure, energy band structure, and excellent
stability.11,12 For example, Shang and coworkers prepared
a plate-like BOB photocatalyst by a chemical precipitation
method, which displayed good photocatalytic performances
for the reduction of Cr(VI) in wastewater.13 Liu et al. used Er
doping to enhance the photocatalytic performance of BOB.14

However, the reported photocatalytic ability of this kind of
material is still unsatisfactory. Therefore, further structural
modications are inevitable. To date, many strategies have
been developed to improve the photocatalytic performances of
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photocatalysts, e.g., doping, surface functionalization, noble
metal decoration, construction of heterojunction and so
on.15–18 Especially, the construction of heterojunction photo-
catalysts by coupling two semiconductors with matching band
structures could facilitate the migration and separation of
photo-generated carries for improving the photocatalytic
activity. Very recently, Peng et al. Reported fabrication of
Bi12O17Br2/Bi24O31Br10 Type II heterostructures by calcining
BiOBr/Bi(OHC2O4)$2H2O.19 Lou's research team reported
Bi24O31Br10 possessed narrower band gap and higher photo-
catalytic activity compared with BiOI.20 Li et al. synthesized
Bi24O31Cl10/BiOCl heterojunctions with enhanced photo-
catalytic activity via a facile solvothermal method.21 They
found that the nanocomposites exhibited superior photo-
catalytic performances. To the best of our knowledge, porous
AgBr/Bi24O31Br10 (designated as AB/BOB) heterojunction
composites built up by ultrathin nanosheets have not been
studied so far.

In this current work, we rst designed and fabricated novel
porous AB/BOB heterojunction composites via a hydrothermal
calcination-ion exchange route. The structure, morphology,
specic surface and photo-absorption performance of the as-
synthesized AB/BOB composites were characterized. The
photocatalytic performance of the composites was investi-
gated by the degradation of methylene blue (MB) dye under
visible light irradiation and was found to be much higher than
that of bare AB and BOB. Moreover, the photocatalytic mech-
anism of the oxidation of MB was analyzed and discussed in
detail according to the experimental results.
RSC Adv., 2018, 8, 39187–39196 | 39187
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2. Experimental
2.1. Materials

Bismuth nitrate pentahydrate (Bi(NO3)3$5H2O) and sodium
hydroxide (NaOH) were obtained from Tianjin Kermel Chemical
Reagent Co. Ltd. Silver nitrate (AgNO3) and potassium bromide
(KBr) were obtained from Jiangsu Qiangsheng Functional
Chemical Reagent Co. Ltd. Glucose (C6H12O6$H2O), ethylene
glycol (EG) and methylene blue (MB) were purchased from
Jiangsu Yong Feng Chemical Reagent Co., Ltd. All the reagents
used in this experiment were of analytical grade without further
treatment and all the solutions were prepared with deionized
water.
2.2. Preparation of porous BOB microspheres

Pure BOB was prepared by a hydrothermal-calcinating method.
1.189 g (0.006 mol) C6H12O6$H2O was dissolved in 50 mL of EG.
Then 4.8507 g (0.01 mol) of Bi(NO3)3$5H2O and 0.4958 g
(0.0042) KBr were completely dissolved in above solution under
magnetic stirring for 30 min to form a clear mixture. The
resulting clear mixture was transferred into a 100 mL Teon-
lined autoclave and kept at 160 �C for 12 h. Aer the reaction,
the autoclave was cooled down to room temperature naturally.
The product was collected by ltering, washed several times
with deionized water and alcohol, and dried in air at 80 �C for
8 h. The BOB powder was further subjected to calcination
treatment at 450 �C for 3 h.
2.3. Preparation of AB/BOB heterojunction composites

AB/BOB heterojunction composites were prepared by an ion
exchange method. In a typical preparation process, equal moles
of NaBr and AgNO3 were separately dissolved in 30 mL of
deionized water. A certain amount of as-prepared BOB powder
was ultrasonically dispersed into the NaBr solution by stirring
for 30 min. The AgNO3 solution was then added dropwise to the
BOB and NaBr mixture suspension solution under vigorous
stirring. Aer stirring for 2 h, the resulting product was
collected, repeatedly washed several times with distilled water
and ethanol, and then dried at 80 �C in air for 10 h. According to
this method, the composites with different AgBr weight frac-
tions were prepared. The samples obtained at mAgBr/(mAgBr +
mBi24O31Br10) ¼ 10%, 20% and 25% were designated as 10% AB/
BOB, 20% AB/BOB and 25% AB/BOB, respectively.
2.4. Sample characterization

Crystallographic structures of the as-synthesized samples were
characterized using X-ray diffractometer (XRD) with Cu Ka

radiation (D/max-2500, Rigaku, l ¼ 1.5406 Å) in a scanning
speed of 5� min�1. The morphology, microstructure, and
energy-disperse X-ray (EDX) spectra were taken with an ultra-
high resolution eld-emission scanning electron microscope
(FE-SEM, SUAPR55, Germany Zeiss). The elemental composi-
tions and chemical states of the samples were measured using
X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB
250XI, USA). The ultraviolet-visible diffuse reectance spectra
39188 | RSC Adv., 2018, 8, 39187–39196
(UV-vis DRS) were obtained using a UV-vis spectrophotometer
(UV-2450, Shimadzu, Japan). Electrochemical measurement
was conducted with electrochemical analyzer (CHI660C
Instruments, Shanghai, China) in a conventional three elec-
trode cell, using an Ag/AgCl electrode as the reference electrode
and a Pt plate as the counter electrode. The Brunauer–Emmett–
Teller (BET) surface area was measured using a Micrometrics
(TriStar II 3020 Mike instruments of America).
2.5. Photocatalytic test

The photocatalytic activity of AgBr, BOB, and AB/BOB compos-
ites was assessed by the degradation of MB (20 mg L�1) under
the irradiation of a 500 W Xenon lamp with the UV-cut lter (l >
420 nm) and the light intensity of 0.4 mW cm�2 was ensured.
100 mg of the photocatalyst was put into 100 mL MB solution
and kept in the dark for 20 min. During each photocatalytic
experiment, 3 mL of the suspension was withdrawn every 5
minutes and separated to remove the photocatalyst powder. The
change of the MB concentration was measured by UV-vis spec-
trometer. The dye degradation efficiency (D) can be calculated
according to eqn (1)

D(%) ¼ [(A0 � At)/A0] � 100% (1)

where A0 and At represented the concentration of MB solution at
the beginning and at time t.
2.6. Active species trapping experiment

In the photocatalytic reaction, three kinds of active species
could be generated, involving holes (h+), superoxide ($O2

�) and
hydroxyl ($OH).22 Their contribution was tested in another MB
photodegradation experiment with the separate addition of
1 mmol L�1 (mM) ethylenediaminetetraacetic acid disodium
salt (EDTA-2Na), 1 mM benzoquinone (BQ) and 1 mM iso-
propanol (IPA), which acted as scavengers of h+, $O2

� and $OH,
respectively.
2.7. Electrochemical measurements

Electrochemical measurements were performed using a three-
electrode system on a CHI660E electrochemical workstation.
The reference electrode and counter electrode were Ag/AgCl and
platinum wire, respectively. 0.2 mol L�1 (M) Na2SO4 aqueous
solution was used as the electrolyte. The work electrode was
prepared according to the procedure as described in the liter-
ature.23 In brief, 20 mg of the sample was dispersed into 100 mL
of 25% professional video assistant (PVA) solution under
ultrasonication for 1 h to form suspension. The suspension was
then dropped onto a 1 cm � 2 cm uorine-doped tin oxide
(FTO) slice (FTO substrate was cleaned) with an effective
working area of 1 cm2, followed by drying at 80 �C for 5 h. A
300W Xe arc lamp equipped with a cut-off lter (l > 420 nm, the
light intensity is 0.4 mW cm�2) was utilized as the light source.
This journal is © The Royal Society of Chemistry 2018
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3. Results and discussion
3.1. XRD analysis

The crystal structures of the as-synthesized samples were
characterized by XRD technology. As can be seen from Fig. 1, the
diffraction peaks of BOB sample can be well indexed to the
monoclinic BOB phase (PDF#75-0888). Several strong peaks and
the corresponding crystal planes are observed at 10.52� (102),
25.05� (206), 29.76� (213), 31.82� (117), 46.03� (201) and 57.02�

(011).24 For pure AgBr, the major diffraction peaks with 2q ¼
26.71�, 30.94�, 44.32�, 55.03�, 64.48� and 73.23� can be indexed
to the (111), (200), (220), (222), (400) and (420) crystal facets of
the cubic AgBr phase (PDF#79-0149), respectively.25 As for the
patterns of the AB/BOB composites, all the peaks can be accu-
rately indexed to the cubic AgBr phase and monoclinic BOB
phase, where no other impurity peaks are observed. In addition,
the intensities of AgBr diffraction peaks increase gradually with
the increase of the mass fraction of AgBr.
3.2. XPS analysis

The chemical states of elements for the 20% AB/BOB nano-
composite were determined by XPS measurement, and the
results are shown in Fig. 2. Five elements including Br, Ag, Bi, C
and O are detected in the XPS survey spectrum (Fig. 2(a)), from
which the obtained atomic proportion of Ag, Bi and Br is every
close to that of stoichiometric composition of the sample. The C
1s XPS spectrum as given in Fig. 2(b) shows two peaks at 284.84
and 287.56 eV, which might be assigned to the adventitious
hydrocarbon from the XPS instrument itself used to calibrate
the binding energy scale. Fig. 2(c) depicts two strong peaks at
368.2 and 374.3 eV in the AgBr and 20% AB/BOB nanocomposite
which can be attributed to Ag 3d5/2 and Ag 3d3/2, respectively.26

This implies that silver species is in the form of Ag+ oxidation
state. The existence of Ag metal state can be ruled out since no
additional peak is visible in the Ag 3d XPS spectrum. As seen
from the Bi 4f XPS spectrum of the BOB and 20% AB/BOB
nanocomposite are shown in Fig. 2(d), the peaks located at
Fig. 1 XRD patterns of pure AgBr, BOB and AB/BOB nanocomposites.

This journal is © The Royal Society of Chemistry 2018
159.1 and 164.41 eV are ascribed to Bi 4f7/2 and Bi 4f5/2,
respectively, indicating that Bi species exhibits +3 oxidation
state in the 20% AB/BOB nanocomposite.27 Fig. 2(e) displays the
Br 3d spectrum of the AgBr and 20% AB/BOB nanocomposite, in
which the two typical peaks located at binding energies of 69.2
and 68.4 eV are due to Br 3d3/2 and Br 3d5/2 peaks, respectively,
indicating that the Br element is mainly in the form of Br� in
the composite.28,29 As clearly illustrated in Fig. 2(f), the O 1s XPS
spectrum of the BOB and 20% AB/BOB nanocomposite can be
tted into three peaks separately located at 529.87, 530.89 and
531.82 eV. The signal peak at 529.87 eV is attributed to layer-
structured Bi–O bonds. The peaks at 531.89 and 531.82 eV can
be assigned to the O–H and C–OH, respectively.30,31

3.3. SEM and EDX analysis

In order to investigate the typical morphology and detailed
structure of the as-prepared samples, FE-SEM images of pure
AgBr, pure BOB and 20% AB/BOB nanocomposite were acquired
and illustrated in Fig. 3. The pristine AgBr exhibits
a morphology of smooth spherical-like particles with the
average size of 500–800 nm (Fig. 3(a)). It can be observed from
Fig. 3(b) that the pure BOB presents dispersed 3D ower-like
porous microspheres, which are composed of nanosheets. The
thickness of the nanosheets is about 30 nm according to the
high-magnication SEM image inserted in Fig. 3(b). From
Fig. 3(c), it is seen that AgBr particles are coupled with BOB
nanosheets to form AB/BOB heterojunction nanocomposites.
The chemical composition of the 20% AB/BOB composite is
further conrmed by the EDX spectrum, as shown in Fig. 3(d). It
is noted that EDX is sensitive to heavy elements like Ag and Bi,
but not to light elements like C and O.31 This means that the
content of heavy elements can be precisely determined from
EDX. It can be found that the only detectable elements are O,
Ag, Bi and Br (C and Pt come from the conductive tape). The
atom ratio of Ag and Bi is obtained as 1 : 3, which is in good
agreement with the Ag/Bi atomic ratio of the 20% AB/BOB
nanocomposite.

3.4. Optical property analysis

To acquire the insights into the optical properties of the
samples, their UV-vis DRS spectra were measured and are pre-
sented in Fig. 4(a). The pure AgBr exhibits the main absorption
in the wavelength region ranging from 200 to 475 nm. The band
gap energies (Eg) of the samples can be obtained based on the
equation ahn ¼ A (hn � Eg)

1/2,32,33 where a, h, n, Eg and A are
absorption coefficient, Planck constant, light frequency, band
gap and transition constant, respectively. As seen from Fig. 4(b),
the derived band gap of AgBr and BOB are about 2.6 and 2.8 eV,
respectively.

3.5. BET analysis

The nitrogen adsorption–desorption isotherm was used to
investigate the BET specic surface area and porous structure of
the BOB and AB/BOB composite, as shown in Fig. 5(a). The BET
surface areas of BOB, 10% AB/BOB, 20% AB/BOB and 25% AB/
BOB composite were estimated to be 68.58 cm2 g�1, 70.61 cm2
RSC Adv., 2018, 8, 39187–39196 | 39189
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Fig. 2 XPS spectra of the 20% AB/BOB nanocomposite, (a) survey, (b) C 1s, (c) Ag 3d, (d) Bi 4f, (e) Br 3d and (f) O 1s.
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g�1, 75.29 cm2 g�1, and 72.81 cm2 g�1, respectively. In
comparison to pure BOB, the BET surface areas of AB/BOB
composites showed a slight increase, which could be ascribed
Fig. 3 (a)–(c) SEM images of AgBr, BOB and 20% AB/BOB, respectively. Th
(d) EDX pattern of 20% AB/BOB nanocomposite.

39190 | RSC Adv., 2018, 8, 39187–39196
to the decoration of AgBr nanoparticles on the surface of BOB.
But when excessive introduction of AgBr cover (or blocking) the
porous structure around of BOB nanosheet. Therefore, the
e inset in (b) shows the high-magnification SEM image of 20% AB/BOB.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 UV-vis DRS spectra (a) and (ahn)1/2 versus hn (b) of the as-prepared samples.
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surface area of the composites decreased as the introduction of
AgBr to BOB. As a result, signicant enhancements in degra-
dation efficiency would be ultimately achieved. According to the
IUPAC classication, a type IV the isotherm with a narrow
hysteresis loop at high relative pressures can be found, indi-
cating the presence of porous structure of the composite.34 As
illustrated in Fig. 5(b), the 20% AB/BOB composite exhibits
a narrow pore-size distribution with average pore diameter
around 12.59 nm. Table 1 summarizes the BET specic surface
area, pore volume and pore diameter of AgBr, BOB, 10% AB/
BOB, 20% AB/BOB and 25% AB/BOB composites. Among
these samples, the 20% AB/BOB composite has the largest BET
specic surface area and porous volume, and the smallest pore
diameter, implying that the 20% AB/BOB composite can provide
more active sites and adsorb more reactive species.

3.6. Photocatalytic properties

In order to investigate the adsorbability of MB on the samples,
we carried out the adsorption experiments in the dark, as
shown in Fig. 6(a). It is can be seen that the adsorption process
proceeds very fast, and it takes about 20 min to reach
adsorption–desorption equilibration for the samples. All the
samples display a strong adsorbability toward MB; particu-
larly, the 20% AB/BOB composite exhibits the highest
adsorbability and the adsorption percentage of the dye reaches
Fig. 5 Nitrogen adsorption–desorption isotherm of the samples (a) and t
(b).

This journal is © The Royal Society of Chemistry 2018
42.1% aer 20 min. The photocatalytic activities of the prod-
ucts were assessed by the degradation of MB solutions under
exposure to visible light and the results are plotted in Fig. 6(a).
It is seen that the direct photolysis of MB without photo-
catalyst can almost be neglected, indicating that MB exhibits
a good stability under visible light irradiation. The as-prepared
BOB shows moderate catalytic activity, and only 16.1% MB
degradation is achieved aer 20 min irradiation. The pure
AgBr shows better photocatalytic activity than pure BOB and
about 27% MB is degraded under visible light irradiation for
20 min. It is observed that under visible light irradiation, with
the increase of AgBr content, the photocatalytic activity of AB/
BOB composites rst increases and then declines. All AB/BOB
composites photocatalysts exhibit enhanced photocatalytic
activity compared to pure AgBr and BOB, indicating that the
coupling of BOB with AgBr can effectively improve the photo-
catalytic activity. The 20% AB/BOB composite exhibits the
highest photocatalytic activity, and the photocatalytic degra-
dation percentage of MB reaches 98.7% aer 20 min. It is
generally accepted that an appropriate ratio of two semi-
conductors is required to achieve the most heterostructures,
and thus the photogenerated electron/hole pairs can be effi-
ciently separated due to the interfacial charge transfer.35,36

This is the main reason that the 20% AB/BOB composite
manifests the highest photocatalytic activity among the AB/
he corresponding pore-size distribution of the 20% AB/BOB composite

RSC Adv., 2018, 8, 39187–39196 | 39191
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Table 1 Surface area, pore volume and pore diameter of the as-
prepared samples

Samples
porous volume
(cm3 g�1) BET (cm2 g�1)

Pore
diameter (nm)

AgBr 0.009 39.80 30.25
BOB 0.015 68.58 25.41
10% AB/BOB 0.018 70.61 15.35
20% AB/BOB 0.018 75.29 12.59
25% AB/BOB 0.017 72.81 16.21
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BOB composites. Fig. 6(b) demonstrates the plots of�ln(Ct/C0)
versus irradiation time (t) for the dye degradation over the
samples. The rst-order kinetic equation �ln(Ct/C0) ¼ kt can
be well used to model the photocatalytic removal of RhB,
where k, C0 and Ct, are representative of rate constant, the
initial concentration and the concentration at time t, respec-
tively.37,38 The k values obtained for AgBr, BOB, 10% AB/BOB,
20% AB/BOB and 25% AB/BOB are 0.0565, 0.0767, 0.1122,
0.1883 and 0.127 min�1, respectively. It is noted that the 20%
AB/BOB composite exhibits the largest kinetic constant
(0.1883 min�1), which is nearly 2.45 times higher than that of
pure BOB (0.0767 min�1). This implies that the photocatalytic
activity of 20% AB/BOB is about 2.45 times higher than that of
bare BOB, which is contributed to the efficient separation of
photogenerated electron–hole (e�–h+) pairs.

The 20% AB/BOB composite was further investigated by
recycling experiments for the photo-degradation of MB in order
to explore its stability in dark and under visible light irradiation,
as shown in Fig. 7(a). It is seen that although the adsorbability
decreases slightly from 42.1% to 38.5% over ve consecutive
cycles, the photodegradation rate undergoes almost no change,
indicating that the composite exhibits high photostability
during the process of photocatalysis. In addition, the used 20%
AB/BOB was collected and examined by XRD. As seen from
Fig. 7(b), the composite aer ve times of photocatalytic recy-
cling tests exhibits an XRD pattern similar to that of the
composite before photocatalytically used, and all the peaks are
attributed to cubic phase AgBr and monoclinic-phase BOB.
These results demonstrate that 20% AB/BOB has good photo-
corrosion resistance and excellent stability.
Fig. 6 Time-dependent photodegradation of MB (a) and kinetic curves
light irradiation.

39192 | RSC Adv., 2018, 8, 39187–39196
3.7. Photocatalytic mechanism of AB/BOB composites

In order to help understand the photo-generated carrier trans-
fer in AB/BOB composites, we carried out the photo-
electrochemical experiments under visible light illumination,
which may directly reect the separation of photo-generated
carriers. Fig. 8 displays the photocurrent intensity–time curves
of BOB and 20% AB/BOB photoelectrodes over ve on-off cycles
under visible light irradiation. The result reveals that the 20%
AB/BOB composite has a photocurrent density about 5.8 times
higher than that of bare BOB under identical conditions. The
enhanced photocurrent response of the composite indicates
higher separation efficiency of the photo-generated e�–h+ pairs.

In the photocatalytic process, the active species responsible
for the dye degradation mainly include h+, $OH and $O2

�. To
reveal the roles of the primary active species in the photo-
catalysis, radical trapping experiments were carried out by
adding EDTA-2Na, BQ and IPA into the reaction solution. It is
known that EDTA-2Na, BQ and IPA can be used as the good
scavengers of h+, $O2

� and $OH, respectively.39 Fig. 9 displays
the relationship of different scavengers and the photo-
degradation rate of MB solution in the presence of 20% AB/
BOB photocatalyst. It can be found that the addition of EDTA-
2Na or BQ does not cause signicant deactivation of 20% AB/
BOB photocatalyst, and the dye degradation percentage only
decreases from 98.7% to 97.7% or 96.7% aer 20 min of pho-
tocatalytic reaction, indicating that h+ and $O2

� play almost no
role in the photocatalysis. However, when IPA is added into the
reaction solution, the dye degradation is signicantly inhibited,
revealing that $OH plays an important role in the photocatalytic
reaction.

To further understand the photocatalytic mechanism of AB/
BOB composites, it is necessary to obtain the conduction band
(CB) and the valance band (VB) edge potentials of AgBr and BOB
because the redox ability of photo-generated e� and h+ are
completely dependent on the energy-band potentials of the
photocatalysts. The band edge positions of BOB and AgBr can
be calculated using the following empirical formula40

EVB ¼ k � E0 + 0.5Eg (2)
of the dye degradation (b) over the as-prepared samples under visible

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 (a) Cycling degradation efficiency of MB over 20% AB/BOB (reaction for 20 min). (b) XRD patterns of 20% AB/BOB before and after
recycling experiment.

Fig. 8 Photocurrent responses of BOB and 20% AB/BOB composite
under visible light irradiation.

Fig. 9 Effect of IPA, BQ and EDTA-2Na on the MB degradation over
20% AB/BOB composite.
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ECB ¼ EVB � Eg (3)
This journal is © The Royal Society of Chemistry 2018
where EVB and ECB are the VB edge potential and CB edge
potential, respectively; k, Eg and E0 are the absolute electro-
negativity, the band gap energy of the semiconductors and the
potential energy of a free electrons in a standard hydrogen
electrode (4.5 eV), respectively.41 Based on the measured band
gaps of BOB (2.8 eV) and AgBr (2.6 eV), the values of ECB and EVB
for BOB are calculated to be 0.13 and 2.93 eV, and those for AgBr
are�0.02 and 2.58 eV, respectively, which is consistent with the
previous result,42,43 as presented in Fig. 10(a). It is well known
that $O2

� can be formed through the reaction of oxygen mole-
cules with photogenerated electrons, if the electron potential is
more negative than the standard redox potential of O2/$O2-
�(�0.33 eV vs. NHE).44 In this case, the CB potentials of BOB
(0.13 eV vs. NHE) and AgBr (�0.02 eV vs. NHE) cannot make the
reaction between photo-generated electrons and O2 to generate
$O2

�.45 Thus, according to previous work,46–49 a plausible Z-
schememechanism can be used to explain the charge behaviors
of AB/BOB composites in the process of the dye degradation, as
shown in Fig. 10(b). Under visible light irradiation with photon
energy less than 2.95 eV (l > 420 nm), some e� in the VB of AgBr
and BOB could be excited up to a higher potential edge �0.37
and�0.03 V, respectively.20,50 The reformed CB edge potential of
AgBr (�0.37 eV) is more negative than the standard redox
potential of O2/$O2

�(�0.33 eV vs. NHE).51 As a result, the pho-
togenerated e� can react with O2 to form $O2

�, then, $O2
�

further reacts with H+ to produce $OH. In the meanwhile, the
excited electron in the CB of BOB will combine with the pho-
togenerated hole of AgBr. Moreover, the redox potential of H2O/
$OH (+2.72 eV vs. NHE52) is more negative than the VB potential
of BOB (2.93 eV), which implies that the water molecules can be
directly oxidized by photo-generated h+ to form $OH radicals. By
this manner, the photo-generated e� and h+ are effectively
separated and the recombination of photo-generated e�–h+

pairs is heavily inhibited in the AB/BOB composites. Thus it
brings out signicant enhancement in the photocatalytic
activity of the AB/BOB composites for the degradation of
organic pollutants.
RSC Adv., 2018, 8, 39187–39196 | 39193
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Fig. 10 Schematic band diagram and possible photocatalytic process of AB/BOB composites.
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4. Conclusion

In summary, novel AB/BOB Z-scheme photocatalysts were
triumphantly constructed via a hydrothermal calcination-ion
exchange route. The as-prepared AB/BOB composites manifest
not only superior adsorption performance, but also outstanding
photocatalytic ability for the degradation of MB. The signicant
enhancement of photocatalytic performance for AB/BOB
composites can be ascribed to their high BET surface area,
ultrathin sheets geometry and high separation efficiency of
photo-generated e�–h+ pairs via a Z-scheme mechanism. In
addition, the trapping experiments of the active species conrm
that $OH is the main radical species for photocatalytic degra-
dation of MB organic dye molecules under the visible light
irradiation. The as-synthesized AB/BOB composites shows
a high stability and recyclability, indicating its potential for
practical applications.
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