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with enhanced photocatalytic activity under visible
lightt
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We present a facile approach to preparing a BiOCl;_,Br,@AgBr heterostructure using a two-step
solvothermal method. Multiple characterisation techniques have been employed to investigate its
morphology, structure, optical and electronic properties and photocatalytic performance. The
photocatalytic activity of the BiOCl_,Br,@AgBr heterostructure was sufficiently evaluated by adopting
Reactive Blue KN-R as the target organic pollutant under visible light irradiation. The as-prepared
BiOCl,_,Bry@AgBr exhibited much higher photocatalytic activity than BiOCl;_,Br, and BiOCl, which was
ascribed to the movement of photogenerated electrons from AgBr to BiOCl;_,Br,, resulting in effective
charge separation and transfer. Moreover, the modification of BiOCl,_,Br, with AgBr broadened the light
absorption range, making the composite suitable for visible light excitation. The excellent photocatalytic
performance provides potential opportunities to utilize BiOCl,_,Br,@AgBr for environmental purification

rsc.li/rsc-advances

1. Introduction

Fossil fuels, as some of the most important sources of the
energy, are utilised in an increasing number of fields such as
energy sources, impetus transmission, machine manufacturing
and chemical synthesis. However, effluent and solid waste
typically contain a variety of organic and inorganic pollutants,
which gives rise to a serious problem i.e. environmental pollu-
tion. Undoubtedly, semiconductor-based photocatalysis is
regarded as one of the most efficient and economic techniques
for solving this issue by utilizing solar energy to degrade
pollutants into nontoxic products.’” It is now imperative to
explore new and highly active photocatalysts with superior
photocatalytic activity and good chemical stability. TiO,, as the
model semiconductor photocatalyst, has been considered the
most prominent material for widespread environmental appli-
cations, due to its excellent photocatalytic activity, low cost,
nontoxicity, long-term chemical stability and photostability.***
However, lacking visible light absorption quite limits its
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and organic pollution treatment of water.

practical applications. Therefore, the development of photo-
catalysts which are capable of a response to visible light have
been important research topics. Among Bi-based materials,
BiOCl has been widely researched due to its unique layered
structure and optical properties. Recently, some researchers
reported that the (001) facets of BiOCl might contribute to
generating oxygen vacancies, and thus lead to high photo-
catalytic activity.”*"” However, the wide band gap and rapid
recombination of electrons and holes restrict its application to
some extent. Thus, it is necessary to improve the photocatalytic
activity via enhancing the visible light harvest and restraining
the charge combination, such as by nonmetal/metal doping or
coupling with other semiconductors with suitable band
gaps.18—28

More recently, AgX (Cl, Br and I) has been regarded as a new
photosensitive photocatalyst and has attracted much attention
because of its high photocatalytic performance in organic
pollutant degradation under sunlight irradiation. Due to its
high absorption of visible light, AgX is the most promising
candidate for coupling with other semiconductors to enhance
their photocatalytic activity and stability of their compos-
ites.>**' It has been reported that various semiconductors like
InvVO,,*” BiPO,* and TiO, (ref. 34) coupled with AgX exhibits
increased performance in eliminating organic pollutants. These
results may be caused by the formation of heterojunctions with
different semiconductor materials, which can facilitate inter-
facial charge transfer and decrease charge combination.

In previous reports, the AgBr/BiOCl heterostructure has been
studied. Qi et al.** prepared AgBr particles coupled with BiOCl
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composites with exposed (001) facets using solvothermal and
chemical precipitation methods. The photocatalytic activity of
the AgBr/BiOCl was much higher than that of pure AgBr and
BiOCl, mainly due to the separation of photoinduced charges
and greater number of oxygen vacancies. Chen et al.*® synthe-
sized BiOCI-(001) nanosheets which were attached to AgBr
colloidal spheres to form a AgBr/BiOCl-(001) hybrid. The
composite exhibited excellent photocatalytic performance for
degrading methyl orange and rhodamine B under LED irradi-
ation, because of its response to full visible light and efficient
separation of electron-hole pairs. Both of these reports provide
an excellent theoretical basis for research into the AgBr/BiOCl
photocatalyst, however the AgX agglomerates often lack
a close connection with the original materials, resulting in
increased recombination of electron-hole pairs. Therefore,
synthesis of AgX with controlled shapes could improve the
photocatalytic performance and stability of the hybrid.*”

In this work, a BiOCl, ,Br,@AgBr heterostructure was
successfully prepared via a solvothermal method. A series of
measurements were used to obtain information on its crystal-
line structure, morphology, heterostructure interface, surface
element composition, optical properties and charge transfer.
AgBr could enhance the photocatalytic activity of BiOCl; _,Br,
nanosheets under visible-light irradiation (1 > 420 nm) for
degrading Reactive Blue KN-R. Furthermore, the BiOCl;_,-
Br,@AgBr displayed higher activity than AgBr spheres
composited with the BiOCl,_,Br, hybrid (AgBr/BiOCl,_,Br,).
Besides, the cycling experiment and the possible reaction
mechanism of the BiOCl;_,Br,@AgBr heterostructure are
discussed.

2. Experimental
2.1 Materials

Bismuth(m) chloride (AR) and silver nitrate (AR) were provided by
Sinopharm Chemical Reagent Co., Ltd, cetyltrimethylammonium
bromide (AR) was purchased from Tianjin Kemiou Chemical
Reagent Co., Ltd, sodium hydroxide (AR) was supplied by Tianjin
Guangfu Technology Development Co., Ltd and ethanol (GR) and
ethylene glycol (AR) were obtained from Tianjin Fuyu Fine
Chemical Co., Ltd, (GR). All reagents were used without further
purification.

2.2 Preparation of the BiOCl, _,Br,@AgBr heterostructure

2.2.1 Synthesis of pure BiOCI nanosheets and BiOCl, ,Br,.
BiOCl, _,Br, nanosheets were synthesized using a solvothermal
method. Specifically, 1.6 g bismuth(im) chloride (BiCl;) and 0.2 g
cetyltrimethylammonium bromide (CTAB) were first dissolved
in 20 mL ethylene glycol (EG) followed by vigorous stirring for
20 min. At the same time, 0.2 g sodium hydroxide (NaOH) was
added into a mixture solution consisting of 2 mL H,O and
10 mL ethanol. The two as-prepared solutions were mixed fol-
lowed by vigorous stirring for another 2 h at room temperature.
Subsequently, the mixture was transferred into a 50 mL Teflon-
lined autoclave, which was placed in an oven maintained at
150 °C for 12 h to synthesize the BiOCl,_,Br, nanosheets.
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Finally, the BiOCl, _,Br, nanosheets were obtained after rinsing
with deionized water and ethanol and drying at 60 °C, and were
marked as BiOCl;_,Br,. For comparison, BiOCl nanosheets
were also synthesized without adding CTAB and marked as
BiOCL

2.2.2 Synthesis of pure AgBr. AgBr was synthesized using
a solvothermal method. Specifically, 0.169 g AgNO; and 0.364 g
CTAB were first dissolved in 20 mL EG followed by vigorous
stirring for 20 min, and then 10 mL ethanol was added followed
by vigorous stirring for another 2 h at room temperature.
Subsequently, the mixture was transferred into a 50 mL Teflon-
lined autoclave, which was placed in an oven maintained at
150 °C for 12 h to synthesize the AgBr. Finally, the AgBr was
obtained after rinsing with deionized water and ethanol and
drying at 60 °C, and were marked as AgBr.

2.2.3 Synthesis of the BiOCl, _,Br,@AgBr heterostructure.
0.033 g silver nitrate (AgNO3), 0.1 g CTAB and 0.1 g BiOCl; _,Br,
nanosheets were ultrasonically dispersed into a mixture of
10 mL ethanol and 20 mL EG followed by vigorous stirring for
1 h. The mixture was then transferred into a 50 mL Teflon-lined
autoclave, which was placed into an oven at 160 °C for 5 h. After
cooling down to room temperature, the precipitate was
collected and washed with deionized water and ethanol alter-
nately. After drying in the oven at 60 °C for 8 h, the sample was
collected and denoted BiOCl, _,Br,@AgBr.

2.3 Characterization

X-ray diffraction (XRD) patterns of the samples were recorded
using a Shimadzu XRD-6100 diffractometer with Cu Ka radia-
tion (A = 0.145 nm), operating at 40 kv and 30 mA. X-ray
photoelectron spectroscopy (XPS) was conducted on a VG
Scientific ESCALAB250 XPS instrument. The diffuse reflectance
UV-visible spectra (DRS) were recorded on a CARY 100 CONC
spectrometer. The surface morphology and elemental compo-
sition of the samples were investigated using a scanning elec-
tron microscope (SEM, JSM-7800F, JEOL) equipped with an EDS
detector. Transmission electron microscope (TEM) images were
obtained using a JEOL JEM-2000EX.

2.4 Photocatalytic activity measurements

The photocatalytic activity of the as-prepared samples was
evaluated by degrading Reactive Blue KN-R (4 > 420 nm) under
visible light irradiation, which was provided by a 300 W point
light source coupled with a 420 nm cutoff filter. In each exper-
iment, 20 mg of the catalyst was dispersed in 50 mL Reactive
Blue KN-R solution (40 mg L™'). Prior to illumination, the
suspension was magnetically stirred for 30 min in order to make
quite sure the Reactive Blue KN-R reached adsorption and
desorption equilibrium. Then, the suspension was exposed to
visible light for 60 min with continuous stirring, and 5 mL
samples of the aqueous suspension were withdrawn every
10 min. The mixture of Reactive Blue KN-R and catalyst powder
was separated by centrifugation at 8000 rpm for 5 min and then
filtrated using a Millipore filter with a diameter of 220 nm.
Finally, the concentration variation of Reactive Blue KN-R was
recorded using a UV-Vis spectrophotometer at 594 nm. The
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stability of the catalyst was measured with the following steps.
After each run of the reaction, the catalyst was separated via
centrifugation, washed with deionized water and ethanol and
dried at 60 °C for 12 h. Each recycling experiment was carried
out under the same conditions for 60 min and the concentra-
tion variation of Reactive Blue KN-R was determined using a UV-
Vis spectrophotometer at 594 nm.

2.5 Electrochemical tests

Photoelectrochemical measurements were carried out on
a CHI660E electrochemical workstation (Shanghai Chenhua, P.
R. China) operated with a three-electrode configuration and the
as-prepared samples as the working electrode, Pt plate as the
counter electrode and Ag/AgCl as the reference electrode. An
aqueous solution of 0.5 M Na,SO, was used as the electrolyte.
To prepare the working electrode, 5 mg sample was suspended
in a mixture of 10 pL Nafion solution (D520, DuPont), 1.5 mL
ethanol and 0.5 mL ultrapure water to become a slurry, which
was then dip-coated onto a glass carbon electrode and dried in
the shade. The light source was a 300 W Xe lamp (PLS-SXE 300,
Beijing Perfect Light Co., Ltd.). The photocurrent response was
obtained using potentiostatic (current vs. time, I-t) measure-
ments under intermittent illumination (30 s) under the condi-
tions of no bias potential.

3. Results and discussion

The composition, structure and morphology of BiOCl,; _,Br,@-
AgBr and BiOCl were measured using XRD, XPS and SEM
analysis. The XRD patterns of AgBr, BiOCl and BiOCl,_,Br,@-
AgBr are displayed in Fig. 1. The diffraction peaks occurring at
11.9°, 24.1°, 25.8°, 32.5°, 33.4°, 36.5°, 40.9°, 46.6°, 49.7°, 54.1°,
55.1°, 58.6°, and 60.5° are readily assigned to the (001), (002),
(101), (110), (102), (003), (112), (200), (113), (211), (104), (212),
and (114) lattice planes, respectively, being well matched with
tetragonal BiOCl (JCPDS card no. 06-0249). Meanwhile, the
characteristic peaks appearing at 26.7°, 31.0°, 44.3°, 55.0°, 64.5°
and 73.3° are indexed to the (111), (200), (220), (222), (400) and
(420) crystal planes of the cubic phase of AgBr (JCPDS card no.
06-0438), respectively. After coupling with AgBr, the XRD
pattern of BiOCl,_,Br,@AgBr is similar to that of BiOCI; only
two diffraction peaks occurring at 31.0° and 44.3° can be
indexed to the (200) and (220) crystal planes of the cubic phase
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Fig.1 XRD diffraction patterns of AgBr, BiOCl and BiOCl, _,Br,@AgBr.
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of AgBr, respectively. The results indicate that the BiOCl;_,-
Br,@AgBr heterostructure was successfully synthesized.
Besides, the XRD patterns of BiOCl, _,Br, and AgBr/BiOCl, _,Br,
are shown in Fig. S1 (ESI).t The XRD pattern of BiOCl, _,Br, is
almost identical to that of BiOCI and no peaks of bromide are
observed due to the low molecular weight content or high dis-
persity of bromide in the BiOCl crystal. The diffraction peaks of
AgBr/BiOCl,_,Br, are indexed to the BiOCI (JCPDS card no. 06-
0249) and AgBr (JCPDS card no. 06-0438) respectively. The
diffraction peaks of the samples are sharp, which indicates that
the samples have high crystallinity. No other characteristic
peaks of impurities could be detected, indicating the high
purity of the samples. Nevertheless, in the amplified XRD
(Fig. S21) patterns in the 26 range from 10° to 14°, the diffrac-
tion peak at 26 = 11.9° corresponding to the (001) crystal planes
of BiOCl in BiOCl,_,Br, are slightly shifted to lower angles
compared to BiOCL. The slight shift to lower angles of the (001)
peak may be caused by the introduction of Br, because the ionic
radius of Br (1.95 A) is larger than that of CI (1.81 A).®
Compared to the standard card of BiOCI, the intensity of the
peak located at 11.9° assigned to the plane (001) is obviously
higher than that for other planes, which suggests that the
samples have abundant (001) planes and these are preferen-
tially oriented (or textured) parallel to the surface of the sup-
porting substrate.*

The chemical compositions and valence states of the BiOCl
and BiOCl,_,Br,@AgBr were characterized using XPS. The
results are displayed in Fig. 2. As shown in Fig. 2a, the BiOCl
sample consists of Bi, Cl and O elements. The high-resolution
XPS spectra of BiOCl are shown in Fig. S3 (ESI).t The Bi 4f
spectrum (Fig. S3b (ESI)T) gives two typical peaks, where the two
strong peaks at 158.8 eV and 164.2 eV can be attributed to Bi 4f;,
» and Bi 4f;,, indicating the chemical state of Bi**. Two peaks
can be observed at the binding energies of 197.1 eV and 199.0 eV
corresponding to Cl 2p3/, and Cl 2p,, (Fig. S3c (ESI)T), respec-
tively. The peak of O 1s (Fig. S3d (ESI)T) can be fitted into two
peaks which are located at 529.8 eV and 532.4 eV representing
lattice oxygen and adsorption oxygen, respectively. The survey
spectrum of BiOCl, _,Br, (Fig. S3a (ESI)T) demonstrates that Bi,
Cl, O and Br are the main elements in the sample. The high-
resolution XPS spectra of BiOCl,_,Br, are shown in Fig. S4.F It
is worth noting that a weak peak of Br (Fig. S4c (ESI)T) from
BiOCl, _,Br, can be observed at the binding energy of 68.8 eV,
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Fig.2 (a) XPS survey spectra of BiOCl;_,Br,@AgBr and BiOCland (b—f)
XPS spectra of the Bi, Cl, Br, Ag and O elements in BiOCl;_,Br,@AgBr.
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which is in agreement with the Br 3d;, peak. The weak peak
may due to the low content of Br. The spectrum of O 1s (Fig. S4d
(ESI)T) can be fitted into three peaks with banding energies of
529.4 eV, 530.1 eV and 532.3 eV which are assigned to lattice
oxygen, defects and adsorption oxygen, respectively. The survey
spectrum of BiOCl,_,Br,@AgBr reveals the existence of the
elements Bi, Cl, Br, Ag and O in the composite (Fig. 2a).
Furthermore, the high-resolution XPS spectra of the elements
are displayed in Fig. 2b-f. The Bi spectrum can be de-
convoluted into double peaks at 158.8 eV and 164.2 eV
(Fig. 2b), which can be attributed to Bi 4f,, and Bi 4f;,,
respectively, indicating the chemical state of Bi*". The fitted Cl
2p peaks (Fig. 2c) indicate that the peaks at 195.6 eV and
197.2 eV correspond to Cl~ species. The XPS spectrum of Br is
displayed in Fig. 2d; deconvolution of the Br 3d high-resolution
spectrum of BiOCl, _,Br,@AgBr results in two peaks centered at
68.0 eV and 69.1 eV, corresponding to Br 3ds, and Br 3dj,
respectively. The two intensive peaks located at 367.5 eV and
373.5 eV (Fig. 2e) are assigned to Ag 3ds, and Ag 3djp,
respectively, indicating that the chemical state of the Ag
element is +1.% In addition, there are no peaks belonging to Ag°,
suggesting that the chemical structure of AgBr is stable during
the synthetic process. The spectrum of O 1s can be fitted into
three peaks (Fig. 2f). The peak located at 529.8 eV originates
from the lattice oxygen of BiOCl,_,Br,, whereas the peak at
530.8 eV corresponds to the defects or oxygen vacancies. The
peak with higher energy (532.2 eV) is attributed to the hydroxyl
group attached to the surface of the photocatalyst.

The morphology and structure of BiOCl and BiOCl, _,Br,@-
AgBr were observed using SEM and TEM. It is clearly seen that
the BiOCI (Fig. 3a and b) has a flake-like structure with an
irregular shape. The BiOCl nanosheets have a very smooth
surface with a lateral width of about 400-500 nm and a thick-
ness of approximately 50-100 nm. The HRTEM of BiOCI is
displayed in Fig. 3c. The image shows an excellent crystalline
structure and clear lattice fringes with an interplanar lattice
spacing of 0.74 nm, which could be attributed to the (001) facet
of BiOCI. The SEM and TEM images of BiOCl, _,Br, are exhibi-
ted in Fig. S5a and b (ESI).T After being decorated with CTAB,
the BiOCl,_,Br, nanosheets have smoother edges and the
thickness decreases to 20-60 nm. The HRTEM image of
BiOCl, _,Br, shows good crystalline structure and lattice fringes
with an interplanar lattice spacing of 0.28 nm, which could be
attributed to the (110) facet of BiOCl. CTAB, as a kind of well-
known surfactant, can self-aggregate into a variety of peculiar
structures. Thus, it is widely used as a soft template to synthe-
size nanomaterials with controlled morphologies. The function
of CTAB in this study is that of the template and Br source.*!
According to previous reports,*” the release rate of Cl (from
BiCl;) is higher than that of Br which is released from CTAB.
During the synthesis process, a large quantity of C1™ reacts with
Bi** to form the BiOCI nucleus and grow anisotropically
throughout the solvothermal reaction. However, due to the low
release rate and content, only a small quantity of Br ions exists
among the BiOCI nanosheets, which further demonstrates the
results obtained by XRD and XPS. Fig. S5¢ (ESI)T shows the SEM
image of AgBr/BiOCl,_,Br,. The AgBr is in the form of colloidal
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Fig. 3 (a) SEM images of BiOC|, (b and c) TEM and HRTEM images of
BiOCL, (d) SEM image of BiOCl;_,Br,@AgBr and (e and f) TEM and
HRTEM images of BiOCl,_,Br,@AgBr.

spheres with a diameter of about 400-500 nm, onto which some
BiOCl, _,Br, nanosheets are attached. The SEM and TEM
images of BiOCl, ,Br,@AgBr are shown in Fig. 3d-f. The
BiOCl, _,Br, nanosheets are covered by a thin layer of AgBr
(Fig. 2d-e and S5d (ESI)T) formed from AgNO; and CTAB. The
formation was confirmed by XRD and XPS. The HRTEM image
of BiOCl, _,Br,@AgBr (Fig. 3f and S6t1) shows good crystalline
structure and lattice fringes with an interplanar lattice spacing
of 0.28 nm and 0.29 nm, which could be assigned to the (110)
facet of BiOCl and (200) facet of AgBr, respectively. The SEM and
TEM images demonstrate that the BiOCl,_,Br,@AgBr was
successfully synthesized.

EDS mapping images of the BiOCl, _,Br,@AgBr are displayed
in Fig. S7 (ESI).t The results reveal that the Bi, Cl, Br, Ag and O
elements are uniformly distributed throughout the BiOCl;_,-
Br,@AgBr sample. The high angle annular dark field scanning
TEM (HAADF-STEM) and the corresponding energy-dispersive
X-ray spectroscopy (EDX) elemental mapping images are dis-
played in Fig. 4. The images suggest that the different elements
are distributed uniformly throughout the BiOCl; ,Br,
nanosheets.

The optical absorption properties of photocatalysts play an
important role in their photocatalytic performance. Therefore,
the DRS spectra of BiOCl, AgBr, BiOCl,_,Br, and BiOCl,_,-
Br,@AgBr were measured to determine their optical absorption
properties and investigate the band gap energies. It can be
clearly seen that the BiOCl (Fig. 5a), with a wide band gap and
an absorption edge at about 359 nm, can only absorb ultraviolet
light. AgBr exhibits strong optical absorption with an

A1 X1

Fig. 4 HAADF-STEM image of BiOCl_,Br, and the corresponding
EDX elemental mapping analysis.

This journal is © The Royal Society of Chemistry 2018
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Fig.5 (a) UV-Vis diffuse reflectance spectra and (b) band gap energies
of the samples.

absorption edge at about 493 nm in the visible light region,
which is in agreement with ref. 33. The light absorption edge of
BiOCl,; _,Br, extends to ~400 nm. The absorption edge red-shift
may be due to the presence of Br, which narrows its band-gap.
The absorption edge of AgBr/BiOCl,_,Br, is at about 430 nm
(Fig. S8a (ESI)T), which could be caused by coupling with AgBr
spheres. As for the BiOCl; ,Br,@AgBr photocatalyst, the
absorption edge shifts to longer wavelengths (about 450 nm),
exhibiting an obvious red-shift compared to BiOCI. This result
indicates that the presence of AgBr can enhance the optical
absorption of BiOCl; ,Br,@AgBr, with the absorption edge
shifting to the visible light range.

It is reported that eqn (1) can be used to calculate the band
gap of the semiconductor on the basis of the DRS data.

A(hy — E)"* = ahv (1)

where «, h, A, v and E, represent the adsorption coefficient,
Planck’s constant, proportionality constant, light frequency and
band gap, respectively. In the equation, 7 relates to the type of
optical transition in a semiconductor (n = 1 for direct transi-
tions and n = 4 for indirect transitions). According to the
previous literature, the n value of BiOX is 4."** As shown in
Fig. 5b, the E, values of BiOCl, AgBr, BiOCl,_,Br, and
BiOCl, _,Br,@AgBr are 3.42 eV, 2.46 eV, 3.38 eV and 3.26 eV,
respectively. Meanwhile, the E, value of AgBr/BiOCl,_,Br,
(Fig. S8b (ESI)T) is estimated to be 3.28 eV, which is slightly
lower than that of BiOCl,_,Br, (3.38 eV). According to ref. 32,
the electric potentials of the CB and VB of the as-obtained
catalysts are also calculated based on Mulliken electronega-
tivity theory:

ECB =X- EC - OSEg (2)
EVB = ECB + Eg (3)

where X is the electronegativity of the semiconductor, the values
of which for BiOCI and AgBr are 6.36 and 5.81 respectively. Ec is
the energy of free electrons, the value of which is about 4.5 eV on
the hydrogen scale. The calculated results are displayed in Table
S1 (ESI).T The Ecg and Eyg of AgBr are 0.08 eV and 2.54 eV. The
conduction band and valence band of BiOCl were calculated to
be 0.15 eV and 3.57 eV, which is a bit more positive than for
BiOCl, _,Br; (3.55 eV). These results indicate that AgBr modifi-
cation enables more efficient use of visible light to produce

This journal is © The Royal Society of Chemistry 2018
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more photo-induced electrons and holes, which is beneficial for
improving photocatalytic activity.

N, adsorption/desorption measurements were conducted to
characterize the specific surface area of the prepared nano-
materials. As shown in Fig. 6, the isotherms of BiOCI,
BiOCl, _,Br, and BiOCl, _,Br,@AgBr are typical type IV curves
with an H1 hysteresis loop. These features suggest that the
obtained photocatalysts are mesoporous materials. The BET
specific surface areas of BiOCl, BiOCl;_,Br, and BiOCl;_,-
Br,@AgBr are 4.449 m> g, 6.26 m> ¢~ and 10.208 m* g,
respectively. The higher specific surface area could provide
plentiful active reaction sites and contribute to the absorption
of more pollutant molecules. Besides, the high Sggr value could
be attributed to diffusing photogenerated electrons and holes at
the surface, which can increase the photocatalytic performance.

The photocatalytic activity of the as-obtained samples was
detected by degrading Reactive Blue KN-R under visible light (2
> 420 nm). Fig. 6a displays the relationship between the varia-
tion of Reactive Blue KN-R concentration and the reaction time
of P25, BiOCl and BiOCl, _,Br,@AgBr, respectively. As seen in
Fig. 7a, the blank experiment demonstrates that the Reactive
Blue KN-R is inappreciably degraded in the absence of a pho-
tocatalyst, revealing that the structure of Reactive Blue KN-R is
stable under visible light. The degradation rates of Reactive Blue
KN-R over P25, pure BiOCl and BiOCl,_,Br, are merely around
(13 £ 0.3)%, (24 £ 0.7)% and (66 + 1.2)%, respectively, in
60 min. The BiOCl, _,Br,@AgBr heterostructure is more pho-
toactive for Reactive Blue KN-R degradation than P25, BiOCl
and BiOCl,_,Br,, and shows the best photocatalytic perfor-
mance, with a degradation ratio of (92 £+ 2.6)% after 60 min.
Meanwhile, the degradation ratio of AgBr/BiOCl, _,Br, was also
investigated using the photodegradation of Reactive Blue KN-R
under visible light (A > 420 nm). The Reactive Blue KN-R
decoloration ratio reaches (82 £ 2.1)% over AgBr/BiOCl; ,Br,
in 60 min (Fig. S9at). Ofloxacin can also be used as the target
antibiotic to be degraded to evaluate the photocatalytic prop-
erties of BiOCl, BiOCl, _,Br, and BiOCl, _,Br,@AgBr. The results
are displayed in Fig. S10a (ESI).t The degradation efficiency of
ofloxacin over BiOCl; ,Br,@AgBr is about (72 + 3.2)% after
30 min, which is higher than when BiOCl, _,Br, (about (43 +

1.5)%) and BiOCl (about (19 + 0.4)%) are used as

»
o
1

SpET(BIOCI=4.449 m2g™

SgET(BIOCly_Br,)<6.26 m%g™!

(2]
(=]
)

| SBET(BIOCI (Bry@AgBN)=10.208 m2g°1
—=—BiOCI
—+—BiOCI,_Br,

—— BIOCI,_Br @AgBr

Volume adsorbed (cm®g™)
N
o

0_1
0.0

2 04 06 _08 1.0
Relative pressure (P/P )

Fig. 6 N, adsorption—desorption isotherms of BiOCl, BiOCl, _,Br, and
BiOCl,_,Br,@AgBr.
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photocatalysts. Meanwhile, phenol was also chosen as an
optional colourless organic substance to investigate the pho-
tocatalytic performance of BiOCl, _,Br, and BiOCl, _,Br,@AgBr.
The result is displayed in Fig. S11.1 After irradiation for 3.5 h,
the degradation efficiencies of BiOCl, _,Br, and BiOCl; _,Br,@-
AgBr are (58 £ 2.5)% and (75 + 3.7)%, respectively. As shown in
Fig. 7b, the photocatalytic reaction of all the samples can be
regarded as a pseudo-first order reaction. The corresponding
kinetic constants (k) of Reactive Blue KN-R (OF) are listed in
Table S2 (ESI).T The rate constants of P25, BiOCl, BiOCl, ,Br,
and BiOCl, _,Br,@AgBr are 8.2 x 10 > min %, 1.6 x 10~ min*
(4.0 x 10> min™"), 1.3 x 10 > min"* (1.5 x 10" > min™ ") and
3.6 x 107> min~' (41 x 107> min™ '), respectively. AgBr/
BiOCl,_,Br, has a rate constant of 2.3 x 10~2 min !, which is
about 14.4 times as high as that of BiOCI (1.6 x 10~* min™"). It
can be obviously seen from these results that the BiOCl;_,~
Br,@AgBr shows the best photocatalytic properties under
visible light illumination, which may be caused by the efficient
separation of photoinduced electron-hole pairs and the
enhanced absorption of visible light.

In order to assess the recyclability and stability of the
BiOCl, _,Br,@AgBr photocatalyst during the degradation
process, a circulation test for degradation of the Reactive Blue
KN-R was carried out, and the result is displayed in Fig. 7c. After
four cycles, BiOCl, _,Br,@AgBr still decomposes the Reactive
Blue KN-R with only a slight decrease in photodegradation
efficiency, which may be due to the loss of sample during the
collection and decontamination. The stability of the sample can
be further confirmed via the XRD pattern (Fig. S127) of the
BiOCl, _,Br,@AgBr heterostructure before and after the fourth
Reactive Blue KN-R degradation experiment. It is worth noting
that no obvious structure changes can be detected by the XRD
test before and after irradiation, which can also confirm the
phase stability of BiOCl; _,Br,@AgBr. Thus, the BiOCl, _,Br,@-
AgBr heterostructure shows extraordinary reusability and
stability in photocatalytic applications.

In order to illustrate the photocatalytic mechanism, a series
of sacrificial agents were introduced to detect the contributions
of the active species in a photocatalytic process. The main active
species can be detected through the trapping of radicals and
holes during the photocatalytic process, and the results are
displayed in Fig. 7d. In this study, ethylenediamine tetraacetic
acid disodium salt (EDTA-2Na), isopropyl alcohol (IPA) and
r-ascorbic acid (LA) are employed for quenching the holes (h"),
hydroxyl radicals ("OH) and superoxide radicals (O, ), respec-
tively. As shown in Fig. 7d, the presence of EDTA decreases the
degradation rate of Reactive Blue KN-R significantly, implying
that the holes play a crucial role in photocatalytic systems.
However, with the addition of IPA, the degradation rate of
Reactive Blue KN-R has slight decrease, demonstrating that
hydroxyl radicals are not the main active species during the
Reactive Blue KN-R degradation process. r-Ascorbic acid
significantly suppresses the degradation of Reactive Blue KN-R,
so it can be concluded that superoxide radicals participate in
the photocatalytic reaction. The results mentioned above
suggest that the degradation reaction of Reactive Blue KN-R
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Fig. 7 (a) Photocatalytic activities of different samples under visible
light irradiation (A > 420 nm), (b) kinetic fit for degradation of dyes with
different samples, (c) cycling runs of BiOCl; ,Br,@AgBr for degrada-
tion of Reactive Blue KN-R under visible light and (d) degradation rate
of Reactive Blue KN-R over BiOCl;_,Br,@AgBr after adding different
scavengers.

over the BiOCl;_,Br,@AgBr heterostructure is mainly driven
by holes and superoxide radicals.

The photocurrent test is correlated with the transfer of
photoinduced electrons and holes, thus the transient photo-
current-time curves can represent the separation and transfer
dynamics of photogenerated charges in semiconductor pho-
tocatalysts. Fig. 8a shows the photocurrent measurements
for BiOCl, BiOCl;_,Br, and BiOCl,_,Br,@AgBr. It can be
observed that the photocurrent densities of BiOCl and
BiOCl,_,Br, are about 0.01 pA cm > and 0.10 pA cm™?,
respectively. Comparatively, BiOCl, ,Br,@AgBr exhibits
a higher photocurrent density (0.31 pA cm™>), which is much
higher than that of BiOCl and BiOCl,_,Br,, indicating the
enhancement of the separation efficiency of photo-induced
charges and the improvement of the transfer rate of photo-
generated electrons and holes in BiOCl; _,Br,@AgBr. It is re-
ported that the higher photocurrent density results in an
enhanced charge separation efficiency and a higher interfa-
cial transfer rate, leading to better photocatalytic properties.
Thus, the photocatalytic properties of BiOCl; _,Br,@AgBr are
better than that of BiOCl and BiOCl,_,Br,. The electro-
chemical impedances of BiOCl, BiOCl, _,Br, and BiOCl;_,-
Br,@AgBr were also tested to illustrate the photocatalytic
enhancement mechanism. The results (Fig. 8b) show that
BiOCl, BiOCl,_,Br, and BiOCl,_,Br,@AgBr have similar

impedance spectra. The Nyquist circle diameter of
a 4 on ——BioCl b‘"‘
— l ——Biocl, Br, 25] . s 2 Vs
§a] ¢t off \ : BIOCI, Br @AgBr = . soct
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Fig. 8 (a) Transient photocurrent responses and (b) electrochemical
impedance spectroscopy of different samples.
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Fig. 9 Schematic illustration of the charge transfer process in
BiOCly_,Br,@AgBr under visible light irradiation.

BiOCl, ,Br,@AgBr is much smaller than that of BiOCl and
BiOCl,_,Br,, indicating a lower resistance. This result
suggests a faster charge transfer and slower efficiency of
electron and hole recombination in the BiOCl;_,Br,@AgBr
heterostructure. The impedance of BiOCl, _,Br,@AgBr was
compared under light irradiation and in the dark. As seen in
Fig. S13,f the semicircle diameter of BiOCl;_,Br,@AgBr
under light irradiation is shorter than that in the dark, which
contributes to the separation of electrons and holes.

According to the results mentioned above, a general illus-
tration for the mechanism of photocatalytic degradation over
the BiOCl, _,Br,@AgBr heterostructure is given in Fig. 9. Since
the redox potentials of the valence band (VB) and conduction
band (CB) of BiOCl, _,Br, are both more positive than those of
AgBr, AgBr and BiOCl, _,Br, possess the best interactive struc-
ture, which contributes to the effective separation of photo-
generated electrons and holes. Due to the narrow band gap of
AgBr, when the BiOCl, _,Br,@AgBr absorbs visible light with
a certain energy, the electrons in the valence band (VB) of AgBr
could be excited to the conduction band (CB), leaving holes in
the valence band. Then the generated electrons transfer from
the CB of AgBr to that of BiOCl, _,Br,. The electrons in the CB of
BiOCl, _,Br, can react with O, to generate "0, radicals, which
may react with Reactive Blue KN-R molecules to degrade them.
In the meantime, the h* in the VB of BiOCl, _,Br, can transfer to
the VB of AgBr, since AgBr has a more negative VB potential
than that of BiOCl,_,Br,. The h* in the VB of AgBr can directly
oxidize Reactive Blue KN-R. In this way, the generated electrons
and holes in the BiOCl, ,Br,@AgBr heterostructure can be
effectively separated, and eventually result in a higher photo-
catalytic performance.

4. Conclusions

In summary, a highly effective visible-light-response photo-
catalyst of BiOCl, _,Br,@AgBr was synthesized successfully via
a simple two-step solvothermal method, which was based upon
formation of a heterojunction interface between BiOCl, _,Br,
and AgBr. The as-fabricated BiOCl, _,Br,@AgBr heterostructure
exhibits superior photocatalytic activity compared with BiOCl
towards the degradation of Reactive Blue KN-R under visible
light illumination. The formation of the BiOCl,_,Br,@AgBr
heterostructure plays a significant role in the enhancement of

This journal is © The Royal Society of Chemistry 2018
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photocatalytic performance, which is mainly ascribed to the
more efficient separation of electron-hole pairs in the two
semiconductors and the enhanced absorption of visible light.
Besides, the photocatalyst has good stability and reusability.
Thus, the excellent photocatalytic and stability properties
facilitate its practical applications in environmental purifica-
tion and organic pollution treatment of water.
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