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a  b  s  t  r  a  c  t

In  this  work,  we  have  developed  a simple  synthetic  approach  of nanosheet-assembled  BiOCl/BiOBr  micro-
spheres by  an ethylene  glycol  (EG)-assisted  hydrothermal  method.  The  crystalline  form,  morphology,
chemical  composition,  optical  performance  and  surface  area  of BiOCl/BiOBr  microspheres  were  identified
using  X-ray  diffraction  (XRD),  transmission  electron  microscopy  (TEM),  high  resolution  TEM  (HRTEM),
scanning  electron  microscopy  (SEM),  energy-dispersive  X-ray  spectroscopy  spectra  (EDX),  UV–vis dif-
fuse reflectance  spectroscopy  (DRS)  analysis,  high  resolution  X-ray  photoelectron  spectra  (XPS)  and  N2

adsorption-desorption  isotherms.  BiOCl/BiOBr  microspheres  were nanosheet-assembled  particles,  which
possessed  visible  light  absorption  under  LED light irridation.  Additionally,  the  methylene  blue  (MB)  pho-
atalysis
hotocatalytic activity

todegradation  performance  of  different  BiOCl/BiOBr  microspheres  irradiated  under  410  nm  LED  light
arrays  were  investigated,  the  results  exhibited  that  as-prepared  BiOCl/BiOBr  products  showed  higher  cat-
alytic effiency  than  pure  BiOCl  or BiOBr.  By optimizing  the composition  ration  of  the  BiOCl  and  BiOBr,  up
to  93%  degradation  rate  can  be obtained  in  the  40%BiOCl/BiOBr  microspheres.  Finally,  the  photocatalytic
mechanism  of BiOCl/BiOBr  microspheres  had  been  proposed.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Environmental organic pollution and energy needs are the
ajor concern throughout the world at present. Semiconductor

hotocatalysis technique is a “green” method which completely
liminates the organic contamination in water and air because it
rovides innovative, low cost, catalyzed chemical oxidation pro-
esses for decomposing organic hazardous materials [1–7]. This
ransversion enables organic degradation and hydrogen and oxy-
en production via the generation of •OH radicals and other
xidative species [8–14]. Among photocatalytic materials, TiO2 is
lways considered as the most promising photocatalysts because of
xcellent photocatalytic activity, high chemical and biological pho-
ostability, nontoxicity and relatively low-cost [15–18]. However,

he photo-efficiency and the sunlight response range of TiO2 are
estricted because of the wide gap [19–24]. Until now, the design of
fficient, simple, and long-life photocatalysts that work well under

∗ Corresponding authors.
E-mail addresses: daikai940@chnu.edu.cn (K. Dai), chliang@issp.ac.cn (C. Liang).

1 These authors contributed equally to this work.
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169-4332/© 2017 Elsevier B.V. All rights reserved.
visible light (400 nm <� < 760 nm)  is a maximal challenge in this
research work. More recently, various oxide, sulfide, multicompo-
nent oxide or oxynitride based materials have been studied for
photocatalystic utilization, such as Cu2O [25,26], Ag3PO4 [27,28],
Bi2MoO6 [6,29,30], AgBr [31,32], AgGaO2 [33], C3N4 [6,34,35], WS2
[36,37], BiVO4 [38,39], CaFe2O4 [40], etc. They exhibit photocat-
alytic activity in the dyes or other organic pollution treatment
under visible light excitation. However, the poor specific surface
area of these materials prevents the industrial applications, and the
rapid charge carrier recombination rate also seriously limits their
photocatalytic efficiency.

Recently, bismuth oxyhalides (BiOX (X = I, Cl, Br)) have been
extensively studied due to their special chemical and physical per-
formance and potential value in sensors, catalysis, photology and
so on [41–45]. All the BiOX compounds have tetragonal matlockite-
type structure, this special layer structure is composed of [Bi2O2

2+]
slabs, which overlapped by halogen atoms [46–50].

Over the past few years, more attention has been paid to

morphology-controlled synthesis of BiOX and to the preparation
of BiOX-based composite used as photocatalyst materials in oxi-
dation reaction fields, such as water splitting, dyes color removal,
organic pollutants decomposition [51–54]. Chemical processes are

dx.doi.org/10.1016/j.apsusc.2017.02.101
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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he primary methods used for the fabrication of BiOBr or BiOCl
anomaterials, in which the solvothermal method is the most
romising ways for fabricating the proper nanomaterial of ideal
tructure because of simple preparation, easy solution manipula-
ion and energy saving. Nevertheless, facile design of high-quality
iOX nanocomposites with satisfactory photocatalytic performanc
ia an easy synthetic process is still a great challenging problem.

In the present study, we fabricated nanosheet-assembled
iOCl/BiOBr microspheres via a facile one-step thermal technol-
gy at 120 ◦C and characterized the BiOCl/BiOBr heterojunction
tructures. The photocatalytic property of BiOCl/BiOBr microsphere
as investigated by methylene blue (MB) photodegradation under

rradiation of 410 nm light-emitting diode (LED) arrays light. More-
ver, the catalytic mechanism of BiOCl/BiOBr microsphere was put
orward based on the special heterojunction structure.

. Material and methods

.1. Preparation

0.8 mmol  Bi(NO3)3·5H2O, 0.8 mmol  KX(X = Br, Cl), 2 mL  water
nd 38 mL  EG were magnetic stirred to form the mixture, and sub-
equently transferred into 50 mL  Teflon-lined autoclave. After that,
he mixture was heated at 120 ◦C for 6 h in air dry oven. BiOCl/BiOBr
amples with different molar weight in Cl/Bi ratios (from 0% to
00%) were separated by centrifugation, and finally dried in electric
acuum drying oven.

.2. Characterization

The structure of synthesized architecture BiOCl/BiOBr was
bserved using JEOL-2010 high-resolution transmission electron
icroscopy (HRTEM). Total organic carbon (TOC) analyzer was

ecorded by Elementar Liqui TOC II. X-ray diffraction (XRD) data
or BiOX samples were collected by a PANalytical Empyrean/X’pert

RD  at room temperature. Scanning electron microscopy (SEM)
f as-prepared BiOCl/BiOBr was investigated by using X-650. The
-ray photoelectron spectra (XPS) of BiOCl/BiOBr composite were
ollected by Thermo ESCALAB-250. The BET specific surface area
alues of BiOX were tested by Micromeritics ASAP-2010 system.
he optical properties of BiOCl/BiOBr composites were analyzed by
LS-920 photoluminescence (PL) spectra and PerkinElmer Lambda-
50 UV–vis-IR spectrophotometer.

.3. Photocatalytic progress

The experimental progress was tested in 50 mL  quartz glass
ncluding 30 mL  MB solution (10 mg/L) and 0.03 g BiOX samples.
efore visible LED light irradiation, quartz glass was  magnetically
tirred in the dark under room temperature in order to build
he adsorption-desorption equilibrium. Then, BiOCl/BiOBr samples
ere excited by LED light arrays. The photodegradation efficiency

nd photocatalytic procedure of MB  solution were calculated as
ollows:

 = C0 − C

C0
× 100% (1)

n
C0

C
= kappt (2)
here: C0 is the absorbance value of initial MB dye solution, C is
he absorbance value of the MB  solution after 410 nm LED light irra-
iation and kapp is the apparent pseudo-first-order rate constant.
Fig. 1. XRD patterns of different photocatalysts.

3. Results and discussion

XRD is an accurate, rapid and nondestructive technique used
for crystalline phase analysis of photocatalysts. Fig. 1 shows the
XRD patterns of BiOCl/BiOBr with different ratios of Cl/Br. As com-
parison, physical mixed BiOCl and BiOBr (weight ratio is 40:60)
labeled as BiOCl+BiOBr is also tested. All the peaks of BiOCl, BiOBr
and BiOCl/BiOBr composites were distinguishable. The character-
istic peaks of BiOBr at 10.8◦, 21.8◦, 25.2◦, 31.6◦, 32.1◦, 34.0◦, 39.3◦,
46.2◦, 50.6◦, 53.4◦, 56.2◦, 57.1◦, 66.2◦ and 67.4◦ were observed and
can be respectively indexed to the (0 0 1), (0 0 2), (1 0 1), (1 0 2),
(1 1 0), (1 1 1), (1 1 2), (2 0 0), (1 0 4), (2 1 1), (1 1 4), (2 1 2), (2
0 4) and (2 2 0) of tetragonal BiOBr (JCPDS No. 78-0348), and the
diffraction peaks of BiOCl at 11.8◦, 24.1◦, 25.8◦, 32.5◦, 33.3◦, 34.6◦,
36.5◦, 40.8◦, 46.6◦, 48.3◦, 49.6◦, 54.0◦, 55.1◦, 53.1◦, 58.5◦, 60.4◦ and
68.0◦ can be indexed to the (0 0 1), (0 0 2), (1 0 1), (1 1 0), (1 0 2),
(1 1 1), (0 0 3), (1 1 2), (2 0 0), (2 0 1), (1 1 3), (2 1 1), (1 0 4), (2
0 2), (2 1 2), (1 1 4) and (2 2 0) with tetragonal BiOCl (JCPDS No.
06-0429). For the BiOCl/BiOBr composites, the intensity of BiOBr
peaks increased gradually with the increase contents of BiOBr in
BiOCl/BiOBr, at the same time, the peaks of BiOCl weakened simul-
taneously for its abatement. No other impurity peaks were found,
indicating that BiOCl/BiOBr nanocomposites are only made up of
BiOCl and BiOBr phases.

Fig. 2a, b and c display the SEM images of BiOCl, 40%BiOCl/BiOBr
and BiOBr microsphere samples, respectively. These microspheres
are loosely assembled by nanosheets. Fig. 2d, 2e and 2f show the
EDX spectrum of as-synthesized BiOCl, BiOBr and BiOCl/BiOBr,
respectively. The EDX pattern shows that all of the as-synthesized
photocatalysts are very pure. 40%BiOCl/BiOBr microsphere is fur-
ther revealed by TEM images in Fig. 2g, from which it is apparent
that the structure is assembled by some nanosheets. Fig. 2h shows
the HRTEM image of 40%BiOCl/BiOBr microsphere, it can be found
that two sets of lattices are present with interfringe spacings of
0.276 nm and 0.285 nm,  corresponding to BiOBr (0 0 1) and BiOCl
(1 1 0) planes, respectively.

The XPS spectra for C1s, Bi4f, O1s, Cl2p and Br3d of
40%BiOCl/BiOBr have shown in Fig. 3a. The C peak is from the
organic pollution of XPS instrument. As indicated in Fig. 3b, two
peaks centered at 159.90 and 165.12 eV are Bi4f7/2 and Bi4f5/2,
which confirms Bi3+ ions in BiOCl/BiOBr composites [55]. Fig. 3c

shows the binding energy of 530.31 eV, which was  assigned to O1s.
As indicated in Fig. 3d, the Cl2p peak is associated with binding
energy of 197.91 eV, which is characteristic of Cl− in BiOCl [56].
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Fig. 2. SEM images of (a) BiOCl, (b) 40%BiOCl/BiOBr and (c) BiOBr, EDX spectra of (d) BiOCl, (e) 40%BiOCl/BiOBr and (f) BiOBr, and TEM (g) and HRTEM (h) images of
40%BiOCl/BiOBr.
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Fig. 3. XPS spectra of the as-prepared 40%BiOCl/BiOBr comp

n the other hand, as indicated in Fig. 3e, the XPS signal of Br3d at
inding energy 68.17 eV is characteristic for Br− anions [57]. There-
ore, both XRD and XPS results are evidences that the coexistence
f BiOCl and BiOBr is achieved in the BiOCl/BiOBr microspheres.

UV–vis diffuse reflectance spectroscopy (DRS) of the different
hotocatalysts has been shown in Fig. 4a. According to the absorp-
ion spectra, Eg of semiconductors can be calculated from the
ollowing equation [58,59]:
(h�) = A
(

h�-Eg

)2
(3)
 (a) survey spectrum, (b) Bi4f, (c) O1s, (d) Cl2p and (e) Br3d.

Where: � and � are the absorption coefficient and light frequency
of the semiconductor, respectively. According to Fig. 4b and Eq. (3),
Eg of BiOCl and BiOBr are 3.31 and 2.73 eV, respectively.

According to the above discussion, the formation progress of
BiOX microsphere could be proposed by the three stages in Fig. 5.
As indicated in Fig. 5a, at first stage, Bi3+ ions will react with Cl−

or/and Br− and forming BiOX nuclei, water will supply O element.
In the sequence stage, as indicated in Fig. 5b, quasi two-dimensional
BiOX nanosheets could be formed to reduce the surface energy [60].

At last, as indicated in Fig. 5c, under the action of EG, the excess
BiOX nanosheets will grow in miniemulsion interface and then self-
assembly to form the BiOCl/BiOBr hybrid composites.
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Fig. 4. (a) UV–vis DRS of the as-prepared samples and (b) the band gaps (Eg ) of BiOBr
and BiOCl.

Table 1
Data of SBET and PSV of samples.

Sample SBET (m2/g) PSV (cm3/g)

BiOCl 18.4 0.020

4
s
t

t

40%BiOCl/BiOBr 17.8 0.017
BiOBr 17.2 0.015

Fig. 6 shows N2 adsorption-desorption isotherms for BiOCl,
0%BiOCl/BiOBr and BiOBr at 77 K. Table 1 shows the data of BET

urface area (SBET) and pore specific volume (PSV), we  can found
hat SBET and PSV of catalysts did not show obvious difference.

The photocatalytic performance of BiOX microsphere was  inves-
igated by photodegradation of MB  solution. As indicated in Fig. 7a,

Fig. 5. Schematic illustration of the possible 
Fig. 6. Isotherms for Nitrogen adsorption-desorption.

the corresponding adsorption properties for dye in the dark
on P25, BiOCl, 20%BiOCl/BiOBr, 40%BiOCl/BiOBr, 60%BiOCl/BiOBr,
80%BiOCl/BiOBr and BiOBr were respectively 8%, 3.8%, 3.3%, 3.0%,
2.8%, 2.7% and 2.4%. When 40%BiOCl/BiOBr was  excited by 410 nm
LED light, 93% of MB  dye was photodegradated in 6 h. At the
same time, the degradation of MB  on P25, BiOCl, 20%BiOCl/BiOBr,
60%BiOCl/BiOBr, 80%BiOCl/BiOBr and BiOBr suspension were only
17%, 10%, 83%, 77%, 45%, and 72%, respectively. Fig. 7b shows spec-
tra evolution of MB  over 40%BiOCl/BiOBr 6 h. Linear transform
ln(C0/C) curves of MB degradation was  shown in Fig. 7c. Accord-
ing to equation (2), as indicated in Fig. 7d, kapp of MB  degradation
are 0.016, 0.2, 0.26, 0.41, 0.22, 0.09 and 0.01 h−1 for P25, BiOBr,
20%BiOCl/BiOBr, 40%BiOCl/BiOBr, 60%BiOCl/BiOBr, 80%BiOCl/BiOBr
and BiOCl, respectively. 40%BiOCl/BiOBr showed the higher pho-
tocatalytic performance than other catalysts. To investigate MB
mineralization completely, Fig. 7e shows TOC curves of MB  solu-
tion, 40%BiOCl/BiOBr exhibited higher photocatalytic activity than
other BiOCl/BiOBr composites and P25 TiO2.

PL spectra are always used to demonstrate the migration and
separation processes of photogenerated carriers. As indicated in
Fig. 8, the main emission peaks are centered at ca. 388 and
426 nm for BiOCl and BiOBr, respectively. The emission intensity
of BiOBr sample is lower than that of BiOCl. For BiOCl/BiOBr com-
posites, 40%BiOCl/BiOBr has the lowest emission intensity. Thus,
40%BiOCl/BiOBr has the lowest recombination rate. This result is
according with the photocatalytic test.

As indicated in Fig. 7a, the MB absorption abilities of the BiOX
microsphere did not show obvious difference, which indicates that
the key influential factor for the improved degrading efficiency is

the special composite structure rather than BET surface area or
absorbance capacity. When the content of BiOCl in BiOCl/BiOBr
increased from 20% to 40%, more interface of BiOCl-BiOBr

formation process of BiOX microphere.
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ig. 7. (a) Photocatalytic degradation of MB  under 410 nm LED light irradiation, (b) 

n(C0/C) of the kinetic curves of MB  degradation, (d) the apparent pseudo-first-orde

eterojunction will be appeared, which will promote photoinduced
lectron (e−) and hole (h+) pairs separation and thus increase the
hotodegradation efficiency. If the content of BiOCl added contin-
ously, the BiOCl-BiOBr interface will decrease and the excessive
iOCl with narrow band-gap will be served as the recombina-
ion center of e−-h+ pairs, which will lower catalytic performance.
hus, 40%BiOCl/BiOBr with an optimal proportion of BiOCl to BiOBr
xhibited the highest photocatalytic performance.

It is generally believed that photocatalytic processes are based
n e− and h+ pairs efficient generation and separation [61]. The
alence band potentials (VB) of semiconductor materials can be
heoretically calculated as the following formula [62]:

= X − Ec + 0.5E (4)
VB g

here: EVB, X and Ec are VB edge potential, electronegativity
f the semiconductor materials and the energy of free electrons
n the hydrogen scale (about 4.5 eV), respectively. Moreover, the
ral evolution of MB  absorption spectrum over 40%BiOCl/BiOBr, (c) linear transform
 constant kapp with different catalysts and (e) TOC removal by different catalysts.

conduction band (CB) edge potential (ECB) can be obtained by
ECB = EVB − Eg. The X values for the BiOCl and BiOBr materials are
6.360 and 6.176 eV, respectively. According to Eq. (4), EVB values of
BiOCl and BiOBr are 3.52 and 3.04 eV, respectively. Thus, the ECB of
BiOCl and BiOBr are 0.21 and 0.31 eV, respectively.

Based on the above studies, Fig. 9 shows the energy band
structure of BiOCl/BiOBr microspheres and photocatalytic reaction
process under 410 nm LED light irradiation. For BiOBr itself, BiOBr
can be irridated under 410 nm LED light (ca. 3.02 eV) and induce to
generate e− and h+ pairs. However, e− and h+ recombined rapidly
due to the narrow band-gap and large size. But BiOCl will not be
activated under 410 nm LED light irradiation. As indicated in Fig. 9,
when BiOCl/BiOBr composite was irridated by the 410 nm visible

LED light, BiOBr could be excited, the e− in the VB of BiOBr sem-
conductor could be subsequently irridated up to a higher potential
edge (ca. 0.1 eV) [63]. The e− on the outer surface of BiOBr will easily
transfer to CB of BiOCl because CB value of BiOBr (0.1 eV) is more
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Fig. 8. The PL spectra of different BiOCl/BiOBr microspheres.
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egative than that of BiOCl (0.21 eV), leaving h+ on VB of BiOBr.
y this way, e−-h+ pairs can be easily separated. Furthermore, the

ormed heterojunction between BiOBr and BiOCl in the BiOCl/BiOBr
icrospheres can hinder the fast recombination velocities between

− and h+, thus more effective e− and h+ pairs will take part in
he photocatalytic process. Accordingly, the BiOCl/BiOBr compos-
tes show higher photocatalytic efficiency than that of single BiOCl
nd BiOBr. However, with the content of BiOCl in BiOCl/BiOBr being
n excess, numerous photoinduced e−-h+ pairs would recombine
asily on the surface of BiOBr. Therefore, 40%BiOCl/BiOBr micro-
pheres exhibited the best photocatalytic performance among the
ther photocatalysts.

. Conclusions

In summary, nanosheet-assembled BiOCl/BiOBr microspheres
ere fabricated by facile solvothermal approach under low temper-

ture. BiOCl/BiOBr composite exhibited enhanced photodegrading
fficiency compared to single BiOBr and BiOCl over the photodegra-
ation of MB  dye. The efficient separation of e− and h+ originated
rom the formation of BiOCl/BiOBr heterojunction interface ben-
fited to obtain higher photocatalytic activity. It is believed that

anosheet-assembled BiOCl/BiOBr microsphere is a kind of visible-

ight-driven photocatalysis for elimination of organic contaminants
n our environment.
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