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of mesoporous BiOCl/(BiO)2CO3/
Bi2O3 ternary flower-like heterostructured
microspheres with high visible-light-driven
photoactivity†

Atangana Etogo,a Enlai Hu,a Chunmei Zhou,b Yijun Zhong,a Yong Hu*ab

and Zhanglian Hong*b

A novel anion exchange method followed by a simple solid-state reaction process has been developed for

the controllable synthesis of mesoporous BiOCl/(BiO)2CO3/Bi2O3 ternary flower-like heterostructured

microspheres (HMSs) using uniform BiOCl microspheres as templates. Firstly, the transformation of

BiOCl microspheres into BiOCl/(BiO)2CO3 binary HMSs was achieved through a facile in situ anion

exchange reaction in the presence of Na2CO3 aqueous solution at 80 �C for 8 h. Secondly, the

mesoporous BiOCl/(BiO)2CO3/Bi2O3 ternary HMSs were obtained by thermal decomposition of the

BiOCl/(BiO)2CO3 composites at 400 �C for 4 h in air. Importantly, the Bi2O3 and (BiO)2CO3 content in

the ternary system can be conveniently tuned by varying the Na2CO3 concentration in the anion

exchange reaction process. Benefiting from unique structural features, the as-obtained mesoporous

BiOCl/(BiO)2CO3/Bi2O3 ternary flower-like HMSs exhibit remarkably enhanced photocatalytic activity for

the degradation of organic pollutants under visible-light irradiation compared with BiOCl/(BiO)2CO3 and

Bi2O3/(BiO)2CO3 binary composites and the mechanical mixture of BiOCl, Bi2O3, and (BiO)2CO3 (BBB-

mixture), and the total organic carbon (TOC) removal rate could reach 67% after irradiation for 60 min.

Furthermore, a test for radical scavengers indicated that photogenerated holes (h+) and superoxide anion

radicals (O2c
�) were the main reactive species in the BiOCl/(BiO)2CO3/Bi2O3 ternary composites.
1. Introduction

The photocatalytic degradation of organic pollutants has
attracted intense interest because it is a promising and cost-
effective technology to address environmental issues.1

However, the pragmatic photocatalytic efficiency of single-
component semiconductor photocatalysts remains at a low
state due to the bottleneck caused by poor quantum yield,
which results from the rapid recombination of photo-induced
electrons and holes.2 To meet application requirements, het-
erostructured photocatalytic materials, with a staggered
alignment of band edges at the hetero-interface, exhibit
a remarkable enhancement in photocatalytic activity because
of their improved spatial charge separation of photogenerated
electrons and holes.3–10 Specially, mesoporous or hollow
hetero-nanostructures possess high specic surface area and
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enhanced ability to absorb light compared with their solid
counterparts, which thus can act as more effective photo-
catalysts for water and air purication.11–14

Owing to its unique layered structure and high photo-
corrosion stability, bismuth oxychloride (BiOCl) and its
composites have been regarded as a new class of photocatalytic
materials.15–17 However, BiOCl is a wide band-gap (Eg ¼ 3.5 eV)
semiconductor and can only absorb ultraviolet light, resulting
in poor photocatalytic performance under visible-light irradi-
ation.18,19 To overcome this obstacle, it is very important and
interesting to broaden its adsorption spectra to the visible light
range. Usually, combining BiOCl with suitable semiconductors
is an efficient way to enlarge visible-light absorption. Up to
now, the literature contains numerous reports related to
BiOCl-based heterostructured photocatalysts, such as BiOCl/
Bi2O3,20 Bi2S3/BiOCl,21 BiOCl/g-C3N4,22 BiOCl/(BiO)2CO3

23 and
BiOCl/BiVO4,24 that have been developed for the utilization of
BiOCl in the visible-light region. However, there is still a great
challenge to develop facile and reliable strategies to produce
BiOCl-based heterostructured materials with mesoporous
structures.

In this study, we demonstrate a novel anion exchange
method followed by a simple solid-state reaction process to
J. Mater. Chem. A, 2015, 3, 22413–22420 | 22413
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obtain mesoporous BiOCl/(BiO)2CO3/Bi2O3 ternary ower-like
heterostructured microspheres (HMSs), using uniform BiOCl
microspheres as starting materials. In this anion exchange
reaction, Na2CO3 is the source of CO3

2�, which partially
replaces Cl� ions in BiOCl to form the BiOCl/(BiO)2CO3 binary
precursor. Then, the annealing of the as-obtained BiOCl/
(BiO)2CO3 binary precursor leads to mesoporous BiOCl/
(BiO)2CO3/Bi2O3 ternary HMSs. Furthermore, it has been
discovered that the Bi2O3 and (BiO)2CO3 content in the ternary
hybrid system can be conveniently tuned by varying the Na2CO3

concentration in the anion exchange reaction process. As ex-
pected, the as-obtained mesoporous BiOCl/(BiO)2CO3/Bi2O3

ternary ower-like HMSs exhibit remarkably enhanced photo-
catalytic activity toward the degradation of methyl orange (MO)
under visible-light irradiation, far exceeding that of BiOCl/
(BiO)2CO3 and Bi2O3/(BiO)2CO3 binary composites, and the
mechanical mixture of BiOCl, Bi2O3, and (BiO)2CO3 (BBB-
mixture).
2. Experimental section
2.1. Synthesis of BiOCl microspheres

All reagents were of analytical grade, purchased from the
Shanghai Chemical Reagent Factory, and used as received
without further purication. In a typical synthetic procedure,
0.1 mmol of Bi(NO3)3$5H2O and 1 g of polyvinylpyrrolidone
(PVP, MW � 58 K) were dissolved in 35 mL of ethylene glycol
(EG) with the assistance of ultrasonication for 15 min. Then, the
mixture was sealed in a 50 mL PTFE-lined stainless steel auto-
clave and was heated at 140 �C for 8 h. Finally, the resulting
BiOClmicrospheres were collected by centrifugation, repeatedly
washed with ethanol and distilled water, and then dried in an
oven at 80 �C for 4 h.
2.2. Synthesis of BiOCl/(BiO)2CO3 binary and mesoporous
BiOCl/(BiO)2CO3/Bi2O3 ternary HMSs

In a typical synthetic procedure, 26.4 mg of the as-prepared
BiOCl microspheres and 0.5 g of PVP were well dispersed in
15 mL of distilled water with the assistance of ultrasonication
for 15min, followed by a drop wise addition of a pre-determined
concentration of Na2CO3 aqueous solution (10 mL). Subse-
quently, the mixture was heated under vigorous magnetic stir-
ring at 80 �C for 8 h. The as-obtained ower-like BiOCl/
(BiO)2CO3 binary HMSs were collected and washed with ethanol
and distilled water several times by centrifugation, then dried in
an oven at 80 �C for 4 h. The mesoporous BiOCl/(BiO)2CO3/
Bi2O3 ternary HMSs were obtained by thermal decomposition of
the BiOCl/(BiO)2CO3 binary HMSs at 400 �C in static air for 4 h,
and the temperature was raised at a heating rate of 2 �C min�1.
To investigate the effect of Na2CO3 on the formation of meso-
porous BiOCl/(BiO)2CO3 binary HMSs, different concentrations
of Na2CO3 (2.49, 4.98, 7.47, 10.03 mM) were used in the anion
exchange reaction process, while the other conditions remain
unchanged. Aer annealing at 400 �C for 4 h, the products
prepared with different concentrations of Na2CO3 were denoted
22414 | J. Mater. Chem. A, 2015, 3, 22413–22420
as sample HMS-1, HMS-2, HMS-3 and Bi2O3/(BiO)2CO3

composites, respectively.

2.3. Characterization

Powder X-ray diffraction (XRD) measurements of the samples
were performed with a Philips PW3040/60 X-ray diffractometer
using Cu Ka radiation at a scanning rate of 0.06 deg s�1. Scan-
ning electron microscopy (SEM) was performed with a Hitachi
S-4800 scanning electron micro-analyzer with an accelerating
voltage of 15 kV. Transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM)
were conducted using a JEM-2100F eld emission TEM.
Samples for TEM measurements were prepared by dispersing
the products in ethanol and placing several drops of the
suspension on a holey carbon net supported on copper grids.
UV-vis diffuse reectance spectra (UV-vis DRS) of the as-
prepared samples were recorded over the range of 200–800 nm
in the absorption mode using a Thermo Nicolet Evolution
500 UV-vis spectrophotometer equipped with an integrating
sphere attachment. The absorption spectra were measured
using a PerkinElmer Lambda 900 UV-vis spectrophotometer at
room temperature. The total organic carbon (TOC) concentra-
tion was measured using a Liqui TOCII (ELEMENTAR Corpo-
ration) analyzer.

2.4. Photocatalytic test

The photocatalytic activities of the as-prepared ower-like
BiOCl/(BiO)2CO3/Bi2O3 ternary HMSs were evaluated by the
degradation of MO under visible-light irradiation from a 500 W
Xe lamp (CEL-HXF300) with a 420 nm cut-off lter. The reaction
cell was placed in a sealed black box with the top opened and
the cut-off lter was placed to provide visible-light irradiation.
In a typical process, 10 mg of the as-obtained photocatalyst was
added into 25 mL of a solution containing MO with a concen-
tration of 10 mg L�1. Aer being dispersed in an ultrasonic bath
for 5 min, the solution was stirred for 1 h in the dark in order to
reach an adsorption equilibrium between the catalyst and the
solution and was then exposed to visible-light irradiation. The
samples were collected by centrifugation at given time intervals
to measure the MO degradation concentration using UV-vis
spectroscopy. To study the regeneration and reusability of the
photocatalyst, the photocatalyst was collected by centrifugation
and then washed with ethanol and distilled water three times
before being redispersed in an aqueous solution of fresh dye for
use in the next cycle.

2.5. Radical-trapping experiment

In order to identify the major active species in the degradation
of MO, radical-trapping experiments were conducted by using
three chemicals, N2 purging (a superoxide anion radical scav-
enger), disodium ethylenediaminetetraacetate (Na2-EDTA,
a hole scavenger) and tert-butanol (an cOH radical scavenger).
Similar to the photocatalytic test, 10 mg of the as-prepared
sample HMS-2 and scavengers were added into 25 mL of MO
solution (concentration: 10 mg L�1). Aer being dispersed in an
ultrasonic bath for 5 min, the mixture was stirred for 1 h in the
This journal is © The Royal Society of Chemistry 2015
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dark to reach an adsorption equilibrium between the catalyst
and the solution. Aer irradiation with visible light, the
suspensions were collected by centrifugation at given time
intervals and then the concentration of MO wasmeasured using
the UV-vis absorption method.
Fig. 2 XRD patterns of the as-prepared flower-like (a) BiOCl micro-
spheres, (b) BiOCl/(BiO)2CO3 binary and (c) BiOCl/(BiO)2CO3/Bi2O3

ternary HMSs.
3. Results and discussion

The synthesis strategy to produce mesoporous BiOCl/
(BiO)2CO3/Bi2O3 ternary HSMSs is schematically illustrated in
Fig. 1, which can be described by two steps. In stage I, the binary
product of BiOCl/(BiO)2CO3 HMSs is prepared from the BiOCl
microspheres via an in situ anion exchange reaction in the
presence of Na2CO3 aqueous solution at 80 �C for 8 h. The
transformation of BiOCl into the BiOCl/(BiO)2CO3 hetero-
structured precursor is thermodynamically favored by Cl�

reacting with the CO3
2� anions, because the CO3

2� ions are
expected to react with BiO+ ions more strongly than Cl�.25 The
reaction (eqn (1)) occurred via an anion exchange between the
Cl� and the CO3

2� anions, leading to the formation of BiOCl/
(BiO)2CO3 binary HMSs.

2BiOCl + CO3
2� / (BiO)2CO3 + 2Cl� (1)

In step II, the binary BiOCl/(BiO)2CO3 composite micro-
spheres are converted into ternary BiOCl/(BiO)2CO3/Bi2O3

HMSs through a facile thermal decomposition at 400 �C
according to reaction eqn (2).26

(BiO)2CO3 / Bi2O3 + CO2[ (2)

In the thermal decomposition process, CO2 is released and
Bi2O3 can be obtained, resulting in the fabrication of BiOCl/
(BiO)2CO3/Bi2O3 ternary composites. The microsphere
morphology is retained and the nal products are highly porous
due to the release of CO2 aer the annealing process.

The crystallographic structure and phase purity of the as-
prepared samples were rst examined using XRD measure-
ments, as shown in Fig. 2. From the XRD pattern of the as-ob-
tained pure BiOCl microspheres (Fig. 2a), all the diffraction
peaks can be indexed as the tetragonal phase of BiOCl (JCPDS
no. 06-0249, a ¼ 3.891 Å, b ¼ 3.891 Å and c ¼ 7.369 Å). No
impurity peaks are detected indicating that the products are
pure phase. For the BiOCl/(BiO)2CO3 binary HMSs (CNa2CO3

¼

Fig. 1 Schematic illustration of the conversion processes from BiOCl m

This journal is © The Royal Society of Chemistry 2015
4.98 mM, Fig. 2b), in addition to the evident BiOCl diffraction
peaks, broadened diffraction peaks at 2q values of 32.8� and
56.89� are observed, which match well with the crystal planes of
the (110) and (123) of tetragonal phase of (BiO)2CO3 (JCPDS no.
41-1488, a ¼ 3.865 Å, b ¼ 3.865 Å and c ¼ 13.675 Å). Aer
annealing at 400 �C for 4 h, the new diffraction peaks can be
well assigned to the tetragonal phase of Bi2O3 (JCPDS card no.
27-0050, a ¼ 7.742 Å, b ¼ 7.742 Å and c ¼ 5.631 Å), as displayed
in Fig. 2c. Because the diffraction peak of the (220) crystal plane
of Bi2O3 is very adjacent to that of the (110) plane of (BiO)2CO3,
they are overlapped. No additional peaks were detected in all
the samples, indicating the high purity of the resultant prod-
ucts. Meanwhile, with the increase of Na2CO3 concentration,
the diffraction intensity of BiOCl becomes weak gradually,
whereas the diffraction intensity of Bi2O3 becomes strong aer
calcination (Fig. S1, see ESI†).

The morphology and structure of the as-obtained samples
were characterized using SEM. A panoramic SEM image of the
as-prepared BiOCl sample is shown in Fig. 3a, indicating that
the products are completely made up of ower-like micro-
spheres with a nearly uniform size of ca. 1.8 mm in diameter.
The magnied SEM image of an individual microsphere
(Fig. 3b) further reveals that the ower-like hierarchical micro-
sphere is built from numerous interlaced nanosheets in closed
stacking. From the SEM image of the as-prepared BiOCl/
icrospheres to flower-like BiOCl/(BiO)2CO3/Bi2O3 ternary HMSs.

J. Mater. Chem. A, 2015, 3, 22413–22420 | 22415
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Fig. 3 (a) and (b) SEM images of the as-obtained pure BiOCl micro-
spheres, (c) and (d) SEM images of the as-obtainedmesoporous BiOCl/
(BiO)2CO3/Bi2O3 ternary HMSs (sample HMS-2), (e) TEM and (f) HRTEM
images of the sample HMS-2.
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(BiO)2CO3 binary composites (CNa2CO3
¼ 4.98 mM) obtained by

a facile anion exchange process at 80 �C for 8 h (Fig. S2a, see
ESI†), it can be seen that the morphology of the binary
precursors undergoes no obvious changes compared with the
BiOCl templates. A representative sample of the as-prepared
mesoporous BiOCl/(BiO)2CO3/Bi2O3 ternary HMSs (sample
HMS-2) was subjected to detailed characterization. Fig. 3c and
d show the typical SEM images of the sample HMS-2, which also
shows that the product is composed of many uniform ower-
like microspheres assembled from nanoakes with a thickness
of about 20 nm. Obviously, the akes become thicker than that
of the BiOCl/(BiO)2CO3 precursors aer annealing. Fig. S3†
shows the XRD pattern of the as-prepared sample synthesized
by excessively increasing the concentration of Na2CO3 in the
anion exchange with the BiOCl template, indicating that only
pure (BiO)2CO3 product is obtained. Aer calcination, we could
not observe uniform ower-like sphere morphology and only
plate-like Bi2O3/(BiO)2CO3 binary composite nanostructures
were obtained (SEM image and XRD pattern, Fig. S2b and S4,
see ESI†). The hierarchical microspheres assembled from
nanoakes are further revealed by the TEM image, as shown in
Fig. 3e. The HRTEM image (Fig. 3f) shows three different lattice
fringes in the BiOCl/(BiO)2CO3/Bi2O3 heterogeneous nano-
structure. The corresponding interplanar spacings are about
0.37, 0.23 and 0.31 nm, which correspond to the (002) plane of
22416 | J. Mater. Chem. A, 2015, 3, 22413–22420
the tetragonal BiOCl, (006) plane of tetragonal (BiO)2CO3 and
(201) plane of tetragonal Bi2O3, respectively.

The surface area and porosity of the as-preparedmesoporous
BiOCl/(BiO)2CO3/Bi2O3 ternary HMSs (sample HMS-2) were
examined by the Brunauer–Emmett–Teller (BET) nitrogen
adsorption isotherm experiment, as displayed in Fig. 4. It can be
clearly observed that the adsorption–desorption isotherm on
sample HSM-2 is type IV, implying the existence of abundant
mesoporous structures.27 The shape of the hysteresis loops is
classied as type H3, indicating the formation of slit-like
pores.28 The BET surface area and pore volume of the as-
prepared BiOCl/(BiO)2CO3/Bi2O3 ternary HMSs are calculated to
be about 16.8 m2 g�1 and 0.14 cm3 g�1, respectively, with
a relatively narrow pore size distribution ranging from 2.2 to
76.7 nm. This hierarchical ower-like microsphere structure
with mesopores can provide transport paths for reactants and
more active sites for photocatalytic reactions.29,30 Fig. 5 shows
the typical UV-vis DRS spectra of the as-prepared and binary
Bi2O3/(BiO)2CO3, BiOCl/(BiO)2CO3 and ternary BiOCl/
(BiO)2CO3/Bi2O3 (sample HMS-2) heterostructured composites.
In comparison to the BiOCl/(BiO)2CO3 and Bi2O3/(BiO)2CO3

binary composites, the as-obtained mesoporous BiOCl/
(BiO)2CO3/Bi2O3 ternary HMSs have a stronger absorption in the
visible region. Thus, the as-prepared mesoporous BiOCl/
(BiO)2CO3/Bi2O3 ternary HMSs are expected to increase the
utilization rate of solar energy and exhibit excellent photo-
catalytic performance under visible-light irradiation.

The photocatalytic activities of the mesoporous BiOCl/
(BiO)2CO3/Bi2O3 ternary HMSs were evaluated by photo-
degradation experiments of the organic dye MO in aqueous
solution under visible-light irradiation. Fig. 6a displays the time
prole of C/C0 for different photocatalysts, where C is the
concentration of dye aer different light irradiation times and
C0 is the initial concentration of dye before dark adsorption.
Aer irradiation for 60 min, there is no obvious change in the
MO concentration in the absence of the photocatalysts, whereas
nearly 42%, 53.6%, 68.3%, 74.1%, 92.9% and 98.2% of MO is
degraded using samples BiOCl, HMS-1, Bi2O3/(BiO)2CO3, BiOCl/
Fig. 4 N2 adsorption–desorption isotherm and pore-size distribution
curve of the as-obtained sample HMS-2.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 UV-vis diffuse reflectance spectra of the as-prepared sample
HMS-2, BiOCl/(BiO)2CO3, and Bi2O3/(BiO)2CO3 binary composites.
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(BiO)2CO3, HMS-3, HMS-2 as catalysts, respectively. In this case,
it is noteworthy that the photocatalytic activities of the as-
prepared BiOCl/(BiO)2CO3/Bi2O3 ternary HMSs are not
improved gradually with the increase of Na2CO3 concentration
in the anion exchange reaction process. Among which, the
sample HMS-2 shows the best photocatalytic efficiency. This
may be attributed to the appropriate amount of Bi2O3 in the
composite microspheres being crucial, also an indirect dye
photosensitization process contributed to achieve better pho-
tocatalytic activity. Fig. 6b shows the kinetics plots of the
different samples according to the apparent pseudo-rst-order
kinetics equation.31 It can be seen that the rate constant of
sample HSM-2 is 0.067 min�1, which is obviously higher than
that of the other samples. The better performance can be
attributed to the mesoporous HMS-2 photocatalyst not only
having enhanced surface area, but it also utilizes the irradiation
light more efficiently. The stability and reusability of the pho-
tocatalyst for the degradation of MO was also measured by
collecting and re-using the sample HMS-2 for 6 cycles, the
results of which are shown in Fig. S5 (see ESI†). There appears to
be only an insignicant loss of the photocatalytic activity, which
might be partly caused by the loss of the photocatalyst in each
Fig. 6 (a) Photocatalytic degradation of MO in the presence of different p
kinetics of MO with different samples.

This journal is © The Royal Society of Chemistry 2015
collection and rinsing step. Fig. S6 (see ESI†) displays the XRD
pattern of the sample HMS-2 photocatalyst aer six cycles of
photodegradation, and it clearly demonstrates that the as-
prepared products have quite a stable structure, suggesting
great potential applications in water treatment.

To identify the major active species in the photodegradation
of MO, radical-trapping experiments were further investigated.
Fig. 7a shows that the MO concentration slightly changed with
the use of 1 mM Na2-EDTA and the N2 purging experiment,
indicating that photogenerated holes (h+) and superoxide anion
radicals (O2c

�) in the BiOCl/(BiO)2CO3/Bi2O3 ternary composites
are the dominant reactive species contributing to the degrada-
tion of MO. However, in the presence of 1 mM tert-butanol, the
MO degradation is drastically changed. This is probably
because of partial hole reaction withMO directly rather than the
reaction with H2O to produce cOH.32 Thus, the role of the cOH
radical is negligible. However, a N2 purging experiment on the
Bi2O3/(BiO)2CO3 binary composite reected that (O2c

�) is not
one kind of active species in the photocatalytic system. This
result indicates that holes are the dominant active species that
can oxidize the adsorbed organic pollutants in such binary
systems. The decrease of TOC in the photodegradation of MO
with the HMS-2 photocatalyst was also performed. The result is
shown in Fig. 7b. The rate of TOC reduction was slower than
that of the degradation of MO. In this experiment, the TOC
removal rate of HMS-2 reaches a value of 67% aer 60 min of
irradiation. Obviously, different behavior before and aer 30
min of irradiation can be observed. This can be explained by the
fact that MO is rst ring cleaved through indirect dye photo-
sensitization and then converted to CO2.32 Previous papers have
reported that wide band-gap semiconductors, such as BiOCl
and TiO2 etc., possess superior activity for indirect dye photo-
sensitization degradation under visible light due to their strong
dye adsorption capacity.33–36 Parent molecules are decomposed
into smaller organic intermediates, and further degradation of
these intermediates to CO2 and H2O occur slowly. Because the
BiOCl microspheres can hardly be excited by visible light, the
visible light photocatalytic activity of the BiOCl microspheres
may be mainly due to the dye photosensitization.37 Prior to
examining the detailed photocatalytic performance, 25 mL of
hotocatalysts under visible-light illumination and (b) photodegradation

J. Mater. Chem. A, 2015, 3, 22413–22420 | 22417
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Fig. 7 (a) Photocatalytic degradation of MO over the as-prepared sample HMS-2 and Bi2O3/(BiO)2CO3 binary composite in the presence of
different scavengers under visible-light irradiation, and (b) TOC changes during the course of MO photodegradation in the presence of HMS-2.
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phenol solution (10 mg L�1) was degraded using BiOCl, Bi2O3/
(BiO)2CO3, BiOCl/(BiO)2CO3 and HMS-2 as catalysts under
visible light, as shown in Fig. 8. Phenol can hardly be adsorbed
on the surface of the BiOCl microspheres, therefore indirect
sensitization will not take place. As a result, only less than 4% of
phenol was removed under visible light irradiation aer 180
min, whereas about 96%, 83%, and 16% of phenol was removed
using the as-prepared mesoporous HMS-2, Bi2O3/(BiO)2CO3,
and BiOCl/(BiO)2CO3 binary composites as photocatalysts,
respectively. Besides, the different photodegradation rates of
the MO and phenol mixture (25 mL) using the aforementioned
catalysts are shown in Fig. S7 (see ESI†). Within 180 min of
visible-light irradiation, the average degradation rate of MO and
phenol in the mixture was found to be 56% and 6% for BiOCl;
62.5% and 23.5% for BiOCl/(BiO)2CO3; 67% and 50% for Bi2O3/
(BiO)2CO3; 90% and 58% for mesoporous HMS-2. These results
also demonstrate that the photodegradation of MO mainly
originates from indirect dye photosensitization as BiOCl cannot
be excited under visible light irradiation. Whereas, phenol can
be oxidized by the photogenerated holes (h+) in the valence
band (VB) of Bi2O3.38

Based on the above-mentioned results, a possible photo-
catalytic mechanism to obtain the superior photocatalytic
Fig. 8 Photocatalytic degradation of phenol in the presence of
different photocatalysts under visible-light illumination.
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performance on HMS-2 is proposed in Fig. 9. In the BiOCl/
(BiO)2CO3/Bi2O3 ternary hybrid system, BiOCl and (BiO)2CO3

cannot produce photogenerated carriers because of their wide
bandgaps of 3.5 eV and 3.39 eV respectively. According to
previously reported results,39,40 the conduction band (CB) and
VB potentials of BiOCl are �1.1 eV and 2.4 eV, and (BiO)2CO3

are �0.42 eV and 2.97 eV respectively. Therefore, their wide-
band gap characteristics do not allow these semiconductors to
be active in the visible light region. In this case, the photo-
catalytic activity of BiOCl/(BiO)2CO3 under visible light irradia-
tion should be attributed to the indirect dye photosensitization
process. MO adsorbed on the BiOCl surface was rst transferred
into its excited state (MO*) under visible light irradiation.
Subsequently, electrons were injected from the excited MO into
the CB of BiOCl. These electrons can undergo a fast transfer to
the CB of (BiO)2CO3, or are captured by the surface chemisorbed
O2 to give O2c

�, through a one-electron reaction (O2 + e� /

O2c
�, E(O2/O2c

�) ¼ �0.33 V vs. NHE) which is a strong oxidizing
agent, to decompose the organic dye.41,42 On the other hand,
Bi2O3 with a narrow band-gap (Eg¼ 2.8 eV, ECB¼ 0.08 and EVB¼
2.88 eV) can absorb photons leading to the excitation of elec-
trons from its VB to the CB under visible-light illumination.43 It
is known that, Bi2O3 and (BiO)2CO3 are intrinsic p-type and n-
type semiconductors, respectively.44–46 Therefore Bi2O3 and
(BiO)2CO3 form a p–n heterojunction. Fig. S8 (see ESI†) shows
the energy-band schematic diagram for p-type Bi2O3 and n-type
(BiO)2CO3 before contact. When p-type Bi2O3 and n-type
(BiO)2CO3 are in contact, the Fermi level of p-type Bi2O3 moves
up, while in the meantime, that of n-type (BiO)2CO3 moves
down until an equilibrium state is formed. Consistent with the
moving of the Fermi level, the whole energy band of p-type
Bi2O3 is raised, while that of n-type (BiO)2CO3 descends Aer
being closely joined together, an internal static electric eld is
formed in the interface between them, with the electric eld
direction from (BiO)2CO3 to Bi2O3, so that the Fermi levels
equilibrate. Thus, the e� in the conduction band of p-type Bi2O3

can transfer to that of n-type (BiO)2CO3, while photogenerated
holes are le in the VB and can directly oxidize the dye. To
further strengthen the as-proposedmechanism of the enhanced
photocatalytic performance, electrochemical impedance
spectra (EIS) were measured for the mesoporous ower-like
This journal is © The Royal Society of Chemistry 2015
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Fig. 9 Diagram of the energy band levels of BiOCl/(BiO)2CO3/Bi2O3 ternary HMSs and the possible charge separation process.
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BiOCl/(BiO)2CO3/Bi2O3 ternary HMSs (sample HMS-2), Bi2O3/
(BiO)2CO3 and BiOCl/(BiO)2CO3 binary composites. As shown in
Fig. S9 (see ESI†), the arc radius of the Nyquist plot of the
ternary HMS-2 electrode sample is smaller than that of the
Bi2O3/(BiO)2CO3 and BiOCl/(BiO)2CO3 electrodes, which illus-
trates that the ternary HMS-2 has a better high-efficiency charge
transfer ability.47

4. Conclusions

In summary, we have demonstrated a facile anion exchange
strategy followed by a simple solid-state reaction to synthesize
mesoporous ower-like BiOCl/(BiO)2CO3/Bi2O3 ternary HMSs,
using uniform BiOCl microspheres as templates. As expected,
the as-prepared ternary HMSs exhibited remarkably enhanced
photocatalytic activity for the photodegradation of MO under
visible-light irradiation compared with binary Bi2O3/(BiO)2CO3,
BiOCl/(BiO)2CO3 and BiOCl as photocatalysts. The signicant
enhancement in photodegradation of organic pollutants over
mesoporous ower-like BiOCl/(BiO)2CO3/Bi2O3 ternary HMSs
may be attributed to high surface area, enhanced light
absorption, and dye adsorption. Furthermore, electrons gener-
ated from MO dye sensitization and Bi2O3 can transfer to
(BiO)2CO3 through the p–n heterojunction formed between
these two semiconductors, leading to the separation of photo-
generated electrons and holes. The recycling measurements
revealed that the ternary nano-heterostructure exhibits accept-
able photocatalytic stability. This work will provide a new
insight into the construction of visible-light-driven composite
photocatalysts with high performance.
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