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Photocatalytic properties of hierarchical structures
based on Fe-doped BiOBr hollow microspheres†
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Fe-doped BiOBr hollowmicrosphereswere successfully prepared by a

simple solvothermal method. The as-prepared samples exhibit

excellent photocatalytic activity and electrochemical behaviour,

attributed to the unique hollow structure and Fe doping, which is

favorable for transfer of photogenerated carriers and enhancement

of photoadsorption.
In recent years, many studies have been devoted to the
arrangement of micro- and nanostructured building blocks into
hierarchical structures. During this process, different building
blocks, such as nanoparticles, nanobres, and nanosheets,
could self-assemble into higher level sophisticated architec-
tures due to hydrogen bonding, electrostatic, and van der Waals
forces.1–5 Among the hierarchical structures, hollow structures
with remarkable interior space and shell have attracted exten-
sive attention owning to their high specic area, low density and
good permeation, and widespread potential applications in
chemical reactors,6 sensors,7 catalysis8–11 and various new
application elds.12–14 Numerous synthetic methods have been
exploited to accelerate the realization of hollow microstruc-
tures, including conventional templating methods as well as
newly emerging template-free methods.15–17 The template-
assisted approach has been demonstrated to be very effective
for the fabrication of hollow structures. However, this approach
tends to be rather complicated, with the obvious drawback that
the template removal process may damage the structural
integrity of the nal products, thereby increasing the
complexity, and one-pot rational control of the hollow
terials and Manufacturing Technology
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architectures still remains a challenge.18,19 Therefore, new
template-free approaches are emerging and some attractive
attempts have been made in the controllable synthesis of
hollow structured materials through simple ionic-mediated
processes.20–22

Semiconductor photocatalysis and electrochemical
processes have been regarded as an effective resolution to
organic pollutant removal and supercapacitor research.23–28 The
conventional semiconductors (e.g. TiO2 and ZnO) are restricted
by their decient visible light absorption or high recombination
rate of the photogenerated carriers.29,30 As a group of V–VI–VII
semiconductors, bismuth oxyhalides are of great importance
because of their optical properties and promising industrial
applications, such as in photocatalysis, ferroelectric materials,
pigments etc.31–33 In particular BiOBr has received much interest
because of its considerable visible light photocatalytic activity.
It crystallizes in the tetragonal matlockite (PbFCl) structure,
which comprises a layer of [Bi2O2] slabs interleaved by double
slabs of halogen atoms.34,35 Although many efforts have been
made for the enhancement of the photodegradation ability of
BiOBr,22,32,33,36 the photocatalytic activity of BiOBr is far from
efficient for practical applications and it is necessary to boost
the photocatalytic efficiency and exploit the other properties.

Herein, a facile one-pot solvothermal method was used to
achieve tuning of the structure and bandgap of the BiOBr
semiconductor by Fe doping in a mixture of 2-methoxyethanol
and iron chloride hexahydrate (FeCl3$6H2O), which not only
acts as Fe doping source, but also plays a key role in the
formation of the hollow structure. Time-dependent evolution of
the crystal structure and morphology was investigated by XRD
and FE-SEM in detail in order to elucidate the growth mecha-
nism of the uniform Fe-doped BiOBr hollow microsphere
structure. These Fe-doped BiOBr hollow microspheres exhibit
highly efficient photocatalytic activity in the degradation of RhB
and electrochemical characteristics in KCl solution, which is
supposed to be associated with enhancement of the photo-
adsorption and the effective transfer of the photogenerated
carriers.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 presents typical eld emission scanning electron
microscopy (FE-SEM) images of Fe-doped BiOBr samples
prepared at 160 �C for 24 h. As-prepared samples were found to
contain intact microspheres as well as broken microspheres of
1–4 mm in size (inset in Fig. 1A). The higher magnication
microscopy image (Fig. 1A) shows the surface of the hollow
microspheres, which are constructed by numerous interlaced
nanosheets with thickness of about 20 nm. In addition, the
shell of the hollow structure is conrmed by Fig. 1B, showing a
hollow structure with a shell thickness of about 450 nm. The
HR-TEM image of Fe-doped BiOBr shows a well-dened crys-
tallinity of BiOBr with a lattice spacing of 2.77 Å, which is
consistent with the d-spacing of the [110] reection (see Fig. S1
in ESI†).

The crystallographic structure of Fe-doped BiOBr was further
characterized by X-ray diffraction (XRD, Fig. 1C). All the
diffraction peaks can be indexed to the tetragonal phase BiOBr
whose lattice parameters are a ¼ 3.915 Å, c ¼ 8.076 Å (space
group: P4/nmm, JCPDS 73-2061) before and aer Fe doping (2q
z 25.26, 32.31, 39.43, 46.35, 47.77, 53.51, 57.31, 67.63, and
76.96� correspond well to (011), (110), (112), (020), (201), (211),
(212), (220), and (130)). However, it is worth noting that all the
characteristic peaks of Fe-doped BiOBr samples have a slight
shi compared to those of BiOBr, which may attributed to the
substitution of the Bi3+ ions (rBi ¼ 1.03 Å) with the smaller
radius Fe3+ ions (rFe ¼ 0.79 Å).36 Moreover, the characteristic
peaks of Fe hybrid are not detected due to the high dispersion
and low content of the Fe compound. The energy-dispersive
X-ray spectroscopy (EDS) spectra (see Fig. S2 in ESI†) reveal the
presence of Fe, Bi, O, and Br elements and the content of Fe
doping is about 5 wt% (compared to BiOBr, see Table S1 in
ESI†). In addition, the optical absorption properties of the
as-prepared samples were determined by UV/Vis diffuse reec-
tance spectroscopy (Fig. 1D), revealing that Fe doping effectively
increases the absorption under visible light. The bandgap of the
as-prepared samples is estimated to be 1.67 eV by tting to a
Fig. 1 (A) FE-SEM images, (B) the corresponding higher magnification image, (C)
XRD patterns, and (D) UV/Vis diffuse reflectance spectra of the as-prepared
Fe-doped BiOBr samples.

This journal is ª The Royal Society of Chemistry 2013
plot of Kubelka–Munk function versus energy (see Fig. S3 in
ESI†). Furthermore, the porous structure of the Fe-doped BiOBr
was also characterized by N2 absorption analysis, which shows
that the adsorbed volume of Fe-doped BiOBr sample is
comparatively high (see Fig. S4 in ESI†). The BET specic
surface area of the Fe-doped BiOBr sample was calculated to be
32.3 m2 g�1, which is much larger than the value (8.0 m2 g�1) of
BiOBr, due to the hollow structure of the former. The corre-
sponding pore size distribution curve of the hollow micro-
spheres displays a pore size distribution from 3 to 45 nm,
centered at ca. 15 nm, which conrmed that the as-prepared
samples are mesoporous (see inset in Fig. S4 in ESI†).

To investigate the formation mechanism of Fe-doped BiOBr
hollow microspheres, the evolution process was examined
thoroughly by XRD and FE-SEM. The crystallographic structures
of the resultant samples collected at different reaction steps are
presented in Fig. S5 in ESI.† It is found that all the samples are
crystallized and the crystallization is improved by prolonging
the reaction time. As the reaction times increase to 24 h, the
emergent BiBr1.167, Bi2O3, FeCl3 and BiCl3 diffraction peaks
gradually disappear and all the peaks can be assigned to
tetragonal phase BiOBr. Moreover, the morphological trans-
formations of nanosheets to hollowmicrospheres under varying
reaction times can be clearly observed in Fig. 2. Before the
solvothermal reaction, the main morphology of the product is
nanosheets with organic coating (Fig. 2A). As shown in Fig. 2B,
the coating is gone and irregular aggregations of nanosheets are
the main yield, when the reaction is prolonged to 10 min. The
nanosheets self-assemble to construct the ower-like micro-
spheres aer 15 min of thermal treatment (Fig. 2C). By pro-
longing the reaction time to 20min, the hollowing process takes
place in the inner core of the microsphere (Fig. 2D). Then an
obvious hollowing effect is observed with a longer reaction time
of 1 h, which is conrmed by Fig. 2E. When the reaction time
exceeds 1.5 h, the prefect hollow microspheres are formed. No
apparent increase in size for the microsphere when the reaction
time is further extended to 24 h from the FE-SEM observation
(Fig. 2F). Comparing to our preliminary investigation of
BiOBr,32 the structure transformations of solid microspheres to
hollow microspheres reveal the introduction of Fe is critical to
the formation of hollow structures. The inuences of the
Fe-doped content on the structure of the nal samples were also
investigated (see Fig. S7 in ESI†). The results show that the as-
prepared products with the lowest Fe-doped content exhibit
hollow microspheres and nanosheets. However, when the
concentration of Fe doping was increased to 15%, the hollow
microsphere structure was destroyed. Therefore, the concen-
tration of iron chloride hexahydrate plays a key role in the
formation of the perfect hollow microsphere structure. But the
specic mechanism is not clear, remaining for further study.

On the basis of the above results, it is proposed that both
oriented attachment and Ostwald ripening should play major
roles in the formation of the nanosheet-assembled hollow
microspheres and the evolution process is illustrated in Fig. 2G.
At the rst stage, BiOBr nanosheets were obtained when the
CTAB was added into the solution containing Bi3+, Fe3+, and
self-assembled to formmicrospheres via oriented attachment to
J. Mater. Chem. A, 2013, 1, 2406–2410 | 2407
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Fig. 2 FE-SEM images and the corresponding magnified images of the as-
prepared Fe-doped BiOBr samples at different stages: (A) 0 h, (B) 10 min, (C) 15
min, (D) 20 min, (E) 1 h and (F) 24 h; (G) schematic illustration of the possible
formation process of a Fe-doped BiOBr hollow microsphere.

Fig. 3 (A) Cyclic voltammograms of Fe-doped BiOBr and BiOBr samples in KCl
solution at a known scan rate (50 mV s�1), (B) photocatalytic degradation of RhB
over Fe-doped BiOBr, BiOBr, Ti-doped BiOBr, Ag/Ti-doped BiOBr samples.
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minimize their surface energy. As a solid microsphere
composed of numerous nanosheets, the sheets in the inner core
can be visualized as smaller spheres with higher curvature
compared to those on the outer surface. Therefore, at the
second stage, they could dissolve and merge into sheets on the
outer surface because of the higher surface energy, resulting in
the formation of hollow ower-like structures.7,21,37 Moreover,
the carbonization of the organic coating on the surface of the
nanosheets might also contribute to the formation the hollow
structures in the solvothermal reaction.

Cyclic voltammetry (CV)measurementwasused to investigate
the electrochemical properties of the samples. As shown in
Fig. 3A, Fe-doped BiOBr samples show high re/oxidative current
peaks, while BiOBr do not display any peaks. This phenomenon
reveals that Fe-doped BiOBr may exhibit better re/oxidative
ability and electron transfer rate than BiOBr during chemical
reaction.38 In addition, the CV curves of the as-prepared Fe-
doped BiOBrmicrospheres recorded at different scan rates from
2408 | J. Mater. Chem. A, 2013, 1, 2406–2410
20mV s�1 to 100mV s�1 over the potential range of�1.0 to 0.5 V
(see Fig. S7 in ESI†) show the anodic peaks shied towards
positive potential and the cathodic peaks shied towards nega-
tive potential. This result reveals that the as-prepared samples
may exhibit pseudocapacitive behavior.27,39 In order to study the
photoinduced charge separation efficiency of the as-prepared
Fe-doped BiOBr samples, photocurrent transient response and
Nyquist impedance experiments were carried out under visible
light irradiation. Comparing to BiOBr, the produced photocur-
rent of Fe-doped BiOBr is much higher (Fig. S8 in ESI†). A higher
photocurrent means that photoinduced electrons have trans-
ferredmore effectively.Moreover, Nyquist impedance plots show
the arc radius for the Fe-doped BiOBr electrode was much
smaller than that of the BiOBr electrode, which further demon-
strated that the Fe-doped BiOBr electrode displayed a much
higher separation efficiency of photogenerated electron–hole
pairs and faster charge-transfer than the BiOBr electrode at the
solid–liquid interface. Therefore, doping Fe into BiOBr could
improve the photocatalytic efficiency.

In addition, Rhodamine B (RhB), which is a typical uores-
cent dye, was used as a model contamination to evaluate the
photocatalytic activity of the samples. According to our
This journal is ª The Royal Society of Chemistry 2013
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preliminary investigation,32,40 RhB self-photodegradation is
almost negligible. The photocatalytic degradation of RhB over
various photocatalysts based on BiOBr is shown in Fig. 3B. As
observed, the hollow Fe-doped BiOBr samples display highly
efficient photocatalytic activity, in which about 75% of RhB is
degraded under daylight lamp irradiation (11 W and 25 Hz) for
only 30 min, and all are catalyzed within 45 min. For compar-
ison, Ag/Ti-doped BiOBr, Ti-doped BiOBr and BiOBr, which
were obtained by a solvothermal method, could only degrade
about 80%, 62% and 55%, respectively, of RhB aer irradiation
for 45 min. Provided that the photodegradation process is a
pseudo-rst-order reaction, the RhB degradation rate of Fe-
doped BiOBr (1.01 h�1) is faster than those of Ag/Ti-doped
BiOBr (0.82 h�1), Ti-doped BiOBr (0.31 h�1) and BiOBr (0.23
h�1), which is attributed to the hollow architecture and Fe
doping. The Fe doping sites and unique hollow structure of Fe-
doped BiOBr microspheres, which consist of numerous inter-
laced nanosheets with preferential orientation, are favorable for
transfer of photogenerated carriers.36,40 Moreover, the higher
BET surface area and mesopores provide more active sites for
photocatalytic reaction. Besides the higher activity, durability is
also indispensable for photocatalysts. In the recycling experi-
ment of RhB photodegradation, Fe-doped BiOBr samples are
mechanically robust, which can be reused ve times with no
signicant decrease in activity (see Fig. S9 in ESI†).

In summary, a novel Fe-doped BiOBr photocatalyst with
hollow microsphere structure was prepared by a simple sol-
vothermal reaction. The Fe ions play a key role in Fe doping and
the self-assembly process of the hollow structures. The as-
prepared samples exhibit excellent photocatalytic ability in the
photodegradation of RhB, which is attributed to the hollow
structure and Fe doping, which are favorable for transfer of
photogenerated carriers and enhance photoadsorption. More-
over, electrochemical measurement conrmed that Fe-doped
BiOBr may have bright prospects in the eld of supercapacitor
materials.
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