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A novel and efficient visible-light-induced Ti-doped BiOBr photocatalyst was successfully obtained by double
self-assemble method. The resultant samples were characterized by XRD, FE-SEM, HR-TEM, EDS, and UV–vis
adsorption spectra. The possible formation process of the as-prepared samples and titanium doping in the
lattice of BiOBr were investigated in this paper. The Ti-doped BiOBr microspheres exhibited higher visible-
light-induced photocatalytic activity for the degradation of rhodamine B (RhB) than BiOBr due to the syner-
getic effect of the unique structure and the titanium doping as well as larger specific surface area, which
effectively improved photogenerated electrons and holes transferring.

Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.
1. Introduction

Currently, the science and technology progress rapidly. Yet, at the
same time, the environment problems have arisen, such as an
increasing amount of waste water and exhausted gas. Thus, it is of
importance to develop simple and effective methods to address
these issues. Among these promising strategies, photocatalysis has
drawn widespread attention owing to its ability to degrade organic
contaminant at a relatively effective rate [1–5]. In particular, TiO2

has been the focus in this field due to its unique physical and chemical
properties, including high efficiency, good stability, nontoxicity, etc.
[6–9]. However, it exhibits photocatalytic activity under UV light
(λb387 nm), whose energy exceeds its band gap, resulting in its
limited practical applications [10–12]. Therefore, the exploitation of
visible-light-driven photocatalysts is indispensable for the practical
application of the photocatalytic system.

Aiming at effectively utilizing visible light, a great deal of effort has
been devoted to the hierarchical structure development and band gap
regulation because shape and band energy of photocatalysts play vital
influence on their physical/chemical properties [13–17]. As a group of
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V–VI–VII semiconductors, bismuth oxyhalide compounds have attracted
considerable attention due to their remarkable photocatalytic activities
under visible-light illumination. Bismuth oxyhalides crystals possess the
tetragonal matlockite structure, a layered structure composed of
[Bi2O2]2+ layers interleaved with double Br layers [18–21]. To
date, a variety of bismuth oxyhalide nano- and micro-structures,
including nanoplates, nanobelts, and microspheres prepared by numer-
ousmethods, has beenused as photocatalysts to degrade organic contam-
inant [22–25]. For instance, Feng et al. reported the synthesis of
mesoporous BiOBr 3D microspheres by a facile solvothermal method
with high photodecomposition ability under UV and UV–vis light irradia-
tion [26].Wang and co-workers reported a new class of oxyhalide photo-
catalysts xBiOBr–(1−x)BiOI with high visible light-catalytic activity
prepared by a soft chemicalmethod [27]. However, the photodegradation
ability of BiOBr is far from efficient for practical application, and it is nec-
essary to enhance its photocatalytic activity by modification.

Several studies have reported that the optical properties of photo-
catalysts can be modified by incorporation of the highly reactive com-
ponent, such as cation, anion, and metal oxides [28–31]. Based on
titanium is an archetype for highly reactive element; in our work, a
facile and rapid solvothermal method has been successfully devel-
oped to prepare visible light-activated Ti-doped BiOBr microspheres
using 2-methoxyethanol as the solvent. Based on characterization re-
sults, the possible formation mechanism of Ti0.22BiO1.48Br flower-like
microsphereswas studied and the differences between the Ti0.22BiO1.48Br
and BiOBr were also proposed. Moreover, the photocatalytic activity of
hts reserved.
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Fig. 1. XRD patterns of the as-prepared BiOBr and Ti-doped BiOBr samples prepared at
160 °C for 24 h.
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the as-prepared samples was evaluated by the degradation of rhodamine
B (RhB) and compared with that of BiOBr and P-25 under visible light
(11W daylight lamp) irradiation.
2. Experimental

2.1. Materials and reagents

Bismuth nitrate pentahydrate (Bi(NO3)3⋅5H2O), cetyltrimethyl-
ammonium bromide (CTAB), and 2-methoxyethanol, tetrabutyl ortho-
titanate (TBOT) were all purchased from Shanghai Chemical Co., Ltd.
Pure TiO2 (P-25) was purchased from Degussa Co. Ltd. All the reagents
were analytical grade and used without further purification.
Fig. 2. (A) and (B) FE-SEM images, (C) TEM image, and (D) HR-TEM image, together with SA
2.2. Preparation of BiOBr and Ti-doped BiOBr flower-like microspheres

In the typical preparation, 0.6 g of Bi(NO3)3⋅5H2O was dissolved in
60 mL of 2-methoxyethanol to from a clean solution, and then 1.2 g of
CTAB and 0.3 mL of TBOT were added slowly to the solution with son-
ication. Next, the resultant solution was transferred into a Teflon-
lined stainless steel autoclave, followed by a solvothermal treatment
at 160 °C for 0–24 h. After cooling to room temperature, the precipi-
tates were washed with deionized water and ethanol six times, and
dried in a vacuum oven at 60 °C for 12 h. The BiOBr microspheres
were also prepared by the same method without TBOT being added
(details in Appendix A).

2.3. Characterization

Microstructures of the as-prepared samples were analyzed with a
SIEMENS Diffraktometer D5000 X-ray diffractometer using Cu Kα ra-
diation source at 35 kV, with a scan rate of 0.02° s−1 in the 2θ range of
20–80°. The morphologies were investigated by ULTRA-55 field-
emission scanning electron microscopy (FE-SEM) and JSM-2100
transmission electron microscopy (TEM) equipped with an energy
dispersive X-ray spectrum (EDS, Inca Energy-200) at an accelerating
voltage of 200 kV. The Brunauer–Emmet–Teller (BET) specific surface
area of the samples were determined by a high speed automated area
and pore size analyzer (F-Sorb3400, China). UV–vis adsorption spec-
tra were recorded with a UV–vis spectrometer (U‐3010, Hitachi).

2.4. Measurement of photocatalytic activity

The photocatalytic activity of P-25 and the as-prepared samples
was investigated by the photo-degradation of RhB. The photo-
degradation experiments were carried out under visible light irra-
diation whose source was an 11 W daylight lamp (25 Hz) equipped
with UV cutoff filter to provide visible light (λ≥400 nm). Fiftymilligrams
ED pattern of the as-prepared Ti0.22BiO1.48Br microspheres prepared at 160 °C for 24 h.

image of Fig.�2


Table 1
The BET specific surface area, pore volume, band gap (Eg) and photodegradation rate
constants (kRhB) of BiOBr and Ti0.22BiO1.48Br photocatalyst.

Photocatalyst BET specific surface Pore volume Band gapa kRhB
b

area (m2 g−1) (mL g−1) (eV) (h−1)

BiOBr 8.0 0.72 2.66 0.53
Ti0.22BiO1.48Br 27.1 0.77 2.54 0.82

a Band gap was derived from Eg=1239.8/λg, where λg is the absorption edge in the
UV–vis spectra [34].

b The RhB self-degradation (in the absence of the catalysts) is negligible.

Fig. 4. XRD patterns of the as-prepared Ti0.22BiO1.48Br microspheres under different
stages.

Fig. 3. UV–vis adsorption spectra of the as-prepared BiOBr and Ti0.22BiO1.48Br samples
prepared at 160 °C for 24 h.
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of the as-prepared catalysts was suspended in 50 mL RhB aqueous
solution (C0=10mg·L−1) with constant stirring. Prior to irradiation,
the suspensions were stirred in the dark for 1 h to ensure the adsorp-
tion–desorption equilibrium. The temperature of suspensions was
maintained below 283 K by a flow of cooling water during the reaction.
The change of RhB concentrations (C) in accordancewith the irradiation
time was measured by JASCO V-570 UV/vis/NIR spectrophotometer
(Japan).

3. Results and discussion

The crystallographic structure of the resultant samples was con-
firmed by XRD patterns (Fig. 1). For the BiOBr sample, all the diffrac-
tion peaks can be well indexed to the tetragonal phase whose lattice
parameters are a=3.915, c=8.076 Å (space group: P4/nmm, JCPDS
73‐2061). Moreover, the (110) and (020) peaks are sharper com-
pared to others, which are assigned to the preferential attachment
along the (110) plane and related self-assembly [32,33]. In the
regarding of Ti-doped BiOBr, however, two stronger peaks at
2θ=25.3° and 31.8° can be observed as well as the reduction of the
BiOBr peaks after doped with titanium. Meantime, no other diffrac-
tion peaks assigned to titanium hybrids are observed, probably due
to its low content and high dispersity. In addition, the crystal phase
of BiOBr was almost not affected by the incorporation of titanium.
According to the content of their constituent elements from EDS
results (Table S1), the chemical formula Ti0.22BiO1.48Br also can be
used to denote the Ti-doped BiOBr samples.

The morphologies and structures of the samples prepared by
solvothermal method were characterized by FE-SEM and HR-TEM
images. Fig. 2A presents a typical FE-SEM image of the Ti0.22BiO1.48Br
heterostructures prepared at 160 °C for 24 h, clearly showing that
these structures exhibit uniform microspheres of 1–3 μm in size. The
magnified image of an individual sphere is showed in Fig. 2B, which in-
dicates that the flower-like microspheres are assembled by nanoplates
with the thickness of about 15 nm. Comparing with Ti0.22BiO1.48Br,
BiOBr with loose hierarchical microspheres of 1–2 μm in size and con-
sisting of larger nanoplates are observed (see Fig. S1 in the Appendix
A). Moreover, the nanoplate of Ti0.22BiO1.48Br is comprised of the
nanoparticles, confirmed by Fig. 2C. Furthermore, high-resolution TEM
(HRTEM) image (Fig. 2D) reveals the lattice spacing is 0.351 nm
corresponding to the (011) plane of BiOBr. It is worth noting that
BiOBr successfully doped by titanium can be confirmed by the distor-
tion of lattice (the selected area of inset in Fig. 2D). Therefore, the self-
assembly of the nanoplates to obtained flower-like Ti0.22BiO1.48Br
microspheres is different from that of BiOBr microspheres, attributed
to the variation of exposed (011) plane. In addition, the SAED pattern
reveals that the sample has poly-crystalline nature of Ti0.22BiO1.48Br.

N2 absorption analysis is carried to further characterize the porous
structure of the as-prepared samples (Fig. S2 in Appendix A). The
Brunauer–Emmett–Teller (BET) specific surface areas and pore volumes
of Ti0.22BiO1.48Br and BiOBr are summarized in Table 1. The former spe-
cific surface area (27.07 m2 g−1) is almost 3.4 times comparedwith lat-
ter due to themore interlaced nanoplates on the surface of Ti0.22BiO1.48Br
structure. Then, the UV–vis absorption spectra were used to characterize
physical properties of the samples, which are shown in Fig. 3. The UV–vis
absorption edges of Ti0.22BiO1.48Br have an appreciable red shift. More-
over, the Ti0.22BiO1.48Br samples showa stronger absorption in the visible
light range than that of BiOBr because of titanium doping. The adsorp-
tion edges of Ti0.22BiO1.48Br and BiOBr are approximately 487 nm
(corresponding to 2.54 eV) and 466 nm (corresponding to 2.66 eV)
(Table 1), respectively. The narrowed band gap is induced by a
sub-band-gap transition, which originated from titanium doping in
the lattice of BiOBr [10,28].

To study the formation mechanism of the Ti0.22BiO1.48Br micro-
spheres under solvothermal conditions, time-dependent experiments
were conducted and the resultant samples collected at different steps
were analyzed by XRD, FE-SEM, and EDS. Fig. 4 are the XRD patterns
of Ti0.22BiO1.48Br powders collected at different reaction steps, indicat-
ing that all the samples are well crystallized. Interestingly, the crystal
can be obtained without the solvothermal treatment [27], and the dif-
fraction peaks can be assigned to the tetragonal phase of BiOBr, BiBr3
and TiBr4. When the reaction time increases to 0.25 h or more, the
phases of BiBr3 and TiBr4 disappear and all the diffraction peaks can
be indexed to the tetragonal phase of BiOBr (JCPDS 73‐2061).

Based on the FE-SEM images of the samples prepared at certain re-
action time intervals, the structure growth processes were further in-
vestigated. During the pretreatment, the reagents react with each
other to form nanoplates, and these nanoplates are interfaced because

image of Fig.�4
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Fig. 5. FE-SEM images (scale bar 2 μm)and the correspondingmagnified images (scale bar 1 μm)of the as-prepared Ti0.22BiO1.48Brmicrospheres under different stages. (A) 0 h, (B) 0.25 h,
(C) 0.5 h, and (D) 1 h.
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they preferentially form along (011) plane of the structure (Fig. 5A)
[35]. Owing to the high temperature and vapor pressure environment
in Teflon vessel, the size of the interlaced nanoplates become smaller
and self-assemble to construct the loosely attached aggregates after
0.25 h of thermal treatment (Fig. 5B). Moreover, a reassembly process
occurs in the internal structure of these aggregates that is confirmed
by the emergence of themicrospheres. As shown in Fig. 5C, with the re-
action time increasing, the excess segment of nanoplates is detached
along the surface of the densely structure to form amaturemicrosphere
when the crystal reformation and reassembly processes are completed,
which is in accordancewith the results of XRD. After 1 h of solvothermal
treatment, the detachment of the excess segment almost complete
and the prefect hierarchical flower-like microspheres are success-
fully obtained (Fig. 5D). No significant changes in the microspheres' di-
mensions are observed when the reaction time is further extended to
24 h.Moreover, the chemical elemental components of the samples dur-
ing the reaction span are characterized by EDS, which indicates that the
samples are composed of the elements Ti, O, Br, and Bi (Fig. 6). Besides,
the solvent plays a key role in the self-assembly processing. In the case
of water and ethanol, only nanoplates can be observed instead of
Fig. 6. EDS spectra and the corresponding FE-SEM images (scale bar 1 μm) of the as-prepare
flower-like structure (Fig. S3 in Appendix A). This attributes to the
special physical/chemical properties of 2-methoxyethanol, especial-
ly the limited miscibility of CTAB and 2-methoxyethanol [32]. As to
CTAB, it acts not only as the source of Br but also as surfactants
that induce the incorporation of titanium.

On the basis of aforementioned discussion, the formation mechanism
of the Ti0.22BiO1.48Brmicrospheres could be proposed in Fig. 7. It might be
divided into four stages: (a) the formation of nanoplates, consisting of
BiBr3, TiBr4, and BiOBr nanoparticles; (b) in the sequence stage, the
BiBr3 and TiBr4 completely transfer to the BiOBr nanoplates and assemble
to the aggregates containing titanium species in the initial step of
solvothermal treatment; (c) then the internal of these aggregates un-
dergoes the reassembly process to form the mature microspheres with
excess segments on their surface. (d) Finally, these excess segments are
detached to form the perfect flower-like Ti0.22BiO1.48Br microspheres.

The photodegradation of rhodamine B (RhB) is used to evaluate the
photocatalytic properties of Ti0.22BiO1.48Br. As shown in Fig. 8, the
adsorption–desorption equilibrium for Ti0.22BiO1.48Br and BiOBr can
be reached after stirred for 1 h under dark condition. The adsorption
equilibrium value for all the samples is almost the same (20%). As
d Ti0.22BiO1.48Br microspheres under different stages. (A) 0.25 h, (B) 0.5 h, and (C) 1 h.
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Fig. 7. Schematic illustration of the possible formation process of the Ti0.22BiO1.48Br microspheres.
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observed, the photocatalytic process of Ti0.22BiO1.48Br and BiOBr follows
a pseudo-first-order reaction. The photogradation rate for each
photocatalyst is listed in Table 1. It is worth noting that the amount
of RhB degradation increases with irradiation time for P-25, BiOBr
and Ti0.22BiO1.48Br samples, and insert of Fig. 8 shows the corresponding
color changes of RhB solutions. In the case of Ti0.22BiO1.48Br, the RhB
molecules are almost completely degraded comparing with about 75%
for the BiOBr sample and 14% for P-25 under visible irradiation for 3 h.
The relatively higher photocatalytic activity of Ti0.22BiO1.48Br originates
mainly from the following aspects: at first, that the BiOBr is doped by ti-
tanium extends the visible light response range and facilitates the elec-
tron transport across the sites of titanium,which effectively reduces the
charge combination of the photogenerated electrons andholes [10,36,37].
Moreover, the hierarchicalflower-like structure of Ti0.22BiO1.48Br provides
more spaces, which is beneficial to the transfer of photoexcited carriers
[38]. In addition, the higher BET surface specific area and the pore volume
endow Ti0.22BiO1.48Br with more accessible active sites for catalytic reac-
tion [39]. The process of the photocatalytic degradation of RhB is as fol-
lows: the photogenerated electron–hole pairs are formed on the valence
band of Ti0.22BiO1.48Br under daylight lamp irradiation. The electrons
would migrate to the conduction band of Ti0.22BiO1.48Br, which can be
trapped by oxygen in solution to form oxidative species. These oxidative
species will result in the degradation of RhB. Meanwhile, the photoin-
duced holes could directly oxide the RhB [22,23].

In addition to efficiency, the durability of the photocatalyst is also
very important for its practical application. As a result, the recycling deg-
radation tests were applied to evaluate the durability of Ti0.22BiO1.48Br
photocatalyst. After the RhB molecules are completely decomposed,
Fig. 8. Photocatalytic degradation of RhB over P-25, BiOBr and Ti0.22BiO1.48Br samples
prepared at 160 °C for 24 h with 11 W daylight lamp (25 Hz) irradiation.
centrifuging the solution enables Ti0.22BiO1.48Br to be collected and ad-
vances another new run. As shown in Fig. 9, the RhB molecules even
can be completely degraded after 6 runs (3 h for each run), indicating
this photocatalyst displays good durability.

4. Conclusion

In summary, the Ti doped BiOBr microspheres as a novel and effi-
cient visible-light-induced photocatalyst was successfully prepared
by double self-assembly method. The formation process of the resul-
tant samples and titanium doping in the lattice of BiOBr were charac-
terized in this paper. According to the content of the constituent
elements from EDS results, the atom ratio of Ti doped BiOBr can be
calculated as Ti0.22BiO1.48Br. The as-prepared microspheres exhibited
much higher photocatalytic activity for degradation of RhB compared
with BiOBr attribute to the corporation of the unique structure and
the effect of doping as well as larger specific surface area, which effec-
tively improved the photogenerated electrons and holes transferring.
Therefore, the higher efficiency endows this material with a bright
perspective in purification of waste water and exhausted gas.
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