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ABSTRACT
Hierarchical flower-like BiOBr microspheres assembled with nanosheets
were synthesized via solvothermal method with both two-component solvent
(ethylene glycol and isopropanol) and CTAB surfactant. The growth of BiOBr
crystal was significantly influenced by the concentration of ethylene glycol and
isopropanol and the solvothermal time. According to the photodegradation of
rhodamine B under visible-light irradiations, the high photocatalytic activity of
flower-like BiOBr microspheres could be ascribed to the enhanced visible-light
absorbance via the light multi-reflections, the efficient separation of
photo-generated electrons and holes, the high crystallization and the large
surface area. The main active specie during the photocatalytic reaction was
determined as ·O2- radical. Meanwhile, BiOBr microspheres also exhibited the
excellent durability owing to the stable crystal phase and microsphere
morphology.
1. INDRODUCTION
Semiconductor photocatalysts have caused significant attentions in
decomposing organic compounds and water splitting. Great efforts have been
made to achieve the modified TiO2 and non-TiO2 semiconductors since TiO2
can not absorb visible light and the quantum efficiency is still low. In recent
years, an active BiOBr photocatalyst, which has layered tetragonal matlockite
structure, have attracted many attentions owing to its potential photocatalysis
application. As we known, the micrometer 3-D architecture with nano-scale
building blocks is effective during the photocatalysis application. However, how
to obtain the desired micrometer architectures of BiOBr catalyst to achieve
high photoactivity is still in need of further exploration. Herein, we report a
novel preparation approach of hierarchical flower-like BiOBr microspheres via
the solvothermal method in two-component solvent, assisted with surfactant
acted as both Br source and template. The high visible-light photocatalytic
activity for RhB degradation on flower-like BiOBr microspheres is discussed in
detail.
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2. EXPERIMENT SECTION
2.1 Catalyst preparation
All the chemicals were of analytic purity and used without further
purification. In a typical process, 0.12 g Bi(NO3)3·5H2O was dissolved into 40.0
ml solution mixed with both ethylene glycol and isopropanol. Then, the
cetyltrimethylammonium bromide (CTAB) with desired amount was added into
the solution and stirred at 30 oC until a transparent solution was obtained.
Subsequently, the solution was transferred into a 50 ml Teflon-lined stainless
steel autoclave and maintained at 160 oC for various time. The obtained yellow
powder was filtered and washed and dried at 80 oC for 12 h. Finally, the
powder was calcined at 400 oC for 4 h to improve the crystallization of sample
and remove the organic residuals. The as-prepared samples were denoted as
BOB-X-Y, where X, Y represented the ethylene glycol amount (mL), and
solvothermal time (h), respectively. For comparison, BOB-5-12(G) was
obtained by crushing BOB-5-12 sample and BOB-Ref was prepared according
to the previous report.
2.2 Characterization
The structure was examined by X-ray diffraction (XRD, Rigacu
D/Max-2000). Surface morphologies were observed by scanning electron
microscopy (FESEM, HITACHI S-4800). The optical property was analyzed by
UV-vis diffuse reflectance spectra (DRS, MC-2530). The electron spin
resonance (ESR) spectra were detected on a Bruker model A300
spectrometer under visible light irradiation (λ> 420 nm).
2.3 Photocatalytic test
Liquid-phase photocatalytic degradation of rhodamine B (RhB) was carried
out at 30 oC in an 80 mL self-designed quartz photochemical reactor
containing 25.0 mg catalyst and 50.0 mL 20.0 mg/L RhB aqueous solution.
After reaching adsorption equilibrium for 1 h, the photocatalytic reaction was
initiated by irradiating the system with one 500 W Xe lamp (CHF-XM500, light
intensity = 600 mW/cm2). All the UV lights with the wavelength less than 420
nm were removed by a glass filter. The concentration of RhB left in the solution
was determined by the UV-vis spectroscopy (UV-7504/PC) at its characteristic
wavelength of 553 nm. Only less than 6.0% RhB was adsorbed by catalysts
after reaction without light irradiation, and only 4.0% RhB was decomposed
under light irradiation in the absence of catalysts, and thus could be neglected
in comparison with the photocatalysis process. The active species during the
photocatalytic reaction were determined by additionally dissolving 0.050 mmol
trapping agents including EDTA, AgNO3, tert-butyl alcohol (TBA) and
benzoquinone (BQ), which could capture photo-generated holes,
photo-generated electrons, ·OH radical and ·O2- radical, respectively. The
durability test was conducted under the same conditions for 50 min and the
RhB photodegradation rate was determined to show the change of activity.

3. RESULTS AND DISCUSSION
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3.1 Characterization of BiOBr catalysts
XRD patterns in Fig. 1 demonstrated that all of BOB-X-12 samples were in
pure BiOBr crystal phase with high crystallization. All the detectable peaks
could be assigned to the tetragonal BiOBr (JCPDS 09-0393). BOB-40-12
revealed the larger crystallite size than other BOB-X-12 samples with similar
size, implying the inhibition effect of isopropanol to the growth of BiOBr crystal.
From FESEM images in Fig. 1, all BOB-X-12 samples exhibited the
hierarchical flower-like microspheres assembled by nanosheets. With the
increased concentration of ethylene glycol, the diameter of microspheres
varied from about 1.0 to 5.0 μm with gradually aggregated nanosheets and the
thickness of nanosheets increased from about 5 to 10 nm.
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Fig. 1 XRD patterns (left) and FESEM images (right) of (a) BOB-2-12, (b)
BOB-5-12, (c) BOB-10-12, (d) BOB-20-12, (e) BOB-30-12 and (f) BOB-40-12
samples.
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Fig. 2 XRD patterns (left) and FESEM images of BiOBr samples at different
solvothermal time: (a) BOB-5-0.5, (b) BOB-5-1, (c) BOB-5-2, (d) BOB-5-6, (e)
BOB-5-12 and (f) BOB-5-24 samples.

BOB-5-Y samples displayed the improved crystallization of pure BiOBr
crystal with the increase of solvothermal time according to XRD patterns in Fig.
2. The crystallite size was enhanced gradually before 12 h and remained

within the further increased time in accordance with the crystal growth process
presented in FESEM images (Fig. 2). At the initial time of 0.5 h, small
nanosheets in irregular shape were formed about 100~300 nm. Then, the
nanosheets exhibited the gradual agglomeration after 1 h and oriented
attachment at 2 h to form the initial flower-like morphology. At the solvothermal
time of 6 h, the integrate flower-like microspheres were formed with larger and
thinner nanosheets. Further increasing the solvothermal time to 12 h could
achieve the microspheres with the diameter was about 1.5 μm. The same
morphology was reserved until the solvothermal time of 24 h. The plausible
mechanism of BiOBr crystal growth could be proposed according to Scheme 1.
The coordination of ethylene glycol with Bi3+ result in the formation of alkoxides
(Bi(OCH2CH2OH)2+). However, the substitution of ethylene glycol by glycerol
was unfavorable to the coordination with Bi3+ and the further crystallization of
BiOBr nanosheets, possibly owing to the sterically hindering effect of glycerol.
Meanwhile, CTAB surfactant which acted as both template and Br source was
self-assembled to form the lamellar structure. Subsequently, the combination
of Br- in CTAB lamellas with Bi(OCH2CH2OH)2+ induced the formation of BiOBr
nanosheets during the solvothermal process.. Isopropanol in the
two-component solvent presented the distinct influence during the formation of
nanosheets. The high concentration of isopropanol between nanosheets could
significantly inhibit the agglomeration of nanosheets and the corresponding
low concentration of ethylene glycol was not beneficial to the coordination with
Bi3+, leading to the small hierarchical flower-like microspheres. Finally, in order
to minimize the surface energy, BiOBr nanosheets were agglomerated via
oriented attachment and the stable flower-like BiOBr microspheres were
created after the removal of organics via calcination.

Scheme 1 The plausible formation mechanism of flower-like BiOBr
microsphere.

3.2 Optical property
From UV-vis DRS spectra in Fig. 3, BiOBr samples revealed much stronger
absorption in visible-light region than P25 TiO2. According to the formula
(ahu ) n = k (hu - E g ) , the Eg of BOB-5-2-12 was determined as 2.9 eV, lower
than that of P25 TiO2, in accordance with the previous reports. Furthermore,
both BOB-5-12 and BOB-40-12 showed higher visible-light absorption than
BOB-5-12(G), which was BOB-5-12 sample after being crushed, implying that

more light reflection could be achieved within flower-like microspheres
assembled with nanosheets. The light absorbance of BOB-5-12 was stronger
than that of BOB-40-12, since the space between nanosheets in BOB-5-12
was favorable for the entry of visible light and the light multi-reflections could
be enhanced within the flower-like microspheres.
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Fig. 3 UV-vis diffuse reflection spectra of different catalysts. The inset shows
the optical absorption edges.

3.3 Photocatalytic performance
The photodegradation of RhB under visible-light irradiation (λ > 420 nm)
was used as a probe to evaluate the performances of different photocatalysts.
According to the dependence of photodegradation rate on light irradiation time
(Fig. 4), the degradation of RhB in the absence of photocatalyst could be
neglected. BOB-5-12 could achieve the complete decomposition of RhB within
50 min, presenting much higher activity than both BOB-5-12(G) and BOB-Ref
samples. It could be attributed that the hierarchical flower-like morphology
assembled with nanosheets in BOB-5-12 could obtain stronger visible-light
absorbance than 2D nanosheet structure via improving light multi-reflections.
Additionally, the flower-like morphology could provide more efficient
transportation of reactants. The lower recombination of photo-generated
electrons and holes also facilitated the promotion of photoactivity.
In order to determine the active specie during the photocatalytic oxidation
pathway of RhB degradation on BiOBr catalyst, The ESR spectra of
DMPO-·O2- and DMPO-·OH adducts on BOB-5-12 catalyst under various
conditions were shown in Fig. 5. Comparing to no obvious signals detected in
the dark, characteristic peaks of DMPO-·O2- and DMPO-·OH were observed
under visible light irradiation. It demonstrated that BiOBr catalyst could be
efficiently excited by visible light to create photo-generated electrons and holes.
Furthermore, additional examination for the investigation of main active specie
during the photodegradation process was carried out via dissolving different
trapping agents in the reaction solution. As shown in Fig. 6, the RhB
degradation was significantly suppressed after trapping ·O2- by adding BQ.

Trapping photo-generated holes and electrons with EDTA and AgNO3,
respectively, exhibited much weaker restraining effect to the photodegradation
rate. However, TBA acted as ·OH trapping agent presented no influence on
photoactivity. It could be discovered that the ·O2- radical was the main active
specie during the photodegradation process.
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Fig. 4 Reaction process for photocatalytic degradation of RhB with different
catalysts and without catalyst.
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Fig. 5 ESR spectra of DMPO-·O2- (left) and DMPO-·OH (right) adducts on
BOB-5-12 catalyst under visible light irradiation (λ> 420 nm) and in dark,
respectively.

Besides the high photoactivity, BiOBr catalyst also exhibited excellent
durability during the photocatalytic reaction, which was very important for the
practical application. According to Fig. 7, BOB-5-12 catalyst showed the stable
activity after being reused for 6 times in the reaction system. The crystallization
and hierarchical flower-like morphology were well maintained after recycling
test, comparing to that of BOB-5-12 before reaction (see XRD patterns and

FESEM image). The excellent durability could be attributed that the high BiOBr
crystallization could inhibit the decomposition of catalyst and the microsphere
morphology could prevent the agglomeration of nanosheets and achieve the
easy solid/liquid separation. The high photoactivity and durability of BiOBr
visible-light catalyst would show the great potential in practical application in
the future.
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Fig. 6 Reaction process for photocatalytic degradation of RhB on BOB-5-12
catalyst with and without trapping agents.
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Fig. 7 Recycling test of BOB-5-12 catalyst. The inserts are XRD patterns of (a)
BOB-5-12 and (b) BOB-5-12 after recycling reaction with FESEM image.

CONCLUSION
This work developed a facile approach to prepare the hierarchical flower-like
BiOBr microspheres via solvothermal method with both two-component
solvent and surfactant. The growth of BiOBr crystal was influenced by the

concentration of ethylene glycol and isopropanol in two-component solvent
and the solvothermal time. The high photocatalytic activity for RhB degradation
under visible-light irradiations could be ascribed to the strong light absorbance
with the light multi-reflection, the efficient separation of photo-generated
electron-hole pairs, the high crystallization and the large surface area. The ·O2radical was determined as main active specie during the photodegradation
process. Furthermore, the excellent durability of BiOBr catalyst was owing to
the stable crystal phase and microsphere morphology, which was favorable for
the potential practical applications.
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