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Bismuth oxybromide (BiOBr) micropsheres with hierarchical morphologies have been fabricated via an
ionothermal synthesis route. Ionic liquid acts as a unique soft material capable of promoting nucleation
and in situ growth of 3D hierarchical BiOBr mesocrystals without the help of surfactants. The as-prepared
BiOBr nanomaterials can effectively remove heavy metal ions and organic dyes from wastewater. They

can also kill Micrococcus lylae, a Gram positive bacterium, in water under fluorescent light irradiation.
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Their high adaptability in water treatment may be ascribed to their hierarchical structure, allowing them
high surface to volume ratio, facile species transportation and excellent light-harvesting ability.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Bismuth oxyhalides are V-VI-VII ternary compounds with
tetragonal crystal structure. They are layered structures that consist
of a halide ion layer and a metal-oxygen layer. Their high stability
against photocorrosion is advantageous for applications in photo-
catalysis and photoelectrochemical cells [1-3]. Several synthesis
methods for mico- and nanostructures of BiOX materials have been
reported in the literature. The size controllable synthesis of spher-
ical BiOX nanoparticles with diameters of 3-22 nm was developed
by Henle et al. using an effective reverse microemulsions route
[4]. Deng et al. reported the synthesis of one-dimensional (1D)
bismuth oxyhalide nanowires and nanotubes using a cationic sur-
factant cetyltrimethylammonium bromide (CTAB) as the bromine
source [5]. Geng et al. described a procedure for one-step selec-
tive synthesis of two-dimensional (2D) BiOCl lamellae materials
via a sonochemical method [6]. 2D single-crystalline BiOX (X=Cl,
Br) nanoplates, nanosheets, and microsheets were obtained by
hydrogen peroxide oxidation of bulk metal Bi particles in a
surfactant-mediated solution [7]. Fabrication of three-dimensional
(3D) BiOBr materials is more complicated. This may be achieved
by using bismuth nitrate and inorganic halide salts as starting
materials through a coprecipitation process [1,8]. It is still a big
challenge to develop simple and reliable synthetic routes for
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hierarchically self-assembled bismuth oxyhalides architectures
with specific morphologies.

Ionic liquids (ILs) are non-volatile and non-flammable organic
salts with low melting points. The use of ILs is well docu-
mented in important fields such as synthetic-organic chemistry,
separation and electrochemistry [9-11]. The value of ILs in
the field of inorganic nanosynthesis has gradually been real-
ized. In 2000, Dai’s group first reported the synthesis of
SiO, aerogel using an ionic liquid, 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([EMim][NTf ), instead of water
as the solvent [12]. Among the main advantages of using ILs as sol-
vents or additives in inorganic synthesis is their superior capability
for the solvation and stabilization of metal cations. This is why ILs
are often used as capping agents or surfactants. These properties
have been exploited to prepare nanoparticles of different compo-
sitions including pure metals [13-18], metal oxides [19-22], metal
chalcogenides [23,24], silicas and organosilicas [25-29], metal salts
[30-34], and carbon material [35,36]. Recently, our group reported
anionic-liquid based route for exposing the {0 0 1} reactive facets of
anatase TiO, single crystals. The as-prepared photocatalysts show
very high efficiency in decomposing organic pollutants [37,38].
Nevertheless, the full potential of ILs as the reagents in the control-
lable synthesis of inorganic nanostructures remains to be further
explored.

Herein, we report that ionic liquid can act as a unique soft
material capable of promoting the nucleation and in situ growth
of 3D hierarchical bismuth oxybromide mesocrystals without
using any surfactants. Our strategy for preparing BiOBr is based
on the solvothermal reaction involving bismuth nitrate and an
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imidazolium-based ionic liquid in triethylene glycol. The key in this
method is the use of the 1-butyl-3-methyl-imidazolium IL which
forms an ionic-liquid-bismuth complex which evolves into the
final 3D superstructure. Ionic liquids are often considered “designer
solvents” due to the unique variability of the ions. By selecting an
appropriate anion for the ionic liquid, bismuth oxybromide can be
synthesized. The chemical structure of the ionic liquid used in this
work is shown below.
. HsC\N@_\N/\/\CH3
Br \ /

The as-prepared BiOBr products own 3D hierarchical structure
with high surface to bulk ratio and facile species transporta-
tion. Such 3D hierarchical architectures allow the BiOBr materials
to be utilized as strong adsorbent for waste-water treatment.
They exhibited an excellent performance to remove heavy met-
als (Cr (V1)) and organic dyes (methylene blue). Interestingly, the
photocatalysis-induced anti-bacteria properties of the 3D BiOBr
microspheres were also investigated by using Micrococcus lylae as a
model bacterium. They exhibited a unique ability in killing bacteria
in water under fluorescent light irradiation.

2. Experimental
2.1. Sample preparation

In a typical synthesis of BiOBr hierarchical microspheres, 0.485 g
of bismuth nitrate pentahydrate (ACROS) was dissolved in 10 mL of
triethylene glycol (Panreac) in an ultrasonic bath. Then ionic liquid,
0.5 mL of 1-butyl-3-methyl-imidazolium-bromide (IL) was added
into it under stirring. Then the mixture was put into a 50 mL Teflon-
lined stainless autoclave. The autoclave was heated to 200°C and
maintained for 24 h. The resulting precipitates were collected and
washed with ethanol and deionised water thoroughly and dried at
80°Cin air.

In a typical systhesis of BiOBr nanosheets, 0.485g bismuth
nitrate pentahydrate (ACROS) was dissolved in 10 mL benzyl alco-
hol under ultrasonic condition. Then 0.103 g sodium bromide was
added into the above system. Then the mixture was putintoa 50 mL
Teflon-lined stainless autoclave. The autoclave was heated to 200 °C
and maintained for 24 h. The resulting precipitates were collected
and washed with ethanol and deionised water thoroughly and dried
at 80°Cin air.

2.2. Characterization

The products were characterized by X-ray diffraction mea-
surements which was carried out in a parallel mode (w=0.5°, 26
varied from 20° to 80°) using a Bruker D8 Advance X-ray diffrac-
tometer (Cu Ko radiation, A =1.5406 A). The morphology and the
microstructures of the products were investigated by transmission
electron microscope (TEM) and selected area electron diffraction
(SAED)withaJEM-200CX (JEOL, 200 kV) TEM, and a high-resolution
transmission electron microscope (HRTEM, JEOL-2010). The elec-
tron microscopy samples were recorded prepared by grinding and
dispersing the powder in acetone with ultrasonication for 20s.
Carbon-coated copper grids were used as sample holders. The
scanning electron microscopy images were recorded on an FEI
Quanta 400 FEG microscope. The photoluminescent (PL) spectra
were recorded on a Varian Cary-Eclipse 500. The diffuse reflectance
spectra of the samples over a range of 200-800 nm were recorded
by a Varian Cary 100 Scan UV-vis system equipped with a Labsphere
diffuse reflectance accessory.

2.3. MB and Cr (VI) adsorption

Firstly, aqueous solutions containing different concentrations
of MB (20-500 mg/L) and Cr (VI) (5-40 mg/L) were prepared. In
this case, K,Cr,07 was used as the source of Cr (VI). All adsorption
experiments were carried out at room temperature in an oscilla-
tor without stirring. For the adsorption rate tests for MB, 50 mg
BiOBr adsorbents were added to 20 mL of MB (320 mg/L) solution
and 70 mg BiOBr adsorbents were added to 50 mL Cr (VI) (37 mg/L)
solutions. After adsorption process, solid and liquid were sepa-
rated by centrifugation of the resulting suspension to measure the
concentrations of MB and Cr (VI) in the solution. For adsorption
isotherm studies, the 20 mL of MB and 50 mL of Cr (VI) solution
with different concentrations were mixed with 50 and 70 mg BiOBr
adsorbents for 3180 min and 360 min, respectively. The measure-
ments of MB and Cr (VI) concentrations were carried out using a
UV-7502 PC spectrophotometer. The MB concentration was deter-
mined by measuring the solution absorbance at 665 nm. The Cr (VI)
concentration was spectrophotometrically determined at 353 nm
using a Beer’s law plot constructed from standard solutions [39,40].
A UV-visible spectrum of a Cr (VI) aqueous solution is shown in
Supporting information Fig. S1. Under our experimental conditions,
the absorption maximum was at 353 nm. This was agreement with
the previous report [39,40]. Furthermore, we found good linear
working range over Cr (VI) concentration of 5-40 mg/L as shown in
Supporting information Fig. S2. The detection limit was estimated
to be 2 mg/L. For reference, the BiOBr nanosheets were selected to
compare the adsorption capacity to that of the hierarchical BiOBr
microspheres.

2.4. Measurements of bactericidal activity

Micrococcus lylae, a Gram positive bacterium, was used as a
model bacterium in the experiment. It was incubated in 10% tryp-
ticase soy broth (TSB) at 30°C and agitated at 200 rpm for 24 h.
The culture was washed with 0.9% saline by centrifugation at
21,000 rpm for 5min at 25°C and the pellet was resuspended in
saline. The cell suspension was adjusted in centrifuged tube to the
required cell concentration (1-2 x 108 cfumL~1). The photocatalyst
BiOBr was added to 0.9% saline in a conical flask and homogenized
by sonication. The suspension was then sterilized by autoclaving
at 121°C for 20 min, allowed to cool, and mixed with the pre-
pared cell suspension. The final photocatalyst concentration was
adjusted to 100 mg/L and the final bacterial cell concentration was
1-2 x 107 cfumL-1. The photocatalytic reaction was started by irra-
diating the mixture with fluorescent light and stopped by switching
off the light. The light source used was four 15 W fluorescent lamps
mounted closely on the top of the flask. The reaction mixture was
stirred with a magnetic stirrer to prevent settling of the photo-
catalyst. Before and during the light irradiation, an aliquot of the
reaction mixture was immediately diluted with 0.9% saline and
plated on TSB agar. The colonies were counted after incubation at
37°C for 48 h. The inactivation of bacterial population during PCO
was calculated by the equation:

P - Pr
Py

x 100

Bacterial inactivation (%) =

where P; represented the initial population and Py represented the
population after irradiation time (T).

3. Results and discussion
3.1. XRD

X-ray diffraction (XRD) was used to characterize the phase struc-
ture and crystalline size of the sample. Fig. 1 shows the XRD patterns
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Fig. 1. XRD pattern of the as-prepared BiOBr samples.

of the as-prepared samples. Quantitative analysis of these pat-
tern show that all peaks in the pattern can be assigned to the
diffraction of (001), (002), (101), (110), (112), (200), (104),
(211),(212),(220)and (310) planes of tetragonal bismuth oxide
bromide (JCPDS card no. 09-0393, a=3.926 A and c=8.103 A), indi-
cating the formation of BiOBr. The broad diffraction peaks suggest
that the crystallite sizes of the BiOBr microsphere sample are small
and the corresponding crystallite size, calculated by Scherrer for-
mula, is 8.5 nm. As calculated, the BiOBr nanosheets have the same
tetragonal phase structure and crystalline size.

3.2. SEM and TEM

Fig. 2a-d shows the field-emission scanning electron
microscopy (FESEM) images of the ternary BiOBr powders with
different magnifications. The samples were obtained under the
solvothermal condition at 200°C for 24 h. The low-magnification
FESEM images (Fig. 2a and b) show the high-yield synthesis of
mesocrystals with an average diameter of 4.5 wm. The particles
are uniformly dispersed without obvious aggregation. The high
yield of BiOBr is partly due to the hydrophilic characteristics and
high dielectric constant (¢=11.7) of the ionic liquid which can
well support the dissolution of bismuth nitrate [41], facilitating
the nucleation of crystal growth and promote the formation of
crystalline products. This solution-based approach should be easily
extended to large-scale production of BiOBr mesocrystals. Close
inspection (Fig. 2c and d) shows an interesting 3D marigold-like
morphology. The flower-like superstructures are composed of
nanosheets with thickness of 15nm, forming an open porous
structure. It is quite probable that imidazolium-based ILs form
a complex with bismuth at an early stage of the reaction. The
assumption is based on the mesocrystal transformation features
in recent reports [42-45]. They indicate that primary nanoparti-
cles are the building units that assemble into larger structures,
forming mesocrystals by oriented attachment and fusion. We
believe that the ILs distributed over the nanosheets surface play an
important role in the determination of inter-nanosheet interaction
leading a 3D assembly process to reduce the surface energy
and transforming into a marigold-like 3D structure. It is well
known that ionic liquid solutions can be considered as a system of
near-spherical charged micelles. At the beginning of the reaction,
large amounts of nuclei of BiOBr were formed on the surface
of the ionic liquid micelles. Then these BiOBr nuclei grew and
transformed into nanosheets. Small nanosheets would aggregate
on the surface, and then self-assembled into the hierarchical
BiOBr structures. Our results are consistent with the previous

[Slsl=l=l=]
S QAR

Fig. 2. FESEM images (a-d), TEM (e) and HRTEM (f) images, SAED (g) and EDX pat-
tern (h) of BiOBr microspheres; FESEM image of the as-prepared BiOBr nanosheets
(@)

work, where 1-butyl-3-methyl-imidazolium bromide (or chloride)
supports three-dimensional alignment of silver nanoparticles [45].
The results of transmission electron microscopy (TEM) images give
more detailed information regarding the interior structure of the
flower-like architectures. Fig. 2e reveals that the entire structure
is composed of several dozens of nanosheets with smooth surface.
As shown in Fig. 2f, clear lattice fringes can be observed and the
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Fig. 3. Pore-size distributions and N, adsorption and desorption isotherms for the
hierarchical BiOBr microspheres (a and b) and for the BiOBr nanosheets (c and d).

single crystalline nature of the nanosheet is revealed. The lattice
spacing is about 0.276 nm as shown in the inset of Fig. 2f, which is
consistent with the d-spacing of the (1 1 0) reflection for BiOBr. The
selected area electron diffraction (SAED) analysis (Fig. 2g) confirms
the high polycrystalline nature of BiOBr. Results of the energy
dispersive X-ray (EDX) analysis (Fig. 2h) show the molar ratio of
Bi:Br to be 1.1:1. Carbon and copper are from the conducting tape
and the sample holder. We also fabricated BiOBr nanosheets for
comparison. As shown in Fig. 2i, the as-prepared BiOBr nanosheets
are dispersed with a size ranging from 1 to 2 wm and an average
thickness of about 100 nm.

3.3. Specific surface areas and porosity

The specific surface area and porosity of the marigold-like
BiOBr microspheres were measured from the nitrogen adsorption
analysis. Fig. 3 presents the corresponding pore-size distribution
curves (a) and the N, adsorption-desorption isotherms (b) for the
hierarchical BiOBr sample. The samples exhibit type-IV isotherms
(Fig. 3b) which is typical for mesoporous solids. The hysteresis
loop in the relative pressure range between 0.4 and 0.9 is probably
related to the pores present within nanopsheets, which are formed
between primary crystallites. The high-pressure parts of the hys-
teresis loop (0.9<P/Py<1) are probably associated with textural
larger pores that can be formed between secondary particles due
to aggregation of nanoflakes into the flower-like superstructures.
The pore diameters are estimated by using the desorption branch
of the isotherm. The pore-size distribution curves are quite broad
due to the presence of small and larger mesopores. The smaller
mesopores reflects porosity in nanosheets, while larger mesopores

can be related to the pores formed between stacked nanosheets
[46]. The macroporous structure (ca. 100-500 nm) can be directly
observed on the SEM images of the BiOBr sample shown in Fig. 2,
which cannot be accessed by N, adsorption-desorption analysis.
The BET specific surface area of the BiOBr sample calculated by
the Brunauer-Emmett-Teller (BET) method is 14 m?/g. Such a 3D
marigold-like hierarchical macroporous framework is beneficial to
enhance the adsorption efficiency of adsorbate molecules and their
flow rates [47]. Therefore, the 3D BiOBr microsphere with micro-
and nano-structures can be a promising candidate for various appli-
cations in the field of environmental remediation.

3.4. Cr(VI) removal

Chromium (VI)is a hazardous pollutant, and its efficient removal
from the environment is of great importance. Fig. 4a shows a
decrease of Cr (VI) concentration when 70 mg of the as-obtained
hierarchical BiOBr microspheres was added to 50mL Cr (VI)
(37 mg/L) solution at room temperature. For comparison, we also
investigated the adsorption rate of the BiOBr nanosheets under
the same experimental conditions. It is clear from Fig. 4a that the
adsorption rate of hierarchical BiOBr microspheres is two times fast
than that of the BiOBr nanosheets. The Cr (VI) removal efficiency
is concentration dependent. At a low concentration of 6.4 mg|L,
90% of Cr (VI) could be removed after 6 h. The fast Cr (VI) uptake
indicates a high complexation rate between the pollutants and
adsorbent, whichis related to their primary crystallite size of adsor-
bents and unique hierarchical structure. The adsorption isotherms
of Cr (VI) by the as-prepared BiOBr microspheres at different initial
concentrations are illustrated in Fig. 4b. It reveals that the mass
of adsorption increased with the increase of the initial concen-
tration. The maximum adsorption capacity (qm) was found to be
7.7mgg! for hierarchical BiOBr microspheres. It was also found
that the removal capacity of the as-obtained BiOBr nanosheets was
only 4.0 mg g~ for Cr (VI). Obviously, the as-prepared BiOBr micro-
spheres with 3D micro- and nano-structures show much better
removal capacity than that of the BiOBr nanosheets, even though
the latter has a surface area (45 m?/g), much higher than that of the
former (14 m2/g).

The BET results (Fig. 3c) show that the BiOBr nanosheets own a
narrow pore size distribution at about 2.5 nm. Nevertheless, the
BiOBr microspheres have a broad pore size distribution ranging
from 4.0 nm to 25 nm. Thus, it is reasonable that such good per-
formance for heavy metal removal by BiOBr microspheres could be
attributed to the hierarchical macro/nanoporous structure. Adsorp-
tion systems have been always investigated by various adsorption
models. Langmuir and Freundlich adsorption models have been
proven as a useful model for many adsorption cases. In this work,
the two models were utilized to analyze the Cr (VI) ions adsorption.
The Langmuir adsorption model is used to represent the relation-
ship between the amount of heavy metal adsorbed at equilibrium
(ge, mgg~1) and the equilibrium solute concentration (Ce, mg/L):

Qe = ‘{";ZE: where g, (mgg~1) is the maximum sorption capac-
ity corresponding to complete monolayer coverage and b is the
equilibrium constant (Lmg~1).

When such a model was adopted to analyze the adsorption
isotherms, good linear relations are obtained for Cr (VI)ions adsorp-
tion, indicating the experimental data fit well with Langmuir
adsorption model as shown in Fig. 5. The correlation coefficient
(R?) was 0.9994 for Langmuir adsorption isotherm. This implies
that the adsorbed layer is monolayer coverage. Cr (VI) is adsorbed
on the BiOBr surface via the electrostatic attraction between the
surface hydroxyl groups of BiOBr and CrO42~. Thus, the homo-
geneous nature of surface hydroxyl groups led to Langmuir type
adsorption.
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3.5. MB removal

The hierarchical BiOBr microspheres could also be used as adsor-
bents to remove organic waste from water by adsorption. Herein,
a hazardous heterocyclic aromatic chemical compound, methy-
lene blue (MB), was chosen as a typical organic waste. We used
50 mg of hierarchical BiOBr microsphere sample to treat 20 mL MB
aqueous solution at 25°C. When the initial concentration of MB
in solution was as high as 320 mg/L, the hierarchical BiOBr micro-
spheres could remove 55% of MB from the aqueous solution (shown
in Fig. 6a). For comparison, we also investigated the adsorption rate
of the BiOBr nanosheets under the same experimental conditions.
Results show that the BiOBr nanosheets was much worse than the
microspheres for MB adsorption (Fig. 6a). The adsorption isotherms
of MB by the as-prepared BiOBr microspheres at different initial
concentrations are illustrated in Fig. 6b. It reveals that the mass
of adsorption increased with the increase of the initial concentra-
tion. The maximum adsorption capacity of the hierarchical BiOBr
microspheres was found to be 75mgg~1, about 4 times of that of

the BiOBr nanosheets (18 mgg~1). Such greatly enhanced methy-
lene blue adsorption capacity for 3D BiOBr microspheres may be
ascribed to their hierarchical 3D microstructures. After immersing
in Cr (VI) and MB solutions for 24 h, the crystal structure of BiOBr
was still well maintained as shown in the XRD pattern (Supporting
information Fig. S4). This suggests high stability for BiOBr.

3.6. Bactericidal activity

The BiOBr microspheres can not only act as an efficient adsor-
bent for toxic heavy metals and organic dyes but is also a good
photocatalyst for the deactivation of pathogens. The bactericidal
activity of the BiOBr sample was evaluated by killing M. lylae in
water under fluorescent light (commonly used for householding
lighting, visible light intensity = 7.48 mW/cm?2) irradiation on the
basis of the decrease in the colony number of M. lylae formed on an
agar plate. The fluorescent light photocatalytic disinfection is safe
and cost effective as compared to disinfection using UV and chlorine
since the latter ones use hazardous irradiation and produce disin-
fection by-products in the process [48]. The BiOBr microspheres in
the dark show no bactericidal effects on M. lylae, indicating that the
photocatalyst itself is not toxic to M. lylae.

As shown in Fig. 7, 50% of M. lylae were killed in 180 min and
only 10% of M. lylae could survive after 360 min of light irradia-
tion. It is known that oxygen species, such as hydroxyl radicals,
formed within the BiOBr photocatalytic system can oxidize the
cell membrane and destroy the microbial structure, causing var-
ious damages to living organism [49,50]. In order to confirm the
presence of hydroxyl radicals, terephthalic acid (TA) was used as
a fluorescence probe. Supporting information Fig. S3 displays the
fluorescence spectra of the visible light irradiated BiOBr in 5 mM
terephthalic acid and 0.01 M NaOH solution at different irradia-
tion times. The unique fluorescence peak at 426 nm is observed,
which is originated from 2-hydroxyterephthalic (TAOH) acid pro-
duced by the reaction of TA with hydroxyl radicals in basic solution
under visible light irradiation. Such high photocatalytic bacteri-
cidal activity of BiOBr microspheres may be due to their strong
adsorption capability, allowing a good ability to adhere to the cell
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membrane of M. lylae. The photocatalytic quantum efficiency of the
BiOBr is another key factor responsible for its excellent bactericidal
activity. As shown in Fig. 83, the as-prepared BiOBr microspheres
exhibited much higher light absorption intensity than the BiOBr
nanosheets. This is because the hierarchical structures of the BiOBr
microspheres may allow the light to multi-reflect between the
BiOBr layers, thus, more light could be utilized to activate BiOBr
crystals to generate electron-hole pairs with enhanced quantum
efficiency for the photocatalytic oxidation of M. lylae. Such high
quantum efficiency can be further proved by the PL results, which
can allow one to investigate the recombination and lifespan of pho-
togenerated electrons/holes in the photocatalysts. Fig. 8b shows the
emission intensity at 390 nm of the BiOBr microspheres is much
lower than that of the BiOBr nanosheets, indicating a lower recom-
bination rate of photo-generated electrons and holes in the BiOBr
microspheres [51]. Therefore, it is reasonable that much higher
quantum efficiencies could be obtained on the microspheres for
the photocatalytic reaction owing to the hierarchical structures of
BiOBr microspheres.
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Fig. 8. UV-vis spectra (a) and PL spectra (b) of the as-obtained BiOBr microspheres and nanosheets.
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4. Conclusion

In conclusion, 3D marigold-like BiOBr microspheres with high
adaptability in water treatment were fabricated with imidazolium-
based ionic liquids as a structural directing agent and the resource
of bromine ions. The resulting BiOBr microspheres show high
adsorption efficiency for heavy metals and organic dyes. The mate-
rial can also be used as a photocatalyst for inactivating bacteria.
This facile method may allow us to produce other metal halide plas-
monic photocatalysts with 3D architectures, such as Ag/AgBr and
Ag/AgClL
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