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Abstract: By introducing VO;~ into the
reaction system, uniform hierarchical
nanostructures of Bi,O; have been suc-
cessfully synthesized by a template-free
aqueous method at 60-80°C for 6h.
The as-prepared hierarchitectures are
composed of 2D nanosheets, which in-
tercross with each other. Based on the
electron microscope observations, the
growth of such hierarchitectures has

process followed by self-assembly. The
nucleation, growth, and self-assembly
of Bi,0; nanosheets could be readily
tuned, which brought different mor-
phologies and microstructures to the
final products. Pore-size distribution
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analysis revealed that both mesopores
and macropores existed in the product.
UV-vis spectroscopy was employed to
estimate the band gap energies of the
hierarchical nanostructures. The photo-
catalytic activities of as-prepared Bi,O;
hierarchitectures were 6-10 times
higher than that of the commercial
sample, which was evaluated by the
degradation of RhB dye under visible

been proposed as an Ostwald ripening

Introduction

In recent years, considerable interest has been focused on
the synthesis of inorganic nanomaterials with controllable
morphology, orientation, dimensionality etc., which usually
exhibit unique properties. This makes it possible for the
design of new functional nanomaterials.!! In particular, the
self-assembly of low dimensional (0D, 1D, 2D) nanostruc-
tures into three-dimensional (3D) superstructures represents
a hot topic, owing to their potential applications in electron-
ic, magnetic, optoelectronic, catalytic, and biomedical
fields.”) A number of inorganic materials with hierarchical
superstructures, including metal, metal oxide, hydrate, sul-
fide, etc., have been fabricated. Nonetheless, oriented as-
sembly of nanorods, nanotubes, and nanoplates etc. is gener-
ally difficult. It usually requires hard or soft templates to
control their oriented growth,” which not only introduces
heterogeneous impurities, but also increases production
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light irradiation (4 >420 nm).

costs. Therefore, the development of facile, template-free,
and self-assembly routes for the formation of hierarchical
nanostructures is of great interest. Moreover, although
much effort has been made, the rational design of 3D nano-
materials with ideal and controllable morphologies, sizes,
and structures still remains a challenge.

Bismuth oxide (Bi,O;) has been widely used in gas sen-
sors, solid oxide fuel cells, optical coatings, ceramic glass
manufacturing etc., owing to their excellent properties, such
as high refractive index, high dielectric permittivity, as well
as marked photoluminescence properties.[*”) Furthermore,
Bi,0; has also proved to be a good photocatalyst for water
splitting and pollutant decomposing under visible light irra-
diation. Recently, Bi,O; nanocrystals with various morphol-
ogies have been achieved. For example, ultrathin Bi,O;
nanowires have been prepared by using an oxidative metal
vapor transport deposition technique.'” Bi,O; sub-microme-
ter rods have been produced using Bil; and O, as a starting
material.'! Yu et al." fabricated Bi,O; nanoplates directly
from commercial bulk bismuth oxide crystals by hydrother-
mal treatment. Very recently, Li et al.l"” reported the syn-
thesis of Bi,0; nanotubes from oxidizing the bismuth nano-
wires in air by a templates-based heat-treatment method. As
the photocatalytic activity closely interrelates with the size,
morphology, and microstructures of the photocatalysts, the
availability of Bi,O; hierarchical nanostructures with well-
defined morphologies and dimensions should enhance their
photocatalytic property and is, therefore, highly desirable
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from the practical point of view. However, to the best of our
knowledge, there is no report on a controllable assembly of
bismuth oxide nanoplates into 3D superstructures.

Herein, for the first time we report the morphology and
assembly-controlled synthesis of Bi,O; 3D nanostructures
through a facile template-free approach, The addition of
VO;™ mediated the nucleation and growth of Bi,O;, leading
to the in-situ self-assembly of 3D hierarchitectures from 2D
nanosheets. The organization of Bi,O; nanosheets can be
tailored to obtain the superstructures with different shapes
by varying the amount of VO;~ and reaction temperature.
The morphology evolution and the growth mechanism were
investigated carefully, based on the electron microscopy ob-
servation. In addition, the Bi,O; hierarchitectures product
exhibited 6-10 times higher photocatalytic activity over
commercial sample under visible light irradiation.

Results and Discussion
Structure and Morphology: The phase and composition of

the products were characterized by X-ray diffraction
(XRD). Figure 1 shows the XRD pattern of the sample
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Figure 1. XRD patterns of the products obtained by a mild aqueous
route at 60°C, VO, =2 mmol L.

obtained by a mild aqueous route at 60°C when the VO;~
concentration was 2 mmol L™!. All the diffraction peaks can
be indexed to a cubic phase of 4-Bi,O; (JCPDS card No.27—
0052, a=5.525 A). No other crystalline impurities were de-
tected, demonstrating the phase purity of the Bi,O; prod-
ucts. The broadening of the peaks indicates that the crystal-
lites are small. Bismuth oxide has four main crystalline
phases: monoclinic o, tetragonal 3, body centered cubic v,
and face-centered cubic 0.'*") Among these phases, the J-
phase is the high-temperature phase, which usually exists at
above 730°C. In the present case, the cubic d-Bi,O; have
been successfully synthesized at very low temperature.

The morphology of the final products was characterized
by SEM and TEM. Figure 2a is a typical low-magnification
SEM image of the as-synthesized product obtained at 60°C,
which clearly reveals that the sample consists of uniform
spheres with an average diameter of ~6 um. The magnified
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Figure 2. SEM images of the Bi,O; samples prepared at 60°C, VO, =
2 mmolL™": a) Overall product morphology; b) Enlarged SEM image of
the spheres, showing flower-like morphology; c) Detailed view of an indi-
vidual sphere; d) Magnified image of the surface structure of the sphere.

image in Figure 2b shows that the spheres are flower-like
and exhibit an hierarchical structure. To reveal the detailed
structure of the flowers, high magnification SEM images
were recorded. Figure 2c,d clearly demonstrate the surface
structure of the flower, from which one can see that dozens
of 2D sheets (with a side length of 1-2 um and a thickness
of about 30 nm) are intercrossed with each other and have
formed flowery microspheres through self-assembly. Al-
though these sheets are not highly close-packed, all of the
microflowers maintained their integrity after vigorous ultra-
sonic treatment, showing the structural stability of the prod-
uct.

TEM images (Figure 3a,b) of the sample further con-
firmed the loose-packed flowery structure of the micro-
spheres. Figure 3c shows an enlarged TEM image of a single
sheet marked by a circle. The corresponding selected area
electron diffraction (SAED) pattern (inset in Figure 3c)
with a regular and clear square diffraction spot array reveals
that each petal is single crystalline. The high resolution
TEM (HRTEM) image (Figure3d) is recorded on the
corner of the sheet. The clear lattice fringe indicates the
single crystalline nature of the plates. The interplanar spac-
ings are 0.276 nm and 0.274 nm, which correspond to the
(200) and (020) planes of cubic Bi,O;, respectively. Both the
HRTEM and SAED analyses indicate the anisotropic
growth of the plates along (200) and (020) directions.

The as-synthesized product obtained at 80°C displays a
different flowery morphology with an average diameter of
8-10 pm, as shown in Figure 4a. Closer observation (Figur-
e 4b,c) demonstrates that the flowers are composed of small-
er nanosheets with the side length of ~500 nm and the
thickness of ~40 nm. Comparing with the ones obtained at

1777

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

W. Wang et al.

A EUROPEAN JOURNAL

Figure 3. a) Low-magnification TEM image of the Bi,O; hierarchitec-
tures; b) High-magnification TEM image of an individual flower;
c) TEM image of a single nanosheet taken from the circle of b). Inset:
the corresponding SAED pattern of the nanosheet; d) HRTEM images
of the nanosheet recorded on the corner of a sheet.

Figure 4. SEM and TEM images of the Bi,O; samples prepared at 80°C,
VO; =2 mmolL™": a) Overall product morphology; b) Detailed view of
an individual sphere; ¢) Magnified SEM image of the surface structure of
the sphere; d) An incomplete or cracked microsphere morphology.

60°C, when the VO, concentration was 2 mmolL™, these
nanosheets are densely-packed, exhibiting a porous struc-
ture with an aperture of 500-800 nm. The porous structure
was revealed by the magnified SEM image (Figure 4d),
which shows an incomplete or cracked microsphere in which
the inner structure can be clearly seen. Despite the mor-
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phology difference, the XRD pattern of the sample presents
similar profile to that prepared at 60°C.

Growth mechanism: To investigate the growth mechanism
of the Bi,O; hierarchical structure, the growth processes
were systematically studied by analyzing the samples at dif-
ferent growth stage. Figure Sa—f show a series of SEM
images of the precursor and products by varying the reac-
tion time from 2h to 4 h, 6 h, 12 h, and 24 h at 60°C, when
the VO;~ concentration was kept at 2 mmolL™". As shown
in Figure 5a, the precursor is composed of irregular nano-
particles with size of ~100 nm. After 2 h of reaction, some
dense aggregates with a diameter of 2-5 pm can be found
(Figure 5b). These aggregates became looser when the reac-
tion time was longer (4 h, Figure 5c). The product obtained
after 6 h contains a mixture of flower structures, particle ag-
gregates, and dispersed nanoparticles (Figure 5d). The flow-
ery structures are constructed by lots of small nanosheets
(0.5-1 um in width) intercrossed with each other. Prolonging
the reaction time to 12 h gave microflowers as the dominant
product (Figure Se), only a small amount of nanoparticles
remained (&5 %). For a reaction time of 24 h, well-defined
microflowers were formed, which consisted of nanosheets
(1-2 um in width, Figure 5f).

S
1im: =

Figure 5. SEM images of a) the precursor and the Bi,O; products ob-
tained at various reaction stages b) 2 h, ¢) 4h, d) 6 h, e) 12 h and f) 24 h.
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On the basis of above experimental results, we considered
that the formation of the novel flowery hierarchical struc-
ture was a cooperation effect of Ostwald ripening and self-
assembly process. The whole process is illustrated in
Figure 6. In the first stage, tiny crystalline nuclei were gener-
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Figure 6. Schematic illustration of the proposed formation mechanism of
Bi,0; hierarchical nanostructures.

LR .
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” Assembly

ated in the supersaturated solution and grew into nanoparti-
cles. As no surfactants or templates were involved, these
nanoparticles were quickly built and spontaneously aggre-
gated into large spheres to minimize their surface area
through the process known as Ostwald ripening.'®! The nu-
merous small protuberances on the surface of the micro-
spheres could provide many high-energy sites for nanocrys-
tals grow.'”! Under constant reaction at 80°C, the micro-
spheres started to dissolve into the solution and spontane-
ously nucleate onto these protuberances. Then the crystal-
lized particles grew aniscopically along the 2D direction,
resulting in the formation of the nanosheets. As the mass
diffusion and Ostwald ripening process proceeded, the nano-
sheets grew until all the nanoparticles were consumed, ac-
companied by their self-organization into the flowery struc-
ture. The different morphology of the two products can be
ascribed to the effect of nucleation-dissolution-recrystalliza-
tion rate. At a relatively higher temperature, 80°C, the solu-
bility of precursor is increased. The increase of the solubility
of precursor will result in the increase of reactant (Bi** and
OH™) concentrations in solution. So the nucleation and
growth rate were increased. With the reactants transferred
onto the surface of the microspheres, numerous nanosheets
grew and intercrossed, which restrains the expanding of
each nanosheet.

Influences of reaction conditions: It is noticeable that the
existence of VO;~ was crucial in the formation of the nano-
sheets and their self-assembly. The flower-like products
could only be obtained in the presence of appropriate
amount of VO; . Other agents, such as WO4, MoO," in-
stead of VO;~, have been applied in the reaction system. No
flowery structures or uniform products could be observed.
Therefore, the effect of VO;~ on the product was investigat-
ed. Controlled experiments were conducted in the presence
of different amounts of VO;~ at 60°C, but the reaction time,
and reactant concentration were the same as those in the
typical synthesis. If no VO;~ was introduced in the reaction
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system, only irregular particles with various shapes can be
observed. Corresponding XRD measurements indicated that
the product is poorly crystallized (Figure Sla in the Sup-
porting Information). When the VO;~ concentration was in-
creased to 0.25 mmolL ™!, a mixture of spherical nanoparti-
cles (=150 nm in diameter) and 3D flower-like superstruc-
tures formed, as shown in Figure 7a—c. A pure cubic phase

Figure 7. SEM images of the Bi,O; product prepared at 60°C, VO, =
0.25 mmol L™".

of Bi,O; can be identified from the corresponding XRD pat-
tern, no peaks of impurities were detected (Figure S1b in
the Supporting Information). More than 0.5 mmolL™" VO,~
is necessary to obtain the pure flower-like structures that
consist of nanosheets. This is to say the formation of the
nanosheets and their assembly are attributed to the presence
of VO;™ in the present system. Further increasing the con-
centration of VO;™ in the reaction system gave another type
of 3D hierarchical structure. Figure 8a is the overall view of
the sample prepared at 60°C, 4 mmolL' VO, showing
that the product contains lots of microspheres with a diame-
ter of ~1 pm. The magnified SEM image (Figure 8b) shows
that the surfaces of these spherical structures are also con-
structed by many nanosheets and take on a flower-like ap-
pearance. Compared with the sample shown in Figure 2, the
average diameter of the microflowers is smaller and the
nanopetals are more loosely packed. Closer observation of a
typical flower-like structure, as shown in Figure 8c,d, reveals
that the nanosheets are smaller (300-500 nm in size) but
thicker (~50 nm). This experimental phenomena can be ra-
tionally explained as a concentration effect of reactant (Bi’**
and OH") resulting from the interaction of VO;- ions with
Bi** in the solution. The probable reaction processes in
aqueous solution can be summarized in Equations (a)—(c):
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Figure 8. a) Low-magnification SEM image and b) High-magnification
SEM image of the Bi,O; product prepared at 60°C, VO;"=4 mmolL™;
c—d) Detailed view of an individual sphere.

Bi** +H,04+NO,~ — BiONO, | +2H* (a)
2 BIONO,+20H" — Bi,0; | +2NO,~+H,0 (b)
BIONO3+VO37 — BIVO4 l +NO37 (C)

Bi(NO;); was first strongly hydrolyzed in water to pro-
duce slightly soluble BiONO; [Eqn. (a)]."! If no VO; is
added in the solution, Bi,O; will appear immediately, owing
to the fast reaction rate of BIONO; and OH™ under the
present reaction condition, as showing in Equation (b).
However, with the addition of VO,  into the reaction
system, BiVO, will generate firstly in the form of amor-
phous at relatively low pH value [Eqn. (c)], as reported in
our previous work.™ Under constant heat treatment on the
aqueous solution, the amorphous product gradually dis-
solved. When the pH value was increased, the existence of
large quantities of OH~ forces the Equation (b) shift to-
wards the right side and speeds up the dissolution of the
amorphous BiVO, to release BiONO;. It is reasonable that
the Equation (b) and the Equation (c) compete with each
other and thus moderates the nuclearation and growth rate
of Bi,0O;, which results in the formation of the flower-like
superstructures. Moreover, we found that only by increasing
the pH value to 12, could the formation of Bi,O; crystals
and their subsequent self-assembly be realized. However,
the higher pH value (>13) does not favor the formation of
microflower but nanoparticles with a size of ~100 nm (Fig-
ure S2 in the Supporting Information). These results indicate
that the morphologies of the products are strongly pH-de-
pendent, which can be also confirmed by the above reaction
equations.
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Nitrogen sorption: The nitrogen adsorption-desorption iso-
therms and porosity of the different samples are presented
in Figure 9. According to BDDT classification, all the sam-
ples display a type IV isotherm with a type H3 hysteresis
loop (at P/P,>0.8), implying the presence of mesopores (2—-
50 nm in size).?”) Moreover, it can be seen that the hystere-
sis loop shifts approach P/P,=1, indicating the existence of
macropores (>50nm).”! These results were further con-
firmed by the corresponding pore-size distributions in which
the peaks for both mesopores and macropores up to 100 nm
can be found, as shown in the insets of Figure 9. Considering
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Figure 9. Typical N, gas adsorption-desorption isotherm of the Bi,O;
products a) at 60°C, VO;” =2 mmolL'; b) at 60°C, VO;~ =4 mmolL};
c)at 80°C, VO, =2mmolL"'. Inset: the corresponding pore-size
distribution.
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the observed morphology of the product, the smaller pores
with a sharp peak at about 2.5 nm may be generated during
the crystal growth process, whereas the larger pores with a
wide pore size distribution can be attributed to the space be-
tween the intercrossed Bi,O; nanosheets.!! The Brunauer—
Emmett-Teller (BET) surface area, pore volumes, and
mean pore diameters of the as-prepared samples are sum-
marized in Table 1.

Table 1. The Brunauer-Emmett-Teller (BET) surface area, pore vol-
umes, and mean pore diameters of the as-prepared samples.

Sample Reaction conditions BET surf.  Pore Mean pore
T Cyo,- areas volumes diameters
[°C] [mmolL™"]  [m’g”'] [em’g™] [nm]

a 60 2 33.1 0.12 20.6

b 60 4 38.6 0.22 273

c 80 2 72.9 0.29 16.1

Optical properties and photocatalytic activity: The optical
properties of the Bi,O; samples were measured by using
UV-vis spectroscopy. Figure 10 shows the diffuse reflectance

a)

Abs./a.u.

(zhv)?/a.u.

200 400 600 800
Wavelength/nm

2.0 2.4 2.8 3.2
hviev

Figure 10. UV-vis diffuse reflectance spectra of the Bi,O; products ob-

tained a)at 60°C, VO; =2mmolL"}; b)at 60°C, VO, =4 mmolL;
c) at 80°C, VO;~ =2 mmol L', respectively.

spectra of the different Bi,O; samples. The steep absorption
edge in the visible range confirms that the band gap is owed
to the intrinsic transition of the nanomaterials but not a
result of the transition from impurity level.? It is known
that the optical absorption coefficient near the band edge
follows the equation (ahv)*=A(hv—E,) for a direct-bandgap
material in which a, &, v, E,, and A are the absorption coef-
ficient, Planck constant, light frequency, band gap, and a
constant, respectively.” This relationship gives the band
gap (E,) by extrapolating the straight portion of (ahv)’
against Av plot to the point a =0, which are 2.93 eV, 3.02 eV
and 3.10eV for the samples prepared at 60°C, VO; =
2mmolL™"; at 60°C, VO; =4mmolL™"' and at 80°C,
VO, =2 mmol L™, respectively. These values were a little
bigger than the reported value (2.85 eV), which could be as-
sociated with the nanosized effect.”"!

Photocatalytic activities of the Bi,O; hierarchitectures
were evaluated by the degradation of RhB dye in water
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under visible light irradiation (4>420 nm). The characteris-
tic absorption of RHB at 4=553 nm was used to monitor
the photocatalytic degradation process. The temporal evolu-
tion of the spectral changes taking place during the photo-
degradation of RhB over as-prepared samples is displayed

CIC,

0.0+ T T T
0 30 60 90 120 150

Time /min

Figure 11. Photocatalytic degradation of RhB over a) commercial Bi,O;
product and the as-prepared samples obtained b)at 60°C, VO; =
2mmolL™"; c¢)at 60°C, VO; =4mmolL"!; d)at 80°C, VO, =
2 mmol L™, respectively.

in Figure 11. A control experiment showed that in the ab-
sence of Bi,O; powders the absorption intensity of the RhB
hardly changed with increasing irradiation time, which dem-
onstrated that the as-prepared Bi,O; hierarchitectures are
active photocatalysts. For comparison, the same photodegra-
dation experiment using commercial Bi,O; (Shanghai Chem-
ical Company) was also carried out. It is clear that the pho-
todegradation rates of the as-synthesized Bi,O; hierarchitec-
tures are much higher (6-10 times) than that of the corre-
sponding commercial sample. Among them, the sample pre-
pared at 80°C exhibited the highest photocatalytic activity,
indicating that the increase of the BET surface areas (from
33.06 m’g~! to 72.87 m*>g™!) of these hierarchitectures could
improve the photocatalytic performance, as shown in
Table 1. It has been reported that large surface area helps to
increase the photocatalytic reaction sites and promote the
efficiency of the electron-hole separation.” In addition, the
porous nanoflowers with thinner laminar structures could
not only benefit the transfer of the light-generated charge
carriers to the surface to act with the organic molecules, but
also allows the rapid diffusion of the reactants and products
during the reaction.”

Conclusion

In summary, we have developed a facile and template-free
method for the controllable synthesis of Bi,O; with unique
flower-like hierarchitectures at 60-80°C for 6 h. By properly
monitoring the experimental conditions, such as the VO;~
concentration, the reaction temperature, and the pH values,
the Bi,O; with different morphologies and microstructures
could be obtained. On the basis of the observation of inter-
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mediate products in the growth process, a two-stage growth
mechanism that involves an initial Ostwald ripening process
followed by a self-assembly process is proposed. Moreover,
the Bi,O; hierarchitectures showed much higher (6-
10 times) photocatalytic activity over commercial samples
under visible light irradiation. The present work not only
opens new strategies for the controllable synthesis of hier-
archical nanostructures based on 2D nanoscale building
blocks, but also provides a step forward in the design of
photocatalysts with controllable morphology and enhanced
photocatalytic activities.

Experimental Section

Synthesis: The Bi,O; hierarchitectures were synthesized in an aqueous
media in open system. In a typical experimental procedure, Bi-
(NO;);*5H,0 (0.5 mmol) and appropriate NH,VO; were dissolved in
5 mL HNO; solution (4 molL™"). Then deionized water was added into
this solution, which gave a final volume of 25 mL. After stirring for 10
minutes, NaOH was added to adjust the pH to 12. Yellow precipitates
formed immediately. The suspension was heated at an appropriate tem-
perature for 24 h without stirring. The final products were centrifuged,
washed with deionized water and absolute ethanol for several times, and
then dried at 60°C for 10 h in air.

Characterization: The powder X-ray diffraction (XRD) patterns of the
as-synthesized samples were measured on a D/MAX 2250 V diffractome-
ter (Rigaku, Japan) using monochromatized CuK, (1=0.15418 nm) radi-
ation under 40 kV and 100 mA. The morphologies and microstructures of
as-prepared samples were examined by using transmission electron mi-
croscopy (TEM, JEOL JEM-2100F; accelerating voltage: 200 kV) and
scanning electron microscopy (SEM, JEOL JSM-6700F). High-resolution
transmission electron microscopy (HRTEM) images were obtained by
using JEM 2100F field-emission transmission electron microscope operat-
ed at an accelerating voltage of 200 kV. Nitrogen adsorption-desorption
measurements were conducted at 77.35 K on a Micromeritics Tristar 3000
analyzer after the samples were degassed at 200°C for 6 h. The Bruna-
uer-Emmett-Teller (BET) surface area was estimated by using adsorp-
tion data in a relative pressure range from 0.05 to 0.3.

Photocatalytic tests: The photocatalytic activities of the Bi,O; hierarchi-
tectures were evaluated by the photocatalytic decolorization of a model
pollutant Rhodamine-B (RhB) under visible light. A 500 W Xe lamp was
used as a light source with a 420 nm cutoff filter to provide visible light
irradiation. The experiments were performed at ambient temperature as
follows: In each run, 50 mg of Bi,O; catalyst was added into 50 mL. RhB
solution (10~ molL"). Before illumination, the suspension was stirred
for 30 min in the dark to reach the adsorption-desorption equilibrium be-
tween the RhB and the photocatalyst. Then the suspension was stirred
and exposed to visible light irradiation. The concentrations of the RhB
were monitored by checking the absorbance at 553 nm during the photo-
degradation process by using a Hitachi U-3010 UV-vis spectrophoto-
meter.
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