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An anchoring method was developed to synthesize mono-
clinic BiVO, (m-BiVO,) hollow spheres with a size of about
700 nm by employing colloidal carbon spheres (CCSs) as
hard templates. The influence of synthesis conditions and the
growth mechanism were investigated with XRD, TEM, and
SEM through a series of comparison experiments. It was
found that two-stage heat treatment was essential for the
synthesis of BiVO, hollow nanospheres. The Bi®* ions were
firstly adsorbed on the surface of the CCSs and worked as
anchors in the first stage (80°C). In the second stage
(100 °C), the VO3~ ions reacted with the anchored Bi®* ions,
and amorphous BiVO, nanoparticles were thus precipitated
on the CCSs surface. The analysis on the calcination process

revealed that calcination promoted the crystallization of
amorphous BiVO, into m-BiVO, crystals at 236 °C and re-
moved the CCSs at 353 °C. The as-prepared BiVO, hollow
nanospheres exhibited higher photocatalytic activity than
BiVO, prepared by the aqueous method and by a solid-state
reaction in the degradation of rhodamine B and acetalde-
hyde, which could be attributed to their higher BET surface
area (5.85m2g') and larger band gap (2.36 eV). Given the
general adsorption of metal ions on the CCSs surface, this
anchoring method could be extended to synthesize other hol-
low-structured multicomponent oxides.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Hollow micro-/nanostructures have found diverse appli-
cations in rechargeable batteries,['l sensors,?l catalysis,?!
drug delivery,™ and biomedical imaging!® because of their
special characteristics that include low density, high surface
area, distinct optical properties, and low coefficients of
thermal expansion, and refractive index.[®! These promising
applications have in turn catalyzed the exploration of both
new synthetic approaches and new hollow structures. The
ever-reported synthetic approaches can be divided into four
categories:[°®! (1) conventional hard template synthesis, (2)
sacrificial template synthesis, (3) soft template synthesis,
and (4) template-free methods. Though there are many new
methods, the conventional hard template method is still
prevalent due to the straightforward and facile procedures.
Among the commonly employed hard templates, colloidal
carbon spheres (CCSs) are popular because the negatively
charged ~-OH and —C=0O groups on their surface exhibit
intense adsorption of metal ions and thus free the CCSs
from further surface modification.
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Since the first preparation of CCSs by Sun et al.,l’l CCSs
have been widely applied as hard templates in the fabrica-
tion of hollow spheres. However, most of them are simple
metal oxidest®! that can be easily achieved merely by
calcining the CCSs with adsorbed metal ions on their sur-
face. Multicomponent oxide hollow spheres have rarely
been synthesized with this method to date because of com-
plex synthesis procedures and indistinct growth mechanism.
Li et al.®! prepared ferrite hollow spheres MFe,O, (M =
Ni, Co, Mn, Zn) by direct adsorption of Fe3* and M>* on
the surface of CCSs followed by a calcination process to
remove the CCSs and transformed the metal ions into pure
ferrites. Shang et al.l'% synthesized cage-like Bi,WOg4 hollow
nanospheres through one-step precipitation of Bi,WO4 on
the surface of CCSs at 160 °C and subsequent calcination
at 450 °C. Both of these syntheses involved one-step precipi-
tation of either metal ions or final product on the surface
of the CCSs. However, such a one-step precipitation
method fails to yield CCSs with surfaces coated with
BiVO,, let alone to synthesize BiVO, hollow spheres. CCSs
generally exhibit significant adsorption of metal cat-
ions.8%8¢ Therefore, multicomponent oxides can be precipi-
tated on the surface of the CCSs through a two-step pro-
cess: (1) precipitation of metal ions on the surface of the
CCSs through electrostatic attraction to work as anchors
and (2) introduction of anions that contain other target ele-
ments to react gradually with the anchored metal ions and
thus settle the terminal product or its precursor on the sur-
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face of the CCSs. Subsequently, hollow spheres could be
achieved after removing the CCSs by calcination.

According to the above proposition, here we use the syn-
thesis of BiVO, hollow nanospheres as an example to illus-
trate the anchoring method. The growth mechanism was
revealed in detail, which demonstrated the necessity of the
two-step precipitation process for the preparation of BiVO,
hollow nanospheres. The as-prepared BiVO,; hollow
nanospheres exhibited high photocatalytic efficiency not
only in the degradation of rhodamine B (RhB) but also in
the decomposition of acetaldehyde (CH;CHO) under vis-
ible-light irradiation.

Results and Discussion

Characterization of the CCSs and the BiVO, Hollow
Nanospheres

The TEM image of the CCSs is shown in Figure S1. The
CCSs display regular spherical shapes. The diameter of
these CCSs is about 600 nm. Zeta potential analysis on the
CCSs indicates that the surface of the CCSs are negatively
charged at room temperature in EG (ethylene glycol) (pH
=7,{=-32.0mV).

Figure la,c represent the XRD patterns of the BiVO,-
precipitated CCSs before and after calcination, respectively.
The obvious bump between 25 and 35° (Figure 1a) indicates
that the BiVO, on the surface of the CCSs is amorphous
before calcination. The XRD pattern of the product cal-
cined at 350 °C for 2 h shows diffraction peaks with a sharp
shape and high intensity (Figure Ic). All the diffraction
peaks in Figure 1c can be indexed to monoclinic BiVOy (m-
BiVO,, JCPDS cards no. 14-0688), suggesting the success-
ful preparation of m-BiVO, crystals. Further, the two XRD
patterns imply the leading role of calcination in the
crystallization of amorphous BiVO, into m-BiVO,.
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Figure 1. XRD patterns of the as-prepared BiVOy-precipitated
CCSs (a) without calcination and with 2 h of calcination at 236 °C
(b), at 350 °C (c), and at 450 °C (d).

Figure 2 shows the morphology and microstructure of
the as-prepared m-BiVO, crystals. The panoramic TEM im-
age in Figure 2a reveals the hollow structures of the spheri-
cal m-BiVO, crystals. The magnified image (inset of Fig-
ure 2a) shows that these hollow spheres possess an outside
diameter of about 700 nm and a shell thickness of 100-
4380
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150 nm. It is clear that the inside diameter is 100-200 nm,
which is smaller than the diameter of the original CCS tem-
plates, which might be attributed to the densification of the
amorphous BiVOy, in the shell during the calcinations.¥ In
addition, some of the BiVO, hollow nanospheres are
broken, which enables the observation of hollow structures
by SEM images. Figure 2b represents the SEM images of
the as-prepared BiVO, hollow nanospheres. The hollow
structures were clearly confirmed by the broken nanosph-
eres. The magnified image (inset of Figure 2b) shows that
the shell consists of spherical nanoparticles with a size of
about 100-150 nm and only one layer of spherical particles
packs along the radius in the shell. This is just in agreement
with the thickness of the shell observed in the TEM images.
To confirm the microstructure of the shell, selected-area
electron diffraction (SAED) was carried out on the hollow
nanosphere shown in Figure 2c. The SAED pattern (top

Figure 2. Panoramic (a) TEM and (b) SEM images of the as-pre-
pared BiVO, hollow nanospheres; the bottom insets are the corre-
sponding magnified images; (¢) TEM image of one single BiVO,
hollow nanosphere; the top and bottom insets are the SAED pat-
terns of the whole nanosphere and the rectangle-involved nanopar-
ticle, respectively.

Eur. J. Inorg. Chem. 2009, 4379-4384



BiVO, Hollow Nanospheres

Eur|IC

inset of Figure 2c) of the whole spherical shell indicates the
polycrystalline nature of the shell, which is consistent with
the hierarchical structures observed in the SEM images.
However, the SAED pattern of a single nanoparticle (rect-
angle marked) in Figure 2c shows well-aligned diffraction
spots, indicating the primary spherical nanoparticles are
singly crystalline (bottom inset of Figure 2c).

Growth Mechanism of the BiVO, Hollow Nanospheres

In general, hollow structures can be prepared in three
steps when CCS is employed as the template:[°®-3a] (1) pre-
paring the CCSs templates; (2) coating the CCSs with de-
signed materials or their precursors; (3) removing the CCSs
templates by calcination. For step 1, the CCSs can be easily
prepared by polymerization of glucose.[”l Steps2 and 3,
however, are usually challenging. Herein, two stages of heat
treatments at different temperatures (80 and 100 °C) were
designed to ensure an efficient precipitation of amorphous
BiVO, on the surface of the CCSs. The calcination in
stage 3 is aimed at removal of the CCSs templates and pro-
moting crystallization of the amorphous BiVOy, as indicated
by the above XRD results. To investigate the detailed
growth mechanism of the BiVO, hollow nanospheres, a
series of comparison experiments was carried out.

When the experiment was carried out at 80 °C for 12 h,
only Bi,O3; was obtained after 2 h of calcination at 350 °C
(Figure S2), indicating that Bi** ions were precipitated on
the surface of the CCSs, whereas the VO5;~ ions remained
in the EG solvent. Considering the fact that nothing was
obtained after 2 h of calcination at 350 °C when the mixed
solution was merely stirred at room temperature for 24 h, it
is reasonable to speculate that the heat treatment at 80 °C
facilitates the precipitation of Bi** ions on the surface of
the CCSs. This precipitation should be attributed to the
electrostatic attraction between them, as well as the high
activity of Bi** ions at 80 °C. Moreover, it can be inferred
that the other heat treatment at 100 °C promotes the reac-
tion between VO; and the anchored Bi’* and thus
amorphous BiVO, precipitates on the surface of the CCSs.

To further examine the anchoring role of the Bi** ions
in the formation of BiVO, on the surface of the CCSs, the
synthesis was carried out without treatment at 80 °C under
otherwise identical conditions. The XRD pattern of the
product (Figure S3) shows that all the diffraction peaks can
be indexed to m-BiVO,, as mentioned above. The SEM im-
age of the product is shown in Figure 3a. It is clear that the
product is composed of nanoparticles with sizes of about
50-100 nm. These nanoparticles exhibit a disordered aggre-
gation rather than a hollow-structured assembly. This result
implies that direct heat treatment at 100 °C does not estab-
lish the effective precipitation of BiVO,4 on the surface of
the CCSs. By contrast, BiVO, nanoparticles can be effec-
tively precipitated on the surface of CCSs when the heat
treatment at 100 °C was carried out after the one at 80 °C.
This comparison experiment confirms the anchoring role of
the adsorbed Bi** ions in the subsequent precipitation of
BiVO, on the surface of the CCSs.
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Figure 3. Monoclinic BiVO, crystals prepared (a) with the oil bath
at 80 °C for 12 h and a subsequent calcination at 353 °C for 2 h;
(b) with two stages of oil bath at 80 and 100 °C followed by calci-
nation at 450 °C for 2 h.

The appropriate calcination temperature, which is critical
for preparation of hollow structures, was determined with
DSC and TG analysis on the BiVO,-precipitated CCSs. The
results are shown in Figure 4. There are two stages of sig-
nificant mass loss in the TG process. The first one between
40 and 120 °C corresponds to an endothermic peak in DSC
and should be ascribed to the evaporation of adsorbed
water. The second one ranging from 331 to 430 °C corre-
sponds to a sharp exothermic peak centered at 353 °C, aris-
ing from the oxidation of the CCSs. Besides these two, an
exothermic peak centered at 236 °C exists in the DSC curve.
Nonetheless, there is no mass change in this stage. To clarify
the nature of this process, the BiVO,-precipitated CCSs
were calcined at 236 °C for 2 h and the phases of the prod-
uct were identified with XRD. It is obvious that only dif-
fraction peaks corresponding to m-BiVO, crystals were de-
tected in the XRD pattern (Figure 1b), revealing that the
exothermic peak centered at 236 °C should come from the
crystallization of amorphous BiVO, into m-BiVO,. On the
basis of the analysis above, the peak temperature of 353 °C
was determined to remove the CCSs through calcination.
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Figure 4. Thermogravimetric (TG) and differential scanning calori-
metric (DSC) curves of the BiVOy-precipitated CCSs (heating rate:
5°Cmin!; air atmosphere).

To demonstrate the critical role of the optimum calci-
nation temperature in the preparation of BiVO, hollow
nanospheres, the calcination was also carried out at 450 °C,
a temperature previously used in the preparation of hollow-
structured simple metal oxides.®®! The XRD pattern of the
product presented in Figure 1d shows pure m-BiVO, crys-
tals. Figure 3b is the TEM image of the corresponding
4381
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product. It is obvious that BiVO, hollow structures have
not been obtained. Such a BiVO, product is composed of
circle- and chain-like particles with a size of about 200-
250 nm. These particles are larger than those in the BiVO,
hollow nanospheres, which should be due to the growth of
BiVO, nanoparticles at the higher calcination temperature.

On the basis of the above comparison, the growth
mechanism of the BiVO, hollow nanospheres was proposed
as follows and illustrated in Scheme 1. When a mixed solu-
tion of Bi(NO;); and NH,VO; was heated at 80 °C, Bi**
ions were adsorbed on the negatively charged surface of the
CCSs through electrostatic attraction and worked as an-
chors. Then, with the heating temperature increased to
100 °C, VO;3™ ions in the solution reacted with the anchored
Bi** ions, and amorphous BiVO, nanoparticles were thus
precipitated on the surface of the CCSs to form the BiVO,-
precipitated CCSs. Subsequent calcination of BiVO,-pre-
cipitated CCSs resulted in the crystallization of amorphous
BiVO, into m-BiVO, at about 236 °C and the removal of
the CCS templates at 353 °C. Consequently, the BiVO, hol-
low nanospheres were obtained.
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Scheme 1. Schematic growth mechanism of the BiVO, hollow
nanospheres prepared by using colloidal carbon spheres as tem-
plates.
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Photophysical Properties and Photocatalytic Activity of the
BiVO,4 Hollow Nanospheres

As was reported, m-BiVO, crystals exhibit high activities
not only for photocatalytic degradation of organic contami-
nants,!1-12 but also for photocatalytic O, evolution from
aqueous AgNOj; solutions.'>!¥ In addition, BiVO, with
tube-likel'>) and mesoporous structurest!® exhibit enhanced
photocatalytic efficiencies. Therefore, the photophysical
properties and photocatalytic activity of the BiVO, hollow
nanospheres were investigated. For comparison, m-BiVO,
crystals were also synthesized by a solid-statel!”! reaction
(SSR-BiVO,) and by an aqueous!'®! method (AM-BiVO,).
The photocatalytic degradations of RhB and CH;CHO
were carried out over the SSR-BiVO, and AM-BiVO, un-
der otherwise identical conditions.

Figure 5 represents the diffuse reflection spectra (DRS)
of the BiVO, hollow nanospheres, AM-BiVO,, and SSR-
BiVO,. The former two samples possess an absorption band
from 470 to 550 nm, whereas SSR-BiVO, shows one from
470 to 600 nm. The absorption edges of the BiVO, hollow
nanospheres and the AM-BiVO, show a steep edge, indicat-
4382

www.eurjic.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ing that visible-light absorption is attributed to the band
gap transition rather than the transition from an impurity
level.'! The absorption edge of the SSR-BiVO,, however,
shows a prolonged absorption tail besides the steep absorp-
tion edge, which should be due to crystal defects arising
from the volatilization of reactants at high temperature.['3!
According to a reported method,*” the band gaps (E,) are
calculated to be 2.36, 2.28, and 2.23 €V for the BiVO, hol-
low nanospheres, AM-BiVO,, and SSR-BiVO,, respectively
(Table S1).
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300 400 500 600 700 800
Wavelength [nm]

Figure 5. Diffuse reflectance spectra of the BiVO, hollow nanosph-
eres (solid line), AM-BiVO, (dashed line), and SSR-BiVO, (dotted
line).

Figure 6 shows the decrease in RhB (C/C)) as a function
of irradiation time over the BiVO, hollow nanospheres,
AM-BiVO,, and SSR-BiVO,. Here, C is the absorption of
RhB at a wavelength of 553 nm and Cj, is the absorption of
RhB after the adsorption equilibrium between the photo-
catalyst and the RhB before irradiation. It was confirmed
that the photolysis of RhB under visible-light irradiation
was negligible.'?! It is clear that the RhB is completely de-
graded after 70 min of irradiation over the BiVO, hollow
nanospheres (Figure 6a). However, only about 12.5% of
RhB can be degraded over the SSR-BiVO, and 85% over
the AM-BiVO, after 120 min of irradiation (Figure 6b,c).
This result demonstrates a much higher photocatalytic effi-
ciency of the BiVO, hollow nanospheres.
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Figure 6. Decrease in RhB (C/Cp) (100 mL, 10* M) as a function
of irradiation time over 0.1 g of the BiVO, hollow nanospheres
(a), AM-BiVO, (b), and SSR-BiVO, (c) under visible light (1 >
420 nm).

As a typical indoor air contaminant without light ab-
sorption and consequent photosensitization during photo-
degradation process,*!l gaseous CH;CHO was employed to
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confirm the photocatalytic activity of the BiVO, hollow
nanospheres. Figure 7 shows the increase in evolved CO,
with the irradiation time during the photocatalytic decom-
position of CH3;CHO (6 = 100 ppm) over 0.1 g of BiVO,
hollow nanospheres, AM-BiVO,, and SSR-BiVO, under
visible light (4 > 420 nm). The given amount of CH;CHO
is completely degraded into CO, after 6 h of irradiation
over the BiVO, hollow nanospheres (Figure 7a). After the
same time of irradiation, however, only 59% (Figure 7b)
and 34% (Figure 7c) of CH;CHO were degraded over the
AM-BiVO, and SSR-BiVO,, respectively. This result fur-
ther demonstrates the higher photocatalytic efficiency of the
BiVO, hollow nanospheres under visible light. Moreover,
the photolysis of CH;CHO was also carried out under vis-
ible light, which reveals the photolysis of ca. 14% of
CH;CHO when irradiated for 6 h and thus confirms the
photocatalytic degradation of CH;CHO.
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Figure 7. Photocatalytic oxidative decomposition of gaseous acet-
aldehyde over 0.1 g of BiVO, hollow nanospheres (a), AM-BiVO,
(b), SSR-BiVO, (c), and without photocatalyst (d) under visible-
light (A > 420 nm) irradiation.

As reported,??! the high BET surface area (Sggr) and
large band gap played a leading role in improving the pho-
tocatalytic activity of the hollow-structured nanospheres.
The BET surface area of the BiVO, hollow nanospheres
is 5.85 m?g!, which is larger than that of the AM-BiVO,
(3.13m?g ), and SSR-BiVO, (0.26 m?>g !) (Table S1). This
brings not only more surface reached by visible light and
contacted with RhB but also more active catalytic sites.[']
The larger band gap (2.36eV) of the BiVO,; hollow
nanospheres brings about a more powerful redox ability.**!
Thus, the BiVO, hollow nanospheres exhibited a higher
photocatalytic activity than the other two BiVO, crystals.

Conclusions

m-BiVO, hollow nanospheres, with diameters of about
700 nm and consisting of 100-150 nm nanoparticles, were
successfully synthesized with the use of an anchoring
method by employing CCSs as hard templates. In the an-
choring synthesis, heat treatment at 80 °C established the
effective precipitation of Bi** ions on the surface of the
CCSs to work as anchors. The following heat treatment at
100 °C took a leading role in promoting the reaction be-
tween VO; ions and the anchored Bi** ions, by which
amorphous BiVO, was precipitated on the surface of the
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CCSs. The subsequent calcinations brought about the
crystallization of amorphous BiVO, into m-BiVO, at about
236 °C and the removal of CCS templates at about 353 °C.
The as-prepared BiVO, hollow nanospheres exhibited a
higher photocatalytic activity than AM-BiVO, and SSR-
BiVO, not only in the degradation of RhB but also in the
decomposition of CH3;CHO under visible-light irradiation
as a result of their higher BET surface area (5.85m?g!)
and larger band gap (2.36eV). This facile anchoring
method provides a possible route to other hollow-struc-
tured multicomponent oxides as the general adsorption of
metal ions on the negatively charged CCSs.

Experimental Section

Preparation of CCSs: All the reagents were of analytical purity,
purchased from Shanghai Chemical Reagent Company, and used
without further purification. CCSs were prepared by the polymeri-
zation of glucose according to a literature procedure.l”! Glucose
(4 g) was dissolved in deionized water (40 mL) to form a clear solu-
tion. The solution was added into a 50-mL Teflon-sealed autoclave
and kept at 160 °C for 6 h. After the autoclave was cooled down
naturally to room temperature, the resulting precipitates were col-
lected, washed with deionized water and absolute ethanol, and
dried at 60 °C for 6 h.

Synthesis of BiVO, Hollow Nanospheres: In a typical synthesis of
BiVO, hollow nanospheres, Bi(NO3);*H,O (1.5 mmol) was dis-
solved in ethylene glycol (20 mL). Black CCSs (0.05 g) was then
added into the EG solution and dispersed under magnetic stirring
at room temperature. Subsequently, a NH,VO; solution (15 mL,
0.1 M), which was prepared by dissolving NH4VO; into EG at
60 °C, was added to the Bi(NO;); solution whilst stirring. The
mixed solution was heated at 80 °C for 12 h and then at 100 °C for
12 h. Then, after three cycles of washing and centrifugation, the
brown sample was dried at 60 °C for 6 h. Afterwards, the dried
sample was calcined at 353 °C for 2 h in air.

Characterization: The X-ray diffraction (XRD) patterns of the sam-
ples were measured with a Rigaku D/Max-2200PC diffractometer
using monochromated Cu-K,, radiation (4 = 0.15418 nm) at a scan-
ning rate of 8°/min. The morphologies and microstructures were
examined using a field emission scanning electron microscope (FE-
SEM, JEOL JSM-6700F) and a transmission electron microscope
(TEM, JEOL JEM-2100F) at an accelerating voltage of 200 kV.
The diffuse reflectance spectra (DRS) of the BiVO, samples and
the UV/Vis absorption spectra of the RhB solutions were obtained
with a Hitachi U-3010 UV/Vis spectrophotometer. Differential
scanning calorimetry (DSC) and thermogravimetry (TG) were car-
ried out with a Netzsch STA-409PC/4/H Luxx simultaneous TG-
DTA/DSC apparatus with a heating rate of 5°Cmin! from room
temperature to 700 °C in air. The Brunauer—-Emmett-Teller (BET)
surface areas were estimated by N, adsorption data with the use
of a Micromeritics ASAP2010 Analyzer.

Photocatalytic Activities: The photocatalytic activity of the BiVO,
hollow nanospheres was evaluated by the degradation of RhB and
CH3;CHO under visible-light irradiation. The visible light (1 >
420 nm) was provided by a 500 W Xe lamp (Shanghai Yaming
Lighting Co. Ltd.) with a 420 nm cutoff filter. For degradation of
RhB, the photocatalyst (0.1 g) was added to an RhB solution
(100 mL, 105 m). The suspension was then stirred in the dark for
12 h to ensure an adsorption/desorption equilibrium between RhB
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and the photocatalyst. After that, the suspension was exposed to
visible light under magnetic stirring. At given time intervals, an
aliquot (3 mL) of the suspension was sampled and centrifuged to
remove the photocatalyst particles. The concentrations of the RhB
solutions were monitored with a Hitachi U-3010 UV/Vis spectro-
photometer. For degradation of CH;CHO, the photocatalyst pow-
der (0.1 g) was uniformly spread on a glass plate (¢ = 15 mm) and
placed at the bottom of a gas-closed cylindrical glass vessel with a
capacity of ca. 600 mL. Then, gaseous CH;CHO (6 = 100 ppm, ca.
20 mL) was injected into the vessel, which was filled with ambient
air. After the adsorption of CH;CHO reached equilibrium in the
dark in 30 min, irradiation with visible light was performed
through a top quartz window of the glass vessel. At 1 h intervals,
an aliquot (1.5mL) of the gas sample was extracted and the
amount of carbon dioxide in it was measured by a gas chromato-
graph (GC 789011, Shanghai Techcomp Scientific Instruments Co.
Ltd.) equipped with a flame ionization detector (N, carrier) and a
catalytic conversion furnace.

Supporting Information (see footnote on the first page of this arti-
cle): TEM image of the CCSs; XRD patterns of the product pre-
pared with 12 h of heat treatment at 80 °C and 2 h of calcination
at 353 °C and with 12 h of heat treatment at 100 °C and 2 h of
calcination at 353 °C; band gaps (£,) and BET surface areas (Sggt)
of the BiVO, hollow nanospheres, AM-BiVO,, and SSR-BiVO,.
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