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and urea in water. The microstructure and band structure of the as-prepared (BiO),CO3 superstructure
are characterized in detail by X-ray diffraction, Raman spectroscopy, Fourier transform-infrared spec-
troscopy, transmission electron microscopy, scanning electron microscopy, N, adsorption-desorption
isotherms, X-ray photoelectron spectroscopy and UV-vis diffuse reflectance spectroscopy. The monodis-

gi}g\;:gg; perse hierarchical (BiO),CO; microspheres are constructed by the self-assembly of single-crystalline
Hollow microsphere nanosheets. The aggregation of nanosheets result in the formation of three dimensional hierarchical
Visible light framework containing mesopores and macropores, which is favorable for efficient transport of reac-
Photocatalytic tion molecules and harvesting of photo-energy. The result reveals the existence of special two-band-gap
Indoor air structure (3.25 and 2.0 eV) for (BiO),COs. The band gap of 3.25 eV is intrinsic and the formation of smaller

band gap of 2.0 eV can be ascribed to the in situ doped nitrogen in lattice. The performance of hierarchi-
cal (BiO),CO5; microspheres as efficient photocatalyst are further demonstrated in the removal of NO in
indoor air under both visible light and UV irradiation. It is found that the hierarchical (BiO),CO3; micro-
spheres not only exhibit excellent photocatalytic activity but also high photochemical stability during
long term photocatalytic reaction. The special microstructure, the high charge separation efficiency due
to the inductive effect, and two-band-gap structure in all contribute to the outstanding photocatalytic
activities. The discovery of monodisperse hierarchical nitrogen doped (BiO),CO3 hollow structure is sig-
nificant because of its potential applications in environmental pollution control, solar energy conversion,
catalysis and other related areas.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Many materials in the nature, such as lotus leaf and seashell,
consisting of ordinary composition, exhibit fascinating properties
owing to their special structural characteristics [1,2]. Such intricate
natural designs have inspired materials scientists to fabricate mor-
phology and structure controlled materials, with expectations to
obtain novel or enhanced properties [2-4].

Hierarchical hollow structured materials have been a subject
of intensive research in the past decade because of their novel
physicochemical properties, which differ markedly from those
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of bulk materials, and their potential applications as nanoscale
chemical reactors, (photo)catalysts, sensing, lithium batteries, solar
energy conversion, photonic building blocks and environmen-
tal applications, to name a few [5-10]. The fabrication of such
structures usually relies on templating approaches, in which hard
templates [11-14] (e.g., monodisperse polymer latex, carbon, silica
spheres, and reducing metal nanoparticles) or soft sacrificial tem-
plates [15-19] (e.g., micelles, microemulsions, macromolecules, oil
droplets, and gas bubbles) were used to direct the growth of hier-
archical or hollow structure.

The template approach can be easily conducted for a specific
structure. The capability of constructing complicated structure,
however, is usually limited by the availability of templates.
Disadvantages related to high cost and tedious synthetic proce-
dures have also impeded scale-up of these template methods for
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applications. In comparison with these methods, which involve
multistep procedures, a one-pot template-free approach for the
controlled synthesis of hierarchical hollow sphere is highly attrac-
tive and desirable based on different mechanisms. Recently, a
number of one-pot template-free methods for generating hollow
inorganic micro- and nanostructures have been developed by using
some well-known physical phenomena, for example, Ostwald-
ripening [20], Kirkendall-effect [21] and oriented attachment [22].

Recently, there has been great interest in developing semicon-
ductor photocatalysts with high activities (especially the visible
light driven photocatalysts) for both energetic and environmental
applications, such as photocatalytic hydrogen evolution, creation of
self-cleaning surfaces, disinfection of water, degradation of organic
contaminants and conversion of carbon dioxide into hydrocar-
bon fuels [23-32]. The key to the application of photocatalysis
technology is to develop photocatalytic materials with efficient
activity and high stability. Photocatalytic materials with hollow or
hierarchical structure, such as TiO, [33,34], ZnS [35], WO3 [36],
BiVO4 [37], Bi;WOg [38] and Cu,PO40H [39] have been fabricated
by different methods, and are proved to be high-performance in
environmental pollutants degradation due to their special morpho-
logical structure with respect to pore structure, light harvesting,
and charge separation and so on. Development of new visible
light driven photocatalytic materials may also overcome the lim-
itations of transitional TiO, (reduced sensitivity to sunlight and
limited visible light photocatalytic activity) [25]. Controlling the
shape and morphology of new photocatalytic materials may, there-
fore provide new opportunities to explore their novel structural
properties and photocatalytic activity. In spite of these advances,
realization of controlled one-pot fabrication of novel hierarchical
hollow structure by facile template-free method remains a great
challenge.

The bismuth subcarbonate (BiO),COs5 is first reported in 1984
[40]. It has an orthorhombic crystal structure with cell param-
eters of a=3.865, b=3.865, and c=13.675A, belonging to Imm2
space group. After the first report in 1984, there is little investi-
gation on the fabrication and properties of (BiO),CO3. Until very
recently, synthetic (BiO),COs3 is reported to display promising
results in antibacterial and environmental applications [41-43].
Although some advances has been made, much is unknown
on the controlled fabrication, morphological structure, especially
the visible light photocatalytic properties of uniform hierarchical
(Bi0),CO5 hollow microspheres. It will be, therefore of funda-
mental and technological interest to develop facile and effective
methods for the fabrication of such novel structured (BiO),CO3
with novel properties for energetic and environmental applications
[28].

In this study, we developed a one-pot template-free method
for the fabrication of uniform monodisperse hierarchical (BiO),CO3
hollow microspheres for the first time based on hydrothermal
reaction between ammonia bismuth citrate and urea. The as-
prepared hierarchical (BiO),CO3; microspheres were analyzed by
various characterization tools to fully understand the structural
properties and were used as visible light photocatalyst for indoor
air NO removal. It was found that the attractive hierarchical
(Bi0),C0O3 microspheres were constructed by self-assembly of
single-crystalline nanosheets. Interestingly, nitrogen was in situ
doped into the lattice of (BiO),CO3, which modified the band struc-
ture significantly. For the first time, the monodisperse hierarchical
(Bi0),CO3 hollow microspheres were found to exhibit excellent
photocatalytic activity and photochemical stability for indoor air
NO removal under both visible and UV light irradiation. The attrac-
tive hierarchical (BiO),CO3 hollow microspheres will also find wide
application in other areas, such as solar energy conversion, aque-
ous pollution control and production of fuels by fully using solar
energy.

2. Experimental
2.1. Fabrication

All chemicals used in this study were analytical grade
(Sigma-Aldrich) and were used without further purification. Dis-
tilled water was used in all experiments. In a typical synthesis,
appropriate amounts of ammonia bismuth citrate (1.66 g) and urea
(0.72 g) were mixed with 75 ml of H,0 in a 100 ml autoclave Teflon
vessel and stirred for 30 min. The resulted transparent precursor
solution was then hydrothermally treated at 180°C for 12 h. The
sample obtained was filtered, washed with water and ethanol for
four times and dried at 60°C to get final (BiO),CO3 with no fur-
ther treatment. For comparison, C-doped TiO, were prepared by
reported hydrothermal method [29] and the commercial Degussa
P25 was also used as reference sample.

2.2. Characterization

The crystal phases of the sample were analyzed by X-ray diffrac-
tion with Cu Ka radiation (XRD: model D/max RA, Rigaku Co.,
Japan). The accelerating voltage and the applied current were 40 kV
and 150 mA, respectively. Raman spectra were recorded at room
temperature using a micro-Raman spectrometer (Raman: RAMAN-
LOG 6, USA) with a 514.5nm Ar +laser as the excitation source in
a backscattering geometry. The incident laser power on the sam-
ples was less than 10 mW. X-ray photoelectron spectroscopy with
Al Ka X-rays (hv=1486.6eV) radiation operated at 150 W (XPS:
Thermo ESCALAB 250, USA) was used to investigate the surface
properties and to probe the total density of the state (DOS) dis-
tribution in the valence band (VB). The shift of the binding energy
due to relative surface charging was corrected using the C1s level at
284.8 eV as an internal standard. FT-IR spectra were recorded on a
Nicolet Nexus spectrometer on samples embedded in KBr pellets. A
scanning electron microscope (SEM, JEOL model JSM-6490, Japan)
was used to characterize the morphology of the obtained prod-
ucts. The morphology, structure and grain size of the samples were
examined by transmission electron microscopy (TEM: JEM-2010,
Japan). The UV-vis diffuse reflection spectra were obtained for the
dry-pressed disk samples using a Scan UV-vis spectrophotome-
ter (UV-vis DRS: TU-1901, China) equipped with an integrating
sphere assembly, using BaSO4 as reflectance sample. The spectra
were recorded at room temperature in air ranged from 250 to
800 nm. Nitrogen adsorption-desorption isotherms were obtained
on a nitrogen adsorption apparatus (ASAP 2020, USA). All the sam-
ples were degassed at 200 °C prior to measurements.

2.3. Photocatalytic activity evaluation

The photocatalytic activity of the resulting samples was inves-
tigated by oxidation of NO at ppb levels in a continuous flow
reactor at ambient temperature. The volume of the rectangu-
lar reactor, which was made of stainless steel and covered with
Saint-Glass, was 4.5L (30cm x 15cm x 10cm). A 300 W commer-
cial tungsten halogen lamp (General Electric) was vertically placed
outside the reactor above the reactor. Four mini-fans were fixed
around the lamp to avoid the temperature rise of the flow system.
Adequate distance was also kept from the lamp to the reactor for
the same purpose to keep the temperature at a constant level.
The distance between the lamp and the sample is 30 cm. For the
visible light photocatalytic activity test, UV cutoff filter (420 nm)
was adopted to remove UV light in the light beam. For photocat-
alytic activity test under simulated solar light, the UV cutoff filter
was removed. For UV light photocatalytic activity test, two 6 W UV
lamps (Cole-Parmler), emitting a primary wavelength at 365 nm
was used. For each photocatalytic activity test experiment, one
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sample dish (with a diameter of 12 cm) containing the photocat-
alyst powders was placed in the center of the reactor. The photo-
catalyst samples were prepared by coating an aqueous suspension
of the samples onto the glass dish. The weight of the photocatalysts
used for each experiment was kept at 0.15g. The dishes contain-
ing the photocatalyst were pretreated at 70°C for several hours
until complete removal of water in the suspension and then cooled
to room temperature before the photocatalytic test. The NO gas
was acquired from a compressed gas cylinder at a concentration
of 100 ppm of NO (N, balance, BOC gas) with traceable National
Institute of Standards and Technology (NIST) standard. The initial
concentration of NO was diluted to about 400 ppb by the air stream
supplied by a zero air generator (Thermo Environmental Inc., model
111). The desired relative humidity (RH) level of the NO flow was
controlled at 70% by passing the zero air streams through a humid-
ification chamber. The gas streams were premixed completely by
a gas blender, and the flow rate was controlled at 3.3 L/min by
a mass flow controller. After the adsorption-desorption equilib-
rium among water vapor, gases, and photocatalysts was achieved,
the lamp was turned on. The concentration of NO was contin-
uously measured by a chemiluminescence NO analyzer (Thermo
Environmental Instruments Inc., model 42c¢), which monitors NO,
NO,, and NOy (NOx represents NO +NO,) with a sampling rate of
0.7 L/min. The removal efficiency (n) of NO was calculated as n
(%)=(1-CJCy) x 100%, where C and Cy are concentrations of NO in
the outlet steam and the feeding stream, respectively.

3. Results and discussion
3.1. Crystal phase

Fig. 1 shows the XRD pattern of the as-prepared hierarchi-
cal (Bi0),CO3 hollow microspheres compared with standard PDF
card (JCPDS-ICDD Card No. 41-1488). All the diffraction peaks can
be indexed to (BiO),CO3. No peaks from other phases have been
detected, indicating the phase purity of the product. The crystal
structure of (BiO),CO3 is shown in Fig. S1 (supporting information).
The (Biy0,)?* layers and CO32-~ layers are inter-grown with the
plane of the CO3%~ group orthogonal to the plane of the (Bi,0,)%*
layer. The large cation Bi3* with 8-coordination shows stereo active
lone-pair behaviors that results in the Bi-O polyhedron. The inter-
nal layered structure would guide the lower growth rate along
certain axis to form nanosheet morphologies [44].

3.2. Vibrational spectra

The vibrational spectra of FT-IR and Raman obtained are shown
in Fig. 2. The “free” carbonate ion (point group symmetry Ds})
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Fig. 1. XRD pattern of the as-prepared hierarchical (BiO),CO3 microspheres.

possessed four internal vibrations: symmetric stretching mode vq,
the corresponding antisymmetric vibration v, the out-of-plane
bending mode v, and the in-plane deformation v,4. Four charac-
teristic bands in FT-IR at v; (1067 cm™1), v, (846 and 820cm™1), v3
(1468 and 1391 cm~1), 14 (670cm~1),v; +v4(1756and 1730cm 1)
are observed (Fig. 2a). The Raman bands at 1070, 1407 and 690 cm ™!
are attributed to vq, v3 and v, of the carbonate ion CO32~ vibration,
respectively (Fig. 2b). The v, mode is absent in the Raman spec-
tra, indicating v, is only IR active. The Raman band at 512 cm™!
can be assigned to the Bi=0O stretching. The low bands at 417 and
162 cm~! in Raman are due to the external vibration, which were
also observed in other reports [45].

3.3. Morphological structure

The hydrothermal treatment of ammonia bismuth citrate and
urea mixture produces a population of hierarchical microspheres
with an interesting rose-like shape, each containing a concavity
on its center, as shown in the typical SEM images in Fig. 3. The
as-prepared (BiO),CO3 microspheres have an average diameter of
1.0 um and thickness of 0.5 um. No other morphologies can be
observed, indicating a high yield of such (BiO),CO3 superstructure.
All the microspheres in Fig. 3a and b show almost the same size and
are separated to each other, indicating the produced microspheres
are highly uniform and monodisperse. The higher magnification
SEM image shown in Fig. 3c reveals that each microsphere is
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Fig. 2. FT-IR (a) and Raman (b) spectra of the as-prepared hierarchical (BiO),CO3; microspheres.
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Fig. 3. SEM (a-c), TEM (d, e) the as-prepared hierarchical (BiO); CO3; microspheres, SAED (f) of a single nanosheet.

composed of many layers of nanoscale sheet-like structures. These
nanosheets are arranged at progressively increasing angles to the
radial axis and are highly directed to form arrays in a hierarchical
fashion. The side view of an individual rose-like structure (Fig. 3c)
supports the conclusion that such a microsphere is composed of
regularly packed nanosheets with an average thickness of about
20 nm.

The morphology and size of the product was further investigated
by TEM. As shown in Fig. 3d, the entire microsphere is composed of
self-assembled nanosheets. The nanosheets are very thin and there-
fore relatively transparent to the electron beam. The microsphere is
hollow in the center. An HRTEM image of a single nanosheet in the
microsphere is shown in Fig. 3e. The lattice spacing is measured

to be 0.271 nm, matching with the spacing of the (110) crystal
plane of Bi, 0, CO3. The SAED pattern in Fig. 3f displays an array of
clear and regular diffraction spots of one single nanosheet, indicat-
ing that the nanosheet is well-defined single-crystalline in nature.
Thus, the hierarchical Bi;0,CO3 microspheres originates from the
self-assembly of the single-crystalline nanosheets with preferred
orientation.

In this fabrication approach, (BiO),CO3 with particle morphol-
ogy would be produced when urea was replaced by the same molar
amount of sodium carbonate (see Fig. S2 and S3 in the supporting
information). That is, the addition of urea plays a crucial role in
forming hierarchical microsphere structure. It is known that urea
can be decomposed inaqueous solution at an elevated temperature.
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Fig. 4. N, adsorption—desorption isotherms and pore-size distribution (inset) of
hierarchical (BiO),CO3; microspheres.

The following reaction may take place in the hydrothermal
process.

CO(NHy); +Hy0 — CO, +2NH3 (1)
NH3 +H;0 — NH4t +OH™ (2)
CO, +20H™ — €032~ +H,0 (3)
Bi*(citrate) + H,0 — BiO* +2H" (4)
2BiO* +C032~ — (Bi0),CO3(s) (5)

It is worthwhile and interesting to elucidate the growth mecha-
nism of hierarchical (BiO),CO3 hollow microspheres. As the growth
mechanism is complicated, the precise understanding is in cur-
rently progress.

3.4. BET surface areas and pore structure

Fig. 4 shows nitrogen adsorption-desorption isotherms and the
corresponding pore-size distribution (PSD) curves (inset in Fig. 4)
for the as-prepared hierarchical (BiO),CO3; microspheres. Nitrogen
adsorption-desorption isotherm show hysteresis loops at relative
pressures close to unity, indicating the presence of large meso-
pores (about 23.0 nm), which categorize it as type IV according to
IUPAC classification [46]. The shape of adsorption branch at rel-
ative pressures is close to unity resemblances somewhat type II,
indicating the presence of macropores [46]. The shapes of hys-
teresis loops are of type H3, associated with mesopores present
in hierarchical nanosheet particles, giving rise to slit-like pores,
which is consistent with the TEM results (Fig. 3). The isotherm
also shows high adsorption at relative pressures (P/Py) approaching
1.0, suggesting the formation of large mesopores and macropores
[46]. In fact, the mesopores and macropores are formed due to
aggregation of nanosheets, because the single-crystal nanosheets
do not contain mesopores and macropores. As can be seen from this
inset the PSD curve is quite broad (from 2 to 100 nm) and bimodal
with small mesopores (~3.6 nm) and larger ones (~23.0 nm). The
smaller mesopores reflect porosity within nanosheets, while larger
mesopores can be related to the pores formed between stacked
nanosheets. This result further confirmed the existence of meso-
pores and macropores. Such organized porous structures might be
extremely useful in photocatalysis because they possess efficient
transport pathways to reactant and product molecules [33,47]. The
unique three dimensional macroporous hierarchical framework is

also well suited for harvesting photo-energy and introducing reac-
tive molecules into the interior space of hierarchical (BiO),CO3
microspheres [48].

3.5. XPS analysis

The XPS measurements were carried out to determine the chem-
ical state of the elements and total density of states distribution
(DOS) of the valence band in as-prepared (BiO),CO3, as shown in
Fig.5.Two strong peaks at 159.2 and 164.5 eV in the high-resolution
spectra (Fig. 5a) are assigned to Biyf;, and Biyfsp, respectively,
which is characteristic of Bi* in (Bi0),CO5 [49]. Fig. 5b shows the
Cls spectra of (BiO);C0Os3. A broad energy range from 291 to 282 eV
can be observed. The peaks at 284.8, 286.2 and 288.0eV can be
assigned to adventitious carbon species from XPS measurement
[29], while the peak at 289.0 eV can be ascribed to carbonate ion in
(Bi0),CO3. Meanwhile, the O1s spectra are also recorded (Fig. 5c¢),
which can be fitted by three peaks at binding energies of 530.3,
531.3 and 532.4 eV, respectively. The peak at 530.3 eV is charac-
teristic of Bi-O binding energy in (BiO),CO3 [49], and the other
two peaks at around 531.3 and 532.4 eV can be assigned to carbon-
ate species and adsorbed H,O on the surface. Nitrogen is detected
by XPS with N1s binding energy centered at 400eV as shown in
Fig. 5d. This fact indicates that nitrogen was in situ doped into the
(BiO),CO3 during hydrothermal treatment. The N1s peak at 400 eV
was also observed in the widely investigated nitrogen doped TiO-,
where nitrogen substituted for oxygen in TiO, [50-52]. In our case,
nitrogen may also be doped into the lattice of (BiO),CO3 and substi-
tute for oxygen atom. The DOS of VB is shown in Fig. 5e. The valence
band maximum (VBM) is determined to be 1.7 eV. Interestingly,
additional diffusive electronic states above the VBM are observed
above the valence band edge, indicating the existence of mid-gap
above the valence band [53,54]. Such mid-gap can be ascribed to
the nitrogen doping, similar to that of nitrogen doped TiO, [53,54].
The newly formed mid-gap between valence band and conduction
band could make (BiO),CO3; microspheres absorb visible light.

3.6. UV-vis DRS and band structure

The as-prepared hierarchical (BiO),CO3 microspheres show a
light yellow color, suggesting their ability to absorb light in the vis-
ible region. The UV-vis DRS of the materials in Fig. 6a shows two
band-edge absorptions, one at UV region and another at visible light
region. The (BiO);COs3 can, thus absorb both UV and visible light.
The band gap energy can be estimated from the intercept of the tan-
gents to the plots of (whv)!/2 vs. photon energy, as shown in Fig. 6b.
Very interesting, the as-prepared (BiO),CO3; shows two band gaps
of 3.25 and 2.0 eV, consistent with additional diffusive electronic
states observed with VB-XPS [25]. Khan et al. also observed the
two-band-gap structure (3.0 and 2.32 eV) for carbon doped TiO,,
where the band gap of 3.0 eV was intrinsic for TiO, and the smaller
band gap of 2.0eV caused by the doped carbon in lattice [55]. In
our case, the band gap of 3.25 eV is intrinsic for (BiO),COs3, similar
to report by Xie and Huang [42,43]. The smaller band gap of 2.0eV
can be due to the in situ doped nitrogen in lattice forming mid-gap.
The as-prepared (BiO),COs is, therefore sensitive to both UV and
visible light.

It is noteworthy that CO32~ ions having a large negative charge,
maintains a large dipole in the (BiO),CO3, which prefers the photo-
generated charge separation [56]. This effect is called an inductive
effect, which can be described as the action of one group to affect the
electron distribution in another group though electrostatic force
[56]. The inductive effect prefers to attract holes and repel elec-
trons, thus enhancing the photogenerated charge separation. It is
thus expected that the hierarchical (Bi0),CO3 microspheres may
exhibit high photocatalytic activity under both visible and UV light
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Fig. 5. XPS spectra of the as-prepared hierarchical (Bi0),COs, (a) Bisf, (b) C1s, (c) O1s, (d) N1s and (e) VB.

irradiation, fully using solar light for degradation of environmental
pollutants.

3.7. Photocatalytic activity and photochemical stability

3.7.1. Photocatalytic activities under visible and UV light

irradiation
The as-prepared hierarchical (BiO0),CO3 microspheres were
used to photocatalytic removal of NO in gas phase in order

to demonstrate their potential ability for indoor air purification
(Fig. 7). Fig. 7a shows the variation of NO concentration (C/Cy%)
with irradiation time over the hierarchical (BiO),CO3; microspheres
under visible light irradiation. Here, Cy is the initial concentration
of NO, and Cis the concentration of NO after photocatalytic reaction
for t. As a comparison, photocatalytic oxidation of NO over C-doped
TiO, and (BiO);CO3 particles are also performed under identi-
cal conditions. As previously proved, NO could not be photolyzed
under light irradiation (A >420nm) [57]. As shown in Fig. 7a, after
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60 min irradiation, the photodegradation rate of NO over (BiO),CO3
particles is merely 8.0%. For C-doped TiO,, the NO removal rate
reaches at 20.5% due to its well known good visible light activity.
Interestingly, the as-prepared hierarchical (BiO),CO3; microspheres
exhibits higher photocatalytic activity (42.0% of NO removal rates)
under visible light irradiation than that of C-doped TiO,, although
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Fig. 8. Long term photocatalytic activity of hierarchical (BiO),CO3 microspheres.

the BET surface area and the pore volume are much smaller than
that of C-doped TiO, (Table 1). The higher photocatalytic activity of
hierarchical (BiO),CO3; microspheres could mainly be attributed to
the hierarchical structure. The hierarchical structure was favorable
for the diffusion of reaction intermediates and the efficient utiliza-
tion of photo-energy, thus enhancing the photocatalytic activity
[2,33,48,58].

Fig. 9. SEM image of hierarchical (BiO),CO3; microspheres after long time irradia-
tion.
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Fig. 10. XRD pattern (a) and FTIR spectra (b) of hierarchical (BiO),CO3; microspheres after long time irradiation.

There are two band gaps of 2.0 and 3.25 eV for the hierarchical
(Bi0),CO3 microspheres. The excellent visible light photocatalytic
activity corresponds to the suitable band gap energy of 2.0 eV. For
the band gap of 3.25 eV, we test the photocatalytic activity under
UV irradiation, as shown in Fig. 7b. P25 is a famous excellent UV
light photocatalyst, which naturally shows decent activity (removal
rate of 35.1%) under UV irradiation. Interestingly, the hierarchical
(Bi0O),CO3 microspheres exhibit even higher activity (removal rate
of 43.5%) than that of P25 and (BiO),CO3 particles (removal rate of
42.5%) and under UV irradiation. Although the BET surface areas of
hierarchical (BiO),CO3 microspheres is much smaller than that of
P25, the pore volume is larger than that of P25 (see Table 1). Large
pore volume is favorable for the adsorption of reactant and diffusion
of reaction intermediates. Compared to (BiO),CO3 particles, the
hierarchical structure of (BiO),CO3 microspheres contributed to the
enhanced photocatalytic activity under UV irradiation [2,33,48,58].

3.7.2. Long term photocatalytic activity and photochemical
stability

The stability of a photocatalyst under irradiation should be con-
sidered for its practical application [57]. It would be most desirable
if the photocatalyst can maintain durable activity so that the cata-
lyst can be used for a long time. Some photocatalysts often suffer
from instability for air purification applications, because the inter-
mediates generated during photocatalytic reaction can accumulate
on the catalyst surface, which possibly deactivates the photocata-
lyst. Fig. 8 shows long term photocatalytic activity of hierarchical
(BiO),CO3 microspheres under simulated solar irradiation. It can
be seen that the photocatalytic activity is very stable during the
photocatalytic oxidation of NO without deactivation. SEM image of
hierarchical (BiO),CO3 microspheres after long time irradiation is
shown in Fig. 9. The morphology is almost the same as the SEM
in Fig. 3b, indicating the microstructure doesn’t change after long
irradiation.

The stability of the hierarchical (BiO),CO3 microspheres is fur-
ther confirmed by XRD pattern and FI-TR spectra of hierarchical
(BiO),CO3 microspheres after long time irradiation, as shown in

Table 1
BET specific surface areas and pore parameters of as-prepared (Bi0),C0O3, C-doped
TiO, and P25.

Samples Sger (M2/g) Total volume Peak diameter
(cm?[g) (nm)

(Bi0),CO5 16.5 0.114 3.6/23.0

C-doped TiO, 122.5 0.248 35

P25 51.2 0.090 22.0

Fig. 10. The XRD pattern in Fig. 10a of the used (BiO),CO3 micro-
spheres shows that the crystal structure was not changed after
the photocatalytic reaction, suggesting its phase stability. It can be
seen from Fig. 10b that the reaction intermediates and products
during photocatalytic oxidation of NO (such as HNO, and HNO3)
cannot be observed except for the vibration mode of (BiO),CO3,
which suggest that the reaction intermediates and products could
diffuse rapidly due to the hierarchical structure. This is another
reason for the excellent photochemical stability of hierarchical
(BiO),CO3 microspheres. As the solar light consists of both UV and
visible light, our hierarchical (BiO),CO3 hollow microspheres could
fully use the solar light to remove the environmental pollutants by
photocatalysis.

4. Conclusions

Uniform monodisperse hierarchical (BiO),CO3; hollow micro-
spheres were successfully fabricated by one-pot template-free
method. The hierarchical (BiO),CO3 superstructure was con-
structed by the self-assembly of single-crystalline nanosheets. The
aggregation of nanosheets produced three dimensional hierarchi-
cal structures containing mesopores and macropores, which was
favorable for efficient transport of reaction molecules and har-
vesting of photo-energy. The results confirmed the existence of
two-band-gap structure of 3.25 and 2.0eV for (BiO),COs. In situ
doped nitrogen contributed to the band gap of 2.0eV by forma-
tion of mid-gap energy through substitution for oxygen atom in
lattice. Owing to the attractive hierarchical hollow microstructure,
and the high charge separation efficiency and special two-band-gap
structure, the as-prepared (BiO),CO3 microspheres not only exhib-
ited excellent photocatalytic activity under both visible and UV
light irradiation but also excellent photochemical stability during
long term photocatalytic reaction for removal of NO in indoor air.
The monodisperse hollow microspheres with hierarchical structure
prepared by a facile method should find wide applications in envi-
ronmental pollution control, solar energy conversion, catalysis and
other related areas.
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