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Abstract

Flower-like Bi,0,CO3 was synthesized in an aqueous solution containing bismuth nitrate, citric acid and urea. The as-prepared samples were
characterized by X-ray diffraction, scanning electron microscopy, N, adsorption—desorption and UV-visible diffuse reflectance spectroscopy.
The photocatalytic activity was evaluated by the photocatalytic degradation of methyl orange in an aqueous solution under Xe lamp irradiation.
The effects of citrate ion on the morphology and photocatalytic activity were investigated. The results show that citrate ions facilitate the
formation of hierarchical flower-like Bi,O,CO5; microsphere. The amount of citric acid is an important parameter to control the morphology and
size of Bi,0,CO; microsphere. The flower-like Bi;O,CO;5 exhibited an enhanced photocatalytic activity than Bi,O,CO3 blocks. The highest
photocatalytic performance can be achieved for the Bi;O,CO5; microspheres synthesized in the solution with the C¢HgO7/Bi(NO3); M ratio of 2:1
due to the synergic effects of several factors, including its better crystallinity, larger surface area, stronger UV-visible absorption and unique

hierarchical microsphere structure.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The optical and electrical properties and catalytic perfor-
mance of materials strongly depend on their morphology and
structure. Nanomaterials with controllable morphology, orien-
tation, and dimensions have been extensively studied owing to
their unique and promising properties [1-3]. In particular,
three-dimensional (3D) hierarchical architectures which are
assembled by nanoscaled building blocks have attracted
considerable research interest because of their improved
performances and successful applications in antibacterial
agents, gas sensors, and photocatalysis [4—7]. For example,
hierarchical TiO, spheres show high photocatalytic perfor-
mance in photocatalytic decolorization of rhodamine B [8].
Flower-like ZnO exhibits excellent properties in photocatalytic
degradation of rhodamine B [9]. Over the past few decades,
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many efforts have been devoted to fabricating 3D nano/
microstructures and to exploring their unique morphology- or
structure-dependent properties.

Recently, bismuth-containing nanostructures with 3D hier-
archical architectures have stimulated extensive research inter-
est, owing to their broad applications in the fields of electronics,
biomedicine, and environmental science, such as Bi,O5 [10],
Bi,S; [11], Bi,WOg [12], Bi;MoOg [13], BiOBr [14] and
Bi,0,CO;5 [15]. Among these compounds, bismuth subcarbo-
nate (Bi,0,COs), possesses a typical Sillén phase, in which
Bi,0,* layers and CO3>~ layers are intergrown with a plane of
the CO3>~ group orthogonal to the plane of the Bi,O3" layer
[16]. Very recently, it has been found to exhibit promising
antibacterial performance and photocatalytic activity for the
degradation of pollutants [17-22]. For example, Cao et al.
synthesized persimmon-like Bi,O,CO; hierarchical structures
with uniform size by a hydrothermal method, and it showed
high photocatalytic efficiency in the degradation of RhB and
eosin sodium salt under simulated solar irradiation [21]. Xie's
group firstly synthesized Bi,O,COj3; nanoflowers, nanosponges,
and nanoplates by a simple hydrothermal process and further
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investigated their visible-light driven photocatalytic activity
[16]. N-doped BiO,CO; hierarchical microspheres were
synthesized by a template-free hydrothermal method and
exhibited excellent visible light photocatalytic activity [17].
Hierarchical Bi,0O,CO; microspheres were synthesized using tri-
sodium citrate as both the coordinating agent and carbon source
and showed powerful visible-light photocatalytic activity [18].
Chen et al. developed a low-cost method for the synthesis of
flower-like Bi;O,COj3 in an aqueous medium with the assistance
of cetyltrimethylammonium bromide [20].

Herein, we synthesized flower-like Bi,O,CO5; by hydro-
thermal treatment of bismuth nitrate, citric acid and urea in
water, and then investigated the effects of citrate ion on the
morphology and photocatalytic activity of Bi,0,COs;.

2. Experimental
2.1. Sample preparation

All reagents used in this study were of analytical grade and
were purchased from Shanghai Chemical Reagent Factory of
China without further purification. Distilled water was used
in all experiments. In a typical fabrication, 4.85 g of Bi
(NO3)3-5H,0 and different amounts of C¢HgO7-H,O were
mixed into 90 mL of distilled water under stirring at room
temperature. Subsequently, the solution was subjected to an
ultrasonic process (1 h) and vigorous stirring (3 h). Then, 1.8 g
of urea was added into the above solution. After another
30 min stirring, the solution was transferred into a 150 mL
Teflon-sealed autoclave and maintained at 180 °C for 12 h.
After hydrothermal reaction, the precipitate was collected,
washed with ethanol and distilled water for three times, and
then dried in an oven at 100 °C for 6h. The samples
synthesized with different amounts (0, 2.1, 4.2, 6.3 and
8.4 g) of CcHgO,-H,0 were labeled as BC-0, BC-1, BC-2,
BC-3 and BC-4, respectively. The detailed experiment para-
meters are listed in Table 1.

2.2. Characterization

The X-ray diffraction (XRD) patterns, which were used to
characterize the crystalline phases, were carried out on an
X-ray diffractometer (D/MAX-RB, Rigaku, Japan) using Cu
Ka radiation at a scan rate of 0.05° 20s~'. The accelerating
voltage and the applied current were 40kV and 80 mA,
respectively. The morphology observation was performed on

Table 1
Experimental conditions for the synthesis of Bi,0,COs3.

an S-4800 field emission scanning electron microscopy
(FESEM, Hitachi, Japan), analysis was performed at accel-
erating voltage of 10kV. The Brunauer—-Emmett—Teller
(BET) surface area (S BET) of the powders was evaluated
on the basis of nitrogen adsorption isotherms measured on a
Micromeritics ASAP 2020 adsorption apparatus (USA). All
samples were degassed at 160 °C prior to nitrogen adsorption
measurements. The BET surface area was determined by a
multipoint BET method using the adsorption data in the
relative pressure (P/Py) range of 0.05-0.3. The UV-visible
diffuse reflectance spectra of the materials studied were
obtained for the dry-pressed film samples using a UV-
visible spectrophotometer (UV-2550, Shimadzu, Japan).
BaSO, was used as a reflectance standard in the UV-visible
diffuse reflectance experiments.

2.3. Evaluation of photocatalytic activity

The photocatalytic activity of the samples was evaluated by
the photocatalytic decolorization of methyl orange (MO)
aqueous solution at ambient temperature. In detail, 0.1 g of
the as-prepared catalyst powders was dispersed in a 25 mL of
4% 107> M MO aqueous solution in a 7.0 cm culture dish.
Prior to illumination, the resulting mixture was allowed to
reach the adsorption—desorption equilibrium. A 200 W xenon
lamp positioned 25 cm above the dish was used as light source
to trigger the photocatalytic reaction. The concentration of MO
was determined by an UV-visible spectrophotometer (UV-
2550, Shimadzu, Japan).

3. Results and discussion
3.1. Phase structures

The compositions and structures of the as-prepared products
were characterized by powder X-ray diffraction and electron
microscopy. Fig. 1 shows the XRD patterns, and the tetragonal
phase of Bi,O,CO5; (JCPDS no. 41-1488) was identified in all
samples. Some impure diffraction peaks in 25.7°, 28.6°, 31.3°
and 46° can be observed obviously in BC-0 sample, suggesting
that other impurities exist in the sample. In contrast, no other
crystalline impurities were detected in all samples synthesized
with citric acid. A detailed analysis of the XRD patterns shows
that the XRD peak intensities of samples prepared with citric
acid are weaker than the sample synthesized without citric
acid, and the peak widths are wider than that of BC-O,

Sample CeHgO-,/Bi(NO3); M ratio Urea/Bi(NO3); M ratio Morphology
BC-0 0 3 Block

BC-1 1 3 Microsphere
BC-2 2 3 Microsphere
BC-3 3 3 Microsphere
BC-4 4 3 Microsphere




S. Liu et al. / Ceramics International 40 (2014) 2343-2348 2345

(103)

(101
(110)

Relative intensity

30 . 40 . 50 . 60
2 theta

Fig. 1. XRD patterns of BC-0 (a), BC-1 (b), BC-2 (c), BC-3 (d) and BC-4 (e)
samples.

implying the formation of weaker Bi,O,COj5 crystallites in the
samples synthesized with citric acid. Further observation
shows that the XRD peak intensities increase with the
increasing amount of citric acid in the samples synthesized
with citric acid. The results suggest that citrate ion plays a key
role in the synthesis and crystal growth of pure Bi,O,COs.
Without citrate ion, Bi,O,CO5 formation occurs as follows.

NH,CONH,+H,0 — CO5>~ +NH*" 1)
Bi(NO3);+H,0 - BiONO;+H"+2NO5 )
CO3%> +BiONO; — Bi,0,CO5+NO;5 3)

After the addition of citric acid, Bi(NO3); - SH,O can react
with C¢HgO~ - H,O to form bismuth citrate (Eq. 4) [16], which
would control the releasing of Bi**. With the hydrothermal

Fig. 2. SEM images of BC-0 (a), BC-1 (b), BC-2 (c), BC-3 (d) and BC-4 (e) samples.
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temperature increasing, bismuth citrate was gradually decom-
posed to release Bi** and CO32_, and then the former reacted
with H,O to generate BiO™. Subsequently, the CO32~, which
was generated from NH,CONH, and CsHsO-Bi, reacted with
BiO™" to form Bi,0,COs;, the possible reaction mechanism is
shown below.

Bi3++C6H5O73_T—‘C6H507Bi (4)
CeH50,Bi+H,0 - BiO*+CO;* +H* ©)
BiO*+C032~ - Bi,0,C04 (6)

Based on the above reaction mechanism, citrate ion may play
an important role in controlling the releasing of BiO" and the
formation rate of Bi,O,COs;. In the system containing citric
acid, the slow release of BiO* from CqHsO-Bi lead to the slow
formation of Bi,O,COs3, and then the slow crystal growth of
Bi,0,CO;. On the other hand, with the increase of citric acid
amount, the concentration of CO52~ increases, resulting in the
increase of formation rate of Bi,O,CO5; and the fast crystal
growth of Bi,0,CO;. Therefore, it is not surprising that the
Bi,0,CO; crystallites in the samples synthesized with citric acid
were weaker than that in the sample without citric acid, and the
XRD peaks intensities increase with the increasing amount of
citric acid in the samples synthesized with citric acid.

3.2. Morphologies

The morphologies of the as-prepared Bi,O,CO5; samples
are displayed in Fig. 2. It can be seen that the flower-like
microspheres consisted of thin flakes were synthesized in
solution containing citric acid, and the microshpere size
increases with the increasing citric acid amount. However,
only blocks with size about 500 nm—1 pm were obtained
without citric acid. The results indicated that citrate ion plays
a decisive role in the formation and growth of flower-like
Bi,0,CO3 microspheres.

It has been reported that citrate can serve as a shape modifier
and controller, which may bind to certain crystal faces of the
particles through its COO- and —OH functions [23]. Citrate
ions can also be strongly absorbed on the mineral surfaces,
leading to the formation of nanosheets with thin thickness
[24,25]. According to the crystal structure of Bi,O,CO3, the
Bi; 0,2t layers and COs%~ layers are intergrown with the
plane of the COs*~ group orthogonal to the plane of
the Bi,0,2" layer. Such an internal layered structure would
guide the lower growth rate along a certain axis to form a 2D
nanosheet morphology [26,27]. Without citric acid, a great
deal of Bi,O,CO3 nanosheets were formed quickly, followed
by a rapid aggregation to form blocks due to no absorption of
citrate ion to decrease the surface energy. However, in the
system containing citric acid, nanosheets formed slowly, and
then aggregate into large particles with separated nanosheets
due to the absorption of citrate ions on the nanosheets surfaces.
Finally, these particles spontaneously initiate a dissolution—
recrystallization process, followed by Ostwald ripening.

With reaction time, the flower-like Bi,O,CO5; microspheres
with thin flakes were formed [27]. With the increasing citrate
ion amount, the formation rate of Bi,O,COs; nanosheets
increases, and subsequently they aggregate into larger parti-
cles, hence, enhancing the microsphere size.

3.3. BET surface

It is widely accepted that photocatalysts with higher specific
surface area and porous structures are beneficial to the enhance-
ment of photocatalytic performance, due to more surface active
sites for the adsorption of reactant molecules, ease transportation
of reactant molecules and products through the interconnected
porous networks, and enhanced harvesting of exciting light by
multiple scattering within the porous framework [28]. Herein,
the effects of citrate ion on the pore structure and BET surface
areas of Bi,0,CO; samples are investigated by the nitrogen
sorption measurement. The surface area of BC-0 sample is too
small to be detected. Fig. 3 shows the nitrogen adsorp-
tion — desorption isotherms at 77 K for the Bi,O,CO; samples
synthesized in the solutions containing citric acid. These
isotherms have hysteresis loops characteristic for mesoporous
solids (2-50 nm), which classify them as type IV according to
Brunauer-Deming-Deming-Teller (BDDT) classification [29].
Note that the adsorption branches of these isotherms resem-
blance type I, indicating the presence of some macropores. The
hysteresis loops can be categorized as type H3 associated with
slit-like mesopores formed between Bi,O,CO3 nanosheets.

The presence of citrate ion in the synthesis mixture has a
significant influence on the nitrogen adsorption—desorption
isotherms. With the increasing citric acid amount, the surface
area decreases, and the hysteresis loops are gradually shifted in
direction of higher relative pressures, indicating that meso-
pores in samples is significantly larger and larger due to the
gradually increasing size of Bi,O,CO; nanosheets (Fig. 2),
which are the primary building units. The BET surface areas of
BC-1, BC-2, BC-3 and BC-4 are 54.3, 20.2, 14.9 and 8.1 m%/g,
respectively.
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Fig. 3. Nitrogen adsorption—desorption isotherms of BC-1 (a), BC-2 (b), BC-3
(c) and BC-4 (d) samples.
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Fig. 4. UV-vis diffuse reflectance spectra of BC-0 (a), BC-1 (b), BC-2 (c),
BC-3 (d) and BC-4 (e) samples.

3.4. UV—vis absorption properties

Fig. 4 shows the UV —vis diffuse absorption spectra for
Bi,0,CO; samples. As for the Bi,O,COj3 blocks (BC-0), only
the band gap absorption with a steep absorption edge at the UV
region can be observed. In contrast, the flower-like samples
exhibit an enhanced absorption in the whole light range,
especially in the visible-light region. Moreover, the absorption
edge at about 390 nm shows an obvious red shift. The results are
in a good agreement with the previous literature [27]. It is
reported that morphologies greatly affect the optical absorption
and bandgap energy of the Bi,O,CO;5 samples [27]. Bi,0,CO5
with hierarchical flower-like superstructure has a red shift in the
bandgap transition compared with Bi,O,CO5; nanosheets struc-
tures. The above optical properties would facilitate the photo-
catalytic decomposition of organic contaminants.

3.5. Photocatalytic activity

The photocatalytic activities of the Bi,O,CO3 samples were
evaluated by photocatalytic degradation decolorization of MO
aqueous solution under Xe lamp irradiation. Fig. 5 shows the
comparison of photocatalytic activities of different samples.
Only 36.2% of MO dye molecules are decomposed over the
Bi,0,CO5 blocks after irradiation for 40 min. However, MO
dyes are greatly bleached in the presence of the Bi,O,COj;
flower-like microspheres and the photodegradation efficiency
reaches 48.3%, 90.8, 77.5 and 60.5 over the samples BC-1,
BC-2, BC-3 and BC-4, respectively. BC-2 displays a highest
photocatalytic activity.

The high activity of BC-2 sample can be attributed to the
synergetic effects of several factors. First, the better crystallinity
of BC-2 sample (Fig. 1) enhances the generation and migration
of photogenerated electron/hole pairs in the bulk and surface of
photocatalyst [30], and thus improves its photocatalytic activity.
Second, the larger surface area of BC-2 sample cannot only
offer more active sites for photocatalytic reactions but also
effectively promote the separation efficiency of the photocata-
Iytic reaction [27-31]. Third, the stronger intensity of UV-
visible absorption of flower-like Bi,O,CO3 microsphere implies
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Fig. 5. Comparison of photocatalytic activity of samples BC-0 (a), BC-1 (b),
BC-2 (c), BC-3 (d) and BC-4 (e) for the photocatalytic decomposition of MO
in water.

that more photogenerated electrons and holes can participate in
the photocatalytic reaction, resulting in higher photocatalytic
activity [32]. Fourth, the Bi;0,CO5; microspheres with unique
porous thinner 2D nanosheets could provide more efficient
transport channels for the diffusion of the reactants and products
in the photocatalytic process, facilitating its superior photocata-
Iytic activity [27].

4. Conclusions

Flower-like Bi,0,CO5; was synthesized via hydrothermal
treatment of aqueous solution of bismuth nitrate, citric acid and
urea. The presence of citrate ion plays a determined role in the
formation of flower-like Bi,0O,CO5; microspheres with thin
flakes. With the increasing amount of citrate ion, the size of
Bi,0,CO3; microspheres increases. The Bi,O,CO3; micro-
spheres synthesized in the solution with the CgHgO,/Bi
(NO3); M ratio of 2:1 show the highest photocatalytic activity.
The significant improvement in the photocatalytic performance
could be attributed to the better crystallinity, larger surface
area, stronger UV-visible absorption and unique hierarchical
microsphere structure.
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