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a b s t r a c t

Bismuth titanates, Bi2Ti2O7 (BIT), with well-defined spherical structures were synthesized by a facile

hydrothermal process without the use of any surfactant or template. XRD and SEM studies have shown

that spheres could be fabricated in high yields by simply manipulating the concentrations of hydroxide

ions. In this case, hydroxide ions seem to play a pivotal role in controlling the formation of seeds and

growth rates of the BIT particles. On the basis of structural analysis of samples obtained at different

concentrations of OH� , we also proposed a plausible mechanism to account for the formation of these

distinctive morphologies under different conditions. The as-prepared BIT microspheres with good

stability exhibited higher photocatalytic activities in the degradation of Rhodamine B (RhB) under visible

light irradiation than that in commercial P25 TiO2. Furthermore, the enhanced photocatalytic perfor-

mance for RhB degradation was also investigated with assistance of a small amount of H2O2.

Crown Copyright & 2010 Published by Elsevier Inc. All rights reserved.
1. Introduction

Environmental problems, such as organic pollutants and toxic
water pollutants, provide the impetus for the fundamental and
applied research in the environmental area. Photocatalysis using
solar energy is favorably expected to be an ideal ‘‘green’’ technology
for sustainable development of human beings where an active
photocatalytic material offers the potential for the elimination of
toxic chemicals through its efficiency and broad applicability [1].
To date, TiO2 is well-known as a stable, low cost, environmental
friendly and highly efficient photocatalytic material [1–4] while its
application is limited at the ultraviolet light region (lo400 nm). In
order to achieve efficient utilization of visible light, the discovery of
an active visible light-driven photocatalysts has attracted much
attention. Recently, numerous oxides such as NiOx/In0.9Ni0.1TaO4,
SrTiO3, NaTaO3, BiVO4 and Bi2WO6, have been reported to show
high activities [4–9].

In heterogeneous photocatalysis, the morphology of the catalyst
plays a key role in catalytic activity [10–12]. Disperse spherical
structures have attracted extensive attention in materials science,
chemistry and biology as a result of their unique properties and
their wide range of potential applications, which can be tuned by
changing parameters such as diameter, chemical composition, bulk
structure and crystallinity. In recent years, much progress have
been made on the preparation of disperse inorganic nanospheres,
10 Published by Elsevier Inc. All r
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such as Bi, Pb, Se, metal alloys, and their functional core-shell
structures, carbon, magnetic ferrite and cuprous oxide [13–22].
Thus, appropriate routes to synthesize disperse spheres are
required for a variety of applications including photocatalysis.

Bismuth titanates, a large family that includes several phases in
the Bi–O–Ti system, are promising candidates for various techno-
logical applications [23–34]. Bi2Ti2O7, belongs to a family of A2B2O7

compounds with pyrochlore structure. Considering the potential
applications of bismuth titanate crystals, many kinds of morphol-
ogies have been reported, such as nanowires, nanoparticles,
nanotube, etc. [23–34]. Radosavljevic et al. reported a route that
resulted in a Bi–O–Ti composition of the form Bi1.74Ti2O6.25 [35].
Hector and Wiggin reported the synthesis and structural study of
stoichiometric BTO along with some Bi4Ti3O12 impurities using a
co-precipitation method [36]. On the basis of the previous work on
the preparation of bismuth titanate, we have introduced a low-
temperature solution-phase route without the use of any surfac-
tant and template to synthesize BIT spheres with controlled
diameter and crystallinity. As stimulated by the promising applica-
tions, the synthesis of bismuth titanate spheres, is a subject of
considerable research interest.

In this work, we report the synthesis and morphology of BIT
spheres through a facile template-free hydrothermal process.
There are two significant aspects of the work described in this
paper. Firstly, the synthesis of shape-controlled BIT spheres has
been prepared. Secondly, the disperse BIT microspheres associated
optical properties and photocatalytic activities (using the degrada-
tion of Rhodamine B) under visible-light irradiation has been
investigated and discussed.
ights reserved.
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2. Experimental section

2.1. Sample preparation

A surfactant-free and template-free solution-phase synthesized
route to BIT spheres is described below. Bismuth nitrate and
titanium isopropoxide were used as starting materials with the
molar ratios of bismuth: titanium ions, 1:1. Bi(NO3)3 �5H2O and
Ti(OC3H7)4 were dissolved in 10 mL of deionized water under
vigorous stirring and then mixed with a KOH (Aldrich, 99.9%)
solution inside a stirred, closed vessel made of polypropylene. The
concentration of the alkali solution was adjusted using KOH, which
in effect served as a capping agent. Before being transferred to a
23 mL Teflon-lined autoclave, the solution mixture was prepared
under an ultrasonic water bath for 30 min in order to avoid the
premature formation of bismuth titanate nuclei induced by the
concentration of KOH and kept at a filling ratio of 80% (v/v). The
hydrothermal synthesis was conducted at 180 1C in an electric
oven. After the reaction, BIT spheres were harvested by centrifuga-
tion and thorough washings with deionized water.
Fig. 1. XRD patterns of Bi2Ti2O7 spheres before (a) and after (b) photodegradation.
2.2. Characterization

The obtained products were characterized with field emission
scanning electron microscopy (FESEM, JEOL, JSM-6340 F), X-ray
diffraction (XRD) with CuKa radiation (l¼1.5406 Å) operated at a
current of 40 mA and a voltage of 40 kV. The surface area of the BIT
microspheres was measured by TriStar 3000-BET/BJH Surface Area.
Then, the adsorption UV–vis spectrum of the centrifuged solution
was recorded using a UV–vis spectrophotometer (Perkin Elmer
Lambda 850).
2.3. Photocatalytic test

Photocatalytic activities of the photocatalysts were evaluated
by the degradation of RhB under visible light irradiation using a
300 W Xe lamp (l4420 nm) as the light source. The reaction bath
was placed in a sealed black box. The top of the box was opened and
the cut-off filter was set on the window face of the reaction bath to
ensure the desired irradiation conditions. In each experiment,
100 mg photocatalyst was added into 100 mL RhB aqueous solu-
tion (10�5 mol L�1). Before illumination, the suspensions were
magnetically stirred in the dark for 30 min to ensure the establish-
ment of an adsorption–desorption equilibrium between the photo-
catalyst and RhB. At given time intervals, a 3 mL suspension was
sampled and centrifuged to remove the photocatalyst particles.
3. Results and discussion

3.1. Crystal structure characterization

Fig. 1 showed the X-ray diffraction (XRD) patterns of BIT spheres
from the synthesis method described above before photocatalytic
reactions. All the peaks could be well-indexed to a pure cubic phase
(a¼20.67 Å) of BIT, which are consistent with the literature [25].
No peaks of impurities were detected from this pattern. The strong
and sharp peaks indicate that the as-obtained products are highly
crystallized. Besides, the EDS analysis data of Table 1 (Supporting
Information), the experimentally observed atomic ratios agreed
with the initial compositions signifies that the BIT spheres without
the incorporation of alkali metal cations are single phase. From the
application point of view, the stability of a photocatalyst is
important. In the case of BIT spheres, the crystal structure of the
BIT spheres was very stable, as demonstrated by XRD spectra
(Fig. 1) after the reaction with RhB.
3.2. Morphology analysis

The morphology of Bi2Ti2O7 spheres prepared at 180 1C for 24 h
was studied by SEM, as shown in Fig. 2. Under these conditions, the
product is complete in morphology, implying that a high yield can
be achieved in the reaction conditions through this facile surfac-
tant-free solution-phase route. The influence of different OH�

concentrations on the morphology of bismuth titanate crystals was
present. Using KOH with concentrations in the range from 3
to 10 M, all resulted in the formation of bismuth titanate spheres
with nearly smooth surfaces. As we all know, the KOH concentra-
tion in the precursor solution has been found to be very important
for the microstructure. It has been reported that the morphologies
of Bi2Ti2O7 spheres can be controlled by adjusting the OH�

concentration suggesting that OH� ions can behave as a surfactant,
obtaining a better understanding of the role of OH� ions in the
hydrothermal process [37].

Fig. 3 shows the relationship between the diameter of Bi2Ti2O7

spheres and the OH� concentration. As the OH� concentration was
increased, there was a monatomic increase in the diameter. The
data points could be fitted using square equation Cpd2, where d is
the average diameter and C is the total OH� concentration. We
could easily tune the average diameter of these spheres from 200 to
750 nm by varying the OH� concentration in the range from 3
to 10 M. Thus, we believe that KOH behaves not only as a
mineralizer but also as a surfactant in the hydrothermal process:
the OH� concentration can play a key role in the formation of the
Bi2Ti2O7 spheres.

On the basis of previous report about hierarchical Bi0.5Na0.5TiO3

(BNT) micro/nanostructure and bismuth titanate microflowers and
nanowires [33,34], the morphologies associated with the mechan-
ism for the formation of BIT spheres prepared at different times are
shown (see Fig. S1). At lower concentration of OH� and for shorter
reaction time, only particles were obtained, which are in agreement
with our report [33]. When the reaction time is prolonged, the
primary nanoparticles grow and aggregate, picking up freshly
formed microparticles. Increasing the reaction time, the BIT micro-
spheres are obtained. Besides, when the concentration of OH� is
further increased, the most plausible mechanism for the growth of
the disperse BIT spheres is that nanoparticles nucleate, grow and



Fig. 2. SEM patterns of Bi2Ti2O7 spheres with different concentrations of OH�: (a) 3 M, (b) 5 M, (c) 8 M and (d) 10 M. Bar size¼2.5 mm.

Fig. 3. Plot showing the relationship between the diameter of the Bi2Ti2O7 spheres

and concentration of OH� .

Fig. 4. UV absorption spectra of Bi2Ti2O7 spheres and P25 TiO2.
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aggregate. On further increase of OH� concentration, the nano-
particles on the spheres will dissolve and recrystallize. At very high
concentration of OH� , the formation of sheet-like particles is
followed by ripening giving rise to the resulting structure of
nanosheets growing out from the microspheres [33]. Thus, the
pH value plays a pivotal role in controlling the formation of seeds
and the growth rates to shape the Bi2Ti2O7 particles.

3.3. UV–vis diffuse reflectance spectra

Fig. 4 shows the UV absorption spectra of the BIT spheres and
P25 TiO2. The band gap absorption edge of BIT spheres is deter-
mined to be 437 nm. For a crystalline semiconductor, the optical
absorption near the band edge follows the equation [38,39].

ahu¼ Aðhu�EgÞ
n=2

ð1Þ
where a, n, Eg, and A are absorption coefficient, light frequency,
band gap and a constant, respectively. According to the equation
above, the value of n for Bi2Ti2O7 spheres is 1. The band gap energy
of Bi2Ti2O7 is calculated to be 2.83 eV, which displays a marked red
shift in the absorbance compared to P25 TiO2 due to the contribu-
tion of 6s electrons from Bi3 + [25]. These experimental results for
the band gap energy of Bi2Ti2O7 are in agreement with the data
reported by Yao and Hector [23,36], indicating that BIT spheres
have potential ability for photocatalytic decomposition of organic
contaminants under visible light irradiation.

3.4. Photodegradation of RhB

The photocatalytic activities of the as-prepared BIT spheres
were evaluated by the degradation of RhB solution. Fig. 5 shows the
temporal evolution of the absorption spectrum of RhB solution
(10�5 mol L�1) in the presence of 100 mg of BIT spheres (3 M) in



Fig. 5. Temporal evolution of the absorption spectrum of RhB solution (1�10�5 M)

in the presence of 100 mg of Bi2Ti2O7 spheres (3 M) in 100 mL solution under visible

light irradiation.

Fig. 6. RhB normalization concentration (C0: 1�10�5 M) in the solution (100 mL)

with the Bi2Ti2O7 spheres (100 mg) versus the exposure time under visible light

irradiation.

Fig. 7. Kinetic linear curves of RhB photocatalytic degradation with Bi2Ti2O7

and P25.

J. Hou et al. / Journal of Solid State Chemistry 184 (2011) 154–158 157
100 mL solution under visible light irradiation. The absorption peak
corresponding to the RhB molecules at 553 nm rapidly decreased in
intensity with exposure time. Absorption spectra reveal no evi-
dence of the existence of new intermediates or products formed in
the visible region. The color of the suspension changed the light
gradually and disappeared ultimately. However, under visible light
irradiation, the absorbance of the suspension decreases with a
concomitant wavelength shift of the band to shorter wavelength,
and the new band around 500 nm occurs. The color of the
suspension changes from an initial red color to a final achromatic
color. Almost complete degradation of RhB was achieved when
exposed to visible light irradiation for 360 min. The peak blue shift
could be ascribed to N-de-ethylation of RhB to rhodamine (see
Fig. S2) [40]. Fig. 6 shows the degradation rates of RhB using the BIT
spheres with varying diameters. It shows that there was a
negligible change in the degradation of RhB arising only from
the slow evaporation for the RhB solution without any catalyst.
However, with the decrease in diameters when hydroxyl concen-
tration was decreased from 10 to 3 M, the degradation rate of RhB
increases from 30% to 91% for Bi2Ti2O7 spheres after 360 min.
In comparison, the photocatalytic degradation rate of RhB over P25
was only 7%. Thus, the addition of Bi2Ti2O7 catalysts leads to the
obvious degradation of RhB, and the photocatalytic activity
depends on the diameter of spheres, which results from separation
and stabilization of photo-electrons and photo-generated holes
[23,25]. Moreover, when 0.25 mL H2O2 (30 wt%) was introduced
into the photoreaction suspension, the BIT/H2O2 (3 M OH�) system
could degrade almost 100% of RhB after 360 min, which suggests a
remarkable enhancement in photocatalytic activity. However, as
the BET surface area of the samples increases, there is a resulting
increase in adsorption percentages of RhB molecules. The higher
BET surface area (15 m2/g) of the BIT spheres provides more active
sites for photocatalytic reaction, resulting in the superior photo-
catalytic activity.

Furthermore, the kinetic linear simulation curves of RhB
photocatalytic degradation with BIT and P25 are shown in Fig. 7.
It is clear that the curve with irradiation time as abscissa and
ln(C/C0) as the vertical ordinate is close to a linear curve, which
indicates the photocatalytic degradation of RhB using BIT spheres
follows first-order reaction kinetics. The values of k for RhB, P25
and BIT with various concentrations of 10, 8, 5 and 3 M are 0.00013,
0.0002, 0.00152, 0.0025, 0.0038 and 0.0064 min�1, respectively,
indicating higher photocatalytic performance of BIT spheres than
that of commercial P25 TiO2. After the addition of 0.25 mL H2O2, the
constant rate reaches 0.0125 min�1, indicating the better photo-
catalytic performance of the BIT/H2O2 (3 M OH�) system. It is
worth pointing out that the stability of a given photocatalyst during
photoreaction is a crucial factor for the practical applications. The
stability tests were investigated by carrying out recycling reactions
four times for the photodegradation of RhB over BIT photocatalyst
under visible light irradiation, and the results are shown in Fig. 8.
No decrease in catalytic activity was observed in the recycling
reactions. Combined with the XRD patterns, all evidences demon-
strate that the BIT spheres have good stability.

Based on the above observations, a possible photocatalytic
mechanism of BIT is proposed and a schematic diagram is shown
in Fig. 9. In this photodegradation process, the photoexcited
electrons can be transferred to the conduction band (CB) from
the valence band (VB), and while the holes form in the VB when BIT
spheres is irradiated by light. Then the photoexcited holes in the VB
can form �OH (hydroxyl radical) that can oxidize the organic
pollutants and the electrons in the CB participate in a reduction
process. The higher photocatalytic activity of BIT over TiO2 was



Fig. 8. Stability evaluation for Bi2Ti2O7 spheres: four reaction cycles for photo-

degradation of RhB under visible light irradiation.

Fig. 9. Schematic diagram of photocatalytic mechanism for Bi2Ti2O7 spheres.
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attributed to be suitable band gap and stable e–h pair formation in
the valence band formed by the hybrid orbitals of Bi 6s and O 2p and
the conduction band of Ti 3d [41,42].
4. Conclusion

Bismuth titanates with well-defined spherical structures were
synthesized by a facile hydrothermal process without the use of any
surfactant or template. XRD and SEM studies have shown that spheres
could be fabricated in high yields by simply manipulating the
concentration of hydroxide ions. In this case, hydroxide ions seem
to play a pivotal role in controlling the formation of seeds and the
growth rates of the BIT particles. Based on the structural analysis of
samples obtained at different concentration of OH� , we also proposed
a plausible mechanism to account for the formation of these
distinctive morphologies under different conditions. Most impor-
tantly, the BIT spheres with good stability exhibited higher photo-
catalytic performance in the degradation of RhB solution under visible
light irradiation than commercial P25 TiO2. Furthermore, the higher
performance of small BIT spheres with the assistance of a small
amount of H2O2 for RhB degradation indicates that BIT spheres is a
promising candidate as a visible-light photocatalyst.
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