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a b s t r a c t

A series of Bi2O3–TiO2 composite photocatalysts were prepared with a facile nonaqueous sol–gel method
through varying the Bi–Ti atomic ratio and calcination temperature. The catalyst structures had been
extensively characterized by using X-ray photoelectron spectroscopy (XPS), high-resolution transmis-
sion electron microscopy (HRTEM), X-ray diffraction (XRD), UV–visible diffuse reflectance spectroscopy
(UV–vis DRS). The characterization results revealed that all of the Bi2O3–TiO2 composites exhibited
eywords:
i2O3

iO2

omposite photocatalysts
hotocatalytic degradation

smaller crystallite size, higher thermal stability and stronger absorbance in visible light range than pure
TiO2. The photocatalytic activities of as-prepared catalysts were evaluated by the degradation of methyl
orange (MO). The results showed that the Bi–Ti atomic ratio of 0.0175 was an optimum in the pho-
tocatalytic activities under visible light irradiation and the calcination temperature affected both the
physicochemical properties and photocatalytic activities of the catalysts.

XPS and XRD were further used to characterize the stability of the photocatalyst, which maintained a
ious
high activity without obv

. Introduction

Environmental pollution is a major concern worldwide. Espe-
ially, the organic dye pollutants in liquid waste have become the
erious problem in the wastewater treatment [1]. As we all know,
he high costs associated with the technologies of water purifica-
ion (e.g. biodegradation, physical entrainment and incineration)
orced great efforts to develop not only effective but also cheaper
nnovative processes for environment cleaning [2,3]. Besides well-
stablished techniques, semiconductor photocatalysis has played
key role in degradation of organic pollutants in waste water,

specially those from the textile and the photographic industries.
mong various oxide semiconductor photocatalysts, TiO2 has been
roved to be one of the most effective and suitable photocatalyst
or environmental applications because of its biological and chem-
cal inertness, stability against photocorrosion, non-toxicity, high
edox ability and lower cost [4,5]. But its relatively wide band gap
3.2 eV for anatase) and the relatively high rate of photogenerated

lectron–hole recombination limit its further application in the vis-
ble light region (400 nm < �<700 nm), which accounts for 43% of
he incoming solar energy [6].

∗ Corresponding author. Tel.: +86 22 27409533; fax: +86 22 27892359.
E-mail address: xinf@tju.edu.cn (F. Xin).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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deactivation after five recycles of the degradation.
© 2010 Elsevier B.V. All rights reserved.

To overcome the above two drawbacks, one of the most
promising ideas is coupling TiO2 with other narrow band gap
semiconductors with matching band potentials [7–17], which can
construct a heterojunction structure. In a coupled semiconductor
system, the narrow band gap semiconductor can be excited by vis-
ible light irradiation and some of the photogenerated electrons or
holes will then be transferred to TiO2 vis heterojunction interface,
leading to efficient charge separation. The extensively studied TiO2-
based doped photocatalysts include Bi2WO4–TiO2 [11], WO3–TiO2
[12], ZnO–TiO2 [13], FeTiO3–TiO2 [14], SiO2–TiO2 [15], Bi2O3–TiO2
[16,17] and so on.

Bi2O3 is a significant metal-oxide semiconductor with a direct
band gap 2.8 eV, which can be excited by visible light, but the pho-
tocatalytic activity of Bi2O3 is low due to the photocorrosion and
fast recombination of photogenerated electron–hole pairs [18]. In
recent years, the development of Bi2O3–TiO2 composite photo-
catalyst that can work effectively under visible light irradiation
with photochemical stability is a very hot topic in photocatal-
ysis research. Cao and his coworkers used evaporation-induced
self-assembly (EISA) method and P123 surfactant as a template
to synthesize Bi2O3–TiO2 with ordered mesoporous structure [16].
Jing’s group prepared Bi2O3 surface-modified TiO2 nanoparticle by

sol-hydrothermal process of Ti(OBu)4, followed by post-treatment
with an appropriate amount of bismuth nitrate solution [17]. Xu
et al. synthesized Bi2O3–TiO2 composite film by refluxing acidic
solution (pH 2) of isopropyl alcohol, Ti(OBu)4 and �-Bi2O3 [19].
In this paper, we prepared Bi2O3–TiO2 composite photocatalysts

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:xinf@tju.edu.cn
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ith a nonaqueous sol–gel method by using cetyl trimethylam-
onium bromide (CTAB) as a dispersant, which could improve the

ispersibility of particles during ultrasonication and promote stable
ispersions of solids in different media [20–22]. The photodegrada-
ion of MO was employed to evaluate the photocatalytic activities
f the Bi2O3–TiO2 catalysts, with a 500W Xe lamp equipped with an
V-cut-off filter (� > 400 nm) as the light source. The activities on
ifferent atomic ratios of Bi–Ti and calcination temperatures were
ested and discussed. Moreover, the stability of the Bi2O3–TiO2 pho-
ocatalysts after multiple photocatalytic degradation runs was also
valuated.

. Experimental

.1. Preparation of Bi2O3–TiO2

All chemicals were analytical grade without further purification and purchased
rom Tianjin jizhun chemical company. In a typical synthesis procedure, 0.1 g CTAB
as dissolved in 15 mL absolute ethanol under vigorous stirring at room temper-

ture. Then the resulting solution was ultrasonicated for 15 min before mixing
ith 6 mL butyl titanate. After 20 min ultrasonication, a homogeneous solution was

ormed and subsequently heated to 82 ◦C. At this time, a certain amount of bis-
uth(III) nitrate pentahydrate was added into the solution with vigorous stirring,

nd a yellowish sol was obtained after 30 min ultrasonication and 180 min stirring.
he resulting colloid was aged at room temperature for 24 h and 85 ◦C for 10 h, and
hen calcined in air for 8 h at 420, 520 and 620 ◦C (2 ◦C/min), respectively. Finally,
series of samples with Bi amount ranging from 0.0000 to 0.0234 were prepared

nd named as Bi–Ti–x–y, where x denotes the Bi–Ti atomic ratio and y defines the
alcination temperature (◦C). The pure TiO2 sample was also prepared by the same
rocedure except adding the bismuth(III) nitrate pentahydrate.

In our process, it was necessary to add CTAB as the surface dispersant to make
ismuth(III) nitrate pentahydrate evenly and stably suspend in ethanol and form
niform suspensions.

.2. Characterization

The determination of crystallite sizes and identification of the pure TiO2,
i2O3–TiO2 were carried out by XPS, HRTEM, XRD, and UV–vis DRS. XPS was
ecorded on a PHI-5600 multitechnique system with a monochromatic Al K� source
Physical Electronics) operated at 150W (15 kV, 10 mA). TEM and HRTEM images
ere obtained on a Tecnai G2 F20 S-TWIN instrument operated at 200 kV accelerat-

ng voltage. The XRD was performed on a Bruke/D8-Advance with Cu Ka radiation
k = 0.1518 nm) at a scan rate of 0.02◦ S−1. The operation voltage and current were

aintained at 40 kV and 100 mA. UV–vis DRS was recorded by Shimadzu UV-2550
pectrophotometer by using BaSO4 as a reference in wavelength of 200–800 nm.

.3. Evaluation of photocatalytic activities

Methyl orange (MO) was chosen as the target pollutant for photocatalytic activ-
ties, since it is a typical azo dye and difficult to degrade. In the optical system used
or the photocatalytic reaction, a 500W Xe lamp from Beijing Institute of Electric
ight Source was located at 16 cm over the surface of reaction solution, and in light
ay a 400 nm cut-off filter was used to remove all the UV lights with wavelength

horter than 400 nm. In each experiment, 0.08 g of photocatalyst was added into
0 mL of MO solution with a concentration of 10 mg/L in a reactor with a cooling

acket. All catalysts were sieved to obtain particles of 0.12–0.15 mm size. Before irra-
iation, the suspension was isolated light and stirred for 50 min to establish sorption
quilibrium. The concentration of MO at this point was taken as the initial value for
alculation. In certain time interval, 3 mL solution was sampled from the suspension
nd immediately centrifuged, and the concentration of MO was measured by UV–vis
pectrophotometer at 464 nm wavelength.

The stability of the catalysts was tested by repeating the same experiment.
nce each run of photodegradation experiment finished, the used catalyst was
entrifuged, washed with ethanol and dried before reuse.

. Results and discussion

.1. XPS analysis

High-resolution XPS was used to elucidate the detailed surface

hemical compositions and their electronic states of the samples. As
hown in Fig. 1a, there were two strong peaks at 158.7 and 163.9 eV
n the high-resolution spectra were assigned to Bi4f7/2 and Bi4f5/2,
espectively. It was in agreement with the reported pure Bi2O3 val-
es [23], showing the +3 valence state of Bi cation. In Fig. 1b, the
Fig. 1. (a) High-resolution scanning XPS spectra of Bi 4f (curve a) before photodegra-
dation and (curve b) after photodegradation and (b) high-resolution scanning XPS
spectra of Ti 2p (curve a) before photodegradation and (curve b) after photodegra-
dation.

peaks of Ti2p3/2 and Ti2p1/2 were centered at 458.20 and 464.7 eV,
which showed the main valence of Ti in the prepared catalysts is +4
and Ti4+ is in tetrahedral coordination with oxygen. These results
suggested that the Bi2O3 and TiO2 were present mainly as separate
phases in Bi2O3–TiO2 composites, respectively.

3.2. TEM and HRTEM analyses

In order to investigate the nanocrystalline nature of Bi2O3–TiO2,
the sample was characterized by TEM and HRTEM. The typical
TEM of the Bi–Ti–0.0175–420 in Fig. 2a showed that the crys-
tallite size was around 14 nm, which was in agreement with the
latter obtained by XRD analysis, and the shape of particles was
mainly spherical. HRTEM was used to further investigate the struc-
tural information of the Bi–Ti–0.0175–420 sample (Fig. 2b), which
revealed that this sample was highly crystallized, as evidenced by
well-defined lattice fringes. Many different lattice fringes could
be found and allowed for identifying the crystallographic spac-

ing of TiO2 and Bi2O3. The fringes of d = 0.352 nm matched the
(1 0 1) crystallographic plane of anatase TiO2, while the fringes
of d = 0.325 nm and d = 0.271 nm matched the (1 2 0) and (1 2 1)
crystallographic planes of Bi2O3 nanoparticles, respectively. The



Y. Liu et al. / Journal of Alloys and Compounds 498 (2010) 179–184 181

F
B

H
i
t
B
p

3

p
a
r
t
T
c
p

p
s

was clearly absorbed by all the Bi–Ti–x–420 samples due to the con-
ig. 2. (a) TEM images of Bi–Ti–0.0175–420 and (b) HRTEM images of
i–Ti–0.0175–420.

RTEM analysis further confirmed that Bi2O3 and TiO2 coexisted
n the resulting samples. Furthermore, an interconnected nanopar-
icular morphology was observed in Fig. 2b, which indicated a
i2O3–TiO2 nanocrystal heterojunction to be formed in the com-
osite.

.3. XRD analysis

XRD patterns in Fig. 3a showed that only anatase crystal phase
resented in the Bi–Ti–x–420 samples, corresponding to the char-
cteristic diffractive peaks around 2� = 25.25, 37.88 and 48.00,
espectively. Clearly, Bi did not replace Ti in TiO2 frame because
he radius of Bi3+ was 0.096 nm, which was larger than 0.068 nm of
i4+. No observation of Bi2O3 diffraction peaks was due to the low
ontent of Bi O and the extremely high dispersion of the Bi O
2 3 2 3
articles [16].

Based on the XRD results, the mean crystal sizes of Bi2O3–TiO2
owders were calculated by the Scherrer equation. The particle
izes decreased with the increase of Bi–Ti proportion (Table 1),
Fig. 3. (a) XRD patterns of the samples with different atomic ratios of Bi–Ti at 420 ◦C
calcination and (b) XRD patterns of the Bi–Ti–0.0175 samples calcined at different
temperatures.

which suggests the presence of Bi2O3 with high dispersion on TiO2
particles could inhibit the crystal growth of TiO2 during the calci-
nation process. Furthermore, the XRD patterns of the Bi–Ti–0.0175
at different calcination temperatures in Fig. 3b demonstrated that
Bi2O3 was capable of inhibiting the TiO2 phase transformation
from anatase-to-rutile in comparision with the Bi–Ti–0.0000–620
sample. Therefore, it could be concluded that the introduction
of Bi2O3 could suppress the phase transformation and crystal
growth of TiO2, which maybe caused by hererojunction interface
between Bi2O3 and TiO2 nanocrystals in composite. In addition,
the increase of calcination temperature resulted an increase of
(1 0 1) diffraction peak intensity, indicating the crystal phase of TiO2
became perfect, and some crystal grains agglutinated and became
bigger.

3.4. UV–vis DRS and band gap

The optical properties of the Bi2O3–TiO2 samples were mea-
sured by using UV–vis DRS. The results indicated that visible light
tribution of Bi2O3 (Fig. 4a). The strong absorption of the Bi2O3–TiO2
composites in the visible region implies efficient utilization of vis-
ible light for the photocatalytic reaction. Moreover, the plot of
(˛h�)1/2 versus the energy of light [24] afforded band gap energy
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Table 1
Crystallite size (nm) of all the Bi–Ti–x–420 and Bi–Ti–x–520 samples.

Calcination temperature Samples

Bi–Ti–0.0000 Bi–Ti–0.0082

420 ◦C 19.50 16.47
520 ◦C 28.10 18.13

Fig. 4. (a) UV–vis spectra of Bi–Ti–x–420, (b) the optical absorption edges (eV) of
Bi–Ti–0.0175–420 and (c) UV–vis spectra of the Bi–Ti–0.0175 samples at different
calcination temperatures.
Bi–Ti–0.0117 Bi–Ti–0.0175 Bi–Ti–0.0234

15.88 13.97 12.68
17.09 15.00 14.27

of 2.85 eV for Bi–Ti–0.0175–420 (Fig. 4b), which could be easily
induced photoelectrons and holes by visible lights.

The UV–vis DRS of Bi–Ti–0.0175 samples calcined at differ-
ent temperatures were shown in Fig. 4c. It can be seen that the
Bi–Ti–0.0175 samples calcined at 420, 520 ◦C displayed similar
absorbance for visible lights, suggesting that in the composite,
Bi2O3 mainly resulted the spectral response in the visible region.
However, with the increase of calcination temperature to 620 ◦C,
the Bi–Ti–0.0175 sample showed a obviously weaker absorption
in the visible light region than that of calcined at 420 and 520 ◦C,
which might be due to the formation of a new phase of Bi4Ti3O12
at 620 ◦C [25–27], but XRD was not sensitive enough to detect such
minor phase to the samples.

3.5. Photocatalytic activity

The MO photolysis upon visible light irradiation in the blank
experiment was not observable and under dark condition, no
degradation of MO was detected for 8 h in presence of the photo-
catalysts. Therefore, both the illumination and the photocatalysts
were essential for the highly efficient degradation. As shown in
Fig. 5a, all of the Bi–Ti–x–420 catalysts significantly achieved
faster MO photodegradation rates than pure TiO2 self-made and
commercial Degussa P25 TiO2 under visible light irradiation. MO
photodegradation was enhanced initially by increasing Bi–Ti pro-
portion, and decreased thereafter while the Bi–Ti proportion
reached a higher level. Clearly, there was an optimal Bi–Ti pro-
portion of 0.0175 to exhibit the highest photocatalystic activity.
When the Bi–Ti proportion was lower than its optimal amount,
with the increase of Bi–Ti proportion, it could increase the Bi–O
polyhedral, which acted as electron trapping centers to prolong
the life of carriers, and increase active sites and number of sub-
strates adsorbed due to the smaller crystal size, thereby improving
the photocatalytic activities; however, when the Bi–Ti propor-
tion was higher than its optimum amount, higher concentration
of Bi often gave rise to particle agglomeration of Bi2O3 with
severe nanocrystal heterojunction decline, which could cause a
decrease in the photocatalytic activities. To evaluate the role of
heterojunction on the photocatalytic activities, we used a direct
mixing method to prepare Bi–Ti–0.0175–420 composite powder
as comparison with the nonaqueous sol–gel technique. The as-
prepared Bi–Ti–0.0175–420 composite powder showed a rather
lower photocatalytic performance, where the degradation ratio
was just 5% in 5 h. This suggested it was desirable to prepare het-
erojunction composite with intimate contact between heterophase
nanoparticles of Bi2O3 and TiO2 to make interparticle electron
transfer more efficient and achieve a higher photocatalytic perfor-
mance.

We also noticed that the photocatalytic activity decreased
steadily with increasing calcination temperatures (Fig. 5b). Cal-
cination at higher temperatures, to promote better crystallinity,
often gave rise to particle agglomeration and reduced bulk defects
and surface areas, and thus lowered the activity of the cata-

lyst [28]. However, when the calcination temperature decreased
to 320 ◦C, there was no or negligible photocatalytic activity for
the obtained black powders because the residual carbon from
organic precursors was not completely removed during the thermal
treatment.
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Fig. 5. (a) Effect of Bi–Ti proposition on the photocatalytic activities of Bi–Ti–x–420
and (b) effect of calcination temperature on the photocatalytic activities of
Bi–Ti–0.0175.

Fig. 6. Cycling runs in the photocatalytic degradation of MO in the presence of
Bi–Ti–0.0175–420 under visible light.
Fig. 7. XRD patterns of Bi–Ti–0.0175–420 (a) before photodegradation and (b) after
photodegradation.

3.6. Photocatalytic stability in degradation reaction

To test the stability of the photocatalysts, Bi–Ti–0.0175–420
as a representative photocatalyst, was used for five recycles of
photodegradation of MO. As indicated in Fig. 6, the catalytic activ-
ities exhibited no significant decrease and kept photostable. The
decrease of the catalytic activity after five recycles may partly
resulted from incomplete separation of the catalyst powders from
liquid and the catalyst loss during the process of washing. Further-
more, characterizations had been performed to test the stability of
Bi–Ti–0.0175–420. The detailed X-ray photoelectron survey spec-
tra for Ti 2p and Bi 4f were shown in Fig. 1. There was only a small
decrease of intensity before and after the catalytic reactions, which
indicated that the oxidation state of Ti and Bi remained stable in the
reaction process. The XRD patterns in Fig. 7 gave nearly the same,
therefore, the crystal phase of Bi–Ti–0.0175–420 did not change
obviously and possessed stability in the photocatalytic process.

4. Conclusions

The nonaqueous sol–gel method and CTAB as a dispersant were
used to prepare a series of Bi2O3–TiO2 composites, which exhib-
ited better photocatalytic activities and stability in degradation
of MO under visible light irradiation. The Bi2O3–TiO2 photocata-
lyst with Bi–Ti proportion of 0.0175 showed the best performance
in the experimental conditions. The calcination temperature also
strongly influenced the activity of the samples: the photocatalytic
degradation of MO decreased gradually with increasing calcination
temperature from 420 to 620 ◦C. Furthermore, the introduction of
Bi2O3 could effectively suppress phase transformation of anatase-
to-rutile, prevent the over growth of crystallites and enhance
visible light absorption in comparison with pure TiO2.
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