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TiO; nanoparticles compounded with different amounts of bismuth were prepared by a sol-gel method,
and the effects of compounding bismuth on the phase transformation, photoinduced charge separa-
tion and photocatalytic activity for degrading rhodamine B solution were mainly investigated, along
with enhancement mechanism of photocatalytic activity of TiO, nanoparticles by compounding bismuth

species. It can be confirmed that, by means of X-ray diffraction (XRD), surface photovoltage spectroscopy
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(SPS) and ultraviolet-visible diffuse reflectance spectroscopy (UV-vis DRS), compounding bismuth can
extend the optical response, and effectively inhibit the phase transformation process from anatase to
rutile, consequently greatly improving the anatase crystallinity so as to promote the photoinduced charge
separation. These factors are responsible for the increase in the photocatalytic activity of TiO, compounded
with an appropriate amount of bismuth species.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Among various oxide semiconductor photocatalysts, TiO, has
been proven to be one of the most suitable materials for widespread
environmental applications because of its several attractive fea-
tures, such as chemical and biological inertness, stability against
photocorrosion, non-toxicity, high redox ability and less cost. In
the last two decades, the fundamental and application researches
on TiO, photocatalysis have been extensively documented [1-4].
Generally speaking, the separation and recombination of pho-
toinduced charge carriers are in competing process, and the
photocatalytic reaction is effective only when photoinduced elec-
trons and holes are trapped on the surfaces, respectively. Although
a great many of works about semiconductor photocatalysis have
been published, the detailed photocatalytic mechanisms and
factors affecting the photoactivity are still needed to explore
further.

It has well been recognized that there are two bottleneck draw-
backs associated with TiO, photocatalysis, namely, high charge
recombination rate in itself and low efficiency for utilizing solar
light, which would greatly hinder the commercialization of this
technology. To overcome the above two problems, many attempts
have been made to increase the utilization of visible light and
enhance the separation situation of charge carriers. Among those
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attempts, compounding or doping transitional metal is one of the
most efficient methods. There have been many papers published
about TiO, photocatalysts compounded or doped with Zn, Sn, Cu,
Si, Ca, Al, Mn, Fe, Ni, V, Ag, rare-earth metal, etc. [4-13]. However,
relative few papers about TiO, compounded or doped with Bis-
muth (Bi) species have reported up to now [11-17]. Rengaraj et al.
reported that doping Bi could improve the photocatalytic activity of
TiO,, attributed to the increase in the efficiency of charge separation
on the basis of the photoluminescence quenching. However, to the
best of our knowledge, systematic studies on effects of compound-
ing Bi on the phase transformation and the photoinduced charge
separation by means of SPS measurement, together with their rela-
tionships with the photocatalytic activity, have never been reported
so far. The SPS, which is a kind of action spectroscopy based on opti-
cal absorption, is an effective tool to investigate the photophysics
of excited states generated by adsorption in the aggregate state,
providing some important information, surface states and charge
separation and/or recombination [9,10].

In the present work, the photocatalytic activity of TiO, nanopar-
ticles is improved by compounding an appropriate amount of Bi
species, and the activity enhancement is mainly attributed to the
increase in the photoinduced charge separation situation based
on the SPS analysis, resulting from the high crystallinity and the
Bi-O polyhedral acting as electron trapping centers, as well as to
the visible response. Moreover, it can be suggested that the SPS
measurement be used to preliminarily evaluate the photocatalytic
activity of the resulting TiO, quickly. This work will be valuable
for the practical application of TiO, photocatalysts, and also help
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us understand the photophysical and photochemical processes of
nanosized semiconductor well.

2. Experimental

All the used reagents are of analytical grade without further
purification, and the deionized water is employed to prepare the
solutions in our experiments.

2.1. Preparation of materials

The TiO, nanoparticles were prepared by a sol-gel process [8].
In a typical process, 5mL of Ti(OBu); was dissolved in 5mL of
absolute C;H50H to produce Ti(OBu)4-C;HgOH solution. Mean-
while, 5mL of water and 1mL of HNO3 (67%) were added to
another 20 mL of absolute C;H5OH in turn to form an ethanol-nitric
acid-water solution. After the two resulting solutions were stirred
for 30 min, respectively, the Ti(OBu)4—-C,H50H solution was slowly
added dropwise to the ethanol-nitric acid-water solution under
vigorously stirring to carry out a hydrolysis. Then, a semitranspar-
ent sol was gained after continuously stirring for 1 h. Subsequently,
the sol was dried at 60°C in the air for about 24 h to produce dry
gel powder after grinding. Finally, TiO, nanoparticles were obtained
by calcining the dry gel precursor at certain temperature for 2 h. To
synthesize Bi-compounded TiO, samples, the desired amount of
Bi(NOs3); was dissolved in an appropriate amount of ethanol-nitric
acid-water solution prior to the hydrolysis. The remaining proce-
dures were the same as described above.

2.2. Characterization of materials

The crystalline phases of the samples are analyzed by X-ray
powder diffraction (XRD) using a Model D/MAX-IIIB diffractome-
ter made by Japanese Science Co., equipped with CuKa radiation
(A=0.15406 nm). An accelerating voltage of 30 kV and an emission
current of 20 mA were employed.

The samples are observed with a JEOM-1200EX transmission
electron microscope (TEM).

The surface composition and elemental chemical state of the
samples are examined by X-ray photoelectron spectroscopy (XPS)
using a Model VG ESCALAB apparatus with MgKa X-ray source.
The pressure is maintained at 6.3 x 10~7 Pa. The binding energies
are calibrated with respect to the signal for adventitious carbon
(binding energy = 284.6 eV). Relative quantitative analysis is carried
out with the sensitivity factors supplied by this instrument.

The Ultraviolet-visible diffuse reflectance spectra (UV-vis DRS)
of the samples are recorded with a Model Shimadzu UV2550 spec-
trophotometer.

The Surface photovoltage spectroscopy (SPS) measurement of
the samples is carried out with a home-built apparatus that had
been described in detail elsewhere [10,18]. The powder samples
are sandwiched between two ITO glass electrodes, and the change
of surface potential barrier between in the presence of light and
in the dark is SPS signal. The raw SPS data are normalized with a
Model Zolix UOM-1S illuminometer made in China.

2.3. Evaluation of photocatalytic activity of materials

Rhodamine B (RhB) has commonly been used as a dye, especially
for paper, and as a reagent for antimony, bismuth, cobalt, niobium,
gold, manganese, mercury, molybdenum, tantalum, thallium and
tungsten. However, it has been found to be potentially toxic and
carcinogenic. Thus, the RhB solution is chosen as a model pollutant
to evaluate photoactivity of the as-prepared TiO,. The degradation
intermediates were not determined. The experiment was carried
out in a 200mL quartz photochemical reactor, open to air, hav-
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Fig. 1. XRD patterns of un-compounded (A) and Bi-compounded (B) TiO, calcined
at different temperature.

ing the shape of a vertical cylinder. The light was provided from
a side of the reactor by a 150 W GYZ220 fluorescence high-pressure
Hg lamp made in china without filter, which was placed at about
20 cm from the reactor. The RhB solution initial concentration was
equal to 10 mg/L, and the treated total volume was 100 mL under
continuously stirring. The solution was first stirred for 20 min after
0.1 g of TiO, samples was added into the reaction system, it has
been shown that this period was sufficient to reach the adsorption
equilibrium, then began to illuminate. The RhB concentrations at
different reactive times were measured with a Model Shimadzu
UV2550 spectrophotometer according to the optical characteris-
tic absorption at the wavelength of 553 nm of RhB solution after
centrifugation.

3. Results and discussion
3.1. Measurements of XRD, TEM and XPS

The XRD peaks at 260=25.28 and 26 =27.48 are often taken as
the characteristic peaks of anatase (101) and rutile (110) crystal
phase, respectively [8]. The percentage of anatase in the samples
can be estimated from the respective integrated XRD peak inten-
sities using the quality factor ratio of anatase to rutile (1.265),
and the crystallite size can also be determined from the broad-
ening of corresponding X-ray spectral peak by Scherrer formula
[19]. Fig. 1 shows the XRD patterns of un-compounded (A) and
3 mol% Bi-compounded (B) TiO, nanoparticles calcined at different
temperature.
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From Fig. 1A, it can be seen that there is main anatase phase in
the TiO, nanoparticles calcined at the temperature of lower than
600 °C, and the anatase crystallinity and crystallite size can increase
as the thermal treatment temperature rises based on the intensi-
ties of characteristic XRD peaks. After calcination at 600 °C, a certain
amount of rutile phase begins to appear. When the calcination tem-
perature is equal to or higher than 700°C, TiO, has completely
been transformed into the rutile phase. It can be demonstrated that
the temperature between 500 and 700 °C is the phase transformed
temperature for the anatase to rutile [20].

As for Bi-compounded TiO, (Fig. 1B) samples, it can be con-
firmed that the phase transformation begins to take place at 700°C,
and the anatase phase has fully disappeared after calcination at
800°C. On the condition of the same thermal treatment tempera-
ture, the Bi-compounded TiO, sample has larger anatase content
and smaller crystallite size than those of corresponding TiO, un-
compounded with Bi. The above results imply that compounding
Bi has a great inhibiting effect on the phase transformation process.
Thus, the crystallinity of anatase TiO, can be raised by compound-
ing Bi. In general, the increase in the crystallinity of anatase TiO,
is favorable to enhance the photocatalytic activity of TiO, [21]. The
as-prepared Bi-compounded TiO, sample calcined at 700 °C, with
about 15 nm anatase crystallite size, has a mixed phase composi-
tion of 82% anatase and 18% rutile, whose phase composition is
similar to that of the internationally commercial P25 TiO,. The P25
usually exhibits high photocatalytic activity, which is commonly
recognized to be due to its mixed phase composition. Therefore,
it can be predicted that the resultant TiO, compounded with Bi
by thermal treatment at 700°C have good photocatalytic perfor-
mance because of its high anatase crystallinity and its mixed phase
composition.

It should be noted that the XRD peaks of Bi-compounded TiO,
do not shift a little, compared with un-compounded TiO,, indicat-
ing that Bi does not come into the lattices to substitute partly Ti,
which is possibly because of the larger radius of Bi3* (0.096 nm)
than that of Ti** (0.068 nm) during the process of soft chemical
preparation. In addition, the phases related to Bi species in TiO, cal-
cined at 800°C are examined. After calcination at 800 °C, Bi13TiOg
or BigTi3 013 is easily formed [22,23].

X-ray photoelectron spectroscopy with a high sensitivity is an
effective method to investigate the surface composition and chem-
ical states of solid samples. The two as-prepared TiO, samples
compounded with 3% Bi by thermal treatment at 600 °C and 700°C
is tested by means of XPS method, and their XPS spectra are shown
in Fig. 2. The XPS peak positions of Bi4f;, (Fig. 2A) and Ti2ps,
(Fig. 2B) are at about 158.5 and 458.5 eV, respectively, demonstrat-
ing that the main chemical valences of Bi and Ti in the two samples
are +3 and +4, respectively, according to the method principle and
handbook of the XPS instrument. The two O1s XPS spectra are wide
and asymmetric, demonstrating that there are at least two kinds of
O chemical states according to the binding energy range from 530.1
to 533.0 eV, including crystal lattice oxygen (O ) and hydroxyl oxy-
gen (Oy) with increasing binding energy [24,25]. Thus, the O1s XPS
spectrum is fitted to two kinds of chemical states with the Origin
software by Gaussian rule. The Op XPS signal is attributed to the
contribution of Ti-O in TiO, crystal lattice, and its peak position
is at about 530.0eV. The Oy XPS is close related to the hydroxyl
groups resulting mainly from the chemisorbed water, and its peak
position is at about 531.5eV. According to XPS analysis, it can be
shown that the atomic number ratio of Bi and Ti is close to 3: 100,
which corresponds to the desired amount of Bi, illustrating that Bi
is uniformly dispersed into the TiO, samples.

Based on the above results of XRD and XPS, for the Bi-
compounded TiO, calcined at the temperature below 800°C, Bi
should exist as the main chemical form of lots of Bi;O3 clusters,
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Fig. 2. XPS spectra of Bi4f (A), Ti2p (B) and O1s (C) of Bi-compounded TiO, calcined
at 600°C and 700°C.

and be uniformly dispersed among the TiO, crystallites, further
producing the Bi;03-TiO, composite nanoparticles. Since Bi;03 is
dispersed uniformly among anatase crystallites, it should enhance
the phase transformation temperature by suppressing the anatase
crystallite contacts during the thermal treatment [24].

Fig. 3 shows the TEM images of TiO, nanoparticles un-
compounded (A) and compounded with 3 mol% Bi (B) by thermal
treatment at 600 °C. It can be seen that the both samples display
similar sphere, with the average particle size of about 30 and 20 nm,
respectively, demonstrating that compounding Bi can inhibit the
growth of TiO, nanoparticles, which is in accordance with XRD
characterization.

3.2. Measurements of DRS and SPS

Fig. 4 is the DRS spectra of TiO, nanoparticles calcined at 600 °C
and 3% Bi-compounded TiO, nanoparticle calcined at 700 °C. Since



J. Wang et al. / Journal of Hazardous Materials 160 (2008) 208-212 211

" 50 nm

Fig. 3. TEM images of un-compounded (A) and Bi-compounded (B) TiO5.

the two samples have similar phase composition based on the
above XRD analysis, their DRS spectra are similar. However, by com-
parison, it can be found that there is much less reflection (more
absorption) at the wavelength range from 420 to 470 nm in the
Bi-compounded sample, which can be attributed to Bi species.
The surface photovoltage (SPV) method is a well-established
contactless and non-destructive technique for semiconductor char-
acterization that relies on analyzing the difference of surface
photovoltage after and before irradiating, further effectively reflect-
ing the information about the separation and recombination of
photoinduced charge carriers. Fig. 5 shows the SPS responses of
different amount of Bi-compounded TiO, calcined at 700°C and
un-compounded TiO; calcined at 600 °C. For the obvious SPS peak
atabout 345 nmin the all four samples (Fig. 5), it can be attributed to
the electronic transition from the valence band to conduction band
(Ozp — Ti3q) according to the DRS spectra and TiO, energy band
structure [25]. On the basis of the above XRD analysis, it can be
expected that the four samples in Fig. 5 have similar phase compo-
sition. However, their SPS intensities are distinct. As the Bi amount
increases, the SPS responses become strong. When the Bi content is
3%, the highest SPS response appears. However, after continuously
increasing Bi amount, the SPS response begins to become weak
inversely. This indicates that compounding an appropriate amount
of Bi can enhance the SPS response so as to further promote pho-
toinduced charge separation, which is possibly explained by the
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Fig. 4. UV-vis DRS spectra of un-compounded TiO, calcined at 600°C and Bi-
compounded TiO; calcined at 700°C.

following three aspects. The first aspect is related to the increase in
the crystallinity resulting from compounding Bi. The second aspect
is because of the formation of Bi, 03-TiO, composite nanoparticles,
in which the photoinduced electrons in the conduction of TiO; can
easily transfer to the conduction of Bi, O3 according to their band
structure. The third aspect is due to the Bi-O polyhedral, which
can act as electron trapping centers so as to hinder electron-hole
pair recombination [25]. However, compounding an excess amount
of Bi can possibly affect the optical absorption of TiO,, which is
responsible for the decrease in the SPS response.

In addition, it should be noted that a weak SPS response appears
atabout 425 nm in the TiO, compounded with Bi, especially for that
with high amount of Bi, which is possibly ascribed to the existence
of Bi» 03. This is favorable to extend optical response of TiO, and to
induce visible-driven photocatalytic reactions.

3.3. Measurement of photocatalytic activity

The photocatalytic activity of different content Bi-compounded
TiO, nanoparticles can be evaluated by the degradation of RhB solu-
tion. From Fig. 6, it can be seen that the photocatalytic activity of
TiO, nanoparticles can be improved by compounding an appropri-
ate content of Bi. On the basis of the above analyses, the enhanced
photocatalytic activity can be attributed to the higher charge sep-
aration rate, mainly resulting from the high crystallinity and Bi, O3
coupling, and to the extent of optical absorption. When the Bi
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Fig. 5. SPS responses of different amount of Bi-compounded TiO, calcined at 700°C
and un-compounded TiO, calcined at 600°C.
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Fig. 6. Photocatalytic degradation rate of RhB solution on different content of Bi-
compounded TiO; calcined at 700°C and un-compounded TiO; calcined at 600°C.

content is 3%, the Bi-compounded TiO, sample exhibits higher pho-
tocatalytic activity. If the Bi content continuously increases, the
photocatalytic activity begins to go down inversely. Interestingly,
the order of the photocatalytic activity is the same as the order of
the SPS intensity.

4. Conclusions

Based on the above systematic research, several conclusions can
be drawn as follows. Compounding Bi can inhibit the phase trans-
formation from anatase to rutile so as to improve the crystallinity
of anatase TiO,, and can produce Bi, 03-TiO, composite nanoparti-
cles. These results in the enhancement in the photoinduced charge
separation and the extent of optical absorption, which are respon-
sible for the increase in the photocatalytic activity of TiO, samples
compounded with an appropriate amount of Bi species. Moreover,
it can be suggested that for Bi-compounded TiO,, the stronger is
the SPS response, the higher is the photocatalytic activity.
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