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Effect of lanthanum and lead doping on the microstructure and visible
light photocatalysis of bismuth titanate prepared by the oxidant
peroxide method (OPM)
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A B S T R A C T

Pure (Bi12TiO20) and La- and Pb-doped (Bi12�xLaxTiO20 e Bi12�xPbxTiO20, with “x” up to 1.50) bismuth
titanates were prepared by the oxidant peroxide method (OPM) and used for photodegradation of
rhodamine b (RhB). The synthesized materials samples were characterized by X-ray diffraction (XRD),
UV–vis diffuse reflectance spectra (DRS), X-ray photoluminescence (PL) spectroscopy, scanning electron
microscopy (SEM), X-ray fluorescence (XRF) and N2 physical adsorption. Rietveld refinements showed
samples consisting mainly of sillenite structure with small amounts of a perovskite secondary phase in
the La- and Pb-doped materials. The photocatalytic properties of all materials were evaluated by the
discoloration of RhB solution under ultraviolet (UV) and visible irradiation, where the bismuth titanate
obtained by the OPM route showed higher photocatalytic activity than the commercial TiO2.
Furthermore, it was observed that the insertion of different ions in the bismuth titanate structure
changes the band gap energy in different ways, which consequently altered the photocatalytic activities
of the materials.
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1. Introduction

With the technological development initiated in the industrial
revolution and intensified in the second half of the twentieth
century, industrial processes have become essential for modern
society. However, the current unsustainable patterns of production
and consumption have caused serious damage to the environment
due to the generation and disposal of waste in increasing quantity
and complexity.

In relation to organic pollutants, we can highlight the high
contamination power of textile dyes. Their strong coloring causes
changes in biological cycles, mainly affecting the photosynthesis
processes. Moreover, some classes of dyes and their byproducts
may be carcinogenic and/or mutagenic [1]. Thus the need arises to
develop new technologies for wastewater treatment, as well as to
reduce the high costs of existing technologies.

In this context, the Advanced Oxidation Processes (AOP’s) come
to meet these requirements, mainly due to their simplicity and
high efficiency in the degradation of many organic pollutants [2].
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These processes are based on the formation of hydroxyl radicals
(HO�) which are capable of oxidizing the contaminants to smaller
and less polluting molecules or even mineralize them. Among the
processes that involve the generation of the hydroxyl radical, one
can cite the heterogeneous photocatalysis, H2O2/UV, O3/UV, O3/
H2O2, Fenton and photo Fenton, and other combined processes [3].

Many studies have demonstrated the degradation of organic
pollutants such as phenol, chlorinated hydrocarbons, chlorophe-
nols, insecticides, dyes and others, using the photocatalysis process
in the presence of TiO2 under solar radiation [4–6]. However, due to
the high energy required for activation of TiO2 for generating the
hydroxyl radicals (band gap equal to 3.2 eV), the yield of the
process is limited by the absorption of radiation up to 385 nm,
which corresponds to only about 5% of the solar spectrum [7,8].

Considering these factors, the bismuth titanate presents itself
as an alternative to be used as a photocatalyst due to the high
absorption of radiation in the visible region [9,10]. The different
polymorphs of bismuth titanate (Bi4Ti3O12, and Bi2Ti2O7 Bi12TiO20)
can be obtained by changing the stoichiometric ratio of bismuth
(Bi) and titanium (Ti) and various routes have been employed in
their synthesis, such as the EDTA/citrates method [11], sol–gel
process [12], solid-state reaction [13], and peroxide-based route
(H2O2) [14–16].
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Through these routes, powders are obtained with the desired
crystalline phase and nanosized. However, the precursors used
provide some drawbacks such as the use of halides, alkoxides and
carbonates, which are groups difficult to eliminate and that
interfere in the photocatalytic activity of the materials.

A summary route still little studied by the wet chemical
method, which became known as the oxidant peroxo method
(OPM), was developed for the synthesis of oxide nanoparticles
containing lead or bismuth in their composition [17,18]. The main
innovation of this route was the possibility of obtaining nanosized
ceramic powders of great technological and commercial interest,
free of any contamination by carbon and halides. Other important
characteristics of this new technique, which represented a huge
environmental gain, is the exclusive use of water as a solvent, low
temperature processing used for crystallization of nanosized
oxides and the absence of any potentially toxic byproduct [19].

In the present work, La- and Pb-doped bismuth titanates were
synthesized by the OPM method. The adsorption and photo-
catalytic activity of synthesized bismuth titanate powders was
evaluated by examining the degradation of RhB dye solution under
UV and visible light irradiation, assessing the effect of dopants on
the optical properties and photocatalytic of the bismuth titanate.

2. Materials and methods

2.1. Synthesis

Pure (Bi12TiO20), La-doped (Bi12�xLaxTiO20), and Pb-doped
(Bi12�xPbxTiO20) samples of bismuth titanate were prepared with
x = 0.30 (BLT2.5 and BPT2.5); 0.60 (BLT5 and BPT5); 1.20 (BLT10 and
BPT10) and 1.50 (BLT15 and BPT15) through the dissolution of
titanium metal powder (98% Aldrich, USA) in an aqueous solution
Fig. 1. Rietveld refinement analysis of the BLT15 (a) and BPT15 (c) and the X-ray diffrac
of 60 mL of H2O2 (30%, analytical grade, Synth, Brazil) and 40 mL of
ammonia solution (30%, analytical grade, Synth, Brazil) (Camargo
and Kakihana [19]). After approximately 3 h, a yellow solution of
peroxo complex was obtained. A second solution was prepared
with Bi2O3 (99.99%, Aldrich, USA) and La2O3 (Sigma–Aldrich,
99.99% CAS 1312-81-8) or Pb(NO3)2 (Sigma–Aldrich, 99.99% CAS
10099-74-8) into 10 mL of nitric acid (analytical grade, Synth,
Brazil) that was slowly added dropwise in the peroxo complex
solution under stirring and cooling in an ice-water bath. This
addition resulted in a vigorous gas evolution, forming an
amorphous and yellow precipitate that was filtered and washed
with diluted ammonia solution to eliminate all nitrate ions. The
washed precipitate was dried at 60 �C for 24 h, ground and calcined
at 700 �C for 1 h at a heating rate of 10 �C min�1 in closed alumina
boats.

2.2. Characterization

The pure and doped materials were characterized at room
temperature by X-ray diffraction. A Rigaku diffractometer (model
D/MAX 200) equipped with graphite monochromator was used
operating with Cu-Ka radiation. Measurements were carried out
over an angular range of 15� � 2u � 75� with a scanning step of
0.02� and a fixed counting time of 6 s. The pure and doped bismuth
titanates structures were refined according to the Rietveld method
using the GSAS program [20]. The input data of the theoretical
model were those available in the ICSD database (Code 40313 [21],
87811 [22] and 202923 [23]). X-ray fluorescence (XRF) spectra
were collected using a Shimadzu EDX 720 XRF spectrometer.
Diffuse reflectance spectra in the ultraviolet-visible region were
recorded at room temperature between 200 and 800 nm using a
Varian model Cary 5G in the diffuse reflectance mode (R). The band
tion of materials doped with lanthanum (b) and lead (d) calcined at 700 �C for 1 h.
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gaps of the samples were determined according to the method
proposed by Tauc [24]. The morphology of the powders was
characterized by scanning electron microscopy (SEM-FEG, ZEISS
model-SUPRA 35) equipped with energy dispersive X-ray (EDX).
Photoluminescence (PL) properties were measured with a Thermal
Jarrel-Ash Monospec 27 monochromator and a Hamamatsu
R446 photomultiplier. The excitation source was 350.7 nm
wavelength of a krypton ion laser (Coherent Innova), keeping its
power at 15 mW. All measurements were performed at room
temperature.

2.3. Catalytic tests

Eighty milliliters of a 10 mg L�1 solution of rhodamine b (RhB)
dye at pH 6.0 were mixed with 60 mg of the catalyst and irradiated
with ultraviolet and visible light inside a box. The light sources
were set at a distance of 20 cm from the beaker containing the
catalyst and RhB dye. The UV radiation used in this experiment was
obtained with a medium-pressure mercury vapor lamp without a
protection bulb (Osram HQL 400, 400 W with maximum intensity
at 254 nm) and the visible radiation was obtained with six lamps
Fig. 2. Scanning electron microscopy of pure and 
(PHILIPS TL-D, 15 W with maximum intensity at 440 nm). At the
surface of solution the UV light intensity was �200 mW cm�2. For
the adsorption test, we used the same conditions except for the
presence of radiation. Reactions were monitored by UV–vis
spectroscopy (JASCO V-660) at 554 nm, using a commercial quartz
cuvette.

3. Results

3.1. Characterization

To evaluate the behavior of the lanthanum and lead in the
structure of Bi12TiO20, XRD measurements of materials calcined at
700 �C for 1 h were carried out and the results were refined using
the Rietveld method. The XRD patterns indicate the formation of a
body-centered cubic structure with space group I23 belonging to
the family of selenites, according to the crystallographic data base
ICSD N� 40313. It was observed that the selenite phase was
predominant in all compositions, however, the BLT2.5, BLT5,
BLT10 and BLT15 materials showed the formation of secondary
phases related to the perovskite structure of bismuth titanate
La-doped materials calcined at 700� C for 1 h.
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(Bi4Ti3O12) (ICSD N� 87811) and Bi0.7La0.3O1.5 (ICSD N� 202923). The
BPT10 and BPT15 materials also showed the formation of a
secondary phase related to the Pb0.5Ti0.5O1.33 (Supplementary
Data) Fig. 1.

Figs. 2 and 3 show the scanning electron microscopy micro-
graphs of the powders doped with lanthanum and lead,
respectively. The BLT2.5 and BLT5 materials showed clusters of
particles without a partially sintered defined morphology.
However, the BLT10 and BLT15 materials show highly agglomerat-
ed nanoparticles with irregular shape together with well-defined
spherical particles.

Fig. 3 shows the micrographs of materials doped with different
lead concentrations. The particles showed no defined forms, only a
morphological change occurring with the increase in the lead ion
concentration, in which samples BPT15 and BPT10 showed
partially sintered particles.

The compositions of the synthesized materials were measured
by X-ray fluorescence analysis. The amounts of lead in the doped
samples are in good agreement with the expected composition
(Table 1). However, the results obtained from La-doped materials
presented a molar ratio of lanthanum above the calculated
quantity, this difference is due to a decreased formation of
titanium oxide. In the same table the values of specific surface area
Fig. 3. Scanning electron microscopy of pure and 
(BET) are presented. It was observed that the materials had low
surface area and there is no significant variation with different
dopant concentrations.

The optical absorption of the pure and, La- and Pb-doped
bismuth titanate were measured by UV–vis spectroscopy in diffuse
reflectance to verify the influence of these elements in the
electronic structure of bismuth titanate. The absorption edge (l) of
pure Bi12TiO20was estimated to be at 490 nm, while the La- and Pb-
doped bismuth titanate powders showed values shifted to higher
wavelengths (Fig. 4(a) and (b)), strongly suggesting the influence of
the doping element on the optical characteristics of the material.

The onset absorption values are determined by the linear
extrapolation of the steep part of the UV absorption toward the
base line. The optical band gap (Eg) of the samples can be calculated
on the basis of the optical absorption spectra by the following
equation (Eq. (1)):

(ahn)n = A(hn–Eg) (1)

where hn is the photon energy, A is the related to the effective
masses associated with the valence and conduction bands, n is
either n = 2 for an indirect allowed transition or n = 1/2 for the
direct forbidden transition and a is the absorption coeffient
obtained using the Kubelka–Munk transformation of measures
Pb-doped materials calcined at 700� C for 1 h.



Table 1
Results of chemical analysis by X-ray fluorescence and specific surface area of the doped materials (Bi12�xLaxTiO20 and Bi12�xPbxTiO20) calcined at 700 �C for 1 h.

Material Calculated La (mol) XRF La (mol) Area (m2/g) Material Calculated Pb (mol) XRF Pb (mol) Area (m2/g)

Bi12TiO20 – – 2.49 Bi12TiO20 – – 2.49
BLT-2.5 0.30 0.65 2.10 BPT-2.5 0.30 0.43 1.14
BLT-5 0.60 0.92 3.31 BPT-5 0.60 0.68 3.07
BLT-10 1.20 1.49 8.03 BPT-10 1.20 1.31 2.15
BLT-15 1.50 2.15 1.89 BPT-15 1.50 1.37 2.45

Fig. 4. UV–vis diffuse reflectance spectra of La- (a) and Pb-doped (c) bismuth titanate and their respective band gap energies (b) and (d).

Fig. 5. Photoemission spectra of La- (a) and Pb-doped (b) bismuth titanate calcined at 700� C for 1 h. The excitation was carried out using a krypton ion laser at 350.7 nm
wavelength.
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Fig. 6. Absorbance spectra changes of RhB solution (10 mg/L) after different irradiation times without catalyst under UV (a) and visible (b) radiation.
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reflectance (Eq. (2)), where R is reflectancy (%). Plotting (ahn)2

versus hn based on the spectral response gives the extrapolated
corresponding Eg values.

a ¼ ð1 � RÞ2
2R

(2)

Fig. 4(b) and (d) shows the band gap energy values for La- and
Pb-doped bismuth titanate respectively. It was observed that,
compared to the pure bismuth titanate, the values found for all
doped material were lower. This effect can be explained by the
overlap of the wave functions of the electrons bound to the dopant.
This energy overlay requires the formation of an energy band
Fig. 7. Kinetics of photocatalytic decomposition of RhB using bismuth titanate doped wit
and visible (d) radiation.
rather than a discrete level, decreasing the band gap energy of the
materials Fig. 5.

The Bi12TiO20 spectrum showed a broad band in the visible
region 375–750 nm with a maximum emission at 551 nm (green
emission). It was observed that after the doping there occurs a shift
of maximum emission to lower wavelengths of approximately
450 nm (blue emission). However, the BPT15 and BPT10 materials
showed a second emission band at approximately 625 nm (orange/
red emission). These emissions are related to the existence of
intermediate energy levels in the band gap of semiconductors
called shallow and deep holes. The deep holes are considered
emission centers responsible for the green, yellow, orange and red
h lanthanum under UV (a) and visible (b) radiation and doped with lead under UV (c)



Fig. 8. Doping scheme of bismuth titanate with di- (a), tri- (b) and tetra-valent (c)
cations.

Fig. 9. Absorbance spectra of the RhB solution after different irradiation times in
the presence of BLT15 catalyst under UV radiation.
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PL at room temperature, while the shallow holes are associated to
the violet and blue emissions [25].

3.2. Catalytic tests

The first test performed was the direct photolysis of RhB. This
process is related to the degradation of organic compounds
accomplished solely by the presence of electromagnetic radiation.
It was observed that after 240 min of reaction, there was a 15% of
the dye solution discoloration under UV (Fig. 6(a)) and 6% under
visible radiation (Fig. 6(b)). It is important to emphasize that the
photocatalysis results presented below include the effects of
photolysis.

The second test performed was the adsorption of RhB dye in the
absence of electromagnetic radiation to determine the minimum
contact time between RhB and the material needed to achieve the
chemical equilibrium of the adsorption and desorption process.
This test is important to ensure the point at which discoloration of
the RhB solution is caused solely by the photocatalytic process
without the influence of the adsorption process. The results
showed that approximately 7% solution discoloration occurred at
210 min, and equilibrium was reached at 90 min of reaction. Thus,
in all photocatalytic experiments, the dye solution was kept in the
dark for 90 min under stirring. After this time, the equilibrium
concentration of the dye solution was determined and considered
as time zero.

The photocatalytic activity of La- and Pb-doped bismuth
titanate obtained by the OPM method was evaluated in the
discoloration capacity of the RhB solution under UV and visible
radiation (Fig. 7).

The La-doped materials showed higher photocatalytic activity
when compared with the Pb-doped materials, showing 83%
solution discoloration at 210 min of reaction with BLT15 under
UV radiation. However, the Pd-doped materials did not show good
photocatalytic activity under UV radiation, showing only 50, 46,
43 and 42% discoloration of the solution at 210 min for the BPT2.5,
BPT5, BPT10, and BPT15 respectively.

In both studied cases, the efficiency of photodegradation
dramatically decreased in the presence of the dopants. The
decrease was faster in the case of Pb-doped materials (Fig. 7
(d)). The reduction in the photocatalytic activity may be related to
band gap energy decrease of the materials by the modifed redox
potential of BC and BV of the semiconductors, in which the hole
(h+) potential in BV generated in the electron transfer to BC is not
enough to generate HO� radicals through the oxidation of water.
The ideal band gap for any visible-light driven photocatalyst is
around 2.0 eV for the effective utilization of the solar spectrum.
However, the CB has to be higher (more negative) than the oxygen
reduction potential (O2/O2

�� E� = �0,33 V), while the VB has to be
lower (more positive) than the water oxidation potential (H2O/HO�

E� = �2,73 V) [26].
Another factor that may have contributed to the decrease in

photocatalytic activity is related to the presence of lead in the
bismuth titanate structure, in which the dopant may be more likely
to serve as recombination centers than as trap sites for possible
transfer charge from bulk to the surface [27]. In the case of
substitutional doping of Bi12�xPbxTiO20 by Pb2+, according to Fig. 8,
this doping agent creates one acceptor center A:

Bi12�xPbxTiO20 þ hv ! e� þ hþ (3)

ð�Pb2þ�Þ þ e�?½ð�Pb2þ�Þe�� (4)

Equilibrium (4) can be written as:

A þ e�?A� (5)

The filled acceptor centers become negatively charged and
consequently attract photo-holes and become empty after
neutralization:

A�þhþ
?A (6)

The resulting mass balance gives:

e� þ hþ?N þ heatðN ¼ neutral centerÞ (7)



Table 2
Photocatalytic reaction constants of the materials.

Material Ultraviolet Visible

k � 10�3 (min�1) Error (10�4) R2 k � 10�3 (min�1) Error (10�4) R2

Bi12TiO20 8.05 	4 0.9913 3.58 	1 0.9898
BLT 2.5 4.82 	3 0.9915 1.30 	1 0.9793
BLT 5 2.96 	5 0.8109 0.89 	2 0.8257
BLT 10 4.97 	5 0.9441 1.54 	1 0.9736
BLT 15 8.24 	3 0.9915 1.90 	1 0.9784
BPT 2.5 3.26 	2 0.9719 0.80 	1 0.9233
BPT 5 3.00 	2 0.9771 0.88 	1 0.9440
BPT 10 2.81 	3 0.9262 0.88 	1 0.9087
BPT 15 2.65 	3 0.9251 0.95 	1 0.9271
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The photocatalytic activity of different samples can be
quantitatively evaluated by comparing the apparent reaction rate
constants. In a heterogeneous solid-liquid reaction, the photo-
catalytic degradation of RhB is a pseudo-first-order reaction, and
its kinetic equation may be expressed as follows [28].

ln
C0

Ct
¼ kappt (8)

where C0 corresponds to the initial concentration of RhB before UV
and visible radiation, kapp is the apparent rate constant and Ct is the
concentration of RhB after a time (t) of UV and visible irradiation
treatment.

Fig. 9 presents the temporal evolution of the spectral changes
during the photodegradation of RhB over BNT15 under UV
radiation. The absorption peak of RhB at 664 nm underwent a
rapid decrease without a hypsochromic shift and without a new
absorption band emerging even in the ultraviolet range, which
indicates that RhB molecules were mineralized without any
organic intermediates under our employed conditions Table 2.

4. Conclusion

Pure and doped bismuth titanate with silenite phase can be
easily synthesized by the OPM method. Two cationic dopants have
been studied: La3+ and Pb2+, while the doping level ranged in a
large domain. In all cases, there is preferential formation of the
selenite phase of bismuth titanate as identified by the Rietveld
refinement of the XRD.

Increasing the dopant concentration in the bismuth titanate
structure caused a change in the morphology and a decreased band
gap energy of the materials. The photoemission spectra suggests
that the presence of dopants create different energy states located
within the bismuth titanate band gap.

Doping in with lead had a detrimental effect on the photo-
catalytic efficiency of the bismuth titanate. The reduction in the
photocatalytic activity can be related to the position of valence
band of the photocatalyst and the mobility of photogenerated
carriers, hindering the generation of the hydroxyl radical that is the
main responsible agent for the degradation of organic compounds.
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