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The bismuth precursor is adopted as dopant to synthesize bismuth doped titanium dioxide nanoparticles (Bi–TiO2 NPs) with sol–gel method
following by the thermal annealing treatment. We systematically developed a series of Bi–TiO2 NPs at several calcination temperatures and
discovered the corresponding crystal structure by varying the bismuth doping concentration. At a certain 650 °C calcination temperature, the crystal
structure of bismuth titanate (Bi2Ti2O7) is formed when the bismuth doping concentration is as high as 10.0mol%. The photocatalytic activity of
Bi–TiO2 NPs is increased by varying the doping concentration at the particular calcination temperature. By the definition X-ray diffraction (XRD)
structural identification, a phase diagram of Bi–TiO2 NPs in doping concentration versus calcination temperature is provided. It can be useful for
further study in the crystal structure engineering and the development of photocatalyst. © 2017 The Japan Society of Applied Physics

1. Introduction

Photocatalysts have raised a lot of interests to study due
to the contribution to organic pollutant decomposition and
the renewable energy production.1–4) Among various photo-
catalysts, TiO2 is widely used because of its giant advantages,
such as environmentally friendly, chemical and thermal
stability, low cost, highly active photocatalytic property and
non-toxic to human.5–9) TiO2 also can be used in photovoltaic
device electrode, photocatalytic hydrogen production and
environmental pollution management.10–16) Three kinds of
TiO2 crystal structures are formed in nature, including
anatase, rutile and brookite.17,18) Anatase and rutile are the
most common crystal structures in TiO2 presented in
tetragonal arrangement, and they are often used to prepare
high performance photocatalyst. It is a n-type semiconductor
material with wide bandgap. However, its wide band gap
(anatase ∼3.2 eV; rutile ∼3.0 eV) is located at ultraviolet light
irradiation.19,20) There is a practical application gap if the fine
material=device of TiO2 is usually exposed under sun light.
Thus, the doping of metal ions into TiO2 has been studied
to enhance the absorption ability over the visible light
spectrum.21–24)

In recent years, Bi–TiO2 material has been applied in many
applications. The fabricated all-oxide solid-state dye-sensi-
tized solar cells (DSSCs) with Bi–TiO2 nanorods reveals high
power conversion efficiency due to the high dye loading,
slower charge recombination rate and the high electrical
conductivity.25) Bi–TiO2 nanofibers is applied as the scatter-
ing layer of DSSCs, and it can enhance the open-circuit
voltage successfully.26) Bi–TiO2 nanofibers fabricated by the
hydrothermal method exhibits an enhancement for the
photodegradation of organic dye and the photocatalytic
hydrogen generation.24) Doping bismuth ion into TiO2

nanoparticles prepared by sol–gel method can narrow the
bandgap of TiO2 and improve the CO2 adsorption ability.27)

Furthermore, Bi–TiO2 can enhance ethanol oxidation and
photoinduced hydrogen evolution.28,29)

Doping bismuth ion into TiO2 was studied in the
relationship between crystal structure and photocatalytic
activity.24–31) For the Bi–TiO2 nanofibers synthesized by a

hydrothermal method, a small part of Bi transformed to Bi2O3

when the doping concentration reached 10.00mol%.24) The
Bi–TiO2 nanotubes synthesized by sol–gel method appears
rutile TiO2 phase, and it can enhance the photocatalytic
activity.29) In addition, the Bi–TiO2 hollow thin sheets
prepared by the hydrothermal synthesis also detected a small
amount of Bi2O3 phase, and it significantly enhanced the
photocatalytic performance under visible light irradiation.31)

In summary of these studies, bismuth doping plays an
important role in improving the photocatalytic activity and
electro-optical characteristics. However, the bismuth doping
effect on the crystal structure of Bi–TiO2 is rarely studied.
Hence, our study focus on the correlation between the crystal
structure and bismuth doping concentration at various cal-
cination temperatures.

In our study, various Bi–TiO2 NPs were synthesized by
sol–gel method followed by thermal treatment. Bi–TiO2 NPs
were investigated systematically by X-ray diffraction (XRD)
to realize the correlation between bismuth doping concen-
tration and its corresponding crystal structure at elevated cal-
cination temperature. A phase diagram for Bi–TiO2 NPs in
doping concentration versus calcination temperature is illus-
trated to know the applicable window. It is useful for further
study in the crystal structure and photocatalytic applications.

2. Experimental procedure

Various bismuth doped titanium oxide gels were prepared
by sol–gel method using 36.00ml titanium isopropoxide
[Ti(OCH(CH3)2)4, Sigma-Aldrich, 97%] with several amounts
of bismuth nitrate (Acros Organics, 99.999%) as the precursor
and 107.50ml 2-propanol (C3H7OH, Acros Organics, reagent
grade) as the solvent. Aiming to control the pH level, 5.00ml
hydrochloric acid (Acros Organics, 37%) was added to the
solution. After that, 1.00ml deionized water was added to
the well mixed solution. The solution was then kept at room
temperature to be a gel. After gelation, titanium oxide gel
was first calcined under 200 °C to reduce organic compound.
Then, the powder was kept calcined under 450, 500, 550, 600,
650, and 700 °C, for 4 h, and its heating rate is 5 °C=min.

For Raman scattering measurements of various Bi–TiO2

NPs, the samples were placed on a piezoelectric stage of
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Raman spectrometer (UniRAM UniDron) and were excited
by a 50mW 532 nm selective laser melting (SLM) contin-
uous-wave (CW) diode-pumped solid state (DPSS) laser. The
laser beam was focused with a 50X objective lens (Nikon
plane objective, NA ≈ 0.55, WD ∼ 8.2mm). The diameter
of the focused laser beam was about 10 µm. To observe the
crystal structure, X-ray diffractometer (Bruker D2 phaser
with Xflash 430) was used. UV–vis reflectance spectra of
various Bi–TiO2 samples were measured by UV–vis spec-
troscopy (Jasco V-630) in the 300–900 nm wavelength range.

To observe the photocatalytic activity, the Bi–TiO2 NPs
were tested by the degradation of methyl orange (Acros
Organics, pure). In the experiment, 20.0mg of catalyst was
sonicated for 10min in 150mL of 1.0mg=L methyl orange
aqueous solution. The mixture was kept at room temperature.
The suspension was irradiated with UV lamps (Sankyo Denki
F8T5BL UV-A lamp, the wavelength of maximum emission
was at ∼352 nm and the power was ∼8W) under vigorous
stirring and ambient conditions. For UV source, two lamps
were placed above the reactor. The distance between lamp
and reactor is about 10.0 cm. Before the actual photo-
degradation experiments, the suspensions were left to re-
lax for 10min in order to minimize the error of the dye
concentration measurements caused by initial surface
adsorption. After centrifuging for 15min at 5000 rpm, the
absorption spectrum of the retained methyl orange and its
derivatives in the supernatant was recorded by absorption
spectrophotometer (Jasco V-630) in the 300–900 nm wave-
length range.

3. Results and discussion

Bi–TiO2 NPs calcined at 650 °C were analyzed by Raman
spectroscopy to observe the vibrational information that is
specific to the chemical bonds and symmetry of molecules
(Fig. 1). Raman spectrum of pristine TiO2 shows that it
merely has single rutile phase. While bismuth doping
concentration increases, rutile phase will transform into
anatase phase. As the doping concentration up to 10mol% at
calcination temperature of 650 °C, the bismuth dopant leads
to form the multiple phases consisted of bismuth titanate
(Bi2Ti2O7), rutile TiO2 and anatase TiO2.

The crystal structures of Bi–TiO2 NPs calcined at 650 °C
were characterized by XRD, and their XRD patterns are

shown in Fig. 2(a). When the calcination temperature is at
650 °C, the pristine TiO2 NPs is individual rutile phase. Once
bismuth was doped to TiO2, the intensity of anatase TiO2

phase increased while the rutile phase decreased and finally

Fig. 1. (Color online) Raman spectra of pristine TiO2 and various Bi–
TiO2 with different doping concentrations calcined at 650 °C.

(a)

(b)

Fig. 2. (Color online) (a) XRD patterns of pristine TiO2 and various Bi–
TiO2 with various doping concentrations calcined at 650 °C. (b) Estimated
crystallite size for (101) plane of anatase TiO2 phase.
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disappeared. However, the rutile TiO2 phase is restrained
until the Bi doping concentration is higher than 10.0mol%.
High concentration bismuth doping causes the formation
of mixed phase, including Bi2Ti2O7,32–34) rutile TiO2 and
anatase TiO2. Aiming to discover the bismuth doping effect
for crystal structure, we predict the crystallite size of (101)
plane in anatase TiO2 phase by using Debye–Scherrer
equation as shown in Fig. 2(b).35) In addition, the crystallite
size of (101) plane in anatase TiO2 phase were calculated
using the XRD patterns of various Bi–TiO2 NPs calcined at
different temperatures (Fig. S1 in the online supplementary
data at http://stacks.iop.org/JJAP/56/04CJ01/mmedia). For
high temperature calcination process, it leads to the formation
of large particles. However, the crystallite size becomes
dramatically smaller, and it becomes stable after the doping
concentration larger than 3.0mol%.

The reflection spectra of various Bi–TiO2 NPs show
significantly blue-shift [Fig. 3(a)]. The Kubelka–Munk func-
tion, F(R), gives the optical absorbance of various Bi–TiO2 to
be approximated from its reflectance.

FðRÞ ¼ ð1 � RÞ2
2R

¼ k

s
¼ Ac

s

Here, R is the reflectance, k is the absorption coefficient, s
is the scattering coefficient, c is the concentration of the
absorbing species, and A is the absorbance.36) The relation-

ship between the concentrations and the reflectance of
various Bi–TiO2 is shown in Fig. 3(b). Rutile TiO2 possesses
high absorption and its band gap is about 3.0 eV which is
narrower than 3.2 eV of anatase TiO2.37) From Fig. 3, the
reflectance change is on account of the varying of crystal
structures including anatase, rutile and Bi2Ti2O7 in several
doping concentrations.

Aiming to observe the photocatalytic performance, Bi–
TiO2 NPs with different doping concentration were tested to
find the highest photocatalytic activity under UV irradiation.
For the photocatalytic activity of various Bi–TiO2 NPs, the
absorption spectra of methyl orange as a function of UV
irradiation time were recorded. The absorbance at λ = 464 nm
was used to calculate the methyl orange concentration by a
calibration curve measured previously. The color of suspen-
sion is changed from the initial orange color to colorless. The
C=C0 curve, where C0 is the initial concentration and C is
the concentration of the dye at testing time t, the photo-
degradation percentages of methyl orange at different time
are shown in Fig. 4. The photodegradation test indicated that
1.0mol% Bi–TiO2 has the highest degradation performance.
High bismuth concentration doping resulted in the destruc-
tion of crystal structure, which impeded the electron=hole
transport for the 10.0mol% Bi–TiO2.

In order to find out the bismuth doping effect on crystal
structure, we synthesized a series of Bi–TiO2 with different
doping concentration calcined at various temperatures for
further study. For the bulk TiO2 materials, the temperature
of anatase–rutile phase transition is ∼600 °C.38,39) However,
the anatase–rutile phase transition temperature of the syn-
thesized TiO2 nanoparticles in our study is only ∼550 °C.
When the material dimension decreases towards the nano-
scale, the crystal structure transition temperature could also
reduce with decreasing the material dimension. For the
Bi2O3–TiO2 system studied by Kargin group,40) they reported
that Bi2Ti2O7 decomposes to Bi2Ti4O11 and Bi4Ti3O11 during
700–1000 °C. Once the temperature is above 1000 °C,
Bi2Ti2O7 will appear again. In our study, the phase diagram
of Bi–TiO2 was draw according to the XRD data as shown
in Fig. 5. Under the calcination temperature of 500 °C, all
Bi–TiO2 NPs are still anatase TiO2 phase even the doping
concentration is as high as 10.0mol%. When the calcination

(a)

(b)

Fig. 3. (Color online) (a) Reflection spectra of pristine TiO2 and various
Bi–TiO2 with several doping concentration calcined at 650 °C. (b) Kubelka–
Munk function of pristine TiO2 and various Bi–TiO2.

Fig. 4. (Color online) Activities of the pristine TiO2 and various Bi–TiO2

with various doping concentrations calcined at 650 °C over the
photodegradation of methyl orange under UV irradiation.
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temperature is above 550 °C, the crystal structure changes
from anatase to rutile for low doping concentration Bi–TiO2

NPs (<0.1mol% doping concentration). Moreover, with the
increasing of bismuth doping concentration, the anatase TiO2

phase will appear again and finally decrease at high doping
concentration. Once the anatase TiO2 decreases, bismuth
titanium (Bi2Ti2O7) and rutile TiO2 will appear at higher
doping concentration (>5.0mol%) and higher calcination
temperature (>600 °C). Hence, bismuth doping concentration
and calcination temperature will affect the formation of
multiple phases for Bi–TiO2, including anatase TiO2, rutile
TiO2 and Bi2Ti2O7.

4. Conclusions

We developed a series of Bi–TiO2 NPs successfully and
studied their crystal structure and photocatalytic activity. The
photocatalytic activity can be easily modified by varying
the bismuth doping concentration. By combining the XRD
diffraction analysis, a simple phase diagram for various Bi–
TiO2 NPs in doping concentration versus calcination temper-
ature is provided. It can be useful for further study in crystal
structure and related photocatalytic applications.
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