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Bismuth doping effect on TiO2 nanofibres for
morphological change and photocatalytic
performance†

Ming-Chung Wu,* Jyun-Sian Chih and Wei-Kang Huang

Doping bismuth ions into photocatalytic materials is one of the most effective methods for preparing

highly visible-light-active photocatalysts. In order to develop high-performance photocatalytic materials

that are easy to produce, even in industrial quantities, we developed a facile method to prepare bismuth-

doped titanium dioxide (Bi-doped TiO2) by hydrothermal synthesis followed by thermal annealing treat-

ment. Bi-doped TiO2 can be applied in the field of photodecolorization of organic dye and photocatalytic

hydrogen generation. High concentration doping (>5.00 mol%) resulted in the morphological change of

Bi-doped TiO2 from nanofibre to nanorod observed by transmission electron microscopy. The crystal

structure evolution and elemental composition were analysed by combining Raman spectroscopy, X-ray

crystallography and X-ray photoelectron spectroscopy. For the photodegradation of organic dye methyl

orange, all Bi-doped TiO2 showed less activity than pristine TiO2 nanofibres under UV irradiation. 5.00mol%

and 10.00 mol% Bi-doped TiO2 showed higher activities than pristine TiO2 nanofibres under visible light

irradiation. For the photocatalytic hydrogen generation measurement, none of the Bi-doped TiO2

showed a detectable value under visible light irradiation. However, under UV irradiation, various Bi-doped

TiO2 catalysts exhibited a detectable photocatalytic hydrogen production rate. 0.50 mol% Bi-doped TiO2

exhibited the highest performance. The result could be due to the relatively lower overpotential for

hydrogen production. Our study developed a series of visible-light-active Bi-doped TiO2 catalysts, and it

could replace the traditional TiO2 catalysts decorated with a high-cost noble metal.
Introduction

Recently, photocatalytic processes have been used to demon-
strate several aspects of organic pollutant decomposition and
renewable energy production.1–3 Many photocatalysts have
been found to be very active in the treatment of wastewaters
for the broad range of organic pollutants that are used by
industries and in daily life. Despite many developed
photocatalysts, TiO2 and its derivatives are still in the main-
stream of the studies because of their availability, low cost,
high and tunable photocatalytic activity, and photostability.4–6

This enables versatile applications in a variety of fields,
among many others, air purification, wastewater treatment,
hydrogen generation, and antimicrobial coatings.7,8 Anatase
TiO2 is often cited as the best choice for energy materials
because it is thermally and chemically stable, non-toxic to
humans, environmentally friendly, inexpensive, and easy to
produce and to use. Anatase TiO2 still has a great disadvantage.
Because of anatase TiO2's wide bandgap, it only utilizes ultra-
violet irradiation of the solar radiation.9,10 However, ultra-
violet light accounts for only 5% of the sunlight's energy. Thus,
how to increase the absorption by utilizing the visible spectrum
becomes an important issue. Many efforts of doping various
metals onto TiO2 in bulk or on the surface have been carried out
to enhance the absorbing ability over the visible spectrum.11–13

The results showed clear enhancement of activities. However,
the photocatalytic activity of metal-doped TiO2 photocatalysts
substantially depends on the character and the concentration
of the dopant ions, besides the method of preparation and its
thermal and reductive treatment.14–18 Bismuth-doped TiO2

(Bi-doped TiO2) photocatalysts are good photocatalysts in
degradation of pollution and dyes. Bi-doped TiO2 nanofibre
photocatalysts that utilize the visible spectrum will have a
great potential application in wastewater treatment, because
they are separated easily from aqueous solutions after being
used.19,20 Lu et al. found that bismuth (Bi) species exist in
different forms and the suitable doping of Bi ions can signifi-
cantly enhance the photocatalytic activity and photocurrent.21

Furthermore, it was also suggested that the strong
oyal Society of Chemistry 2014
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chemical signals from Bi species was observed with a
higher post-treatment temperature, which has important
effects on the photocatalytic activity for hydrogen evolution,
decolorization of RhB, and unbiased photocurrent of the TiO2

photocatalyst.22–26 Natarajan et al. used a sol–gel method to
synthesize TiO2 and Bi–TiO2 nanoparticles and also used a
hydrothermal method to synthesize TiO2 and Bi–TiO2 nano-
tubes. The study revealed that doping TiO2 with Bi ions did
not restrict the formation of a tubular structure during hydro-
thermal treatment. Also, a lesser amount of rutile phase was
formed after Bi doping. The enhancement in surface area
confirmed that there was a change in the morphology of TiO2

from nanoparticles to nanotubes. This morphological change
to Bi–TiO2 nanotubes increased the organic dye degradation
rate.27 A similar hydrothermal method is used in this study, but
themain difference is the calcination temperature. In this study,
the calcination temperature is higher than that in the reported
paper in order to enhance the crystallinity of the photocatalysts
and thus improve the photocatalytic activity. Umar et al. pre-
pared a series of Bi-doped TiO2 nanoparticles with various
doping concentrations using a facile sol–gel process. They
found that the incorporation of Bi ions in the TiO2 lattice led
to efficient separation of charge carriers and the extension of
absorption of TiO2 over the visible spectrum. They also
suggested that the 1.0 mol% Bi-doped TiO2 exhibited the best
photocatalytic degradation efficiency for the dye.28 Ma et al.
have fabricated a visible-light-active photocatalytic Bi–TiO2/
SBA-15 material. SBA-15 is a mesoporous silica sieve with uni-
form hexagonal pores and high surface area. The high photo-
catalytic activity could be attributed to the appropriate
amounts of Bi doping. With this doping amount, it was able
to not only enhance the photocurrent due to the reduced
electron–hole recombination but also extend the absorption
spectra from the ultraviolet spectrum to the visible spectrum.
They also reported that the optimal Bi/Ti molar ratio is 2.0%.29

In this work, we successfully prepared various visible-light-
active Bi-doped TiO2 catalysts with different doping concentra-
tions and searched for the optimal calcination conditions
to enhance their photocatalytic properties. We investigated
the influence of Bi doping on TiO2 for the photoinduced
decolorization of methyl orange and photocatalytic hydrogen
production to understand the modifying role of Bi species in
the Bi–TiO2 catalysts. Moreover, the Bi doping effects on TiO2

catalysts for photodecolorization of organic dye and photo-
catalytic hydrogen generation under irradiation with UV and
visible light were also measured and discussed in detail. A
series of fibre and/or rod-shaped Bi-doped TiO2 catalysts
were developed, and they could replace the TiO2 catalysts
decorated with a high-cost noble metal in the field of the
photodegradation of organic dye and photocatalytic hydrogen
production.

Experimental details

Bismuth-doped sodium hydrogen titanate nanofibres
were prepared by suspending 1.00 g of TiO2 anatase powder
This journal is © The Royal Society of Chemistry 2014
(Acros Organics, 98%) and various amounts of bismuth
nitrate (Acros Organics, 99.999%) in 25 mL of 10.0 M NaOH
aqueous solution, followed by treatment in a Teflon-lined
autoclave at 150 °C for 24 h. The product was washed with
deionized water, filtered and dried in air at 70 °C. Then, it
was washed with 0.1 M HCl to exchange Na+ ions for protons.
Again, the product was washed with deionized water, filtered
and dried in air at 70 °C. Finally, the products doped with
various bismuth concentrations were calcined at various tem-
peratures with a heating rate of 5 °C min−1 for various calci-
nation times.

For Raman scattering spectra of various Bi-doped TiO2

samples, these specimens were positioned on a high-
resolution piezoelectric stage of the scanning microscope
(WiTec, Alpha300S) and excited by a He–Ne laser of 632.8 nm
wavelength (25 mW). The laser beam was focused with a 100×
objective lens (Nikon plane objective, NA≈ 0.9), and the diame-
ter of the laser beam focus was about severalmicrometers. X-ray
photoelectron spectrometry (XPS, ULVAC-PHI, Chigasaki,
Japan) was used to examine the various Bi-doped TiO2 samples
by using Al Kα radiation with a photoelectron take-off angle
of 45° in high vacuum (~10−7 torr). Transmission electron
microscopy (TEM, JEOL, JEM-ARM200FTH, Japan) was used to
observe the microstructures of various Bi-doped TiO2 samples,
and an X-ray diffractometer (XRD, Bruker, D2 phaser with Xflash
430, Germany) was used to measure the crystalline structure.
The UV-vis absorption spectra of various Bi-doped TiO2 sam-
ples were measured using an absorption spectrophotometer
(JASCO Analytical Instruments, V-630, Japan) in the 300–900 nm
wavelength range.

Photocatalytic hydrogen generation tests were carried out
by using a 1 : 1 volume ratio mixture of 2.0 L of ethanol and
water in which 50.0 mg of a TiO2-based catalyst was
suspended prior to each experiment. The temperature of the
mixture was kept near room temperature. For the light
source, six lamps were placed in a hexagonal arrangement
around the reactor. The light sources include UV-B lamps
(Sankyo Denki G15T8E UV-B lamps, the wavelength of maxi-
mum emission of the UV-B lamp was ~312 nm, and the
power was 8.0 W), UV-A lamps (Sankyo Denki G8T5BLB UV-A
lamps, the wavelength of maximum emission of the UV-A
lamp was ~352 nm, and the power was 8.0 W) and visible
lamps (Goodly F8T5/D visible lamp, and the power was
8.0 W). The distance between each lamp and reactor is about
5.0 cm. To avoid sedimentation of the catalyst powders, nitro-
gen (99.995%) was bubbled through the reactor with a flow
rate of 400 mL min−1, serving also as a purging gas for the
evolving gaseous products. The outlet of the reactor was
connected to a cold trap, a molecular sieve, and a hydrogen
analyzer (Status Scientific Controls Ltd., FGD3).

The Bi-doped TiO2 samples with various doping concen-
trations were tested in the degradation of methyl orange,
which is a commonly used model reaction in photocatalysis.
In a typical experiment, 20.0 mg of the catalyst was sonicated
for 2min in 150mL of 10mg L−1 methyl orange (Acros Organics,
pure) aqueous solution. The suspension was irradiated with
CrystEngComm, 2014, 16, 10692–10699 | 10693
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UV-B lamps, UV-A lamps, and visible lamps under vigorous
stirring and ambient conditions. Before the actual
photodegradation experiments, the suspensions were left to
relax for 10 min in order to minimize the error of dye concen-
tration measurements caused by initial surface adsorption.
After centrifugation for 15 min at 5000 rpm, the absorption
spectra of the retained methyl orange and its derivatives in
the supernatant were recorded using an absorption spectro-
photometer (JASCO Analytical Instruments, V-630, Japan) in
the 300–900 nm wavelength range. The concentrations of
methyl orange were calculated from the absorbance at λ =
464 nm extrapolated to a previously plotted calibration curve.

Results and discussion

In this study, we want to find the optimal bismuth doping
concentration that results in good photocatalytic activity
for Bi-doped TiO2 catalysts. First, the thermally treated
Bi-doped TiO2 catalysts doped with various bismuth concen-
trations, 0.25, 0.50, 1.00, 5.00, 10.00, and 20.00 mol%, were
measured using a micro Raman spectrometer to observe the
phase transformation at various bismuth doping concentra-
tions. Fig. 1 displays the Raman spectra of Bi-doped TiO2 cat-
alysts doped with various bismuth concentrations calcined at
600 °C for 12 hours. Obviously, Raman spectrum data show
that the Bi-doped TiO2 catalysts with low doping concentra-
tion (<5.00 mol%) still exhibit a TiO2 anatase phase. How-
ever, Bi-doped TiO2 catalysts significantly changed when the
doping concentration is higher than 10.00 mol%. There are
some small peaks around 150–300 cm−1 when the doping
concentration is higher than 10.00 mol%, and it may be
attributed to the formation of bismuth oxide ĲBi2O3). The
peak at 165 cm−1 is attributed to Bi3+ and the peak at 203 cm−1

is attributed to the Bi–O–Bi bond.30 The Raman spectra
give information about the vibrational modes of Bi-doped
TiO2 catalysts doped with various bismuth concentrations.
The anatase TiO2 shows major Raman bands at 144, 200,
398, 515, 517 and 640 cm−1, but the Raman bands at 515 and
10694 | CrystEngComm, 2014, 16, 10692–10699

Fig. 1 Raman spectra of the thermally treated Bi-doped TiO2 catalysts
with various doping concentrations.
517 cm−1 are superimposed. These bands can be attributed
to the six Raman-active modes of the anatase phase with the
symmetries of Eg, Eg, B1g, A1g, B1g, and Eg, respectively.

31

The crystalline structures of the thermally treated
Bi-doped TiO2 catalysts with various doping concentrations
were also characterized using an X-ray diffractometer. XRD pat-
terns of various Bi-doped TiO2 catalysts calcined at 600 °C for
12 hours are shown in Fig. 2. The intensity of reflections at
2θ of 25.3° decreased as the Bi doping concentration increased,
indicating that Bi ions destroyed the ordering of the lattice.
When the Bi doping concentration reached 10.00 mol%, the
crystal structure of anatase TiO2 transformed to another struc-
ture. There were some weak reflections at 2θ around 30°
when the doping concentration was 10.00 mol%. It could be
attributed to the formation of Bi2O3 and indicated that when
the doping concentration reached 10.00 mol%, a small part
of Bi transformed to Bi2O3.

32 From Fig. 2, the Bi-doped TiO2

catalysts with low doping concentration (<5.00 mol%)
exhibit a significant anatase phase, and all of the peaks can be
perfectly indexed to the body-centred tetragonal lattice struc-
ture [JCPDS no. 89-4921] of anatase TiO2, with lattice constants
a = b = 3.78 Å and c = 9.50 Å. Combined with Raman spectra
as shown in Fig. 1, the XRD result is consistent with the result
of the Raman measurement.

The actual Bi concentration in Bi-doped TiO2 is impor-
tant information to understand the Bi doping effect on TiO2

nanofibres. The experimental atomic ratios of Bi/Ti and O/Ti
in pristine TiO2 and various Bi-doped TiO2 were investigated
by XPS, and the results are shown in Table 1. The peak posi-
tion of Ti 2p3/2 binding energy in pristine TiO2 and various
Bi-doped TiO2materials is at 458.5 eV.33 For Bi doping concentra-
tion, the peak positions in Bi2O3 included Bi 4f7/2 (159.3 eV) and
Bi 4f5/2 (164.1 eV).34 It is interesting to note that Bi/Ti ratios
in various Bi-doped TiO2 materials measured by XPS are
smaller than theoretical values. The reason could be due to
the fact that synthesized Bi-doped TiO2 must be washed with
deionized water before the calcination process. The peak
position of the O 1s binding energy is around 529.0 eV.33
This journal is © The Royal Society of Chemistry 2014

Fig. 2 XRD patterns of the thermally treated Bi-doped TiO2 catalysts
with various doping concentrations.

https://doi.org/10.1039/c4ce01348d


Table 1 The theoretical and experimental atomic ratios of Bi/Ti and O/Ti
in pristine TiO2 and various Bi-doped TiO2

Materials

Theoretical value XPS analysis

Bi/Ti (%) O/Ti (%) Bi/Ti (%) O/Ti (%)

Pristine TiO2 0.00 200.00 0.00 198.02
0.25 mol% Bi–TiO2 0.25 199.88 0.24 197.01
0.50 mol% Bi–TiO2 0.50 199.75 0.39 190.08
1.00 mol% Bi–TiO2 1.00 199.50 0.65 183.15
5.00 mol% Bi–TiO2 5.26 197.50 3.01 182.16
10.00 mol% Bi–TiO2 11.11 195.00 8.25 176.22
20.00 mol% Bi–TiO2 25.00 190.00 17.51 165.35
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Moreover, O/Ti ratios in various Bi-doped TiO2 materials
decreased with increasing Bi doping concentration due to the
formation of Bi2O3. The atomic ratio of O/Ti for TiO2 is 2.0,
but the atomic ratio of O/Bi for Bi2O3 is 1.5.

TEM images of the thermally treated Bi-doped TiO2 cata-
lysts doped with various Bi concentrations are shown in
Fig. 3. The as-made pristine TiO2 material has a length of up
to a few micrometres and a diameter of ~100–200 nm
(Fig. 3(a)). The morphology of the 0.25 mol% Bi-doped TiO2

material was similar to that of the pristine TiO2-NF material,
as shown in Fig. 3(b), but some small rod-shaped materials
This journal is © The Royal Society of Chemistry 2014

Fig. 3 TEM images of (a) pristine TiO2 NFs and (b) 0.25 mol%, (c) 0.50 m
Bi-doped TiO2 catalysts. (h) The high-resolution TEM image of 5.00 mol% B
(i) with the corresponding fast Fourier transform pattern of this specimen ( j
started to appear. The diameter of Bi-doped TiO2 catalysts
decreased to ~100 nm when the doping concentration
reached 1.00 mol%, as shown in Fig. 3(c, d). Once the Bi
doping concentration reached 5.00 mol% (Fig. 3(e–g)), the
Bi-doped TiO2 catalysts broke into small pieces and became
rod-shaped materials (~30–60 nm). Fig. 3(h) shows the high-
resolution TEM image of 5.00 mol% Bi-doped TiO2 material.
The high-magnification images of the lattice with the corre-
sponding fast Fourier transform pattern of this specimen are
shown in Fig. 3(i, j). Increased d spacing for the (101) crystal
plane is observed for 5.00 mol% Bi-doped TiO2. The (101)
spacing changed from 3.46 to 3.53 Å.33 The high-
magnification images of the lattice with the corresponding
fast Fourier transform pattern of the pristine TiO2-NFs are
shown in Fig. S1 of the ESI.† The results suggested that the
Bi doping effect resulted in incorporation of substantial Bi
ions into the TiO2 lattice. The morphological scale of synthe-
sized Bi-doped TiO2 catalysts decreased as Bi doping concen-
tration increased. The broken microstructure of Bi-doped
TiO2 catalysts was the result of doping Bi ions into TiO2.

For the photodegradation activity test of various Bi-doped
TiO2 catalysts, we recorded the absorption spectra of methyl
orange as a function of UV-A light irradiation time. Then, the
CrystEngComm, 2014, 16, 10692–10699 | 10695

ol%, (d) 1.00 mol%, (e) 5.00 mol%, (f) 10.00 mol%, and (g) 20.00 mol%
i-doped TiO2 catalysts and the high-magnification image of the lattice
).
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absorbance measured at λ = 464 nm was used to calculate
the methyl orange concentration using a calibration curve
measured previously. The activity of pristine TiO2 NFs and
synthesized Bi-doped TiO2 catalysts with various doping con-
centrations for the photodegradation of methyl orange in
aqueous solution under UV-A irradiation was measured, and
the results are shown in Fig. 4(a). The colour of the suspen-
sion changed from the initial orange colour to colourless.
TiO2-catalyzed photodegradation of organic dyes usually fol-
lows Langmuir–Hinshelwood kinetics, which can be simpli-
fied to an apparent first-order kinetics at lower initial dye
concentrations, mathematically described as lnĲC0/C) = kt,
where C is the concentration of the dye at time t, C0 is the
initial concentration and k is the apparent reaction rate
constant.35 Plotting the logarithm of the reciprocal of the
measured dye concentration as a function of time, we
obtained linear slopes for each catalyst we studied, in good
agreement with the Langmuir–Hinshelwood model. As shown
in Fig. 4(b), the methyl orange decolouration rate showed
that the 0.50 mol% Bi-doped TiO2 catalyst has the highest
10696 | CrystEngComm, 2014, 16, 10692–10699

Fig. 4 (a) Activities of pristine TiO2 NFs and Bi-doped TiO2 catalysts with
orange under UV-A irradiation. (b) Linearized kinetic plots for the degradatio
with various doping concentrations under UV-A irradiation. (c) Linearized
Bi-doped TiO2 catalysts calcined at various temperatures for 12 hours u
of methyl orange using 0.50 mol% Bi-doped TiO2 catalysts calcined for v
photodegradation activity among all Bi-doped TiO2 catalysts.
In order to search for the optimal calcination conditions to
enhance the photocatalytic activity, we prepared 0.50 mol%
Bi-doped TiO2 catalysts that were calcined for 12 hours in air
at various temperatures of 400 °C, 600 °C, 800 °C, and 1000 °C.
The photodegradation performance of these Bi-doped TiO2

catalysts was tested, and the results are shown in Fig. 4(c).
The 0.50 mol% Bi-doped TiO2 catalyst that was calcined at
600 °C showed the highest photocatalytic activity. Finally, we
prepared 0.50 mol% Bi-doped TiO2 catalysts that were
calcined at 600 °C for various lengths of time between 3 and
48 hours. The photodegradation performance of these
Bi-doped TiO2 catalysts is shown in Fig. 4(d). Combining the
previous three results, the 0.50 mol% Bi-doped TiO2 catalyst
calcined at 600 °C for 12 hours showed the highest activity
for photodegradation of methyl orange under UV-A irradia-
tion. Finally, the Bi-doped TiO2 catalysts with various doping
concentrations calcined at 600 °C for 12 hours were used to
further study the photodecolourization of organic dye and photo-
catalytic hydrogen generation under different light sources.
This journal is © The Royal Society of Chemistry 2014

various doping concentrations over the photodegradation of methyl
n of methyl orange using pristine TiO2 NFs and Bi-doped TiO2 catalysts
kinetic plots for the degradation of methyl orange using 0.50 mol%

nder UV-A irradiation. (d) Linearized kinetic plots for the degradation
arious lengths of time at 600 °C under UV-A irradiation.
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In order to understand the correlation between the
photodegradation activities and Bi doping concentrations for
the catalysts, we measured the photodegradation activities of
Degussa P25, pristine TiO2 NFs and synthesized Bi-doped
TiO2 catalysts under irradiation using various light sources. The
significant photocatalytic decolourization was observed under
irraditation using different light. The photodegradation reac-
tion rate constants are shown using bar charts in Fig. 5. For the
photodegradation activity of these catalysts under UV-B irradia-
tion, as shown in Fig. 5(a), the photodegradation activities
decreased with increasing Bi doping concentration. Then,
This journal is © The Royal Society of Chemistry 2014

Fig. 5 Bar charts of the photodegradation reaction rate constants
of pristine TiO2 NFs and various Bi-doped TiO2 catalysts under the
following light source irradiation: (a) UV-B, (b) UV-A and (c) visible light.
these catalysts were measured under UV-A irradiation. The
0.50 mol% Bi-doped TiO2 catalyst showed the highest activity
among the synthesized Bi-doped TiO2 catalysts (Fig. 5(b)).
Finally, these catalysts were tested under visible-light irradia-
tion. As shown in Fig. 5(c), the 5.00 mol% Bi-doped TiO2 cata-
lyst showed the highest activity among the synthesized TiO2

catalysts and Degussa P25. In order to find out the correlation
between Bi doping concentration and absorption behaviour, the
normalized absorption spectra of pristine TiO2 NFs and Bi-
doped TiO2 catalysts with various doping concentrations are
measured. As shown in Fig. 6, there is a clear extended absorb-
ing ability for Bi-doped TiO2 catalysts when Bi doping concen-
tration exceeded 0.50 mol%. With increasing Bi doping
concentration, much broader absorption was observed. When
Bi doping concentration reached 20.00 mol%, there is a very sig-
nificant change in the absorbance behaviour. From Fig. 6, we
can observe that when Bi ions were doped into TiO2 material,
the range of absorption clearly extended to the visible spectrum,
which means that the bandgap of the catalyst decreased as Bi
doping concentration increased. The bandgaps of pristine
TiO2 NFs and 0.25 mol%, 0.50 mol%, 1.00 mol%, 5.00 mol%,
10.00 mol% and 20.00 mol% Bi-doped TiO2 are calculated from
the UV-vis absorption spectra and their values are 2.92, 2.90,
CrystEngComm, 2014, 16, 10692–10699 | 10697

Fig. 6 (a) UV-vis absorption spectra and (b) the bandgaps of pristine
TiO2 NFs and thermally treated Bi-doped TiO2 catalysts with various Bi
doping concentrations.

https://doi.org/10.1039/c4ce01348d
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2.82, 2.78, 2.81, 2.71 and 2.68 eV, respectively. Hence, the
5.00 mol% Bi-doped TiO2 catalyst and the 10.00 mol% Bi-doped
TiO2 catalyst showed high photodegradation activities under vis-
ible light irradiation due to the high photon absorption behav-
iour in the visible spectrum. Increasing Bi doping concentration
resulted in high photon absorption, but it also destroyed the
TiO2 crystalline structure, which hampered the electron/hole
transport in the TiO2 for the 20.00 mol% Bi-doped TiO2 catalyst.

For the photocatalytic hydrogen generation, Fig. 7 shows
the measurement of pristine TiO2 NFs and various Bi–TiO2

catalysts under UV-A or UV-B irradiation. As shown in
Fig. 7(a) and (b), we observed that pristine TiO2 NFs showed
an undetectable hydrogen generation rate under UV irradia-
tion. The 0.50 mol% Bi-doped TiO2 catalyst showed the
highest rate of photocatalytic hydrogen production. The rates
can reach ~800 μmol g−1 h−1 and ~510 μmol g−1 h−1 under
UV-B and UV-A irradiation, respectively. All Bi-doped TiO2 cat-
alysts except the 20.00 mol% Bi-doped TiO2 exhibited photo-
catalytic hydrogen generation. The photocatalytic hydrogen
production rate of Bi-doped TiO2 catalysts under UV-B irradi-
ation decreased significantly, when the doping concentration
exceeded 1.00 mol%. The result could be due to the large
10698 | CrystEngComm, 2014, 16, 10692–10699

Fig. 7 Bar charts of the hydrogen production rates of pristine
TiO2 NFs and various Bi-doped TiO2 catalysts under the following light
source irradiation: (a) UV-B and (b) UV-A.
amount of Bi doping that altered the crystalline structure,
which reduces the electron and/or hole transportation in the
materials. However, these catalysts under visible-light irradia-
tion show no detectable value. The results could be due to
the low energy of the visible light, which is not enough to
excite the TiO2 catalysts to produce electron/hole pairs. Com-
paring the two tested reactions under UV-A and UV-B irradia-
tion, the pristine TiO2 showed good photodegradation of
methyl orange dye but showed no detectable value in photo-
catalytic hydrogen production. The reason could be that the
photodegradation reaction is a downhill reaction. As long as
the energy of light is greater than the bandgap of the
photocatalysts, the reaction would occur. On the other hand,
the photocatalytic hydrogen production is an uphill reaction.
It means that if the energy levels are coupled with the redox
potential of water to generate hydrogen and oxygen, even
when the light energy is greater than the bandgap of the
photocatalysts, the photocatalytic reaction still would not
occur. Bi doping could enhance ethanol oxidation and photo-
induced hydrogen evolution, resulting in an increased photo-
catalytic hydrogen generation rate.

Conclusions

In summary, TiO2 catalysts doped with various Bi concentra-
tions have been synthesized successfully. XRD patterns and
Raman spectral analysis confirmed that the high Bi doping
concentration can influence the crystalline structure of the
catalyst, but Bi doping can extend the absorption of TiO2

from the UV spectrum to the visible spectrum. Our study
focused on the obviously enhancing role of Bi doping of TiO2

for organic dye decolorization and photocatalytic hydrogen
generation. For the photodegradation of methyl orange, all
Bi-doped TiO2 catalysts showed lesser activity than pristine
TiO2 nanofibres under UV irradiation, but the Bi-doped TiO2

catalysts with high doping concentration (such as 5.00 mol%
and 10.00 mol%) showed the highest activity for catalysed
photodegradation of methyl orange under visible-light irradi-
ation. For the photocatalytic hydrogen generation measure-
ment, Bi doping could enhance ethanol oxidation and
photoinduced hydrogen evolution, resulting in an increased
photocatalytic hydrogen generation rate. The 0.50 mol%
Bi-doped TiO2 catalyst showed the highest value of photo-
catalytic hydrogen production, and the rates can reach
~800 μmol g−1 h−1 and ~510 μmol g−1 h−1 under UV-B
and UV-A irradiation, respectively. The synthesized Bi-doped
TiO2 catalysts showed the visible spectrum photocatalytic
performance, and they could replace the catalysts decorated
with a high-cost noble metal.
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