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a  b  s  t  r  a  c  t

Bi-doped  TiO2 nanofibers  with  different  Bi  content  were  firstly  prepared  by  an  electrospinning  method.
The  as-prepared  nanofibers  were  characterized  by  scanning  electron  microscopy  (SEM),  X-ray  diffrac-
tion (XRD),  X-ray  photoelectron  spectroscopy  (XPS),  photoluminescence  spectra  (PL),  and  UV–vis  diffuse
reflectance  spectroscopy  (DRS).  The  results  indicated  that  Bi3+ ions  were  successfully  incorporated  into
TiO2 and  extended  the  absorption  of  TiO2 into  visible  light  region.  The  photocatalytic  experiments  showed
eywords:
anofibers
hotocatalysis
iO2

ismuth

that  Bi-doped  TiO2 nanofibers  exhibited  higher  activities  than  sole  TiO2 in the degradation  of  rhodamine  B
(RhB)  and  phenol  under  visible  light  irradiation  (�  >  420 nm),  and  3% Bi:TiO2 samples  showed  the  highest
photocatalytic  activities.

© 2011 Elsevier B.V. All rights reserved.
isible light

. Introduction

In view of increasingly serious environmental pollution and
nergy crisis, photocatalysis, a “green” technology, plays an impor-
ant role in solar energy conversion and degradation of organic
ollutants [1].  As a most promising photocatalyst, TiO2 possesses
any advantages such as suitable redox potentials of conduction

and and valence band, chemical inertness, stability against pho-
ocorrosion, low cost, and nontoxicity [2].  However, the wide band
ap (3.2 eV for anatase) and the low quantum efficiency limit the
ractical application of TiO2 photocatalyst [3].  It is well known that
oping transitional metal ions is one of the most effective methods
or synthesizing visible light active TiO2 photocatalysts with high
hotocatalytic activities [4].  Some researchers have reported that
he incorporation of Bi into TiO2 lattice not only widens the absorp-
ion range of TiO2 but also acts as an electron acceptor, which is
eneficial to the effective separation of photogenerated electrons
nd holes, thus facilitating photocatalytic reactions [5,6]. Moreover,
t should be noted that the morphology of the photocatalysts is
nother important factor influencing the photocatalytic efficien-
ies [7,8]. However, such research is still not satisfying considering

he practical application of photocatalysts. More effort is needed to
btain Bi-doped TiO2 photocatalyst with desirable separability and
xcellent photoactivity.

∗ Corresponding author. Tel.: +86 21 5241 5295; fax: +86 21 5241 3122.
E-mail address: wzwang@mail.sic.ac.cn (W.  Wang).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.09.010
Fibrous nanostructures are favorable for industrial applications
in environmental remediation. On one hand, conventional film
photocatalysts can be fixed and reclaimed easily, but their low sur-
face area decreased the photocatalytic activities. On the other hand,
the application of particulate photocatalysts is limited owing to the
difficulties in separation, which may  re-pollute the treated water.
Compared to film and particulate counterparts, nanofibrous photo-
catalysts not only possess large specific surface area, which allow
for their surface active sites to be accessible for reactants more effi-
ciently, but also owe high length-to-diameter aspect ratio, which
makes the separation of photocatalyst more easily [9].  Electrospin-
ing is an effective, straightforward, and convenient way to fabricate
polymer, polymer/inorganic hybrid, and inorganic fibers [10]. The
electrospun nanofibrous photocatalysts have been found to exhibit
excellent performance in terms of photocatalytic activity and recy-
cling [11]. In this work, for the first time, Bi-doped TiO2 nanofibers
were successfully synthesized by electrospinning. We  investigated
the effects of Bi doping on photocatalytic activities of as-prepared
photocatalysts, and 3% Bi:TiO2 nanofibers showed the highest pho-
tocatalytic activity in the degradation of rhodamine B (RhB) and
phenol under visible light irradiation (� > 420 nm).

2. Experimental
2.1. Synthesis

All reagents used in our experiments were of analytical purity
and were used as received without further purification. Certain

dx.doi.org/10.1016/j.jhazmat.2011.09.010
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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mounts of Bi(NO3)3·5H2O were dissolved in the 1.0 g of N,N-
imethylformamide (DMF) in a capped bottle, then 1.0 g of absolute
thanol and 1.87 g of Ti(OC4H9)4 were added into the mixture (the
tomic ratio of Bi:Ti ranged from 1% to 3%). The mixture was stirred
or several minutes, and 0.28 g of poly(vinyl pyrrolidone) with a

olecular weight of 1.3 × 106 was slowly added. After being stirred
or 1 h, the solution was loaded in a syringe. The voltage applied
o the needle of the syringe was 15 kV and the distance between
he tip of needle and aluminum foil was about 20 cm (The setup
or electrospinning showed in Fig. S1).  The as-collected fibers were
alcined at 500 ◦C for 3 h in air. The as-synthesized samples were
enoted as x% Bi:TiO2, where x refers to the molar ratio of Bi:Ti. The
iO2 nanofibers were prepared by the same method as described
bove without adding of Bi(NO3)3·5H2O.

.2. Characterization

The phase and composition of as-prepared samples were
ecorded by X-ray diffraction (XRD) studies using an X-ray diffrac-
ometer (Rigaku, Japan). The morphologies and microstructures
ere performed on a JEOL JSM-6700F field emission scanning elec-

ron microscope (SEM). UV–vis diffuse reflectance spectra (DRS)
f the sample were recorded with a UV–vis spectrophotometer
Hitachi U-3010). The chemical states of Bi in TiO2 were analyzed
sing the X-ray photoelectron spectroscopy (XPS) attachment of

 Microlab310F auger microprobe. The photoluminescence spec-
ra (PL) were obtained on a spectrofluorophotometer (Shimadzu
F-5301PC) with a Xe lamp as the excitation source at room tem-
erature.

.3. Photocatalytic test

Photocatalytic activities of the Bi-doped TiO2 nanofibers were
valuated by the degradation of rhodamine B (RhB) and phenol
nder visible light irradiation of a 500 W Xe lamp with a 420 nm
ut-off filter. 0.05 g of the photocatalyst was added into 50 mL  of
hB (1 × 10−5 M)  or 50 mL  of phenol (20 mg  L−1). Before illumi-
ation, the solution was stirred for 30 min  in the dark in order
o reach adsorption–desorption equilibrium between organic sub-
trates and the photocatalyst. At given irradiation time intervals, a

 mL  solution was sampled. Then, the absorption UV–vis spectrum
f the centrifuged solution was recorded with use of a Hitachi U-
010 UV–vis spectrophotometer. In order to prove the visible light
hotoresponse in actual photodegradation process, 3 W light emit-
ing diodes (LEDs) with different wavelengths were used to excite
s-prepared photocatalysts. The photodegradation was  carried out
n a 20 mL  suspension of phenol (20 mg  L−1) with 2% Bi:TiO2 pho-
ocatalyst (1 g/L). After 4 h irradiation, the corresponding ratio of
nal concentration to initial concentration (C/C0) was recorded.

. Results and discussion

.1. Characterization of the photocatalysts

The crystal phases of the different materials were investigated
y performing XRD analysis. Fig. 1a shows the XRD patterns of sole
iO2 and Bi-doped TiO2 samples with different molar ratio of Bi:Ti,
emonstrating that all the samples were composed of anatase TiO2
JCPDS No.99-0008) and rutile TiO2 (JCPDS No.99-0090). The intro-
uction of Bi into TiO2 caused the broadening of diffraction peaks,
uggesting lower crystallization degree of Bi-doped TiO2 samples
han that of sole TiO2, and inhibited the transformation of TiO2 from

natase-to-rutile, especially for 1% Bi:TiO2. No diffraction peaks
ndicative of the Bi species could be observed even at Bi:Ti molar
atio up to 3.0% due to low content of Bi. In order to reveal the pres-
nce of Bi and its electronic state, X-ray photoelectron spectroscopy
Fig. 1. (a) XRD patterns of TiO2 and Bi-doped TiO2 samples and (b) Bi 4f XPS profile
of  3% Bi:TiO2 sample.

(XPS) with high resolution is used in our study. Fig. 1b presents the
Bi 4f XPS spectra of 3% Bi:TiO2 sample. The peaks of 160.15 eV and
165.35 eV were close to the 4f7/2 level and 4f5/2 level of Bi3+ [12],
indicating that the incorporated Bi existed in the form of Bi3+.

The morphologies and microstructures of TiO2 and 3% Bi:TiO2
samples prepared by electrospining are revealed by the SEM
images. As shown in Fig. 2a and c, both TiO2 and 3% Bi:TiO2 exhib-
ited nanofibrous morphologies, and the lengths of these randomly
oriented nanofibers could reach several micrometers. The close-up
view of TiO2 nanofibers (Fig. 2b) demonstrated that the diame-
ter of TiO2 nanofibers ranged from 100 nm to 200 nm,  whereas
the diameter of 3% Bi:TiO2 nanofibers was  between 150 nm and
300 nm as shown in Fig. 2d. It could be observed that the electro-
spun nanofibers possessed large length-to-diameter aspect ratios,
which were beneficial for separation of the photocatalysts from
reaction solutions, thus avoiding the possible pollution introduced
by unseparated catalysts. In addition, the nanofibers had a rough
surface (as shown in Fig. 2b and d) due to the decomposition of
PVP during the calcination process, and such rough surface may
result in larger surface areas allowing for more efficient contact
between reactant molecules and photocatalysts, leading to a higher
photocatalytic reaction rate.

The optical absorption property, which is relevant to the
electronic structure feature, is considered as a key factor in deter-
mining photocatalytic behavior. Fig. 3 presents the UV–vis diffuse

reflectance spectroscopy (DRS) of as-prepared samples. Sole TiO2
displayed no obvious absorbance in visible light region due to its
large band gap (3.2 eV for anatase, and 3.0 eV for rutile). All Bi-doped
TiO2 samples exhibited spectral response in the visible region (from
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Fig. 2. SEM images of TiO2 and 3% Bi:TiO2: (a) low magnification and (b) high m

00 nm to 600 nm), and the absorbance became stronger with the
ncrease of Bi content from 0% to 2.0% because of narrower band
ap induced by the energy state of Bi3+ 6s lone pairs lying above
he valence band of sole TiO2 [13]. However, further increase of
i content could not enhance the visible absorbance, which was
ossibly attributed to the lower dispersion of Bi species in TiO2.

n order to prove the effective utilization of absorbed visible light
n the photocatalytic process, the photodegradation of phenol was
arried out under 3 W LEDs with different wavelengths and Fig. S2

uggests the visible light photoresponse of Bi-doped TiO2 in the
ctual photodegradation process.

Photocatalytic activity is closely related to the efficiency of the
hotogenerated electron–hole separation and the transfer from the

ig. 3. UV–vis diffuse reflectance spectroscopy (DRS) of sole and Bi-doped TiO2

amples.
cation of TiO2; (c) low magnification and (d) high magnification of 3% Bi:TiO2.

inner regions to the outer surfaces. PL emission spectra have been
widely used to investigate the efficiency of charge carrier trapping,
immigration, transfer, and to understand the fate of photogen-
erated electrons and holes in the semiconductor [14]. As shown
in Fig. 4, TiO2 and 3% Bi:TiO2 exhibited emission in the range of
350–550 nm.  As for sole TiO2, the peaks at 435 nm,  449 nm, 451 nm,
467 nm,  491 nm were originated from the surface traps of TiO2
[15,16]. Compared to sole TiO2, 3% Bi:TiO2 exhibited a decrease in
the PL intensity, which indicated that 3% Bi:TiO2 possessed a lower
recombination rate of photogenerated electrons and holes. This was

possibly ascribed to the fact that Bi species reduced the number of
trap states on the surface of TiO2, thus improved the separation of
photogenerated charge carriers [17]. The decreased recombination

Fig. 4. PL emission spectra of TiO2 and 3% Bi:TiO2 samples (excitation wavelength
is 300 nm).



J. Xu et al. / Journal of Hazardous Materials 196 (2011) 426– 430 429

F
B

o
p
r

3

u
p
s
o
t
b
d
f
w
T
b
b
t
t
U
r
t
t
d
a
h
p

ig. 5. Photocatalytic degradation profiles of (a) RhB and (b) phenol by TiO2 and
i-doped TiO2 under visible irradiation (� > 420 nm).

f photogenerated charges will provide more opportunities for
hotoinduced charge carriers to participate in the photocatalytic
eactions occurring on the semiconductor surface.

.2. Photocatalytic activity and proposed mechanism

It is well known that the colored rhodamine B (RhB) and
ncolored phenol are two kinds of chemicals used in industrial
roduction, which often cause water pollution. Therefore, they are
elected as model pollutants to evaluate the photocatalytic activity
f the as-prepared TiO2 samples. Fig. 5a shows the photodegrada-
ion of RhB under visible irradiation. Since RhB exhibits absorption
and around 553 nm,  sole TiO2 degraded 88.8% of RhB due to the
ye sensitization effect [2].  When the Bi:Ti ratio was increased
rom 0% to 3%, the photocatalytic activities became higher, and RhB
as completely degraded in 90 min  by 3% Bi:TiO2. Clearly, doping

iO2 with Bi3+ enhanced the photocatalytic activity, which may
e attributed to two reasons. First, the energy band is assumed
etween the top of the (lone pair) Bi3+ 6s band and the bottom of
he Ti4+ 3d band, giving rise to narrower energy band gap compared
o that of TiO2 [13], which is in accordance with the observation of
V–vis DRS. Hence, the absorption spectra shift into visible light

egion so that lower energy photons can be absorbed for pho-
ocatalytic reaction. Second, Bi species doped in TiO2 can inhibit
he electron and hole recombination by capturing the photoin-

uced charge carriers as illustrated in PL spectra. Also, P25 (TiO2),
s a well known standard, was used in our work and possessed
igher activity for degrading RhB compared to as-prepared sam-
les. On the other hand, Fig. 5b represents the variation of phenol
Scheme 1. Proposed mechanism of photocatalytic reaction on Bi-doped TiO2 pho-
tocatalyst.

concentrations (C/C0) with the irradiation time over TiO2 and
Bi:TiO2 samples under visible light illumination. Sole TiO2 degraded
very little phenol, only about 5% of phenol in 4 h, which was
attributed to the poor ability of TiO2 in harvesting visible lights. TiO2
(P25) exhibited very low photocatalytic activity with about 13% of
phenol degraded. However, doping TiO2 with a small amount of Bi
species significantly increased the degradation rate, and 3% Bi:TiO2
showed the highest photocatalytic activity with 56.1% of phenol
degraded. In addition, compared to the photodegradation of RhB,
the photodegradation of colorless phenol was  almost ascribed to
the photocatalytic process rather than the dye photosensitization
effect.

Based on the above discussions, the level of Bi 6s [8,13,18], which
is located above the valence band of TiO2, plays an important role in
reducing the energy band gap of TiO2, thus enhancing the photocat-
alytic activity under visible irradiation. Scheme 1 shows the energy
band diagram and possible mechanism of photocatalytic reaction
on Bi-doped TiO2, and the detailed photocatalytic processes are
proposed as follows (S represents the organic pollutants):

Bi : TiO2 → Bi6s(h+) + TiO2(e−)

OH− + h+ → HO•

O2 + e− → O2
•−

O2
•− + H+ → HO2

•

HO2
• + e− → HO2

−

HO2
− + H+ → H2O2

H2O2 + e− → OH−+HO•

S + HO• → CO2 + H2O

When the Bi:TiO2 photocatalyst is radiated by visible light with
a photon energy higher or equal to the band gap between the top of
the (lone pair) Bi3+ 6s band and the bottom of the Ti4+ 3d band, elec-
trons (e−) in the 6s level of Bi3+ can be excited into the VB of TiO2,
leaving same amount of holes (h+) in the 6s level of Bi3+. Then holes
are captured by surface hydroxyl groups (OH−) at the photocatalyst
surface to yield hydroxyl radicals (HO•) [19], and the electrons are

trapped by the dissolved oxygen molecules (O2), producing super-
oxide anions (O2

•−) [20]. The formed superoxide anions (O2
•−) may

either attack the organic molecules directly or generate hydroxyl
radicals (HO•) by reacting with hydrion (H+) and photogenerated
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lectrons [21,22].  Afterward, hydroxyl radicals (HO•), as strong oxi-
izing agents, degrade the organic molecules [23].

. Conclusion

Bi-doped TiO2 nanofibers with variable Bi:Ti ratios have been
uccessfully fabricated by an electrospinning method. Doping Bi
pecies improved the separation of photogenerated electron and
ole and extended the absorption of TiO2 into visible light region
ue to the new energy states introduced by Bi, and 3% Bi:TiO2 sam-
les showed the highest photocatalytic activities. It is expected that
uch nanofibrous structures would provide great impetus to the
ndustrialization of photocatalysts in the wastewater remediation.
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