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a  b  s  t  r  a  c  t

Bi2O3 thin  films  were  successfully  prepared  on  fluorine  doped  SnO2 substrate  by the  sol–gel  route.  The
effects  of  annealing  temperature  on  the  film  structure  and  photoelectrochemical  (PEC)  performance
were  also  discussed.  Bi2O3 thin  films  were  characterized  by  conventional  techniques.  X-ray  diffraction
(XRD)  results  show  the  450 ◦C  annealed  film  exhibits  �-phase  structure  with  the  best  crystallinity.  Scan-
ning  electron  microscope  (SEM)  analysis  indicates  that  the  surface  morphology  varies  with  changing  the
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annealing  temperature.  The  film  surface  becomes  nanoporous  at high  annealing  temperature.  Atomic
force  microscope  (AFM)  result  indicates  that  the  grains  on the  surface  still  exhibit  close-packed  growth
in  the  nanoscale,  even  though  there  are  many  holes  in  the  film  surface.  The  photoelectrochemical  perfor-
mance  was  evaluated  by incident  photon-to-current  conversion  efficiency  (IPCE).  The  IPCE  reaches  10.5%
at  400  nm  (25.5%  at 350  nm)  without  any  additional  potential  vs.  Ag/AgCl  in  1  M  NaOH  solution.

© 2013 Elsevier B.V. All rights reserved.m.c
. Introduction

In the last decades, production of hydrogen by solar energy
otivated scientists in the investigation of new, safe, clean and

ow cost technologies. A large number of researches have been
ocused on semiconductor photocatalyst used for water splitting
1–3] and water purification [4,5] under ultra violet and visible light
rradiation. Hitherto TiO2 was the most commonly used photocata-
yst with well UV region photoelectrochemical (PEC) performance.
owever, the band gap of TiO2 is too wide to utilize visible light,
hich corresponds to 46% of the solar spectrum. Bismuth based

xides, with a relatively narrow band gap, appear to be promis-
ng candidates for the visible light photocatalyst. Bi2O3 is an direct
ransition band semiconductor with Eg = 2.8 eV [6]. It has been syn-
hesized by solid-state reaction [7,8], sono-chemical method [9],
lectro deposition [10,11], and hydrothermal route [12–15]. Many
i2O3 photocatalysts with good photo activity have been reported
o far. The sono-chemical synthesized monoclinic nanocrystallite

www.sp
i2O3 could degrade 86% of the methyl orange in 100 min  under
isible light illumination [9]. The photocatalytic of nanocrystal-
ite Bi2O3 was greatly superior to that of micro-size Bi2O3 and
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TiO2 (P25). Cubic mesoporous films and nanofibers mats were
synthesized with two  different methods and both materials were
highly crystalline after thermal treatment and the benefits of a
mesoporous morphology in heterogeneous semiconductor photo-
catalysis were confirmed [16]. The low pressure chemical vapor
deposition (LPCVD) fabricated �-Bi2O3 showed well oxygen oxi-
dation ability from water when illuminated and the calculated
quantum yield efficiency was about 9.8% at 365 nm [17]. How-
ever, the visible light photo activity was still unsatisfied. �-Bi2O3
nanofibers were prepared by electro-spinning a precursor mixture
of polyacrylonitrile/bismuth-nitrate, and then annealed at different
temperatures. The photo activity was high for photo degradation of
Rhodamine B and the photo activity did not decrease after illumina-
tion [18]. Recently, nanoporous �-Bi2O3 thin film showed enhanced
photoelectrochemical performance, because the nanoporous mor-
phology could enlarge the film surface/electrolyte contact area than
the plane surface and morphology, which ultimately contributed
to the charge separation [19], and the IPCE reached 43% at 400 nm
(0.197 V vs. NHE).

During the last decade, not only pure �-Bi2O3, but also doping
with different elements or combining with other photoactive

materials [20–23] were investigated in order to improve the photo-
catalysis performance. The Ti-doped �-Bi2O3 was chemical stable
yet after degrading three kinds of dyes [10,24]. The 2.0 wt% Ag
doped �-Bi2O3 showed the best photo activity by degradation of

dx.doi.org/10.1016/j.apsusc.2013.06.007
http://www.sciencedirect.com/science/journal/01694332
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hodamine B among different content doping. Ag in �-Bi2O3 lat-
ice was good for the migration of the photo-generated carriers,
eading to a higher visible light photo catalytic performance [25].

Sol–gel  spin coating is a low cost and easy operating film-
reparation method [26]. However, until now no detailed report
n the PEC property of �-Bi2O3 film fabricated by sol–gel spin coat-
ng appeared in the literature to our knowledge. Herein we report
n the fabrication, photoelectrochemical characterization and pho-
oactivity of �-Bi2O3 thin film with different thermal treatment.
he PEC properties are evaluated by incident photon to current
onversion efficiency (IPCE) and absorbed photon to conversion
fficiency (APCE). The optimum thickness with the highest con-
ersion efficiency of �-Bi2O3 film is also determined.

. Experiment

.1. Materials preparation and characterization

All the chemical reagents were used as purchased without fur-
her purification. First, 0.8 mL  of nitric acid was added slowly into

 mL  deionized water. Then 1 g of Bi(NO3)3·5H2O was added into
he solution. The solution was marked as solution A. The two  steps
ere all under continuous stirring. 0.8 mL  of triton X-100 and cer-

ain content citrate acid were dissolved in 2 mL  of ethanol. This
olution was marked with solution B. Solution B was  drop wise
dded into solution A and then stirred for 4 h to form stable solution
ixture. After that, the mixture was aged for 12 h. The fluorine-

oped tin oxide glass (FTO) was ultrasonic cleaned in sequence of
oap water, acetone and ethanol sequentially. The film was  pre-
ared with (KW-4A) spin coating instrument. In order to find out
he thermal treatment dependence, each film was  annealed in air at
ifferent temperature (heating rate 3 ◦C/min) for 2 h in a tube fur-
ace after pre-heat treatment (100 ◦C for 30 min), and then cooled
o room temperature. The optimum thickness was  obtained at the
est heat treatment temperature.

The film thickness was measured by KLA Tencor D-100 step-
rofiler. XRD was used to characterize the phase state in a
canning range of 20–70◦ (2�) (Cu K�1 radiation, � = 1.54056 Å,
0 kV, 25 mA). UV–visible absorbance spectra were measured to
tudy the light harvesting ability. Clean blank FTO glass was used as
he standard baseline. The surface morphology was characterized
y S-4800 scanning electron microscope and CSPM-4000 model
tomic force microscope.

.2.  Photoelectrochemical performance test

The IPCE measurements were carried out in a three-arm ves-
el fitted by quartz window in 1.0 M NaOH solution. The system
as composed of an SBP500 monochromator, a potential stat, a

ock-in Amplifier, one calibrated silicon dioxide, and one 150 W
eon Lamp. Polyimide sealed �-Bi2O3 film was used as working
lectrode, a graphite rod was used as the counter electrode, and
g/AgCl (saturated KCl solution) as the reference electrode.

.  Results and discussion

.1.  X-ray diffraction

All  prepared samples exhibit well-crystallized phase (Fig. 1). The
lms display a tetragonal structure according to JCPDS 27-0050
�-Bi2O3, a = b = 7.741 Å, c = 5.634 Å). Among the five different ther-

www.sp
al treatment temperature, the 450 ◦C sample shows the strongest
2 0 1) and (2 2 0) diffraction peaks. Unlike the electro-spun fabri-
ated nanofibers [18], there is no clear �-phase characteristic peaks
ppearing when the annealing temperature rises to 550 ◦C. The
Fig. 1. XRD patterns of Bi2O3 thin films after thermal treated at five different tem-
peratures.

phase change may  be slight and the instrument precision is not
enough. Compared with other �-Bi2O3 prepared with prolonged
annealing time under O2 condition [27], all films in this experi-
ment exhibit major phase of tetragonal �-Bi2O3. As a result, the
thermal treatment temperature and O2 condition are the key ele-
ments causing the phase transition of �-Bi2O3 → �-Bi2O3. Short
annealing time or non-full O2 condition may not induce Bi2O3
phase transition. Samples annealed at lower temperature (350 and
400 ◦C) show weaker peak intensity than the 450 ◦C one. Another
two samples treated at higher temperature (500 and 550 ◦C) also
exhibit weaker peak intensity. The mean crystallite size are calcu-
lated from Debye–Scherrer’s formula: D = K�/(ˇcos�). Here D is the
crystallite mean dimension, K is the Scherrer constant (K = 0.94), �
is the wavelength of Cu K�1,  ̌ is the full width at half maximum
and � is the Bragg diffraction angle. The calculation is based on the
(2 0 1) peak. As shown in Fig. 4, the estimated crystallite size of
each film with annealing temperature increasing is about 20 nm,
29 nm,  40 nm,  34 nm and 32 nm,  respectively. The reason for the
small crystallite size of low temperature samples is that there is
not enough thermodynamic energy for the grain growing at low
temperature annealing and organic residue is not fully removed.
At 500 and 550 ◦C, some slight phase change might have occurred
during the annealing process, which causes the mean crystallite
size becoming small.

3.2.  Optical absorption and band gap

Optical absorption curves are shown in Fig. 2a. There are two
obvious absorption edges for the prepared films. The first one is
located around 460 nm and the second one is located at about
380 nm,  which corresponds to the photon energy 2.70 eV and
3.26 eV, respectively. Based on the band structure calculation,
the valence band maximum of Bi2O3 is attributed to O 2p, Bi 6s
and Bi 6p hybridization, while the conduction band minimum is
composed of the hybridization of O 2p and Bi 6p. Therefore, the two
absorption edges may  come from the photon-electron excitation
in the form of O 2p → Bi 6p and Bi 6s → Bi 6p [9,14]. For a direct
band gap semiconductor, the optical band gap is expressed by the

2 ( )

.co
m.c
formula: (˛h�) ∝ A h� − Eg , where ˛, h, �, Eg and A correspond
to  absorption coefficient, Planck constant, light frequency, band
gap and proportionality constant, respectively. Fig. 2b shows
the plots of direct transition fitting of all films. With annealing
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Fig. 2. UV–visible light absorbance spectra (a) and direct transition fitting vs. photon
energy of �-Bi2O3 thin films.

Fig. 3. SEM images of thin films: 350 ◦C (a), 400 ◦C (b), 450 ◦C (c), 500 ◦
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temperature increasing from 350 ◦C to 450 ◦C, Eg becomes nar-
rower and reaches about 2.74 eV, which means more visible light
can be absorbed under the same irradiation. The band gap becomes
wider with the temperature rising from 450 ◦C to 550 ◦C.

3.3. SEM morphology

The  low magnification SEM images show a clear distinction
among the five samples (Fig. 3). The particle size of each film is dif-
ferent with changing thermal treatment temperature. Both the low
temperature (Fig. 3a and b) annealed films exhibit dense arranged
surface with small particles, which can be assumed as plane surface.
As the annealing temperature rises to 450 ◦C, the particle grows
larger and there is much empty room among particles. The par-
ticle size is also in good uniformity on the surface (50–100 nm).
When films were treated under higher temperature, surface parti-
cles become larger. However, the particle size distribution is much
more non-uniform (Fig. 3d and e). The 450 ◦C treated film possesses
the biggest crystallite and the smallest particle size distribution at
the same time (Fig. 4), so the grain aggregation is smaller than other
samples. As a result, its electro property may  have superiority over
other four samples. Fig. 3f shows that the detail information of the
450 ◦C sample, there are many holes in the surface, which enable
the electrolyte to permeate into the film surface, reacting directly
with the photo generated holes [19,28,29].

3.4. AFM analysis

Fig.  5 shows the surface structure, three-dimension surface and
section analysis of the red rectangle marked area of the 450 ◦C
treated film. The surface morphology analysis conforms to SEM
results in the 500 nm × 500 nm scale. The grains on the surface still
exhibit close-packed growth in the nanoscale, even though there

.co
m.cn
are many holes around them. In addition, the particle size is well
distributed and in accordance with SEM analysis. The surface undu-
lation of this micro area is about 136 nm,  which contributes to the
charge transfer process in the water oxidation process.

C (d), 550 ◦C (e) and high magnification image of 450 ◦C sample.
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ig. 4. Mean crystallite size estimated from XRD patterns and particle size distribu-
ion  of films treated under different temperature.

.5. IPCE and APCE

The photoelectrochemical performance was  evaluated by
he incident photon-to-current conversion efficiency (IPCE) and

bsorbed photon-to-electron current conversion efficiency (APCE).
he IPCE is defined as:

PCE  (%) = I

P

1240
�

×  100

Fig. 5. AFM surface structure (a), three dimension image (
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here, I is the photocurrent density (mA  cm−2). P is the power
of monochromatic light irradiated on the electrode (mW  cm−2)
and � is the incident light wavelength (nm). The measurement is
performed under 0 V bias vs. Ag/AgCl. Fig. 6a shows that as the
annealing temperature rising to 450 ◦C, the IPCE increases from
3.1% to 26% at 350 nm irradiation. As the temperature increases
to 550 ◦C, IPCE decreases from 26% to 16% at 350 nm. At the visi-
ble light region (� ≥ 400 nm), the higher temperature treated films
show higher IPCE than that of the lower temperature treated ones,
and the best annealing temperature is about 450 ◦C. Compared with
the nanoporous �-Bi2O3 thin film prepared by magnetron sputter-
ing (43% at 400 nm)  [19], the sol–gel spin coated films exhibit less
photocatalytic property, because during the annealing process, the
organic substance will not fully decompose, especially under low
temperature process. However, the 450 ◦C treated sample still pos-
sesses three advantages in comparison with other four films: (1) It
obtains the uniform crystallite with a mean crystallite size about
40 nm,  and there is few aggregation on the films surface (Fig. 5). As
a result, the grain boundaries are much few than other films and
photogenerated carriers in the depletion layer could transfer from
the surface to the back contact electrode more easily rather than
recombining with each other rapidly. Thus, the bulk recombination
could be reduced. Although the 500 and 550 ◦C have nearly the same
particle size, the mean crystallite size of those films is smaller, and
the particle size distribution is bigger than the 450 ◦C film. There-

.cn
fore, there are more grain boundaries in the bulk film, which finally
block the electron transferring and reduce the photoelectrochemi-
cal property. As about the 350 and 400 ◦C films, there are hardly
any big grains formed during the annealing process, the electron

b) and section analysis (c) of the 450 ◦C treated film.
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Fig. 6. IPCE (a) and APCE (b) of each film heat-treated under diffe

ransferring process is obstructed. (2) The nanoporous surface mor-
hology benefits the charge separation process on the film surface.
he electrolyte can permeate the holes on the surface and enlarge
he contact area between particles and electrolyte, resulting in the
irectly reaction between photogenerated holes and electrolyte. (3)

he energy gap of the 450 ◦C treated film possesses the narrowest
and gap among all films. More light can be absorbed with narrower
he band gap. It could produce more photo-generated carriers at the
ame time compared with wider band gap films.

ig. 7. XRD patterns (a), IPCE (b), band gap fitting (c), and APCE (d) of each film heat-trea
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emperature with bias of 0 V vs. Ag/AgCl in 1 M NaOH, pH ≈ 13.6.

The APCE is another parameter to evaluate the photo anode and
defined by the formula below [30]:

APCE = IPCE

1 − 10−A .cn
here A is the absorbance. (1–10−A) represents the light harvest-
ing efficiency (LHE) of the film. The highest APCE is obtained from
the 450 ◦C treated film (37% at 350 nm,  0 V vs. Ag/AgCl, Fig. 6b).

ted under different temperature with 0 V vs. Ag/AgCl in 1 M NaOH, pH ≈ 13.6.
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he APCE variation tendency is the same like IPCE curves, which
eans the 450 ◦C treated film not only absorbs maximum light

mong five films, but also can transform the photons to current
ost effectively.

.6.  Optimum thickness of ˇ-Bi2O3 film

The  film dependence of the photoelectrochemical property was
lso determined. Five different thickness films were prepared
nder 450 ◦C annealing. Fig. 7a shows the major peak intensity

ncreases with the film thickness becoming thick. The band gaps
f five films are almost the same derived from the ˛2–h� rela-
ion (Fig. 7c). The band gap is located at 2.72 eV. The 200 nm film
btained the highest IPCE among five films, while its APCE is lower
han the 150 nm film. However, IPCE could enunciate the real per-
ormance of the film anode. Therefore, the optimum thickness of
-Bi2O3 is about 200 nm.

. Conclusions

�-Bi2O3 thin films with different photoelectrochemical prop-
rties have been successfully prepared by sol–gel spin coating
ethod. The nanoporous surface structure is formed during ther-
al  treatment under different temperature. The 450 ◦C treated film

as the best crystallinity and the biggest mean crystallite size.
here is little aggregation on the film surface and surface particles
ind with each other tightly from the SEM and AFM morphology
nalysis. IPCE and APCE results show that the photoelectrochemi-
al performance is strongly depending on the thermal treatment
emperature. The 450 ◦C treated film obtained both highest IPCE
nd APCE, which is 26% and 37% at 350 nm (0 V vs. Ag/AgCl),
espectively. Three conditions advance the photoelectrochemical
roperty of the 450 ◦C treated film from the analysis. Tuning the
hickness can get different photoactive films; the best film thick-
ess is about 200 nm.
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