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Abstract

Bi2O3 samples doped with several transition metal ions (MeBi2O3, where M¼VV, PbII, AgI and CoII) were synthesized using a precipitation
method in the presence of sodium dodecyl benzene sulphonate (SDBS). The compounds were characterized by X-ray diffraction (XRD), scan-
ning electron microscopy (SEM), transmission electron microscopy (TEM), UVevisible diffuse reflection spectroscopy (UVevis DRS) and
photoluminescence (PL). The monoclinic microcrystal samples displayed different morphology and visible-light harvesting character. The pho-
tocatalytic activity of the MeBi2O3 compounds, evaluated by the extent of decolorization of Rhodamine B under visible light, followed the
order: V(V)eBi2O3> Pb(II)eBi2O3>Ag(I)eBi2O3> Co(II)eBi2O3> undoped Bi2O3.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Visible-light-driven photocatalysts have attracted interest in
recent years because visible light is an important clean energy
and can be easily utilized. In order to use solar energy
efficiently, the key step is to explore new materials as visible-
light-driven photocatalysts [1e5]. It was reported that modified
TiO2 [6e11], complex oxides such as CaBi2O4 [12], InMO4

(M¼Nb, Ta, V) [13] and PbBi2Nb2O9 [14] function as visi-
ble-light-driven photocatalysts.

Bismuth oxide is an important metal-oxide semiconductor
and can be used to decompose Orange II in water [9]. Com-
pared to conventional techniques, Bi2O3 synthesized by pre-
cipitation method is of high purity, high activity and narrow
particle size distribution [15]. However, the structure (crystal-
line size and shape, phase composition, presence of amor-
phous phase, etc.) of Bi2O3 depends on the preparation
conditions [16]. In this work, precursors of Bi2O3 and
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MeBi2O3 (M¼VV, PbII, AgI and CoII) were synthesized by
a precipitation method and the effect of the different metal
ions on the photocatalytic degradation of Rhodamine B under
visible light by Bi2O3 was determined.

2. Experimental

2.1. Preparation of catalysts

All chemicals were of analytical grade and were used with-
out further purification. Bi2O3 was prepared by adding 1 mol/L
of aq. NaOH solution to a solution of Bi(NO3)3 and SDBS
(0.1 mol/L) with continuous stirring. The precipitate obtained
was filtrated, washed with water and then dried and calcined
at 500 �C for 2 h. MeBi2O3 samples were prepared by adding
M(NO3)x to Bi(NO3)3 solution in the mole ratio, M:Bi¼1:200
with SDBS (0.1 mol/L) as surfactant. The pH of the ensuing so-
lution was adjusted to 12 by the addition of 1 mol/L aq. NaOH
solution at 40 �C. The resulted emulsion was filtered and the res-
idue was washed in de-ionized water and ethanol, respectively,
before being dried and calcined at 500 �C for 2 h.
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2.2. Characterization of catalysts

Bi2O3 and MeBi2O3 were characterized by powder X-ray
diffraction (XRD) using a D/max-gA X-ray diffractometer at
40 kV and 200 mA with monochromatic Cu Ka
(l¼ 1.5418 Å) radiation. Diffraction patterns of the powder
samples held on quartz zero background plates were obtained
using qeq geometry. Morphologies were further examined us-
ing a Phillips XL-30 scanning electron microscope at an accel-
erating voltage of 20 kV. Transmission electron microscopy
(TEM) images were taken on a Phillips TECNAI12 instrument.
UVevis diffuse reflectance spectra (DRS) were recorded on
a Shimadzu UV-2401 spectrophotometer equipped with spher-
ical diffuse reflectance accessory and photoluminescence
spectra (FL) were obtained using a Cary Eclipse scanning
UVevis system.

2.3. Measurement of the photodecolorization activity

The photocatalytic efficiency of Bi2O3 and MeBi2O3 was
investigated by the extent of decolorization of Rhodamine B un-
der visible irradiation using a blended-light mercury fluorescent
lamp (l� 410 nm). Bi2O3 or MeBi2O3 (100 mg) was added to
100 mL of an aq. Rhodamine B (10 mg/L) solution, which was
kept in the dark for 1 h before irradiation. At given time inter-
vals, a 5 mL aliquot was analyzed at 554 nm using a Shimadzu
UV-2450 spectrophotometer.

3. Results and discussion

3.1. Structure analysis

It has been reported that Bi2O3 has four different polymor-
phic forms, several non-stoichiometric forms as well as impure
phases [17]. In general, the polymorphic form depends on the
employed synthetic method. In this work, the diffraction lines
of Bi2O3 implied that the sample sintered at 500 �C was mono-
clinic form according to JCPDS file no. 41-1449. The XRD
patterns of samples which had been doped with different tran-
sition metal ions displayed similar diffraction lines and high
crystallinity. The presence of separate oxide phases was not
observed, possibly due to the low dopant concentration used
or the substitution of Bi3þ lattice sites by the doped metal
ions. The UVevis spectra of nanocrystallite Bi2O3 and Me
Bi2O3 revealed that all samples could absorb light up to the
visible region. The V(V)eBi2O3 had a broad intense absorp-
tion peak at 350 nm (Fig. 1). It is well known that the color
of a solid depends on the position of its absorption edge, which
is related to the frequency (n) of the absorbed light and the
band gap (Eg) as shown in Eq. (1) [18]

A¼
C
�
hn�Eg

�1=2

hn
ð1Þ

where A is the absorption coefficient, h Plank’s constant
and C a constant. On a plot of (A� hn)2 as a function of
(hn), a linear relationship should be seen in the vicinity of
the absorption edge and the forbidden band gap (Eg) can be es-
timated from the intercept. Thus, the band gap Eg of Bi2O3 and
V(V)eBi2O3 was estimated to be 2.8 eV and 2.69 eV (Fig. 2),
respectively.

The SEM images of MeBi2O3 and Bi2O3 are shown in
Fig. 3. It is apparent that Bi2O3 had a flake structure
(Fig. 3d) and a rod shape was observed for V(V), Pb(II) and
the Ag(I) doped Bi2O3 compounds (Fig. 3aec). The average
length of the MeBi2O3 particles was 6.4 mm for V(V),
2.2 mm for Pb(II) and 5.3 mm for Ag(I), while the average
thickness was 1.0 mm for V(V), 0.32 mm for Pb(II), and
1.1 mm for Ag(I).

The TEM images of Bi2O3 and V(V)eBi2O3 are shown in
Fig. 4. The Bi2O3 crystallites were cubical in shape (Fig. 4a);
it is evident that agglomeration occurred as a result of the sin-
tering process. In the case of V(V)eBi2O3, the particles were
smaller in size and exhibited a quite uniform structure
(Fig. 4b).

Photoluminescence emission spectra are often used to ex-
amine the efficiency of charge carrier trapping, immigration
and transfer, as well as understand the fate of e�/hþ pairs in
semiconductor particles [19]. The photoluminescence emis-
sion spectra of Bi2O3 and MeBi2O3 are shown in Fig. 5.

300 400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

1.2

A
b
s
.

Wavelength/nm

Bi2O3
Bi2O3(doped with V5+)

Fig. 1. UVevis spectra of Bi2O3 and Bi2O3 (doped with V(V)).
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Fig. 3. SEM images of Bi2O3 doped with V (a), Pb (b), Ag (c) and pure Bi2O3 (d).
Though identical shapes and peak positions (w116 nm) were
observed, the emission band intensities of the spectra varied
for the different metal ions used. The highest band intensity
was recorded for Bi2O3 and the lowest for V(V)eBi2O3

(Fig. 5). The photoluminescence intensities of MeBi2O3

were 88.03 (Co2þ), 86.30 (Agþ), 80.26 (Pb2þ) and 63.91
(V5þ). It is known that the photoluminescence spectrum of
Bi2O3 can be attributed to the radiative recombination process
of self-trapped excitations [15]. Therefore, the observed lower
intensity for M-doped Bi2O3 indicates that radiative recombi-
nation was lowered by doping with the transition metal ions,
leading to weak recombination of the e�/hþ pairs and high
photon efficiency. Hence, the results suggest that the V(V)-
doped Bi2O3 had highest photo-efficiency of all the samples
examined in this work and could be used as an effective
photocatalyst.

3.2. The photocatalytic degradation of Rhodamine B

After sensitized ‘‘internally’’ by doping with transition
metal ions, such as Co(II), Ag(I), Pb(II) or V(V) and ‘‘exter-
nally’’ by employing photo-sensitizers such as Rhodamine B,
Bi2O3 can be a good light-absorbing catalyst. As an example,
the spectral changes obtained during the photodecoloration of
Rhodamine B catalyzed by Ag(I)eBi2O3 are shown in Fig. 6.
The initial Rhodamine B displayed a major absorption band at
553 nm. However, the intensity of this band was halved
and the band was shifted 14 nm to 539 nm after 180 min
Fig. 4. TEM spectra of Bi2O3 (a) and Bi2O3 doped with V (b).
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irradiation, indicating that degradation of Rhodamine B oc-
curred and led to the formation of N,N,N0-triethyl Rhodamine
[20]. In the case of Bi2O3, the observed blue shift was only
4 nm (from 553 nm to 549 nm) under the same experimental
conditions. These findings confirmed that the MeBi2O3 sam-
ples have higher photocatalytic activity than Bi2O3.

The photodecolorization efficiencies of Bi2O3 and Me
Bi2O3 are shown in Fig. 7. It has been reported that TiO2 is
inactive under visible light [21]. Whilst decolorization effi-
ciency was 25.7% after 180 min irradiation using Bi2O3 as
photocatalyst, in the cases of Co(II) and Ag(I) doped catalysts,
the extent of degradation of Rhodamine B increased to 40%
and 48%, respectively and in the case of Pb(II) and V(V)-doped
catalytst, it was 65% and 89%, respectively. Thus, the Me
Bi2O3 compounds have higher photodecolorization efficiency
than Bi2O3 and followed the order: V(V)eBi2O3>
Pb(II)eBi2O3>Ag(I)eBi2O3>Co(II)eBi2O3. The different
photocatalytic activities of the metal ions can be explained
in terms of ionic radius, i.e., the ionic radius of V5þ

(0.59 Å) is lower than that of the other metal ions (Bi3þ

0.96 Å, Agþ 1.26 Å, Pb2þ 1.20 Å) therefore, the V5þ ions
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Fig. 5. Photoluminescence (PL) spectra: comparison of Bi2O3 and the samples

of Bi2O3 doped with Co2þ, Agþ, Pb2þ, and V5þ.
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Fig. 6. Absorption changes of Rhodamine B photodecolorization process using

Bi2O3 sample doped with Agþ.
may more easily penetrate the Bi2O3 lattice, resulting in
greater coverage of the Bi2O3 surface with vanadium oxide.
The low photodecolorization activity of CoII-doped Bi2O3

may be due to it behaving as an electronehole recombination
center (Fig. 5) because of its irregular morphology.

4. Conclusions

Both Bi2O3 and Bi2O3 samples doped with transition metal
ions (i.e. MeBi2O3 where M¼VV, PbII, AgI and CoII) were
synthesized by a precipitation method. While XRD showed
that there were no changes in the structure and crystallinity
of the catalyst as a result of doping with the metal ions, doping
imparted distinct morphological and light absorption differ-
ences. All of the MeBi2O3 compounds showed higher photo-
decolorization activity than undoped Bi2O3 under visible light
(l� 410 nm); in particular, V(V)eBi2O3, exhibited significant
photo-activity which implies that this particular compound
may function as an efficient photocatalyst for the decoloriza-
tion of organic pollutants.
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