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a b s t r a c t

Bismuth based oxide (b-Bi2O3) and mixed oxide/hydroxide nanos-
tructures were prepared by ultrasound-assisted method in an
aqueous solution. The prepared nanostructures were characterized
by X-ray diffraction (XRD), energy dispersive analysis of X-rays
(EDX), Fourier transformed-infrared (FT-IR) spectroscopy, scanning
electron microscopy (SEM), and UV–visible absorption spec-
troscopy. The results revealed that the as-prepared product was
crystallized in mixed phase and it converts to pure b-Bi2O3 by ther-
mal treatments at 300 �C for 60 min. The band gap values for the
mixed bismuth oxide/hydroxide and bismuth oxide nanostructures
were 3.62 and 3.66 eV, respectively. The EDX spectrum shows that
the bismuth oxide nanostructures are completely pure. The FT-IR
spectrum of the products clearly demonstrates disappearance of
BiO–H bonds during the thermal treatment. Photocatalytic activity
of b-Bi2O3 nanostructures for degradation of rhodamine B, as a dye
pollutant, was investigated under UV illumination.
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1. Introduction

The preparation and characterization of nanostructured materials has been an intense field of
research due to their potential applications in different technologies and interesting physiochemical
properties [1–7]. Bismuth oxide is an important semiconductor material which has been used widely
in the fields of catalysis [8,9], functional ceramics [10–13], optical materials [14], medicine [15], ener-
gy materials [16,17] and superconductor materials [18,19], owing to its special properties of wide
band gap, high refractive index, photoluminescence and photoconductivity. There are six polymorphs
of bismuth oxide named a-Bi2O3, b-Bi2O3, c-Bi2O3, d-Bi2O3, x-Bi2O3 and e-Bi2O3. The bismuth oxide
polymorphs have significantly different electrical and optical properties [20]. It was reported that
b-Bi2O3 is a p-type semiconductor with a band gap of about 2.4 eV [21,22]. Many methods such as
high-temperature oxidation of bismuth metal [23,24], pyrolysis of bismuth compound [25,26], chemi-
cal vapor deposition (CVD) [27,28], sol–gel process [29], magnetron sputtering deposition [30], crys-
tallization in glass matrix [31], template-based heat treatment [32], room temperature chemical
solution route [33,34], metalorganochemical vapor deposition [35], one step aqueous method [36],
thermal evaporation [37], surfactant-assisted hydrothermal synthesis [38], simple two-step solution
phase approach [39] and ultrasound-assisted method [40], have been developed for preparation of bis-
muth oxide nanomaterials. Nano and micro-structures with anisotropic shapes and morphologies and
high surface to volume ratio are aseptically attractive due to their higher photocatalytic activity
[41,42]. The previously reported preparation methods are mainly limited to the formation of low-di-
mensional Bi2O3 nanostructures with 1D or 2D. However, among them, ultrasound-assisted method is
very simple and has evident advantages due to good compositional control, low equipment cost and
lower crystallization temperature. In the present work, we report the ultrasound-assisted method for
preparation of b-Bi2O3 nanostructures. The ultrasound-assisted methods involve ultrasound irra-
diation of the precursor during synthesis. Ultrasound irradiation has been used extensively to produce
novel materials with interesting properties. Because of the immense physical and chemical effects of
ultrasonic waves in solutions, by using this method we can produce materials with novel properties.
b-Bi2O3 has been reported to be a good candidate for heterogeneous photocatalysis. Despite consider-
able reports on the photocatalytic activity of Bi2O3 in visible and UV ranges, most of them are quite
inconsistent and contradictory [43–45].

The main goal of this work is to synthesis a novel structure of b-Bi2O3 owing a feature that provides
a considerable photocatalytic activity. This activity will be studied through degradation of rhodamine
B in an aqueous solution under UV irradiation.
2. Experimental

2.1. Preparation of b-Bi2O3 nanostructures

All of the reactants and solvents were analytical grade and were used without any further purifi-
cation. The experimental procedures are as follows: aqueous solution of bismuth nitrate (0.2 M)
was prepared by dissolving of 1.94 g of the salt in 20 mL of double distilled water at pH = 1. This solu-
tion was irradiated with a high intensity ultrasonic at room temperature for 1 h using Dr. Heilscher
ultrasound processor (UP200H Germany, 14 mm diameter Ti horn, 200 W/cm2, 24 kHz). During the
sonication of the reaction mixture, the temperature was increased to 80 �C as measured by mercury
thermometer. The prepared suspension was centrifuged to get the precipitate out and washed three
times using double distilled water and ethanol to remove the unreacted reagents and dried in an oven
at 60 �C for 24 h. To convert the as-prepared Bi(OH)3 nanostructures to b-Bi2O3, the as-prepared pow-
ders were annealed at 300 �C for 1 h in open air.
2.2. Instruments

The X-ray diffraction (XRD) patterns of products were recorded on a Philips X’pert X-ray diffrac-
tometer with Cu Ka radiation (k = 1.54056 Å) employing a scanning step of 0.02� S�1, in 2h range from
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20� to 80�. Surface morphologies were studied using the LEO1430 VP scanning electron microscope
(SEM) with 15 and 18 kV accelerating voltages. The purity of the products were obtained by energy
dispersive analysis of X-rays (EDX) on the same SEM. UV–vis absorption spectra of the samples were
obtained using a Shimadzu spectrophotometer (Japan, model 1650). Fourier transform-infrared (FT-
IR) spectra were obtained using Perkin Elmer Spectrum RX I apparatus. Thermal analyses were done
using a thermogravimetric apparatus (model: Linseis, STA PT-1000).

2.3. Photocatalysis experiments

Photocatalysis experiments were performed in a cylindrical Pyrex reactor with about 400 mL capa-
city. The reactor was provided with water circulation arrangement to maintain the temperature at
25 �C. The solution was magnetically stirred and continuously aerated by a pump to provide oxygen
and complete mixing of the reaction solution. A UV Osram lamp with 125 W was used as UV source.
The lamp was fitted on the top of the reactor. Prior to illumination, a suspension containing 0.1 g of the
nanostructures and 250 mL of RhB was continuously stirred in the dark for 30 min, to attain adsorp-
tion equilibrium. Samples were taken from the reactor at regular intervals and centrifuged to remove
the photocatalyst before analysis by spectrophotometer at 554 nm corresponding to maximum
absorption wavelength of RhB.
3. Results and discussion

3.1. Characterization of the nanostructure

Fig. 1(a) shows the XRD pattern of the as-prepared sample after ultrasonic irradiation for 60 min.
This pattern represents diffraction peaks corresponding to mixtures of bismuth oxides (b-Bi2O3 and
Bi4O7) and bismuth hydroxide. After annealing the as-prepared sample at 300 �C for 60 min, the mix-
ture completely converts to b-Bi2O3 (Fig. 1(b)). Hence, it is clear that under high intensity ultrasonic
irradiation for 60 min and post-annealing at 300 �C for 60 min, b-Bi2O3 simply was formed. No
additional peaks were observed in post-annealed sample, confirming the formation the pure phase
b-Bi2O3. The average crystallite size of b-Bi2O3 nanostructures was calculated using Debye–Scherer’s
equation [13]:
D ¼ 0:94k=b cos h ð1Þ
where D is the average crystallite size, k is the X-ray wavelength, b is the full-width at half maxima of
the prominent peak and h is the diffraction angle corresponding to the peak. The calculated size for b-
Bi2O3 nanostructures is less than 23 nm.

The purity of the nanostructures was studied by EDX technique and the results are shown in Fig. 2.
It is evident that the product is completely pure and the peaks correspond to Bi and O elements with
an average atomic percentage ratio of about 25:75 are observed. The elemental analysis confirms the
presence of corresponding elements in non-stoichiometric percentage.

Fig. 3(a) and (b) shows the FT-IR spectra of the as-prepared sample after ultrasonic irradiation for
60 min and final bismuth oxide nanostructures, respectively. The broad absorption band around
3450 cm�1 corresponds to the O–H stretching vibration of adsorbed water molecules on the samples
[46]. The peak at 3505 cm�1 is related to BiO–H stretching vibration in the as-prepared sample which
completely disappeared after the annealing process (Fig. 3(b)) [47]. The peaks at 814, 833 and
1037 cm�1 are also correspond to the stretching of bismuth oxide material [48].

The optical absorption of the as-prepared sample and b-Bi2O3 nanostructures were measured using
UV–visible spectroscopy and the results are shown in Fig. 4(a) and (b). For crystalline semiconductor,
the optical absorption near the band edge follows the equation (ahm)1/n = A(hm � Eg), where a, m, Eg and
A are the absorption coefficient, the light frequency, the band gap and a constant, respectively [49].
The exponent n depends on the type of transition. n = 1/2, 2, 3/2 and 3 corresponding to allowed direct,
allowed indirect, forbidden direct and forbidden indirect, respectively [50] . Taking n = 1/2, we have
calculated the direct optical band gap from (ahm)1/n vs. hm plot (inset of Fig. 4(a) and (b)) by



Fig. 1. X-ray diffraction patterns for (a) as-prepared sample after 60 min ultrasonic irradiation and (b) b-Bi2O3.

Fig. 2. EDX spectrum for b-Bi2O3 nanostructures.
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Fig. 3. FT-IR spectra of (a) as-prepared sample after 60 min ultrasonic irradiation and (b) b-Bi2O3.
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extrapolating the linear portion of the graph to hm axis. The calculated band gaps for the as-prepared
sample and b-Bi2O3 nanostructures are about 3.62 and 3.66 eV, respectively. Compared to the bulk b-
Bi2O3, the nanostructures show a blue-shift of about 1.26 eV as a result of quantum confinement
effect. When the particle radius falls below the excitonic Bohr radius, the band gap energy is widened,
leading to a blue shift in the optical properties [51].

Fig. 5(a) and (b) presents SEM images for as-prepared sample and b-Bi2O3 nanostructures. As can be
seen, both of them have a similar rectangular cubic-like morphology containing polydispersive struc-
tures. In the case of b-Bi2O3 nanostructures, it is clear that very small nanostructures have been
formed on the rectangular cubes. The formation of these types of nanostructures could increase the
effective area of the nanostructure, which can be so helpful in photocatalytic processes. The formation
mechanism and the shape of the products depend on the nucleation, evolution from the nuclei to
seeds, then evolution from seeds to nanostructures and finally agglomeration processes. Also these
parameters will be controlled by some physical and chemical parameters such as: pH, temperature,
and preparation technology. In the case of present work, we synthesized a particular shape of Bi2O3



Fig. 4. UV–visible of (a) as-prepared sample after 60 min ultrasonic irradiation (mixed phase of Bi(OH)3–Bi2O3 and Bi4O7) and
(b) pure b-Bi2O3.
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using a typical preparation technology that shows good results in photocatalytic reactions. As we
mentioned above, the product exhibits relatively high blue-shift in the absorption edge, confirming
quantum confinement effect and also high surface to volume ratio, which increases the effective band
gap of the semiconductor. Moreover, it is evident from SEM image (Fig. 5(b)) that the surface of each
cube consists of very small nanometer sized particles which agglomerated in the form of micron sized
cubes. Although, the SEM image of bismuth oxide product does not clearly show the individual nano-
sized structures, due to the limitations of the SEM apparatus, but the above explained XRD results
confirmed that the crystallite size was pretty small (less than 23 nm) so that a rather considerable
blue-shift occurred in the optical absorption due to strong confinement of the electrons in a small
volume.

3.2. Photocatalytic activity of b-Bi2O3 nanostructures

Photocatalytic activity of b-Bi2O3 nanostructures was studied by degradation of RhB under UV irra-
diation at 25 �C (Fig. 6). As can be seen, the degradation of the dye on the nanostructures completely



Fig. 5. SEM images for (a) as-prepared sample after 60 min ultrasonic irradiation and (b) b-Bi2O3.
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takes place at 180 min. But, without applying UV irradiation (dark experiment), about 20% of RhB was
adsorbed on the nanostructures after 240 min. In presence of the light and without using the nanos-
tructures (photolysis experiment), only about 10% of RhB molecules were degraded after irradiation
for 240 min. Therefore, under UV irradiation, decrease of RhB in the solution containing the nanostruc-
tures can be mainly assigned to photocatalytic degradation reaction. The observed first-order rate con-
stant of the degradation reaction on the nanostructures is 13.0 � 10�3 min�1 [52].

Heterogeneous photocatalysis reactions closely related to the reactive species produced during the
process. The role of these species in the degradation reaction was investigated by measuring the per-
formance of various scavengers after UV irradiation for 180 min (Fig. 7). The degradation percentage,
without using any scavenger and in presence of 2-PrOH is 100%. However, with addition of benzo-
quinone and KI, the degradation percentages decrease to 70.3 and 50.9%, respectively. Benzoquinone,
KI and 2-PrOH are scavengers for �O2�, h+ and �OH, respectively [53,54]. As can be seen, 2-PrOH has not
any effect on the degradation percentage. Moreover, the effect of KI is greater than that of benzo-
quinone. Therefore, it can be concluded that the effects of holes and O2� species in RhB degradation
on the nanostructures are higher than that of hydroxyl radical.



Fig. 6. Photodegradation of RhB on b-Bi2O3 nanostructures along with dark and photolysis data.

Fig. 7. Degradation percentage of RhB on the b-Bi2O3 nanostructures in presence of various scavengers.
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4. Conclusion

Ultrasound-assisted method was successfully applied for aqueous preparation of b-Bi2O3 nanos-
tructures. The products were characterized by different techniques. The XRD patterns showed that
the sample crystallized in mixed phases and converted to b-Bi2O3 structure after thermal treatment
at 300 �C. The elemental analysis using EDX technique confirmed formation of pure b-Bi2O3 nanos-
tructures. The SEM images showed that very small nanostructures have been formed on the rectangu-
lar cubes of the b-Bi2O3 nanostructures. FT-IR spectra of the samples revealed that the peak at
3505 cm�1 is related to BiO–H stretching vibration in the as-prepared sample which completely dis-
appeared after the annealing process. Compared to the bulk b-Bi2O3, the nanostructures show a blue-
shift of 1.26 eV as a result of quantum confinement effect. Photocatalytic activity of the prepared
nanostructures for degradation of RhB under UV irradiation was also studied. The effects of various
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scavengers demonstrated that the effects of holes and �O2
� species in degradation of RhB on the

nanostructures are higher than that of hydroxyl radical.
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