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A simple ultrasound-assisted method involving polyvinyl alcohol (PVA) was employed to prepare the size controlled bismuth 
oxide and bismuth hydroxide nanostructures. The XRD study confirms the structure of the system as cubic with β-Bi2O3 
phase. Scanning electron microscopy revealed that the β-Bi2O3 and bismuth hydroxide samples composed of cube like 
structures. The SEM micrographs also show the improvement in the particle size distribution upon PVA capping agent 
addition. Absorption spectra have been obtained using a UV-Vis spectrophotometer to find the optical direct band gap. The 
optical gap of pure and PVA capped bismuth oxide and bismuth hydroxide nanomaterials have been calculated using the 
Tauc’s relationship and blue shift in the optical gap has been reported. We also found that the optical band gap (Eg) 
increases with the increase in molar concentration of the PVA. Fourier transform infrared (FT-IR) spectra of the prepared 
samples show the presence of characteristic bands for the PVA in the spectrum and reveal the capping effect of PVA on 
bismuth oxide and hydroxide nanostructures.  
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1. Introduction 
 
The interest for the preparation and application of 

nanometer size materials is increasing since they exhibit 
better properties for industrial and technological 
applications [1-3].  Size-controlled preparation of oxide 
semiconducting nanostructures is a great challenge in 
materials science because their intrinsic chemical and 
physical properties are strongly dependent on the size-
induced quantum confinement effects. There has been a 
great deal of interest in developing physiochemical 
methods for controlling the nanostructures sizes and 
shapes using organic capping agents [4-7]. Various  
organic capping materials,  with  different  head  groups,  
hydrophobic chains, counterions, and  molecular  
architectures,  have  been  widely employed  as  capping  
or  inducing  agents  to  control  the  nucleation, growth  
and  assembly  of  metal oxide  nanostructures.  
Particularly,  PVA is a  most  frequently used  for  the  
synthesis  of  metal oxide  nanostructures  in  aqueous  
solution [8-10]. Between different metal oxide materials 
bismuth oxide is an important semiconductor material 
which has been used widely in the fields of medicine [11] 
catalysis [12], functional ceramics [13], superconductor 
materials [14] energy materials [15], and optical materials 
[16], owing to its special properties of wide band gap, high 
refractive index, photoluminescence and 
photoconductivity. There are six polymorphs of bismuth 
oxide named α-Bi2O3, β-Bi2O3, γ-Bi2O3, δ-Bi2O3, ω-Bi2O3 
and ε-Bi2O3. The bismuth oxide polymorphs have 
significantly different electrical and optical properties [17, 

18]. It was reported that β-Bi2O3 is a p-type semiconductor 
with a band gap of about 2.5eV [19]. Many methods such 
as high-temperature oxidation of bismuth metal [20], 
pyrolysis of bismuth compound [21], one step aqueous 
method [22], chemical vapor deposition (CVD) [23], 
simple two-step solution phase approach [24] sol-gel 
process [25], magnetron sputtering deposition [26], 
crystallization in glass matrix [27], template-based heat 
treatment [28], thermal evaporation [29], room 
temperature chemical solution route [30], 
metalorganochemical vapor deposition [31], surfactant-
assisted hydrothermal synthesis [32], and ultrasound-
assisted method  [33], have been developed for preparation 
of bismuth 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 [34, 35]. 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 β-Bi2O3 nanostructures. The ultrasound-
assisted methods involve ultrasound irradiation 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. The particle size and morphology of bismuth 
oxide and bismuth hydroxide nanostructures give rise the 
most important changes in the properties of nanomaterials. 
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The controlled preparation of nanostructures with different 
sizes and morphologies is a challenging research area [36-
39]. 

In summary, bismuth oxide and bismuth hydroxide 
nanostructures were prepared by ultrasound-assisted 
method in the presence of PVA as a capping agent. In 
addition, the particle size was tuned by variation of the 
concentration of capping agent. The morphology and size 
of bismuth oxide and bismuth hydroxide nanostructures 
were analyzed by means of scanning electron microscopy 
(SEM). The band gap of the Bi2O3 nanocrystals was 
calculated by the obtained results from UV-Visible 
spectroscopy. Fourier transform infrared spectroscopy 
(FT-IR) and X-ray diffraction (XRD) were used to 
characterize all of the prepared samples, showing that 
nanosized bismuth oxide and bismuth hydroxide particles 
were dispersed uniformly. 

 
 
2. Materials and methods 
 
2.1. Preparation of bismuth hydroxide and β-Bi2O3  
        nanostructures 
 
All of the reactants and solvents were analytical grade 

and were used without any further purification.  The 
experimental procedures are as follows: Aqueous solution 
of bismuth nitrate (0.2M) was prepared by dissolving of 
1.94g of the salt in 20mL of double distilled water at p              
H = 1. This solution was irradiated with a high intensity 
ultrasonic at room temperature for 15min using Dr. 
Heilscher ultrasound processor (UP200H Germany, 14mm 
diameter Ti horn, 200W/cm2, 24 kHz). Different amounts 
of aqueous solution of PVA (3% and 5%) were added to 
the solution and the effects of addition were characterized. 
During the sonication of the reaction mixture, the 
temperature was increased to 80ºC 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 
24h. To convert the as-prepared Bi(OH)3 nanostructures to 

β-Bi2O3, the as-prepared powders were annealed at 300˚C 
for 1h in open air. 

  
2.2. Instruments 
 
The X-ray diffraction (XRD) patterns of products 

were recorded on a Philips X’pert X-ray diffractometer 
with Cu Kα radiation (λ=1.54056 A˚) employing a 
scanning step of 0.02oS-1, in 2θ range from 20o to 80o. 
Surface morphologies were studied using the LEO1430 
VP scanning electron microscope (SEM) with 15kV 
accelerating voltages. 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 RXI apparatus. Thermal analyses 
were done using a thermogravimetric apparatus (model: 
Linseis, STA PT-1000). 

 
 
3. Results and discussion 
 
3.1. X-ray diffraction  
 
The structural properties of PVA-capped bismuth 

hydroxide and β-Bi2O3 nanostructures were studied by X-
ray diffraction method. Figures 1(A, B and C) and 2(A, B 
and C) show the XRD patterns of prepared samples at 
different capped agent concentration (A without capped 
agent, B contain 3% PVA concentration and C contain 5% 
PVA). In the case of figure 1(A, B and C), different kinds 
of bismuth oxide and bismuth hydroxide were formed. The 
formation of different phases of bismuth oxide and 
hydroxides depends directly on the synthesis temperature.  
In Fig. 2, all diffraction peaks can be readily indexed to 
the cubic β-Bi2O3 nanoparticles (PDF card No. 78-1793, 

space group P
_

4 21c (114), unit cell parameters a=7.741(3), 
c=5.634(2) Å at RT, Z=4; also card No. 27-0050) [40]. No 
other peaks were observed such a Bi or any other Bi based 
oxides, which shows purity of the bismuth oxide samples. 
The diffraction peaks are broadened with increasing in the 
capping agent concentration, which indicates that the 
crystalline sizes of samples are small. 

 

 
 

Fig. 1. X-ray diffraction patterns of bismuth hydroxide samples at different capping agent concentration: 
 (A) without capping agent, (B) containing 3% PVA and (C) containing 5% PVA 
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Fig. 2. X-ray diffraction patterns of bismuth oxide 

samples at different capping agent concentration, (A) 
without capping agent, (B) containing 3% PVA and (C) 

containing 5% PVA 
 

    The mean crystallite size of bismuth hydroxide and 
β-Bi2O3 nanostructures was calculated using Debye-
Scherer’s equation:  

 
D=0.94 λ/β cosθ                            (1) 

 
Where D is the mean crystallite size, λ is the X-ray 
wavelength, β is the full-width at half maxima of the 
prominent peak and θ is the diffraction angle 
corresponding to the peak [41]. For bismuth hydroxide 
samples we only consider bismuth hydroxide peaks and 
the crystallite sizes was calculated to be 24, 18 and 17nm 
for samples prepared with 0%, 3% and 5% PVA 
concentration, respectively. In the case of β-Bi2O3 the 
corresponding nanoparticles sizes were calculated to be 
23, 18 and 15nm. The measured sizes reveal clearly that 
with increasing PVA concentration the crystallite size 
decreases gradually. 
 

3.2. TGA 
 
The crystalline phase transitions of the as-prepared 

sample have been characterized by TGA analysis. In Fig. 
3, the restructuring of the prepared nanostructures occurs 
at different temperatures. We believe that the observed 

fluctuations at different temperature probably related to 
the releasing of water molecules from the outer shells of 
the prepared nanopowders and also maybe the crystalline 
phase transitions of different structures formed in 
unannealed samples. The existence of different crystalline 
phase in unannealed sample was observed in XRD patterns 
and transition to pure β-Bi2O3 nanostructures also 
confirmed by XRD patterns. 

 

 
Fig. 3. TGA analyses of bismuth hydroxide 

 
3.3. UV-Vis spectroscopy 
 
The optical properties of the prepared samples were 

studied in the wavelength region of 100-800nm and the 
optical band gap is calculated for the nanostructures. Figs. 
4(a) and 5(a) show the optical absorbance edge of the as-
prepared samples A, B and C for bismuth hydroxide and 
oxide, respectively. The absorbance edges of samples 
revealed clearly that with increasing PVA concentration, 
the absorbance wavelengths were shortened. The samples 
show strong absorption below 400nm and blue shift of the 
absorption edge compared to that for the bulk bismuth 
hydroxide and bismuth oxide (typically takes place at 
496nm) [18]. When the quantum confinement effect 
occurs the blue shift in energy is observed. The band gap 
energy is particle size dependent and increases with 
decreasing particle size. 
 

 
 

Fig. 4(a). UV- Vis spectra of bismuth hydroxide samples 
at different capping agent concentrations, (A) without 

capping agent, (B) containing 3% PVA and (C) 
containing 5% PVA 
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For crystalline semiconductor, the optical absorption 
near the band edge follows the equation  
 

αhν=A(hν-Eg)
n/2                                          (2) 

 
   Where α, ν, Eg and A are the absorption coefficient, the 
light frequency, the band gap and a constant, respectively 
[42]. Figs. 4(b) and 5(b) show the Tauc plot of the as-
prepared samples A, B and C for bismuth hydroxide and 
oxide, respectively. 

The corresponding band gap energy for the bismuth 
hydroxide samples was calculated 2.94, 4.15 and 4.28eV. 

 

 
 

Fig. 4(b). Tauc plot of bismuth hydroxide samples, (A) 
without capping agent, (B) containing 3% PVA and (C) 

containing 5% PVA 
 

 
 

Fig. 5(a). UV- Vis spectra of bismuth oxide samples at 
different capping agent concentration,  

(A) without capping agent, (B) containing 3% PVA  
and (C) containing 5% PVA 

 

 
Fig. 5(b). Tauc plot of bismuth oxide samples, (A) 

without capping agent, (B) containing 3% PVA and  
(C) containing 5% PVA 
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The corresponding band gap energy for bismuth oxide 
samples was calculated 2.93, 4.19 and 4.30eV. The 
increasing of the band gap energy is due to decreasing 
particle size of samples. 

 
3.4. SEM 
 
Figs. 6 and 7 show the scanning electron microscopy 

analysis (SEM) for the powders synthesized under 
ultrasound wave whit different amount of PVA capping 
agent. Images show the influence of the capping agent 
contents on the bismuth hydroxide and bismuth oxide. 
Adding capping agent affect the morphology and sizes of 
the prepared nanostructures. 
 

 
 

 
 

 
Fig. 6. SEM images of bismuth hydroxide samples, (A) 
without capping agent, (B) containing 3% PVA and (C) 

containing 5% PVA 

 
 

 
 

 
 

Fig. 7. SEM images of bismuth oxide samples, (A) 
without capping agent, (B) containing 3% PVA and  

(C) containing 5% PVA 
 

   There is a difference between the uncapped sample 
and PVA-capped samples: In as uncapped sample the 
particles formed in the sheet-like shape which aggregated 
in the form of polydispersive micron sized aggregated, but 
in the PVA-capped samples, nanostructures formed in a 
rod-like shape, with increasing the percent of capping 
agent the average of diameter of rods decreased. However, 
a polydispersity nature is observed in all prepared samples. 
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3.5. FT-IR 
 
In the order to study the underlying adsorption 

mechanism of PVA onto the nanoparticle surface, FT-IR 
analysis of PVA-capped bismuth hydroxide and bismuth 
oxide was carried out and the obtained data were 
compared with uncapped sample. Figs. 8 and 9 show the 
FT-IR spectra of bismuth hydroxide and bismuth oxide 
respectively. 
 

 
 

Fig. 8. FT-IR spectra of bismuth hydroxide samples at 
different capping agent concentration, (A) without 
capping agent, (B) containing 3% PVA and (C) containing  

5% PVA 

 
  

Fig. 9.  FT-IR spectra of bismuth oxide samples at 
different capping agent concentration, (A) without 
capping agent, (B)  containing  3%  PVA and (C) 

containing 5% PVA 
 
 

The broad absorption band around 3400cm-1 
corresponds to the O-H stretching vibration of adsorbed 
water molecules on the samples [43]. The peak at        
2395cm-1 is related to BiO-H stretching vibration in the as-
prepared sample which completely disappeared after the 
annealing process [44]. The peaks at 810 to 1045cm-1 are 
also corresponded to the stretching of bismuth oxide 
material [45]. The peak around 720cm-1 is attributed to 

stretching vibration in C-O. In the case of bismuth 
hydroxide nanocrystals also the same results obtained, but 
another peak around in 1045cm-1 appears which is due to 
the C-H bending vibration [46]. A comparative analyses 
shows, with addition of PVA as a capping agent to 
bismuth oxide and hydroxide materials the energy between 
functional groups in changed and some peaks show a 
slight shift which confirms the formation of composition 
of PVA and bismuth oxide and hydroxides.  

 
  
4. Conclusion  
 
We have prepared bismuth oxide nanostructures with 

different concentration of PVA and their optical and 
morphological properties were investigated by different 
analysis. Quantum size effect observed from the optical 
absorption spectra, which showed blue shift in compared 
to the bulk bismuth oxide. The analyses of SEM, XRD and 
absorption edge of the prepared samples showed that the 
amount of capping agent affect the structural and optical 
properties of nanostructures. Broadness in XRD peaks, 
blue shirt in UV-Vis peak and appearance of some peaks 
in FT-IR spectrum confirm the formation of very fine 
nanostructures and the size of these nanostructures can be 
controlled by the amount of capping agent material. The 
morphological analysis using SEM images also confirms 
the formation of rod-like nanostructures by increasing of 
capping agent amounts. Also the images show more 
monodispersity in high density of capping agent. 
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