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ABSTRACT

Purpose: The aim of the study was the preparation of the composite nanofibers with  
the polymer matrix reinforced by the reinforcement phase in the form of Bi2O3 ceramic 
nanoparticles using the electrospinning method from the 10% PAN/DMF solutions with the 
mass concentration of Bi2O3 nanoparticles of the order of 5 and 10%, and the investigate 
their morphology and physical properties as a function of the mass concentration of the 
reinforcing phase and the applied process parameters.
Design/methodology/approach: In order to analyze the structure of the used Bi2O3 
nanoparticles were used high-resolution transmission electron microscope (TEM) and 
X-ray diffraction analysis (XRD). To examine the morphology and chemical composition 
of the resulting of materials was carried out using a scanning electron microscope (SEM) 
with energy dispersive spectrometer (EDS). In order to analyze the physical properties of 
obtained composite materials was made the UV-VIS spectroscopy study, which are then 
used to determine the band structure of the obtained nanocomposite materials and to 
determine the effect of mass concentration of the reinforcing phase on the value of the 
energy band gap.
Findings: The influence of parameters of the electrospinning process on morphology 
of the composite materials and influence of mass concentration of reinforcing phase on 
electrical structure obtained materials were determined.
Practical implications: Analysis of the electrical properties resulting composite material 
showed that the PAN composite material reinforced ceramic Bi2O3 nanoparticles is a 
potentially attractive dielectric material which may be used in the field of optoelectronics.
Originality/value: The Bi2O3 particles, due to their energy structure and the photocatalytic 
properties applied as the strengthening phase for polymers fibers and particles are 
attractive alternative for composite materials from PAN/TiO2 used as the photocatalytic 
and dielectric materials.
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PROPERTIES

1. Introduction 
The electrospinning process consists in subjecting a stream 

of dissolved polymer to electric field, whereby under the 
influence of electorostatic forces a stream of polimer rotates 
along the field lines reducing it’s diameter. Controlled selection 
of the process parameters and used mixture allows to obtain 
micro/nanofibers or micro/nanoparticles [1-4]. 

During the outflow of polymer stream from the nozzle, 
several zones can be distinguished. The first of them is a 
solution of polymer in a nozzle. At this stage microparticles 
of polymer preliminary oriented in the outflow direction. In 
the second zone polymer leaves the nozzle forming a shape 
of Taylor’s cone. The degree of stream orientation depends 
on the flow rate of the solution and length of the nozzle. By 
the action of electrostatic field, on the surface of Taylor’s 
cone accumulates an electric charge and when the charge 
density at the tip of cone exceeds (in terms of energy) the 
value of the surface tension of solution, cone takes the form 
of straightforward stream of solution. The stream is 
subjected to the electric field action, which result in 
obtaining bipolar electric layer in which one type of electric 
charges are directed inside and the second are directed 
outside of the stream of the polymer. In this way at the 
surface of the stream an electric potential is produced which 
interacts with the external field causing strong tension of the 
polymer stream. Along with increasing length of the stream 
the value of the electric charge increases, that in some 
moment, reaches a critical value and result in flow of the 
stream. In the last stage of the process the deposition of 
produced material on the surface of the collector and 
evaporation of the solvent occurs [4,5]. 

PAN nanofibers, produced by electrospinning process 
have found the application in many areas of life. Because of 
its porosity of the order of 72%, are used inter alia, as the 
membranes in the new generation of lithum-ion batteries and 
also in solar and fuel cels [6-9]. Studies have shown that 
nanofibres from polyacrylonitrile are very good support for 
ceramic nanoparticles, which increases its application field [10-
14]. Particulary noteworthy are the PAN nanofibers reinforced 
by Bi2O3 nanoparticles. These particles, due to their energy 

structure [15] and the photocatalytic properties [16] applied as 
the strenghtening phase for polymers fibers are attractive 
alternative for composite mats from PAN/TiO2 used as the 
photocatalytic materials. 

2. Materials and work methodology 
For preparation of the spinning solution polyacrylonitrile 

polymer was used (purity 99%, Mw=150 000 g/mol). As the 
solvent N,N-dimethyloformamide was used (99.8% purity). 
The reinforcing phase used in current study was Bi2O3

nanoparticles (purity 99%, size of particles 35-230 nm). The 
final product was solution of DMF/PAN/nanoparticles Bi2O3

with weight concentration of the polymer of 5%, 10% and 5 and 
10 % of weight concentration of nanoparticles. In order to break 
agglomerates of reinforcing phase, measured amount of 
nanoparticles was added to N,N dimethyloformamide and these 
solutions were subjected to sonication process for 0,5 h. After 
the sonication process, to the solution, a measured amount of 
the polymer was added and this solution was subjected to 
magnetic stirring for a time of 24 hours at room temperature. 
The polymer nanofibres were obtained using the 
electrospinning method using FLOW-Nanotechnology 
Solutions Electrospinner 2.2.0-500 system. Process parameters 
are listed in Table 1. 

To investigate the chemical composition of reinforcing 
phase, X-ray diffraction phase analysis was performed using 
X’Pert Pro Panalytical diffractometer with Cu anode (λKα = 
0,17909 nm). The X-ray tube was supplied with the current 
I= 40 mA under a voltage of U=40 kV. Diffraction 
examinations were performed within the range of angles 2θ
from 20º to 120º. The measurement step was 0.026º in length 
whilst the pulse counting time was 30s. 

To solve obtained diffraction patterns, dedicated 
database of ICSD files was used. In order to present the 
morphology of reinforcing Bi2O3 nanoparticles, high 
resolution transmission electron microscope Titan 80-300 
supplied by FEI with HAADF detector. 

The produced composite material was subjected to 
quantitative and qualitative analysis using EDX 

1.  Introduction

2.  Materials and work methodology
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microanalysis and surface topography imaging using 
Scanning Electron Microscope with X-Ray spectrometer 
Trident XM4 supplied by EDAX. Basing on the obtained 
SEM images at the magnification 50000, measurement of 
the diameter of nanofibers and nanoparticles was prepared, 
using DigitalMicrograph application, followed by 
determination of the average value and the chemical 
composition basing on the spectrum analysis. Absorbance 
measurements of the obtained material, from which the 
value of band gap was calculated, were performed using 
UV/VIS Evolution 220 spectrometer supplied by Thermo-
Scientific. During the measurement light beam having a 
wave length in the range of 190-1100nm fell perpendicularly 
to the sample. 

3. Results and discussion 

3.1 Chemical analysis of the Bi2O3 

X-ray analysis of the investigated particles 
unequivocally shows, that obtained diffraction lines on the 
diffraction pattern correspond to the tetragonal crystal 
structure β-Bi2O3 with a space group P-4 2 1 according to 
the JCPDS-ICDD database (card 98-005-2732). The 
morphology analysis prepared basing on the TEM images 
shows that particles have spherical shape and their diameter 
is in the range of 35-230 nm (Fig. 1). 

Fig. 1. The XRD spectrum of investigated Bi2O3

nanoparticles and TEM image showing their morphology 

3.2. Analysis of the morphology of the obtained 
materials 

In order to prepare the morphology analysis of the of the 
obtained composite materials, a surface topography imaging 
utilizing Scanning Electron Microscope was used. In case of 
all four obtained samples that were made by application of 
process parameters listed in Table 1, results of the 
experiment were composite particles PAN/Bi2O3. For 
samples that were made from solutions containing 5% of 
nanoparticles of bismuthum oxide, nanoparticles were 
obtained, but when the concentration of ceramic particles 
was 2 times greater, result of the electrospinning process 
were microparticles. An analysis of the morphology and 
structure of sample 1 obtained from 10% solution of 
PAN/DMF (5% weight concentration), by appliance 
solution flow rate of 0.35 ml/h, shows that, as a result of 
applied process parameters, spherical and lamellar particles 
were obtained (pollen particles), that presents figure 2. 
Fiftyfold measurement of the diameter of obtained 
nanoparticles of PAN/Bi2O3 shows that, value of the 
measured diameters are within the range of 200 – 1800 nm, 
wherein, the most frequently occurring values of the 
diameters, were within the range of 400 to 600 nm, which 
represents 28% of all the measured diameter values for this 
sample (Fig. 2 - histogram). 

Structure analysis of the obtained composite materials of 
PAN reinforced by Bi2O3 particles with 5% mass 
concentration (sample 2), using twice greater spinning 
solution flow rate (0.7 ml/h), showed, that for this sample 
also nanoparticles of PAN/Bi2O3 were obtained (Fig. 2). The 
analysis of the morphology on the basis of SEM images 
showed that nanoparticles are characterized by spherical and 
lamellar morphology whereas the size of measured particles 
were within the range of ~ less than 200 nm to 1400 nm. The 
largest group, containing 32% of the obtained particles in 
sample 2, were nanoparticles that had diameters within the 
range of 400 to 600 nm. Quantitative chemical composition 
analysis prepared on the basis of EDX spectrum for sample 
obtained from 10% solution of PAN/DMF containing Bi2O3

nanoparticles with 5% mass concentration, confirmed the 
presence of obtained polymer nanoparticles (Fig. 6-sample 
2). 

Application of the spinning solution of PAN/DMF with 
twice higher mass concentration (10%) of bismuth oxide 
nanoparticles, comparing to the solution used to obtain sample 
1 and 2 had contributed to obtaining microparticles with 
lamellar morphology (Fig. 3). In case of the sample 3, obtained 
from solution with 10% concentration of Bi2O3 nanoparticles 
and using lower solution flow rate of 0.35 ml/h, an morphology 
analysis showed that composite particles had diameters within 
the range of 400 nm to 2 mm (Fig. 4).

3.  Results and discussion

3.1.  Chemical analysis of the Bi2O3 nanoparticles

3.2.  Analysis of the morphology of the obtained 
materials
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Table 1. 
The parameters of the samples production process 

The process parameters Sample 1 Sample 2 Sample 3 Sample 4 
The mass concentration of PAN 10% 10% 10% 10% 
The mass concentration of Bi2O3 5% 5% 10% 10% 
The solution flow rate, ml/h 0.35 ml/h 0.7 ml/h 0.35 ml/h 0.7 ml/h 
The distance between the electrodes, cm 12.5 cm 12.5 cm 12.5 cm 12.5 cm 
The potential difference between the electrodes, kV 15kV 15kV 15kV 15kV 
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Fig. 2. The SEM image of morphology of obtained PAN/Bi2O3 particle, and a histogram showing the distribution of measured 
diameters - sample 1 
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Fig. 3. The SEM image of morphology of obtained PAN/Bi2O3 particle, and a histogram showing the distribution of measured 
diameters - sample
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Fig. 4. The SEM image of morphology of obtained PAN/Bi2O3 particle, and a histogram showing the distribution of measured 
diameters - sample 3 
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Fig. 5. The SEM image of morphology of obtained PAN/Bi2O3 particle, and a histogram showing the distribution of measured 
diameters - sample 4 

The most common group particles constituting 
approx. 30% of all particles of the sample 3 are composite 
particles of PAN / 10% Bi2O3 with diameters within the 
range of 1 to 1.2 mm (Fig. 4 - histogram). Application of 
twice greater spinning solution flow rate of 0.7 ml/h for 
sample containing 10% of Bi2O3 nanoparticles (sample 4) 
contributes to obtaining microparticles with lammelar 
morphology as it was in case of sample 3 (Fig. 5). Values of 
measured diameters for sample 4 varies within the range of 

200 nm – 2.2 mm. The most common group of particles are 
these in the range of 600-800 nm (Fig. 5 – histogram). An 
EDS microanalysis of sample 4 showed that, similarly as in 
the case of sample 3, there is the presence of Bi2O3 particles 
in the polymer microparticles. 

Table 2 presents the results of the diameter 
measurements of obtained composite particles. Both in the 
case of used PAN/DMF solution containing 5 % and 10 % 
of Bi2O3 nanoparticles, change in solution flow rate from 
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0.35 to 0.7 ml contributes to decrease in the diameter of 
obtained composite nanoparticles. For samples 1 and 2 the 
decrease in diameter was about 126 nm. For samples 2 and 
3, increased solution flow rate result in decrease in particles 
diameter of about 83 nm. An important factor appear also 
the concentration of reinforcing particles in spinning 

solution. Application of 10% concentration of Bi2O3

nanoparticles using same parameters of electrospinning 
process result in an increase of diameter of obtained 
composite materials. For this materials (sample 3 and 4) the 
average value of increase of diameters was 800 nm. 

Fig. 6. EDX spectra of obtained composite particles for Sample 2 (the concentration of Bi2O3 nanoparticles 5%) and sample 4 
(concentration of Bi2O3 nanoparticles 10%) 

3.2 Analysis of the electrical properties of the 
obtained materials 

In order to determine the electrical band structure of 
obtained composite materials was used the UV-Vis study. For  

each of the prepared sample was measured the absorbance ABS 
in function of wavelength of electromagnetic radiation λ. Next, 
using the equation linking absorbance ABS and transmittance 
T: 

 = −log ()                                                           (1)  

3.3.  Analysis of the electrical properties of the 
obtained materials
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Table 2. 
The average value of the particles diameters of the obtained composite materials 

Number of sample Sample 1 Sample 2 Sample 3 Sample 4 

The average value of the particles diameter, nm 725 598 1108 1025 

Table 3.  
The value of the energy band gap of the obtained composite materials  

Number of sample Sample 1 Sample 2 Sample 3 Sample 4 

The energy band gap, eV 3.79 ± 0.25 3.77 ± 0.22 3.82 ± 0.23 3.84 ± 0.25 

Given the above equation, and also assuming that the 
phenomenon of reflectivity occurring at the air - the sample 
was negligible, equation describing the relationship between 
the absorption coefficient α of the test material and 
wavelength λ of the incident radiation on the sample: 

ℎ = (ℎ − ) ⁄                                         (2) 
                                                                                                                                
where h is Planck's constant, A is a constant dependent on 
the type of electronic transitions, ν is the frequency of the 
radiation, takes the following form:                         

ℎ ln  
 = (ℎ − )                           (3)   

Then, plotted graphs of depending of 

ℎ ln  


 as a function of the quantum energy 

radiation for all the samples prepared and adjusted linear 
functions for the straight sections of the graph with the 
largest coefficients directional line (Fig. 7). Zero of linear 
function, determined by calculating the absolute value of the 
ratio of words available to the direction numbers match-fit 
line width of the energy gap of the tested composite 
materials. Table 3 shows the results of the width of the 
energy band gap of the prepared samples.  

An analysis of the obtained results of band gap 
measurements, for composite material showed that with 
increasing mass concentration of reinforcing phase, an 
increased in value of band gap is observed.  

For nanoparticles containing PAN/5% Bi2O3

nanoparticles the value of band gap was 3.78 eV. An 
increased of mass concentration of ceramic nanoparticles to 
10% result in obtaining composite microparticles with 
greater value of energy gap of 3.83 eV. An increased of band 
gap is accompanied by greater concentration of ceramic  

nanoparticles which is caused by the nature of this particles 
[17].  

Fig. 7. Method of determining the width of the energy gap 
on the basis of spectrophotometric UV-Vis 

Application of dielectric nanoparticles contributed to 
change in the value of band gap for obtained composite 
material in comparison to pure PAN polymer, which value 
of band gap is 2.23 eV [18].   

In addition, the energy band gap of obtained composite 
materials is also characterized by a much higher value in 
relation to the pure nanoparticles β−Bi2O3, for which the 
average value of the energy gap determined experimentally 
amounts to approx. 2.7 eV [19] and for commonly used in 
electronics thin layers of TiO2 [20], whose energy gap was 
determined on the basis of UV-Vis spectra by the authors is 
2.93±0.08 eV. The analysis of the energy structure of 
PAN/Bi2O3 composite nanomaterials showed a good 
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dielectric properties of such materials, thus making them 
potentially attractive dielectric materials for applications in 
the electronics industry. 

4. Conclusions 

By application of electrospraying method, from 10% 
solution of PAN/DMF containing mass concentration of 
ceramic nanoparticles of Bi2O3 successively 5 and 10%, a 
composite nanoparticles were obtained. An surface topography 
analysis, prepared using Scanning Electron Microscope 
revealed that for solution containing 5% of reinforcing phase, 
obtained nanoparticles were characterized by spherical and 
lamellar morphology and the size of diameter was 662 nm.  
Application of solution with greater concentration of 
nanoparticles (10%), result in obtaining lamellar composite 
particles with size of diameters of 1067 nm. Analysis of the 
electrical properties (electrical band structure) of the materials 
obtained composite was made on the basis of spectra of UV-
Vis showed that the composite material PAN reinforced 
ceramic nanoparticles Bi2O3 is a potentially attractive dielectric 
material which may be used in the field of optoelectronics. 
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