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ARTICLE INFO ABSTRACT

Keywords In situ polymerization was used in this work to prepare
Electrospinning, polyacrylonitrile (PAN) and titanium dioxide (TiO2) nanocomposite
Polyacrylonitrile, at various ratios (5, 10, 15, and 20 weight percent of TiO2). PAN/TiO2

Nanofibers, Titanium  nanofibers were created using the electrospinning process from a
dioxide, Energy gap,  homogenized solution. X-ray diffraction data demonstrated that a
volume and surface structural change to an amorphous state had taken place. Using
energy loss functions. scanning electron microscopy (SEM), the morphology of the high-
aligned fibers with PAN diameters of roughly 33 nm and 51 nm of
PAN/(10wt%)TiO2 was examined. A spectrophotometer was used to
examine the optical characteristics of the nanofiber films at
wavelengths between 200 and 900 nm. The energy gap (Eg) of the
nanofiber films was computed, and it decreased as the weight ratio of
the TiO2 nanoparticle increased. With 5, 10, and 15% weight
percentage of TiO2, respectively, the energy gap (Eg) of PAN
nanofibers changes from 3.92 eV to 3.72, 3.39, 3.19 eV. Several other
parameters have also been calculated, including the excitation
coefficient (k), refractive index (n), Urbach tail (Et), dielectric constant
(1), dielectric loss (g2), and volume and surface energy loss functions

(VELF) and (SELF).
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1. Introduction

Electrospinning is an easy and cheap process for producing composite nanofibers. These
membranes have a high surface area for volume[1]. The electrospinning device consists of four
basic parts: a syringe for placing the polymeric solution into it, a metal needle, a power supply and
a conductive collector (fixed or movable). The process of producing nanofibers starts by
electrospinning when electric charges are transmitted to a polymeric material solution through the
conductive injector head. Which generates instability inside the polymer solution as a result of the
diffusion of charges on the polymer droplet. At the same time, the mutual repulsion of charges
produces a force opposing the surface tension, which causes the polymer solution to flow in the
direction of the electric field. When the applied electric field is able to overcome surface tension
of the polymeric solution, the drop changes from spherical to conical, forming a Taylor cone, in
this step, nanofibers are produced from a polymer droplet (Taylor cone). The fibers are assembled
on the mineral collector placed at an appropriate distance. The electric field between the metal
syringe and the collector elongates the jets towards the collector. As a result of the above, fibers
with nano-diameters are produced [2]. In electrospinning, it is possible to control the properties of
nanofibers to obtain the required properties for use in the desired application, and this is done by
controlling the parameters of the polymeric solution such as:, applied conductivity, viscosity of
polymer, or by adjusting the electrospinning process parameters, such as the flow rate voltage and
the distance between injector head and accumulator[3]. In most cases, the goal of the
electrospinning process is to obtain smooth, uniform, bead-free fibers with nano-diameters[4]. The
most important properties of nanofibers are good mechanical properties, flexibility and high
surface area to volume ratio [5]. Nanofibers were produced using different types of materials, and
polymers are among the most used materials in the electrospinning process, and many nano-
dimensional materials are introduced into the polymeric solution such as (nanoparticles, nanorods,
nanowires, nanotubes, and nanosheets). Electrospun it directly into the nanofibers[6]. One of these
polymers is PAN, Polyacrylonitrile fiber ranks third among all other types of synthetic fiber
production. This is due to its unique properties such as mechanical strength and chemical
resistance[7]. It is used in the manufacture of army special clothing, medical and antibacterial
clothing, ultra-water-resistant membranes, electrical appliances, optoelectronic devices, and
energy storage systems[7]. Optical measurements show a good method for examining

semiconductor properties, This involves calculating the absorption coefficient for a variety of
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energies, Which gives the researcher an explanation of the energy gap of matter. The energy
difference between orbitals shows the number of atoms and the nature of the bonding system. To
understand the electrical properties of semiconductors, the energy gap must be calculated, So it is
of great practical importance. In order to implement a specific design with high accuracy using a
variety of polymeric materials, the refractive indices are controlled by design [8]. In the current
work polyacrylonitrile (PAN) mixed with Titanium dioxide (TiO2) nanoparticles with different
weight ratios (5%,10%,15%). The absorbance was measured with UV-Vis spectroscopy. The
measurements were analyzed and discussed.

2. Experimental procedure

Tetraethylorthosilicat (TEOS, 98 %) from Sigma-Aldrich, Germany. Trimethylchlorosilane
(TMCS, > (98%) TCI Japan. Hexane (> 98%), from the Chem-Lab (Belgium). Schariau Ethanol
(Spain) > (99%) Hydrochloric acid (35-38%), from Thoma Baker (India). Ammonia Solution from
CDH (India). Prepare the silica (sol, gel, modified gel, and aerogel doped with metal ions in 102
gm/cm 3, and dissolved copper chloride (CuCl) by add 0.085g in 50ml ethanol. In the first step
Condensed silica (CS) as a precursor, TEOS was mixed with ethanol to create condensed silica
with a molar ratio of TEOS 20ml was mixed with 40ml ethanol and on a magnetic stirrer for 10
minutes and then 2ml ( 0.1M HCI) as an acidic catalyst. Preparation stage sol 5ml of copper
chloride was mixed with 10ml) of condensed and then the each Add the base catalysis (0.5M
NH4OH) and stir in a magnetic field for 15 minutes to turn the sol into a gel. The gel is aged for
two hours after being prepared for 15 minutes, then rinsed in ethanol three times every 24hr’s.
Surface modification was achieved by combining TMCS 7.5ml with hexane 30ml . and applied
to the gel put in the oven at 60°C for 24hr’s. then it is placed in hexane soaked for 24hr’s. at room
temperature, exchanged with pure hexane at 60°C for 4hr. then exchanged with pure hexane at
room temperature and washed in pure hexane and covered the holder in selofin with tiny holes and
let them to dry at room temperature. put the gel in the oven at temperatures up about 180°C

gradually every 20 °C until they dry.
2. Materials and methods:
2.1 Materials

Acrylonitrile monomer (AC) (99.34%, Fluka), N-Dimethylformamide (DMF) (99.9%, BDH),
Ammonium Persulfate (APS), Serfcant (S), deionized water, Titanium dioxide (TiO2) nanoparticle
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was supplied from Sigma Aldrich, with the following specification: [Color pure white, Particle
size (23-25) nm], all material used without any purification.

2.2 Syntheses PAN / TiOzin situ

Required amounts of AC monomer in deionized water was prepared, then determine quantities of
TiO2 nanoparticles (5,10 and 15) wt% were added to the solution above and sonicated for 1 hour
before adding initiator and surfactant. 0.5g APS and 0.3 g surfactant were added to the solution

and reflux for 1hr.
2.3 Electrospinning of PAN polymeric solution and PAN/TiO2 composites:

The nanofibers were prepared by the electrospinning process of PAN and PAN/TiO; by using 3%
of PAN by dissolved in (DMF), and by continuous stirring of the solution for a full day at room
temperature to obtain a homogeneous solution. The polymeric solution is placed in a 3ml (24 g)
plastic syringe, applying a high voltage (10 KV), the flow rate of the polymeric solution is 1 mL/hr.
and the space between the metal syringe and the collector is 10 cm. The same previous process
was used, but by adding TiO2> to PAN with different weight percentages (5,10 and 15%),
respectively, and treating the solution with ultrasonic for two hours to ensure the homogeneity of
the solution. All tests were performed at room temperature. Figure 1 shows a chemical structure

of PAN and a diagram of the electrospinning device[9].
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Figure 1: (a) The chemical structure of PAN and (b) The Scheme of the electrospinning device[8].
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3. Characterization of PAN and PAN/TiO2 Nanocomposite

X-ray diffraction measurements were carried out to investigate the change of crystalline state of
PAN before and after the addition of TiO>. Figure 2 shows the XRD of the nanofibers prepared for
both PAN and PAN/TiO». Three peaks can be observed indicating the semi-crystalline structure of
PAN, the first peak at 17.1, this is what Chris Ademola and his group indicated[10], for PAN/TiO>

fibers, we notice amorphous structure well dominated .
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Figure 2: XRD of PAN and PAN/TIO: at different weight ratios

3.2 Scanning Electron Microscopy (SEM)

The thin film PAN nanofiber morphology was studied. Figure 3 shows a scanning electron
microscope (FEI NOVANanosem 4501, Japan). SEM images are presented the average fiber
diameter 33 nm for PAN as shown in Figure 3 (a), while the average diameters in PAN/TiO>
(10wt%) nanocomposite were about 51 nm as shown in Figure 3 b. The aligned nanofibers were
clearly because we using rotation speed about 1247rpm for drum collector [11], also the
concentration of the solution is the most important factor influencing the diameter of nanofibers [12]
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Figure 3: SEM for(a) PAN and (b ) PAN /TiO2 (10wt%) nanocomposite

3.3 Optical properties analysis

Optical properties analysis of the obtained nanofibers, it was performed on the basis of the recorded

absorbance spectra of electromagnetic radiation for wavelengths range (200 - 900 nm). The

occurrence of absorption in the ultraviolet region each of the polyacrylonitrile (PAN) nanofibers
and the polymeric composite nanofibers (PAN/TiOz). Absorption spectra (A) of PAN and PAN/
TiO2 nanocomposite fiber at different ratios (5, 10,15) wt % TiO> was illustrated in Figure 4
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respectively. There is a sharp edge of the absorbance spectrum at the ultraviolet region (250 - 300)
nm associated with the transition n - * [12]. In addition, the absorption decreases with increasing

wavelength due to the weak absorption in the region above 400 nm[13].
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Figure 4: Absorbance spectrum at different wavelength of PAN and PAN/TiO2 nanofibers

The relationship between normal-incidence reflectivity ( R ) and wavelength as shownin  Figure
5 of PAN and PAN/TiIO. nanofibers .From figures we noticed decreasing in reflectivity with
increases in wavelength () , while increasing in reflectivity (R ) at increase the weight ratios of
TiO> .
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Figure 5 : Reflectivity ( R) as a function wavelength (1) of PAN and PAN/TiO>

nanofibers

To calculate the absorption coefficient a we use the equation[14]:

where d: nanofiber thin film thickness.

The absorption coefficient (o) as a function of photon energy(hv) is shown in the Figure 6 of the

prepared nanofibers for PAN and PAN/ TiO2 nanocomposite fibers with different weight ratios

(5,10 and 15) wt% TiOa.
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Figure 6 : The relationship b&ten the absorption coefficient () and the rHﬁa(\ﬁl(on energy(hv)for
PAN and (PAN/TiO.) nanofibers

The excitation coefficient (k) is the amount of energy absorbed in the matter. The electrons of
matter formed from the energy of the incident photons . Electromagnetism within matter. The

excitation coefficient (k) is given by the relationship[14]:

Basically, we notice the dependence of the excitation coefficient (k) on the incident wavelength
and the absorption coefficient (o)), which is related to the quality of the material. Figure 7 shows
the effect of changing the weight ratios of TiO2 on the extinction coefficient (k) in terms of
wavelength (1). The increasing in k value with increase in TiO2 ratios may be due to the roughness
of the membrane surface, which enhanced scattering losses and thus reduced transmission power,
at 10wt%TiO; a different behavior is observed as it decreases at increasing in wavelength ,related

to amount of TiO2 homogenous diffusion polymer chains .
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Figure 7: The relationship between excitation coefficient (k) and wavelength (1) of PAN and
PAN/TiO2 nanofibers

The real part of refractive index (n) is calculated from the Fresnel reflectance equation at the
air/film interface where the substrate effect is considered to be canceled out by the appropriate
calibration [15].

__1+R 2R

n= + + k2 .. 3

1-R (1-R)?

This gives: The wavelength dependencies of (n) are shown in Fig. 8 at a wavelength range between
(200-900) nm. Figure 8 shows a decrease in the refractive index (n) when increasing the
wavelength of the studied films. The value of refractive index ( n ) at 327nm were about
(1.32,1.19,1.34,1.33) of PAN and PAN/TiO respectively , and these agreement with another study
by W. Matysiak[ 16] were found the value of n about (1.34) of PAN and (1.55-1.73) of PAN/TiO>

nanofibers using ellipsometery technique.

This article is an open access article distributed under

the terms and conditions of the Creative Commons Attribution-
NonCommercial 4.0 International (CC BY-NC 4.0 license) 346
(http://creativecommons.org/licenses/by-nc/4.0/).



http://creativecommons.org/licenses/by-nc/4.0/

F M Radee et al. Bas ] Sci41(2) (2023)324-341

1.40

1.36

1.32

1.28

1.24

1.20

1.16 4

T T T T T T T T T T T
200 300 400 500 600 700 800 900

wavelength (nm)
Figure 8: Refractive index (n) in significance of wavelength (1) of PAN and PAN/TIO;
nanofibers
To calculate the energy gap of composite nanofibers we use UV-Vis spectra. The UV spectrum
provides information on the energy gap of the material. The Tauc equation shows the relationship

between the energy gap of a material and the absorption coefficient (o)) [13]:

where A represents the transition probability parameters, hv represents the energy of the incident
photon, and r represents the nature of the transition, for r equals (1/2), what is known as the
permitted direct transmission occurs, and when (2) the permitted indirect transmission . The type
of electronic transitions is determined based on the value of the absorption coefficient a > 10%f
the nanofibers, as we note that they are direct transitions[12, 15]. The Figure 9 shows the energy
gap diagram of the nanofibers PAN and (PAN/TiO) with different weight ratios (5,10 and 15)
wt% TiO.. We notice that with an increase in the percentage of TiO., the band gap decreases, as
the energy gap of PAN nanofibers changes from 3.92 eV to (3.72, 3.39, 3.19) eV with different
weight ratios (5,10 and 15) wt% TiO», respectively. The shift of the energy gap of PAN when
adding TiO2 has been reported in many studies[12-18], the addition of TiO2 to PAN leads to a

narrowing of the energy gap due to Fermi energy conversion near the conduction band[13].
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Figure 9: Band gap energy plots of PAN and PAN/TiO2 nanofibers

The absorption coefficient (o) near the band edge appears to be exponentially dependent on the
photon energy (hv). This is due to the use of the relation achieved from the residuals of the Urbach
energy that characterizes the optical absorption in this material. From Urbach's experimental law,

the Urbach energy (E.u) of the optical absorption edge in the material was calculated [16]:

hv
a()=a,e® ... 5

whereas Ey is the Urbach energy tail and oo is a constant. The origin of E; can be considered as
thermal vibrations in the lattice[16]. The exponential dependence of (o) on (hv) for the film
indicates that it obeys Urbach’s formula[17]. Figure 10 shows the logarithm o versus photon
energy for the nanofiber membrane of PAN and PAN/TiO>. The inverse of the slope at the linear

part of the Etcurve represents, the magnitude of the Urbach tail ( Ey ) were (0.367,0.431,0.655 and
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0.544)eV of PAN and PAN / TiO2 nanofibers at different weight ratios respectively . we noticed
large value of Ey at 10wt% TiO2 because of TiO2 were homogenous embedded between polymer

chains .
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Figure 10: Urbach tail(E,) as a function of photon energy(hv) of PAN and PAN /TiO nanofibers.

For any solid material, the polarizability is proportional to the complex dielectric constant (¢*).
Thus, €* is an important quantity in the design of highly efficient optoelectronic devices[18].

According to the equations, the dielectric constant ¢ is determined[19]:

*

s =g —ls&,
81 :n2_k2 ............. 6
s, = 2nk

Where, ¢ is the real part and &2 is the imaginary part of the dielectric constant. The relationship
between €1 ande> and photon energy (hv) of PAN and PAN /TiO2 nanofiber films are given in
Figur 11 . We notice, As the photon energy increases, the magnitude of 1 ande> increases ; The
imaginary part (g2 ) is less than the real part (g1 ) of the dielectric constant. The dielectric constant

€1 shows a value (1.75,1.40,1.79,1.79) at a photon energy 3.27eV , While imajanary part &> is
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small than real part is about (0.06,0.10,0.056,0.149) of PAN and PAN/TiO. nanofibers

respectively .
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Figure 11: Real (g1) and imaginary (g2) parts of the complex dielectric function g(hv) of
PAN and PAN/TiO2 nanofibers at different ratios
Both the size and the surface energy loss are proportional to the characteristic decrease in energy
of the fast electrons that transport the bulk of the material and its surface, respectively. From the
real and imaginary parts of complex dielectric function we can calculated the volume energy loss
function (VELF) and surface energy loss function (SELF). The SELF and VELF using the

equations below we are able to determine the energy loss [21 ]

VELF = —Im E] =&

2 2
g1tée;

SELF = —Im [ﬁ - 8

T (8141)2+€2

Figure 12 shows the functions of volume and decrease in surface energy of PAN and PAN /TiO>
thin films. SELF is lower than VELF .This implies that the energy of free charge carriers travelling
at a surface, we also noticed that variation of SELF and VELF the same trend in increasing and
decrease after that rapidly increase with increase TiO. weight ratios .The energy loss functions
peak at 2.5eV of PAN and PAN/TiO. with ratios 5% and 15% ,but at 10% reveal to peak at 5eV

corresponding to the interbond transitions[20].
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Figure 12: Surface and volume energy loss functions of PAN and PAN/TiO nanofibers at different
ratios

4. Conclusions

PAN nanofibers were produced via an electrospinning procedure. This approach was employed in
the study to produce PAN nanofibers since it is affordable, easy to use, and environmentally
benign. In order to employ PAN/TiO2 composite nanofiber thin films in the field of optoelectronic
devices, optical characteristics have been investigated. Furthermore, the dispersion of the
PAN/TiO2 nanocomposite fibers is amorphous. The PAN/TiO2 composite nanofibers' absorption
and reflection coefficients were computed in the spectral range of 200900 nm. Using Tauc's
curve, it was shown that the optical energy gap value of direct transmission of PAN nanofibers
decreased as the TiO2 weight ratio increased, from 3.92 eV to 3.19 eV at a 15% ratio of TiO2.
SELF and VELF, two optical constants for PAN/TiO2 nanofibers, were evaluated based on the
results of the dielectric calculations. At 10wt% TiOg, its maximum value is 5eV. Determine a
PAN/TiO2 composite fiber membrane's photovoltaic characteristics for usage in optoelectronic

applications.
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