Volume 18, Number 5, 2025. pp. 725-736

Jordan Journal of Physics

ARTICLE

Electrospinning of PVA-PEG Blend with Various Cu,O Nanoparticle
Additives: Structural and Dispersion Properties

Akeel S. Alkelaby’, Khansaa S. Sharba“, Maher H. Rasheed” and

Khalid H. Abass®

* The General Directorate of Education in Babil, Ministry of Education in Iraq, Iraq.
b
Department of Science, College of Basic Education, University of Babylon, Hilla, Iraq.

¢ Physics Department, College of Education for Pure Sciences, University of Babylon,
Iraq.

Doi: https://doi.org/10.47011/18.5.12

Received on: 21/02/2025; Accepted on: 17/07/2025

Abstract: This project entailed the synthesis of novel nanofibers by the electrospinning
technique. The nanofibers included Poly (vinyl alcohol) (PVA) and polyethylene glycol
(PEG) doped with different concentrations (0.002, 0.004, 0.006) of copper oxide (Cu,0) at
room temperature. Images from the optical microscope (OM) revealed a fine and
homogenous dispersion of the nanomaterials. This was corroborated by Scanning Electron
Microscopy (SEM) analysis, which showed that the delicate fibers in both the polymer
blend and doped samples were randomly distributed and no signs of nanoparticle
aggregation were detected. Prior to the incorporation of the Cu,O additive, the nanofibers
demonstrated an average diameter of 68.97 nm, while the inclusion of Cu,O at varying
concentrations yielded average diameters of 64.14 nm for 0.002 g, 71.35 nm for 0.004 g,
and 68.46 nm for 0.006 g. Notably, these nanofibers maintained a smooth surface
morphology across all samples. The transmittance progressively decreases, starting at a
value of 0.996 for the unmodified PVA-PEG blend and reducing to 0.978 as the Cu,O
concentration reaches 0.006. Concurrently, the extinction coefficient demonstrates increase,
rising from 0.001027 to 0.00475 with higher Cu,O content. Similarly, the real part of the
dielectric constant increases from 1.4559 to 2.1044, while its imaginary part expands from
0.00247 to 0.0137. The Wemple-DiDomenico model was utilized to compute the
dispersion coefficients, comprising E,, E4, n,, M_j, and M_;.
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Introduction

Polymers have rapidly become an
indispensable component of modern life, owing
to their versatility, affordability, low operational
expenses, ease of processing, and desirable
chemical, physical, and optical properties [1]. A
polymer is comprised of countless molecules,
each including thousands atoms held together
with covalent bonds. In addition, the molecules
in a polymer are attracted to each other by
various forces depending on the type of polymer
[2]. Like conventional composites, a
nanocomposite is made of a matrix and filler.
But nanocomposites use nanoparticle fillers

instead of fiber fillers used in conventional
composites such as carbon or fiberglass [3].
Examples of the former include CNTs, carbon
nanofibers, and other semiconductor or metal
nanoparticles such as silicon, gold, silver,
diamond, and copper [4]. Polymer nanofibers are
an important category of nanostructured
materials, with potential uses in numerous fields
such as biology, electronics, medicine, protective
gear, and water treatment. Recent advancements
in preparation techniques such as phase
separation, electrospinning, drawing, and
template synthesis have enabled improvement in
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production processes and expanded the range of
possible  applications [5].  Electrospinning
technique is particularly renowned for its
simplicity, low expense, flexibility, and ability to
manufacture one-dimensional nanostructured
materials. Among all the various techniques one
can use for producing such materials
inexpensively and with versatility,
electrospinning is particularly worth mentioning

[6].

PVA or polyvinyl alcohol is increasingly
being known as a highly promising polymer with
some mind-boggling properties. They are
characterized by good water solubility, good
dielectric  strength, chemical stability, and
environmental friendliness. The hydroxyl groups
in PVA facilitate the formation of strong
interlinks in polymer composites through
hydrogen bonding [7]. Poly vinyl alcohol, or
PVA, is commonly used in various industries
such as electronics, construction, medicine, and
others. The reason is that the polymer has
numerous advantages such as its water solubility
and exceptional flexibility, which make it highly
versatile and effortless to apply across a wide
range of industrial purposes. Additionally, it is
regarded as safe for both medical and food-
related applications [8].

Polyethylene glycol, or PEG, is a common
polymer that is widely in demand due to its
availability, low cost, and safety [9].
Polyethylene glycols, or PEGs, are a family of
polymers containing a variety of properties
which may be liquid or solid [10]. To enhance
the elasticity, additional polymers can be
incorporated for the same. Utilization of
plasticizers relaxes the molecular rigidity by
decreasing the intermolecular forces along the
polymer chain [11].

Cuprous Oxide (CuyO) has come into new
focus for several technological applications
based on its optoelectronic properties [12, 13].
The Pn3m is the space group of Cu,O with the
unit cell consisting of two copper, and four
oxygen ions. These are placed with oxygen
atoms in a body center cubic enclosed lattice

with tetrahedrally surrounding copper ions [14].
The Cu,O is considered an excellent
photovoltaic material due to the abundance of
copper on Earth, its high theoretical energy
conversion efficiency of approximately 20%, its
non-toxic nature, and its cost-effective
production. The other reason for using Cu20 as
an absorber is due to its high absorption
coefficient in the visible region and its direct
bandgap nature of 2.1 eV [15-17]. In recent
years, Cu20 has attracted considerable attention
because of its promising applications in lithium-
ion batteries [18], nanomagnetic devices [19],
photocatalysis [20], transistors [21], gas sensors
22 | photodetector [23] and solar cell 24,25 ]. In
this study, we report the electrospinning
fabrication of PVA-PEG-Cu20 nanofibers, and
investigate their optical properties and dispersion
parameters for application as a promising

candidate for communication and optical
devices.
Experimental

Preparation of PVA-PEG/ Cu,0 Nanofibers

In order to synthesize 2 g of PVA-PEG
polymer nanofibers, the process was initiated by
dissolving 1.6 g of PVA powder in 60 mL
distilled water using a glass flask with a
magnetic stirrer. After 45 minutes of stirring at
90 °C, the solution was completely
homogenized. To this 0.4 gram of PEG was
added dropwise at 90 °C.The blending was
continued for a further 45 minutes until a hick
homogeneous solution formed. The stirring of
suspension was continued during the process to
increase  homogeneity.  Afterwards, three
portions of Cu20 (0.002; 0.004 and 0.006 g)
were added into the solution while, every portion
was sonicated for two minutes to disperse it
throughout the mixture. After each addition of
Cu20, the mixture was left stirring for 45 min
for good dispersion. As shown in Table 1, the
resultant mixture was then utilized for
electrospinning to  produce (PVA-PEG)
nanofibers with varied degrees of Cu,O
additions.

TABLE 1. Weight of PVA-PEG- Cu,0 nanocomposites.

PVA (g) PEG (g) Cu0 (g)
1.6 0.0
1.6 0.002
1.6 0.004
1.6 0.006
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Electrospinning Process

The solution was inserted into a 2 mL syringe
that was outfitted with a stainless-steel needle
after it had been thoroughly mixed. The
hypodermic was subsequently positioned in front
of a metal collector that was horizontally
oriented. During the electrospinning process, the

needle tip served as the positive electrode, while
the metal collector served as the negative
electrode. To make material deposition easier,
the collector was covered with aluminum foil.
The spinning parameters are specified in Table
2, and the electrospinning was performed at
room temperature.

TABLE 2. Electrospinning Parameters for Specimen Fabrication.

Electrospinning parameters Specification
applied voltage 24 KV
Collector distance 10 cm
Orifice size 0.7 mm
rotation speed 500 rpm
temperature 25°C
flow rate 0.5 ml/hr

Results and Discussion

Fig.1, Table 1 shows SEM micrographs of
PVA-PEG polymer blend and Cu.O embedded
in the PVA-PEG composite at concentration of
0.002, 0.004 and 0.006 magnification at x20kV
and x110Kv respectively. These pictures
corroborate the analysis of surface topology of
the samples and distribution of Cu2O in polymer
matrix.

The average fiber diameter was 68.97 nm
before use of Cu:0O. The fiber diameters were
between 64.14 and 68.46 nm after the Cu20
loading determined by Image] software. The
nanofibers had a smooth surface, while the
microfibers were irregularly distributed as well
as having crossing points. The stability of the
liquid filament in the process of electrospinning
depends mainly on molecular entanglement [26]
that is an important factor for fibre structuring
and homogeneity in this technique. During
electrospinning, changes in fiber morphology
and/or bead formation can occur as a result of
interactions between solution characteristics and
experimental  conditions. = The  structure
differences may be affected by the polymer-
related parameters such as molecular weight,
polydispersity index, glass transition temperature
(Tg), isomeric structures and cross-linking.

These might also be associated with the
solution (eg, composition of  solvent,
concentration, viscosity, electrical conductivity
and dielectric strength as well as surface tension
of the liquid), process (like magnitude of applied
field strength, distance for deposition etc.), 42 -
44 like flow rate or electric current passed
through an instrument or deposition time) or

postdeposition treatment. [27]. The influence of
various parameters on the morphology of
electrospun polymers is illustrated in Fig. 2 [28].
Among the various electrospinning parameters,
the concentration of the polymer solution plays a
crucial role in fiber generation. The solution is
characterized by reduced viscosity and increased
surface tension when the concentration is
insufficient, which leads to the formation of
polymeric micro- or nanoparticles through
electrospray rather than fiber development [29].
Conversely, a minor increase in concentration
results in a blend of fibers and pearls. But the
production of silky and homogenous nanofibers
is successful if the concentration is at an optimal
level [30]. Electrospun fiber morphology is also
significantly influenced by viscosity. Continuous
and uniform filaments are significantly opposed
by low viscosity, and high viscosity can oppose
the expulsion of the liquid projectile out of the
solution. Proper viscosity should thus be
achieved for the successful completion of
electrospinning [31, 32].

Also, surface tension, which is dominated by
the solvent component in large part, is one of the
critical parameters for electrospinning [33]. It is
well known that the shear viscosity of the
mixture determines the typical diameter of
nanofibers produced by electrospinning. As
viscosity increases, nanofibers of greater
diameters will tend to be formed, as in Eq. (1)
[34]. Briefly, the diameter and morphology of
nanofibers generated through electrospinning are
significantly influenced by the polymer
solution's viscosity and concentration and
surface tension. To achieve the desired fiber
properties in electrospinning, one has to achieve
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an  appropriate  balance between these
parameters.

d~n' (D

The given Eq. (1) establishes the connection
between the average electro spun fiber diameter
(d), the solution's shear viscosity (1), and the
yielding exponent (A). The exact value of the
yielding exponent (A) differs based on the
particular polymer solution used, however it is
usually more than 1/3 as per the scaling equation
[35].

Both the voltage and viscosity of the polymer
solution should be maintained within a range that
is optimal for efficient electrospinning. Some
factors like polymer concentration, solution flow
rate, working distance, and applied voltage in the
electrospinning device all together control the
production of uniform morphology continuous
fibers with minimal bead formation. However,
extremely high solution concentration has a
negative influence on the production of

nanofibers as improper levels of viscosity may
hinder fiber formation [36].

FIG. 1(A). The scanning mlcroscopy plctures of
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FIG. l(B) Scanmng electron mlcrographs taken at two dlfferent magmﬁcatlons 25 kx and 1 10 kx, of
electrically spun PVA-PEG nanofibers containing 0.002 g Cu20.
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FIG. 1(C). Scanning electron mlcrographs taken at two different magnifications, 25kx and l lO kx of electrospun
PVA-PEG nanofibers containing 0.004 g Cu.O.
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. Scanning electron micrographs taken at two different magnifications, 25 kx and 110 kx, of

electrically spun PVA-PEG nanofibers containing 0.006 g Cu20.
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FIG. 2. a schematic representation of the impact of process parameters on the electro spun product's structure.

The optical microscope (OM) images verify
the successful fabrication of PVA-PEG- Cu,O
nanofibers using the casting method. These
images expose a uniform matrix with Cu,O
evenly distributed throughout the polymer blend
composites. In particular, Fig. 3(a) displays the
PVA-PEG blend, signifying the effective
dissolution of the polymers. Parts (b, ¢, and d) of
Fig. 3 illustrate the diffusion of Cu,O within the
PVA-PEG blend, revealing a well-dispersed
distribution of nanoparticles within the blend.

Importantly, there is no nanoparticle
aggregation observed to be due to the interaction
between polymers and Cu20 as a result of high

surface area volume ratio. At a Cu20 nanofiber
weight, or loading, of 0.006 a network of
pathways are established for charge carriers to
transport via. This results in alteration of the
material characteristics [37].

The transmittance spectra (T) were calculated
by [38]:

T=1I/1, )

where It is the intensity of transmitted rays from
the film and I, intensity of incident rays on the
film.
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FIG. 3. Photomicrographs (100X) of (PVA- PEG) with add various content of Cu,O: (A) 0 Cu,O (B) 0.001
Cu,0 (C) 0.002 Cu,0 and (D) 0.003 Cu,O.

Figure 4 presents the transmittance (T)
spectra of PVA-PEG-Cu,O nanofibers with
varying concentrations of Cu,O as a function of
wavelength. Unlike the absorption spectra, the
transmittance decreases progressively, starting
from 0.996 for the pure PVA-PEG blend and
lowering to 0.978 as the Cu,O concentration
increases up to 0.006. This observed reduction in
transmittance is attributed to the incorporation of

1 -

Cu,0, which contains electrons capable of
absorbing  electromagnetic ~ energy  and
transitioning to higher energy states. In contrast,
the pure PVA-PEG sample shows significantly
high transmittance due to the absence of
particles. Without free electrons, such a sample
requires much higher energy for -electronic
transitions or bond disruption [39].

0.99 -
0.98 - e
0.97 -
g 0% e
g 0957 —=——0.002 Cu20
£ 0944 0.004 Cu20
§ 0.93 - —=—0.006 Cu20
0.92 - .
091 { +
0.9 —— ———— ————
200 300 400 500 600 700 800

wavelength (nm)
FIG. 4. The transmittance versus wavelength of PVA-PEG blend and PVA-PEG-Cu,O Nanocomposites.
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The extinction coefficient (k,) was calculated
by [40]:

ko= oaM/4n 3)

Figure 5 shows the extinction coefficient (k,)
for PVA-PEG- Cu,O nanofibers across a range
of wavelengths. It shows a marked increase with
higher concentrations of Cu,O. This trend can be
ascribed to the enhanced optical absorption and
photon dispersion within the as the concentration
of Cu,O increases, the PVA-PEG polymer
composite increases. The nanofiber samples'

substantial absorbance within this range is the
primary reason for the extinction coefficient's
elevated values in the UV region. As a result, the
nanofibers' extinction coefficient is notably
pronounced at UV wavelengths. Although the
absorption coefficient of the nanofibers remains
relatively consistent from the visible to the near-
infrared spectrum, the extinction coefficient
exhibits an upward trend as the wavelength
increases [41].

0.009 +
0.008 -
0.007 -
0.006 -
0.005 -
0.004 -
0.003 -
0.002 -

Extinction Coefficient (ko)

0.001 -

pure
e (0.002 Cu20

0.004 Cu20
e (0.006 Cu20

0

200 300

400
Wavelength (nm)

500 600 700 800

FIG. 5. The extinction coefficient versus wavelength of PVA-PEG blend and PVA-PEG -Cu,0 Nanocomposites.

Dielectric constants for two parts real (&1) and
imaginary (&,) were calculated by [42]:

e =n’—kZ 4)
&= 2n k() (5)

The dielectric constant is the basic source of
information about the electronic band structure
of materials. Slowing down light in a material is
associated with the real part of the dielectric
constant (g;), while the imaginary part (g;) is a
key optical parameter linked to both the
refractive index and the extinction coefficient.

Figures 6 and 7 show the variation of real and
imaginary parts of the dielectric constant for
PVA-PEG-Cu:0 nanofibers with wavelength

and Cu:0 concentration.

It can be seen that both parts of the dielectric
constant increase with the rise in Cu,O
concentration. This is because there is increased
electrical polarization in the nanofibers, which
results from the higher concentration of Cu,O in
the sample. This results in the increase in
charges in the polymers that make up both the
PVA-PEG blends and the PVA-PEG-Cu,O
nanofibers proportionally. The two figures also
show the changes in real and imaginary part of
dielectric constant versus wavelengths. This
behavior is primarily due to €1 depending more
on the refractive index, and less on the
extinction coefficient. In contrast, the absorbance
value of the imaginary part (g2) is significantly
influenced by an increased extinction coefficient
depending on wavelength and less by a refractive
index that remains relatively constant,
particularly in the visible and near-infrared
regions. [43, 44].
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FIG. 6. The real dielectric constant with the wavelength of PVA-PEG blend and PVA- PEG-Cu,O

nanocomposites.
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FIG. 7. The imaginary dielectric constant with the wavelength of PVA- PEG blend and PVA- PEG -Cu,O

nanocomposites.

; ; EqE
Dispersion Parameters (n2-1) = Ezd_(;u)z (6)

The refractive index dispersion of materials B
has been analyzed using the single-oscillator ng =1 +E—d (7)
model, which introduces the energy parameters °
E4 (dispersion energy) and E, (oscillator energy). € =15 (®)
According to the Wemple and DiDomenico g2 — M ©)
model, the refractive index (n) at a given photon 0 M,

energy (hv) can be expressed for both PVA-PEG , M,
blend and PVA-PEG-Cu:0 nanofibers. From the ~ Ed = M_s (10)
equations (6-10) the values E,, Eq, Eg, ng, €,

M_, and M_swere calculated [45-49], From the graphic representation of the

relationship between (n? — 1)~ ! and (hv)? in
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8 wused the slope (EqEq) tand the
intercept (E—Z) to determine Ey and E4. Table 3

contained the calculated wvalue, which
demonstrated a decline in their values when
(CuO)NPs  concentrations  increased, the
oscillator strength (E,) and the dispersion energy
linked with the energy of optical transitions (Eg)
are shown to decrease as (Cu;O)NPs increases,
but the other parameters ng, &, M_jand M_3
increase. This phenomenon can be attributed to
the shift of the optical transmission spectra
toward longer wavelengths, which corresponds
to the absorption edge shifting toward lower
energy wavelengths and rise in nanomaterials'

Fig.

concentration results in a reduction in
interparticle  spacing, thereby intensifying
interparticle interactions, which leads to a
decrease in dispersion-related parameters.

Additionally, elevated concentrations  of
nanomaterials  significantly  influence the
material's  optical  characteristics,  further

contributing to variations in the dispersion
parameters. The calculated optical energy gap
(the approximation relation E, = 2E,) using the
Tauc relation and the Wemple-DiDomenico
estimate both had similar values. The findings
concur with those of earlier researchers [50].

021 0.25
f ¥ = -0.0031x 4 0.2071 y =-0.0041x + 0.2398
0.205 | Attt gl A 0.24 N ; B
02 0.23
0195 < 022
% g
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0.175 : 0.18 !
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FIG. 8. Plot of (n® -1)"" versus (hv)* of PVA-PEG with various content of Cu,0: (A) 0.00wt.% Cu,O (B)
0.002wt.% Cu,O (C) 0.004wt.% Cu,O and (D) 0.006wt.% Cu,O.

TABLE 3. Optical parameters of PVA-PEG -Cu,0 nanofibers.

parameter 0 wt 0.002wt. 0.004wt. 0.006wt.
’ CU.QO CU.QO CU.QO

E, 67.62 57.600 42.426 26.541
E, 8.223 7.589 6.513 5.151
slope 0.003 0.004 0.005 0.018
E, 4.111 3.794 3.256 2.575
Eq 39.725 31.622 27.367 10.514
n(0) 5.830 5.166 5.201 3.040
1,(0) 2.414 2.273 2.280 1.743
€ 5.830 5.166 5.201 3.040
M, 4.830 4.166 4.201 2.040
M.; 0.071 0.0723 0.099 0.076
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Conclusion

Nanofibers of PVA-PEG-Cu:0  were
synthesized with success by refining the
electrospinning parameters, which included the
careful adjustment of the spinning solution
composition, applied voltage, spinning distance,
and flow rate. Before incorporating Cuz0, the
nanofibers had an average diameter of 68.97 nm.
The integration of Cu:O resulted in average
diameters ranging from 64.14 nm to 68.46 nm.
Scanning electron microscopy analyses validated
the presence of a smooth surface morphology in
these fibers, while optical microscopy images
revealed a homogenous distribution of the
nanomaterial throughout the samples. The
transmittance exhibited a gradual decrease,
beginning at 0.996 for the pur PVA-PEG blend,
and declining to 0.978 when the Cu0O
concentration increased to 0.006. Additionally,
the extinction coefficient displayed a rising
trend, increasing from 0.001027 to 0.00475 with
higher Cu.O content. The real part of the
dielectric constant increased from 1.4559 to
2.1044, and the imaginary part grew from
0.00247 to 0.0137 as the concentration of Cu2O
augmented. Moreover, dispersion parameters,
such as E,, Eq4, n,, M_;, and M_3, were calculated
utilizing the Wemple-DiDomenico model. These
findings concerning dispersion parameters are
instrumental in advancing the design and
fabrication of optical devices.
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