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ABSTRACT: Energy storage and modern electronics industries are in
essential need of high dielectric and highly flexible materials. In this study,
polyacrylonitrile and reduced graphene oxide (PAN/GO) were prepared by
electrospinning. The composite morphology produced a homogeneous,
smooth, and flexible surface with high tensile strength and durability. The
diameter of the fibers in the composite mats ranged from 232 to 592 nm. The
X-ray diffraction pattern recording displayed a sharp peak characteristic
centered between 20 and 30° angles with a maximum degree of crystallinity of
86.23%. The evaluation of the Fourier-transform infrared spectrum indicated
the interaction between GO and PAN through hydrogen bonds. The
differential scanning calorimetry measurements confirmed that GO acted as a
nucleating agent that improves the thermal stability of the composite. The
dielectric properties exhibited the relative permittivity of the composite of
86.4 with a dielectric loss (tan δ) of 4.97 at 102 Hz, and the maximum conductivity was achieved at 34.9 × 10−6 Sm−1 at high
frequencies.

1. INTRODUCTION
Energy storage devices offer an effective solution in over-
coming mismatches of and improve the flow of energy between
supply and demand.1,2 To facilitate these conditions, several
renewable energy sources were developed, such as bioen-
ergy,3,4 marine,5 hydrogen,2 and fuel cells1 and capacitors.6,7

The capacitor in particular is the most popular electricity
storage for its high power density and high electric energy
charge−discharge.8,9 This condition is closely related with the
material offering the best performance, one of which is the
dielectric material. Ideally, the dielectric material has high
relative permittivity (ε′) and low dielectric loss (tan δ) as the
determining factor in increasing energy storage capability.10,11

Therefore, in recent years, people have been looking for
alternative materials that have better and more flexible
dielectric properties. This is important to support the
development of the electronic trend toward the manufacture
of flexible devices, such as flexible screens, flexible cell phones,
and wearable devices.
The previously developed approaches that improve the

dielectric properties of materials have introduced certain
materials having high dielectric properties into polymer
composites,12 incorporating ceramic filler materials with
intrinsically high permittivity into the polymer matrix,13

integrating conductor filling materials into polymeric matrices
with metals14 and semiconductors15,16 based on the principle

of percolation and have also introduced the carbon-based
materials.17 Graphene is a carbon-based material that can be
exploited to increase the relative sensitivity of polymers.18 This
carbon allotropy provides outstanding mechanical, electrical,
and thermal features. Graphene oxide nanosheets anticipate
the increase of the electrical conductivity of polymers by
creating a conductivity network close to the percolation
threshold while maintaining reasonable processability of the
original polymer matrix.9

Graphene oxide is employed constantly by researchers to
increase the relative permittivity of polymers at very low
concentrations.19 In addition, the graphene oxide geometry
with its 2D structure and high ratio has helped to modify the
polymer matrix structure and facilitate the development of
microcapacitors in the composites, resulting in high
permittivity, smooth processing, and lightweight.20,21 Fazil et
al. (2019) reported that polyimide composited with graphene
oxide can increase the permittivity of the material.22 In a
similar study, Feng et al. (2021) reported that graphene in
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polythiocarbonate could increase the permeability of the
composite. Inversely, the presence of graphene in polythiocar-
bonate decreased its dielectric loss.23 Despite their outstanding
performance when tested in their flexibility range, pure
graphene or graphene oxide still shows limited buckling ability
when subjected to narrow curvature or high mechanical
deformation.24,25

Nanofiber composites can be used as a flexible candidate
material for applications as electrode capacitors. Graphene
oxide can be loaded into the nanofiber composites. The study
of Sha et al. (2022) has succeeded in fabricating a flexible
PVDF-co-hexafluoropropylene (PVDF-HFP) nanofiber mem-
brane using the electrospinning method.26 Another study has
also reported that nanofiber membranes of lignin have been
successfully fabricated with a diameter of 539 nm for flexible
supercapacitors using polyacrylonitrile (PAN) also using the
electrospinning method.27 Edikresnha et al. (2019) have also
successfully loaded glycerin and garlic extract into the PVP/CA
nanofiber with a similar electrospinning method. The
developed nanofiber had an average diameter of 797 nm,
good mechanical strength, and was flexible enough for wound
dressing applications.28 The electrospinning technique is
simple, adaptable, cost-efficient, and versatile. Additionally, it
is easy to control the diameter, composition, morphology, and
the flexibility of the produced nanofibers or membranes. The
electrospun nanofibers feature many superior characteristics,
such as high surface area to volume ratio and superior thermal
and mechanical properties.29 Due to these superior properties,
nanofibers have been widely applied in biotechnology,30

biomedical,31,32 tissue engineering,33 drug delivery,34−36 filters
for fluids,37 and energy storage38 applications. In addition, the
electrospinning method also allows the production of nano-
fibers from various polymers.39−41

The choice of polymer or blend of polymers affects the
formation of nanofiber membranes as well as their performance
and flexibility. Some commonly used polymers are poly(3,4-
ethylenedioxythiophene) (PEDOT),42 polypropylene (PP),43

polypyrrole (PPy),44 and PAN.45 PAN is an electrically
conductive polymer studied intensively as a binder for
electrode capacitors or supercapacitors. PAN also offers several
favorable features, including easy integration, high flexibility,
and conductivity (ferroelectricity and piezoelectricity).46 These
features allow PAN to form long-linked imine chains through
polymerization of nitrile groups.47 Another advantage is its
broad use as a composite matrix in the manufacture of
nanofiber membranes for its easy chemical interaction either as
a pure polymer filler or other copolymer materials.45 PAN is
also widely found for various applications such as for
biosensors, textiles, and corrosion protection.48 The perform-
ance of graphene oxide from graphite can be increased by
incorporating it into PAN nanofiber composites. The
synergistic effect of carbon-based materials and conductive
polymers in nanofiber composites has recently been shown to
intensify the permeability of nanofiber membranes and reduce
electric loss and flexibility.49 Therefore, graphene oxide
nanofiber composites from graphite and PAN are promising
materials to improve dielectric properties and flexibility. In this
research, graphene oxide/PAN composite fibers were
produced with varying graphene oxide content. The flexible,
morphology, and physicochemical properties were then
investigated. Dielectric properties were also analyzed.

2. RESEARCH METHOD
2.1. Preparation of Materials. PAN (MW 1,50,000 kg

mol−1) and N,N-dimethylformamide (DMF, assay 99.0% min)
were, respectively, purchased from Sigma-Aldrich (Singapore)
and Merck (USA). Meanwhile, graphite (Powder 99.9%),
distilled water, HCl (6 N), urea, iron (III) chloride (FeCl3),
and N2 gas were obtained from Bratachem (Indonesia). All
reagents were of analytical grade and used as received without
further purification.

2.2. Preparation of Graphene Oxide and Synthesis of
Nanofiber Membrane. Graphene oxide was synthesized
from graphite. The method and procedure of producing
graphene oxide were identical with the method and procedure
of producing graphene oxide from palm kernel shells.8

Furthermore, to create nanofiber membranes using the
electrospinning method, the precursor solution was made by
dissolving PAN 10% w/w into DMF solvent and graphene
oxide from graphite. The weight of the graphene oxide
dissolved varied, such as 0.04, 0.14, and 0.24 g, respectively.
Each precursor solution to produce nanofibers, as given in
Table 1, was labeled as GN1, GN2, and GN3. In order to

achieve a homogeneous and black solution, each material was
mixed on a hotplate-magnetic stirring (Therumo Sci., Japan) at
a temperature of 80 °C and at a constant speed of 200 rpm for
24 h. The electrospinning apparatus (Nanolab ES/DS 106,
Malaysia) was used to synthesize nanofibers from the precursor
solutions. The precursor solutions (GN1, GN2, and GN3)
were transferred into a 10 mL syringe (Terumo, Japan)
equipped with a 21-gauge needle with 0.80 mm inner diameter.
The solution was dispensed with a syringe pump at a constant
flow rate of 4 mL per hour. The parameters of the
electrospinning were 12 kV high voltage, 8 cm gap distance
of 20 cm, and 300 rpm of fiber rotation. The temperature and
humidity of the controlled chambers were kept at 25 °C and
40−50%, respectively.

2.3. Characterization. The graphene oxide morphology
was observed using a transmission electron microscope
(HT7700, USA), and the morphology of graphene oxide was
investigated using scanning electron microscopy (SEM) (Vega
3 Tescan, Japan) with the excitation voltage of 10 kV and an
optical magnification of 10,000 times. The results were
declared in mean ± standard deviation (SD). Statistical
differences between groups were analyzed using one-way
ANOVA followed by Tukey’s HSD (honestly significant
difference) post hoc test.56 This statistical test employed
IBM SPSS 20 software (IBM, USA) to determine a significant
difference with the confidence level higher than 95% (p <
0.05).56 The presence of functional groups and intermolecular
interaction were identified by using a Fourier transform
infrared (FTIR) spectroscope (Thermo Nicolet iS10, Japan).
The crystal structure of composite nanofibers was recorded
using X-ray diffraction (XRD) (Rigaku MiniFlex 600, Japan).
Tensile strength and Young’s modulus of all the nanofibrous
mats were investigated by the grab and strip method using a

Table 1. Mass of PAN and Graphene Oxide for the
Electrospinning Process

precursor solution PAN (w/w) GO (g)

GN1 10% 0.04
GN2 10% 0.14
GN3 10% 0.24
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FAVIGRAPH tensile tester (Textechno H. Stein GmbH & Co,
Germany). Samples 3−20 mm in size with the same thickness
were clamped on both sides of the tool and then were pulled at
a speed of 20 mm per minute. Furthermore, the load cell was
100 cN and the gauge length was 10 mm. The level of
extension and the length of measurement were identical to the
previous experiment.50 The maximum tensile strength (UTS)
was indicated by the highest stress point on the curve, whereas
Young’s modulus was calculated from the ratio of the stress
over strain for the linear portion of the curve. The dielectric
properties were analyzed using dielectric spectroscopy (Hioki
3532-50 LCR HiTester, Japan). The diameter of the nanofiber
sample was about 8 × 8 × 4 mm which was placed between
two parallel electrodes. The measurements were conducted at
room temperature, voltage amplitude 1.4 V, and frequency
range of 50−500 kHz.

3. RESULTS AND DISCUSSION
3.1. Morphology of GO and Nanofiber Mats. Graphene

oxide (GO) from graphite was formed through the pyrolysis
process. The formation was mainly due to the effect of
temperature increase from 700 to 900 °C. This result is the
same as our previous study report.8 The morphology of
graphene oxide from graphite is shown from SEM and
transmission electron microscopy (TEM) results in Figure
1a,b. The wavy morphology of GO is caused by the bending of

the 2D sheet, which results in a more thermodynamically
stable tangled structure.8,51 In addition, the buildup of GO was
reduced due to the exfoliation of the graphite structure. The
oxidant-reduction of graphene is in line with the data of the
EDX spectrum shown in Figure 1c. As expected, the oxygen
peak in graphene oxide was only 6.96% and carbon peak was
87.8%.
Figure 2a displays the PAN and PAN solutions with different

graphene oxide contents. The three neat solutions are black in
color and homogeneous. They do not clog on the tip of the
nozzle, although they have high viscosity and fast solvent
evaporation. Figure 2b exhibits the pure PAN membrane and
the GN1, GN2, and GN3 nanofiber composites. The
membranes have a smooth surface and are black in color,
which corresponds to the color of the solution prior to the
electrospinning process. Nanofiber membranes can be bent to
a radius of 1 cm (Figure 2c,d), indicating the flexibility of the

membrane and it is explained in more detail in mechanical
analysis. The obtained nanofibers were stored in a dry cabinet
with a temperature of 30° and a relative humidity of 50%.

3.2. SEM Micrographs. The morphology of the electro-
spun fibers is usually in the form of fine fiber, bead fiber, and
simple fiber. In this study, the morphology of the fibers was
investigated from three different precursor solutions. The three
PAN fibers loaded with graphene oxide had a uniform shape
and were free of beads as shown from the SEM results in
Figure 3. The uniform fiber morphology formation indicated
sufficient polymer concentration in the precursor for the
electrospinning process. At a concentration of 10% w/w a PAN
with a molecular weight of 1,50,000 kg mol−1 can produce a
perfect membrane without fiber beads.52 While Samadian et al.
(2017) in their study reported that PAN with a molecular

Figure 1. (a) SEM, (b) TEM, and (c) EDX of graphene oxide from
graphite.

Figure 2. (a) Pure PAN solution and PAN solution containing
graphene oxide, (b) pure PAN membrane and GN1, GN2, and GN3
nanofiber composites, membranes with (c) longitudinal and (d)
transverse positions. Photograph courtesy of Muhammad Rama
Almafie. Copyright 2022.

Figure 3. Morphology and diameter distributions of the nanofibrous
electrode: (a) GN1, (b) GN2, and (c) GN3.
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weight of 80,000 kg mol−1 (7% w/w) produced a membrane
with beaded fiber.53 The polymer concentration is important
to form a continuous and homogeneous nanofiber membrane.
The homogeneity of GN1, GN2, and GN3 fibers was also

investigated using the coefficient of variation (CV) of the
fibers. A membrane with homogeneous fibers has a CV of less
than 0.3, with a lower CV, indicating a greater degree of
homogeneity.54 Fibers of GN2 and GN3 with CV values of
0.19 and 0.16, respectively, were more uniform than GN1 with
a CV value of 0.37. The lower fiber homogeneity may be due
to current fluctuations during the electrospinning process as a
control measure system to maintain a constant current is not
applied to this electrospinning system. Another factor that
might contribute to the lower homogeneity is the use of a high
voltage of 12 kV. High voltages can cause an imbalance
between precursor loading and load-induced spinning.55 As a
result, one or more side jets are formed to produce fibers of
inconsistent size. From the statistical analysis, there was
significant (p < 0.05) between GN1 and GN2, and there was
significant (p < 0.05) between GN1 and GN3. On the other
hand, there was significant (p < 0.05) between GN2 and GN3.
The effect of the difference in the graphene concentration in

PAN on the fiber diameter is shown in Figure 3. GN3 fiber
with a higher mass of graphene produces a larger diameter of
592.37 nm. Correspondingly, lowering the concentration can
decrease the fiber diameter. As in the diameter of GN2 and
GN1 fibers, they decreased to 410.27 and 231.77 nm,
respectively. The fiber diameter is tightly controlled by the
viscosity of the solution, wherein the degree of chain bonding
decreases with lower viscosity, leading to the formation of
smaller diameters. The addition of graphene oxide in the PAN
nanofiber did not change the shape of the fiber, but it did affect
the diameter of the fiber. This is in line with results of a
previous study that the addition of graphene in polyethylene
terephthalate increases the fiber diameter.56

3.3. Mechanical Properties. In electronic equipment, the
mechanical properties of dielectric materials play an important
role for practical and flexible applications. The investigation of
the mechanical properties was conducted to determine the
flexible properties of composite nanofiber mats. A set of curves
provides the relationship between stress and strain for all
nanofibers in which the mean strain at break, ultimate tensile
strength, and Young’s modulus are shown in Figure 4. Pure
PAN exhibits ultimate tensile strength, strain at break, and
Young’s modulus of 2.16 MPa, 9.19%, and 23.50 MPa,
respectively. When PAN and GO are fabricated into
composites, the tensile strength of the nanofiber composite
mats ranged from 3.9 to 8.8 MPa, which exceeded that of

typical CNFs (∼0.48 MPa). This is higher than PAN at a
concentration of 14%, and the previously studied carbon
nanofibers.52,57 These results indicated that the flexible
nanofiber mat electrodes could serve as capacitor electrodes.

3.4. FTIR Spectroscopy. The chemical structures of PAN,
GO, PAN/GO GN1, GN2, and GN3 nanofiber composites
were observed by the FTIR spectrum (Figure 5). The

characteristic peak of the GO functional group emerged at
3427, 2370, 1716, 1581, and 1103 cm−1. The peak at 3427
cm−1 indicated O−H stretching. This peak confirms that the
emerging hydroxyl peak may be due to the absorption of water
vapor on the GO surface.8,58,59 The peak at 2370 cm−1 was
O�C�O stretching, indicating a carbon dioxide group.60

The emergence of the carbon peak was in line with the EDX
analysis. The peak of moderate intensity at 1716 cm−1

indicated the C�O stretching of carboxylic acid.61−63 The
peak at 1579 cm−1 is a symmetrical C�C stretching vibration
of the aromatic group, and the peak at 1103 cm−1 can be
attributed to the C−C asymmetric stretching vibration of the
aromatic group.61,64 In addition, the two shoulder peaks at
2848 and 2927 cm−1 corresponded to the C−H aromatic sp2
strain vibrations.65,66 In the FTIR GO spectrum, the hydroxyl
and carboxyl peaks have indicated oxidation.67,68 The insertion
of functional oxygen-carrying groups in the GO form exhibited
that the acidic and oxidative compounds successfully modified
the surface, and this is in line with the SEM and TEM results.
The PAN FITR spectrum displayed typical broad peaks at

3531, 2927, 2243, 1724, 1664, 1452, 1357, 1251, and 1,076
cm−1. The wide peak of hydroxyl at 3531 cm−1 corresponds to
stretching vibrations of −OH.69,70 The peak of 2243 cm-1 is
the stretching vibration of C�N. The peaks of 2931, 1452,
and 1327−1392 cm−1 were designated as bending and
stretching vibrations of CH2, and the weak intensity peaks at
1724 cm−1 represented the stretching vibration of CO.57,71,72

The functional ester groups at 1230−1250 and 1050−1090
cm−1 were defined as strain vibrations of C−O and C−O−C.
These results indicate that PAN is a copolymer of acrylonitrile
and methyl acrylate such as itaconic acid or methyl acrylate
which is frequently used in the industrial production ofFigure 4. Relation between stress and strain for all the fibrous mats.

Figure 5. FTIR measurements for (a) GO, (b) PAN, (c) GN1, (d)
GN2, and (e) GN3.
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PAN.73,74 The peak at 1,665 cm−1 was assigned to the C�N
bond strain vibration of the middle oxime group.75,76 The
peaks of this PAN will decrease and increase due to the
concentration of PAN when composites involve other
materials such as carbon71 and conductive polymers.77

The addition of GO to the PAN nanofibers caused changes
in the intensity and positions of some peaks in the spectra of
the GN1, GN2, and GN3 samples. The stretch peaks of GN1,
GN2, and GN3 composite nanofiber mats were at 3434, 3452,
and 3461 cm−1, respectively, which was higher than GO at
3427 cm−1. The peak of the nitrile group shifted to below 2243
cm−1 in the spectrum of 2242 cm−1 (GN1), 2244 cm−1

(GN2), and 2242 cm−1 (GN3). This peak decreased in
intensity when the C�N group was introduced to PAN-
grafted GO surfaces. The 1634 cm−1 (GN1), 1639 cm−1

(GN2), and 1642 cm−1 (GN3) peaks were lower than that
of the PAN at 1665 cm−1. The shift of the peaks in the
composite nanofiber mats is due to the interaction between
PAN and GO molecules through hydrogen bonds.

3.5. X-ray Diffraction Spectra Analysis. XRD is widely
used to understand the structural modifications in polymer
blends which depend on the complexation of the carbon
material. The complexation is done by analyzing the position,
shift, and expansion of the diffraction peaks in the XRD pattern
of each polymer sample. Figure 6 shows the diffraction spectra

of GO, PAN, composite PAN/GO for GN1, GN2, and GN3.
The most obvious diffraction pattern displays two character-
istic peaks of graphite-based GO crystal properties at 2θ
positions of 25.65 and 54.68°, both of which correspond to the
crystal planes (0 0 2)78,79 and (0 0 4),79 this implies that GO is
pure crystalline.78,80 The diffraction pattern of the PAN
nanofiber membrane has characteristic peaks at 14 and 17°
corresponding to the (0 2 0) and (0 1 0) planes.8,81,82 These
two peaks indicate that PAN is a crystalline structure.
The addition of GO to PAN nanofibers resulted in a new

characteristic peak diffraction pattern from the pure PAN XRD
pattern. Very sharp peaks occurred between 20 and 30°, that is,
25, 25.36, and 26.46° were associated with successful GO
grafting on the PAN polymer backbone of the GN1, GN2, and
GN3 composites, respectively. The characteristic PAN peak

has only one diffraction pattern with relatively weak peak
intensity observed at 15° (GN1), 15.32° (GN2), and 16.66°
(GN3). This shows that GO nanofibers are well distributed in
the PAN matrix, and this filler does not affect the crystal
structure, it only changes the connection between the two
phases (PAN and GO) and improves interfacial compatibility.
The results from previous studies revealed that the addition of
carbon nanotubes in polyurethane did not affect the structure
of the composite crystals.83

XRD data of all PAN/GO nanofiber composites were
analyzed using OriginPro 9 (OriginLab Corp.) to calculate the
percentage variation of crystallinity in the composite fibers as
the function of GO concentration.84 The addition of GO
increased the percentage of crystallinity of GN1, GN2, and
GN3 to 85.52, 86.12, and 86.23%, respectively. This is because
GO can associate with the PAN functional group so as to
support the process of increasing the crystal phase content in
the nanofiber mat composite.

3.6. DSC Analysis. Differential scanning calorimetry
(DSC) thermographs of PAN, GO, GN1, GN2, and GN3
nanofiber composites are shown in Figure 7. The PAN showed

an exothermic crystallization transition at 192°, which
represents the melting temperature of PAN. Furthermore,
the DSC thermogram of GO displayed an endothermic
melting transition at 178°. After the addition of the GO
material to the PAN matrix, all composite samples showed
relatively sharp melting peaks and relatively broad crystal
peaks, which allowed melting or recrystallization. Because this
occurs during heating, the value of enthalpy (ΔH) from the
integration of endothermic and exothermic can be visualized
and compared with the fusion crystalline domain progressively
created during the previous isothermal period.84 The increase
in melting temperature (Tm) is relatively shifted toward a
higher temperature and the crystal temperature (Tc) shifts
toward a lower temperature, that is, Tm: 281.28, 282.92, and
330.97 °C and Tc: 108.84, 106.94, and 106.74 °C of the GN1,
GN2, and GN3 composites, respectively. Meanwhile, the
values of enthalpy of fusion (ΔHm) were 110.69 J/g (GN1),
165.08 J/g (GN2), and 204.92 J/g (GN3), and the values of
enthalpy of melting (ΔHc) were 85.58 J/g (GN1), 129.11 J/g
(GN2), and 68.03 J/g (GN3).
The change in value specifically indicated that the GO sheet

acted as a nucleating agent that increases the thermal stability
of the composite.85 In addition, the increase in Tm and Tc due
to intermolecular interactions as well as the increase in the
degree of crystallization is in line with the XRD and FTIR
results. The increase in hydrogen bonds between PAN and GO
molecules freed the movement of polymer molecular chains

Figure 6. XRD spectra for (a) GO, (b) PAN, (c) GN1, (d) GN2, and
(e) GN3.

Figure 7. Differential scanning calorimetry analysis.
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which results in an increase in the degree of crystallinity of the
composite.59,86 The PAN molecular chain becomes disor-
ganized because the PAN structure disintegrated with the
increase in GO content and consequently strengthened the
contact between PAN and GO.29,87 At the same time, more
ester groups were hydrolyzed followed by an increase in the
hydroxyl number. This resulted in more intermolecular
hydrogen bonding which in turn improved the thermal
properties.86,88

3.7. Dielectric Properties. The relative permittivity and
dielectric loss are important factors in determining the electric
field distribution and heat production in the dielectric with an
alternating current electric field. Because different types of
polarization will dominate the entire dielectric polarization at
different frequencies, these two parameters are highly depend-
ent on the frequency of the external electric field.89,90 The
frequency dependence (relative permittivity component), as
determined at an ambient temperature of 50 to 106 Hz, of the
PAN/GO composite is shown in Figure 8a. At low frequencies,

the relative permittivity of all samples was significantly higher
than at high frequencies. This is because the interface and
orientation polarization dominate the total polarization. In
addition, electron polarization dominated at high frequen-
cies.90,91 The permittivity was relatively high at lower
frequencies (below 1000 Hz). This is because both induced
and permanent dipoles can accommodate themselves to line
up in a proper orientation alignment in this region, a
phenomenon known as the Maxwell Wagner Sillar effect
(MWS).92,93 Furthermore, this finding indicates that the low-
frequency electrical field allows more time for the dipole
moment to reach polarization equilibrium.94 The relative
permittivity generally remained stable at high frequencies
(more than 1,00,000 Hz) because it was frequency-
independent. This feature is known as the microcapacitor
structure model.92 The electric field changes so dramatically
that the carriers cannot align, and as a result, they cannot reach
the grain boundaries and there is no polarization.91,95

The relative permittivity increased when the mass of the GO
fraction was increased from 32.2 (GN1) to 86.4 (GN3) at a
frequency of 102 Hz. This is because GO is conductive,
resulting in an increase in interfacial polarization which can
lead to an increase in the relative permittivity of the nanofiber
mat composite. The addition of GO has also caused a large

amount of free charge to accumulate at the component
interface, resulting in the formation of additional dipoles.11,92

In addition, the nanostructures described in the SEM analysis
generally have a high surface area, thus providing a larger
amount of space to store the charge.
The dielectric loss (tan δ) of the PAN/GO composite is

shown in Figure 8b. The dielectric losses reached their
maximum values of 1.59, 3.39, and 6.18, at 50 Hz, respectively,
of GN1, GN2, and GN3. Increasing the frequency lowers the
dielectric loss. At 1000−1,00,000 Hz, the decrease becomes
frequency-dependent, with the dielectric samples GN1, GN2,
and GN3 decreasing from 0.63, 1.32, and 2.42 to 0.16, 0.34,
and 0.63. At frequencies above 5,00,000 Hz, the dielectric loss
no longer depends on the frequency so that it reaches a value
below the minimum. This was because the charge carriers can
follow the rapidly changing electric field. Due to the
phenomenon of space charge polarization, which is responsible
for the Shockley process, dielectric losses at low frequencies
were quite low in this situation.95,96 Dielectric loss was shown
to be dependent on the PAN/GO of GN1, GN2, and GN3
composites at high frequencies, which can be explained by
Maxwell Wagner relaxation.94 A large number of oxygen-
enriched groups formed the GO surface sheet. This oxygen-
rich group was resistive and created a lot of polarization, which
means it has a lower dielectric loss.95 Consequently, adding
GO in the PAN matrix lowered the dielectric loss. The internal
polarization relaxation of the interface caused a decrease in the
dielectric loss. This is because the polarization of the space
charge can follow the electric field. As a result, the relaxation
caused a decrease in the dielectric loss, and the addition of GO
inhibited the movement of electrons in the polymer chain.97

With its high aspect ratio and 2-dimensional structure, GO
provides more interfacial area in the polymer matrix, resulting
in decreased interfacial polarization and space charge polar-
ization.
Figure 8c shows the conductivity frequencies of PAN/GO

GN1, GN2, and GN3. At low frequencies (below 1000 Hz),
the conductivity of all samples was independent of the
frequency. The externally applied electric field has insufficient
energy in this range to allow charge flow in a non-
unidirectional way. Therefore, charge carriers were randomly
oriented at these frequencies.94,95,98 As the energy of some of
the charge carriers grew at the intermediate frequency level,
they began to flow toward the field. Due to the much larger
external field, this process of moving charge carriers was
accelerated exponentially at much higher frequencies. In the
frequency range above 10,000−5,00,000 Hz, the composite
conductivity increased gradually from 1.6 × 10−6 Sm−1 to 34.9
× 10−6 Sm−1. Through loop mechanics, this flow increased
exponentially at much higher frequencies. The increase in the
surface area and the density of defects of the nanofiber
composites led to the trapping of a large amount of charges.
This caused the high-frequency state that allowed the charge to
be released and yield an increase in the combined
conductivity.8,11 As a result, each sample has satisfied the
requirements of the dielectric characteristics, that is, relative
permittivity values, dielectric loss, and conductivity.

4. CONCLUSIONS
Composite materials with PAN as polymer and graphene oxide
(GO) derived from graphite was successfully developed. It was
synthesized using the electrospinning method to form PAN/
GO nanofiber composites. It was observed that the electrospun

Figure 8. (a) Relative permittivity (ε′), (b) dielectric loss (tan δ), and
(c) electrical AC conductivity (σAC) of PAN/GO of GN1, GN2, and
GN3.
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PAN/GO nanofiber composites were produced homogene-
ously, and flexible composite fiber mats with maximum tensile
strengths of 2.48−8.67 MPa, strains of 13.84, 20.93, and
24.88%, and the Young’s modulus continued to decrease with
the increase in GO content. FTIR and XRD recordings showed
that GO interactions were dominant over PAN, indicating that
GO was evenly distributed in the PAN matrix. This was
indicated by the strengthening behavior at the sharp peak of
crystallization with a maximum degree of crystallinity of
86.23%. Other indications also included stronger hydrogen
bonds and more hydrolyzed ester groups. This fact was
supported by the increase in enthalpy from 110.69 to 204.92 J/
g. It has been determined that the true part of the dielectric
properties displays a dependent behavior at a frequency of
approximately 50 Hz to 10,00,000 Hz regardless of the GO
filler presentation. The relative permittivity increased from
32.2 (0.08 w/w) (GN1) to 86.4 (0.24 w/w) (GN3) at a
frequency of 102 Hz. Maximum conductivity has been achieved
at a value of 34.9 × 10−6 Sm−1 at high frequencies. Therefore,
we hope that this work paves the way for optimal solutions in
preparing PAN/GO composite materials that ensure superior
properties for energy storage applications.
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