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Abstract: The present research involves producing graphene oxide (GO) using the Hummers method,
generating a composite using GO and PVA, and analyzing these composites’ structural and optical
characteristics. PVA and GO were used in varied percentages to deal with the issue of how the features
of GO/PVA alter depending on concentration. The impact of thermal annealing on the structure and
optical characteristics of GO/PVA materials at various concentrations were also investigated. UV-VIS
was used to investigate the band gap value of GO/PVA composites. The band gap value changed
due to an increase in the concentration of GO in the composites in the PVA and the impact of thermal
annealing. The band gap value, specific resistance, and dielectric constant were all found to be well
controlled by varying the thermal annealing temperature and the concentration of GO in this case.
Differential Scanning Calorimetry (DSC) and thermogravimetric analysis (TGA) were performed
on pure PVA and GO/PVA samples in various percentages of GO in order to examine the effect of
temperature on the physical properties of (n = 1, 2, 3, 5, 20%) nGO%/PVA nanocomposites. Thermal
stability increased as the fraction of GO in the PVA polymer matrix increased.

Keywords: GO/PVA nanocomposites; the influence of thermal annealing; concentration; physical
properties; band gap value

1. Introduction

Graphene has been attracting significant interest due to its remarkable physical and
chemical properties [1]. Graphene is a two-dimensional monolayer atomic structure with a
honeycomb layout of sp2 hybridized carbon atoms that has outstanding electrical, thermal,
and mechanical properties. Due to its exceptional properties (electrical, thermal, mechani-
cal, optical, etc.), graphene has several application properties [2]. Graphene can replace
indium oxide, which acts as a traditional electrode material in electrical and optical devices,
transistors, light-emitting diodes, solar cells, etc., and has the potential to be applied as an
electrode in several fields [3].

In preparing graphene-based composites, graphene oxide (GO) is mainly used, rather
than graphene [4]. The mechanical characteristics of a graphene-based polymer nanocom-
posite are determined by the dispersion of the graphene layers in the polymer matrix, as
well as the interaction of the graphene interlayers with the polymer matrix. However,
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because of the poor match of pure graphene with the majority of polymers and the in-
tense Van der Waals forces that occur between graphene layers, the arrangement of pure
graphene layers in the polymer matrix is not uniform. However, GO layers with oxy-
genated graphene layers may have lower Van der Waals interactions than graphene layers
and may be appropriate with certain polymers. Furthermore, because of the carbonyl and
carboxyl groups on the edges, GO sheets are hydrophilic, allowing them to be disseminated
in water [2,5,6].

As a result, graphene, GO, and reduced graphene oxide (rGO) are employed as
alternatives to pure graphene. The oxygen functional groups in GO are extremely successful
at promoting the chemical bonds between GO and other compounds [7]. This suggests
that GO is suitable for usage as a filler in polymer matrix structures in the preparation of
graphene-based nanocomposites [1,6].

Polymers have a wide range of uses because of their physical, chemical, and me-
chanical properties and are thus extensively studied. When various fillers, such as metal
nanoparticles, graphene, an allotropic form of carbon, and GO nanomaterials, are added to
the polymer matrix, variations in the physical and mechanical properties occur. Of course,
these variations depend on the polymer matrix and filler’s type, properties, concentration,
and impact on the environment [2,7]. Depending on the purpose of the study, the successful
choice of polymer is extremely important.

In this study, PVA served as the polymer matrix. PVA has high dielectric properties
regarding optical characteristics and it is semi-transparent [8]. Its PVA biocompatibility,
harmlessness, water-soluble hydrophilic structure, wide application as a hardener in natural
materials, etc., make it a universal polymer for producing composites. The optical, electrical,
dielectric, and mechanical properties of PVA can be enhanced by incorporating specific
quantities of additives. Due to its outstanding electrical characteristics, the combination
of PVA and GO can function as an alternate electrode in supercapacitors and lithium-ion
batteries [2].

Because of their numerous uses in modern power electronics and electrical systems,
conductive polymer nanocomposites with extremely high and very low dielectric losses
have become a material of significant interest [9]. Electrical properties can be controlled
by injecting different fillers into polymer matrices, among which graphene-based fillers
attract attention. As a result of graphene’s tunable dielectric characteristics, graphene-based
polymer composites are particularly relevant in terms of application [10].

In a previous study, 0.1%, 0.2%, and 0.5% of GO and PVA nanocomposites were stud-
ied for their thermal, mechanical, and physicochemical properties by Swati, G. et al. [11].
Three low concentrations were chosen for investigation of the properties of these materials.
S. Kashyap et al. investigated the elastic modulus and tensile strength properties of PVA
composite materials incorporating GO and rGO [12]. In this case, they compared the two
composite materials using certain quantities (0.35%) of GO. In another study [13], the
authors filled the PVA matrix with low concentrations of GO (up to 1%) and then inves-
tigated the structural and physical characteristics. Our study differs from the mentioned
research in that they did not investigate the thermal stability of composite materials at
high concentrations (20%) or how the concentration affects the change in physical prop-
erties in the different concentrated nanocomposites. It is essential to thoroughly research
composite materials at various concentrations in order to have a precise understanding of
their physical characteristics. Additionally, the DSC and TGA analysis, as well as the Eg
value of composite materials, have not been investigated in the wide range dependent on
concentration in the scientific literature. The given analysis differs from previous studies
in the literature in that it contains an extensive variety of concentrated GO. The physical
characterization of the PVA composite dependent on concentration has been investigated
as well as the reasons for the changes in physical properties as a result of thermal exposure
to different concentrations.

It is important to investigate the temperature and concentration dependence of the
characterization of devices and elements based on GO/PVA. The results of this research
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will allow for optimizing the parameters of devices and elements to be created based on
these composites. At the same time, determining temperature-resistant materials by testing
sample thermal stability and their use in relevant fields are critical challenges.

As a result of our research, it was determined that when we change the mass con-
centration of GO nanostructures distributed within PVA, the optical properties show a
fundamental change. By adding GO nanostructures to PVA, changes in the band gap
value were observed, which depended largely on the concentration of GO. Additionally,
samples that had experienced thermal treatment revealed variations in the band gap value
according to temperature. The thermal stability of the samples at various percentages of
GO was tested, and it was discovered that the stability rises as the percentage of GO in the
PVA polymer matrix increases.

2. Materials and Methods

The GO used in this study was produced using a modified Hummer’s technique. The
synthesis of GO was carried out as follows: graphite powder (3 g) and NaNO3 (1.5 g) were
mixed in a 500 mL beaker. Then, 70 mL of concentrated H2SO4 was added at a low speed
to the mixture. The resulting solution was cooled in an ice bath and stirred for 1 h. During
the following stage, KMnO4 was gradually injected into the solution in phases. At this
time, the temperature of the reaction begins to rise rapidly. The reaction temperature must
remain under 20 ◦C. The reaction continued for 3 h. The solution was then removed from
the ice bath and agitated for 1 h at 35 ◦C [14–16]. After that, 150 mL of water is added to
the solution drop by drop, causing the solution to thicken and the reaction temperature
to increase to 98 ◦C. The solution was kept at this temperature for 30 min. The solution
was subsequently slowly incorporated into 300 mL of water and agitated for 1 h. In the
next step, 15 mL of H2O2 (30%) was added to the solution and stirred for 30 min. The
solution was filtered using filter paper, rinsed with 1:10 HCl: distilled water (DW) (250 mL)
to remove metal ions, and air-dried at temperature [14–17].

The obtained product was added to DW and exposed to ultrasound. Then, it was
precipitated in a centrifuge and filtered. The obtained product is dried at room temperature
in air conditions. It is considered appropriate to use DW as a solvent for PVA [18]. GO
nanostructures can be easily dispersed in water, which makes it possible to use water
as a medium [19]. In the initial step, the certain amount of PVA was dissolved in DW
to prepare a 5% concentrated solution. It was mixed with a magnetic stirrer so that the
polymer completely dissolved [20]. Then, GO was added to this solution. The solution,
mixed with different mass concentrations, was subjected to ultrasonic exposure for 2 min.
The obtained solution was filtered into containers and dried at room temperature under air
conditions. It should be noted that the preparation of the obtained composites was carried
out in concentrations of 1, 2, 3, 5, and 20% of GO.

The value of the concentration can be controlled depending on the value of the mass
ratio of added GO and PVA. The concentration percentage was calculated according to
Formula (1).

% =
mGO

mPVA + mGO
× 100% (1)

Here, mPVA indicates the mass amount of PVA in the mixture and mGO indicates the
mass amount of GO in the mixture. Increasing the mass amount of GO makes it possible to
obtain composites with different concentrations [2].

The Rigaku Miniflex equipment was used to investigate the samples’ X-ray structural
analyses. At wavelengths ranging from 190 to 1100 nm, the optical characteristics of
the material being studied were investigated using the “Specord 250 Plus” equipment.
The absorption spectrum was obtained, and the band gap value of the materials was
determined based on this spectrum. The microstructure was examined using transmission
electron microscopy (TEM) on a JEOL JEM-1400 (Japan) device with a voltage range of
80–120 kV. The DSC and TGA analyses were performed with the Netzsch STA 449 F3
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(platinum-platinum rhodium thermocouple) differential scanning calorimeter between
room temperature and 725 K; the heating rate was 15 K·min−1.

3. Result of Analysis
3.1. X-ray Diffraction (XRD) Analysis

In this study, the XRD data of the pure polymer and its curing at various temperatures,
as well as composites with various GO filler concentrations, were considered. Figure 1
depicts the XRD spectra of pristine PVA annealed at various temperatures (25 ◦C, 40 ◦C,
70 ◦C, and 110 ◦C). The observed broad peaks about 2θ =19.9◦ belong to characteristics for
PVA [21]. The detected peak in the diffraction pattern corresponds to the (101) Miller index,
and the inter-lattice distance d is 0.45 nm and corresponds to a monoclinic unit cell.
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Figure 1. XRD results for PVA annealed for 1 h at temperatures of 25 ◦C, 40 ◦C, 70 ◦C, and 110 ◦C.

The PVA thin film experienced three separate thermal annealing processes at 40◦,
70◦, and 110 ◦C, respectively. As a rule, the degree of crystallinity of the PVA thin film
increased with the increasing temperature. This is due to an increase in sample density with
increasing temperature in the polymer matrix. In other words, polymer chain aggregation
is seen as the temperature rises. In the literature, there are works related to the increase of
the degree of crystallinity with the increase of the thermal annealing temperature. Here,
it was observed that an increase in heating temperature will also result in a rise in crystal
domains [22]. Y. Song et al. reported that with the increasing of the thermal annealing
temperature, the crystallinity of the PVA polymer matrix increases as the doublet gradually
shifts to a higher Bragg angle (as shown in Figure 1), indicating the perfection of the PVA
crystal structure.

In Figure 2, the XRD pattern of pristine PVA (Figure 2a) and GO (Figure 2b) are shown.
The intense peak observed here at about 20◦ is that of pure PVA. This corresponds to the
Miller (101) index.

In the XRD pattern of pristine GO (Figure 2b), three diffraction peaks were observed at
2θ = 11.98◦, 26.30◦, and 42.04◦ corresponding to (001), (002), and (100) planes, respectively.
In this pattern, the high-intensity peak occurred at 2θ = 11.98◦ and the low-intensity peak
occurred at 2θ = 42.04◦, both belonging to GO, while the peak at 2θ = 26.30◦ is attributed to
the residual graphite. The interplanar spacing of GO is 0.74 nm. The nanocomposites with
1%, 2%, 3%, 5%, and 20% GO loading in the PVA matrix had characteristic peaks at 19.90◦,
19.68◦, 19.54◦, 19.06◦, and 20.15◦ with d-spacing 0.45 nm, 0.45 nm, 0.45 nm, 0.47 nm, and
0.44 nm, respectively.
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Figure 2. XRD pattern of pristine (a) PVA and (b) GO.

Figure 3 depicts the XRD results of samples of 2% GO/PVA-based nanocomposite
thermal annealed for 1 h at different temperatures. Diffraction peaks of 2% GO/PVA
nanocomposite obtained at room temperature and thermally annealed samples at T = 40 ◦C,
T = 70 ◦C, and T = 110 ◦C are observed 2θ = 19.67◦, 19.43◦, 20.30◦, 19.67◦, respectively. In
the diffraction pattern, approximately 2θ ≈ 40◦ is observed for all samples. The observed
peaks are considered to be characteristic peaks for GO/PVA composites [23]. Around
2θ = 19◦ observable peaks are indexed by (100) and 2θ = 40◦ observed peaks by (111) Miller
indices. The characteristic peak of GO (2θ = 10.6◦) is unobserved here [24]. The absence of
the typical GO signal in the diffraction pattern of GO/PVA nanocomposite implies that
GO is distributed evenly due to dispersion within the PVA matrix. The low concentration
of GO is another factor contributing to the failure to see the characteristic peak associated
with GO [25]. The GO/PVA structure consists of a visually consistent arrangement of the
polymer matrix and GO layers in a 2D dimensional system.
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(T = 25 ◦C; T = 40 ◦C; T = 70 ◦C; T = 110 ◦C).

However, with the addition of GO to the PVA matrix, crystallization is observed in the
GO/PVA composite with a concentration of 2% at 25 ◦C, as can be seen in Figure 3. These
peaks exhibit PVA’s signature characteristics [26]. No additional peaks were observed in the
composite annealed at 40 ◦C, and the intensity of the main peak was reduced. This is caused
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by the interaction of the GO and polymer with the annealing temperature. The GO/PVA
composites diffraction pattern shows new peaks after thermal annealing at 70 ◦C. As a result
of increasing the mobility of PVA molecules with increasing temperature, chaotic movement
occurs and diffusion between layers occurs. Because of the softening of the polymer, the
spaces between these layers are filled, the polymer covers the GO nanoparticles better, and
oriented structures are formed. This is observed as the formation of additional peaks in
the diffraction pattern. These peaks belong to the different orientations of the crystallized
PVA structure. The observed peaks in the low angles are related to the PVA matrix. This
chaos increases with further temperature increases. The PVA polymer matrix melts at
110 ◦C, the water in the sample evaporates from within the composite, and the interactions
between the PVA hydroxyl (-OH) groups and the hydrogen bonds of the functional groups
that contain oxygen of GO weaken and break. This is to say that the disintegration of the
formed oriented structures takes place [27]. Furthermore, the distinctive peaks seen for
graphite (002) reflection planes are at approximately 2θ = 26◦. These peaks are observed
for all samples in Figure 3. This fact is related to the weakly observed characteristic peak of
the graphite, which was selected as the initial sample.

Figure 4 reflects the XRD results of pristine PVA and GO/PVA nanocomposites with
various concentrations (2%, 3%, and 20%) obtained at 25 ◦C. The results show that the
intensity of the peaks reduced as the amount of GO in the composite increased. Raising the
amount of GO in the composite may produce disorder in the polymer matrix and weaken
polymer chain packing, resulting in a decrease in the crystallinity of the nanocomposite;
in other words, GO may be related to the restacking tendency of GO nanofillers [13]. The
peaks detected at low angles in Figures 3 and 4 are attributed to the PVA matrix.
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Figure 4. XRD results at room temperature for different concentrations (2%, 3%, and 20%) of GO/PVA.

The characteristic peaks of the graphite are observed in the 2% concentrated GO/PVA
and 3% concentrated GO/PVA. It is assumed that at low concentrations of GO, the chemical
interactions between the particles are smaller because the distance between them is greater.
In this regard, the XRD pattern of the composite indicated slight peaks related to the initially
selected material (3% and 20% GO/PVA).

Williamson–Hall plots and the Debye–Sherer equation were utilized in the scientific lit-
erature to determine the crystallinity dimensions of GO/PVA composite materials [28–32].
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The crystal sizes of the 2%, 3%, and 20% GO/PVA obtained at room temperature were com-
pared in the present work, both from the obtained results at different temperatures for pure
PVA and from thermally annealed samples at different temperatures and by determining
their crystal sizes using the Debye–Sherer equation. Temperature and concentration-
dependent graphs have been drawn (Figure 5). Figure 5a depicts the variation of PVA
crystal sizes at different temperatures, Figure 5b shows the temperature dependence graph
of the crystal size of the thermally annealed samples for the 2% GO/PVA sample, and
Figure 5c illustrates the crystal size as concentration changes.
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Figure 5a shows that the crystallite size of pure PVA rose with increasing temperature
(70 ◦C) and reached its maximum value before decreasing (110 ◦C). This is because the
raising of the temperature enhances the mobility of PVA chains and promotes the formation
and growth of larger crystals. As the temperature rises within this range, the increased
thermal energy allows the polymer chains to move more freely, facilitating the alignment
and packing of PVA molecules into larger and more ordered crystalline structures. However,
around 110 ◦C, the crystal size of PVA starts to decrease. At higher temperatures, the
increased thermal energy can disrupt the stability of the PVA crystal lattice. The increased
mobility of the polymer chains may lead to more disorder and defects within the crystal
structure, causing a reduction in crystal size. Additionally, prolonged exposure to higher
temperatures can result in thermal degradation of PVA, which can further contribute to the
decrease in crystal size. In Figure 5b, we observe that the size of the crystallites increases
with the increase in the percentage of GO in the PVA content of the 2% GO/PVA composite
material. This effect can be attributed to the principles of thermodynamics and kinetic
processes occurring within the crystal structure. When a GO/PVA nanocomposite material
is heated, the kinetic energy of its atoms or molecules increases. This higher energy state
enables greater atomic mobility within the material. In the case of a crystalline material,
this increased atomic mobility allows atoms to move more freely within the crystalline
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lattice. The atomic mobility within the lattice facilitates the process of crystal growth. As
atoms move, they can attach to the existing crystal lattice, causing the crystal to grow
in size. At higher temperatures, the increased mobility of atoms accelerates the rate at
which new units are incorporated into the crystal structure, resulting in larger crystal sizes.
Therefore, the crystallite sizes also increased with the increase in the amount of GO in
PVA. Figure 5c reflects the variation of crystallite sizes depending on the concentration
(2%, 3%, and 20%) of GO inside PVA for GO/PVA nanocomposite materials. The decrease
in crystal size of GO/PVA as concentration increases can be related to the interactions
between PVA and graphene, as well as the influence of GO on the crystallization process
of PVA. PVA is a polymer that can form crystalline structures when it solidifies from a
solution or melts. These crystalline structures are typically observed as regions of ordered
and aligned polymer chains. When GO is added to PVA, it can disrupt the formation
of large PVA crystals. GO sheets have a two-dimensional structure with a large surface
area. The presence of GO sheets can interfere with the mobility and arrangement of
PVA chains during the crystallization process. The GO sheets may act as barriers that
hinder the formation and growth of large PVA crystals. Furthermore, GO and PVA can
form intermolecular interactions, such as van der Waals forces, hydrogen bonding, or π-π
stacking interactions. Interfaces between functional groups on PVA chains and GO sheets
occur. The presence of GO and the associated interactions can alter the crystallization
kinetics and thermodynamics of PVA, leading to smaller crystal sizes.

3.2. TEM Analysis

TEM was used to identify the morphology of materials. For measurements, 1 mg of
the sample synthesized by modified Hummer methods was dispersed in 10 mL ethanol for
10 min by ultrasonic vibration and then dropped onto the surface of carbon-coated copper
grids. Figure 6 shows the TEM images of GO, 1% GO/PVA, and 5% GO/PVA. Figure 6a,b
shows the TEM image of pure GO. The translucent part has wrinkled GO layers. Some
of the foldable graphene oxide layers are represented by the comparatively dark color
area. The images show that graphene oxide is made up of thin and randomly added layers.
Figure 6b also belongs to pure GO and shows the smaller number of large particles of GO.
The figure demonstrates that GO has a characteristic translucent and flexible layer structure
with folds and creases on the outer parts. These thin layers between the large and thick
GO seem to connect them. Particles with a size of 200 nm and larger were observed during
TEM analysis.

TEM images of 1% GO/PVA and 5% GO/PVA composite are shown in Figure 6c,d,
respectively. The polymer present in these samples generated turbidity in the TEM study.
The analysis of these two samples reveals that the polymer stopped the sample from
delaminating. A TEM picture of the Figure 6d sample indicates that the graphene oxide
is distributed as flake-like shapes over the grid. This is because PVA is used. Figure 6d
shows the GO under the polymer layer. If you look closely, you can see the thin layers. The
tear of the polymer on the left side of the sample shows more clearly that the underlying
GO is in the form of a thin layer. However, at higher concentrations, the Van Der Waals
forces between the particles bind the GO layers more tightly and lead to the formation
of GO agglomerates. This fact is confirmed both in the XRD pattern and in the TEM
(Figure 6a,b) images.

3.3. Optical Properties

The optical characterization of GO/PVA composites with different concentrations was
studied by absorption spectrum using a UV-VIS spectrometer. The effect of changing the
mass amount (concentration) of GO in GO/PVA composites on the absorption spectrum of
these composites was investigated and these spectra are compared in Figure 7.
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Absorbance for samples decreases with increasing wavelength, which suggests an
indirect band gap. In an indirect band gap material, the absorption of light occurs through
a process involving phonon interactions, which require the transfer of both energy and
momentum. As the wavelength increases, the likelihood of phonon interactions decreases,
resulting in a decrease in absorbance. As is commonly known, PVA is up to 90% translucent.
The opacity of GO/PVA nanocomposites is controlled by varying the GO content. This is
caused by the formation of intermolecular hydrogen bonds between OH and additional
ions. Depending on the amount of GO in the GO/PVA composite, there are changes in
the structure of the composite, as well as a difference in the optical properties [33]. Optical
absorption increases with increasing GO concentration in nanocomposites, which can be
explained by two factors [13]:

1. The homogeneous dispersion of GO nanoparticles allows for efficient UV radiation
absorption, turning them to heat [13].

2. UV rays can be dispersed from the interface created by hydrogen bonding between
GO/PVA layers [13].

3. UV-VIS analysis for GO/PVA composites with different concentrations, as well as
optical methods to determine how the band gap value changes during temperature
changes in these composites. The Tauc technique was used to calculate the band
gap value.

αhν = β (hν − Eg)
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Figure 8 shows the Eg value obtained from an absorption spectrum of 3% GO/PVA [1].
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The Eg value of PVA and GO is 6.27 eV [35] and 2.2 eV [36], respectively. The conducted
measurements show that the Eg value of GO/PVA nanocomposites varies depending on
the concentration of GO. This dependence is presented in Table 1.

Table 1. Concentration dependence of the Eg of the GO/PVA composite with a concentration of 1, 2,
3, 5%.

Concentration (c, %) 1% GO/PVA 2% GO/PVA 3% GO/PVA 5% GO/PVA

Band gap value (Eg, eV) 2.65 eV 2.4 eV 2.6 eV 1.8 eV



ChemEngineering 2023, 7, 92 11 of 20

It is also known from the scientific literature that during the formation of composites
based on GO/PVA, polymer molecules enter between GO layers [27]. During this process,
both the structure of the composite and the size of the GO particles are affected. Thus, with
the increase in temperature, nanostructures with a large size grow by combining smaller
size particles with themselves.

GO/PVA nanocomposites with different concentrations were subjected to thermal
treatment, and UV-Vis spectra were studied. Table 2 shows the variation of the Eg value for
GO/PVA materials with 2% concentration depending on thermal annealing.

Table 2. Dependence of the band gap on thermal annealing for GO/PVA composite with 2% concen-
tration.

Composite 25 ◦C 40 ◦C 70 ◦C 110 ◦C

2% GO/PVA 2.40 eV 2.35 eV 2.30 eV 2.20 eV

As shown in Table 2, the band gap value diminishes when increasing thermal an-
nealing temperature. The cause for this is that the polymer’s mobility increases as the
temperature of thermal annealing rises, making aggregation processes easier. As a result,
the size of the particles increases. As a result, the band gap value decreases.

The influence of concentration on optical characteristics was investigated in scientific
research by plotting the percentage of GO in the chitosan-GO composite material as a
function of the Eg value [37]. Figure 9 depicts the concentration and band gap value
dependence of GO/PVA nanocomposite material.
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As seen in Figure 9, Eg decreased, then increased, and then decreased with increasing
concentration. This change depends on several factors. These factors depend on the
composition of the GO/PVA nanocomposite material, the interaction and bonding of the
GO and PVA polymer matrix, the changes in the structure depending on the amount
of concentration, and the defects present in the structure. First of all, depending on the
percentage of GO in the PVA polymer matrix, changes can occur in the electronic properties
of the composite material. At the same time, bonding and electronic configurations alter the
band structure and subsequently affect the Eg value. The arrangement and orientation of
GO sheets or layers within the PVA matrix can influence the electronic properties, including
the band gap. Different levels of defects at varying concentrations of GO could contribute
to the observed variations in the band gap values.

3.4. Electrical Properties

Dependence of the dielectric constant of 1% (a), 2% (b), 3% (c), 5%(d), and 20% (e)
concentrated GO/PVA composite on the logarithmic value of electric field frequency and
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the frequency dependence of the specific resistance of the GO/PVA nanocomposite with
different concentrations of GO. Figures 10 and 11 illustrate temperature measurements at
various temperatures.

1 − T = 25 ◦C; 2 − T = 40 ◦C; 3 − T = 70 ◦C; 4 − T = 110 ◦C.

Figure 10a–e shows the dependence of the dielectric constant of the GO/PVA compos-
ite with a concentration of 1, 2, 3, 5%, and 20% on the logarithmic value of the frequency
of the electric field at different measurement temperatures. During the dielectric measure-
ments, different concentrated composites were heated to certain temperatures (T = 25 ◦C;
T = 40 ◦C; T = 70 ◦C; T = 110 ◦C) and measured. The mentioned temperatures indicated the
measurement temperature during the analysis, not the temperature of thermal annealing.
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Figure 10. Dependence of the dielectric constant of 1% (a), 2% (b), 3% (c), 5% (d), and 20% (e)
concentrated GO/PVA composite on the logarithmic value of electric field frequency at various
temperatures.

The value of the log of electric field frequency of dielectric constant of GO/PVA
composite with 1% concentration at various measurement temperatures (24 ◦C, 40 ◦C,
70 ◦C, and 110 ◦C) dependence is demonstrated in Figure 10a. The dielectric constant is
the greatest at high temperatures, as can be observed from the results. With decreasing
temperature, the value of the dielectric constant decreases as a rule. The decreases are also
paid for by other concentrations (2%, 3%, 5%, and 20%). This is because during the increase
in temperature during sample heating, the elasticity of the polymer chain increases, the
intermolecular bond weakens, and the orientation of dipoles in the matrix in the electric
field becomes easier due to low temperatures [38,39]. It may be related to the influence of
thermal vibrations and the reduction of charge carrier mobility. At higher temperatures,
thermal energy increases the amplitude of molecular vibrations in the GO/PVA. These
vibrations can disrupt the alignment of dipoles within the composite, leading to a higher
dielectric constant. As the temperature decreases, the thermal energy decreases, resulting
in reduced vibrational motion and a corresponding decrease in the dielectric constant. At
higher temperatures, thermal energy can increase the mobility of charge carriers, leading
to enhanced polarization effects and a higher dielectric constant. As the temperature
decreases, the mobility of charge carriers decreases, reducing the overall dielectric constant.
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As can be seen from the graphs, the largest values of the dielectric constant correspond
to the low frequencies of the electric field. It also has enough time for the dipoles to rotate
in the direction of the electric field at small values of the frequency of the electric field, but
with the increase of the frequency, the dipoles cannot follow the polarization [39,40]. As a
result, the value of the dielectric constant is naturally lower.

At room temperature, the dielectric constant had the least value; however, when
the temperature increased, the dielectric constant value grew as a rule. PVA is a polar
polymer. The mobility of polar molecules increased under the impact of temperature,
which enhanced polarization and raised the dielectric constant’s value. Because of the
temperature, Brownian motion cannot produce chaos due to the strength of the electric field.

The specific resistance of composites diminishes with rising temperatures, as shown
in Figure 11. As the GO content in the samples rises, the specific resistance decreases. This
is due to GO being more conductive than PVA. As in dielectric measurements, also, here,
the mentioned temperature is the measurement temperature, not the thermal annealing
temperature.

As a result, it can be summarized that annealing at elevated temperatures can facilitate
the reduction of functional groups of GO, resulting in increased electrical conductivity and
a decrease in specific resistance. At the same time, the temperature influence caused by
structural reorganization within the GO/PVA composite can result in greater alignment
and connection of the GO sheets, which optimizes charge pathways and reduces resistance.
As a result of the reduction of defects enhances charge carrier mobility and conductivity,
resulting in a decrease in specific resistance.

3.5. EDS Analysis

EDS investigations of 1% GO/PVA and 5% GO/PVA nanocomposites were performed
to study the dispersion of GO in the PVA matrix at varying mass percentages. Figure 12
depicts the samples’ EDS spectra and element mapping.
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The elemental analysis of 1% GO/PVA nanocomposites is shown in Figure 12a. Carbon
has an atomic percentage of 65.06% and oxygen has an atomic percentage of 34.94%. The
elemental analysis of 5% GO/PVA nanocomposites is shown in Figure 12b. Carbon has an
atomic percentage of 65.48% and oxygen has an atomic percentage of 34.52%. Based on
the results, no further elements were found. As can be seen, both samples are chemically
clean. Because of the high percentage amount of GO added to the PVA matrix, the atomic
percentage amount of carbon elements in 5% GO/PVA nanocomposite is relatively higher
than the atomic percentage amount of carbon elements in 1% GO/PVA nanocomposite.

Elemental mapping of 1% GO/PVA nanocomposite (Figure 12c) and 5% GO/PVA
nanocomposite (Figure 12d) reveals that C and O elements are uniformly distributed on
the PVA polymer matrix’s surface.

3.6. DSC and TGA Analysis

The thermal resistance of the produced polymer composite films was examined utiliz-
ing DSC and TGA. Representative DSC thermograms and TGA curves are demonstrated in
Figure 13.
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Figure 13a shows the DSC thermograms of the pristine PVA polymer matrix. A very
weak signal in the given spectrum detected at low temperatures (−30 ◦C) and not regarded
as significant represents the dehydration process and is related to the amorphous section
of the structure [41]. The glass transition temperature Tg, melting temperature Tm, and
degradation temperature Td were marked on the DSC curve of pure PVA and compared to
scientific literature.

The DSC graph demonstrates that the Tg temperature for pure PVA is around 90 ◦C [42].
This temperature seems sharper and extends the temperature range of 80–100 ◦C for 1%
GO/PVA nanocomposite (Figure 13b). The intensity of the curve recorded in this tempera-
ture interval was weakened in the case of a 2% GO/PVA nanocomposite (Figure 13c). It is
substantially smaller in the region of 100 ◦C for 3% GO/PVA nanocomposite (Figure 13d) as
temperature increases. The images show that the strength of this peak is further diminished
and disappears in the background of the intensity of the other peaks for the 5% and 20%
GO/PVA samples (Figure 13e,f).

The melting temperature Tm is observed around the area of 180–200 ◦C for pristine
PVA, which corresponds to the temperature indicated in the literature [43]. This temper-
ature range widened to cover the intervals 180–210 ◦C in the 1% GO/PVA sample. The
temperature remained constant in the 2% GO/PVA nanocomposite, but the intensity was
reduced. This temperature shifted to a considerably greater temperature range (190–220 ◦C)
in the case of 3% GO/PVA nanocomposite, and its intensity became weaker. This peak
is expected to be at 200 ◦C in 5% GO/PVA. This temperature changed to greater angles
in 20% GO/PVA and was detected in the 200–230 ◦C range. Based on the results, a rise
in Tm temperature was determined when the percentage of GO in PVA increased. This is
because of the intense interaction of the polymer matrix with the GO molecules [44–47].
PVA crystallization and chain mobility can be enhanced by GO’s high surface-to-volume
ratio and surface energy [48].

A strong peak is found in the pure PVA polymer matrix in the range of 420–430 ◦C,
which matches to the Td temperature. According to the literature, the Td temperature
of pure PVA is 300–450 ◦C [49]. The Td temperature in the 1% GO/PVA sample was
determined to be between 420 ◦C and 430 ◦C. However, at this point, the strongly noted
peak’s strength reduced and took the shape of scissors. This peak is observed at the
same temperature in 2% GO/PVA nanocomposite and has a reasonably challenging peak.
This temperature is also seen in a 3% GO/PVA nanocomposite at 420–440 ◦C. The afore-
mentioned scissor peak is reasonably crossed. The Td temperature in a 5% GO/PVA
nanocomposite is discovered to be in the range of 450–480 ◦C, with non-sharp absorption.
Td temperature was measured in the same interval in the 20% GO/PVA sample. These
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peaks, however, do not appear sharply at large concentrations. The increase in all relevant
temperatures with the increase in filler implies that they have better thermal stability. This
is due to increased intermolecular interaction between GO and the PVA polymer matrix.

The TGA curve of the pure PVA is shown in another part of Figure 13a. The pure PVA
polymer matrix degrades in two distinct steps. Step I (275–470 ◦C) demonstrated water
evaporation from the film (weight loss of 87.61%). Step II (470–609 ◦C) resulted in a weight
loss of 6.89% because of PVA dehydration followed by the growth of polyene structures.
The residual weight of 4.91% at 646.7 ◦C demonstrates that polyene structures were then
transformed into low-molecular-weight molecules [50–52].

Table 3 demonstrates the beginning and end temperatures of the PVA polymer matrix
breakdown processes and different fractions of the GO/PVA nanocomposite.

Table 3. Initial and final temperatures of the degradation step of PVA and different percentages of
GO/PVA composite material.

Samples

Temperatures ( ◦C)

Tı (Initial)–Tı
(Final)

Tıı (Initial)–Tıı
(Final)

Tııı
(Initial)–Tııı

(Final)

Tıv (Initial)–Tıv
(Final)

PVA 275–470 470–609 - -

1% GO/PVA 318–382 402–500 502–625 -

2% GO/PVA 280–418 425–495 499–640 -

3% GO/PVA 295–420 425–480 480–620

5% GO/PVA 342–396 400–420 422–496 505–597

20% GO/PVA 184–219 380–388 480–511 542–608

A nanocomposite material was produced using varying ratios of GO and PVA. The
TGA curve of 1% GO/PVA composite is shown in Figure 13b. The degradation in this
case included three steps. Step I mass loss was 48.9% at 318–382 ◦C. Mass loss was 40.08%
at Step II 402–500 ◦C. At 502–625 ◦C, mass loss is 9.55% in step III. The residual mass
was 4.44%.

The TGA curve of a 2% GO/PVA composite is illustrated in Figure 13c. Degradation
was also divided into three steps. In step I, mass loss was 59.18% at temperatures ranging
from 280 to 418 ◦C. Step II mass loss was 26.47% at 425–495 ◦C. Step III mass loss was 6.37%
at temperatures ranging from 499 to 640 ◦C. The residual mass was 5.51%.

The TGA curve of a 3% GO/PVA composite is shown in Figure 13d. This sample was
degraded in three steps. The mass loss in Step I (295–420 ◦C) was 63.26%, and the mass
loss in Step II (425–480 ◦C) was 19.48%. At 480–620 ◦C, 6.34% of the mass was lost in Step
III. The residual mass was 9.48%.

The TGA analysis of 5% GO/PVA nanocomposite materials is shown in Figure 13e. The
sample has degraded in four steps here as well. 20.85% mass loss occurred at 342–396 ◦C
in Step I, 5.30% at 400–420 ◦C interval in Step II, 14.74% at 422–496 ◦C, and 4.26% at
505–597 ◦C interval in Step IV. The residual mass was 52.70%.

The TGA analysis of a 20% GO/PVA composite is presented in Figure 13f. The
degradation process is also divided into four steps. Step I 184–219 ◦C mass loss was 0.44%,
while Step II 380–388 ◦C mass loss was 8.91%. Step III resulted in a 3.90% mass loss at
480–511 ◦C, and Step IV resulted in a 3.56% mass loss at 542–608 ◦C. The residual mass
was 22.28%.

The results showed that the samples lost mass after passing through multiple deterio-
ration phases at a temperature of 600 ◦C.
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4. Discussion

After thermal annealing, the crystal structure of the GO/PVA composite changes. This
is related to the changing of the temperature and, due to this reason, the modification of
the interaction. With the raising of the thermal annealing temperature, the crystallinity of
the PVA polymer matrix becomes the doublet gradually shifts to a higher Bragg angle and
indicating the perfection of the PVA crystal structure. In the XRD pattern, the angles shifted
toward greater Bragg angles as the amount of GO in PVA increased. With the increase of the
GO percentage in the PVA matrix, the intensity of the XRD peaks has decreased. Eg value
varies with changes in the annealing temperature and particle concentration. This is related
to the process of nanoparticle coalescence in the matrix, as well as the interaction between
GO and PVA. Thus, due to the influence of the temperature, the mobility of particles
in the matrix increases, and the probability of their collision and coalescence increases.
As a result, the size of the particles grows, and as a result of the quantum size effect, a
diminish in the Eg value is determined. Increased particle concentration in the matrix
reduces the distance between particles and enhances the probability of interaction between
them. Therefore, with the increase in concentration, coalescence processes are accelerated,
and larger particles are formed, which results in a decrease in the Eg value. The possibility
of controlling the dielectric constant and specific resistance of the GO particles in the
composite by changing the concentration and heating temperature was determined. Based
on DSC thermograms, all relevant temperatures have been increased with the increase of
filler concentration (GO) implying that they have better thermal stability. This associated
increase of intermolecular interaction between GO and the PVA polymer matrix.
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