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Abstract

Nanocomposite films, based on polypyrrole (PPy) and polyethylene oxide (PEO),
which can be doped with silver nitrate (AgNOs) nanoparticles, were synthesized
using pyrolysis spray technique at room temperature. The systematic study of
optical and electrical properties of the prepared films was performed depending on
dopant concentration (0, 3, 6, 9 and 12 wt. %). At about 400 nm, the UV-Vis
spectrometer exhibits a noticeable absorption peak. Higher concentrations of
AgNO:s intensify the peak, especially in the sample containing 12% AgNOs. Hall
measurements were used to establish the type, concentration of charge carriers,
and Hall mobility (un). The results showed that the nanocomposite films had a
negative Hall coefficient (n-type) prior to the addition of AgNO3 nanoparticles.
The polymer mix films exhibit (p-type) conductivity with a positive Hall
coefficient at all AgNO; nanoparticle concentrations. In D.C. studies, electrical
resistance decreases as temperature rises, but the nanocomposite film's D.C.
conductivity rises as AgNOj3 nanoparticle concentrations rise. Across all produced
samples, alternating electrical conductivity (ca.) increases as frequency increases.
At low frequencies, the alternating electrical conductivity doesn't change.
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1. Introduction

Polymers have gained a lot of interest in both the industrial and scientific sectors
due to their distinctive chemical and physical characteristics, which make them essential
parts of a wide range of technological applications [1, 2]. Their electrical conductivity,
mechanical strength, optical efficiency, and thermal stability are all significantly
influenced by their molecular structure and synthesis conditions. In recent years, a lot of
attention has been paid to the optical properties of polymer composites, especially for the
production of photoelectric and energy storage devices such light-emitting displays,
organic solar cells, and supercapacitors [3]. Polymer nanocomposites stand out in this
setting, since they combine the optical and electrical advantages of inorganic materials
with the flexibility and processability of polymers. These composites improve qualities
including light absorption, transparency, and refractive index, which makes them ideal
for cutting-edge optical and electronic systems [4].

Conducting polymers (CPs) have garnered significant interest in materials
research in recent decades due to their unique mix of metal-like electrical properties. One
of the numerous CPs, polypyrrole (PPy), has garnered a lot of attention because to its ease
of synthesis, high conductivity, exceptional environmental stability, and
biocompatibility. Because of these characteristics, PPy is a viable option for a variety of
applications, such as biomedical sensors, electronics, optical devices, actuators, antistatic
coatings, and medical devices [5, 6]. However, pure PPy's intrinsic brittleness and poor
solubility in common solvents frequently restrict its processability and usefulness [7, 8].
Combining PPy with other polymers has emerged as an acceptable way to overcome these
difficulties. since of its hydrophilic nature and semi-crystalline structure, poly(ethylene
oxide) (PEO) is an excellent selection for these blends because the material has high
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solubility in water and organic solvents as well as notable thermal and chemical stability
[9, 10]. The stiffness of PPy can be offset by PEO's flexibility and film-forming properties
to create a composite material with better mechanical and processability properties.
Combining these two polymers can result in a synergistic approach to creating new
functional materials [4, 11]. It is a preferred choice for polymer electrolytes and
optoelectronic devices due to its exceptional ionic conductivity in the amorphous state
and compatibility with metal ions. Nevertheless, restrictions like a broad bandgap and
low ionic conductivity continue to be problems, which motivate continuous attempts to
improve its qualities by adding other additives, such as plasticizers and nanoparticles [12].

Moreover, dopants can be added to polymer mixtures to alter their intrinsic optical
and electrical characteristics. This doping process greatly improves the conductivity of
the polymer structure by introducing charge carriers. Metallic nanoparticles have shown
themselves to be very successful dopants in this situation. Silver nitrate (AgNO3) is added
to polymer matrices to further improve their functionality [13, 14]. Because of their
unique optical characteristics and exceptional electrical conductivity, which are ascribed
to the localized surface plasmon resonance (LSPR), silver nanoparticles (Ag NPs) have
attracted a lot of attention. Ag NPs can dramatically alter the material's electrical and
optical properties when incorporated into a polymer matrix, opening the door for novel
applications [15, 16].

The primary objectives of this study were to create and examine a PPy:PEO blend
doped with AgNOs; nanoparticles. The main objective was to comprehend how the
addition of AgNOs nanoparticles to the PPy:PEO matrix affected the blend's optical and
electrical characteristics. By carefully examining these characteristics, our study aims to
provide significant insight into the structure-property correlations of these complex
nanocomposite materials, potentially paving the way for their application in
optoelectronic devices and other cutting-edge technologies.

2. Experimental Work

In order to create consistent and superior hybrid nanocomposite films, a number
of meticulously regulated procedures were used in this work to prepare glass substrates,
polymer dispersions, and nanomaterials. First, 1 mm thick glass slides were cut to 2.5 x
2.5 cm in order to be used as substrates for the deposition of PPy:PEO films containing
AgNO:s at different concentrations. To get rid of dust, oil, and other surface contaminants,
the slides were carefully washed with soap and water. To further enhance surface
cleanliness, this cleaning procedure was repeated with pure alcohol rather than distilled
water. To avoid scratches and maintain a smooth surface, the slides were dried in a single
vertical orientation after cleaning. Polymer solutions were created once the substrate was
prepared. To guarantee a uniform dispersion, 0.1 g of PPy was dissolved in 100 mL of
distilled water and magnetically agitated for two hours at 60°C. Similarly, to create a
homogenous solution, 1 g of PEO was dissolved in 100 mL of distilled water and swirled
under the same circumstances. 2.5 g of AgNO3 were dissolved in 100 mL of distilled
water to create the AgNOj3 solution. To guarantee efficient dispersion of the nanoparticles,
the mixture was vigorously agitated for two hours at 27 °C using a high-speed magnetic
stirrer.

Once the individual solutions were ready, a 50:50 blend of PPy and PEO was
prepared by combining equal volumes of each solution and stirring them at 27 °C for 20
minutes to form a homogeneous polymer blend matrix. Various concentrations of AgNO;
nanoparticles (0, 3, 6, 9, and 12%) were then added to the polymer blend, and each
formulation was stirred for an additional 60 minutes to ensure proper mixing and
nanoparticle dispersion. These final mixtures were subsequently used to fabricate
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nanocomposite films by a pyrolysis spray technique, which was employed to produce
nanocomposite films from a blend of PPy and PEO, including varying proportions of
AgNOs nanoparticles. The solutions were atomized following redispersion with an
ultrasonicator, with each deposition procedure lasting 60 minutes at 90 °C, incorporating
intermittent spraying for 5 seconds and pauses of 15 seconds. Subsequently, the slides
were covered in glass to avert contamination and were left in the laboratory. To guarantee
complete drying and obtain homogeneous nanocomposite films. The mean thickness of
the created thin film was 1584 nm.

Tablel: Chemical substances and their origins.

Polypyrrole

Chemical formula [C4sH5N]n
Appearance Black powder
Molecular weight (g/mole) 67.09

Company AIFA-Chemistry
polyethylene Oxide

Chemical formula H-[O—CH,—CH,]-O
Appearance Wight powder
Molecular weight (g/mole) 10000%(300)

Purity 98%

Company CDM-Chemistry
Silver Nitrate

Chemical formula AgNO;

Appearance Colorless to white crystals
Molecular weight (g/mole) 169.873

Purity 99%

Company Merck

3. Results and Discussion
3.1. X-Ray Diffraction (XRD) Analysis

The XRD patterns of PPy:PEO blended and PPy:PEO/AgNO3 nanocomposite films
with different in dopant concentrations are shown in Fig. 1. For the pure PPy:PEO blend,
there is a broad peak at ~20 = 18.85° (the most intense) and a second less intense peak at
~23°, indicating that polymer matrix is partially crystalline, while PPy has low
crystallinity. A low intensity peak at 26.5°, related to structural ordering in the polymer
backbone, is also detected.

The XRD pattern of PPY: PEO after composing with 3% AgNO; reveals new
complementary peaks at 19.01°, 23.24°, 27.62°, 32.10°, 38.07°, 44.46°, and 46.4356°.
The peak of diffraction of polypyrrole was seen with a 20 value of 19.1°. Regarding
polypyrrole in the scientific literature. It is noted that the diffraction peak is at 26 = 23.24°.
This peak also appeared at concentrations 6, 9, and 12% of AgNOs, which is identical to
reported values for PPy (JCPDS No. 00-001-1041). PPy also shows a broad diffraction
peak at about 20 = 27.62°. It displays the diffraction peaks at Bragg angles of 26 = 32.10°,
corresponding to the crystallite plane (-111), which was following the JCPDS No. 01-
084-1547. The diffraction peak is observed at 20 =~ 38.07° corresponding to the crystallite
plane (011). The peak of diffraction is detected at 20 ~ 44.46° corresponding to the
crystallite plane (012). This peak also appeared at concentrations 6, 9, and 12% of AgNO3,
which was following the JCPDS No. 00-043-1038. In addition, the peak of diffract is
observed at 20 = 46.435° corresponding to the crystallite plane (211). This peak also
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appeared at concentrations 12% of AgNO3, which was following the JCPDS No. 01-076-
1393.

The XRD pattern of PPy:PEO blend after composing with 6wt.% AgNOs; shows
new peaks at 23.82°, 31.65°, 38.02°, and 44.20°. The diffraction peak appears at 20 =
31.65°, corresponding to the (- 111) crystallite plane, which matches JCPDS No. 01-084-
1547. The XRD pattern of the PPy:PEO blend after adding 9% AgNOs shows new peaks
at 12.59° and 20.46°, while PEO also shows a peak at approximately 20 = 20.4624°,
indicating the semi-crystalline nature of the polymer. Based on standard card No. 01-084-
1547, a new peak at 20 = 31.6352° in Fig. 1 matches the (-111) crystallite Silver oxides
were formed by mixing AgNOs into a blend of the conducting polymers PPy and
PEO.</sent AgNO; was used to make Ag® ions, which were partially converted into
metallic silver nanoparticles by the structure of polypyrrole Later, when exposed to
oxygen in the solution or during the process, the metallic silver formed silver oxides, such
as Ag-0 and AgO, via known oxidation reactions. By coordinating its ether oxygen atoms
to Ag" ions, the PEO component stabilized the mixture, ensuring uniform dispersion of
silver species and preventing agglomeration. As a result, a consistent PPy/PEO/AgO
nanocomposite was created, with the silver oxides spread evenly in the polymer, giving
it special optical and electrical features. This method for preparing silver oxide from
AgNO:s in polymer matrices aligns with previous studies on Ag—polymer mixtures [17,
18]. However, the peaks in the diffraction pattern are observed at angles of about 64.39°
and 77.22°, which correspond to specific reference numbers and relate to certain crystal
structures. These peaks were also observed at 12 wt.% AgNOs concentrations. Crystallite
size was estimated using Scherrer’s equation, whereas interplanar spacing was calculated
based on Bragg’s law. The results indicate that as the amount of AgNOs increased,
crystallinity increased, and the sample with 12 wt.% had the highest crystallinity,
indicating a better structure and less strain. All these results show that adding AgNO;
changes the structure of the PPy:PEO matrix, making it more organised and creating a
nanocomposite phase that can be used in optoelectronic or sensing applications.
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Figure 1: XRD of polymeric nanocomposite films after adding AgNO:s: (A) 0%, (C1) 3%, (C3)
6%, (C3) 9% and (Cy12%.
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3.2. Optical Properties
- Absorbance (A)

UV-Visible, or ultraviolet-visible by examining how materials interact with
electromagnetic radiation in the visible and ultraviolet spectrums, spectroscopy is a potent
tool for characterizing materials, particularly polymers and nanocomposites. When
several materials are mixed to create new nanocomposite films, this method offers
important insights into the material's electronic structure, electronic transitions, and
changes in these characteristics. With a minor rise in absorbance in the ultraviolet area
(below 400 nm), the base blend's curve in Fig. 2 (black line) displays relatively low
absorbance across the visible and near-infrared range (about 400—1100 nm). The n-r*
electronic transitions in the aromatic pyrrole rings of the PPy backbone are mainly
responsible for this band. Given that PEO absorbs poorly in this range, this behavior is
expected [19], while PPy contributes higher absorbance, especially in the visible region
[20]. transparent in this range.

A strong absorption peak at about 400 nm, and this peak gets stronger as the
amount of silver nitrate increases, especially in the sample with 12% AgNOs. This effect
is particularly prominent in the UV region. With an increase addition of AgNOs3, a new
absorption peak begins to emerge as a "shoulder" in the wavelength range of 400-500 nm.
This peak is characteristic of the Surface Plasmon Resonance of Ag NPs formed within
the polymer matrix. This formation occurs due to the reduction of silver ions (Ag") by the
polymer blend components, especially PPy. This behavior occur which happens when
free electrons on process results in significant light absorption at specific wavelengths,
typically between 390 and 420 nm for Ag NPs. The absorption is significantly affected
by particle size, buffer media, and chemical environment. As the concentration of AgNO3
increases, the stronger absorption peak shows that more Ag NPs are being made in the
prepared nanocomposite films, which leads to more plasmon resonance sites. The
increase in absorbance intensity with higher AgNOs; content indicates a greater number
of silver nanoparticles being formed within the blend. This observation is consistent with
the sabsorbing species [22]. A slight change in the peak position or shape may indicate a
difference in the size of the nanoparticles or how they clump together [23]. On the other
hand, samples with lower amounts of AgNO3 show a weak or unclear absorption peak,
suggesting that there aren't enough nanoparticles produced to create a strong plasmonic
response.
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Figure 2: UV-VIS absorbance of PPy:PEO blend and their nanocomposite films with varying
amounts of AgNO;s (3, 6, 9 and 12 wt.%).
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- Transmission (Tr)

The optical transmittance spectra of the PPy:PEO blend and its nanocomposite
films doped with different concentrations of AgNO3 are shown in Fig. 3. The pure
polymer blend shows a moderate transmittance in the range of 0.45—0.50, suggesting
that the matrix is not fully transparent. A gradual decrease of the optical transmittance
over the entire given wavelength range can be noticed with increasing AgNO3
concentration. This is because of the enhancement of light absorption and scattering
by Ag NPs due to LSPR effect especially at length wavelengths. At a low dopant
value (3 wt.%), more light passes through the nanocomposite film due to the fact that
nanoparticles are uniformly dispersed in a polymer. However, at higher
concentrations (6—12 wt.%) low transmittance (<4%) and further reductions in
transmittance are observed for even lower transmitted %T values. These results are
in agreement with prior investigations in which the optical transmittance of polymer
nanocomposites was strongly correlated with nanoparticle concentration, film
thickness and structural homogeneity [24, 25].
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Figure 3: Transmission of PPy:PEQ blends and their nanocomposite films with varying
amounts of AgNO;s (3, 6, 9 and 12 wt.%).

- Refractive Index (n)

Fig. 4 shows the relationship between the refractive index and wavelength for
samples of the polymer blend reinforced with different percentages of AgNOs. It is
observed that the refractive index of all nanocomposite films is high at short wavelengths
(300400 nm) and gradually decreases with increasing wavelength, a typical behavior for
insulating or semiconducting materials due to reduced electron scattering with increasing
light energy. The data show that adding AgNOs greatly affects the optical properties: the
refractive index decreases at a 3% weight concentration compared to the polymer blend
film, but it slowly increases at higher concentrations (9 and 12% weight). This change
occurs because Ag NPs form within the polymer blend, boosting SPR and altering the
material's response to light. These results confirm that controlling the amount of AgNO:
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used and its placement is important for altering the optical properties of nano-supported
polymeric materials [28].
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Figure 4: The correlation between refractive index and wavelength of light for PPy:PEO
blend nanocomposites with varying concentrations of AgNO; (0, 3, 6, 9, and 12wt. %).

3.2. Electrical properties
- Hall Effect Measurement

The Hall coefficient (Rn), carrier type, charge carrier concentration (Nn), and hole
transfer (un) are assessed via Hall measurements performed at the Scientific Research
Commission. Table 2 presents the variations in pn, Nu, and Ruy with varying
concentrations of AgNOs in PPy:PEO polymer blends to prepare nanocomposite films
incorporating varying amounts of AgNOs NPs. The pure PPy:PEO blend film exhibits a
negative Hall coefficient (Ry = -2.544 x 107 ¢m?®/C). This feature indicates that the
majority charge carriers in an n-type semiconductor are electrons. While PPy is typically
a p-type conducting polymer, the n-type behavior in the polymer blend could be attributed
to specific synthesis conditions, the influence of the PEO matrix, or unintentional
dedoping after polymer mixing. A significant change occurs when AgNO:s is added. The
Hall coefficient becomes positive for all concentrations. This n-type-to-p-type transition
is a crucial finding. It confirms that holes have become the dominant charge carriers. This
was because PPy acts as a reducing agent for Ag* ions, and in the process, the PPy chains
become oxidized. This oxidation creates positive charge carriers (polarons and
bipolarons) along the polymer blend backbone, which function as mobile holes [29, 30].
The carrier's concentration is calculated from the Hall coefficient using the Eq. (1), where
e is the elementary charge [31].

1
Ny = 1
H SR (1)

The carrier concentration increases steadily with increasing AgNOs content, rising
from 2.453 x 10'' cm™ in the pure polymer blend to 6.810 x 10'! cm™ at 12wt.% of
AgNO:s. This increase directly correlates with the previously observed enhancement in
electrical conductivity. The formation of Ag NPs via the oxidation of PPy inherently
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generates more charge carriers (holes). Therefore, the primary reason for the enhanced
conductivity is the significant increase in the population of available charge carriers [32].

Carrier mobility, a measure of how easily charge carriers move through the
material, is calculated as Eq. (2), where o is the DC conductivity [33]:

uy = |Rylo (2)

The mobility displays a more complex, non-monotonic behavior. It drops sharply
at 3wt.% of AgNO:s, then progressively increases with concentration from 6 to 12 wt.%.
The initial introduction of a small amount of Ag NPs (3wt.%) can induce structural
disorder. These nanoparticles can act as scattering centers, impeding the movement of
charge carriers until an effective conductive network forms. This increased scattering
reduces mobility. As the Ag NP concentration increases from 6 to 12 wt.%, the particles
become closer and begin to form an interconnected conductive network. This network
provides "bridges" for charge carriers to hop between polymer chains more easily,
reducing the energy barriers and increasing the mean free path. This improvement in the
film's morphology and connectivity enhances charge-carrier mobility. The increase in
mobility at higher concentrations, along with the increased carrier concentration,
contributes to the overall rise in conductivity.

Table 2: The variation values of un, Nu, and Ry with concentrations of AgNOs NPs in
PPy:PEO polymer blend to prepare nanocomposite films.

PPy:PEO/ AgNOs; wt.% | Type | Ru (cm?/v.sec) Nu (em?) Ry (cm?%/c)
0 n 2.551x 10? 2.453x 10" -2.544x 107
3 p 9.440x 10! 1.170 x 10" 5.334x 107
6 p 3.910 x 10? 5.040 x 10'° 1.239x 10®
9 p 2.990 x 10? 6.062 x 10"! 1.030x 107
12 p 8.453 x 10? 6.810 x 10" 9.166x 10°

- D.C Electrical Conductivity (cd.c)

Fig. 5 illustrates the variation in DC electrical conductivity (c4.c) for the PPy:PEO
polymer blend films as a function of AgNO3 concentration, measured at 65 °C. The
conductivity initially increases significantly as the AgNO3 concentration is increased
from 0 to 9 wt.%. The value rises from approximately 1 x 107¢ S-cm™ for the pure blend
to a peak value of about 5.5 x 107°S- cm™ at 9wt.% AgNO3. After reaching this maximum
value at 9 wt.% AgNO:s, the conductivity begins to decrease as the concentration is further
increased to 12 wt. %, this behavior is characteristic of polymer nanocomposites, in which
a conductive filler is dispersed within an insulating or semiconducting polymer matrix.

As discussed earlier in the absorption spectrum, the addition of AgNO:s leads to
the in-situ formation of highly conductive Ag NPs within the PPy: PEO matrix. PPy acts
as a reducing agent for Ag" ions, creating metallic Ag NPs. When the concentration of
Ag NPs increases, the average distance between them decreases. This facilitates the
formation of a continuous network of conductive pathways throughout the polymer
matrix. The Ag NPs serve as "conducting bridges" that help charge carriers (like polarons
and bipolarons in PPy) move between the polymer chains. This procedure reduces the
energy barrier for charge transport, thereby enhancing conductivity.
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Figure 5: Variation in electrical conductivity (64.) at 65 °C with the concentration of AgNO3
in the polymeric blend.

At higher concentrations (beyond the optimal 9 wt.%), Ag NPs tend to
agglomerate or form large clusters due to their high surface energy. Instead of forming a
fine, well-distributed network, they form large, isolated aggregates. These large
agglomerates can act as "scattering centers" or "traps" for charge carriers, hindering their
mobility. They disrupt the continuity of the conductive network that was formed at lower
concentrations, effectively increasing the material's resistance and decreasing its
conductivity. Paradoxically, the formation of large clusters can increase the effective
distance that charge carriers must travel between clusters, making charge hopping less
efficient compared to a well-dispersed network of smaller particles [34].

- A.C Electrical Conductivity (ca.c)

Fig. 6 displays the relationship between the logarithm of AC conductivity (Ln o)
and the logarithm of angular frequency (Ln ®) for the PPy:PEO polymer blend and its
nanocomposite films doped with different concentrations of AgNOs3 (3, 6,9, and 12wt.%).
This type of plot is crucial for understanding charge-transport mechanisms in the material.
The graph clearly shows that for all the films (both the pure polymer blend and the ones
with added AgNO3), the AC conductivity (ca.c) goes up as the frequency goes up. This
behaviour is a characteristic feature of disordered and amorphous materials, including
conductive polymers.

The conductivity behavior across the frequency spectrum can be divided into two
main regions: first, the low-frequency region (Plateau Region). At lower frequencies, the
conductivity is nearly independent of frequency and approaches the DC conductivity.
This conductivity is due to the long-range movement of charge carriers through the
material's established percolation paths. Second, High-Frequency Region (Dispersion
Region): In this region, the conductivity shows a strong, near-linear dependence on
frequency. This behavior was due to short-range, localized charge carrier motion, such as
hopping between adjacent localized sites. At high frequencies, the electric field changes
rapidly, enabling charge carriers to hop between nearby sites, thereby contributing
significantly to the overall conductivity [35].
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It is evident from the graph in Fig. 6 that the overall AC conductivity at any given
frequency increases with the addition of AgNO3, with the highest conductivity values
observed for the 9 and 12 wt.% concentrations. This observation is in excellent agreement
with the previous DC conductivity and Hall effect results. The incorporation of Ag NPs
enhances conductivity by increasing the carrier concentration, providing more charge
carriers to participate in conduction at all frequencies.

Also, the Ag NPs create pathways that help move charges over long distances
(which boosts 64.c) and allow charges to jump between the polymer blend chains and
nanoparticles over shorter distances (which increases the frequency-dependent
conductivity). The higher amounts (9 and 12 wt.%) exhibit the best conductivity because
they have a more extensive and interconnected network of Ag NPs, which improves both
types of charge transport.
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—— 9%AgNO3
-9 + 12%AgNO3
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Figure 6: The relation between Ln (w) and Ln(c) for polymeric nanocomposites (PPy:PEQ)
after doping with different concentrations of AgNO3.

4. Conclusions

The results of this study demonstrate that incorporating a PPy/PEO blend with
oxidized AgNOs nanoparticles significantly affects both their optical and electrical
properties. In terms of optical behavior, the UV-Vis spectra showed a clear absorption
peak around 400 nm, with its intensity enhancing as the dopant concentration increased,
reflecting improved optical responsiveness. A noticeable transition in charge carrier type
was observed from n-type to p-type as the concentration of AgNO3 increased, indicating
a shift in the conduction mechanism within the material. Electrical measurements
revealed that the DC resistance decreased with rising temperature, confirming
semiconductor-like behavior, while the AC conductivity increased notably at higher
frequencies. Overall, these findings suggest that incorporating AgNO3 nanoparticles into
polymer matrices offers a practical and efficient approach to tailor and enhance the
functional properties of conductive polymer films. This opens promising possibilities for
their application in advanced electronic devices, sensors, and optoelectronic systems.
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