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Abstract

Recently, studies on thin films have attracted increasing attention from scientists. Polyaniline thin films
(PANI), which are among the thin films, are preferred for various applications due to their electrical
conductivity, environmental stability, thermal stability and doping properties. PANI are used in many areas
including supercapacitors, sensors, electronic devices, drug delivery systems. In this study, monolayer,
five-layer, Ag-doped, and HCI-doped PANI thin films were synthesized by sol-gel method and coated on
glass substrate via spin coating technique. The chemical, electrical, and morphological properties of glass
substrates coated with polyaniline thin film were investigated. The effects of layer number and Ag addition
on the characteristics of the PANI thin films were evaluated. SEM analysis revealed that PANI thin films
possess a porous structure, and Ag doping improves surface homogeneity. SEM analysis proved that PANI
thin films have a porous structure and Ag doping improves the surface morphology. Current—voltage (I-V)
measurements were performed to determine the electrical properties of the films. The results showed that
the conductivity of the five-layer PANI thin film was 25.75 times higher than that of the monolayer film.
This finding suggests that Ag doping alters the charge transport mechanisms in PANI thin films and

warrants further investigation.
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1. Introduction

Polyaniline has been known for centuries and was first
reported in the literature as "aniline black" in 1835. In its
conductive form, it appears as a dark green powder and
can be doped to achieve higher electrical conductivity
[1]. Polyaniline (PANI), a member of the family of
electrically conductive polymers, is one of the most
remarkable conductive polymers due to its ease of
synthesis, low cost, high stability, and wide tunable
conductivity range upon doping [2]. In addition, PANI is
used in many studies due to its doping / undopig
properties. PANI exhibits electrical conductivity, pH
sensitivity, low cost, simple synthesis, and excellent
environmental stability [3]. Polyaniline exhibits thermal
stability up to 250 °C and can be conveniently
synthesized either chemically or electrochemically
through oxidative polymerization in various organic
solvents and/or aqueous solutions [4].

PANI can be synthesized in several oxidation states,
including leucoemeraldine (fully reduced), emeraldine
(semi-oxidized), and pernigranilin (fully oxidized). The
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conductive form of emeraldine is known as emeraldine
salt (ES). The degree of conductivity depends on the
oxidation state and the level of dopant incorporation [5].
In the literature, many studies have investigated the
characterization of PANI thin films obtained synthesized
using different methods. In a study conducted by Rajesh
et al., polyaniline thin films were synthesized using a
cost-effective solution polymerization techniques at
room temperature. The physicochemical and
optoelectronic properties of these thin films were
examined to assess their potential for sensor applications
[6].

Recent studies have demonstrated that conductive
polymer thin films possess significant potential in
applications such as supercapacitors, sensors, electronic
devices, and drug delivery systems owing to their
excellent electrical conductivity, environmental and
thermal stability, and doping capabilities. While the
effects of multilayer fabrication and metallic doping on
PANI thin films have been independently investigated in
the literature, there is still a lack of research addressing
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their combined effects. Specifically, the effect of Ag-
doped multilayer PANI thin films synthesized at room
temperature on their morphology and electrical
performance has not been thoroughly studied. This study
aims to fill this gap in the literature by synthesizing
multilayer Ag-doped PANI thin films using aniline as the
starting material, HCl as the solvent, and ammonium
persulfate (APS) as the oxidizing agent, using the sol-gel
method combined with spin-coating technique at room
temperature. By analyzing the effects of both the number
of layers and Ag doping on the structural and electrical
characteristics, this work demonstrates enhancements in
surface morphology alongside an unexpected decrease in
electrical conductivity induced Ag doping. These
findings provide valuable insight into the charge
transport mechanisms within multilayer conductive
polymers and present an energy-efficient approach for
fabricating  high-performance films suitable for
electronic applications [7,8,9].

The properties of conductive PANI are mainly
determined by two key factors: the type and
concentration of additives. Additives play a crucial role
in defining the overall characteristics of conductive
polymers. The additive ratio, the type of acid used, the
choice of acids, and the reaction temperature
significantly influencethe surface morphology of the
PANI film [10]. The additives utilized for conductive
PANI include a wide range of acids such as hydrochloric,
sulfuric, phosphoric, formic, oleic and sulfonic acids,
among others. These acids may be either inorganic or
organic in nature [11].

With the addition of Ag into thin films, new nucleation
centers form, leading to a reduction in film thickness. In
addition, it was observed that the morphological
properties of thin films were improved with Ag additive
[12].

Thin films can be produced using various techniques,
including the sol-gel method, pulsed laser deposition
method (PLD), physical vapor deposition method (PVD),
thermal evaporation method, ion plating method, arc
vapor deposition method, chemical vapor deposition
(CVD) and RF magnetron sputtering method. These
methods allow precise control over electrical
conductivity, environmental stability, and thermal
stability, thereby enabling the tailoring of PANI’s
physical and chemical properties. A wide range of
industries profit from the use of sol-gel processes due to
their flexibility in producing materials with tailored
properties. After the sol-gel solution is obtained, thin
films can be coated using techniques such as dip coating,
spin coating, or drop coating [13]. In this study, undoped,
HCI-doped, monolayer, and five-layer thin films were
deposited onto glass substrates using the sol—gel method
combined with the spin-coating technique.
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2. Materials and Methods

2.1 Materials and chemical reagents

Aniline (C¢HsNH>), hydrochloric acid (HCI), ammonium
persulfate  (NH4)2S,0s, silver nitrate  (AgNO3),
ammonium hydroxide (NH4OH), methanol (CH3;OH)
were purchased from Merck.

2.2 Chemical polymerization of aniline

PANI was synthesized using the chemical oxidative
polymerization method. For this purpose, an acidic
solution of aniline was prepared by mixing 0.02 mol
(1.82 mL) of aniline in 50 mL of 0.2 M HCI at 850 rpm
for 1 hour at room temperature. Separately, a 0.025 mol
(5.71 g) ammonium persulfate solution was prepared in
50 mL of distilled water and stirred for 1 hour.[14]. The
ammonium persulfate solution was then added dropwise
to the aniline solution, and the mixture was stirred at 250
rpm for 24 hours at room temperature. After 24 hours, the
precipitated polymer was filtered with filter paper and
washed with distilled water and methanol to remove
unreacted reagents. The resulting precipitate was mixed
with 20 mL of 0.5 M NH4OH for 4 hours. The mixture
was left at room temperature for 24 hours. Finally, the
polymer was washed with distilled water, filtered, and
dried at 80 °C for 5 hours to obtain the PANI powder.

2.3 Additive PANI Production

For Ag addition, an aqueous solution of AgNO3 (10 mL)
was prepared in a 1:3 molar ratio, and 1 g of PANI was
added to the solution and stirred overnight.

2.4 PANI Thin Film Production

Before spin coating, each glass substrate was thoroughly
cleaned with ethanol followed by distilled water to
remove any surface contaminants. The cleaned substrates
were then sequentially placed in the spin coater. The
speed of the spin coater was chosen as 850 rpm. A
sufficient amount of polyaniline solution was dropped
onto each glass substrate using a syringe to completely
cover the surface, and coating was carried out for 1
minute. When the spin coating was finished, the glass
substrate was removed from the device and placed in an
oven to eliminate residual water and moisture in the thin
film. Each glass substrate was dried at 80 °C for 5 min.
This process was repeated for the monolayer HCI-doped
Figure 1(a), five-layer HCI-doped Figure 1(b),
monolayer Ag-doped Figure 1(c) and five-layer Ag-
doped Figure 1(d) thin films, respectively.

Figure 1. PANI thin films with spin coating
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3. Results and Discussion

3.1 Analysis

X-Ray Diffraction (XRD) analysis was performed using
a Thermo Scientific ARL K-Alpha instrument to
determine the phase structure of PANI thin films. X-ray
photoelectron spectroscopy (XPS) measurements were
carried out using a Thermo Scientific K-Alpha
instrument to analyze the chemical composition of the
films. The surface morphology of polyaniline thin films
was characterized by a Thermo Scientific Apreo S
scanning electron microscope (SEM) at various
magnifications at low vacuum. Film thickness
measurements were also performed with the Thermo
Scientific Apreo S instrument at low vacuum. The
electrical conductivity of the PANI thin films was
measured using a Keithley 2636B source meter for [-V
characterization.

3.1.1 X-Ray Diffraction (XRD) Analysis

Figure 2 illustrates the XRD patterns of the monolayer
HCI-doped PANI thin film (S1) and five-layer HCI-
doped PANI thin film (S2), respectively. The XRD
pattern of PANI reveals three peaks at 20 =21.67°, 20 =
23.33°, and 26 = 33.33°, corresponding to the (020),
(112), and (104) planes, respectively [15,16,18].
Additionally, the XRD pattern of PANI shows a specific
peak at 20 = 21.67°, corresponding to the (020) PANI
plane [16]. Figure 3 displays the XRD pattern of the
monolayer Ag-doped PANI (S3), which exhibits a peak
at 20 = 38.33°, corresponding to the (111) PANI plane
[15]. Figure 3 (S4) presents the XRD pattern of the five-
layer Ag-doped PANI thin films. PANI's XRD pattern
exhibits three peaks at 20 = 31.67°, 20 = 36.67°, and 26
= 46.67°, corresponding to the (022), (111), and (200)
planes of PANI, respectively [16,17,19].
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Figure 2. XRD pattern of monolayer HCI-doped PANI
(S1), XRD pattern of five-layer HCI-doped PANI (S2)
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Figure 3. XRD pattern of monolayer Ag doped PANI
(S3), XRD pattern of five-layer Ag doped PANI (S4)

3.1.2 Scanning electron microscopy (SEM) Analysis
SEM analysis indicates that Ag doping enhances the
surface morphology of PANI thin films. As shown in
Figure 5, the SEM images of the five-layer HCl-doped
PANI thin films reveal a homogeneous surface
morphology. Figure 6 presents the SEM images of the
monolayer Ag-doped PANI thin films, which exhibit a
porous structure. According to the SEM images of the
five-layer Ag-doped PANI thin films in Figure 7, it is
seen that the Ag addition makes the surface morphology
more homogeneous. Similarly, Jamil et al., in their study,
produced a thin film on the glass substrate with the
chemical bath storage method (CBD) and concluded that
the Ag additive increased the homogeneity of the thin
films according to the SEM images[17].

Flgure .SEM i 1mage of monolayer HCI- doped PANI
thin film
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Flgure 5.SEM i 1mage of five-layer HCI- doped PANI
thin film
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Flgure 6. SEM image of monolayer Ag- doped PANI
thin film

Flgure 7. SEM 1mage of ﬁve layer Ag- doped PANI
thin film

3.1.3 X-ray photoelectron spectroscopy (XPS)
Analysis

Figure 8 (S1) shows the XPS analysis of HCI-doped
monolayer PANI. XPS analysis of HCI-doped monolayer
PANI samples shows the presence of oxygen (O(1s) ~
532.53 eV, nitrogen (N(1s) ~ 400.22 eV), carbon (C(1s)
~ 285.29 eV). Figure 8 (S2) shows the XPS spectrum of
the HCI-doped five-layer PANI thin film, which exhibits
signals corresponding to oxygen (O(1s) ~ 532.07 eV,
nitrogen (N(1s) ~ 400.49 eV), carbon (C(1s) ~ 285.23
eV). Figure 9 (S3) shows the XPS spectrum of the Ag-
doped monolayer PANI thin film, where Ag 3ds, peaks
are observed in the binding energy (BE) range of 367.66—
368.17 eV. Figure9 (S4) presents the XPS spectrum of
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the Ag-doped five-layer PANI thin film, which displays
three distinct carbon peaks at 284.82, 286.22, and
289.16 eV, corresponding to C—C, C-0, and C=0 bonds,
respectively. The XPS analysis spectra in Figure 9 (S4)
show Ag3ds, peaks in the BE = 368.38 and 369.62 eV
range. XPS analysis reveals that the Ag 3ds,, peaks of the
Ag-doped monolayer PANI (367.66-368.17 eV)
correspond primarily to slightly oxidized metallic Ag®,
while those observed in the five-layer film (368.38—
369.62 eV) indicate a dominance of Ag* species such as
Ag:O or AgO. This progression to higher binding
energies confirms an increased degree of Ag oxidation
and stronger Ag—O/N coordination within the polymer
matrix, consistent with previous reports on Ag—PANI
nanocomposites [7,18].

The presence of Ag* instead of metallic Ag® explains the
observed decrease in electrical conductivity: oxidized
silver acts as an electron acceptor, stabilizing charge
carriers (polarons/bipolarons) in PANI and creating trap
states that reduce carrier mobility [7]. In addition, Ag.O-
like regions formed at grain boundaries can create
potential barriers to charge transport, as reported for
metal oxide-PANI hybrid films [18]. Consequently,
although metallic Ag can increase conductivity, ionic
Ag" suppresses carrier migration and increases
resistivity, in agreement with previous findings for Ag-
PANI and related conducting polymer systems [7,18].
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Figure 8. (S1) XPS image of monolayer HCI-doped
PANI, (S2) XPS image of five-layer HCI-doped PANI
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Figure 9. (S3) XPS image of monolayer Ag-doped
PANI, (S4) XPS image of five-layer Ag-doped PANI

3.1.4 Thin Film Thickness Analysis

Belgherbi et al. observed that the thickness of monolayer
polymer thin films ranges from 0.1 pm to 7 pm [21].
Table 1 shows the thickness values of the PANI thin
films. The monolayer HCI-doped PANI thin film has a
thickness of 1.39 um, while the five-layer HCI-doped
PANI thin film exhibits a thickness of 25.52 pm.
Similarly, the Ag-doped monolayer PANI thin film has a
thickness of 1.21 pum, whereas the Ag-doped five-layer
PANI thin film exhibits a thickness of 30.99 um.

Table 1. Thickness values of PANI thin films

Sample Name | Number Film
of Thickness
Layers Value (um)
S1 1 1.39
S2 5 25.52
S3 1 1.21
S4 5 30.99

3.1.5 Conductivity Analysis

Table 2 represents the conductivity values of PANI thin
films. According to the literature, the conductivity of
polyaniline thin films is reported as 2.77x103 (Q.cm)™!
[15]. In our study monolayer HCI-doped PANI thin films
exhibit a conductivity of 2.31x10”° (Q.cm)!, while the
five-layer HCI-doped PANI thin film showed a
significantly higher conductivity of 59.5x107 (Q.cm)™.
On the other hand, the monolayer Ag-doped PANI thin
film displayed a conductivity of 1.51x103 (Q.cm)’,
while the five-layer Ag-doped PANI thin film exhibited
a lower conductivity of 3.25x107 (Q.cm)!. It was
observed that the conductivity of HCI-doped PANI thin
films increased with the number of layers, while the
conductivity of Ag-doped PANI thin films decreased as
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arrangement but also on the doping level, morphology,
and connectivity of conductive domains; therefore,
structural improvement alone does not guarantee higher
conductivity [22,23]. Several mechanisms may be
responsible for this conductivity decrease. First, in
multilayer architectures, Ag accumulation at interlayer
boundaries can create grain boundaries scattering regions
that hinder long-range charge transport through the film
thickness [24]. Second, if Ag is non-uniformly dispersed,
Ag particles may disrupt existing PANI conduction
channels instead of forming low-resistance bridges; poor
dispersion has been shown to increase contact resistance
and hinder the construction of continuous conductive
paths [22,25]. Third, chemical interactions during Ag
doping can disrupt the protonation and oxidation states of
PANI. Therefore, it can reduce the number of charge
carriers available for conduction [26].

4. Conclusion

In this study, conductive polyaniline (PANI) thin films
were synthesized at room temperature using the sol—gel
method combined with the spin-coating technique. For
this purpose, aniline was used as the starting monomer,
hydrochloric acid (HCI) as the solvent, and ammonium
persulfate (APS) as the oxidizing agent. PANI thin films
were synthesized as monolayer, five-layer, Ag-doped and
HCI-doped samples and where characterized by SEM,
XRD, thin-film thickness analysis, I-V analysis and XPS
analysis. This work successfully demonstrated the
synthesis of PANI thin films, a polymer with diverse
application potential. The results revealed that the
conductivity of HCI-doped PANI thin films increased
with the number of layers, whereas the incorporation of
Ag improved surface homogeneity but led to a decrease
in electrical conductivity.

From a thin-film application perspective, the results of
this study are of great importance. For supercapacitors,
where both high conductivity and a large accessible
surface area are critical, Ag doping should be optimized
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to achieve a balance between morphology and charge
transport efficiency. The concept of achieving an optimal
balance through controlled doping is consistent with
strategies in PANI systems [27]. In sensing applications,
improved morphology can increase sensitivity but may
degrade signal strength or response time in conducting
polymers [28]. Future research can be conducted by
varying the Ag concentration to determine conductivity-
morphology trade-offs and an optimal doping regime.
Investigating alternative dopants other than Ag (e.g., gold
(Au) or copper (Cu)) and comparing their effects on
PANI thin film morphology and electrical behavior under
the same processing conditions would also be beneficial
for future studies. Furthermore, investigating the effects
of different deposition techniques (CVD, PVD, ALD,
etc.) on PANI thin film morphology and electrical
performance will aid in the tailoring of conductive
polymer films for energy storage, sensors, and
supercapacitors [29]. According to the literature, the
electrical conductivity of undoped polyaniline (PANI)
thin films depends on the synthesis method, thickness,
and additive. HCl-doped PANI values generally range
from ~1078 to ~1073 S/cm (i.e., (Q-cm)™") for thin films
produced by spin coating or other fabrication methods.
Conductivity can be increased when secondary doping
and interface defects are controlled [30].

In our study, we found that monolayer HCl-doped PANI
thin films exhibited a conductivity of 2.31x10°°
(Q-cm)™', which is at the lower end of the literature range.
Increasing the number of layers to five resulted in a
significantly increased the conductivity (our results show
59.5x107° (Q-cm)™!). In contrast, Ag-doped PANI thin
films displayed an opposite trend: the monolayer Ag-
doped PANI  exhibited a  conductivity of
1.51x107° (Q-cm) !, while the five-layer Ag-doped PANI
showed a marked decrease to 3.25x1077 (Q-cm)™'. This
suggests that adding Ag to a multilayer thin film can
create trap states, disrupt optimal conduction paths, cause
scattering, or lead to inhomogeneous distribution.
Literature on metal nanoparticle or metal ion doping in
conducting polymers also indicates that beyond an
optimal doping concentration, conductivity may decrease
rather than increase [31]. These observations suggest that
optimizing Ag doping parameters, such as concentration,
particle size and distribution, film thickness, and number
of layers, is critical to compensate for morphology
improvements rather than maintaining or increasing
electrical conductivity. These properties are particularly
important for PANI thin-film applications in
supercapacitors, sensors, and flexible electronics, where
both morphology and electrical performance are critical.
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