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Abstract

Through in situ pyrrole chemical polymerization with various concentrations of CoCl,, conducting polypyrrole-cobalt composites were
synthesized using ammonium persulfate as the oxidizing agent. These composites were synthesized using different molarities (0.01,
0.02, 0.03, and 0.05 M) of CoCl, in polypyrrole. The PPy-Co nanocomposites and their AC conductivity studies were evaluated in this
study. The formation of nanocomposites and the structural properties of PPy/PVA/Co were confirmed using FTIR analysis and X-ray
crystallography. Scanning electron microscopy (SEM) was used to analyze the morphology of the composites, and thermogravimetric
analysis (TGA) was used to investigate their thermal behavior. The room-temperature AC conductivity and dielectric response of the
composites were investigated, and frequency-dependent AC conductivity investigations were conducted in the frequency range of 100

Hz—1 MHz.
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1. Introduction

Polymer nanocomposites have excellent physical and mechani-
cal characteristics compared to host polymers, partially due to
the large interfacial region between polymers and nanofillers. To
overcome some of the limitations of polymers and hence widen
their applications, fillers of different sizes are frequently used as
reinforcements for polymers [1]. Polymer composites are special
in terms of their physical and chemical characteristics, including
flexibility, tensile strength, toughness, and electrical conductivity.
Polymers with conjugated single and double bonds that aid in
conduction are known as conducting polymers [2]. Polyaniline,
polypyrrole, polyacetylene, and polythiophene are the most studied
intrinsic conducting polymers for applications in sensors, EMI
shielding, supercapacitors, and electronics [3—5]. Owing to its sim-
ple synthesis, economic viability, and intriguing chemical charac-
teristics, polypyrrole (PPy) has been the subject of most research
on conducting polymers [6, 7]. The application of polypyrrole and
its composite materials in solar cells, coating materials, biosensors,
actuators, artificial muscles, electromagnetic radiation shielding
materials, and corrosion inhibitors is widespread [8, 9]. The size
management of PPy nanoparticles has been investigated, and it was
found that PPy nanoparticles can be successfully dispersed because
of their high surface area and significant conductivity.

In this study, PPy-Co nanocomposites were synthesized via in situ
polymerization using polyvinyl alcohol as the binder matrix and
ammonium persulfate as the oxidizing agent. The effect of PPy on

the nanocomposites was also analyzed by varying the Co concen-
tration while maintaining the PPy concentration. The chemical
composition of the PPy-PVA-Co composites was examined using X-
ray diffraction (XRD) and Fourier transform infrared spectroscopy
(FTIR), while scanning electron microscopy (SEM) was employed
to examine the shape of the composites. The thermal characteris-
tics of the resulting composites were assessed using thermogravi-
metric analysis (TGA). Finally, in addition to the thermal stability,
the synergetic conductivity impact of PPy with Co was investigated.

2. Materials and methods

2.1. Materials

Poly vinyl alcohol (PVA) and cobalt chloride were used as the start-
ing materials. Pyrrole (99% analytical grade) was acquired from
Sigma-Aldrich, vacuum-distilled, and stored at 5 °C before use. The
synthesis was conducted using distilled water. To synthesize the
PPy-Co nanocomposites, ammonium persulfate was used as the
oxidizing agent via in situ polymerization. Dried Adathoda vasica
leaves were obtained from a local market. Solvents were obtained
from S.D Fine-Chem (Bangalore, India). Fine compounds were
obtained from Sigma-Aldrich (India). A programmable computer-
interfaced digital LCR meter (Hioki (model 3532), Nagano, Japan)
was used to measure the frequency-dependent AC conductivity of
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PPy-Co nanocomposites in the selected frequency range of 10°—107
Hz at room temperature.

2.2, Synthesis of PPy-Co nanocomposites

PVA (10 g) was dissolved in 100 mL of distilled water, and the
mixture was vigorously stirred using a magnetic stirrer for two
hours on a hot plate to create a transparent, homogenous PVA
solution. Carefully weighed molarities of CoCl, (0.01, 0.02, 0.03,
and 0.05 M) were dissolved in distilled water in separate beakers.
Adathoda vasica leaves (5 g) were boiled for ten minutes in 200
mL of distilled water before being filtered to create an extract. The
PPy-PVA—Adathoda leaf extract—Co nanocomposite was created
by the in situ polymerization of pyrrole in the presence of PVA,
Adathoda leaf extract, and a colloidal solution of cobalt nanopar-
ticles. Ammonium persulfate was added as an oxidant, kept in
a cold bath, and subjected to constant stirring for an hour. The
mixture was blended with the PVA solution and dried using a
Buchner funnel to produce an evenly black wet product. Adathoda
vasica is a medicinal plant traditionally used to treat asthma. This
plant contains polyphenols, which act as reducing agents, helping
to reduce silver ions into silver nanoparticles. The presence of
these nanoparticles in the conducting polymer matrix has been
confirmed through XRD and IR analyses. Conductivity is further
enhanced by incorporating cobalt (Co) nanoparticles into the PVA
matrix. The obtained conductive films confirm the presence of
nanoparticles through AC conductivity measurements and EMI
shielding effectiveness studies.

2.3. Characterization of the samples

A Cu K« source was used to obtain the X-ray diffraction (XRD)
spectra of the PVA and PPy-Co nanocomposites. The samples were
scanned at a rate of 1.1° min—* and had A = 1.541 A in the Bragg an-
gle range of 20 = 10—80°. The FTIR spectra of the PVA and PPy-Co
nanocomposites were acquired in the 400—4000 cm ™' range using
a Nicolet 750 FT-IR spectrometer (USA). With a Quanta 3D FEG
apparatus, the morphological structures of the PVA and PPy-Co
nanocomposites were captured by scanning electron microscopy
(SEM).

2.4. AC response measurements

Using a Hioki model 3532-50 (Japan) programmed computer-
interfaced digital LCR meter in the chosen frequency range of 100
Hz—1 MHz, the AC frequency response of the PVA and PPy-Co
nanocomposite samples (in the form of cylindrical pellets with
silver electrodes) was measured.

3. Results and discussions

3.1. FTIR studies

The FTIR spectra of PVA and the PVA/PPy/Co composites were
examined in the range 4000—500 cm ™' (Figure 1). The FTIR pro-
file of the PVA polymer exhibits peaks at approximately 3200 and
2880 cm ', indicative of O-H and C-H stretching, respectively [10].
The IR band around 640 cm™" also supports the presence of a
hydroxyl group. The spectral band observed around 3200-3800
cm ™' could be attributed to the -NH and-OH stretching frequen-
cies of PPY and PVA, respectively. A shift in the PVA spectral

bands could result from both Co doping and the formation of
the PVA/PPY composite, as reported for the 2880 band shifting
to higher values as a result of the interaction between PVA and
PPY [11]. More importantly, the peak at ~1650 cm ™" corresponds
to the carbonyl C=0 group of PVA [12], after which the carbonyl
C=0 group is diminished or shifted. The negligible spectral band
around 1537 cm ™' could be due to the -C=N vibration of the PPY
molecules [13].
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Figure 1 e FTIR spectra of (a) PVA, (b) PPy/PVA/Co-5, and
(¢) PPy/PVA/Co-1 nanocomposites.

3.2. XRD studies

The XRD patterns of PVA and the PVA/PPy/Co composite are
shown in Figure 2. The XRD patterns of pure PVA display a
large crystalline peak at 26 of approximately 22° and a shoulder
peak at approximately 25°, which correspond to the 101 and 200
planes of the monoclinic crystal structure, respectively. Because
of the strong intermolecular H-bonding interactions within the
PVA chain, PVA may have a semicrystalline structure. Notably, the
characteristic diffraction peaks for PPy are negligible or null owing
to their non-crystalline and amorphous nature [14]. Following the
addition of the dopant (Co), decreasing the particle size increases
the amorphous content. The polymer matrix (PVA) containing
polypyrrole increases the amorphous nature, resulting in broad
peaks in the XRD patterns. The XRD patterns of the composite
films show that they are amorphous in nature. The diffraction peak
intensity progressively decreases with increasing Co concentration
because of the interaction between PVA/PPy, and the Co reduces
the degree of crystallinity and intermolecular interactions between
the PPy/PVA chains [10].

3.3. TGA studies

The thermal behavior of the PVA and PVA/PPy/Co composites
was analyzed by thermogravimetric analysis (TGA) (Figure 3).
In an N, environment, the thermal stability of the produced PVA
and PVA/PPy/Co composites was examined up to 450 °C at a
heating rate of 10 °C/min. The loss of absorbed water molecules
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is evident in the first stage, which occurs between 100 °C and
250 °C. Water bound to the polymer matrix may be lost in the
second stage of weight loss, which occurs between 250 °C and
350 °C. The breakdown and carbonization of PVA are attributed
to the third stage, which occurs between 350 °C and 450 °C [15].
In the composite PVA/PPy/Co sample, the degradation of the PPy
chain may contribute to the second stage of weight loss, which
occurs between 250— and 350 °C and begins with the loss of
absorbed water molecules [11]. However, the total weight loss in
the PVA/PPy/Co composite may be as low as ~59 wt%, whereas
the total weight loss in pure PVA is estimated to be as much as 85
wt%.
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Figure 2 ¢ XRD pattern of (a) PVA, (b) PPy/PVA/Co-5, and
(e) PPy/PVA/Co-1 nanocomposites.
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Figure 3 ¢ TGA curve of (a) PPy/PVA/Co-1, (b) PPy/PVA/Co-5,
and (¢) PVA nanocomposites.
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3.4. SEM studies

SEM images of PVA and PVA/PPy/Co composites are shown in
Figure 4. The aggregated layered surface of the pristine PVA film
is visible in the SEM images. However, if we pay close attention,
the porosity morphology is uneven, and the PVA molecules are
primarily grouped. In the case of PVA/PPy/Co, a clear composite
formation can be seen. In the SEM images of the composite, the ag-
gregated morphology of Co nanoparticles, along with the PVA poly-
mer matrix and PPy nanofibers, can be observed (Figure 4b,c).
The Co nanoparticles are in the range of 500 nm™ pm. A 0.01 M
concentration of Co nanoparticles shows an increase in conduc-
tivity, clearly indicating the formation of a conductive path in the
film. However, as the concentration of Co nanoparticles increases
further, conductivity decreases due to the creation of obstacles that
hinder polaron hopping within the matrix. The same is confirmed
through SEM images.

3.5. AC conductivity studies

Figure 5 exhibits the AC conductivity vs. frequency plots of PVA
and PPy/PVA/Co nanocomposites. This clearly indicates that the
conductivity increases as the cobalt content increases. This indi-
cates that an increase in Co concentration results in increased po-
laron density. However, the conduction process in these compos-
ites seems to increase with the applied frequency after a particular
frequency known as the critical frequency [16]. The low-frequency
behavior of all the composites (up to 10* Hz) appears to follow a
straight-line characteristic [17]. This might be because an increase
in frequency increases the polaron-hopping frequency [18]. Ow-
ing to the Debye-like relaxation mechanism, the composite with
PPy/PVA/Co-1 exhibited the maximum value of ou. This could
be a result of the variability in the distribution of Co particles,
which might allow more charge carriers to hop between favorable
localized spots, leading to an increase in conductivity. As the con-
centration of Co nanoparticles in the polymer matrix increases,
the conductivity decreases. This reduction is attributed to the
orientation polarization of molecules in the conducting polymer
matrix. However, incorporating 0.1 M of Co nanoparticles into
the conducting polymer matrix enhances conductivity, particularly
with an increase in frequency. A modification in the electrical
response was observed due to the addition of Co nanoparticles
in the Ppy/PVA matrix due to the formation of agglomerates,
crosslinks, and conductive paths, which are favorable for electrical
conduction in these composites. The plots indicate a low-frequency
plateau zone in PPy/PVA/Co and all composite samples up to
10* Hz, where DC conduction predominates. After this frequency,
conductivity sharply increases, which is a feature of disordered
systems.

3.6. Dielectric studies

The real component of the dielectric constant (¢’) for PVA and
PPy/PVA/Co nanocomposites varies with frequency (f), as shown
in Figure 6. The dielectric constant continuously decreases with
increasing frequency until it approaches a constant value at high
frequencies. The low-frequency tendency of the macromolecular
dipoles to align themselves with the applied field could account for
this. Because dipoles are unable to orient themselves in the direc-
tion of the applied field, the dielectric constant is nearly constant in
the high-frequency zone [19]. Maxwell-Wagner—Sillars polariza-
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Figure 4 ¢ SEM images of (a) PVA, (b) PPy/PVA/Co-1, and (c¢) PPy/PVA/Co-5 nanocomposites.
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Figure 5 o Variation in AC conductivity with the frequency of PVA
and different concentrations of PPy/PVA/Co nanocomposites.

tion in the nanocomposites was facilitated by the uniform distri-
bution of the nanomaterial. However, at higher loadings, the non-
homogenous morphology constrained the direction of the dipoles,
resulting in a decrease in the dielectric constant values [20]. As
the concentration of Co nanoparticles in the polymer matrix in-
creases, the dielectric constant decreases under higher frequencies
because dipoles are unable to orient themselves in the direction
of the applied frequency. This reduction is attributed to the space
polarization of molecules in the conducting polymer matrix. How-
ever, incorporating 0.1 M of Co nanoparticles into the conducting
polymer matrix enhances the dielectric constant, particularly with
an increase in frequency to a certain extent.
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Figure 6 ¢ Frequency dependence of the dielectric constant of PVA
and various concentrations of PPy/PVA/Co nanocomposites.

4. Conclusions

The synthesis, dielectric characterization, and conductivity of
the PPy/PVA/Co (0.01, 0.02, 0.03, and 0.05 M) are reported
in this study. An effective technique for creating polypyrrole—
cobalt nanocomposites is in situ chemical oxidative
polymerization. The differences in the structural phase of the
nanocomposite are indi-cated by XRD. The FTIR spectra confirm
that Co nanoparticles are present in the polymer nanocomposites.
TGA shows the changes in the melting and decomposition
temperatures of the PPy nanocom-posites. According to
structural and morphological analyses, the PPy/PVA/Co
nanocomposites exhibit better porous, granular, and globular
surface morphologies with outstanding homogeneity and
adhesiveness. The AC conductivity of the synthetic polymer com-
posites displays Debye-type single relaxation and follows the power
law index. On the other hand, the true dielectric values decrease
with increasing frequency, suggesting that conduction charges play
arole in the dielectric response.
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