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1. Introduction
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Polymer composite materials have seen rapid growth in popularity over the past two decades due to
their ability to successfully combine the benefits of several different polymer composites into a single
product. Conducting polymers (CPs) are more promising materials than other polymers due to their
diverse electronic applications, including electromagnetic interference (EMI) shielding, light-emitting
diodes, energy storage devices, and the most sophisticated forms of sensors. In this study, the effect of
nanoclay on the electrical conductivity, humidity, and EMI shielding properties of silver-decorated
polyaniline and its nanocomposites has been investigated. Silver-decorated polyaniline was prepared by
using an in situ polymerization technique at 0-5 °C in the presence of ammonium persulphate, which
acts as an oxidizing agent. Varied weight% amounts of nano clay were mixed in the conducting silver-
decorated polyaniline to obtain their nanocomposite. The synthesized silver-decorated polyaniline and
its composites were characterized by using several physical methods, viz., Fourier transform infrared
(FT-IR) spectroscopy, X-ray diffraction (XRD) analysis, and scanning electron microscopy (SEM). All these
spectral data reveal the structural characteristics, morphology, and uniform distribution of silver and
nano clay particles in the conducting polymer composites. The AC electrical conductivity data show that
increasing the nanocrystal weight percentage increases its electrical conductivity. The electromagnetic
interference shielding effectiveness of silver-decorated polyaniline nano clay composites shows 90%
attenuation between —5 and —8.5 dB. Humidity sensitivity showed a linear relationship with increasing
nano clay weight in the decorated polyaniline due to the porosity of the nanoclays and specific
adsorption of moisture content. Hence, these composites can be used as a promising material for
humid sensors, EMI shielding, battery capacitors, and other technological applications.

with silver nanoparticles have been shown to exhibit efficient
electrocatalytic properties,” and have also been found to be

Conjugated conducting polymer nanocomposites, such as poly-
aniline, polythiophene, and polypyrrole incorporated with
metal particles, have gained much attention in various fields
in recent years. Due to their high surface area-to-volume ratios,
these metal nanocomposites exhibit excellent optical and elec-
tronic properties.! Polyaniline conducting polymers embedded
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useful in sensor devices® and fuel cells." PANI has gained
tremendous importance in the area of conducting polymers
due to its decent environmental stability, ease of doping
by chemical processes, and flexibility in synthesis, which
can be readily obtained by oxidative polymerization chemical
reactions of aniline.> To enhance its mechanical, physical,
and electrical properties, such as conductivity, magnetic and
optical properties, PANI is often combined with metal particles
like silver nanoparticles.®

With numerous research efforts put into incorporating
additional metal components, noble metal particles have
become increasingly important in the field of electrochemical
applications.” ™" Two primary parameters play a pivotal role in
the conductivity properties of these composites. The first is the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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polymer’s efficiency in charge transfer, and the second is the
interchain transport behaviour. Polymers containing different
n conjugations in the backbone of the structure have evolved
significantly, as they represent the delocalization or movement
of electrons. Conjugated systems with very characteristic alter-
nate double bond-bearing conjugated polymeric systems lead
to the stabilization of the molecule via delocalized electron
density. Additionally, the physical and chemical properties of
these aromatic conjugates are mainly driven by = electrons in
the molecule."*™ Very good, enhanced AC conductivity and
dielectric properties of PANI have been reported upon mixing
with magnetic oxides'® and metaldichalcogens.”” Although
many methods have been studied with PANI, there are limited
studies reported with noble metal oxides.

Given this insufficient insight, we focused on conducting a
detailed study by choosing a nano clay filler with Ag-PANI to
form a new Ag-PANI/NC composite and studied its transport
properties by measuring AC conductivity, dielectric modulus,
and dielectric constant. Nano clay is chosen for its various
advantageous properties in our application. Nanoparticles like
carbon nanotubes and graphene oxide are known for their
exceptional electrical conductivities, making them highly sui-
table for electromagnetic interference (EMI) applications.
When incorporated into a matrix, these nanoparticles form
conductive pathways that efficiently absorb electromagnetic
(EM) radiation. As a result, the stress generated by the absorbed
radiation is effectively distributed throughout the matrix,
ensuring its dissipation. This capability of nano clay signifi-
cantly enhances the overall performance and effectiveness of
our application in managing EMI-related issues. In this work
we prepared a new composite using in situ chemical polymer-
ization methods and conducted further characterization stu-
dies using Fourier transform infrared (FTIR) spectroscopy,
X-ray diffraction (XRD), and scanning electron microscopy
(SEM). The frequency range between 50 and 106 Hz was applied
for the measurement of AC conductivity at room temperature,
and the EMI shielding effectiveness was also measured.

2. Experimental
2.1 Materials

Nitric acid (HNO3) and aniline (CsH;NH,) were purchased from
S.D. Fine Chemicals, Mumbai, India. Nano clay (NC) with a
purity of 99.99% was obtained from Sigma Aldrich, India.
Before being used in the synthesis, aniline was double-distilled
for the preparation of nanocomposites. Deionized water was used
in the complete synthesis of PANI and Ag-PANI/NC composites.

2.2. Synthesis of polyaniline and Ag-PANI/NC composites

In the process shown in Scheme 1, first, 2 moles of aniline were
dissolved in a beaker with the help of 2N hydrochloric acid.
To initiate the oxidation process, a mixture consisting of
0.1 moles of (NH,),S,0s, green tea extract, and silver nitrate
was added dropwise to a solution of 2 M aniline in HNO; while
maintaining a controlled temperature using an ice bath.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of a Ag-PANI/NC composite.

The initial colour of the solution was dark green, indicating
the formation of a polyaniline matrix embedded with Ag
nanoparticles. The temperature and protonic acid concen-
tration were critical factors affecting the initial colouration
during the mixing of reactants. Hydrochloric acid acted as
the protonic acid, and the temperature was maintained
between 0 and 20 °C with the help of a freezing mixture. During
the reaction, the colour of the solution changed from light blue
to blue green, then to a coppery tint, before finally precipitating
with dark green silver decorated PANI treated with nano clay.
The resulting composites were crushed into fine-grained pow-
der and evaporated with acetone until complete evaporation.
Circular pellets of the nanocomposites were then made using a
hydraulic press with an applied pressure of 70 MPa. Silver paste
was applied to either side of the pellets to improve electrical
contact.

2.3. Characterization of composites

Powder X-ray diffraction spectra of pure PANI and 10% Ag-
PANI/NC composites were obtained using a Bruker D8 Advance
X-ray diffractometer with a Cu Ko source (4 = 1.541 A) in the
range of 260 = 05° to 90°. FTIR spectra of the composites were
collected using a Frontier PerkinElmer instrument in the range
of 250-4000 cm™'. SEM images of the samples were captured
using a Zeiss Ultra 60 instrument by loading them onto
aluminium tape.

2.4. AC conductivity measurements

The samples were ground for approximately an hour using a
pestle and mortar. Pellets of Ag-doped polyaniline and its nano
clay composites, with a diameter of 13.4 mm and a thickness of
0.4 mm, were obtained by pressing the samples with a hydrau-
lic pressure of around 6 tons. AC readings were then taken in
the frequency range of 50-106 Hz using a digital LCR meter
(Japan) and a Hioki model 3532-50, which was connected to a
programmable computer.

2.5. Humidity sensing measurements

At 25 °C, humidity response measurements of synthesized
samples were conducted using a Mextech-DT-615 instrument.
The synthesized samples were dispersed in m-cresol before
being coated onto a Petri dish to produce a thin film with a
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thickness of 1 um using a spin coating unit. The film was then
placed in a sealed glass chamber that maintained the desired
relative humidity environments.

3. Results and discussion
3.1. FTIR studies

The FT-IR spectra of nano clay are as shown in Fig. 1(a) with the
band at 535 cm ™" indicating metal-O absorption and the band
at 3515 indicating O-O stretching frequency, which is consis-
tent with earlier reports.'® In Fig. 1(b), the FT-IR spectra of Ag-
PANI are seen which exhibit a characteristic band at 1345 cm ™.
This intense and very sharp frequency band denotes the Ag-
PANI vibrations, providing evidence to support the metal-
polymer stretching frequency. As shown in Fig. 2(c), the char-
acteristic absorption band at 3342 suggests the NH stretching
vibrations of Ag-PANI/NC-10%. Minor variations in the band
indicate the integrated metal oxide in the composite causing
broadness and minor shift in the frequencies. Another fre-
quency band at 535 cm ™" also suggests nano clay incorporation
in the composite.

3.2. XRD studies

The XRD (X-ray diffraction) spectrum of nano clay (Fig. 2(a)) can
provide valuable information about the crystalline structure
and phase composition of the material. Nano clay is typically
composed of layered silicate minerals, such as montmorillonite
or kaolinite, which have a characteristic structure and XRD
pattern. Peaks in the 20 range of 5-10° correspond to the basal
spacing of the clay mineral layers. This spacing is determined
by the distance between the layers of silicate minerals, which
can be affected by factors such as hydration, cation exchange,
and intercalation with organic or inorganic compounds. Peaks
in the 20 range of 20-30° correspond to the characteristic
reflections of the clay mineral structure, which is composed
of stacked layers of silicate minerals. Fig. 2(b), the diffraction
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Fig.1 FTIR spectra of (a) nano clay, (b) Ag-PANI, and (c) Ag-PANI/NC
composites with varied wt% of NC.
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Fig. 2 XRD pattern of (a) pure nano clay (b) Ag-PANI, and (c) XRD pattern
of Ag-PANI/NC-10% (inset).

pattern of Ag-PANI exhibits Bragg law reflections at 20 = 20° and
26°."° Fig. 2(c) shows the diffraction pattern of Ag-PANI/NC-
10% composite synthesized by chemical polymerization tech-
nique. The characteristic peaks of nano clay are visible with
noticeable intensity, and the composite displays the same (111)
crystal plane as one of the favoured conformations. Most of the
peaks indicate the presence of NC in the prepared composite,
retaining its crystalline phase, suggesting that nano clay is
clearly implanted in the matrix of Ag-PANI chains. It is impor-
tant to note that with the increase in weight percent of nano
clay in the nanocomposite has significant effect. However, the
interpretation of the XRD spectrum may require additional
information and analysis, such as SEM or TEM imaging, to
fully understand the nature and properties of the composite
material.

3.3. Scanning electron microscopic (SEM) studies

Fig. 3(a) shows Ag-PANI particles in granular shapes with a size
of around 100 to 125 nm. Fig. 3(b) represents the morphology
of Ag-PANI/NC-10%, which consists of wafer-like shapes with
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Fig. 3 SEM images of (a) Ag-PANI, (b) Ag-PANI/NC-10%, and (c) nano
clay.
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uneven surfaces and sizes in the range of 50 to 200 nm. The
aggregated structures in nano clay, which are not compactly
packed, lead to an increase in the interstitial distance in the
composite. This results in a reduction in the conductivity of the
nanocomposite.* Fig. 3(c) shows the morphology of nano clay,
which consists of granular non-uniform spherical-like struc-
tures with non-uniform surfaces and sizes ranging from 70 to
180 nm. This morphology is suitable for gas and humidity
sensing and is also helpful in EMI shielding applications. The
recent literature reports a similar type of morphology.

3.4. AC conductivity

The AC conductivity value in disordered materials can be
determined using the formula o(f) = ¢/(f) — ¢”(f), where
a'( f) represents the real part and ¢”(f) represents the imagin-
ary part. Generally, the behaviour of the real part of AC
conductivity, ¢’(f), in disordered materials follows a certain
pattern. Fig. 4(a) shows the results of AC conductivity measure-
ments at varying frequencies (ranging from 50 Hz to 1 MHz) for
different composite concentrations (ranging from 2% to 10%).
At frequencies between 50 Hz and 1 MHz, the measured
conductivity of composites with concentrations from 4% to
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Fig. 4 (a) Real AC conductivity measurements with variation in applied
frequency for NC doped Ag-PANI with 2, 4, 6, 8 and 10 wt%. (b) Imaginary
AC conductivity measurements with variation in applied frequency for NC
doped Ag-PANI with 2, 4, 6, 8 and 10 wt%.
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8% increased linearly with applied frequency, from 107'° S m™"
to 1077 S m~". The 2% composite showed a different pattern
compared to the 4% to 8% composites, exhibiting a much greater
increase (~10-fold) in conductivity (from 107 S m ™ to 10°° S
m™ ') at a frequency of 104 Hz, and maintained this conductivity
level at frequencies up to 1 MHz. Interestingly, the 8% composite
demonstrated a distinct conductivity trend, with a higher con-
ductivity level (between 1077 Sm ™" and 10° S em™ ") regardless of
applied frequency. This suggests that an efficient interstitial
arrangement could be the cause of the enhanced conductivity in
the 10% composite compared to the other nano clay composites
and simple Ag-PANI nanoparticles. Additionally, Fig. 4(b) shows
imaginary AC conductivity measurements with variation in
applied frequency for NC doped Ag-PANI with 2, 4, 6, 8 and 10
wt% amounts. The conductivity seems to be the same for all
doping concentrations until higher frequencies in the imaginary
ac conductivity. For higher frequencies, the 8% PANI-Ag exhibits
more conductivity than the others. As compared to other doping
concentrations, 10% PANI-Ag has the lowest conductivity and a
substantial loss. Except for 10% PANI-Ag, the imaginary conduc-
tivity appears to be the same at very high frequencies for all
concentrations.

3.5. Dielectric studies

Dielectric constant data were collected for all the composites as
a function of applied frequency. Fig. 5(a) shows the change in
dielectric constant values for Ag-PANI/NC composites as the
applied AC frequency varies. At lower frequencies, particularly
at 50 Hz, the dielectric constant for composites with concentra-
tions from 2% to 8% was around 10, with a slight decrease to
just under 10 for the 4%, 6%, and 8% composites. Notably, the
8% composite had slightly lower dielectric constant values of
around 5, indicating its interfacial arrangement and better
charge transfer properties at this concentration. In contrast,
the 10% composite exhibited a different behaviour, with a two-
fold higher dielectric constant of around 10° at lower frequen-
cies, followed by a very linear decrease as the frequency
increased. This gradual decrease in dielectric constant values
with increasing applied frequency is typical of conducting
polymer nanocomposites, as reported in recent studies.'”
Larger permittivity readings at smaller frequencies may be
attributed to electrode polarization and space charge polariza-
tion effects.”™>* The decrease in dielectric constant values with
increasing applied frequencies can be explained using the
Maxwell-Wagner polarization model.**** The variation in the
dielectric constant at different frequencies can be explained by
the hopping frequency of charge carriers, which tends to follow
the applied frequency and results in higher dielectric constant
values. At higher frequencies, the hopping frequency lags
behind the applied AC frequency field, resulting in random
dipolar orientation and lower dielectric constant values.*

Fig. 5(b), the imaginary dielectric constant, also known as
the loss factor, is a measure of the energy that is lost as heat
when a material is subjected to an electromagnetic field. In the
case of composites containing 2%, 4%, 6%, 8%, and 10% of
silver-polypyrrole/polyaniline nanocomposites (Ag-PANI/NC),

Mater. Adv,, 2023, 4, 4400-4408 | 4403
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Fig. 5 (a) Variation in real dielectric constant versus function of applied
frequency for 2, 4, 6, 8, and 10% Ag-PANI/NC composites. (b) Variation in
imaginary dielectric constant versus function of applied frequency for 2, 4,
6, 8, and 10% Ag-PANI/NC composites.

the imaginary dielectric constant varies with the applied fre-
quency. At low frequencies, the imaginary dielectric constant is
typically small, indicating that little energy is lost as heat.
As the frequency increases, the imaginary dielectric constant
typically increases, indicating that more energy is being lost as
heat. The rate at which the imaginary dielectric constant
increases with frequency depends on the composition of
the composite. In general, the imaginary dielectric constant
tends to increase as the percentage of Ag-PANI/NC in the
composite increases. This is because the presence of Ag-PANI/
NC particles increases the number of interfaces in the compo-
site, which in turn increases the amount of energy that is lost as
heat. However, the rate at which the imaginary dielectric
constant increases with frequency is not necessarily the same
for all compositions. For example, at a given frequency, the
imaginary dielectric constant for the 2% composite may be
lower than that for the 4% composite, but higher than that
for the 6% composite. The exact relationship between composi-
tion and imaginary dielectric constant will depend on
the specific properties of the materials used in the composite
and the frequency range over which the measurements are
taken.>®?”
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Fig. 6 (a) The real dielectric modulus M’ of 2,4,6,8 and 10% Ag-PANI/NC
composites as a function of applied frequency in the range of 50 Hz to
1 MHz. (b) The imaginary part of dielectric modulus M” of 2,4,6,8 and
10% Ag-PANI/NC composites as a function of applied frequency in the
range from 50 Hz to 1 MHz.

Consequently, the drop in the dielectric constant and the
conductivity with the applied frequency, show that the higher
values of the dielectric constant are due to the conduction
relaxation as discussed earlier. High dielectric loss at the lower
frequencies in all the composites may be correlated to the
losses due to DC conduction. The real part of AC conductivity,
dielectric constant and dielectric loss all displayed the dimin-
ishing trend in the low-frequency region, with the increase in
wt% of nano clay. This behaviour indicates the role of conduc-
tion charge carriers in the dielectric response. As a result, these
findings have broader implications than those of the tenden-
cies identified with lower doping levels.

The electrical modulus behaviour was also investigated, by
analysing the complex permittivity (¢*) in relation to the elec-
trical modulus (M’ and M”). This analysis can provide addi-
tional insight into the charge transport mechanism in the
composites. Fig. 6(a) shows the plot of M’ and M” as a function
of frequency for Ag-PANI/nano clay composites of different
concentrations. The position of the peaks in the electrical
modulus plot provides information on the characteristic
time scale of the charge carrier dynamics in the composites.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The characteristic time scale is related to the hopping fre-
quency of charge carriers, which is associated with the dielec-

tric relaxation mechanism.?®%°
M =M+ M (1)
]
&
r_
- &2 + &2 (2)
8”
" __
M = o2 +8”2 (3)

The changes in the real part of the dielectric modulus (M’) as
a function of the logarithm of applied frequency of the compo-
site system are shown in Fig. 6(a). The results of (M) can be
divided into two fractions, as observed from the graph. The first
fraction corresponds to the 2%, 4%, 6%, and 8% composites,
which exhibit a plateau pattern indicating no variation in the
M’ values at the applied frequency range. This suggests that the
polarization of the electrode to M’ remains a constant attribute
of the nanocomposite materials. The second fraction corre-
sponds to the 10% composite, where there is a linear increase
of (M) with applied frequency, which tends to flatten at higher
frequencies. These values can be evaluated in accordance with
the conduction phenomenon linked to the short-range mobility
of charge carriers, especially ions.

Fig. 6(b) displays the readings for the imaginary part (M") of
the electrical modulus with variation in the applied frequency
logarithm (F). The transport of ions can be observed in the 10%
composite, as the imaginary part of the electrical modulus is
found to be lower at lower applied frequencies. Imperfections
in the crystalline phase can be observed by well-resolved
relaxation, which originates in these curves. The graphs clearly
show that the peak intensity of M” increases with an increase
in the frequency logarithm (F), which is attributed to the
contribution of nano clay to the relaxation process.

3.6. EMI shielding effectiveness studies

In recent years, there has been significant research focused on
enhancing the electromagnetic interference (EMI) shielding
performance of conductive polymer composites through the
construction of multiple interfaces. These interfaces play a
crucial role in improving the overall shielding effectiveness
of the materials. Several noteworthy studies have been con-
ducted in this area, shedding light on various techniques and
approaches.

A new study®® investigates the effect of micro-wrinkles and
micro-cracks on the surface of copper-coated carbon nano-
tubes/polydimethylsiloxane composites on their microwave
shielding ability. The findings emphasize the significance of
surface shape in improving EMI shielding performance.

The process for preparing thin films for EMI measurements
is schematically shown in Fig. 7. Firstly, a 15% polyvinyl alcohol
(PVA) solution was prepared by dissolving approximately 15 g of
solid PVA in 100 mL of hot water while continuously stirring.
Then, 250 mg of each composite with concentrations of 2%,
4%, 6%, 8%, and 10% were added to the PVA solution with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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kept overnight for drying

Fig. 7 Schematic
measurements.

representation of thin film preparation for EMI

gentle stirring to obtain a uniform solution. The final solution
obtained had a semi-viscous consistency. This solution was
then spread onto a glass plate to form a thin film and left to air
dry overnight. The dried thin films were peeled off from the
glass plate and their thickness was measured to be 0.02 micro-
metres. These films were used to measure SE readings.
Similarly, blank PVA and Ag-PANI films were also prepared
and their values were recorded similar to the values obtained
for the composites.

The electromagnetic interference shielding effectiveness of
Nano clay-based composites (2 to 10%) was studied in the
frequency range of 2.1 GHz to 3.0 GHz (S-band). As shown in
Fig. 8, the Ag-PANI-based nano clay composites exhibited
shielding effectiveness through both reflection and absorption.
The electromagnetic interference shielding effectiveness of all
composites showed a wave-like variation with frequency. It is
evident that the addition of nano clay to the matrix improved
SE in the dynamic frequency range of 2.3 GHz. Moreover, the
EMI SE exhibited a significant difference for 10% composites
and pure nano clay across the measured frequency range,
indicating the effect of nano clay as a filler that aids in higher
electrical conductivity, resulting in effective shielding. The AC
conductivity and EMI SE results correlated well with the highly
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conductive behaviour of nano clay. To gain a clear understand-
ing of the loss of applied frequency between the transmitting
antenna and the receiving antenna in the waveguide used for
the measurements, we applied the free space path loss for-
mula (4).

SE =50 + 10 Logjg +1.790\/af (4)

where ¢ is the thickness of the film, ¢ is the electrical con-
ductivity, and f'is the frequency in GHz respectively.

3.7. Humidity sensing measurements

Humidity sensing measurements at 25 °C and humidity
response measurements of synthesized samples were con-
ducted using a locally fabricated humidity sensing measure-
ment setup. The synthesized samples were dispersed in m-
cresol before being coated onto a glass plate to produce a thin
film with a thickness of 1 um using a spin coating unit. The
film was then placed in a sealed glass chamber that maintained
the desired relative humidity environments.
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The resistance of the samples shows a non-linear downward
trend as the humidity level increases, due to the physisorption
of water molecules of pure Ag-PANI (Fig. 9(a)) and composite
(Fig. 9(b)). At low relative humidity (RH), water molecules are
physisorbed on the favourable kink sites of nano clay layered
structure sheets via double hydrogen bonding. In the physical
adsorption of the first layer, proton transfer between adjacent
hydroxyl groups becomes restricted, resulting in intrinsic con-
ductance. As the RH increases, water molecules are absorbed by
single hydrogen bonding on the hydroxyl groups penetrating
the interior of nano clay layers. Consequently, water molecules
become mobile, and proton hopping between nearby water
molecules becomes more prevalent in a graphene sheet, with
charge mobility mediated via conductivity.

4. Conclusions

The in situ chemical polymerization method was used to
successfully synthesize Ag-PANI/NC composites. The surface
morphology and composition were analysed using SEM, while
FTIR spectroscopy was used to determine the characteristic
frequency for the identification of the composite. The presence
of nano clay in the synthesized silver PANI/NC composite was
confirmed by the pXRD pattern. The AC conductivity and dielec-
tric properties of the composites were systematically studied and
exhibited conducting material behaviour in agreement with the
critical applied frequency. The increased conductivity with
increasing nano clay concentration at the 10% level indicates
the effective interfacial arrangement of the dopant in the compo-
site. The EMI SE results were well correlated with the AC con-
ductivity measurements and revealed the conducting behaviour of
nano clay. The conductivity of all the composites increased with
applied frequency, and the higher conductivity of the 8% compo-
sites suggests that they may have preferential use in higher-
frequency operating devices. Ag-PANI/NC composites forming a
system of conducting polymer-nano clay composites can be used
for device applications in the medium frequency range. Also, the
system offers an interesting humidity sensing performance which
can be extended to the other rare-earth oxides.
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