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Conducting polymers have been thoroughly investigated and found to have extensive applications in the
fields of microwave absorption and electromagnetic (EM) shielding owing to their distinctive
characteristics and adaptability. In the present work, conducting polymer (PEDOT and polyaniline) and
graphene composites were prepared via an in situ chemical polymerization technique. Further, these
composite materials were characterized to determine their potential to address the issue of EM radiation
pollution in the microwave frequency (12.4 GHz to 18 GHz). The PEDOT/graphene composites exhibited
significant shielding effectiveness of up to 46.53 dB, achieving a green index (gs) of 1.17. Also, absorption
was observed to be the dominant shielding mechanism in all the samples owing to significant dielectric
losses (¢"/¢ = 1.9-3.1) and microwave conductivity (6; = 19.9-73.6 S m™Y in the samples at 18 GHz.
Both dielectric loss and conduction loss occurred because of the strong interactions involving
polarization, charge propagation, and the creation of conductive routes through the incorporation of
graphene in the polymer matrix. These properties/shielding results indicate the potential of the

composites to be used as lightweight EM shielding materials. These materials are suitable shield materials
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1. Introduction

EM shielding provides protection against electromagnetic
waves through the utilization of enclosures that are manufac-
tured using electrically conductive and/or magnetic substances.
In the last decade, the rapid development of electronic devices
and wireless communication technologies has led to the
continuous generation of electromagnetic (EM) waves in
various domains, such as cellular communication, satellite
transmission, navigation systems, and medical applications.*?
These EM waves are essential for the seamless operation of
electronic devices, leading to the accumulation of radiation in
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the surrounding space. Consequently, superfluous electromag-
netic radiation can interfere with neighboring electronic
devices, leading to a low performance and malfunction of
electronic devices used for commercial and military purposes.®*
Alternatively, prolonged exposure to electromagnetic radiation
can have detrimental effects on living organisms, which include
an elevated risk of human ailments, such as headaches,
insomnia, immune deficiencies, and even psychological
conditions, such as depression. This risk is particularly
pronounced when individuals are subjected to high-frequency
electromagnetic waves over extended periods.>® Thus, the
topic of EMI shielding has gained considerable attention to
ensure the uninterrupted operation of electronic devices and
also the well-being of human health.

Conventional metals have shown impressive capability to
mitigate electromagnetic interference owing to their strong
electronic conductivity.”® These metals typically reflect a signif-
icant portion of electromagnetic waves at their surface, result-
ing in the attenuation of incoming waves.®'® Nevertheless, the
use of metal-based shielding materials is constrained owing to
their tendency to corrode, high density, limited flexibility, and
expensive manufacturing processes. Moreover, they cause

© 2024 The Author(s). Published by the Royal Society of Chemistry
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substantial surface reflections, contributing to secondary elec-
tromagnetic wave pollution.*

Thus, to address the limitations associated with metal-based
shielding materials, conductive polymer composites (CPCs)
have emerged as a promising alternative. CPCs offer several
advantages, including a low density, excellent anticorrosion
effects, high mechanical flexibility, and low processing cost.">**
Moreover, CPCs with a low reflection of EM waves from their
outer surface are particularly desirable for military applications,
such as camouflage and stealth technology.' These composites
are formed by incorporating conductive fillers, which can be
metal powder, carbon-based materials, and conductive polymer
fibers, into the polymer matrix.'*** However, the EM shielding
effectiveness (SE) of CPCs is often lower than that of metals due
to their comparatively lower electrical conductivity. Conse-
quently, to improve the EMI shielding abilities of CPCs,
a substantial quantity of conductive filler is required,”>** which
leads to mechanical degradation, increased costs, and pro-
cessing challenges.”®** In this case, the focus in the develop-
ment of CPCs is to enhance their EMI SE, while minimizing the
amount of conductive filler needed.

In recent times, the focus on shielding materials has shifted
from metallic substances to intrinsic conductive polymers
(ICPs) and CPCs. It has been reported that the formation of
a conductive network inside the polymer matrix, selection of
filler, and morphology design play a crucial role in determining
the microwave attenuation capabilities of CPCs. Conductive
fillers can be categorized into three groups, i.e., metallic fillers
(MXene, liquid metal, Cu, Ag, Ni, etc.), carbon fillers (SWCNT,
MWCNT, graphene, carbon black, carbon nanofibers, etc.), and
intrinsic conductive polymers. Metallic fillers are suitable for
endowing CPCs with higher EMI shielding properties to due to
their exceptionally high electrical conductivity, but their prac-
tical application is limited by factors such as their cost, density,
and questionable stability.”>” Alternatively, carbon fillers have
become widely accepted due to their lower density and strong
electrical conductivity.”®** In EM shielding applications,
conductive fillers such as intrinsic conductive polymers
including poly(3,4-ethylenedioxythiophene) (PEDOT) and poly-
aniline (PANI) can be utilized. Moreover, it has been reported
that two-dimensional conductive fillers such as graphene
exhibit a higher EM shielding performance compared to zero-,
one-, and three-dimensional fillers.>** It has been reported that
the multiple interfaces produced by fillers in the polymer matrix
enhance the EM shielding capabilities of CPCs through several
mechanisms, such as dielectric/conduction losses, attenuation,
polarization, electronic resonance, and multiple scattering/
reflections.®** Accordingly, to create multiple interfaces,
various approaches have been utilized including core-shell/
multilayered/sandwiched CPCs, porous/foamed CPCs, multi-
phase CPCs, segregated CPCs, and CPCs integrated with
produced conductive networks.*¢*°

Based on the above discussion, herein, composites were
synthesized using the conducting polymer PEDOT and PANI
and graphene as conducting fillers. This work aimed to examine
the impact of the structural, morphological, and electrical
properties of the PEDOT composites on their EM shielding

© 2024 The Author(s). Published by the Royal Society of Chemistry
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efficacy in the microwave frequency region. To the best of our
knowledge, these composites have been not reported to date.
The in situ synthesis approach enabled the controlled growth of
the conducting polymer layers over graphene. The synergistic
effect of the polymer materials and interfaces in the composites
yielded an enhanced SE, and thus they show potential as highly
suitable materials for various applications, including industrial
and defense.

2. Experiential details

The composites were synthesized via an in situ chemical
oxidative polymerization technique, as shown in Scheme 1.
Details of the synthesis are presented in the ESIL{ For conve-
nience, the sample was coded based on the material composi-
tion, as shown in Table S1.T

3. Results and discussion

The synthesized samples were characterized to determine their
structural and morphological properties, and also employed in
dielectric studies and shielding measurements. The obtained
results from the measurements are discussed below.

3.1. X-ray diffraction (XRD) study

The structural details of the polymer composites were analyzed
using X-ray diffraction patterns, as illustrated in Fig. 1. In the
inset of this figure, the appearance of the typical diffraction
peak at 26 = 12° indicates the formation of graphene oxide
(GO), representing the presence of numerous oxygen-functional
groups.*! After the reduction of GO, the diffraction peak shifted
at 26 = 25.6° in pattern of RGO. This reduction reaction is
associated with the elimination of functional groups containing
oxygen atoms from the graphene layers, and consequently the
interplanar spacing decreased from 7.37 A to 3.48 A, also con-
firming the conversion of GO to RGO (graphene). Moreover, the
intensity of the diffraction peak of RGO decreased and its width
increased compared to graphene oxide, indicating a lower
degree of crystallinity in graphene than GO, which emphasizes
the higher degree of exfoliation in RGO.

The XRD patterns of PEDOT and PANI revealed that they
possess a semicrystalline structure, as indicated by the two
broad peaks at 20 values of around 19° and 25°.*> These two
peaks originated from the interchain planar ring stacking
distance (dy10) and inter-chain m-m stacking distance (dy0) of
PEDOT, respectively.*” The incorporation of graphene in the
pristine polymers resulted in a transformation of their struc-
tural characteristics, ie., shift from an amorphous state to
a semi-crystalline structure. This transition is attributed to the
various allotropes of carbon, which, upon the inclusion of gra-
phene in PANI and PEDOT, can lead to the emergence of unique
crystalline structures.*® The peaks located at 25.41°, 25.82° and
25.63° in the XRD patterns of the PG, PANIG, and PPG
composites, respectively, show the presence of graphene in
these samples with a minor shift compared to the inset plot of
graphene, which may be caused by the solid-state charge
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Scheme 1 A schematic representation of the synthesis process of polymer and its composites and the different interactions among PEDOT,
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Fig. 1 XRD plots of the samples.

transfer reaction among the materials, resulting in variations in
their chain packing and configurations.

3.2. Microscopic study

Fig. 2 shows the scanning electron microscopy (SEM) images for
the morphological examination of the RGO, PANI, PEDOT, PG,
and PPG samples. During the synthesis of RGO, the layers of the
graphite flakes were successfully exfoliated, leading to a larger
d-spacing and a structure resembling warped and crumpled
RGO paper/sheets (Fig. 2(a)). The micrograph also reveals the
very thin nature of the sheets, which exhibit surface crumples.

664 | RSC Adv, 2024, 14, 662-676

As shown in Fig. 2(b and c), the SEM micrographs of PANI
and PEDOT reveal a clustered and particulate structure with tiny
pores. The inherent compressibility of the polymers is the
origin of these pores. The SEM image of the PANIG composite
indicates that the RGO sheets were entirely encapsulated by
PANI, as depicted in Fig. 2(d). The SEM images of the PG
composite are shown in Fig. 2(e), with the corresponding insets
displaying higher-resolution views. During the polymerization
process, PEDOT was polymerized on the surface of the RGO
sheets. Nearly all the layers of graphene were successfully
covered with the polymer due to the higher weight ratio of the
monomer compared to RGO. This resulted in the formation of
a core-shell morphology, in which PEDOT acted as the shell and
RGO as the core, and a similar morphology was also observed in
the PPG sample. The development of the core-shell morphology
is widely acknowledged to play a role in augmenting microwave
absorption characteristics by inducing supplementary dielectric
losses. Moreover, S. Khasim et al. reported that the addition of
RGO to a polymer matrix promotes multiple reflections of EM
waves within the composite structure, thereby enhancing
microwave absorption.** Thus, the SEM micrographs reveal the
presence of RGO in the polymer composites, which led to
considerable morphological modifications in the pure polymer
matrix, resulting in better electromagnetic properties.

3.3. Fourier transform infrared spectroscopy (FTIR) study

FTIR is a technique that provides information about the
molecular vibrations, functional groups, and chemical bonds

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of (a) RGO, (b) PANI, (c) PEDOT, (d) PANIG, (e) PG, and (f) PPG composites.

present in a sample by analyzing the interaction of molecules
with infrared light. The FTIR spectrum of the samples are
shown in Fig. 3.

The FTIR spectrum of graphene oxide reveals the presence of
several functional groups, including hydroxyl, carboxyl, and
epoxide groups. The peaks for the oxygen-containing groups
were observed at about 1402 cm™', corresponding to the

© 2024 The Author(s). Published by the Royal Society of Chemistry

deformation vibrations of the H-O bonds, and 1089 cm™?,

indicating the stretching vibrations of the C-O alkoxy group.*
Furthermore, the band at around 1727 cm ™! is attributed to the
stretching vibrations of the COOH groups. The IR band at about
788 cm™ " is associated with the C=0 stretching vibrations in
carboxylic acid and carbonyl groups predominantly found at the
edges of the graphene oxide surface.*® Furthermore, the band
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07245b

Open Access Article. Published on 02 January 2024. Downloaded on 1/18/2026 3:31:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

% Transmittance (a.u.)

2000 1800 1600 1400 1200 1000

Wavenumber (cm™)

800 600 400

Fig. 3 FTIR spectra of the samples, GO, and RGO.

centered at about 1615 cm™' signifies the presence of an

unoxidized carbon backbone, corresponding to the sp*-
hybridized aromatic C=C bond vibrations. These findings
collectively confirm the oxidation of the graphite material.
Following the reduction of GO, there was a noticeable reduction
in the intensity of these characteristic bands/peaks in GO, and
some of them even disappeared. This observation strongly
suggests the transformation of GO into RGO and the partial
removal of its functional groups during the reduction process.

Table 1 provides an overview of the peak assignments for the
PEDOT and PANI samples. The spectrum of PEDOT reveals
distinct vibrational bands arising from specific molecular inter-
actions. These include the vibrations associated with the
stretching of the C=C bonds in the thiophene ring (about
1516 cm ') and the stretching of the C-C bonds in the quinoid
structure (1328 cm ') of the thiophene ring.” Moreover, other
bands were observed at about 684, 831, and 976 cm ™, which are
attributed to the interaction involving the carbon-sulfur (C-S)
bond in the thiophene ring.** According to the spectra of PG, it
was observed that all the spectral peaks of PEDOT were also
present in the composite, where PEDOT grew on the layers of

Table 1 FTIR band assignments of the PEDOT and PANI samples
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RGO. This growth process established a solid-state charge transfer
relationship between PEDOT and encapsulated RGO, resulting in
a slight shift in the IR peaks of PEDOT due to the distinct elec-
tronic properties of these materials (RGO is a known electron
acceptor, while PEDOT serves as a strong electron donor).

The FTIR spectrum of PANI and its composite with graphene
(labeled as PANIG) exhibited characteristic bands associated
with the extensively conjugated polyaniline structure. In the
characteristic region of PANI, the bands located at around 1569
and 1480 cm ™" correspond to the C=C stretching vibrations in
the quinoid (N=Q=N) and benzenoid (N=B=N) rings,
respectively.”” The bands in the benzenoid and quinoid struc-
ture are related to the polaronic and bipolaronic charge species
in PANI, respectively. The appearance of an absorption band at
about 1303 cm ™" in the PANI and PANIG samples indicates the
occurrence of m-electron delocalization in the polymer via
protonation, which implies the successful doping of the
samples by sulfonic acid.*> The other band at around 1251 cm™*
is related with the bending of the N-H bonds. Furthermore,
a distinctive band was evident at approximately 1128 ecm ™,
which is associated with the stretching bond vibrations of the -
NH'= groups and the delocalization of electrons along the
polymeric chain®®. The presence of the band at ~1128 cm™ ' in
the prepared materials indicates the successful synthesis of
high-quality polyaniline, which characterized by an extended
conjugation length. The band centered at ~732 cm ™' can be
attributed to the out-of-plane bending of the C-H bonds and
deformation vibrations of the C-C bonds in the mono-
substituted aromatic rings.

The IR spectra of the PPG composite show all the major
characteristic bands associated with the conjugation structures
of PEDOT, PANI, and graphene. These two polymers, ie.,
PEDOT and PANI, possess analogous molecular chains,
enabling the regular alignment of PEDOT on the surface of
PANI due to the formation of hydrogen bonds and robust -
interactions. The presence of C-N and C-O bonds in PANI may
facilitate hydrogen bonding interactions between PANI and
PEDOT. Furthermore, during the synthesis process, coulombic
interactions occur between the positively charged protons on
the PANI molecular chains and the negatively charged PEDOT,

Observed bands (cm ™)

Assignments of peaks PANI PEDOT PPG
C=C stretching in quinoid structure 1569 1562
C=C stretching in benzenoid structure 1480 1473
N-H bending 1251 1242
C-N (or C-C) stretching 1303 1291
C-H stretching 1128 1116
In-plane C-H bending 880 877
Out-of-plane C-H bending 820 817
C-C stretching in quinoidal structure 1516 1531
C=C stretching in quinoidal structure 1328 1333
C-O-C stretching 1190, 1138, 1085 1221, 1097
C-S in thiophene ring 976, 831, 684 689
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as observed from the shifting of the bands in the spectrum of
the PPG composite, which appeared at 1251 cm™' and
1128 cm ™' in the spectrum of PANL. This interaction plays a role
in establishing a conductive network in the PPG composite. The
changes in the intensity of these bands can also be correlated
with the alterations in the electrical conductivity of the
composites and the interaction among the materials, leading to
polarization. These two parameters play a significant role in
enhancing microwave absorption, which are discussed in the
following section.

3.4. Dielectric properties analysis

The conjugated polymers and their composites with graphene
are considered non-magnetic conductive materials. Therefore,
the shielding effectiveness of the samples is predominantly
reliant on their dielectric properties, as represented by complex
permittivity (e, = ¢ + ie"). Both the real (¢) and imaginary (¢")
parts of permittivity of the composites increased via the addition
of graphene to the composites. This is because of the increase in
the number of hetero-interfaces (contributing in ¢') together with
the number/mobility of free charge carriers (contributes in &)
with the incorporation of graphene in the polymer composites.
Several factors may contribute to this behavior, including the
disruption of parallel capacitance networks between the polymer
chains owing to the inclusion of the very conductive RGO in the
polymer, together with the variation in electronegativity between
the nitrogen/sulfur atoms in PANI/PEDOT and the carbon atoms
in RGO. Consequently, these properties facilitated the creation of
numerous micro-capacitors, which lead to the generation of
interfacial dipole moments.*

The pronounced disparity in the values between the imagi-
nary component of permittivity and its real counterpart high-
lights the attenuation behavior of the composite materials,
which is attributed to the presence of a significant number of
free charge carriers in the composites. Also, it is noteworthy that
both parts (¢’ & ¢”) of permittivity exhibited a gradual decline
with an increase in frequency. This behavior suggests a decrease
in multiple forms of polarization in the materials, including

View Article Online
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electronic polarization linked to the redistribution of electronic
charges, atomic/ionic polarization associated with their
displacement and orientational/dipolar polarization arising
from the inclusion of impurities. It is evident that the dielectric
properties of the materials in this study are influenced by
various polarization mechanisms, particularly in the lower-
frequency domains. However, as the frequency increased, the
contributions from the dipolar and lattice/ionic polarizations
diminished significantly, leaving electronic polarization as the
dominant factor in the dielectric properties.>® Hence, the
decrease in the ¢’ & ¢” terms (shown in Fig. 4) can be attributed
to the reduction in ionic/atomic and dipolar polarization in the
higher-frequency domains. The incorporation of graphene in
the polymer matrix and PANI in the PG composite appeared to
influence the crystallinity, shape, and anisotropy character of
the materials, leading to multiple scattering and interfacial
polarization, which are further beneficial to improve the EM
absorption capabilities and enhance the shielding properties of
the materials.

Fig. 5(a) shows the frequency-dependent variation in the
dielectric loss (¢”/¢'). The inclusion of RGO in the polymer
matrix resulted in an observed increase in dielectric loss,
whereas the PPG sample showed lower dielectric loss than the
PG composite. This observed variation in dielectric loss in the
samples is reinforced by the increase in mobility/number of
charge carriers, changes in space charge polarization due to the
increase in heterogeneity in the composite, and improved
conductivity. The overall dielectric loss values increased with
the introduction of RGO in the polymer matrix, which is
primarily owing to the significant contribution of electrical
conductivity given that ¢” has significantly higher values than ¢'.
Accordingly, the total dielectric loss in the PPG composite was
lower than that of the PG composite. To gain insight into the
phenomenon of dielectric loss, i.e., whether it is dominated by
conduction or polarization, log(e”) was plotted versus log(fre-
quency) for all the samples (Fig. 5(b)).** If the plot between
log(¢") and log(frequency) exhibits a sigmoidal pattern, the
dielectric is primarily influenced by polarization relaxation

R —=— PEDOT —*— PANI PANIG 88 - ek
35 L \,\-O\AA’XW\
“Oey@ﬁ/
“r %W%G@
30+ v
60 -
- 2T % 1—=—PEDOT —*— PANI PANIG
46 F ——PG ——PPG (b)
20}
(@] 3}
15}
18}
10 _ L 1 1 1 1 1 1 L 1 L 1 L
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Frequency (GHz)

Frequency (GHz)

Fig. 4 The behavior of real (a) and imaginary (b) parts of permittivity to frequency.
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rather than the conduction of charge carriers. However, the
nearly linear trend observed for the sample suggests that
conduction carriers play a dominant role in the dielectric loss,
overshadowing the influence of polarization effects.>

The above discussion indicates that the polarization or
dielectric relaxations are secondary contributors to the dielec-
tric loss in the composites. The physical composition and
chemical characteristics of a material, including its morphology
or shape and chemical bonding, play crucial roles in achieving
a superior polarization (P) performance according to the clas-
sical electromagnetic theory.

P = (¢ — &)E = NaE (1)

(2)

e =¢y+ Na

where « and N represent the polarizability and the number of
dipoles, respectively.

Insight into the dielectric properties can be gained by
understanding the polarization, which encompasses dipole,
electronic and ionic orientation polarization, together with
relaxation phenomena in the presence of an EM field. Specifi-
cally, electronic polarization, arising from valence electrons,
imparts unique electronic characteristics to RGO, potentially
enhancing the electronic polarization.> Furthermore, in the
microwave frequency spectrum, the polar properties of PEDOT
and PANI contribute to increased dielectric values through both
dipole and ionic polarization mechanisms."

The understanding of the dielectric properties of the
samples could be understood by examining their relaxation
phenomenon using the Debye theory of relaxation, which is
frequently employed in the investigation of dielectric polariza-
tion in polymeric materials. The expression for complex
permittivity can be formulated as follows:

& — Ex ’ .
& = €w + — = —j¢’
1+ iwt

(3)

which gives,
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where, w symbolizes the angular frequency, ¢; and ¢ represent
the static and optical permittivity (below and above the dipolar
relaxation frequency), respectively, and 7 denotes the relaxation
time. We can express the contributions of electron transport
and dipole polarization as ¢’ and ¢”,, respectively, using the
following equations.

s (& —ee)wT
€ P 1 + &)21'2 (6)
g
é'”c = w—eo (7)

According to eqn (3)—(5), the correlation between ¢’ and ¢’
can be recognized as:

(-2 rer - 252

Using eqn (8), the correlation between ¢’ and &”, which is
commonly known as the Cole-Cole plot, is depicted in Fig. 6,
characterizing the Debye relaxation. In the case of high-quality
dielectric materials, the Cole-Cole plot typically shows a perfect
semicircular shape. Alternatively, deviations from this semi-
circular pattern in the Cole-Cole plot suggest the existence of
supplementary polarization mechanisms, which may include
Maxwell-Wagner and electron polarization, in addition to
dipole polarization.*® As shows in Fig. 6, the plots for all the
samples in the Cole-Cole analysis show characteristic semi-
circular shapes with slight deviation. Each of these semicircles
corresponds to a distinct Debye relaxation mechanism, and the
presence of multiple semicircles is attributed to asymmetrical
relaxation times (t), suggesting the co-existence of multiple
polarizations. These multiple polarizations may be responsible

(8)
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Fig. 6 Cole—Cole plots of the samples.

for the augmentation in the EM shielding ability of the
materials.

Microwave absorption and EM shielding properties are
influenced by two primary factors, i.e., internal attenuation and
impedance disparity.** However, the pristine conducting poly-
mers and the composites exhibited weak impedance matching
owing to their high dielectric characteristics or complex
permittivity and non-magnetic/lower permeability properties.
Thus, the dominant mechanism for EM wave loss through
absorption primarily relies on internal attenuation.

The skin depth (6) and ac conductivity (o) parameters were
computed for the samples using eqn (10). Conducting polymers
mainly possess two types of charge carrier species, i.e., polarons
and bipolarons, which involve the localization of charge carriers
in the polymer chains. The free charge carriers are responsible
for space charge polarization, whereas the bound charge
carriers/dipoles contribute orientational polarizations. The ac
conductivity included the presence of both free and bound
charges in these disordered polymeric materials.
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Significant changes in o4 with the incorporation of graphene
in the pristine polymers and PPG composite were observed, as
depicted in Fig. 7(a). The addition of graphene to the polymer
matrix leveraged its intrinsic properties by forming a conductive
network in the material, resulting in a significant enhancement
in electrical conductivity. The introduction of the PEDOT poly-
mer in PANI improved the electrical conductivity of the PANIG
sample. This can be attributed to the presence of sulfonate
groups (SO; ) in PEDOT. These sulfonate moieties possess the
potential to establish hydrogen bonds with polyaniline during
the synthesis reaction.”>*® This increased the mobility of charge
carriers, resulting in an increase in the conductivity of the PPG
sample. The FTIR and morphological studies also indicated the
presence of an interaction between the quinoid ring structures
of PEDOT and PANI in the PPG composite.*” This phenomenon
can also be attributed to the augmentation of dielectric loss
stemming from the bound charges and the energy dissipation
caused by free charges present in these semi-crystalline
samples. The ac electrical conductivity has control over dielec-
tric loss, while energy loss is contributed by the pure direct
current conductivity of the material. Furthermore, the observed
pattern of ¢” (or dielectric loss) is in excellent agreement with
the variation observed in the calculated o,.

Skin depth plays a crucial part in EM shielding given that it
directly impacts the performance of a material to attenuate or
block electromagnetic waves. Generally, materials with smaller
skin depths and higher electrical conductivity are more effective
for shielding against higher-frequency electromagnetic waves,
whereas materials with larger skin depths may be more suitable
for lower-frequency applications.*® This depth is inversely
related to the electrical conductivity of the samples, and hence
its value can be influenced by the presence of extrinsic impu-
rities in the material. The skin depth (6) can be defined by eqn
(11), as follows:

(10)

61/ Vs

12t —=— PEDOT —+— PANI
70(2) (b) PANIG —+—PG
1L1H ——PPG
60
gl.o -
E 07 Z09f
Z ol —=—PEDOT ——PANI | & [
o PANIG —+—PG ~ ——PPG | =
) e P %07f
20r \/W ot
0.5F
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Frequency (GHz)

12 13 14 15 16 17 18
Frequency (GHz)

Fig. 7 Plots of (a) ac conductivity and (b) skin depth as a function of frequency.
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The variations in skin depth with the frequency of the samples
is depicted in Fig. 7(b). A decrease in the skin depth of the
composites with an increase in frequency was observed, owing to
the increase in electrical conductivity with frequency. This
decrease in skin depth implies a decreased penetration of EM
waves across the material, i.e., a lower skin depth results in higher
attenuation of EM waves. Thus, the skin depth becomes the
crucial factor in defining the shielding effectiveness of materials.
Accordingly, materials with a lower skin depth can be considered
a good choice for resolving the issue of EM radiation pollution.

3.5. EM shielding effectiveness analysis

The EM shielding effectiveness (SE) of materials for EM waves
mainly involves studying the energy dissipation of the EM
waves. In detail, how materials interact with EM waves, the
assessment of the energy transformation, energy dissipation of
the waves, and the influence of variables such as the utilized
frequency, operational temperature, and material composi-
tion.>® It has been reported that electromagnetic shielding
properties are directly influenced by the electrical and magnetic
properties, whereas the frequency of EM waves and system
temperatures also influence the energy dissipation of the EM
waves and energy conversion ability of various carbonaceous
composites.®® Therefore, a systematic examination of the EM
shielding performance of the polymer nanocomposites was
conducted, considering the effect of frequency, electrical char-
acteristics, and composition of the samples.

Mathematically, the SE is commonly defined as the ratio of
power of incident waves to the power of the transmitted waves.
The total SE (SEy) encompasses the shielding effectiveness
resulting from reflection (SEg), absorption (SE,), and multiple
internal reflection (SEy) phenomena of EM waves, which can be
expressed by the following equation:

SE1(dB) = 101log;¢ Pi/P; = SEg + SEA + SEm (11)
where P; and P; represent the total transmitted and incident
power of EM waves, respectively. When the value of SEt exceeds
15 dB, the SE contributed from SE,; becomes negligible.

EM Shield

2 mm
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Shielding effectiveness is the capacity of a material to dissi-
pate or lessen the penetration of EM waves, primarily by con-
verting EM energy to heat energy, which is dependent on the
bulk conductivity of the shield. When the conductivity of the
EM shield is higher, the dielectric loss becomes significant,
leading to an increase in shielding effectiveness through
absorption. Alternatively, the impedance mismatching at the
boundary between the air and shielding material is responsible
for the SEx phenomena. At this boundary, the unbound electric
charge carriers engage with the incoming EM waves, resulting
in their reflection, thus enhancing the SE via the process of
reflection. The overall influence of all the responsible
phenomena on the attenuation of EM waves can be simply
understood through a schematic representation, as depicted in
Scheme 2.

The SE resulting from absorption (SE,), reflection (SEg), and
total shielding effectiveness (SEr) phenomena is depicted in
Fig. 8(a-c), respectively. As depicted, the shielding effectiveness
is influenced by both the composition of the material and
frequency. It was observed that the SE via absorption increased
with the incorporation of graphene in the polymer matrix and
PEDOT in PANIG composite, as shown in Fig. 3(a). In compar-
ison, the pure PANI sample reveals the lowest absorption of
approximately 20.9 dB, and the values of SE, for the PEDOT,
PANIG, PG, and PPG composites reached 26.33, 27.56, 39.19, and
36.17 dB, respectively, at 18 GHz frequency. This enhancement in
shielding effectiveness with a change in the composition of the
samples can be attributed to several factors, including their
substantial surface-to-volume ratio, enhanced electrical
conductivity, skin depth effect phenomena, and numerous
internal reflections occurring from the graphene sheets.

According to eqn (S7),} the SE due to absorption is mainly
influenced by several key parameters, including electrical
conductivity (g), skin depth (), permittivity (¢), permeability (u),
and barrier thickness (¢) of the shield. When EM waves passed
through the graphene-encapsulated composite samples, higher
scatter occurred, which enhanced the shielding effectiveness.
The PG composite sample exhibited the highest shielding
effectiveness due to absorption (e.g., SE, = 39.19 dB) among the

& Conduction loss

uoneiSiw suoi3|3

Interfacial polarization

Polarizations loss

Scheme 2 The possible mechanism of EM wave attenuation in the samples via reflection, absorption, and multiple internal reflections, and other

responsible losses for the attenuation of EM waves.
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samples, which surpasses the total SE required for commercial
purposes (~30 dB). In the Ku frequency band, the SE, of all the
samples constantly increased with an increase in frequency. This
shielding effectiveness behavior is influenced by various types of
dielectric polarizations and increases with an increase in
conductivity with frequency. The presence of graphene in the
composites resulted in the formation of an electrical network,
which facilitated the higher EM shielding performance by
dissipating the EM wave energy into conduction losses.** More-
over, these absorption losses occurred due to the large accu-
mulation of valence electrons across the two-dimensional
structure of RGO facilitated by intertwining of the PANI/PEDOT
polymer chains and RGO sheets, i.e., formation of core-shell
structure. This intertwining among the materials led to elec-
tronic polarization, which may be due to the tunneling of charges
between the conducting polymer and RGO.

The SE due to reflection (SEg) phenomena of the composites is
shown in Fig. 8(b). The SEy is attributed to the impedance
mismatch at the boundary of air-material. According to eqn (S8),
itis directly proportional to the ratio ofo/u,. It was found that SEx
steadily decreased with the frequency in the Ku-frequency band
for all the samples. Among the samples, PANIG exhibited the
lowest SEg value at approximately 4.1 dB, while the PG sample

View Article Online
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possessed the highest SER value at around 7.5 dB, specifically at
a frequency of 18 GHz. The influence of both absorption and
reflection on the shielding effectiveness was apparent when
examining eqn (S7) and (S8),1 with both factors showing an
increase in strength with an increase in conductivity. This
phenomenon was also observed in the shielding results.

The variation in SEr with frequency for the composites is
depicted in Fig. 8(c). The results indicate that the SEy values for
all the samples surpass 15 dB, which fulfills the minimum SE
criteria necessary to neglect the presence of multiple internal
reflections in the material. The SE; of the samples revealed an
increasing trend with an increase in frequency and
conductivity/incorporation of fillers. At 18 GHz, the SEt values
for the PANI, PEDOT, PANIG, PG, and PPG samples were 25.08,
31.36, 33.95, 46.62, and 42.93 dB, respectively. Both the SE,
(Fig. 8(a)) and SE (Fig. 8(c)) exhibited a similar variation versus
frequency. Thus, was been established that absorption plays the
predominant role in the overall SE.

Furthermore, to investigate how the thickness affects the
ability of the materials to provide shielding, additional
measurements were performed with different thicknesses of the
PPG samples to assess their shielding performance, as depicted
in Fig. 8(d). The thickness of the samples varied from 1.45 mm
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Fig. 8 Plots of (a) SEa, (b) SEg, and (c) SE+ as a function of frequency for all the samples. (d) Plot of SE+ versus thickness (t) for PPG sample.
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to 3.48 mm. The SE revealed consistent behavior with the
sample thickness, corresponding to eqn (S7).} In the case of the
PPG sample, the total SE increased from 32.61 dB to 54.60 dB,
while the thickness of the shield changed from 1.45 mm to 3.48
mm. The results are analogous to the relation between the
thickness and intensity (as I = I,e~*) of the waves, which
implies the exponential decrease in the intensity of incoming
EM waves in the shield.

According to eqn (S7) and (S8),t it is evident that a direct
relationship exists between SE, and SEi with electrical
conductivity. Consequently, SE, and SEg were plotted with the
conductivity, as shown in Fig. 9(a), revealing the direct corre-
lation between the two. The SE, showed a remarkable increase
with an increase in conductivity, whereas the SEr decreased
with an increase in conductivity. Given that SEx depends on the
ratio ofs¢/w, in which frequency acts as the more significant
term. Given that the shielding phenomenon was driven by the
absorption mechanism rather than the reflection mechanism,
the total shielding increased with an increase in conductivity.
To explore the effect of skin depth, the SEr was plotted against
‘0", as depicted in Fig. 9(b), confirming that the total shielding
effectiveness decreased with an increase in the skin depth.

The signal exclusion threshold of all the composite samples
exceeded 30 dB, surpassing the industrial requirement for their
commercial use. Thus, the samples are useful for commercial
shielding applications. Considering this, the shielding proper-
ties of the samples are discussed in detail as a function of
frequency and other parameters. To further elaborate the
discussion and correlate the shielding effectiveness and other
parameters with the composition of samples, Fig. 10 was
plotted. It validates the noteworthy dependence of the shielding
effectiveness on the dielectric loss and conductivity on the
composition of the samples. It was found that a change in the
composition of the sample led to a change in dielectric loss and
electrical conductivity, which led to proportional deviations in
the total shielding effectiveness.

EM shielding can be achieved through reflection or absorp-
tion of EM radiation. However, reflection poses a problem
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Fig.10 Variation in shielding effectiveness, electrical conductivity, and

dielectric loss with the composition of the samples.

because the shield can act as a secondary source of EM radia-
tion, potentially causing interference. This can be harmful to
electronic devices and living organisms. Therefore, shielding
through absorption is preferred. Thus, to assess the eco-
friendliness of the prepared samples, the “green index” (g;)
(=1/|811%| — |824%|/|S11%| — 1, where S;; and Sy, are scattering
parameters) was examined, as suggested by Cao et al., which
assesses the eco-friendliness of shielding materials.®* A higher
value of g; (>1) indicates strong absorption, whereas a lower
reflection contributes to effective EM shielding. The composite
samples containing graphene had a g of greater than 1 and
their SE surpassed 30 dB, which signifies the higher-
performance and environment-friendly EM shielding nature
of the prepared materials.

Furthermore, to measure the validity compared to the re-
ported work, the shielding performance of the present study
was compared with other published reports.****7* This
comparative analysis is shown in Fig. 11 and additional data
can be found in Table S2 in the ESIL.T The achieved SE results of
the conducting polymer composite samples can be attributed to
several key factors. Firstly, the synergistic interaction among the
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Fig. 9 Variation in SE4 as a function of (a) conductivity of PPG sample and (b) skin depth for all the samples.
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Fig. 11 A comparison of the electromagnetic shielding outcomes with that of similar composites published in the literature #4627

two-dimensional sheets of RGO and the polymer matrix plays
a vital role. Also, the interactions between the sulfonate groups
(SO;37) of PEDOT and PANI in the PPG composite contributed to
the improved shielding results via an enhanced polarization
effect. Further, the incorporation of graphene and copolymeri-
zation generated more localized states in the composite. This
improved the conductivity of the specimens and led to a long-
range hopping conduction mechanism, resulting in the gener-
ation of dielectric and ohmic losses. This also increased the
mobility of charge species in the samples. The higher conduc-
tivity of the composite materials is another crucial factor in
their improved shielding performance. Moreover, the hetero-
geneity of the composites and different electric natures of the
materials may lead to space charge polarization and dipolar
polarization, and consequently higher dielectric loss and
shielding results.

4. Conclusion

A conducting polymer and its composites with graphene were
prepared via an in situ chemical oxidative polymerization
approach for the attenuation of electromagnetic waves. The
changes in the intensity of the IR bands and presence/shifting
of these bands revealed the occurrence of various interactions
in the composites and variations in the ‘o’ with the incorpo-
ration of fillers. The presence of two-dimensional graphene in
the composites was revealed by SEM micrographs of the
composite specimens. The pure and polymer@graphene
composite samples exhibited an outstanding shielding effec-
tiveness in the Ku-band of frequency. At 18 GHz, the SEr of the

© 2024 The Author(s). Published by the Royal Society of Chemistry

PG composite was measured to be 46.62 dB with a 2 mm thick
sample, which was significantly higher than the SE value
needed for industrial applications. At higher frequencies, the
composite specimen effectively addressed the issue of EM
pollution by blocking more than 99% of incident EM waves.
The SE results of the composites were attributed to the
improved synergistic dielectric losses and higher conductivity
of the specimens. The analysis utilizing the Cole-Cole plot
validated the existence of Maxwell-Wagner and dielectric
polarization, in addition to electronic polarizations, in the
specimens. Furthermore, the overall SE increased with an
increase in ‘cy’ and a reduction in skin depth. A detailed
investigation of the EM shielding characteristics of the
samples was performed in relation to various parameters and
the results revealed that they are excellent shielding materials
suitable for commercial applications in the electronic, tele-
com, and defense industries.
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