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Abstract: Electromagnetic interference disturbs the working of electronic devices and affects the
surroundings and human health. Consequently, research has led to the development of radiation-
protection materials. Inherently conducting polymers have been found to be suitable for electromag-
netic interference (EMI) shielding owing to their fine electrical conductivity properties. Moreover,
nanoparticle-reinforced conjugated polymers have been used to form efficient nanocomposites for
EMI shielding. Nanoparticle addition has further enhanced the radiation protection capability of con-
ducting polymers. This state-of-the-art comprehensive review describes the potential of conducting
polymer nanocomposites for EMI shielding. Conducting polymers, such as polyaniline, polypyrrole,
and polythiophene, have been widely used to form nanocomposites with carbon, metal, and inorganic
nanoparticles. The EMI shielding effectiveness of conducting polymers and nanocomposites has
been the focus of researchers. Moreover, the microscopic, mechanical, thermal, magnetic, electrical,
dielectric, and permittivity properties of nanocomposites have been explored. Electrically conducting
materials achieve high EMI shielding by absorbing and/or dissipating the electromagnetic field.
The future of these nanomaterials relies on nanomaterial design, facile processing, and overcoming
dispersion and processing challenges in this field.
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1. Introduction

There are several sources of electromagnetic radiation, such as solar radiation, light-
ning, and human-made devices [1]. The resulting electromagnetic interference (EMI) affects
the surroundings, including human beings, the environment, and the working of electronic
devices [2]. Consequently, research efforts have focused on the fabrication of shielding
materials to prevent the harmful effects of EMI radiation on humans and devices [34].
Primarily, metal-based materials are used for EMI shielding [5]. Other traditional materials,
such as ceramics-, carbon-, and polymer-based shields, are also utilized [6]. However,
metal shields have the disadvantages of high density, high cost, corrosion susceptibility,
and formability. Subsequently, EMI shielding materials featuring light weight, mechanical
strength, thermal stability, corrosion resistance, and high electron transport, have been de-
veloped [7]. In addition to polymers, various nanostructures, such as carbon nanoparticles
and inorganic nanoparticles, have been investigated in combination with polymers [8-10].
Nanofiller addition has been found to enhance the electrical, anticorrosion, thermal, and
mechanical properties of polymer materials [11]. Moreover, polymer nanocomposites are
characterized by a low cost, fine processability, high electromagnetic absorption, permit-
tivity, and dielectric properties. Generally, high electron conductivity enhances the EMI
shielding properties of nanocomposites [12]. Therefore, among the polymers, conducting
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polymer matrices are preferred for EMI shielding. Conducting polymers have been used to
form highly conducting and electromagnetic absorption materials [13,14].

This state-of-the-art review describes the fundamentals, design, and properties of
EMI shielding materials based on conducting polymer-derived nanocomposites. Here,
understanding the EMI shielding mechanism was found to be important for the overall
radiation protection performance of nanomaterials. Numerous conducting polymers have
been employed to form EMI shielding materials. Correspondingly, carbon nanofillers
(graphene, graphene oxide, and carbon nanotubes), and inorganic and metal nanoparticles
have been found to be suitable for enhancing the EMI shielding of conducting polymers.
Accordingly, this overview presents the current state of the field, encouraging the pursuit
of future research on innovative conducting materials for EMI shielding.

2. EMI Shielding

Electronic devices continuously generate an electromagnetic field [15]. The created
field not only interacts and interferes with other devices’ functioning but also affects the
surrounding environment and human health [16]. To overcome electromagnetic field inter-
ference, shielding materials with fine electron transportation and magnetic permeability
properties have been researched [9]. Conventional electromagnetic shields have a low
capability to shield these radiations. Consequently, metal- and polymer-based shield-
ing materials have been utilized for electromagnetic defense [17]. Among the polymers,
conducting polymers are successful in radiation protection applications. Relative to conven-
tional metallic or polymeric shields, conducting polymers and the derived nanocomposites
have advantageous radiation-shielding performance [18]. Moreover, these nanomaterials
feature a light weight, low cost, mechanical robustness, and thermal stability [19]. Electro-
magnetic shielding features rely on the inherent electron transference of materials [20]. It
was observed that the material utilized for EMI shielding needs to be electron-conducting
in nature, i.e., it needs to have mobile charge carriers [21]. When incident electromagnetic
radiations interact with the mobile charge carriers of the conducting material, charges start
flowing. As a result, the charges are redistributed along the conducting material, generating
an opposite electromagnetic field [22]. In this way, the material can shield the incoming
electromagnetic radiations.

In conducting polymer nanocomposites, electrical conductivity usually depends on
nanofiller type, contents, and dispersion in the polymer matrix. For instance, including
carbon nanotubes or nanofibers in conducting polymers enhanced the electromagnetic
interference shielding interference (EMI SE) effects [23]. The mechanism of the electro-
magnetic shielding of conducting polymers and their derived nanocomposites has been
explored in the literature [24]. The electromagnetic shielding mechanism has been found
to be complicated by several reflections and multiple reflections (Figure 1) [25]. Multiple
reflections happen when the incoming light falls on a surface, and the reflected radiation
is reflected again on another surface. The reflected radiation again strikes back and forth
between the reflecting surfaces. Conversely, several reflections may occur when numerous
incident radiations fall on the surface and cause several reflecting rays. Conducting ma-
terials with finely dispersed nanoparticles offer efficient radiation absorption properties.
Additionally, nanocomposites with randomly scattered nanoparticles provide low radiation
protection and cause a complex shielding phenomenon due to internal reflections [26-28].
The electromagnetic shielding mechanism generally comprises the absorption or reflec-
tion of incident radiations. Thus, appropriately designed polymers or nanomaterials
display high EMI shielding performance. To improve the radiation defense of polymers
or conducting polymers, various nanoparticles have been reinforced, including carbon
nanoparticles [29].
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Figure 1. EMI shielding mechanism showing reflections and multiple-reflection phenomenon [30].
Reproduced with permission from Wiley.

Among the carbon nanofillers, graphene, carbon nanotube, carbon black, etc., have
frequently been used for EMI shielding [31]. Electromagnetic interference can also be
blocked using magnetic nanoparticles [32]. For radiation defense, inorganic- and metal-
nanoparticles-based nanofillers provide high electrical conductivity and efficiency [33].
Here, high-performance nanomaterials need to be designed, i.e., fine nanoparticle dispersal
and minimal nanofiller aggregation for effective radiation absorption [34]. The shielding
mechanism is usually supported by the interconnected network formation of nanoparticles
leading to high electrical conduction [35]. Furthermore, shielding materials must possess
high thermal, mechanical, and anticorrosion stability for technical purposes [36]. EMI
shielding nanomaterials have been effectively applied in industries such as engineering,
energy devices, electronics, sensors, biomedical devices, and aerospace and defense [37,38].

3. Conducting Polymers in EMI Shielding

Due to their high electrical conductivity, metal-based shields were initially used for
EMI shielding [39]. However, using metal-based materials in industries causes major corro-
sion problems due to their heavy weight [40]. Therefore, research has shifted toward the
development of durable and efficient materials [41-43]. Here, polymers have been applied
due to their light-weight, anticorrosion, and radiation-protection properties. A number of
thermoplastics and thermosets have been explored for EMI shielding, including polyethy-
lene, polypropylene, polystyrene, phenolics, epoxies, and others [44-47]. Hence, polymers
and their derived blends or composites have been utilized for EMI shielding applications.

Conducting polymers have a strong ability to shield incoming electromagnetic waves [48].
Likewise, conducting polymers and their derived materials have been used for EMI shield-
ing [49]. Important conducting polymers have been applied such as polyaniline, polypyr-
role, polythiophene, and polythiophene derivatives. Doping process was also found to
be essential to improve the electrical conductivity and EMI shielding of conjugated poly-
mers [50]. Bhadra et al. [51] fabricated polyaniline using the oxidative emulsion polymer-
ization method. Polyaniline was blended with a copolymer of ethylene 1-octene. Adding
40% of polyaniline enhanced the EMI SE of the materials. Mikela et al. [52] developed cam-
phor sulfonic acid doped polyaniline. The thick 30 um material sheet had a high electrical
conductivity of ~100 Sem~!. Consequently, the shielding effectiveness was >40 dB. The
electrical conductivity and EMI SE increased with material thickness. For the improved
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EMI shielding of frequencies ranging from low to high values, thicker shields were be more
effective. An increased material thickness enhanced both the magnetic conductivity as well
as the electric conductivity to provide better radiation protection [53]. Moreover, electrical
conductivity was significantly enhanced with increasing thickness. Thick radiation shields
basically avoid unwanted effects at lower frequencies (<40 MHz). However, a thin layer of
conducting material was found to be enough to shield high frequencies > 40 MHz [54].

He et al. [55] prepared phosphoric-acid-doped polyaniline-based material. The
nanocomposite offered a high EMI SE of ~45-60 dB. Kim et al. [56] coated polyethylene
terephthalate film using a polyaniline layer. The nanomaterial was efficiently applied as
an EMI shield [57,58]. In addition to using neat polyaniline or blends, nanofillers have
been filled in a polyaniline matrix to improve the electrical conductivity and EMI shielding
characteristics [59,60]. Nanofiller addition was found to produce interfacial interactions
and develop a strong interface to create dielectric and polarization effects in EMI shielding
materials [61]. In this regard, both carbon and metal/inorganic nanoparticles have been
researched [62,63]. For example, graphene was used as effective nanocarbon nanofiller in a
polyaniline matrix to increase the electrical conductivity up to 1 Sem ! [64]. It was observed
that nanoparticles formed an interconnecting network in a polymer matrix, facilitating
electron hopping [65]. Ferrite nanoparticles were effectively used to attain an EMI SE of
42 dB [66]. Here, the high shielding was attributed to the -electron delocalization effect.
Polyaniline was reinforced with silver nanoparticles in combination with carbon black and
graphite [67]. A high EMI SE was found, in the range of 20 to 50 dB.

In addition to polyaniline, polypyrrole has been studied as an important conjugated
polymer with superior electron conductivity [68]. Gahlout et al. [69] synthesized polypyr-
role via in situ polymerization using pyrrole as the monomer and FeCl; as the oxidant.
Figure 2 portrays the EMI shielding mechanism comprising absorption, reflection, and
multiple internal reflection losses. Consequently, properties such as shielding effectiveness
absorption (Sgp), shielding effectiveness reflection (Sgr), and shielding effectiveness mul-
tiple reflections (Sgnm) have been studied [70]. The reflection phenomenon usually occurs
when light bounces back from a surface. Absorption occurs when light disappears by
passing across a surface and converting to another form of energy. Sgr is also defined as
reflection loss, whereas Sga can be considered absorption loss. The overall shielding of
electromagnetic radiation comprises shielding from both reflection loss Sgr and absorption
loss Sga. Reflection loss Spa occurs due to the impedance disparity between free space and
the shield surface and mobile charge interactions with incident electromagnetic radiation.
Absorption loss Sgs can be defined as the electromagnetic wave attenuation inside the
shield due to interactions with the electric or magnetic dipoles. Multiple reflection losses
can be observed in nonhomogeneous multilayer shields due to multiple wave scatterings.
Total wave shielding Sgt is the total of reflection loss Sgr, absorption loss Sga, and multiple
reflections loss Sgp.

Including nanoparticles was found to enhance the shielding effectiveness of polythio-
phene materials via dispersion and interconnecting network formation [71]. Polythiophene-
derived nanomaterials feature a high electrical conductivity of 42 Sem~! and an EMI SE of
126 dB [72]. Polythiophene has also been applied to form EMI shielding materials due to its
high electrical conductivity [73,74]. However, it has been relatively less explored compared
with polyaniline and polypyrrole matrices. Polythiophene-based nanocomposites have
an EMI shielding efficiency of up to ~44 dB and 99% absorption [75]. The EMI shielding
efficiency of materials usually increases with increasing content of conducting compo-
nents for resisting undesired radiation [76]. Moreover, the thickness, permittivity, and
permeability of the materials are important factors to enhance EMI shielding defense [77].
Generally, the shielding mechanism depends upon the absorption of incident radiations
via electric/magnetic dipole formation [78,79].
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Figure 2. Schematic of mechanism of the electromagnetic interference (EMI) shielding by conduct-
ing polymers [69]. PPy = polypyrrole. Sga = shielding effectiveness absorption; Sgr = shielding
effectiveness reflection. Reproduced with permission from Elsevier.

4. Conducting Polymer Nanocomposites in EMI Shielding

In the literature, researchers have focused on the enhancement in the electrical conduc-
tivity of conducting polymers via the inclusion of nanofillers [80]. Consequently, the type of
nanofiller, aspect ratio, amount, and dispersion were found influence electron conductivity,
dielectric, and EMI shielding features [81]. Carbon nanofillers are important polymer
reinforcements [82]. Efficient carbon nanofillers, including graphene, carbon nanotube,
nanodiamond, carbon black, and others, have been identified [83—-85]. The combination
of nanocarbons with conjugated polymers has been studied to enhance the EMI shielding
performance and physical properties of nanocomposites [86]. Moreover, inorganic and
metal nanoparticles can effectively enhance EMI SE performance [87,88].

Conducting materials are considered wave-reflection materials for EMI shielding due
to the presence of conducting electrons. The mobile charge carriers better interact with the
incoming electromagnetic radiation in terms of either absorption or reflection. According
to research efforts on nanocomposite systems, the nanofiller dispersion in polymers affects
electromagnetic shielding [89]. Usually, better-dispersed nanoparticles show increased
interaction with incident electromagnetic radiation and develop a connecting network
in the matrix to improve electron conduction. However, researchers also found that the
formation of a moderate nanoparticle aggregation in the matrix leads to enhanced electrical
conductivity and related shielding effectiveness [90]. Nevertheless, bigger nanoparticle
aggregates hinder conductive network formation and electron mobility, which decrease the
EMI shielding ability.

Among the conducting polymers, polyaniline has been widely applied for EMI shield-
ing [91,92]. The formation of polyaniline nanocomposites further improved radiation
defense [93]. Nanocarbon nanofillers show essentially enhanced conductivity and shield-
ing properties in polyaniline-based materials [94]. Consequently, polyaniline was used as a
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matrix for graphene nanofiller [95]. The resulting nanocomposites presented an EMI SE of
40 dB and superior mechanical properties. Adding up to 3 wt.% graphene was found to be
effective for EMI shielding [96]. Yu et al. [97] prepared polyaniline- and graphene-based
nanocomposites. High electrical conductivity, corrosion resistance, and EMI shielding were
observed with the resulting material [98]. Here, nanofiller aggregation was found to hinder
the physical as well as EMI shielding characteristics [99]. Pal et al. [100] also developed
polyaniline/graphene nanocomposites. Nanomaterials were prepared by adding 2-8 wt.%
nanofiller. Aniline monomer was in situ polymerized in presence of aniline as the monomer,
cetyl trimethyl ammonium bromide (CTAB) as the surfactant, and ammonium persulfate
(APS) as the oxidant. Figure 3 shows a scheme of the formation of nanocomposites. Figure 4
presents the mechanism of EMI shielding. The mechanism depends on electromagnetic
wave attenuation as well as dielectric loss properties. Highly conducting materials achieve
enhanced shielding effectiveness via absorption. At the polymer/graphene interface, mo-
bile electrons interact with incident radiation via absorption or reflection. Figure 5a—c show
the absorption, reflection, and total shielding effectiveness of nanocomposite materials.
The EMI SE of a nanomaterial depends on the nanofiller content and application frequency.
Nanofiller addition usually enhances the charge mobility of the system, which enhances the
electrical conductivity properties. Neat polyaniline shows a lower absorption shielding ef-
fectiveness of ~16 dB. Including 2-8 wt.% nanofiller enhances EMI SE values from ~29 to 49
dB (8.2 GHz). The total shielding effectiveness (combination of absorption and reflection) of
neat polyaniline is 15 dB, which can be enhanced to 64 dB with nanofiller loading; however,
it decreases to 49 dB with a reduction in thickness from 1 to 2 mm (Figure 5d). A thinner
shield provides low EMI shielding due to its lower conductivity and radiation protection
efficiency. Figure 5e shows the effect of graphene loading on total shielding effectiveness.
Increasing the nanofiller content up to an optimum value is usually important to attain a
high EMI SE. At the percolation threshold, high electrical conductivity and EMI shielding
can be observed. However, further increasing the nanofiller loading may cause aggre-
gation, which decreases the shielding effectiveness of the nanocomposite. Consequently,
shielding effectiveness can be enhanced with nanofiller loading. Polyaniline/graphene
nanocomposites have a high electrical conductivity in the range of 11-102 Sm~! and high
dielectric losses of ¢ =~ 35-175. A well-dispersed conducting nanofiller is capable of
forming an interconnected network that supports the electrical conductivity properties.
Moreover, a strong polarization effect can be achieved via the nanofiller dispersion and
dielectric constant of the materials. The interaction between polyaniline and graphene leads
to strong polarization via the development of localized polaronic and bipolaronic states.
Accordingly, the electrical conductivity of the material is enhanced; i.e., it needs to have a
long-range hopping mechanism to improve dielectric loss. The dielectric loss is actually the
energy loss of radiation upon the interaction with a dielectric material in a varying electric
field. The greater dielectric loss of the material, the higher the EMI shielding effectiveness.
Consequently, these high shielding materials have been recommended for aerospace and
defense applications.
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Figure 3. Scheme of facile growth of polyaniline and graphene-based nanocomposites [100]. Repro-
duced with permission from Elsevier.
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Figure 4. The attenuation mechanism of electromagnetic radiation through reflection, absorption,
and multiple internal reflections in polyaniline (PANI)/graphene nanocomposite samples [100].
Reproduced with permission from Elsevier.
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Figure 5. Variation in shielding effectiveness via (a) absorption, (b) reflection, and (c) total shielding
effectiveness as a function of frequency; (d) total shielding effectiveness at barrier thicknesses of
2 mm and 1 mm as a function of frequency; (e) variation in shielding effectiveness as a function of
graphene loading concentration in polyaniline [100]. GO = pristine polyaniline; G1 = polyaniline with
2 wt.% graphene; G2 = polyaniline with 4 wt.% graphene; G3 = polyaniline with 6 wt.% graphene;
G4 = polyaniline with 8 wt.% graphene. Reproduced with permission from Elsevier.

Khasim et al. [101] prepared para-toluene sulfonic acid doped polyaniline and graphene-
nanoplatelet-derived nanomaterials via in situ polymerization. The polyaniline/graphene
nanoplatelet nanocomposite loaded with 10 wt.% nanofiller had a shielding efficiency
of >95%. A nanocomposite was prepared with a thickness of ~1.5 mm. In addition to
its strong electrical conductivity properties, the nanocomposite demonstrated fine EMI
shielding in the X band. Owing to the 7—m stacking interactions of the polyaniline and
graphene nanoplatelets, an interconnecting network was developed that supported charge
carrier density. The doping of polyaniline with para-toluene sulfonic acid further enhanced
electron conduction by many folds. Figure 6 shows the change in electrical conductivity
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with the variation in frequency. At a high nanofiller content, more graphene galleries are
available for compensating for the aniline monomer for in situ polymerization. There-
fore, the electrical conductivity of the nanocomposites enhanced with increasing nanofiller
loading. Figure 7 shows the effect of the nanofiller on the real and imaginary parts of
the dielectric constant of a shielding material. The real part of the complex permittivity
increased from 18.4 to 23.2. The imaginary part of the complex permittivity was increased
in the range of 14 to 21.8. Figure 8 displays the mechanism behind EMI shielding for the
interactions of incident radiation with polyaniline/electromagnetic wave shields. Incident
electromagnetic waves in the frequency range of 8-12 GHz fell on a rectangular sample.
The reflected, absorbed, transmitted, and internal reflections are presented. All these phe-
nomena contributed to the overall EMI shielding efficiency of the material. The influence of
the scattering parameters of electromagnetic reflection and transmission on electromagnetic
properties were analyzed.
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Figure 6. AC conductivity as a function of frequency for pure polyaniline (PANI) and polyani-
line/graphene nanoplatelets (PANI-GRNPs) nanocomposites in X band [101]. Reproduced with
permission from Elsevier.
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permission from Elsevier.
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Figure 8. Schematic representation of interaction of electromagnetic wave shield [101]. Reproduced
with permission from Elsevier.

In this regard, polyaniline- and carbon nanotube-based nanocomposites have been
designed and explored [102]. Saini et al. [103] used in situ polymerization to develop
polyaniline and multiwalled carbon nanotube derived nanomaterials. The addition of
carbon nanotubes enabled the development of an interlinked network in a polyaniline
matrix [104]. Polyaniline/multiwalled carbon nanotube nanocomposites feature superior
electrical conductivity due to the formation of electron conducting paths and n—m interac-
tions between conducting polymer chains and the conducting nanofiller structure [105].
As a result, a charge transfer complex forms between polyaniline (an electron donor) and
carbon nanotube (an electron acceptor) [106]. Figure 9 displays the mechanism of the for-
mation of polyaniline and multiwalled carbon nanotube-based nanocomposites. Initially,
the aniline monomer is dispersed in water.

Afterward, HCl is added drop-wise for the adsorption of the aniline monomer on the
carbon nanotube surface. This results in the in situ polymerization of the adsorbed aniline
monomer on the carbon nanotube surface [107]. Optimum nanofiller contents and aniline
monomer concentrations are required for the formation of polyaniline/multiwalled carbon
nanotube nanocomposites. However, increasing the multiwalled carbon nanotube concen-
tration causes nanofiller aggregation. In the same way, enhancing the aniline monomer con-
centration leads to the formation of polymer agglomerates. Therefore, optimization of poly-
merization conditions is essential. Yun et al. [108] also fabricated polyaniline/multiwalled
carbon nanotube nanocomposites via in situ polymerization. To attain a better shielding
effect for the polyaniline and multi-walled carbon nanotube nanocomposites, y-Fe,O3
nanoparticles were included [109]. Consequently, the synergistic effect of carbon nanotubes
and y-Fe;O3 nanoparticles resulted in enhanced ferromagnetic, electrical, and dielectric
properties. As a result, high EMI shielding effectiveness was observed in the range of
28.2-34.1 dB. Likewise, the dielectric permittivities of polyaniline/multi-walled carbon
nanotube nanocomposites were improved with nanofiller addition.
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Figure 9. Proposed mechanism for the formation of polyaniline/multiwalled carbon nanotube
(PANI/MWCNT) nanocomposites: (a—c) in situ polymerization and nanocomposite formation; and
(d,e) dispersion states at low and high concentrations [103]. Reproduced with permission from Elsevier.

Nanofiller loading not only enhances conductivity and shielding properties but also
improves the overall physical property profile (heat stability, strength, etc.) of nanomate-
rials. Saini et al. [110] reported polyaniline and multiwalled carbon nanotube nanocom-
posites for electromagnetic radiation shielding. In addition, a polyaniline matrix was
used in combination with a polystyrene matrix to form a nanocomposite. Moreover,
to enhance the EMI shielding effect, an iron catalyst was applied. Perfectly designed
polystyrene/polyaniline/multiwalled carbon nanotube nanocomposites were reported
for improving EMI shielding properties including superior dielectric, electrical conductiv-
ity, and magnetic properties [111]. The morphology of polyaniline/multiwalled carbon
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nanotube nanocomposites and polystyrene/polyaniline/multiwalled carbon nanotube
nanocomposites was studied. Both nanocomposites have Fe catalyst in their matrix.
According to the high resolution transmission electron microscopy images of polyani-
line/multiwalled carbon nanotube nanocomposites, the conducting polymer was found to
be layered on the nanofiller surface (Figure 10). Moreover, fine carbon nanotube dispersion
was observed in the polyaniline matrix. Fe catalyst nanoparticles were dispersed at the in-
terface between the polyaniline and multiwalled carbon nanotube components [112]. In the
case of polystyrene/polyaniline/multiwalled carbon nanotube nanocomposites with iron
nanoparticles, a unique type of interpenetrating network morphology was observed. In the
high resolution transmission electron microscopy micrographs, the nanoparticles appeared
to be decorated on the network nanostructure. Hence, interpenetrating network formation
was considered to be responsible for the strong electron conductivity properties. The Fe
nanoparticles generated a magnetic nanophase, which produced high electromagnetic
attenuation properties. Figure 11 depicts the total shielding effectiveness (SEt) of polyani-
line/multiwalled carbon nanotube nanocomposite and polystyrene/polyaniline/multi
walled carbon nanotube nanocomposite. Increasing the multiwalled carbon nanotube
loading improved properties such as electron conduction, magnetic permeability, and
dielectric losses [113]. Consequently, a polystyrene/polyaniline/multiwalled carbon nan-
otube/iron nanoparticle nanocomposite exhibited an RL,j, of —45.7 dB. The enhanced
shielding effectiveness was attributed to the interconnecting network morphology and the
synergistic effects of nanofillers, which improved the radiation absorption ability and EMI
defense mechanism [114]. Kaur et al. [115] developed polypyrrole and multiwalled carbon
nanotube nanocomposites. Adding nanotube nanofiller improved the electrical conduc-
tivity up to 22 Sem~!. Consequently, radiation protection effectiveness was enhanced up
to 49 dB. Ebrahimi et al. [116] prepared a polypyrrole nanocomposite with multiwalled
carbon nanotubes. The nanotubes were modified and decorated with silver nanoparticles to
increase electrical conductivity and shielding effectiveness. The nanocomposite exhibited
fine dispersion and homogeneous morphology [117]. This carefully designed nanocom-
posite provided a high electrical conductivity of 5.12 Sem~! and a high EMI SE value of
30 dB. Better nanofiller dispersion, morphology, and interconnected network formation
was thought to be responsible for enhancing the conductivity and EMI-shielding features.

100 nm . —

| Fe-Catalyst ||

Figure 10. (A) High-resolution transmission electron microscopy (HRTEM) image of polyani-
line/multiwalled carbon nanotube/iron (PANI/MWCNT/Fe) catalyst nanofiller and (B) scanning
electron microscopy (SEM) image of the fracture surface of polystyrene/polyaniline/multiwalled carbon
nanotube (PS/PANI/MWCNT) nanocomposite [110]. Reproduced with permission from Elsevier.
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Figure 11. Dependence of total shielding effectiveness (SEt) of polyaniline blends on frequency and
shield thickness [110]. Reproduced with permission from Elsevier.

Aghvami-Panah et al. [118] compared the EMI shielding features of polystyrene
nanocomposite foams with carbon nanotube, graphene, and carbon black. The foams were
formed via the supercritical carbon dioxide method. A 1 wt.% nanofiller content was used,
which caused 90% porosity in the foams. Table 1 provides the electrical conductivity and
EMlI-shielding related properties of nanocomposite foams for different radiation durations.
EMI shielding was found to be dependent on factors such as the nanofiller type, morphol-
ogy, and electrical conductivity of the materials. The effect of carbon nanotube addition
seemed to be stronger than that of other carbonaceous nanofillers for enhancing electrical
conductivity, dielectric properties, and the EMI SE. The carbon nanotubes produced bet-
ter network and dispersion, which supported the material’s conductivity, dielectric, and
shielding properties than graphene and carbon nanotubes.

Table 1. The electrical conductivity, dielectric, and EMI shielding related properties of nanocomposite
foams [118]. Reproduced with permission from Taylor and Francis.

Sample Radiation Filler Content Electrical EMI SE Dielectric Constant at

P Duration (s) (wt. %) Conductivity (S/cm) (dB) Frequency of 100 Hz
45 1 3.29 x 10~ 4.4 11.1
Polystyrene/ 60 1 3.05 x 107 29 192

carbon nanotube
90 1 831 x 1077 3.3 14.5
120 1 9.23 x 1078 2.2 14.1
Polystyrene/graphene 150 1 5.31 x 1078 2.0 12.3
180 1 431 x 108 1.9 10.8
120 1 442 x 10~ 0.9 10.3
Polystyrene/ 150 1 6.34 x 109 1.0 8.7
carbon black

180 1 8.13 x 1077 1.0 8.5

Metal and inorganic nanoparticles have also been filled in conducting polymers to
improve the EMI SE. Nanocomposites have been developed using copper, nickel, silver,
and other metal and inorganic nanoparticles [119]. For instance, Fang et al. [120] reinforced
a polyaniline matrix with 14 vol.% of silver nanowires. The metal nanowires consid-
erably improved the electrical conductivity and EMI SE up to 5300 Scm~! and 50 dB,
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respectively. Moreover, polypyrrole- and silver-nanowire-derived nanocomposites were
developed [121]. Nanomaterials can provide a high electrical conductivity and EMI SE
of 62.73 Sem~! and 22.38 dB, respectively [122]. Additionally, inorganic metal oxides
have been added to conducting polymers to achieve high dielectric and shielding prop-
erties in the resulting nanocomposites [123,124]. Bora et al. [125] formed polyaniline and
nickel oxide nanoparticles-based nanocomposites. The nanomaterials offered a shielding of
~27-24 dB, which were thus suggested for EMI shielding applications in robotics and vehi-
cles [126,127]. Phang et al. [128] filled a polyaniline matrix with titania nanoparticles. The
nanomaterials exhibited a high electrical conductivity of 1.27 Sem~!. The nanocomposite
had a radiation absorption of ~92% and an EMI SE of 21.7 dB. Thus, metal and inorganic
nanostructures effectively enhance the EMI SE effect of the conducting polymers.

5. Future Forecasts

Electromagnetic interference creates electronics pollution, which is harmful for human
health and the surrounding devices [129]. Owing to their weight, cost, and corrosion issues,
metallic shields are no longer used in industry. Therefore, research has shifted toward
the development of advanced materials [130]. Conducting polymers and their derived
nanocomposites offer an efficient alternative to metal shields, having a high EMI SE. These
materials feature superior electrical conductivity, dielectric/magnetic, mechanical robust-
ness, thermal stability, and corrosion-resistance properties. Conducting polymers have been
effectively filled with carbon nanofillers, such as graphene and its derivatives and carbon
nanotubes, to achieve high EMI shielding efficiency [131]. Conducting polymers have been
filled with metal-based and inorganic nanoparticles to achieve a high EMI SE [132]. The
mechanisms of EMI shielding must be understood to design of high performance materi-
als [133]. The future of these materials depends on further understanding various factors
such as the choice of nanoparticles, matrix modification, processing method, nanofiller
dispersion, and mechanisms of action [134]. Controlling all parameters may result in
superior electromagnetic absorption properties of advanced conducting-polymer-derived
materials. Optimizing the nanofiller type, content, and dispersion is critical for developing
homogeneous nanocomposites facilitating EMI shielding and conductivity. However, ad-
justing the nanofiller dispersion and processing parameters is challenging when producing
high-tech nanomaterials. Using modified conducting polymers or blending two or more
conducting polymers can provide improved EMI SE performance. Moreover, adjusting the
shield thickness is indispensable for achieving superior electromagnetic features [135]. The
development of three-dimensional architectures using conducting polymers and nanostruc-
tures may also enhance electron transport and the physical aspects of nanostructures [136].
In this way, highly efficient conducting nanocomposites can be designed to produce high
electromagnetic shielding effects in the future [137].

6. Conclusions

In this comprehensive review, conducting-polymer-derived nanocomposite nanostruc-
tures were discussed, explaining the EMI shielding phenomenon and the fundamentals of
EMI shielding effectiveness. Conducting nanomaterials provide an excellent alternative to
metal-based radiation shields due to their low density, durability, electrical conductivity,
and high radiation protection. Polyaniline, polypyrrole, and polythiophene matrices with
nanocarbons and metal/inorganic nanofillers have mostly been used. Furthermore, the
features of conducting-polymer-derived nanocomposites include facile processing, control-
lable thickness, and high radiation absorption properties for EMI shielding applications.
The important factors controlling the electric, magnetic, and shielding properties include
the nanofiller type, concentration, and dispersion; nanomaterial morphology; and physical
characteristics (electrical, thermal, and mechanical). Efficient conducting nanocomposites
must also feature a balance between the conductivity and permittivity of the materials.
Hence, this review highpoints the research and development on conjugated polymer-based
nanocomposites for high-tech EMI shielding materials.
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