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Abstract: The growth of the application of electronic devices
has created a new form of pollution known as noise or radio
frequency interference, electromagnetic radiation, or electro-
magnetic interference (EMI), which results in the malfunc-
tion of equipment. A new carbon-based polymer composite
has been unlocked through the discovery of polymer
composites. Carbon nanotubes (CNTs) have shown potential
as reinforcement fillers in polymer to enhance an EMI
shielding material owing to their large specific surface area,
well-defined 3D networking structure, and unique electronic
structure. The main focus of this review is the role of CNT as
fillers in intrinsic conducting polymer and conducting
polymer composite. The factors that influence EMI shielding
performance are also included in this review. The roles of the
size; shape; and electronic, mechanical, and chemical
properties of nanomaterials in tuning the EMI shielding
effectiveness of polymer hybrid are emphasized. The
structural design of CNT polymer composite has been
reviewed as well. Future research direction has been
proposed to overcome the current technological limitations
and realize the most advanced EMI shielding materials for
future use. The composites have a potential to replace
traditional shielding materials owing to their advantageous
propetties.
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1 Introduction

Electromagnetic interference (EMI) occurs when unwanted
radiated signals or electromagnetic (EM) waves that originate
from outside (ground-based transmitters) or inside (personal
electronic devices) an emitter are unintentionally transmitted
to another element by radiation/conduction. EMI can
degrade the performance of a system or an equipment [1].
Natural phenomena, such as thunder and solar flares, and
self-regulating phenomena, such as electrostatic discharge
(ESD), contribute to EMI as they radiate EM waves as signals
and transfer EM waves to the circuit elements of the device.
Electronic devices loaded with highly integrated circuits
generate undesirable EM radiations. Sensors, power trans-
mission line, batteries, communication units, the payload of
rockets, remote sensing instruments, televisions, mobile
phones, computers, transformers, military and commercial
planes, medical devices, space systems, and the externally
located units of spacecrafts are disturbed by undesirable EMI
[2]. Effective shielding materials eliminate the effect of these
unwanted EM radiations. Electronic devices require light-
weight and flexible materials with high-performance EMI
shielding efficiency (SE) without restricting their regular
flexible functionalities.

In the past, metallic and magnetic materials, such as
copper, aluminum, steel, and iron, have been employed as
effective shielding materials because of their high electrical
conductivity and good permeability. However, despite their
good EMI SE, EM pollution has not been completely
eliminated or mitigated as EM signals are almost entirely
reflected at the surface of the metal, which protects the
environment only beyond the shield. In addition, these
materials are disadvantageous in terms of weight and
flexibility as today’s electronic devices have become faster,
smaller, and lighter [3]. Remarkable research studies have
been performed on the development of polymeric materials
because of their ability to shield EM waves through dominant
absorption shielding, which is preferable in military
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applications, such as stealth technology and camouflage.
Moreover, these materials are advantageous because of their
flexibility, easy processability, chemical resistance, and light
weight [4,5]. Intrinsic conducting polymers (ICPs), such as
polyaniline (PANI) and polypyrole (PPy), are the common
choice because of their high electrical conductivity, which
could be improved through chemical doping. The scope of
polymer-based EMI shielding has been expanded far beyond
ICP to be incorporated with insulating polymer or conducting
polymer. Polymer hybrids must have high electrical con-
ductivity/permeability to be utilized as an effective reflection/
absorption shield. This property could be gained by
incorporating electrically conducting/magnetic fillers into
the polymer matrix. Carbon nanotubes (CNTs) have been
used as conducting filler materials because these electrically
conducting organic nanomaterials and their composite
exhibit good EMI shielding performance. Besides, the
mechanical properties of a composite can be enhanced by
modifying its surface with CNT. The tensile strength and the
modulus of 0.5 wt% functionalized CNT-incorporated carbon
fibers (CFs) increase to about 46% (4.1GPa) and 37%
(302 GPa), respectively, compared with those of pure CFs
(2.8 and 220 GPa, respectively) [6].

The high conductivity of a filler is not the only
criterion needed to achieve a high-reflection type EMI
shielding polymer hybrid. The principal requirement is
achieving a percolated threshold network with the low
filler content. A thicker interphase produces a lower
percolation threshold ¢c and a smaller interphase
resistance in the composites; therefore, it increases the
conductivity based on the Kovacs model. In addition,
short tunneling distance and poor tunneling resistivity
decrease tunneling resistance and lead to more desirable
conditions for electron transfer between adjacent fillers,
which then improve the conductivity in composites [7].
Most of the previous studies have reported that the
dispersibility of a filler within a polymer matrix is
increased through the surface modification of the filler
and the functionalization of the polymer to obtain a low
¢@c. The alignment of fillers is crucial for enhancing
electrical conductivity as it provides a path for electron
transfer along the length of the composite. The electrical
conductivity of poly(biphenyl dianhydride-p-phenylene-
diamine) (BPDA/PDA) polyimide (PI) reaches 183 S/cm,
which is 10'® times higher than that of pure BPDA/PDA
PI (10S/cm) by adding highly aligned CNT [8]. The
structural arrangement of conducting fillers in the
composite is also very important aside from the filler
content. Various structured composites, including foam/
sponge, sandwiched, layered, lamellar, and segregated
structures, have emphasized the importance of the
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structural arrangement on EMI SE. A foam/sponge/
aerogel structure gives a high chance of EMI absorption
because of multiple internal reflection (MIR), and the
high porosity makes the material lightweight. In parti-
cular, lightweight and highly efficient EMI shielding
materials are going to be the main requirements for next-
generation electronic and communication devices to
safeguard their smooth and continuous operation
without interference from unwanted signals. Highly
efficient EMI shielding with high absorption power will
be preferred for advanced stealth technology in military
and fighter jets.

Therefore, a comprehensive review of polymer-based
EMI shielding is necessary to judge the current status
and determine the possible research directions to over-
come the existing drawbacks and limitations. Despite
its technological importance, a detailed review on
CNT-polymer nanohybrid-based EMI shielding has not
been conducted to date. Thus, considering the broadness
of this field, we are presenting a comprehensive review
of all kinds of polymers (conducting and insulating)
reinforced with the CNT filler to reflect the current state
of this field. A clear future research direction is proposed
to overcome existing problems and realize the most
advanced EMI shielding materials for the future use. This
review summarizes the current progress of polymer-
based EMI shielding materials with emphasis on tunable
material properties for effective shielding. The key
concept of EMI shielding and its influence on material
properties have been discussed in the earlier section of
this review. Afterward, polymer-based materials with
CNT filler and the role of individual components in the
polymeric hybrid are discussed in relation to EMI SE.
Finally, future research directions are proposed to
realize highly efficient polymer-based EMI shielding
materials with optimized physical properties.

Possible polymer and polymer composite materials
with their EMI SE have been summarized. Based on
Table 1, EMI SE depends on the properties of the polymer
matrix and the percentage of the filler. Thicker samples
generally give higher EMI SE; however, current demands
are on thinner materials with high EMI SE [9].

2 EMI shielding: an overview

EMI is the intervention or disturbance of an EM signal
produced or received by another electronic device.
Interference can either be radiated or conducted
depending on the source and transmission path.
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Table 1: Electromagnetic shielding of CNT composites
Year Polymer matrix CNT content Electrical Thickness, EMI SE (dB) Frequency Ref.
conductivity, ¢ (S/m) t (mm) (GHz)
2008 PANI 25 wt% CNT 0.197 2 39.2 12-18 [4]
2017 GTR 5wt% CNT 109.3 2.6 66.9 8-12 [10]
2011 PC 5wt% MWCNT - 1.85 25 8-12 [11]
2015 PVDF/ABS 1wt% MWCNT 0.01 2 26 8-18 [12]
2013 PU 10 wt% CNT 50 2 22 8-12 [13]
2010 PP 2 wt% MWCNT 0.6 1 30-45 0.4-40 [14]
1.4
2018 PMMA 3 wt% MWCNT 1 3 12 8-18 [15]
2 27
2018 ABS 6 wt% MWCNT 0.01 2 25 8-12 [16]
2012 HDPE 1wt% MWCNT 0.0102 0.35 16 8-12 [17]
2017 Epoxy 5wt% MWCNT — 1.5 25 0.3-1 [18]
2011 EVA 10 phr MWCNT — — 4 8-12 [19]
6
2015 ABS 10 wt% MWCNT 0.001 — 39 12-18 [20]
2019 PP 1.75vol% CNT 100 3 50-74.3 8-12 [21]
2015 PVDF 4 wt% unfunctionalized 1 0.3 110 1-18 [22]
MWCNT
0.5 wt% functionalized 98
MWCNT
2016 PP/PE 5vol% CNT - 1 27 8-12 [23]
2009 PE 15 wt% MWCNT 315 - 13.32 0.05-1.5 [24]
PPS 176 17.50
2016 PS 1wt% pristine MWCNT 0.0001 1 3 8-12 [25]
1wt% functionalized 0.1 7
MWCNT
2018 PC/EMA 7.5 phr MWCNT 19.1 — 34 8-12 [26]
2012 ABS 15 wt% MWCNT 520 1.1 39 0.1-1.5 [27]
2012 EMA 12.5 wt% MWCNT 0.1 5 25 8-12 [28]
2011 PMMA 2 wt% CNT 6 1 50 (solid) 0.04-40 [29]
25 (foam)
0.5 -
1.5
2006 PC 7 wt% MWCNT 10 — 15.95 0.05-1.5 [30]
2011 PS 5wt% MWCNT 7.1 2 17.2 8-12 [31]
2011 PTT 4.76 vol% MWCNT 4.5 2 22 8-12 [32]
2008 EVA 15 wt% SWCNT 0.1 3.5 23 0.2-2 [33]
29 8-12
2010 PLLA 4 wt% MWCNT 10 0.4 16 0.036-50 [34]
2017 PC 3.5 wt% MWCNT 0.01 3.5 14 8-12 [35]
16
1,000 31.41
2016 PC 4 wt% MWCNT — 5.6 21.6 8-12 [36]
2014 PC 5wt% MWCNT 10 — 16 8-12 [37]
2008 PS 10 vol% MWCNT 90.3 0.2-0.3 17 8-12 [38]
PMMA 137 18
2011 SMP 9 wt% MWCNT 35 0.5 14 4-7 [39]
2 35 13-16
2019 PDMS SGM 3vol% MWCNT 50 2.7 52-55 8-12 [40]
HGM 45 45-47
2013  Epoxy 20 wt% MWCNT 900 1.75 60 8-12 [41]
2014 Epoxy 10 wt% MWCNT - 3 56.92 3.22-40 [42]
2016 PMMA 1wt% MWCNT - 3 0.35 0.1-1.5 [43]
2014 PC 20 wt% MWCNT 1,000 2 43 8-12 [44]
2011 Epoxy 0.5 wt% MWCNT — — 4.36 8-12 [45]




DE GRUYTER

Table 1: Continued

Carbon nanotube-reinforced polymer composite

— 771

Year Polymer matrix CNT content Electrical Thickness, EMI SE (dB) Frequency Ref.
conductivity, o (S/m) t (mm) (GHz)
33.38 26-37
14.80 78-118
0.5 wt% SWCNT — — 6.02 8-12
33.52 26-37
8.87 78-118
2011 PVDF 7 wt% functionalized 0.1 - 18 8-12 [46]
MWCNT
2013 PVDF 0.25 wt% — 0.025 37 6-12 [47]
functionalized CNT
2013 ABS 15 wt% CNT 100 1.1 50 8-12 [48]
2012 PANI/PS 7vol% MWCNT 3.3 - 23.3 8-12 [49]
2016 PVA 2 wt% MWCNT 240 0.5 30.74 0.0003-3 [50]
0.00014 1.95
2018 PMMA 8 wt% MWCNT — 2.5 36 8-12 [51]
2013 PP 10 wt% CNT — — 19 0.03-1.5 [52]
2018 PS 10 wt% MWCNT 100 — 22 8-12 [53]
2016 PVC 4 wt% MWCNT — 5.6 22.6 8-12 [54]
2015 PMMA 7.3wt% CNT 0.01 0.57 29 75-110 [55]
2010 RET 3.2vol% functionalized 0.1 2 25 8-12 [56]
SWCNT
3.7vol% functionalized — 3
MWCNT
2014 PES 5wt% MWCNT - 5 47.5 8-12 [57]
PEI 45.5
2016 PDMS 2wt% CNT 3,900 1.6 80 8-12 [58]
2018 PLA 3 wt% MWCNT 6.4 2 31.02 8-12 [59]
2015 UHMWPE 10 wt% MWCNT - 1 50 8-12 [60]
2016 Epoxy 2 wt% CNT 516 (sponge) 2 40 8-12 [61]
20 wt% CNT 100 (solid) 30
2017 PLA 40 wt% CNT 17,000 0.4 55 (solid) 8-12 [9]
30 (scaffold)
2017 PLA 1.48 vol% CNT 2.75 3.7 21.6 (foam) 8-12 [62]
— 17.3 (solid)
2013 PP 5wt% MWCNT — 2.9 15-20 0.001-3 [63]
2011 PU 25 wt% MWCNT 10 0.1 20 8-12 [64]
2013 PU 10 wt% MWCNT 12.4 >0.2 29 8-12 [65]
2007 PU 25 wt% SWCNT 100 2 22 8-12 [66]
2013 PU 10 wt% MWCNT 790 2.5 41.6 8-12 [67]
2015 PU/PEDOT 30 wt% MWCNT 275 2.5 45 12.4-18 [68]
2004 PMMA 40 wt% MWCNT 3,000 0.06-0.165 27 0.05-13.5 [69,70]
2006 Epoxy 15 wt% SWCNT 15 1.5 30 8-12 [71]
2013 PC 15 wt% MWCNT 5.2 6 28 8-12 [72]
2011 PTT 10 wt% SWCNT 30 1.5-2 36-42 12.4-18 [73]
2015 UHMWPE 10 wt% 100 1 50 8-12 [74]
2015 PEDOT 15 wt% 1,935 2.8 58 12-18 [74]
2008 PCL 0.25vol% MWNT 2.5 2 80 8-12 [75]
2009 PP 7.5vol% MWCNT - 1 36 8-12.4 [76]
2005 PS 7.0 wt% CNT 10 - 18.56 8-12 [77]
2011 PPy/EVA 18-75 phr MWCNT — — 45-55 0.03-1.5 [78]
2013 PDMS 5.7 vol% MWNT 100 2 80 1-12.5 [5]
2007 Epoxy 15 wt% short SWCNT 4 2 18 8-12 [79]
15 wt% long SWCNT 20 30
15 wt% annealed SWCNT 15 24
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Table 1: Continued

Year Polymer matrix CNT content Electrical Thickness, EMI SE (dB) Frequency Ref.

conductivity, o (5/m) t (mm) (GHz)

2008 PC 5.4 wt% SWCNT - 3 47 1 [80]

2019 PDMS 6 wt% CNT + 40 wt% >100 2 45 8-12 [81]
micro silica

2019 PVDF 2.0 wt% CNT 5.89 1.1 11.60 8-12 [82]

2013 PVDF 4.0 wt% N-doped CNT 0.001 1.1 5.7 8-12 [83]
4.0 wt% undoped CNT 1 17.7

2008 PA 10 wt% MWCNT 10 - 25.1-25.8 8-12.4 [84]

20.1-20.6 0.1-1
2011 Epoxy 5wt% MWCNT 0.001 0.1-0.4 1.90 1-5 [85]
0.01 0.8-2.6 10.47

2014 PDMS 2.5wt% CNT/G — 2.5 4.5 8-12 [86]
5wt% CNT/G 6.5
10 wt% CNT/G 7.9

2009 PMMA 10 wt% MWCNT film 1.5 0.30 40 8-12 [87]
10 wt% MWCNT bulk 1.6 1.1 30

2018 Epoxy 1.0 wt% CNT — 9.0 -22 (reflection) 8-12 [88]

2016 Epoxy 4.0vol% MWCNT - 2.0 44 7-12 [89]

2013 Epoxy 25 wt% MWCNT 100 100 23 8-12 [90]

PMMA 25 wt% MWCNT - 32

2016 Epoxy 1wt% functionalized — 5 51.72 8-12 [91]
MWCNT

2010 Epoxy 5wt% MWCNT 0.06 10.16 - 8-12 [92]
5wt% SWCNT 0.12

2011 Epoxy 3vol% MWCNT 400 2 51.1 8-12 [93]

2019 Epoxy/NCCF 2.35vo0l% CNT 0.091 2 40.8 8-12 [94]

2019 PTT 3 wt% MWCNT 25.4 2 38 2.65-3.95 [95]

2012 PANI 25 wt% SWCNT 0.1 2 31.5 2-18 [96]

2007 PMMA 4.76 wt% MWCNT — 1 28.76-32.06 2-18 [97]

2017 NR 5wt% MWCNT 100 2.6 43.7 8-12 [98]

2016 EVA/UHMWPE 7 wt% CNT 108.5 2.1 57.4 8-12 [99]

2018 PDMS <1.0 wt% CNT — 2 46.3 8-12 [100]

2016 Epoxy 2wt% CNT 253.4 2 68 0.05-18 [101]

2016 PLLA 10 wt% MWCNT 3.4 2.5 23 8-12 [102]

2005 PS 7 wt% MWCNT — — 18.56 8-12 [103]

2017 PMMA 7 wt% MWCNT - 2.5 131 8-12 [104]

2017 HDPE 3.39vol% CNT 0.58 27.1 8-12 [105]

2019 TizC,T, 3wt% CNT 943 3 103.9 8-12 [106]

2010 PCL 1.38 wt% CNT — 30 45 7-35 [107]

2007 PCL 1wt% CNT 1.8 30 38 0.4-40 [108]

2009 PMMA 4.76 wt% CNT (in situ) — 1 18 2-18 [109]
4.76 wt% CNT (ex situ) 15

GTR, ground tire rubber; ABS, acrylonitrile butadiene styrene; EVA, ethylene vinyl acetate; PVDF, polyvinylidene fluoride; PMMA, poly(methyl
methacrylate); PVC, polyvinyl chloride; PS, polystyrene; PC, polycarbonate; PCL, polycaprolactone; HDPE, high-density polyethylene; PLLA, poly
(-lactic acid); RET, ethylene terpolymer; PDMS, polydimethylsiloxane; UHMWPE, ultrahigh-molecular-weight polyethylene; NR, natural rubber; NCCF,
nickel-coated carbon fiber; PTT, polytrimethylene terephthalate; PA, polyacrylate; PP, polypropylene; PEDOT, poly(3,4-ethylene dioxythiophene); PU,
polyurethane; PLA, polylactic acid; PES, polyethersulfone; PEl, polyethylenimine; PVA, polyvinyl acetate; SGM, solid glass microsphere; HGM, hollow
glass microsphere; SMP, shape memory polyurethane; EMA, ethylene methyl acrylate; PE, polyethylene; wt%, weight percentage; vol%, volume
percentage; phr, parts per hundred.

Radiated interference includes the radiation formed by radiation from internal devices is propagated through a
a device that is propagated through the air away from power or signal conductor and can be problematic
the device. Conductive interference is formed when because the entire power distribution network is



DE GRUYTER

connected through power cords. EMI occurs in the
frequency range of 10“-10"Hz in the EM spectrum.
Hence, EMI can be prevented by placing a shielding
material between the source and the device. SE is
defined as the ratio of the incident radiation power to
the transmitted power and is expressed in decibel. SE
can be calculated as shown in equation (1):

SE = 10 log (Pin/Pout) = 20 10g (Ein/Eout)
=20 IOg (I'Iin/I'Iin),

)

where P;,, Ei,, and H;, are the power, electric, and
magnetic field intensities incident on the shield, respec-
tively, and Poy, Eou, and Hyy are the power, electric,
and magnetic field intensities transmitted through the
shield material, respectively. A higher EMI SE level
indicates that a lesser energy is transmitted through the
shield material. A shielding material with 20 dB EMI SE
can block 99% of the incoming radiation; hence, this
value is required for commercial applications [110,111].

The common EMI shielding measurement techniques
are the open-field/free space method, the shield box
method, the shielded room method, and the wave guide
method. The most favorable method for EMI shielding
testing is the wave guide method. This method involves
plane wave EM radiation measurements. A reference test
sample is mounted on a specially designed holder, which
ranges accordingly to the band frequency as presented in
Table 2, and the received voltage is recorded at multiple
frequencies. The loaded sample is then mounted in the
place of the reference sample, and the same measurements
are recorded. The ratio of the powers received by the
reference and load samples gives the SE of the load material
as shown in equation (1). The major benefit of this
technique is that the results obtained from different
laboratories are comparable, and it can resolve the data
into reflected, absorbed, and transmitted components
[69,70]. The co-axial method provides comparable results
obtained from a different workstation. The American
Society for Testing and Materials (D4935-99) has standar-
dized the coaxial transmission line technique as a
recognized standard method for the measurement of the
SE of planar specimens [66].

Three mechanisms are involved in complete shielding,
namely, reflection, absorption, and MIR, which contribute to
the overall attenuation of EMI. Thus, total SE would be the
sum of all three terms: SE = SEg + SE, + SE,;, where R is
reflection, A is absorption, and M is MIR. Reflection is the
primary shielding mechanism for highly conductive mate-
rials, such as metals, because materials for reflection shield
must have free charge carriers (electrons or holes), which
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can interact with incoming EM radiation. These mobile
charge carriers generate impedance mismatch; thus, a large
part of the incident wave is reflected. Absorption is due to
the interaction of EM radiation with the electric/magnetic
dipoles, electrons, and phonons in the solid and can also
occur from resistive losses, which consist of transforming EM
energy in heat by the Joule effect. Absorption shielding can
be increased by enhancing the electrical or magnetic dipoles
of the shield material depending on absorption shield
thickness. The mechanism of multireflection is hard to
interpret and usually inconsequential, because most incident
EM waves are reflected from the external conductive surface
of the shield material (high mobile charge carriers), and only
a few of the penetrating EM waves can be retained for
multiple reflections. SE,; is negligible as well when SE, is
greater than 10 dB. The influence is more important while
using thin shield materials at low frequency (i.e., below
approximately 20kHz). SE;; is almost invisible as the
frequency gets higher, because the ratio between material
thickness and skin depth becomes larger as frequency
increases [60,87,78] (Figure 1).

EMI shielding is measured by the vector network
analyzer (VNA) and the scalar network analyzer (SNA)
based on the principle of wave guide techniques. SNA
can measure only the amplitude of signals, whereas VNA
can measure the magnitude and phases of various
signals. Therefore, VNA is the preferable instrument
despite its higher cost because it can measure complex
signals such as complex permittivity or permeability
[112,113].

Several factors, such as electrical conductivity,
permeability, electrical polarization, frequency, and
thickness, are considered for shielding materials. Based
on the EM wave theory, SE; and SE, are expressed in
equations (2) and (3):

SEg = 39.5 + 10 log(o/2nfu), 2
SE, = 8.7t(omfu), 3)

where f, t, u, and o are the frequency shielding,
thickness, permeability, and electrical conductivity of a
shielding material, respectively [110]. A shielding mate-
rial for EM wave reflection must have high electrical
conductivity, whereas a shielding material for EM wave
absorption must possess high electrical conductivity and
permeability with sufficient thickness [60]. Composite
materials may have polarization and charge accumula-
tion at their interfaces because of the electrical con-
ductivity mismatch between the filler and the matrix.
Hence, the improved dielectric permittivity of composite
materials can improve dielectric loss and polymer
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Table 2: Communication devices and their frequency range
Category Frequency Name Application Ref.
Radio frequency 30-300 kHz VLF-LF Marine communication [114]
Microwaves 300 MHz to 1GHz  UHF Telecommunication, microwave oven, mobile phones  [115]
Microwave frequency bands 1-2 GHz L Band Mobile phones, wireless LAN, radars, GPS [116]
Microwave frequency bands short wave 2-4 GHz S Band Bluetooth [117]
Microwave frequency bands 4-8 GHz C Band Satellite communication, cordless telephone, Wi-Fi [118]
Microwave frequency bands 8-12 GHz X Band Satellite communication [110]
Microwave frequency bands 12-18 GHz Ku Band Satellite communication [111]
Microwave frequency bands 18-27 GHz K Band Satellite communication [119]
Microwave frequency bands 27-40 GHz Ka Band Satellite communication [113]
Microwave frequency bands 40-75 GHz V Band Military and R&D [112]
Microwave frequency bands 75-110 GHz W Band  Military and R&D [120]
Ingjy, absorption. EMI SE also depends on the radiation
e, . . . . .
S~ (g’ HM Way, frequency as SE, increases with the increasing radiation
—Y r"’hs,,,. frequency [76]. The thickness of the material is im-
d€@€f> ~ Wave ’m"QEM portant as EMI SE increases with the increasing material
v 7 . . .
geye"ﬁ// A "’"s,,,,”e thickness. The size and the aspect ratio of fillers have an
- > d . . . .
i /'wf’” Way, impact on EMI SE as a high aspect ratio of CNT, which
“ wave \ " i S reduces intercontact resistance, therefore provides
\ “ - 7 2, . . . . .
Y&\\‘,,c,\e?‘;‘;}‘,;\ec,\\° = ‘,;/”p/o T higher electrical conductivity [74]. Therefore, several
2 ~ Regy, e, . . . .. e s
\secM \osn;on’na/ - Trang factors, including electrical conductivity, permittivity,
o~ S €co, "I/'” e1s . .
EMI Shielding "%, ,f:é“/w " permeability, filler size, and the thickness of the
. Yo Material \\f'sm/ssl.e shielding material, influence EMI SE.
- ™~ On,
- 5 )
\

Ab,
SOrp,:

=~ o Pl \
~ Pliop

-~

Skin depth(d),
100% of
(E,, H)

Residual field

37% of strength

(E, H)

0 Distance from EMI shield edge X

Figure 1: Pictorial depiction of the EMI shielding mechanism and
skin depth of an EMI shielding material [60].

composite materials with high dielectric value could be
good EM wave absorbers [48]. Polarization composite
can be enhanced by the orientation and the type of fillers
because nanostructured fillers decrease the eddy current
losses and substantially improve permeability. Perme-
ability is an important shielding parameter, because
high permeability or magnetic loss is good for EM wave

3 Classification of EMI according
to application frequency

Article 1.166 of the International Telecommunication
Union’s Radio Regulations define EMI as the effect of
unwanted energy because of one or a combination of
emissions, radiations, or inductions upon reception in a
radio communication system manifested by performance
degradation or the misinterpretation or loss of informa-
tion that could be extracted in the absence of unwanted
energy with mathematical simplicity. Details about
communication devices according to their working
frequency range are presented later.

4 CNT-reinforced polymer
composites for EMI shielding

In the previous section, we have discussed many factors
on EMI determination, but electrical conductivity and
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permeability are the main parameters for the shield.
Polymer hybrid materials have attracted the increasing
research interest because of their excellent stability, light
weight, flexibility, corrosion resistance, and easy proces-
sing. Thus, these materials can replace metals, which
have high density and low flexibility. The development
of polymer composites with CNTs is presented in this
section.

CNTs are rolled up in the form of cylindrical carbon
molecules with sp? bonds with a very high aspect ratio
because of their small diameter. CNTs have extra
advantages over conventional carbon fillers, and high
EMI SE could be easily obtained at a relatively low CNT
percentage filling when composited to polymers because
of their low weight, small diameter, high aspect ratio,
high electrical conductivity, easy percolation, and good
mechanical strength. CNTs form a 3D conductive net-
work within the matrix; thus, electrons can tunnel from
one filler molecule to another to overcome the high
resistance formed by the insulating polymer matrix.
These allotropes can be constituted of a single hollow
cylinder, that is, single-walled carbon nanotube
(SWCNT), or of a collection of graphene concentric
cylinders, that is, multi-walled carbon nanotube
(MWCNT) [121]. Polymers are divided into two types:
ICP and conducting polymer composite (CPC).

4.1 ICP-CNT composite for EMI shielding

ICPs generally known as “synthetic metals” are organic
polymers that possess electrical, magnetic, and optical
properties typical of metals and semiconductors while
retaining their mechanical property, processability
(compared with carbons) with low density (~1.1-1.3
g/cm? compared with metals, e.g., ~9.0 g/cm? for copper
or ~7.87g/cm?®), and corrosion resistance (compared
with metals). Intrinsic conductivity in the field of
microwave absorption (100 MHz to 20 GHz) makes ICPs
a viable material. Examples of organic conductive
polymers include polyacrylate, PANI, PPy, and poly
(3,4-ethylene dioxythiophene). CPC has come into
existence since the 1950s. CPC has the resistivity of
metallic conductor (107 Wm) and thus can be an
excellent insulating material for EMI shielding. CPC is
also lightweight and has ease of shaping, corrosion
resistance, and appropriate electrical and dielectric
characteristics to prevent ESD, disturbance, and inter-
ference between electronic systems. In the past decade,
carbon black particles and CFs have been the most
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commonly used conductive filler components because of
their high surface area and high charge transfer
capabilities. The research area has taken a new lead
since the advent of nanocarbons, such as CNT, because
of the rapid development of material science and
engineering. The nanocluster is an ultra-fine particle
with nanometer dimensions (SWCNT < 1 nm and MWCNT
> 100 nm) and has characteristics that are size depen-
dent and are different from those of the atomic and bulk
materials. CNTs are widely used as effective fillers in
ICPs and CPCs because of their large surface area, high
aspect ratio, high electrical conductivity, and easy
processability [122]. Examples of CPCs are epoxy,
acrylonitrile butadiene styrene, ethylene vinyl acetate
(EVA), polyvinylidene fluoride (PVDF), poly(methyl
methacrylate) (PMMA), polyvinyl chloride, polystyrene
(PS), and polycarbonate (PC) [40].

4.2 ICP composite for EMI shielding

Yuan et al. found that 25 wt% SWCNT reinforced in PANI
can give rise to an absorption dominant of 31.5dB at
18 GHz frequency because of the improved connectivity
and electrical conductivity of the SWCNT-PANI compo-
site. Strong electrostatic attraction force enhances the
interface contact in the composite and helps in forming
an extensive conductive network [96]. Saini and
Choudhary found that using MWCNT instead of SWCNT
for reinforcement in PANI can cause energy loss because
of the dielectric dissipation caused by the MIR effect and
the absorption by PANI coating. The MIR effect is due to
the presence of highly reflecting MWCNT, which leads to
multiple EM radiation scattering and results in the
multiple passes of radiation between randomly distrib-
uted MWCNTs. Therefore, the increase in the total
number of reflecting MCNT planes that are present
between two shields leads to an increase in absorption
as the MWCNT content increases [49]. ICP-CNT compo-
site made with in situ polymerization has more advan-
tages over other composites, such as polyethersulfone
and polyethylenimine, which are made through other
processing methods [57]. The B-alignment of CNTs is
conducive to exploit their special radial properties, such
as sieve effect dominated by their serial diameter and
field effect from their excellent conductivity, in a normal
plane. A highly conducting PANI coated with MWCNT
through in situ polymerization had shown improvement
in EM absorption (from -27.5 to —39.2dB). The inter-
connecting bridge between the various conducting
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grains of PANI, which are coated by individual MWCNT,
increases the coherence between the chains, which
enhances the interchain transport. Dipole polarization
and interfacial polarization, along with the reduction in
surface reflectivity because of skin effect, have led to
enhanced EM absorption. The same group reported that
the electrical conductivity of PANI-MWCNT composite
(19.7 S/cm) is higher than those of MWCNT (19.1S/cm)
and PANI (2.0S/cm) because of an increase in the
coherence or coupling between the chains, and this
increase in electrical conductivity leads to the enhance-
ment of the interchain transport. The increase in
coherence is because polymerization takes place on the
surface at a certain critical amount of MWCNT and leads
to a uniform coating of PANI over MWCNT. This
enhancement will eventually facilitate the intertube
charge transport by reducing interfacial contact and
tunneling resistance [4].

4.3 CPC-CNT composite for EMI shielding

The processing method for CPC matrix is quite crucial
because electrical and EMI properties can be enhanced
only with the amount and ways the filler is distributed in
the polymer. Yuen et al. fabricated the MWCNT-based
composite with PMMA using in situ and ex situ
polymerization. Their findings showed that the compo-
site prepared by the in situ method had better adhesion
of MWCNT to PMMA and therefore gained superior
performance than the composite prepared by ex situ
polymerization. The EMI SE for MWCNT/PMMA (in situ)
with 4.76 wt% MWCNT exhibits EMI SE in a wide
frequency range (max SE of 32.06dB at 2.18 GHz and
leveled high value of 28.76 dB at 7.10 GHz). The surface
electrical resistivity of the composite (in situ) decreased
by 13 orders of magnitude from 9.75 x 10 Q (neat
PMMA) to 5.92 x 10°Q (4.76 wt% MWCNT) [97]. The
aspect ratio of CNT is the main parameter to improve the
performance of a composite matrix. A study [79]
synthesized three different SWCNTs, namely, (i)
SWCNT-long, which exhibited the largest bundle
length/diameter aspect ratio; (ii) SWCNT-short, which
exhibited a smaller aspect ratio; and (iii) SWCNT-
annealed (obtained after annealing SWCNT-short),
which exhibited improved conductivity despite the
smaller aspect ratio because of the removal of wall
defects and functional groups. The SWCNTs were
composted with epoxy polymer, and SWCNT-long
showed the highest EMI SE, which is 49dB, at 15 wt%
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loading [79]. This result proves that the high aspect ratio
of SWCNT is the main parameter needed to obtain high
EMI SE in the experiment of SWCNT-epoxy composite.
Semi-crystalline polymers, such as ethylene methyl
acrylate (EMA), have also been used in shielding
applications because of their excellent mechanical,
thermal, and chemical properties. EMA/MWCNT compo-
site with 10 wt% MWCNT content displays a closely
packed conductive structure, which leads to an EMI SE
of 22dB at 10 GHz [28]. A number of CNT composites
prepared by in situ polymerization, such as CNT/
polyurethane (PU) composites [66], poly(2,5-benzoxa-
zole)/MWCNT composites, have remarkably improved
dielectric permittivity from 4 (polymer matrix) to 65 with
the incorporation of 5wt% MWNT [123]. PI/SWCNT
composites with 10-fold enhanced that the electrical
conductivity have also gained a low ¢¢ (around 0.05
Wwt%) [124]. In situ polymerization can help polymers that
are difficult to dissolve and melt to form composites.
Shape memory polymer-based composites possess
superior characteristics such as easy resilience, light
weight, and capacity to be molded at a superficial
degree. MWCNT/PU composite exhibits 35 dB for K band,
52dB for Q band, and 60dB for V band at 6.7 wt%
MWCNT and 3 mm thickness. A thickness of 0.5 mm was
considered in another experiment under the same
frequency condition, and the results showed that
composites with 3mm thickness have better EMI SE
than those with 0.5 mm thickness. Although the elec-
trical resistivity of CNT/PU decreases with the increasing
CNT weight fraction, the ¢¢ is about 10 wt%, which is
quite high [125]. Thus, a high amount of CNT filler
loading is needed to enhance the EMI shielding of solid
composites, and this finding is quite troubling as
industries are aiming for lightweight materials to ease
the processing and decrease the cost.

Several approaches can produce lightweight elec-
trically conductive materials with high EMI shielding
capabilities. Most polymers have density values in the
range of 0.9-1.2 g/cm’?, which is remarkably lower than
the density values of conducting metals, such as copper
(8.96 g/cm>). The density of the conducting fillers will
increase with the addition of conducting fillers. This
occurrence explains why CNT is one of the preferable
conducting fillers as its density is less than 1.6 g/cm?>.
Therefore, innovative methods have been developed to
incorporate porosity in the material to decrease the
density of the composite while obtaining high EMI
shielding capability. Currently, lightweight and highly
flexible materials are being targeted to obtain high EMI
SE. Crosslinking and the use of foam/sponge or
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segregated structures are some of the ways to obtain
lightweight and flexible materials. Uniquely structured
ICPs and CPCs, such as double percolation, layer-by-
layer assembly, and multilayer, have enhanced the EM
absorption [81].

5 Crosslinking composite structure

The composition of SWCNT with PU composite has
obtained 16-17 dB over the X-band frequency range at
20 wt% through simple physical mixing, which costs less
and has ease of processing. The performance of the
composite is mainly the reflection from highly con-
ducting SWCNT network at lower filler loading; however,
the increased imaginary part of the dielectric permittivity
leads to absorption-dominated SE at higher filler loading
(>10 wt/%). Moreover, the composite produces strong
microwave absorption by using cross-linked PU instead
of normal PU as a matrix for SWCNT reinforcement
because of the high dielectric loss of 22dB at 8.8 GHz
with 5wt% filler loading [66].

5.1 Segregated and double percolation
composite structure

Other than cross-linked polymer/CNT composites, many
segregated CNT/polymer composites have been devel-
oped for high-performance EMI shielding
[21,59,98,126—-129]. Li et al. studied the EMI effect of the
arrangement of CNT in segregated and whole natural
rubber (NR). CNTs tend to “squeeze” along specific paths
and isolate to the periphery of NR domains rather than to
randomly distribute in the whole NR matrix. The whole
NR matrix tends to restrict the diffusion of CNT and NR
domains and results in selective distribution. However,
in segregated structure, the NR domains without CNTs
are described as “excluded volume,” which pushes CNTs
to the boundaries of NR domains to form the localized
CNT conductive network. This unique structure de-
creases the overall CNT loading and creates multiple
conductive surfaces that can effectively shield EM fields.
The segregated structure has obtained 20 dB at 1.0 wt%
CNT unlike conventional CNT/NR composites, which
require 5.0 wt% CNT to obtain 20 dB [98].

The unique segregated structure can be considered
as a shielding material with numerous core-shell units,
in which NR domains (cores) are encapsulated by highly
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conductive CNT layers (shells). The segregated core—-
shell units provide numerous interface areas, which are
conducive to enhance SE,, SEg, and SE,;. Consequently,
microwaves hardly escape before being absorbed and
dissipated as heat; thus, the material has superior
absorbing ability, which is suitable for highly efficient
EMI shielding. The segregated structured composites
cause high strain tolerance and good flexibility. A highly
flexible composite of CNT reinforced with ground tire
rubber (GTR) from industrial waste was fabricated for
high EMI shielding. The EMI SE of CNT/GTR composite is
66.9 dB with only 5.0 wt% filler loading. The reliability of
EMI SE under mechanical deformation is an important
indicator for the evaluation of the flexibility of shielding
materials. The segregated CNT/GTR composite was still
able to fulfill the commercial application EMI SE (20 dB)
by obtaining an average of 20.9dB despite having
performed repeated cyclic bending to the radius of
2.0 mm for 5,000 times. The cyclic bending-release test
further demonstrates that the composite’s resistance
maintains its high stability with only 4% change even
after 5,000 cycles; thus, high cyclic reliability is
responsible for superior EMI SE reliability [10]. This
finding indicates the great potential of such composites
as flexible shielding materials in future flexible electro-
nics especially for use on curved surfaces and movable
parts (Figure 2).

Another group further developed a very flexible
segregated conductive CNT with additional hybrid
stainless steel fiber (SSF) in the PPy composite via
simple melt mixing. The combination of two hybrid
nanofillers (3.5 vol%) gives an EMI SE of 70.43 dB on the
absorption-dominant part because of the synergistic
effect of the high intrinsic conductivity of SSF and the
enormous surface area of CNT [21]. Wang et al. explored
the synergetic effect that leads to the highest attenuation
of EMI through the absorption-dominant part and found
that this attenuation is attributed to the back-and-forth
oscillation of ions, the rotation of induced/permanent
dipoles, the high permittivity provided by immobilized
ions and the dipoles of CNT and polymer, and the
interconnected network of the CNT [129]. The segregated
structure tends to have a direct influence on the
electrical conductivity of composites based on ¢¢c. The
presence of 1D CNT plays the role of a “bridge,” which
forms well-developed conducting channels for electron
transport compared with the single graphite flake-filled
composite. The transport mechanism of the hybrid
manifested favorable conducting contacts with higher
geometrical dimensionality where the amount of surface

within the hybrid filler networks increases. This
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Figure 2: EMI SE of the 5.0 wt% CNT-loaded composite (0.4 mm
thickness) before and after repeated bending to the radius of

2.0 mm for 5,000 times. Left inset shows the variation in the
normalized resistance (R/R,) of the 5.0 wt% s-GTR composite as a
function of the bending radius. Right inset shows the R/R, as a
function of bending cycles (radius of 2.0 mm) [10].

mechanism results in relatively low contact resistance
and thus improves the electrical conductivity of the
composites [127]. Graphite-CNT hybrid employed into
ultrahigh-molecular-weight polyethylene (UHMWPE) ex-
hibited an electrical conductivity of 195.3S/m and an
EMI SE of 81 dB in the X-band frequency range [51]. CNTs
function as an interfacial linker and are localized at the
boundaries of polymers in most of the segregated CNT/
polymer composites; thus, the presence of CNTs results
in highly conductive percolated conductive network in
the composite sample. The ¢ in the composite structure
is the key parameter in judging whether the obtained
composite structure has the continuous conducting
network or vice versa. The composite’s electrical con-
ductivity and EMI SE increase as the filler content
increases above the ¢c. The as-obtained percolated
network of CNTs in segregated composites gives high
enough electrical conductivity and subsequently results
in high EMI SE. The double percolation structure of CNT/
EVA/UHMWPE composite with only 7 wt% CNT gives an
EMI SE of 57.4 dB, which is higher than that of single-
percolated composite [99]. ¢ could be obtained at very
low CNT content, which is quite advantageous in
forming the interconnected network between CNT and
polymer for electrical conductivity and increasing the
EMI SE of the composites. Zhang et al. obtained the ¢ at
very low MWCNT content (0.019 vol%) with an electrical
conductivity of 25S/m and an EMI SE of ~30 dB. These
values of electrical conductivity and EMI SE are 36%
higher than those of the sample obtained at 0.8 vol%
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MWCNT loading. Another important highlight in this
research is the skin depth (6), which is related to the
electric field and magnetic field of the materials and is
used to evaluate the critical thickness for electrical
conduction and EMI shielding. High-performance EMI
shielding occurs at the thickness of the samples beyond
6. A higher 6 value indicates poor EMI shielding. The 6
values at 8.2 GHz at 0.8 vol% segregated and randomly
distributed MWCNTSs are 1.11 and 32.09 mm, respectively.
The findings prove that the segregated MWCNT exhibits
the highest efficiency for the attenuation of microwaves
compared with the randomly distributed MWCNT [130].
The high EMI SE value is the result of the synergistic
effect from the formation of the extended conjugation
network with CNT bridging the gaps between the
graphene sheets and inhibiting the face-to-face aggrega-
tion of graphene sheets. Thus, we can prove that the
segregated structured CNT-polymer composites mini-
mize the stacking effect and aggregation of graphene
sheets and eventually increase the polymer contact area
and interfacial interactions, which lead to a synergetic
improvement in composite properties.

5.2 Foam, sponge, and aerogel composite
structures

The EMI SE of carbon foams is closely correlated with the
char yield of polymer precursors and demanding carboniza-
tion conditions. From the viewpoint of lightweight require-
ment, assembling 1D CNT and 2D graphene sheets into 3D
macroscopic structures (e.g., sponges, foams, and aerogels)
has emerged as an efficient approach. Lightweight porous
foam/sponges/aerogels could give much higher EMI SE
because of the multiple EM-wave reflection within the foam’s
pore wall compared with a thin film of bulk EMI shielding
materials. The spherical air bubbles in the foam structure
enhance the attenuation of incident EM waves by MIR and
the decay between the cell wall and nanofillers, which result
in the absorption and dissipation of microwaves as heat
before escaping from the materials [100,102] (Figure 3).
Flexible CNT sponges with a density of 10.0 mg/cm’®
were synthesized through chemical vapor deposition
and composed of self-assembled and interconnected
CNT skeleton. The freestanding CNT sponges have a high
EMI SE of 54.8 dB in the X band. The CNT/polydimethyl-
siloxane (PDMS) composite has still exhibited excellent
EMI SE (46.3 dB) at the thickness of 2.0 mm at CNT filler
loading of less than 1.0 wt% [100]. This microcellular
structure works well for insulating polymer, such as
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epoxy, with the assistance of metallized polymeric
sponges known as metal-plated foam. Xu et al. fabri-
cated hybridized epoxy composite foams by impreg-
nating expandable epoxy/MWCNT/microsphere blends
into a preformed, highly porous, and 3D silver-coated
melamine foam (SF) sponge. The highly conductive SF
(5 x 10 S/m) resolved the problem of foam reduction in
highly filled epoxy blends and provided channels for
rapid electron transport. This occurrence can be proven
as the conductivity of the reinforced SF-epoxy foam
(1.21 x 10%>S/m) is about 15 orders of magnitude higher
than that of the unalloyed epoxy foams. The ¢ obtained
was low as well with 0.5wt% loading. The EMI SE of
68.1dB was achieved with only 2 wt% MWCNT and 3.7 wt
% silver because of the synergy of MWCNT and SF
compared with wunalloyed epoxy foams (10.4dB).
MWCNT was used to offset the loss of conductive
pathways caused by the crystal defects in the silver
layer and the insulating epoxy resin [101] (Figure 4).
The solid bulky composite tends to possess high SE
with the increasing weight percentage, but its mechanical
properties and process ability tend to decrease. Foaming is
one of the best techniques to obtain low-density EMI
shielding materials because of its ease in processability and
overall shielding performance. MWCNT/biodegradable poly
(L-lactic acid) (PLLA) composite foam with 10 wt% MWCNT
has displayed outstanding properties, such as low density
(0.3g/cm’®), high compressive strength (54 MPa), low
thickness (2.5mm), an electrical conductivity of 3.4 S/m,
an EMI SE of 23dB, and an average specific EMI SE of
77dBcm’/g in the X band; these properties show its
potential for high EMI shielding applications in the
electronics, packaging, and automobile sectors [102].
Meanwhile, the EMI performance of CNT foam and carbon
nanofiber (CNF) foam-reinforced PS composite over the X
band was investigated. A specific SE of 33.1dB cm’/g was
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achieved by the PS foam with 7wt% CNT, which is
comparable with that of the PS foam with 20 wt% CNF;
thus, CNTs are better at EMI shielding than CNFs. These
differences result from the fact that smaller CNTs provide a
larger interfacial area; therefore, the number of conductive
interconnected nanotubes increases. The larger aspect ratio
of CNTs help to create extensively continuous networks that
facilitate electron transport in the foam composite with very
low nanotube loading [103].

The difference in the EMI performance between solid
and foamed composites is important. Zhang et al.
fabricated the PMMA foam reinforced with iron
oxide (m) decorated with MWCNT (Fe;0,~MWCNT) via
supercritical carbon dioxide foaming process to form a
composite foam with a density of 0.22-0.38 g/cm’. The
composite foam was compared with solid composite, and
the results showed that the composite foam benefits from
the existence of microcellular structure and Fe;0,~MWCNT
hybrids; thus, the specific EMI SE of the fabricated foams is
remarkably higher (50 dB cm’/g) than that of the solid
composite (15dBcm?/g) at 7wt% MWCNT [104]. The
similar result was obtained with CNT/high-density poly-
ethylene (HDPE) foam, which has 21.2dB at low ¢ of
1.66 vol%, whereas solid CNT/HDPE requires a higher CNT
content of about 2.31vol% [105]. Foamed composite greatly
improves electrical conductivity than unfoamed composite.
For polycaprolactone (PCL)/CNT composite, 0.249 vol%
foamed MWCNT exhibits a conductivity twice that of the
unfoamed sample filled with 0.48 vol% MWCNT because
the introduction of air on foaming leads to a lower
dielectric constant. The EMI SE of foamed 0.249 vol%
MWCNT is triple than that of the unfoamed sample filled
with 0.48 vol% MWCNT because of foaming [75] (Figure 5).
The main advantage of using foaming is that biodegradable
polymers, such as PLLA, whose derivatives are from
renewable sources such as com and sugarcane, and can
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Figure 3: Schematic illustration of the effect of cellular air porosity on the interconnectivity of fibers. Fiber alignment (a) before and (b) after

cell formation [62].
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Figure 4: Variations in the total EMI SE, SE,, and SE; of the (a) EP-CNT2 and (b) SF-EP-CNT2 samples over the X band [101].
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be fabricated with CNT and thus exhibit high EMI shielding.
A similar occurrence has been observed in traditional
petrochemical-derived plastic CPC, such as PMMA [29], PC
[44,80], PDMS [81], and epoxy [89,93,94]; thus, the wide-
spread use of these CPC foams as EMI shielding materials in
practical applications has expanded. Besides, new 2D
materials based on transition metal carbides and/or nitrides,
known as MXenes, have recently showed promising results
in EMI shielding. MXenes have a formula of M,,,,X,,T,, where
M is an early transition metal; T is a terminating group, such
as 0, OH, and/or F; X is a carbon and/or nitrogen; and n = 1,
2, or 3. MXenes were first discovered in 2011 by selective
etching and the delamination of their layered MAX phase.
Similar to CNT, MXenes possess excellent electrical and
thermal conductivity, high aspect ratio, good mechanical
properties, oxidation resistance, and hydrophilic surface that
allows processing from aqueous solutions [131]. A 3D porous
TisC,T,/CNT hybrid aerogel via the bidirectional freezing
method was fabricated, where Ti refers to titanium. The
synergism of the lamellar and porous structures of MXene/
CNT hybrid aerogels has shown excellent electrical con-
ductivity (9.43 S/cm) and superior EMI SE (103.9 dB) at 3 mm
thickness at the X band. CNT reinforcement in MXene/CNT
hybrid aerogels enhances the mechanical robustness and
increases the compression modulus by 96.61% relative to
pristine MXene aerogel. The first reflection occurs before
absorption when EM waves impinge on the shielding
material, and part of the EM waves is immediately reflected
from the surface owing to a large number of charge carriers
from the highly conducting surface (blue arrows). Induced
local dipoles from termination groups help with the
absorption of the incident waves passing through the MXene
structure (green arrows). The surviving EM waves encounter
the next barrier layer after passing through the first layer of
TisC,T,, and the phenomenon of EM wave attenuation is
repeated. Transmitted waves with lesser energy are then
subjected to the same process when they encounter the next
MZXene flake, which gives rise to multiple internal reflections
(orange arrows), as well as more absorption. The intensity of
an EM wave is substantially decreased each time it is
transmitted through an MXene flake and results in the
overall attenuation or elimination of the EM wave. Thus,
such laminated kind of Ti;C,T,/CNT hybrid aerogel provides
the multilevel shield efficiency ability [106] (Figure 6).

5.3 Multi-layered composite structures

Another alternative to further improve EMI SE is by
preparing multilayered structures. Two different cases must
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be distinguished for multilayered structures. The first one
comprises stacking different layers of polymer composites
with the same concentration of carbon particles. This
strategy works well for PMMA [132] and epoxy [85]
composites, as the impact on absorption is dominate and
results in higher SE/reflectivity ratio despite the presence of
multireflection, which increases the total reflection. The
second case would be gradually increasing the carbon filler
layer by layer to avoid the presence of an interface between
two mediums with large dielectric constant difference, which
consequently limits the reflectivity at each interface. A model
was built to validate this theory through the face-to-face
assembly of three slices of foams with the increasing CNT
concentrations and different thicknesses: 0.5wt% (11 mm),
1wt% (2mm), and 2wt% (17 mm). The average CNT
concentration in this three-layered structure was 1.38 wt%
with a total thickness of 30 mm. The thickness of the first
layer (lowest CNT concentration and dielectric constant) is
about one third of the total thickness to ensure the smooth
penetration of the signal into the composite, whereas the
second layer has intermediate concentration function to
match the low dielectric constant of the first layer to the
higher dielectric constant of the third layer. The third layer
was thick (two thirds of the total thickness with highest CNT
concentration) to dissipate the residual radiation power. The
bold solid curve shows that the EMI SE of the three-layered
foam is comparable with that of a monolayer foam with the
same thickness and similar CNT concentration (1 wt%,
dashed curve). The total reflection by the multilayer was
decreased by at least 5dB or by approximately 70%
compared with the monolayer (1wt%, dashed curve).
Moreover, the substantial reduction in reflection was
observed over a broad frequency range (restricted to
28 GHz because of experimental constraints) and is remark-
able when compared with the reflection by the Salisbury
screens, which is lower than —-10dB over less than 2 GHz
[107]. Notably, microwave is attenuated by absorption when
reflected at any one of the intermediate interfaces; therefore,
this material works well as a radar-absorbing material
(RAM), which targets more signal absorption rather than
reflection (Figure 7).

6 Surface modification of CNT for
improving EMI performance
The dispersion of CNT within a polymer matrix remains a

problematic task. The main problem with CNT is its
tendency to agglomerate and bulk fast. Several attempts
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Figure 7: Reflection and SE of a three-layered MWNT/PCL nanocomposite foam (left). SE of a single CNT concentration: 1wt% (dashed)
compared with a three-layered sample with graded CNT concentration (bold lines): 0.5 wt% (11 mm)/1wt% (2 mm)/2 wt% (17 mm)

(right) [107].

have been carried out to overcome this challenge.
Thomassin et al. used m-m interactions between the
aromatic structure of nanotubes and the —COOH/COH
groups of the polymer PCL to obtain a good dispersion of
MWCNT. This CNT-polymer composite has exhibited an
improved conductivity and an EMI SE exceeding 20 dB
[108]. The same group further synthesized the PCL/

MWCNT foam structure and produced a much higher
EMI SE (~60-80dB) at very low MWCNT loading
(0.25vol%) when compared with the unfoamed PCL/
MWCNT structure [75]. Besides, the functionalization of
CNTs improves the dispersibility of CNTs and the EMI SE
of the composites. Doping/acidic treatment using sol-
vents, such as nitric acid, sulfuric acid, and hydrogen
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peroxide, can be used to introduce oxygen functional
group because of the presence of lattice defects in the
nanotubes by attacking the cap or the side wall of
the nanotubes. Several literature reviews have reported
the functionalization of CNT in polymers, such as PVDF
[22,47,46], PS [25,53], PANI [49], ethylene terpolymer
[56], and epoxy [91]. A nitric acid-modified MWCNT
(f-MWCNT) exhibits improved dispersion in PVDF
through the formation of chemical bonding between
CNTs and PVDF. As a result, this f-MWCNT-PVDF
composite showed an absorption dominant EMI SE of
47dB at the very low MWCNT loading of 0.5wt%
compared with the nonfunctionalized composite, which
needs 4 wt% MWCNT to achieve the same amount of EMI
SE. Electrical conductivity has increased by almost twice
from 3.72 x 107S/cm (4 wt% MWCNT) to 8.72 x 107>
S/cm (0.5 wt% f-MWCNT) [22]. Therefore, the presence of
large lattice defects in the CNTs and high electrical
conductivity result in low skin depth and give rise to a
high microwave absorption capacity. Besides improving
EMI shielding performance, mechanical and thermal
properties are also enhanced via acid functionalization.
Previous studies showed that adding 0.5wt% acid-
treated CNT results in a 22% increase in Young’s
modulus and a decrease in the viscoelastic behavior of
the PS matrix. Differential scanning calorimetry scans
showed a decrease in the glass transition temperature of
the PS/CNT composites; therefore, acid medication
decreases the filler-filler interaction and results in a
better dispersion in the PS matrix [25,53]. Li et al.
reported that the presence of f-MWCNT would reduce the
activation energy barrier to nucleation and lead to more
cell nucleation in the boundary between the polymer
matrix and the dispersed filler particles. The average
distance between f-MWCNT would be reduced, and
effective conducting CNT pathway could be constructed
at a lower ¢ [133]. However, doping or acid functiona-
lization might damage the CNT structure and degrade
the best intrinsic properties of CNT at the elevated
temperature. For instance, the EMI SE of N-doped CNT
with PVDF nanocomposite (5.7 dB) is three times smaller
than SE value than that of undoped CNT/PVDF (17.7 dB).
This finding proves that N-doping conveys a negative
effect on the crystallinity, metallicity, aspect ratio, and
dispersion state of CNTs and results in poor EMI
performance [83]. Therefore, N-doping CNT is detri-
mental for the EMI shielding applications of CNT/
polymer nanocomposites. Thus, efforts have been made
to reduce CNT damage. Huang et al. fabricated a
composite with maleic anhydride-functionalized MWCNTSs
(MAH-g-MWCNTs) and PMMA. An EMI SE of 11dB could

Carbon nanotube-reinforced polymer composite =— 783

be obtained at very low loading (~2.44 wt%) because of
the good adhesion of Mah-g-MWCNTs with PMMA by
covalent bonding, which reduces the structural damage in
the CNT networks [109]. Noncovalently functionalized
MWCNT coated with PANI in the PS composite has
microporosity, very low ¢¢ (0.12 vol% MWCNT), and high
permeability. The composite has showed maximum SE4
(-18.7dB) and little SE; (-4.6dB) at 7vol% MWCNT
loading. The mechanism of shielding can be explained in
terms of MIR. The presence of pores and highly reflecting
MWCNT leads to the multiple scattering of EM wave and
loss of energy because of dielectric dissipation. Maximum
absorption loss is generated because of high permeability,
and this finding can be used in designing futuristic RAM
or stealth technology [49].

7 Challenges and future research
perspectives

In this review, we highlighted the recent research
progress in the advancement of polymer-based materials
for EMI shielding. A comprehensive introduction to EMI
shielding has been reviewed. The shielding theory and
factors contributing to EMI attenuation have been
highlighted as well. Then, conducting and noncon-
ducting/insulating polymer and their polymer compo-
sites with CNT have been summarized in detail. The
composites have been discussed with the emphasis on
the roles of the size, shape, and electronic and chemical
properties of nanomaterials in tuning EMI shielding
properties. A specific correlation between the surface
chemical modification or doping with CNT filler mate-
rials and the EMI SE of their polymer hybrid has been
summarized. Despite the substantial achievement, the
fast-growing demand of future EMI shielding requires
thinner, lighter, and highly effective polymer hybrids.
New materials need to be developed and explored to
fulfill the demand by customizing the properties of the
polymer/filler. A fundamental understanding of the
electronic and structural properties of materials is
necessary to optimize the SE of polymer hybrids. The
following future research directions are expected to be
explored in the nearest time to achieve the targets:

(1) CNT-polymer composite hybrid with titanium car-
bide-based MZXene filler has already exhibited
superior EMI shielding. A wide range of MXene
materials, which have high conducting properties, is
expected to be an excellent selection for EMI
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(4)
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shielding application. Therefore, a huge prospect
can be explored in the MXene-based CNT—-polymer
composite in EMI shielding application.
Polymerization of the surface functional group over
the filler is necessary to explore instead of polymer
hybrid with bulk mixing. This specific functionaliza-
tion will be helpful for the minimum sage of the
polymer and the better distribution (localized dis-
tribution) of the filler than bulk mixing (random
distribution) in the composite.

Defect and doping during functionalization greatly
control the properties of 1D CNT. Polymer hybrid
with tunable defect/doping needs to be studied to
further achieve the synergistic effect of defect/
doping with the properties of the polymer host.
Similar to monolayer or multilayered foamed struc-
tures, hollow-foamed honeycomb can act as a
lightweight EMI shielding material. CNT-filled
polymer foam in metallic honeycomb reduces the
real part of the effective dielectric constant of the
hybrid and results in a very high EM absorption in a
wide frequency range (>60 GHz) [134]. The suitable
pore size and the structure are targeted to maximize
MIR and absorption.
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