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A comprehensive overview of the up-to-date research activities targeting electromagnetic interference (EMI) shielding is provided, focusing on the multifunctional

polymer nanocomposites (PNCs) reinforced with a variety of conductive fillers. The unique dielectric, magnetic and other physicochemical properties derived

from certain morphology-, composition-, and loading-controlled nanostructures for EMI shielding behaviors are elaborated. The conductive fillers including three

different categories: carbon, metals, and conductive polymers in the EMI shielding PNCs are discussed together with their synergistic effects on enhancing the

EMI shielding property. The enhanced electromagnetic interference shielding effectiveness and mechanisms are discussed with detailed examples and are

envisioned to provide rational design of next generation lightweight EMI shielding materials.
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1. Introduction

Electromagnetic interference (EMI) shielding is an effective method
of using a material which can effectively lower the transmittance of
electromagnetic wave to reflect or absorb the electromagnetic radia-
tion. Because electromagnetic radiation regularly occurs at high fre-
quencies and strongly interferes with electronics, electromagnetic
interference (EMI) shielding is of particular importance to electron-
ics."? Reflection is one of the most commonly observed EMI
shielding mechanisms.>™® In order to acquire good electromagnetic
interference shielding effect, free-moving electrons or holes are the
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prerequisites for the shielding material. The magnitude of loss
from reflection is proportional to the electrical conductivity (c) of
the shielding material. Therefore, electrically conductive materials
are preferred EM shielding absorbers, even though a high o is not nec-
essary. For example, the volume resistivity of carbon nanotubes
(CNTs) is less than 1 Q-cm, yet it is sufficient to demonstrate the EMI
effect.” The o value will not be taken as a scientific pre requisite for
EMI shielding due to the fact that the conducting connectivity is not
a requirement.' Although not required, the shielding can be en-
hanced by a large . For conductive materials including metals and
carbon, the existence of their conducting connectivity is exhibited
by their high 6. Metals are widely used as EMI shielding materials.
Their reflection function under EM radiation is caused by the exis-
Another important mechanism is
absorption.*™'” The material must own dipoles for strong EM wave
absorption.' The electric dipoles present shielding materials with a

1
tence of free electrons.

high dielectric constant (¢), while the magnetic dipoles give
shielding materials a high p value.'"'? The absorption loss and re-
flection loss are a function that depends on the o, the electrical con-
ductivity, and ., the relative magnetic permeability. Because of
their high o, metals like silver and copper could reflect more
electromagnetic waves. Similarly, super-permalloy (a magnetic
alloy, with about 20% iron and 80% nickel) has a high p so this
material shows excellent absorption. Compared to the p, value of
a few thousand for ordinary steel, commercial permalloy and
MuMetal® typically have relative permeability around 100,000
and 80,000-100,000, respectively. As the EM wave frequency
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increases, the loss from reflection decreases whereas the loss
from absorption increases.! Besides, multiple reflections are also
critical for shielding mechanism, which EM wave reflects at muti-
interfaces in a shielding material.'® The requirement for multiple re-
flections is a large specific surface area in contact with the EM
waves. A highly porous or foam material can provide a large spe-
cific surface area, while a composite material consisting of fillers
with large surface areas and matrix can also provide large interfacial
areas. Both large surface and interfacial areas can result in multiple
reflections, which further enhance the EMI shielding performance.
Electrically conductive polymer nanocomposites use polymer as the
matrix while incorporating different kinds of conductive fillers to
make the inherently electrical insulating polymer conductive. The
polymer matrix has merits including low cost, excellent chemical
and oxidation resistance, great processability and low density. The
conductive filler gives properties such as large surface and interfacial
area, electrical conductivity, and magnetic permeability into the
nanocomposite making it promising in EMI shielding. The com-
monly used conductive fillers include carbon materials, metal nano-
structures, intrinsic conductive polymers and various combination of
aforementioned fillers.

The EM shielding is commonly expressed in decibels. The
shielding effectiveness (SE, in dB) involves all of these losses. The
intrinsic properties of shielding materials restrict the shielding effec-
tiveness in the broad frequency range (i.e. 200 MHz to 18 GHz).
This includes the o , ¢, EM source frequency, and the vertical dimen-
sion between the EM source and the material.'* Meanwhile, the ab-
sorption loss has a close relationship with the thickness (d) of the
material. In order to achieve highly effective EM shielding, an EMI
shielding material needs to be able to (1) reach high shielding capa-
bility with 99% absorption of the incoming EM waves (20 dB) re-
quired for human safety'> and (2) active EMI shielding within a wide
frequency range. For example, in spite of the advantages of metals for
EMI shielding, their large density, instable chemical property, and nar-
row absorbed frequency are considered major drawbacks for effective
EMI shielding.'® In contrast, polymers have many advantages includ-
ing low density, ease of processability, and low cost, yet many can be
penetrated by EM waves through their insulating interfaces. Therefore,
polymer nanocomposites (PNCs) with electrically conductive fillers
well distributed within the electrically insulating polymer matrices are
one of the best strategies to overcome the metal-related problems for
EMI shielding.

Three types of conductive PNCs are typically utilized to achieve
EMI shielding, the first being polymer/conductive carbon filler sys-
tem. For example, the reflection loss (RL) obtained by using 7 wt%
carbon nanotubes (CNTs) in a polystyrene matrix was found to be
18.2-19.3 dB in X-band.'” However, simply by using materials with
increased conductivity, a high reflection loss is difficult to realize.'s"
Another type of commonly used conductive PNCs for EMI shielding
is polymer/metal-loaded ferromagnetic nanoparticles (NPs). These
are advantageous due to the fact that, theoretically, magnetic nano-
structures such as iron NPs can provide high absorption on ac-
count of their high magnetization.”>' However, the permeability is
drastically affected by the ferromagnetic resonance and is decreased
in GHz range.?>* Besides, both low magneto-crystalline anisotropy
and permeability limit the SE of these ferromagnetic metal-loaded
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PNCs.?* The third common conductive system is conductive poly-
mers and their composites. For example, polyaniline (PANI) PNCs
have been shown as effective microwave absorbents due to their
unique electrical properties, controllable dielectric loss, simple
synthesis, stable performance, anti-corrosion, and cost efficiency.>> >’
Other conductive polymer-based PNCs have also demonstrated ex-
cellent EMI shielding capabilities including polypyrrole (PPy)*° and
polyphenyl amine®' based PNCs. The o of conducting polymers
can be manipulated through different doping agents to absorb more
electromagnetic waves for high-need applications (for instance RL
> 40 dB for commercial usage).”® Multilayer films or coatings
using conducting polymers are becoming candidates for the shielding
filter."* One option is to deposit conducting polymers on flexible
fabrics for EMI shielding.> Meanwhile, the embedment of NPs
such as carbon nanofillers into the conducting polymers is of great
interest due to the interactions between conducting polymer struc-
ture and the surfaces of the nanofillers at the particle-polymer
interface.>

Designing a shielding material with a particular level of attenua-
tion and specific physical criteria will not be easy. The design com-
bines shielding mechanism with factors such as a complex relationship
among the intrinsic electromagnetic properties of shielding materials
and reasonable extrinsic parameters (such as absorber thickness and
frequency range). Understanding important design parameters and
relevant measurement techniques, we propose the method of prepar-
ing shielding materials. In Fig. 1, the reflections can cause damages
in the case of EM radiation emitted by electronic circuits because of
interferences among transistor T, resistor R and chips. Hence, the
interferences can be damaged or malfunctioned by the reflected
EM waves. In order to resolve these detrimental effects by reaching
P, = 0 meanwhile keeping P, ~ 0, one material should be designed
to satisfy the attenuation of the EM waves and mitigated through
the conductive dissipation.'®

The ¢ and p are typically out of balance for polymer/carbon
nanofiller PNCs, leading to a consequence that most of EM waves
are reflected instead of being absorbed. This is considered a major
drawback for their use in EMI shielding. In other words, conduc-
tive materials such as carbon and metal tend to reflect EM waves.
Hence, a good match between ¢ and p in a shielding material can
result in effective absorption, while a multi-layer shield barrier
with larger surface area and interfacial area would favor multi-
reflections. In this overview, we focus on the EMI shielding
performance and mechanism of PNCs reinforced with different
conductive fillers. The unique morphology-, composition-, and
loading-controlled EMI shielding performances of different sys-
tems are critically reviewed. In addition, other EMI shielding PNCs
based on the combination of different conductive fillers are also
covered. Finally, the prospective of conductive EMI shielding materials
is provided.

2. Criteria to evaluate the shielding
effectiveness

When encountered with an incident EM wave, the mathematical ex-
pression of the SE is
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Fig. 1 The differences between an EMI shielding and absorbing coating in an electronic device.'®Adapted with permissions from Royal Society of Chemistry.

P
SE =10 log| — 1
g P (1)

o

where P; is the incident electromagnetic wave intensity on the surface
of a material and P, is the penetrable electromagnetic wave intensity
through a material, respectively. In view of the theoretical principle,
the evaluation of SE will be discussed according to the intrinsic
properties of the shielding materials as well as the loss tangent (tan 9J).
Meanwhile, three types of shielding materials will be classified via em-
phasizing one of these three parameters (o, € and p) in each material.

2.1. Conductive shielding materials with negligible magnetic
property

Eq. (2) describes all the components of the total shielding effi-

: 34,3
Clency:l4’ 435

SE, =101log (P/P)=SE,+SE,+SE, (2

k:

2 gr'(\/1+tan25 il)

| —
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where SE, is the absorption shielding efficiency, SEyg is reflection
shielding efficiency. and SE; is multiple reflection efficiency. When
SE, = 15 dB, the SE; must be considered in order to measure

exactly.> 7 The explicit description of terms in Equation (2) is'**
SE , =20k, dloge = 8.68k,d (3)

‘1 + n‘
SE, =20 log 4)

Alr
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_ 2
SE, =20 log 1—%exp(2ikd) (5)

where d is the distance which the EM waves travelled through the
shielding material and the parameters k, (is the absorption coeffi-
cient, also named as o), n (is one of the influential factors of the

® 2r
complex wave vector k (k =n—=n /1—), and k are defined by

0
the following equations.

o gr'(\/1+tan25 11)

2y 2

k,=

g, (Wl +tans +1) i g, (N1+tan’s F1) 7)
2 2

P 8r’(\/1+tan26 11)

®)

2 2

where A is the wave length, ¢’ represents the real part of complex
relative permittivity (e,= €,’+ie,”), and the + and F signs are applied
for positive and negative ¢,’, respectively. The term tan 9, tand =
e.”/e;’, characterizes the capability of transformating the electromag-
netic energy to heat energy, where ¢,” is the imaginary part of ¢,
and o is the angular frequency of the EM waves (o = 2nf), where f
is the frequency, ¢ is the dielectric constant in free space, and o is
the conductivity. Thus, large values of tan ¢ and &,” (usually named
as loss factor) would indicate a better absorbing material.>®

For an EMI shielding material consisting of multilayer films
(Fig. 2), the multiple RL needs to be considered in addition to the

loss from absorption and reflection.'*
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Fig. 2 For multilayer films, the direction of wave vectors, electric and magnetic
field."*Adapted with permissions from American Institute of Physics.

For instance, in the j™ layer, the incident EM waves are in the
form of E; and E;” means the reflected EM waves. The o, &5 and d;
represent the electrical conductivity, the dielectric constant, and the
thickness of the j™ layer, respectively. Assumed that the relative
magnetic permeability, p, is 1. From an analysis of the boundary
conditions, the internal regularities between the electric fields of

EM waves in relation to multilayer structures could be revealed:'*
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spectively. The k;, the complex wave vector in the j™ layer is repre-
sented by Eq.12:'*

k} = o wysys, +iopo, (12)

where L is the magnetic permeability of air, based on this , the real
part kj; and imaginary part kj, ( sometimes denoted as o, the ab-
sorption coefficient, and here Eq. (14) is the same as Eq. (6)); of
complex wave vector k; are given by:'*

©
(2

s

1+tan*s

b

J

il) (13)

(,[1+tan25j 11) (14)

where, &4 represents the real part of permittivity, and the + and F

signs are applied for positive and negative &, respectively; c is the
speed of EM waves in free space; and tanéj =0, / (0)808”'
is the loss tangent (or dissipation factor) of the j"™ layer.

Meanwhile, Eq. (8) describes the k (k;+ik,) in the monolayer
film and means the complex wave vector. Again, through the rela-

. e .

tion A’o = —— (where A is the wave length), we can further get
o 2rn

— = —, therefore, Eq. (8) becomes

c A

1 k[
k =k, +ik, =[ j\/(\

Here, matrices A; and B; are described as

4 b (10)
, = 10
Lok, —k,

exp(ik;d,) exp(—ik,d )

i kexp(ik,d,) —k exp(-ik,d,)

where k; correspond to the wave vectors in the incident medium and
kr correspond to the wave vectors in the transmitted medium, re-

SE

mono(T)
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Under the condition that the sign of ¢, is in a special frequency
range (i.e., tan & >>1), k;= ko, makes sense, while in a high-
frequency range, when k, = 0, the ¢, is positive. When k; = 0, the
e’ is negative (i.e., tand << 1)."* From Eq. (9), the reflectance

R=|E,/E,
culated directly.'* Meanwhile, the absorbance A is obtained by

using the relations (A+R+T= 1). The total shielding efficiency of
the multilayer (SE,uiict)) can be discribed as:'

2 . 2
and the transmittance 7" = | E T /| E [‘ can be cal-

SE

multi(T) —

—10 logT (16)

The calculation of shielding response of monolayer film is much
the same as the calculation of SE,,,;. The total SE of monolayer
film (SEmonocry) is described as:'*

= ZOlog‘(l / 4n)[(1 + n)2 exp(—ikd) —(l —n)2 exp(ikd)]‘ (17)
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For positive ¢,’, the SE,;;on0(t) €Xxpresses two behaviors at differ-
ent frequency, at low frequency the SE o0y has a constant behavior
and an oscillating behavior occurs at high frequency which de-
scribed by'*

SE, o = 10 P +P,cosQoyfe/dlc)  (18)

mono(T) —

Where P; and P, hold constants. We can deduce that SE,ono(m)
have the obvious characteristics oscillation period by TO) =1c/ /gr d

at high frequency.
For negative ¢,’, the SEonocr) also has a constant behavior at
low frequency, and it will only increases, based on the equation

SE ona(ry = 10N, + N,exp(20\/e,'d/c)  (19)

mono!

N, and N, are constants at high frequency.'*

When the shielding efficiency satisfies two hypotheses, one is
the source is far from the shielding barrier, and another is they both
are not conform to near-shielding effects, the estimation that the SE is
in the far-field limit,34 through the change of k, (or a), n, and d , that
¢, and o, are the two parameter of the value of SEr, will also change
it;. By these equations, the requirement for high SE is higher ¢’ and
o, Besides ¢,” and o, from varying the thickness of the material,
SEA and SE;j also can be successfully controlled.

The material with tan 6 >> 1 (¢,” >> ¢,”) is considered as a
good conductor, otherwise, as a weak conductor. On the premise
that tand >> 1, the absorption coefficient o can be taken as o =
(mu0/2)1/2. This indicates that compared with ¢, ¢ contributes a
greater amount to the enhancement of the EMI shielding. On the
premise that tand << 1 and p is the determining factor, the EM en-
ergy dissipation can also occur. However, when tan & = 1, o, is
just as important as €,” when predicting the shielding efficiency of a
material.”

For an electrical conductor, EM radiations cannot penetrate all
the region of the material, when it passes from air to material, they
only pass the surface layer at high frequencies, and this is called the
skin effect.' The distance at which the electric field intensity de-
creases to ¢! (e is the Euler's number, and ¢! is about 0.37) of the
initial value is known as skin depth (A), which is definited by

1

A=1/(nfpo)2 (20)

where W = poop,, 1o = 47 x 107 H m™.' The multiple-reflections
represent the reflections at various interfaces in the shielding mate-
rial. The big difference among absorption, reflection, and multiple-
reflection is that the electromagnetic interference shielding efficiency
can be decreased by only the multiple-reflection which must be con-
sidered in the condition of the thickness of shield materials above
the threshold, A8

Also note that depending on the skin effect, the size of filler in
composite materials is a key factor of shielding effective. A filler

30 | Eng. Sci., 2018, 2, 26-42
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size of 1 micron or less is typically preferred, thus CNTs and car-
bon nanofibers (CNFs) are promising fillers for preparing EMI
shielding PNCs.

2.2. Conductive shielding materials with magnetic property

For the magnetic metallic materials with dielectric loss and magnetic loss
properties (¢ and ), it is possible to formulate the RL as Eq. (21):*°

|Z,, - Z,|

mn

RL =20 log m
in 0

(1)

where Z is the impedance of free space; and Z;, is the input charac-
teristic impedance, Eq. (22):

7, =7, |5 anh{jnfd/ e} @)
€

I:

While magnetic NPs are limited by their intrinsic properties, the
electromagnetic wave absorption behaviors of the metal magnetic
nanomaterials have their inherent advantage of higher saturation
magnetization (Mg). However, their high ¢ decreases the effective p
in high frequency drastically due to the skin effect - the tendency of
an alternating electric current (Gac) to distribute itself within a con-
ductor. With minimize the size of the monodispersed metallic parti-
cles below the skin depth, which can be easily achieved by embedding
metallic magnetic NPs into non-conductive polymer matrices.

The high initial permeability (y;) of an EM wave absorbing ma-
terial is necessary. For EM wave absorption applications and the p;

of the material can be described as:***!

M2
" (ak HM_ 1 bAE)

Ly

where a and b depended by the intrinsic properties of materials, k. is a
proportion coefficient H,. is the coercivity, A is the magnetostriction con-
stant, and & is an elastic strain parameter of the crystal.** Meanwhile,
K decide the direction of easy axis, which can be expressed as:*°

K=kHM, (24)

Higher M; and lower H, are also good for the increase of L; so
as to enhance the EM wave absorption. On the other hand, ¢,” and p,’
represent the storage ability of EM energy, while €, and p,” symbol-
ize the loss ability.

In general, two prerequisites must be satisfied for an ideal EM
wave absorption material, which are: (1) the impedance (Z) should
be matching between air and the material, that is the ¢, and p, ap-
proximately equal in numerical value;*>** and (2) special physical
structure gives the material strong magnetic or/and dielectric loss

properties.*’
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2.3. Theoretical analysis

2.3.1. Magnetic loss. Interacting with EM waves, magnetic ma-
terials usually have three types of energy losses: eddy current loss,
magnetic hysteresis loss, and residual loss. One of the typical equa-
tions can express the magnetic loss of magnetic materials.

2ntano,,
!

=ef +aB+c (25)

where e, a, ¢, |, tand,,, f and B represent the eddy current loss coef-
ficient, magnetic hysteresis coefficient, residual loss, permeability of
the absorber, magnetic loss tangent, frequency of EM wave and
magnetic flux density, respectively.*’

2.3.2. Eddy current loss. When a conducting material is placed
in an alternating magnetic field, an induced current would be produced
inside which would dissipate the energy eddy current loss, which rep-
resented by the eddy current loss coefficient (denoted as “c.). % The

[TPNEL}

¢.” can therefore be expressed as:*

_A4rntu,d’o

e, (26)
3

Which d is the thickness and o is the electric conductivity. Ac-
cording to Eq. (26), large d and o can increase the e, for one mate-
rial, however, high ¢ would limit its EMI shielding application. and
the e, was also affected by other factors such as orientation, surface
states, and structure of material.****®

2.3.3. Magnetic hysteresis loss. When the polarity of the mag-
netic field changes the molecules of the magnetic material is
rearranged. The energy loss induced by rearrangement is called
magnetic hysteresis loss. The two primary cause of the energy loss
are irreversible domain movement and magnetic moment rotation;
and magnetic hysteresis coefficient (denoted as a,,) at low magnetic

: 43
flux density can be expressed as:

" 3u’

where b, L and p represent the Rayleigh constant, vacuum perme-
ability, and permeability of the material.

2.3.4. Residual loss. With the exception of three losses men-
tioned before, nearly all the remaining loss can be attributed to re-
sidual loss*” caused by the magnetic after-effect loss at low frequency
and size resonance (tendency of a system to oscillate), ferromagnetic
resonance, natural resonance and/or domain wall resonance at high
frequency. The residual loss is dominant.

The above mechanisms suggest that via designing a shielding
material with specific physical characteristics (such as an appropri-
ate o, high Ms and low e.) and chemical construction the consider-
able magnetic loss will be given,*>+348
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3. Why EMI shielding polymer
nanocomposites?

From a scientific point of view, nanocomposites have many unique
structure and morphology merits which can be used to prepare EM
wave absorpting materials in the GHz range. Meanwhile, low den-
sity, large absorption bandwidth, simple preparation methods, and
low cost are also paramount to developing effective EM wave ab-
sorbing materials.* On the nano-scale, materials usually exhibit
unique electric,’®>? magnetic,”>* and optical properties,”® owing to
their small size, large surface area , and quantum tunnel effect.®®~%*
More importantly, these excellent properties usually cannot be
achieved by using the corresponding bulk materials. For example,
large interfacial dielectric loss can be achieved by the interface po-
larization since large specific surface area of one nano-material can
provide a great number of active atoms on its surface.®>®’

For the EM wave absorbers using conductive materials including
CNTs,%77 CNFs,”® graphene,””™®' and conductive polymers such
as PANI®*™* or PPy, the utilization of PNCs is an effective
way to obtain light-weight products as the density of the PNCs can
be reduced significantly. For magnetic PNCs as EM wave absorbers,®
although the high density of magnetic materials such as iron,* co-
balt,”® and nickel’"*> would compromise the density of magnetic
PNCs as light-weight EM wave absorbers, the limited percentage of
magnetic components incorporated in the polymer matrix can still
provide relatively light-weight magnetic EM wave absorbers com-
pared to traditional metal-based systems. More importantly, syner-
gistic effects among the nano-size components in one PNCs system
can further enhance the absorption efficiency as well as introduce
other advantages to the system.”>**

Different physical and chemical property of the electric and mag-
netic components can affect the EMI shielding performance of the
resulted composites.*'*> Magnetic and electrically conductive PNCs
with unique nanostructures have been extensively studied, and proved
to have great potentials to be applied as EMI shielding materials®
and molecular electronics.”® As electrically conductive polymer nano-
composites, though there is no definitive conclusion on the effect of
filling loading due to complexity as it depends on materials mor-
phology, structure, composition, filler-matrix interactions, types of
nanofillers, size of nanofillers, etc. However, there is a general trend
for most polymer nanocomposites for EMI shielding applications.
The conductivity and EMI SE usually increases with the increase of
filling loading of nanofillers as the magnetic and electric properties
are derived from nanofillers. However, excessive nanofillers typically
will aggregate together due to high surface energy, compromise the
mechanical integrity, processability of nanocomposites, increase the
density and cost. A comparison table of some recent reported elec-
trically conductive polymer nanocomposites with their composition,
frequency range, and EMI SE was given in Table 1.

3.1. Carbon based nanofillers

Carbon-based materials, such as carbon black,'® porous graphitic
carbon,'® expanded and foliated graphite,'”'% CNFs,'*~"!"! fuller-
enes,“2 and CNTs!®7377: 137118 have been substantially investi-
gated for preparing PNCs, benefitting from their low density, high

Eng. Sci., 2018, 2,26-42 | 31
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Table 1 Comparison table of some recent reported electrically conductive polymer nanocomposites with their composition, frequency range, and EMI SE.

Composition Frequency Range Shielding Effectiveness Ref
Polycaprolactone (PAL)/CNT 25~40 GHz 60~80 dB 16
Polystyrene (PS)/CNT 8~12 GHz 25~30 dB 97
Polyamide-6 (PA-6)/CNT 8.2~12.4 GHz 25 dB 98
Polycarbonate (PC)/ Acrylonitrile butadiene styrene(ABS)/ Nickel coated carbon fiber 1 GHz 47 dB 99
Polyaniline (PANI)/CNT 12.4~18 GHz 27.5~39.2 dB 100
Polyester (PET)/ Polypyrrole (PPy) 0.5~1.5 GHz 36 dB 101
Epoxy/Graphene 8.2~12.4 GHz 21 dB 102
Polyvinylidene fluoride(PVDF) /Graphene 8~12 GHz 18 dB 103
Cellulose/CNT 8~12 GHz 18.7~22.5 dB 104

corrosion resistance, as well as flexibility and processability.''® For
instance, CNTs are considered the best carbon filler if good disper-
sion can be reached in a polymer matrix. In addition, their supreme
physicochemical properties can be attributed to their mechanical
property, thermal stability, extremely high o.'?*'*! However, the tu-
bular configuration of the CNTs leads to large surface area and high
surface energy that can aggravate the agglomeration of them. It is im-
perative to achieve good dispersion for improved overall perform-
ance. Graphene, the proclaimed “wonder material”,'**™'*” has also
been extensively studied for EMI shielding applications,5%-8!:97:103.128

For these carbon-based nanofillers in polymer matrices, because
of these nanaofillers are nonmagnetic, the ¢ and p are typically out
of balance.'? Hence, the material tend to reflect the EM wave
rather than to absorb it. This is driven by impedance mismatch. Cur-
rently, it is still one of the major hurdles for their usage as suitable
EMI shielding materials.'® By augmenting the content of air in
polymer matrices using open-cell foam, the impedance matching can
be obtained. Though different types of carbon nanofillers have their
own advantages and disadvantages. However, a study conducted by
Al-Saleh has shown that at the same nanofiller loading, the nano-
composite performance of EMI SE, permittivity and electrical con-
ductivity follows in the order of CNT > CNF > CB. The reason is
CNT possesses the highest conductivity, aspect ratio and lowest load-
ing electrical percolation threshold. The polymer matrix selected was
acrylonitrile-butadiene-styrene.®

Jerome et al'® reported PCL foams filled with MWNTs for EMI
shielding through using two methods, melt blending and co-precipitation.
As seen in Fig. 3, SE was observed to be up to 80 dB with an average
of -8.5 dB reflectivity (R) at 0.25 vol% of MWCNTs. Based on the
SEM images (Fig. 4) and the reflectivity, it can be known that the
open-cell structure contributes to enhance the absorption performance.

The foaming of MWNT/PCL PNCs enables them to maintain the
dielectric constant at a relative low range, i.e., below 4. It is obvious
that the ¢, of the PCL foam is ~50% lower than that of unfoamed PCL
PNCs (g, = 2.2). Therefore, the ¢, of foamed PCL PNCs containing
0.24 vol% MWCNTs is close to that of solid PCL PNCs whose &, is
about 3.5 even though the ¢ is ~ 3 to 4 times higher. Not only so, the
shielding performance of the sample of 0.107 vol% MWNT (foam) is
about as same as the sample of 0.16 vol% MWNT (solid). Due to a
lower R, the ¢, of the foamed sample is lower. Foaming can effectively
enhance the specific area of PCL/MWNTs PNCs. So it is a simple
and direct way to enforce SE in the 20-80 dB range and low R
within 8-15 dB. These parameters are better than those reported,’®'*°
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for which the enhancement of EMI shielding efficiency only contrib-
utes to reflection. Indeed, the 15 wt% loading is enough to achieve
high &, (>30) and result in a reflection phenomenon at the inner sur-
face. The performance is attributed to not only absorption but also re-
flection as the main influence factor to the EMI shielding.

Lightweight porous graphene-based composites (Fig. 5) synthe-
sized from embedding functionalized graphene sheets (FGS) into
polystyrene (PS) matrix at a relatively low density have been demon-
strated with effective EMI shielding.”’

It is obvious that the contribution of EM wave reflection is negligi-
ble over the whole frequency range. Compared with GPS027, GPS045
exhibits excellent electromagnetic interference shielding properties. The
average SErowm, SEa, and SEg are 29, 27.7, and 1.3 dB (Fig. 6a,b).
The results indicate that because of the porous structure, nearly all of
the EM energy is dissipated as heat while little electromagnetic wave
is reflected from the composite surface. This confirms that the se-
quence of the importance of the shielding efficiency is absorption and
reflection in 8.2-12.4 GHz. The specific SE (SE per g/cm?®) of the sam-
ple GPS045 was the highest value of 64.4 dB-cm®/g, which was supe-
rior to ever reported polymer based EMI shielding materials. This
porous microstructure in the composites (Fig. 6¢,d) is promising for
using as a lightweight shielding material against EM radiation.

Zhang et al® reported an effective EM wave absorber made from
chemically reduced graphene (CR-G) dispersed in poly-ethylene oxide
(PEO) matrix(“CR-G/PEO” composites). The CR-G/PEO composites
exhibit high permittivity (Fig. 7) and very low RL value (Fig. 8),
which have the potential as protection against EM radiation.

The authors claim that the key factor of excellent EM wave absorp-
tion property of the CR-G/PEO composites is the electrical conduction
loss, dielectric relaxation, interface scattering, and multiple reflections
(shown in Fig. 9), for which the electromagnetic energy can be trans-
ferred to heat energy. When incident EM waves arrive at the materials,
the oscillatory current and boundary charges can induce dielectric re-
laxation and polarization because of the directional motion of charge
carriers.®® A pronounced interfacial scattering can also be formed due
to the complex permittivity difference. Influenced by different complex
permittivity between CR-G and PEO, a significant interfacial scattering
behavior happens. The exfoliated CR-G sheets with high aspect ratio
could disperse well in the PEO matrix so as to constitute conduction
networks, ultimately leading to high conduction losses. The junction
between CR-G sheets and the PEO matrix forms interfacial multi-poles
which induce the dielectric relaxation and polarization. The influence
factor of dielectric relaxation and polarization is the same as the
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Fig. 3 Different EM properties of two types of multi-walled CNTs/polycaprolactone(PCL) PNCs: (a) o, (b) SE, (c) &, and (d) R‘lsAdapted with permissions from

Royal Society of Chemistry.

interfacial scattering. In short, the high surface area could enhance the
attenuation. Furthermore, ultrathin sheets and layered structure of
CR-G contributes to strong multiple reflections (Fig. 9); thus, the
way in which the electromagnetic wave propagates is the key factor
to enhance the efficient absorption.

Recently, Hamed Azizi et al systematically research the impact
construction of carbon-based nanofillers on EMI SE.'*' By adjusting
the reaction temperature, the authors claim that compared with other
shape cells, near-spherical cells in polymers own the highest reflection.
The existence of air in the cell decreases the number of entering
electromagnetic waves and the absorption property. So the open cell
has better EMI SE than the close cell. The size of the cells is also an
important factor that has impact on the performance. The smaller size
of the cells acted as barriers to prevent the access of the electromag-
netic waves and increasing the reflection.

© Engineered Science Publisher LLC 2018

The electromagnetic properties of carbon-based composite materials
are excellent because carbon nanofillers and polymers are complemen-
tary. Among several factors, the filler-to-polymer ratio is important.
Milana Trifkovic et al”® adjust the mass of CNTs in two types of poly-
mer matrices (polystyrene and polyamine-6, PA6) and evaluate their
EMI SE. The authors claim that above CNT loadings of 0.3 wt%, the
EMI SE of PS-CNT is higher than that of PA6-CNT. This phenome-
non indicates that the percolation threshold of PS-CNT is 0.3 wt%,
forming a conductive network and enhancing the EMI SE.

3.2. Metal based nanofillers

Magnetic NPs are ideal to be used as EMI shielding at high fre-
quency over GHz because of their quantum size effect,'**'** large spe-
cific surface area,'** high surface atom percentage,'® high Snoek’s
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Fig. 4 SEM images of PCL foams filled with thin MWNTs: a) 0, b) 0.1 and c) 0.222 (melt-blending), d) 0.107 and e) 0.249 vol% (co—precipitation).IGAdapted with

permissions from Royal Society of Chemistry.

limit (a general bound for the family of initial permeability curves for
various compositions of ferrites possessing cubic anisotropy).'3*-'3
Owing to these characteristic, magnetic NPs have strong interface po-
larization.'® However, when incident EM waves reach the metallic
magnetic material, the decrease of the relative complex permeability
(U= +1iW”) is inevitable because of the eddy current pheno-
menon."** ™! The metallic magnetic nanomaterials such as Fe and

32,142-144 . . )
Co,”™ are suitable candidates as EM wave absorbing mate-

41,141,145,146 -
] % is an-

rials with high magnetization values. Also, nicke
other widely used EM wave absorbing material, which can attenuate
EM waves mainly by the magnetic loss.'*”'*3

For example, Han et al*' reported the morphology-controlled syn-
thesis of different nickel nanoparticles including five different morphol-
ogies and hexagonal Ni/Ni(OH), nanoplates (illustrated in Fig. 10).

Compared with smooth chains and ring structure counterparts, based
on the good matching between magnetic loss and dielectric loss, the
enhanced EM wave absorption properties of Ni/Ni(OH), plates is
observed. Fig. 11 depicts ¢ in the whole range. In 2-8 GHz, n" is
positive.*! Therefore, all the tested samples combine dielectric loss
and magnetic loss. A gratifying result that p” of Ni/Ni(OH), is
larger than that of other reported values over the majority of the
2-18 GHz range. If the p” is positive, magnetic materials have en-

34 | Eng. Sci., 2018, 2, 26-42

ergy loss. If the value is negative, there is no absorption. Though Ni
is recognized in the study as an EM wave absorbing material
owning excellent magnetic loss property, p” of four samples be-
comes negative at different frequency range (8.5 GHz for smooth
chains and at 13 GHz for the other three samples).

As shown in Fig. 12, the RL of the four samples clearly demon-
strates the morphology-dependence of the EM wave absorption perform-
ances: 1D structure (chain) has the lowest 1", because of huge aspect
ratio and the anisotropy of the material, while the 2D structure (ring)
has the lowest ¢” .From the comparison among the reported superfine
NPs and flowerlike nickel,*>'*' the smooth chain and rings demon-
strate better performance. Compared with pure nickel nanomaterial,
the advantage of Ni/Ni(OH), hexagonal plates is that they have lots
of interfaces, in which the lag of polarization between Ni and Ni
(OH), interfaces can occur. The impedances are matched well on the
performance of the microwave absorption that is not negligible. It is
noted that the urchin-like nickel chains show great potential as excel-
lent absorbers as they exhibit the best RL value because of the high
L, point discharge effect, and multiple absorption. Note that the geo-
metrical effect is an important reason for excellent properties.

Compared with the randomly dispersed NPs synthesized without
external influence, magnetic nanostructures (such as cobalt) with
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Fig. 5 Schematic diagram for preparation of porous PNCs consisting of functionalized graphene sheet (FGS) in polystyrene (PS).”’Adapted with permissions from

Royal Society of Chemistry.

aligned morphologies (well-defined rod or chain structures) via a
y-irradiation assisted route under a magnetic field (Fig. 13) are
found to be able to increase the magnetization and coercivity of the
material. This is attributed to the strong shape anisotropy of the
composite materials (Fig. 14).'*

The interaction of the cobalt NPs can affect the EM wave ab-
sorption property (Fig. 15).'%
about 1000 Gauss, the frequency range with RL > -4 dB occurs in
the 10.4-15.6 GHz. In particular, a minimum RL value of -5.0 dB
is observed at 13.8 GHz with a matching thickness of 2 mm. At
2000 G, the Cobalt nanostructures exhibit RL > -4 dB in the
9-16 GHz range, with a minimum RL value of -7 dB observed at
12.6 GHz. Further increasing the strength of magnetic field to

When the applied magnetic field is

2500 Gauss, the best morphological of Co nanostructure is pro-
duced. When the magnetic field reaching the maximum of 3000 G,
a minimum RL of -8.8 dB at 11.0 GHz is observed for the cobalt
NPs.

This tendency might be caused by the geometrical effect of the
Co nanostructures. In other words, the magnetic field-assisted syn-
thesis method can produce magnetic NPs with specific morphology
to enhance the electromagnetic wave absorption efficiencies by
adjusting the magnetic field. The alignment effect is not achieved
by simply using randomly dispersed particles.

In addition to Co nanostructures, Ni nanochains can also be syn-
thesized by the y-irradiation with the magnetic field-assisted pro-
cess.'*® When a strength of 3000 G magnetic ficld was added, the
diameters of about 100-200 nm Ni nanochains appeared. the surface
of nanochain is smooth. Without any magnetic field assistance, only
Ni NPs were formed by a direct y-irradiation. On the other hand,
the Ni nanochains can also be prepared using surfactant sodium

© Engineered Science Publisher LLC 2018

dodecyl benzene sulfonate (SDBS) as structure-directing agent pro-
duced. The disadvantage of this method without magnetic field-
assistance is the low-yield and the presence of a great number of
individual Ni nanoparticles. These nanochains demonstrate a
stinger-like morphology. The existence of magnetic field is one key
factor of enhancing reproducible Ni nanochains with controlled
morphologies.

The magnetic field can affect the preparation of Ni nano-
chains through the change of the RL value, shown in Fig. 16.
The Ni nanochains with stinger-like surfaces and scattered
Ni NPs show an RL value of -12 dB, and a bandwidth of 6.4-
8.8 GHz. The smooth Ni nanochains show an absorption
peak of -17.5 dB; meanwhile, the RL is above -4 dB in the
frequency range of 6.0 - 10.6 GHz by a magnetic field-assisted
method.

From the RL values of Ni nanowires'>® and MWNTSs compos-
ites,'! the geometrical effect is also a determining factor of EM
wave absorption. The equation d =n/4 (n =1, 3, 5, ...) states that
when the thickness (d) matches A,,, the reflected waves at the
interface are totally canceled.'*® In conclusion, the specific mor-
phology of the magnetic NPs is a determining factor of enhancing
the geometrical effect that leads to the improved EM wave
absorption.

3.3. Conductive polymer-based nanofillers

Intrinsically conducting polymers such as polyaniline, polypyrrole,
and polyacetylene have been found to be promising materials for
EMI shielding.***> The EM radiation can be reduced or eliminated
by conductive polymers because of their high o, €, and the ease of
control of their ¢ and ¢ through different chemical processing such
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Fig. 6 EMI parameters in the X-band, and SEM images for (a, ¢c) GPS045 and (b, d) GPS027. The inset in (c) shows the states of the embedded functionalized
graphene sheets in the composites.”’ Adapted with permissions from Royal Society of Chemistry.

as molecular weight, doping level, counter ion, solvent, etc.’
Again, the advantages of conductive polymers for EMI shielding in-
clude their relatively lightweight compared with metals, flexibility,
and corrosion resistance.

Based on the theory of EMI shielding, the shielding effect is
positively correlated with the o of the material. As a good-
conductor material (tanA >> 1), the SE of monolayer films can be
calculated by the Eq. (19):

where A = is the skin depth. For an electrically thin

21,06

shielding material, this is reduced to

where Zy = 376.7 V, which is the wave impedance of free space, 1/cd

. 1 Z). .
is about 10 ©, the value of 20log| — + —2 | is determined by
od 2

Zy. Therefore, the SE is a linear function of log (od)."* The relation-
ship of the measured electromagnetic interference SE with the o4, (dc
conductivity) by the thickness is showed in Fig. 17. From Eq. (29), the
positive correlation is established between the EMI SE and the od,
where ¢ and the thickness are the internal and external cause for the
SE, respectively.

Although conductive polymers have demonstrated promising

28,31,33

EMI shielding performance, their prospects for broader
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applications are limited mainly due to their environmental stability
and the fact that conductive polymers are not melt-processible in
their conductive form.>* Alternatively, melt-processible thermoplas-
tic composite materials like polyvinyl chloride (PVC) or nylon still

2d 2d
cosh——cos— |+
A

SE, =10log 1
4| 2m¢,

exhibit better conductivities than carbon black as fillers filled with
polyaniline.*

3.4. Other carbon-based conductive nanofillers

Compared with solid powders, the powder of the porous structure
owns larger dielectric loss. The porous carbons including carbon

SE ~201og| 1+ 294

foams have been reported as an ideal candidate to develop effective
EM wave absorbers.'>>™'>* In addition, composites consisted of po-
rous carbon and a second functional component exhibit even better
performance as potential light-weight EMI shielding materials over
porous carbon-only materials.">* For example, porous carbon/Co
nanocomposites exhibit better EM wave absorption property than
porous carbon alone by utilizing dielectric loss. Perhaps the porous

v Heat

Tneids
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Fig. 9 Schematic diagram for the transport pathway of EM waves in the CR-G/
PEO composites.*’Adapted with permissions from American Chemical Society.
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carbon/Co nanocomposites present large quantities of interfaces to
contribute to strong interfacial polarization.'>® The primary micro-
wave absorptive mechanism is the dielectric loss. It has also been
reported that unpurified SWNTs with small amounts of magnetic Fe

2d

sinh E +sin %d +2| cosh E —Cos X (28)

NPs exhibit better microwave absorption properties, the effect of
the synergy between the Fe and CNTs.'>® In addition, other com-
posites consisting of CNTs and magnetic NPs such as CoFe,O,4 can
also absorb a large amount of EM wave due to the good matching
between dielectric loss and magnetic loss.'>’ Compared with Fe/
CNTs and Fe@C composites,'”® carbon coated Ni nano-capsules'*’
exhibit a relatively low €”(~ 7.1-3.7), suggesting that improving the

(29)

dispersion and reducing the magnetic coupling is a key factor in the
graphite shells of the carbon coated Ni nano-capsules.'”® Mean-
while, graphite shells are efficient EM wave absorption materials,
like CNTs through coating the outside of the magnetic cores and
forming nano-capsules, they show the combined properties of the
parent materials.'>”'>° Therefore, the excellent EM wave absorbing
properties of Ni@C are believed to be ascribed to the strong natural
resonance and the delay phenomenon of polarization, in addition to
the EM match in microstructure.'*® Promising EM wave absorptive
materials could be developed from core-shell nano-architectures
with dielectric shells and ferromagnetic cores.

4. Conclusion and perspective

An up-to-date knowledge of the EMI shielding materials based on
polymer nanocomposites reinforced with three types of conductive
fillers has been reviewed. The frequency dependence of reflection
loss, size- and morphology- controlled enhancement in EMI
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Fig. 10 Schematic illustration of nickel nanostructures with different morphologies.*' Adapted with permissions from American Chemical Society.

shielding performance, and the mechanism of these different sys-

tems were critically discussed.

between the dielectric loss and the magnetic loss can result in further

Moreover, the effective complement

enhanced EMI shielding effectiveness. From the various results
obtained, the combination of different conductive fillers in one
polymer nanocomposite system has demonstrated unique synergistic
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effects on the physicochemical properties of the resulting PNCs,
which further play a significant role in enhancing the EMI shielding
performance.

The excellent EMI shielding behaviors of unique morphology
controlled nanostructures in the polymer nanocomposites suggest
the potential applications in functional electromagnetic shield de-
vices. However, the EMI SE is still limited due to ingredients with
high density of metal component, eddy current loss, skin depth, and
mismatch between the dielectric loss and the magnetic loss. Al-
though the complicated mechanism has not been unearthed entirely,
the uses of these combined conductive fillers with different compo-
sitions are helpful to solve the aforementioned problems. Hence, the
well defined architectures of hierarchical nanostructures including
the tunable filler configuration, size, density, specific surface area,
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Fig. 16 EM wave absorption properties of the nickle nanostructures prepared by
synthesis by (a) magnetic field-assisted and (b) surfactant-assisted without mag-
netic field-assisted."*’Adapted with permissions from American Chemical Society.
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composition are desirable for designing and fabricating light weight
electrically conductive PNCs with controllable dielectric permittivity
and magnetic permeability. Particularly, hierarchical nanostructures
such as hollow CNTs and large surface area graphene decorated
with different magnetic and dielectric nanostructures are envisioned
to be excellent nanofillers for the next generation EMI shielding
materials.
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