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A multilayered graded structure can maximize the electromagnetic interference (EMI) shielding properties

of a nanocomposite for a specific amount of a conductive filler in a polymer matrix. In this study,

multilayered graded nanocomposites of graphene nanoplatelet (GNP)/Ni/polymethyl methacrylate

(PMMA) were developed to achieve enhanced EMI

shielding behavior. Both multilayered and

monolayered nanocomposites were fabricated by controlling the compositions of GNP/Ni in the PMMA

matrix. The contributions of the multilayered nanocomposite to EMI shielding were investigated and

compared with the shielding effectiveness of the monolayered nanocomposite. The multilayered

nanocomposite shows enhanced shielding effectiveness of around 61 dB in the X-band, which is more
than three orders of magnitude higher than that of the monolayered nanocomposite. It has been
confirmed that the measurements of reflection, absorption and total shielding effectiveness are in good
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accordance with the theoretically calculated results. The primary shielding mechanism was absorption

due to conductive dissipation. The enhanced absorption of electromagnetic waves is attributed to an
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1. Introduction

Electromagnetic interference (EMI), especially in the high-
frequency range of 8-12 GHz (the X-band), has led to prob-
lems in various fields where electromagnetic devices and mili-
tary systems are used.'” The degradation in the performances
of control and communication systems and the leakage of
information from military systems has increased the demand
for EMI shielding materials.*®

Metals, which have been used as conventional EMI shielding
materials, have recently been found to suffer from reflection
from their surfaces, corrosion susceptibility and high density.*®
As a promising candidate for an EMI shielding material, gra-
phene has gained attention due to its high electrical conduc-
tivity, low density and anti-corrosion resistance.'*™ Since
graphene produced via mechanical exfoliation or chemical
vapor deposition has limitations in productivity,"*** the use of
graphene nanoplatelet (GNP) is more suitable for industrial
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abrupt increase in the conductivity between layers in the direction of wave propagation in a multilayered
nanocomposite due to impedance matching with the air and internal reflection between layers.

applications." GNP, composed of hundreds of graphite layers
stacked together and with an average thickness between 30 and
100 nm, can offer more advantages such as higher intrinsic
conductivity, much lower production cost and larger-scale
production.*®"”

In our previous study, nano-sized Ni particle-decorated GNP
has been fabricated via a molecular-level mixing process, and its
shielding capability has been investigated.”* The EMI shielding
effectiveness (SE) of the GNP/Ni powders mixed in wax (30 wt%)
is around 40 dB, whereas GNP itself (30 wt%) shows the SE of
around 26 dB in the X-band. As a result of electrostatic inter-
action between Ni** ions and the functional groups on GNP, Ni
nanoparticles are homogeneously anchored on GNP, and
chemical bonds are formed between them.'® Chemical bonds
play important roles in the enhancement of the absorption
capability, providing magnetic dipoles that interact with
magnetic wave and facilitating charge transfer between GNP
and Ni nanoparticles. In addition, homogeneous distribution of
nanoparticles promotes efficient formation of conductive
networks while preventing agglomeration of GNP in a matrix;
this leads to an increase in the electrical conductivity and EMI
SE.

The application of the GNP/Ni nanocomposite as an EMI
shielding material can be realized by adding GNP/Ni as a filler
in a polymer matrix. The polymer matrix is lightweight and
provides corrosion resistance and excellent processability to
GNP/Ni."® The GNP/Ni nanocomposite in the polymer matrix is
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expected to exhibit improved shielding capability by forming
conductive networks of the GNP/Ni filler due to its high aspect
ratio and electrical conductivity.***® This is because the EMI
shielding properties of the polymer nanocomposite incorpo-
rating the conductive filler are dependent on the aspect ratio,
intrinsic conductivity and the amount of filler.*"*

Increasing the amount of the GNP/Ni filler is an indispens-
able choice to improve the EMI shielding performance.
However, this leads to agglomeration, which deteriorates the
electrical conductivity and reflection of incident wave from the
surface; this induces interference of the reflected wave. Thus, it
is highly desirable that the incident wave must enter and be
attenuated through a material to prevent additional interfer-
ence.” Therefore, materials designed with multilayered struc-
tures with an increasing amount of conductive fillers can solve
the previous challenges while preserving an average amount of
fillers.>

Herein, we report a multilayered structure of GNP/Ni/
polymethyl methacrylate (PMMA) nanocomposite with
enhanced EMI shielding capability; moreover, this study
involves the maximization of the EMI shielding properties of
the GNP/Ni nanocomposite present in a specific amount in
a matrix. To investigate the contribution of the multilayered
structure to EMI shielding, multilayered nanocomposites with
abrupt variation in the GNP/Ni concentration between layers
and monolayered nanocomposites were designed and fabri-
cated. The SE values of the two structures with the same total
amount of GNP/Ni and sample thickness were compared with
each other. Furthermore, the mechanism of EMI shielding of
the multilayered nanocomposite was analyzed based on theo-
retical calculations.

2. Materials and methods
2.1 Materials

Graphene nanoplatelets (GNP) and polymethyl methacrylate
(PMMA) were acquired from LG Chem. Ethylene glycol (99%)
and hydrazine monohydrate (98%) were purchased from Junsei
Chemical. Nickel(n) acetate (Ni(CH3CO,), - (H,0),) and polyvinyl
pyrrolidone (PVP, M,, = 55 000 g mol ") were purchased from
Sigma-Aldrich.

2.2 Fabrication of GNP/Ni by the molecular-level mixing
process

GNP (500 mg) was dispersed in ethylene glycol (500 mL) by
sonication for 2 h. Ni(CH3CO,), - (H,0), (0.966 g) was added and
mixed with the GNP solution (at the volume ratio of GNP/Ni
about 9 : 1). Then, aqueous 2 M NaOH (5 mL) was added to
the GNP/Ni ion solution, and the mixed solution was heated to
60 °C. This process involves a chemical reaction that results in
the oxidation of Ni ions to NiO and the formation of oxidized
nano-sized powders. Subsequently, hydrazine monohydrate (5
mL) was introduced with continuous heating at 60 °C. The
oxidized nanocomposite was reduced via the introduction of
hydrazine monohydrate. After cooling the mixture, it was then
filtered and rinsed with ethanol. The powders were dried at
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80 °C under vacuum and reduced into the GNP/Ni nano-
composite powders at 400 °C in 3 h under a hydrogen
atmosphere.

2.3 Fabrication of the GNP/Ni/PMMA nanocomposite

Each layer of the GNP/Ni/PMMA nanocomposite (20 wt%,
30 wt% and 40 wt% of GNP/Ni in PMMA, separately) was
prepared by solution blending. For each layer, the GNP/Ni
powders were separately dispersed with PVP and PMMA in
chloroform under stirring. The two mixtures were blended for
1-3 h at 65 °C under stirring until the solvent was evaporated,
and then, they were dried under vacuum at 60 °C to completely
remove the solvent. This process leads to homogeneous
dispersion of GNP/Ni inside the PMMA layer. For abrupt
concentration changes between layers, each layer was packed in
a mold and pressed isostatically at room temperature under
a pressure of 27 MPa for 10 min. Then, the GNP/Ni/PMMA
samples were cut in a rectangular shape with the thickness of
2.5 mm (Fig. S17).

2.4 Characterization

The microstructures of the samples were investigated by
a scanning electron microscope (SEM, Hitachi S-4800). The
electrical conductivities were measured using a four-point
probe (AIT CMT-SR1000N). For the EMI SE measurement of
the GNP/Ni/PMMA nanocomposite, a two-port vector network
analyzer (Agilent 8722ES) was used to measure scattering
parameters (S;, and S;;) by the waveguide method between 8
and 12 GHz. The samples were placed between two sections of
the waveguide.

Transmission coefficient (7), reflection coefficient (R) and
absorption coefficient (4) can be calculated from S;, and S;; by
the following equations:

T =Sl = |E/E[ (1)
R =S\l = |EJEJ (2)
A+R+T=1 (3)

where E;, E; and E, are the incident, transmitted and reflected
electromagnetic energy, respectively.®

3. Results and discussion

3.1 Monolayered and multilayered GNP/Ni/PMMA
nanocomposites for EMI shielding

Fig. 1 shows the schematic of the monolayered and multilay-
ered GNP/Ni/PMMA nanocomposites. The monolayered and
multilayered nanocomposites were designed based on the same
average amount of GNP/Ni (30 wt%) and sample thickness (2.5
mm). The monolayered GNP/Ni/PMMA nanocomposite {30 wt%
GNP/Ni in PMMA} shown in Fig. 1(a) was fabricated by a general
solution blending process, and its cross-section SEM images are
shown in Fig. S2. The GNP/Ni powders were observed to be
homogeneously dispersed in the PMMA matrix. Fig. 1(b) depicts
the image of the multilayered GNP/Ni/PMMA nanocomposite

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic of the (a) monolayered GNP/Ni/PMMA nanocomposite {30 wt% GNP/Ni} and (b) multilayered GNP/Ni/PMMA nanocomposite
({20 wt% GNP/Ni}/{30 wt% GNP/Ni}/{40 wt% GNP/Ni}) (impedance of the nth layer (Z,)): Zy > Z» > Z3). Monolayered and multilayered nano-
composites have the same average amount of GNP/Ni (30 wt%) and total specimen thickness (2.5 mm).

({20 wt% GNP/Ni in PMMA}/{30 wt% GNP/Ni in PMMA}/{40 wt%
GNP/Ni in PMMA}). The average amount of GNP/Ni in PMMA
was kept constant at 30 wt%, and the amount of GNP/Ni for
each layer inside the shielding material was changed; the
concentration difference of GNP/Ni between layers was main-
tained at 10 wt%, and the top (the 1st), middle (2nd) and bottom
(3rd) layer contained 20 wt%, 30 wt% and 40 wt% of GNP/Ni,
respectively, in the direction of the propagation of incident
wave. The 1st layer {20 wt% GNP/Ni} adopts less amount of
conductive filler than the monolayered sample; this can lead to
higher impedance (Z;). The reflection of incident waves results
from the mismatch of impedance between the material's
surface and the air.>® As the GNP/Ni concentration in the surface
of the material decreases, the impedance gap between the
material and the air becomes smaller. Therefore, this structure
can maximize the fraction of incident wave that enters the
material by minimizing the impedance gap between the 1st
layer and the air.>* The 1st layer presents an intense penetrating
capability, and the following layers have stronger absorption
and reflection capability. As the concentration of GNP/Ni in
a layer increases from top to bottom, the conductivity of the
layer increases, and the impedance decreases; this results in an
increase in both the reflection and the absorption capability.
The wave approaching the multilayered structure can enter
deeper through the material and can be more fully attenuated
by the GNP/Ni filler than that when a monolayered nano-
composite is used.”*** In addition, an abrupt concentration
difference of 10 wt% between contacting layers induces an
additional internal reflection between layers. Since the thick-
ness of each layer is larger than the skin depth, which is the
distance up to which the intensity of a wave decreases to 1/e of
its original strength,® waves reflected between layers dissipate
into heat energy.” This factor can be added to the SE, of the
mutilayered structure. For these reasons, the multilayered
structure can improve the shielding capability of a material
without increasing the total amount of GNP/Ni.

The EMI SE of a material can be defined as the ratio of the
incident power (energy) to the transmitted power (energy),

This journal is © The Royal Society of Chemistry 2019

SE (dB) = 10 log(Pi/Py) = 20 log(Ei/Ey) (4)

where P; and P, are the incident and transmitted electromag-
netic power, respectively.>® Total SE (SEy) is the summation of
SE due to reflection (SEg), absorption (SE,) and multiple-
reflection (SEy), as presented in the following eqn (5).

SEt = SEg + SEA + SEym (5)

Since the skin depth is larger than the thickness of each
layer, the internal reflection between layers due to difference in
impedances is considered as absorption, which has been dis-
cussed in detail in Section 3.2. Therefore, the effective absor-
bance (A.f) with respect to the power of the effective incident
wave inside the material can be expressed as eqn (6).

Agr=(1 - R~ DI - B (6)

SEg and SE, are calculated from transmission, reflection and
absorption coefficients using the eqn (7) and (8), respectively.””

SEg = —10 log(l — R) 7)
SEx = —10 log(l — Aeg) = —10 log[T/(1 — R)] (8)

Fig. 2 shows the SEg, SE, and SEr values in the X-band of the
monolayered and multilayered GNP/Ni/PMMA nanocomposites
represented in Fig. 1. In Fig. 2(a) and (b), the mutilayered
structure has lower SEg and higher SE, values than the mono-
layered structure over the whole frequency range; this means
much less incident wave from air reflects off the 1st layer in the
mutilayered structure than that in the case of the monolayered
structure; as a result, a bigger fraction of the incident energy
penetrates the surface of the material and attenuated through
the material. As the impedance reaches closer to that of air, the
reflection of the incoming waves from the surface decreases;
thus, SEr and additional interference of the reflected wave are
reduced.**® Fig. S31 depicts the impedances calculated for each
layer in the multilayered nanocomposite at 8, 9, 10, 11 and 12

RSC Adv., 2019, 9, 11289-11295 | 11291
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Fig. 2

GHz. The 1st layer has the impedances of 86 Q and 48 Q at 8
GHz and 12 GHz, which are higher than those in the 2nd layer
with the same impedance as in the monolayered structure (23 Q
and 17 Q), respectively. The impedance of the 1st layer in the
mutilayered structure is closer to that of air, i.e. 377 Q, than to
that of the monolayered structure. The impedance gap between
the 1st layer and the air decreases with the decreasing amount
of GNP/Ni. The reflection of waves incident to the material
surface occurs due to impedance difference between them. A
decrease in the impedance gap leads to a decrease in the overall
reflection from the surface when a wave is incident and an
increase in penetration through the material.>

In Fig. 2(c), the SEr value of the multilayered GNP/Ni/PMMA
is 54-85 dB, whereas that of the monolayered sample is 22-26
dB for the same thickness. The major shielding mechanism in
the multilayered structure is absorption by conductive dissipa-
tion. According to the SE results for the GNP/Ni/PMMA nano-
composite, the mutilayered structure shows superior shielding
capability over the monolayered structure.

3.2 Theoretical and experimental results of the multilayered
GNP/Ni/PMMA nanocomposite

To understand the mechanism of EMI shielding in the multi-
layered GNP/Ni/PMMA nanocomposite, as shown in Fig. 1(b),
a theoretical calculation was carried out through plane-wave
shielding theory developed for multiple sheets,*® and the
results were compared with the experimental results.

For the calculation of the magnetic permeability of each
layer in the GNP/Ni/PMMA nanocomposite, each single layer of
{20 wt% GNP/Ni}, {30 wt% GNP/Ni} and {40 wt% GNP/Ni} is
respectively fabricated, and its SE, is measured (Fig. 3(a)). The
relative magnetic permeability can be calculated using eqn (9),
as shown in Fig. 3(b),

SE = 8.686d,\/Tf o.u, (9)

where d,, is the shielding thickness of the nth layer (n = 1, 2, and 3),
fis the frequency, o, is the electrical conductivity and u,, is the
magnetic permeability, which has a relationship of u = pou, (1o =
47 x 1077 H m™ ").* The thickness, the electrical conductivity and
the skin depth at 8 and 12 GHz of each layer are listed in Table S1.}

11292 | RSC Adv., 2019, 9, 11289-11295

(a) SER, (b) SEA and (c) SEt results of the monolayered and multilayered GNP/Ni/PMMA nanocomposites in Fig. 1(a) and (b).

For conductive materials, if o » 27tfe, (¢o = 8.854 x 107> F m ™),
the skin depth of the nth layer (6,,) can be calculated by eqn (10).*>

1

VT o,

by = (10)

Since the conductivities of all layers are higher than 2mwfe, at
8 and 12 GHz (0.445 and 0.668, see Table S17), the skin depth
was calculated using eqn (10).

When a wave is incident from the air to the surface of
a conductive material, if Z,* » Z;, where Z, (Zo> = uoleo) and Z;
(2,*> = 27fu,/o4) is the impedance of air and that of the 1st
layer, the SEg of the multilayered structure can be written as
eqn (11).%

Zy a4
SEr =201log|-— | =20 log| ———=
® g(4zl> g(wm)

The reflection between the n — 1th and nth layer inside the
mutilayered structure is presented by the following eqn (12),

) (12)

Zyi

where Z,,_; and Z,, is the impedance of the n — 1th and nth layer,
respectively.’” The reflected wave between layers can be absor-
bed when it propagates inside the material because the thick-
ness of each layer is larger than the skin depth.** The reflection
terms between the 1st and 2nd, 2nd and 3rd layer are added to
the SE, of the multilayered structure. Therefore, the SE, of the
multilayered structure can be expressed by the eqn (13).

)+

(13)

(11)

1

dl d2 dn 1 ZZ
SEp, =8.686( —+ —+ -+ — 20 log( = |1 + =
A (51+62+ +6n)+ Og(z' +Zl

)

SE, consists of absorption terms of each layer and reflection
terms between layers with different GNP/Ni concentrations. The
value of SE, is a function of the thickness of the material as well

Zy
Zn—l

+2010g(%‘1+
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(a) SEx and (b) relative permeability of each layer in the multilayered GNP/Ni/PMMA nanocomposite ({20 wt% GNP/Ni}/{30 wt% GNP/Ni}/

{40 wt% GNP/Ni}). (c) Calculation results for SEg, SEx and SEt of the multilayered GNP/Ni/PMMA nanocomposite.

as the electrical conductivity and the permeability. Since each
layer has the same thickness, the conductivity and magnetic
permeability are variables in SE,.

The calculation of SEr, SEg and SE, of the mutilayered GNP/
Ni/PMMA nanocomposite ({20 wt% GNP/Ni}/{30 wt% GNP/Ni}/
{40 wt% GNP/Ni}) was carried out using the eqn (5), (11) and
(13), respectively. Fig. 3(c) shows the calculated values of SEg,
SE4 and SErt of the mutilayered structure. The investigation of
the EMI shielding mechanism demonstrates that the most part
of the incident wave is absorbed after it penetrates the material
due to the high impedance of the 1st layer, inducing a decrease
in SEr. Once the incident wave propagates into layers, it is
attenuated by conductive dissipation and extra internal reflec-
tion between layers. It contributes to SE,, which constitutes the
largest part of SEr.

The experimental results shown in Fig. 2 and the calculation
results were compared to investigate whether the shielding
properties of the mutilayered structure match with a theoretical
mechanism. Fig. 4 shows the theoretical and experimental
results for SEg, SE, and SEr of the multilayered GNP/Ni/PMMA
nanocomposite shown in Fig. 1(b). According to the results, SE
due to absorption is much higher than that due to reflection;
this demonstrates that absorption is the major shielding

mechanism in the multilayered GNP/Ni/PMMA nanocomposite.
Therefore, the multilayered system shows SEt of 54-85 dB,
which is 1585 times that of the monolayered system (22-26 dB,
see Fig. 2(c)). Once the incident wave is applied on a material,
absorption inside the whole material can dominantly affect the
EMI shielding properties as a result of the absorption of each
layer and internal reflection between layers.

In addition, the two peaks shown in Fig. 4(b) and (c) are
responsible for resonance absorption due to the effects of
mutilayered structure and the thickness.” The increase in
absorption results from the cancellation of wave reflected from
the surface of the material and at the rear surface. Therefore,
SEr increases in the designated range of frequency.

Fig. 5 shows the EMI shielding properties of the recently
reported graphene/nanoparticle/polymer and multilayered
nanocomposite materials in the X-band region. Various EMI
shielding structures have been reported using graphene/
nanoparticle/polymer system to increase internal reflection
inside a material. Despite of various EMI shielding structures
reported in the recent literature, multilayered system using
GNP, Ni nanoparticle and PMMA can take advantages of easy
fabrication process, which are favorable from an engineering
point-of-view.

a
( ) —— Experiment (b) (C)
80 = 80 80
—— Calculation
m ot & 60 o 60
) T 3
o L L L
Wi 40 I.ﬁ 40 I.IJ}_ 40
(7] 0 (72]
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Fig. 4 Theoretical and experimental results for the multilayered GNP/Ni/PMMA nanocomposite ({20 wt% GNP/Ni}/{30 wt% GNP/Ni}/{40 wt%

GNP/Ni}); (a) SEg, (b) SEx and (c) SE+.
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Fig. 5 EMI shielding properties of the recently reported graphene/
nanoparticle/polymer nanocomposite materials with various structures.

4. Conclusions

Herein, multilayered GNP/Ni/PMMA nanocomposites ({20 wt%
GNP/Ni}/{30 wt% GNP/Ni}/{40 wt% GNP/Ni}) and monolayered
GNP/Ni/PMMA nanocomposites {30 wt% GNP/Ni} were fabricated
with the objective of maximizing the EMI shielding properties of
the GNP/Ni nanocomposite at a given amount in a matrix. Multi-
layered nanocomposites were designed by increasing the GNP/Ni
weight fraction by 10 wt% between the contacting layers; this led
to an abrupt increase in the conductivity along the wave propa-
gation direction. Their SE were measured and compared in terms
of the contribution of multilayered structures to EMI shielding.
Furthermore, the theoretical and experimental results of the
multilayered structure show similar trends; this makes it possible
to investigate the EMI shielding mechanism. The main factors
responsible for the enhancement of the shielding capability of the
multilayered nanocomposites were the increase in the absorption
and reflection capabilities of the 2nd and 3rd layers and additional
reflection. Moreover, reflection from the surface of the material
could be minimized by increasing the impedance of the 1st layer.
Therefore, our studies on multilayered nanocomposites using
GNP/Ni in the polymer matrix can be exploited for designing
improved EMI shielding material where their thickness and
amount of conductive fillers are limited. This system can maxi-
mize the EMI shielding properties by inducing additional internal
reflections that result from abrupt impedance changes. This
strategy can be applied to various scales and kinds of material.
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