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ABSTRACT: This study presents the electromagnetic (EM) characterization of a multiwalled carbon nanotubes (MWCNT ) —silver
nanoparticles (AgNP)-reinforced poly(vinyl alcohol) (PVA) hybrid nanocomposite fabricated via the solution mixing technique.
Primarily, the structure and morphological properties of the PVA/MWCNT—AgNP hybrid nanocomposite are confirmed by X-ray
diffraction (XRD) and field emission scanning electron microscopy (FESEM). The complex permittivity (¢*) and permeability
(u*), as well as the electromagnetic scattering parameters are measured using a PNA network analyzer equipped with X-band
waveguide. The results showed an enhanced permittivity (¢’ & 25) value of the hybrid nanocomposite in the frequency range of 8—
12 GHz. However, the permeability decreased to almost zero (i’ ~ 0.4) since the inclusion of AgNP with an average particle size of
40 nm is not susceptible to magnetization and causes higher magnetic losses (tan §,) than dielectric losses (tan ,). Remarkably, the
hybrid nanocomposite reduced transmission of electromagnetic (EM) wave by nearly 60% in comparison to PVA/MWCNT. This is
attributed to the enhanced absorption and reflection at the nanotubes, and metal—dielectric interfaces have induced multiple internal
reflections owing to the porous structure of the nanocomposite. The prospect of the PVA/MWCNT—AgNP hybrid nanocomposite
is favorable as a thin absorbing material for EM shielding applications.

1. INTRODUCTION

The proliferation of electronic devices and telecommunications
such as mobile phones, radio and television antennas, radar
transmitters, as well as microwave ovens has caused a major
concern in electromagnetic interference (EMI). Therefore,
EMI shielding materials are needed to protect some devices
that are susceptible to the interference from passing a limited
boundary whether by reflection or absorption. Typical
materials used for conventional electromagnetic shielding
have high electrical conductivity of metal sheets or meshes
by providing total reflection at the surface of the materials via
the Faraday cage effect."”” However, metals have some
drawbacks due to poor mechanical flexibility, high weight
density, and susceptible to corrosion. Unlikely, polymer-based
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composites are more reliable with lightweight, low cost, and
easy shaping property for specific designs in EMI applications.

Most polymers are transparent to electromagnetic waves due
to their intrinsic insulating properties that require further
modifications. In this case, reflectivity and absorption
characteristics of electromagnetic waves in polymeric materials
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can be tuned by the reinforcement of conductive nanoscale
fillers to manipulate the outstanding electrical conductivity and
superior dielectric/magnetic properties.” Greater changes in
electromagnetic properties are expected as particle sizes of the
fillers decreased to the nanoscale due to relatively low density
and high specific surface area.’ In recent years, nanomaterials
have received significant attention as amongst the promising
materials that can cut off those EM radiations in a wide range
of applications. Particularly, carbon nanotubes (CNT) are the
one-dimensional nanomaterials that possess excellent electrical
conductivity and favorable for EM wave absorption.”™” In the
literature, CNT-based polymer nanocomposites have been
stated to exhibit a parallel trend of dielectric permittivity and
dielectric loss due to their high surface area-to-volume ratio.””
Another study has reported a low frequency dependence of
dielectric permittivity in polymer nanocomposites having a
CNT content of less than 5 wt %."

Alternatively, the integration of CNT and metal particles can
impart further unique characteristics including catalytic,
optical, electronic, and magnetic properties. CNT can be the
most favorable platform for making contacts with metallic
nanoparticles due to their surface reactivity.'' The decoration
of CNT with noble metals like silver nanoparticles (AgNP) has
been reported to show a significant rise in electrical
conductivity at a lower percolation threshold.'”™"> The
nanoparticles are expected to cause high energy losses, which
enables them to absorb the incident wave energy and dissipate
it as heat. Thus, a few studies were focused on lowering
dielectric losses ascribed to the high electrical conduction
triggered by AgNP as the Coulomb blockade effect.'”"” In
addition, the incorporation of CNT—AgNP in dielectric media
has been reported for microwave absorption due to high
interfacial polarization and multiple scattering at the metal—
dielectric interfaces.'®>° However, the use of both fillers for
broad bandwidth of thin absorbing materials in gigahertz
frequency is still limited.

Therefore, this work aims to evaluate the electromagnetic
properties of a multiwalled carbon nanotubes—silver nano-
particles (MWCNT—AgNP)-reinforced poly(vinyl alcohol)
(PVA) hybrid nanocomposite. To the best of our knowledge,
it has yet been reported elsewhere and, to a lesser extent, relies
on the interaction of the materials with the electromagnetic
field. PVA is well known as a polar polymer and a good
dielectric host for encapsulating nanotubes due to its high
content of hydroxyl groups. Hydroxyl groups are strong dipoles
that can align with electric field to increase polarization in
nanocomposites.”’ However, multiwalled carbon nanotubes
(MWCNT) were selected as they offer exciting electrical and
electronic properties due to multiwalled configurations and
large diameters, which can favor low ohmic contact at the
outermost nanotube walls.”> In light of this work, the
performance of PVA/MWCNT—AgNP hybrid nanocomposite
is evaluated in comparison to merely PVA/MWCNT and pure
PVA. It covers the structure and morphological analysis, while
the electromagnetic analysis includes complex permittivity and
permeability, as well as scattering parameters in X-band
frequency ranging from 8 to 12 GHz.

2. EXPERIMENTAL SECTION

2.1. Materials. The materials used in this work include
PVA powder (M,, = 31000—50 000 g/mol, 98—99% hydro-
lyzed), which was purchased from Sigma-Aldrich, and
MWCNT (purity > 90%) with a diameter of 4—12 nm and
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length of 10—30 ym, which were purchased from Nanoshel
U.K. Limited. Hydrogen peroxide (H,0,, 30%) and nitric acid
(HNO;, 65%) supplied by R&M Chemicals were used for
surface functionalization of the MWCNT. Silver nitrate
(AgNO;, 0.1 mol/L) and N,N-dimethylformamide (DMTF,
73.1 g/mol) also supplied by R&M Chemicals were chosen as
the Ag precursor and reducing agent, respectively. Sodium
dodecyl sulfate (SDS) obtained from R&M Marketing Essex
was used as surfactants to provide good dispersion of the
nanoparticles.

2.2, Preparation of PVA Nanocomposites. First, S00
mg of MWCNT was functionalized using mild ultrasonication
treatment at room temperature in 100 mL of nitric acid
(HNO;, 65%) for 1 h and washed with deionized water several
times to make the pH value neutral. Then, the solvent was
changed to hydrogen peroxide (H,0,, 30%) with the same
treatment, followed by filtration and drying processes to
remove all of the solvents. Then, the hybrid MWCNT—AgNP
was synthesized through a single step by reducing silver ions
(Ag") from its precursor in a dispersion of MWCNT. The
functionalized MWCNT (420 mg) and SDS (160 mg) were
dispersed in 140 mL of DMF. The mixed solution was
sonicated in an ultrasonic bath for 30 min and slowly heated to
80 °C; then, 140 mL of aqueous AgNO; (0.1 mol/L) was
added into the solution at a flow rate of 60 mL/min. The hot
solution was stirred continuously for an hour and left to cool
overnight at room temperature. The precipitation of the final
product was filtered; washed with ethanol, water, and acetone
several times; and then dried at 60 °C for 24 h.

Then, the nanocomposites were prepared by the solution
mixing and casting technique. The same weight of function-
alized MWCNT without adding AgNO; and MWCNT—AgNP
hybrid was dispersed in 100 mL of distilled water in a separate
beaker assisted with 160 mg of SDS as the surfactant upon
ultrasonication within 30 min. Subsequently, 5000 mg of PVA
powder was added into both sonicated solutions and slowly
heated to 85 °C with continuous stirring at 750 rpm and held
for 1 h to ensure complete solubility and homogeneity of the
PVA solutions. The obtained viscous solutions were immedi-
ately poured into glass Petri dishes and dried at room
temperature for 48 h. On average, the thickness of the final
nanocomposite films was 0.34 mm. Finally, the samples were
kept dry in a vacuum desiccator for 3 days before
characterization.

2.3. Characterization. An X-ray diffractometer (XRD,
PANalytical Empyrean) was used to identify the crystallo-
graphic structure of samples using Cu Ka radiation of 4 =
1.54060 nm. The data were collected by scanning the
diffraction angle in the range of 260 = 10—80°. Field emission
scanning electron microscopy (FESEM, FEI QUANTA 450
FEG) was carried out to observe the microstructures of
MWCNT and AgNP embedded in the matrix PVA. The
samples were mounted on a special holder before inserting into
the high-vacuum part of the microscope through an exchange
chamber that was fixed on a movable stage. It was operated at
an accelerating voltage of 5 kV. Transmission electron
microscopy (TEM, JEOL-JEM 2100-F) was employed to
observe the internal structure and particle size of the as-
synthesized MWCNT—AgNP. It was subjected to ultra-
sonication in deionized water for 20 min. Then, the suspension
was dropped onto formvar/carbon-coated copper 300 mesh
grids with a diameter of 3.05 mm upon examination.

https://dx.doi.org/10.1021/acsomega.0c04864
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Electromagnetic parameter measurements for the samples
were carried out using an N5227A PNA network analyzer
(Keysight Technologies). The PNA comes with two ports
connected to an X-band waveguide WR-90 that has four holes
fixed at both ends The nanocomposite sheets were enclosed on
a sample launcher of a rectangular waveguide with the
dimension of 23 X 10 mm? as shown in Figure 1. The PNA

Figure 1. Setup of X-band waveguide connected with a PNA network
analyzer.

was calibrated based on the thru-reflect-line (TRL) calibration
technique for 201 frequency points. The calibration standard
canceled out the effect of cables and connectors as well as
imperfections of the test setup by testing the sample using an
ideal reflector and absorber.

The test allows simultaneous measurement of electrical
network scattering parameters or S-parameters (Sﬁ) between
the two ports using algorithm software 85071E to perform the
conversion of complex permittivity (¢* = & — je”) and
complex permeability (u* = ' — iu”). The TRL setup directly
measures the reflected power signal (S;;) and transmitted
power signal (Sy,) over the given frequency range from port 1
to port 2 and vice versa. Thus, the electromagnetic
characterization for transmission (T), reflection (R), and
absorption (A) can be simply expressed by the following
equations

T = 1S, = (IS,) (1)
R=I5,* = (IS,") 2)
A=1-R-T ©)

3. RESULTS AND DISCUSSION

3.1. XRD Analysis. XRD patterns in Figure 2 show the
crystalline structure and chemical composition of the PVA/

4186

—— PVA/MWCNT-AgNP
(111) —— PVA/MWCNT
—PVA
(200)
(101) " (002) 2200 (311)
_ Y
= (101
>
= (002)
c
9
£ | (o)
(200) (11)
1 " 1 " 1 n 1 " 1 " 1
10 20 30 40 50 60 70 80
20(°)

Figure 2. XRD patterns of PVA with MWCNT and MWCNT—-AgNP
hybrid nanocomposites.

MWCNT—-AgNP nanocomposite compared to pure PVA and
PVA/MWCNT. It depicts that PVA formerly exhibits a broad
diffraction peak at 260 = 19.2° and a shoulder at 26 = 23.0°,
which correspond to the reflection planes (101) and (200)
from a monoclinic unit cell.”® However, the PVA/MWCNT
exhibits a new peak at 20 = 26.3°, which corresponds to a
typical (002) plane of the MWCNT. The interplanar distance,
dyy, for the (002) plane of MWCNT is 0.341 nm. PVA/
MWCNT—AgNP shows the presence of polycrystalline AgNP
in the nanocomposite with more intense peaks at 26 = 38.1,
44.3, 64.5, and 77.4° assigned to the reflections of Ag planes
(111), (200), (220), and (311), respectively.”* The dyy values
of the Ag planes possessing a face-centered cubic [FCC]
structure determined by Bragg’s law are 0.236, 0.204, 0.144,
and 0.123 nm. The average lattice constant, a, is determined to
be 0.410 nm, which is in good agreement with the standard
value [Silver file no. 01-087-0717]. However, the width and
intensity peak at 20 = 19.2° correspond to the decreases of
matrix PVA in the presence of MWCNT—AgNP triggering the
increase of crystallite size in accordance with the Scherrer
formula.”® The crystallization of PVA is favored due to the
high hydrolysis degree of the polymer containing hydroxyl
groups, which could also result in more intermolecular
interactions with both the fillers.

3.2. FESEM Analysis. The FESEM image of the PVA/
MWCNT—-AgNP nanocomposite is shown in Figure 3. It
shows a filmlike morphology of MWCNT—AgNP embedded
in the PVA matrix. The structure of MWCNT is more kinked
and distributed with high irregular interfaces, while the
addition of AgNP could reduce van der Waals forces and
prevent agglomeration of the nanotubes.'> AgNP can be seen
as bright spherical spots with an average particle size of 40 nm
and were grafted on the surfaces of MWCNT. The inset of this
figure shows the transmission electron microscopy (TEM)
image depicting the attachment of a few AgNP onto the
MWCNT surfaces while some nanoparticles are only
distributed around the nanotubes. However, the intercon-
nected network of MWCNT—AgNP still provides favorable
interactions between the matrix and the fillers. The MWCNT
serves as the conducting bridges when in contact with the
AgNP that could reduce the potential barrier of two localized
states by forming charge transfer complexes (CTC) in

https://dx.doi.org/10.1021/acsomega.0c04864
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500 nm ——

Figure 3. FESEM image of the PVA/MWCNT—AgNP hybrid
nanocomposite. The inset is the TEM image of the MWCNT—AgNP.

amorphous regions of the semicrystalline polymer matrix.”**”

The difference in electrical conductivity between MWCNT
and AgNP also creates high interfacial polarization in the
hybrid nanocomposite. The interfacial polarization occurs
when the motion of moving charge is impeded at the interfaces
of a material. There could be multiple interfacial polarizations
due to the large specific areas of both MWCNT and AgNP,
which can lead to an increase in dielectric permittivity.

3.3. Complex Permittivity and Permeability Analysis.
The basic parameters in determining the electromagnetic
properties of the samples are related to the behavior of their
complex permittivity and complex permeability. Figure 4a
depicts the variation of complex permittivity as a function of
frequency for PVA, PVA/MWCNT, and MWNT—AgNP
hybrid nanocomposites measured in the X-band frequency.
The complex permittivity comprises the real part &' and the
imaginary part €”, which represent storage of electric energy
(also known as dielectric constant) and energy loss,
respectively. Initially, PVA shows a constant &’ value of 4.5
as the frequency increases from 8 to 12 GHz. The
incorporation of MWCNT increased the &’ value of PVA to
12, yet it tends to become constant over the applied frequency.
It shows that the displacement or polarizations of charge
carriers at a low MWCNT content have remained unchanged
in the X-band frequency because the charges locally bound in
atoms, molecules, or defect structures rearrange their position
in response to the electromagnetic field.”®

The incorporation of MWCNT—AgNP in PVA has
increased the maximum ¢’ value to nearly 25 with a small
decline as the frequency increases from 8 to 12 GHz. This
finding is higher than that reported for Ag/CNT loaded in
paraffin wax, in which the &’ value is lower than 10 in the same
frequency range.”” It could be because the paraffin wax is not a
good dielectric medium to trigger strong polarization of Ag/
CNT within the hydrocarbon molecules. In contrast, the
inclusion of MWCNT—AgNP induced a larger magnitude of
polarization in the PVA composite due to strong permanent
dipoles created by the high content of hydroxyl groups in the
polymer chain.”' The interfacial polarization also increases
with the existence of free mobile electrons coming from the Ag
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Figure 4. Variation of (a) complex permittivity (¢/, £”) and (b)

complex permeability (u’, u”) versus frequency in PVA nano-
composites.

particles, and the backbone of MWCNT is impeded at the
interfaces between the conducting and insulating regions.””
However, the &” value of the hybrid nanocomposite decreased
gradually with an increase in frequency, showing a greater loss
prompted by the MWCNT—AgNP to dissipate the EM energy.

Figure 4b depicts complex permeability also composed of
the real part ¢’ and the imaginary part ", which denotes the
storage of magnetic energy and loss, respectively. The trend of
u’ for PVA and PVA/MWCNT is primarily independent of
frequency in the range of 8—12 GHz, which lie constantly at
0.8 and 0.7, respectively, while PVA/MWCNT—AgNP hybrid
nanocomposite remains constant at the smallest 4’ value of 0.4.
As the u' value is much lower than 1, it indicates that the
hybrid nanocomposite exhibits a weaker magnetic response to
an external magnetic field due to less magnetization by the
presence of AgNP. This is expected since MWCNT and AgNP
are themselves nonmagnetic materials with permeability close
to 1 (4’ = 1). In contrast, the magnetic loss " trends for PVA
and PVA/MWCNT decrease gradually with an increase in the
applied frequency. However, the u” value of the PVA/
MWCNT—-AgNP hybrid nanocomposite decreases rapidly
from 4.5 to 0.4 as the frequency increases, where the inflection
points are observed at 9 and 11.5 GHz. The magnetic losses
arise from alternating hysteresis losses and eddy current losses
caused repulsive forces with the applied magnetic fields as

https://dx.doi.org/10.1021/acsomega.0c04864
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induced by good electrical conduction of the material.* Figure
S shows that the ac conductivity, o,,, values of PVA and PVA/

ac
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Figure 5. Ac conductivity versus frequency in PVA nanocomposites.

MWCNT are found to be low and less dependent on
frequency, while that of the PVA/MWCNT—AgNP hybrid
nanocomposite slightly varies with frequency as the con-
ductivity increases from 7.5 to 10 S/m. This is ascribed to the
tunneling effect when the electrons gain a higher energy as the
frequency increases at the adjacent conducting particles
between MWCNT and AgNP.*"*

The inherent dissipation of electromagnetic energy in the
PVA and its hybrid nanocomposites are revealed by their
dielectric loss factor (tan §, = £”/¢”) and magnetic loss factor
(tan 8, = u"/u") over the same applied frequency. Figure 6a
presents tan o, of the PVA/MWCNT—AgNP hybrid nano-
composite, which shows the highest value of 0.70 compared to
that of PVA/MWCNT. This is attributed to the energy loss
dissipation through the enhanced electrical conduction and
slow polarization in the materials when illuminated by the
electromagnetic field. While Figure 6b shows that tan 6, is high
at a low frequency and decreases gradually up to 12 GHz,
which is most prominent in the PVA/MWCNT—AgNP hybrid
nanocomposite. It could be ascribed to the addition of AgNP
with MWCNT, which did not discern strong magnetization in
the material, thereby causing high magnetic losses in the X-
band frequency.

3.4. Electromagnetic Scattering Analysis. The charac-
teristics of electromagnetic scattering (S-parameters) for all
samples have been analyzed in the X-band frequency. Figure
7a,b depicts the variation of the measured power density of
reflection (P, and absorption (P,,) in relation to the
incident power density (P, 1).>* First, PVA and PVA/
MWCNT show a low reflection of the electromagnetic (EM)
waves of about 2 and 12%, respectively. The PVA/MWCNT—
AgNP hybrid nanocomposite has increased the amount of
reflected power up to 35% but gradually drop at 10 GHz
onward. However, the EM absorption of PVA and PVA/
MWCNT increased about 15 and 40%, respectively. The
absorption curves for both materials vary over the applied
frequency as a few peaks are observed at 9 and 10 GHz.
Remarkably, the PVA/MWCNT—AgNP hybrid nanocompo-
site shows a significant rise to almost 50% of the absorbed
power and the trend is more stable over the frequency range.
Most absorption is initiated by free electrons in the MWCNT
backbone, and its high surface area can attenuate the wave

4188

(a) 1.0
——PVA
——PVA/MWCNT
—— PVA/MWCNT-AgNP
~ 08}
(2=
C
g
€ 06}
[
()]
c
S
& 04l
ke]
L
s
[}
QO 02F
Q0
[S] L —
00 L 1 " 1 n 1
8 9 10 11 12
Frequency (GHz)
10
(b) ——PVA
—— PVAIMWCNT
—— PVAIMWCNT-AgNP

Magnetic loss tangent (tan 3 )

12
Frequency (GHz)

Figure 6. Variation of (a) dielectric loss tangent (tan§,) and (b)
magnetic loss tangent (tand,) versus frequency in PVA nano-
composites.

energy.” The presence of AgNP causes plasmon oscillations
when the interaction of metal nanoparticles with EM fields in a
dielectric medium can be influenced by the size and shape of
nanoparticles.”> The average size of AgNP ascribed here is 40
nm. In contrast, EM absorption of iron particle nanocomposite
was reported in another work only up to 20% with the best size
of 50 nm.>* In addition, the absorption can be triggered by
multiple scattering of internal reflections owing to the porous
structure of the nanocomposites, as shown earlier by
FESEM.>>*° Multiple internal reflections could take place
between MWCNT and AgNP/dielectric matrix interfaces
mostly along the crystalline regions. This is because polar-
ization arises from dangling bonds of MWCNT and its defect
sites upon the addition of AgNP. This circumstance endows
high electric dipoles steering and interfacial polarization in the
nanocomposite structure when subjected under an external
EM field.””*® A general view of the electromagnetic scattering
mechanism is illustrated in Figure 8.

Figure 9 shows a comparison of the power data taken at 9
GHz between PVA, PVA/MWCNT, and PVA/MWCNT-—
AgNP hybrid nanocomposites with an average film thickness of
about 0.34 mm. At first sight, PVA demonstrates almost 90%
transmission of the incident wave, while PVA/MWCNT just
reduces the transmission by 20%. In contrast, the PVA/
MWCNT—AgNP hybrid nanocomposite further reduces the
transmission by almost 60% compared to PVA/MWCNT. It
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Figure 8. Representation of electromagnetic scattering mechanism in
PVA/MWCNT—AgND.

implies that the addition of AgNP increases the EM absorption
of MWCNT and reflection on the surface of the hybrid
nanocomposite. This is also corresponding to its favorable
dielectric permittivity and ac conductivity in the X-band
frequency.

4. CONCLUSIONS

Overall, the incorporation of MWCNT—AgNP as the
conductive fillers in the PVA matrix has prompted a hybrid

4189

solution mixing and casting technique. The morphology
analysis displayed the conductive pathways formed by an
interconnected network of MWCNT—AgNP embedded in the
PVA matrix. The electromagnetic characterization of the
hybrid nanocomposite in the X-band frequency showed an
enhanced permittivity, €', value of 25 due to the high
interfacial polarization between the matrix and both fillers.
However, the presence of AgNP with MWCNT did not create
strong magnetization in the material, thereby causing higher
magnetic losses (tand,) than dielectric losses (tand,) to
dissipate the wave energy. Interestingly, it has reduced the
amount of transmitted power by almost 60% than that of
PVA/MWCNT due to the enhanced absorption and reflection
at the surface of the material. The absorption could also be
triggered by multiple scattering of internal reflections owing to
the porous structure of the nanocomposites. Therefore, it can
be potentially suited as a thin film of absorbing material for EM
shielding applications.
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