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ABSTRACT: Two unique materials were developed, like graphene oxide (GO) sheets
covalently grafted on to barium titanate (BT) nanoparticles and cobalt nanowires (Co-
NWs), to attenuate the electromagnetic (EM) radiations in poly(vinylidene fluoride)
(PVDF)-based composites. The rationale behind using either a ferroelectric or a
ferromagnetic material in combination with intrinsically conducting nanoparticles (multiwall 351
carbon nanotubes, CNTs), is to induce both electrical and magnetic dipoles in the system. 30
Two key properties, namely, enhanced dielectric constant and magnetic permeability, were
determined. PVDF/BT—GO composites exhibited higher dielectric constant compared to
PVDE/BT and PVDEF/GO composites. Co-NWs, which were synthesized by electro-
deposition, exhibited saturation magnetization (M;) of 40 emu/g and coercivity (H.) of 300
G. Three phase hybrid composites were prepared by mixing CNTs with either BT—GO or
Co-NWs in PVDF by solution blending. These nanoparticles showed high electrical
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conductivity and significant attenuation of EM radiations both in the X-band and in the K-

band frequency. In addition, BT—GO/CNT and Co-NWs/CNT particles also enhanced the thermal conductivity of PVDF by
ca. 8.7- and 9.3-fold in striking contrast to neat PVDF. This study open new avenues to design flexible and lightweight
electromagnetic interference shielding materials by careful selection of functional nanoparticles.
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B INTRODUCTION

Because of the extensive use of electronic equipment,
electromagnetic (EM) pollution has become common and
this affects human health adversely and also the efficiency of the
surrounding electronics”’> due to common impedance
coupling.> Thus, the development of new materials that can
absorb and/or reflect radiation has become necessary. The
inclusion of conducting particles such as CNT (carbon
nanotubes), CB (carbon black), metal fibers, and graphene in
polymers can result in high electrical conductivity in the
nanocomposites.’™> EM radiations consist of coupled electric
and magnetic fields. Hence, materials with high electrical
conductivity and high magnetic permeability are ideal. For
instance, when electric field is applied to an electrically
conducting material, the current that has been induced causes
charge to displace which in turn cancels the applied field.
Similarly, materials with high magnetic permeability provide an
effective pathway for magnetic field, thereby shielding the EM
radiations.

In this context, CNTs can be a promising material for
shielding EM radiations due to its excellent electrical
conductivity. Because of their one-dimensional structures,
they can form a conducting path in the polymer matrix and
can shield EM radiations eifectively.m_14 Further, functional-
ization of CNTs can help in their dispersion in polymer
matrix, > thereby increasing the shielding efliciency. For
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example, we have recently reported enhanced electromagnetic
interference (EMI) shielding in ionic liquid-modified CNTs in
poly(vinylidene fluoride) (PVDF) matrix.'®

In addition, materials with high dielectric constant and high
dielectric loss can also shield EM radiations by absorption but
unlike CNTs where the dominant mechanism is by reflection.
In this regard, ferroelectric materials can be an ideal choice as
losses in the ferroelectric phase are caused by electric hysteresis
effects. Moreover, polymeric composites with a ferroelectric
material can induce other losses like Maxwell-Wagner—Sillars
polarization, capacitor effect, antenna effect, etc. In this context,
BaTiOj; has been widely studied for EMI shielding applications
due to its high dielectric constant, positive temperature
coefficient, and nonlinear optical properties.17 For example,
BaTiO; reinforced polyaniline composites showed shielding
effectiveness of 25 dB at 11.2 GHz'® while BaTiO, with Ag
incc;gporated in PVDF matrix had a shield effectiveness of 26
dB.

In addition, magnetic materials such as nickel, iron, and
cobalt have also been studied for EMI applications. Nickel
filaments in the poly(ether sulfone) matrix composites showed
EMI shielding values up to 88 dB at 1-2 GHz.*® Similarly,
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Scheme 1. Preparation of PVDF/CNT/BT—GO Composites
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incorporation of 50 vol % carbonyl iron powder in the PVDF
matrix increased the EMI shielding to 20 dB.*' Fe—Al-Si
alloy—polymer composite films showed excellent electro-
magnetic absorption in the microwave frequency range.””
Feng et al* reported flower-like FeNi@C nanocomposites
with a thickness of 2 mm showed reflection loss of 46.7 dB at
3.17 GHz. Copper nanowires in the polystyrene matrix showed
EMI shielding effectiveness of 42 dB at 13 wt % filler loading.**
These studies open new avenues for developing metal-based
polymer composites for controlling EMI pollution.

As mentioned, high electrical conductivity, high dielectric
constant, and magnetic permeability are the key factors that
decide the efficiency of a shielding material. Hence, we believe
that a careful selection of materials can help in designing
enhanced EMI shielding materials. In light of this, we employed
a three-phase structure involving either a ferroelectric phase or
a ferromagnetic phase in combination with an intrinsically
conducting nanoparticle (CNTs) to design lightweight and
flexible PVDF-based nanocomposites. It is envisaged that the
dielectric constant of graphene can be tuned by varying the
level of oxidation in the graphene interlayer. This can in turn
help in accumulation of space charge. As mentioned earlier,
materials with high dielectric constant and loss factors can
attenuate the EM radiations efficiently; hence, graphene oxide
(GO) was chemically grafted on to intrinsically high dielectric
constant barium titanate (BT) nanoparticles to further enhance
the dielectric constant of the nanocomposites. To enhance the
magnetic permeability, cobalt nanowires (Co-NWs) were
synthesized by electrodeposition and were used in combination
with CNTs in PVDF. Electrical conductivity of the nano-
composites was evaluated using four-probe impedance spec-
troscopy and the EM shielding effectiveness was measured
using a vector network analyzer.

B EXPERIMENTAL SECTION

Synthesis of Barium Titanate—Graphene Oxide (BT—GO)
Nanoparticles and Preparation of BT—-GO/PVDF Composites.
Nanometer-sized BT particles (ca. 100 nm) were procured from
Sigma-Aldrich. A two-step process was employed for surface
modification of BT particles with silane groups. In the first step, BT
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particles were ultrasonicated in the presence of H,O, for 20 min. This
mixture was further refluxed for S h at 105 °C to induce —OH
functional groups on to the surface of BT particles. The resultant
solution was centrifuged, washed repeatedly with deionized (DI)
water, and dried at 80 °C for 12 h. In the second step, 200 mg of BT—
OH nanoparticles was mixed with 10 mL of y-aminopropyltriethox-
ysilane (APTS) and the resultant mixture was stirred at 80 °C for 24 h
under N, atmosphere to yield BT—NH, nanoparticles. It is well-
known that silane coupling agents, besides improving the dis-
persion,”*® also anchor on to OH-terminated nanoparticles. The
BT— NH, nanoparticles were further dispersed in toluene and mixed
with GO (synthesized by modified Hummer’s method, as described
elsewhere®”) using a bath sonicator for 30 min in the presence of
dicyclohexylcarbodiimide as a catalyst. The resultant solution was
stired for 24 h at 70 °C. GO-grafted BT nanoparticles were
centrifuged and washed with commercial toluene to remove ungrafted
GO particles. The samples were dried in a vacuum oven for 24 h at 80
°C (see Scheme 1). Solution casting method was employed for
fabricating PVDF/BT—GO composites. Kynar PVDF 761 (from
Arkema Inc., M,, 440000 g/mol) was used as the matrix. Initially,
PVDF was dissolved in N,N-dimethylformamide (DMF) and BT—GO
(S vol %) was added to this solution and mixed using a shear mixer at
8000 rpm for 45 min. The ceramic/polymer suspension was then
poured into a Petri dish and left to dry.

Preparation of PVDF/CNT/BT—GO Composites. For fabricating
PVDF/CNT/BT—GO composites, (3 wt %) amine-functionalized
multiwall carbon nanotubes (CNTs, Nanocyl, Belgium) were
dispersed in DMF using ultrasonication and was added to the
polymer/ceramic suspension. The resultant solution was then
subjected to shear mixing at 8000 rpm for 45 min followed by casting
on to a Petri dish and left for drying at 80 °C under vacuum.
Subsequently, PVDF/CNT/BT—GO films were obtained with a
thickness of ca.100 mm and were used for additional experiments.

Preparation of PVDF/CNT Composites. PVDF was dissolved in
DMF at 60 °C to form a clear solution. In another beaker, amine-
functionalized CNTs (3 wt %) were dispersed in DMF using
ultrasonication and mixed with the PVDF solution. The resultant
mixture was then subjected to shear mixing as described above to yield
a homogeneous mixture. A film was obtained as described above.

Synthesis of Cobalt Nanowires and Preparation of PVDF/
CNT/Co-NWs Composites. Cobalt nanowires (Co-NWs) were
synthesized using electrodeposition (Scheme 2). To achieve the
nanowire morphology, alumina templates (anodic) containing
cylindrical pores of 200 nm diameter and 60 ym length were used.
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Scheme 2. Various Elements Involved in Electrodeposition
of Cobalt Nanowires
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The alumina template was attached to a copper foil through a
conductive tape. This assembly was used as the cathode. Pt foil (1.5 X
1 cm?) was used as the anode. Before electrodeposition, the cathode
was kept in DI water for 4 h to release the entrapped air from within
the pores, which further increases the efficiency of the deposition
process. The electrolyte for the deposition was prepared by dissolving
extra pure cobalt chloride hexahydrate (CoCl,-6H,0, 4.579 g) and
boric acid (H;BO3, 4.579 g) in 150 mL of DI water. The interelectrode
distance was 2.5 cm. Electrodeposition was carried out at a constant
current of 14 mA for 2 h at 25 °C under argon. After the
electrodeposition, the anodic-containing nanowires were kept
immersed in 1 M NaOH solution for 3 h to dissolve away the
alumina template. Co-NWs released from the host matrix were
centrifuged and washed repeatedly in DI water for further character-
ization.

Co-NWs (2.2 vol %) were dispersed in DMF using ultrasonication
for 20 min to form a stable suspension. Ultrasonication was done at
low amplitude to prevent the breakage of Co-NWs. Suspension of Co-
NWs was then added to PVDF/CNT solution (as described above)
and subjected to a shear mixer under the same conditions, as described
above. This mixture was then poured onto a Petri dish and left to dry.

Characterization of the Nanoparticles. For assessment of the
covalent grafting of GO sheets on to BT nanoparticles, X-ray photon
scattering (XPS, Kratos Analytical instrument) spectra were obtained
using an Al monochromatic source (1.486 keV). FTIR scans (Perkin-
Elmer) were done to ensure the completion of reaction at each step.
The morphology of the as-prepared Co-NWs was evaluated by ESEM
Quanta scanning electron microscopy. X-ray diffraction (XRD) scans
were recorded using a PANalytical X’pert Pro using Cu Ka radiation.
A vibrating sample magnetometer (LakeShore) was employed for
measuring the magnetic properties of the nanowires at room
temperature using a field of 2 T.

Characterization of Composites. Alternating current electrical
conductivity was measured on hot-pressed discs of 10 mm diameter in
a broad frequency range of 107" to 107 Hz using an Alpha-N analyzer
(Novocontrol). Sample electrodes were prepared by coating with silver
paste on both the sides to provide good contact with the electrodes.
For EMI measurements, An Anritsu MS4642A vector network
analyzer with coax setup (Damaskos M 07T) was employed. The
scattering parameters were measured in the X- and the K, -band
frequency limits. A full two-port short open load test (SOLT)
calibration of the setup was done prior to sample measurements.

Bl RESULTS AND DISCUSSION

Covalent Grafting of GO Sheets on to BT Nano-
particles. The grafting of GO onto BT was confirmed using
XPS (see Figure la—f). The peaks were deconvoluted using
curve-fitting software. Six elements—Ba, Ti, C, O, N, and Si—
were obtained on the surface of BT—GO nanoparticles as
evident from the wide spectrum of BT—GO nanoparticles (see
Figure 1a). The C 1s spectrum of GO is shown in Figurelb,
and the binding energies of the C—OH, C=0, and O=C—
OH functional groups of graphene oxide are assigned to 28S.5,
287.7, and 289.1 eV, respectively. The C Is spectra of BT—GO
given in Figure 1c have two prominent peaks: one at 285.7 and
another at 289 eV, which can be fitted to C—OH and O=C—
OH functional groups of graphene oxide on the BT—GO
surface, respectively. The presence of free C—OH and O=C-—
OH groups on the BT—GO surface confirms the grafting of
GO on the BT surface. The 287.7 eV peak is not visible in the
BT—GO spectra. Figure 1d shows the N 1s spectra for BT—
GO. The peak can be deconvoluted into two peaks, wherein the
peak at low binding energy (400.9 eV) corresponds to the free
terminal —NH, and the peak at high binding energy (403.9 eV)
can be attributed to nitrogen from the amide linkage
(—CONH). The presence of free amine functional groups on
the BT nanoparticles indicate that only a few amine groups
were utilized in the grafting process. The O 1s spectra analysis
shown in Figure le,f can complement the C s spectra. The O
1s peak at 533 eV is assigned to the contribution from the C—
OH groups on GO present on the BT—GO nanoparticle
(Figure 1f). These observations further confirm the grafting of
GO onto BT nanoparticles.

Figure 2 compares the spectra of BT bulk, BT—OH, BT—
NH,, and BT—GO particles. In BT—OH, the peak at 3400
cm™! denotes the presence of oxygen moieties on the particles,
which is absent in BT particles. The particles were modified
with APTS, as described in the Experimental Section, and these
particles are denoted as BT—NH, in which the peak at 1250
cm™" represents the Si—O—Si vibration modes. The peak at
1570 cm™" corresponds to the NH, scissoring vibration,
thereby confirming the presence of silane molecules on the BT
surface. The C—C stretching peak at 3300 cm™' further
confirms the presence of carbon on the surface of BT. FTIR
spectra of BT—GO show apparent characteristic peaks at 3400
ecm™ (—OH), 1050 cm™ (C—0), suggesting that graphene
oxide has been successfully grafted onto BT particles.

As described earlier, one of the key requirements to attenuate
EM radiations is high dielectric constant. It is well-known that
BT particles show high dielectric constant at room temperature.
We expect that by grafting of GO sheets on to BT
nanoparticles, the charge can be attenuated. To gain more
insight, the dielectric constant was measured using an
impedance analyzer. The variation in the dielectric constant
(¢') of neat PVDF, PVDE—BT (5 vol %), PVDF—GO (0.1 wt
%), and PVDF/BT—GO (S vol %) composites as a function of
frequency is shown in Figure 3. The dielectric constant of
PVDF increases with the addition of both BT nanoparticles and
GO sheets. More interestingly, BT—GO nanoparticles ex-
hibited a significant increase in the dielectric constant,
manifesting in a synergistic improvement from both BT and
GO sheets. The increase in the dielectric constant of PVDF
with addition of three-phase structure is due to the large
dielectric permittivity difference between the PVDF matrix and
the particles (BT and GO), which causes the accumulation of
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Figure 1. XPS spectra of nanoparticles: (a) wide spectra of BT—GO, (b) C 1s spectra of GO, (c) C 1s spectra of BT—GO, (d) N 1s spectra of BT—

GO, (e) O 1s spectra of GO, and (f) O 1s spectra of BT—GO.

charge carriers at the interface. Similar results were reported
earlier. For instance, Li et al. reported high dielectric
permittivity and enhanced thermal properties in three-phase
PVDF, BT, and silicon carbide nanocomposites.28

Morphology and Ferromagnetic Properties of Co-
NWs. The morphology of the as-synthesized Co-NWs is shown
in Figure 4ab. It is very evident from Figure 4a that the
adopted electrodeposition has resulted in a significant yield of
nanowires. Scanning electron microscopy (SEM) micrograph
of the cobalt nanowires revealed that the nanowires are
approximately 200 nm in diameter and 55 ym in length which
is expectedly the same as the pore size of the template. The
XRD pattern of the as-synthesized cobalt nanowires array is
shown in Figure S. A high-intensity diffraction peak of
hexagonally close packed cobalt phase is observed correspond-
ing to the (0002) planes.*”*°

Magnetic hysteresis was obtained from the as-synthesized
nanowires at room temperature using a magnetic field of 2 T
and is shown in Figure 6. The hysteresis loop was measured
with the applied magnetic field parallel and perpendicular to the
long axis of the nanowires. Nanowires showed ferromagnetic
behavior with a saturation magnetization (M) of 40 emu/g and
coercivity (H,) of 300 G.

Electrical Conductivity and EMI Shielding of the
Nanocomposites. The electrical conductivity of the PVDF/
CNTs composites as a function of frequency is studied before
exploring the effect of three-phase structures. The room-
temperature electrical conductivities for various PVDF/CNTs
composites are illustrated in Figure 7ab. It is evident from
Figure 7a that the conductivity increases with increasing
concentration of CNTs in the PVDF matrix. While neat PVDF
is insulating, the conductivity increased to 107 S/cm with the
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showed a conductivity of 107> S/cm, manifesting the formation
of a conducting pathway in the PVDF matrix. The dc

Figure 4. SEM image of cobalt nanowires: (a) cross-sectional image of template with wires; (b) dispersed nanowires on Si substrate.
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Figure 7. Electrical conductivity of (a) PVDF composites with
different concentrations of CNTs and (b) PVDF composites with
different nanoparticles.

conductivity of the nanocomposites with percolation threshold
can be best explained using a power law” "> given by eq 1,

gex (p—p) (1)

04 represents the dc conductivity, p is the filler content, p. is

the electrical percolation threshold, and s is the exponent value.
The charge-transport mechanism in the composites can be

explained using the ac universality law expressed as®>**

o (0) = g (w) + A(w)’ @)

In eq 2, 04 is the dc conductivity at @ — 0, the symbols A and s
are temperature and frequency dependent parameters, and o is
the angular frequency.

Figure 7ab shows that, above a certain point, the
conductivity increases linearly with frequency. Thus, the dc
contribution is important at low frequencies, whereas the
frequency dependent parameter (s) dominates at high
frequencies. The value of s was determined from the slope of
the plot of In(s) versus In(f) and this value can be used to
explain the conduction mechanism operative in the sample.
The value of s is ca. 0.9 for PVDF/CNT composites with 1 and
2 wt % CNTs, suggesting hopping of electrons. Further, the
value of s as 0.6 for PVDF/CNT composites with 3 wt % CNT's
suggests tunneling of electrons in the composites (Figure 7a).
As mentioned earlier, two key properties were targeted in this
study, high dielectric constant and high permeability. Hence,
BT—-GO and Co-NWs were synthesized. It is important to
assess the effect of these nanoparticles on the electrical
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conductivity of PVDF/CNT composites. Few composites
involving 2.2 vol % Co-NWs or 5 vol % BT—GO nanoparticles
in combination with 3 wt % CNTs were prepared under the
same mixing conditions. The conductivity of three-phase PVDF
composites is illustrated in Figure 7b which shows that the
addition of Co-NWs (1073 §/cm) or BT—GO (6 X 10™° S/cm)
does not significantly alter the electrical conductivity of the
composites. It is important to note that slightly reduced
electrical conductivity in PVDF/BT—GO/CNT composites
may be due to the addition of insulating BT—GO particles that
hinders the charge transport through CNT network.

EMI shielding is a material property that can attenuate
electromagnetic waves.>® This can be either by reflection or by
absorption. Thus, higher conducting materials have low
impedance and, therefore, are successful at reflecting back
electrically dominant waves because of the impedance
mismatch. However, magnetically dominant waves have low
impedance and absorption plays an important role in EMI
shielding. Various mechanisms of shielding are illustrated in
Scheme 3. For better EMI shielding, the material should

Scheme 3. Mechanism of EMI Shielding through Sample
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minimally reflect the incident EM wave and maximally
attenuate the transmitted EM wave. Total shield effectiveness
SEr, reflection SE,, and absorption SE, can be calculated by
using the scattering parameters S as given in eqs 3—S5:

SEj (shield effectiveness — reflection)

= 10log, (1/(1 = [S,]*)) 3)
SE, (shield effectiveness — absorption)

= 10log, ((1 = [S,,*)/[S,,]*) (4)
SE(shield effectiveness — total)

= SE + SE,

= 10 log(1/[S,,]*) ()
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Figure 8. (a) Shield effectiveness of PVDF composites with different concentrations of CNTs, (b) shield effectiveness of PVDF composites with
different nanoparticles, (c) comparison of absorption and reflection in PVDF composites with different nanoparticles, and (d) magnetic permeability

of PVDF composites with different nanoparticles.

The EMI shielding effectiveness of PVDF/CNT composites
with various concentrations of CNTs in X band and K, band is
depicted in Figure 8a. The shield effectiveness (SE) of the neat
PVDF is almost zero as it is insulating in nature and is
transparent to the EM radiations.'*'” It is well evident that the
effective shielding improves with increasing concentration of
CNTs in the composites. For instance, PVDF with 1 wt %
CNTs shows a SE of ca. 10 dB whereas with 2 wt % CNTs the
SE reaches ca. 23 dB. The maximum SE of 31 dB was obtained
with 3 wt % CNTs. This clearly indicates that SE increases with
CNTs content and can be attributed to the interconnected
network, resulting in better interaction between material and
EM waves that block the EM interference.*® The reflection and
absorption contribution of SE was calculated using eqs 4 and S
and it is well evident that in PVDF/CNT-based composites the
reflection dominates over absorption.*®

The EMI shielding of PVDF/BT—GO (5 vol %) is about 8
dB (not shown here) which clearly indicates that electrical
conductivity is a key requirement to attenuate EM radiations. In
composites involving 3 wt % CNTs and S vol % BT—GO in
PVDF matrix, the total SE is though similar to PVDF with 3 wt
% CNTs composites (shown in Figure 8b) but interestingly,
the absorption component enhanced significantly. Figure 8c
illustrates the absorption and reflection components of the total
SE of composites. It is well evident that the absorption
improves with addition of BT—GO in PVDF/CNT composites.
For instance, in PVDF/CNT/BT—GO, the % absorption is ca.
63% which is significantly higher than the PVDF/CNT
composites.

Interestingly, the EMI shield effectiveness of 35 dB was
obtained with Co-NWs in combination with CNTs. This
significant improvement in EMI shielding is due to a combined
effect of cobalt nanowires and CNTs. The frequency
dependence of SE for cobalt nanowires-based composite is
shown in Figure 8b. The mechanism of EMI shielding is
important in the application of shielding material. Figure 8c
compares the reflection and absorption component of the SE in
the PVDF/CNTs, PVDF/CNTs/BT—GO, and PVDE/CNT/
Co-NWs.

For high reflections, the shield is required to have mobile
charge carriers that interact with irradiated EM waves. But for
absorption, the shield should have electric and/or magnetic
dipoles that interact with the electromagnetic fields in the
radiation. The electric dipoles may be provided by materials
that have a high value of dielectric constant. The magnetic
dipoles may be provided by materials having a high value of the
permeability ().

It is interesting to note that the reflection and absorption
components are almost similar in the PVDF/CNT composite
which essentially means that CNTs-based composites can
shield by both means: reflection and absorption. In the BT—
GO-based composites, absorption is significantly higher than
reflection which might be due to high dielectric constant of
BT—GO nanoparticles which attenuate the EM waves. In the
Co-NWs-based composites, absorption is observed to be the
dominant mechanism. This increase in absorption is mainly due
to the presence of magnetic nanowires which provides both
magnetic as well as electrical shielding in the composites. This
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Table 1. Examples of EMI Data Using Various Polymer Blends

matrix filler filler conc. o (S/cm) SE (dB) frequency (GHz) references
PVDF S wt % MnO, NTs/1 wt % fFMWCNTs/PVDF 0.001 21 8—12 37
PVDF activated carbon fibers 40 wt % 0.14 12—-14 0.1-1 38
PVDF copper NPs 35.8 wt % 40 39
PVDF carbonyl iron powder 50 vol % 0.12 20 8-12 21
PVDF barium titanate NPs 40 vol % 2.5 % 107¢ 9 8-12 19

10 vol % Ag, 20 vol % BTn 0.01 26

PVDF foam functionalized graphene S wt % 0.01 20 8-12 36
PVDF nickel and hexagonal-ferrite powders 50 vol % 67 8-12 40
PVDF CNT/Co-NWs 3wt % + 2.2 vol % 0.001 35 8—-18 this work

(a)

(b)

Figure 9. Flexible PVDF composites: (a) PVDF with 3 wt % CNTs + BT—GO nanoparticles and (b) PVDF with 3 wt % CNTs + Co-NWs.

is also well-supported by the observed permeability in the
composites wherein PVDF/CNT/Co-NWs exhibit the highest
permeability among the three composites. The magnetic
permeability was calculated using the transmission line theory
(see Figure 8d) which clearly indicates that a composite with
cobalt nanowires shows maximum permeability among all the
composites investigated here. More importantly, the SE
obtained in this study is quite high given the concentration
of the nanoparticles are quite low. To get a clear idea, Table 1
compares the electrical conductivity and SE of various PVDEF-
based composites. The results shown here clearly indicate that a
careful selection of functionalized nanoparticles can facilitate
tuning the SE in the composites.

Thermal Conductivity of the Composites. The current
flowing through the active and passive components can result
in power dissipation and increased temperatures. Therefore, a
good electronic packaging material, apart from shielding
external EM waves, should sustain the rise in temperature
without any structural distortion. The thermal conductivity
values for PVDF/CNT/BT—GO and PVDF/CNT/Co-NWs is
not reported in the literature. The thermal conductivity of neat
PVDF polymer is 0.19 W m™' K~.*! Different nanoparticles
have been used to improve thermal conductivity of polymers.
High-density polyethylene filled with 7 vol % expanded
graphite has thermal conductivity of 1.59 W m™ K7,*
poly(vinyl butyral), polystyrene, poly(methyl methacrylate),
and poly(ethylene vinyl alcohol) based nanocomposites with 24
wt % boron nitride nanotubes have thermal conductivities of
1.80, 3.61, 3.16, and 2.50 W m™! K7}, respectively.43 Carbon
nanotubes was also reported to improve thermal conductivity
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of polymer composites.**** PVDE/CNTSs composites show a
thermal conductivity of 2.66 W m™" K'at 6.1 wt % of CNTs
loading.*

PVDF with 3 wt % CNTs exhibited a thermal conductivity of
ca. 1.68 W m™" K™', which is significantly higher than the neat
PVDF (0.3 W m™! K™'). On the other hand, PVDF/CNT/
BT—GO showed even higher thermal conductivity (ca. 2.6 W
m~' K') in striking contrast to PVDF/CNT composites. This
increase in thermal conductivity with addition of BT is possibly
due to high thermal conductivity of BT particles, graphene
oxide, and CNTs, which synergistically improved the
conductivity. Interestingly, the thermal conductivity of
PVDF/CNT/Co-NWs showed a thermal conductivity of ca.
2.8 W m™' K, which is highest among the different PVDF-
based composite studies here. This increase in thermal
conductivity in the composites is due to high thermal
conductivity of cobalt nanowires (100 W m™ K™') and also
due to high aspect ratio of the wires. These long nanowires can
easily form a network and more conducting pathways resulting
in better thermal transfer in the composites. Thus, flexible
(Figure 9) and lightweight composites to attenuate EM
radiations can be designed by a careful selection of nano-
particles.

B CONCLUSIONS

In this study, three key properties were targeted, namely,
enhanced dielectric constant, magnetic permeability, and
electrical conductivity to design flexible and lightweight
PVDEF-based composites for EMI shielding. To accomplish
this, two unique materials were developed, namely, GO sheets
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covalently grafted on to BT nanoparticles and cobalt nanowires.
By grafting GO on to a ferroelectric phase (BT), the dielectric
constant of the composites could be enhanced significantly in
striking contrast to the neat polymer. These nanoparticles in
combination with CNTs showed high electrical conductivity
and significant attenuation of EM radiations both in the X-band
and the K -band frequency. The PVDF/CNT/BT—GO and
PVDE/CNT/Co-NWs composites exhibited percentage ab-
sorption of ca. 63% and 60%, respectively, which is significantly
higher than the PVDF/CNT composites. Moreover, the SE was
observed to be highest for PVDEF/CNT/Co-NWs composites.
In addition, PVDE/CNT/BT—GO and PVDF/CNT/Co-NWs
composites showed enhanced thermal conductivity in striking
contrast to neat PVDF. This study opens new avenues to
design flexible and lightweight EMI shielding materials by a
careful selection of functional nanoparticles.
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