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ABSTRACT: Lightweight electromagnetic absorbers made of
polymers and multiwall carbon nanotubes (MWCNTs) have
attracted a lot of attention because of their potential to shield
next-generation electronics devices from electromagnetic radiation
without reflecting it back into space. In this research, a flexible foam
composed of MWCNTs and polyvinylidene fluoride (PVDF) is
developed. This foam is designed to be an electromagnetic shielding
material that is both flexible and absorption-dominant, reducing
electromagnetic interference. The solvent approach is used to
fabricate the PVDE-MWCNT foam. It is discovered that the foam
has a porosity of 88.9%. Each cell in the PVDF-MWCNT foam is
formed in a porous layered manner. The foam demonstrates a
dielectric constant (¢’) of around 7.19 and dielectric loss (¢') of
4.46 at 9.96 GHz as calculated from MATLAB using the Nicolson—
Ross—Wire algorithm. This developed EM absorber exhibits a high shielding efficiency of 78.46 dB. With an ideal reflection loss of
—26.5 dB, this absorber attains the desired outcomes. The electromagnetic shielding performance is supported by calculations of the
impedance matching degree, which was found to be 0.54. The PVDF-MWCNT foam displayed absorption-dominant characteristics,
with a significantly low shielding due to reflection. This newly developed foam EM absorber has proven itself capable in a variety of
commercial and stealth-related applications.
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Bl INTRODUCTION

three-dimensional open-cell structure, substantial surface area,

In contemporary times, there has been a notable advancement
in wireless communication technology and electronic gadgets,
encompassing mobile devices, laptops, domestic appliances,
medical devices, military radars, and aerospace communica-
tions. This progress has significantly contributed to enhancing
the convenience and ease of our daily lives.'" On the other
hand, the production of electromagnetic (EM) radiation that is
not desirable has a negative impact, which results in the
deterioration of the dependability of highly sensitive electronic
equipment and has a negative impact on human health."”
Significant endeavors have been undertaken to mitigate the
issues arising from electromagnetic interference (EMI)
pollution through the development of materials that possess
efficient electromagnetic wave attenuation and EMI shielding
properties.””’

In order to address these issues, it is of utmost important to
focus on the development of EMI shielding materials that
possess characteristics such as lightweight composition, high
electrical conductivity, resistance to corrosion, and superior
performance. In recent years, there has been a significant use of
porous carbon materials, particularly carbon foams, across
diverse domains. These materials have garnered considerable
interest for their application in electromagnetic interference
(EMI) shielding. This interest stems from their distinctive
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and exceptional capacity for electromagnetic wave absorp-
tion.® "' In order to provide effective electromagnetic
interference (EMI) shielding and absorption, it is generally
necessary to use fillers that possess both dielectric loss and
magnetic loss properties. Polymeric porous materials have
emerged as the predominant choice for electromagnetic wave
absorption in the market due to their robust viscoelastic
properties, cost-effectiveness, straightforward manufacturing
processes, and convenient integration.'”"> Poly(vinylidene
fluoride) (PVDF) is an extensively studied polymer that is
utilized in the preparation of functional foams with diverse
applications. This is mostly owing to its exceptional chemical
resistance, biocompatibility, thermal and mechanical stability,
and UV tolerance capability. Various carbon-based fillers have
been employed to attain effective electromagnetic interference
(EMI) shielding due to their notable electrical conductivity

Received: January 31, 2024
Revised: ~ May 15, 2024
Accepted: May 16, 2024
Published: August 6, 2024

https://doi.org/10.1021/acsomega.4c00995
ACS Omega 2024, 9, 35364—35373


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vaishnavi+Khade"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Madhuri+Wuppulluri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c00995&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00995?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00995?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00995?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00995?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00995?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/33?ref=pdf
https://pubs.acs.org/toc/acsodf/9/33?ref=pdf
https://pubs.acs.org/toc/acsodf/9/33?ref=pdf
https://pubs.acs.org/toc/acsodf/9/33?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c00995?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

and substantial surface area.'"'*™'® Also, these possess low
weight, corrosion resistance, and high surface area.' %51 1n
the past, numerous scientists have developed various
techniques to produce porous carbon materials, including
pitch-based and polymer-based carbon foams.'”***' Narasim-
man et al.>* have successfully fabricated carbon foam with
multiwalled carbon nanotubes (MWCNTSs) through the
thermoforming technique, utilizing molten sucrose as the
precursor material. Their study revealed an impressive
electromagnetic interference shielding effectiveness (EMI SE)
of up to —39 dB. The polymer-based carbon foams
demonstrate economic viability as a result of their capacity
for low-temperature heat treatment. However, it should be
noted that the properties of these foams are suboptimal, since
they exhibit lower conductivity. Consequently, researchers
have endeavored to fabricate carbon composite foams by
employing various polymers and conductive fillers in order to
enhance their electromagnetic interference shielding effective-
ness (EMI SE).""** Some reported literatures are tabulated in
Table 1. The current investigation involves the fabrication of

Table 1. Some Reported Literature on Carbon Composite
Foams”

composite foam EMI SE (dB) refs
graphene-PDMS 20 11
graphene-PMMA 19 24
PI-Rgo 21 25
PEI-graphene 20 26
sucrose-graphene 38 27
sucrose-MWCNTs 39 28
PU-rGO 20 29
carbon-rGO 44.6 30
graphene-ABS 42.4 31
Mzxene-graphene 50.7 32

“PMMA, polymethylmethacrylate; PDMS, polydimethylsiloxane; PI,
polyimide; PEIL polyetherimide; rGO, reduced graphene oxide; PU,
polyurethane; ABS, acrylonitrile butadiene styrene.

PVDF-multiwalled carbon nanotube (MWCNT) hybrid foams
by employing a PVDF as a polymer and MWCNTs as a carbon
filler. Ultralight weight PVDF foam is synthesized through the
utilization of table salt as the sacrificial layer and MWCNTs as
a reinforcement. This foam is found to exhibit enhanced
electromagnetic interference (EMI) shielding and a hydro-
phobic nature. The electromagnetic interference (EMI)
shielding effectiveness of hybrid foams composed of PVDF
and MWCNTs is comprehensively examined within the X-
band frequency range (8—12 GHz). The integration of
MWCNTs into PVDF foam has significantly enhanced its
electromagnetic interference (EMI) shielding capabilities,
particularly in terms of absorption and hydrophobic nature
while maintaining a low-density characteristic. Furthermore,
the PVDEF-MWCNTs hybrid foam exhibits open-cell archi-
tectures that provide enhanced attenuation of electromagnetic
(EM) wave absorption. Hence, the PVDF-MWCNTs hybrid
foam is a potential candidate for EMI shielding application in
the fields of defense and aerospace.

B EXPERIMENTAL PROCEDURE

Synthesis Process for PVDF-MWCNT Foam. The
porous ultralight PVDF-MWCNT foam is produced by mixing
PVDF pellet (Sigma-Aldrich, USA), table salt (NaCl) (14 g

SD. Fine Chem Ltd, India), and MWCNTs (Ad Nano
Technologies) with the mass ratio of mPVDF/mtable salt/
mMWCNTs = 1:7:0.1 in N,N-dimethylformamide (DMF)
solvent (10 mL, Sigma-Aldrich, USA) using vigorous magnetic
agitation at 60 °C and 150 rpm for 1 h. The prepared mixture
is thereafter put in hot air oven for 90 °C for 5 h and then
allowed to cool at room temperature, resulting in the
formation of a polymer composite sample with a black hue.
Subsequently, the composite foam was submerged in hot
water, and this procedure was repeated every 2 h for a duration
of 1 day. The objective was to fully eliminate salt from the
samples and obtain the pure porous PVDF-CNT composite
foam. The procedure for synthesizing PVDE-MWCNT
composite foam is depicted in Figure 1(a). Figure 1(b)
displays an image of the prepared PVDF-MWCNT foam.

PVDF MWCNT ‘tﬂy

Mixing using
magnetlc stirrer
0) Q 0 PVDF+
60°C for 1 hr \ MWCNT+
\O 0 JNacl

(@

Keep in 90°C for

Oven 5hr

NaCl
Removal

Every 2hrs

Figure 1. (a) Schematic representation for synthesis of PVDF-
MWCNT foam. (b) Image of the PVDF-MWCNT foam.

Characterization and Measurement. The crystal
structure is identified using X-ray radiation diffraction (XRD)
spectra acquired from a Rigaku Smart Lab diffractometer
(Tokyo, Japan) using Cu Ka radiation (4 = 0.15418 nm). The
analysis of cellular morphologies is conducted using a JEOL
JSM 6060 scanning electron microscope (SEM). Manual
image analysis of the SEM images was conducted to assess the
average cell size utilizing Image] software. The vibrational
modes were studied using Fourier transform infrared spec-
troscopy (FTIR) with a Nicolet iS10 FTIR instrument (USA).
The dielectric, impedance, and ac conductivity analysis of the
foam were simulated using MATLAB in the 8—12 GHz range.
Using a UV—vis spectrometer (JASCO V-670 PC), the bang
gap studies were performed for the prepared foam.

In order to test the S-parameters in the X-band (8—12
GHz), the PVDE-MWCNT foam is cut into dimensions of 2.3
cm X 1 cm. The vector network analyzer (VNA) method is
employed. Using the S-parameters, the reflection loss (RL),
shielding due to absorption (SE,), shielding due to reflection
(SEg), and total shielding efficiency (SEr.) are determined.
The following equations are used to compute EMI shielding
parameters:

R =18} =185 (1)
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Figure 2. XRD patterns for (a) pure PVDF, (b) PVDE-MWCNT composite, and (c) MWCNT. (d) SEM image of the PVDF-MWCNT
composite. (e) EMI shielding mechanism of the flexible foam. (f) FTIR spectra of the PVDF-MWCNT composite foam. (g) Schematic for the

interaction of PVDF and MWCNT.

T =185l = 1S )
A=(1-R-T)/(1 -=R) 3)
RL = 20loglS, | (4)
SE,(dB) = —10log(1 — A) (5)
SEx(dB) = 10log(1/(1 — S)) = 10log(1/(1 — S3,))

(6)
SE;(dB) = 10log(1/(S}3)) = 10log(1/(S;))) (7)
SEp,. = SE, + SE, (8)

where R, T, and A are reflection, transmission, and absorption
coeflicients, respectively. Under conditions where the RL is
less than 10 dB, the absorption rate of electromagnetic waves
(EMWs) is 90% and the reflection rate is 10%. Thus, the
effective absorption bandwidth can be termed as the frequency
range where RL is less than 10 dB.

B RESULTS AND DISCUSSION

X-ray Diffraction Analysis of PVDF-MWCNT Foam.
Figure 2(a—c) shows the XRD patterns for PVDF, PVDF-
MWNCT foam, and MWCNTs. PVDF and the PVDF-
MWNCT foam exhibit distinct peaks at 26 values of 18.9°,
20.47°, 36.65°, and 39.42° in their XRD patterns. These peaks
are attributed to the crystal phases a, f, and y. The literature
states that’”*” the addition of MWCNTSs to a PVDF matrix
causes an increase in the J-crystalline phase, which is further
explained in detail in the Microstructural Analysis section.
Additionally, as can be seen in Figure 2, the 20 peak at 36.65°
(the f-crystalline phase) of the PVDE-MWCNT foam is the
most prominent. The S-crystalline polymorph is responsible
for the 26 peaks at 36.46° and 56°, which correspond to Miller
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indices (101) and (221), respectively. As MWCNTs are
introduced to the PVDF matrix, a minor leftward shift of the
20 peaks is noted.

Microstructural Analysis. The microstructure for PVDF-
MWCNT foam is shown in Figure 2(d). The prepared foam is
found to have layered structure transformed from the cellular
microstructure, which helps for the dissipation of EMWs and
multiple internal reflection of these EMWs between the layers
of the foam, thus enhancing absorption of EMWs (see Figure
2(e)). Moreover, the sample demonstrated that the polymeric
matrix contained high degrees of porosity and interconnected-
ness of pores across the whole structure. In addition, the SEM
images shows that the structures remained almost intact after
the inclusion of MWCNTs. Furthermore, the structures of the
foam are preserved. The porosity (P) of the porous foam is
determined using the following equation:

)

where Vpypp and Vywenr represent the actual volumes of the
raw materials PVDF and MWCNT, respectively, while Vi,
represents the overall volume of the foam. The Vpyppmwent
composite may be derived by considering the mass and density
of PVDF and MWCNT. On the other hand, the volume of the
foam (Vi) can be easily determined based on its size. The
porosity the PVDFE-MWCNT foam is estimated to be 88.9%.

Fourier Transform-Infrared Spectroscopy (FTIR) Anal-
ysis. The synthesized lightweight PVDF-MWCNT foam was
analyzed using an FTIR curve within wavenumbers of 400—
1500 cm™". Figure 2(f) illustrates the FTIR spectrum of the
sample. The fB-phases of the PVDF foam are attributed to the
absorption bands that are observed at wavenumbers of 475,
517, 837, 874, 1180, 1218, and 1402 cm™".***° The presence
of an absorption band at a frequency of 515 cm™" indicates the
occurrence of a bending vibration in the F—C—F chemical
bond.*® The peaks detected at 832 cm™ corresponded to the

P = Voypr-mwent/ Vioam
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Figure 3. (a) Frequency dependence of ¢’ and € of PVDE-MWCNT foam. (b) Frequency-dependent electrical conductivity of PVDF-MWCNT
foam. (c) Absorption spectra of the foam. (d) UV—vis spectra of PVDF-MWCNT foam.

rocking motion of the H-C—H bond and the symmetrical
stretching of the F—C—F bond, respectively.”” The absorption
bands observed at 1162 cm™' are attributed to the
antisymmetric stretching of C—C bonds and the wagging
motion of H-C—H bonds. On the other hand, the band
discovered at 1228 cm™ is associated with the rocking
motion.”® A peak at 1400 cm™! is attributed to the stretching
vibration of the C—F bond in the S-phase of PVDE.

Furthermore, a few minor absorbance bands at 614 and 763
cm™" are visible, indicating a- phase. The absorbance bands
detected at 1660, 2956, and 3027 cm™! are indicative of carbon
nanotubes (MWCNTs) that were incorporated into the PVDF
foam. The peak located at 3027 cm™' is indicative of
asymmetric CH, stretching, whereas the peak at 2956 cm™
is associated with symmetric CH, stretching. The absorption
peak that is centered at 1660 cm™" is indicative of the carbon
skeleton vibrations exhibited by the carbon nanotubes.*>*!
The FTIR analysis also confirmed the presence of f-phase
PVDF in the PVDF-MWCNT foam. The transition from the
a-phase to the f-phase in the PVDF-MWCNT foam is thought
to occur due to the improved compatibility between carboxylic
acid groups and CF, groups. Additionally, the presence of
MWCNTs leads to a strong contact that promotes the
crystallization of the B-phase PVDEF. In order to verify the
proportion of f-phase in the PVDF-MWCNT foam caused by
the nucleating agent MWCNT, FTIR analysis of the original
PVDEF is also conducted under identical conditions (see Figure
S1). The fraction of f-phase in both samples is determined
using the established equation (provided in the Supporting
Information (SI)) based on the analysis of the FTIR spectra.
The fB-phase contents are determined to be 23.2% and 75.93%
for the pure PVDF thin film and PVDF-MWCNT foam,
respectively. The outcome demonstrates that MWCNT
functions as a polar nucleating agent, inducing the formation
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of a electroactive phase within the PVDF foam. This may
contribute to the EMI shielding efficiency of the foam. In
addition, the increased value of the f-phase in the PVDEF-
MWCNT foam may possibly be attributed to the electrostatic
interactions between PVDF and polar molecules, as well as the
high viscosity of the polar DMF solvent.*”**Figure 2(g)
schematically illustrates the interaction between PVDF and
MWCNT.

Dielectric Properties. The electromagnetic shielding
parameters of an EM absorber have a close relationship with
the complex permittivity (¢, = €’ + je”) and permeability (u, =
u' +ju") of the absorber. It is important to note that the real
components of the complex permittivity (¢’) and the complex
permeability (¢’) represent the amount of the electric and
magnetic energy that can be captured within the material,
respectively. Furthermore, the imaginary components, denoted
by (¢”) and (u”), are linked to the dissipation energies
produced by electromagnetic energy.”* In addition, to this,
the EMI shielding efficiency is dependent not only on €”, ',
¢”, and y" but also the impedance matching.***’ Using the
Nicolson—Ross—Wire (NRW) algorithm, the complex permit-
tivity (e,) is extracted”® in MATLAB. Using NRW, the ¢, is
calculated using following equation:

2 [1 - Vl]
&~
jkd\ 1 + W (10)

where k, = 27fc, ¢ is the speed of light, d is thickness, V| = IS,|
+ 1S,,l, in which §;; and S,, are reflection and transmission
coefficients, respectively.”” Figure 3(a) shows the frequency
dependence of €’ and €” simulated by MATLAB in frequency
range of 8—12 GHz, and the values are tabulated in Table 2.
The dielectric constant is found to be constant over range of
frequencies, whereas there is slight decrease in dielectric losses
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Table 2. EMI Shielding Parameters for PVDF-MWCNT
Foam

parameters values
¢ @ 9.96 GHz 7.19
" @ 9.96 GHz 446
o @ 9.96 GHz (S/m) 0.31
Sy, (dB) -26.5
S, (dB) —36.6
SE, (dB) 71.8
SE (dB) 6.65
SE o (dB) 78.46

with an increase in frequency. In case of dielectric losses, as the
applied field frequency increases, the mechanisms of polar-
ization, including space charge, orientation, and ions, fail to
keep up with the field and thus the dielectric loss diminishes.
The Debye theory is employed to conduct an investigation on
the polarization relaxation process. The expression of the
correlation between €’ and €” is given below:

€s+€ool2 n2 _ es_eoc2
(e_ 2 )+(€) _( 2 ] (11)

where €, and €, are the static permittivity and the relative
dielectric permittivity at the high-frequency limit, respectively.
The curve of €' and €” may be described as a semicircle,
known as the Cole—Cole semicircle, which is commonly linked
to the phenomenon of Debye polarization relaxation. Due to
presence of multiple relaxation, the semicircle displays an arc
form. The Figure 4 exhibits the semicircle. The findings of this

4.9 Cole-Cole

4.8 4

4.7 4

4.64

Imaginary part (¢")

451

4.4 T T T v
5.5 6.0 6.5 7.0 7.5 8.0

Real part (¢')

Figure 4. Cole—Cole plot of the PVDF-MWCNT foam.

study confirm the existence of significant interfacial polar-
ization in PVDE-MWCNT foam, which arises from the
presence of multiple interfaces. Furthermore, the accumulation
of charge carriers occurs at the interface of the sample. This
consequently enhances the response to the incoming electro-
magnetic field, resulting in an increased dielectric polarization
loss.>’

Electrical Conductivity. Based on the free electron theory,
the relationship between electrical conductivity (6) and the
frequency (f) of an electromagnetic wave can be expressed as

"= 5 ”J.Sl A higher electrical conductivity implies higher
7€,

values of dielectric loss. This equation illustrates the direct
correlation between electrical conductivity and the €” value.
Figure 3(b) shows the frequency variation of the electrical
conductivity, and the value is tabulated in Table 2. The plot
shows a similar trend as the dielectric loss curve. The dielectric

loss generally arises from conductivity and polarization losses,
encompassing ionic polarization, electronic polarization, dipole
orientation polarization, and interfacial polarization. Electron
polarization and ion polarization often occur at the THz
(terahertz) and PHz (petahertz) scales, respectively. However,
for microwave GHz frequencies, the primary contributions to
microwave absorption come from dipole orientation polar-
ization and interfacial polarization. The conduction loss is
contingent upon the electrical conductivity of the composites,
which can be ascertained by evaluating their respective carbon
components. In the current case, interfacial polarization
dominates because of interfaces between MWNCTS, air, and
PVDE. The presence of multiple phases of PVDF in the
composite foam led to accumulation of charges, thus
contributing to dielectric loss and hence the electrical
conductivity of the foam.

UV-vis Spectroscopy Studies. Information on the
composition and nature of the material can be gleaned from
the optical characteristic of the material. The molecular
structure of the material can be determined by monitoring
the percentage of absorbance or reflectance. This is possible
because of the fact that various molecules absorb different
wavelengths of light based on their structures. In addition to
assisting in the identification of the bonds that exist between
the molecules of the crystal, the data that are received from the
spectrometer can also assist in the calculation of the optical
characteristics such as the band gap energy.””>* The
intricacies of the electronic structure of the optical bandgap
are provided by the findings that are reported in this research.
These studies will help to give proper insight into EMI
shielding properties of materials.

A significant change in the band gap can be observed with
addition of MWCNT in the PVDF matrix. Figure 3(c)
illustrates the absorption spectra of PVDF-MWCNT. It is
abundantly clear that the PVDF-MWCNT foam exhibits
outstanding transmission across the UV—vis spectrum. In
order to have a better understanding of the band structure, it is
essential to study the absorption spectrum. The graph Figure
3(d) depicts the relationship between photon energy and
(ahv)®. Tt is evident that as the photon energy increases,
(ahv)? also improves. Furthermore, using Tauc’s relation
(provided in the Supporting Information Supporting Informa-
tion), the band gap energy is determined by extrapolating the
linear region of the plot in Figure 3(d). The difference in
energy that exists between the top of the valence band and the
bottom of the conduction band of electrons is referred to as
the optical bandgap energy (E,). Thus, direct band gap energy
is found to be 5.22 eV.

Electromagnetic Wave Absorption Properties. Vector
network analyzer (VNA) is used to experimentally find the
electromagnetic interference shielding efficiency (EMI SE). In
a two-port VNA, scattering parameters (S;; and S;,, as well as
their reciprocals S,, and S,;) are used to mathematically
express both the incident waves and the transmitted waves.
Both the reflection and transmission coefficients are correlated
with these S-factors. Thus, reflection (R), transmission (T),
and absorption (A) coefficients are calculated using eqs 1 and
2, and the EMI SE of the foam can be expressed using eqs 5—8.
Typically, VNA has the ability to actively transmit, receive, and
record EM energies across a significantly wider frequency
range. Transmission reflection line configurations, which
include coaxial cables and waveguide techniques, and free
space configurations, such as microwave anechoic chambers,
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Figure 5. (a) Experimental setup to measure S-parameters. (b). Frequency vs RL plot of PVDF-MWCNT foam. (c) Microwave absorption
characteristics of the foam (frequency vs S,,, (e and f) Phenomena occurring when EMWs interact with the foam.

are the measurement techniques that are most commonly
used.*~ In current research, we have used the rectangular
waveguide transmission line method to measure the EMI SE of
the foam. Figure 5(a) shows schematic for this measurement
technique. The reflection loss (RL) values of the PVDEF-
MWCNT foam are calculated at a specified absorber thickness
of 0.5 cm in the frequency range of 8—12 GHz. Figure 5(b)
shows the variation of RL with frequency. The curve shows the
optimal reflection loss of —26.5 dB in the 9—-10 GHz
frequency bandwidth, indicating that maximum EMWs enter-
ing the foam are absorbed and some EMWs are reflected back.
This may also be attributed due to the fact that the presence of
MWCNTs in a nonconductive PVDF matrix increases the
electric conductivity of the foam, thus contributing to shielding
due to reflection. Thus, the higher the electrical conductivity,
the higher the reflection of EMWs.®® To further assess the
microwave absorption characteristics of the foam S, vs
frequency is plotted and analyzed (see Figure S(c)). It is
observed that the foam exhibits a lower transmission loss of
—36.57 dB in the 9—12 GHz range, indicating higher
microwave absorption. Using the above obtained values, the
SE,, SEg, and SEp., are estimated, and the values are
tabulated in Table 2. It can be concluded from table that
shielding due to absorption is the dominant mechanism when
EMWs interact with foam. The presence of MWCNTSs in the
foam provides an additional interface to the foam, thus leading
to accumulation of the charges at the interfaces and enhancing
interfacial polarization, which in turn contributes to the
absorption shielding efficiency of the foam.””~”" Therefore,
due to accumulation of the charges, a charge imbalance will
exist between the walls of MWCNTSs and PVDF that will lead
to significant interfacial loss polarization. In addition, various
functional groups of carbon heteroatoms (C—N and C—O) on
the MWCNTSs can be considered to be dipole active sites.
Their symmetry centers differ in some way from the original
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balance points and as a result they contribute to the intense
dipole polarization, which further improves the microwave
absorption performance.”>”

Along with this, MWCNT foams a stronger interconnected
conducting network in the PVDF matrix.I t is imperative to
acknowledge that the unique hierarchical tubular configuration
plays a pivotal role in enhancing the capacity to attenuate
microwaves. The formation of a CNT—CNT in the PVDF
matrix reduces the energy barrier associated with electron
hopping and provides an extended pathway for the movement
of free carriers. The employment of this dual-level conduction
network has the potential to significantly enhance the
capability for conduction loss, leading to improved dispersion
state and thus significantly enhancing EMI shielding perform-
ance.74Figure 5(d=h) shows phenomenon occurring when
EMWs interact with foam. Table 3 shows a comparison of
some reported literature based on the EMI shielding efficiency
of porous structures.

Table 3. Some Reported Literature on EMI Shielding
Effectiveness of Porous Structures in X-Band Frequency

composite foam EMI SE (dB) refs
MWCNT-PS 19 5SS
cellulose-CNTs 21 56
PVDF-MWCNTs 56.7 57
graphene-CNT-PDMS 75 S8
robust-CNTs 37.6 59
CNT-GNPs-PMMA 36 60
CNT sponge 54.8 61
CNT-graphene cake 67.4 62
CNTs-MXene-cellulose 384 63
carbon-CNTs 572 64
PVDF-MWCNT 79.25 present study
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Figure 6. (a) Impedance matching for PVDF-MWCNT foam (8—12 GHz range). (b) Variation of shielding with absorption, reflection, and total

shielding of the PVDF-MWCNT foam.

The prime factors contributing to absorption shielding
efficiency of any microwave absorbing material are high loss
and impedance matching.”® In order to comprehend the
reason for the PVDF-MWCNT foam’s superior microwave
absorption properties, it is necessary to take into account an
additional crucial aspect: impedance matching, which facili-
tated the transmission of microwaves through the absorbers.”®
In order to total the absorption of electromagnetic waves from
surface of the foam, the foam’s characteristic impedance should
be either equal to or very similar to that of the open space. In
order to achieve optimal impedance matching, it is important
for the material to possess identical or comparable &’ and p’
values. Thus, the impedance matching degree (/\) is for any
material can be calculated using following equation:””

IAl = Isinh*(Kfd) — Ml (12)
VR (Sc +6[A
B 471'\/ Epsin——
K=———"—
ccosd,cosd, (13)
o U . (SC + 51
47€'u’ cosd cosd,[€p’ X smT’
M=

”2

(14)

Note that the lower the impedance matching degree, the
better the impedance matching. Figure 6(a) shows the
impedance matching for PVDF-MWCNT foam in the 8—12
GHz frequency range. It is observed that the impedance
matching degree is constant in the X-band frequency range,
and it was found to be 0.54, indicating that the foam is
absorption-dominant in the entire X-band frequency range.
Thus, the foam has higher microwave absorption performance
and impedance matching capabilities.

To further support the absorption-dominant nature of
PVDE-MWCNT foam, the SE,, SEg, and SEr,, values were
plotted against the 8—12 GHz range. Figure 6(b) shows the
variation of shielding due to the absorption, reflection, and
total shielding efficiency in the X-band frequency range. It is
clearly evident that the SE,, SE, and SEr, values are almost
maintained in the entire X-band frequency range, thus
confirming the utility of PVDF-MWCNT foam in the X-
band frequency range. Also, it is observed that SE, > SEj,
thus indicating the absorption-dominant nature of the X-band
frequency range. Hence, PVDF-MWCNT foam is clearly a
choice as a electromagnetic absorber in the X-band frequency
range.

5 2
(W' cos8, — €'cosd,) + tan[;" - %] (pcosd, + ecosd,)
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B CONCLUSION

PVDE-MWCNT foam has been developed as EM absorbers
through the solution casting method. The foam is found to
exhibit porous-layered structure. The FTIR studies suggests
that the pf-fraction of PVDF increases with the addition of
MWCNTSs, indicating an electrostatic interaction between
PVDF and MWCNTs. Studies of the microwave characteristics
as well as the electrical conductivity of the PVDF-MWCNT
foam were carried out using the Nicolson—Ross—Wire
algorithm through MATLAB in the X-band frequency range.
The optical studies show that the foam exhibits an optical band
gap of 5.22 eV. Excellent microwave absorbing characteristics
are demonstrated by the PVDF-MWCNT foam with thickness
of 0.5 cm with an optimal reflection loss of —26.5 dB and S,
value of —36.6 dB in 8—12 GHz frequency range. Furthermore,
the impedance matching degree is estimated in order to
support the enhanced microwave absorbing characteristics of
the foam. Therefore, we can conclude that PVDF-MWCNT
foam is a potential microwave absorber because it has
outstanding properties such as high EMI SE in the X-band
frequency range as well as a low thickness and lightweight
nature.
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