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This study presents a strategically designed multilayered polydimethylsiloxane (PDMS) nanocomposite
reinforced with functionalized multi-walled carbon nanotubes (MWCNTSs), designed for absorption
predominant electromagnetic interference (EMI) shielding. The layered configuration achieves a
shielding effectiveness (SE7) of ~25 dB across the X-band (8.2-12.4 GHz) and Ku-band (12.4-18 GHz) at
a minimal thickness of 0.7 mm, significantly outperforming conventional designs. Electromagnetic simu-
lations predict an improved SE; of ~35 dB (~99.99% attenuation) at 3.5 mm thickness, with absorption
accounting for ~80% of the SE7, indicating its efficiency. The interface-rich architecture enhances inter-
facial polarization, a key mechanism in achieving high shielding efficiency. A green shielding material
with 1 wt% MWCNT achieves ~15 dB SE+ (>90% shielding), with a reflection component (SEg) of less
than 3 dB and a green shielding index (gs) > 1, demonstrating excellent EMI shielding performance. The
self-assembled MWCNT networks improve interfacial density, leveraging impedance mismatches and
energy transfer mechanisms to maximize absorption. This design enables the facile solution processing

Received 10th February 2025, of high-performance EMI shielding materials at low filler concentrations, with tunable layer orientations

Accepted 6th May 2025 and thicknesses to meet electromagnetic application-specific requirements. The approach provides a
scalable and efficient pathway to address the increasing demand for advanced EMI shielding solutions.
Despite challenges related to scalability and anisotropy, this work represents a significant step toward

the development of environmentally conscious, high-performance EMI shielding materials.
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Introduction

The rapid growth of technology and the proliferation of electro-
nic devices have led to a new kind of pollution coined as
electromagnetic interference (EMI)." The advancement of 5G
and potential 6G wireless communication networks operating
in the GHz range, together with the widespread use of portable
devices, has led to a significant increase in EM pollution.>*
These interferences may be mainly caused by radio frequency
interference, electromagnetic coupling, and electromagnetic
conduction or induction from various sources.* Besides, the
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introduction and development of 5G technology have also led
to an increase in the presence of high-energy electromagnetic
(EM) signals in the atmosphere.> Mutual interference among
EM radiations emitted from devices can sabotage device per-
formance. EMI has dreadful effects on electronic devices and
electrical systems used in high-end applications like commu-
nication, military, medical, and remote sensing.* Since the
interference of EM radiation occurs at the high-frequency radio
frequency (RF) and microwave bands, it has adverse effects on
the human body as well.®

Different frequency ranges of EM radiation have diverse
applications. The L-band is used by low earth orbit satellites
and wireless communication; the S-band is used in multimedia
applications such as mobile phones and television; the C-band
is used for long-distance radio telecommunication and wi-fi
devices; the X-band is for weather monitoring, RADAR and air
traffic control; and the Ku-band is used for tiny aperture
systems, satellite communication, and so on. Due to the
adverse effects of EM radiation, extensive research is active in
discovering barrier materials that can offer EMI shielding.
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Materials that possess robust conductive and magnetic properties
are known to be effective EMI shielding materials.” In the past,
metals’ ™ such as copper, aluminium, and silver and their compo-
sites were explored as EMI shielding materials attributed to their
high electrical conductivity (o), reliable mechanical properties and
good permeability. During the last two decades, researchers have
been focusing on polymeric materials,'® which can overcome all
the shortcomings of metal-based shielding materials due to their
innate flexibility, lightweight, easy processability, chemical resis-
tance, corrosion protection, and ultimate scalability.

Intrinsically conducting polymers such as polyaniline
(PANI),"'? and poly(3,4-ethylene dioxythiophene)polystyrene
sulfonate (PEDOT: PSS)"* are employed as EMI shielding materials.
Polymeric materials, insulating by nature but mechanically more
reliable with flexible properties, such as polydimethylsiloxane
(PDMS),"* are made conductive and magnetically active using
conductive or magnetic fillers or both. A few of the popular
conductive materials that have been used with PDMS for EMI
shielding applications are carbon nanotubes,*® graphene,® car-
bon fibres,"”” and MXene.'® Carbon nanotube (CNT) reinforced
PDMS nanocomposites have been extensively researched in the
last two decades for their electromechanical properties to find
applications in strain sensors,"® microfluidic devices,*® wearable
electronics® and EMI shielding materials."®

Over the last two decades, CNT-reinforced PDMS nanocom-
posites have been widely researched for their EMI shielding
properties.”” The reported concentrations of CNTs in these
nanocomposites range from 3 wt% to 15 wt%.'>***” While
such high concentrations of CNTs are required for effective EMI
shielding (99.99% to 99.9999% shielding), it deteriorates the
mechanical properties.”® In addition, it is also challenging to
homogeneously disperse such high concentrations of CNTs in
PDMS. Agglomeration of the active shielding material (filler) in
a nanocomposite system has several demerits, including but
not limited to decreasing the chances of effective contact of the
filler with the matrix,?® increasing the air voids,*® formation of
micro defects along the conductive paths®' and deterioration of
mechanical performance.?” To overcome that, in this study, we
propose a multilayer structure of CNT-reinforced PDMS nano-
composite with alternating layers of PDMS and CNT. We
propose that sandwiching a layer of CNT between two layers
of PDMS would effectively shield the incoming EM radiation at
much lower CNT concentrations (1-3 wt%) since the network
density of CNT is higher in a 2D layered distribution than in a
3D bulk distribution for the same concentration of CNTs.**™*
This enables opportunities for layered CNT-reinforced PDMS
nanocomposites with low concentrations of CNT in the fields of
EMI shielding materials,">**"” lightweight electronic materials,"®®
optoelectronic materials,””*® and electromechanical applications.

Multilayered nanocomposite designs made from CNT-rein-
forced PDMS for EMI shielding applications are advantageous
due to the high absorption, predominant EMI shielding nature.
Previous studies report**?° the advantages of multilayered
composite designs over single-layered/stand-alone nanocompo-
sites in the shielding effectiveness (SE) offered to EM radiation.
Multilayered polymer nanocomposites with different designs and
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Fig. 1 Schematic of several forms of multilayered polymer nanocompo-
sites used for EMI shielding studies. (a)—(d) Represent existing forms of
extrinsic multilayered structures (filler dispersed in the bulk of the polymer
matrix) with nanocomposites of different thicknesses (a), different filler
concentrations (b) and (c) and different shapes (d), physically stacked over
each other. (e) and (f) Represent the proposed design in this study,
depicting an intrinsic multilayered structure with alternating layers of
polymer and filler.

architectures have been investigated for their EM shielding prop-
erties. Some commonly reported designs include the stacking
of nanocomposites with (a) the same composition and different
thicknesses (Fig. 1(a)), (b) the same thickness with different
CNT concentrations (Fig. 1(b) and (c)), and (c) different shapes
over each other (Fig. 1(d)). The main shortcomings in the
existing work are the higher CNT concentrations used in these
structures (3-15 wt%) and higher thicknesses of the single-
layer (1-2 mm) and multilayer structures (2-6 mm).">?*7274°
However, it is noteworthy that there are seldom reports dis-
cussing the EMI SE of intrinsically multilayered systems with
alternating layers of PDMS and CNT. This design enables the
utilization of the material properties of both PDMS and CNT in
a sequential architecture, while addressing fabrication chal-
lenges, such as ensuring uniform CNT dispersion within the
PDMS matrix.

In a previous study,* the multiscale mechanics of layer-by-
layer (LBL)-fabricated SWCNT-reinforced PDMS nanocompo-
sites with ultra-low CNT concentrations (0.05-1.00 wt%)
improved by (2-5)x compared to bulk composites with SWCNT
dispersed throughout the PDMS matrix. In this study, we take
inspiration from the reported design to produce multilayered
MWCNT-reinforced PDMS composites with 1-3 wt% concen-
trations (Fig. 1(e)). We have considered MWCNT over SWCNT
for EMI shielding studies due to the known advantages®>*"*>
such as the ability of MWCNT-reinforced nanocomposites to
achieve greater shielding performance due to their multi-
layered structure, which enhances the absorption and multiple
internal reflections of electromagnetic waves. MWCNTSs more
readily form interconnected conductive pathways within a
polymer matrix, lowering the percolation threshold and
improving conductivity. In addition, MWCNTs are generally
more affordable to produce and process than SWCNTs for
large-scale applications. The objective of this work is to inves-
tigate the EMI SE properties of the PDMS-MWCNT multilayers
and the design of PDMS-MWCNT layers for high absorption
predominant EMI SE in the X-band (8.2-12.4 GHz) and Ku-
band (12.4-18 GHz).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Materials and methods

Materials

PDMS (Sylgard 184) was purchased from Dow Corning, USA.
Carboxylic acid functionalized multiwalled carbon nanotubes
(COOH-MWCNT) (> 96% carbon basis, I.D. x O.D. x L2-6 nm X
8 nm x 10-35 um) were purchased from Ossila Limited, United
Kingdom and used as such.

Fabrication of test structures

MWCNT sandwiched PDMS structures were fabricated through a
facile wet chemical route using an LBL fabrication process.
MWCNT was first dispersed in methanol using an ultrasonic
dispersion technique (Kunshan ultrasonic instrument (KQ3200DA))
in required concentrations and was kept ready for the fabrication
process. PDMS layers and MWCNT layers were fabricated using a
spin coating technique (Laurell WS-650Mz-23NPPB spin coater)
inside a Class 1000 clean room. A schematic of the fabrication
process of the test structures is shown in Fig. 2. The test structures
are experimentally fabricated with one layer of MWCNT sand-
wiched between two layers of PDMS ((1 + 1) sandwich). They were
fabricated at two concentrations of MWCNT: 1 wt% and 3 wt%.
Each sample was individually fabricated thrice using the same
fabrication process under identical conditions.

View Article Online
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The pristine PDMS control sample exhibited minimal thickness
variation, maintaining a consistent thickness of approximately
200 um across its surface. In contrast, the composite samples
demonstrated variation in total thickness due to the non-uniform
nature of the MWCNT layer sandwiched between the PDMS
layers. During spin-coating, MWCNTs form a percolated network
that adheres to the PDMS substrate as discrete yet intercon-
nected islands with varying network densities, influenced by
solvent evaporation dynamics and CNT aggregation behaviour.
Consequently, the total thicknesses of the (1 + 1) LBL composites
containing 1 wt% and 3 wt% MWCNTs were measured as
(400 £ 10) pm and (700 + 15) pm, respectively. Thickness
measurements at over 15 different locations per sample were
recorded to capture spatial variation, and the corresponding
data are presented in the ESI{ in Section S1. A schematic of the
fabricated test structures is shown in Fig. 3.

Structural characterization of the test structures

Chemical interaction of COOH-MWCNT is performed using
Fourier transform infrared (FTIR) analysis (Thermo Scientific
Nicolet iS20). The surface morphology of COOH-MWCNT and
the cross-section of the bilayer neat PDMS are visualized using
field emission scanning electron microscopy (FESEM) (JEOL
JSM-7600F). The PDMS sample was freeze-dried at —100 + 2 °C

5 :
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of PDMS-MWCNT film

4. 1st layer of MWCNT
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MWCNT sandwiched in between two PDMS layers
(Each PDMS layer thickness= ~100 um)

Fig. 2 The fabrication process of the sandwich composite structures with MWCNT sandwiched between two layers of PDMS. The image is not to scale

and is only for representative purposes.
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(a) Neat PDMS
(~200 pm)

(b) PDMS-MWCNT (1 wt%)
(1+1) Sandwich LBL
(~ 400 ym)

(1+1) Sandwich LBL
(~ 700 pm)

Fig. 3 Schematic of the fabricated test structures: (a) neat PDMS, (b) 1 wt% MWCNT sandwiched between PDMS layers, and (c) 3 wt% MWCNT
sandwiched between PDMS layers. The image is not to scale and is only for representative purposes.

with 40 mT pressure for 24 hours in a freeze dryer (VirTis Bench
Top Pro with Omnitronics™). The freeze-dried sample is broken
and sputtered with gold to investigate the cross-section of the
layered structure.

Experimental measurement of EMI shielding effectiveness

The EMI shielding effectiveness (SE) of the fabricated nano-
composites was measured using a vector network analyzer
(VNA, model Agilent N5230A) by the industrial standard wave-
guide method.** Before conducting the measurements, a full
two-port calibration of the VNA was carried out for the X-band
(8.2-12.4 GHz) and Ku-band (12.4-18 GHz) using the thru-
reflect-line (TRL) method. The complex permittivity (e, = ¢’ — ie")
and permeability (u = u' — ") values were retrieved from the
measured S-parameters (Si1, S12, Sz» and S,;) using the Nicolson-
Ross-Weir (NRW) technique.**

Simulation of EMI shielding effectiveness in multilayered
designs of the test structure using computer simulation
technology (CST) microwave studio

Electromagnetic simulations for the test structures were carried
out using commercial Computer Simulation Technology (CST)
Microwave Studio (2013), a highly advanced computational tool
for electromagnetics.”’ In this work, EM simulation was carried
out using a frequency domain solver (F-solver) and a standard
tetrahedral mesh. Electric boundary conditions were imposed
along the X-direction, and magnetic boundary conditions were
applied along the Y-direction. The excitation port was positioned
at the maximum Z-coordinate (zn.x), enabling the electromag-
netic (EM) wave to propagate along the Z-axis.'**® In this study,
for each test structure, the S-parameter simulations, viz., EMI SE,
were simulated for the various designs whose parameters are
shown in Table 1. In addition, for a better visual understanding,
Fig. 4 is a schematic representation of the cross-sectional view of
the test structures discussed in Table 1. The designs listed in
Table 1 are proposed with a logic to keep the largest simulated
thickness not greater than 3.5 mm.

Results and discussion

Structural characterization of the test structures

Fig. 5(a) shows the FTIR analysis of COOH-functionalized
MWCNTs. The vibrations at 1161 cm ™' and 1096 cm™* corre-
spond to C-O stretches (tertiary and primary alcohol groups,
respectively) of the -COOH functional group. The absorption
peaks at 3437 cm ' indicate the presence of hydroxyl groups

4302 | Mater. Adv., 2025, 6, 4299-4312

Table 1 Designs simulated using CST to estimate EMI shielding
effectiveness
MWCNT
S.no.  Simulated test structure  Thickness (mm) concentration
1. (1 +1) Sandwich-1 wt% 0.4
2. (2 +2) Sandwich-1 wt% 0.8
3. (3 + 3) Sandwich-1 wt% 1.2 1 wt%
4. (4 + 4) Sandwich-1 wt% 1.6
5. (5 + 5) Sandwich-1 wt% 2.0
6. (1 + 1) Sandwich-3 wt% 0.7
7. (2 +2) Sandwich-3 wt% 1.4
8. (3 + 3) Sandwich-3 wt% 2.1 3 Wt%
9. (4 + 4) Sandwich-3 wt% 2.8
10. (5 + 5) Sandwich-3 wt% 3.5

(-OH) in the carboxylic group.?” The appearance of a peak at
1389 ecm ' corresponds to C-O stretching in ester groups,
resulting from functional groups on the surface of the
COOH-functionalized MWCNTs.*”*®

Fig. 5(b) and (c) are FESEM images of the COOH-MWCNT
bundles and a cross-sectional view of the bi-layered neat PDMS
sample. FESEM images of the MWCNT bundles (Fig. 5(b))
reveal the tubular and intertwined morphology of the nano-
tubes. The bi-layered neat PDMS without the MWCNT sand-
wich layer (Fig. 5(c)) is a control sample for the rest of the
nanocomposite samples in this study. The bilayered neat PDMS
structure confirms each layer thickness to be ~100 um and the
total thickness of the sample as ~200 pm. The thickness of the
test structures with the MWCNT sandwich layer would accord-
ingly vary based on the MWCNT layer thicknesses. The digital
photos of the samples used in this work are shown in Fig. 6.

Measured EMI shielding effectiveness

Total EMI shielding effectiveness (SEg) of the test structures
represented through the |S,,| values, viz., EMI SE = |S,,|, where
S,1 is in dB, measured from VNA is shown in Fig. 7(a-f) and (g-
1) for the X-band band and Ku-band, respectively.”> Each
composite test structure shown in Fig. 6 was individually tested
thrice to generate nine datasets for each sample type. The
statistical reliability of the data is discussed in the ESI{ in
Section S2. The absorption coefficient (4), reflection coefficient
(R) and transmission coefficient (T) are calculated from the S-

parameters using the following equations.***°
R = 10519 (1)
T = 10521/10) (2)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(g) (2+2) Sandwich
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(e) (5+5) Sandwich
1 wt%

(d) (4+4) Sandwich
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3 wi%
(i) (4+4) Sandwich 4
3 wt% %
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N

Fig. 4 Schematic of the cross-sectional view of the simulated test structures: (a)—(e) and (f)—(j) are the multilayered stacks in (1 + 1), (2 + 2), (3 + 3), (4 +
4), and (5 + 5) designs based on the experimentally fabricated test structures at 1 wt% and 3 wt% MWCNT concentration on PDMS, respectively. The

image is not to scale and is only for representative purposes.
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Fig. 5 (a) FTIR analysis of COOH-functionalized MWCNTSs used in the
fabrication of the nanocomposites, (b) FESEM image of the COOH-
MWCNT bundles at a magnification of 25Kx, and (c) cross-sectional
FESEM analysis of the layered neat PDMS.

© 2025 The Author(s). Published by the Royal Society of Chemistry

A=1-R-T 3)

Based on eqn (1)-(3), the shielding due to absorption (SE,)

and shielding due to reflection (SEy) are evaluated.***’
SEz = —10log(1 — R) (4)
T

Once an incident electromagnetic wave (EMW) enters the
material, it can either be reflected, absorbed, or undergo multi-
ple reflections within the shield. Hence, EMI shielding due to
multiple reflections (SE,,) also needs to be considered and
therefore, the total EMI SE (SE;) can be expressed as,

SE; = SEg + SE4 + SEy, (6)
(b) (c) (d)
1 wt%- (i) 1 wit%- (i) 1 wt% (iii)

(a)
Neat PDMS

V&

e
/] 3 wt%- (i)

Fig. 6 Photographic pictures of the test structures: (a) neat PDMS; (b)-(d)
MWCNT sandwiched PDMS (1 wt%) — 3 samples fabricated under identical
process conditions; (e)—(g) MWCNT sandwiched PDMS (3 wt%) — 3
samples fabricated under identical process conditions.
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(a)—-(f) and (g), and (h) show the shielding parameters in the X-band and Ku-band, respectively. Each plot corresponds to the total shielding

effectiveness (SE7) ((a) and (g)), shielding effectiveness due to reflection (SEg) ((b) and (h)), and shielding effectiveness due to absorption (SE,) ((c) and (i)).
The power coefficients governing the shielding effectiveness are also shown individually for (d) and (j) transmittance, (e) and (k) reflectance and (f) and (1)

absorption.

> 10 dB.>* The

However, the SE,, value can be ignored if SE;
measured A, R, T, SE;, SE, and SE; values of the various
fabricated test structures in the X-band and Ku-band are
respectively shown in Fig. 6(a-c) and (g-i). As shown in
Fig. 7(c) and (i), in most of the test structures, the SE, value
is predominant. Table 2 summarises the SE;, SE, and SE; and

4304 | Mater. Adv, 2025, 6, 4299-4312

the percentage of shielding contributed by the absorption
process. From Table 2, it can be inferred that, across all the
nanocomposite test structures, 75-93% of the shielding is
dominated by absorption and only 10-25% of the shielding is
contributed by reflection. The variation of the obtained SE, SEx
and SE4 of the nanocomposites in the X-band (8.2-12.4 GHz)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Percentage of shielding due to absorption (SE4) in the test structures
Frequency (GHz) Sample name SE; (dB) SEx (dB) SE, (dB) SE,4 (%)
1 wt% MWCNT sandwiched PDMS 15.3 3.7 11.6 75.8
X-band (8.2-12.4 GHz) 3 wt% MWCNT sandwiched PDMS 23.3 43 19.0 81.6
1 wt% MWCNT sandwiched PDMS 12.4 0.9 11.5 92.7
Ku-band (12.4-18 GHz) 3 wt% MWCNT sandwiched PDMS 23.2 5 18.2 78.5
(@) X-band: Real Permittivity (€') (b) X- band
25 Imaginary Permittivity (€") (c) X- band - Cole- Cole Plot  (d) X- band - tand
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Fig. 8 Dielectric parameters of the test structures: (a) and (b) real and imaginary permittivity of the test structures in the X-band; (e) and (f) real and
imaginary permittivity of the test structures in the Ku-band; neat PDMS (black curve), 1 wt% MWCNT sandwiched PDMS (blue curve), and 3 wt% MWCNT
sandwiched PDMS (red curve); Cole—Cole plots of the test structures in the (c) X-band and (g) Ku-band; tan é in the (d) X-band and (h) Ku-band.

and Ku-band (12.4-18.0 GHz) frequency ranges is shown in
Fig. 7(a-c) and (g-i), respectively. For the 3 wt% MWCNT
reinforced nanocomposites, the SE; value is ~23.3 dB (SEg =
4.3 dB, SE4 = 19 dB) in the X-band and ~23.2 dB (SE; = 5 dB,
SE, = 18.2 dB) in the Ku-band, respectively. It is inferred that
the SE; of the nanocomposite reduces with an increase in
frequency and is more efficient at a lower frequency domain.
It can also be noted that the shielding due to absorption is
significantly higher (75%-90% of shielding) than the SE; in
both frequency regions. The high MWCNT network density on a
2D plane at 3 wt% concentration facilitates a high-efficiency
absorption process supported by multiple internal reflection
processes to enhance the overall shielding efficiency of the
incoming EM radiation.

The variation of the real and imaginary parts of the complex
permittivity (¢, = ¢’ — i¢”) of the nanocomposites in both the
X-band and Ku-band is shown in Fig. 8(a, b) and (e, f),
respectively. The corresponding Cole-Cole plots (¢’ vs. ¢”) and
dielectric loss tangents plots (¢’/¢’ vs. Frequency) are also
shown in Fig. 8(c, g) and (d, h), respectively. ¢’ corresponds to
the storage ability of the electric energy density that occurs
inside the material, and ¢’ corresponds to the dissipation of

© 2025 The Author(s). Published by the Royal Society of Chemistry

electrical energy.’*? It is observed that both ¢’ and ¢” decrease
with increasing frequency, attributed to the decrease of the
interfacial polarization and heterogeneity between the PDMS
matrix and carbon nanotube fillers.’>**® In the context of EMI
shielding by polymer nanocomposite materials, a Cole-Cole plot
provides insight into the dielectric relaxation behaviour of the
material, revealing valuable information on the charge storage
and dissipation characteristics within the nanocomposite.**
Fig. 8(c) and (g) are Cole-Cole plots of the nanocomposites
corresponding to the X-band and Ku-band, respectively. Different
relaxation arcs or semicircles in the plots correspond to interfacial
polarization (Maxwell-Wagner-Sillars polarization),> which is
common in heterogeneous systems, such as the test structures
considered in this study. The presence of multiple arcs indicates
complex multi-phase dielectric relaxation, often due to the poly-
mer matrix, fillers, and interfacial effects. Designing more inter-
faces in a test structure to increase interfacial polarization is an
efficient method to attenuate high-frequency EM waves. Interface
polarization typically occurs at a specific frequency.’® The prevail-
ing view is that interface polarization influences the conductivity
of the material system, which manifests as a peak in the high-
frequency range. Additionally, the frequency at which interface

Mater. Adv,, 2025, 6, 4299-4312 | 4305
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Fig. 9 CST simulations of the EMI shielding effectiveness from (1 + 1) sandwich LBL to (5 + 5) sandwich LBL designs in the X-band and Ku-band for (a)

and (d) neat PDMS, (b) and (e) MWCNT sandwiched PDMS (1 wt%) and (c)

polarization appears depends on the type of interface present.
Notably, a larger change of ¢” values (A¢” = ~7) signifies stronger
interface polarization behaviour.>® Furthermore, the relaxation
behaviour is used as evidence of the strength of the interface
polarization. In general, the relaxation process is represented by a
Cole-Cole semicircle, with each semicircle corresponding to a
Debye relaxation process.”® In the X-band, distinct Cole-Cole
semicircles appear for nanocomposites with both 1 wt% and 3
wt% MWCNT concentrations (Fig. 8(c)), indicating a Debye relaxa-
tion process driven by interface polarization. However, in the Ku-
band (Fig. 8(g)), the Cole-Cole semicircle is less noticeable due to
the weaker intensity of interface polarization. The conversion of
electromagnetic energy intrinsically relies on the dielectric loss
tangent (tan §) values.>” tan é plays a critical role in determining
the SE, in EMI shielding. This relationship can be explained
through standard physics expressions and the principles of wave
attenuation within a lossy dielectric material. tan é is given by”’

1
tand = —
&

; )
A higher tan ¢ indicates that the material dissipates more of the
electromagnetic energy into heat (¢”), which is beneficial for
absorption. The attenuation of electromagnetic waves due to
absorption is governed by the attenuation constant (responsible
for energy dissipation), o, given by

\/2 1/2
Cﬂff % |:(M//8// _ ‘ulsl) {(HNS// _ /1,8,)2 (M/SH H//81)2} :|
(8)

In non-magnetic test structures, the attenuation constant is fully
governed by the dielectric constants. A higher tan ¢ value indicates

1/2
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and (f) MWCNT sandwiched PDMS (3 wt%).

higher attenuation of EM waves through absorption. Peaks in the
tand plot suggest relaxation processes or resonant behaviours,
which can be associated with the interfacial polarization mechan-
isms active at specific frequencies.>® This is particularly useful for
identifying at what frequency ranges the test structure performs
best in terms of EMI absorption. Fig. 8(d) and (h) are the tan
plots of the test structures in the X-band and Ku-band, respec-
tively. In addition to these processes, energy transfer is also one of
the key events that occur during the shielding provided by a
heterogeneous polymer nanocomposite system with functional
groups attached to the individual component species - PDMS and
COOH-functionalized MWCNTSs. As is well-known, PDMS is a
synthetic elastomeric material predominantly comprising silox-
ane groups with a hydrophobic surface polarity. On the contrary,
COOH-functionalized MWCNTs possess a hydrophilic surface
polarity with active hydroxyl and carboxyl functional groups on
their surface as discussed in the FTIR plot in Fig. 5(a). Previous
studies® have shown that charge density differences in these
structures appear asymmetrical, suggesting the formation of
dipoles. When exposed to an alternating electromagnetic field,
these dipoles will detach, realign, and transform electromagnetic
energy into thermal energy through a relaxation process.®

EMI SE for multilayered structures simulated using CST

Based on experiments, it is understood that the 3 wt% MWCNT
sandwiched test structures have EMI shielding capability up to
~99.9% with a maximum SE; of 23.3 dB. The thickness of this
test structure was ~0.7 mm with one layer of MWCNT sand-
wiched between two layers of PDMS. As discussed, the EMI SE
in this structure is promoted significantly because of the
absorption process, multiple internal reflections of the EM

© 2025 The Author(s). Published by the Royal Society of Chemistry
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waves at the MWCNT and PDMS interfaces, interfacial polar-
ization between MWCNT and PDMS and the corresponding
energy transfer during relaxation in the layered structure. To
understand the effect of an increased thickness of the test
structure and an increase in the number of MWCNT layers on
the SE, a CST simulation is conducted for the designs discussed
in Table 1.

Fig. 9(a)—(f) show the CST simulation results for neat PDMS
(X-band), PDMS-MWCNT (1 wt%) (X-band), PDMS-MWCNT (3
wt%) (X-band), neat PDMS (Ku-band), PDMS-MWCNT (1 wt%)
(Ku-band), and PDMS-MWCNT (3 wt%) (Ku-band), respectively.
As discussed in Table 1, each of the test structures is simulated
for (1 +1), (2 +2), (3 +3),(4+4) and (5 + 5) designs with the
numbers corresponding to the numbers of PDMS and MWCNT
layers in each design, respectively. The (1 + 1) simulation is a
comparison to the experimentally measured values, and the
experimentally measured data is also included in the individual
graphs for comparison.

Assumptions made during CST simulations

The simulated samples were assumed to have a flat surface,
while the experimental test structures possessed surface rough-
ness due to the random arrangement of the MWCNT network on
a 2D plane. In addition, the variation can also be partly con-
nected with the automatic fitting of the input data (complex
permittivity data, in this case) by CST Microwave Studio. Having
this shortcoming, the simulated results still show significant
improvement in the total shielding effectiveness (SE;) values,
with the (5 + 5) design consistently topping the performance
across both samples in both frequency ranges. The (5 + 5) design
of PDMS-MWCNT (3 wt%) with a thickness of 3.5 mm displayed
a SErof —32.9 and —35.1 dB, respectively, in the X-band and Ku-
band. The CST simulation done in this study is only a crude
representation of the possibility of higher EM shielding when
more CNT layers are present in the test structure. It is a
conservative representation of the EMI shielding, while the
actual experimental validation of the simulated structures could
display only equivalent or higher shielding values.

This study represents a modest yet significant contribution
to the field by demonstrating a shielding efficiency of 25-35 dB,
achieved with MWCNT fillers at low concentrations (1-3 wt%)
and thicknesses between 0.7 mm and 3.5 mm. Table 3 is a
summary of the related PDMS-MWCNT-based nanocomposite
structures evaluated for EMI SE. Similar SE has been reported
by other groups with MWCNT at higher concentrations. A few
studies which report similar SE; values with lower CNT con-
centrations possess higher thicknesses. The multilayered
MWCNT-reinforced PDMS nanocomposite introduced in this
study represents a novel approach to the design of composites
for electromagnetic interference (EMI) shielding. Our design
features intrinsically layered structures unlike conventional
multilayered composites, which are constructed by stacking
bulk nanocomposites with varying filler types, contents, thick-
nesses, and shapes. In most prior works, fillers are dispersed
within the bulk of the polymer matrix and then stacked over
each other (extrinsic layers), typically achieved through layer-by-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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layer assembly processes. In contrast, our design inherently
alternates PDMS and CNT layers without a dispersion step,
creating a distinct 2D arrangement of the filler within each
layer. This unique fabrication method not only ensures the
presence of active filler material at a given concentration as
layers throughout the cross-section of the multilayered compo-
site but also significantly enhances the network density of the
filler in each layer, thereby optimizing the EMI shielding
performance. This approach, which emphasizes the intrinsic
layering of the polymer and filler, offers a new perspective on
composite design and is a key advancement in the field of EMI
shielding. As the polymer layer thickness is reduced and the
total number of layers of both the filler and polymer is
increased, the proximity of the filler layers increases, thereby
improving the network density of the filler on both the -XY
plane and -Z plane. A theoretical calculation, discussed in the
ESIt (Section S3), revealed that the number of CNTs per unit
volume in the first 1 um depth of the composite on a 2D
distribution is 25x more than a 3D distribution for the same
amount of CNTs. This significant improvement in the network
density is the key reason for the enhanced EMI shielding
performance of this design at low concentrations of MWCNT
at lower thickness values, as well.

Mechanism of shielding

The design discussed in this study involves alternating layers of
MWCNT and PDMS in the composite, unlike the conventional
designs wherein the filler is dispersed in the bulk of the
polymer matrix. Due to this, the proximity of interfaces and
the significance of interfacial polarization at each interface
increase. In this stacked design, there are three specific inter-
faces that actively and parallelly perform the shielding process.
As the CNT is distributed on a 2D plane, even when the network
density is high, there will be voids between the CNT network,
leading to a PDMS-PDMS interface (polymer—polymer inter-
face). While polymer-polymer interfaces do not directly parti-
cipate in the electromagnetic attenuation mechanisms, they are
vital for the structural and functional performance of polymer-
based EMI shielding composites. The second interface is the
interface between the CNTs. As the network density is signifi-
cantly enhanced on the 2D plane, the numbers of interfaces
between CNTs also increase more than the number in a 3D
distribution. This facilitates the multiple reflection and
enhanced absorption processes of the incoming EM wave.
The third interface is the CNT-PDMS interface (filler-polymer
interface). The discussed phenomena, such as the interfacial
polarization and energy transfer mainly occur at this interface.
In addition, due to the layered arrangement of the test struc-
tures, there is a significant impedance mismatch between CNT
and PDMS between the consecutive layers of the test structure.
The random 2D arrangement of CNTs and the varying CNT
layer thickness based on the network density promote the
impedance mismatch within the same layer as well as between
consecutive layers. Because of the multiple interfaces resulting
in many mismatched impedances across every interface, the
absorption of the incoming EM wave is significantly boosted.
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Table 3 Literature review table collating the shielding effectiveness offered by state-of-the-art MWCNT reinforced PDMS nanocomposites

Thickness SEr  Frequency SErx SE4
S. no. Polymer (mm) Filler concentration (dB) (GHz) Conductivity (opc) (dB) (dB)  Ref.
1. PDMS-MWCNT (spin-coated) 015 0.5 wt% 2.0 — — —
' 1.5 wt% 7.5 — —
13.5 72x107'Sem™ —  —
PDMS-MWCNT (compression 0.18 3 Wt% 7.0 Kuband 41x10'Sem ' — @ — 24
moulded)
PDMS-MWCNT multilayer (spin- B3+1.5+0.5+ 26.0 — —
coated) 090 0.5 + 1.5 + 3) wt%
2. PDMS-MWCNT (three-roll milled 0.1 vol% 10.0 — — —
+ compression moulded) 0.3 vol% 12.0 — — —
2.0 0.6 vol% 15.0 X-band 1.58Sm ! - = 23
1.7 vol% 38.0 — — —
2.8 vol% 44.0 — — —
3. PDMS-MWCNT-expandable poly- 2.0 1.78 wt% 17.8 X-band 7.93Sm™* . . 26
meric microspheres (EPMs) foam 6.78 wWt% 44.5 4423 Sm™’ 3.79  40.7
4. CNT-coated partially cured PDMS 0.8 vol% 10.5 7.78Sm™! 1 9.5
microspheres embedded in PDMS 1.3 vol% 17.0 X-band 13.9S m™* 1.8 152 15
matrix 1.0 1.8 vol% 21.5 242Sm™} 1.8 197
2.2 vol% 27.0 64.6 Sm™! 2.5 245
5. PDMS-MWCNT films (two roll 1 wt% 9.0 0.19 Sem ™! - =
milled + compression molded) 2 wt% 17.0 0.35Scm ™! — —
3.0 4 wt% 34.5 X-band 0.68 Scm™! 8.5 26 25
5 wt% 44.0 0.80 Scm™! - =
6 Wt% 49.0 0.85S cm™! 13.5 35.5
6. CNT sponge-PDMS (vacuum 2.0 1 wt% 46.3 X-band — 0.5 458 40
impregnation method)
7. CNT sponge-PDMS (vacuum 1 wt% 34.6 53Sm™" 1.46 33.10
impregnation method)
CNT-PDMS bulk composite 3 wt% 3.8 ¢ band 2.78x10°Sm™" 0.75 3 07
1.0 5 wt% 55 08 468 x107°Sm™! 05 5
10 wt% 12.0 547 x 107 'Sm™' 2 10
15 wt% 21.5 1.56 Sm™" 3 18.5
8. PDMS-MWCNT, sandwich struc- 0.4 1 Wt 15.3 X-band — 3.7 11.6
ture-(1 + 1) LBL (experimentally ? 12.4 Ku-band — 09 115
measured) 0.7 23.3 X-band — 4.3  19.0
3 wtd 23.2 Ku-band — 5 18.2
9. PDMS-MWCNT, sandwich 0.4 8.6 — — —
structure-multilayers: (1 + 1) to 0.8 12.6 — — —
(5 + 5) LBL (CST simulations) 1.2 15.3 X-band — — —
1.6 17.9 — — —
2.0 20.8 — — —
0.4 1wt 10.3 — — —
0.8 14.9 — — —
1.2 18.8 Ku-band — — .
1.6 23.1 _ _ This work
2.0 27.7 — — —
0.7 11.7 — — —
1.4 16.7 — — —
2.8 21.8 X-band — — —
3.5 27.4 — — —
4.2 329 — — —
0.7 3 Wt 11.3 — - =
1.4 16.7 — — —
2.8 22.8 Ku-band — — —
3.5 29.1 — — —
4.2 35.1 — — —

Based on this, a schematic depicting the EMI shielding process
involving the key events occurring at different interfaces is
shown in Fig. 10.

Green shielding

EM absorbing materials with good impedance matching could
remove the incident EM waves and at the same time cause no
secondary reflections, which are the most desirable EMI shield-
ing materials.®’ However, there has not been a mathematical

4308 | Mater. Adv., 2025, 6, 4299-4312

standard for the definition of absorption shielding materials
until Cao et al.®” proposed the green index (g,) as a criterion for
low-reflection (absorptive) EMI shielding materials. “Green”
refers to EMI shielding materials that are minimally harmful or
harmless to both the internal environment—protecting bodies
or workspaces from electromagnetic radiation—and the exter-
nal environment, meaning that they pose no threat to other
living beings or ecosystems.®® In 2022, Hwang et al.®* intro-
duced an essential criterion for absorption predominant EMI

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Mechanism of shielding depicting the key events contributing to EMI shielding occurring at the different interfaces.

shielding materials, stating that the electromagnetic wave
(EMW) loss from surface reflection (SEg) should be below
3.01 dB. However, most EMW-absorbing materials have been
developed without considering the g; index and SE standard, which
can significantly overestimate their absorption and reflection cap-
abilities. Achieving both high EM attenuation and eco-friendliness
in green EMI shielding materials remains a considerable challenge.
The g; value is calculated using the following equation:®®

1 T

| 9
&R R ©

A flexible, green (g > 1), absorption-based (SE < 3.01) material is
considered an ideal absorptive EMI shielding material. To obtain a
high SE and g simultaneously, green EMI shielding materials

© 2025 The Author(s). Published by the Royal Society of Chemistry

should have both favourable impedance matching and excellent
EM attenuation capability.*® The manipulation of the microstruc-
ture is an important way to achieve a balance between the two. In
this study, the design of the test structures has manipulated the
microstructure to increase the interface density, promoting absorp-
tion (SE4). In addition, the high CNT network density promotes
multiple internal reflections and scattering, leading to attenuation
and dissipation of EMW, reducing the overall secondary reflection
(SEg). Based on eqn (9), the g, of all the experimental and simulated
composite test structures considered in this study are calculated
and are depicted in Fig. 11(a)-(1). Generally, gs is discussed when
EMI SE is larger than the commercial standard of 20 dB.*”~*° When
gs > 1, the EMI shield absorbs most of the incident wave that
enters the material, becoming eco-friendly. Furthermore, when

Mater. Adv., 2025, 6, 4299-4312 | 4309
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Fig. 11 Green shielding index of the nanocomposites from experiments and
experimental and simulation results for Ku-band.

both criteria, ie. gs > 1 and SE closer or larger than 20 dB, the
material can be considered a highly efficient green EMI shield.®® 1t
is inferred that both in the X-band and Ku-band, the PDMS-
MWCNT (1 wt%) with SE; < 3.01 dB has turned out to be the
candidate with g5 > 1 topping the chart as the most suitable
green shielding material both in the experimental and simulated
designs with an SE; ranging between 15-20 dB in the X-band
and 15-28 dB in the Ku band in experimentally measured
and simulated designs. MWCNT-reinforced PDMS layered nano-
composites with 1 wt% filler content possess the optimal internal
structure and conductivity that balance both polarization and
impedance mismatch-driven absorption, adequate scattering
across consecutive layers to dissipate the EM waves, and
conduction-driven minimal reflection losses, enabling simulta-
neous efficient EM absorption and shielding.

Conclusions

This study presents a multilayered MWCNT-reinforced PDMS
composite with an innovative layer arrangement, achieving 25 x
higher CNT network density than the 3D dispersion. With

4310 | Mater. Adv, 2025, 6, 4299-4312

13 14 15 16 17 18 13 14 15 16 17 18

Frequency (GHz) Frequency (GHz)

simulations. (a)—(f): Experimental and simulation results for X-band and (g)—(1):

3 wt% MWCNT, the composite achieves ~25 dB EMI shielding
(99.9%) in the X- and Ku-bands at 0.7 mm thickness, outperform-
ing prior designs. Simulations suggest ~ 35 dB shielding (99.99%)
at ~ 3.5 mm thickness. The shielding is ~80% absorption-driven,
highlighting its potential for efficient EMI shielding.

Using Cole-Cole and dielectric loss tangent analysis, this
study reveals CNT-reinforced PDMS multilayered nanocompo-
sites for EMI shielding effectiveness, mechanisms, and power
coefficients. Interfacial polarization and shielding mechanisms
are discussed, emphasizing interface roles in this novel design.
The PDMS-MWCNT (1 wt%) composite emerges as the ideal
green shielding material, achieving SE; < 3.01 dB, g5 > 1, and
~15 dB SEr (>90% shielding) in both the X- and Ku-bands.

This structure achieves high SE; values with absorption-
driven shielding at low MWCNT concentrations (1-3 wt%) and
thicknesses (0.4-3.5 mm). The facile fabrication process allows
quick optimization of PDMS and CNT layer thicknesses and
orientations. The self-assembled MWCNT network enhances
interface density, boosting absorption via impedance differences
within and between consecutive layers, interfacial polarization
and energy transfer. However, limitations in this design include
non-isotropic properties in the -XY and -Z planes and scalability

© 2025 The Author(s). Published by the Royal Society of Chemistry
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challenges in maintaining uniform MWCNT arrangements,
requiring larger sampling plans to assess shielding variability
comprehensively.

Future work will focus on stacking test structures with
varying MWCNT concentrations to achieve optimal SE; with
minimal thickness and filler content. This approach uniquely
combines intrinsic (PDMS-CNT alternation) and extrinsic
(stacked composites) layers to enhance shielding mechanisms.
Simulations on geometry and charge distribution, along with
integrating electrically and magnetically active fillers, offer a
transformative potential to significantly boost shielding perfor-
mance, making this composite design a robust solution for
advanced EMI shielding applications.
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