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ABSTRACT: The introduction of next-generation electronic / EMIshielding \
devices, multimedia communication, and the miniaturization of R

the electronics industry has emphasized the need for the
development of lightweight electromagnetic interference (EMI)
shielding materials. Herein, we fabricated thermoplastic polyur-
ethane (TPU)-based nanocomposites incorporated with conducting
filler graphite (G) and magnetic filler nickel ferrite (NF)
nanoparticles using the melt-mixing approach with varying amounts
of conducting and magnetic filler. The developed G4ONF5@TPU
nanocomposite, comprising 40 wt % graphite and 5 wt % NiFe,O, Y _—
nanoparticles, exhibited superior EMI shielding performance with a F’aph'te NIFeZOA PU|
total EMI shielding effectiveness of 41.6 dB, capable of blocking /EE‘ES?[“F’OS'S
99.99% of incident radiation in the 8.2—12.4 GHz frequency range

at a thickness of only 1.95 mm. To elucidate the mechanisms contributing to the high shielding performance, various factors were
analyzed, highlighting the roles of high dielectric, magnetic, and conduction losses in achieving superior attenuation. Beyond EMI
shielding, the G4ONFS@TPU nanocomposite exhibited a remarkable, stable, and durable electrothermal conversion response, with a
surface temperature reaching up to ~154 °C at a low driving voltage of 7 V. The developed G40NFS@TPU nanocomposites also
exhibited a stable photothermal response, achieving surface temperatures of up to ~37 °C under mild solar-simulated irradiation.
The synergistic combination of superior EMI shielding performance, efficient electrothermal and photothermal conversion
capabilities, and hydrophobicity highlights the remarkable versatility of the G4ONFS@TPU nanocomposite. Owing to these
combined features, G4ONFS@TPU emerges as a highly promising candidate for next-generation electronic and communication
devices, personal thermal management devices, defense and aerospace components, and other advanced technologies that require
both robust EMI protection and efficient thermal regulation in harsh or variable environments.
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1. INTRODUCTION development of multifunctional materials that combine
Over time, the need for intelligent electronic equipment, efficient EMI shielding with on-demand thermal management
ranging from communlcatlon devices to wireless networks, has is essential to ensuring the stable operation of electronic
significantly boosted." With the rapid advancement in next- devices in challenging environments. EMI shielding materials
generation high-speed information technology, the integration with Joule heating and photothermal conversion can ensure
of electronic devices and the introduction of artificial the reliability of these devices under such conditions. Materials

intelligence have intensified electromagnetic interference
(EMI) as a potential threat.' EMI not only disrupts device
functlonahty but also poses risks to biological processes in
humans.” There is a growing demand for high-performance
EMI shielding materials to mitigate the adverse effects of
electromagnetic (EM) waves on electronic and communication
devices. Moreover, electronic devices operating in harsh or
extremely cold environments often suffer from performance
degradation or even complete failure. Consequently, the

capable of photothermal conversion offer heating under solar
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Figure 1. (a) Ilustration of the G4ONFS@TPU nanocomposite system and its applications, (b) TEM, (c) HRTEM image of NiFe,O,
nanoparticles, (d) particle size distribution, (e) FE-SEM of NiFe,O, nanoparticles, (f) FE-SEM of G40NFS@TPU, (g) FE-SEM of G3SNF10@
TPU, (h) FE-SEM of G30NF1S@TPU nanocomposites, (i—n) FE-SEM and Elemental mapping of the G4ONFS@TPU nanocomposite.

irradiation, thus addressing both energy efficiency and
environmental pollution concerns.

Recently, polymers filled with various fillers have emerged as
promising materials for multifunctional applications.” Ther-
moplastic polyurethane (TPU) is known for its excellent
mechanical properties and flexibility, rubber-like -elasticity,
making it ideal for producing flexible polymer composites.’
However, its poor EMI shielding properties limit its broader
application in this area. The material characteristics of the TPU
matrix make it very suitable for integration into composite
formulations. TPU, when combined with electrically con-
ductive and magnetic fillers, offers synergistic dielectric and
magnetic losses, resulting in balanced impedance matching that
enhances the absorption of EM waves rather than relying on
reflection-based shielding. The electrically conductive nano-
fillers provide superior electrical conductivity for EMI shielding
and improved EMI shielding owing to their nanostructure and
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composition. Fillers with a high aspect ratio or surface area are
especially useful for establishing a conductive pathway within
the polymer. In addition, filler selection and loading weight
percentage are essential in determining the EMI shielding
characteristics of the polymer nanocomposites. Indeed, a high
filler loading concentration can significantly enhance the
characteristics of the polymer nanocomposites. However,
loading large amounts of fillers presents challenges such as
uniform dispersion, discontinuous linked chains, agglomer-
ation, poor mechanical characteristics, etc.” Previously, a
research group, Ma et al.” designed silver-coated and foamed
temperature-sensitive microsphere FTSM/Fe;O,/waterborne
polyurethane (WPU) composite aerogels and demonstrated an
EMI SE of 46.5 dB. Further, Liu et al.” prepared graphene@
NiFe,O, films on a polyimide substrate and reported EMI
shielding performance, with a total EMI SE reaching up to S1
dB. Previously, in our research group Anju et al'’ also
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developed cobalt ferrite-graphite-TPU nanocomposites and
demonstrated an efficient EMI SE of 41.5 dB at a thickness of
S mm. However, a change in the magnetic filler type and
synthesis pathway can strongly influence particle morphology,
dispersion, and magnetic interactions within the TPU matrix
and further can provide efficient EMI shielding characteristics
of polymer nanocomposites at lower thickness. The anisotropy
energy is higher for nanocomposites having spinel ferrite of
moderate saturation magnetization.'' Higher anisotropy
energy can improve EM wave absorption at higher
frequencies.12 Due to moderate saturation magnetization,
high Curie temperature, large permeability, and high magnetic
losses over other ferrites, NiFe,O, nanoparticles were chosen
as a magnetic filler in the TPU matrix. NiFe,O, nanoparticles
were synthesized using a simple one-pot sol—gel autocombus-
tion method. Graphite is preferred as a conductive filler
because of its low cost and electrically conductive nature. The
novelty of this research work lies in the design and fabrication
of TPU-based polymer nanocomposites using a melt-mixing
approach, incorporating NiFe,O, nanoparticles and graphite as
fillers. Furthermore, the developed G40ONFS@TPU polymer
nanocomposite exhibited superior EMI shielding character-
istics at a lower thickness of only 1.95 mm and at a lower total
filler content (45 wt %), demonstrating improved shielding
efficiency at lighter weight and smaller dimensions. Notably,
the optimization behavior of NiFe,O,-based systems contrasts
with CoFe,O,-based systems, with maximum performance
observed at 5 wt % NiFe,O, nanoparticles and 40 wt %
graphite. In addition to quantitative EMI shielding measure-
ments, the shielding performance of the G40NFS@TPU
nanocomposite was visually demonstrated and verified by
using a Tesla coil, providing clear experimental evidence of its
effectiveness. Beyond EMI shielding, the developed G4ONFS@
TPU nanocomposite demonstrated multifunctional applica-
tions (Figure 1a), including an outstanding and stable Joule
heating response with a surface temperature reaching up to
~154 °C at a low driven voltage, and a stable, efficient, and
repeatable photothermal response, with a surface temperature
of ~37 °C under mild simulated solar irradiation. In addition,
the improved hydrophobic property of the developed
G40NF5@TPU nanocomposite makes it suitable for use in
moisture-rich environments.

To the best of our knowledge, this is the first comprehensive
study on NiFe,0,-graphite@TPU nanocomposites that
combines superior EMI shielding at reduced thickness with
multifunctional properties such as photothermal conversion,
Joule heating, and moisture resistance.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Iron(III) nitrate nonahydrate (Fe (NO;);-9H,0)
and nickel(II) nitrate hexahydrate (Ni (NO;),-6H,0) were obtained
from Alfa Aesar GmbH & Co KG, Germany. Soluble starch
((C¢H,9Os),) derived from potatoes was sourced from Lach-Ner,
Czech Republic, while graphite was purchased from Sigma-Aldrich,
Germany. A TPU Elastollan 1195A was used as a polymer matrix.

2.2. Synthesis of NiFe,0, Nanoparticles. NiFe,O, nano-
particles were synthesized using a starch-mediated sol—gel autocom-
bustion method, as demonstrated in Scheme S1 in the Supporting
Information file. In the first step, measured quantities of nickel nitrate
and iron nitrate were dissolved in deionized water with continuous
stirring to produce a homogeneous solution. A separate solution of
starch in deionized water was then prepared and slowly added to the
metal salt mixture with stirring maintained. This combined mixture
was heated at 100 °C, resulting in the formation of a gel as the water
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evaporated. Once the gel had formed, it was further heated to 300 °C,
during which a spontaneous combustion reaction occurred. After
being cooled, the resulting product was finely ground using a mortar
and pestle, finally NiFe,O, nanoparticles in powdered form were
obtained.

2.3. Development of GNF@TPU Nanocomposites. The
schematic representation of the NiFe,O, nanoparticles-graphite-
TPU nanocomposite, prepared using a melt-mixing approach, is
illustrated in Scheme S1 in the Supporting Information file. Pure TPU
granules were predried overnight at a temperature of 95 °C before
melt-processing. TPU polymer nanocomposites embedded with
NiFe,O, nanoparticles and graphite were fabricated utilizing a melt-
mixing process at 190 °C. The developed TPU nanocomposites were
compressed and molded into a sheet with a uniform thickness of 1.95
mm, maintaining a total filler content of 45 wt %. Three sets of
rectangular-shaped TPU-based nanocomposites, each with a thickness
of 1.95 mm, were fabricated with varying weight percentages of
NiFe,O, nanoparticles and graphite, as detailed in Table S1 in the
Supporting Information file.

3. CHARACTERIZATION

The morphology of NiFe,O, nanoparticles was assessed by
Transmission Electron Microscopy (TEM) and High-Reso-
lution TEM (HR-TEM) with a JEM-2100Plus instrument
(Jeol, Tokyo, Japan). To further investigate the fractured
surface of the developed polymer nanocomposites, Field-
Emission Scanning Electron Microscopy (FE-SEM) was
employed, utilizing an FEI NanoSEM 450 (FEI Company,
The Netherlands). Energy-dispersive X-ray spectroscopy
(EDX) analysis was done to evaluate the composition of the
developed polymer nanocomposite. The crystal structures of
both the fillers (graphite and NiFe,O, nanoparticles) and the
GNF@TPU polymer nanocomposites were analyzed using X-
ray diffraction (XRD) patterns acquired with a Rigaku
MiniFlex 600 X-ray diffractometer (Rigaku Corporation,
Tokyo, Japan). Furthermore, the magnetic properties of the
synthesized NiFe,O, nanoparticles and the GNF@TPU
polymer nanocomposites were examined using a Model
7404, Lake Shore, Westerville, OH vibrating sample magneto-
meter (VSM). Thermogravimetric Analysis (TGA) and
Differential Thermogravimetric Analysis (DTG) were con-
ducted using a Setaram LabSys Evo equipped with a TG/DSC
sensor in a nitrogen environment, covering a temperature
range from 25 to 1000 °C at a heating rate of 10 °C min™".
The surface wettability of the pristine TPU and the G40NF5@
TPU nanocomposite was evaluated by measuring the water
contact angle (WCA) using the SEE System (Advex Instru-
ments, Czech Republic). The tensile behavior of neat TPU and
the G4ONFS@TPU nanocomposite was analyzed using a
universal testing machine (Model M350-SCT) manufactured
by Testometric Co., Ltd., Rochdale, UK. Rectangular-shaped
TPU-based nanocomposites were employed in a WR90
waveguide to assess the scattering parameters using a PNA-L
network analyzer (Agilent N5230A) within the frequency
range of 8.2 to 12.4 GHz. Three samples from each developed
nanocomposite sheet were cut and measured to obtain an
average EMI SE value for precision. Complex permittivity and
complex permeability were evaluated using the integrated
Nicolson—Ross—Weir technique from the PNA-L network
analyzer (Agilent N5230A) over the frequency range of 8.2 to
12.4 GHz. The reflectance spectra were measured using a
Lambda 1050 UV—vis—NIR spectrometer (PerkinElmer
systems) equipped with the integrating sphere accessory
(250—2500 nm). The photothermal response was measured
by irradiating the developed polymer nanocomposite using the
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Figure 2. (a) XRD of NiFe,0, nanoparticles, (b) magnified view of the XRD of developed GNF@TPU nanocomposites. (c) M-H curve of
NiFe, 0, nanoparticles. (d) M-H curve of developed GNF@TPU nanocomposites. (e) TGA and DTG curve of Pure TPU and the G4ONFS@TPU
nanocomposite. (f) Stress—strain curve of the G4ONFS@TPU nanocomposite.

Pico Solar Simulator KLMNO (parameters: illumination
Spectrum: 350—1450 nm, working Distance: 3 cm, illumina-
tion Spot: 9 cm*) AM1.5G spectral distribution with variable
irradiance intensity (10—150%, or 0.1—1.5 Sun) where 1 Sun
corresponds to (87.5 + 4.3) mW cm™>. A K-type
thermocouple was connected to the developed nanocomposite
sample to measure the sample’s temperature response over
time, and a data logger was used to collect the data. To avoid
direct heating of the thermocouple by the incident light, it was
connected to the sample from the bottom side. The Joule
heating performance was investigated by connecting the
developed polymer nanocomposite to an HMC 8043 power
source (Rohde & Schwarz GmbH & Co. KG) at a constant
voltage. A UT71C multimeter (UNI-TREND TECHNOL-
OGY (CHINA) CO., Ltd.) was used to measure the
temperature. A thermocouple for temperature measurement
was connected to the multimeter. Temperature was measured
simultaneously with time. The surface temperature of the
developed nanocomposite was measured using a FLIR ES-XT
Wi-Fi thermal camera with a 160 X 120-pixel resolution.

4. RESULTS AND DISCUSSION

4.1. Microstructure and Morphology Study. TEM
microscopy of NiFe,O, nanoparticles confirmed spherical
nanoparticles, as shown in Figure 1b. The HRTEM image in
Figure 1c displayed interplanar spacings of 0.46 and 0.29 nm,
which is attributed to the (111) and (220) crystal lattice
planes, respectively.'> Furthermore, the particle size distribu-
tion, shown in Figure 1d, shows that the particle sizes of the
NiFe, O, nanoparticles range from 4 to 24 nm, with an average
particle size of 10.5 nm. Figure le illustrates the FE-SEM
micrograph of NiFe,O, nanoparticles, revealing that their
morphology is predominantly spherical and of a regular shape.
In addition, the microstructures of all developed polymer
nanocomposites were also investigated and are illustrated in
Figure 1f—h. The presence of NiFe,O, nanoparticles was
observed in all of the developed polymer nanocomposites,
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along with graphite in the TPU matrix, indicating their
successful incorporation. Furthermore, the elemental mapping
analysis of the G4ONFS@TPU nanocomposite, depicted in
Figure li—n, confirms the presence and spatial distribution of
nickel (Ni), iron (Fe), oxygen (O), and carbon. NiFe,O,
nanoparticles and graphite fillers were evenly distributed,
resulting in a good dispersion in the nanocomposite structure,
which can enhance multiple interfacial interactions between
graphite, NiFe,O, nanoparticles, and the TPU matrix."
Enhanced interfacial polarization can help improve EM wave
absorption in the developed G4ONFS@TPU nanocomposite.
An energy-dispersive X-ray study of the developed G4ONF5@
TPU nanocomposite was conducted, as shown in Figure S1 of
the Supporting Information file. The EDAX spectrum
confirmed the existence of nickel (Ni), iron (Fe), oxygen
(0), and carbon (C) in the G4ONFS@TPU nanocomposite.

4.2. Structural Analysis. To investigate the crystal
structure, an XRD study of NiFe,O, nanoparticles was carried
out, as demonstrated in Figure 2a. The synthesized NiFe,O,
nanoparticles presented distinct peaks at 18.5°, 30.2°, 35.6°,
36.9°, 43.2° S53.7°, 57.3°, and 62.9°. These peaks are
associated with the (111), (220), (311), (222), (400),
(422), (511), and (440) Bragg reflection planes, confirming
the successful formation of NiFe,O, nanoparticles.'* The
crystallite size was determined using the well- known Scherrer’s
equation as given below:

kA
Pcos 0

where D refers to crystallite size, k is the shape factor, 4
denotes the X-ray wavelength, @ refers to the Bragg angle in
degrees, and f is the full width at half maxima measured in
radians. The crystallite size of the NiFe,O, nanoparticles was
determined to be 9.47 nm, as calculated from the most intense
peak corresponding to the (311) diffraction plane.
Furthermore, Figure 2b demonstrates magnified XRD
patterns for the developed GNF@TPU nanocomposites. The
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XRD peaks corresponding to the graphite fillers can be
observed at 27.8° and 55.7°, corresponding to the (002) and
(004) diffraction planes, respectively.'> Furthermore, the
existence of NiFe,O, nanoparticles was confirmed in the
magnified view of the XRD patterns for the generated GNF@
TPU nanocomposites, indicating that both fillers were
successfully incorporated into the polymer matrix. Addition-
ally, a broad diffraction peak extending from 20° to 25.2°
confirmed the existence of TPU along with both fillers.'®"”

4.3. Magnetic Characteristics. The M-H curve of the
NiFe,0, nanoparticles depicted in Figure 2c confirmed the
ferromagnetic behavior of the NiFe,O, nanoparticles with a
saturation magnetization M, value of 26 emu/g. The remanent
magnetization (M,) was measured to be 5.1 emu/g, while the
coercivity (H,.) was found to be 135.6 Oe. Furthermore, Figure
2d illustrates the M-H curves of the prepared GNF@TPU
polymer nanocomposites. As anticipated, the saturation
magnetization value of the developed polymer nanocomposites
was noticed to have significantly dropped compared with the
saturation magnetization value of NiFe,O, nanoparticles. This
reduction can be attributed to the incorporation of NiFe,O,
nanoparticles into the nonmagnetic polymer matrix along with
a secondary nonmagnetic filler. However, with an increasing wt
% of NiFe,O, nanoparticles, a monotonic enhancement in the
magnetization was also noticed. The evaluation of saturation
magnetization, coercivity, and remanent magnetization has
been conducted for the developed GNF@TPU nanocompo-
sites and is summarized in Table S2 of the Supporting
Information file.

4.4. Thermal Stability. A thermal stability study was
conducted under a N, atmosphere to investigate the stability of
the developed polymer nanocomposites. The TGA and DTG
curves of pure TPU and the developed G40NFS@TPU
polymer nanocomposite are demonstrated in Figure 2e. As can
be seen, the first-stage degradation is initiated at approximately
285 °C for pure TPU. Segmented polyurethanes generally
degrade at different temperatures for hard and soft segments."*
Hard domains degrade at lower temperatures, while soft
segments of TPU degrade at slightly higher temperatures.
Initially, the urethane bond of the hard segments in TPU is
degraded, followed by the thermal degradation of the soft
segments at around 376 °C. Above 500 °C, no further mass
loss is observed, demonstrating the destruction of the polymer,
leaving only 0.78% of char. After the inclusion of fillers in the
developed G40NFS@TPU nanocomposite, the onset temper-
ature was recorded at 260 °C. The lower degradation onset
temperature can be associated with the thermal and
mechanical stress applied to the polymer matrix during the
melt-mixing process. On the other hand, the two main
degradation steps correspond to the degradation of the TPU
matrix, being completed below 500 °C. Interestingly, for the
developed G4ONFS@TPU nanocomposite, the last degrada-
tion step was observed at 592 °C, followed by a flat, minimal
slope, mass decrease up to the maximum temperature. This can
be attributed to the final step of thermal degradation observed
for neat graphite, while nickel ferrite shows stability over the
entire temperature range up to 1000 °C as demonstrated in
Figure S2 in the Supporting Information. DTG curves are
presented in Figure 2e for the neat TPU polymer and
G40NFS@TPU nanocomposite, while the DTG curves for
graphite and nickel ferrite are presented in the Supporting
Information (Figure S2). The DTG curves indicate that the
maximum decomposition rates for the neat TPU matrix occur
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at approximately 345 and 406 °C. For the nanocomposite, the
shoulder of the first peak at the low temperature coincides with
the lowered degradation onset temperature. The first
maximum of the nanocomposite’s decomposition rate was
observed at approximately 333 °C, which can be associated
with the first decomposition step of the polymer matrix. The
second decomposition step exhibits two poorly separated
maxima at 393 and 412 °C. The corresponding mass loss is
such that no other component than the second degradation
step of the matrix can be associated with this step. The
processing history and nanocomposite morphology may result
in the separation of two processes that run indistinguishably in
the neat polymer. The derivation of the TGA signal clearly
revealed the last degradation step at 592 °C, which is
associated with the degradation of graphite. The amount of
char residue obtained after heating at 1000 °C was observed to
be 40.3%. This is slightly less than 42.6% expected, according
to the mass losses of the individual components. If this
difference cannot be entirely attributed to experimental error,
another source of the increased mass loss can be the reduction
of nickel ferrite by carbon from the composite.'” If all oxygen is
removed, taking a corresponding amount of carbon in the form
of CO away from the sample, the final mass loss of the sample
would be 40.2%.

4.5. Mechanical Characteristics. Four samples of Pure
TPU and G40NES@TPU nanocomposites were prepared and
tested for their mechanical properties. Figure 2f illustrates the
stress—strain plot of the G4ONFS@TPU nanocomposite. For
comparison, the stress—strain curve for Pure TPU is illustrated
in Figure S3a in the Supporting Information file. The inset in
Figure S3a in the Supporting Information file demonstrates the
digital pictures of the test samples of Pure TPU and the
G40NF5@TPU nanocomposite for mechanical testing. Vari-
ous parameters such as Young’s modulus, elongation at break,
and tensile strength for Pure TPU and G40NFS@TPU
nanocomposite were calculated from the Stress—Strain curve
and are plotted in Figure S3b—d in the Supporting Information
file. The values of Young’s modulus were 52.72 + 3.43 and
127.62 + 39.5 MPa for Pure TPU and G40NFS@TPU
nanocomposite, respectively. A relatively high Young’s
modulus for the G4ONFS@TPU nanocomposite indicated
enhanced stiffness as compared to Pure TPU. Further, the
evaluated value of tensile strength was 234.08 + 13.04 and
36.16 + 8.12 MPa for Pure TPU and G40NFS@TPU
nanocomposite, respectively. The tensile strength of the
G40NFS@TPU nanocomposite was significantly reduced
compared to that of pure TPU. The contact of polymer
chains was significant in pure TPU, but it was noticed to
decrease with the addition of fillers. The high amount of filler
loading can minimize interfiller distance and consequently
lower the distance between polymer chains and nanoparticle
fillers. Stronger filler—filler interactions outperform polymer—
filler interactions, resulting in less load transfer between TPU
and filler.”® As a result, the tensile strength of the G4ONF5@
TPU nanocomposite is reduced. Furthermore, the values of
elongation at break (%) were 916.18 + 42.6% and 42.81 +
6.671% for Pure TPU and G40NFS@TPU nanocomposite,
respectively.

4.6. Surface-Wettability Properties. The application of
EMI shielding materials in harsh environmental conditions
highlights the importance of hydrophobicity in ensuring long-
term durability and performance. The water contact angle
(WCA) measurement serves as a key indicator of surface
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Figure 3. Water-contact angle measurements of (a) pure TPU and (b) the G4ONFS@TPU nanocomposite.
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Figure 4. Frequency response of (a) SEr, (b) SE,, (c) SEg, (d) comparison of EMI shielding parameters for GNF@TPU nanocomposites and (e)
EMI shielding effectiveness of G4ONEFS@TPU nanocomposites obtained from the theoretical model and experimental measurements.

wettability, quantifying the interaction between a liquid droplet
and the nanocomposite surface. A low WCA implies that the
water droplet spreads easily over the surface, indicating
hydrophilicity, while a high WCA suggests limited wettability
and, thus, hydrophobic behavior. The Surface wettability is
influenced by various factors, including chemical composition,
filler—matrix interactions, synthesis methodology, and mor-
phological features.”" In this study, the WCA of pure TPU and
the G4ONFS@TPU nanocomposite was measured, as illus-
trated in Figure 3a—b. The WCA of pure TPU and the
G40NFS5@TPU nanocomposite was 90.6° and 93.7°,
respectively. A contact angle greater than 90° typically signifies
a hydrophobic surface. Although pure TPU exhibits marginal
hydrophobicity, the increased WCA observed in the
G40NFS@TPU nanocomposite reflects relatively an enhance-
ment in surface hydrophobicity. The enhancement in water
contact angle (WCA) can be attributed to increased surface
roughness and the reduced surface energy of the developed
nanocomposite, resulting from the incorporation of graphite
and NiFe,O, nanoparticles as fillers in pristine TPU.”* This
improved water-repellent behavior is advantageous for EMI
shielding materials intended for use in harsh or moisture-rich
environments.
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4.7. EMI Shielding Application. A systematic study was
performed to evaluate the EMI shielding behavior by
measuring the EMI SE of the developed polymer nano-
composites in the X-band frequency region (8.2—12.4 GHz).
Incident EM waves undergo three basic mechanisms on the
surface of the EMI shielding material: reflection, absorption,
and transmission. The total EMI shielding effectiveness, (SEr)
is generally described as a logarithmic term that quantifies the
ratio of incident power (P;) to transmitted power (Pr), and it
can be mathematically represented as follows:

P,
SE; (dB) = IOIOg(—I)
Py

The value of the SE; is by adding the contributions from
shielding due to absorption (SE,), shielding due to reflection
(SEp) and shielding due to multiple reflections (SE,) as
demonstrated below:**

SE; (dB) = SE, + SEg + SEy

The contribution from shielding due to multiple reflections,
SE); is considered negligible if the value of SE, exceeds 10 dB.
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Table 1. A Comparison of EMI Shielding Materials Reported in the Literature with This Work

S.No.

1. Polypyrrole-cobalt ferrite-graphene
2. Graphite in polypropylene (PGP) composites

3. TPU/piperazine-modified ammonium polyphosphate (PA-APP)/Ti;C,T,-salicylaldehyde-modified chitosan

nanocomposites

Graphene and NiFe,0,-PVDF hybrid polymer nanocomposites

A

6. TPU/silicon wrapped ammonium polyphosphate polyphosphazene functionalized titanium carbide/carbon fiber

fabric
7. Hierarchical TPU/APP@LDH@Si/CP-PBM composites

8. TPU-triazine-rich polyphosphazene functionalized MXene@copper phytate

Developed polymer nanocomposite

Multi hierarchial TPU/cyclophosphazene functionalized Ti;C,T,/Carbon fiber (CF) nanocomposite

9. Chitosan-coated ammonium polyphosphate-MWCNTSs-TPU composite

10.  Graphite-NiFe,O, nanoparticles-TPU

EMI SE  Thickness Reference
37 dB 2.0 mm 28
10.3 dB 29
21.3dB 1.0 mm 30
22 dB ~02 mm 31
30 dB 1.2 mm 32
27.4 dB 1.2 mm 33
43.6 dB 1.0 mm 18
29.7dB 0.5 mm 34
35.7 dB 1.00 mm 35
41.6dB 195 mm  This work

The calculations of SEy, SE,, and SEy rely on the scattering
parameters using the following expressions:*’

1 L 1 !
1008 15,2 | T 18| i,
12 21
1 1
10 o8, —|S 2
11

118,
IS,,I*

Where S}, S,5, Si», and S,; represent the forward reflection,
backward reflection, forward transmission, and backward
transmission scattering parameters, respectively.

Figure 4a—c demonstrates the variation of SEr, SEg, and SE,
as a response of frequency in the X-band region for G4ONFS@
TPU, G3SNF10@TPU, and G30NF1S@TPU polymer nano-
composites at a thickness of 1.95 mm. The maximum value of
SE7 as depicted in Figure 4a was noticed to be 41.6 + 1.14 dB,
33.8 + 0.36 dB, and 25.0 = 0.51 dB for G4ONFS@TPU,
G35NF10@TPU, and G30NF15@TPU polymer nanocompo-
sites, respectively. Interestingly, the value of SE} was observed
to be highest for the G4ONFS@TPU nanocomposite, having
40 wt % of graphite and 5 wt % of NiFe,O, nanoparticles in
the TPU matrix. Moreover, the value of SE; was noted to
decrease with a decrement in the wt % of graphite and an
increase in the wt % of NiFe,O, nanoparticles.”* Additionally,
the maximum value of SE, as demonstrated in Figure 4b was
measured to be 33.8 + 1.59 dB, 26.8 + 0.17 dB, and 20.10 +
0.69 dB for G40NES@TPU, G35NF10@TPU, and
G30ONF1S@TPU respectively. The value of SEg, as shown in
Figure 4c for varied frequencies, reached maximum values of
9.1 + 0.58 dB, 8.5 + 0.50 dB, and 6.1 + 1.08 dB for the
G4ONFS@TPU, G3SNF10@TPU, and G30NF15@TPU
polymer nanocomposites, respectively.

For a better understanding of the filler effects, the EMI SE of
the TPU nanocomposites with pure graphite (G40@TPU) and
NiFe,0, nanoparticles (NFS@TPU) was also evaluated.
Figure S4a—b in the Supporting Information file illustrates
the frequency-dependent response of SEr, SEg, and SE, for
both polymer nanocomposites in the X-band frequency range.
As can be seen, the maximum value of SE|, SEg, and SE, for
the G40@TPU nanocomposite was 18.68, 5.56, and 14.8 dB
respectively, indicating a moderate EMI shielding performance.
Further, the maximum value of SEp, SEp, and SE, for the
NF5@TPU nanocomposite was 0.63, 0.39, and 0.24 dB

SE; =
SE, =

SE, = 1010g10[
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respectively, indicating poor SE. These results highlight that
neither graphite nor NiFe,O, nanoparticles alone provide
substantial EMI shielding. The limited effectiveness of these
fillers individually can be attributed to their distinct roles:
graphite primarily contributes to the electrical conductivity and
reflection of EM waves. At the same time, NiFe,O,
nanoparticles offer magnetic shielding but lack sufficient
conductive properties to contribute effectively to EMI
shielding on their own. However, when combined, the two
fillers provide a synergistic effect: graphite enhances the
electrical conductivity, improving reflection, while NiFe,O,
nanoparticles strengthen magnetic attenuation, improving
overall shielding. This combination yields significantly higher
EMI SE, underscoring the importance of filler synergy in
enhancing material properties.

Additionally, Figure 4d presents a comparison of the
individual contributions of SE, SE,, and SE} for all of the
developed polymer nanocomposites. The analysis reveals that
the primary contribution comes from SE, rather than
reflection for each of the prepared polymer nanocomposites.
Since the value of SE; > 20 dB is essential for commercial
applications, all the polymer nanocomposites developed in this
study demonstrated higher SEr, positioning them as viable
candidates for industrial use. The shielding efliciency
percentage was assessed by using the following expression:

Shielding Efficiency (%) = 100 — ( ) X 100

105E/10

The value of shielding efficiency (%) was found to be
99.99%, 99.95%, and 99.71% for G4ONFS@TPU, G3SNF10@
TPU, and G30ONF15@TPU polymer nanocomposites, respec-
tively.

4.7.1. Theoretical Model. For analyzing the EMI shielding
mechanism, Simon’s formula was utilized to predict the
theoretical EMI shielding performance for the G4ONFS@TPU
nanocomposite using the following expressions:*
or fuor
L6feu

SE; (dB) = 10log + 8.68t

where o corresponds to the total electrical conductivity of the
material (in S/cm) and p, refers to the relative magnetic
permeability of the material, ¢ refers to the electrical
permittivity of the shielding material, and ¢ corresponds to
the thickness of the material (in m). Figure 4e illustrates the
theoretical and experimental comparison of EMI shielding
parameters such as SEg, SE,, and SE for the G4ONFS@TPU
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Figure S. Frequency response of (a) the real part of permittivity &, (b) the imaginary part of permittivity ¢”, and (c) o, conductivity; inset: Visual
demonstration of the electrical conductivity of the fabricated G40NFS@TPU nanocomposite, evidenced by LED illumination at a low driven
voltage of 3 V in a simple circuit, (d) Cole—Cole plot, (e) the real part of permeability y’, and (f) the imaginary part of permeability 4" of GNF@

TPU nanocomposites.

nanocomposite with the variation of frequency in the X-band.
As can be seen, the theoretically predicted values, as well as the
trend with variation in frequency, were found to be closer to
the experimentally obtained values of SEy, SE,, and SEr.
However, a sudden increase was noticed in the theoretical SE
value at a frequency of 10.5 GHz, making the maximum value
of SE higher than the experimental values obtained from the
scattering parameters. Simon’s formula assumes homogeneity
in the tested sample with an assumption of uniform dispersion
of the fillers. However, it is possible that the developed
nanocomposite might not have uniform dispersion of the filler
at some places in the matrix and, therefore, abrupt continuous
conducting channels. Moreover, Simon’s formalism does not
consider dielectric losses, multiple reflections, and impedance
mismatch that can influence the EMI SE performance of the
nanocomposites.25 Previously, Fang et al.*® also noticed a
slightly higher value of EMI SE for Ag Nanoparticle—Thiolated
Chitosan Composite, evaluated using Simon’s formula,
compared with EMI SE measured experimentally. Another
study by Yun et al.”’ also evaluated the value of SE; for 2D
Ti;C,T, MXene assembled film using Simon’s formula and a
significantly high value was noticed compared to the
experimental values.”” Notably, a higher value of SE,
compared to SE; was observed both experimentally and
theoretically, indicating absorption contributes more signifi-
cantly than reflection to the overall SE; value in the
G40NFS@TPU nanocomposite.

Table 1 summarizes the performance of various polymer
nanocomposites developed for electromagnetic interference
(EMI) shielding reported in the literature.

Previous studies have demonstrated SE values typically
ranging from 30 to 40 dB for systems utilizing hybrid fillers. In
contrast, the nanocomposites developed in this study achieve a
significant SE of 41.6 dB at a thickness of just 1.95 mm,
outperforming many of the systems reported in the literature.
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This work also explores the influence of the optimal weight
percentage of conductive and magnetic fillers, resulting in a
substantial improvement over that of pure graphite or pure
NiFe,0,-based TPU composites. The use of processing
techniques and easily accessible graphite fillers further
simplifies fabrication, leveraging to avoid complex processing
steps while delivering excellent EMI shielding performance.
Furthermore, as discussed in the following sections, the
developed G4ONFS@TPU nanocomposite exhibits outstand-
ing Joule heating capabilities and efficient photothermal
application, making the developed polymer nanocomposite
suitable for multifunctional applications.

Thickness and density are two critical parameters to
consider in designing an EMI shielding material. Taking this
into account, the value of specific shielding effectiveness and
absolute shielding effectiveness was evaluated using the
following expressions:*®

SSE = SE X V/m

E
SSEt=%=SEx

m Xt

where m refers to the mass, V represents the volume, and ¢
depicts the thickness of the material. The value of SSE ranged
from 20.8—32.5 dBcm®g~" for the developed polymer nano-
composites. The observed values of SSE were higher than
those reported for conventional metals such as copper (Cu: 10
dBcm®g ™), copper foil (7.8 dBcm®g™"), and stainless steel (11
dBecm®g™"), as previously reported in the literature.”” More-
over, the value of absolute shielding effectiveness SSE, ranged
from 106—166.7 dBcm?g~". Previously, Shen et al.*® prepared
Poly(ether imide)/Graphene@Fe;O, composite foams and
demonstrated an absolute shielding effectiveness SSE, of 165
dBcm?g~". Moreover, Chen et al. also reported an absolute
shielding effectiveness SSE, of 100.5 dBcm’g™' for epoxy
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nanocomposites reinforced with three-dimensional carbon
nanotube sponge.””

4.8. Investigation of EM Parameters. 4.8.1. Complex
Permittivity. Complex permittivity and permeability play a
significant role in effective microwave shielding. Therefore,
considering this, complex permittivity and complex perme-
ability are obtained using the inbuilt Nicholson—Ross—Weir
approach. The real part of permittivity, &', demonstrates the
storage capacity of electric charges, whereas the imaginary part
of permittivity, £”, depicts the charge dissipation or losses. The
real part of permittivity, €', relates to the bound charges and
polarizations. The imaginary part of permittivity &” is
associated with the free charge carriers and attenuation of
EM waves. Figure Sa represents the variation of &' with
frequency in the X-band region. The maximum value of &’ was
104.5 + 1.45, 58.9 + 0.02, and 57.9 + 0.03 for the G4ONF5@
TPU, G35NF10@TPU, and G30NF15@TPU nanocompo-
sites, respectively. With the highest ¢’ among all developed
GNF@TPU polymer nanocomposites, the G40NFS@TPU
nanocomposite stands out for its remarkable charge storage
capacity. A decrease in the value of & with increasing
frequency was observed for the G40NFS@TPU polymer
nanocomposite. Upon applying an electrical field, the charge
carriers present in the developed polymer nanocomposite can
migrate and accumulate at the interfaces between the TPU
polymer, NiFe,O, nanoparticles, and graphite, leading to an
increased &'.*" Similar behavior has been previously observed
and reported by researchers in the literature.* ~* In contrast,
for the G3SNF10@TPU and G30NF15S@TPU nanocompo-
sites, the reduced graphite content weakens the formation of
continuous conducting pathways. Additionally, a higher
concentration of NiFe,O, nanoparticles can create agglomer-
ation, which disrupts the conductive networks and further
reduces the dielectric permittivity of the nanocomposites.

The plot of the &” versus frequency is presented in Figure
Sb. As can be seen, the maximum value of £” was 144.6 + 0.44,
68.6 + 0.01, and 32.7 + 0.01 for G4ONFS@TPU, G35NF10@
TPU, and G30NF15@TPU nanocomposites, respectively. The
value of ¢” was maximum for the G4ONEFS@TPU nano-
composite among all the developed GNF@TPU polymer
nanocomposites. The significant enhancement in ¢” for the
G40NFS@TPU nanocomposite comprising 5 wt % of NiFe,O,
nanoparticles and 40 wt % of graphite demonstrates the role of
multiple dipolar relaxation mechanisms. The dipolar relaxation
process regulates the a.c. conductivity (0,.= wepe”) by
generating dielectric losses.”* In addition, a strong peak at
~10.4 —10.5 GHz was noticed in the developed polymer
nanocomposites. The asymmetric charge distribution at the
tetrahedral and octahedral sites of NiFe,O, nanoparticles
contributes to the buildup of dipoles. Under an applied EM
field, the orientation of dipoles leads to relaxation peaks.**
Moreover, the value of €” was noticed to be higher than the
value of & for the G4ONFS@TPU polymer nanocomposite,
which demonstrates the presence of a higher amount of charge
carriers compared with bound charges.” The higher value of
€” than &’ for the G4ONFS@TPU nanocomposite is associated
with dipole polarization resulting due to defects, and the
existence of functional groups on the developed polymer
nanocomposite due to two different phases in the TPU
matrix.*® The high values of ¢’ and £” confirmed the superior
electric charge storage and attenuation capabilities of electrical
energy in the G4ONFS@TPU nanocomposite. For compara-
tive analysis, the EM parameters of TPU nanocomposites
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containing individual fillers, graphite (G40@TPU), and the
magnetic filler NiFe,O, (NFS@TPU) were also evaluated, as
shown in Figure S4c—d in the Supporting Information file. The
maximum values of the real (¢’) and imaginary (&”) parts of
the dielectric permittivity for the G40@TPU nanocomposite
were approximately 84.6 and 30.0, respectively. In contrast, the
NF5@TPU nanocomposite exhibited significantly lower &’ and
€” values, with maxima of around 2.28 and 0.11, respectively.
Further, it can be observed that the maximum value of €’ is
relatively low for both G40@TPU and NES@TPU nano-
composites compared with the combined G40NFS@TPU
nanocomposite. This enhancement in ¢’ for the hybrid system
can be attributed to the synergistic effect between the
conductive graphite and magnetic NiFe,O, nanoparticles,
which promotes interfacial polarization and facilitates
improved dipolar and space charge polarization within the
TPU matrix. In the case of G4ONFS@TPU, the highest
loading of the conducting filler graphite (40 wt %) facilitates
the formation of a well-connected conductive network within
the polymer matrix. The high value of dielectric permittivity
can be attributed to the generation of interfacial polarization
due to the presence of defects and interfaces between multiple
phases, such as nanoscopic NiFe,O, nanoparticles and
graphitic layers with different dielectric permittivity at external
frequencies, resulting in higher dielectric losses.”” The
inclusion of magnetic NiFe,O, nanoparticles in the developed
TPU polymer nanocomposite, along with graphite, can
promote a continuous conducting network, resulting in
numerous heterogeneous surfaces and thereby enhancing
polarization losses in the developed polymer nanocompo-
sites."® The introduction of magnetic NiFe,O, nanoparticles
can influence the permittivity by tailoring the polarization and
interfacial charge.”’

4.8.2. Cole—Cole Plots. For a clear understanding of the role
of the dipole relaxation phenomenon in the developed polymer
nanocomposites, Debye theory has been widely adopted. On
account of Debye’s theory for dielectric loss properties, the
values of ¢’ and &” can be expressed as follows: '’

"— ¢ & — &
1+ (wr)?
£ — ¢

Te STy o
1+ (wr) we,

where ¢, depicts the relative dielectric permittivity at an
infinite frequency, &; represents the static dielectric permittiv-
ity, w is the angular frequency, o is the electrical conductivity,
and 7 refers for the polarization relaxation time, respectively.
From the above equation, both ¢’ and ¢” are dependent on the
value of w7 and thereby ¢’ and &” are independent of one
another. However, if we neglect the role of ¢ to &¢” and
eliminate w7, the equation between &’ and €” can be rewritten
as follows:

E T &, 800)2

’ s 2 "2 & —

(¢ = S By e = (B
According to the above-mentioned equation, €” vs &’ should
be a semicircle, which is referred to as a Cole—Cole plot.
Figure Sc depicts the Cole—Cole plots of GNF@TPU polymer
nanocomposites at a frequency of 8.2—12.4 GHz. The
presence of several semicircles in the Cole—Cole curves of
the developed polymer nanocomposites indicates the involve-
ment of polarization relaxation mechanisms.”® The irregular
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Figure 6. Frequency response curves of (a) dielectric loss tangent, tand,, (b) magnetic loss tangent, tan§, of GNF@TPU polymer nanocomposites,
(c) eddy current loss, C,, (d) attenuation constant, a, and (e) skin depth, § of GNF@TPU polymer nanocomposites.

shape of the Cole—Cole semicircles further highlights the
significance of interfacial polarization in the GNF@TPU
nanocomposites.50 Moreover, a straight tail was also noticed,
specifically for the G4ONFS@TPU nanocomposite, confirming
the contribution of conduction losses in the developed
polymer nanocomposite system.

4.8.3. Electrical Conductivity. According to the free-
electron theory, dielectric losses arise from conduction losses.
Considering the contribution of conduction losses, the value of
electrical conductivity was evaluated using the following
expression: 10

¢' =0,/ 2me f

According to the equation, higher electrical conductivity can
lead to an increase in the value of &”. The electrical
conductivity curve with a change in the frequency, shown in
Figure Sd, indicates that the G4ONFS@TPU nanocomposite
exhibits the highest electrical conductivity. The maximum
value of 6, was 0.80 S cm™, 0.34 S cm™, and 0.22 S cm™* for
G40ONFS@TPU, G3SNF10@TPU, and G30NF1S@TPU
polymer nanocomposites, respectively. According to the
general rule, the value of o, was noted to decrease with a
decrease in the fraction loading of conducting filler graphite.
The LED illumination test using a 3 V external power source,
as shown in the inset of Figure Sd, further confirms the
electrical conductivity of the G40NFS@TPU nanocomposite
and its ability to form an efficient conductive pathway.

4.8.4. Complex Permeability. Figure Se shows the real part
of permeability (4') as a frequency response. The maximum
values of y' were recorded as 0.51 + 0.01, 0.64 + 0.30, and
0.83 + 0.32 for G4ONFS@TPU, G3SNF10@TPU, and
G30NF15@TPU, respectively, indicating an increase in p’
with the higher weight percentage of magnetic filler in the
polymer nanocomposite. Figure Sf illustrates the imaginary
permeability (u”) as a function of frequency, with maximum
u” values ranging from 0.43 to 0.54 for the GNF@TPU
polymer nanocomposites. As shown in Figure S4d in the
Supporting Information file, the NFS@TPU nanocomposite
exhibited maximum values of the real (¢') and imaginary (u”)
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parts of magnetic permeability in the ranges of ~1.19 and
~0.01, respectively.

4.8.5. Dielectric and Magnetic Loss Tangents. The
dielectric loss tangent, tand, g"/e’ as a response to
frequency, was evaluated and is demonstrated in Figure 6a.
The highest values of tand, were found to be 3.0, 1.37, and
0.73 for the G40NFS@TPU, G3SNF10@TPU, and
G30NF15@TPU polymer nanocomposites, respectively. Nota-
bly, the tand, value for the G4ONFS@TPU nanocomposite was
significantly higher, reaching up to 3.0, compared to the other
two nanocomposites. Dielectric losses play a primary role in
energy attenuation within EMI shielding materials, and the
high tand, value for G4ONFS@TPU suggests an effective
contribution of dielectric loss across the frequency range. The
evaluation of the magnetic loss tangent tand, = u"/u’ ,
generally characterizes the magnetic losses. The curve of tang,
with variation of frequency is depicted in Figure 6b. As can be
seen, the G4ONFS@TPU nanocomposite exhibited the highest
tand, with a maximum value of up to 1.23. Interestingly, two
prominent peaks were noticed in the G4ONFS@TPU polymer
nanocomposite at frequencies ~9.6 and ~11.2 GHz,
corresponding to the natural resonance and exchange
resonance, respectively. Magnetic losses can originate from
several factors, such as eddy current losses, domain-wall
resonance, hysteresis loss, natural resonance, and exchange
resonance.'' However, domain-wall resonance and hysteresis
loss contribute only at lower frequencies. Higher values of
dielectric and magnetic loss tangents demonstrate the high
capacity of the developed polymer nanocomposite to trans-
form the EM wave energy into other forms of energy.’'
Therefore, an amalgam of dielectric and magnetic losses
emerging from graphite and NiFe,O, nanoparticles can help
yield high EMI shielding properties.

4.8.6. Eddy Current Loss. The eddy current arises from the
induced current generated by the magnetic component of the
incident electric field. To understand the contribution of eddy
current losses to the magnetic losses, the value of eddy current
loss was evaluated using the following expression: '’
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Scheme 1. Illustrative Representation of EMI Shielding Mechanism of G4ONFS@TPU Nanocomposite
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In the above expression, if the value of C, remains
independent with variation of fre%uency, then there is a
contribution of eddy current losses.”” Figure 6¢ illustrates the
response curve of eddy current loss with a change in frequency.
As can be seen, for the G4ONFS@TPU polymer nano-
composite, the value of C; is found to be nearly constant from
9.5 to 9.9 GHz, 10.3 to 10.7 GHz, 11.1 to 11.6 GHz, and 12.3
to 12.4 GHz. Two prominent magnetic resonance peaks were
observed at frequencies around 9.6 and 11.2 GHz, correspond-
ing to natural resonance and exchange resonance, respec-
tively.””® Natural resonance can arise from the distribution of
NiFe,0, nanoparticles in the TPU matrix.”* The nanoscale
NiFe,0, nanoparticles, along with the introduction of
nonmagnetic graphite filler, might have contributed to the
natural resonance. Moreover, exchange resonance is expected
due to the magnetic coupling effect caused by the NiFe,O,
nanoparticles in the TPU matrix.”* Therefore, it can be
concluded that the primary originator of magnetic loss is from
the eddy current effect, natural resonance, and exchange
resonance.

4.8.7. Attenuation Constant. In addition to the dielectric
and magnetic losses, the attenuation constant also plays a
significant part in the efficient EMI shielding properties of the
material. The attenuation constant, which quantifies the EMI
shielding material’s ability to attenuate incoming EM waves,
can be calculated using the following expression”

a = J2nf

4

Ve = we) + (e = W + @+ ey

where ¢ corresponds to the speed of light in vacuum.

The attenuation constant was assessed and is represented in
Figure 6d as a function of the frequency. It can be noticed that
the value of a is immensely high for the G40ONEFS@TPU
nanocomposite, which is composed of S wt % NiFe,0,
nanoparticles and 40 wt % graphite. This high value can be
directly correlated with the high value of SEr in the developed
GNF@TPU polymer nanocomposites. The high value of SEr
is expected to originate from high dielectric losses, magnetic
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losses, conduction losses, and a high value of the attenuation
constant.

4.8.8. Skin Depth. As the incident EM wave travels further
into the surface of the material, it diminishes dramatically. Skin
depth determines the distance traveled by the EM wave before
it attenuates and reduces to 1/e (37%) of the incident wave. In
general, materials with high conductivity and low skin depth
are considered suitable for EMI shielding at higher
frequencies.”® The value of skin depth can be evaluated
using the mathematical expression as follows: '’

1
\mpof

The value of 6 was evaluated using the expression
mentioned above and is plotted with a variation of frequency
in Figure 6e. The highest values of § were found to be 2.09 ym,
221 pym, and 2.56 um for the G4ONFS@TPU, G35SNF10@
TPU, and G30NF15@TPU nanocomposites, respectively. The
value of 0 was lowest for the G4ONEFS@TPU nanocomposite.
Moreover, with increasing frequency, skin depth was observed
to be reduced, thereby demonstrating higher attenuation of
EM waves in the G4ONFS@TPU nanocomposite. Low skin
depth is a crucial factor in defining the EMI shielding
performance of materials.

4.8.9. EMI Shielding Mechanism. The EMI shielding
mechanism of the G40NFS@TPU nanocomposite, which
incorporates graphite as an electrically conductive filler and
NiFe,O, nanoparticles as a magnetic filler, is illustrated in
Scheme 1. When EM waves strike the surface of the
G40NFS@TPU nanocomposite, an impedance mismatch
occurs. Consequently, some of the EM waves are instantly
reflected, while the remaining waves enter the composite. The
interfacial impedance mismatch causes the EM waves in the
G40NFS@TPU nanocomposite to be absorbed due to
dielectric, conduction, and magnetic losses.>”

The absorbed EM waves undergo multiple internal
reflections, thereby enhancing the EM wave dissipation in
the G40ONFS@TPU nanocomposite. The EMI shielding
mechanism of the G40NES@TPU nanocomposite is influ-
enced by various factors, including dielectric losses, magnetic
losses, conduction losses, and multiple internal reflections,
which collectively reduce the EM energy. According to Debye’s

o=
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Figure 7. Experimental visualization of electromagnetic interference (EMI) shielding behavior using a Tesla coil setup: (a) Illumination of the bulb
in proximity to the Tesla coil due to emitted electromagnetic radiation, (b) continued bulb illumination when pure TPU is introduced as a barrier,
(c) complete suppression of bulb illumination upon the introduction of the G4ONFS@TPU nanocomposite as a barrier, demonstrating its superior
EMI shielding performance, (d) UV—vis spectra of the G4ONFS@TPU nanocomposite along with its all the components, (e) Photothermal
response of GAONFS@TPU, (f) stability test of the G4ONFS@TPU nanocomposite.

theory, the dielectric loss properties, represented by &” consist
of polarization loss and conduction loss. In the G40NFS@
TPU nanocomposite, polarization primarily occurs through
interfacial and dipole polarization. Interfacial polarization arises
from the numerous interfaces between graphite and NiFe,O,
nanoparticles, contributing to the attenuation of the EM
waves.® Dipole polarization is a result of functional groups,
defects, and the uneven distribution of charges on the graphite
and NiFe,0, surface. Graphite as well as NiFe,O, nano-
particles forms a conductive network that facilitates electron
hopping and migration,”® as shown in Scheme 1. The unique
structure of NiFe,O, nanoparticles not only improves
dielectric losses but also enhances magnetic losses, resulting
in magnetic-dielectric synergy. NiFe,O, nanoparticles can
absorb EM waves and transfer them into heat losses originating
due to vibration in the crystal after EM wave absorption.”"
Magnetic losses originate from various factors, such as eddy
current loss, natural resonance, and exchange resonance. By
optimizing the weight percentages of graphite and NiFe,O,
nanoparticles, a balance between dielectric and magnetic losses
is achieved, leading to superior EMI shielding performance.>

4.8.10. Practical Demonstration of EMI Shielding. A
wireless transmission system based on a Tesla coil was used to
visualize the EMI shielding performance of the G40NFS5@
TPU nanocomposite, as demonstrated in Figure 7. When the
circuit is activated, the varying current in the primary coil
induces a high voltage in the secondary coil, leading to the
formation of an electromagnetic field. As a result, the bulb
glows even with a minimal current generation due to
electromagnetic induction. As can be seen in Figure 7a,
when the switch is “on”, the bulb glows bright. In Figure 7b,
when Pure TPU is brought close to the Tesla coil circuit, the
bulb still glows. However, when the G4ONFS@TPU nano-
composite was brought in proximity to the Tesla coil circuit
(Figure 7c), the bulb turned “off”, thereby confirming the
ability of the developed G40NFS@TPU nanocomposite to
block the high-frequency EM waves emitted by the Tesla coil.
A video demonstration (Video S1 in the Supporting
Information file) clearly shows the bulb’s response in the
presence and absence of the Pure TPU and G40NEFS@TPU
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nanocomposite as shielding material. This demonstration
serves as concrete proof of the EMI shielding capabilities of
the G40NF5@TPU nanocomposite, positioning it as a
promising candidate for practical applications.

4.9. Photothermal Properties. The developed
G40NFS@TPU nanocomposite can absorb solar light
significantly, as can be deduced from the reflectance spectrum
in Figure 7d. The reflectance of the material is only 25% on
average over the range from 250 to 2500 nm, which means that
the material reflects with respect to the solar irradiance only
20.8% of incident solar light energy, while the complementary
79.1% is absorbed. These values are calculated according to
ISO 22969:2019 (E) using the AM1.0 reference global solar
radiation at sea level. As the sample is opaque (zero
transmittance) and there is no photoluminescence or light
energy transformation other than to generate heat, the material
has potential for photothermal applications. The graph in
Figure 7d also presents spectra of the components used for the
preparation of the nanocomposite. The spectrum of nickel
ferrite powder is similar to the spectrum of graphite, both
resembling gray diffusion reflectance standards in appearance.
It can also be observed that the graphite spectral feature
dominates the spectrum of the resulting material, while only
negligible contributions to the polymer matrix are manifested.
The contribution of nickel ferrite is not pronounced due to its
low content as well as its similarity to the graphite spectral
response. This is in accordance with a slight graphitic shine
appearance of the prepared nanocomposite. Nevertheless, on
average, the reflectance of the nanocomposite’s surface was
nearly two times suppressed in comparison with the neat
graphite due to the compounding procedure with the other
components.

The photothermal performance of the developed G4ONF5@
TPU nanocomposite was systematically evaluated under
AMI1.5G solar-simulated light irradiation, where 1 Sun
corresponds to an intensity of 87.5 + 4.3 mW cm™” integrated
over the used wavelength range from 350 to 1450 nm. The
digital photograph in Figure SSa of the Supporting Information
file demonstrates the G4ONF5@TPU nanocomposite under
simulated solar light irradiation using a setup similar to that
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Figure 8. Joule heating performance of the G4ONFS@TPU nanocomposite. (a) Time-dependent temperature response during alternating “on” and
“off” states of the input voltage 1 V=7 V, (b) Long-term cyclic stability in “on” and “off” states of the input voltage (7 V), (c) Steady-state
temperature as a function of the square of the applied voltage (Inset: Digital image of the tested G4ONFS@TPU nanocomposite), and (d) Infrared

(IR) images illustrating temperature variation with increasing voltage.

typically referred to in the literature.”” The sample is irradiated
from the top while resting on a thermal insulation support, and
the surrounding laboratory acts as a thermal sink. Evaluating
the measured reflectance spectrum with respect to the
AM1.5G spectral energy distribution (according to ASTM
G-173-03) in the spectral range provided by the used solar
simulator indicates the absorption of 80.0% of incident light
energy, corresponding to an input power of 70.0 + 3.4 mW
cm™” to the sample. The corresponding calculation is provided
in the Supporting Information. As can be seen in Figure 7e,
under simulated solar illumination, the G40NFS@TPU
nanocomposite sample exhibited an increase in temperature
nearly up to the saturation temperature, when the light power
input equilibrated with the heat transfer to the surroundings,
working as the thermal sink. When the light is off, a
characteristic exponential decrease in temperature is also
observed. A gradual increase in the saturation temperature with
increasing light intensity is clearly evident. Specifically, the
saturation temperatures recorded were approximately 24 °C,
26 °C, 28 °C, 31 °C, 33 °C, 35 °C, and 37 °C under
irradiation levels of 0.1, 0.3, 0.5, 0.8, 1.0, 1.3, and 1.5 Sun,
respectively. While the absolute values of the saturation
temperature depend on the heat transfer coefficient to the
surroundings of the sample, the relative trend confirms the
material’'s photosensitivity and efficient light-to-heat conver-
sion capability. Previously Guo et al.®' developed Aramid
Nanofiber/Polypyrrole composite films and reported a photo-
thermal response with a saturation temperature reaching up to
62 °C under irradiation of 150 mW cm ™2 which is greater than
the power intensity of 1.5 Sun (129.1 mW cm™) utilized in
this work. Further, another researcher Zhang et al.?®®
demonstrated photothermal performance for CNTs@MXene
heterostructure-decorated cellulose films with a saturation
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temperature of up to 55 °C under irradiation levels of 1.5 Sun.
The photothermal heating mechanism can be attributed to the
absorption of photons, leading to electron excitation to higher
energy states. These excited electrons subsequently interact
with phonons, resulting in nonradiative relaxation and heat
generation within the material matrix.”* The infrared (IR)
thermal image presented in Figure SSb in the Supporting
Information file visually confirms the temperature increase on
the nanocomposite surface under simulated sunlight, further
validating the correspondence between the surface temperature
and the sample’s temperature measured from its bottom side.
No overheating of the irradiated surface was observed,
indicating good thermal conductivity, ensuring sufficient
homogeneity of the generated heat distribution throughout
the sample volume under a given irradiation power.

To evaluate the thermal stability and repeatability, cyclic
photothermal tests of the developed G40NFS@TPU nano-
composite for photothermal response were conducted under
1.5 Sun irradiation, as demonstrated in Figure 7f The
G40NFS@TPU nanocomposite consistently maintained its
saturation (surface) temperature across multiple cycles,
indicating the thermal stability and reproducibility of its
photothermal behavior.

4.10. Joule Heating Performance. In addition to EMI
shielding, electrical heating is a crucial feature that enables the
developed polymer nanocomposite to provide multiple
functions efficiently in cold environments.'® According to the
Joule’s effect, when a DC current flows through a conductor,
heat is generated at a rate P as per the given expression:®’
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Where P signifies the Joule heating rate (in Watts), U is the
input voltage, and R represents the resistance, which is
assumed constant for the sake of simplicity. The developed
G40NF5@TPU nanocomposite exhibits significant electrical
conductivity and could be a suitable candidate for testing its
Joule heating performance.”* Materials with Joule heating
capabilities can be tuned to reach specific target temperatures,
as required. Considering this, the G40NF5@TPU nano-
composite was tested for its Joule heating performance by
measuring the heat generated at varying input voltages from 1
to7 V.

Figure 8a shows the temperature response of the G4ONF5@
TPU nanocomposite over time for input voltages ranging from
1 to 7 V. Upon applying a driving voltage, the temperature of
the G4ONFS@TPU nanocomposite increases due to Joule
heating, which arises from the inelastic collisions between
accelerated electrons and phonons as expected for a material
with purely resistive behavior.”” The temperature was
monitored for up to 600 s, demonstrating long-term stability.
The surface temperature increased sharply within the first
100—200 s after the voltage was applied, then the increase
slowed down, following a common simple exponential growth
trend. The maximum temperature achieved at 600 s can be
considered a good approach to a thermal steady state when the
Joule heating rate is balanced by the combined radiative and
convective heat losses to the surroundings workin;g as the heat
sink, similar to the Photothermal experiment.’® While the
temperature of the G40NEFS@TPU nanocomposite did not
rise significantly at an input voltage of 1 V, a further increase in
input voltage resulted in a notable rise in steady-state
temperature, reaching approximately ~154.4 °C at 7 V. To
summarize, it was observed that the surface temperature of the
G40NF5@TPU nanocomposite reached ~25.6 °C, ~35.1 °C,
~45.6 °C, ~63.3 °C, ~88.3 °C, ~115.2 °C, and ~154.4 °C at
constant input voltages of 1, 2, 3, 4, S, 6, and 7 V, respectively.
After the electrical power was switched off at 600 s, the sample
cooled naturally down to the laboratory temperature.

Previously, Wei et al.”® demonstrated the Joule-heating
capabilities of an Aramid nanofiber incorporated with carbon
nanotubes and cobalt ferrite nanoparticles aerogel film, where
its surface temperature reached up to 110 °C with a driven
voltage of 9 V. Wang et al.”” demonstrated the Joule heating
effect for a Polystyrene—polyisoprene—polystyrene coated
Fe3C—C/MXene composite film with a surface temperature
of 63.5 °C with an input voltage of 6 V. It should be noted that
the final maximum temperature value corresponds to the
balance between the electrical power dissipation through Joule
heating and the heat loss rate to the surroundings, which was
the laboratory environment in all reported examples. No forced
cooling or special arrangement different from ours was noted,
indicating the approximate comparability of the results.

In our case, the temperature stabilized at approximately 154
°C with a voltage of 7 V, despite continuous heating of the
nanocomposite only for approximately 600 s. It should be
noted that the input voltage is safe for humans, as it was
operated at less than 36.0 V, and therefore can also be utilized
in wearable heating devices.”® The steady-state temperature
shown in Figure 8b displayed a linear correlation with the
square of the voltage (V?), in alignment with Joule’s law,
suggesting a well-controlled Joule heating performance as well
as the dissipative heat losses to the surroundings in the
laboratory environment. To further evaluate the robustness of
the Joule heating performance, cyclic heating and cooling were
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tested by repeatedly applying and releasing the input voltage.
Figure 8c displays the cyclic stability test of the G40ONFS@
TPU nanocomposite performed for 11 cycles at the “on” and
“off” states at the input voltage of 7 V. As can be seen, initially,
the surface temperature of the G4ONFS@TPU nanocomposite
was in the range of ~155 °C to ~14S5 °C. After 1-2 cycles, the
thermal response of the G40ONFS@TPU nanocomposite was
stabilized in the range of ~135 °C with negligible variation.
This confirmed the excellent cyclic stability of the developed
G40NFS@TPU nanocomposite, making it suitable for
industrial applications. To visualize the changes in surface
temperature, a series of thermal infrared images for 3, 5, and 7
V were captured, clearly illustrating the temperature variations
across the G4ONFS@TPU nanocomposite, as demonstrated in
Figure 8d. In conclusion, the G4ONFS@TPU nanocomposite,
with its excellent Joule heating response and stable operation,
shows great potential for industrial applications, including
electro-thermal garments and thermotherapy wearable devices,
as well as controllable heating elements.*”

5. CONCLUSION

In summary, various sets of TPU-based nanocomposites were
incorporated with varying loadings of electrically conducting
graphite and magnetic NiFe,O, nanoparticle filler using a melt-
mixing approach. The developed G40NFS@TPU nano-
composite, comprising 40 wt % graphite and 5 wt %
NiFe,0, nanoparticles, demonstrated superior EMI shielding
characteristics with a total EMI shielding effectiveness of 41.6
dB in the 8.2—12.4 GHz (X-bandwidth) range at a thickness of
only 1.95 mm. All the developed GNF@TPU-based nano-
composites can be utilized for commercial applications since all
of them demonstrate shielding effectiveness >20 dB in the X-
band frequency range. The shielding efficiency values (%) were
found to be 99.99%, 99.95%, and 99.71% for G4ONFS@TPU,
G35SNF10@TPU, and G30ONF15@TPU polymer nanocompo-
sites, respectively. The value of SSE ranged from 20.8 to 32.5
dBcm®g™" for the developed GNF@TPU polymer nano-
composites. Additionally, the absolute shielding effectiveness
SSE, of the developed GNF@TPU polymer nanocomposites
ranged from 106—166.7 dBcm’g™'. The EMI shielding
performance of the G40NFS@TPU nanocomposite was
contributed by several factors, including high dielectric and
conduction losses, moderate magnetic loss, and eddy current
loss, resulting in a high attenuation constant. The developed
G40NF5@TPU nanocomposites also demonstrated stable and
efficient photothermal response with surface temperature
reaching up to ~37 °C within 400 s, under solar-simulated
irradiation. In addition, the G4ONFS@TPU nanocomposite,
benefiting from its high electrical conductivity, showcased
stable and controlled Joule heating performance with a rapid
thermal response reaching surface temperature up to ~154 °C
at a low driven input voltage of 7 V under given laboratory
dissipative heat loss conditions. In addition, the improved
hydrophobic property of the developed G40NFS@TPU
nanocomposite makes it suitable for use in moisture-rich
environments. These multifunctional properties, including
superior EMI shielding, excellent Joule heating, and stable,
efficient photothermal conversion, and hydrophobicity, posi-
tion the G40NF5@TPU nanocomposite as a promising
material for applications in wearable electronic devices,
personal heating systems, defense technologies, aerospace
applications, and other industries that require effective EMI
shielding and thermal management.
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