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ABSTRACT: The development of flexible, lightweight, and thin
high-performance electromagnetic interference shielding materials
is urgently needed for the protection of humans, the environment,
and electronic devices against electromagnetic radiation. To
achieve this, the spinel ferrite nanoparticles CoFe,0, (CZ1),
Coy7Zng33Fe,0, (CZ2), and Cogy33Znge,Fe,0, (CZ3) were
prepared by the sonochemical synthesis method. Further, these
prepared spinel ferrite nanoparticles and reduced graphene oxide
(rGO) were embedded in a thermoplastic polyurethane (TPU)
matrix. The maximum electromagnetic interference (EMI) total
shielding effectiveness (SEr) values in the frequency range 8.2—
12.4 GHz of these nanocomposites with a thickness of only 0.8 mm
were 48.3, 61.8, and 67.8 dB for CZ1-rGO-TPU, CZ2-rGO-TPU,
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and CZ3-rGO-TPU, respectively. The high-performance electromagnetic interference shielding characteristics of the CZ3-rGO-TPU
nanocomposite stem from dipole and interfacial polarization, conduction loss, multiple scattering, eddy current effect, natural
resonance, high attenuation constant, and impedance matching. The optimized CZ3-rGO-TPU nanocomposite can be a potential

candidate as a lightweight, flexible, thin, and high-performance electromagnetic interference shielding material.

1. INTRODUCTION

In recent years, with the extensive utilization of electrical and
electronic appliances, as well as the fast development of
information technology, electromagnetic (EM) wave radiation
as environmental pollution has received significant attention.
Electromagnetic interference (EMI) has affected the working
of electronic devices and human health.”> To control such
electromagnetic pollution, the development of high-perform-
ance electromagnetic shielding material possessing the features
of lightweight, flexible, thin, and high absorption characteristics
is required. In general, it is noticed that it is difficult for a
traditional shielding material to receive satisfactory shielding
performance due to the poor impedance matching for the
individual magnetic and dielectric electromagnetic wave
absorber materials.” Consequently, remarkable attempts have
been done to create high-performance composite shielding
materials consisting of both magnetic and dielectric compo-
nents, which would provide better impedance matching and
enhanced electromagnetic shielding performance through the
effective complementarities and synergies between magnetic
loss and dielectric loss.”® Further, lightweight and flexible
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polymer nanocomposites as electromagnetic interference
shielding materials have received a lot of attention among
researchers due to several other advantages such as corrosion-
protection, large-area fabrication, low cost, etc.” Polymer
nanocomposites with dielectric and magnetic fillers can exhibit
fascinating results within the development of high-performance
shielding materials. For example, recently, our research
group®” reported outstanding lightweight and flexible nano-
composites for electromagnetic interference shielding applica-
tions. Further, Han et al.'® achieved excellent electromagnetic
interference shielding characteristics for cellulose-based Ni-
decorated graphene magnetic films. Another research group,
Acharya et al,'" reported an efficient radar absorbing material
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based on magnetic nanoparticles of a CuAl,Fe,,O o-decorated
reduced graphene oxide (rGO) filler in a polyvinylidene
fluoride matrix. In addition, Fei et al.'”> observed highly
efficient electromagnetic interference shielding of Co/C@
cellulose nanofiber aerogels.

Thermoplastic polyurethane (TPU) exhibits excellent
mechanical characteristics (tensile strength: ~S8 MPa,
elongation at break: ~1400%, Young’s modulus: ~5—7 MPa,
hardness (Shore A ~72), durability, resistance against
chemicals, environmental friendliness, etc.).13_16 Thermo-
plastic polyurethane-based EMI shielding materials have
several benefits including lightweight, flexibility, easy process-
ability, and resistance to corrosion.'” Recently, thermoplastic
polyurethane has been utilized as a matrix for various
nanofillers to develop electromagnetic interference shielding
nanocomposites. For example, our research group'® reported
electromagnetic shielding properties of exfoliated graphite
(EG)-thermoplastic polyurethane (TPU) nanocomposites
with an average shielding effectiveness (SE) value of 20 dB.
Jun et al."” reported electromagnetic shielding characteristics
of graphene nanoribbon (GNR)/thermoplastic polyurethane
(TPU) composites. The EMI shielding effectiveness (SE) of
the GNR/TPU composite was noticed at 24.9 dB. Further,
Shen et al.”’ studied polyurethane/graphene foams as EMI
shielding materials and Hsiao et al.*' studied graphene
nanosheet (GN)/waterborne polyurethane (WPU) compo-
sites for electromagnetic shielding performance. The EMI SE
of GN/WPU composites was 38 dB over the frequency range
of 82—12.4 GHz. Also, Jia et al*® reported an efficient
transparent EMI shielding film, consisting of calcium alginate
(CA), silver nanowires (AgNW), and polyurethane (PU). The
EMI SE of the CA/AgNW/PU film displayed an EMI SE of
20.7 dB. In addition, Menon et al.>® developed self-healable
EMI shielding nanocomposites by cross-linking furfuryl-
functionalized reduced graphene oxide (rGO)/Fe;O, with
furfuryl-functionalized polyurethane and noticed an EMI SE of
36 dB. Zahid et al.”* reported nanocomposites based on TPU
and rGO for strong EMI shielding applications.

Nanoparticles are preferred for EMI shielding as they have
modified magnetic (i.e., superparamagnetism in single-domain
nanoparticles) and electrical characteristics in comparison with
micron-size nanoparticles.”” Further, for an effective EMI
shielding composite material, the filler size should be
comparable or less than the skin depth because of the skin
effect.”®*” Furthermore, the large surface area to volume ratio
helps in enhancing interfacial polarization and further EMI
shielding.”**” Wang et al.’” noticed that the large-surface-area
BN (boron nitride) nanosheets caused abundant interphase
interfaces and further increased the interfacial polarization.
Graphene is a novel two-dimensional (2D) material obtained
from graphite that could generate an abundant dielectric loss.
Reduced graphene oxide (rGO) is the reduction product of
graphene oxide (GO), which can generate the defect
polarization relaxation and functional groups’ electronic dipole
relaxation and could play an important role in the absorption
of electromagnetic waves by EMI shielding materials.”’
According to the previous research literature, the synergistic
effect of rGO and magnetic spinel ferrite nanoparticle-based
polymer nanocomposites can adjust the impedance matching
condition by balancing between complex permeability and
permittivity.”> Further, the magnetic permeability of spinel
ferrite nanoparticles can be tuned by controlling its magnetic
parameters such as saturation magnetization and coercivity."’3

In this regard, a detailed investigation on the EMI SE
performance of nanocomposites with rGO and Zn*'-
substituted CoFe,O, magnetic spinel ferrite nanoparticles is
still missing. Because of this, a lightweight, flexible and high-
performance electromagnetic interference shielding nano-
composite has been developed through the investigation of
conductivity, dielectric loss, magnetic loss, and impedance
matching conditions. It is well known that CoFe,0, exhibits a
high saturation magnetization and magnetocrystalline aniso-
tropy, which provides higher complex permeability in the
higher GHz frequency.34’35 Further, magnetic and dielectric
properties of CoFe,0, nanoparticles can be tuned with Zn**
substitution and consequently its microwave absorption
characteristics.*

In the present work, the impact of Zn** substitution in
CoFe,0, spinel ferrite nanoparticles on their structural and
magnetic properties was investigated. The substitution of Zn>*
with diamagnetic characteristics in CoFe,O, spinel ferrite can
induce modifications in structural and electromagnetic proper-
ties associated with the distribution of cations at octahedral
and tetrahedral sites. Furthermore, the impact of Zn>*
substitution in CoFe,O, spinel ferrite nanoparticles on the
electromagnetic interference shielding properties of their
nanocomposites with rGO as a second filler and TPU as
matrix polymer was investigated. Thermoplastic polyurethane
(TPU) was utilized as a polymer matrix because of its
flexibility, stretchability, mechanical characteristics, easy
processability, and moldability which could easily provide the
nanocomposite with flexibility. The potential application of
rGO as an EMI shielding material is associated with its
extremely high surface area and excellent electrical con-
ductivity. However, due to the nonmagnetic characteristic of
rGO, it can only provide high dielectric loss and consequently
impedance mismatching issues. The combination of rGO with
magnetic spinel ferrite nanoparticles can balance impedance
matching conditions. Structural, morphological, and electro-
magnetic properties of the prepared nanoparticles and their
nanocomposites were comprehensively characterized by X-ray
diffractometry (XRD), Fourier transfer infrared spectrometry
(FTIR), Raman spectrometry, thermogravimetric analysis
(TGA), X-ray photoelectron spectroscopy (XPS), transmission
electron microscopy (TEM), field emission-scanning electron
spectroscopy (FE-SEM), vibrating sample magnetometer
(VSM), and a vector network analyzer (VNA). To the best
of our knowledge, this is the first detailed study on TPU-based
nanocomposites with Zn**-doped CoFe,0, nanoparticles and
rGO for electromagnetic interference shielding applications.
This study provides the development of high-performance,
flexible, lightweight, and thin nanocomposites as potential
candidates for electromagnetic interference shielding applica-
tion.

2. RESULTS AND DISCUSSION

2.1. XRD Study. XRD was applied to study the structure of
the prepared nanoparticles and their composites with rGO and
TPU. The X-ray diffraction patterns of the prepared CZI,
CZ2, and CZ3 nanoparticles present the characteristic Bragg
reflections related to (220), (311), (222), (400), (422), (511),
(440), and (533) crystal planes of the cubic spinel ferrite
crystal structure belonging to the space group Fd3m®’ (Figure
1a). Figure la displays that all of the samples exhibit the same
diffraction peaks. This is due to the successful substitution of
Zn*" jons at Co*" in the CoFe,O, spinel ferrite crystal
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Figure 1. XRD patterns of (a) the prepared CZ1, CZ2, and CZ3
nanoparticles; and (b) thermoplastic polyurethane (TPU) and its
nanocomposites CZ1-rGO-TPU, CZ2-rGO-TPU, and CZ3-rGO-
TPU.

structure without influencing the crystal structure of cobalt
ferrite. Therefore, neither impurities nor a secondary phase is
noticeable.”® The crystallite size of the prepared spinel ferrite
nanoparticles is calculated by utilizing Scherrer’s formula

D = 0941/ cos

where D is the average crystallite size, A is the wavelength of
Cu Ka radiation, f is the full width at half-maximum intensity
for a diffraction peak, and @ is the diffraction angle. The values
of estimated crystallite sizes are 10.4, 8.0, and 4.9 nm for CZ1,
CZ2, and CZ3 nanoparticles, respectively. The decrease in the
crystalline size with the substitution of Zn** suggests that the
presence of Zn>" ions in the synthesis solution has influenced
the grain growth of the spinel ferrite nanoparticles.’”” The
lattice parameters are calculated by utilizing Bragg’s law
dyy = ﬁ and a=dy (W + k> + *). The interplanar
spacing d (nm) values indexed using Miller indices (hkl
planes) for the prepared nanoparticles are tabulated in Table
S1 of the Supporting Information. The lattice parameter a
values are 8.376, 8.383, and 8.427 A for CZ1, CZ2, and CZ3
nanoparticles, respectively.

Figure 1b depicts the XRD pattern of thermoplastic
polyurethane (TPU) and its nanocomposites, namely, CZ1-
rGO-TPU, CZ2-rGO-TPU, and CZ3-rGO-TPU. It can be

noticed that the pure TPU exhibits a broad diffraction peak
from 12 to 28° which is centered at about 26 = 19.7° of the
(110) reflection plane with the interchain spacing of 4.44 A.*
This peak is associated with the presence of short-range regular
ordered structures of both hard and soft domains along with a
disordered structure of the amorphous phase of the TPU.*" It
is also noticeable that this diffraction peak is broadened and
reduced in intensity with the addition of nanofillers (spinel
ferrite nanoparticles and rGO) into the TPU, which signifies
that the nanofillers considerably influence the short-range
microstructural orders of hard and soft segments of the TPU.
Further, the XRD peaks indexed as (220), (311), (222), (400),
(422), (511), and (440) approve the presence of spinel ferrite
nanoparticles in the TPU matrix.*” Furthermore, no separate
diffraction peaks of rGO were noticed, which is associated with
its fine dispersion and small size.”

2.2. Raman Spectroscopy. The Raman spectra of the
prepared spinel ferrite nanoparticles revealed Raman bands at
166—183 cm™ (Ty,(1)), 292—330 cm™ (E,), 466—481 cm™
(Tp4(2)), 546—580 cm™ (Ty(3)), 612—620 cm™ (A4(2)),
and 666—677 cm™! (Ag(l))43 EFigure 2a). The Raman spectra
of graphene oxide (GO) and reduced graphene oxide (rGO)
are depicted in Figure 2b. The D-band is associated with the
defect-induced breathing mode of A, symmetry and the G-
band is related to the E,, symmetry attributed to the relative
degree of graphitization.”* It can be noticed that the Raman
spectrum of rGO exhibits two major Raman bands, i.e,, the D-
band at 1347 cm™ and G-band at 1576 cm™". For GO, the D-
band and G-band are noticed at 1353 and 1593 cm™},
respectively.” The ratio of the intensity of the D- and G-bands
was 1.19 and 1.0 for rGO and GO, respectively. The increased
intensity of the D-band in contrast with the G-band in rGO
compared to GO is associated with the increase of defects in
the carbon lattice with reduction or increased number of
polyaromatic domains with a decreased overall size in rGO.*
The 2D band at 2684 cm™'and the D + G band at 2915 cm™
for rGO were also noticed. The 2D band is associated with
inelastic scattering from two phonons; however, the D + G
band is associated with the result of a combination of both D-
band and G-band.”’

The Raman spectra of TPU and its nanocomposites CZ1-
rGO-TPU, CZ2-rGO-TPU, and CZ3-rGO-TPU are depicted
in Figure 2¢,d, at laser excitation wavelengths of 532 and 780
nm. The main characteristics of the Raman peaks of TPU at
2925, 1726, 1616, 1542, and 1441 cm™ are associated with the
stretching vibration of —CH,, the free carbonyl group,
aromatic breathing mode of vibration of C=C, the vibration
of C=C of urethane amide, and the bending vibration of
—CH,, respectively.”® The intensity of these peaks is decreased
with the addition of nanofillers in TPU, which can be
attributed to the interaction of these nanofillers with TPU."
The featured Raman peaks of rGO in the prepared
nanocomposites are noticed at 1347 and 1576 cm™!
corresponding to D- and G-bands, respectively. Further, the
peaks of spinel ferrite in the nanocomposites are noticed at
466, 612, and 668 cm ™' and are associated with T,,(2), A,(2),
and A,(1), respectively.

2.3. FTIR Spectroscopy. Infrared spectroscopy is utilized
to investigate the presence of different vibrational modes
associated with the metal ions in the crystal lattice.”” Figure 3a
depicts the FTIR spectra of the prepared spinel ferrite
nanoparticles CZ1, CZ2, and CZ3. The presence of two
characteristics FTIR bands can be seen. The band noticed in
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Figure 2. Raman spectra of (a) the prepared CZ1, CZ2, and CZ3 samples; (b) graphene oxide (GO) and reduced graphene oxide (rGO); and (c,
d) TPU and its nanocomposites CZ1-rGO-TPU, CZ2-rGO-TPU, and CZ3-rGO-TPU.

the lower frequency range 295—301 cm™" is associated with

the intrinsic vibrations of the octahedral sites. The observed
band at a higher frequency range of 532—548 cm™" is related to
the intrinsic vibrations of the tetrahedral sites. The observed
two absorption bands signify the single-phase spinel ferrite
structure, which has two sublattices, the tetrahedral (A) site
and octahedral (B) site.’’ The shift in the absorption band
position was noticed in the prepared spinel ferrite nano-
particles. It was associated with cation redistribution at the
tetrahedral (A) site and octahedral (B) site, as noticed in the
XPS study (Figure S1) (Supporting Information).”” By the
XPS study, the occupation formula was (Co&hFeS}z)-
0. 76Fel 08]041 (Coo 262 1260 0 ss) [Coo 74F91 1210, and
(CogZngssFetsy) [CoghoZngisFes 56104 for CZ1, CZ2, and
CZ3 samples, respectively. Further, detailed XPS study (Figure
$2) of GO and rGO is mentioned in Supporting Information.

FTIR spectroscopy is also utilized to investigate the
functional groups that are present in GO and rGO (Figure
3b). The FTIR spectra of GO exhibit a strong and broad
absorption band at 3303 cm™', which is associated with
hydroxyl (O—H) stretching vibrations. The absorption bands

at 1714, 1611, 1401, 1165, and 1034 cm™! are associated with
stretching vibrations of the carboxyl (C=0), sp>-hybridized
C=C, deformation vibration of hydroxyl (O—H), stretching
vibrations of alcoholic (C—OH), and C—O stretching
vibration of epoxy, respectively.””>* The FTIR spectrum of
rGO exhibits reduced intensity or even elimination of the
typical bands representing these functional groups, which
confirms the successful reduction of GO into rGO.>

FTIR spectra of TPU and its nanocomposites, namely CZ1-
rGO-TPU, CZ2-rGO-TPU, and CZ3-rGO-TPU, are depicted
in Figure 3c. The presence of absorption peaks at 3331, 1726,
and 1706 cm™ is associated with the hydrogen-bonded N—H
stretching, free and hydrogen-bonded C=O stretching of
TPU, respectively.”® The absorption peaks at 1530, 1221,
1142, 2868, and 2951 cm™! are related to C—N stretching,
alkoxy C—O stretching, epoxy O—C—O stretching, symmetric
CH, stretching, and asymmetric CH, stretching of TPU.”"
The prepared nanocomposites based on TPU also exhibited
these observed absorption peaks, which are expected when
nanocomposites with nonreacting fillers are formed.

28101 https://doi.org/10.1021/acsomega.1c04192
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Figure 3. FTIR spectra of (a) the prepared CZ1, CZ2, and CZ3 nanoparticles; (b) graphene oxide (GO) and reduced graphene oxide (rGO); and
(c¢) TPU and its nanocomposites CZ1-rGO-TPU, CZ2-rGO-TPU, and CZ3-rGO-TPU.

2.4. TEM Study of the Prepared Nanoparticles. Figure
4 depicts TEM and high-resolution TEM (HRTEM) images of
the prepared magnetic spinel ferrite nanoparticles, i.e., CZI,
CZ2, and CZ3. A representative TEM image of the CZ1
sample is shown in Figure 4a, which refers to nanoparticles
with sizes in the range of 7—15 nm. A typical HRTEM image
of the CZ1 sample is shown in Figure 4b. The observation of
lattice fringes represents the formation of good crystalline
spinel ferrite nanoparticles. The measured distance of 0.25 nm
is associated with d; of the (311) planes of the spinel ferrite
crystal structure.”” Further, Figure 4c depicts a representative
TEM image of the CZ2 sample, which signifies spherical
nanoparticles with sizes in the range of 5—9 nm. The periodic
lattice fringe spacing of 0.29 nm corresponding to the (220)
plane of the spinel ferrite structure can be noticed in Figure
44,5

Furthermore, a typical TEM image of the CZ3 sample is
shown in Figure 4e, which represents spherical nanoparticles
with sizes in the range of 3—6 nm. The distinct lattice fringes
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with a spacing of 0.25 nm corresponding to the (311) planes of
cubic spinel ferrite can be observed in Figure 4f.

2.5. FE-SEM Study of Nanoparticles and Nano-
composites. Figure Sa shows a representative FE-SEM
image of the prepared GO, which represents the dense
stacking of GO sheets. A typical FE-SEM image of the
developed rGO is shown in Figure Sb, which exhibits a
wrinkled, fluffy, and disordered morphology. The cross-
sectional view of the prepared nanocomposites was inves-
tigated to obtain information about the distribution and
dispersion of the spinel ferrite nanoparticles and rGO within
the TPU nanocomposite samples. Figure 6a—c depicts the FE-
SEM images of the fractured surfaces of TPU-based nano-
composites containing spinel ferrite nanoparticles (CZ1 or
CZ2 or CZ3, respectively) and rGO, which represent the good
distribution of the spinel ferrite nanoparticles and random
distribution of the larger rGO sheetlike structures in the TPU
matrix. In addition, some additional FE-SEM images of the
fractured surfaces of CZ3-RGO-TPU nanocomposites are
shown in Figure S3a,b of the Supporting Information. The
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Figure 4. (a) TEM image of CZ1, (b) HRTEM image of CZ1, (c) TEM image of CZ2, (d) HRTEM image of CZ2, (e) TEM image of CZ3, and
(f) HRTEM image of CZ3.

Figure S. FE-SEM images of (a) GO and (b) rGO.

energy-dispersive X-ray (EDX) spectrum of the CZ3-rGO- elements C, O, Co, Fe, and Zn in the nanocomposite sample
TPU nanocomposite sample verifies the presence of the (Figure 6d). The portion of the SEM image, which was utilized
28103 https://doi.org/10.1021/acsomega.1c04192
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Figure 6. FE-SEM images of the fracture surface of (a) CZ1-rGO-TPU, (b) CZ2-rGO-TPU, (c) CZ3-rGO-TPU, and (d) the EDX spectrum of

CZ3-rGO-TPU.

for the EDX study, is shown in Figure S3c of the Supporting
Information. Furthermore, the elemental mapping image of the
CZ2-rGO-TPU nanocomposite is shown in Figure S4 of the
Supporting Information. The results display that Co, Fe, Zn,
and O are distributed uniformly, which further proves the good
dispersion of ferrite in the TPU matrix. In addition,
thermogravimetric analyses (TGA) of TPU and the prepared
nanocomposites (Figure SS) are also added in the Supporting
Information.

2.6. Magnetic Properties. The magnetic properties of the
prepared nanoparticles were investigated utilizing a vibrating
sample magnetometer (VSM) at room temperature in an
applied magnetic field up to 10 kOe. The saturation
magnetization values are 51.7, 49.7, and 14.5 emu/g for
CZ1, CZ2, and CZ3 samples, respectively (Figure 7). The
decrease in the saturation magnetization value is associated
with the doping of the nonmagnetic Zn*" ion in CoFe,0,
spinel ferrite nanoparticles as well as the decrease in the
particle size of the doped spinel ferrite nanoparticles.”’ The
prepared CZ1 sample exhibits the coercivity of H. & 73 Oe
and the remanent magnetization of M, = 4.7 emu/g, which
signifies the ferromagnetic behavior. Further, due to the low
values of coercivity H, (~1.3 Oe for CZ2 and 0 for CZ3) and
remanent magnetization M, (0.12 for CZ2 and 0 for CZ3), the
prepared CZ2 and CZ3 nanoparticles exhibited super-
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Figure 7. Magnetic hysteresis curves of the prepared CZ1, CZ2, and
CZ3 nanoparticles.

paramagnetic characteristics.”> This indicates that with the
addition of Zn®" there is the transformation of ferromagnetic
characteristics to superparamagnetism due to a decreased
crystallite size in the presence of Zn>* ions, which hamper the
crystal growth in the synthesis process.”’ It can be proposed
that the nanocomposite based on CZ3 could be a better
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Figure 8. (a) Total shielding effectiveness SEr, (b) shielding effectiveness due to absorption SE,, (c) shielding effectiveness due to reflection SEg,
and (d) comparison chart of the maximum values of SEy, SE,, and SEj for the prepared nanocomposites CZ1-rGO-TPU, CZ2-rGO-TPU, and

CZ3-rGO-TPU with a thickness of 0.8 mm.

electromagnetic wave absorbing material due to higher
anisotropy energy (H,), which can be expressed by the
relation®*®°

H, = 4IK/3u M,

where IK)| is the anisotropy coefficient. The anisotropic energy
of CZ3 is higher as it exhibits a lower Mg value. The evaluated
values of anisotropy energy are 86, 90, and 311 kOe for CZ1,
CZ2, and CZ3 samples, respectively.>®’

2.7. Electromagnetic Interference Shielding Effec-
tiveness of the Nanocomposites. The total shielding
effectiveness (SEr) of the material against EMI can be defined
by its ability to attenuate electromagnetic waves and is
expressed in decibel (dB) units.® The high value of EMI SE
(dB) of a shielding material signifies less transmission of EM
waves through the shielding material. The total EMI shielding
effectiveness (SE1) can be expressed by the following relation
in terms of the logarithm of the ratio of the incident power (P;)
to the transmitted power (Pr)*’
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P
SE(dB) = IOlog[—I]
PT

In general, when the incident electromagnetic waves interact
with the shielding material, the incident power can be divided
into reflected power, absorbed power, and transmitted power.
Therefore, the total EMI shielding effectiveness (SEr) includes
the contribution of reflection (SEy), absorption (SE,), and
multiple internal reflections (SE,;), which can be expressed

70
as

SE; = SEy + SE, + SBy

The multiple internal reflection (SE,;) terms can be ignored
where the contribution of absorption to the total EMI
shielding effectiveness (SEr) is more than 10 dB or when
the shielding material thickness is greater than the skin
depth.”" Therefore, SE; can be expressed as

SE; = SEg + SE,
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Table 1. Electromagnetic Shielding Performance of Some Nanocomposites Reported in the Literature

frequency specimen maximum value of SEp
no. shielding material (GHz) thickness (dB) ref
1  MWNTs + rGO-Fe;0, in polycarbonate (PC)/poly(styrene-co-acrylonitrile) 8-18 0.92 mm 50.7 77
(SAN) blend

2 rGO-MnFe, 0, + MWCNTs in PVDF 2—-18 5.5 mm 38 78

3 TPU/PLA/VCB 8.2—12.4 1.0 mm 27 79

4  TPU/CoFe/coal fly ash 0.1-20 250 um 37 80

S PTH/NigsZnysFe, ,Ce,04 82-124 2.0 mm 34 81

6 TPU/rGO 0.1-20 250 pm 53 24

7 rGO/PS 8.2—12.4 2.5 mm 4S5.1 82

8  polypyrrole/BST/rGO/Fe;0, 8.2-12 2.5 mm 48.6 83

9  Cog33Zng6,Fe,0,-r1GO-TPU 8.2—-124 0.8 mm 67.8 this work
The shielding effectiveness due to reflection (SEg) is o .
associated with the impedance mismatch between air and the shielding efficiency (%) = 100 — (IOSW) x 100

shielding material; however, the shielding effectiveness due to
absorption (SE,) is related to the energy dissi7pation of the
electromagnetic waves in the shielding material. 2

The total EMI shielding effectiveness (SE1) can be evaluated
using the following relations in terms of the scattering
parameters obtained from the vector network analyzer’’

SE.(dB) = 10 logw(siz] = IOIOgIO(SLZ]

12 21

1
SER(dB) =10 10g1({ﬁ]
— P

1-8}
SEA(dB) =10 loglo S—z

12

where S;;, Si5, S,;, and S,, represent the forward reflection
coefficient, forward transmission coefficient, backward trans-
mission coefficient, and reverse reflection coefficient, respec-
tively.

The total shielding effectiveness (SEr) of the prepared TPU-
based nanocomposites is depicted in Figure 8a in the
frequency range of 8.2—12.4 GHz for a sample thickness of
0.8 mm. The maximum values of SE are 48.3, 61.8, and 67.8
dB for CZ1-rGO-TPU, CZ2-rGO-TPU, and CZ3-rGO-TPU,
respectively. Figure 8b,c depicts the shielding effectiveness due
to absorption (SE,) and due to reflection (SEy), respectively.
The maximum values of SE, are 26.4, 37.5, and 38.8 dB; and
the maximum values of SEy are 22.1, 24.8, and 28.9 dB for
CZ1-rGO-TPU, CZ2-rGO-TPU, and CZ3-rGO-TPU, respec-
tively. Figure 8d shows a comparison chart of SEp, SE,, and
SEg for the prepared nanocomposites CZ1-rGO-TPU, CZ2-
rGO-TPU, and CZ3-rGO-TPU with a thickness of 0.8 mm. It
is noticed that the prepared nanocomposites have absorption-
dominant EMI shielding behavior.

The value of EMI SE higher than 20 dB is considered the
least target value for commercial applications such as in
aircraft, satellite, telecommunications, and defense systems.74 It
is well known that the shielding material having 20 dB of EMI
SE is capable to block 99% of incident electromagnetic waves
with less than or equal to 1% transmission of electromagnetic
waves. The EMI shielding efficiency (%), which represents the
percentage of the blocked electromagnetic waves by the
shielding material, can be evaluated using the following relation
with the EMI shielding effectiveness (dB)”

Importantly, the shielding efficiency of the CZ3-rGO-TPU
nanocomposite was up to 99.9999%, which signifies a blockage
of 99.9999% of the incident electromagnetic wave with only
0.0001% transmission. In comparison with conventional metal-
based EMI shielding material, which has no electromagnetic
wave absorption ability, the prepared TPU-based nano-
composites with spinel ferrite nanoparticles and reduced
graphene oxide feature a compatible shielding mechanism of
absorption and reflection to incident electromagnetic waves
and provide benefits of a lightweight, flexible, and high-
performance shielding effectiveness.”® In addition, the
developed absorption-dominant EMI shielding material
minimizes the second harm created by the reflected electro-
magnetic waves, and it has its place in an eye-catching
environmentally friendly shielding material.

The related recent work by other researchers on the
electromagnetic shielding performance of nanocomposites is
included in Table 1. The group of Pawar et al.”’ measured a
total shielding effectiveness value of SE; of ~50.7 dB at 18
GHz for polycarbonate (PC)/poly(styrene-co-acrylonitrile)
(SAN) blend samples containing both multiwalled carbon
nanotubes (MWNTs) and rGO-Fe;O, having a thickness of
0.92 mm. Further, a total shielding effectiveness value of SEy of
~38 dB at 18 GHz is reported by the group of Srivastava et
al.”® for rGO-MnFe,0,-multiwalled carbon nanotube
(MWCNT)-poly(vinylidene fluoride) (PVDF) composite
samples with a thickness of 5.5 mm. Furthermore, Nath et
al.”” showed a maximum shielding effectiveness of ~27 dB in
the frequency range 8.2—12.4 GHz, thermoplastic polyur-
ethane (TPU)/polylactic acid(PLA)/conductive carbon black
Vulcan XC-72 (VCB) nanocomposites with a thickness of 1
mm. Gulzar et al.** observed a SE; value of ~37 dB in the
microwave region for samples possessing 250 ym thickness for
TPU/CoFe/coal fly ash nanocomposites. Also, Dar et al.*!
reported the total shielding effectiveness of ~34 dB for
polythiophene/Ni, sZn, ;Fe,_.Ce, O, nanocomposites, whereas
Zahid et al.** noticed that the shielding effectiveness for the
composite of 2.5% rGO loading was ~53 dB in the frequency
range 0.1—20 GHz. Another group of Yan et al.*” reported the
maximum shielding effectiveness of ~45.1 dB for structured
reduced graphene oxide/polymer composites (rGO/PS) with a
sample thickness of 2.5 mm in the X-band frequency range.
Also, Sambyal et al.** noticed a total shielding effectiveness
value, SE; ~48.6 dB, for the polypyrrole/BST/RGO/Fe;0,
composite with a thickness of 2.5 mm in the X-band frequency
region.
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Figure 9. (a) Real part of permittivity, (b) imaginary part of permittivity, and (c) Cole—Cole plots of CZ1-rGO-TPU, CZ2-rGO-TPU, and CZ3-

rGO-TPU nanocomposites.

Lightweightness is one of the most essential benefits for
shielding materials, particularly for applications in aircraft,
satellite, and defense systems where the weight of the shielding
material is a significant design parameter. Taking the density of
the shielding material into account, the specific shielding
effectiveness (SSE) is evaluated by dividing the SE by density.
Further, absolute shielding effectiveness (SSE,) is obtained by
dividing SSE by the thickness (t) of the shielding material.**
The thickness of each nanocomposite is 0.8 mm and the
density is in the range of 0.80—1.17 g/cm’ The evaluated
value of SSE for nanocomposites is in the range of 53.5—78 dB
cm®/ g, which is much larger than that of typical metals, for
example, ~10 dB cm?/g for solid copper.”” The calculated
value of SSE, for nanocomposites is in the range of 668—963
dB cm?/g. A research group of Liu et al.*® observed the SSE
value of 37.03 dB cm?/g for three-dimensional (3D) network
porous graphene nanoplatelets/Fe;O,/epoxy nanocomposites.
Further, Zhang et al®” noticed the value of SSE ~ 17—25 dB
cm?®/g for poly(methyl methacrylate) (PMMA)/graphene
nanocomposite. Furthermore, Shen et al.*® demonstrated the
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value of SSE ~ 41.5 dB cm®/g for polyetherimide/graphene@
Fe;0, composite. For PMMA/Fe;O,@MWCNT nanocompo-
site, the value of SSE ~ SO dB cm’/g was noticed by the
research team of Zhang et al® In addition, Ling et al”®
observed the value of SSE ~ 44 dB cm3/g for the
polyetherimide/graphene composite.

2.8. Electromagnetic Properties and Parameters of
the Nanocomposites. The shielding material with very high
electrical conductivity and consisting of free charge carriers are
effective electromagnetic wave reflectors. Further, to absorb
electromagnetic waves, the shielding materials should exhibit
electric and magnetic dipoles. The magnitude of the shielding
effectiveness by reflection (SEy), which has a dependence on
the conductivity and permeability, can be evaluated theoret-

ically using the following relation®”

SER = -10 logm(m]
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Figure 10. (a) Real part (') of permeability, (b) imaginary part (4”) of permeability, (c) dielectric loss (tan 8,), and (d) magnetic loss (tan 8,) of

CZ1-rGO-TPU, CZ2-rGO-TPU, and CZ3-rGO-TPU nanocomposites.

where op represents the total conductivity of the shielding
material and p, corresponds to the relative permeability of the
shielding material. The above equation signifies that the value
of SEg is higher for larger conductivity and lower magnetic
permeability of the shielding material. The magnitude of the
shielding effectiveness by absorption (SE,) can be also
evaluated theoretically by the following equation”'

orop 2
SE, = —8.68t(TT”f)

where t is the thickness of shielding material. The above
equation represents that the SE, is larger with high electrical
conductivity and high magnetic permeability of the shielding
material. The electromagnetic wave absorption can be also
improved by the increase of the thickness of the shielding
material. In addition, to investigate the reason behind the
noticed improvement in the EMI SE in developed nano-
composites, the electromagnetic parameters such as permittiv-
ity, permeability, conductivity, polarization, dielectric loss,
magnetic loss, skin depth, eddy current loss, natural resonance,

attenuation constant, and impedance matching have been
investigated.

The real part (¢') of permittivity signifies the storage ability
of electric energy. Figure 9a depicts the real part (¢') of
permittivity with the variation of frequency of the prepared
nanocomposites CZ1-rGO-TPU, CZ2-rGO-TPU, and CZ3-
rGO-TPU. The values of ¢’ are in the ranges of 3.4—3.9, 3.4—
4.1, and 4.2—6.1 for CZ1-rGO-TPU, CZ2-rGO-TPU, and
CZ3-rGO-TPU, respectively. The & is associated with the
polarization of the material, which includes dipolar polar-
ization, electric polarization, orientation polarization, and
interfacial polarization under electromagnetic waves. Because
of the residual bonds and defects created during the chemical
synthesis process, electrons are not homogeneously distrib-
uted, which provides orientation polarization and further plays
a role in the &.°* In the developed nanocomposites, the
presence of interfaces between the spinel ferrite nanoparticles
and rGO sheets in the TPU matrix provides interfacial
polarization, also known as the Maxwell-Wagner polar-

. .93
ization.
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Figure 11. (a) Eddy current loss, (b) skin depth, (c) attenuation constant, and (d) impedance matching of CZ1-rGO-TPU, CZ2-rGO-TPU, and

CZ3-rGO-TPU nanocomposites.

Further, the imaginary part (¢”) of the permittivity refers to
the dissipation ability of electric energy. The imaginary part
(¢”) of permittivity with the variation of frequency is shown in
Figure 9b for the prepared nanocomposites CZ1-rGO-TPU,
CZ2-1GO-TPU, and CZ3-rGO-TPU. The values of &” range
from 0.07 to 0.36, 0.08 to 0.48, and 0.24 to 0.46 for CZ1-rGO-
TPU, CZ2-rGO-TPU, and CZ3-rGO-TPU, respectively.
Further, the pure TPU exhibits insulating behavior with
electrical conductivity in the range of 1072 S/cm.’* The
experimentally determined direct current (dc) conductivity is
in the range of (1.6—3.8) X 107'® S/cm for the prepared
nanocomposites. An improvement in the electrical conductiv-
ity is noticed due to the presence of rGO in the TPU matrix.
The influence of ferrite nanoparticles on dc conductivity is less,
as these nanoparticles do not possess free electrons in the
structures.” However, dielectric polarization can be induced
under the applied EM field in such structures, which has a
contribution to dielectric loss.”*”’

In general, the Debye theory has been widely utilized to
explain the relaxation mechanism in electromagnetic shielding
materials. Based on the Debye theory, the relative complex
permittivity has the following relation”

28109

85 B 800 — 6/ . jgl/

1 + jot

where &, €, ®, and 7 are the relative dielectric permittivity at
an infinite frequency, the static dielectric permittivity, the
angular frequency, and the polarization relaxation time,
respectively. €’ and €” can be expressed as

! Es B 800
£ =€, + ————
1+ (wr)
" — ES - 8002 T + L
1 + (wr) we,

€' and ¢” are mutually dependent on each other as they are
dependent on wt. With the ignorance of the role of 6 to £” and
elimination of wz, the relation between & and &” can be
expressed as

g — &

_ 2
)
The above equation signifies that the plot of ¢” and &’ should
be a semicircle, which is known as a Cole—Cole semicircle.””

Figure 9c¢ depicts the Cole—Cole plots for CZ1-rGO-TPU,
CZ2-rGO-TPU, and CZ3-rGO-TPU nanocomposites. It can

&+ &,

¢ - Sy e =
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be noticed that at least three Cole—Cole semicircles are
present, which signifies the presence of multiple relaxation
mechanisms in the prepared nanocomposites.'”

The real part (u’) of permeability refers to the storage
abilities of magnetic energy. u’ with a variation of frequency is
in the range of 0.81—-1.75, 1.06—2.13, and 2.05—3.15 for CZ1-
rGO-TPU, CZ2-rGO-TPU, and CZ3-rGO-TPU, respectively
(Figure 10a). Further, the imaginary part (#”) of permeability
signifies the dissipation ability of magnetic energy. With a
variation of the frequency, the values of y” fluctuate in the
ranges between —0.51 and 1.22, —0.44 and 1.08, and —0.49
and 1.49 for CZ1-rGO-TPU, CZ2-rGO-TPU, and CZ3-rGO-
TPU, respectively (Figure 10b). In general, negative imaginary
permeability is noticed in carbonaceous/magnetic composite
materials.'*"'%” The observed negative imaginary permeability
is associated with the radiated magnetic energy intensively
converted into electric energy. It leads to the transformation
between the permittivity and permeability; consequently, the
increase in the value of €”, in turn, causes a decrease in the
value of u” and becomes negative.103

Furthermore, for the comparative analysis of the dielectric
loss abilities of the prepared nanocomposites, the dielectric loss
tangents (tand, = £”/¢’) is evaluated. The dielectric loss
(tan 8,) of CZ1-rGO-TPU, CZ2-rGO-TPU, and CZ3-rGO-
TPU nanocomposites is depicted in Figure 10c. The values of
tan 0, are in the range of 0.02—0.10, 0.02—0.13, and 0.05—0.09
for CZ1-rGO-TPU, CZ2-rGO-TPU, and CZ3-rGO-TPU,
respectively. According to electromagnetic theory, dielectric
loss is the contribution of intrinsic electromagnetic character-
istics of the nanocomposites. The presence of polarization and
associated relaxation is responsible for the dielectric loss in the
developed nanocomposites.'”* The presence of residual groups
and defects in rGO plays a role in the absorption of
electromagnetic energy.

Also, for the comparative analysis of the magnetic loss
capabilities of the developed nanocomposites, the magnetic
loss tangents (tan §, = u"/u’) is assessed. The values of tan §,
range from —0.28 to 1.06, —0.29 to 0.76, and —0.15 to 0.56 for
CZ1-+GO-TPU, CZ2-RGO-TPU, and CZ3-RGO-TPU, re-
spectively (Figure 10d).

Generally, the magnetic loss of the shielding material is
associated with natural resonance and eddy currents.'” The
impact of eddy currents on the magnetic loss can be evaluated
by the following relation

Co=w'(u)f™

If the frequency dependent C, value is constant, the eddy
current is responsible for the magnetic loss in the shielding
material. Figure 1la depicts the frequency dependence
variation of C, for the developed TPU-based nanocomposites.
It can be noticed that the C, value is almost constant over the
frequency range of 10.13—10.64, 10.17—10.80, and 9.86—
10.96 GHz for CZ1-rGO-TPU, CZ2-rGO-TPU, and CZ3-
rGO-TPU, respectively. It indicates that the eddy current effect
is the main contributor to the magnetic loss in this frequency
range. Beyond this frequency range, natural resonance may be
the main contributor to the magnetic loss for these
nanocomposites.'’° The natural resonance can be expressed
by the following relation'®”

2nf = yH,

where y is the gyromagnetic ratio and H, is the anisotropy
energy. It is well known that the improvement in anisotropy
energy (H,) helps to enhance the electromagnetic wave
absorption properties.'” From the equation mentioned in
Section 2.6 (magnetic properties), H, increases as M;
decreases. Further, the anisotropy energy (H,) of nanosized
materials would be remarkably increased because of the surface
anisotropy field effect.'”” Hence, H, can be influenced not only
by the particle size but also by the saturation magnetization.

The skin depth (5), which is the distance for the
electromagnetic wave to be attenuated to 1/e (37%) of its
incident wave, can be expressed as''?

1
\Jmuaf

where y and ¢ are the magnetic permeability and electrical
conductivity, respectively, of the shielding material. Figure 11b
shows the skin depths (§) of CZ1-rGO-TPU, CZ2-rGO-TPU,
and CZ3-rGO-TPU nanocomposites. The values of skin
depths range from 0.0005 to 0.007, 0.0002 to 0.004, and
0.0003 to 0.0004 ym for CZ1-rGO-TPU, CZ2-rGO-TPU, and
CZ3-rGO-TPU, respectively.

In general, the attenuation constant (@) can provide the
electromaﬁnetic wave attenuation capacity of the shielding
material."' The attenuation constant can be evaluated by
utilizing the following relation''”

5=

Naaf [ o
a=T\/(ﬂ8—/48)+\/(/48—/48)2+(8/4 + W)

where c is the velocity of light and f is the frequency of the
electromagnetic wave. The frequency-dependent attenuation
constant (@) of nanocomposites is depicted in Figure 11c. It
can be noticed that the CZ3-rGO-TPU nanocomposite has a
higher a value in comparison with CZ1-rGO-TPU and CZ2-
rGO-TPU nanocomposites. The value of the attenuation
constant is not the only prerequisite for excellent electro-
magnetic shielding characteristics.''? For the determination of
the electromagnetic wave absorption by the shielding material,
better impedance matching resulting from a balance between
permeability and permittivity is also required.''* In general, the
electromagnetic wave absorption level of the shielding material
is determined by impedance matching. The value of Z = 1Z, /
Z| can provide the degree of impedance matching. At 1Z/Z |
equal to or close to 1, the shielding material can achieve full
absorption or zero reflection, which signifies that the shielding
material has high electromagnetic waves absorption.''> The
impedance matching (Z) value can be evaluated by utilizing
the following relation''®

= Jile, = W+ w0 " + )

Figure 11d depicts the frequency dependence of the
impedance matching (Z) value of the prepared TPU-based
nanocomposites. It can be noticed that the CZ3-rGO-TPU
nanocomposite has a higher impedance matching value in
comparison with the other prepared nanocomposites. The
impedance matching was greatly enhanced in the CZ3-rGO-
TPU nanocomposite in comparison with other developed
nanocomposites.”'”"'* The developed CZ3-rGO-TPU nano-
composite exhibits not only a high attenuation constant but
also high impedance matching; consequently, it possesses
excellent electromagnetic interference shielding characteristics.

Zin
7 =
Z

(o]
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Scheme 1. Schematic Illustration of the Electromagnetic Interference Shielding Mechanism in TPU-Matrix-Based
Nanocomposites with Zn>**-Substituted CoFe,0, Spinel Ferrite Nanoparticles and rGO as Nanofillers
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Therefore, the dipole and interfacial polarization, conduction
loss, multiple scattering, eddy current effect, natural resonance,
improved impedance matching, and attenuation constant result
in the high-performance shielding effectiveness of the CZ3-
rGO-TPU nanocomposite.

According to the above analysis and discussions, a possible
electromagnetic interference shielding mechanism based on
the prepared Zn*'-substituted CoFe,O, spinel ferrite nano-
particles-rGO-TPU nanocomposites has been proposed and
illustrated in Scheme 1. The substitution of Zn** in the
CoFe,0, spinel ferrite nanoparticles affects both the magnetic
and dielectric loss, which directly determines the electro-
magnetic interference shielding performance. Based on Debye
theory, &” provides conduction loss and relaxation loss.'"”
Under electromagnetic wave penetration in the prepared
nanocomposites, the electrons migrate in the rGO nanosheets
and hop between two neighboring rGO nanosheets or across
the defects in rGO, as depicted in Scheme 1. It generates
microcurrents, which increases the conduction loss. The
relaxation loss associated with dipole polarization and
interfacial polarization arises due to the functional groups,
defects, and the interface between the spinel ferrite nano-
particles and rGO nanosheets or spinel ferrite nanoparticles
interfaces or rGO nanosheets interfaces,"*" as depicted in
Scheme 1. Further, the eddy current effect and natural
resonance as magnetic losses are responsible for enhancing
electromagnetic wave absorption.'”’ Furthermore, with the
substitution of Zn** in CoFe,O, nanoparticles, magnetic
characteristics change from ferromagnetic to superparamag-
netism and consequently impact magnetic loss. The tailoring of
the magnetic characteristics of CoFe,0, nanoparticles by Zn**
is beneficial to receive efficient synergy between magnetic loss
and dielectric loss and to enhance impedance matching. In
brief, better impedance matching, conduction loss, the
synergistic effect of dielectric loss and magnetic loss, and
multiple reflections and scattering can be responsible factors
for high-performance EMI shielding characteristics of the TPU

nanocomposite containing 20 wt % Co,33Zn;4,Fe,0,
combined with reduced graphene oxide.

2.9. Mechanical Properties of Nanocomposites. Figure
12 depicts typical stress—strain curves of the prepared

4
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Figure 12. Representative stress—strain curves of CZ1-rGO-TPU and
CZ3-rGO-TPU nanocomposites.

nanocomposites. The evaluated values of Young’s modulus
are 23 + 3 and 18 + 4 MPa for CZ1-rGO-TPU and CZ3-rGO-
TPU, respectively. Abrisham et al.'** noticed Young’s modulus
of 62-19.6 MPa for TPU composites with the carbon
nanotubes and montmorillonite nanosheets. Bera et al.'*’
observed Young’s modulus of 2.2 MPa for TPU and 3.5-5.4
MPa for TPU/amine-functionalized GO nanocomposites.
Further, the evaluated values of tensile strength are 3.1 & 0.6
and 2.3 + 0.3 MPa for CZ1-rGO-TPU and CZ3-rGO-TPU,
respectively. In addition, the evaluated values of elongation at
break are 72 and 43% for CZ1-rGO-TPU and CZ3-rGO-TPU,
respectively. The observed mechanical characteristics imply
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Scheme 2. Schematic Illustration of the Preparation of Spinel Ferrite Nanoparticles by the Sonochemical Method
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that the size of the prepared spinel ferrite nanoparticles
influences the mechanical performance of the developed

L 124 125 . .
nanocomposites. ”~ Menon et al."*> noticed tensile strengths
of 4.1-7.3 MPa and 56.2% recovery of tensile strength for the
dopamine functionalized polyurethane (PU-Dopa)-Fe/
MWNT composite.

3. CONCLUSIONS

In this work, we fabricated high-performance, lightweight, and
flexible TPU-based nanocomposites with Zn**-substituted
CoFe,0, spinel ferrite nanoparticles (CZ1, CZ2, and CZ3)
and rGO as nanofillers for EMI shielding application. The
maximum total shielding effectiveness (SEp) values in the
frequency range of 8.2—12.4 GHz of the nanocomposites with
a very low thickness of 0.8 mm were 48.3 dB, 61.8 dB, and 67.8
dB for CZ1-rGO-TPU, CZ2-rGO-TPU, and CZ3-rGO-TPU,
respectively. The evaluated value of the specific shielding
effectiveness (SSE) for the CZ3-rGO-TPU nanocomposite was
58 dB cm?®/g. The calculated value of absolute shielding
effectiveness (SSE,) of CZ3-rGO-TPU was 730 dB cm?/g. The
shielding efliciency of the CZ3-rGO-TPU nanocomposite was
up to 99.9999%. The CZ3-rGO-TPU nanocomposite has a
better balance between the dielectric and magnetic loss to
reach the improved impedance matching condition, which
results in high electromagnetic interference shielding perform-
ance. The prepared lightweight and flexible nanocomposite is
an ideal candidate for practical applications in aircraft, satellite,
telecommunications, and in the field of radar stealth.

4. EXPERIMENTAL SECTION

4.1. Chemicals. Cobalt nitrate hexahydrate, ferric nitrate
nonahydrate, zinc nitrate hexahydrate, and sodium hydroxide
were procured from Alfa Aesar GmbH and Co KG, Germany.
Graphite flakes and potassium permanganate were obtained
from Sigma-Aldrich, Germany. Sodium nitrate was acquired
from Lach-Ner, Czech Republic. Vitamin C (Livsane), which
was utilized as a reducing agent, was a product from Dr. Kleine
Pharma GmbH, Germany.

4.2. Sonochemical Synthesis of Nanoparticles. In a
typical synthesis, an aqueous solution of the stoichiometric
amount of cobalt nitrate/zinc nitrate and iron nitrate was

28112

reacted with NaOH aqueous solution under the influence of
sonication waves. Sonication was done for 1 h using an
ultrasonic homogenizer UZ SONOPULS HD 2070. After the
precipitate was formed due to the reaction between the nitrate
solutions and sodium hydroxide under sonication, the
sonication was stopped, and the formed precipitate was
removed and washed with plenty of deionized water and
ethanol. Then, the obtained product was dried in an oven at 60
°C for 24 h. The prepared nanoparticles of various
compositions such as CoFe,0, Coj¢,Zn,33Fe,0, and
Cogy33Zng4,Fe, 0, were labeled CZ1, CZ2, and CZ3,
respectively. A schematic of the preparation of these spinel
ferrite nanoparticles is shown in Scheme 2.

4.3, Preparation of Reduced Graphene Oxide (rGO).
Based on the Hummers method,'* graphene oxide was
synthesized by oxidizing expandable graphite flakes in our
laboratory. In a typical synthesis, graphite flakes (3 g) and
sodium nitrate (1.5 g) were dispersed in concentrated sulfuric
acid (75 mL). Further, potassium permanganate (9 g) was
added gradually to the above-prepared solution and kept at
room temperature for 12 h. H,0, (30%, 2 mL) was utilized for
further treatment of the above mixture solution. The obtained
mixture was further washed with deionized water to eliminate
the residual ions. The obtained product was annealed at 60 °C
for 24 h. The achieved graphene oxide (GO) was further
reduced to reduced graphene oxide (rGO) by vitamin C as a
reducing agent according to our previous report.127

4.4. Preparation of Nanocomposites. A micro-
compounder (MCS, Xplore Instruments BV, Sittard, The
Netherlands) with a capacity of $ cm® consisting of twin screws
was utilized to prepare the nanocomposites. Thermoplastic
polyurethane (TPU) (Elastollan C80A10), spinel ferrite
nanoparticles, and reduced graphene oxide were added
together through the hopper into the running micro-
compounder. The melt mixing conditions were 200 °C for 7
min at 150 rpm. Before melt mixing, TPU and fillers were
dried in a vacuum oven at 90 °C for 12 h. The TPU-based
nanocomposites containing 20 wt % nanofillers (which
consisted of spinel ferrite nanoparticles and rGO in a 9:1 wt
% ratio) were studied. Three nanocomposite series, designated
CZ1-rGO-TPU, CZ2-rGO-TPU, and CZ3-rGO-TPU, were
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Scheme 3. Schematic Illustration of the Preparation of TPU-Based Nanocomposites with Spinel Ferrite Nanoparticles with
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Figure 13. Digital photographs of the developed TPU-based nanocomposite with spinel ferrite nanoparticles and reduced graphene oxide

demonstrating the dimension, lightweight, and flexibility.

developed. Further, the prepared TPU-based nanocomposites
were compression-molded to form rectangular-shaped sheets
with dimensions of 229 mm X 102 mm X 0.8 mm. A
schematic illustration of the development of TPU nano-
composites containing spinel ferrite nanoparticles and reduced
graphene oxide as nanofillers is shown in Scheme 3.
Representative digital photographs of a developed CZ1-rGO-
TPU nanocomposite are shown in Figure 13.

4.5. Characterization Techniques. FTIR spectra of the
prepared nanoparticles and their TPU-based nanocomposites
were obtained using the FTIR spectrometer (Nicolet 6700)
(Thermo Scientific, Waltham, MA) in attenuated total
reflectance mode. Raman spectroscopic measurements were
obtained with a Raman microscope Nicolet DXR (Thermo
Fisher Scientific, Waltham, MA) at laser excitation wavelengths
of 532 and 780 nm. XPS spectra were obtained with an X-ray
photoelectron spectroscope using Kratos Analytical Axis Ultra
DLD system. XRD patterns were studied with an X-ray
diffractometer using Rigaku MiniFlex 600 (Rigaku Corpo-
ration, Tokyo, Japan). The morphology of the prepared
nanoparticles was investigated by transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM)
using a JEM-2100Plus (Jeol, Tokyo, Japan) as well as by field

emission scanning electron microscopy (FE-SEM) using an
FEI NanoSEM450 (FEI Company, The Netherlands). The
morphology of the composites was studied by FE-SEM on
surfaces of cryofractures prepared from compression-molded
sheets. The complex permittivity, complex permeability, and S
parameters were measured on a PNA-L network analyzer
(Agilent NS230A) using an X-band (WR 90) waveguide
operating within the frequency range of 82—12.4 GHz.
Rectangular specimens with dimensions of 22.9 mm X 10.2
mm X 0.8 mm matching the inner cross section of the
waveguide were cut out from the prepared composite sheets
and placed inside a waveguide section. The obtained S
parameters were utilized to evaluate the total shielding
effectiveness (SEr), shielding effectiveness due to reflection
(SEgr), and shielding effectiveness due to absorption (SE,).
The techniques of Nicolson—Ross—Weir are utilized, which
provide a direct assessment of complex permittivity and
permeability using input S-parameters. The dc conductivity
was measured using the set for 2-points method, where the I—-
V characteristics were measured in the two-point setup using
electrodes of cylindrical shape (d = 16 mm) with a
programmable electrometer (Keithley 6517 A). Magnetic
characteristics of samples were studied using a vibrating
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sample magnetometer (VSM, Model 7404, Lake Shore,
Westerville, OH). Thermogravimetric analysis (TGA) was
performed using a Setaram LabSys Evo with the TG/DSC
sensor in an atmosphere of air. Mechanical characteristics of
TPU nanocomposites were studied by utilizing a Testometric
universal-testing machine of type M 350—SCT (Testometric
Co. Ltd., Rochdale, UK).
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XPS study of spinel ferrite nanoparticles (Figure S1),
GO, and rGO (Figure S2); some additional FE-SEM
images of the fractured surfaces of CZ3-RGO-TPU
nanocomposites (Figure S3a,b, the portion of the SEM
image, which was utilized for the EDX study (Figure
S3c); the elemental mapping images of the CZ2-rGO-
TPU nanocomposite (Figure S4); the interplanar
spacing d (nm) values indexed using Miller indices
(hkl planes) for the prepared nanoparticles (Table S1);
and TGA of TPU and prepared nanocomposites (Figure
$5) (PDE)
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