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ABSTRACT The present paper reports the complex permittivity, permeability, and microwave absorption properties of core shell
type poly (3,4-ethylenedioxy thiophene) (PEDOT) nanocomposite with barium ferrite, synthesized by in situ emulsion polymerization,
in the 12.4—18 GHz frequency range. High-resolution transmission electron microscopy (HRTEM) studies reveal the formation of
core—shell type morphology with ferrite particles (60—80 nm) as the center while the polymer (PEDOT) formulates the outer shell of
the composite. The presence of barium ferrite nanoparticles in the polymer matrix includes the magnetic losses, which mainly arise
from the magnetic hysteresis, domain—wall displacement, and eddy current loss. The higher dielectric (¢” = 23.5) and magnetic loss
(u” = 0.22) contributes to the microwave absorption value of 22.5 dB (>99 % attenuation) and are found to increase with the amount
of ferrite constituents. The polymer was further characterized through Fourier transform infrared spectroscopy (FTIR), energy dispersive

X-ray spectroscopy (EDS), and X-ray diffraction (XRD).
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INTRODUCTION

olymer and polymer-based composites with electro-

conductive properties have found numerous uses in

technological applications like energy storage (1),
antistatic packaging (2, 3), electro-optical devices (4, 5),
welding of plastics (6), and electromagnetic shielding (7—10).
With the rapid development of the electronics industry, the
dominant frequency range of communication devices has
shifted toward a higher range in order to enhance the data
transfer rates. As a result, the demand for the microwave
absorbers and electromagnetic shields in this frequency
range is increasing, to solve the electromagnetic interference
(EMI) problems. The microwave-absorption properties are
determined by the relative permeability, permittivity, elec-
tromagnetic impedance matching, and the microstructure
of the absorber. Among the electromagnetic wave absorb-
ers, spinel-type ferrites (11—13), metallic magnetic materials
(14—19), and carbon nanotube (CNT) composites (20—24)
have been extensively studied. However, the spinel-type
ferrites show Snoek’s limit (25) due to which magnetic losses
decreases drastically at gigahertz frequency. Metallic mag-
netic materials (26, 27) show high permeability, but they
have to be insulated, to prevent an eddy current due to a
drop in the complex permeability (,) in the gigahertz range.
Yang et al. (28) reported a CNT polystyrene foam structure
composite with EMI shielding effectiveness (SE) of 19 dB,
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and Che et al. (29) reported the synthesis of CNT encapsu-
lated with Fe nanoparticles showing good absorption be-
havior but the complex synthesis of CNT filled with magnetic
nanoparticles is not favorable for practical applications. The
hexagonal-type ferrites are suitable as a radar absorbing
materials (RAM) due to a large value of permeability, high
value of magnetization, and planar anisotropic behavior, as
well as good dielectric properties at microwave frequencies.
However, for high attenuation (30—33), thick samples are
required.

Among the candidates for electromagnetic wave absorb-
ers, conducting polymer—ferrite composites may be poten-
tial candidates for microwave absorption materials at high
frequencies over the gigahertz range due to their high
dielectric and magnetic losses. Different strategies have been
employed for the preparation of these type polymer com-
posites. Typically, chemical polymerization of monomer in
the presence of inorganic dopant like HCI, H,SOy, is carried
out using oxidants like ammonium peroxydisulphate and
FeCls. When organic dopants with surfactant functionalities
are used, emulsions or micelles can be formed leading to
microtubes, fibers, or rodlike structures. However, if nano-
structures with diameters of 100 nm are desired, then
complex dopants with bulky side groups are needed, such
as sulfonated naphthalene derivatives and camphor sulfonic
acid. Recently, micellar solutions of sodium dodecyl sulfate
(SDS) and sodium dodecyl benzene sulfonate (SDBS) were
employed to produce colloidal polymeric particles dispers-
ible in water. Previous reports mainly focused on the effect
of monomer and surfactant concentration on composition,
morphology, crystalline nature, and conductivity of polymer.
Earlier, studies have been done on the development of
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composites having both conducting and ferromagnetic prop-
erties by the incorporation of ferrite particles such as Fe;Ou,
manganese—zinc ferrite particles (34—37).

In the present work, we explore that the synthesis of
conducting poly (3,4-ethylenedioxy thiophene) (PEDOT)
composite with bulky dodecyl benzene sulfonic acid (DBSA)
with the dual role of surfactant and dopant, leading to the
formation of a core—shell like structure. This core—shell like
structure contributes toward higher microwave absorption
(>99 % attenuation). However, to our knowledge, there are
no detailed reports on the upshot of core shell structured
composite on the microwave absorption properties. A sys-
tematic study in this direction is particularly important
because the presence of magnetic core having conducting
shell can significantly change the absorption of electromag-
netic radiation to great extent. Here, we report the complex
permittivity, permeability and microwave absorption prop-
erties of poly (3,4-ethylenedioxy thiophene) (PEDOT) nano-
composite with barium ferrite (60—80 nm). Barium ferrite
is selected due to its high resistivity and high magnetic losses
whereas PEDOT is chosen because of its moderate conduc-
tivity (~1072 S/cm) and dielectric properties so that both
contribute toward higher microwave absorption (>99%
attenuation). The effect of ferrite constituent on complex
permittivity, permeability, and the microwave absorption
properties of the PEDOT nanocomposite have been inves-
tigated and compared with the pristine PEDOT—DBSA.

EXPERIMENTAL SECTION

The synthesis of barium ferrite (BaF) has been carried out via
precursor route (38) by dissolving 1:12:13 molar ratio of barium
nitrate, ferric nitrate, and citric acid, respectively, in distilled
water. The ferrite particles have further been grinded for 6 h
using a Retsch “PM-400” planetary-ball mill in tungsten carbide
jars. The resulting ferrite nanoparticles (60—80 nm) have been
homogenized in 0.3 M aqueous solution of dodecyl benzene
sulfonic acid (DBSA) to form a whitish brown emulsion solution.
To the above solution, 0.1 M of EDOT (3,4-ethylene dioxy
thiophene) has been added which has again been homogenized
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for 2 to 3 h to form micelles of EDOT with barium ferrite. The
micelles so formed have been polymerized at —2 °C by emul-
sion polymerization using APS ((NH4),S,0s) (0.1 M) as oxidant.
The product so obtained has been demulsified by treating it with
an equal amount of isopropyl alcohol. The precipitate, thus,
obtained has been filtered, washed, and dried at 60—65 °C. The
effect of the concentration of BaF nanoparticles on the micro-
wave absorption properties of the resulting PEDOT—BaF nano-
composites has been studied by modulating weight ratios of
EDOT monomer to BaF nanoparticles [EDOT/BaF] at 2:1
(PEDOT—BaF21),1:1 (PEDOT—BaF11),and 1:2 (PEDOT—BaF12),
respectively. In addition, polymer without ferrite particles
(PEDOT—DBSA) has been synthesized for comparative study.

Characterization. The particle size and the morphology of
barium ferrite and polymer composites have been examined
using a high-resolution transmission electron microscopy (HR-
TEM, Tecnai G*> F30 S-Twin) instrument operating at an ac-
celerating voltage of 300 kV, having a point resolution of 0.2
nm and a lattice resolution of 0.14 nm. The presence of barium
ferrite in the polymer composite has been confirmed by X-ray
diffraction (XRD) studies carried out on D8 Advance X-ray
diffractometer (Bruker) using Cu Ka radiation (1= 1.540598 A)
in scattering range (26) of 10—70° with a scan rate of 0.02°/
sec and slit width of 0.1 mm. Electromagnetic shielding and
dielectric measurements have been carried out on an Agilent
E8362B Vector network analyzer in the frequency range of
12.4—18 GHz (Ku-band). Powder samples have been com-
pressed in rectangular pellets (15.8 x 7.9 mm?) and inserted
in a copper sample holder, which has been connected between
the waveguide flanges of network analyzer. Fourier transform
infrared spectroscopy (FTIR) spectra were recorded on Nicolet
5700 in transmission mode, wavenumber range 400—4000
cm™!. The spectroscopic grade KBr discs has been used for
collecting the spectra with a resolution of 4 cm™" performing
32 scans.

RESULTS AND DISCUSSION
The formation of PEDOT—barium ferrite composite has

been carried out using emulsion polymerization (oil in water
type) in which the droplet of EDOT (oil) emulsified with
surfactant DBSA containing ferrite particles, in a continuous
phase of water. A large amount of surfactant lead to the
formation of micelle which in aqueous solution forms a
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FIGURE 1. Low magnification HRTEM image of PEDOT—BaF12 (a)
and PEDOT—BaF11 (b) nanocomposites, showing the core—shell
morphology with barium ferrite as the core and PEDOT forms the
capping of nanoparticles. (c) High magnification HRTEM image of
PEDOT—BaF12 showing the (114) oriented lattice planes of barium
ferrite and (d) energy dispersive X-ray spectroscopy pattern (EDS)
of PEDOT—BaF12 showing the approximate percentage of the
elements present in the nanocomposite.

roughly spherical or globular aggregate with the hydrophilic
“head” regions in contact with surrounding solvent, seques-
tering the hydrophobic tail regions in the micelle center.
When monomer EDOT is added to the micellar solution
containing nanoparticles, it diffuses through water to mi-
celles. The addition of oxidant APS to the solution leads to
the oxidative polymerization where EDOT is oxidized and
forms EDOT radical cations, which subsequently combine
with another unit to form a neutral dimer. The further
oxidation of this dimer leads to the formation of a trimer
and finally to a polymer containing nanoparticles of barium
ferrite embedded in between the polymer chains as shown
in Scheme 1a.

HRTEM and XRD Analysis. Figure 1 demonstrates
the high-resolution transmission electron microscopy (HR-
TEM) images and energy dispersive X-ray spectroscopy
(EDS) pattern of PEDOT—BaF nanocomposites. HRTEM
images of PEDOT—BaF11 (Figure 1a) and PEDOT—BaF12
(Figure 1b) clearly indicate that the in situ emulsion process
leads to the formation of core—shell type morphology with
ferrite particles as the center while the polymer (PEDOT)
forms the covering. The shell of the particle gives an impres-
sion of an amorphous layer, as no fringes have been
observed at the shell. The lattice plane spacing of the core
ferrite particles is about 0.26 nm, which corresponds to the
(114) plane of a barium ferrite phase (Figure 1c). The
elemental analysis of the composite has been performed
using energy dispersive X-ray pattern as shown in Figure 1d.
The peak of sulfur is due to dopant DBSA while Cu and Si
are the impressions of copper grid and the silicon detector.
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FIGURE 2. X-ray diffraction patterns of (a) BaF, (b) PEDOT—BaF12,
(c) PEDOT—BaF11, (d) PEDOT—BaF21, and (¢) PEDOT—DBSA. Plots
b, ¢, and d confirm the presence of barium ferrite in the polymer
composites.
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FIGURE 3. Comparison of FTIR spectra of BaF, PEDOT—DBSA, and
PEDOT—BaF composites, having different ferrite ratios, showing the
absence of chemical interaction between ferrite particles and
PEDOT.

X-ray diffraction (XRD) patterns of the composites also
confirm the presence of barium ferrite particles (39) in
PEDOT matrix (Figure 2). In XRD patterns, PEDOT—DBSA
shows two broad peaks at 20 = 19° and 25°, which reveals
its amorphous nature. With the addition of ferrite particle,
the peaks of barium ferrite start appearing. In PEDOT—BaF21,
due to the low concentration of ferrite particles, the intensity
of ferrite peaks is small and only the intense peaks were
noticeably observed. As the loading of the ferrite particles
increase, in PEDOT—BaF11and PEDOT—BaF12, all the peaks
of crystalline barium ferrite were clearly revealed, which
indicates the increase of crystalline barium ferrite phase in
the composite. The presence of conducting shell encapsulat-
ing the magnetic and dielectric nanoparticles is helpful for
the proper impedance matching, which is necessary for
enhancing the absorption of the electromagnetic wave.
Fourier-Transform Infrared Spectroscopy
(FTIR) Investigations. Figure 3 demonstrates the Fou-
rier-transform infrared spectroscopy (FTIR) spectra of barium
ferrite, PEDOT—DBSA, and PEDOT—BaF composites. The
vibrational bands at around 1321 cm™ and 1512 cm™! are
due to C—C or C=C stretching of the quinoid structure of
the thiophene ring and due to ring stretching of the thiophene
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ring, respectively. Vibrational bands at 1188 cm™', 1145
cm™!, and 1056 cm™! arise due to C—O—C bond stretching
in the ethylene dioxy group. C—S bond in the thiophene ring
are also seen at 978, 831, and 684 cm™'. The peak at 1330
cm™! has been reported to be the main characteristic peak
of PEDOT (40). The FTIR spectra of barium ferrite shows
characteristic peaks at 586, 546, and 434 cm™! which are
due Fe—O bond stretching. The presence of a band at 594
cm™!in the composite clearly shows the presence of barium
ferrite in the composite which was absent in PEDOT—DBSA.
The shift in the main peaks of PEDOT has been observed
by the incorporation of ferrite particles, which confirms that
some interaction of ferrite nanoparticles takes place with
polymer chains. However, the intensity of the Fe—O stretch-
ing vibration modes is affected by the [EDOT]/[BaF] ratio.
For instance, the band of Fe—O stretching vibration modes
in the composites at a higher [EDOT]/[BaF] ratio is weaker
because the hexagonal barium ferrite nanoparticles are
completely enwrapped by the polymer (PEDOT). Especially,
there is no new band in FTIR spectra of the composites
indicating that there is no chemical reaction between barium
ferrite and PEDOT and only a small interaction takes place
due to the capping to ferrite particles in the polymer. Most
prominent change was observed in the vibrational bands at
1512 cm™! (C=C stretching of quinoid structure) which has
asplitat 1475 cm™!. In case of PEDOT—BaF composite, the
peak area of this band increases while the intensity of the
splitting decreases with the ferrite content. The characteristic
peaks at 1325 cm™!, assigned to C—C, shifts to 1313 cm™,
and an increase in the peak area and intensity is observed,
which further increases with the barium ferrite loading in
the polymer. In addition, the peak intensity of the C—S band
assigned at 978, 831, and 684 cm™' increases with the
increase of ferrite content. Moreover, in PEDOT—DBSA, the
band observed at 1088 cm ™! (C—O—C stretching) has a split
at 1057 cm™'. The addition of barium ferrite resolved this
splitting into 1082 and 1051 cm™', and the intensity of the
1051 cm™' band increases with the increase of ferrite
content. This increase in peak area and intensity is because
the addition of barium ferrite leads to increases in the
polarization that ultimately increases the dipole interaction.
This is also in harmony with the microwave absorption
property, which depends on strong polarization that conse-
quently leads to the improved values.

Microwave Absorption Measurements. The EMI
shielding effectiveness (SE) of a material can be expressed
as

P
SE(dB) = —101og1§ = SE, + SE, + SE,, (1)
0

where P; and P, are the transmitted and incident electro-
magnetic power, respectively. The terms in eq 1 can be
described as (41) SEx = —10 log (1 — R) and SE, = —10 log
[T/(1 — R)]. SEr and SE, are the shielding effectiveness due
to reflection and absorption, respectively (Scheme 1b). SEy
is multiple reflection effectiveness inside the material, which
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FIGURE 4. Dependence of shielding effectiveness (SE, and SEg) as a
function of frequency showing the effect of barium ferrite concen-
tration on the SE, value of the nanocomposites.

can be negligible when SE >10 dB. Figure 4 shows the
variation of the shielding effectiveness with frequency for
the different ratios of the [EDOT]/[BaF]. As compared to the
lower SE of PEDOT—DBSA, the SE of the composite in-
creases with the ferrite content exhibiting excellent fre-
quency stability in the measured frequency range. The
contribution to the SE values mainly comes from the absorp-
tion rather than reflection in the case of PEDOT—BaF
composites. PEDOT—BaF12 has the higher SE, of 22.4 dB
with nominal SEg of 2 dB as compared to SE, value of 8 dB
and comparable reflection SEg of 6 dB for the PEDOT—DBSA.
The increase in the absorption part with the addition of
ferrite particles may be attributed to the higher dielectric and
magnetic losses observed in the polymer composites while
in the case of PEDOT—DBSA, only dielectric losses contrib-
uted to the SE, values. The dependence of SE on complex
permittivity and permeability can be expressed as (42)

W0
SE,(dB) = 20% loge = 20@/%- loge (2)

[0
L) (3)

SEq(dB) = 10 log( Towns
r“o

where, d is the thickness of the shield, u, is the magnetic
permeability, 0 is the skin depth, oac = weee” is the fre-
quency dependent conductivity (43); €” is the imaginary part
of permittivity (dielectric loss factor), w is the angular
frequency (w = 27f), and gy is the permittivity of the free
space. From eqgs 2 and 3, it is observed that with the increase
in frequency, the SE, values increases while the contribution
of the reflection decreases. Dependence of SE, and SEg on
conductivity and permeability revel that the material having
higher conductivity and magnetic permeability can achieve
better absorption properties.

Complex Permittivity Results. Complex permit-
tivity and the permeability of PEDOT—BaF composites
have been calculated using scattering parameters (S;; and
S,1) based on the theoretical calculations given in the
Nicholson, Ross, and Weir method (44, 45). The real part
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(¢") is mainly associated with the amount of polarization
occurring in the material and the imaginary part (¢”) is
related with the dissipation of energy. The dielectric perfor-
mance of the material depends on ionic, electronic, orien-
tational, and space charge polarization. The contribution to
the space charge polarization appears due to the heteroge-
neity of the material. The presence of insulating barium
ferrite in the conducting matrix results in the formation of
more interface and a heterogeneous system due to some
space charge accumulating at the interface that contributes
toward the higher microwave absorption in the composites.
The contribution to the orientational polarization is due to
the presence of bound charges (dipoles). In conjugated
polymers, two types of charged species are present. one
polaron/bipolaron system that is mobile and free to move
along the chain and others are bound charges (dipoles)
which have only restricted mobility and account for strong
polarization in the system (46). When the frequency of the
applied field is increased, the dipoles present in the system
cannot reorient themselves fast enough to respond to ap-
plied electric field, and as a result, dielectric constant
decreases. Due to the difference in the dielectric constant
and conductivity of barium ferrite and PEDOT, some charge
carriers present in PEDOT were trapped, and as a result,
space charge is developed at the interface of the ferrite
particles and the polymer. This also leads to the generation
of some space charge at the heterogeneous interface leading
to field distortion. As the frequency of applied electric field
is reduced, the contribution of ionic conduction toward the
total loss becomes prominent. With the increase in fre-
quency, the tendency for the interfacial polarization is
expected to be decreased resulting in a decrease in polariz-
ability and loss factor. Therefore, with the increase in
frequency, ¢ and &” decreases. From Figure 5a,b, it is
observed that in PEDOT—DBSA both the real and imaginary
part of the permittivity remains constant in the measured
frequency range. While in the case of PEDOT—BaF compos-
ites, incorporation of insulating barium ferrite in the con-
ducting matrix shows higher values of ¢’ and &”” as compared
to PEDOT—DBSA. The higher values of ¢” and ¢ arise due
to the difference in the relative dielectric constant of barium
ferrite and the PEDOT, which results in the accumulation of
more space charge, and strong orientational polarization that
consequently leads to the improved values of microwave
absorption.

Complex Permeability Studies. Figure 6 shows the
variation in the real (u") and imaginary (u”) parts of perme-
ability with frequency for the PEDOT—BaF composites with
different [EDOT]/[BaF] ratios. The real part of the perme-
ability remains constant with a little fluctuation in the
measured frequency range whereas the magnetic loss part
slightly decreases with the frequency. Higher values of u”
have been observed for PEDOT—BaF12 as compared to
PEDOT—BaF11, which confirms the existence of greater
magnetic losses in the PEDOT—BaF12 nanocomposite. The
magnetic loss is expressed by the imaginary part of complex
permeability and mainly occurs because of magnetic hys-
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permittivity PEDOT—BaF composites as a function of frequency.
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FIGURE 6. Variation of real and imaginary part of magnetic perme-
ability of PEDOT—BaF composites as a function of frequency.

teresis and domain—wall displacement in the material. The
permeability (47) for the hexagonal ferrites having the c-axis
as the preferred direction of magnetization is defined as

Ms

J7 )

W_UZGH
A

47 3

where M; is the saturation magnetization and H, is the
anisotropy field. As the frequency increases, x remains equal
to its static (dc) value up to a critical frequency and then
decreases with the further increase in frequency. Whereas,
the imaginary part of permeability (u”) starts increasing near
the critical frequency and has a maxima at the resonance
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frequency, which demonstrates the maximum power loss.
The larger the static value of u, the lower is the frequency at
which this decrease occurs as given by Snoek’s law (25). The
frequency of this precession depends on how strongly the
magnetization is bound to the easy axis. The stronger the
coupling, higher is the natural frequency of precession. The
strength of this coupling depends on the value of the
magneto-crystalline anisotropy K or the anisotropy field Ha,
which is proportional to Ha (47). In barium ferrite, due to
the large anisotropy field, the coupling of the magnetic dipole
is strong. When the frequency of the applied field increases,
the magnetic dipole tries to rotate with the frequency but at
higher frequency due to strong anisotropy, the induced
magnetization (B) lags behind the applied field (H) which
results in magnetic losses. The larger is the anisotropy,
higher is the difference in B and H and more are the
magnetic losses occurring in the material (48). In magnetic
nanoparticles, the rotation of domains becomes difficult due
to the effective anisotropy (magneto-crystalline anisotropy
and shape anisotropy). The effective anisotropy coefficient
can be enhanced significantly with decreasing particle size,
due to the surface effect and microstructure defects (49, 50).
Therefore, the increase in barium ferrite content in the
polymer matrix leads to higher magnetic loss, which in turn
enhances absorption of the microwaves. The dielectric and
magnetic loss in the whole frequency range proves the
balanced property of EM matching in the composite, sug-
gesting that the enhanced microwave absorption properties
unambiguously result from the cooperative effect of PEDOT
shell and ferrite cores.

CONCLUSIONS
In conclusion, PEDOT—BaF nanocomposite demonstrates

strong microwave absorption properties in 12.4—18 GHz with
SEa value of 22.5 dB at 15 GHz with minimal reflection loss of
2 dB. The high absorption properties mainly result from the
high dielectric and magnetic losses in the composites and
depend on the concentration of barium ferrite in the polymer
composite. The in situ emulsion polymerization, which results
in core—shell type morphology, enhances the interfacial po-
larization and the effective anisotropic energy of the composite,
which contributes to the higher microwave absorption. As a
result, nanocomposites with dielectric shells and ferrite cores
are also promising as new types of microwave absorptive
materials with usability in a wide frequency range maintaining
strong absorption.
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