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The design of CoFe2O4/PANI interfaces can significantly enhance a material’s
dielectric loss ability at high frequency. This paper presents a simple method
to generate CoFe2O4/PANI interfaces to enhance microwave absorption and
attenuation at high frequency. Cobalt ferrite nanoparticles were mixed with
PANI at various wt.%. X-ray diffraction of nanocomposites indicates that the
structure of the core material has a spinel structure and demonstrates the
formation of CoFe2O4/PANI nanocomposites. The particle size of ferrite and
polyaniline powders were measured using transmission electron microscopy.
The particle size of CoFe2O4 is found to be 20 nm. The saturation magneti-
zation (Ms) of all the nanocomposites were found to be decreasing with de-
crease of ferrite content, while coercivity (Hc) remained at the value
corresponding to pure cobalt ferrite. Because the CoFe2O4/PANI interface
induces a strong dielectric loss effect, all of these materials achieved broad
effective frequency width at a coating layer as thin as 1.9 mm. The complex
permittivity (e¢ and e¢¢) and permeability (l¢ and l¢¢) were collected by a vector
network analyser and the absorbing properties were calculated according to
transmission theory. e¢, e¢¢ and l¢¢ increases with an increase of PANI, whereas
l¢ decreases. The absorption peak shifted to the high-frequency side with
PANI. These results showed that a wider absorption frequency range could be
obtained by adding different polyaniline content in cobalt ferrite.
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INTRODUCTION

With the rapid development in miniaturization
and densification of electronic products,1,2 the sev-
ere heat dissipation problem has become a serious
issue affecting stability and reliability,3,4 thereby
making electromagnetic interference (EMI) a more
serious issue that affects human health and inter-
feres with the normal operation of other electronic
devices.5 To address this problem, mag-
netic + ploymer nanocomposites known as high-

performance electromagnetic wave absorbing mate-
rials are of great interest to scientists due to their
ease of preparation, low cost, large magnetic
momentum, reliability and high electrical
resistivity.6

Hence, there is a desire for the development of
high-performance electromagnetic wave absorbing
materials. These materials have drawn worldwide
attention because they are able to attenuate EM
wave energy by converting it into thermal energy.7,8

Ideally, electromagnetic wave absorption materials
should have strong absorption capability, broad
absorption bandwidth, thin matching thickness,
and be light weight.9
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High-performance magnetic absorbers are
designed through three strategies.

1. The first strategy is to make core/shell struc-
tures, where magnetic materials are used as the
core and the dielectric materials as shell. How-
ever, this requires careful synthesis routes and
the scale-up synthesis is always a problem.9

2. The second strategy is to simply mix magnetic
materials with high dielectric property materi-
als. This strategy is quite easy to perform, since
the synthesis of the two materials is achieved
separately and the synthesis can be scaled up
readily. If the mixing of two materials is not
homogeneous, the impedance matching might
not be achieved as desired.9

3. The third strategy is to assemble magnetic
nanomaterials onto 2D nanomaterials such as
graphene to form a hybrid structure. Graphene
is a high dielectric material, but it cannot be
used alone due to the limitation in impedance
matching with the absorber matrix. Thus, it is
often combined with magnetic materials.9

Magnetic materials with permeability and high
saturation magnetization such as Co, Mn, and Zn,
and ferrites were used as microwave absorbing
materials.10–12 The magnetic ferrites are mostly
used due to their low eddy current losses and high
electrical resistivity.

Polyaniline (PANI) is one of the most popular
conducting polymers among the large family of
intrinsically conductive polymers due to its easy
synthesis, cheap raw material, good environmental
and thermal stability, high electrical conductivity13

and negative permittivity.14 PANI has promising
applications in biosensors,15 soft tissue engineer-
ing,16 electrochromics,17 electromagnetic interfer-
ence (EMI) shielding18 and has attracted great
interest as a new functional component to produce
multifunctional composites (Table I).19–21

In brief, the preparation methods of these
nanocomposites can be classified in four main routes
proposed in the literature that are graphically
represented in Fig. 1 for the preparation of compos-
ites based on PANI.32

(1) In this route, polymer and magnetic nanopar-
ticles were synthesized separately and then
mixed to produce nanocomposites. This route
is not suitable for conducting polymers and
this method leads to heterogeneous compos-
ites with large agglomeration of particles;
therefore, it is not commonly used.32

(2) The second route is in situ preparation of
both the polymer and the magnetic nanopar-
ticles and is not yet very commonly used,
although it is simple and rapid, because of its
poor control over the polymer and the mag-
netic nanoparticles.32

(3) The third route is the most commonly used.
First nanoparticles are synthesized and then
the polymerization is carried out in situ in
the presence of the nanoparticles. Therefore,
it is possible to synthesize nanoparticles in a
controlled manner and at the same time
produce homogeneous nanocomposites.32

(4) The fourth route is synthesis of nanoparticles
within the PANI previously synthesized,
which provides nanocomposites more homo-
geneous. But, controlling the size of the
nanoparticle and the solubility of the poly-
mer is also an issue.32

Polymer nanocomposites are prepared by blending
or mixing the different components in solution or in
a melting process. Very few are reported related to
the fabrication of nanocomposites based on conduct-
ing polymers using a solution method. In these
cases, the polymer must be soluble or emulsifiable
in the solvent and also the magnetic nanoparticles
must be colloidal stable in order to avoid the
agglomeration in the final product (Fig. 2).32

Ma et al have synthesized Co0.5Zn0.5Fe2O4/PANI
by in situ polymerization in an aqueous solution and
studied their microwave absorption studies. The
synthesized nanocomposites showed that maximum
reflection loss (RL) of the PANI/Co0.5Zn0.5Fe2O4

nanocomposite was about � 39.9 dB at 22.4 GHz
with a bandwidth of 5 GHz.33

Sulaiman et al reported Co0.5Zn0.5Fe2O4/PANI-
PTSA nanocomposites and studied the microwave
absorption properties in the X-band. They reported
a maximum RL of � 2.3 dB (> 40% power absorp-
tion) at 8.1 GHz, � 17.08 dB (98% power absorp-
tion) at 9 GHz and � 24.86 dB (99.73% power
absorption) at 10.9 GHz.34

Choudhary et al have synthesized BaxPb1�x-

Fe12O19/PANI nanocomposites and reported the
microwave absorption studies in the X- and Ku-bands.
They demonstrated that incorporation of hexaferrite
powder in a PANI-based composite results in a
superior SET value of � 19–24 dB (18 GHz).35

Apart from magnetic materials with PANI
nanocomposites, researchers are working towards
the development of EMI shielding materials includ-
ing Zhang et al.36, who fabricated ultra-thin and
flexible Ti3C2Tx/co-doped polyaniline and reported
the EMI shielding effectiveness (SE) of the compos-
ite film as 36 dB. Yang et al.37 fabricated a 3D
copper nanowires-thermally annealed graphene
aerogel (CuNWs-TAGA) framework, and this epoxy
nanocomposite exhibited a maximum EMI SE value
of 47 dB. Song et al.38 prepared honeycomb struc-
tural rGO-MXene/epoxy nanocomposites and they
obtained an EMI SE of 55 dB. Tong et al.39 have
fabricated an artificial suede-like cloth (ASC)/PANI
fabric which exhibits an effective EMI shielding
capability of 25.90 dB.
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In this article, we report an approach to generate
ferrite/polymer interfaces by preparing nanocom-
posites of cobalt ferrite (CF) with polyaniline
(PANI). The ferrites were synthesized through an
aqueous co-precipitation method. This report is an
adaptation of the Yang method40 which is helpful in
synthesizing high specific surface area cobalt ferrite
nanoparticles. The reported method is a green and
viable alternative to other synthesis techniques
currently used which (among others) include a
microwave hydrothermal method,41–43 sol–gel,44

forced hydrolysis,45 combustion,46 micro-emulsion47

and a mechano-chemical method.48

EXPERIMENTAL

Synthesis of Cobalt Ferrite

The nanoparticles of CoFe2O4 (CF) was prepared
using high purity (99.9%) cobalt nitrate [Co(N-
O3)2Æ6H2O] and ferric nitrate [Fe(NO3)2Æ9H2O] solu-
tions taken in stoichiometric ratio. These reagents
were dissolved in 50 mL of de-ionized water. An
aqueous NaOH (99.99%) solution was added to the

Table I. Some of the most relevant examples of magnetic nanoparticles based with PANI nanocomposites,
with respective their properties and applications

Polymer Magnetic material Properties studied References

PANI Ni-doped cobalt ferrite High-performing shielding candidate for EMI applications Ref. 22
Cd2+ substituted nickel

ferrite
Maximum SET (42.7 dB) in the X-band range Ref. 23

BaFe12O19 and reduced
graphene oxide (rGO)

Effective microwave-absorption bandwidth for reflection loss
below � 10 dB was 0.9 GHz from 8.2 GHz to 9.1 GHz with the

thickness of 2.6 mm

Ref. 24

CoRExFe2�xO4 (RE = La,
Ce,Y, x = 0.05–0.25)

Preparation and microwave-absorbing properties Ref. 25

Ni0.6Zn0.4Fe2O4 Controlled synthesis and microwave-absorption properties Ref. 26
Mn0.2Ni0.4Zn0.4Fe2O4 Enhanced microwave-absorption properties in the X-band Ref. 27
Polyaniline/(1 � x) Ba-

Fe12O19/CaFe2O4/xCo-
Fe2O4

Microwave-absorbing properties Ref. 28

MnFe2O4 Microwave-absorbing properties Ref. 29
NiZn ferrite Microwave-absorbing properties in 2–40 GHz Ref. 30
Ni0.5Zn0.5Fe2O4 Microwave-absorbing properties in 2–18 GHz Ref. 31

Fig. 1. Scheme of the different preparation methods of magnetic nanoparticles-based conducting nanocomposites.
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mixture to maintain pH � 9.4. The mixture was
stirred at 60�C for 2 h. The precipitate was washed
repeatedly with de-ionized water, followed by dry-
ing in an oven overnight at 60�C.49

Synthesis of CoFe2O4/PANI Nanocomposites

The preparation of CoFe2O4/PANI nanocompos-
ites is as follows: 11.88 mL aniline (99.5% purity)
was dissolved in 150 mL of distilled water contain-
ing 25 mL hydrochloric acid. The desired quantity of
CoFe2O4 was added to the solution and stirred
thoroughly, and the solution was precooled at 0�C.
Ammonium peroxydisulfate of (APS) 98% purity
(27.38 g, dissolved in 1.8 M HCl solution) was
slowly added to the reaction mixture. During the
synthesis, the mixtures were stirred at 400–
500 rpm for 16 h and the temperature was main-
tained at 0�C. The precipitated powder was cen-
trifuged and washed with distilled water until the
filtrate became colourless and then dried in a
vacuum drying cabinet at 100�C for 24 h. The
samples were designated CF/PANI-10, CF/PANI-
20, CF/PANI-30, CF/PANI-40 and CF/PANI-50 for
10 wt.%, 20 wt.%, 30 wt.%, 40 wt.% and 50 wt.% of
ferrite loading, respectively.49

Characterizations

The phase identification of the samples was
performed with XRD with Cu Ka (k = 1.54 Å)
radiation. The lattice constant (a) for the cubic
crystal system was calculated using the equation

a ¼ d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
p

where h k l are the Miller indices
of the diffraction peak and d is the interplanar
spacing. The theoretical densities (dx-ray) were cal-
culated from the values of lattice parameters by the

relation dx�ray ¼ 8M

Na
3 g/cm3 where 8 is the number of

formula units in a unit cell, M is the molecular
weight, N is the Avogadro number and ‘a’ is a lattice
constant. The bulk density of the present samples
was measured using the Archimedes principle. The
particle size of as prepared powders was studied by
using transmission electron microscopy (TEM,
JEOL, Japan). Field emission scanning electron
microscope (FE-SEM) analysis was carried out to

study the morphological characteristics using an
INSPECT� S50. The magnetic nature was con-
firmed by magnetization measurements using a
vibrating sample magnetometer (Lake Shore, USA)
up to 6 kOe.49 The frequency dependence of complex
permittivity and permeability and reflection coeffi-
cient for the specimen were carried out using an
Agilent 8517B Vector Network Analyser (VNA) in
the 2–20 GHz range. The complex permittivity and
permeability of the specimens were obtained using
the scattering parameters using the algorithm of
Weir50, Nicolson and Ross51. In the present work,
electron paramagnetic resonance (EPR) spec-
troscopy is employed in the microwave region of
the electromagnetic spectrum X-band (9.8 GHz)
using a JEOL Spectrometer. The detailed informa-
tion regarding VNA and EPR spectroscopy available
as Supplementary information.52–54

RESULTS AND DISCUSSION

Figure 3 shows the XRD patterns of the CoFe2O4

and different loadings of PANI matrix. The diffrac-
tion peak positions were consistent with the
CoFe2O4. From the figure we can see the charac-
teristic peak of CoFe2O4 at (3 1 1) plane. The lattice
constants of nanocomposite samples are given in
Table II. The increase of lattice constant with
ferrite concentration is attributed to the close
interaction between polymer chains and incorpo-
rated ferrite nanocrystals. The (3 1 1) plane is
shifting towards the higher angle side with an
increase of ferrite content, which is due to the stress
incorporated by ferrite particles. In general, poly-
crystalline ferrite consists of separate grains in the
form of polyhedrons with clear-cut boundaries, and
the average grain size varies between 30 to 45 nm;
after coating with PANI a continuous over-layer of
conducting polymer is produced on the ferrite

Fig. 2. Illustrative representation of the conducting nanocomposites
prepared from pre-synthesized conducting polymers and magnetic
NPs.

Fig. 3. XRD patterns of CoFe2O4-PANI with different ferrite
loadings.
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particle surface which is deposited at the crystallite
boundaries and covers the surface defects such as
pores and cracks (this can be observed from TEM
images).49,55

Figure 4a, b, c, d and e shows the TEM and high-
resolution (HR) TEM images of CoFe2O4 and CF/
PANI nanocomposites, respectively. Figure 4a
demonstrates the low magnification of HRTEM of
CF/PANI-10. It is very clear that PANI and

CoFe2O4 are well dispersed. The TEM images of
CF/PANI-20 nanocomposites (Fig. 4b), the TEM
images of CF/PANI-30 nanocomposites (Fig. 4c),
CF/PANI-40 (Fig. 4d), nanocomposites and HRTEM
images of CF/PANI-10 (Fig. 4e) exhibits the incor-
poration of ferrite nanoparticles in the polyaniline
matrix. The lattice spacing of 0.24 nm correspond-
ing to the (3 1 1) plane confirms the presence of
crystalline CoFe2O4 nanoparticles in the amorphous

Table II. Data of lattice constant, bulk density, X-ray density and porosity of CF/PANI with different PANI
loadings

Composition
Sample
name

Lattice constant a
(Å)

Bulk density (g/
cm3)

Bulk density (g/
cm3)

Porosity
(%)

CoFe2O4 CF 8.342 5.28 5.12 3
50 wt.% CoFe2O4 + 50 wt.%

PANI
CF/PANI-50 8.336 5.10 5.30 4

40 wt.% CoFe2O4 + 60 wt.%
PANI

CF/PANI-40 8.326 5.00 5.42 8

30 wt.% CoFe2O4 + 70 wt.%
PANI

CF/PANI-30 8.320 4.91 5.50 11

20 wt.% CoFe2O4 + 80 wt.%
PANI

CF/PANI-20 8.318 4.80 5.62 15

10 wt.% CoFe2O4 + 90 wt.%
PANI

CF/PANI-10 8.310 4.72 5.70 18

Fig. 4. (a) Low-magnification HRTEM image of CF/PANI-10, (b) CF/PANI-20 nanocomposites, (c) CF/PANI-30 nanocomposites, (d) CF/PANI-
40 nanocomposites, (e) high-magnification HRTEM image of CF/PANI-10 showing the (3 1 1) oriented lattice planes of cobalt ferrite.
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polymer matrix (Fig. 4c). Table III gives the particle
size of CF/PANI with different PANI loadings.49

The addition of oxidant APS to the micellar
solution of aniline with CoFe2O4 leads to the
oxidative polymerization of aniline which oxidizes
to form anilinium radical cations. The anilinium
radical cations subsequently combine with another
unit to form neutral dimers. The further oxidation

of these dimers leads to the formation of trimers and
finally to a polymer nanocomposite.56

Figure 5a, b, c, d, e and f shows the FE-SEM
micrographs for the CoFe2O4/PANI nanocomposites
and CoFe2O4 , respectively. It can be observed from
this figure that PANI presents a sponge shape with
an average grain size of 50 nm. In Fig. 5b, it is
found that the CoFe2O4/PANI nanocomposite (40
wt.%) retains the spongy like morphology, i.e. PANI.
It is unknown how to form a sponge-shaped com-
posite in the polymerization process (Fig. 5c). It canTable III. Particle size (from TEM) of CF/PANI with

different PANI loadings

Sample name Particle size (nm)

CF 20
CF/PANI-50 24
CF/PANI-40 27
CF/PANI-30 21
CF/PANI-20 29
CF/PANI-10 30

Fig. 5. FE-SEM micrographs of (a) CF/PANI-50, (b) CF/PANI-40, (c) CF/PANI-30, (d) CF/PANI-20, (e) CF/PANI-10, (f) CF, (g) EDAX of
CoFe2O4.

Table IV. Atomic weight of CoFe2O4

Element Weight% Atomic%

O K 23.30 52.16
Fe K 36.12 23.17
Co K 40.58 24.67
Total 100.00
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be seen from the image of CF/PANI-20 nanocom-
posites that the CoFe2O4 nanoparticles are dis-
persed on the surface of PANI nanoparticles
(Fig. 5d). As shown in Fig. 5f, CoFe2O4 nanocrystals
possess spherical shape. The average particle size
observed is close to the values obtained using the
Scherrer formula. Hence, it is very likely that each
of the observed particles is a single crystallite. The
grain size of CoFe2O4 is about 50–60 nm, and the
average diameter is in the range of 50–60 nm. The
FE-SEM micrographs clearly shows that the
CoFe2O4 was distributed rather homogeneously
and ultrasonication is effective for dispersing ferrite
in the polymer matrix. Compositional determina-
tion was performed by energy dispersive X-ray
(EDAX) analysis, showing peaks corresponding to
Co, Fe, and O atoms of the CF sample (Fig. 5g).
Table IV shows the atomic weight of CoFe2O4 and
Fig. 5g EDAX of CoFe2O4.

Figure 6 shows the hysteresis loops of CoFe2O4

and CF/PANI-10, -20, -30, -40 and -50 samples at
room temperature. The values of Ms and Hc are
listed in Table V. It can be seen from the figure that
Ms values of CF/PANI nanocomposites were less
than that of CoFe2O4 and decreased with an
increase of PANI content. The ferrite is shown to
be in a ferrimagnetic phase, while PANI is a
nonmagnetic medium. According to the equation
MS= ums,

57 MS is related to the wt.% of the
magnetic particles (u) and the saturation moment
(ms) of a single particle. It is considered that the
saturation magnetization of CF/PANI nanocompos-
ites depends mainly on the wt.% of the magnetic
ferrite particles. In addition, nonmagnetic PANI
plays a part in isolating the magnetic particles,
which results in the transformation of the colinear
ferrimagnetic order of ferrite into a noncolinear
arrangement and disruption of ferrimagnetic
order.57 As PANI content increases, the diamag-
netic effect is notable. Therefore, the saturation
magnetization of CF/PANI nanocomposites is less
than that of pure ferrite particles and decreases
with the decrease of CoFe2O4 content.49

It can be seen from the Table that the values of
coercivity of CoFe2O4 and CF/PANI nanocomposites
are very low. The coercivity of magnetic materials is
related to its micro-organizational structures (par-
ticle size, particle shape, etc.), magnetic anisotropy
(magnetocrystalline, stress, shape), and coated state
between phases besides the attribute of the sub-
stance itself. Furthermore, PANI is deposited on the
ferrite surface and crystallite boundary in the
polymerization process, which has a healing effect

Fig. 6. M-H loops of CF/PANI nanocomposites.

Table V. Data of saturation magnetization and
coercivity of CF/PANI with different PANI loadings

Sample name Ms (emu/g) Hc (Oe)

CF 38 68
CF/PANI-50 26 67
CF/PANI-40 22 67
CF/PANI-30 16 67
CF/PANI-20 8 67
CF/PANI-10 6 65

Fig. 7. Frequency dependence of (a) real (e¢) and (b) imaginary (e¢¢)
parts of permittivity.
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on the ferrite surface defects, such as pores and
cracks, and leads to a decrease in magnetic surface
anisotropy of ferrite particles. Consequently, CF/
PANI nanocomposites present a lower value of
coercivity.49

The real part of permittivity (Fig. 7a) (e¢) depends
mainly on the polarization in the polymer backbone
and the interfacial polarizations among the ferrite
nanoparticles and polyaniline.58 When PANI is
added to CoFe2O4, more intrinsic polarization and
interfacial polarization were generated, so the real
part of permittivity increases. The metal ions and
defects on the ferrite and the interface between
ferrite and PANI result in interfacial polarization.
In addition, more PANI generates more interfacial
and intrinsic electric dipole polarization, increasing
the dielectric constant and the dielectric loss.59

Although changes in dielectric constant have been
attributed to increased electrical conductivity, a
direct correlation was not completely observed in
the current study; therefore, the permittivity
changes observed in the current study must depend
on PANI dispersion. It is known that interfacial
polarization density at the polymer filler interface
increases with increasing specific surface area of
conductive fillers60,61 and interfacial polarization
can influence the relaxation of polymeric chains and
chain segments around the fillers; therefore, sam-
ples with better PANI dispersion have a greater
dielectric constant.60,61

The imaginary part of permittivity (Fig. 7b) (e¢¢) is
attributed to the free ionic, electronic, dipole polar-
ization, space charge polarization and interfacial
polarization.62,63 As Truong and co-workers
reported,64 the imaginary part (e¢¢) of permittivity
of the composite can be defined by equation:

e00 ¼ rdc=xe0
þ e00ac

where rdc is the dc conductivity, x is the angular
frequency, which is directly proportional to mea-
sured frequency, e0 is the permittivity of free space,
and e

00

ac is the loss due to high frequency above
8 GHz.65,66

The higher e¢ and e¢¢ values are observed over the
whole frequency range. These higher values imply
relatively strong storage capability and dissipative
ability of EM energy, which can be readily attrib-
uted to the high electrical conductivity and multiple
polarization originating from the nanocomposites.67

However, it should be noted that the excessively
high values in the low-frequency range may give
rise to poor impedance matching.67 In addition, the
e¢ and e¢¢ values show a similar variation tendency:
the e¢ values increases from 9.16 to 18.58, while the
e¢¢ values increases from 3.29 to 5.06 from CoFe2O4

to CF/PANI-50 at 10 GHz.
Figure 8a and b sows the real part (l¢) and

imaginary parts (l¢¢) of complex permeability. As
the frequency is increased from 2 to 20 GHz, l¢
values of the nanocomposites experience a rapid

decrease from 13.0 to 3.71 from CoFe2O4 to CF/
PANI-50, and there are minor fluctuations over 2–
20 GHz. Because of the higher initial values (> 1.6)
of the real part, large l¢ values are maintained over
the whole frequency range, which is beneficial to
maintain a promising impedance matching.68 Both
l¢ and l¢¢ values increase first and then decreases in
three frequency regions (1) 7.8–10.2 GHz, (2) 11.8–
14 GHz and (3) 15.8–18 GHz. The l¢ value at
10 GHz for CF is 13, and as PANI is added it
decreases to 11.12 for CF/PANI-50. Similarly, l¢¢
varies from 0.81 to 1.03. Table VI demonstrates the

Fig. 8. Frequency dependence of (a) real (l¢) and (b) imaginary (l¢¢)
parts of permeability.

Table VI. The values of complex permittivity and
permeability values at 10.2 GHz

Sample name e¢ e¢¢ l¢ l¢¢

CF 9.16 3.29 13.0 0.81
CF/PANI-50 10.06 3.50 11.12 1.03
CF/PANI-40 11.8 3.70 10.07 1.37
CF/PANI-30 13.08 3.96 7.83 1.61
CF/PANI-20 15.26 4.55 6.74 1.99
CF/PANI-10 18.58 5.06 3.71 2.52
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complex permittivity and permeability values at
10.2 GHz.

There are three main mechanisms that contribute
to the shielding effectiveness. On one hand, the
incident wave is reflected from the surface of the
shield, and on the other hand, the shield material
absorbs part of the radiation and the third mecha-
nism is based in multiple reflections which can
either support or hide the effectiveness, as shown in
Fig. 9.32

Figure 10 shows the frequency dependence of
reflection loss of the CoFe2O4 and PANI nanocom-

posite in the frequency range of 2–20 GHz. It can be
seen that CF/PANI nanocomposites have a more
obvious effect on microwave absorbing properties
than cobalt ferrite nanocomposite at 2–20 GHz. The
specimen of the cobalt ferrite showed only one band
at 17.1 GHz with � 24.2 dB in reflection loss.
Among the CF/PANI nanocomposites, the powder
prepared from the PANI content of 70, 80 wt.% (CF/
PANI-30, CF/PANI-20 nanocomposites) exhibited
pronounced absorption bands at 10.4 GHz,
15.8 GHz, 16.4 GHz with the reflection losses of
� 38.8 dB, � 34.6 dB, � 38.4 dB, whereas for CF/
PANI-20 the absorption appears at 11.8 GHz,
15.8 GHz, 16.9 GHz with reflection losses of � 36.9
dB, � 41.9 dB, � 48.4 dB. Clearly demonstrated
(Table VII) is that the intensity and frequency of
the reflection loss maximal for the nanocomposite
also depend on the PANI content. Meanwhile, the
centers of the reflection loss peaks for CF/PANI
nanocomposites move gradually to the higher fre-
quencies, which may also be attributed to the
enhanced PANI content.

Recently reported literature of EMI SE is as
follows:

Jia et al.69 reported an EMI SE of 20.7 dB for CA/
AgNW/PU film.
Wang et al.70 reported EMI SE of 41 dB for
Ti3C2Tx/epoxy nanocomposites.
Liu et al.71 fabricated the leaf-like nanostructure
is composed of silver nanowires (AgNWs) as the
highly conductive skeleton (vein) and transition
metal carbide/carbonitride (MXene), and they
obtained an outstanding EMI shielding efficiency
of 54 dB in the X-band.
Song et al.72 have fabricated reduced graphene
oxide (rGH) with honeycomb structure and suc-
cessfully achieved an EMI SE of 38 dB in the X-
band.
Shen et al.73 have fabricated carbon scaffolds
based on natural wood via a sequential delignifi-
cation and carbonization process and then used
them to prepare EP/carbon composite to exhibit
high EMI SE of 27.8 dB in the X-band region.
Liang et al.74 have fabricated three-dimensional
Fe3O4 decorated carbon nanotubes/reduced gra-
phene oxide foam/epoxy (3D Fe3O4-CNTs/rGF/
EP) nanocomposites and obtained an EMI SE
value of 36 dB within the X-band range.

Fig. 10. Microwave absorbing properties of cobalt ferrite and PANI
nanocomposites in 2–20 GHz.

Table VII. The values of absorption bands observed at three different frequency regions

Sample name RL (2 dB) at 11.8 GHz RL (2 dB) at 15.8 GHz RL (2 dB) at 16.9 GHz

CF 8.5 – –
CF/PANI-50 34.4 25.7 24.7
CF/PANI-40 43.1 32.3 31.5
CF/PANI-30 38.9 34.7 38.4
CF/PANI-20 36.9 41.9 48.6
CF/PANI-10 11.7 – 36.1

Fig. 9. Schematic representation of the EMI shielding.
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Wang et al.75 have made few-layered Ti3C2Tx

MXene fabricated by ionic intercalation and a
sonication-assisted method and succeeded in
obtaining an EMI SE of 41 dB.

Compared to the above literature, CoFe2O4 and
PANI nanocomposites are the best materials for
microwave absorption because the synthesis of
these nanocomposites is very easy and rapid com-
pared to the above methods and materials.

The EPR spectra of CF/PANI nanocomposites
were recorded at room temperature, and the depen-
dence on PANI content is shown in Fig. 11. The
parameters (DHPP, g factor and T2) obtained from
Fig. 11 are given in Table VIII. The EPR spectra
show a broad signal; the overlap for the broad signal
associated with the free or interactive cobalt ferrite
clusters with PANI was gradually discerned. The g
value of the CF/PANI nanocomposites and PANI
lies in between 2.76 and 2.10, which is closer to that
of the free electron.30,76,77 Moreover, the value of
DHPP of PANI is smaller than that of the CF/PANI
nanocomposites, and DHPP decreases with increas-
ing PANI content (Table VIII). The results may be
due to the interaction between cobalt ferrite crys-
tallites and PANI reducing the magnetic dipolar

interactions existing among the fine clusters of
cobalt ferrite, and this can cause DHPP to
decrease.30

The spin–spin relaxation process is the energy
difference (DE) transferred to neighbouring elec-
trons and the relaxation time (T2) can be deter-
mined from the peak-to-peak line width according
where b is the Bohr magneton (9.274 9 10�21

ergG�1), DH1/2 is the line width (in Oe) at half-
height of the absorption peak and h is a constant
(1.054 9 10�27 erg s�1).30 The relaxation time of the
EPR signal is directly related to the interactions of
the spins with their environment and to their
motion. In our case, the values of DHPP and g factor
of the CF/PANI nanocomposites decreased with an
increase of PANI, whereas the T2 value was con-
verse (Table VIII). Moreover, T2 increased with an
increase of PANI, indicating that the delocalization
of polarons in PANI was increased in the cobalt
ferrite. These results may be due to the interaction
between the PANI and CoFe2O4 influencing the
motion of p-electrons in PANI.30

CONCLUSIONS

A series of CoFe2O4 loading in PANI polymer
matrix nanocomposites were prepared at room
temperature. The x-ray diffraction studies confirm
the phase formation. The particle size from TEM for
CoFe2O4 and CF/PANI-30 was 20 nm and 24 nm,
respectively. The grain size of all the nanocompos-
ites was found to be in the range of 45–68 nm. As
the ferrite content increases in the composite, the
saturation magnetization increased, whereas coer-
civity values remain constant. Saturation magneti-
zation of CF/PANI composites were less than that of
CoFe2O4, indicating an increase of ferromagnetic
interaction with more incorporation of cobalt ferrite
in PANI matrix, whereas PANI is diamagnetic. The
composites exhibit broadband absorptive character-
istics, possibly caused by the extended resonance
due to an overlap between imaginary permeability
and permittivity of the nanocomposites over the
frequency range from 2 GHz to 20 GHz. Polyani-
line-based nanocomposites clearly reveal that they
can be efficiently used as EMI shielding materials.
These materials find applications in mobile phones
for reducing the specific absorption rate (SAR).
Because of their high EMI shielding efficiency,

Table VIII. Data of EPR parameters for CF/PANI with different PANI loadings

Sample name DHPP (Oe) g Relaxation time (T2) (10
211) s

CF 1397 2.10 2.33
CF/PANI-50 1219 2.22 2.67
CF/PANI-40 1199 2.25 2.72
CF/PANI-30 923 2.46 3.53
CF/PANI-20 917 2.67 3.56
CF/PANI-10 – – –

Fig. 11. ESR spectra for the CF/PANI nanocomposites obtained at
room temperature.
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these materials can be used in electromagnetic
compatibility studies and as material for anechoic
chambers.
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