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Two different ternary nanocomposites, PPy/CNT/CoFe;04 and PPy/CNT/NiFe,04, were
synthesized by in situ polymerization method. The resulting composites were character-
ized using Fourier transform infrared spectroscopy, transmission electron microscopy,
scanning electron microscopy, energy-dispersive spectroscopy, and X-ray diffraction. They
were evaluated with the aim of investigating microwave absorption properties. The results
showed that the value of microwave reflection decreases as that of prepared nano-
composites increases. This happens with increase in the PPy content and polymerization

© 2018 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Whether intrinsically conducting or in the composite
form, conducting polymers have always been and probably
will always be viewed as a highly relevant field of research.
Innumerable articles have been published on their chemi-
cal, electrical, and mechanical properties. Microwave
properties, however, are receiving considerable attention
[1,2]. In recent years, microwave absorption technology as
electromagnetic (EM) interference has sparked interest
from a new point of view, and EM pollution has become a
vital concern [3,4]. Besides adversely effecting industrial
equipment, EM pollution also damages the health of living
beings by breaking down DNA strands, accelerating heart
rates, causing cancer, and so forth [5—7]. Thus, finding more

* Corresponding author.
E-mail address: Somayyehkheirjou@gmail.com (S. Kheirjou).

https://doi.org/10.1016/j.crci.2018.05.003

effective materials that can absorb these EM or microwave
radiations is indispensable [8].

Considerable interest has been directed onto composite
materials with conducting and magnetic properties. These
materials have potential applications in numerous fields.
They have superior properties with synergistic or comple-
mentary behaviors between conducting polymers and
inorganic magnetic nanoparticles [1]. There are many types
of such materials, such as Ni [9,10], Co [10], Fe;03 [11,12],
Fes04 [13—15], CoFe;04 [16], NiFe;04, Co304, and
BaFe1,019. These materials can all be operated as magnetic
portions of the composite materials [17]. Ferrite (MFe;0y4,
M = Co?*, Ni**, Fe?*, Zn**, Cu®*, etc.) nanocrystals have
received considerable interest because of their potential
application in diverse parts of chemistry, such as ferrofluids
[18—20], magnetic fluids [21], magnetic recording media
[22], and magnetic resonance imaging [23,24]. Among
magnetic materials, the spinel ferrites show significant
magnetic properties and can be used widely, examples
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include radio-frequency regions, and in achieving physical
flexibility, high electrical resistivity, mechanical hardness,
and chemical stability [25]. Their properties get enhanced
only when the particle size reaches the nanometer range
[26]. NiFe;04 is one of the most important magnetic fer-
rites, which has a range of applications in diverse areas,
such as permanent magnets, ferrofluids, and gas sensors.
Among ferrites, cobalt ferrite (CoFe,04) is especially inter-
esting because of its special magnetic properties such as
strong anisotropy, high coercivity at room temperature,
and moderate saturation magnetization, and its nano-
particles have known to be a photomagnetic material
[27,28]. Its properties are over-reliant on the methods used
for the synthesis [29].

On the other hand, many conducting polymers such as
polyaniline (PANI) [30—32], polypyrrole (PPy)[12,13,33,34],
polythiophene [35], polyacetylene, and their derivatives
can be used as the conducting part of composite materials.
Brezoi and lon [36] had reported the preparation of nano-
composites of PPy and iron oxide by a simultaneous gela-
tion and polymerization method. Bao and Jiang [37] had
prepared the nanocomposites of PANI and iron oxide by
high-energy ball milling [17].

In addition to these two-component composites, many
different experimental methods for the synthesis of three-
component composites relying on the carbon material have
been developed and practiced, these aim to obtain a defi-
nite objective in EM shielding and attenuation [38,39]. For
instance, Cao et al. [38] had reported preparation of three-
component PANI/Fe304/carbon nanotube (CNT) composites
with remarkable microwave absorption properties. Liu
et al. [39] found that PPy-reduced graphene oxide—Co304
developed with strong microwave absorption properties
[8]. Luo and co-workers have investigated the synthesis,
characterization, and microwave absorption properties of
ternary composites of reduced graphene oxide, different
magnetic particles (such as Fe3O4 porous nanospheres,
carbonyl iron powders, and strontium ferrite), and PANL
They have used the reduced graphene oxide because of its
high specific surface area and excellent electronic conduc-
tivity. They have shown that the aforementioned synthe-
sized ternary composites have excellent microwave
absorption properties [40—43].

It is clear and could be deduced from the literature, the
complex permittivity affected by the presence of a
conductive polymer layer on the surface of nanoparticles
and characteristic impedance associated relaxation process
modulates by it. Then efficiency of microwave absorption of
the material may be controlled by such changes in the
complex permittivity and the relaxation process [44].
Therefore, to develop the potential microwave absorbers,
which can work in the given frequency range, it is
mandatory to get systematic knowledge about the role of
conductive polymers on the surface of nanoparticles.

Because of the above-mentioned reasons and as a part
of our ongoing research program, we conducted a research
on the design and synthesis of three-component compos-
ites and investigation of their microwave properties. Here,
we report the synthesis of PPy/CNT/NiFe;04 and PPy/CNT/
CoFe;04 nanocomposites.

2. Experimental section
2.1. Solvents and reagents

All reagents were used as received without further pu-
rification, unless otherwise mentioned. All reagents and
solvents were purchased from Merck (Germany) and Sigma
—Aldrich Company, unless otherwise noted.

2.2. Equipment for characterization

Fourier transform infrared (FT-IR) spectra were recor-
ded using a Shimadzu Varian 4300 spectrophotometer in
KBr pellets. The crystalline structures of a sample were
characterized by an X-ray diffraction (XRD) pattern using a
X-ray diffractometer with Ni-filtered Cu Ko radiation
(RIGAKU, model D-max C III). The weight percent of mag-
netic nanoparticles in the synthesized nanocomposites and
concentrations were quantified using inductively coupled
plasma—optical emission spectroscopy (ICP-OES; Spectro,
Arcos). The emergent morphology was observed by scan-
ning electron microscopy (SEM; Philips XL-30 ESEM) and
transmission electron microscopy (TEM; Philips EM208,
200 kV). Room temperature magnetic properties were
investigated using an alternating gradient force magne-
tometer device (Meghnatis Daghigh Kavir Company) in an
applied magnetic field sweeping between +10,000 Oe.
Reflection loss data were obtained with HP 8510B Network
Analyzer (Hewlett—Packard). Thermogravimetric analysis
(TGA) was carried out by using a TGA-50H (Shimadzu
Corporation, Kyoto, Japan). Metal concentrations were
quantified using ICP-OES (Spectro).

2.3. Synthesis of PPy

Pyrrole used as a monomer was distilled three times
before use. All reactions were conducted at a temperature
of 5 °C. The solution of the oxidizing agent, anhydrous ferric
chloride (FeCls), was used in the ratio of 1:1 (monomer/
oxidant). Methanol as a solvent was purified by distillation
before use. Pyrrole was added at once to a mixture of FeCl;
and methanol and kept for 4 h at a temperature of 5 °C with
constant stirring. PPy obtained as a black powder was
filtered by centrifuge and washed with methanol several
times to remove any impurities present. The obtained PPy
was dried under vacuum at 40 °C for 12 h [45].

2.4. Synthesis of PPy/CNT nanocomposites

To prepare PPy/CNT nanocomposite, 30 wt % CNT was
added to the prepared FeCls solution. After constantly
stirring for 30 min, pyrrole was added at once to the re-
action mixture. Then, obtained black precipitate was
filtered and washed as per aforementioned procedure.

The same synthesis route was used in the preparation of
PPy/CoFe;04, PPy/NiFe;04, PPy/CNT/CoFe;04, and PPy/
CNT/NiFe;04: 30 wt % of each magnetic material and each
carbon structure were added to the prepared FeCls solu-
tion, and the other steps were completed based on the PPy/
CNT nanocomposite synthesis method.
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Fig. 1. FT-IR spectra of (a) PPy, (b) PPy/CoFe,04 and PPy/CNT/CoFe,04, and (c) PPy/NiFe,04 and PPy/CNT/NiFe,04.
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Fig. 2. XRD curves of (a) PPy/CoFe,04, (b) PPy/CNT/CoFe,04, (c) PPy/NiFe,04, and (d) PPy/CNT NiFe,04.
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3. Results and discussion
3.1. Characterization

3.1.1. FT-IR spectroscopy

The chemical compositions of prepared PPy, PPy/CNT/
CoFe;04, and PPy/CNT/NiFe;04 were evaluated by FI-IR
spectroscopy. According to Fig. 1, the characteristic peaks
at ~1550, 1459, 1292, 1048, and 920 cm~! are considered to
confirm the chemical composition of PPy [46]. The peaks at
~1550 and 1459 cm™! represent pyrrole ring and conju-
gated CeN stretching, respectively, whereas the peaks at
~1048 and 920 cm ™! represent the out-of-plane vibrations
of CeH and ring deformation. Fig. 1 quite clearly discloses
that PPy/CNT/CoFe;04 and PPy/CNT/NiFe;0O4 composites
have the characteristic peaks of PPy entities. These results
confirm the presence of PPy polymeric moieties in the
composite materials. However, a small shift by 5-30 cm ™!
at the character peak of PPy/CNT/CoFe;04 and PPy/CNT/
NiFe,04 composites can be observed when compared with
the curve of PPy, which indicates the interaction between
reaction mixture and PPy [47].

3.1.2. X-ray diffraction analysis

The crystalline structures of the samples were deter-
mined by the XRD pattern. XRD has a good potential in the
analysis of nanostructures because the diffraction patterns
yield information about the building materials (sizes of
crystallites, microstrain of a lattice, dislocation structures,
etc.). There are numerous methods to analyze the XRD line
profiles. The most widely applied methods are the Scherrer,
Williamson—Hall, and Warren—Averbach methods [48].

Fig. 2 presents the XRD patterns of the prepared PPy/
CoFe;04, PPy/CNT/CoFe;04, PPy/NiFe;O4, and PPy/CNT/
NiFe;04 composites. As shown in Fig. 2a, the main char-
acteristic peaks of the X-ray patterns of PPy/CoFe,04 are
located at 26 = 13.56 (220), 17.21(311), 22.80 (222), 30.05
(400),33.39 (422),41.38 (511), 43.51 (440), and 52.46 (844).
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All these diffraction peaks are related to the CoFe;O4
structure and can be indexed to the inverse spinel with
face-centered cubic pattern [17]. There are two other peaks
at 20.8 and 29.5" related to the PPy compound. Diffraction
peaks assigned to CNT at 20 = 26.58 can be clearly seen in
the XRD curves of PPy/CNT/CoFe;04. The XRD pattern of
PPy/NiFe;04 shown in Fig. 2c refers to a product that has a
spinel structure. It is also observed that the crystalline
structure of NiFe;04 does not change with the addition of
PPy. Two broadband diffraction patterns, which are
observed at 20 = 20.8 and 25.5, are related to the PPy
chains, which are arranged alternately in a vertical and
parallel manner.

In this work, the Scherrer equation was used to obtain
the crystalline size of resultant CoFe,04 and NiFe;04, which
were 35 and 41 nm, respectively. Fig. 2b indicates the XRD
pattern of PPy/CNT/CoFe;04.

Because there was no significant change before and
after pyrrole polymerization on NiFe,O4 and CoFe;04 in
composites, we could confirm that the polymerization re-
action had no observable influence on the crystalline
structure of these nanoparticles.

The thermal stability of the nanocomposite was
considered by TGA. As can be easily perceived from Fig. 3,
CNTs are stable in the range of ~50—800 °C. There is obvious
weight loss in the two temperature ranges, 220—270 °C and
higher than 550 °C. This is because of the decomposition of
PPy and CNT respectively. Fig. 3 demonstrates that the
ternary nanocomposite is more stable than PPy.

3.1.3. Energy-dispersive spectroscopy analysis
Energy-dispersive spectroscopy (EDS) investigation was
also conducted to determine the weight percent of mag-
netic nanoparticles in the synthesized nanocomposites.
According to the EDS measurement (Fig. 4), the content of
Fe, Co, and O in CoFe;04/PPy and PPy/CNT/CoFe;0y4 is 88.9,
3.4, and 7.8 wt % and 54.3, 18.6, and 27.1 wt %, respectively,
which is in accordance with the XRD results. From Fig. 4, it
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Fig. 3. TGA curves of (a) CNTs, (b) PPy/CNT/NiFe;04, and (c) PPy.
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Fig. 4. EDS images of (a) PPy/CoFe;0y, (b) PPy/CNT/CoFe,04, (c) PPy/NiFe,04, and (d) PPy/CNT/NiFe,04.

can be noticed that similar nanocomposites with Ni content
follow the same trend; for instance, the contents of Fe, Ni,
and O in NiFe;O4/PPy and PPy/CNT/NiFe;04 are 78.9, 4.9,
and 16.2 wt % and 86.6, 13, and 0.4 wt %, respectively, which
is in accordance with the XRD results.

In Fig. 4, EDS spectrum confirmed the presence of Fe, Co,
and O in PPy/CNT/CoFe,04, and Fe, Ni, and O in PPy/CNT/
NiFe;04. On the basis of these findings, one can induce that
the PPy/CNT/NiFe;04 and PPy/CNT/CoFe;04 composites
have been successfully obtained.

ICP-OES is a highly efficient method for determination
of metals because of its well-known characteristics. These
include satisfactory precision, low detection limit, and
relatively small influence of the matrix upon signal in
comparison with other used methods, for example, atomic
absorption spectroscopy (AAS) [49,50].

In this work, metal concentrations were quantified
using ICP-OES at the wavelength of ~220—240 nm. The
concentrations of Ni and Fe in NiFe;04/PPy and PPy/CNT/
NiFe,04 are 1124,18,032 and 286, 59,893 ppm, respectively.
The content of Co and Fe in CoFeyO4/PPy and PPy/
CNT/CoFe;04 are 953, 21,893 and 9260, 25,342 ppm,
respectively.

3.14. Morphology study by SEM

Morphology was determined by SEM, undertaken by
Philips XL-30 ESEM equipped with an energy-dispersive X-
ray (EDX). As expected, a significant difference between the
composite and pure PPy was only revealed by high-
resolution SEM [51]. As seen in the structural morphology
of the synthesized PPy (Fig. 5a), it has a small cubic crystal
structure, which can be clearly observed with less magni-
fication. By adding the desired nanoparticles, CoFe;0O4 and
NiFe,04 come into being with more regularity in a cubic
crystal structure toward pure PPy, albeit both pure PPy and
prepared composites exhibited cubic morphology. Fig. 5¢
shows PPy/CNT/CoFe,04; along with polymerization, CNT
and CoFe;04 nanoparticles appeared placed in the PPy
matrix. CNT exhibited wire-like morphology between the
PPy matrix, which confirms the formation of a nano-
composite. The prepared nanocomposite shows enhanced
porosity as compared to pure PPy.

3.1.5. Transmission electron microscopy

Fig. 6 shows TEM of the resultant nanocomposites,
which were obtained using a Philips EM208 TEM with an
accelerating voltage of 200 kV. According to Fig. 5a,
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Fig. 5. SEM images (10 pm, 1 um, and 200 nm) of (a) PPy, (b) PPy/CoFe,04, (c) PPy/CNT/CoFe,04, (d) PPy/NiFe,04, and (e) PPy/CNT/NiFe,04.

magnetic nanoparticles are trapped within PPy that are
formed in the grid shape. As can be clearly found from
Fig. 6b, wire-like CNT appears placed between mesh-like
PPy. Fig. 6 shows a colony of magnetic nanoparticles,
which are captured inside the polymer network.

3.2. Magnetic properties
3.2.1. Vibrating sample magnetometer analysis

Vibrating sample magnetometer systems were used to
measure the magnetic properties of materials as a function

of magnetic field, temperature, and time. They are ideally
suited for research and development, production testing,
and quality and process control. Powders, solids, liquids,
single crystals, and thin films are all readily accommodated
in a vibrating sample magnetometer [52].

The magnetic properties of PPy/CNT/NiFe,04 and PPy/
CNT/CoFe,04 are shown in Fig. 7a and b, respectively. As
can be seen from Fig. 7, the nanocomposite containing
NiFe;04 and CoFe;04 shows ferromagnetic behavior. The
saturation magnetization values of the composite con-
taining NiFe;O4 and CoFe;04 are 4.3 and 4.05 emu/g,
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Fig. 6. TEM images of (a) PPy/CNT/NiFe,04 and (b) PPy/CNT/CoFe;04.

respectively, and their coercivity values are 7.4 and
215.5 Oe, respectively. As shown, the polymer nano-
composite containing CoFe;04 has a higher coercivity than
the other one. A probable reason could be that the magnetic
moments of CoFe;04 nanostructures are more decayed in
the PPy matrix than that of the NiFe;04. Therefore, a higher
magnetic field is essential to align the single domain
nanoparticles in the field direction. As seen in Fig. 7, in the
case of magnetic saturation the trend is quite apposite. The
nanocomposite containing NiFe,04 has a higher magnetic
saturation, and, as a result, it is expected that the micro-
wave absorption of this nanocomposite will be high.

3.3. Microwave reflection loss
To indicate microwave absorption properties of the

synthesized samples, the reflecting loss values of an
absorbent were calculated through the transmission line
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theory. To this objective, the reflection loss value and
transmission parameters, and absorption and reflection of
EM waves from the surface of samples were measured and
calculated using an HP 8510B Network Analyzer (Helwlett
—Packard) calibrated in the transmission mode to obtain
reflection and transmission coefficients. Because each
sample was larger than the waveguide opening, the prob-
lem of losses at corners and edges was eliminated. Conse-
quently, accurate and reproducible reflection and
transmission measurements were achieved [1].
Microwave reflectivity of prepared nanocomposites
was investigated in the frequency range 2—18 GHz [1]. The
reflection loss of PPy/CNT/NiFe,O4 (the weight of com-
posite particles in the epoxy resin was 5 wt %) of a layer
thickness of 2 mm is presented in Fig. 8a. As seen in
Fig. 7a, this sample has a maximum reflection loss of
—33 dB at 6.4 GHz. Moreover, it has some other flagship
absorptions of —6.2 dB at 29 GHz and —4.4 dB at 28 GHz.
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Fig. 7. Magnetization curves of (a) PPy/CNT/CoFe;04 and (b) PPy/CNT/NiFe;0,.
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Fig. 8. Microwave reflection losses of (a) PPy/CNT/NiFe;04 (2 mm, 5 wt %), (b) PPy/CNT/NiFe,04 (0.5 mm, 20 wt %), (c) PPy/CNT/NiFe;04 (2 mm, 20 wt %), and (d)

PPy/CNT/CoFe;04 (1.25 mm, 12.5 wt %).

In this sample, with a decrease in layer thickness to
0.5 mm and an increase in the weight of composite par-
ticles in epoxy resin to 20 wt %, almost similar results
were achieved (Fig. 8b).

The reflection loss of PPy/CNT/CoFe,04 (the weight of
composite particles in epoxy resin was 12.5 wt %) at a layer
thickness of 1.25 mm is presented in Fig. 8d. As seen in
Fig. 8d, this sample has maximum reflection loses of
—33 dB at 6.4 GHz. It also has two other indicator absorp-
tions of —6.2 dB at 27 GHz and —4.5 dB at 29 GHz.

As shown in Fig. 8, in all cases the microwave absorption
of the polymer matrix was increased by adding the nano-
magnet to the polymer matrix. The other factor that affects
the microwave absorption of synthesized polymer nano-
composite is morphology. One can plainly see that a higher
surface-to-volume ratio of magnetic nanostructures also
increases microwave absorption. Therefore, because of
their wire-like morphology, NiFe,04 and CoFe;04 make a
higher surface-to-volume ratio and consequently help to
increase the microwave absorption amount. Furthermore,
because the wire-like structures have a small dimension,
they spread easily in the polymer matrix; consequently, the
amount of microwave absorption of the polymer increases
significantly. As we can see from Fig. 8, microwave ab-
sorption of PPy/CNT/NiFe,04 is higher toward the PPy/CNT/
CoFe;04 nanocomposite. This can be because of the higher
magnetic saturation of the PPy/CNT/NiFe;O4 nano-
composite. In fact, magnetic materials with high saturation
improve the microwave absorption.

4. Conclusion

In the present work two different composites, PPy/CNT/
CoFe;04 and PPy/CNT/NiFe,04, were successfully synthe-
sized by the in situ polymerization method. This is novel,
cost effective, and easily scaled. The evaluation results of
different analysis, FT-IR, elemental analysis, TEM, SEM, EDS,
and XRD, showed that the desired nanocomposites were
successfully prepared. As mentioned above, the saturation
magnetization (Ms) and coercivity values of the CoFe;04 and
NiFe,04 nanoparticles display a reduction trend toward
those of the prepared CoFe;04/PPy/CNT and NiFe,04/PPy/
CNT nanocomposites. This could be because of the poly-
merization of the monomer and pyrrole on the surface of
nanoparticles. According to the XRD results, both the syn-
thesized nanocomposites have the spinel structure. On the
basis of the investigation of microwave reflection loss of
prepared nanocomposites, it was found that its value
increased with the increase in the PPy content and poly-
merization on the surface.

The results also show that microwave absorption im-
proves significantly as magnetic nanomaterials and CNT in
the polymer matrix increase. Moreover, it was found that
the morphology of the magnetic nanomaterials plays a
critical role in microwave absorption property. Also, in this
work, two magnetic nanomaterials were applied for
enhancement of microwave absorption, adding CNT in the
polymer matrix leads to the improvement in microwave
absorption.
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