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The Fe;0,4 nanoparticles and Fe;O4/Halloysite nanotubes (HNTs) were synthesised by the co-precipitation method and Fe;O4/HNTSs/
polypyrrole (PPy) nanocomposites were synthesised by in situ polymerisation of pyrrole monomers on the surface of the Fe;O,/HNTs.
The scanning electron microscopy images showed the uniform structure of nanocomposites. The Fourier transform infrared spectra
revealed the characteristic peaks of Halloysite and PPy. The Fe;O4/HNTs/PPy nanocomposite exhibits a saturated magnetisation of
6.7 emu/g. The microwave absorption properties of Fe;O4/HNTs/PPy nanocomposites were investigated in the 8—12 GHz (X-band) range.
The value of the minimum reflection loss was obtained —26.2 dB at 11 GHz for the 3 mm thickness nanocomposite. The results showed

the absorbing bandwidth below — 10 dB was broadened to 2.3 GHz.

1. Introduction: Electromagnetic pollution as a new kind of
pollution in recent years has been introduced to our lives and has
become a major concern due to the wide applications of electromag-
netic waves. This kind of pollution has exceeded from effecting
on industrial equipment to threatening life such as breaking down
DNA strands, accelerating heart rates, brain tumours, and causing
cancer [1, 2]. In this regard, the reduction of the adverse effects
of electromagnetic waves is desirable as well as the technology of
electromagnetic absorption in the microwave area. Microwave
absorption is a valuable subject for commercial purposes, commu-
nications, military, civilian and many electronic and technological
systems. For this reason, in recent years, the construction of a
variety of absorbent coatings with suitable bandwidth has received
a lot of attention [3, 4]. Various magnetic and dielectric materials
have been extensively investigated as microwave absorbers to
cover the interior and exterior surfaces [5-7].

In this regard, the use of nanoparticles in the fabrication of micro-
wave absorbent coatings to achieve unique mechanical properties
such as strength, high adhesion, small size, high level, and low
mass density as much as possible with strong physical and chemical
properties has attracted special attention [8, 9]. Therefore, nano-
composites are one of the most important achievements of using
nanotechnology in the field of microwave protection. Among mag-
netic materials, Fe;O, nanoparticles can be mentioned as desirable
adsorbents [10, 11]. The use of only Fe30,4 nanoparticles cannot
provide all demands of microwave absorption, so the integration
of magnetic materials and conductive polymers into magnetic
nanocomposites has been investigated. In other words, the ideal
materials for microwave shielding are metals for their optimum
conductivity and high dielectric and magnetic value, but they are
restricted to be used widely because of their heavy weight, low
flexibility, corrosion, and high cost [12-14]. The Fe;O4 nano-
particles absorb the waves by changing the molecular spins, and
the conductive polymers, like resistors, which absorb the energy
of the magnetic waves and convert it to heat in the absorption
microwave process [15—17]. Therefore, coating the magnetic nano-
particles with a polymer is an effective way to enhance the stability
of composites and extend their applications.

Polypyrrole (PPy), as an ordinary conductive polymer, has
gained more attention due to its relatively easy preparation, excel-
lent environmental stability and good electrical conductivity
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[18-20]. Halloysite can be used as a natural microporous nanotube
to increase the ability of PPy for loading the metal nanoparticles
[21]. In addition to its microporous property, it has high thermal
and mechanical stability, green character, and low toxicity structure
[22]. Halloysite for its low-cost property can be used as an
alternative of carbon nanotubes (CNTs). Unlike CNTs, Halloysite
nanotubes (HNTs) with rod geometry and non-intertwined proper-
ties, are easily dispersed in solutions or polymer matrices [23].
Synthesis of Fe;O4/PPy/CNT nanocomposites was reported by
Yang et al. [24]. Their microwave absorption results showed that
the addition of CNTs into Fe;O4/PPy composites enhances the
minimum reflection loss (RL) from —15.8 to —25.9 dB. The core/
shell nanocomposite, Fe;O4/PPy, was successfully synthesised
by Li et al. [18]. The minimum reflectance loss was obtained by
them as —24.4 dB at 12.9 GHz with a thickness of 2.3 mm. The
synthesis of FeOOH/polypyrrole (PPy)-o. nanocomposite was
reported by Xiao et al. [25]. They found the best [pyrrole]/[Fe*]
ratio as 1.0 for obtaining the best microwave absorption property.
The synthesis of polyaniline/MnFe,0,4 nanocomposite was reported
by Hosseini ef al. [26]. They observed a minimum reflectance loss
of —15.3 dB at a frequency of 10.4 GHz with a 1.4 mm thickness.

The co-precipitation method was used as a common method for
synthesising Fe;O,4 nanoparticles in the presence of a strong base.
The pH is an important parameter and its value of about 11, procre-
ates the magnetite (Fe;04) phase. Therefore, ammonia and H,O
were used as a base for setting the pH according to (1) [27]

NH;(aq) + H,0 (1) — NHJ (aq) + OH (aq) n

When the nanoparticles are prepared in the presence of oxygen,
oxidation of Fe*" to Fe** in the air is quite rapid and the procure-
ment of the magnetite phase is difficult. To prevent this rapid
oxidation, nitrogen gas (N,) is usually used for synthesis.
Synthesis in the presence of N, not only reduces the oxidation of
the particles but also the size of the particles [28].

The purpose of this paper is to develop Fe;04,/HNTs/PPy nano-
composites to investigate the microwave absorption for the first
time. Fe;O4/Halloysite syntheses as fillers and polypyrrole as a
matrix have the possibility of investigating magnetic and electrical
properties.
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2. Experimental

2.1. Materials: FeCl;.6H,0, FeCl,.4H,0, and NH; were purchased
from Merck. Halloysite nanotube and Pyrrole monomer were pre-
pared from Sigma-Aldrich.

2.2. Synthesis of Fe;0,4 nanoparticles: Fe;O,4 nanoparticles were
prepared by using a method as reported by Maleki et al. [29].
FeCl3-6H,0 (1.165 g) and of FeCl,-4H,0 (0.43 g) was added to
200 ml deionised water under nitrogen and stirred at 60°C. After
30 min, 20 ml solution of NH,OH (NH;, H,O) was added drop
by drop to the initial mixture for 2 h to pH value reached about
11. As the base was added, a black solution was formed. The
stirring process of the solution was continued for about 2 h until
the mixture was uniform. The final nanoparticles were dried for
24 h at room temperature.

2.3. Synthesis of Fe;O4,/HNTs: Fe;O4/HNTs were prepared by
following the procedure reported by Xie ef al. with minor modifica-
tions [23]. At first, Halloysite (0.5 g), FeCl;-6H,O (1.165 g) and
FeCl,4H,O (0.43 g) were added to a 200 ml deionised water
under the nitrogen gas at 60°C. After 30 min, 20 ml solution of
NH4OH (NH;, H,O) 8 mol/l was added drop by drop to the
initial mixture. The final composites were dried for 24 h at room
temperature.

2.4. Synthesis of Fe;0,/HNTs/PPy: To prepare Fe;0,/HNTs/PPy
nanocomposite, the polymerisation was carried out in a 100 ml
flask. Fe;04/Halloysite (0.2 g) was mixed for 10 min in 40 ml of
deionised water. Then 3 g of FeCl;.6H,O was added to the solution.
After 3 h, the pyrrole was added to this solution and stirred for 12 h
at room temperature. The synthesised nanocomposite was washed
with deionised water 3 times and then dried for 24 h at room
temperature. Two different amounts of pyrrole were used in the
synthesising Fe;O4/Halloysite/PPy (FHP) nanocomposites. FHP1
and FHP2 were synthesised with 0.3 and 0.4 ml of pyrrole, respect-
ively. The schematic flowchart of the synthesis process of nano-
composites is demonstrated in Fig. 1.

3. Measurement: Scanning electron microscopy (SEM) images
were taken with VEGA-TESCAN instrument. Vibrating-sample
magnetometer (VSM) cure analysis was accomplished by LBKFB
model, magnetic Kavir. Fourier transform infrared spectroscopy
(FTIR) spectra of the composites were obtained on an FTIR-8400
Shimadzu Spectrum Scanner. Thermogravimetric analysis (TGA)
was provided by Bahr-STA 504. The energy dispersive X-Ray
(EDX) analysis was obtained by using a Numerix DXP-X10P
instrument. Absorption properties were measured by a Vector
Network Analysers (Agilent Technologies, E5071C) in the
8-12 GHz (X-band) range at room temperature. The nanocompo-
sites (15 wt. %) were mixed uniformly with the paraffin at 60°C
for obtaining the 3 mm thickness sample.

FeCl,.6H,0 + FeCl,.4H,0

“HNTs Fe, 0, Hallvysite

in deionized water

adding FeCl,.6H,0 }

in deionized water

-
heat at 60 °C for 30 min
with stirring in nitrogen

=

adding pyrrole
al room lemperature
for 12 h with stirring
washing 3 times and then
dried at room temperature

for24 h

NH;, H;O drop by drop
for 2 h.

A

drying
at room temperature
for 24 h. )

Fig. 1 Schematic flowchart for the preparation of Fe;0,HNTs/PPy
nanocomposites
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4. Results and discussion

4.1. SEM: Fig. 2 shows the SEM images of the synthesised nano-
composites. The Fe;0,4 nanoparticles and HNTs can be seen in
Fig. 2a. The magnetic nanoparticles are agglomerated due to the
attraction force among nanoparticles. The polymerisation of the
pyrrole on the Fe;0,/HNTs is shown in Fig. 2b. The uniform struc-
ture can be seen in Fig. 2 in the result of pyrrole covering.

4.2. FTIR: Fig. 3 shows the FTIR spectra of the synthesised nano-
composites. In Fig. 3a the two near-peaks at 3692 and 3622 cm™"
are due to stretching vibrations of inner surface hydroxyl groups of
HNTs [30]. The peaks near the 1000 cm™" belong to the Si-O
groups in the HNTs. The deformation of Si—-O-Si, Al-O-Si, and
O-H deformation of the inner hydroxyl groups of the peaks can
be shown in the vicinity of 467, 536, and 910 cm™", respectively
[31]. The broadband at 3430 cm™"' is due to the vibration traction
of the hydroxyl groups of iron oxide [32]. The peak at 580 cm™"
is related to the vibration of the Fe-O band. The peaks near
1308, 1034 and 907 cm™! confirm the chemical composition of
PPy [24]. The peaks at around 1543 and 1466 cm™' show pyrrole
ring and conjugated C-N stretching, respectively. The peaks
at about 1045 and 927 cm™' show the out-of-plane vibrations of
C-H and ring deformation. Figs. 3b and c¢ represent that the
Fe;04/PPy and Fe;O0,/HNTs/PPy composites have the characteris-
tic peaks of both the Fe;0,4 and PPy entities. These results indicate
the presence of PPy polymers in composite materials.

4.3. EDX: The result of the EDX analysis of the Fe;0,/HNTs/PPy
nanocomposites is shown in Fig. 4. This confirms the presence
of carbon, oxygen, silicon, aluminium, nitrogen and iron elements
in the nanocomposite appropriately. No other impurity elements

Fig. 2 SEM images of
a Fe;04/Halloysite
b FHP nanocomposites
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Fig. 3 FTIR spectrum of

a Fe304/HNTs

b Fe;0,4/PPy

¢ Fe304/HNTs/PPy nanocomposites
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Fig. 4 EDX analysis of the Fe;0,/HNTs/PPy nanocomposite

were observed in the spectra, implying that the synthesised nano-
composite has good quality.

4.4. Magnetic properties: The magnetisation versus applied mag-
netic field of the nanocomposites is shown in Fig. 5. The thinner
magnetic curve of the sample produced in the VSM analysis
means a soft magnetic material, which is magnetised easily by
applying a magnetic field. The Fe;0,/HNTs/PPy nanocomposite
exhibits a saturated magnetisation of 6.7 emu/g. Compared to
Fe;04 nanoparticles (65.4 emu/g) [24], the reduction of saturated
magnets for Fe;0,/HNTs/PPy nanocomposites is due to the pres-
ence of non-magnetic materials on the surface of the nanoparticles.
The PPy and HNTs reduce the saturation magnetism significantly
[18, 29].

4.5. TGA: The results of the TGA of the nanocomposite are illu-
strated in Fig. 6. The weight loss of about 4% at temperature
110°C is attributed to the expulsion of moisture in the polymer
[33, 34]. The degradation of PPy is started at a temperature

magnetization, emu/g
(-]

~10000 -5000 Q 50‘00 10(‘100
applied field, Oe

Fig. 5 Magnetic hysteresis loops of Fe;0,/HNTs/PPy nanocomposite at
room temperature
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Fig. 6 TGA curves of the Fe;0 ,/HNTs/PPy nanocomposite
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higher than 220°C and a weight loss of 12% at 250°C.
Temperature above 250°C causes the decomposition of PPy and
results in a weight loss of about 52% up to 600°C. This weight
loss can be attributed to the release of C, H and N moieties of
PPy unit. A sharp loss in mass at 300°C, is due to the thermal deg-
radation of the PPy chains [35]. The Fe;0,4 nanoparticles are stable
up to 600°C and the weight loss can be attributed to the PPy and
Halloysite.

4.6. Microwave absorption properties: The microwave absorption
properties of the composites are related to their complex permittiv-
ity e = & + j&” and permeability u = i’ + ju”. As it is obvious,
the real parts of complex permittivity and permeability show the
storage of electric and magnetic energy, respectively. While the
imaginary parts of the complex permittivity and permeability
show the loss of electrical and magnetic energy of the sample.
Fig. 7 shows the real and imaginary parts of the permeability
and permittivity of Fe;O,/HNTs/PPy composite as a function of
frequency. The &' value is about 810 and &” is about 4-5.5. It
can be seen that the real part (¢') and imaginary part & of
complex permittivity decrease as the frequency increases. The &’
of raw Fe;0y is calculated as 8.5 by Cheng et al. [36]. For obtaining
the good performance of absorption, the value of real permittivity
should be in moderate value (10-20) [37] and the &" of the synthe-
sised sample is in this range. On the other hand, the value of &”
for raw Fe;0, is measured as about 0.5 while its larger value is
good for the absorption process [36]. The imaginary permittivity
of the nanocomposite is higher than other microwave absorption
materials [38, 39]. The better imaginary part implies a greater
loss of dielectric and causes more electromagnetic energy which
can be converted into heat energy. This phenomenon may be due
to dielectric loss at high frequencies caused by PPy shell. The
core/shell microstructure creates an additional interface and inter-
facial polarisation at the nanoparticle surface. In other words,
the enhancing particle polarisation increases the permittivity
values of nanocomposites and this relates to the particle surface
conductivity of PPy [24]. Therefore, it can be deduced that the
higher imaginary part can improve the microwave absorption
property of the sample [18].

Since larger values of £” and u” usually lead to better adsorption
performance, but do not guarantee the best possible performance
and must be considered with other parameters such as &, u’, match-
ing frequency and matching thickness [24]. The microwave absorb-
ing attributes of the materials can be determined by reflection loss
(RL). The RL of the absorber composites is supported by a
perfect conductor and can be computed with the complex per-
mittivity and permeability for the given frequency and absorber
thicknesses. The RL of the composites can be computed by exerting

w 1')
91 et
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Fig. 7 The change in dielectric real (black color line: €') and imaginary
part (blue color line: €")

a magnetic real part (black color line: p') and imaginary part (blue color
line: p")

b of the Fe;0,/HNTs/PPy nanocomposites
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the following equation and the measured electromagnetic para-
meters [40]:

2
Zin = &tanh <.l ﬂ RV, H/rer> (2)
Vs, c
-
RL =201 = 3
g7 1‘ Q)

where RL shows the reflection loss in decibel unit, Z;, is the
normalised input impedance relating to the impedance in free
space, fis the microwave frequency, d is the thickness of the absorb-
ing layer, c is the velocity of the electromagnetic wave in vacuum,
and ¢, and y, are the complex relative permittivity and permeability,
respectively. The equation for impedance matching (Z;,=1)
becomes:

1= %mh(j@@) )
T

The matching frequency (f,,) and thickness (d,,) can be specified by
using (4). The physical mechanism of the impedance matching of
the absorber can be defined as two interactions, i.e. the scattering
related to the mediocre impedance and the dissipation related to
the imaginary parts of the complex-valued permittivity and perme-
ability. For a composite absorber with equal thickness, it is specific
that the matching frequency (f,,) changes to lower frequencies by
increasing the weight percent of absorbent fillers. Also, the f,
changes to the lower frequencies by increasing the thickness of
the absorbers [41]. Based on the equations above, a typical relation-
ship between RL and frequency for the samples (the weight of com-
posite in the paraffin is 15 wt%) in the 8-12 GHz range and layer
thickness of 3 mm is shown in Fig. 8. It is clearly viewed that the
samples have suitable microwave absorption properties. The
lowest RL of —10.68 dB is found at 11.4 GHz for Fe;O4/PPy.
Compared to Fe;O,4 (about —4 dB) [24] with the addition of poly-
pyrrole, the RL rate has increased significantly. The presence of
PPy reduces the effect of the magnetic connection between the
nanoparticles, increasing the anisotropy of the effective surface of
the nanoparticles, which contributes to better coordination
between the dielectric loss and the magnetic loss [18]. Reduction
of the magnetic-coupling between nanoparticles and increase of
the effective surface anisotropy of nanoparticles can be obtained
by the presence of PPy. The dielectric loss ability of PPy and its
role for match the dielectric loss and magnetic loss will result in
the excellent microwave absorption properties of PPy composites.

A Dbetter microwave absorption efficiency in the FHP samples
was obtained. The relating minimum RL of —24.6 and —26.2 dB
is achieved at about 11 GHz for FHP1 and FHP2 nanocomposites,

-10
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reflection loss, dB

FHP2

-25

-30 A L —

8 9 10 11 12

frequency, GHz

Fig. 8 RL of Fe;0,/PPy and Fe;0,/HNTs/PPy (FHPI and FHP2)
nanocomposites
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respectively. By comparing the RL of the FHPs with the
Fe;04/PPy, it is observed that by adding HNTs to the Fe;O4/PPy,
the amount of RL increases and moves to low frequencies. The
absorbing broadband (exceeding —10 dB) of FHP composite is
2.3 GHz which is much broader than the Fe;O4/PPy sample. As
it is shown in Fig. 8, by increasing the PPy amount in FHP compo-
sites, the RL value increases. The reduction in FHP1 and FHP2 re-
flection loss can be explained to larger dielectric loss and magnetic
loss than other samples. To shifting the RL minimum and absorbing
broadband to lower frequencies, one can increase the weight percent
of absorbent fillers to procure better amounts of &', £”, u’, and u” or
increase the thickness of the absorbers. For all composites, the
values of &’ and &” depend on the amount of PPy and HNTs, and
this method can be used to adjust the adsorbent by loss of
optimum reflectance in the target frequency band. Yang et al
[24] calculated the minimum RL of Fe;Oy4/polypyrrole/carbon
nanotube composites as —25.9 dB. Our results are comparable
with their results and also suggest a cheaper and more biocompat-
ible alternative for CNTs. The Fe;O4-coated CNTs reveals the
good microwave absorption properties in comparison with Fe;Oy.
This increase in microwave absorption properties can be related
to these features [42]: (i) Low reflection on the surface, which
comes from impedance matching between the wave absorbers and
free space of CNTs. (ii) Multiple reflection from small nanoparticles
which transmit the incident waves into the composites. (iii) Space
charge accumulation at the interface of Fe;O4-coated CNTs. (iv)
Collective interfacial dipoles from closed-spaced nanoparticles
which is beneficial for dielectric loss by amplifying the response
to incident microwave. These aspects of CNTs in combination
with Fe;O, can be provided by Halloysite as a natural microporous
nanotube. In addition high surface area with more active sites is
desirable for dissipating and scattering microwaves which can be
reached by CNTs or HNTs as their alternatives.

5. Conclusion: The FHP composites were synthesised by poly-
merising the conductive monomer (pyrrole) on the surface of
Fe;04/Halloysite. The magnetic investigation revealed that the
Fe;04/PPy nanocomposite is ferromagnetic at room temperature
and its saturation magnetisation (Ms) is 6.7 emu/g. The results
show that by adjusting the amount of dielectric polymer, PPy, the
RL can be obtained as —26.2 dB. The results show that the
HNTSs as a cheaper alternative for CNTs, enhance the absorption
of Fe30,4/PPy due to their high surface-to-volume ratio. The enhan-
cing of the RL value by adding the Halloysite can be related to its
microporous structure.
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