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Abstract

In this work, we present the recent study in the microwave absorption performances of the
CuosNiosFe:0s@polyaniline (CNF@PANI). This material has been synthesized by
polymerization and hydrothermal reaction process. The PANI fiber structure with the whole
cover of CNF nanoparticles could establish the improvement of microwave absorption
performances. The value of optimal reflection loss reached -60.9 dB at 12.9 GHz with the
sample which had thicknesses of 2.5 mm and the widest effective bandwidth is up to
6.1 GHz with the sample which had thicknesses of 2.0 mm. By varying the thickness within
the range of 2.0 to 3.5 mm, this effective bandwidth will cover the entire X and Ku bands.
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1. Introduction

Currently, low thickness, lightweight, cost-effectiveness, and a wide bandwidth
are all desirable characteristics of an ideal absorber [1]. Pure dielectric or magnetic
materials are insufficient for effective radiation absorption [2]. Many advanced
experiments have been carried out in recent years in order to produce new magnetic
nanomaterials with complex chemical and magnetic properties [3]. Due to the
advantages of inorganic and organic materials, conducting polymers have arisen as
significant groups of polymers with numerous applications in the fields of optical,
photonic, and electrical properties [4]. Polyaniline is a promising conductive polymer
which is widely used as microwave absorbing materials because of its good
environmental stability, electrochemical behavior, and customizable electromagnetic
parameters [5]. However, pure PANI microwave absorption properties are mostly due to
dielectric loss, which is inadequate for long-range use. Spinel ferrites have been
commonly used as microwave absorbers due to their good chemical stability, high
saturation magnetization and high magnetic loss. On the other hand, spinel ferrites are
limited in their applications due to their high density and short absorption bandwidth, as
well as a single magnetic loss mechanism [3]. The hybrid material combines the
magnetic loss properties of ferrite with the dielectric loss properties of conductive
polymers, allowing the absorber's microwave absorption properties to be greatly
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improved. Furthermore, producing nanostructures with complex morphologies is a
reliable method for improving microwave absorption performance while reducing
material loading [6].

In previous our reports, CNF@PANI materials have been prepared by the
polymerization and hydrothermal reaction and process [7]. The purpose of this study is
to investigate the feasibility of microwave absorption of CNF@PANI. The CNF@PANI
exhibits wide effective absorption bandwidth and strong microwave absorption
performance in paraffin with a low mass filling ratio (30 wt%).

2. Experimental

First, polyaniline fiber was synthesized by polymerization reaction. Second,
coprecipitation and hydrothermal treatment methods were used to produce
CuosNiosFe20s@PANI [7].

In a typical experiment, the homogeneous mixture was prepared by mixing the
CNF@PANI material and paraffin wax. The substance in the mixture accounted for
30% of the total weight. The final compounds were pressed into a toroidal form with a
3.04 mm inner diameter and a 7.0 mm outer diameter. The microwave absorption
properties were measured by utilizing Keysight PNA-X N5242A vector network
analyzer. The microwave absorption properties were determined using the transmission
line principle [8]. The reflection loss (RL) was measured using the following equations
in detail:

RL(dB) = 20.log
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where Zi, is the input impedance of the absorber, & and g is the complex relative
permitivity and permeability respectively, c is the velocity of electromagnetic waves in
vacuum, f is the frequency of electromagnetic wave, and d is the thickness of samples.

3. Results and discussion
3.1. Morphology and structure characterization of material

The morphologies of the PANI material were observed by SEM and shown in
Fig. 1(a). Actually, the fibers are completely homogenous. The value of the diameter of
the fibers is about 100 nm. The frame of PANI which was also shown with long fibers
and their interconnection. The PANI frame is likely to generate multiple interfaces,

which is beneficial for interfacial polarization and electromagnetic wave attenuation.
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Fig. 1(b) presents the SEM image of CNF@PANI material. The small nanoparticles,
which have a diameter of 10-15 nm was wholly covered onto the surface of PANI.

Fig. 2 presents the FT-IR spectra of CNF@PANI material. The peak at 563 cm™ is
related to the stretching vibrations of Fe-O bonds. The peaks at 832, 1167, 1305 cm™
could be ascribed to the vibrations of C-H, C-O and C-N bondings, respectively. The
vibrations of C=C stretching of quinonoid and benzenoid rings are associated to the
absorption peaks at 1592 and 1496 cm™ [9].

In the XRD pattern of CNF@PANI sample (Fig. 3), the characteristic peaks for
(hkl) planes such as (111), (220), (311), (222), (400), (422), (511) and (440) were
observed at 18.1°, 30.0°, 35.3° 36.9°, 42.9° 53.6° 56.9° and 62.3°, respectively. The XRD
data indicated that the CNF particles have the face-centered cubic trevorite structure [5].
The peaks of PANI vanished in XRD pattern because the CNF nanoparticles interfere
with PANI fiber.

Fig. 1. SEM images of (a) PANI and (b) CNF@PANI.
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Fig. 2. FT-IR spectra of CNF@PANI. Fig. 3. XRD patterns of CNF@PANI.
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3.2. Microwave absorption properties of material

The frequency dependency curves of real and imaginary complex permittivity and
permeability of a sample with a thickness of 2.5 mm are shown in Fig. 4. As can be
shown in this figure, the values of the real part of relative complex permittivity (&’) are
in the range of 10.6 + 15.1 and the range of values of the imaginary part (&) of relative
complex permittivity is 4.3 + 6.5. The real and imaginary parts of relative complex
permittivity consistently show a decreasing trend with frequency. The high values of ¢’
of CNF@PANI hybrid indicate that the CNF nanoparticles implanted on PANI fiber
and the resulting hetero-structure significantly improve the dielectric properties of this
material. It was also approved for the enhancement of dipolar and interfacial
polarization, as well as low resistivity, which contributed to the materials' effective
electronic transmission proficiency [10].
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Fig. 4. The real, imaginary part of (a) complex permittivity
and (b) complex permeability of CNF@PANI material.

Additionally, in the frequency range of 2 + 18 GHz, significant resonance peaks
of imaginary part (« ) can be found. The values of x” are greater than zero means that
the CNF@PANI material has a significant magnetic loss, which is mostly due to natural
resonance and exchange resonance. As seen in this figure, the values of real part («°)
generally present sudden peaks or so, other remain a constant at 1.

On the basis of Debye relaxation theory [11], the dielectric properties of the
material are further examined by the association between real part and imaginary part of
complex permittivity. One relaxing mechanism can be carried out using the Cole-Cole
equation as follows:
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where &, o are the static permittivity and the relative permittivity at the high-frequency limit.

The plot of ¢ versus &’ would be displayed whole semicircle which corresponds
to a Debye relaxation process. As shown in Fig. 5, multiple distinct semicircles can be
noticeably observed, which indicates that the multi-dielectric relaxation process occurs
in the composite material. Furthermore, the distorted Cole-Cole semicircles indicate the
presence of dielectric loss-enhancing mechanisms such as defect polarization, interfacial
polarization, and conductive loss [12]. Under the external electromagnetic field, the
heterogeneous interfaces in CNF@PANI may produce further polarization centers,
increasing interfacial polarization and improving relevant relaxation.
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Fig. 5. The typical Cole-semicircle curve Fig. 6. The C, - f values
of CNF@PANI. of CNF@PANI.

Commonly, in the frequency range 2 + 18 GHz, eddy current loss is also a
significant contributor to magnetic loss which can be estimated by the coefficient C,
defined as Co = 2’ /(u".f), where f is frequency. As seen from the Fig. 6, the value of
Co changes slightly in the 8 + 18 GHz, which suggests that the magnetic loss is mainly
caused by the eddy current effect. The natural resonance effect causes magnetic loss in
the 2 + 8 GHz band due to the presence of resonance peaks.

The impedance matching, as far as we know, refers to the tendency of incident
electromagnetic waves to enter the interior of the material in order to minimize direct
reflection of electromagnetic waves. The absorption properties of material would be
stronger if the Zin is close to 1. From Fig. 7, the value of impedance matching of
CNF@PANI sample with the thickness of 2.5 mm is closest to 1 at 12.9 GHz.
It suggests that incident electromagnetic waves could penetrate CNF@PANI hybrid
efficiently and be absorbed effectively.
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Fig. 8. Reflection loss of CNF@PANI samples.
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Fig. 7. The impedance matching of
CNF@PANI sample at 2.5 mm.
The microwave reflection loss (RL) at different thickness is depicted in Fig. 8.
With rising thickness, the RL curve gradually changes to lower frequency. The
phenomenon is explained by the matching relationship between frequency and the
matching thickness dm of the absorption materials [13]:

B k.c

d —— %
i CARVERRIT

By varying the frequency and thickness of the absorbing material, optimum matching
and absorption could be achieved. The effective absorption bandwidth (RL < -10 dB) of
samples are 6.1, 5.5, 4.9 and 4.6 GHz with the thickness of 2.0, 2.5, 3.0 and 3.5 mm,
respectively. It is obvious that with increasing absorber thickness the absorption
bandwidth gradually narrows. The best effective absorption bandwidth which is
6.1 GHz (11.9 + 18.0 GHz) exhibited at the thickness of 2.0 mm. Furthermore, the
effective absorption bandwidth in both the X and Ku bands (8.0 + 18.0 GHz) can be
achieved by changing the thickness of the CNF@PANI material. What's more, the best
minimum reflection loss of CNF@PANI is -60.9 dB at the frequency 12.9 GHz with a
small thickness of 2.5 mm.

k=1305.. 4)

The microwave absorption properties of ferrite-PANI composite materials are
compared in Table 1. According to these findings, CNF@PANI material has
particularly strong microwave absorption properties, including high reflection loss,
effectively broad absorption bandwidth, and a thin thickness.

The remarkable microwave absorption performance of the CNF@PANI material is
correlated to its structure original and composition. Firstly, the abundant oxygen vacancies
and significant lattice defects in the porous composite will behave as dipoles in the
alternating electromagnetic field, causing a strong dipole polarization effect [10]. Secondly,

10



Journal of Science and Technique - ISSN 1859-0209

the electromagnetic wave dissipation is aided by the unique multi-channel pore in the fiber-
like and network of CNF@PANI material [8]. Thirdly, the PANI fibers anchored by CNF
nanoparticles, not only prevent them from stacking together, but also may penetrate and
increase multiple reflection and scattering in between pieces of the inner space of the
structure [6]. Finally, the combination of dielectric and magnetic loss produces in excellent
impedance matching and improved electromagnetic wave absorption efficiency.

Table 1. Comparison of the microwave absorption properties with other absorbers.

RLmin Bandwidth (GHz) Thickness (mm)
Absorber (dB) (RL<-10dB) | Filled ratio (wt%) | ¢
PANI@BaFe,010 174 2.4 4.5 (80%) [14]
PANI@CoFe,0x 284 0.3 4.0 (50%) [15]
PANI@MnNiZn 313 3.7 3.0 (25%) [16]
PANI@NiZnNd 374 4.9 4.0 (70%) 8]
PANI@NiZn -39.6 3.0 2.5 (25%) [10]
NiZn/BaFe1,010@PANI | -25.6 7.2 3.5 (60%) 6]
’ )
CuosNiosFe20s@PANI | -60.9 6.1 g:g 8853 VTVQ:f(

4. Conclusion

In summary, the structure of composite material which has CNF nanoparticles
uniformly anchored on the surface of PANI fibers exhibited a significant microwave
absorption performance. The electromagnetic wave absorption performance of the
CNF@PANI hybrid is due to its hierarchical porous structure, synergistic effect of
dielectric and magnetic loss, and impedance matching. The optimal value of reflection
loss of -60.9 dB was obtained at 12.9 GHz with the sample which had thicknesses of
2.5 mm. The maximum effective bandwidth reached 6.1 GHz (11.9 + 18 GHz) at a
thickness of 2.0 mm, which completely covered the entire Ku band (12 + 18 GHz). By
varying the thickness between 2.0 and 3.5 mm, this effective bandwidth will cover the
whole 8 +~ 18 GHz bands. Therefore, the CNF@PANI material prepared herein would
have a good application prospect for the effective absorption of X - Ku bands.
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TINH CHAT HAP THU VI SONG CUA VAT LIEU
CUo,sNi0,5Fezo4@ SQI PANI

Tom tit. Trong nghién ciru ndy, ching t6i trinh by cdc nghién civu vé ddc tinh hdp thu
vi séng cia vit liéu CuosNiosFe:0s@polyanilin (CNF@PANI). Vit liéu dwoc tong hop tir cdc
qud trinh phan g polymer héa va thiy nhiét. Cdu triic soi PANI dwoc phii béi cdc hat nano
CNF trén bé mdt tao nén sy cdi thién ciia cdc ddc tinh hdp thu vi song. Gia tri ton hao phan xa
dat duoc la -60,9 dB tai tan s6 12,9 GHz véi mdu cé bé day 2,5 mm va ddi bang hdp thu hiéu
qua lén t6i 6,1 GHz tmg véi mau cé bé day 2,0 mm. Bang cdach diéu chinh bé day tir 2,0 dén
3,5 mm, ddi tan s6 hdp thu hiéu qua cé thé bao phii toan b dai bang X va Ku.

Tir khéa: CuosNiosFe20q; PANTI; soi; hap thy vi song.
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