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A coral-like nano-PCF composite as a broad-
bandwidth microwave absorberf

Aigiong Wang, 2@ Jianxiong Li® and Xiaoming Zhao**

The bandwidth of microwave interference (MWI) has broadened with the increase of portable and
intelligent electronics properties due to the diversification of irradiation frequencies. To shield against
MWI over a broadened bandwidth, a coral-like polyaniline (PANI)/CoFe,O4 (CFO) nanocomposite (PCF)
microwave absorber (MWA) was synthesized using a sol-gel self-propagation combustion method and
annealing process. Computer simulation technology in CST MWS® accurately obtains the optimal
thickness for the broadest-bandwidth MWA. The results demonstrated that the minimal reflection loss
(RLmin) of the coral-like nano-PCF was —61.4 dB at 13.4 GHz with a thickness of 1.96 mm. Further
optimization revealed that the effective absorbing bandwidth (EAB) of the coral-like nano-PCF was 6.4
GHz with a thickness of 174 mm, and the RL curve obtained from the simulation was in good
agreement with the corresponding RL curve obtained experimentally. The strategy provides a new

rsc.li/materials-advances

1. Introduction

With the advancement of modern wireless communication, in
particular the increasing demand for 5G technology, different
types of microwave absorbers (MWAs) have been developed
to shield against the broadening bandwidth of electro-
magnetic interference (EMI) in the microwave frequency range
2-18 GHz."?

A magneto-dielectric synergistic microwave absorber
formed by coating polyaniline (PANI) on the surface of
CoFe,0, (CFO), has demonstrated excellent microwave
absorption due to the dielectric loss of PANI synergized with
the great magnetic loss of CFO,>* in which PANI and CFO
consumed the electric and magnetic components of the
microwaves, respectively, and the microwave absorption was
enhanced when they were synergized with each other.”> Pra-
veena et al.® synthesized a PCF composite to shield against
EMI. The results showed that the RL,,;, was —38.7 dB at
17.1 GHz, and the bandwidth of PCF was about 4 GHz around
the X band. However, the structure and amorphous nature of
PCF enhanced the reflection of incident microwaves, which
broadened the bandwidth of microwave absorption via the
generation of a multi-reflection structure,” for example, a
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approach for the accurate design of broad-bandwidth MWAs.

coral-like structure,® a porous hollow carbon sphere,’ a core/
shell structure,'® a heterointerface,"* or nanoparticles.'
The novel coral-like PCF-5 was found to possess the optimum
electromagnetic parameters for enhanced microwave
absorption.

To obtain broad-bandwidth MWAs, PCF composites have
been synthesised and simulations undertaken using the pro-
fessional microwave simulation technology CST MWS®.** Ning
et al."* prepared a MWA containing multi-walled carbon nano-
tubes (MWCNTs) and analyzed the microwave absorption using
CST MWS®. The results revealed that the effective absorbing
bandwidth (EAB) was 12.6 GHz with a thickness of 2.3 mm. Xu
et al.™® prepared a carbon aerogel MWA embedded with Co@C
nanoparticles and analyzed the microwave absorption using
CST MWS®. The RL,,;, was —45.02 dB with a thickness of
1.5 mm, and the EAB was 13.12-17.14 GHz. The experimental
results were in good agreement with the simulation results
of MWAs.

In this paper, a series of nano-PCFs were produced via the
citrate gel method combined with ultrasound and stirring®™®
then the optimal electromagnetic parameters of PCF
were selected and the materials tested using CST MWS®™
to determine their dispersion parameters. Simulation and
further optimization of the optimal PCF took place to
obtain a MWA that possessed the broadest EAB in the fre-
quency range of interest of 2-18 GHz. Comparing the para-
meters of the simulation and experiment, we judged that the
trends between them were extremely similar. The strategy may
provide a new method to obtain a broadest bandwidth MWA in
a precise way.
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2. Experiments
2.1 Materials

Co(NO3),-6H,0, Fe(NO3);-9H,0, NaOH, citric acid, ammonium
persulfate (Alfa Aesar), hydrochloric acid (Aladdin), and
anhydrous ethanol (Macklin) were obtained.

2.2 The synthesis of nano-CoFe,0, using a sol-gel

self-propagating combustion method and annealing™®*°

Uniform nanoscale cobalt ferrite CoFe,O, was prepared using a
facile sol-gel self-propagating combustion method. Co(NO3),-
6H,0, Fe(NOs);-9H,0, and citric acid were weighed according
to their stoichiometric ratio (Mgo> :Mge® : Meitric  acid
1:2:1.2) and dissolved in 50 mL anhydrous ethanol. The
mixture was magnetically stirred at room temperature for 1 h
to obtain a homogeneous solution. The precursors were
adjusted to a pH of 9 by the dropwise addition of saturated
NaOH solution. The mixture was transferred into a 200 mL
crucible and then combusted. After extinguishing, a gel was
observed to have formed, and the gel was annealed in a Muffle
furnace under atmospheric conditions. The temperature was
raised from room temperature to 750 °C at a rate of 5 °C min™".
After holding at the temperature of 750 °C for 1 h, the hybrid
cooled slowly naturally. The nanoparticle cobalt ferrite CoFe,O,
(CFO) was formed. The chemical equations are shown below:

Co(NO;),-6H,0 + Fe(NO;);-9H,0 + 50H~ — Co(OH), + Fe(OH),
+ 5NO;~ + 15H,0

Co(OH),+2Fe(0H); 225 CoFe,04 + 4H,0

2.3 The synthesis of PANI/CoFe,0, (PCF) composites>"*>

After the monomer aniline was injected into a 450 mL beaker
containing 150 mL hydrochloric acid solution (containing
25 mL HCI), a certain weight ratio of nano-CoFe,O, (CFO)
was added. The weight ratios of CFO were 30%, 40%, 50%, and
60%. Ammonium persulfate (APS) hydrochloric acid (27.38 g APS
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Fig. 1 The illustration of the synthetic process of PCF composites.
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dissolved in 1.8 M hydrochloric acid) was added to the mixture
dropwise.”” The polymerization was carried out at a temperature
less than 10 °C via a combination of continuous stirring at
400-500 rpm and ultrasonication for 8 h. The reaction mixture
was concentrated, filtered, and washed with deionized water and
anhydrous ethanol repeatedly until the filtrate was colorless. They
were dried in the vacuum oven at 60 °C for 24 h. They were
assigned as PCF-3, PCF-4, PCF-5, and PCF-6 because of the weight
ratios of the CFO respectively. The illustration of the synthetic
process of the PANI/CoFe,0, composite is shown in Fig. 1.

2.4 Characteristics

Fourier transform infrared spectroscopy (FTIR, Nicolet iS50)
was used to characterize the surface functional groups and
chemical bonds of the samples. X-ray diffraction (XRD, D8
ADVANCE(BRUKER)) analysis determined the crystal structure
of the samples. Transmission electron microscopy (TEM, Hita-
chi H7650) patterns and scanning electron microscopy (SEM,
FlexSEM1000) images determined the morphology and nanos-
tructure of the material. An automated gas sorption analyzer
(Autosorb-iQ, USA) was used to test the porosity. A vector
network analyzer (VNA, Agilent E5071C, USA) determined the
electromagnetic properties for a sample with a weight ratio of
4:6 for nano-PCF to paraffin wax.

3. Selecting the PCF composite with
the optimum microwave
absorption ability

An excellent absorber should possess a good impedance match
and robust reflection loss simultaneously.”>** A good impe-
dance matching ability of an absorber means most radiating
microwaves penetrate the MWA.>>>® Significant reflection loss
will attenuate the incident microwaves, and the absorption
strength may be extended.>”*®

We inspected the impedance match and reflection loss of
PCF-3, PCF-4, PCF-5, and PCF-6 via the electromagnetic
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parameters tested by the coaxial transmission line method.?
Eqn (1)~(3) below express the coaxial transmission line theory:*

[ 2
Zin = 2 %tanh |:J(n7fd Brlur):| , (1)
B Zin— 1
RL = 20log Z 11 2)
Z= /%, (3)
&0

where &, fi;, €, and u, refer to the relative complex permittivity
and permeability of sample and space, respectively. Z;, designates
the input impedance of the sample, and Z, represents the
impedance of free space. f, ¢, and d refer to the frequency, speed
of light, and thickness of the sample.

The reflection loss (RL) value is a significant index of a
MWA.*! We calculated the RL values based on eqn (1) and (2).
2D color contour plots and 3D color maps that exhibit the
relationships of the RL to thickness and frequency in the
frequency range of 2-18 GHz for the PCF samples were pro-
duced and are shown in Fig. 2a-h.

Among the curves, the RL of PCF-5 was optimal. The RL i,
of PCF-5 was —61.4 dB at 13.4 GHz with a thickness of 1.96 mm,
and the EAB was 4.3 GHz in the corresponding condition. The
RLy,;, of PCF-3, PCF-4, and PCF-6 were —4.18 dB, —11.7 dB, and
—11.45 dB and the EABs of PCF-3, PCF-4, and PCF-6 were 0, 1.5,
and 1.53 GHz, respectively. Obviously, the EAB of PCF-5 was the
broadest compared to those of the other PCFs. This indicated
that the RL of PCF-5 was optimal among the series of PCFs.

In summary, the RL of PCF-5 was the best among the PCFs,
which is conducive to the smooth transmission of microwaves
through PCF-5 and indicated that the absorption was greatly
enhanced. Therefore, simulations and further optimization on
PCF-5 were performed using CST MWS® to determine the
optimal thickness for the broadest bandwidth.
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4. CST simulation

For simulations using CST MWS®, the nano-PCF-5 was mod-
elled as a cuboid with a dimensions of 10 mm x 10 mm X
d mm, as shown in Fig. 4g. The nano-PCF-5 was assumed to be
distributed evenly in the cuboid. The boundaries were set as the
unit cell in the X and Y directions and open in the Z direction.
The excitation source was a plane wave. The sweep frequency
range was 2-18 GHz.

The results of the simulation experiment were highly in
accordance with each other, as shown in Fig. 4h. They revealed
that the model and the initial set of parameters for PCF-5 in
CST MWS® were suitable, and can be used as the basis for
further optimization of PCF-5. The results demonstrated that
the broadest EAB of PCF-5 was 6.4 GHz with a thickness of
1.74 mm. The RL curves of the experiment and simulation were
in good agreement with each other, as shown in Fig. 4h.

5. Results and discussion
5.1 FTIR

The FTIR spectra of CFO, PANI and PCF-5 confirm the chemical
groups present in them, as shown in Fig. 3a. In the figure, the
similarity of the results for PCF-5 and PANI was remarkable,
with the exception of three peaks. The three FTIR peaks of PCF-
5 were hypochromatically shifted and the transmittance pro-
moted entirely compared to PANI, as the peaks at around 1233,
1371, and 503 cm™ ' in PANI had shifted to 1238, 1358, and
469 cm™ ', respectively. This was due to the successful coating
of PANI on the surface of the nano-CFO and the generation of a
dangling n-n bond interacting between them.>>**

The characteristic peaks of PCF-5 were presented as follows:
there was a peak around 592 cm ™, which was designated as a
typical stretching vibration of the Fe-O bond and characterized
the tetrahedral and octahedral sites of the spinel structure of
CoFe,0,.>°* The peaks around 499 and 562 cm™ ' indicated

d EAB=1.5 GHz |if o
. =117 dB [ 7}
g =15.4 GHz"{| | -3
g« 19 mm | f;
$s ( -6
Z ‘ 3
E 2 A B

10
Fre(GHz)

Fig. 2 The reflection loss of the PCF samples with thickness and frequency. (a), (c), (e) and (g) and (b), (d), (f) and (h) are the 3D and 2D color reflection
loss contour maps of thickness and frequency of PCF-3, PCF-4, PCF-5, and PCF-6, respectively.
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Fig. 3

(a) FTIR spectra of CFO, PANI, and PCF-5. (b) XRD spectra of PCF, CFO and PANI. (c) and (d) SEM images of PCF-5 and CFO, respectively. (e) and (f)

TEM patterns of CFO and PCF-5, respectively. (g) Particle size analysis of PCF-5 corresponding to (f).

the vibrations of the Fe-O bond in the composite. The peaks at
1563 and 1481 cm ' represented the vibration of the C=C
bond in the quinoid and benzenoid rings. The peak at
1291 cm ™' indicated the vibration of a secondary aromatic
amine. The peak at 1481 cm ' referred to the vibration of
C=N. The peaks at 780 and 1025 cm™ " were assigned to the
out-of-plane deformations of C-H. The peak at 3218 cm™*
denoted the stretching of an aromatic amine.****

In summary, the analysis above indicated that the nano-CFO
and PANI combined together due to the existence of a —n bond
to form PANI/CFO(PCF).

5.2 XRD

The XRD spectrum of PCF-5 is presented in Fig. 3b, and this
displays the same primary diffraction peaks at 26 = 18.5°, 30°,
36° 44°, 57°, and 64°, which correspond to the (111), (220),
(311), (400), (511), and (440) lattice planes of CoFe,O,. The
crystal planes of PCF-5 located at 38°, 49°, 53.8°, 71.5°, and
75.8° can be indexed to the (222), (331), (422), (620), and (622)
crystal planes of PANI based on the JCPDS NO. 29-0513 card
and some of the diffraction peaks were shifted slightly. This
indicated that the PANI/CoFe,O, hybrids were successfully
synthesized.

5.3 SEM & TEM

The surface morphologies of nano-CoFe,O, and the PCF-5
composite were examined via scanning electron microscopy
(SEM), and the results are shown in Fig. 3c and d. In Fig. 3d, the
CFO nanoparticle was sphere-like, which can be demonstrated
by TEM (Fig. 3e and f), and the agglomeration phenomenon of
CFO was due to its inherent magnetic performance. The
morphology of PCF-5 was coral-like, as shown in Fig. 3c. The
coral-like PCF-5 was conducive to the multi-reflection of micro-
waves, which favored the promoting absorption of PCF-5.%¢%"

4424 | Mater. Adv., 2024, 5, 4421-4429

TEM images were used to probe the nanostructure of CFO
and PCF-5, which was conducive to analyzing the absorption
properties of PCF-5, and the results are shown in Fig. 3e and f.
In Fig. 3f, it appeared that some dark gray particles (inorganic
particles) were wrapped by light gray materials (organic
materials),***° which indicated that the inner layer of sphere-
like CFO was wrapped by an outer layer of PANI.

Based on the above observations, we inferred that the
sphere-like CFO was wrapped with PANI because of the gen-
eration of m—n bonds and gradually developed into the coral-like
PCF-5. Furthermore, the particles of coral-like PCF-5 had a
diameter of 14 + 4 nm, as shown in Fig. 3f. The particle size
analysis of PCF-5 is shown in Fig. 3g.

5.4 Impedance match of PCF-5

The impedance match of PCF-5 indicated that the impedance
of PCF-5 matched well with the impedance of free space, as
shown in Fig. 4a. The ENIR (effective normalized impedance
range) was 8.67 GHz (9.34-18 GHz) with a thickness of 1.8 mm.
The excellent impedance match of nano-PCF-5 is mainly due to
two features: first, the approximation of moderate dielectric
loss tan d, and higher magnetic loss tan éyu, of PCF-5, as shown
in Fig. 4b. To obtain a perfect impedance match, the impe-
dance of the incident material should be as close to that of free
space as possible,’® which indicates that the value of Z;,/Z,
should be as close to 1 as possible. Using eqn (1)-(3), the value
ZinlZy ~ /e, which meant that the values of u, and ¢, should
be as close as possible. The theory of impedance matching is
consistent with the actual data for PCF-5, which indicated that
the approximate magneto-dielectric loss of PCF-5 is related to
its excellent impedance match.***!

The second feature contributing to the excellent impedance
match of nano-PCF-5 is the mesoporous structure of PCF-5. The
N, absorption-desorption isotherm is type IV indicating that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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PCF-5 is a mesoporous material,** as shown in Fig. 4c. The
average pore size was 3.4 nm, and the specific surface area was
16.424 cm® g ' with the Brunauer-Emmett-Teller (BET)
model.** The atmosphere of the interstitial spaces reinforces
the compatibility of PCF-5 and free space, and its large specific
surface area energy enhances the microwave absorption ability
of the mesoporous structure.** The mesoporous structure
permitted microwave transmission within PCF-5.*° Further-
more, the multi-scattering and reflection of the mesoporous
structure reduced the reflection of microwaves back to space.*®

5.5 The reflection loss and mechanism of PCF-5

The RL,i, of PCF-5 is a significant parameter related to its
absorption.*” The RL,,;, is related to the inherent character-
istics of PCF-5*® and the 1/4/ principle,*® which stem from the
electron hopping and interference polarization, respectively.>®
The RL is related to frequency and thickness, as shown in the
3D color contour and surface plot in Fig. 4d. The RL,;, of PCF-5
was —61.4 dB at 13.4 GHz with a thickness of 1.96 mm.
There are some clarifications below that reveal the
microwave-absorbing mechanism of PCF-5: (1) the moderate
relative complex permittivity (e, = ¢’ — j&”) and higher perme-
ability (u; = &’ — ju") of PCF-5,°" as shown in Fig. 4b. The PANI
conducted the electrical components of the microwaves that
became polarized, with the degree of polarization denoted
as ¢.°> The real and imaginary parts of the permittivity were
7-12 and 0-4, respectively, which indicated that the dielectric
loss of PCF-5 was moderate.”® A moderate ¢, was conducive to
the absorption characteristics of PCF-5,°* as it avoided the
impedance mismatch and secondary microwave pollution for
free space brought on by an excessive &..>° The nano-CoFe,0y, a
higher magnetic loss MWA, consumed the magnetic compo-
nents of the microwaves, which both conducted the magne-
tic energy and complemented the decreasing &, of PCF-5.°°

View Article Online

Paper

The dielectric loss and magnetic loss had a synergistic
effect” when PANI was coated on the surface of CoFe,Oy,
which enhanced the microwave absorption ability of PCF-5.

(2) The polarization effect of PCF-5. Cole-Cole semicircles of
¢" versus ¢ % for PCF-5 are shown in Fig. 4e. Each Cole-Cole
semicircle represents the Debye relaxation behavior derived
from eqn (4)-(6).>° The larger the Cole-Cole semicircle, the
stronger the Debye relaxation, which helps to enhance the
electromagnetic 1oss.®® The line in the Cole-Cole curve repre-
sents the conduction loss of PCF-5.°" The dipole and interface
polarity stem from asymmetric distribution of charges at the
defect, the heterogeneous surfaces, and the functional groups
of PANI and CoFe,0,.%*

¢ = g0 + ﬁ, 1
1+ (2nf)*e? @

& — 2TEf‘L'(85 - 800)
1+ @2nf)*2’

(555 = (352,

where 1, &, and ¢, denote the polarization relaxation time, the
static permittivity, and the high-frequency limited permittivity,
respectively.

(3) The magnetic resonance C,. C, can be expressed as
shown in eqn (7). It has been determined that C, would be
constant if the magnetic loss mainly arose from the eddy
current loss.®> However, the C, value of PCF-5 wasn’t constant
with the increasing of frequency, as shown in Fig. 4f. There was
a significant fluctuation in the frequency range of 5-8 GHz,
which indicated a strong natural resonance at the corres-
ponding frequency.®® Slight instability of C, occurred in the
frequency range of 12-18 GHz, which indicated a relatively
mild exchange resonance at the corresponding frequency.®*

(5)
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Fig. 4 The absorption of PCF-5. (a) The 3D color contour impedance match. (b) The electromagnetic parameter. (c) The N, absorption—desorption
isotherm. (d) The 3D color contour and surface diagram. (e) The Cole—Cole semicircle. (f) The Cq curve and attenuation constants «. (g) The model used

in CST MWS®. (h) The comparison of RLs.
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Fig. 5 (a) Illustration of the various microwave-absorption mechanisms of PCF-5. (b) The quarter wavelength (1/44) principle of PCF-5.

Furthermore, the fluctuation of C, was relatively small in the
frequency ranges of 2-5 GHz and 8-12 GHz, and the fluctuation
represented the eddy current loss in the corresponding fre-
quency ranges.®’

Co = 2mpgod? /3 = u" (W) 21, @)

where ¢ represents the electrical conductivity of an MWA. C,
refers to the magnetic resonance of PCF-5.

(4) The mesoporous structure of PCF-5. The mesoporous
structure prolonged the microwave propagation pathway,
which enhanced the dissipation ability of PCF-5.%° The specific
surface energy of the mesoporous structure reinforced the
wave-absorbing ability of PCF-5.**

(5) The quarter-wavelength (1/44) principle. The model
shows that when the thickness of an MWA satisfies eqn (8)
and the frequency changes, comprehensive interference occurs
between the upper and the lower surfaces, which eliminates the
reflection loss of the MWA and enhances its microwave-
absorbing ability.®” When the thickness of PCF-5 was
1.96 mm, the thickness almost satisfied eqn (8) at the frequency
13.4 GHz, as shown in Fig. 5b, which indicated that there was
comprehensive interference between the upper and lower
surfaces of PCF-5, and the microwave absorption of PCF-5
was enhanced.

do — nc
4fm V |Nr||8f|

where p; and ¢, represent the complex relative permeability and
permittivity of PCF-5 at f,,, and d,, and f,, are the thickness and
frequency of the most enhanced PCF-5, respectively.
Generally, the microwave-absorption ability of PCF-5
depended on the electromagnetic parameters, polarization
effect, magnetic resonance, mesoporous structure and the
quarter wavelength (1/44) principle. The attenuation constant
o represented the complex damping ability of PCF-5, which is a
measure of the microwave absorption, as calculated using
eqn (9).°® The correlation between the attenuation constant o

=1,3,5,...), (8)
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and frequency is shown in Fig. 4f. The fluctuation trend of o is
similar to that of C, of PCF-5, indicating that the robust
magnetic loss of CFO played an important role in the absorp-
tion properties of PCF-5.%°

V2nf

c

% \/(H//SN _ IJ,("/) + \/(#/8// +I‘L”8/)2 + (‘u//su _ ,u.s”)z (9)

In summary, the coral-like nano-PCF-5 is endowed with the
synergistic effects of moderate permittivity and higher perme-
ability, defects, interfaces and mesoporous structure to provide
a robust attenuation ability for the absorption of microwaves,
as shown in Fig. 5.

6. Conclusions

In conclusion, the coral-like cobalt ferrite CoFe,O, nanomater-
ial was prepared by a sol-gel self-propagating combustion
method. The nano-PCF composite was synthesized via coating
the surface of CFO with PANI to develop the coral-like structure.
A series of comparisons were made on the electromagnetic
parameters of the PCF samples, and the optimal PCF was
selected for simulation, and a broad-bandwidth PCF was accu-
rately prepared. The results revealed that the microwave
absorption of PCF-5 was optimum, and the RL.,;, of PCF-5
was —61.4 dB at 13.4 GHz with a thickness of 1.96 mm. Further
optimization using CST MWS® demonstrated that the broadest
EAB of PCF-5 was 6.2 GHz with a thickness of 1.74 mm. The
results of experiment and simulation were in good agreement.
The strategy provides a new approach for the accurate design of
broad-bandwidth MWAs.
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