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Abstract:
ic pollution. It is often very difficult to obtain superior absorption with only one material, so we have explored composites using

There has recently been a fundamental need to develop high efficiency microwave absorbers to reduce electro-magnet-

fillers of activated carbon derived from biological material (oleaster seeds) and resin (apricot tree gum) with Fe;O, in a paraffin wax
matrix to improve the dielectric properties and achieve a high specific surface area. A 1 mm thick layer of a Fe,O, + resin (FEOR),
with the magnetic nanoparticles anchored to the gum, resulted in a reflection loss of =71.09 dB. We compared this with the results for
composites using a filler of Fe,O, + activated carbon, and one with a three-component filler of Fe,O, + activated carbon + resin
which had a very porous structure that had a direct effect on the surface polarization. However, the FEOR sample had near-ideal im-
pedance matching, close to 1, which resulted in high absorption performance. In addition, the presence of defects improves mi-
crowave attenuation by dipole polarization and charge carrier trapping. This work suggests the use of new types of biomaterials to in-
crease microwave absorption.
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1 Introduction ticularly important both from a functional as well as
. . . sustainability point of view!”. To address the weight
Recent advancements in electronic devices ] )

) . ) . ) issue, mesoporous and microporous structures are
across multiple fields, including communication, mil- i i ] )
. . . preferable, which effectively increase the specific sur-
itary, aerospace, Internet of Things (IoT), and artifi- . N o of th -
cial intelligence (Al), have greatly improved our daily ace area and reduce the weight of the material for

[6’7] . . .
lives. However, the abundant presence of electromag- equal performance™". Additionally, they also provide

netic radiation from these devices has given rise to a the possibility to incorporate secondary phases into

the porous structure that could enhance the functional-

ity through impedance matching of the two phases'®.

new kind of environmental pollution, posing signific-

ant challenges to our ecosystem and human well-be-

ing!". Therefore, there is a need to develop materials
with electromagnetic wave absorbing capacity that
can mitigate electromagnetic radiation pollution, and

44

intense research is focused on this fiel . Low-

weight materials and green synthesis methods are par-
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For example, in Wu et al.’s work, a biomass hierarch-
ical porous carbon (BHPC) with micropores, meso-
pores and macropores obtained from rice husk was
prepared using potassium KOH activation and one-

step carbonization. The BHPC sample exhibited a
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minimum reflection loss (RL,;,) of —47.463 dB at
9.79 GHz, and the effective absorption bandwidth was
81% of the X-band. The synergistic effects of macro-
pores, mesopores and micropores contributed to the
adsorption performance of BHPC. The macropores in
BHPC form a conductive network to promote the con-
ductivity loss of the material. It showed good absorp-
tion performance for electromagnetic waves due to
good impedance matching, high dielectric loss capa-
city, large specific surface area and reasonable pore
diameter distribution”. Zhao et al. used the inherent
microstructure characteristic of biomass in nature as a
potential way to deal with the problem of electromag-
netic interference. They showed the formation of suf-
ficient porous structure in sudden absorption at low
relative pressure and a hysteresis loop at high relative
pressure, which elucidated the coexistence of micro-
pores and mesopores in a hierarchically porous mag-
netic carbon (HPMC). These abundant micro/meso-
porous structures create a large number of air-solid in-
terfaces in the sample, which can induce strong sur-
face polarization under an external electromagnetic
field. It exhibits excellent electromagnetic wave per-
min) OF
—52 dB and a wide effective absorption bandwidth of
5 GHz at a low filler content!”".

Carbonaceous structures derived from biological

formance with minimum reflection loss (RL

materials have demonstrated a high conductivity and
relaxation loss ability, making them a suitable option
for microwave-absorbing structures'''"*. The porous
morphology of a carbon-based material reduces its
density, creates microcurrents and multiple reflec-
tions, and enhances polarization loss in an absorber,
thereby amplifying microwave attenuation!'*'®. The
synthesis of carbonaceous structures such as graphene
oxide and carbon nano-coil, wires, tubes, and rods is
challenging due to the complex synthesis processes
involved and high preparation costs. Therefore, highly
porous low-cost biomass derived structures using agri-

(17 18 animal waste!'”, aquatic

, algae”, human waste”, industrial waste**,

cultural residues' ', wood

plants™”
etc. offer more viable alternatives to enhance the per-

formance of microwave absorbing materials. To in-

crease their efficiency for microwave absorption, bio-
logical materials should be pre-treated by various
methods before pyrolysis. Single-component carbon-
based dielectric materials may have disadvantages like
impedance mismatch, which could be circumvented
by the use of composites with magnetic materials.
Apart from dielectric materials, some metals also
show conducive magnetic properties like enhanced
magnetic permeability. Metal oxides like ferrite nano-
composites exhibit notable properties such as flexibil-
ity and thermal stability’*”. Microwave absorbers re-
quire low density for practical applications, so this
should be considered when selecting the raw materi-
als. The combination of carbon-based materials with
ferrites improves impedance matching through mag-
netic losses, enhancing microwave absorption***"),
Bare Fe,O, nanoparticles exhibit a weak reflection
loss (RL), usually above —10 dB"®. However, when
Fe,0, nanoparticles are dispersed on activated carbon
or a resin matrix in a suitable proportion, the fabric-
ated structure is expected to exhibit better impedance
matching. In our previous work, compositing activ-
ated carbon obtained from oleaster seeds with Fe,O,
magnetic nanoparticles was used to investigate the
electromagnetic wave absorption”””. The Fe,0,/activ-
ated carbon (AC) composite showed a microwave ab-
sorption performance of about RL = —51 dB with a
thickness of 1 mm, and 3.66 GHz efficient bandwidth,
arising from impedance matching, eddy current loss,
natural resonance and reflections””**.. In another work
by Rusly et al. , BiFeO, (BFO)/epoxy resin composite
structure was found to enhance the absorption effi-
ciency due to the coupled magneto-dielectric proper-
ties of BFO. The composite with 70% resin filler
showed good performance, with RL, = =26 dB and
RL, = —40.5 dB at the frequencies of 9.1 and
11.3 GHz, respectively™.

In this work, spinel iron oxide is utilized to in-
duce high magnetic loss. Fe,0, is ferrimagnetic due to
the coexistence of ferrous and ferric cations, leading
to a mixed valence state of iron. Magnetite is known
for its high permeability, which enhances its electro-

magnetic waves absorption capacity. Magnetite nano-
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particles exhibit a high surface to volume ratio and by
tuning synthesis parameters it is possible to control
the particle size, shape and crystallinity. Consequen-
tly, these factors influence the magnetic, dielectric and
loss properties. However, there are some drawbacks
such as high mass density and limited dielectric losses
that need to be addressed. In this view, the design of
nanocomposites exhibiting both magnetic and elec-
trical properties opens new interesting perspectives.
Biomass-derived carbon-based materials are particu-
larly useful in absorbing electromagnetic waves due to
their lightweight nature and easy synthesis routes us-
ing cost-effective precursors. When the metal oxide is
dispersed on the carbon matrix, the magnetic compon-
ent induces impedance matching, increases the inter-
facial polarization, and enhances the electromagnetic
waves absorption””. Keeping this in mind, in this
study, the natural polymer apricot tree gum and activ-
ated carbonaceous porous structure obtained from
oleaster seeds, were decorated with Fe,O, nano-
particles. The microwave absorption properties of the
triphasic composite were explored. Here, we have ex-
plored the properties of apricot tree gum decorated
with magnetite for the first time, to the best of our
knowledge. We specifically choose this biomaterial
because apricot gums have a carbohydrate content
ranging from 43.5% to 98.5%. Gums are polysacchar-
ides in nature. Therefore, a higher proportion of car-
bohydrates may indicate a higher purity of the gum. A
significant amount of moisture in powdered gums
(17.50%) has been confirmed. Different polar func-
tional groups create positive and negative charges in
the molecule. The difference in electronegativity leads
to the generation of dipoles in these charge centers.
Specifically, through hydrogen bonding, O—H inter-
acts and allows electrons to be transferred between
different groups so that dipole polarization occurs”".
In the presence of an alternating electromagnetic field,
large polar functional groups increase dipole polariza-
tion and effectively dissipate electromagnetic energy.
The presence of hydrogen bonds increases electrical
conductivity. Hydrogen bonding in the polymer net-

work plays the role of electron transfer which causes

better impedance matching.

2 Experimental

2.1 Preparation of Fe,0, (FE)

To prepare Fe,O, nanoparticles, FeCl;-6H,0 and
FeCl,-4H,0 with a molar ratio of 2 : 1 were dis-
solved in deionized water. The solution was placed in
a heater and was completely dissolved using a mag-
netic stirrer. When the temperature reached 80 °C, Na-
OH was added. This solution was stirred for 30 min at
the same temperature. Finally, the neodymium mag-
net was used to separate Fe,O, nanoparticles after the
solution had cooled"”.

2.2 Preparation of Fe,O/activated carbon
(FEOC)

All precursors used were of research grade and
used without further purification. First, oleaster seeds
were dried at 110 °C after activation with ZnCl,. After
evaporation of the excess water, the seeds were pyro-
lyzed under N, flow at a temperature of 700 °C and
subsequently cooled to room temperature in a nitro-
gen atmosphere. The resulting carbon was then
washed with HCI to reach a neutral pH value to ob-
tain activated carbon (AC). In the second step, solu-
tions of FeCl;-6H,0 and FeCl,-4H,0O were continu-
ously stirred at 80 °C. After 30 min, AC was added to
the solution, followed by NaOH solution that acted as
a precipitant. Finally, the nanocomposite was washed
with deionized water several times and separated us-
ing a neodymium magnet*’**),

2.3 Preparation of Fe,O /apricot tree gum resin
(FEOR)

First, apricot tree gum (R) was soaked in deion-
ized water. After drying, the gum was ground into
powder using a mill and passed through a mesh to en-
sure uniformity. 2 g of powder was weighed and dis-
persed in deionized water. The resulting suspension
was kept at room temperature for 24 h. Concurrently,
a solution of iron salts was prepared following the
same method described in section 2.2. The gum sus-
pension was added to the metal salts solution under
magnetic stirring, and the temperature of the com-

bined solution was raised to 80 °C. After 15 min, Na-
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OH was added to the solution. Finally, the nanocom- Scherrer equation.
posite was washed with water and the sediment was D= 0.894 3)
Bcosb

separated by a magnet.
24
apricot tree gum resin (FEOCR)

Preparation of Fe,O, /activated carbon/

For this process, a suspension containing activ-
ated carbon and apricot tree gum resin ina 1 : 1 mass
ratio was prepared. Then the suspension was mixed
with metal salt solution. The temperature was adjus-
ted to 80 °C, and a NaOH agent was used for precipit-
ation. Subsequently, the as-made nanocomposite was
rinsed and air-dried at room temperature. Fig. 1 shows
a schematic representation of the synthesis steps.

2.5 Characterization

The nanocomposites were analyzed by X-ray dif-
fraction (XRD) using a TD-3700 model diffractomet-
er, and by Fourier transform infrared (FTIR) spectro-
metry using a TENSOR 27 model spectrometer. Equa-
tions 1 and 2 were used to calculate a (lattice con-
stant) = 8.31 A, and V,, (volume of the unit cell) =
573.85 A:

(M
Ve=a 2

In these equations, d represents the distance

a= d(h2 +i+ 12)1/2

between the Bragg planes, which is obtained from
Bragg’s law, and 4, k and / are Miller indices. The size

of the crystallites (D) was obtained using the Debye-
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Fig. 1 Schematic illustration of the FEOCR nanocomposite

synthesis method

In equation 3, A, 6 and f are the wavelength of
the X-ray used, Bragg angle, and peak width at half
maximum, respectively.

The morphology of the nanostructures and chem-
ical compositions was investigated using a MIRA3-
TESCAN field emission scanning electron micro-
scope (FESEM) equipped with energy dispersive X-
ray spectrometer (EDS). Magnetic properties were
measured using a vibrating sample magnetometer
(VSM) from Maghnatis Daghigh Kavir Co., Iran. Ra-
man spectroscopy (Horiba Jobin-Yvon Labram
HR800) was used to investigate the geometrical struc-
ture and bonding within the molecules. The analysis
of the surface area was done by Brunauer—Emmett—
Teller (BET) method using the equipment BELSORP
Mini II made in Japan. X-ray photoelectron spectro-
meter (XPS, PHI QUANTERA 1I) with Al K-alpha
source was used to analyze the elemental composition
of the composites.

The nanocomposites were homogeneously mixed
with paraffin wax to evaluate their microwave absorp-
tion properties. A vector network analyzer (VNA) was
employed to analyze the electromagnetic parameters
of the samples, using a WR90 waveguide at f = 8—
12 GHz. The WR90 waveguide has a rectangular
shape with dimensions of 10.16 mm x 22.86 mm. The
composite samples were thoroughly dispersed in a
paraffin matrix with a 1 : 3 mass ratio. Finally, the
samples were separately poured into an aluminum
mold to fabricate the samples used to test microwave

absorption.

3 Results and discussion

The X-ray diffraction (XRD) patterns of the
magnetic nanocomposites prepared by the co-precipit-
ation method are shown in Fig. 2a. The FEOC and
FEOCR samples show a broad amorphous hump in
the range of 26 = 20°-30°, which can be ascribed to
amorphous carbon. In the FEOC sample, this broad

peak is more prominent due to the higher weight per-
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Fig.2 (a) XRD patterns, (b) FTIR spectra, (c) Magnetic hysteresis loops (inset shows low-field data), and (d) Raman spectra of the nanocomposites

centage of carbonized material as compared with FE-
OR sample. The Bragg reflections testify that the fer-
rite nanoparticles obtained by this method have a
spinel cubic structure (ICDD card #01-088-0315). The
average crystallite size of Fe,O, nanoparticles in
FEOC, FEOR and FEOCR composites were calcu-
lated to be 10.3 (£0.8), 10.6 (£0.7), and 11.8 (+0.9)
nm, respectively.

The chemical species in the nanocomposites
were evaluated by FTIR. As indicated in Fig. 2b, the
O—H bond is noticeable at ~3400 cm'. The ob-
served twin peaks at 2 920 and 2 850 cm™' are related
to the C—H bonds. The peaks below 1000 cm™' are
ascribed to Fe,0,. The notches at 572 and 445 cm™'
are related to (Fe-O) bonds, with Fe located in the oc-
tahedral and tetrahedral sites, respectively”". The ob-
served peaks could originate from the organic func-
tional groups existing in the composites.

Magnetic parameters play a crucial role in the
wave absorption and performance. The magnetic hys-
teresis loops recorded at 300 K are shown in Fig. 2c.
The saturation magnetization of FEOR ( ~ 50 emu/g)
is larger than that of FEOC ( ~ 32 emu/g) and FEO-
CR (22 emu/g). Notably, the value of Mg has a direct
effect on the magnetic permeability and impedance

matching, which in turn affect the wave absorption

performance. The coercivity values (H.) for the FE-
OR, FEOC, and FEOCR composites are ~ 35, ~20
and ~ 30 Oe, respectively. Large values of H. and Mg
can improve magnetic loss. This can be easily seen
from the fact that the area of the curve gives the en-
ergy required to complete one magnetization and de-
magnetization cycle, and the energy loss is equal to
the area of the loop.

To further investigate the growth of the nano-
particles on the resin and carbon matrix, Raman spec-
troscopy was used to analyze the molecular structures
and identify the chemical composition in the samples.
The dielectric parameters and their effect on the mi-
crowave absorption capacity are significantly affected
by the conjugated structures in the composites. In
Fig. 2d, the main peak of Raman scattering for ferrite
is observed at 670 cm ', which corresponds to Alg vi-
brational mode of the spinel structure. In addition, the
peaks at approximately 1330 and 1595 cm™' corres-
pond to the D and G bands, respectively. This con-
firms the presence of carbon in the nanocomposites””..
The D band shows the presence of distortion and lat-
tice defects of carbon atoms, which are related to sp’
lattice disorders in the amorphous carbon, acting as
under the incident

polarization centers

[36,37]

microwaves . The G band arises from the struc-
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ture of graphite and can be attributed to the stretching
vibrations of the sp’ hexagonal graphite lattice. Not-
ably, defects and impurities in the structure affect the
position of the peaks. The ratio (/;/I,) was used to de-
termine the degree of irregularity and evaluate the uni-
formity by multiple measurements at different loca-
tions of the material. /./I,, values for FEOR, FEOC,
and FEOCR composites are 0.65, 1.11 and 0.97, re-
spectively. Defects cause the creation of many polar-
ization centers, which ultimately attenuate the incid-
ent microwaves. Interestingly, the presence of resin
reduces the /;/I, value which may affect microwave
absorption through defect centers.

Next, the morphology of the FEOC FEOR, and
FEOCR nanocomposites was investigated using
FESEM (Fig. 3). Fig. 3a shows an image of activated

carbon derived from oleaster seeds. Fig. 3b shows an

(@)

Sy ¥

image of the gum particles, revealing particle sizes
mostly greater than 100 pm. This natural resin can be
dissolved in water, which makes the dispersion of
magnetic nanoparticles more homogenous in the car-
bon matrix. This is seen in Fig. 3¢, where the Fe,O,
nanoparticles with spherical structures are well dis-
persed in the gum matrix, resulting in a uniform mor-
phology of the FEOR composite (see inset in Fig. 3c).
In contrast, in the FEOC sample (Fig. 3d), the disper-
sion of the Fe,O, nanoparticles on the carbon surface
is poor, with some areas having no magnetic nano-
particles on the surface of the activated carbon. For
the FEOCR composite (Fig. 3e), it is observed that the
Fe,O, nanoparticles and gum are distributed on the
pyrolyzed carbon structure. The EDS elemental map-
ping of the FEOCR sample (Fig. 3f) confirms the

presence of Fe, O and C in the composite. The use of

Fig. 3 FESEM images of (a) activated carbon derived from oleaster seeds, (b) Apricot tree gum, (¢) FEOR, (d) FEOC and (¢) FEOCR nanocomposites. Insets

in (c-e) are magnified images showing Fe,O, nanoparticles. (f) EDS elemental mapping of FEOCR sample
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natural resin during the synthesis process results in a
uniform distribution of Fe,O, particles on the carbon
surface.

Nitrogen adsorption allows to investigate the
porosity and specific surface area of samples. This test
method is based on surface absorption and involves
measuring the volume of nitrogen gas absorbed and
desorbed by the surface of the material at a constant
temperature”™™. The cell containing FEOC, FEOR and
FEOCR samples were placed in a tank at a constant
temperature and by gradually increasing and then de-
creasing the pressure of the carrier gas, the amount of
gas absorbed and desorbed by the material was calcu-
lated. The specific surface area, volume and size dis-
tribution of the nanocomposites could be calculated,
which are listed in Table 1. Fig. 4a and b show the ni-
trogen (N,) adsorption/desorption isotherms and pore
size distribution curves. These curves indicate a type
IV isotherm, which contains pores smaller than
2 nm (i.e., micropore), as well as pores between 2 and
50 nm (i.e., mesopores). The specific surface areas of
the FEOC, FEOR and FEOCR samples are 814.22"
67.3 and 431.9 m’g", respectively. The correspond-
ing total pore volumes of the samples are 0.05, 0.25
and 0.16 cm’g”' and the corresponding average sizes
of the pores are 1.21, 3.53 and 1.21 nm. It is not sur-

prising that after the introduction of apricot tree gum,

the surface area and the volume of the pores decrease
greatly™!. The pore size distribution curves of FEOC
and FEOCR show a mean value of 1.21 nm, which in-
dicates the presence of micropores in the samples.

Fig. 5 shows the XPS results of the FEOCR
sample. The survey scan (Fig. 5a) depicts the Fe 2p, C
Isand O 1s characteristic peaks, showing the pres-
ence of Fe, C and O elements in the composite, which
is in accordance with the EDS mapping results. For
more information, high-resolution spectra are ac-
quired. The high-resolution experimental spectrum of
Fe 2p (Fig. 5b) shows 2 peaks related to Fe 2p,, and
Fe 2p,,, spin-orbit coupling, further confirming the ex-
istence of Fe,O, in the composite. The binding ener-
gies of 710.7 and 724.1 eV correspond to Fe*" 2p,,
and Fe’* 2p,,, respectively, while the peaks at 712.5
and 726.0 eV correspond to Fe’* 2p,, and Fe'" 2p,,,
respectively. A satellite peak is observed at 719.3 eV.
Fig. 5c shows the C 1s high-resolution spectrum,
where 3 distinct peaks corresponding to C—C/C=C
(284.8 eV), C—0 (286.6 eV), and C=0 (288.4 eV)
bonds are observed™”. The O 1s peak at 530.2 eV
(Fig. 5d) corresponds to Fe—O bonds, in which the O
represents the spinel lattice oxygen'*'*?!. The signals at
531.4 and 533.0 eV originate from O=C and O—C
bonds, respectively.

Time-varying electromagnetic waves propagate

Table 1 Results of nitrogen absorption and desorption

Samples V,/(cm*(STP)g™") dg py/m’ rp/nm Vel(em’g™) References
FEOC 187.06 814.2 1.21 0.05 [27]
FEOR 15.45 67.3 3.53 0.25 This work
FEOCR 99.23 431.9 1.21 0.16 This work
(a) 175 ®) 270y e
0.020 0.020
150{ oo £ 249 oo
goow b4 21043 o010
12597 s e v 0.005
B 0,000 — /. !. o 1804 (o000 ——
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T 75 .‘,—‘ / T 1204
N & S 904
> 50 . S
o 60+
=t
25 . -_-_.._.-—"'." 30+
mmE FEOR ol FEOCR
0 v T T v
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
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Fig. 4 N, adsorption—desorption isotherms and the pore size distribution curves of (a) FEOR and (b) FEOCR nanocomposites



- 1164 - oA ok oM R (H3E0) 539 %
(a) (b)
Fe 2p
O1s
Fe 2p 710.7 eV
35 - 71256V Fe
\«i i‘i 719.§ eV  Fei+ F
E‘ } Satelite
® K
c c
(9] Q
S S
C1s
Fe 2p,
1000 800 600 400 200 0 726 723 720 717 714 711 708 705
Binding energy/eV Binding energy/eV
(c) (d)
01s 530.2 eV C1s 282foev
v Fe0 y 284.8 eV
C-C/c=C
4
35 531.4 eV 35
g 0=C g
= * = 288.4 eV
2 2 c=0
2 2
S S

535 534 533 532 531 530 529 528 527
Binding energy/eV

288 287 286 285 284 283

Binding energy/eV

290 289

Fig. 5 XPS spectra of FEOCR composite. (a) Survey scan, and high-resolution spectra of (b) F 2p, (¢) O 1sand (d) C 1s

over long distances like a plane wave, and the electric
and magnetic fields are perpendicular to the direction
of propagation. Therefore, two basic parameters,
namely, relative permittivity (g,) and magnetic per-
meability (x,) of the nanocomposites should be invest-

[43,44]

igated
“

He=p = Jp” (5)
where ¢’ and p' are related to the storage capacity

£, =£/_j8//

(Fig. 6a and c), and ¢"” and " give information about
the energy losses (Fig. 6b and d)'**!. For high absorp-
tion, both magnetic and dielectric losses in the absorb-
ing materials need to be increased. When a carbon-
aceous material is composited with a ferrite, the per-
mittivity is enhanced with respect to the ferrite!*”.
This enhancement is due to the conductive and relaxa-
tion loss that arises from the carbonaceous structure.
By analyzing the data of the electrical and magnetic
the

evaluated*”. The fluctuation in the electric and mag-

parameters, impedance matching can be
netic parameters leads to the observation of a reson-
ant peak. Resonance peaks in permittivity curves are

usually caused by interfacial and dipolar polariza-

tions**. The defects and holes existing in the com-
posite structure enhance the polarization. In Fig. 6a
and b, it is observed that the values of ¢’ and &” re-
main unchanged for FE, FEOR, FEOC and FEOCR
nanocomposites, and FEOR has the lowest value
among the 3 samples. FEOC and FEOCR nanocom-
posites have higher ¢" and ¢” values as compared with
FE, which may be related to the presence of a larger
number of polarization sites and improved conductiv-
ity due to the presence of activated carbon. As seen
from Fig. 6¢ and d, the curves of u’ and u" are in the
range of 0.9-1.1 and 0.002-0.1, respectively. The
magnetic behavior is tuned through the dielectric be-
haviors of the gum and activated carbon due to inter-
facial coupling between the different components””*'.
Due to the impact of electromagnetic wave radiation
on FE, FEOR, FEOC and FEOCR nanocomposites, an
alternating electric field is created by the movement of
the internal charge, which induces a magnetic field in-
side the material. For the u' curve of FEOR nanocom-
posite, an extreme value is seen in the frequency range
of 8-12 GHz. As seen in the 4" curve of FEOR nano-

composite, the maximum value is obtained at 10.8 GHz,
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Fig. 6 (a)&'and (b) ¢", (¢) u"and (d) 1", (e) tan 6, and (f) tan 6, versus frequency for 4 samples

which indicates an increased magnetic loss in this
sample compared to FE, FEOC and FEOCR samples
under the influence of ferromagnetic resonance.

The relation tand, = ¢"/¢’, and tand, = u"/u" show
the dielectric and magnetic loss, respectively (Fig. 6e
and f). The values of J, and J, determine the role of
losses in the microwave absorption process. The res-
ults show that the intensity of the dielectric loss of the
nanocomposites is higher than the intensity of the
magnetic loss, suggesting that dielectric losses have a
more significant effect on microwave absorption than
magnetic losses. It is obvious that each of these
samples shows multiple variation trends in the fre-
quency range of 2-8 GHz for the imaginary parts of
permeability and permittivity. This is because the ima-
ginary parts related to permeability and permittivity

are the key parameters affecting the magnetic loss and

dielectric loss, respectively.

According to the transmission line theory and its
generalization to electromagnetics, and the calcula-
tion of impedance (Z,), it is possible to define the re-

flection loss (RL) related to the performance of the
[52]

[ 2
Z, =7, %tanh( jant \/u,e,) (6)

Zn—Z
RL = 2010g'Z +Z°
in 0

where, Z, is the impedance of free space (377 Q), ¢ is

absorber’

(N

the speed of the wave, fis the frequency and ¢ is the
thickness of the prepared sample.

A proper selection of the absorber material is
crucial for achieving superior absorption in low thick-
ness and wide bandwidth. Absorption of 90% is en-
countered when the reflection loss is less than —10 dB.

Fig. 7 shows the frequency dependence of the reflec-
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tion loss in the X-band for the samples at different
thicknesses.

The behaviors of the nanocomposites (Fig. 7c-h)
are compared with that of pure magnetite (Fig. 7a and
b). As seen in Fig. 7c and d, for the FEOC sample, the
reflection loss at 9.69 GHz with a thickness of 1 mm
is =51.12 dB, which is much larger than that for FE
(—13.03 at 10.79 GHz). The highly porous structure of
activated carbon can facilitate multiple reflections and

scattering of the propagated microwaves, thereby at-

(@)

RL/dB

10 11
Frequency/GHz
(c) 0

—104"=

—-204

RL/dB

-304

-40-

-504

:71.09 dB

10 11
Frequency/GHz

-29.28 dB

10 11
Frequency/GHz

tenuating their intensity and converting them to
thermal energy. Also, the nucleation of Fe,O, filler in
the matrix is expected to improve microwave absorp-
tion by increasing the relaxation loss and reflections.
However, better results are expected when the nano-
particles are homogeneously dispersed in the matrix
without any significant aggregation. In addition, the
Fe,O, particles are highly insulating and thus can sup-
press the negative effects of eddy current, which ad-

versely affects the absorption of microwaves. For the

Fig. 7 RL curves and 3-D contour maps of (a,b) FE, (c,d) FEOC, (e,f) FEOR and (g,h) FEOCR samples
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FEOR sample (Fig. 7¢ and f), a superior reflection
loss (RL = —=71.09 dB) occurs at 10.45 GHz for t = 1
mm. The available bandwidth in the X-band range is
3.36 GHz, which increases to 3.83 GHz for thickness
t =2 mm. Interestingly, the effective absorption band-
width of FEOR increases with vacancy defects. First
principle calculations provide evidence that vacancy
defects lead to a change in the electric dipole state,
leading to a more effective absorption bandwidth"”.
On the other hand, the FEOCR sample shows RL =
—29.28 dB at f=9.85 GHz (Fig. 7g and h). The addi-
tion of gum to the FEOC structure reduces the amount
of reflection loss. Thus, the FEOR sample demon-
strates the highest reflection loss and covers the entire
X-band for ¢ = 2 mm. The maximum RL intensities
and absorption bandwidths of different biomass-based
composites are listed in Table 2 for comparison with
the current study.

In this work, the effects of apricot tree gum on
microwave absorption performance were investigated.
The results show that the presence of apricot tree gum
has a significant effect on bandwidth and reflection
losses. In addition, in the FEOCR nanocomposite, the
minimum reflection loss has decreased while cover-
ing almost the entire X-band, which can be attributed
to the increase in conductivity due to activated carbon.
The microwave absorption curves show that FEOR
and FEOCR composites have the strongest reflection

loss in the frequency range of 8—12 GHz. On the oth-

er hand, apricot tree gum and Fe,O, nanoparticles can
drastically change the surface conditions. These
changes in the interface between Fe,O, and apricot
tree gum can be due to the phenomenon of
dielectric/magnetic resonance”*. The presence of in-
terfaces in this nanocomposite causes surface polariz-
ation and resonant behavior.

The performance of electromagnetic wave ab-
sorbers can be maximized when the incident wave has
the lowest reflection from the interface and the highest
transmission inside the absorber structure”®”. This can
be achieved by tuning the impedance of the absorber.
The relative impedance (|Z,/Z;|) is an important para-
meter, and in the ideal case when the impedance
matching value is equal to one, the electromagnetic
wave can completely penetrate the material®®. Relat-
ive impedance matching |Z,/Z,| implies that the resin
can augment the impedance matching in the FEOR
conjugated structure (Fig. 8). From Fig. 8b, d, and f,
the ideal impedance matching (|Z;,/Z,|=1) areas are de-
tectable for all the composites (denoted by the dashed
lines). By comparing the results presented in Fig. 7, it
is observed that FEOR has the best impedance match-
ing, and shows the highest absorption through losses.

The closer the values of ¢, and g, are, the less re-
flection there will be and the greater the reflection loss
of the electromagnetic wave. To obtain effective elec-
tromagnetic wave absorption, there must be an effect-

ive complement between dielectric and magnetic

Table 2 Comparison of EM wave absorption abilities of different biomass-derived materials

Origin Boostingagent

Max. RL/dB  Efficient bandwidth/GHz Matching thickness/mm Ref.

3D magnetic (Co) porous carbon fibers

Mature platanus

Shaddock peels

Chicken
Featherfibers

Eggshell membrane
Wheat straw
Jackfruit peel
Flour dough

Peach gum (NPG)

Eucommia ulmoides gum (EUG)
Oleaster seed (C)

Apricot tree gum (R)
C/R

with a helical/chiral structure
Fe,O,/porous carbon nanosheets

Porous carbon/epoxy
C@CoFe,0,
Fe,0,@ Fe/carbon foam
Ni(OH),/activated carbon
Hierarchically porous carbon

Porous carbon

Carbon nanotube (CNT)/graphene
nanoplatelet (GNP)/EUG

FEOC
FEOR
FEOCR

—61.1 2.1 39 [84]
-50.3 2.0 35 [85]
-20.1 2.9 2.0 [86]
—49.6 3.0 2.5 [87]
—43.6 2.8 4.7 [88]
=23 1.9 55 [89]
=52 24 2.5 [90]
-59.4 4.1 2.0 [91]
—42.5 2.7 2.0 [92]
=51.1 3.7 1 [27]
=71.1 33 1 This work
-29.3 2.8 1 This work
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losses to achieve certain impedance characteristics”".

When Z, /Z, is equal to or close to 1, the electromag-
netic waves are not reflected from the surface of the
absorbing material and are instead absorbed inside the
nanocomposite. At this time, the absolute value of re-
flection loss reaches the maximum value®. Imped-
ance matching in samples FEOC, FEOR and FEOCR
are all close to 1 in contrast to pure magnetite. In the
FEOR sample, the Z,/Z; value reaches its minimum
value (1.05) for the thickness of 1 mm, which shows a
high reflection loss value. If the impedances are mis-
matched, most of the incident waves will be reflected
from surface or transsmited through the material
without any loss, resulting in poor RL. It can be seen
that the synergistic effect between the dielectric and

magnetic properties leads to good matching and

damping inside the electromagnetic wave absorber,
resulting in very good wave absorption characteristics.

As seen in Fig. 7, as the amount of absorber and
sample thickness increasing, RL, ; values move to-
wards a lower frequency. This is expected because the
frequency is inversely proportional to the thickness of
the absorber. Therefore, this function can be explored
using the quarter-wavelength theory (Fig. 8c, f, i and
1). The relationship between coating thickness (¢,) and
matching frequency (f;,) is expressed as the following

equation™;

nc

4 fon 1|

where ¢, is the thickness of the absorber, £, is the

(n=1,2,3,--) ®)

t, =

matching frequency with RL,;, and the values of ¢, u,.

'min?

and ¢, are already defined. Electromagnetic wave en-
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ergy is absorbed through various mechanisms, and
one of the mechanisms is phase elimination. When an
electromagnetic wave passes through the absorber,
part of the wave is reflected at the air-absorber inter-
face, and the rest is transmitted or multi-reflected in-
side the absorber. At some frequencies, the thickness
of the absorber is equal to a quarter of the transverse
wavelength. When this happens, the reflected waves
are out of phase with the incident waves, canceling
both waves. This destructive interference leads to at-
tenuation of the electromagnetic wave signals, at this
point the maximum absorption is indicated by RL ;, in

the response!®”!

. This maximum absorption occurs
when the absorber thickness z, is equal to 4,/4, where
A, 1s the effective wavelength of the electromagnetic
signal inside the material and 4, is the free space

wavelength described by the equation™®":

A
/lm = — (9)
||
In summary, the resonant frequency decreases
with increasing the absorber thickness due to this con-

dition of /4, while RL decreases, indicating an in-
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crease in EM wave absorption.

Fig. 9 shows the Cole-Cole plots for the samples.
These plots provide information about the type of po-
larization in the samples, obtained from the Debye re-

laxation theory'®>®!,

-t (522 a0

Here, &. represents the permittivity at f = oo, and

g, is the static permittivity. The individual semicircles
in the plots of Fig. 9 show that the Debye relaxation
process exists. The defects, crystal dislocations, and
functional groups cause the relaxation. Thus, function-
al groups and defects on the surface cause the forma-
tion of semicircles. Polarization effects can arise from
surface, dipole, ionic and/or electron polarization. Ion-
ic polarization occurs below 10° Hz and dipole polar-
ization below 10° Hz. According to the Fig. 9, the
FEOC and FEOCR samples have a larger number of
semicircles than FEOR, which is due to surface and
dipole polarizations and residual functional groups
such as O—H and C=C bonds***”. The phenomen-
on of polarization relaxation can be attributed to the
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Fig. 9 Cole-Cole plots of FE and the nanocomposites
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relaxation of dipole polarization, Maxwell-Wagner ef-
fect caused by multiple dangling atoms, polarization
caused by an induced electric field, along with many
surface defects, which can enhance the high absorp-
tion property of microwaves®**”. The larger number
of semicircles observed in Fig. 9b and d indicates a
better electromagnetic discharge capacity of the cor-
responding samples and the presence of multiple
dielectric polarization processes. Fig. 9a and ¢ show
only one semicircle, which could be related to the
dielectric loss. Also, porous structures cause polariza-
tion on the nanocomposite surface by creating inter-
faces. Therefore, it can be concluded that surface de-
fects in nanocomposites represent a reasonable mech-
anism to explain the microwave absorption perform-
ance. Complex polarization processes and other forms
of polarization relaxation may sometimes occur in
composites during the absorption of electromagnetic
waves'®. In this case, the Cole-Cole plots consist of
more than one semicircle, which might also be distor-
ted. The Cole-Cole plots of FEOC and FEOCR nano-
composites are observed to consist of 3 semicircles in
different frequency bands, which correspond to the
frequency range where the reflection loss occurs'®. In
the frequency range of FEOC and FEOCR nanocom-
posites, the first semicircle is related to multiple relax-
ation processes. However, the rest arises from the loss
of conductivity. Therefore, simultaneous dipole and
interface polarization occur between 8 and 12 GHz.
Various heterogeneous interfaces in FEOC and FEO-
CR composites, including carbon-air, carbon-metal

and air-metal interfaces, cause strong surface polariza-

(@)
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0.012 e
0.010 - FE

s 0.008 Jusm ey gt

= A

= 0.0064 A

2 L)
0.004
0.002
0.000+

8 9 10 11 12

Frequency/GHz

tion. The porous carbon skeleton forms an intercon-
nected conductor. Therefore, it can be concluded that
carbon materials absorb electromagnetic waves with
combined polarization relaxation and conduction
losses.

In addition, high magnetic permeability is anoth-
er essential parameter for increasing microwave atten-
uation, which is related to eddy current losses and fer-
romagnetic resonance. Losses related to eddy currents
exist if the parameter C, = x"u'f "' remains constant

0 As can be seen in

in the frequency interval
Fig. 10a, for FEOCR, the value of C, decreases
slightly in the frequency range of 8-9.25 GHz, fol-
lowed by a slight increase, after which it remains con-
stant in the frequency range of 9.5-12 GHz. For ferri-
magnetic materials, in the gigahertz frequencies, the
main magnetic losses arise from natural ferromagnet-

7% Therefore, for

ic resonance and the eddy curren
the composite samples the main sources of magnetic
losses are the natural resonance and the eddy current.
To investigate and analyze the overall attenu-
ation rate of the absorber, the attenuation constant ()

is calculated using the following equation'’").

2
\/_ f \/(l,l"g// _#/8/)+ \/(#//8// _#/8/)2+(ll/8// +l.l”8)/2

-
an

For the FEOC sample, the value of o increases
from 135.86 to 214.09 Np/m, for the FEOR sample
from 66.55 to 108.18 Np/m, and for the FEOCR
sample from 119.79 to 176.72 Np/m (Fig. 10b) with

increasing frequency. At higher frequencies, the atten-

uation rate is higher due to increased dielectric losses.

Finally, the radar cross-section (RCS) was meas-
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S 160+
S -
§ 1204
<
804
40

10 11
Frequency/GHz

8 9

Fig. 10 (a) Cy-fcurves and (b) attenuation constant of the samples
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ured using computer simulation (CST). The results are
summarized in Fig. 11. The CST results show that the
perfect conductive layer (PEC) shows the strongest
scattering signal”>”*, The PEC coated by FEOC, FE-
OR and FEOCR nanocomposites show a much higher
signal intensity than that coated with a thickness of 1
mm. These contrasting results further prove that most
of the electromagnetic energy is effectively attenu-
ated by the heterogeneity of apricot tree gum and car-
bon. In comparison, the obtained FEOR sample shows
the lowest RCS values (less than 10 dB m?) in the full
range of 0-360° (Fig. 11), which corresponds well

with the prominent electromagnetic absorption prop-

erties. On the other hand, almost all 3 nanocompos-
ites have significant radar stealth properties compared
to PEC for practical applications.

The possible mechanisms causing the  mi-
crowave absorption in the nanocomposites are shown
schematically in Fig. 12. Amorphous structures are
excellent for electromagnetic wave absorption, and
the presence of pores improves impedance matching,
causing the electromagnetic waves to pass through
several pores at different angles. This causes electro-
magnetic waves to propagate in different directions
and paths, known as multiple reflections and scatter-

ing. These factors are ultimately associated with an in-
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Fig. 11 2D and 3D spherical coordinate diagrams, RCS simulated curves for (a-c) FE, (d-f) FEOC, (g-i) FEOR, (j-1) FEOCR
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crease in energy conversion. The reflection of waves
inside the dielectric material increases the absorption
of the microwaves”’". The conjugated structure estab-
lishes conductive loss and electron hopping causes
conductive networks and microcurrents'””. Moreover,
the interaction of the propagated microwaves with
dielectric materials such as the carbonized structure
and resin results in ionic, electron, interfacial and di-
pole polarization'’® 7).

As mentioned, interfacial polarization (i.e., polar-
ization caused at the interfaces of particles due to the
accumulation of charge carriers) has significant ef-
fects on dielectric loss™”. Porosity in the structure af-
fects surface polarization. Furthermore, dipole polar-
ization is created due to the motion of dipoles in bon-
ded atoms with different electronegativities. Since
oxygen has a high electronegativity, it causes the ac-
cumulation of electrons around the atom, creating an
electron cloud. Hence, the presence of functional
groups containing oxygen species in the structure of
resin and activated carbon can cause dipolar polariza-
tion and absorb the energy of the incident mi-
crowaves. Defect sites in materials are also very ef-
fective in the microwave absorption process and cause
the trapping of charge carriers in interactions. There-
fore, the presence of points, as well as other types of
defects, improves the microwave attenuation by di-

pole polarization. Other magnetic losses such as do-

main wall resonances and magnetic hysteresis are ig-
nored. Anchoring the magnetic nanoparticles on bio-
materials enhances the interfacial and dipole polariza-
tion.

Gums are obtained from plants after a natural se-
cretion process or by extracting tissues from different
exudates. These are polysaccharides in which differ-
ent monosaccharide units are connected through glyc-
osidic bonds. The gum from the apricot tree is pro-
duced in response to mechanical damage or for pro-
tection against microbial attack. The functional group
distribution of gum polysaccharides in FEOR nano-
composite was studied by FT-IR analysis. The main
groups OH, C—H, C—C and C—O—C are present in
the gum structure. Due to the high electrical conduct-
ivity and functional groups on the surface, the FEOR
nanocomposite exhibits strong ohmic losses and the
ability to reduce polarization relaxation™ . In the
FESEM images, the gum-like plate structure is magni-
fied. Higher electrical conductivity in the direction
parallel to the transverse electromagnetic wave im-
pingement on the plates leads to stronger attenuation
capability in the vertical direction®). When the
amount of resin is low, the weakly conducting electro-
magnetic wave paths in the parallel direction cannot
effectively destroy the incident wave. On the contrary,
the ability to absorb electromagnetic waves in the FE-

OR nanocomposite in the vertical direction is signific-
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antly increased due to its strong attenuation. As the
proportion of tree gum is greater than carbon, the tun-
nel-like wave paths increasingly dissipate more and
more electromagnetic waves, but magnetite nano-
particles that are more densely packed in the vertical
direction lead to stronger surface reflection. There-
fore, FEOR nanocomposites gradually show better ab-

sorption performance.

4  Conclusions

This work reports a new microwave absorber
with excellent absorption performance, which was
synthesized by a facile process from affordable pre-
cursors. By anchoring ferrite nanoparticles onto natur-
al resin (FEOR), a reflection loss of —71.09 dB for a
thickness of # = 1 mm is achieved. Interestingly, this
sample covers almost the entire X-band for ¢ =
2 mm. Additionally, the dielectric characteristics is
optimized by varying the content of pyrolyzed bio-
mass-derived material. The FEOC sample obtained
from oleaster seeds, shows RL = —51.12 dB for ¢ =
1 mm, while the triphasic FEOCR nanocomposite
shows RL =-29.28 dB for a thickness of 1 mm. Thus,
FEOR emerges as a superior electromagnetic wave
absorber due to its simple synthesis process, reason-
able cost and excellent absorption bandwidth. This
work sheds light on the use of biomaterials and their
composites with magnetic nanoparticles to increase

microwave absorption capacity.
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