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This study explores the enhancement of microwave absorption properties in iron oxide (IO) composites through
the incorporation of bio-waste-derived activated carbon (AC). Composite materials were synthesized using a
cost-effective ball-milling method, combining commercially sourced activated carbon and iron oxide. The
addition of highly conductive activated carbon to the ferrite matrix significantly improved reflection loss due to
enhanced interfacial polarization. The dielectric permittivity and dielectric loss tangent of IO also increased with
the introduction of AC. To evaluate their microwave absorption performance, the composites were embedded in
epoxy resin and fabricated into single-layer structures with a 2 mm thickness. The I0/AC hybrid composite
demonstrated exceptional microwave absorption, exceeding 99.9 % efficiency, with a minimum reflection loss of
—39.09 dB and an absorption bandwidth of 5.28 GHz in the Ku-band region. This research introduces the novel
application of bio-waste-derived activated carbon for enhancing the microwave absorption efficiency of iron
oxide. The findings highlight a sustainable and cost-effective approach for developing high-performance elec-

tromagnetic wave absorbers, contributing to waste reduction and environmental sustainability.

1. Introduction

Microwave absorbing materials (MAMs) are critical in mitigating
electromagnetic pollution, protecting human health, and advancing
stealth technologies, particularly in military sectors [1-3]. Research into
MAMs has expanded due to their broad applicability in both civil and
defense industries, with growing interest in developing thin, highly
efficient, and broadband absorbers that meet modern technological
demands [4,5]. MAM design strategies include physically combining
different absorbent materials [6], chemically modifying absorbers [7],
and developing advanced single-layer structures [8]. The performance
of MAMs is heavily influenced by their dimensional structures. Bulk 3D
materials like ferrites [9], 2D materials such as graphene [10,11], and

1D materials like carbon nanotubes [12] each offer distinct advantages
for enhancing microwave absorption capabilities. These structures
impact crucial factors like surface area, interfacial polarization, and
electromagnetic wave scattering, which ultimately determine the ma-
terial’s absorption efficiency.

For effective microwave absorption, MAMs must meet two critical
criteria: (1) achieving impedance matching with the surrounding envi-
ronment [13] and (2) effectively reducing the intensity of incident
electromagnetic waves [14]. Impedance matching depends on the
interaction between complex permittivity (¢) and complex permeability
(1), which control the material’s ability to store and dissipate electric
and magnetic energy. For optimal absorption, the material’s permit-
tivity and permeability must be balanced with those of free space to
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minimize reflections [15]. Materials with high permittivity but low
permeability tend to reflect incident waves due to high surface resis-
tance, while materials with high permeability but low permittivity allow
waves to pass through with minimal attenuation [16].

A thorough review of the literature underscores the importance of
simultaneously tuning permittivity and permeability to achieve effective
electromagnetic wave absorption. Carbon-based fillers, such as carbon
nanotubes, graphene, and activated carbon, are frequently used to
enhance permittivity, while magnetic materials like ferrites improve
permeability [17]. The synergistic combination of these materials allows
for better impedance matching, enabling both electric and magnetic
losses to contribute to absorption. Recent studies have demonstrated
that adjusting the ratio of carbon and magnetic fillers can fine-tune these
properties, leading to enhanced performance over a broad frequency
range [18,19]. Balancing permittivity and permeability are particularly
important for radar absorption and electromagnetic interference (EMI)
shielding, where efficient wave attenuation and broad frequency
response are essential. This study exemplifies this approach by hybrid-
izing iron oxide (Fe3O3) with activated carbon to optimize the magnetic
and dielectric properties of the composite for improved absorption
performance across the microwave spectrum.

Iron oxide (Fe20s) has gained attention for its potential in electro-
magnetic wave absorption applications. Although Fe20s has lower
magnetic permeability than other magnetic materials, it contributes to
electromagnetic wave attenuation through different magnetic loss
mechanisms [20]. Its small particle size enhances interfacial polariza-
tion, enabling multiple reflections of electromagnetic waves [21].
Incorporating Fe,O3 with other materials has been shown to improve its
absorption properties. For instance, Huang et al. [22] demonstrated that
Fe304/MWCNT/FeoO3 composites synthesized via hydrothermal
methods achieved enhanced microwave absorption by adjusting the
MWCNT content. Similarly, Lu et al. [23] developed CuS/y-Fe;O3 van
der Waals heterostructures, where y- FeoO3 nanoparticles are embedded
between CuS nanosheets to optimize dielectric and magnetic losses,
although bandwidth limitations persist.

Activated carbon (AC) is another widely recognized material for
electromagnetic absorption due to its high electrical conductivity, which
facilitates wave dissipation [24]. Its large surface area also enhances the
interaction between fillers and the matrix, improving overall absorption
efficiency [25]. In this study, a spinel Fe,O3/coconut shell-based acti-
vated carbon (AC) composite was synthesized to evaluate its microwave
absorption capabilities. The composite features a carbon layer and pe-
riodic Fe;03 morphology, with high-energy ball milling (HEBM) used to
fine-tune its magnetic and conductive properties. The hybrid material
demonstrated improved electromagnetic wave absorption due to better
energy transfer between the Fe;O3 and AC phases.

This research bridges the gap between theoretical models and prac-
tical applications by highlighting the synergistic effects of combining
carbon-based and magnetic fillers. The I0/AC hybrid composites exhibit
promising broad-frequency absorption potential, making them ideal
candidates for radar absorption and EMI shielding. The study provides
insights into optimizing structure-property relationships, contributing
to the development of advanced MAMs for both civil and military
applications.

2. Material and experiments
2.1. Material

I0 was supplied by Alfa Aesar, with a particle size ranging from 50 to
100 nm and a purity of 99 %. The coconut shell-derived activated carbon
(activated coal), characterized by low-volume pores, was obtained from
PT Cahaya Indo Abadi, Indonesia. It has an average particle diameter of
less than 10 pm, a purity exceeding 97 %, and a surface area greater than
240 m?/g.
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2.2. Synthesis and composite preparation

To prepare the I0 powder, a high-energy ball milling (HEBM) pro-
cess was used with the 700 rpm SPEX 8000D milling machine at a ball-
to-powder ratio of 10:1 for 9 h. Both vials contained equal amounts of IO
powder (5 g each) along with steel balls. Each vial held 9 steel balls
ranging in size from 1.6 to 0.8 cm. After the initial milling, the IO
powder was mixed with AC at varying mass percentages. The mixture
was first homogenized using a pestle and mortar and then subjected to
an additional 30-minute milling via HEBM. For composite fabrication,
the milled I0 powder was mixed with AC and blended with epoxy resin
(Araldite 506, Sigma Aldrich) and hardener (EpoxiCure 2, Buehler) in a
70:30 wt ratio. The mixture was uniformly combined using a mini vortex
mixer at 3000 rpm for 30 min. The final composite mixtures of I0/AC,
with weight ratios of 80:20, 60:40, 40:60 and 20:80, were then placed
into Ku-band rectangular waveguide sample holders measuring
23 x 10 mm with a consistent thickness of 2 mm. The composites were
left to dry at room temperature for 24 h.

2.3. Characterization

X-ray diffraction (XRD) analysis was conducted at room temperature
using a Philips X'pert Diffractometer (Model PW 3040,/60 MPD X’pert
High Pro, Panalytical, Almelo, Netherlands) over a 20 range of 20°-80°.
The magnetic properties of the samples were evaluated at room tem-
perature with a vibrating sample magnetometer (VSM) (Model Lake-
shore 7404, Ohio, USA) under a maximum magnetic field of 10 kOe. The
size, microstructure, and morphology of the nanoparticles were exam-
ined using a Field Emission Scanning Electron Microscope (FESEM)
(Model FEI Nova Nano 230, USA). The FESEM system was equipped
with an energy dispersive X-ray spectroscopy (EDS) system (Oxford In-
strument, Model Max 20) for elemental analysis. Raman spectra were
acquired using a Raman spectrometer (Witec, Oxford Instrument, Model
Alpha 300 R, Germany). The electromagnetic wave absorption perfor-
mance was tested using an Agilent Vector Network Analyzer (VNA)
(Model N5227A, California, USA) over the Ku-band frequency range of
12-18 GHz, with a sample thickness of 2 mm. Measurements were
conducted using the transmission/reflection line method in a rectan-
gular waveguide setup.

3. Results and discussions

The X-ray diffraction (XRD) analysis of the as-synthesized iron oxide
(I0) nanoparticles, depicted in Fig. 1(a), reveals that prolonged milling,
up to 9 h, leads to increased peak broadening. This broadening suggests
areduction in crystallite size while maintaining the original phase of I0.
Such particle diffusion is likely due to the introduction of thermody-
namic energy, defects, and atomic dislocations during the milling pro-
cess [26-28]. The XRD analysis of the synthesized iron oxide (IO)
nanoparticles reveals distinct diffraction peaks at 26 values of 24.64°,
33.28°, 35.86°, 40.97°, 42.92°, 49.92°, 54.04°, 58.01°, 62.46°, and
64.47°, corresponding to the (012), (104), (110), (113), (202), (024),
(116), (018), (214), and (300) planes, respectively. These peaks align
with the standard reference pattern for hematite (a-Fe2=0a), specifically
ICPDS card no. 98-006-9763, confirming the formation of a
single-phase hematite structure. The absence of additional peaks in-
dicates high phase purity. The average crystallite size, calculated using
the Debye-Scherrer equation, is approximately 11.02 nm, suggesting
nanocrystalline characteristics. Notably, the electrical and magnetic
properties of such complex oxides are influenced by both the average
crystallite size and its distribution [29,30].

Fig. 1(b) presents the XRD pattern of the bio-waste-derived activated
carbon (AC), the XRD pattern exhibits broad peaks at 20 values of 27.47°
and 42.67°, corresponding to the (002) and (100) planes of graphitic
carbon, respectively, consistent with ICPDS card no. 74-2330. The
broad nature of these peaks indicates an amorphous or poorly crystalline
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Fig. 1. Illustrates the X-ray diffraction (XRD) patterns of (a) IO (b) AC and (c) the I0/AC hybrid composite.

structure, typical of activated carbon materials [31,32]. In the IO/AC
composite shown in Fig. 1(c), the XRD pattern predominantly reflects
the characteristic peaks of a-Fe»Os, with no significant shifts in peak
positions, suggesting that the incorporation of activated carbon does not
alter the hematite phase. However, a noticeable bump near 20 = 24.14°
indicates the presence of amorphous carbon within the composite ma-
trix. The ball milling was employed to enhance the dispersion of iron
oxide within the composite matrix. XRD analysis Fig. 1(c) shows that the
characteristic diffraction peaks of iron oxide remained intact after
milling, indicating that no phase transformation occurred. However, a
slight broadening of the peaks suggests a reduction in crystallite size,
which is consistent with FESEM observations of particle distribution.
This size reduction is beneficial for improving the interfacial interaction
between iron oxide and the activated carbon, potentially enhancing
electromagnetic wave absorption performance. When it comes to envi-
ronmental stability, previous research indicates that carbon matrices
can serve as protective barriers for iron oxide nanoparticles [33]. They
help shield these nanoparticles from oxidation, which in turn helps
maintain their magnetic and electromagnetic properties over time. This
implies that the I0/AC composites not only enjoy better dispersion and
interfacial polarization but also provide improved long-term stability,
all thanks to the protective function of activated carbon.

In order to determine the effect of activated carbon incorporation on
the magnetic properties of iron oxide, the saturation magnetization and
coercivity of the produced composites were analyzed. The magnetic
hysteresis loops for the IO and hybrid composite of IO and I0O/AC were
obtained using the VSM technique and are shown in Fig. 2. The
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Fig. 2. M-H hysteresis graph for I0 and I0/AC hybrid composites.

maximum saturation magnetization of pure iron oxide is 2.2402 emu/g.
However, as activated carbon is added, the saturation magnetization
gradually decreases. The I0/AC hybrid composite exhibits a saturation
magnetization value of 1.6488 emu/g. As reported in a previous study
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[34], this decrease in saturation magnetization is likely due to the
decrease in the net magnetic moment caused by the incorporation of
magnetic ferrite with nonmagnetic activated carbon. Remarkably, the
hysteresis loops reveal an increase in the coercivity (Hc) of the com-
posite with the addition of AC. This enhancement in Hc can be attributed
to increased surface anisotropy and pinning effects at the interfaces
between 10 nanoparticles and AC, which hinder domain wall motion.

Qualitatively, the magnetic losses in microwave absorption mainly
come from factors like natural (ferromagnetic) resonance and eddy
current loss. When saturation magnetization (Ms) increases, it boosts a
material’s magnetic permeability, especially the imaginary part (p"),
which results in greater energy dissipation when exposed to an alter-
nating electromagnetic field—this ultimately enhances absorption effi-
ciency. Moreover, coercivity (Hc) plays a role in determining the
resonant frequency of absorption: based on ferromagnetic resonance
theory, a higher Hc raises the resonance frequency, helping to align
absorption peaks with the operational band. In the case of I0/AC com-
posites, the changes in Ms and Hc due to AC incorporation not only
affect magnetic losses but also modify resonance behavior, leading to
improved microwave absorption performance through better-optimized
magnetic loss mechanisms.

The bias shown in the magnetic hysteresis loops of I0 and I0/AC
composites may be attributed to multiple factors. The exchange bias
effect, which results from the interaction of ferromagnetic and antifer-
romagnetic phases, may lead to a shift in the hysteretic loop [35,36].
Additionally, nanoparticle size, distribution, and surface effects, as well
as magnetocrystalline anisotropy, all play significant roles [37]. Surface
changes and interactions between IO and AC can have a further impact
on magnetic properties. The bias can also be influenced by defects at the

HV
PM|10.0kV |5
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interface between iron oxide and activated carbon, strain-induced
anisotropy, and interfacial exchange coupling between different mag-
netic phases. The bias is evident in the magnetic hysteresis loops of AC
(80 wt%) and AC (60 wt%), but it is not clearly observed in other
samples. This suggests that at certain AC concentrations, the interactions
between the magnetic and nonmagnetic components become more
pronounced, leading to an observable shift in the hysteresis loop [38]. A
particularly intriguing observation is that the magnetization of AC
(80 wt%) is zero in the range of 1200-5000 Oe. The AC (80 wt%)
composite’s zero magnetization in the 1200-5000 Oe range is princi-
pally owing to the superparamagnetic character of the iron oxide
nanoparticles, which are influenced due to their nanoscale size [39], and
their interaction with the effects of its activated carbon matrix.

The VSM results also indicate that tuning the ratio of Fe;Os to acti-
vated carbon can effectively control the permeability and permittivity of
the composite, allowing for better impedance matching. This finding
corroborates the theoretical models that suggest a careful balance be-
tween permittivity and permeability is essential for optimizing micro-
wave absorption performance [40]. High crystallinity and phase purity,
as evidenced by sharp and well-defined peaks, increase the dielectric
properties of IO/AC composites by enhancing polarization and reducing
dielectric loss. The identification of various iron oxide phases informs
magnetic behavior, with different phases improving coercivity and
saturation magnetization. Although direct interface analysis via TEM or
XPS was not conducted in this study, the heterogeneous structure
observed in FESEM and the frequency-dependent dielectric relaxation
behavior (Fig. 5) are indicative of interface polarization effects,
consistent with previous reports [41].

The structure and surface morphology of milled iron oxide (I0),

YT Y —

ION2

Fig. 3. Presents FESEM micrographs illustrating (a) IO nanoparticles milled for 9h, (b) a highly porous activated carbon powder, and (c) the 10/AC

hybrid composite.
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activated carbon (AC), and AC (20 wt%) hybrid composites were
analyzed using field emission scanning electron microscopy (FESEM), as
shown in Fig. 3. The FESEM micrograph of iron oxide (IO) (Fig. 3a)
reveals the presence of predominantly spherical particles. This
morphology is characteristic of IO nanoparticles, which often exhibit
irregular shapes and non-uniform distribution, consistent with previous
findings [42]. The spherical morphology of IO nanoparticles plays a
crucial role in enhancing electromagnetic wave absorption by providing
a larger surface area, promoting multiple reflections and scattering,
improving impedance matching, and potentially inducing resonance
and polarization effects [43,44]. Additionally, the high-energy ball
milling process resulted in nanoparticles with a uniform size distribu-
tion, with an average particle size of 15.4 nm. The smaller particle sizes,
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as observed in the FESEM images, further enhance interfacial polariza-
tion due to the increased surface area, thereby leading to higher mi-
crowave attenuation [45]. Additionally, the high-energy ball milling
process resulted in nanoparticles with a uniform size distribution, with
an average particle size of 15.4 nm. The smaller particle sizes, as
observed in the FESEM images, further enhance interfacial polarization
due to the increased surface area, thereby leading to higher microwave
attenuation [46].

The FESEM micrograph of activated carbon (Fig. 3b) reveals a uni-
form and facetted surface structure. The facetted morphology suggests
the presence of distinct crystalline facets, which generally contribute to
a larger surface area, thereby enhancing the material’s absorption ca-
pacity. This structured morphology is particularly beneficial for
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Fig. 4. EDX pattern of (a) I0 (b) AC and (b) IO/AC hybrid composites.
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microwave absorption applications, as the exposed facets provide active
sites for chemical interactions [47,48].

The FESEM micrograph of the AC (20 wt%) hybrid composite
(Fig. 3c) clearly displays the coexistence of spherical-like IO particles
alongside the facetted activated carbon matrix, confirming the suc-
cessful formation of the I0/AC nanocomposite. The morphology of the
I0/AC composite differs significantly from that of pure IO and AC,
indicating enhanced microwave absorption performance due to
increased surface area, improved interfacial interactions, and synergistic
effects between magnetic and dielectric properties. These structural
features facilitate multiple reflections, enhanced impedance matching,
and effective loss mechanisms, thereby leading to higher microwave
absorption over a wider frequency range.

Quantitative elemental analysis was performed on iron oxide (IO),
activated carbon (AC), and their hybrid composite (I0/AC) using
energy-dispersive X-ray spectroscopy (EDX) to validate the chemical
composition of these samples (Fig. 4(a)-c). The EDX spectrum for Fe20s
nanoparticles (Fig. 4a) displays prominent peaks corresponding to iron
(Fe) and oxygen (O), with no detectable impurities, indicating high
purity. The analysis reveals average elemental contents of approxi-
mately 77.13 % Fe and 22.87 % O in the IO powders.

In contrast, the EDX results for AC powders (Fig. 4b) show dominant
peaks for carbon (C) and potassium (K), with average contents of
approximately 92.37 % C and 7.63 % K. The presence of potassium is
likely due to the activation process used during the synthesis of the
activated carbon.

For the IO/AC hybrid composite (Fig. 4c), the EDX analysis indicates
the presence of Fe, O, and C, with average contents of approximately
49.09 % Fe, 26.15 % O, and 24.76 % C. No other elemental contami-
nants were detected, suggesting successful integration of Fe-Os and AC
without introducing impurities. These findings confirm the effective
synthesis of the I0/AC composite, combining the magnetic properties of
iron oxide with the conductive nature of activated carbon

Raman spectroscopy is a widely used technique for analyzing the
microstructure of carbonaceous materials. It consistently reveals two
prominent bands: the D band at approximately 1350 cm™ and the G
band at around 1600 cm™ . The D band is associated with structural
disorder and arises from the disorder-induced breathing mode with A;g
symmetry, involving phonons near the K zone boundary. In contrast, the
G band corresponds to zone-center phonons with E;g symmetry, which
are related to the stretching of sp*hybridized carbon atoms [49]. A
crucial parameter in Raman analysis is the intensity ratio of the D band
to the G band (Ip/Ig), commonly used to evaluate the defect density in
carbon-based materials. For the I0/AC hybrid composites, an Ip/Ig
value of 1.00 was obtained (Fig. 5). This suggests that the incorporation
of magnetic particles significantly increases defect density [50],), which,
in turn, facilitates the formation of additional polarization centers. The
enhanced defect density contributes to stronger dielectric loss, thereby
improving the material’s effectiveness in attenuating incident electro-
magnetic waves [51,52]. Additionally, the observed vibrational modes
associated with Fe-O stretching align with theoretical expectations,
indicating that the Fe;O3 phase is well-incorporated and actively con-
tributes to magnetic losses, a key mechanism for microwave absorption
[9]. These structural and vibrational properties play a crucial role in
enhancing microwave absorption by facilitating interfacial polarization
and multiple reflections of electromagnetic waves, as predicted by the-
ory [53]. Furthermore, previous studies have demonstrated that struc-
tural defects in activated carbon (AC) serve as polarization centers,
playing a crucial role in microwave absorption performance [54]. This
finding reinforces the potential of I0/AC hybrid composites for appli-
cations requiring efficient electromagnetic wave absorption.

Further, the permittivity and permeability graphs were employed to
analyze the composite’s electrical and magnetic behavior as a function
of frequency. The real and imaginary parts of the complex permittivity (e
= ¢ — j¢") and complex permeability (4 = p' - ju") provide insights into
how electromagnetic (EM) energy is stored and lost, respectively
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Fig. 5. Displays the Raman spectrum of the AC and IO/AC hybrid composites.

[55-57]. For microwave absorption applications, high losses are desir-
able to reduce the energy of incident EM waves, whereas high dielectric
materials are typically used in energy storage devices [58]. Figs. 6 and 7
(a, b) shows the €, ¢’, |/, and p" of IO/AC. They can be represented by the
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Fig. 6. Variation in the Ku-band electrical permittivity of IO/AC hybrid com-
posites in the (a) real and (b) imaginary parts with different filler contents (20,
40, 60, and 80 wt%) and a thickness of d = 2 mm.
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following equation [59,60]:

& = € +% M

= e +% @
u=1 +A—P/I[cosé) 4
=1 +%sin0 ®)

The real and imaginary parts of electrical permittivity as a function
of frequency are shown in Fig. 6. Both ¢ and ¢" exhibit an upward trend
with increasing activated carbon concentration in the composite. This
behavior is attributed to the high electrical conductivity of activated
carbon, which improves the charge transport characteristics of the sys-
tem. Furthermore, in line with the Maxwell-Wagner effect, interfacial
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polarization occurs at the boundaries between iron oxide and carbon
phases, creating regions of charge accumulation that enhance dielectric
response [61,62]. Such interfacial polarization is a key microwave ab-
sorption mechanism, as it leads to dipolar relaxation, converting EM
wave energy into heat.

The observed increase of the dielectric loss factor, or ¢’, directly
contributes to the attenuation of microwave energy through a number of
absorption modes, including as conductive loss, dipolar polarization,
and interfacial polarization. Activated carbon is added to the iron oxide
matrix to produce conductive networks that enable free charge flow,
which causes resistive losses and localized heating. If combined
together, these elements improve the composite’s ability to attenuate
electromagnetic waves. The material’s use in microwave absorption and
electromagnetic interference (EMI) shielding is thereby supported by an
improvement in the overall dielectric loss behavior, particularly in the
Ku-band frequency range.

The frequency-dependent behavior of the real (') and imaginary (n")
components of complex permeability () for IO, AC, and I0/AC hybrid
composites is presented in Fig. 7. The results show that activated carbon
(AC), being non-magnetic, has negligible influence on the magnetic
response of the composite, while iron oxide (IO) retains dominant
magnetic behavior. The imaginary permeability (u"), which reflects
magnetic loss, is highest in the IO and 20 wt% AC composites, sug-
gesting strong magnetic energy dissipation. These magnetic losses pri-
marily arising from hysteresis, eddy current loss, and magnetic
resonance are essential mechanisms in microwave absorption [63-65].
At lower AC content (e.g., 20 wt%), the magnetic IO particles maintain
strong coupling, enabling effective domain wall motion and interfacial
polarization. This promotes enhanced hysteresis and relaxation losses,
leading to increased imaginary permeability and stronger absorption.
However, with increasing AC content, the IO particles become diluted
within the non-magnetic matrix, disrupting the magnetic pathways and
reducing energy dissipation. This leads to diminished magnetic losses
and weaker absorption efficiency at higher filler concentrations.
Therefore, the 20 wt% IO/AC composite strikes an optimal balance
between magnetic and dielectric contributions, making it a promising
candidate for efficient microwave absorption in the Ku-band.

To further analyze the energy dissipation mechanisms in the fabri-
cated composites, the dielectric and magnetic loss tangent curves were
derived. These parameters quantify the energy loss due to polarization
relaxation and magnetic domain movement, respectively, and are
defined as follows [66]:

”

tans, = % (6)

”

tans,, = % @

Where, tan 8. (dielectric loss tangent) accounts for the conversion of
electromagnetic energy into heat through dipole relaxation, conduction
loss, and interfacial polarization [67], while tan &m (magnetic loss
tangent) reflects the dissipation of magnetic energy due to domain wall
resonance, eddy current loss, and spin relaxation [68]. These loss pa-
rameters are essential indicators of the material’s ability to absorb and
dissipate electromagnetic energy rather than reflect it.

The dielectric and magnetic loss tangent curves for I0/AC hybrid
composites with varying activated carbon (AC) content at a thickness of
2 mm are depicted in Fig. 8. The dielectric loss tangent curves shown in
Fig. 8(a) mirror the behavior of imaginary permittivity (¢"), with tan Se
peaking at 0.64 for 80 wt% AC, indicating that AC substantially con-
tributes to dielectric losses through enhanced interfacial polarization
and electrical conductivity. Meanwhile, Fig. 8(b) illustrates the mag-
netic loss tangent, where pure 10 shows a higher tan 6m value (~0.11 at
13.23 GHz), which confirms strong magnetic loss mechanisms such as
natural resonance and hysteresis loss. Table 1 summarizes the mean
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Fig. 8. Depicts the curves for (a) dielectric loss tangent and (b) magnetic loss
tangent of the I0/AC hybrid composites with different filler contents (20, 40,
60, and 80 wt%) and a thickness of d = 2 mm.

Table 1
The permittivity, permeability, and loss tangent values for IO/AC hybrid
composites.

Sample ¢ €' W u' tand, tandy,

Type (mean) (mean) (mean) (mean) (mean) (mean)
Fey03 5.23 0.23 1.1028 0.0840 0.04 0.0293
Activated 18.08 10.78 0.8511 0.0014 0.58 0.0016

Carbon

AC (20 %) 5.42 0.38 1.0960 0.0324 0.07 0.0767
AC (40 %) 5.70 0.37 1.0016 0.0075 0.01 0.0138
AC (60 %) 7.24 0.79 1.0210 0.0141 0.1135 0.0094
AC (80 %) 8.23 0.79 1.0172 0.0095 0.1008 0.0073

values of electrical permittivity, magnetic permeability, and loss tan-
gents for IO, AC, and I0/AC composites with varying AC content (20 —
80 wt%).

Among these materials, 10, being inherently magnetic, exhibits the
highest magnetic losses, while activated carbon, as a non-magnetic
material, shows the lowest values. The AC (20 wt%) composite retains
a mean magnetic loss value close to pure IO, suggesting that I0’s mag-
netic properties remain dominant at low AC content. However, as AC
content increases (40 — 80 wt%), the mean magnetic loss values pro-
gressively decrease, indicating that higher AC concentrations dilute the
magnetic properties of [0. This reduction weakens magnetic coupling
and energy dissipation mechanisms in the composites, highlighting the
trade-off between enhancing dielectric losses and preserving magnetic
loss contributions in microwave absorption applications.
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The amount of electromagnetic energy reflected from a material
surface, known as reflection loss (RL), is a critical parameter in evalu-
ating microwave absorption efficiency. Minimizing RL ensures greater
absorption of incident electromagnetic (EM) waves, which is essential
for applications such as electromagnetic interference (EMI) shielding
and stealth technology. The RL can be calculated using the relative
permittivity and permeability values, as expressed by the following
equation [69,70]:

Zi - Zo

RL = 20log,, Z-n —Z 8
mn [

where Z, represents the impedance of free space (with a value of 120x),
while Z;, denotes the input impedance of the material or surface inter-
face, given by:

Zin = Z, \/E,’tanh {j % VHILE. fd} 9

uy represents the relative permeability, & stands for the relative
permittivity, ¢ denotes the speed of light, f signifies the operating fre-
quency, and d corresponds to the thickness of the absorber.

According to Eq. (8), an RL minimum value of —10 dB implies that
10 % of the energy is reflected, while 90 % of the incident energy is
absorbed [71,72]. Likewise, an RL value of —20 dB indicates that only
1 % of the incident energy is reflected, meaning 99 % of the incident
electromagnetic (EM) wave energy is absorbed.

In practical applications, an effective microwave absorber should
achieve an RL minimum of —10 dB or lower, ensuring substantial energy
absorption and minimal reflection. This principle is critical for designing
materials for radar stealth technology, electromagnetic shielding, and
wave attenuation in communication systems. By optimizing parameters
such as material composition, filler content, and structural design, re-
searchers can tailor RL values to meet specific application requirements.

Using Eq. (8), the reflection loss (RL) values of the composites were
obtained by varying the thickness of the pellets from 1 to 3 mm. The RL
curves, plotted in Fig. 9 as a function of frequency, reveal a distinct
trend. Initially, the absorption peak increases from —2.28 dB for pure
Fe;03 to —39.09 dB for the AC (20 wt%) composite, indicating a highly
efficient microwave absorption behavior. However, beyond this point,
the RL values decrease as the AC content increases from 20-80 wt%.
Compared to graphene/FesoNiso composites [73], which exhibit excel-
lent electromagnetic wave absorption properties but suffer from high
production costs and limited scalability, the IO/AC composites synthe-
sized in this study demonstrate competitive performance (reflection loss
of —39.09 dB at 15.03 GHz) with additional benefits of sustainability
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Fig. 9. Displays the reflection loss curves for I0/AC hybrid composites with
different filler contents (20, 40, 60, and 80 wt%) and a thickness of d = 2 mm.
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and cost-efficiency. Activated carbon, derived from abundant biomass
sources, provides an environmentally friendly and economically viable
alternative to graphene, making it more suitable for large-scale indus-
trial applications.

To further validate the superior absorption performance of the AC
(20 wt%) composite, the effective absorption bandwidth (EAB) was
analyzed. This composite exhibits an EAB of 5.28 GHz, covering the
frequency range of 13.45-18.73 GHz, which is significantly broader
than that of pure Fe2Os (0.60 GHz) and other AC composites. The
enhanced absorption can be attributed to synergistic effects of optimized
impedance matching and multiple loss mechanisms. Impedance
matching ensures minimal reflection at the air-material interface by
tuning the relative balance between permittivity and permeability,
allowing maximum electromagnetic wave entry into the material.
Dielectric losses are enhanced by the activated carbon via interfacial
polarization, dipole polarization, and conduction losses, which arise
from abundant functional groups and defects. Magnetic losses, provided
by Fe20s, stem from natural resonance, eddy current loss, and possibly
domain wall resonance, contributing to broader absorption over a wider
frequency range. The multiple reflections and scattering at porous in-
terfaces and heterogeneous phase boundaries in the composite further
increase the path length and energy dissipation of incident waves.
Together, these mechanisms result in deep and broad microwave ab-
sorption, as evidenced by the significant RL and EAB values. These
findings align with previous studies, such as on Coo.sNio.sFe20a4 fibers/
reduced graphene oxide composites, where a thickness of 2.0 mm
resulted in a minimum RL of —14.7 dB at 12.9 GHz [74], underscoring
the critical role of thickness and compositional synergy in microwave
attenuation.

A comparative analysis with higher AC content (40-80 wt%) shows a
decline in RL values due to excessive permittivity, which leads to
impedance mismatch and increased surface reflection, rather than
effective wave penetration and attenuation. The AC (80 wt%) and AC
(60 wt%) composites exhibit strong surface reflections at high fre-
quencies, resulting in diminished absorption efficiency [75].

The exceptional absorption performance of the AC (20 wt%) com-
posite is further explained by its satisfaction of the quarter-wavelength
matching condition, as determined by Eq. (10). The calculated effec-
tive thickness of 2 mm at 16.95 GHz is consistent with experimental
observations, reinforcing the material’s ability to achieve destructive
interference between incident and reflected waves a key mechanism in
wave cancellation and absorption enhancement. Furthermore, the AC
(20 wt%) hybrid composite demonstrates superior microwave absorp-
tion due to its synergistic balance of dielectric and magnetic losses,
enhanced interfacial polarization, and optimal attenuation constant, all
contributing to its broadband performance. The increased number of
heterointerfaces between the AC and Fe:Os phases likely facilitate
Maxwell-Wagner-type interfacial polarization, a dominant loss mecha-
nism in heterogeneous composites. This promotes space charge accu-
mulation, which in turn boosts energy dissipation through multiple
scattering and relaxation processes. Moreover, it is evident that the
reflection loss curve of AC (20 wt%) has shifted to higher frequencies,
indicating that the material structure supports high-frequency EM wave
phase cancellation within the Ku-band [76]. This phase cancellation
occurs when the impedance of the absorber matches that of free space,
ensuring minimal reflection and maximum absorption. The effective
coating thickness (d) of the absorber material must satisfy the following
relationship, derived from the quarter-wavelength theory for optimized
absorption [77]:

d=——" 10)

Af /e[|

where n is an integer value (e.g.,n =1, 3, 5....), c is the speed of light in
a vacuum, f is the operational frequency, ¢, is the complex permittivity,
and p, is the complex permeability of the absorber material. The
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equation highlights the significance of material properties in deter-
mining the optimal thickness for effective microwave absorption. Ma-
terials with higher ¢” and p” values offer stronger attenuation because
they promote energy loss through mechanisms such as dipole polariza-
tion, interfacial polarization, eddy current loss, and domain wall reso-
nance. Thus, Eq. (10) highlights an inverse relationship between
absorber thickness and frequency, implying that thinner materials are
more effective at higher frequencies. The consistent rightward shift of
the reflection loss peak toward higher frequencies with fixed thickness
strongly supports the contribution of electromagnetic wave cancellation
and phase-matching phenomena. This behavior is prominently observed
in the AC (20 wt%) hybrid composite, which exhibits a peak reflection
loss of —39.09 dB at 16.95 GHz with a thickness of 2 mm, indicating over
99.99 % microwave absorption. Such performance makes it a compel-
ling candidate for high-frequency electromagnetic interference (EMI)
shielding and stealth applications. Fig. 9 presents the reflection loss
curves of I0/AC composites at 2 mm thickness, where the AC (20 wt%)
sample outperforms other compositions. It not only achieves the lowest
reflection loss but also delivers a broad effective absorption bandwidth
(EAB), extending from 14.40 to 17.25 GHz, where RL < -10 dB. This
superior performance can be attributed to a synergistic enhancement in
both intrinsic and extrinsic loss mechanisms, including interfacial po-
larization, dipole polarization, and multiple internal reflections facili-
tated by the porous structure and conductive pathways of activated
carbon.

To further elucidate the underlying absorption mechanism, electro-
magnetic attenuation constant (o) and impedance matching conditions
were investigated. The attenuation constant, derived from Eq. (11), is a
critical parameter that quantifies the material’s capability to dissipate
incident EM energy through dielectric and magnetic losses [78]:

\/ 2m
a= c f\/(p//eu _ l.l’ﬁ’) + \/(p//er/ _ p/g/)Z + (”//Su _ p/£,)2 (11)

As shown in Fig. 10(a), a increases systematically with increasing AC
content, especially for the AC (80 wt%) and pure AC samples, owing to
their higher complex permittivity (¢' and ¢"). Elevated permittivity en-
hances dielectric loss by promoting space charge polarization and
increasing the conversion of electromagnetic energy into heat via ohmic
conduction and relaxation processes [79]. However, a high attenuation
constant alone does not guarantee effective absorption. Efficient
impedance matching the condition under which the intrinsic impedance
of the absorber approximates that of free space is equally essential to
minimize wave reflection at the air-material interface. When impedance
matching is achieved, more energy penetrates the absorber, where it is
subsequently attenuated by internal loss mechanisms. For the AC (20 wt
%) composite, the impedance is well-matched across a wide frequency
range, enabling the incident wave to enter the absorber and be dissi-
pated via combined dielectric loss (e.g., conduction loss, interfacial
polarization) and multiple scattering effects due to its heterogeneous
microstructure. The impedance matching of the new composites, shown
in Fig. 10(b), was examined by calculating the normalized impedance
(Zin/Z,) using Eq. (9). To achieve ideal impedance matching, Zin/Zo
should equal 1. As anticipated, the AC (20 wt%) composite demon-
strated the most effective impedance matching among all the composites
developed. Additionally, the increase in electrical conductivity, from 10
to AC (20 wt%), led to improved impedance matching. However, further
addition of activated carbon resulted in high conductivity, which caused
more reflection from the absorber’s surface and, consequently, reduced
impedance matching [80]. The excellent microwave absorption prop-
erties of AC (20 wt%) in the Ku-band are attributed to its attenuation
constant and effective impedance matching.

In the gigahertz range, magnetic loss mechanisms in absorbing ma-
terials are predominantly attributed to eddy current loss, natural reso-
nance, domain wall resonance, and exchange resonance. Among these,
eddy current loss arises from induced circular currents within the
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Fig. 10. Illustrates (a) the electromagnetic attenuation constant and (b) the
normalized impedance plot for the I0/AC hybrid composites with different
filler contents (20, 40, 60, and 80 wt%) and a thickness of d = 2 mm.

conductive components of the composite, and its influence can be
assessed using the eddy current coefficient (Co), defined as:
Co= (W' W)™ ") = 2muydo 12
where a frequency-independent Co suggests dominant eddy current
behavior [81,82]. Fig. 11 illustrates that for I0/AC composites, espe-
cially the sample containing 20 wt% AC, the Co values fluctuate signif-
icantly between 12 and 16 GHz, unlike other samples that maintain a
relatively stable eddy current trend. This fluctuation indicates that eddy
currents are not the principal contributors to magnetic loss in this sys-
tem. Instead, the observed microwave absorption is more likely gov-
erned by natural resonance and exchange resonance, which are strongly
dependent on particle size, anisotropy fields, and magnetic domain
dynamics. Natural resonance typically dominates in the lower gigahertz
range and is associated with the precession of magnetic moments in
response to the alternating field, while exchange resonance occurs at
higher frequencies due to magnetic interactions between adjacent atoms
or nanoparticles. Additionally, interface-induced effects between the
Fe20s and the activated carbon matrix can promote magnetic relaxation
and localized field distortions, further enhancing energy dissipation.

In the 16-18 GHz region, the stability of the Co values implies that

10
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Fig. 11. Illustrates Co versus frequency of AC, IO and I0/AC hybrid composites
with different filler contents (20, 40, 60, and 80 wt%) and a thickness
of d =2 mm.

non-eddy mechanisms such as spin rotation, domain wall resonance, and
interfacial polarization play a dominant role in attenuating the incident
electromagnetic waves. The synergy between dielectric and magnetic
losses, facilitated by the heterogeneous interfaces in the I0/AC matrix,
enables impedance matching, attenuation enhancement, and multiple
scattering, all of which are critical to effective broadband microwave
absorption. Notably, the composite demonstrates strong reflection loss
(> —30dB) and wideband absorption in the Ku-band with a minimal
coating thickness, highlighting its suitability for electromagnetic inter-
ference (EMI) shielding and stealth technology applications.

4. Conclusion

A Ku-band radar absorber was successfully fabricated using iron
oxide (I0) and bio-waste-derived activated carbon (AC). The I0/AC
hybrid composites exhibited improved electrical behavior, with
increasing AC content leading to enhanced interfacial polarization. The
permittivity of IO increased from 5.53 to 7.87 upon AC incorporation,
while the saturation magnetization of IO decreased from 2.2402 emu/g
to 1.6488 emu/g in the AC (20 wt%) composite. The imaginary
permittivity values of the IO/AC hybrid composites were significantly
higher than those of pure IO, indicating a strong influence of dielectric
losses on microwave absorption performance. The synergy between
dielectric and magnetic losses in the I0/AC composites resulted in
enhanced electromagnetic attenuation and effective impedance match-
ing. The magnetic losses in the hybrid composites were primarily
attributed to the eddy current effect. Among the synthesized materials,
the AC (20 wt%) composite exhibited the highest performance,
achieving a maximum reflection loss of —39.09 dB and a 99.9 % ab-
sorption bandwidth ranging from 14.40 to 17.25 GHz. These findings
demonstrate that the I0/AC hybrid composites possess highly favorable
magnetic and dielectric properties, making them promising candidates
for microwave absorber applications. Beyond electromagnetic wave
absorption, these composites also hold potential for energy storage and
environmental technology applications, further broadening their scope
of practical use.
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