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ABSTRACT: The increasing concern over the negative impact of
electromagnetic radiation and interference on humans has led to a
growing interest in microwave-absorbing materials that are cost-
effective, have a wide frequency range, and have high efficiency. In
this paper, an Fe3O4 nanoparticle/carbonized hemp fiber
composite was successfully prepared using hemp fibers as the
primary material and template. By carefully regulating the
concentration of the iron nitrate impregnation solution, accurate
loading of Fe3O4 nanoparticles onto the carbonized hemp fiber was
achieved. Due to its unique porous structure, the balance between
impedance matching, and electromagnetic loss, the prepared Fe3O4
nanoparticle/carbonized hemp fiber composite exhibits light
weight, high absorption strength, and broadband absorption
characteristics. The broadest absorption bandwidth of 6.1 GHz can be achieved, covering the entire Ku-band, and the minimum
refection loss is as low as −49.7 dB. More interestingly, the Fe3O4 nanoparticle/carbonized hemp fiber composite exhibits attractive
microwave absorption performance in both the X-band and Ku-band even with a wide range of Fe3O4 nanoparticle loading.
Furthermore, simulations of the radar cross section (RCS) have confirmed that the Fe3O4 nanoparticle/carbonized hemp fiber
composite is effective in attenuating electromagnetic waves in a real environment. This work presents an economical and efficient
method for the development of porous carbon-based absorbents.

1. INTRODUCTION
The rapid development of wireless communication technology
and intelligent device has brought great convenience to
people’s lives, but the electromagnetic radiation and
interference generated can also affect people’s production
and life.1,2 Additionally, the use of these technologies in
military stealth applications has greatly increased the demand
for research on microwave-absorbing materials. Therefore,
developing microwave-absorbing materials with excellent
comprehensive performance has significant research signifi-
cance and practical application value in the field of electro-
magnetic protection.3,4 Based on the loss mechanism of
electromagnetic waves, traditional microwave-absorbing mate-
rials can be divided into two types: electrical loss type and
magnetic loss type.5,6 Electric loss materials have the advantage
of high dielectric loss, but their high complex permittivity and
nonmagnetic nature can cause poor impedance matching.
Therefore, the combination of electric loss absorbent and
magnetic loss absorbent to regulate electromagnetic parame-
ters and enhance microwave absorption performance is of great
practical significance.7,8

The absorption performance of a material not only depends
on its composition but also is closely related to the overall
structural design of the material.9,10 Composite materials with
core−shell, hollow, or three-dimensional porous characteristics

contain abundant heterogeneous interfaces, which are
conducive to electromagnetic energy attenuation.11,12 Due to
the excellent chemical stability, special microstructure,
excellent conductivity, and low density, porous carbon
materials have gradually become a popular research topic
and application direction pursued by academia and industry in
the field of microwave absorption.13,14 Coating magnetic
materials on the surface of porous carbon materials can
effectively improve absorption performance, which is origi-
nated from the synergistic effect of the impedance matching
and multiple electromagnetic loss mechanism.15,16 Therefore,
the development of inexpensive, readily available, high-
strength, and broadband porous carbon-based composite
microwave-absorbing materials has significant research value
in terms of cost.
Natural plant fibers are mainly composed of cellulose and

have unique microstructures and chemical components,
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making them economically feasible raw materials for preparing
porous carbon fibers.17,18 If these fibers are used to create new
microwave-absorbing materials while maintaining their fine
morphology and structure, then their value will be greatly
enhanced. Hemp fiber, derived from various hemp plants, is
one of the most affordable natural fibers and is widely used in
textiles and other industries. Jute fiber belongs to the category
of hemp fiber, and its cross section is polygonal. The jute fiber
contains several cavities in its center, which are circular or oval
in shape. This unique structure allows for excellent moisture
absorption and breathability.19,20 Additionally, this character-
istic makes jute fiber a cost-effective option for producing
carbonized jute fibers with numerous macropores.21,22

Furthermore, jute fibers have the advantage of being woven,
making them practical for various applications. Fe3O4 is a
commonly used magnetic absorbent due to its high complex
permeability and magnetic loss, making it ideal for optimizing
the microwave absorption performance of magnetic−dielectric
composites.23,24 Therefore, it is important to develop a simple
and feasible synthesis process that effectively combines Fe3O4
nanoparticles with carbonized hemp fiber for microwave
absorption using jute fiber as a carbon source.
In this paper, inexpensive and readily available natural jute

fibers were used as a primary material to prepare carbonized
hemp fibers with numerous macropores. Through a simple
impregnation and calcination process, an Fe3O4 nanoparticle/
carbonized hemp fiber (Fe3O4/CHF) composite was success-
fully prepared. Furthermore, the amount of Fe3O4 nano-
particles can be adjusted, resulting in improved impedance
matching and multiple electromagnetic losses. This results in
an excellent microwave absorption performance.

2. EXPERIMENTAL SECTION
2.1. Materials. Fe(NO3)3·9H2O was procured from

Tianjin Tianli Chemical Reagent Co., Ltd. The hemp fibers
come from a commercially available jute rope with a 1 mm
diameter.
2.2. Preparation of the Fe3O4/CHF Composite. The

typical preparation process includes the following three steps.
1. A certain amount of hemp fibers was put into a tube
furnace and calcined at 700 °C in a N2 atmosphere for 2
h. The carbonized hemp fibers were obtained and
denoted as CHF.

2. The carbonized hemp fibers were soaked in iron nitrate
solutions for 24 h with concentrations of 0.1, 0.4, and 0.7
mol/L. Then, the soaked hemp fibers were picked out
with tweezers and dried at 60 °C in a drying oven,
loading iron nitrate onto carbonized hemp fibers.

3. The dried samples were first placed in a muffle furnace
and calcined at 250 °C for 2 h, and iron oxide was
loaded onto the carbonized hemp fibers. Subsequently, it
was placed in a tube furnace and calcined at 550 °C for 2
h under a N2 atmosphere, and Fe3O4/CHF composites
were obtained through carbothermal reduction. To
clarify, based on the concentration of iron nitrate
solution (0.1, 0.4, and 0.7 mol/L), the products were
named Fe3O4/CHF-0.1, Fe3O4/CHF-0.4, and Fe3O4/
CHF-0.7, respectively.

2.3. Characterization. The structure and phase of the
samples were characterized by X-ray diffraction (XRD) using a
Shimadzu XRD-6100 powder X-ray diffractometer with Cu Kα
radiation (λ = 1.54 Å). The graphitization degree of carbon

was characterized through Raman spectroscopy with a Dxr2xi
Raman spectrometer. A Thermo Scientific K-Alpha X-ray
photoelectron spectrometer (XPS) was used to study the
elemental composition. The morphology was obtained using a
JSM-7001F scanning electron microscope (SEM) with an
energy dispersive spectrometer (EDS). The BET special
specific surface areas were determined by a nitrogen isothermal
adsorption−desorption analyzer (Micromeritics ASAP 2460).
The magnetic performance analysis was conducted using a
Lake Shore7404 vibrating sample magnetometer (VSM) with a
scanning range of −20 to 20 kOe. The content of magnetic
components in the synthesized composite materials was
obtained by using a PerkinElmer STA6000 synchronous
thermal analyzer. To evaluate the microwave absorption
performance, the sample was mixed with paraffin in a 1:1
mass ratio and then pressed into a coaxial ring shape for the
coaxial-line method test. The electromagnetic parameters
(complex permittivity εr and complex permeability μr) in the
2−18 GHz frequency range were measured using an Agilent
N5244A vector network analyzer. Based on the measured εr
and μr, the reflection loss (RL) of the material can be
calculated according to the following formula:25,26
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In the formula, Zin and Z0 represent the input characteristic
impedance of the absorbent and the characteristic impedance
of free space, respectively; c denotes the speed of light in free
space; and f and d represent the frequency of electromagnetic
waves and the thickness of the absorbent, respectively.

3. RESULTS AND DISCUSSION
3.1. Phase and Morphology Analysis. Figure 1a

represents the XRD spectrum of carbonized hemp fibers, and

the broad peaks at 15−30 and 40−50° denote the diffraction
peaks of amorphous carbon.27,28 Figure 1b−d shows the XRD
spectra of Fe3O4/CHF composites obtained using carbonized
hemp fibers as carbon sources at different concentrations of
iron nitrate. The narrow and sharp diffraction peaks in all
spectra are consistent with Fe3O4 (JCPDS 19-0629), indicating
good crystallinity.29 Due to the thermal decomposition of iron

Figure 1. XRD patterns of CHF, Fe3O4/CHF-0.1, Fe3O4/CHF-0.4,
and Fe3O4/CHF-0.7.
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nitrate, the generation of Fe3O4 occurs through the
carbothermal reduction reaction in a N2 atmosphere. As the
concentration of iron nitrate increases, the diffraction peaks of
Fe3O4 become more prominent, whereas the diffraction peaks
of amorphous carbon weaken. The Raman spectra of CHF,
Fe3O4/CHF-0.1, Fe3O4/CHF-0.4, and Fe3O4/CHF-0.7 are
shown in Figure S2. All of these spectra exhibit two distinct
peaks at approximately 1340 and 1590 cm−1, which correspond
to the D and G bands, respectively, in carbon components.30

Furthermore, the intensity ratio of the D band to G band (ID/
IG) is approximately 0.9 for these four samples, indicating that
the loading of Fe3O4 does not change the graphitization degree
of the carbonized hemp fibers.
XPS was utilized to measure the composition and valence

states of CHF and Fe3O4/CHF composites, as depicted in
Figure 2. The wide-scan XPS spectrum is shown in Figure 2a.
For CHF, the XPS peaks of C 1s and O 1s are clearly visible at
284.5 and 531.5 eV, respectively. In addition, characteristic
peaks of Fe 2p can be observed at 711.2 eV for the Fe3O4/
CHF composites. As the Fe3O4 content increases, the intensity
of the Fe 2p peak also increases. The XPS spectrum of the O
1s is shown in Figure 2b. As the Fe3O4 content increases, the

peak of O 1s shifts toward a lower binding energy, indicating a
decrease in C�O and C−O bonds and an increase in the Fe−
O bond.31 These oxygen-containing groups can act as active
sites for dipole polarization, thereby facilitating electro-
magnetic wave absorption.32

The SEM images of hemp fibers are displayed in Figure S2.
The diameter of the hemp fibers ranges from 20 to 40 μm.
Figure 3a,b indicates the SEM images of carbonized hemp
fibers, and the diameter of the carbonized hemp fiber ranges
from 20 to 40 μm. Figure 3c−i shows the SEM images of
Fe3O4/CHF-0.1, Fe3O4/CHF-0.4, and Fe3O4/CHF-0.7, dem-
onstrating the successful loading of Fe3O4 nanoparticles onto
the porous carbonized hemp fibers. The amount of loaded
Fe3O4 nanoparticles increases from Fe3O4/CHF-0.1 to Fe3O4/
CHF-0.7, which is consistent with the XRD results. In Fe3O4/
CHF-0.7, the Fe3O4 nanoparticles almost cover the carbonized
hemp fibers, forming a coating structure. The photos of the
CHF and Fe3O4/CHF-0.4 are displayed in Figures S3 and S4.
The carbonized hemp fiber bundle with a 1 mm diameter is
composed of multiple individual fibers. The low-magnification
SEM images of carbonized hemp fibers are shown in Figure S5.
Pores of various sizes can be discovered on the cross section,

Figure 2. Wide-scan XPS spectra (a) and O 1s XPS spectra (b) of CHF, Fe3O4/CHF-0.1, Fe3O4/CHF-0.4, and Fe3O4/CHF-0.7.

Figure 3. SEM images of the synthesized samples: (a and b) CHF, (c and d) Fe3O4/CHF-0.1, (e−g) Fe3O4/CHF-0.4, and (h and (i) Fe3O4/CHF-
0.7.
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which are originated from the original jute fibers.21,22 Figure 4
shows the EDS element diagram and element mapping image
of Fe3O4/CHF-0.4. The results indicate that the composite is
primarily composed of C, Fe, and O elements, with O and Fe
uniformly distributed along the carbonized hemp fibers in
different colors, indicating a uniform loading of Fe3O4
nanoparticles on the carbonized hemp fiber. In summary,
Fe3O4/CHF composites were successfully obtained using
carbonized hemp fibers obtained from hemp fibers as carbon
sources and templates. According to the calculation of the
original N2-adsorption data (Figure S6), the BET surface areas
of CHF, Fe3O4/CHF-0.1, Fe3O4/CHF-0.4, and Fe3O4/CHF-
0.7 are 276.46, 408.48, 410.94, and 380.69 m2/g, respectively.
This suggests that loading Fe3O4 nanoparticles promotes the
formation of rich pore structures, but excessive loading can
occupy some pores and decrease the specific surface area.
The thermogravimetric (TG) curve of hemp fiber is shown

in Figure S7a. A distinct weight decrease is visible between 250
and 400 °C, which is attributed to the pyrolysis of hemp fibers
into carbonized hemp fiber. After iron nitrate was loaded onto
the carbonized hemp fibers and calcined at 250 °C for 2 h in a
muffle furnace, iron oxide was loaded onto the carbonized
hemp fibers. The TG curves of the α-Fe2O3/CHF samples in a
N2 atmosphere are shown in Figure S7b. The distinct weight
decrease is due to the removal of absorbed water and
carbothermal reduction at high temperature. Figure 5 shows
the TG curves of Fe3O4/CHF-0.1, Fe3O4/CHF-0.4, and
Fe3O4/CHF-0.7 under an air atmosphere with a heating rate
of 10 °C/min. The analysis reveals a significant weight loss due
to the evaporation of adsorbed water and oxidation of carbon.
The weight stabilizes at 607, 580, and 563 °C for Fe3O4/CHF-
0.1, Fe3O4/CHF-0.4, and Fe3O4/CHF-0.7, respectively, and
the decrease in stable temperature mainly comes from the
decrease in carbon content. As carbon turns into gas and is
removed in a high-temperature air atmosphere, the remaining
product will only be α-Fe2O3. The Fe3O4 content on the
Fe3O4/CHF composite can be estimated using the following
formula:33

= × ×
×

M
R

(Fe O )
2 232

3 1603 4 (3)

where 160 is the molecular weight of α-Fe2O3, 232 is the
molecular weight of Fe3O4, R is the percentage of residual
mass, and M stands for the Fe3O4 content on the Fe3O4/CHF
composite. Based on the formula and TG curves, the weight
percentage of Fe3O4 nanoparticles on Fe3O4/CHF-0.1, Fe3O4/
CHF-0.4, and Fe3O4/CHF-0.7 is 6.26, 16.19, and 28.63 wt %,
respectively.
The magnetic properties of the absorbent were associated

with its ability to absorb an electromagnetic wave. To
determine the magnetic properties of the Fe3O4/CHF
composites, a VSM was used at room temperature. The
results, shown in Figure 6, indicate that all samples exhibit
typical ferromagnetism.34 Specifically, the magnetic saturation
(Ms) values of Fe3O4/CHF-0.1, Fe3O4/CHF-0.4, and Fe3O4/
CHF-0.7 are 1.95, 7.99, and 19.59 emu/g, respectively. It can
be observed that the Ms increases with increasing magnetic
Fe3O4 content.
3.2. Microwave Absorption Performance analysis.

The electromagnetic parameters are important indicators for
evaluating the microwave absorption performance. Therefore,

Figure 4. (a) EDS spectra and (b−e) elemental mapping images of Fe3O4/CHF-0.4.

Figure 5. TG curves of Fe3O4/carbonized hemp fibers in an air
atmosphere.
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adjusting these parameters is the most direct and effective way
to design microwave-absorbing materials. The complex
permittivity (εr = ε′ − jε″) and complex permeability (μr=
μ′− jμ″) are the two most important electromagnetic
parameters. ε′ and ε″ stand for the capacity and loss of
electric field energy, respectively, while μ′ and μ″ indicate the
storage and loss of magnetic energy, respectively.35,36 Figure 7a
shows the ε′ and ε″ of CHF, Fe3O4/CHF-0.1, Fe3O4/CHF-
0.4, and Fe3O4/CHF-0.7 in the frequency range of 2−18 GHz.
It can be observed that both ε′ and ε″ decrease as the
frequency increases. According to the free electron theory, ε″ =
1/(2πρfε0), where ρ and ε0 represent the electric resistivity and
the permittivity of free space, respectively.37,38 This indicates
that the increase in the Fe3O4 content reduces the conductivity
of the Fe3O4/CHF composite. Debye relaxation is typically

represented by the Cole−Cole curve, which can be expressed
by the relationship between ε′ and ε″. Each semicircle on the
curve of ε′ versus ε″ represents a Debye relaxation process.39
The curves of ε′ versus ε″ for CHF, Fe3O4/CHF-0.1, Fe3O4/
CHF-0.4, and Fe3O4/CHCF-0.7 are shown in Figure S8. All
four samples exhibit two semicircles, indicating the presence of
multiple relaxation processes, which are mainly attributed to
the interface polarization and dipole polarization.40 Interface
polarization is primarily caused by a large number of interfaces,
resulting from the unique microstructure of the material. On
the other hand, dipole polarization is primarily related to
defects within the material. Both of these processes contribute
to the improvement of the material’s microwave absorption
performance. Additionally, it can be observed that in the high
complex permittivity region, the curves of ε′ versus ε″ show a
linear increase, which is attributed to the high conductivity of
CHF.
Figure 7b shows the μ′ and μ″ in the frequency range of 2−

18 GHz. The μ″ value of CHF is approximately 0, but it
increases with the increase of the Fe3O4 amount, indicating an
increase in magnetic loss. In general, the magnetic loss in the
2−18 GHz range is mainly due to natural resonance, exchange
resonance, and eddy current loss. Eddy current loss can be
analyzed using μ″ ≈ 2πμ0(μ′)2σd2f/3, where μ0, σ, and d
represent the permeability in a vacuum, electrical conductivity,
and size of particles, respectively.41 If the magnetic loss only
comes from eddy current loss, the value of C0 (C0 =
μ″(μ′)−2f−1 = 2πμ0σd2/3) should remain constant as the
frequency varies.42 Figure 7c shows the curves of C0 versus f for

Figure 6. Hysteresis loops of Fe3O4/carbonized hemp fibers.

Figure 7. (a) Complex permittivity; (b) complex permeability for CHF, Fe3O4/CHF-0.1, Fe3O4/CHF-0.4, and Fe3O4/CHF-0.7; and (c) curves of
C0 versus f for Fe3O4/CHF-0.1, Fe3O4/CHF-0.4, and Fe3O4/CHF-0.7.
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Fe3O4/CHF-0.1, Fe3O4/CHF-0.4, and Fe3O4/CHF-0.7, which
have three fluctuations in the range of 4−9, 10−14, and 14−18
GHz. This suggests that the magnetic loss mainly comes from
the natural resonance and exchange resonance, and the
resonance peaks at relatively low frequencies are caused by
natural resonance, whereas those at higher frequencies result
from exchange resonance.43

Figure 8 displays the RL curves of CHF, Fe3O4/CHF-0.1,
Fe3O4/CHF-0.4, and Fe3O4/CHF-0.7. It is important to note
that the thickness of the samples affects their microwave
absorption, and the absorption value shifts toward the low-
frequency region as the thickness increases. According to the
λ/4 theory, the thickness (t) of the absorbent follows the
following formula: tm = nλ0/4(|μr||εr|)1/2 = nc/4fm(|μr||εr|)1/2 (n
= 1, 3, 5, ...).44,45 In this formula, tm and λ0 represent the
matching thickness of the absorbent and the wavelength of
electromagnetic waves, respectively. It is clear that the
matching thickness is inversely proportional to the frequency
on the RL curves, and the thickness can be adjusted to regulate
the RL value and the position of the reflection peak according
to specific needs. Additionally, when tm of the absorbent
follows the λ/4 model, the input impedance is equal to the air
wave impedance, resulting in a minimum RL value. Simulation
and calculation of tm versus fm for these four samples are
shown in Figure S9, and it is obvious that the calculated results
are in good agreement with the simulated values. For CHF, the
effective bandwidth is 1 GHz (10.2−11.2 GHz) with a
minimum RL of −10.3 dB at a thickness of 2 mm. For Fe3O4/
CHF-0.1, the effective bandwidth is 6.1 GHz (11.9−18 GHz)
at a thickness of 2.2 mm, covering the entire Ku-band (12−18
GHz). For Fe3O4/CHF-0.4, the minimum RL reaches −49.7
dB at a thickness of 2.2 mm, and the effective bandwidth is 6

GHz (12−18 GHz). For Fe3O4/CHF-0.7, the effective
bandwidth is 5.5 GHz (12−17.5 GHz) at a thickness of 2.2
mm. Interestingly, for Fe3O4/CHF-0.1, Fe3O4/CHF-0.4, and
Fe3O4/CHF-0.7, the effective bandwidth covers the entire X-
band (8−12 GHz) at a thickness of 3.1 mm. Furthermore, at a
matching thickness of 2.2 mm, the combination of carbonized
hemp fiber and Fe3O4 can improve microwave absorption
performance, but excessive Fe3O4 content will lead to a
decrease in microwave absorption performance. For the
magnetic−dielectric composite, the amount of magnetic
component must be appropriate. Overall, the Fe3O4/CHF
composites possess excellent microwave absorption perform-
ance in both the X-band and Ku-band for different Fe3O4
contents, making them promising materials for various
applications. Table 1 displays a selection of porous carbon-
based microwave absorbents, while a comparison of their
microwave absorption performance with our work can be
found in Figure S10. It is evident that the Fe3O4/CHF
composites have wider effective bandwidth and stronger
microwave absorption.46−53 Furthermore, compared to tradi-
tional magnetic microwave absorbents, the Fe3O4/CHF
composites possess the benefits of being lightweight and
cost-effective, which are attributed to the inclusion of
carbonized hemp fibers. This abundant natural source and
simple preparation method make the Fe3O4/CHF composite a
cost-effective, lightweight, and broadband microwave absorb-
ent with great potential for various applications.
Generally speaking, the excellent microwave absorption

capability of a material can be attributed to the synergistic
effect of its impedance matching characteristics and attenu-
ation characteristics.54,55 Good impedance matching can
reduce the reflection of electromagnetic waves on the surface

Figure 8. RL curves of (a) CHF, (b) Fe3O4/CHF-0.1, (c) Fe3O4/CHF-0.4, and (d) Fe3O4/CHF-0.7 at different thicknesses.
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of the absorbent, allowing for maximum incidence into the
interior of the absorbent. When the impedance matching
coefficient (Z) is close to 1, the majority of incident
electromagnetic waves can penetrate the surface of a material
with minimal microwave refection. On the other hand,
impedance mismatch (a large difference between Zin and Z0)
can cause the incident electromagnetic wave to reflect off the
surface of the absorbent. This renders the internal loss
mechanism ineffective, resulting in poor absorption perform-
ance.56 The Z can be calculated using the following
formula:57,58

= = =
+

+
Z

Z
Z

in

0

r

r

2 2

2 2 (4)

Dielectric loss and magnetic loss are two crucial factors that
contribute to microwave attenuation, expressed as tan δe= ε″/
ε′ and tan δm = μ″/μ′, respectively. Generally, higher tan δe
and tan δm values indicate greater absorption of electro-
magnetic waves. Therefore, efficient microwave absorption
relies on the combined effect of dielectric loss and magnetic
loss. Figure 9a shows the tan δe and tan δm values for CHF,
Fe3O4/CHF-0.1, Fe3O4/CHF-0.4, and Fe3O4/CHF-0.7. The
tan δe is greater than the tan δm, indicating that dielectric loss
plays a more significant role. Dielectric loss is primarily caused
by two factors: conductivity loss and polarization loss.59

Conductivity loss occurs when conductive charge carriers, such

as ions or electrons, are present within the dielectric material.
This is directly linked to the material’s conductivity. The high
conductivity of carbonized hemp fiber results in the highest tan
δe value, which decreases as the amount of Fe3O4 increases.
This is because the carbonized hemp fiber forms a conductive
network, enhancing conductivity loss. The polarization loss is
related to the polarization characteristics of materials, primarily
resulting from the interface polarization and dipole polar-
ization. This has been illustrated in Figure S8. Additionally, the
tan δm values increase significantly with the increase in Fe3O4
content due to the magnetism of Fe3O4.
Figure 9b shows the impedance matching coefficients for

CHF, Fe3O4/CHF-0.1, Fe3O4/CHF-0.4, and Fe3O4/CHF-0.7.
The low Z value of CHF indicates an impedance mismatch,
which is attributed to the high conductivity of carbonized
hemp fibers, ultimately leading to poor microwave absorption
performance. However, for Fe3O4/CHF-0.1, Fe3O4/CHF-0.4,
and Fe3O4/CHF-0.7, the Z values are much higher, indicating
excellent impedance matching. Furthermore, the Z value
increases with frequency, which is beneficial for high-frequency
microwave absorption. Additionally, as the Fe3O4 content
increases, the Z value decreases in the high-frequency range
and increases in the low-frequency range. This feature allows
for the regulation of the absorption frequency band by
controlling the Fe3O4 content. However, excessive Fe3O4
content will lead to a decrease in microwave absorption
performance due to low dielectric loss. In brief, for an
absorbent dominated by dielectric loss, the amount of
magnetic component must be appropriate, taking into account
the effects of impedance matching and electromagnetic loss.
Based on the discussion above, the microwave absorption

mechanism for the Fe3O4/CHF composite can be summarized
in Figure 10. First, loading Fe3O4 nanoparticles onto the
carbonized hemp fibers improves impedance matching,
allowing for a greater fraction of incoming electromagnetic
waves to penetrate the air−absorbent interface. Additionally,
the presence of Fe3O4 nanoparticles leads to a natural
resonance and exchange resonance, contributing to magnetic
energy loss. Second, the composite material forms a conductive
network, which promotes conductive loss through electron
migration and hopping. As the incident electromagnetic wave
travels through this resistive conductive network, the induced
microcurrent quickly weakens and transforms into thermal
energy, resulting in the attenuation of the electromagnetic
energy. Third, the numerous coexisting macropores in the
carbonized hemp fibers promote multiple reflection and

Table 1. Microwave Absorption Performances of Some
Reported Porous Carbon-Based Absorbents

sample
effective absorption
bandwidth (GHz)

minimum
RL (dB) refs

porous carbon/Fe3O4@Fe 5.0 −49.6 46
PANI/biomass derived
porous carbon

4.2 −40.9 47

FeCo/bamboo derived
carbon

4.7 −40.0 48

Fe@porous carbon@
carbon fiber

5.2 −46.2 49

cotton fiber derived RGO/
Ni/C composite

4.6 −39.3 50

ferrite/Co/porous carbon 4.8 −31.0 51
hollow core−shell CoNi@
C composites

5.0 −35.8 52

porous Fe3O4/carbon fiber 5.1 −48.2 53
Fe3O4/CHF composites 6.1 −49.7 this

work

Figure 9. (a) Loss tangent and (b) impedance matching coefficient of CHF, Fe3O4/CHF-0.1, Fe3O4/CHF-0.4, and Fe3O4/CHF-0.7.
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scattering of electromagnetic waves, aiding in energy
attenuation.60 Lastly, the different phase boundaries in the
Fe3O4/CHF composite can accumulate the charges, inducing
interface polarization.61 Additionally, the defects from the
carbothermal reduction act as dipole centers, leading to dipole
polarization.62 Both of these polarization processes contribute
to the attenuation of the incident electromagnetic waves.
3.3. Radar Cross-Section Simulation. The radar cross

section (RCS) is a crucial factor in evaluating the effectiveness
of absorbent coatings on targets in real-world scenarios, and a
lower RCS value denotes better absorption performance of the
material.63,64 In this study, CST simulation software was used
to create a model of a perfect electrical conductor (PEC)
substrate that can be used to simulate wave absorption material
coverage. The Z axis of the model represents the incident
direction of the electromagnetic wave, whereas θ is used as the
detection angle. The thickness of the PEC is set to 1 mm,
whereas the absorbing coating is set to 2.2 mm. The simulation
frequency is 14.64 GHz, which corresponds to the minimum

RL of Fe3O4/CHF-0.4. The RCS value was calculated using
the following formula:65,66

= | |S E
E

RSC (dB m ) 10log(
4

)2
2

S

i

2

(5)

where S represents the area of the simulation plate, λ denotes
the wavelength of the incident electromagnetic wave, and ES
and Ei stand for the electric field strengths of the scattered
wave and the incident waves, respectively.
Figure 11a−e shows the 3D simulation images of PEC,

CHF-covered PEC, and Fe3O4/CHF composite-covered PEC,
respectively. These images demonstrate that the PEC plane
cannot absorb electromagnetic waves. The PEC covered by
CHF also exhibits strong reflected waves, whereas the PEC
coated with Fe3O4/CHF composites shows a significant
reduction in reflected waves, indicating its ability to dissipate
more electromagnetic wave energy under the same conditions.
Figure 11f shows the curve of the RCS values with the
detection angles ranging from −60 to 60°. The results indicate
that the RCS values of the Fe3O4/CHF composites are much
lower than those of the pure PEC model and CHF coating.
The RCS values are consistently below −27.6 dB m2
throughout the entire range, with the lowest value reaching
−63.6 dB m2. This suggests that the Fe3O4/CHF composites
have an excellent radar wave attenuation ability as a coating
material at all angles of incident waves. Furthermore, the
simulation results align with the measured electromagnetic
wave attenuation performance, indicating the practical
application potential of Fe3O4/CHF composites in engineer-
ing. Figure S11 displays simulation curves of RCS values for
Fe3O4/CHF-0.4 at various frequencies. These results demon-
strate that the radar wave attenuation ability changes at
different frequencies even with the same coating thickness of
2.2 mm. The thickness and frequency of the coating directly

Figure 10. Possible microwave absorption mechanisms for the Fe3O4
nanoparticle/carbonized hemp fiber composite.

Figure 11. CST far-field simulation of (a) PEC and (b−e) CHF, Fe3O4/CHF-0.1, Fe3O4/CHF-0.4, and Fe3O4/CHF-0.7 cover PEC. (f)
Simulation curves of RCS values for PEC, CHF, Fe3O4/CHF-0.1, Fe3O4/CHF-0.4, and Fe3O4/CHF-0.7 at different detection angles.
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affect its radar wave attenuation ability. In the high-frequency
range, the Fe3O4/CHF composite exhibits superior radar wave
attenuation ability, which agrees well with the RL curves
shown in Figure 8. In practical applications, the appropriate
coating thickness should be chosen based on specific usage
needs.

4. CONCLUSIONS
Fe3O4 nanoparticle/carbonized hemp fiber composites were
successfully prepared using inexpensive and renewable hemp
fibers as carbon sources and templates through a simple
impregnation and calcination process. Moreover, the precise
loading of Fe3O4 nanoparticles on carbonized hemp fiber can
be achieved. Within a wide range of Fe3O4 loading, the Fe3O4
nanoparticle/carbonized hemp fiber composites possess
excellent microwave absorption performance in both the X-
band and Ku-band. Additionally, the RCS simulation results
demonstrate that the combination of Fe3O4 nanoparticles and
carbonized hemp fibers shows promising potential for practical
use. This work provides a green, simple, and efficient method
for preparing low-cost, lightweight, and broadband microwave-
absorbing materials.
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