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ABSTRACT:The development ofmaterials with excellent absorption properties in the C-band through the utilization of themagnetoelectric
coupling effect holds great potential within the field of absorption research. However, there are still several challenges. To address these
challenges, Fe@Carbon (Fe@C) microspheres were successfully fabricated using spray-drying followed by pyrolysis. The average size
of the Fe@Cmicrospheres is 3.6µmwith uniform dispersion, where iron nanoparticles (NPs) are tightly anchored with the carbon matrix
to tune the microwave absorption properties. Synthesized Fe@C microspheres exhibit remarkable electromagnetic wave absorption
capability within the C-band (4–8GHz), covering a bandwidth of 2.8GHz. Also, the Fe@C microsphere exhibits a minimum reflection
loss of −48.11 dB at 4.5mm thickness and 6.88GHz. Systematic analysis has uncovered that the integration of large-sized magnetic
carbon structures, high-density confinement of magnetic units, and robust magnetic coupling are crucial for enhancing the magnetic loss
dissipation. This study introduces a novel approach for the preparation of electromagnetic absorbing materials, providing inspiration for
further exploration of the mechanism behind low-frequency magnetic loss.

1. INTRODUCTION

The advancement of 5G technology has accelerated the uti-
lization of high-frequency electric devices and artificial in-

telligence, but it has also resulted in a growing concern regard-
ing the escalation of electromagnetic pollution. The 5G EM
wave primarily occupies the C-band (4–8GHz) and is clas-
sified as a high-frequency electromagnetic wave (2–18GHz).
Therefore, the production of electromagnetic wave absorption
materials is necessary to mitigate the pollution caused by 5G
equipment’s electromagnetic radiation. Electromagnetic wave
absorption materials are typically divided into magnetic loss
materials and dielectric loss materials [1]. Despite extensive
research on electromagnetic wave absorption materials such as
magnetic metals and metal oxides, these materials have lim-
itations concerning their absorption frequency and bandwidth
capability [2]. Consequently, recent research efforts have been
concentrated on identifying more effective solutions by inte-
grating magnetic materials with lightweight conductive mate-
rials to improve absorption performance. One notable example
of these explorations is the combination of magnetic nanoparti-
cles with carbon-based materials, including graphene and car-
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bon nanotubes [3]. This innovative approach has demonstrated
great promise in enhancing the performance of electromag-
netic wave absorption. In order to obtain the desired-frequency
for electromagnetic absorption, numerous preparation methods
have been discovered to the magnetic-carbon system, such as
hydrothermal synthesis [4], pyrolysis [5], electrospinning [6],
chemical condensation [7], reduction [8], melting [9], vapor de-
position [10], solution pulsed laser irradiation [11], arc plasma
combustion [12], and arc discharge [13]. Meanwhile, mi-
crostructure and dimensional regulation was also applied in the
iron-carbon-based composites to tune the magnetic and dielec-
tric absorption by adjusting the magnetic properties and chem-
istry environment. For example, rose-like Fe@C hollow mi-
crospheres [14], carbon-coated Fe particles [15], 1D Fe/C fiber
chains [16], Fe/C nano cubic [17], Fe/CNTs [18], onion-like
carbon-encapsulated Fe particles [19], Fe/C nanosheets [20],
yolk-shell structured 2D sheet-like Fe/vacancy/C [21], and 3D
porous Fe/C composite material [22].
In this study, spray pyrolysis was employed to compound

Fe NPs with magnetic loss and carbon with dielectric loss, re-
spectively. Through the modulation of fabrication conditions,
it is possible to refine the size, morphology, and dispersion of
the microspheres. The modification of these microspheres can
be utilized to adjust the electromagnetic parameters, leading to
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a significant enhancement of EM energy absorption. The in-
herent strong resonance of Fe NPs significantly contributes to
superior magnetic loss properties, while carbon microspheres
with defects exhibit remarkable dielectric loss features. By ma-
nipulating the ratio between the iron source and melamine, it
is possible to adjust the relative content of Fe NPs and car-
bon spheres, achieving optimal impedance matching. This ma-
nipulation results in a synergistic effect that enhances EM en-
ergy absorption capabilities. Fe@C-1 demonstrated a notewor-
thy minimum reflection loss (RLmin) of −48.11 dB, and the
EM wave absorption bandwidth (EAB) spanned almost 70%
of the C-band. In brief, the Fe@C microspheres synthesized
via spray pyrolysis present several advantages, including facile
large-scale production, exceptional dispersibility, and notable
electromagnetic wave absorption capabilities within the C-band
frequency range.

2. EXPERIMENTAL SECTION

2.1. Materials
Iron (III) nitrate nonahydrate (Fe (NO3)3· 9H2O, AR),
N, N-dimethylformamide (DMF), anhydrous ethanol, and
Polyvinylpyrrolidone (PVP) were procured from Shanghai
Sinopharm Chemical Reagent Co., Ltd., and were of ana-
lytical reagent grade. The chemicals were utilized in their
original form. Milli-Q water, generated by the Milli-Q system
(Millipore, Bedford, MA), was employed in all experimental
procedures.

2.2. Synthesis of the Precursor Powders
The synthesis process began with the addition of 0.808 g of Fe
(NO3)3· 9H2O and 1.5 g of PVP K30 into a mixed solution
composed of deionized water (10mL), ethanol (10mL), and
N, N-dimethylformamide (10mL). Followingmagnetic stirring
for 30 minutes, the precursors were prepared for the next stage
by undergoing the spray drying process. The spray drying was
conducted with carefully optimized parameters: an inlet tem-
perature of 180◦, an outlet temperature of 97◦, and a solution
flow rate into the spray nozzle set at 20 revolutions per second.
Upon completion of the spray drying process yellow precursor
powders were produced.

2.3. Synthesis of the Fe@C Microspheres
The yellow powders (0.8 g) were mixed with different quanti-
ties of melamine (0.4 g, 0.8 g, and 1.2 g) correspondingly. The
resulting mixtures were subsequently pyrolyzed at 600◦ for
300 minutes under a H2/Ar atmosphere, with a heating rate of
2◦C/min. The final composites were designated as Fe@C-1,
Fe@C-2, and Fe@C-3, respectively.

2.4. Characterization
The phase analysis of Fe@C microspheres was conducted us-
ing a Bruker D8-Advance X-ray diffractometer (Germany). To
assess the size and morphology of the Fe@C samples, a field-
emission scanning electronmicroscope (FESEM, S-4800) and a
field-emission transmission electron microscope (TEM, JEOL,

JEM-2100F) were used. Raman spectra were acquired by
the Renishaw Invia spectrometer. X-ray Photoelectron Spec-
troscopy (XPS) measurements were performed on a Thermo
Scientific ESCALAB 250Xi spectrometer device. The EM pa-
rameters were evaluated using an N5230C vector network an-
alyzer at 2–18GHz. To prepare the measured samples, the ab-
sorbents were uniformly mixed with a paraffin matrix at a mass
fraction of 60%, and subsequently compacted into columnar
rings with an outer diameter of 7.00mm and an inner diameter
of 3.04mm. The calculation of RL and impedance matching
was performed using the specified formula [23]:
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3. RESULTS AND DISCUSSION
The preparation process for Fe@C microspheres is depicted in
Figure 1(a). At the outset, a mixed solution containing a fer-
ric source and polyvinylpyrrolidone is employed for magnetic
stirring. This initial step ensures thorough dissolution and con-
tributes to the prevention of agglomeration [24–27]. Then, the
solution is subjected to a spray-drying process to produce pre-
cursor powders. During this process, the solution is atomized
through a nozzle, resulting in the formation of tiny droplets that
quickly evaporate their internal solvent upon exposure to hot
air. Subsequently, the precursor powders were combined with
melamine in various mass ratios. The resulting mixtures were
then kept at a temperature of 600◦C for a duration of 300 min-
utes. This thermal treatment was crucial in the formation of
Fe@Cmicrospheres with enhanced electromagnetic properties.
Finally, the precursor powders were transformed into Fe@C
microspheres. In Figure 1(b), the peak observed at 2θ = 44.6◦

corresponds to the (110) plane of iron [27–29]. Additionally,
the XRD spectrum indicates the presence of a diffraction peak
at 2θ = 25.8◦, which is indicative of an amorphous carbon
composition. The intensity of the carbon peak becomes more
evident with an increase in the mass of melamine, indicating the
modification of carbon crystallinity. The addition of melamine
influences the structural properties of the carbon component in
the Fe@C microspheres. Conversely, the intensity of the iron
peak progressively diminishes, implying that the incorporation
of melamine stimulates the growth of the carbon matrix and
impedes the formation of iron metal particles. Raman spec-
troscopy is commonly employed to analyze the graphitized de-
gree of carbon materials. The D-band is associated with disor-
dered graphite materials or defects in graphite [30], whereas the
G-band corresponds to the vibration of sp2 hybridized carbon
atoms [31–33]. The ID/IG value is employed as an indicator
to evaluate the extent of graphitization of the carbon compo-
nent [34]. As illustrated in Figure 1(c), the ID/IG values for the
Fe@C-1, Fe@C-2, and Fe@C-3 microspheres are 1.07, 1.13,
and 1.15, respectively. These values indicate varying degrees
of graphitization within the carbon structure. Among these mi-
crospheres, Fe@C-1 exhibits the lowest ID/IG ratio, signify-
ing the highest degree of graphitization in the carbon structure.
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FIGURE 1. (a) Schematic illustration for Fe@C microspheres production; (b) XRD pattern and (c) Raman spectrum of Fe@C-x microspheres, (d)
XPS survey spectra and XPS spectra of (e) C, (f) N, (g) Fe 2p.

This observation further supports the influence of melamine
content on the structural properties of the Fe@C microspheres.
The XPS spectrum was depicted in Figure 1(d) to disclose

the chemical environment in the Fe@C microspheres. In the
C1s spectrum (Figure 1(e)), three distinguishable peaks are ap-
parent at 284.6 eV, 285.4 eV, and 287.8 eV, which correspond
to the C-C, C-O, and C=O bonds. As shown in Figure 1(f),
the Fe@Cmicrospheres contain three distinct types of nitrogen
atoms: pyridinic-N, pyrrolic-N, and graphitic-N. The presence
of these nitrogen groups is indicative of the diverse chemical
environments within the microspheres, which can impact inher-
ent electromagnetic properties. The Fe 2p spectrum depicted in
Figure 1(g) exhibits two peaks at 710.9 eV and 724.8 eV, repre-
senting to the Fe 2p3/2 and Fe 2p1/2, respectively. These peaks
provide valuable information regarding the state and chemical
bonding in the Fe@C microspheres.
The morphology and size distribution of the Fe@C micro-

spheres are presented in Figure 2. It is apparent from the im-
ages presented in Figures 2(a), (d), (g) that the Fe@C com-
posites possess a remarkable feature of uniform dispersibil-
ity. Additionally, the microspheres exhibit smooth surfaces
and a well-defined spherical shape, as depicted in the high-
resolution images (Figures 2(b), 2(e), 2(h)). In addition, it is
evident that the Fe NPs are intricately embedded within the car-
bon spheres, with a diminishing trend noticeable from Fe@C-1
to Fe@C-3. The size distributions of the Fe@C microspheres

were calculated and presented in Figures 2(c), 2(f), and 2(i).
The microspheres are characterized by dimensions within the
micrometer scale, with average sizes varying between 3.4 to
3.6µm. These results further support the well-controlled and
reproducible nature of the synthesis process, leading to the for-
mation of uniformmicrospheres with precise morphologies and
sizes. Furthermore, the energy-dispersive X-ray spectrometry
(EDS) mapping of Fe@C-1 illustrates the uniform dispersion
of Fe, N, and C elements.
Figures 3(a) and 3(b) depict the TEM images of as-prepared

Fe@C-1 microspheres, which exhibit a spherical shape consis-
tent with the SEM images. The high-density Fe NPs is clearly
embedded within the carbon matrix, as seen in Figures 2(c) and
2(b). From Figures 3(c) and 3(d), it is apparent that the Fe parti-
cles are relatively well-dispersed within the matrix, and the size
of the Fe particles is estimated to be approximately 14.54 nm
based on particle size statistics. In Figure 3(e), the spacing val-
ues of 0.20 nm and 0.17 nm correspond to the (111) and (200)
planes of the Fe, respectively. This finding unambiguously
confirms the presence of metallic Fe (JCPDSNo. 88-2324) pro-
viding robust evidence of the Fe phase within the Fe@Cmicro-
spheres.
According to the transmission line theory, the EM parame-

ters (εr = ε′−jε′′, µr = µ′−jµ′′) were measured and applied
to calculate the RL curves. The real part (ε′, µ′) of the EM pa-
rameters represents the storage capability of the material for
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FIGURE 2. SEM images for (a), (b) Fe@C-1, (d), (e) Fe@C-2, (g)–(h) Fe@C-3; (c), (f), (i) the size distribution of Fe@C-1 to Fe@C-3; (j) the EDS
of Fe@C-1.

(a) (b) (c)

(d) (e) (f)

FIGURE 3. (a), (b) TEM and HRTEM images of Fe@C-1; the size distribution Fe NPs is inserted in the Figure 3(c), the lattice spacing files are
inserted in Figure 3(f).

incident EM wave energy, while the imaginary part (ε′′, µ′′)
indicates the material’s dielectric ability and absorption capa-
bility. The loss angle tangent values (tan δε, tan δµ) reflect the
energy loss during the transmission of electromagnetic waves.
From Figure 4(a), the ε′ and ε′′ values of Fe@C-1 range from

8.5 to 5.6 and 4.6 to 2.3, respectively. As the melamine con-
tent increases, both the real and imaginary parts of the complex
permittivity values decrease. For Fe@C-3, the ε′ values de-
crease from 6.1 to 5.3, and the ε′′ values change from 1.4 to
0.8. The dielectric loss tan δε (tan δε = ε′′/ε′) in Figure 4(d) is
used to estimate the dielectric loss ability. The values of tan δε
alter from 0.52 in Fe@C-1 to 0.23 in Fe@C-3. The decline can
be attributed to the inhibitory effect of increased melamine on

the growth of Fe metal particles and the promoting effect on
the growth of amorphous carbon. In Figure 4(d) it can be ob-
served that the values of µ′ change from 1.3 in Fe@C-1 to 1.1 in
Fe@C-3, while Fe@C-1 exhibits the highest µ′′ value of 0.42.
Themagnetic loss tangent (tan δµ) values exhibit a similar trend
to µ′. Generally, Fe@C-1 demonstrates the highest value of
tan δµ, indicating that the Fe@C microspheres possess a strong
magnetic loss ability. From the Cole-Cole plots (Figures 4(g),
(h), (i)), the polarization relaxation performance in Fe@C mi-
crospheres can enhance the dielectric loss. In conclusion, the
study on absorption properties reveal that the electromagnetic
characteristics of Fe@C microspheres are influenced by tuning
the melamine content. These findings provide crucial insights
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FIGURE 4. (a) Real part (ε′), (b) imaginary part (ε′′), (c) tan δε value, (d) real part (µ′), (e) imaginary part (µ′′) (f) tan δµ value of Fe@C-x composites
the ColeCole plots for (g) Fe@C-1, (h) Fe@C-2 and (i) Fe@C-3 microsphere.

for a comprehensive understanding of the absorption properties
of Fe@C microspheres.
The RL values of Fe@C microspheres are calculated based

on the measured permittivity and permeability, which play a
crucial role on final absorption performance. The absorption
performance map, illustrating the absorption characteristics, is
displayed in Figure 5.
According to Figure 5, it can be observed that the RL

curves gradually decrease as the carbon content increases
(Figures 5(a), (d), (h)). Fe@C-1 microspheres exhibit the
strongest RL among the microspheres in the C-band, reaching
a RLmin value of−48.11 dB. When the thickness is 4.5mm, the
efficient absorption bandwidth is 2.8GHz within the C-band.
(Figures 5(b), 5(c)).
By adjusting the composition of Fe@Cmicrospheres, the RL

of Fe@C-2 decreased to −32.77 dB (Figures 5(e), 5(f)). Inter-
estingly, the microspheres realized their lowest RL at 1.8mm
thickness. This finding implies that the melamine content may
be manipulated to optimize the thickness for specific applica-
tions, potentially leading to thinner and more efficient materi-
als. On the other hand, Fe@C-3 exhibited the minimum RL
of −24.73 dB at a thickness of 5.0mm. For Fe@C-1 micro-
spheres, the real part (ε′) and imaginary part (ε′′) of the permit-
tivity in the C-band (4–8GHz) decreased from 6.4 to 6.1 and 3.2
to 2.4, respectively. Similarly, the real part (µ′) and imaginary

part (µ′′) of the permeability changed from 1.1 to 1.2 and 0.3 to
0.1. The minimum values of RL and EAB were −48.11 dB and
2.8GHz, respectively. In conclusion, as the melamine content
increases, the thickness of the minimum RL undergoes a tran-
sition from reduction to enhancement. Conversely, the RLmin
values decline as the carbon content increases. It is crucial to
thoroughly investigate the optimal balance point among mate-
rial composition, thickness, and electromagnetic parameters to
attain the low-frequency microwave absorption in C-band.
In Figure 6, related absorption loss mechanism is demon-

strated. The main reason for the microwave absorption can
be attributed to the magnetic Fe NPs, and carbon components
Magnetic Fe NPs induce magnetic loss due to variations in the
magnetic field, leading to a reorganization of the magnetic do-
mains [35–37]. The restructuring process results in the con-
sumption of energy from themagnetic field, transforming it into
heat energy. Natural resonance occurs when the frequency of
the electromagnetic field aligns with the motion of the magnetic
moment, resulting in magnetic loss [38, 39]. Dimensional res-
onance, exchange resonance, domain wall resonance, and ex-
change harmonics, which arise from the spin motion of three-
dimensional electrons, also lead to some degree of loss. The
second mechanism is attributed to the interaction between the
three-dimensional electrons and the electromagnetic field. This
interaction generates magnetic eddy currents, which in turn
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FIGURE 5. The Reflection loss (RL) performance of (a), (b), (c) Fe@C-1, (d), (e), (f) Fe@C-2, (h), (i), (j) Fe@C-3 composites. (k) Electromagnetic
parameters, (l)2D RL mapping and (m) RL curves of Fe@C-1 in C-bands.

contribute to magnetic loss. The third involves the formation
of numerous iron nanocrystals on the surface of carbon spheres.
These nanocrystals create amultitude ofmagnetic flux lines and
magnetic coupling, which further contribute to magnetic loss.
Being a crucial mechanism for microwave absorption, di-

electric loss is mainly associated with conduction loss and
polarization loss. These two components of dielectric loss
are influenced by factors such as conductivity, interfaces, and
dipoles [40]. Conductivity is mainly determined by the intrinsic
conductivity of the composite material. As for Fe@C micro-
spheres, both the carbon shell and Fe NPs exhibit considerable
intrinsic conductive capabilities. Polarization loss typically in-
cludes three types: i. Intrinsic defects, caused by the absence or
misplacement of crystal atoms. ii. Impurity defects produced
by the introduction of impurity atoms. iii. Interfacial polariza-
tion [41].
Restricted magnetic diffusion results in a unique core-shell

structure and provides an abundance of Fe-carbon heteroge-
neous interfaces, which can lead to enhanced interfacial po-
larization loss. High-density Fe nanocrystal alloy particles are

encapsulated within a carbon matrix, resulting in carrier distri-
bution areas surrounding the heterogeneous interfaces. These
areas include both the carrier distribution area and the positive
carrier distribution area, which contribute to the generation of
interfacial polarization. The difference in Fermi level (EF) be-
tween body-centered cubic (bcc) Fe alloys (EF= 4.5 eV) [42]
and carbon (EF= 5.00 eV) [43] at their interfaces leads to band
bending and the formation of an internal electric field. This al-
lows charges to migrate along the heterojunction interface from
the Fe NPs to the carbon matrix.
Dipole polarization loss is another polarization mechanism

where dipoles are formed due to asymmetric charge distribution
in the material caused by defects. Under the action of an alter-
nating magnetic field, these dipoles absorb energy and loosen,
moving towards the direction of the electric field. However, the
rotation of the dipoles cannot keep pace with the changing elec-
tric field, resulting in a phenomenon known as “polarization
relaxation”. Within the Fe@C microspheres, the Fe NPs ex-
perience compression from the surrounding carbon layer in the
core-shell microstructure, resulting in the creation of numer-
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FIGURE 6. Schematic diagram of EM wave absorption mechanism in the Fe@C microspheres.

ous lattice defects. These defects are formed due to differential
growth along the Fe (110) plane, resulting in significant grain
boundaries. When interacting with incident alternating elec-
tromagnetic waves, the lattice distortion can effectively induce
considerable amount of dipole polarization, thereby further dis-
sipating microwave energy. This process enhances the interac-
tion between the electric field and the molecules of the micro-
spheres, thereby improving their ability to absorption electro-
magnetic waves

4. CONCLUSION
In summary, this study is dedicated to the development of
magnetic-dielectric synergy Fe@C microspheres with the pur-
pose of attaining exceptional electromagnetic wave absorption
properties specifically in the C-band frequency range. The
spray pyrolysis strategy was employed to effectively embed
iron metal particles within the carbon shell. The utilization of
melamine in varying concentrations had a notable impact on
both the RL properties and the bandwidth of microwave ab-
sorption. The minimum RL value of Fe@C-1 microspheres can
achieve−48.11 dB, covering approximately 70% of the C-band
frequency range, with strong and wide bandwidth absorption
capabilities. The Fe@Cmicrospheres have enormous potential
for large-scale production and are suitable for the application in
electromagnetic wave absorption applications.
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