Open Access Article. Published on 19 September 2025. Downloaded on 1/23/2026 11:09:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Ad\v., 2025, 15, 34406

Received 28th July 2025
Accepted 8th September 2025

DOI: 10.1039/d5ra05446j

ROYAL SOCIETY
OF CHEMISTRY

(3

Preparation and electromagnetic-wave-absorption
properties of nitrogen-doped carbon microsphere/
iron cobalt alloy composite

Lifen He, €2*@ Ru Wang,® MingYue Deng,® Min Jin,? Yujia Wu? and Xiaoyun Long

The fast progress in wireless communication technology has significantly intensified electromagnetic
interference, underscoring the urgent need for developing high-efficiency, low-cost microwave-
absorbing materials (MAMs). The current work synthesizes polydopamine microspheres, which can
adsorb Co?* and Fe*", followed by the preparation of a nitrogen-doped carbon microsphere/iron cobalt
alloy composite microwave absorbing material (NCS/FeCo) via in situ reduction through high-
temperature calcination. Additionally, the surface morphology, surface element composition, hysteresis
loop, and electromagnetic parameters were investigated, and the reflection loss (RL) was obtained to
explore the absorbing mechanism. The results demonstrated that at a 2.5 mm NCS/FeCo thickness, the
maximum RL at 13.4 GHz was —55.3 dB, with the corresponding effective absorption bandwidth (EAB) of
11.28 GHz (6.72-18 GHz). Furthermore, the material exhibits excellent microwave-absorbing properties,

rsc.li/rsc-advances

1 Introduction

The advancement of science and technology has resulted in the
extensive usage of electronic equipment and communication
technology, leading to increasingly serious electromagnetic
radiation pollution in the 2-18 GHz band.' In addition to
damaging electronic equipment, electromagnetic interference
also harms human health and causes diseases such as immune
system damage.” The two main approaches to address the issue
are: electromagnetic shielding and electromagnetic wave
absorption (EWA). The former protects by reflecting electro-
magnetic waves.®> However, it poses a risk of secondary pollu-
tion. The latter converts electromagnetic waves into heat
through the energy conversion mechanism, making it a more
promising means of pollution control.*

In particular, electromagnetic wave-absorbing materials
(WAMs) are crucial for stealth technology in the military area.
The advancement of radar detection technology has promoted
stealth technology to become the core aspect of modern war to
reduce the target radar cross-section (RCS).® Stealth technology
includes shape stealth (for instance, the AGM-129 missile
weakens the reflection source through structural design,
although this approach is costly and affects operational
performance), impedance loading, and material stealth. Among
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providing valuable insights to develop efficient microwave-absorbing materials.

these, material stealth is achieved by coating radar-absorbing
materials. A typical example is the U.S. F-117A fighter, which
uses multiple types of radar-absorbing coatings to significantly
reduce detectability. This method offers the advantages of
universality and low cost, making it suitable for all kinds of
weapons and equipment. Hence, it has become the main focus
in the development of military stealth technology. Electromag-
netic wave-absorbing materials hold significant strategic value
in the fields of civil environmental protection and national
defense science and technology.

It is challenging for a single loss mechanism to simulta-
neously fulfill the needs of “thin, light, wide, and strong”.
Notably, an excessively high dielectric constant or permeability
leads to impedance matching (IM) imbalance, which does not
effectively contribute to electromagnetic loss. As is well-known,
an electromagnetic wave comprises two dependent compo-
nents: magnetic and electric fields. The absorption of electro-
magnetic wave energy is more favorable if the electromagnetic
wave-absorbing material simultaneously has dielectric and
magnetic losses. Therefore, it is crucial to design composite
electromagnetic wave-absorbing materials involving dielectric
and magnetic losses by optimizing a combination of low-
density dielectric and strong absorption magnetic loss
materials.*®

Currently, numerous researchers at home and abroad are
primarily focused on developing composite electromagnetic
WAMs. Li et al.® established a carbon-coated FeCo alloy modi-
fied on porous RGO nanosheets (FeCo@C/HRGO) using the
liquid-phase alleviation method, hydrothermal approach, and
high-temperature calcination method. The maximum reflection

© 2025 The Author(s). Published by the Royal Society of Chemistry
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loss (RL) is —76.6 dB at 16.64 GHz at a 1.7 mm thickness, while
the effective absorption bandwidth (EAB) is 14.32 GHz in the
thickness interval of 1.7-5.0 mm. Notably, the EWA efficiency is
significantly improved compared to the single FeCo alloy. Li
et al.*® combined the argon liquid-phase reduction method with
the hydrothermal method to prepare FeCo@SiO,@RGO
composite, which exhibits excellent dielectric and magnetic loss
features. The maximum RL is —52.9 dB at 9.12 GHz at a 3.0 mm
thickness, while the EAB is 5.36 GHz (8.8-14.16 GHz) at 2.5 mm.
It is an excellent electromagnetic WAM. Bao et al.'* successfully
synthesized Fe;0,/FeCo/C composite microspheres including
a magnetic three-shell hollow structure using a three-step
method. The maximum reflection loss is —37.4 dB, with an
EAB up to 5.9 GHz. The FeCo alloy enhances the material's
microwave absorption mechanism at various frequencies, while
C protects Fe;0, and FeCo from oxidation. Wen et al.* prepared
a cobalt metal organic structure@mesoporous polydopamine
composite including a core-shell framework using the bottom-
up assembly method (Co-MOF@MPDA). Following calcination,
a Co@S-doped carbon core and mesoporous N-doped carbon
shell were obtained (Co@SC@MNC). It should be noted that the
doping of N increases the polarization loss of the dipole. The
dielectric loss and magnetic loss can be adjusted by controlling
the calcination temperature, thereby improving the impedance
matching while enhancing the efficiency of electromagnetic
wave absorption. The maximum RL is —72.3 dB, including a 6.0
GHz effective absorption bandwidth. Xiong et al.** synthesized
a tomato-like layered porous composite (FeCo/C@WC) through
a light anisotropic wood carbon aerogel (WC) as a construc-
tional additive and MOF-derived graphite carbon-coated FeCo
alloy (FeCo/C) as a microwave-absorbing modifier. The macro-
porous wood shell and mesoporous carbon nanocage provide
a layered dielectric coupling network for the mixture, while the
evenly scattered FeCo nanoparticles promote the magnetic loss,
achieving better IM. The maximum RL of FeCo/C@WC is —47.6
dB, including a 8.9 GHz effective absorption bandwidth.

Magnetic metal alloys are ferromagnetic alloy materials,
mainly composed of Fe, Co, and Ni. The band hybridization
between constituent elements can have novel effects on elec-
tromagnetic properties. Therefore, the preparation of
carbon material/magnetic metal alloy electromagnetic wave-
absorbing composites provides new opportunities for
exploring more efficient electromagnetic wave-absorbing
materials.

The current work synthesizes polydopamine microspheres
using dopamine monomer as the raw material through a self-
polymerization reaction. Due to the high surface activity of
dopamine, Co®>" and Fe’" were adsorbed. Subsequently, the
nitrogen-doped carbon microspheres/FeCo alloy composite
microwave absorbing material (NCS/FeCo) was prepared by in
situ reduction through the high-temperature -calcination
method. Compared with previously reported technologies,the
proposed synthesis method is more convenient, stable, and
offers enhanced structural controllability, which contributes to
the superior microwave absorption performance of the
prepared composite. In the preparation process, the introduced
polydopamine (PDA) can not only act as a nitrogen source—
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avoiding the problems of uneven nitrogen distribution and
cumbersome preparation steps caused by the additional addi-
tion of urea or melamine—but also, by virtue of its dual-sided
modification property, enable the uniform dispersion and
firm loading of FeCo. This solves the issues typically encoun-
tered when FeCo is composited with matrix materials via
traditional methods (e.g., physical mixing, impregnation—calci-
nation), such as particle agglomeration and weak bonding force
with the carbon matrix. Additionally, the morphology distribu-
tion, chemical composition, disorder degree, and magnetic and
electromagnetic parameters of the NCS/FeCo composite were
characterized and analyzed. Moreover, the RL was computed to
explore the microwave-absorbing mechanism, providing data
support and insights into the construction of efficient
microwave-absorbing materials (MAMs).

2 Experiments
2.1 Chemicals

All chemicals were of analytical grade and used without further
purification. Dopamine hydrochloride (DA) was obtained from
Shanghai Debai Co., Ltd. Ammonium hydroxide (NH;-H,0),
absolute ethanol, and iron(u) chloride hexahydrate (FeCl,-
-6H,0), cobalt chloride (CoCl,-6H,0) were bought from Xilong
Science Co., Ltd and Sinopharm Reagent Co., Ltd, respectively.
Methanol was acquired from Shanghai Revitalization Co., Ltd.

2.2 Synthesis of the NCS/FeCo composite

Fig. 1 illustrates the preparation process of NCS/FeCo.

For the experiment, 30 ml of CH;0H and 1 ml of NH;-H,0
were incorporated into 120 ml of deionized water while stirring
with a magnetic force for half an hour. After adding 0.5 g of
dopamine hydrochloride (DA), the mixture was stirred contin-
uously for 30 hours, frequently washed using deionized water
and anhydrous ethanol while drying in the furnace at 60 °C for
12 h to finally acquire the PDA powder. The resulting PDA
powder was added to 100 mL of deionized water, and the
powder was uniformly scattered using ultrasonic treatment for
10 min. 0.357 g of CoCl,-6H,0 was then added and stirred for 5
hours. Subsequently, 0.2705 g of FeCl;-6H,0 was added and
continuously stirred for 15 hours, centrifuged and washed with
deionized water while drying in the furnace at 60 °C for 12
hours. In the end, the dried sample was calcined using a muffle
oven at 750 °C under a nitrogen atmosphere for 2 hours, with
a 5 °C min~ ! heating rate. The final sample was named NCS/
FeCo.

2.3 Characterization and measurements

2.3.1 SEM test of NCS/FeCo. A Gemini 300 field emission
scanning electron microscope (SEM) constructed by the Carl
Zeiss company in Germany was employed to characterize the
NCS/FeCo's surface morphology. The test voltage was 5 kV, and
the sample surface was sprayed with gold.

2.3.2 TEM test of NCS/FeCo. A Jeol-2100 field emission
transmission electron microscope (TEM) manufactured by
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Fig. 1 Flowchart of NCS/FeCo preparation.

Japan Electronics Co., Ltd was utilized to describe the internal
structure of NCS/FeCo.

2.3.3 XRD test of NCS/FeCo. The NCS/FeCo's phase
framework was characterized using a RIGAKU D/max-2500pc X-
ray diffractometer (XRD) manufactured by Japan RIKEN Co.,
Ltd. The scanning interval and velocity were 10-80° and
5° min !, respectively. The X-ray source is a Cu target including
a1.5406 A wavelength. The test was conducted at a 40 kv voltage
and a 40 mA test current.

2.3.4 XPS test of NCS/FeCo. The chemical composition of
NCS/FeCo was characterized through an ESCALAB-250xi X-ray
photoelectron spectrometer (XPS) produced by Thermo Fisher
Scientific. The X-ray source is a monochromatic Al target, with
a wavelength of 0.8339 nm and a test voltage of 15 kV.

2.3.5 Raman test of NCS/FeCo. The degree of disorder in
NCS/FeCo was characterized using a Thermo Scientific DXR2
Raman spectrometer manufactured by Thermo Fisher Scien-
tific, with a wavelength of 532 nm.

2.3.6 VSM test of NCS/FeCo. The saturation magnetization,
coercivity, and other magnetic parameters of NCS/FeCo were
characterized using the MPMS3 magnetic measurement system.
The measurement temperature was 300 K with a measurement
range of —30000-30000 Oe.

2.3.7 Electromagnetic parameter test of NCS/FeCo. The
electromagnetic parameters (complex permittivity and perme-
ability) of NCS/FeCo in a 2-18 GHz frequency interval were
described using a coaxial approach through a vector network
analyzer (VNA) (Ceyear AV3672C). The NCS/FeCo powder and
paraffin were evenly combined at a 1:4 weight ratio and
subsequently pressed into the mold to make a coaxial ring with
an outer and inner diameters of 7 mm and 3.04 mm,
respectively.

3 Results and discussion
3.1 Examination of surface morphology

As depicted in Fig. 2, the microstructure of NCS/FeCo was
characterized using SEM and TEM approaches. Fig. 2(a) illus-
trates the SEM diagram of NCS/FeCo, and Fig. 2(b) and (c)
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depict the TEM diagrams of NCS/FeCo. Notably, NCS/FeCo
exhibits a regular and round morphology with clear particles
on the surface, which is likely the alloy formed due to FeCo
agglomeration. Fig. 2(d) presents the NCS/FeCo's high-
resolution TEM (HRTEM) image, revealing the lattice stripes
having a distance of 0.2 nm between planes, compatible with
the (110) plane of FeCo alloy."® This indicates the excellent
reduction of Fe’* and Co®" to FeCo alloy under high-
temperature conditions.

The distribution of main elements on the surface of NCS/
FeCo was further studied through energy-dispersive X-ray
spectroscopy (EDS). The EDS diagram displayed in Fig. 3
confirms that the C, O, and N elements are evenly distributed on
the NCS/FeCo surface. Meanwhile, in addition to the larger
FeCo particles presented in Fig. 2(b) and (c), Fe and Co elements
are evenly distributed across the surface of carbon micro-
spheres. This results in the formation of more carbon/magnetic
heterogeneous interfaces, thereby improving the material's
microwave absorption efficiency.

3.2 Analysis of surface phase composition

Fig. 4 shows the phase structure of NCS/FeCo characterized by
XRD. Notably, a wide diffraction peak is observed in the range of
20-30°, indicating that the carbon in NCS/FeCo is mainly
amorphous. Moreover, the characteristic peaks at 44.7°, 65.2°,
and 82.3° are related to FeCo alloy's (110), (200), and (211)
crystal planes,' suggesting that the composite predominantly
contains FeCo alloy. Additionally, a relatively weak diffraction
peak is noted at 35.7°, representing the (311) crystal plane of
CoFe,0,4,"” which may indicate the incomplete reduction of
CoFe,0, during high-temperature calcination.

In the preparation stage prior to high-temperature calcina-
tion, polydopamine (PDA) can form stable chelating structures
with Fe**/Co®" via the catechol hydroxyl groups (-OH) and
amino groups (-NH,) in its molecular structure. Specifically, the
amino groups further bind to metal ions through lone pairs of
electrons, collectively constructing “Fe**/Co®*-PDA” chelates.
This pre-chelating effect modifies the electron cloud distribu-
tion of Fe/Co ions: the electron density of metal ions is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Topography of NCS/FeCo obtained with various techniques: (a) SEM; (b and c) TEM; (d) HRTEM.

250nm

Fig. 3 EDS map of NCS/FeCo: (a) C; (b) O; (c) N; (d) Fe, and (e) Co.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XRD pattern of NCS/FeCo.

significantly increased due to the coordination interaction,
making them more prone to accepting electrons during subse-
quent calcination and thus creating favorable conditions for the
reduction reaction.

During the high-temperature calcination process under
a nitrogen atmosphere, PDA undergoes carbonization and is
converted into a nitrogen-doped carbon matrix (NCS)—this
process is not merely a simple structural transformation, but is
also accompanied by the in situ release of electrons: the C-H
bonds and C-C bonds in PDA molecules break at high
temperatures, generating a large number of reductive active
carbon intermediates (e.g., carbon free radicals, low-valent
carbon species). These active carbon intermediates can act as
electron donors, directly transferring electrons to the chelated
Fe**/Co”" and efficiently promoting the reduction of Fe**/Co>*
to FeCo alloy.

3.3 Surface element analysis

Fig. 5 shows the chemical composition of NCS/FeCo charac-
terized by the XPS test.

Fig. 5(a) describes the NCS/FeCo's full-width scanning
spectrum, which includes the characteristic maximums of C
1s, N 1s, O 1s, Fe 2p, and Co 2p.

Fig. 5(b) presents the high-resolution energy spectrum of C
1s of NCS/FeCo. The C 1s is fitted to four peaks including
binding energies of 283.38, 284.28, 285.43, and 287.93 eV, cor-
responding to C-C, C-N, C-O, and C=0 bonds."®

Fig. 5(c) displays the high-resolution energy spectrum of N 1s
of NCS/FeCo. Here, the N 1s is fitted to three peaks with binding
energies of 397.08, 399.48, and 402.43 eV, corresponding to
graphite-N, pyrrole-N, and pyridine-N, respectively."® The pres-
ence of N improves electromagnetic wave absorption perfor-
mance. Pyridine-N (402.43 eV) and pyrrole-N (399.48 eV) can
form stable N-Fe/Co coordination bonds with the unsaturated
metal sites on the surface of FeCo particles via the lone pairs of
electrons in their molecular structures. This directional coor-
dination effect enables FeCo particles to be firmly anchored on
the surface of PDA-derived carbon microspheres, preventing
particle agglomeration during high-temperature calcination

34410 | RSC Adv, 2025, 15, 34406-34416
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and thereby constructing a tight carbon/magnetic heteroge-
neous interface.

Meanwhile, the difference in interfacial electronegativity
between N element and FeCo particles drives the redistribution
of charges in the interface region, forming a large number of
“interfacial dipoles”. Under the action of an alternating elec-
tromagnetic field, this interfacial chemical property can
significantly enhance the interfacial polarization effect between
the carbon matrix and FeCo particles, thereby improving the
material's electromagnetic wave dissipation capacity and
enhancing its microwave absorbing performance.

Fig. 5(d) presents the high-resolution energy spectrum of O
1s of NCS/FeCo. The O 1s was fitted to five peaks including
binding energies of 528.93, 529.88, 531.03, 532.38, and
534.92 eV, respectively, corresponding to metal-O, C-O=N, C=
O, C-OH, and C-O-C bonds."** The oxygen-including func-
tional group serves as the polarization center, improving the
material's dipole polarization and polarization relaxation,
thereby attenuating the incident electromagnetic wave. The
metal-O bond formation is likely attributed to the chelation of
oxygen-including functional groups in PDA including metal
ions to construct ligands. Notably, Fe*" and Co®" are reduced to
FeCo alloy following high-temperature heat treatment while
growing on the surface of carbon microspheres.

Fig. 5(e) describes the high-resolution energy spectrum of Fe
2p of NCS/FeCo. The Fe 2p spectrum is fitted to four main peaks
and two satellite peaks. The main peak at 707.75 eV represents
Fe metal, indicating the presence of FeCo alloy. Moreover, the
two main peaks at 709.34 and 711.12 eV represent octahedral
Fe®" and tetrahedral Fe**, respectively. These three main peaks
correspond to the Fe 2p;),'s spin-orbit peak,”* with the corre-
sponding satellite peak at 716.18 eV. The primary peak at
723.69 eV is related to the spin-orbit peak of Fe 2p,,”* with the
corresponding satellite peak at 731.85 eV.

Fig. 5(f) describes the high-resolution energy spectrum of Co
2p of NCS/FeCo. Here, three main peaks and two satellite peaks
are fitted by Co 2p. The main peak at 777.98 eV represents Co
metal, indicating the presence of FeCo alloy; the main peak at
779.81 eV represents Co>*, both of which correspond to the Co
2pas's spin-orbit peak,* with the corresponding satellite peak
at 784.71 eV. The primary peak at 795.09 eV depends on the
spin-orbit peak of Co 2p,,,,** with the corresponding satellite
peak at 801.91 eV.

3.4 Raman analysis

Raman spectroscopy is often used to analyze the carbon atoms’
state and the graphitization degree in carbon materials. The
unique spectral characteristics of carbon materials in Raman
spectroscopy are the D-band and G-band, which are crucial
means for researchers to study carbon-based materials. Gener-
ally, the D-band appears around 1365 cm ™, and its appearance
reveals the existence of deficiencies in carbon materials, such as
the absence of atoms or the shift of atomic positions. The G-
band, appearing near 1595 cm ', is attributed to the sp®
hybrid carbon atoms in carbon materials and indicates the
plane vibration of the lattice structure of graphite.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XPS spectra of NCS/FeCo: (a) full; (b) C 1s; (c) N 1s; (d) O 1s; (e)

The ratio of D-band to G-band (Ip/Ig) is calculated to char-
acterize the material's graphitization degree. Generally, the
higher the Iy/I; ratio, the lower the material's graphitization
degree, indicating more defects and a higher degree of disorder.
As shown in Fig. 6, the corresponding I,/I for NCS/FeCo is 0.96.
The loading of FeCo magnetic particles effectively improves the
surface roughness of NCS microspheres and endows the surface
of microspheres with a higher degree of defects. A higher defect

© 2025 The Author(s). Published by the Royal Society of Chemistry

810 805 800 795 790 785 780 775
Binding Energy (¢V)

Fe 2p, and (f) Co 2p spectra.

degree is vital for controlling the dielectric properties of mate-
rials. In the electromagnetic environment, several material
defects are employed as the polarization center, effectively
enhancing the material's EWA ability.

3.5 VSM analysis

The vibrating sample magnetometer characterizes the NCS/
FeCo's magnetic features. Fig. 7 displays the NCS/FeCo's

RSC Adv, 2025, 15, 34406-34416 | 34411
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Fig. 6 Raman spectra of NCS/FeCo.

hysteresis loop at room temperature under an magnetic field of
+30 kOe. As presented in Fig. 7(a), the hysteresis loop of NCS/
FeCo exhibits characteristics of ferromagnetic materials. The
material's saturation magnetization (ms) reaches 17 emu g~ ,**
which is caused by the successful loading of magnetic metal
particles. Fig. 7(b) presents a partial enlarged view of the part
marked in red, highlighting the coercivity (Hc) of the material.
Numerous studies have demonstrated that the coercivity
significantly influences the composite's microwave absorbing
features, and the H value of NCS/FeCo is 56 Oe, which is
consistent with the coercivity characteristics of soft magnetic
materials. The material's coercivity depends on the magneto-
crystalline anisotropy introduced by FeCo particles.

3.6 Microwave absorbing performance and mechanism
analysis

The VNA-based coaxial approach was employed to acquire the
MAM's complex permittivity and permeability. Based on the
transmission line theory, the microwave absorbing loss of the
material in the 2-18 GHz frequency interval was computed
through the subsequent formula (eqn (1)):
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In the formula, Z;, and Z, describe the input and free space
impedances (376.7 Q) of the absorbing material, respectively,
which is further expressed by the following formula (eqn (2)):

Zin = Zo(uiler)'"? tanh[j2refdle)(uee;) "] (2)

In eqn (2), the variables f; d, and ¢ indicate the electromagnetic
wave frequency, material thickness, and the light velocity (3 x
10® km s~ 1), respectively. ¢, and u, denote the material's relative
permittivity and permeability, respectively. At a certain
frequency, the RL < —10 dB is generally considered the
threshold for effective electromagnetic wave absorption. This
value suggests that the absorption rate of the material to inci-
dent microwave radiation exceeds 90%.

Fig. 8 displays the NCS/FeCo composites’ electromagnetic
wave absorption capacity with different thicknesses in the 2-18
GHz band. At a 2.5 mm matching thickness, NCS/FeCo exhibits
the maximum RL of —55.3 dB at 13.4 GHz, with the corre-
sponding EAB of 11.28 GHz (6.72-18 GHz). At a thickness of just
2 mm, the maximum RL of NCS/FeCo is —48.5 dB, with the
corresponding EAB of 9.12 GHz (6.56-15.68 GHz). The afore-
mentioned results demonstrate that NCS/FeCo composites
exhibit strong electromagnetic wave absorption across a wider
frequency band under a thinner thickness, indicating good
EWA efficiency.

It is noteworthy that when growing the matching thickness,
the composite's maximum reflection loss exhibits a regular low-
frequency shift, which is inseparable from the quarter wave-
length resonance (eqn (3)):

mA_ M (135
Himy/Ec b

In eqn (3), ¢, denotes the composite’'s matching thickness, A
represents the electromagnetic wavelength, and f,,, describes
the matching frequency. As the material thickness is an odd
multiple of the quarter wavelength, a half period phase devia-
tion can be observed between the incident and reflected elec-
tromagnetic waves, and the amplitudes of the two waves cancel
each other. Thus, this study further confirms that, in addition to
dielectric and magnetic losses, interference loss is a significant
aspect of electromagnetic wave reduction.
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Furthermore, the NCS/FeCo composites' electromagnetic
parameters were analyzed to explore their corresponding
microwave absorbing features.

Fig. 9(a) depicts the complex permittivity (¢, ¢’) and
permeability (u’, ") curves of NCS/FeCo within the interval of
2-18 GHz. The composite's ¢ value gradually decreases (2.0-5.4)
as the frequency increases, demonstrating a standard carbon
source dispersion phenomenon; the corresponding ¢’ value
initially increases and then decreases with the frequency
(0.05-0.93). Meanwhile, the u’ value of the material fluctuates
between 0.6 and 1.2, which is relatively stable. The u” value of
the composite initially grows and then declines with frequency
due to the successful loading of FeCo magnetic particles. It
fluctuates with the frequency in the interval of 0.6-2.1,
increasing from 0.6 to 2.1 in the 2-11.4 GHz band, and then
declining from 2.1 to 0.6 within the interval of 11.4-18 GHz.

Several broad resonance peaks can be presented in the u”
curve of the NCS/FeCo composite, revealing the material's

polarization relaxation phenomenon in an alternating electro-
magnetic field. Based on existing research data, the materials’
dielectric loss features are primarily determined based on their
polarization behavior. Specifically, the polarization loss in the
GHz band mainly involves dipole and interface polarizations.
Notably, the high FeCo alloy loading and the rough surface
structure of NCS microspheres in this system introduce
numerous defects and heterogeneous interfaces. The mentioned
deficiencies and heterogeneous interfaces considerably improve
the materials' interfacial polarization effect. Additionally, the
uniform distribution of FeCo alloy on NCS microspheres intro-
duces more dipole polarization centers into the material within
the high-temperature calcination process, effectively improving
the dipole polarization relaxation of the material. Furthermore,
due to the different electronegativities of CO and Fe, the binding
state between them and NCS microspheres varies, resulting in
uneven space charge distribution. This uneven space charge
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distribution promotes electron transfer between materials and
subsequent interface polarization.

The polarization relaxation process is further analyzed using
the material's Cole-Cole curve, depicting a complex trajectory
derived from the Debye equation (eqn (4)):

(YW

Here, ¢ and ¢, depict the static and high-frequency dielectric
constants, respectively.

Fig. 9(b) displays the NCS/FeCo microwave-absorbing
composite's Cole-Cole curve. The semicircle appearing on the
curve serves as the Cole-Cole semicircle, indicating the mate-
rial's Debye relaxation procedure. Several Cole-Cole semicircles
appear on the image of the sample, indicating that the material
undergoes multiple Debye relaxation procedures. Additionally,
the existence of several straight lines in the image reveals that
conduction loss is also involved in the materials’ dielectric loss

mechanism.

Generally, the magnetic loss primarily involves hysteresis
loss and eddy current loss (ECL), and domain wall, natural, and
exchange resonances. As this experiment concentrates on the
absorbing material's magnetic loss efficiency in the 2-18 GHz
band, the domain wall resonance occurring just in the interval
of 1-100 MHz is ignored. Moreover, since the hysteresis loss is
insignificant in the weak magnetic field environment, the type
of magnetic loss should focus only on natural and exchange
resonances, and ECL. The subsequent equation determines the
above loss types (eqn (5)):

Co=w' (W) >f " = 2mpgod’/3 (5)

In eqn (5), C, is a constant independent of f; u, indicates the
vacuum permeability, and ¢ describes the conductivity. If the
material's magnetic loss is entirely induced by the ECL, the
value of C, will be kept unchanged regardless of the frequency
variations. Fig. 9(c) displays the C, curve. The calculated C,
value curve of the material exhibits significant fluctuation in the
medium- and low-frequency band (<12 GHz), demonstrating
the significant role of the resonance loss in this band. However,
the C, value curve is relatively stable in the high-frequency
interval (>12 GHz), revealing the strong influence of the ECL.

According to the above analysis of complex permittivity and
permeability, the loss tangent (eqn (6) and (7)) of the material
can be obtained through the subsequent relations:

tan 6, = &"/¢' (6)
tan 6, = w'/u’ (7)

The magnetic loss tangent (tané,,) is significantly larger
than the dielectric loss tangent (tan ¢.) in the full range of 2-18
GHz, which reveals that the NCS/FeCo composite is an EWA
material with magnetic loss as the main type.

The microwave-absorbing materials’ comprehensive
microwave-absorbing performance is often evaluated using the
attenuation constant, as defined by (eqn (8)):
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The higher the calculated «, the better the absorbing mate-
rial's comprehensive absorbing capacity. Fig. 9(d) displays the
calculation results. As depicted in the image, the « value
initially grows and then declines with the increase in frequency,
reaching the peak value of 381.6 at 11.43 GHz, which aligns with
the calculation result of reflection loss.

Furthermore, the IM ability plays a decisive role in the
material's final absorbing ability. Fig. 9(e) displays the imped-
ance matching curve of NCS/FeCo in the 2-18 GHz band.
Notably, at a 2.5 mm thickness and a 10-13 GHz frequency
range, the calculated Z value is very close to 1, which aligns with
the result of reflection loss. This is primarily caused by the
significant number of FeCo alloys that are loaded on the surface
of NCS microspheres, which enhances the material's complex
permeability and optimizes impedance matching. To achieve
effective electromagnetic wave absorption, proper impedance
matching should be ensured, allowing the electromagnetic
waves to arrive into the material's interior and undergo scat-
tering and multiple reflections.

Notably, N-doping makes an indispensable and crucial
contribution to enhancing the electromagnetic wave absorption
performance of this composite, and this effect is fully supported
by the detailed XPS characterization data. In the PDA-derived
carbon matrix, pyridine-N (binding energy: 402.43 eV),
pyrrole-N (binding energy: 399.48 eV), and metal-O bonds
(binding energy: 528.93 eV) are clearly detected. Both pyridine-N
and pyrrole-N contain lone pairs of electrons that are not
involved in bonding in their molecular structures; these lone
pairs can form stable coordination bonds with free Fe**/Co**
ions in the solution, constructing directional binding sites of
“N-metal ions”. During the subsequent calcination process at
750 °C under a nitrogen atmosphere, these coordination bonds
not only effectively inhibit the deterioration of magnetic prop-
erties caused by the high-temperature agglomeration of FeCo
particles but also guide FeCo particles to nucleate directionally
on the surface of the carbon matrix with uniform sizes, laying
a microstructural foundation for the subsequent synergistic
matching of dielectric loss and magnetic loss.

At the same time, the presence of graphitic-N (binding
energy: 397.08 eV) in the XPS results further enriches the
functional dimensions of N-doping: graphitic-N exhibits high
electrical conductivity, and its atomically dispersed character-
istics can provide a large number of active sites for defect
polarization inside the material. Under the action of an alter-
nating electromagnetic field, these active sites become core
centers for dipole polarization, significantly enhancing the
polarization effect at the heterogeneous interface between the
carbon matrix and FeCo particles. This interfacial polarization
effect synergizes with the high defect concentration reflected by
the Ip/Ig ratio of 0.96 in Raman analysis, jointly promoting the
improvement of the material's dielectric loss capacity. Ulti-
mately, it complements the magnetic loss of FeCo, optimizing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 EM absorption properties of FeCo/carbon absorbers
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Materials RLpin (dB) EAB (GHz) Thickness (mm) Content (wt%) Ref.
Fe,;,Cogo@C —36.4 Almost 5 3.0 50 26
FeCo/C@WC-2 —47.6 8.9 1.5 85 13
FeCo/C fiber —59.9 5.1 2.5 Nondisclosure 27
TSH-Fe;0,/FeCo/C —37.4 5.9 2.2 50 11
FeCo@C —48.5 4.5 2.5 32 28
FeCo@CCA-100 —49.5 10.9 4.0 20 29
NCS/FeCo —55.3 11.3 2.5 20 This work

the overall electromagnetic wave dissipation efficiency of the
material.

In summary, the NCS/FeCo composites' electromagnetic
wave absorption mechanism is summarized as follows: first, the
load of FeCo alloy increases the material's magnetic loss ability,
mainly through natural and exchange resonances, and ECL.
Second, the FeCo alloy facilitates electron transfer between the
FeCo alloy and the carbon material, resulting in stronger
polarization relaxation at the heterogeneous interface. Simul-
taneously, the oxygen-including functional groups on the
surface of NCS microspheres and the doped N atoms function
as polarization centers, resulting in stronger dipole polarization
relaxation. Third, the synergy of dielectric and magnetic losses
consumes both electric and magnetic energies, thus enhancing
the absorption of electromagnetic waves. Fourth, NCS/FeCo
exhibits good IM features, allowing more electromagnetic
waves to arrive into the material and be fully consumed, thereby
enhancing absorption over a wider frequency band.

We compared the electromagnetic wave absorption perfor-
mance of the NCS/FeCo composite material prepared in this
study with other similar FeCo/C composite materials in recent
years, and thus drew the following table (see Table 1). Obvi-
ously, NCS/FeCo composite materials have the most excellent
and balanced electromagnetic wave absorption performance.

4 Conclusion

The current work presents the synthesis of polydopamine
microspheres based on a self-polymerization reaction using
dopamine monomer as raw material. Due to the high surface
activity of dopamine, Co®>" and Fe®" were adsorbed. Subse-
quently, nitrogen-doped carbon microspheres/FeCo alloy
composite microwave-absorbing material (NCS/FeCo) was
synthesized via in situ reduction using a high-temperature
calcination method. Furthermore, its morphology distribu-
tion, chemical composition, disorder degree, and magnetic and
electromagnetic factors were analyzed. At a 2.5 mm thickness,
the maximum RL reaches —55.3 dB at 13.4 GHz, with the cor-
responding EAB of 11.28 GHz (6.72-18 GHz), indicating
remarkable microwave absorbing performance. This is caused
by the composite framework of carbon microspheres and the
FeCo alloy, which forms more carbon magnetic heterogeneous
interfaces and enhances impedance matching. Additionally,
NCS/FeCo facilitates enhanced polarization relaxation, along
with dielectric and magnetic loss mechanisms, establishing it

© 2025 The Author(s). Published by the Royal Society of Chemistry

as a high-efficiency microwave absorbing material. Meanwhile,
the adsorption of metal ions by PDA is driven by the synergistic
effect of strong covalent bonds and non-covalent bonds,
resulting in high binding strength. After high-temperature
calcination, the composite firmness between the two phases is
further enhanced. Therefore, the composite structure con-
structed in this study has almost no potential risk of cobalt (Co)
leaching. In future research, we will also attempt to replace
cobalt with other metals such as nickel to further mitigate the
risk of environmental exposure.
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