Journal Pre-proof

Rapid Joule-heating-driven synthesis of FeCo alloy nanoparticles embedded in
porous carbon nanorods for electromagnetic wave absorption

Letian Huang, Chunhui Bai, Jinyu Jia, Yujin Chen, Chunling Zhu, Xinzhi Ma, Xiao
Zhang

PII: S0008-6223(25)00608-6
DOI: https://doi.org/10.1016/j.carbon.2025.120592
Reference: CARBON 120592

To appearin:  Carbon

Received Date: 9 June 2025
Revised Date: 29 June 2025
Accepted Date: 2 July 2025

Please cite this article as: L. Huang, C. Bai, J. Jia, Y. Chen, C. Zhu, X. Ma, X. Zhang, Rapid Joule-
heating-driven synthesis of FeCo alloy nanoparticles embedded in porous carbon nanorods for
electromagnetic wave absorption, Carbon, https://doi.org/10.1016/j.carbon.2025.120592.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2025 Published by Elsevier Ltd.



https://doi.org/10.1016/j.carbon.2025.120592
https://doi.org/10.1016/j.carbon.2025.120592

1500 °C

/¢ :
/ &
FeCo-pre Joule heating FeCo-CNRs

10s

m)

Thinckness (m

8 12
Frequency (GHz)

16



Rapid Joule-heating-driven synthesis of FeCo alloy nanoparticles embedded in
porous carbon nanorods for electromagnetic wave absorption
Letian Huang *°, Chunhui Bai ®°, Jinyu Jia ®°, Yujin Chen ¢, Chunling Zhu ©,
Xinzhi Ma ¢*, Xiao Zhang %"

a Key Laboratory of Photonic Materials and Devices Physics for Oceanic
Applications, Ministry of Industry and Information Technology of China, College of
Physics and Optoelectronic Engineering, Harbin Engineering University, Harbin
150001, China
b Key Laboratory of In-Fiber Integrated Optics of Ministry of Education, College of
Physics and Optoelectronic Engineering, Harbin Engineering University, Harbin
150001, China
¢ College of Materials Science and Chemical Engineering, Harbin Engineering
University, Harbin 150001, China
d Key Laboratory for Photonic and Electronic Bandgap Materials, Ministry of
Education, School of Physics and Electronic Engineering, Harbin Normal University,

Harbin 150025, China.

Abstract

Magnetic carbon-based composites exhibited enhanced electromagnetic wave
(EMW) absorption performance; however, their fabrications through conventional

annealing methods need a relatively long time. Herein, FeCo alloy nanoparticles (NPs)
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embedded in porous carbon nanorods are synthesized through a rapid Joule heating
method within 10 seconds. The ~170-nm-FeCo NPs encapsulated in graphene layers
are embedded in porous carbon nanorods with a diameter of around 500 nm. Density
functional theory (DFT) calculations and experimental results show that the orbital
hybridization of Fe and Co atoms can adjust the d-band center and induce magnetic
coupling effects, while the charge redistribution at the interfaces between FeCo alloys
and the graphene layers enhances dielectric loss. In addition, the structural features,
including porous and one-dimensional structures, synergistically improve EMW
absorption performance. Consequently, the optimal FeCo-CNRs achieve an effective
absorption bandwidth (EAB) of 6.08 GHz at a matching thickness of only 1.9 mm,
outperforming single counterparts and most of the reported magnetic carbon-based
absorbers. This work aims to provide a rapid approach for developing magnetic carbon

composites for high-performance EMW absorption.

Keywords: Joule heating; magnetic alloy nanoparticles; porous carbon nanorods;

electromagnetic wave absorption
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1. Introduction

With the widespread deployment of fifth-generation (5G) mobile communication
technology, the issues related to electromagnetic radiation become severe. Studies have
shown that electromagnetic radiation poses a certain threat to the operation of precision
electronic equipment and human health [1-6]. Electromagnetic wave (EMW) absorbing
materials, which have the capability to absorb or substantially attenuate EMW energy,
play an irreplaceable role in the fields of electronic equipment anti-interference,
military stealth coatings, and EM compatibility [7, 8]. Carbon-based materials,
distinguished by low density, high dielectric loss, and remarkably stable chemical
properties, are considered ideal candidate materials. However, pure carbon materials
have low magnetic loss due to their intrinsic non-magnetic property, which limits their
further applications [9]. Magnetic materials, to some extent, exhibit higher magnetic
loss, but their drawbacks, such as elevated density and diminished stability,
significantly impede future application [10].

Combining magnetic materials with carbon materials to construct magnetoelectric
composites can achieve magnetoelectric synergy, greatly enhancing impedance
matching characteristics and magnetic loss while maintaining dielectric loss [11-14].
Thus, magnetic carbon-based composites have been engineered for EMW absorption.
For example, Wen et al. prepared Co@S-doped carbon cores and hollow N-doped
carbon shells, where the presence of Co NPs promoted magnetoelectric synergy and
strengthened EMW absorption performance [15]. Using egg-derived carbon (EDC) as

a precursor, Miao et al. synthesized EDC@Fe304 nanocomposites with excellent EMW
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absorption performance [16]. The magnetic part caused magnetic loss, while the carbon
structure, which had many defects and holes, helped with scattering and energy loss.
The cooperative effect between the magnetic Fe3O4 NPs and the porous carbon carrier
improved impedance matching characteristics, at 2.03 mm, achieving a broad effective
absorption bandwidth (EAB) of 5.68 GHz. Su et al. prepared a nanocomposite
composed of graphene and iron covered with BN on the surface via ball milling [17].
At 1.4 mm, this composite attained a minimum reflection loss (RLmin) of -44.53 dB,
exhibiting an EAB of 4.40 GHz. Recently, researchers have found that magnetic alloys
could further improve EMW absorption performance [18]. By utilizing the interaction
between two magnetic metals with strong d-d orbital hybridization [19], the d-band
center and charge redistribution can be adjusted, thereby enhancing interface
polarization and EMW absorption performance [20]. Meanwhile, the graphite carbon
layer catalyzed by magnetic alloys can construct electron mobility pathways, improving
conductive loss [21]. However, the synthesis of traditional magnetic alloy-carbon
composites typically relies on methods such as ball milling [22], chemical vapor
deposition [23], and high-temperature pyrolysis [24], which have drawbacks such as
long preparation times, easy growth of magnetic particles, and high defect rates in the
carbon carrier [25, 26]. Consequently, there is an imperative necessity to devise an
efficient and controlled method for synthesizing magnetic metal alloy-carbon
composites.

The Joule heating method, as an emerging rapid thermal processing technology,

demonstrates significant advantages over traditional tube furnace heating [27, 28].
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Joule heating achieves a sudden local temperature rise within seconds by
instantaneously applying ultra-high current at both ends of the sample, converting
electrical energy directly into thermal energy through resistance [29]. This method is
markedly superior to traditional techniques such as tube furnace pyrolysis, which
require several hours to complete thermal treatment. Additionally, traditional heating
can partially damage the morphology at high temperatures [30], whereas Joule heating
significantly reduces the experimental cycle duration and mitigates adverse reactions
via quick cooling [31]. This effectively controls the composition and microstructure of
metal alloys, preventing metal aggregation caused by uneven temperatures in
traditional methods [32]. For instance, Wang et al. employed the Joule heating strategy
to prepare Co-loaded carbon absorbers with adjustable impedance matching, achieving
a RLmin of -46.5 dB at 2.48 mm [28]. Wang et al. fabricated honeycomb-structured
porous carbon nanofibers containing uniformly dispersed FeCoNiCuMn high-entropy
alloy NPs through rapid Joule heating treatment, significantly enhancing conductivity,
promoting efficient electron conduction, and improving their EMW absorption
performance [33]. Thus, the Joule heating method overcomes the constraints of
conventional techniques, offering new possibilities for advanced EMW absorption
materials.

Herein, we propose a method for rapid synthesis of composite materials consisted
of FeCo alloy NPs embedded in a carbon nanorod framework using joule heating. FeCo
precursor nanowires were synthesized via a solvothermal method, and ultrahigh

temperatures (1500 °C) induced by Joule heating were used for instantaneous
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processing, achieving the decrease of metal ions and simultaneous graphitization of the
carbon carrier. The formation of FeCo alloy particles not only ensures magnetic loss
but also catalyzes the graphitization of carbon to construct electronic mobility pathways,
enhancing conductive loss. Theoretical calculations indicate that the introduction of
FeCo with d-d orbital hybridization can adjust the d-band center. Meanwhile, the charge
redistribution between Fe and Co atoms and the carbon support can enhance interface
polarizations. As a result, the FeCo-CNRs achieve an EAB of 6.08 GHz at a matching
thickness of 1.9 mm, significantly outperforming the single-metal systems in this study.
This research introduces a novel method for the construction of EMW absorbing
magnetic metal alloy-carbon composite system design materials.
2. Experiment
2.1 Synthesis of FeCo precursor nanowires

According to previously reported literature [34], FeCo precursor (FeCo-pre)
nanowires were synthesized using the solvothermal method. Specifically, 0.6 g of
nitrilotriacetic acid (NTA), 0.63 g of FeCl2-4H20 and 0.75 g of CoCl2-6H20 were
dissolved in a mixed solvent system consisting of 27 mL of isopropyl alcohol (IPA) and
13 mL of deionized water. The solution was magnetically stirred for 30 minutes,
transferred into a 50 mL Teflon-lined container, and maintained at 180 °C for 6 hours,
and cooled naturally to room temperature after the reaction. The samples were
centrifuged at 6000 rpm, washed with deionized water and ethanol, and dried in an oven
at 60 °C. Finally, the FeCo-pre was obtained.

2.2 Synthesis of FeCo-CNRs
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The rapid Joule heating process involved applying high voltage and high current to
heat precursor-loaded carbon cloth under an Ar atmosphere. Specifically, 100 mg of
FeCo precursor was loaded onto the carbon cloth. The temperature was raised to
1500°C within 1 second, maintained at this temperature for 1 second, and then cooled
to room temperature. The total duration of the Joule heating process was less than 10
seconds. The resulting material consisted of FeCo alloy NPs embedded in a carbon
nanorod framework (FeCo-CNRs).

2.3 Synthesis of Fe-CNRs and Co-CNRs

The synthesis of Fe and Co precursor (Fe-pre and Co-pre) nanowires follows the
same method as above, only changing the metal salts added. The same method was used
to make Fe-CNRs and Co-CNRs, only changing the FeCo-pre to Fe-pre and Co-pre,
respectively.

2.4 Characterizations

Detailed characterization data, including structural characterizations,
electromagnetic formulas, density functional theory (DFT) calculations and radar cross-
section (RCS) simulations, are provided in the Supporting Information.
3. Results and discussion

Figure 1 illustrates the synthesis method for FeCo-CNRs. In a mixed solution
including IPA and deionized water, metal cations Fe?" and Co** coordinate with NTA,
and then the precursor nanowires (FeCo-pre) are synthesized through a solvothermal
reaction. Under an argon atmosphere, the Joule heating apparatus rapidly heats the

material from room temperature to 1500°C and then quickly cools it back to room
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temperature in 10 seconds. During the heating process, the metal cations in the FeCo-
pre are rapidly reduced to form a metal alloy. In the ultrafast high-temperature
carbonization process, the high temperature provides sufficient energy for the metal
atoms to overcome the lattice displacement energy barrier, and these metal atoms
eventually form an alloy phase through mutual diffusion. The carbon in the nanowires
serves as the framework for the carbon nanorods, while the magnetic metal NPs
facilitate the graphitization of the carbon carrier. Ultimately, the composite materials of
FeCo alloy NPs embedded in a carbon nanorod framework were successfully prepared.
Similarly, the synthesis of analogous samples, such as Fe-CNRs and Co-CNRs, only
required substituting the corresponding metal salts while keeping all other parameters
constant.
Fe?*Co?*
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Figure 1. Schematic diagram of the synthesis of FeCo-CNRs.

The surface morphology of the samples was characterized by scanning electron
microscopy (SEM). SEM images of Fe-pre, Co-pre, and FeCo-pre exhibit diameters
ranging from 100 to 400 nm, while their lengths extend to several tens of micrometers
(Figure S1 and Figure 2a). After rapid Joule heating, FeCo-pre transformed into FeCo-

CNRs, as shown in Figure 2b, where nanorods were uniformly decorated with FeCo
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NPs, exhibiting diameters between 20 and 300 nm (average size: 170 nm). In contrast,
the Fe-CNRs and Co-CNRs do not show well-defined particle-carbon skeleton structure
compared to FeCo-CNRs (Figure S2). This may be because the FeCo alloy can promote
graphitization of carbon materials [35], making the overall FeCo-CNRs structure more
stable. Transmission electron microscopy (TEM) was further employed to examine the
detailed microstructure and crystal features. Further insights into the microstructure of
FeCo-CNRs were gained from TEM images (Figure 2¢), which show carbon nanorods
with a diameter of approximately 500 nm embedded with FeCo NPs. Owing to the
catalytic graphitization property of metals at elevated temperatures [36, 37], a graphene
layer at 3.907 nm forms near the FeCo NPs (Figure 2d). The thickness of the graphene
layer depends on the size of the FeCo NPs, and TEM images indicate a uniform core-
shell structure with FeCo magnetic particles and a dielectric graphite carbon layer.
These magnetic NPs establish heterogeneous interfaces with the graphene layer,
thereby promoting favorable interfacial polarization [38, 39]. TEM images also reveal
the presence of numerous porous structures in the FeCo-CNRs. Additionally, the FeCo
magnetic NPs facilitate the formation of graphitic carbon layers, which enhance
conduction loss through efficient electron transport pathways [40]. The formation of
conductive networks, porous structures and heterogeneous interfaces can enhance
conductivity loss and polarization loss, which is beneficial for improving EMW
absorption performance [41]. In the high-resolution TEM (HRTEM) images (Figure 2e),
the lattice fringes marked as 0.20 nm and 0.34 nm correspond to the (110) crystal plane

of the FeCo alloy and the (002) crystal plane of the carbon layer, respectively. The
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corresponding fast Fourier transform (FFT) pattern (Figure 2f) illustrates the directions
of the (110) and (211) crystal planes of the FeCo alloy, and the (002) crystallographic
plane direction of the carbon layer in reciprocal space. High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) and its corresponding
energy-dispersive X-ray (EDX) elemental mapping analysis show that the material
contains Fe, Co, and C elements (Figure 2g). Fe and Co are uniformly scattered within
each particle, confirming the formation of FeCo alloy NPs. C is uniformly distributed
in the carbon framework. This aligns with the EDX spectrum patterns observed in SEM

and TEM images (Figures S3).
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Figure 2. (a) SEM image of FeCo-pre. (b) SEM image, (c) TEM image, (d-¢) HRTEM
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images with corresponding (f) FTT pattern, (g) HAADF-STEM and the corresponding
elemental mappings of FeCo-CNRs.

Figure 3a displays the X-ray diffraction (XRD) pattern of the as-prepared
precursor nanowires. Only broad diffraction peaks centered at 26.5° are observed,
indicating the amorphous nature of those precursor nanowires. The XRD patterns of the
as-synthesized Fe-CNRs, Co-CNRs, and FeCo-CNRs display broad diffraction peaks
of the (002) plane of graphitic carbon (Figure 3b). The FeCo-CNRs exhibit diffraction
peaks at 45.077°, 65.651°, and 83.198°, which were indexed to the (110), (200), and
(211) crystal planes of a body-centered cubic (BCC) structure of FeCo alloy (PDF#04-
003-3891). These features are consistent with the (110) and (200) crystal planes
observed in the FTT pattern (Figure 2f). The Fe-CNRs exhibit diffraction peaks at
43.380°, 50.524°, 74.245°, 90.095°, and 95.320°, which are consistent with the (111),
(200), (220), (311), and (222) crystal planes of the face-centered cubic (FCC) structure
of Fe (PDF#98-000-0258). The diffraction peaks at 44.674°, 65.022°, and 82.334°
match the (110), (200), and (211) crystal planes of the BCC structure of Fe (PDF#00-
006-0696). According to the fitting results of the XRD diffraction peaks, it can be
determined that in Fe-CNRs, the BCC phase of Fe accounts for ~56.8 wt.%, while the
FCC phase accounts for ~43.2 wt.% (Table S1). Both FCC and BCC phases coexist in
the Fe-CNRs sample [42], possibly due to the extremely short duration of Joule heating,
which results in a portion of the FCC phase not transforming into the BCC phase. The
Co-CNRs exhibit diffraction peaks at 43.948°, 51.198°, 75.329°, 91.534°, and 96.898°,

corresponding to the (111), (200), (220), (311), and (222) crystal planes of the FCC
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structure of the Co (PDF#04-004-7807), respectively. As illustrated in Figure 3c,
Raman spectroscopy is used to assess the degree of graphitization and carbon defects
in the materials [43]. The Fe-CNRs, Co-CNRs, and FeCo-CNRs all show D and G
bands near 1342 and 1580 cm™'. The intensity ratio of the D to G bands (Ip/Ig) can
reflect the defect level and graphitization degree [44, 45]. The Ip/Ic values for Fe-CNRs,
Co-CNRs, and FeCo-CNRs are 0.27, 0.37, and 0.13, respectively, indicating that FeCo
alloy NPs significantly enhance the graphitization degree of FeCo-CNRs [46], which
facilitates enhanced electrical conductivity losses, thereby potentially tuning EMW
absorption. X-ray photoelectron spectroscopy (XPS) was employed to characterize the
valence states and elemental composition. Figure 3d verifies the existence of C, O, Fe,
and Co components. Figure 3e compares the Fe 2p peaks of Fe-CNRs and FeCo-CNRs,
showing that the Fe 2p1/2 (724.1 eV) and Fe 2p32 (712.8 eV) peaks of FeCo-CNRs shift
to higher binding energies compared to the Fe 2pi2 (723.9 eV) and Fe 2p32 (711.9 eV)
of Fe-CNRs. Figure 3f compares the Co 2p peaks of Co-CNRs and FeCo-CNRs. The
Co 2p12 (797.1 eV) and Co 2p32 (781.8 eV) peaks of FeCo-CNRs shift to higher
binding energies compared to the Co 2p12 (796.2 eV) and Co 2p3/2 (779.6 eV) peaks of
Co-CNRs. Theoretically, Co should attract electrons from Fe, causing the binding
energy of Fe to increase and that of Co to decrease. However, an increase in binding
energies for both elements was observed, indicating stronger interactions among the
FeCo alloy particles and the carbon carrier, which facilitates interfacial polarization loss.
Additionally, the high-resolution C 1s XPS spectrum (Figure 3g) can be deconvoluted

into four distinct components, which are attributed to different chemical bonding states:
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C-C, C-N, C-0O, and C=0O. The presence of C—O indicates oxygen-containing
functional groups in the amorphous carbon. The polar groups C—N and C—O/C=0 can
serve as dipolar polarization centers [19], facilitating polarization loss. The
disappearance of the C=0O group in FeCo-CNRs results from the coexistence of Fe and
Co forming intermetallic electronic coupling, enhancing the reduction capability of
system. During the synthesis process, the FeCo alloy may act as a catalyst to promote
the conversion of C=0 to C—C/C-O, more effectively facilitating the carbon
graphitization at high synthesis temperatures, consistent with the Raman spectra
(Figure 3c). Based on the structural characterization results, the microstructure of the
FeCo precursor nanowires underwent a significant evolution. During the joule heating
process, the organic ligands in the precursor rapidly decomposed, with a portion
forming gases that escaped and another portion being carbonized, thus resulting in the
formation of porous-structured nanorods. On the other hand, the Fe and Co ions were
reduced via carbothermal reduction, forming FeCo alloy NPs. These alloy particles
acted as catalysts, promoting the graphitization of the surrounding carbon materials and
forming a graphitic coating layer on FeCo particles.

In this work, due to the presence of magnetic NPs in the prepared samples, the
magnetism may influence their EMW absorption capabilities. The intrinsic magnetism
of the materials was measured using a vibrating sample magnetometer (VSM) (Figures
3h-i). According to the Stoner-Wohlfarth theory, materials with high saturation
magnetization (Ms) and suitable coercivity (Hc) can have better magnetic permeability,

thereby improving their ability to store and dissipate magnetic energy [47]. The Ms
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values for Fe-CNRs, Co-CNRs, and FeCo-CNRs are 85.121 emu/g, 94.035 emu/g, and

66.657 emu/g, respectively, with corresponding Hc values of 44.73 Oe, 153.68 Oe, and

77.37 Oe. The moderate Hc values of FeCo-CNRs can optimize the complex magnetic

permeability, reduce EMW reflection, and improve absorption efficiency. However, due

to slight differences in the content of magnetic NPs in the materials and the carbon layer

coating on the particle surfaces, the magnetism has little effect on their EMW

absorption performance.
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Figure 3. XRD patterns of (a) Fe, Co and FeCo-pre, (b) Fe, Co and FeCo-CNRs. (c)

Raman spectra of Fe, Co and FeCo-CNRs. (d) The survey XPS spectra of FeCo-CNRs.

The (e) Fe 2p, (f) Co 2p and (g) C 1s core level XPS spectra of FeCo-CNRs. (h-i)

Magnetization hysteresis loops of Fe, Co and FeCo-CNRs.
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For evaluating EMW absorption performance, Reflection loss (RL) is an essential
metric [48]. The EAB represents the frequency region in which the RL values remain
lower than -10 dB, corresponding to 90% attenuation of incident EMW energy [49].
Regarding RL, FeCo-CNRs achieve a RLmin values of -49.56 dB at 3.7 mm (Figure 4a),
which is nearly 6 times and 4.5 times larger than the RLmin values of Fe-CNRs (-8.42
dB, Figure 4b) and Co-CNRs (-11.03 dB, Figure 4c), respectively. This indicates that
the bimetallic synergistic effect markedly improves the EMW absorption performance
of FeCo-CNRs. More importantly, the EAB of FeCo-CNRs reaches 6.08 GHz (covering
the C to X band, Figure 4d), far exceeding and the Fe-CNRs of 0 GHz (Figure 4¢) and
the Co-CNRs of 0.88 GHz (Figure 4f). This clearly demonstrates the inherent
limitations of single metal components in broadband absorption performance and
confirms the influence of the synergistic effect of Fe and Co bimetals, the degree of
carbon graphitization, and the porous morphology on EMW absorption performance
[50]. Performance evaluations were conducted on FeCo-CNRs with different
thicknesses (Figure 4g). FeCo-CNRs exhibit exceptional EAB performance (>5.84
GHz) within the 1.8-2.2 mm thickness range. Comparative analysis reveals that FeCo-
CNRs demonstrate superior EAB relative to conventional carbon-based EMW
absorbers documented in literature (Figure 4h, Table S2). Moreover, the attenuation
coefficient (o) employing to assess the absorption efficiency of EMW [51]. A higher a
value indicates a faster attenuation rate of the incident EMW. The a value of FeCo-
CNRs ranges from 64.6 to 374.3, which is higher than that of all other samples (Figure

S4), indicating the fastest attenuation rate of EMW.
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The impedance matching value (Mz) is an essential metric for affecting EMW
absorption performance [52]. Generally, when the absorber has an ideal Mz, it
significantly indicates that more EMW can enter the absorber [53]. Figures S5 show
the impedance matching characteristics of Fe-CNRs, Co-CNRs, and FeCo-CNRs. The
Mz of FeCo-CNRs is closer to 1, resulting in excellent EMW absorption performance,
whereas the poorer impedance matching of Fe-CNRs and Co-CNRs reflects their
weaker performance, confirming the limitations of single metal components in EMW

absorption performance.
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comparison to previous reports.

To clarify the mechanism behind the EMW absorption characteristics of FeCo-
CNRs. Figure 5 illustrates the dielectric and magnetic loss characteristics of Fe-CNRs,
Co-CNRs, and FeCo-CNRs within the 2-18 GHz range. The EM parameters of the
absorbers include complex permittivity (e-= &'-j¢") and complex permeability (u-= u'-
ju'), where ¢’ and u' denote the ability to store EM energy, while ¢” and x"" denote the
ability to dissipate EM energy [54, 55]. As shown in Figure 5a, the &’ of FeCo-CNRs
demonstrates a significant advantage in the 2-18 GHz band, with an initial value
reaching 10.78 and remaining above 7 as the frequency increases. However, the &’
values of the single metal systems (Fe-CNRs and Co-CNRs) are all below 7, indicating
that bimetallic FeCo-CNRs facilitate the EM energy storage [56]. Figure 5b illustrates
the curve of ¢”, and from the overall trend, the ¢" values of Fe-CNRs and Co-CNRs are
both below 1, indicating that their dielectric loss capabilities are limited. In contrast,
the ¢” values of FeCo-CNRs remain between 2.78 and 4.31, demonstrating a more
balanced broadband dielectric loss characteristic [57]. This phenomenon may be
explained by the synergistic effect between Fe and Co atoms in the CNRs [58]. From
the perspective of the average dielectric loss tangent value (tande = ¢"/¢’, Figure Sc¢),
FeCo-CNRs, Fe-CNRs, and Co-CNRs are 0.37,0.07, and 0.11, respectively. The values
of FeCo-CNRs markedly exceed those of two other samples, indicating that the FeCo-
CNRs have enhanced dielectric loss capability compared to Fe-CNRs and Co-CNRs
[59]. As shown in Figure S6, Cole-Cole curves of FeCo-CNRs display a larger

semicircular arc accompanied by an extended tail region, suggesting that polarization
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and conductivity loss significantly influence the dielectric loss mechanisms [60, 61].
Magnetic losses mainly include exchange resonance, natural resonance, eddy
current loss, domain wall resonance, and hysteresis loss [62]. Due to the occurrence of
domain wall resonance in the low-frequency region, these can often be neglected [63].
The value of 4’ remains comparatively constant, with the 4’ of FeCo-CNRs averaging
0.28 more than that of the other two samples within the 2-18 GHz range (Figure 5d). It
indicates that the magnetic moment coupling effect of the bimetallic component
effectively enhances the material's static magnetic energy storage capacity [64, 65]. As
seen in Figure Se, FeCo-CNRs exhibit larger x"” values than Fe-CNRs and Co-CNRs,
indicating their stronger magnetic loss ability, confirmed by the magnetic loss tangent
values (tandm = u"/u’, Figure 5f) [66]. Eddy current loss was evaluated by the coefficient
Co (Co=u"("y>f ). As seen in Figure S7, there are strong vibrations in the Co curves
within the 2-18 GHz range suggests that the eddy current loss was not significant in the
three samples. Notably, for all the samples, a discernible peak at approximately 2.0 GHz
is evident in Figure 5f, which is attributable to the natural resonance. However, another
broad peak centered at 10.4 GHz is presented in the FeCo-CNRs, while absent in the
Fe-CNRs and Co-CNRs. According to the previous reports [67], the peak at a high
frequency comes from exchange resonance. Therefore, the magnetic loss of FeCo-
CNRs is enhanced due to the additional exchange resonances that may be caused by the

magnetic coupling effect of FeCo alloys.
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To further elucidate the mechanism of EMW absorption, we compared electronic
characteristics of FeCo/C, Fe/C (FCC), Fe/C (BCC), and Co/C, and pure carbon
materials by analyzing the density of states (DOS) through DFT calculations (Figures
6a). It is clear that FeCo/C, Fe/C, and Co/C display pronounced electronic state peaks
near the Fermi level, with their total density of states in the energy range of -5.0 to 2.6
eV being significantly higher than that of the pure carbon system. Notably, the strong
contribution of the d orbitals near the Fermi surface indicates that the introduction of
metal atoms markedly enhances the electronic activity. From the d-band center (Table
S3), it can be observed that the d-band of FeCo/C is positioned between those of Fe/C
and Co/C, approximately at -1.002 eV, suggesting a certain electronic interaction
between Fe and Co. The orbital hybridization effect between d electrons in metals and

p electrons in carbon near the Fermi level is stronger. This leads to more electrons
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occupying higher energy levels, effectively increasing the electron density near the
center of the d-band and promoting electron hopping and rearrangement. The charge
differential density maps (Figure 6b) reveal the charge redistribution phenomenon
between metal particles and the carbon substrate through the accumulation of red
(dissipation of blue) regions. The red regions accumulate electrons at the interface,
reflecting the interfacial polarization characteristics of metal and carbon [68]. Mulliken
population analysis (Figure 6c¢) more intuitively presents the atomic arrangement
differences in the metal/carbon composite system, showing that electrons
predominantly transfer from Fe/Co atoms to the carbon substrate, forming a stronger
dipole system that enhances the system's relaxation response to EMW. By comparing
the dipole moments of the systems [69, 70], Figure 6d shows that the interfacial dipole
strength of the FeCo/C system (17.23 Debye) is higher than that of the Fe/C (17.02
Debye) and Co/C (14.31 Debye) systems. The dipole enhancement effect partially
arises from the synergistic effect of the Fe-Co bimetallic system, further indicating a

positive impact on polarization loss.
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Figure 6. DOS of (a) FeCo/C, Fe/C (FCC), Fe/C (BCC), Co/C, and C models. (b) The
charge differential density of FeCo/C, Fe/C (FCC), Fe/C (BCC), Co/C, and C
heterointerface. (c¢) Population analysis of FeCo/C, Fe/C (FCC), Fe/C (BCC), Co/C,
and C. (d) The dipole moments of Fe/C, Co/C and FeCo/C.

Figure 7 briefly outlines the EMW absorption mechanism of FeCo-CNRs. First, the
carbon nanorods and embedded FeCo NPs in FeCo-CNRs contribute to both magnetic
and dielectric loss. Second, the surface topography and porous structure facilitate the
transmission path of EMW and optimization of the impedance matching. Carbon
nanorods also promote conductive loss through the generation of a conductive network
in the carrier. Additionally, the carbon defects can serve as polarization centers,

inducing dipole polarization and associated dielectric relaxation under alternating EM
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fields. The combination of alloy particles and carbon materials in FeCo-CNRs creates
interface regions, and the rich heterogeneous interfaces result in space charge
accumulation, triggering strong interfacial polarization. Finally, due to the introduction
of magnetic components in FeCo-CNRs, under the influence of alternating electric
fields, strong magnetic loss capability is induced through natural and exchange
resonances. The EMW attenuation capability is influenced by both magnetic and
dielectric loss, and the combined effect of these mechanisms ultimately optimizes

impedance matching to elevate the EMW absorption capability of FeCo-CNRs.

FeCo alloy particles
&

Exchange resonance

+ t
i i

Defect © Electron
Dipole

Figure 7. EMW absorption mechanism of FeCo-CNRs.
To assess the EMW absorption capability of Fe-CNRs, Co-CNRs and FeCo-CNRs,
simulations were performed. The three-dimensional RCS modeling findings

demonstrate that the FeCo-CNRs have considerable advantages in EMW regulation.
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Figure 8a shows the variation in detection angles from 0° to 180° in the sample's 3D
radar map. Compared to Fe-CNRs and Co-CNRs, the radar scattering signal of FeCo-
CNRs is significantly reduced, indicating that FeCo-CNRs can dissipate more EM
energy [71]. This spatial scattering characteristic is further verified in the two-
dimensional RCS curve (Figure 8b): the oscillation amplitude of FeCo-CNRs is
significantly higher than that of Fe-CNRs and Co-CNRs compared to the PEC substrate.
The RCS reduction analysis (Figure 8c) reveals the synergistic effect of the material
system, with FeCo-CNRs showing a greater reduction effect in different scattering
directions compared to single-metal systems (Fe-CNRs, Co-CNRs). The consistency
between RCS simulation and EMW absorption characteristics further illustrates the
significant advantages of bimetallic systems over single-metal systems, indicating that

bimetal-carbon composites have greater application potential.
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Figure 8. 3D RCS simulations for (a) Fe-CNRs, Co-CNRs and FeCo-CNRs. (b) RCS
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simulated curves of Fe-CNRs, Co-CNRs and FeCo-CNRs. (c) RCS values obtained by
deducting composite from PEC of Fe-CNRs, Co-CNRs, FeCo-CNR.

In addition, to investigate the impact of different synthesis temperatures and Fe and
Co molar ratios on FeCo-CNRs. Figure S8 shows the FeCo-CNRs at different synthesis
temperatures and metal molar ratios. The SEM image reveals that the carbon framework
is not formed well in the sample obtained at 1300 °C (Figure S8a). At 1700 °C, the
carbon framework in the obtained sample is broken, leading to larger bimetal particle
sizes (Figure S8b). When the Fe to Co molar ratio was modified to 1: 2 (Figure S8c),
the obtained sample exhibited irregular morphology. When the Fe to Co molar ratio was
changed to 2: 1 (Figure S8d), the obtained sample shows uniform one-dimensional
morphology composed of porous metal particle embedded in carbon nanorods. Figure
S9a displays the XRD patterns of FeCo-CNRs synthesized at various temperatures. The
samples obtained at several temperatures exhibit little difference in their components.
The samples obtained at the Fe to Co molar ratio of 1: 1 and 2: 1 have similar crystal
phase components (Figure S9b). However, an additional FCC structure of Co is formed
in the sample with an Fe to Co molar ratio of 1: 2 (Figure S9b), which is due to the
higher amount of Co than Fe in the precursor. Except for the sample obtained at 1700 °C,
the EAB values of all other samples exceed 5.2 GHz (Figure S10), indicating that the
synthesis conditions for our magnetic carbon absorbers are widely adjustable. Figure
S11 shows the EAB and RL values of all synthesized samples. It can be seen more
intuitively that the optimal temperature and the ratio of Fe to Co are 1500 °C and 1: 1,

respectively.
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4. Conclusion

In conclusion, we develop a rapid Joule heating method to synthesize FeCo alloy
NPs embedded in porous carbon within 10 seconds. At 1.9 mm, the as-prepared FeCo-
CNRs achieved an EAB of 6.08 GHz, significantly outperforming single-metal
counterparts and most of the reported magnetic carbon-based absorbers. Experimental
results and theoretical calculations indicate that the enhanced EMW absorption
performance of FeCo-CNRs is attributed to the interfacial polarization loss induced by
the interfaces between FeCo alloys and the graphene coating layer, and additional
exchange resonance came from the magnetic coupling effect of FeCo alloys as well as
structural features such as porous and one-dimensional shape. This research presents a
novel method for synthesizing effective EMW absorbers.
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