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Abstract As a lot of electromagnetic pollution and
interference issues have emerged, to overcome electro-
magnetic interference, prevent electromagnetic hazards,
and develop new high-performance electromagnetic wave
(EMW) absorbers have become a significant task in the
field of materials science. In this paper, a three-dimensional
(3D) carbon nanofibers network with core—shell structure,
embedded with varied molar ratios of iron and cobalt (4:0,
3:1, 2:2, 1:3, 0:4), was effectively synthesized (Fe/Co@C-
CNFs) via electrospinning. The phase, microstructure,
magnetic and EMW absorption properties were studied. It
is discovered that Fe/Co@C-CNFs doped with iron:
cobalt = 1:1 have excellent EMW absorption capacity.
When the matching thickness is 1.08 mm, the minimum
reflection loss (RL) value is — 18.66 dB, while the maxi-
mum effective absorption bandwidth (EAB) reaches
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4.2 GHz (13.9-18 GHz) at a thickness of 1.22 mm. This is
owing to the absorbers’ superior impedance matching and
multiple reflections as well as the conductivity, dielectric,
and magnetic losses of carbon nanofibers embedded with
Fe—Co alloy particles. In addition, the radar cross section
(RCS) of the absorbers has been calculated by CST Studio
Suite, showing that the absorbing coating can effectively
reduce the RCS at various angles, especially for Fe/Co@C-
CNFs doped with iron:cobalt = 1:1. These findings not
only provide new insights for the preparation of light-
weight and high-performance electromagnetic wave
absorbers, but also contribute to energy storage and
conversion.

Keywords Electromagnetic wave (EMW) absorbers; Fe/
Co@C-CNFs; Core—shell structure; EMW absorbing
mechanism; Radar cross section (RCS)

1 Introduction

With the increasingly vigorous development of the infor-
mation technology industry, modern communication tech-
nology is developing in the direction of high density, high
integration and wide area coverage [1]. The proliferation of
wireless access stations complicates the electromagnetic
environment and causes severe active/passive electromag-
netic interference issues for electronic devices [2]. It will
not only adversely affect the normal use of information
terminals, but also cause information leakage and pose
security risks [3—6]. Meanwhile, in the field of energy
storage and conversion, electromagnetic wave (EMW)
absorption materials play a significant role in the explo-
ration of advanced solar energy devices and other related
applications [7].
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In general, the preparation of absorbing materials should
take into account both impedance matching characteristics
and attenuation properties of the materials [§]. More EMW
can enter the absorbers with good impedance matching,
and can be absorbed in materials with high attenuation. In
recent years, with the in-depth research of absorbing
materials, scholars have preferred to pursue strong
absorption, light weight, thin thickness and wideband
EMW absorbers [9—12]. The benefits of carbon materials,
such as their vast surface area, low density, superior con-
ductivity, stable chemical and physical properties, and
cost-effective manufacturing cost, have led to their wide-
spread application in EMW absorbers [13—15]. However,
carbon materials also have some shortcomings, such as
single loss mechanism and poor multi-band absorption
performance, high conductivity resulting in serious skin
effect and impedance matching imbalance, narrow
absorption band leading to limited application, etc.
[16-18]. In previous reports, scholars have improved car-
bon materials by designing and adjusting the microstruc-
ture and morphology of carbon materials and compounding
carbon with other functional materials. Numerous resear-
ches have demonstrated that the addition of magnetic
nanoparticles (Fe, Co, etc.) can improve the EMW atten-
uation ability of carbon materials [19-22]. For example,
Wang et al. [23] prepared Fe/C porous nanofibers
(FeCPNFs) by electrospinning, which had three dimen-
sional (3D) cross-linked network structure with low
graphitization degree. The minimum reflection loss (RL) of
FeCPNFs could reach — 56.6 dB at matching frequency
(4.96 GHz) and matching thickness (4.29 mm). And the
effective absorption bandwidth (EAB) was 3.00 GHz with
a thickness of 2.00 mm. Liu et al. [24] synthesized
Fe@Fe;C/porous carbon, whose RL,,;, reached — 56.88
dB at 11.3 GHz with a thickness of 2.11 mm, and EAB
could get up to 5.2 GHz (from 12.9 to 18 GHz) with a
thickness of 1.64 mm. However, to the best of our
knowledge, the absorber is usually achieved with a thick-
ness of more than 2 mm in order to achieve a wider EAB;
that is to say, there have been few studies on overcoming
the extremely thin and light absorbers so far.

In this study, a sequence of carbon nanofibers embedded
with Fe—Co alloy nanoparticles were synthesized via
electrospinning, resulting in vary absorption capabilities.
The effects of varied Fe/Co ratios on the microstructure,
electromagnetic parameters, and absorbing properties were
investigated. When the molar ratio of Fe and Co was 1:1,
the obtained Fe/Co@C-CNFs had the best absorbing
property: the EAB of the nanocomposite fibers reached 4.2
GHz at a thickness of 1.22 mm, and the minimum RL
reached —18.66 GHz at a thickness of 1.08 mm. In addi-
tion, the RCS value of the material coating was calculated
by CST Studio Suite (CST), which verified that the
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absorbing coating could effectively reduce the RCS at
various angles in practical application.

2 Experimental

Fe/Co@C-CNFs were prepared by electrospinning the
solutions with varied ratios of iron and cobalt salt con-
centrations and subsequent heat treatment, as shown in
Fig. 1. First, 1.0 g of polyacrylonitrile (PAN) was dis-
solved in 9.0 g of N, N-dimethylformamide (DMF) and
stirred at 40 °C to fully dissolve. The aforementioned
solution was then supplemented with iron and cobalt
acetylacetonates, making sure that the combined molar
concentration of the two salts was 0.003 mol. The mixture
was stirred at 40 °C to form a uniform precursor solution.
Then, it was drawn using a 20 ml syringe for electrospin-
ning. The electrospinning parameters were as follows: 15
cm collecting distance, 0.04 mm-min~" feeding rate, and
16 kV voltage between the needle’s lip and the aluminum
foil. After the end of electrospinning, the samples were put
into a drying oven at 60 °C for 12 h and pre-oxidized at 240
°C for 2 h. Finally, the pre-oxidized samples were car-
bonized under a nitrogen atmosphere (carbonization con-
ditions were maintained for 2 h at 800 °C) to obtain carbon
nanofibers embedded with magnetic nanoparticles. Under
the same molar of total metal salts, the molar ratios of iron
and cobalt were adjusted from 4:0, 3:1, 2:2, 1:3 to 0:4, and
the corresponding Fe/Co@C-CNFs products were marked
as FANO, F3N1, F2N2, FIN3 and FOC4, respectively.

Phase analysis of the as-synthesized products was per-
formed by powder X-ray diffraction (XRD) on a D/max rB-
2500PC diffractometer at a voltage of 45 kV and a current
of 50.0 mA with graphite monochromatized Cu Ka
(4 = 0.154056 nm) radiation. Raman spectra of Fe/Co@C-
CNFs were recorded on a Raman spectrum (Renishaw in
Via) with a 532 nm laser. The micro-morphology was
analyzed by field-emission scanning electron microscopy
(SEM, SU-70) and high-resolution transmission electron
microscopy (HRTEM, FEI Tecnai F20). The hysteresis
loops of Fe/Co@C-CNFs at room temperature were mea-
sured by a vibrating sample magnetometer (VSM, Lake
Shore, 7404). To prepare a composite material for EMW
measurement, Fe/Co@C-CNFs were uniformly dispersed
in the paraffin matrix with a filler content of 15 wt%. Then
the powder was pressed into a ring with an outer diameter
of 7.00 mm and an inner diameter of 3.04 mm. The vector
network analyzer (VNA, Agilent, E5071C) detected com-
plex permittivity (¢, = ¢ — j&’) and complex permeability
(u, = (' —ju) in the range of 2-18 GHz using the trans-
mission/reflection coaxial line method.

Radar cross section (RCS) is a physical quantity of the
echo intensity generated by the target under the irradiation
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Fig. 1 Schematic diagram of fabrication process of Fe/Co@C-CNFs

of EMW. In order to simulate the application of Fe/Co@C-
CNFs in the real scene, CST was used to build a model of
the absorbing coating (thickness = 1.22 mm) with a bottom
perfect electrical conductor (PEC) substrate (thickness = 1
mm). The model was 200 mm by 200 mm in size and was
placed in the XY plane. The field monitor frequency was set
at 15 GHz (the middle frequency of Ku band). The RCS
values (o, dB~m2) were calculated by Eq. (1):

4nS |E
G = 101g<i5 i

2 E)z M

where S, 4, Es and E; represent the area of the simulation
model, the wavelength of the incident wave, and the
electric field strength of the transmitted wave and the
received wave, respectively.

3 Results and discussion
3.1 Composition and microstructure

The phase composition and structure of Fe/Co@C-CNFs
were examined by XRD presented in Fig. 2a—c. As shown
in the orange circle, they all show a weak broad diffraction
peak at 20 = 26°, which corresponds to the (002) crystal
plane of hexagonal graphite carbon (PDF No. 41-1487),
and the presence of amorphous carbon broadens the
diffraction peak of graphite carbon [25]. The 20 = 44.7°,
65.0°, 82.3° diffraction peaks of F4CO0 are attributed to the
(110), (200), (211) crystal planes of the body-centered
cubic (bcc)-Fe (PDF No. 06-0696) respectively, and the
other diffraction peaks are attributed to Fe;C (PDF No.
76-1877). With the increase in cobalt content, the Fe;C
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diffraction peak of the composite disappears, and the main
diffraction peak (20 =44.7°) of F3Cl belongs to Fe,
indicating that the introduction of cobalt atoms inhibits the
formation of carbides. The diffraction peaks of FeCo
(20 = 31.3°, 44.8°, 55.7°) were observed in F3Cl1, F2C2
and FIC3, corresponding to their (100), (110) and (111)
crystal planes, respectively (PDF No. 44-1433). In addi-
tion, the diffraction peaks of 20 = 44.2°, 51.5° and 75.9° in
F1C3 and FOC4 are attributed to the (111), (200) and (220)
crystal planes of face-centered cubic (fcc)-Co (PDF No.
15-0806), respectively. In fact, cobalt has two structural
phases: fcc and hexagonal close-packed (hcp) phases,
which usually coexist at room temperature and are usually
difficult to separate [26]. Compared with the Joint Com-
mittee on Powder Diffraction Standards (JCPDS) database,
the structure of cobalt in the synthesized nanofibers is
identified as fcc-Co, but not hcp-Co. The fcc structure is a
high-temperature phase of Co, which usually exists only
above 420 °C. The presence of fcc-Co at room temperature
may be due to the small particle nature of the material and
the “quenching effect” [27]. That is to say, the formation
of fcc-Co phase may be due to the presence of graphite.
Metal nanoparticles are basically wrapped by ordered
graphite layers, so that the fcc-Co phase can be stable at
room temperature [28].

In order to further characterize the distribution of carbon
in Fe/Co@C-CNFs, the samples were characterized by
Raman spectroscopy as shown in Fig. 2d [29]. Fe/Co@C-
CNFs show two obvious peaks at 1350 and 1580 cm_l,
corresponding to D peak and G peak, respectively. By
database comparison and analysis, the D peak is produced
by the benzene ring vibration of amorphous carbon, which
can be used to characterize the defect structure and disorder
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Fig. 2 XRD patterns of a F4CO0, b F3C1 and F2C2, ¢ F1C3 and FOC4; d Raman spectra of Fe/Co@C-CNFs

degree of carbon. The G peak is generated by the stretching
vibration of sp” hybridization in graphite carbon [30-34].
The degree of graphitization of carbon materials can be
determined by comparing the intensity ratio of the D peak
to G peak (Ip/lg). In general, the high value of Ip/lg is
regarded as a low level of graphitization. The Ip/Ig values
of the five samples were calculated to be 1.21, 1.16, 1.13,
1.13 and 1.11, respectively. This result shows that the
degree of graphitization (Ip/lg) of carbon remained at a
similar level. Compared with the relevant research, the Ip/
I values of Fe/Co@C-CNFs are higher, proving that there
are a lot of defects and amorphous carbon in Fe/Co@C-
CNFs [35, 36].

In order to learn more about the microstructure and dis-
tribution of metal nanoparticles in Fe/Co@C-CNFs, SEM
tests were performed (Fig. 3). It is evident that the 3D cross-
linked fiber morphology is effectively maintained after car-
bonization. These fibers, whose diameter is distributed from
100 to 300 nm, interweave together to form a conductive
network. The majority of magnetic nanoparticles are uni-
formly distributed on the surface of carbon nanofibers and
come in spherical or irregular shapes. The FOC4 nanoparti-
cles are the densest among the other groups, and as a result,
their impedance matching capabilities are much improved
and magnetic loss can get raised. However, in F1C3, the
distribution of magnetic nanoparticles is not uniform, and
carbon nanofibers have accumulated and agglomerated with

aQ

each other, making it difficult to form continuous fibers,
which may affect its electromagnetic properties.

The microstructures of F2C2 and FOC4 were further
characterized by selected area electron diffraction (SAED),
transmission electron microscope (TEM) and high resolution
transmission electron microscope (HRTEM) in Fig. 4.
SAED patterns are consistent with the results of XRD pat-
terns, indicating that the generated nanoparticles have
polycrystalline properties. Obviously, the near-spherical
protrusions on the nanofibers’ surface could be different-
sized magnetic nanoparticles that are uniformly dispersed
inside or on the nanofibers’ surface, with essentially no
aggregation. The HRTEM image of F2C2 (Fig. 4b) proves
that the near-spherical protrusions are core—shell structure,
and the ordered lattice fringes are observed in the sur-
rounding area. The interplanar spacing is 0.342 and 0.201
nm, respectively, corresponding to the (002) crystal plane of
the outer graphite shell and the (110) crystal plane of the
inner FoCo alloy core. A similar core—shell structure is vis-
ible in the HRTEM picture of FOC4 (Fig. 4e), with an
interplanar spacing of 0.342 and 0.205 nm, respectively,
corresponding to the (002) crystal plane of the outer graphite
shell and the (111) crystal plane of the inner FCC-Co.
However, there are still areas outside of the core—shell region
that lack lattice fringes and are thought to contain amorphous
carbon. Additionally, the HRTEM pictures present a lot of
defects which include point defects, lattice dislocations,

Rare Met. (2024) 43(6):2769-2783
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Fig. 4 TEM, HRTEM and SAED images of a—¢ F2C2 and d—f FOC4

discontinuous lattice fringes and lattice distortion. These
defects typically cause the lattice’s periodicity to be
destroyed, and electrons’ hopping or capture significantly
alters the electric field and electric transport pathway [37].
They can also act as polarization centers to assist in creating
dipole polarization, which increases dielectric loss and

Rare Met. (2024) 43(6):2769-2783

boosts the material’s absorption capacity [38]. On the one
hand, the advantages of this core—shell structure are reflected
in the fact that the outer graphite layer and amorphous carbon
can maximize the oxidation resistance and corrosion resis-
tance of the encapsulated nanoparticles, thus effectively
improving the stability of the EMW absorption performance
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of Fe/Co@C-CNFs nanocomposites in various environ-
ments. On the other hand, the multiple heterogeneous
interfaces between magnetic nanoparticles, interface phase,
graphite, amorphous carbon, and defects can cause more
interfacial polarization and multiple reflections when
exposed to EMW, which helps to improve the EMW
absorption performance of Fe/Co@C-CNFs.

3.2 Magnetic properties

In order to explore the magnetic properties of Fe/Co@C-
CNFs, a vibrating sample magnetometer (VSM) was used to
determine the hysteresis loop at room temperature pre-
sented in Fig. 5. The five samples all show typical soft
magnetic behavior. The saturation magnetization (M) of
F4CO0, F3Cl1, F2C2, F1C3 and FOC4 are 0.03374, 0.05451,
0.05200, 0.04072 and 0.03806 A-m>-g~", respectively, and
they all saturate in the outfield at about 0.8 T. It can be seen
that the saturation magnetization added with single acety-
lacetone iron (F4CO) or acetylacetone cobalt (FOC4) is
relatively weak, while the saturation magnetization of
F3Cl1, F2C2, F1C3 is higher, which is conducive to the
formation of high permeability. As the mole fraction of
cobalt increases, the saturation magnetization gradually
decreases, mainly because the Fe atom has a relatively
higher magnetic moment (compared to the Co atom) [39]. It
is proved that the molar ratio of the doped Fe/Co determines
the saturation magnetization, which further shows that the
composites have strong magnetic loss ability.

The coercivity (H.) is about 0.019 T (F4C0), 0.029 T
(F3C1), 0.045 T (F2C2), 0.025 T (F1C3) and 0.023 T
(FOC4), respectively. The coercivity is substantially higher
than that of the bulk metal, most likely as a result of the
surface anisotropy field due to magnetic nanoparticles’ tiny
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size influence [28]. In general, samples with larger H,
values may be easier to achieve high-frequency resonance
and enhance absorption performance, which can be infer-
red that F2N2 has better absorbing properties [40].

3.3 Electromagnetic absorbing properties

Generally speaking, material absorption characteristics are
strongly connected to electromagnetic parameters. Com-
plex permittivity (& = ¢ — j¢”) and complex permeability
(u, = @' —ju") are two significant characteristics that
determine the absorption effect in the field of EMW
absorption. The real part and imaginary part of the per-
mittivity represent the ability to store charge and dielectric
loss, respectively [41, 42]. The capacity to store magnetic
and magnetic loss are represented, respectively, by the real
and imaginary part of the permeability [43]. The strength
of the material’s dielectric loss and magnetic loss can be
calculated using the ratio of the imaginary part to the real
part of its permittivity and permeability (tand, = ¢’ /¢’ and
tand,, = u" /i) [44].

The complex permittivity and complex permeability of
the material were measured in 2—-18 GHz. As can be seen
from Fig. 6a, b, the real part and imaginary part of the
permittivity exhibit dispersion characteristics throughout
the test frequency band, i.e., decrease with the increase of
frequency, which is due to the dipole polarization [45]. The
imaginary part of the permittivity shows slight peaks in the
test frequency band, which is related to the dielectric res-
onance [46]. It is observed that the &’ of F4CO is much
larger than that of F1C3, which is speculated to be due to
the high conductivity of F4CO with good continuous carbon
nanofibers and the low conductivity of F1C3 caused by the
accumulation of carbon fiber clusters, the destruction of the
electron migration path and the formation of less conduc-
tive network. What’s more, &” is positively correlated with
the conductivity based on the free electron theory (Eq. (2)),
so the &” of F1C3 is much lower [37].

/! o
& = F()_CO (2)

In order to further prove the different dielectric loss
mechanisms in Fe/Co@C-CNFs, the loss mechanism was
analyzed by Debye theory. The equations of this theory are
as follows [47, 48]:

& — &
g = H—To; + €% (3)

" " " & — & o
& =& Fe =0T —F5+—— 4
p e 14+ w?1?2  gw )
where ¢ and ¢, are the permittivity under electrostatic field
and high frequency, respectively; w is angular frequency; 7 is

the relaxation time related to frequency and temperature; & is

Rare Met. (2024) 43(6):2769-2783
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the dielectric constant of free space; sl’o’ and ¢! are polarization
loss and conductivity loss, respectively. Polarization loss
refers to the relaxation phenomenon in the “aggregation-
dispersion” process of charge or the ‘“orientation-
deorientation” process of polarization sites on various
heterostructures. However, the conductivity loss typically
occurs on the local microcurrent network when aggregation-
induced charge transportation is stimulated by alternating

Rare Met. (2024) 43(6):2769-2783

electromagnetic fields [49]. According to the above
equations, the ¢’ of F4CO decreases significantly with the
increase of frequency, indicating that it is dominated by
conductivity loss. This is due to the interlaced connection of
the composite fibers stimulating the structure of the
conductive network and the electronic transition at the
fiber junction increasing conductivity loss. Since the
changing trend of the other groups’ ¢” is not obvious, it is

a
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assumed that the loss is a combination of conductivity loss
and polarization loss. Combine Eqs. (3) and (4) to getEq. (5)
[50, 51]:

(0252 e = (55 ®

It is clear that the graph obtained from Eq. (5) is a
semicircle, which is called Cole—Cole graph (Fig. 6j, k).
Each polarization relaxation process corresponds to a
semicircle. In particular, the Cole—Cole curves of F4C0 and
F1C3 are particularly different: most part of the Cole—Cole
curve of the former is similar to straight lines, indicating
that the main loss is conductive loss and the conductivity is
high; in the latter, no straight line-like part is observed,
which proves that its conductivity is not good and there is
almost no conductive loss [52]. This confirms the
speculation that their large difference of &’ depends
mostly on their conductivity. However, the existence of
multiple semicircles in the Cole—Cole plots indicates the
presence of multiple polarization loss. Traditionally, the
polarization  includes ion  polarization, electron
polarization, dipole polarization and heterogeneous
interface polarization. However, the ion polarization and
electron polarization are not considered here, because the
corresponding relaxation frequency (10°-10° GHz) is
much higher than the microwave frequency. Therefore,
the polarization relaxation loss (2-18 GHz) can be mainly
attributed to dipole polarization and interface polarization
[49]. Fe/Co@C-CNFs composites have non-uniform
charge distribution and dipole polarization centers due to
the destruction of the graphite lattice by magnetic
nanoparticles. Additionally, the numerous heterogeneous
interfaces between magnetic nanoparticles, interfacial
phase, amorphous carbon, paraffin and core—shell Fe/
Co@C can produce significant interface polarization loss
[53-55]. That is to say, the electromagnetic energy will
therefore be converted into thermal energy for further
attenuation by the periodic repeating reaction of these
polarization centers [37].

The frequency dependence of the real part and imagi-
nary part of complex permeability and magnetic loss tan-
gent of Fe/Co@C-CNFs are presented in Fig. 6d—f. Due to
the existence of magnetic nanoparticles, magnetic loss
becomes another quite important factor influencing the
EMW absorption effect. The curves of tand, value of
F4C0, F2C2 and F1C3 are consistent with the trend of the
imaginary part of the permeability curve while the value
fluctuates between —0.1 and 0.2. F3C1 and FOC4, how-
ever, they decrease rapidly in the range of 2-5 GHz. It is
well known that the magnetic loss in the 2—18 GHz band is
mainly due to eddy current effect, natural resonance and
exchange resonance [56]. The eddy current loss can be

characterized by C, value Co = u” (i) *f") [57]. If the
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magnetic loss is derived from the eddy current effect, then
the value of C, should remain near a constant with the
change of frequency. As shown in Fig. 61, C, fluctuates
very little in 5-18 GHz, which infers that the magnetic loss
of the material in this frequency band is mainly from the
eddy current effect. The values of Cy of F3C1 and FOC4
vary greatly with frequency in 2-5 GHz, so natural reso-
nance and exchange resonance may take the upper hand in
this frequency bands. The natural resonance frequency can
be determined by the following formula [58].

2nf, = rH, (6)
H, = 4]K1|/3poM; (7)

where f, is the natural resonance frequency, H, denotes the
anisotropy field, r denotes the gyromagnetic ratio, and K; is
the anisotropy coefficient. Calculated by this formula, the
natural resonance frequency is usually between 2 and 10
GHz. Additionally, exchange resonance always occurs in
higher frequency bands (10-18 GHz) [49]. Therefore, it
can be deduced that the magnetic loss of F3C1 and FOC4
diminishes significantly more quickly in the 2-5 GHz
range due to natural resonance, whereas the magnetic loss
in the 5-18 GHz range is mostly caused by eddy current
loss. Three weak peaks can also be observed in the graph of
W’ in 13-16 GHz range which are attributed to the
exchange resonance, while two peaks in 3—6 GHz range
reveal the natural resonance.

Based on the theory of EMW transmission lines, the
impedance of free space is represented by Z, (Zy = 376.7
Q) and the impedance of dielectric material surface is
represented by Z;, for infinite thick (or enough thick) plane
absorbing material. The RL can be obtained as follows[59]:

Zin - Z()
Zin + 72y

RL = 20Ig

(3)

3D, 2D and 1D reflection loss graphs were created to
assess the EMW absorption capabilities in Figs. 7, S1. In
general, RL = —10 dB means that 90% of EMW is
absorbed. The RL < —10 dB band range is called EAB.
From Fig. S1a, b, it can be seen clearly that the RL of F4C0
is higher than —10 dB, so there is almost no absorbing
performance. From Fig. 7, however, the minimum RL of
F3C1/F2C2/F1C3/F0C4 is —50.70 dB/—18.66 dB /—14.36
dB /—48.28 dB when the thickness of the absorber is 4.26
mm/1.08 mm/5.00 mm/1.32 mm, respectively. When the
thickness is 4.68 mm/1.22 mm/5.00 mm/1.41 mm, the
maximum EAB is 3.4 GHz (4.7-6.1 GHz and 15.3-17.1
GHz)/4.2 GHz (13.9-18 GHz)/0.8 GHz (17.3-18 GHz)/4.1
GHz (13.3-17.3 GHz), respectively. Overall, F2C2 has
better absorption performance, which can achieve stronger
and wider absorption effect in a thinner thickness. In
Table 1, the EMW absorption properties of Fe/Co@C-
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Fig. 7 3D reflection loss graphs: a F3C1, b F2C2, ¢ F1C3 and d FOC4
Table 1 Comparison of EMW absorption properties of carbon nanofibers prepared by electrospinning
Samples Filler loading / wt%  Minimum RL values RL < —-10 dB Refs.
RLmin / dB  Matching thickness / mm d/ mm EABnax/ GHz
Ni/MnO-CNFs 15 - 53.23 2.30 2.90 6.50 [47]
CoFe,0,4/FeCo- 50 - 38.10 2.50 - 4.10 [60]
CNFs
Ni/NiO-CNFs 10 — 47.90 3.00 2.55 4.50 [61]
C/SiO,@Fe/Co- 30 — 59.60 1.43 - 4.60 [62]
CNFs
FeNi-CNFs 30 —24.80 2.70 1.80 4.40 [63]
CNFs 10 —12.75 2.20 2.40 5.04 [64]
F2C2 15 — 18.66 1.08 1.22 4.20 This work

CNFs are compared with those of other nanocomposites
studied recently, which reveals that this work has the
benefit that it realizes a relatively wide EAB (4.20 GHz) at
a very thin thickness (1.22 mm). This offers a fresh thought
for the development of lightweight high-performance

microwave absorbers [47, 60-64].
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Impedance matching characteristic (Fig. 8a—e) is an
important factor for absorbing ability of materials, which
determines whether EMW can enter the interior of
absorbing materials. The impedance matching Z. can be
calculated by Eq. (9), where f represents the frequency,

c is the propagation velocity of light in vacuum, and
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Fig. 8 Impedance matching diagrams: a F4CO, b F3C1, ¢ F2C2, d F1C3 and e FOC4; f plots of attenuation constant

d represents the thickness of the absorbing material
[65, 66].

2mfd
Z, = Zin/Zo = \/Etanh (“—f \/E)
& c &

In general, the closer the value of Z, is to I, the closer the
material’s surface impedance is to the impedance of air,
and the easier it is for EMW to enter the interior of the
absorbing material without reflections [67]. It can be
concluded that when the thickness of the absorber is
relatively thin, the area with better impedance matching of
the sample is mainly concentrated in the high frequency
stage. The area between the dotted lines represents the Z;
value between 0.8 and 1.2. It is clear that even if FACO has
high dielectric properties, the Z. value deviates from 1.0,
which is the most important reason why its absorbing
property is poor. Moderate dielectric qualities are therefore
crucial in the design of absorption materials since either
high or low dielectric characteristics can result in
impedance mismatch [68]. In contrast, the area of Z,
between 0.8 and 1.2 of F3C1, F1C3 and FOC4 is relatively
large, which indicates that these groups can mostly achieve
the effect of making more EMW enter the material with
little reflection at a low thickness. F3C1, F1C3 and FOC4
have good impedance matching but cannot obtain better
EMW absorption, which is attributed to another factor
affecting EMW  absorption, namely attenuation
characteristic («). It determines the absorbing ability of
materials calculated by Eq. (10) [69, 70].

©)

aQ

V2nf

c

o=

\/('u”g” _ ‘ulsl) + \/(‘u”g” _ ulsl)z + ('ulgl/ _ #//8/)2
(10)

Figure 8f illustrates the increasing attenuation constant
of the material with frequency, especially at high
frequency. The attenuation constant of F4CO is
significantly larger than those of the other four samples,
which may results from its high &”, suggesting that it has
the best EMW attenuation ability. The above analysis
shows that although the attenuation constant of F4CO is the
largest, its absorbing performance is not good, which
further shows that the absorbing performance is determined
by not only electromagnetic attenuation characteristics but
also impedance matching.

Based on the above discussion, the EMW absorption
mechanism of Fe/Co@C-CNFs is proposed as shown in
Fig. 9. First, on a macroscale, embedding magnetic
nanoparticles improves impedance matching, ensuring that
EMW can efficiently enter the interior of absorbing mate-
rials. Secondly, on the mesoscopic scale, the multiple
heterogeneous interfaces between magnetic nanoparticles,
interface phase, graphite, amorphous carbon, defects and
paraffin cause multiple reflections and absorption of EMW,
which enhances the absorbing ability. The 3D cross-linked
network structure of the composite material also increases
the reflection of the EMW between the fibers, expands the
propagation path, and improves the opportunity for the
EMW to be absorbed by the composite materials. Finally,
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at the microscopic scale, the electron migration and hop-
ping in the 3D conductive network composed of Fe/Co@C-
CNFs generate a distributed microcurrent; moreover, the
magnetic nanoparticles loaded on the fiber surface improve
the conductivity of the fiber and enhance the conductive
loss. The strong dielectric loss is mainly derived from
dipole polarization and interface polarization. The former
is mainly due to the destruction of graphite lattice by
magnetic nanoparticles, resulting in uneven charge distri-
bution as well as various structural defects and functional
groups, while the latter is caused by multiple heteroge-
neous interfaces. Magnetic loss is primarily caused by
natural and exchange resonance, as well as eddy current
loss, which is primarily caused by magnetic particles.

3.4 RCS simulation results

Absorbers are often coated on the surface of the substrate
to reduce the far-field RCS. In order to test the actual
performance of Fe/Co@C-CNFs, the CST studio suite was
used to model PEC substrate with a size of 100 mm x 100
mm X 1 mm and coated with 1.22 mm of F3Cl1, F2C2,
F1C3 and FOC4 coating, respectively [71]. When at 15
GHz and ¢ =0° Fig. 10a, ¢ shows 3D RCS of the
uncoated PEC substrate and the substrate coated with
F2C2, respectively, demonstrating that the far-field RCS of
the latter is significantly reduced compared with the for-
mer. In order to quantify the specific RCS reduction,
Fig. 10b, d gives the 1D RCS plots in the angle range from
— 90° to + 90° and the RCS reduction compared with
PEC at 0°, 15°, 30° and 45°, respectively. Each group has
different contributions to RCS reduction. Especially at
6 = 15°, the contributions of F3C1, F2C2, F1C3 and FOC4
to RCS reduction reach 3.821, 13.065, 0.729 and 10.615
dB-m?, respectively. At all detection angles, the RCS
reduction value of F2C2 coating is much larger than that of
the other three coatings (11.862, 13.065, 2.25 and 4.42
dB-m? at 0°, 15°, 30° and 45°), which confirms the con-
clusion that F2C2 has the best absorbing performance from
another point of view. Fe/Co@C-CNFs are obviously
successful in reducing RCS, which has significant practical
implications for the development of lightweight high-per-
formance absorbers.

4 Conclusion

In this paper, carbon nanofibers embedded with Fe-Co
alloy nanoparticles were prepared by electrospinning and a
high temperature pyrolysis carbonization process. The
prepared carbon nanofibers exhibit a 3D cross-linked net-
work structure, and the magnetic nanoparticles are evenly
distributed on their surface. The core—shell structure

aQ

formed by the magnetic nanoparticles and graphite lays a
foundation for the stable performance of the absorbers.
Better absorption qualities can be found in F2C2: the
minimum RL of F2C2 is —18.66 GHz at 1.08 mm thick, and
the maximum EAB is 4.2 GHz (13.9-18 GHz). The EMW
loss mechanism mainly includes appropriate impedance
matching, strong conductivity loss, dielectric loss and
magnetic loss. By CST simulating verification, the RCS
reduction results of F2C2 coating contribute up to 11.862,
13.065, 2.25 and 4.42 dB-m” at 0°, 15°, 30° and 45°,
respectively. This work exemplifies a superior design
strategy for 3D networked carbon nanofibers embedded
with Fe-Co alloy nanoparticle systems, shedding light on
the future synthesis of lightweight, high-performance
EMW absorbers, which have great application potential in
energy storage and energy conversion.
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