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Abstract

As an excellent microwave absorption material, the in-depth study of carbon-based nanofibers’ absorbing mechanism is of
great significance for subsequent applications. In this paper, carbon/SiO, core-sheath nanofibers with Co-Fe nanoparticles
embedded in were synthesized by electrospinning and carbonization. The morphology, microstructure, magnetic properties,
and microwave absorption performance of the composite nanofibers were characterized in detail. The results show that the
maximum reflection loss (RL) could reach to —59.6 dB, and the maximum effective absorption bandwidth (RL < —10 dB)
achieved 4.6 GHz with only 1.43 mm thickness. It is indicated that the introduction of SiO, improved the impedance match-
ing, and formed a large number of heterogeneous interfaces with carbon nanofibers and Co-Fe nanoparticles, resulting in the
interfacial polarization. Co-Fe nanoparticles could enhance the magnetic loss by small size effect, while the graphite lattice
was damaged to a certain extent, causing the dipole polarization. This work provides an effective idea for the synthesis and

performance optimization of high-performance microwave absorption materials.

Keywords Co-Fe@C/SiO, nanofibers - Electrospinning - Wave-absorbing mechanism - Core-sheath structure

1 Introduction

In recent years, with the development and maturity of elec-
tromagnetic (EM) wave technology, the popularity of wire-
less communication has not only brought great convenience
to people, but also brought serious problems such as EM
radiation and EM interference, resulting in the control failure
of electronic equipment and poor communication quality.
Moreover, some studies even indicate that EM radiation even
poses a potential threat to human life and health [1-6]. In
the military field, the burgeon of radar technology also puts
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forward higher requirements for stealth technology used in
military equipment such as fighter jets and destroyer [7—10].
In order to solve the above problems, it is urgent to develop
a material with efficient microwave absorption properties.

The key point to obtain this high-performance microwave
absorption material is to achieve both the impedance match-
ing and ample EM attenuation capability. Generally speak-
ing, the design of microwave absorption materials mainly
includes these two aspects. Among them, impedance match-
ing is to make the incident EM wave illuminate in the mate-
rial smoothly without being reflected out [11, 12], and EM
attenuation is to convert the incident EM wave energy into
thermal energy [13, 14], so as to achieve the purpose of
absorbing EM wave. The specific expressions of these two
characteristics are calculated by permittivity and permeabil-
ity, so the EM parameters of the material itself become an
especially important standard for material selection.

Up to now, there are many kinds of materials used in
microwave absorption, such as ferrites, magnetic metals,
and carbon materials. For ferrites and magnetic metals, high
density and unstable high temperature performance limit
their application [15, 16]. Carbon materials represented by
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graphene, carbon nanotubes, and carbon nanofibers have
been widely used in the preparation of EM wave absorp-
tion materials because of their excellent conductivity, large
specific surface area, low density, low cost, and stable
physicochemical properties [17-23]. As a one-dimensional
structural material, carbon nanofibers can form a conductive
network, while the larger length-diameter ratio promotes the
conduction of electrons and greatly increases the conductiv-
ity loss of the material. However, simple carbon materials
will cause impedance mismatching because of their high
conductivity, resulting in a considerable number of incident
EM waves being reflected on the surface of the material,
which cannot give full play to its excellent EM attenua-
tion characteristics. Therefore, it is a method widely used
by researchers to composite carbon materials with other
materials and optimize the microwave absorbing proper-
ties of materials through the structure and coordination of
multi-components. For instance, Zhang et al. prepared Fe @
Fe;0,-C nanocomposites, whose special core—shell structure
effectively improves the dielectric loss and magnetic loss,
the maximum RL can reach —48.36 dB, with the maximum
effective absorption bandwidth up to 7.9 GHz at a thickness
of 2.27 mm [24]. Lv et al. pyrolyzed Co-based metal organic
framework into composite materials containing Co magnetic
nanoparticles embedded in porous carbon matrix. The maxi-
mum RL reached —35.3 dB, and the effective absorption
bandwidth was 5.8 GHz corresponding to a thickness of
2.5 mm. It was found that the porous structure and the syn-
ergistic effect of multi-components significantly enhanced
the EM wave absorption [25].

Although great breakthroughs have been made in the
research progress, it is still a problem to find more suitable
material for high performance. Co-Fe nanoparticles not only
have the loss characteristics of traditional magnetic EM
wave absorption materials, but their small size effect and
surface effect can also further improve the wave-absorbing
properties of magnetic EM wave absorption materials [26],
so they are a type of wave-absorbing materials with great
application value and development prospect. Despite that the
absorbing properties of carbon materials compounded with
ferrites or magnetic metals can be substantially improved,
the introduction of these magnetic materials also leads to
the increase of conductivity which results in impedance
mismatch, so it is necessary to choose a material to balance
its permittivity. SiO, is a kind of easily available dielectric
with low permittivity. When it exists alone, it can only be
used as a wave-transparent material, but when compounded
with carbon material, its permittivity can be adjusted. When
the content of SiO, is opportune, impedance matching can
be improved obviously, and it also brings more interfaces,
enhancing interfacial polarization.

In this work, carbon nanofibers, carbon nanofibers
embedded in Co-Fe nanoparticles (Co-Fe @CNFs), and
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carbon/SiO, core-sheath nanofibers embedded in Co-Fe
nanoparticles (Co-Fe@C/SiO,NFs) were successfully
prepared by electrospinning and carbonization. SiO, was
uniformly coated on carbon nanofibers, which effectively
improved their impedance matching, while the addition of
Co-Fe nanoparticles significantly reduced the matching
thickness of the materials, so that the material has excel-
lent wave-absorbing properties in the case of thin thickness.
The results show that the microwave absorbing properties of
carbon nanofibers and carbon nanofibers embedded in Co-Fe
nanoparticles are inferior due to impedance mismatch, and
the uniform coating of SiO, on the basis of Co-Fe @CNFs
dramatically improves the impedance matching of the mate-
rials, which not only gives sufficient scope to the original
attenuation ability of the materials, but also enhances the
dipole polarization and interfacial polarization. As a result,
high-performance microwave absorption materials have
been obtained.

2 Experimental
2.1 Synthesis of samples

1.0 g polyacrylonitrile (PAN) was added to 8.0 g N,
N-dimethylformamide (DMF) and fully dissolved by mag-
netic stirring at 40 °C. 0.4979 g iron acetylacetonate (IA)
and 0.5021 g cobalt acetylacetonate (CA) (the molar ratio of
Fe to Co was 1:1) and 1 mL tetraethyl orthosilicate (TEOS)
were added to the solution and stirred overnight at 40 °C to
form a homogeneous precursor solution. A 20 mL syringe
is used to aspirate the precursor solution for electrospinning.
The parameters of electrospinning are as follows: the volt-
age between the lip of the needle and the aluminum foil was
13 kV with the collection distance of 15 cm, and the feeding
rate was 0.04 mm/min. Then, the polymer-based precursor
fiber was dried in a drying oven at 80 °C for 12 h, and the
dried sample was pre-oxidized in a tube furnace at 240 °C for
2 h. After pre-oxidation, the sample was carbonized in nitro-
gen atmosphere at 750 °C for 2 h to obtain the Co-Fe@C/
SiO,NFs, denoted as CFCS. The formation of core-sheath
structure can be attributed to the phase separation effect
[27]. Due to the difference of solubility between TEOS and
PAN during the electrospinning process, the volatilization
of the surface solvent would promote the formation of a thin
layer of solute enrichment on the surface when the fibers
were spun out from the nozzle. At the same time, the solute
with high solubility in the solution was easier to dissolve,
making the insoluble TEOS remain in the outer layer. After
carbonization, the fibers with the layer of SiO, and the core
of carbon were formed. Meanwhile, both Co-Fe/C compos-
ite nanofibers without SiO, and carbon nanofibers, denoted
as CFC and CNFs respectively, were prepared by the same
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Fig. 1 Schematic diagram of the fabrication process of CFCS (a) and the formation of core-sheath structure (b)

method as reference group. The specific synthesis process
and the formation of the core-sheath structure are shown
schematically in Fig. 1.

2.2 Characterization

The crystal structure and phase composition of the samples
were characterized by X-ray diffraction (XRD, 2500PC)
with a Cu Ka radiation source. The micro-morphology of
the samples was analyzed by field-emission scanning elec-
tron microscope (SEM, SU-70) and transmission electron
microscope (TEM, JEOL JEM-2100). The graphitization
degree of the sample was detected by Raman spectrum
(Renishaw in Via). The hysteresis loop of the sample at
room temperature was measured by a vibrating sample mag-
netometer (VSM, Lake Shore, 7404). In order to measure the
microwave absorbing properties of the samples, the prepared
CNFs, CFC, and CFCS were mixed with paraffin wax at a
mass fraction of 30% to form uniform coaxial rings denoted
as CNFs30, CFC30, and CFCS30 with a thickness of about
2.5 mm, an outer diameter of 7.0 mm, and an inner diameter
of 3.0 mm. The complex permittivity (¢, = ¢ — je’’) and
complex permeability (u, = u’ — ju'") of the samples were
measured in the frequency range of 2—18 GHz by vector
network analyzer (Agilent, E5071C). The method for meas-
uring was coaxial transmission/reflection mode, and the cali-
bration was strictly performed before measurement. Then,

the absorbing properties of the materials were expressed by
calculation.

3 Results and discussion

Figure 2a shows the XRD spectrum of CNFs, CFC, and
CFCS. The wide peaks of the three samples around 25°
correspond to graphite. The peaks are broadened due to the
presence of amorphous carbon. Different from CNFs and
CFC, CFCS has two weak peaks around 22° to 25°, and the
peak at a smaller angle can be considered to be caused by the
low crystallization degree of SiO,. The peaks of CFC and
CFCS at 44.8°, 65.3°, and 82.7° refer to the (110), (200),
(211) crystal plane of Co-Fe 28 (JCPDS No. 49-1567),
respectively, which proves that Co-Fe@C/SiO,NFs have
been successfully prepared.

The SEM images of the three samples are shown in
Fig. 3a—c, from which we can see that the fibers of these
samples are connected to each other and exhibit a three-
dimensional grid structure. At high magnification, the
diameter of the fibers can be observed between 150 and
300 nm (Fig. 3d—f). For CNFs, the surface is smooth and
homogeneous, while the surfaces of CFC and CFCS are rela-
tively rough, with granular protuberances. It can be inferred
that the fine grains uniformly distributed on the fiber are
Co-Fe nanoparticles reduced by carbon at high temperature.
The microstructure of CFCS is also analyzed by TEM. As
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Fig.2 XRD patterns (a), Raman spectra (b), and magnetic hysteresis loops (¢) of CNFs, CFC, and CFCS

shown in Fig. 4, the size of the particles embedded on the
surface of fibers is about 15 nm (Fig. 4a). In Fig. 4b, the
crystal plane spacing of the particles is 0.202 nm, which
corresponds to the crystal plane of Co-Fe alloy. In addi-
tion, the selected-area electron diffraction (SAED) pattern
corresponds well to the results of XRD patterns, indicating
that the generated Co-Fe nanoparticles have polycrystalline
properties (Fig. 4d). For the surface of the particles, it can
be found that there is a cover with crystal plane spacing of
0.404 nm (Fig. 4b), which corresponds to the crystal plane
of Si0,, proving that the surface SiO, is coated on carbon
nanofibers. This structure can improve the oxidation resist-
ance and corrosion resistance of the materials, and more
importantly, it can improve the impedance matching of the
materials, which is conducive to the improvement of micro-
wave absorption properties. Figure 4c indicates that the SiO,
layer also provides generous interface between carbon and
Co-Fe nanoparticles, which effectively enhances the inter-
facial polarization.

The carbon in the sample is divided into amorphous
carbon and graphite carbon. Because the carbon atoms in
graphite carbon combine with the adjacent three carbon

Fig.3 SEM images of CNFs (a,
d), CFC (b, e), and CFCS (c, f)
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atoms with a 6 bond by sp® hybridization, the six carbon
atoms form a regular hexagonal ring in the same plane,
which extends into a layered structure. Each carbon atom in
the same layer has a p orbital containing a 2p electron, form-
ing an extended © bond, and the electrons can move freely
in the plane; therefore, graphite carbon has conductivity,
and the degree of graphitization of materials has become an
important factor to determine the electrical conductivity of
materials [28]. For the Raman spectrum measured as shown
in Fig. 2b, we can see that there are two obvious broad peaks
near 1340 cm™~! and 1590 cm™!, which represent the D-band
of amorphous carbon and the G-band of graphite carbon
[29], respectively. The intensity ratio of D-band to G-band
(Ip/Ig) can be used as a standard to measure the degree of
graphitization. The I/I; values of the three samples are
0.470, 0.741, and 0.751, respectively, which shows that with
the introduction of Co-Fe nanoparticles, the graphite lat-
tice in the sample is destroyed greatly, resulting in many
defects and amorphous carbon, resulting in the decrease of
the value.

Due to the introduction of Co-Fe nanoparticle, the hyster-
esis loops of three kinds of samples were tested by VSM. As
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Fig.4 TEM and HR-TEM images of CFCS (a—c) and SAED pattern
of CFCS (d)

shown in Fig. 2c, CNFs are non-magnetic and their meas-
urement curve is a horizontal straight line. The saturation
magnetization (M) of CFC and CFCS is 37.7 emu/g and
29 emu/g, respectively, and the coercivity (H,) is 400 Oe.
Compared with single Co-Fe alloy, it has a higher coerciv-
ity, because the size of Co-Fe nanoparticles in the sample
is only about 15 nm. It is caused by the increase of surface
anisotropy field resulting from its small size effect [26].

In general, the value of RL represents the ability of the
material to absorb and lose EM wave, and it is the key stand-
ard to evaluate the absorbing performance of the material. It
is calculated according to the transmission line theory and the
metal backplane model [30, 31]:
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where Z,, and Z, represent the input impedance of the sample
and the air, f is the frequency, c is the propagation velocity
of EM wave in vacuum, and d is the thickness of the sample.

In order to apply absorber in real life, the RL less
than —10 dB is selected as the benchmark for effective
absorption of EM waves. For example, Fig. 5 shows the
three-dimensional RL of three kinds of samples, which
can more intuitively compare the diversity of EM wave
absorption between different materials. The maximum RL
of CFCS30 is —59.6 dB (Fig. 5a), while that of CFC30 and
CNFs30 is only —12.7 dB and —10.2 dB (Fig. 5b and c).
Accordingly, CFCS30 has the widest effective absorption
bandwidth of 4.6 GHz at 1.43 mm, and that of CFC30 is
only 3.1 GHz at 1.09 mm. For CNFs30, there is almost no
effective absorption bandwidth. After comparison, it can
be concluded that CNFs have the worst wave-absorbing
properties without loading anything. After the introduction
of Co-Fe nanoparticles, the effective absorbing bandwidth
is slightly increased and the matching thickness is also
reduced. But it still cannot meet the demand. On the basis of
CFC30, Si0O, is further added to coat the surface of carbon
nanofibers. It is found that although the matching thickness
becomes thicker, the absorption intensity and the effective
absorption bandwidth are significantly enhanced. Obviously,
under the condition that the matching thickness is as thin as
possible, these two targets are crucial for the evaluation of
wave-absorbing properties.

Table 1 shows the absorption ability of carbon-based
absorbers recently reported in the literature. After com-
parison, it can be found that CFCS30 has thinner thickness
and higher absorption strength than other absorbers. There-
fore, the results indicate that Co-Fe@C/SiO,NFs have the
potential to become ultra-thin and efficient wave-absorbing
materials.

Then, we explore the reason why the absorbing per-
formance of CFCS30 is so excellent; the EM parameters
of three kinds of samples are analyzed. In order to get a
well understanding of wave-absorbing mechanism, both
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Fig.5 3D reflection loss curves of CFCS30 (a), CFC30 (b), and CNFs30 (c)
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Table 1 Microwave absorption
ability of carbon-based absorber
in recent reports

Sample RL,,;, (dB) Effective bandwidth Matching thickness Ref

(GHz) (mm)
N-doped graphene foams -539 4.56 2 Liu et al. [14]
NC@Co/NC carbon nanocages  —52.5 4.4 2.2 Liuetal. [17]
SiC/carbon hybrid nanofibers -36 4.1 1.5 Huo et al. [19]
Co-C nanofibers -33.1 4.1 1.5 Shen et al. [32]
Porous hollow Ni/C composites  —55.4 44 1.61 Wau et al. [37]
N-doped carbon nanofibers —48.67 4.9 1.53 Jian et al. [47]
Co-Fe@C/SiO, nanofibers -59.6 4.6 1.43 This work

permittivity and permeability of the three different kinds
of samples are investigated by VNA. As well known, the
EM parameter is the most important factor affecting the EM
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shown in Fig. 6, the real part of the permittivity of the three
samples shows a downward trend (Fig. 6a), which is due to
the lagging of the dipole polarization response relative to
the variation of the electric field at high frequency increases.
It is a typical dispersion behavior and often occurs in car-
bon materials [33, 34]. With the addition of Co-Fe nano-
particles, the real part and imaginary part of permittivity
increase apparently, but after the introduction of SiO,, the
real part of permittivity decreases, and the imaginary part
is even lower than that of CNFs30 (Fig. 6a and b). It can be
conjectured that Co-Fe nanoparticles as metal increase the
conductivity of the material, while the insulator SiO, coat-
ing on the surface of carbon fiber decreases its conductivity
to a great extent, which leads to the change of the imaginary
part of permittivity. Its anti-dispersion ability has also been
improved. In order to further explore the role of SiO,, Co-Fe
nanoparticles in EM wave absorption, the loss mechanism
is analyzed by Debye theory. The equation of this theory is
as follows [35, 36]:

E,—€

! _ s 00

£ =€, ,+ —1 PP 3
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N
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where €, and € are the permittivity of samples at electro-
static field and high frequency. w refers to the angular fre-
quency. 7 represents the relaxation time related to frequency
and temperature. g, is the permittivity of free space. e[’,’ and
¢”/ mean polarization loss and conductive loss. In this equa-
tion, we obtain that e; /= wigo; it just illustrates the problem

of the change of conductivity before. From Fig. 6a and b, it
can be seen that the imaginary part of permittivity of
CNFs30 and CFC30 decreases with the increase of fre-
quency. Through Eqgs. (3) and (4), it can be determined that
the dielectric loss of these two samples is mainly conductive
loss, while for CFCS30, the imaginary part of permittivity
increases with the increase of frequency, which shows that
polarization loss is the main loss mode [37]. Then, combine
the above two equations to get the following equation:

2 2
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From the above equation, we can detect that the drawing
should be a semicircle, which is called a Cole—Cole semicir-
cle. Each semicircle represents a Debye relaxation process.
Figure 7a—c shows the Cole—Cole diagram of three samples.
For CNFs30, because of its high degree of graphitization
(Fig. 2b can prove it), few defects, and single composition,

—_
(2)
~—

9 4
2 —e—CFCS30 2 —e—CFC30 220 —e—CNFs30
= = 284 =
£ 8+ E E
£ £ £
= =24 4 =
371 g 816
s s s
£ 61 £ 20 £
© © [
o o Q45 |
251 216 >
© © ©
£, £ £
g 812 g
E E E 81
34
—————— T 8 T T T T T T
10 11 12 13 14 15 16 17 18 19 10 15 25 30 35 5 10 15 20 25
Real part of permittivity Real part of permittivity Real part of permittivity
d e f
( )1.6 ( )0.5 ()0.35
14] —=—CNFs30 0.30 4
= —s—CFC30 - —=—CFC30
g 12{ —+—CFCS30 s 0.25 - —e—CFCS30
g 2
S 104 K] 0.20 -
2 8
o 08 o & 0.15
L o
= q b~ .
§ 06 8 0.10
T 0.4 g 0.05
o =
0.2- 0.00 -
0.0 v T T T T T T 0.4 T T T T T T 0.05 T T T T T T T
2 4 6 8 10 12 14 16 18 2 4 6 10 12 14 16 18 2 4 6 8 10 12 14 16 18

Frequency(GHz)

Frequency(GHz)

Frequency(GHz)

Fig.7 Cole—Cole diagram of CFCS30 (a), CFC30 (b), and CNFs30 (c), dielectric loss tangent (d), magnetic loss tangent (e) of CNFs30,

CFC30, and CFCS30, and C, curves (f) of CFC30 and CFCS30

@ Springer



520

Advanced Composites and Hybrid Materials (2022) 5:513-524

there is no obvious semicircle. But with the addition of
Co-Fe nanoparticles and SiO,, they form a large number
of heterogeneous interfaces. Due to the transfer of charge
under the excitation of electromagnetic waves, the charge
distribution is not uniform, which forms the electric dipole
moment; this leads to the interfacial polarization [38]. At
the same time, a great quantity of defects were caused by
the destruction of graphite lattice by Co-Fe nanoparticles
and the low crystallization degree of SiO, form polarization
centers making the uneven charge distribution and resulting
in dipole polarization [39].

In addition to the polarization loss, the dielectric loss also
includes the conductivity loss. Because the matrix of the
three samples is composed of carbon nanofibers, the carbon
fibers are interlaced and stacked with each other, forming a
host of conductive networks. The induced current excited by
alternating electromagnetic field causes conductivity loss,
which promotes the absorption of electromagnetic waves
[40].

As a ferromagnetic material, Co-Fe nanoparticles not
only affect the dielectric properties, but also bring mag-
netic loss. Generally speaking, the magnetic loss includes
exchange resonance, natural resonance, domain wall reso-
nance, eddy current loss, and hysteresis loss. However, the
magnetic field produced by EM wave is low, which cannot
cause irreversible wall shift and domain turning hysteresis
loss in the process of dynamic magnetization. Domain wall
resonance usually occurs in the MHz band [41], so these two
kinds of losses are not considered. The permeability of the
three samples is shown in Fig. 6¢ and d, and the real part of
the permeability of CNFs30 is well maintained around 1.
For CFC30 and CFCS30, the introduction of Co-Fe nano-
particles leads to some fluctuations in the real part of perme-
ability. The natural resonance frequency can be calculated
by the following formula [42]:

2zf, =rH, (6)

H, = 4|K,|/3u,M, 7)

where f, is the natural resonance frequency, H, refers to the
anisotropy field, r stands for gyromagnetic ratio, and |K 1 | is
the anisotropy coefficient. Co-Fe nanoparticles have large
surface anisotropy due to the small size effect, and the natu-
ral resonance frequency shifts to a higher frequency with
the enhancement of the surface anisotropy field; that is to
say, the resonance peaks at 6 GHz and 7 GHz (Fig. 6d) are
caused by natural resonance. In addition, the resonance peak
in the higher frequency band may be caused by exchange res-
onance [43]. In addition to natural resonance and exchange
resonance, eddy current loss may also be a mechanism of
material attenuation to EM waves, and its influencing fac-
tors include material thickness d and electrical conductivity

@ Springer

o. The specific expression formula is as follows [44]:
,u”(,u’)_zf‘1 = 2rwuydo, where p, is vacuum permeability.
If there is eddy current loss in the material, the value of
w' (') ~2#~1 should remain constant with the increase of fre-
quency, and the magnitude is 0. It can be seen from Fig. 7d
the curves of the two samples in 2-9 GHz and 14-18 GHz,
which indicates that the eddy current loss is not the main
mechanism of magnetic loss. At the same time, it shows
that the imaginary part of the permeability of the sample is
negative at some frequencies, although the imaginary part
of the negative permeability can be reasonably explained by
the implicit Fabry-Pérot resonance [45], but in fact it may be
due to the excessive thickness of the sample, which is not the
intrinsic characteristic of the material, or it may be caused
by the induced current of the three-dimensional conductive
network of the sample producing a new magnetic field under
the alternating electromagnetic field. But the magnetic loss
of the absorber is weak and this part of magnetic energy
radiation cannot be offset, as a result, the imaginary part of
negative permeability is produced [46].

For sake of knowing which of the dielectric loss and mag-
netic loss plays a dominant role in the EM wave absorption,
the tangent of the dielectric loss angle and the magnetic loss
angle are calculated. As shown in Fig. 7e and f, the tangent
of the dielectric loss angle of the three samples is larger
than that of the magnetic loss angle. This manifests that the
dielectric loss is the main loss mode. At the same time, it
can also be found that although CFCS30 has the best absorb-
ing performance, both the tangent of dielectric loss angle
and the tangent of magnetic loss angle are less than that of
CFC30. To ensure the accuracy of the results, the attenuation
constant a of samples is calculated. The attenuation constant
a is a crucial standard to evaluate the attenuation ability of
the material to microwave and a vital factor affecting micro-
wave absorption. The calculation formula is as follows [47]:

\2xf

c

X \/(EIIMH _ 6/”/) + \/(EIIHII _ EIH/)2 + (E/IHI + 6’/4”)2

®)
where f is the frequency and c represents the velocity of
light in vacuum. As shown in Fig. 8a, the attenuation con-
stants of the three samples all increase with the increase of
frequency, indicating that the sample has better EM wave
attenuation ability at high frequency. At the same time,
corresponding to the previous loss angle tangent, CFCS30
also does not have the highest attenuation constant, but the
CFC30 with poor absorbing performance has the largest loss
angle tangent and attenuation constant.

The answer to this question can be obtained by analyzing
another key factor affecting EM wave absorption. Whether
the electromagnetic wave can be absorbed depends on two
factors, one is the attenuation constant discussed above,
which represents the ability of the material to convert EM
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Fig. 8 Attenuation constant (a) of CNFs30, CFC30, and CFCS30, and images of |Zin /ZO| values for CNFs30 (a), CFC30 (b), and CFCS30 (¢)

wave energy into thermal energy, and the other one is imped-
ance matching, which determines whether the electromag-
netic wave can be successfully incident into the material
without being reflected. The ideal impedance matching
condition is that the impedance on both sides of the inter-
face of the absorber is equal, that is|Z;,/Z,| = 1. The closer
the ratio is to 1, the better the impedance matching will
be. The impedance matching is projected with the varia-
tion of thickness and frequency, as shown in Fig. 8b—d; for
CNFs30, owing to its high degree of graphitization, it has
high conductive loss, which leads to excessive imaginary
part of permittivity and impedance mismatch. The introduc-
tion of Co-Fe nanoparticles makes it have more dielectric
loss and magnetic loss, but it does not solve the problem of
balance between permittivity and permeability. For CFCS30,
although SiO, coated on carbon fiber reduces the conductiv-
ity and weakens the conductivity loss, the imaginary part
of its lower permittivity is beneficial to the incidence of

electromagnetic wave and plays a critical part in improving
impedance matching. It proclaims that near the range of dot-
ted lines, the ratio of impedance matching is close to 1, and
microwave can incident the material more and thoroughly
brings the attenuation loss of carbon conductive network and
Co-Fe nanoparticles into play.

According to the result discussed above, the main wave-
absorbing mechanisms of carbon/SiO, core-sheath nanofib-
ers with Co-Fe nanoparticles embedded in are revealed in
Fig. 9. First, the three-dimensional conductive network
formed by carbon fibers contributes to the formation of
induced current, and Co-Fe nanoparticles loaded on the
surface of fibers improve the conductivity of the fibers and
enhance the conductivity loss. Then, masses of heteroge-
neous interfaces are produced between carbon, SiO,, and
Co-Fe nanoparticles, and the formation of these interfaces
results in the transfer of space charge, which gives rise to
interfacial polarization. Furthermore, Co-Fe nanoparticles
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have a certain destructive effect on graphite lattice, and the
defects caused by lattice damage can be used as polarization
centers to cause dipole polarization. The above three loss
modes, as dielectric loss, play a leading role in microwave
attenuation. Finally, Co-Fe nanoparticles can produce mag-
netic loss due to their own ferromagnetism, which further
promotes the attenuation of microwaves.

4 Conclusion

In conclusion, carbon/SiO, core-sheath nanofibers with
Co-Fe nanoparticles embedded in were successfully pre-
pared by electrospinning and carbonization process, and
their wave-absorbing properties were tested. It is found that
Co-Fe nanoparticles can significantly reduce the matching
thickness of materials and bring magnetic loss. The defects
arising from the destruction of graphite lattice affected by
Co-Fe nanoparticles lead to dipole polarization. The intro-
duction of SiO, can not only improve the impedance match-
ing of the materials, but also produce interfacial polarization
caused by plenty of heterogeneous interfaces which enhance
the dielectric loss ability together with dipole polarization.
The conductive loss caused by the formation of conductive
network of carbon nanofibers is also essential for EM wave
attenuation. The wave-absorbing properties of this material
are optimized under the synergistic action of three different
components. The maximum RL is —59.6 dB, the maximum
effective absorption bandwidth is 4.6 GHz (12.8-17.4 GHz),
and the matching thickness is 1.43 mm. The results show that
Co-Fe/C nanofiber coated with SiO, is a kind of lightweight
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wave-absorbing material with excellent properties, which
can be used as an important reference for the design and
synthesis of materials based on carbon nanofibers.
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