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With the widespread use of electronic goods, solving electromagnetic pollution has become one of the new

challenges. Higher requirements for microwave-absorbing materials (MAM) have emerged to address this

issue. The composite of carbon nanofiber (CNF) and magnetic nanoparticles is the material that effectively

absorbs microwaves. This paper fabricated Ni/C nanofibers using a combination of electrospinning and

high-temperature carbonization. With 50 wt% paraffin wax, Ni/C nanofibers demonstrated optimal

microwave absorption capabilities. With a thickness of 3 mm, the minimum RL value can reach —30.6 dB,
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and the effective absorption bandwidth is 5.96 GHz. By encapsulating Ni nanoparticles in carbon nanofibers,

the synergic interaction of dielectric and magnetic losses effectively meets the need for constant
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1 Introduction

Nowadays, the recent speedy advancement of communication
technology and electronic devices offers us a lot of convenience.
In the meantime, electromagnetic wave pollution has become
a new type of pollution, extraordinarily harming humans and
the environment.™ Hence, the advancement of microwave-
absorbing materials (MAM) presents an efficient way to solve
electromagnetic pollution.>® Superior, efficient absorbing
materials should have enhanced absorption capacity, extended
absorption bandwidth, thin thickness, and light mass, so there
is still a challenge in the exploration of high-performance
absorbing materials.”?

Carbon materials are of great interest to MAM researchers
due to their light mass, excellent conductance, high dielectric
constant, and good chemical stability.*® Carbon nanofibers
(CNFs), as a typical one-dimensional carbon material, have the
advantages of low density, high aspect ratio, high strength, and
good dielectric properties, and are widely used in microwave
absorption.® The composite of carbon nanofibers and magnetic
metals combines both advantages. The three-dimensional
network structure promotes conduction loss, and the rich
heterogeneous interfaces generate a large amount of interface
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attenuation and impedance matching, and effectively improves microwave-absorbing properties. Hence, Ni/
C nanofibers are promising for MAM application with excellent MA performance.

polarization, improving microwave absorption performance.*
It cannot just generate dielectric loss as with magnetic loss
through various loss mechanisms, but it can also avoid the
drawback of a high proportion of a single magnetic metal-
absorbing material."* For instance, Han et al. reported a CNF-
NiCo,0, composite by facile electrospinning and in situ
delamination heat treatment methods." Wang et al. success-
fully fabricated three-dimensional network-structured Fe/C
nanoporous fibers with a low extent of graphitization via elec-
trospinning.”> Nickel has a relatively superior magnetic
permeability and saturation magnetization, contributing to the
magnetic loss capacity and increasing the Snoek limit. It is
beneficial to absorb microwaves over a range of high
frequencies.™

Here, we used a two-step procedure of electrospinning and
carbonization to manufacture Ni/C nanofibers. On one hand,
the cross-linking of carbon nanofibers creates a conductive
network and simultaneously lowers the material's density. On
the other hand, Ni nanoparticles assisted in achieving a well-
matched impedance by modulating the electromagnetic
parameters. Based on the above synergies, Ni/C nanofibers
demonstrate excellent microwave absorption performance,
which may have great promise in real-life applications.

2 Experimental
2.1 Materials

Shanghai Aladdin Biochemical Technology Co., Ltd provided
nickel acetate tetrahydrate, polyvinyl alcohol (PVA) 1799.
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2.2 Preparation of the Ni/C nanofibers

The Ni/C nanofibers were manufactured using an electro-
spinning and carbonizing approach. Firstly, 1.2 g of polyvinyl
alcohol (PVA) was dissolved in 12 mL of deionized water with
sufficient stirring at 60 °C for 2 h. Then, 2.5 g of nickel acetate
tetrahydrate (C,HsO4Ni-4H,0) was added and stirred continu-
ously to obtain a uniformly mixed precursor solution. Thirdly,
10 mL of precursor solution was transferred into a 21-gauge
stainless steel needle. With a pumping rate of 0.07 mm min "
under a positive voltage of 20 kV, Ni/PVA-based fibers were
electrospun onto aluminum foil, which was 12 cm from the
syringe. After drying overnight, Ni/PVA-based fibers were pre-
oxidized in a muffle furnace for 2 hours at 220 °C with a heat-
ing rate of 2 °C min~". Finally, Ni/C nanofibers were obtained by
carbonization in an H,/Ar atmosphere at a heating rate of 5 °
C min " at 600 °C.

2.3 Preparation of the coaxial sample for electromagnetic
parameter measurement

The Ni/C nanofibers and wax were blended evenly in a certain
proportion at 90 °C until the color was homogeneous. The
mixture was then refrigerated from liquidity to solidity, ground to
a powder in a mortar, and placed under pressure in a mold to
form a ring-shaped specimen with an inner diameter of 3.04 mm
and an outer diameter of 7 mm. Specifically, the content of Ni/C
nanofibers in the paraffin was set at 30 wt%, 50 wt%, and 70 wt%,
which were marked as Ni/C-30%, Ni/C-50%, and Ni/C-70%,
respectively. As a comparison, PVA-based carbon nanofibers
without added nickel acetate tetrahydrate were mixed in paraffin
in a 1:1 ratio, which was labeled as CNF-50%.

3 Results and discussion

Fig. 1 presents the manufacturing process of Ni/C nanofibers.
Firstly, nickel acetate tetrahydrate was dissolved in a PVA
solution to prepare a homogeneous precursor. Secondly, Ni/C
nanofibers were obtained by electrospinning and calcination.
The carbonation process pyrolyzed polyvinyl alcohol and con-
verted nickel acetate into nickel monomers in a reducing
atmosphere.

As depicted in Fig. 2, the resulting pure PVA fibers have
a smooth surface and relatively uniform thickness. After high-
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Fig. 1 Sketch map of manufacture procedure of Ni/C nanofibers.
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Fig. 2 SEM images of pure PVA fibers (a); carbon nanofibers carbon-
ized at 600 °C for 2 h (b and ¢); uncarbonized Ni/PVA-based fibres (d);
Ni/C nanofibers carbonized at 600 °C for 2 h (e and f).

temperature carbonization, the fibers melt slightly, which cau-
ses some fusion of the carbon nanofibers. The high magnifi-
cation SEM illustrates that the exterior of the carbon nanofibers
remains glossy, and the average diameter is about 300 nm. The
addition of metal salts led to a slight unevenness in the elec-
trospinning film's thickness, potentially due to an unstable
electrospinning process as the solution's concentration
increased. After being carbonized at 600 °C, the fibers become
tangled in a way that isn't uniform, and they form a structure
that looks like a network. This makes it easier for electrons to
pass through, which is good for conducting losses. The high
magnification SEM in Fig. 2(d) reveal that after carbonization,
the surface of Ni/C nanofibers becomes extremely rough, with
some nanoparticles dispersed throughout the fibers. Fig. 3
demonstrates the TEM images of the Ni/C nanofibers. Ni
nanoparticles are spread out evenly on the outside and inside of
C nanofibers because Ni salts mix with PVA to make a uniform
precursor solution. During electrospinning, the precursor
forms a jet due to voltage while the solvent evaporates, resulting
in fibers that maintain the uniformity of their original chemical
composition.

Fig. 3 TEM images of Ni/C nanofibers (a—c); elemental mapping
images of fibrous nano-Ni/C composites (d—f).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XRD image of carbon nanofibers (a); XRD image (b), Raman
spectra (c) and hysteresis loops (d) of Ni/C nanofibers.

Fig. 3(b and c) display the HRTEM images. The carbon layer
wraps Ni nanoparticles in the fiber, and the Ni nanoparticles
have a size of approximately 8-10 nm. Fig. 3(d-f) presents the
elemental mapping of Ni/C nanofibers under TEM. The nano-
fiber exhibits homogeneous scattering of the C and Ni elements.
This result is in accordance with the later XPS analysis. Ni/C
nanocomposites were characterized by X-ray diffraction instru-
ment for their crystalline structures. The XRD image of pure
carbon nanofibers is in Fig. 4(a).

We can organize two diffraction peaks at 23.5° and 43.7°,
which correspond to the (002) and (100) crystallographic planes
of amorphous carbon. Furthermore, the identification of no
other diffraction peaks suggests the absence of any impurities
in the prepared carbon nanofibers. Fig. 4(b) illustrates the XRD
image of Ni/C nanofibers. Three distinct diffraction peaks at 20
= 44.51°, 50.85°, and 76.37° are identified as the (111), (200),
and (220) crystal surfaces of Ni (PDF#04-0850), indicating that
nickel acetate was successfully reduced to Ni in H,/Ar during
carbonization. Due to the relatively small amount of crystalline
carbon in the composite, the diffraction peaks of carbon are not
very distinct.

The Raman spectra of CNF and Ni/C nanofibers are dis-
played in Fig. 4(c). Two diffraction peaks are found at 1337 cm ™"
and 1571 cm*, corresponding to the D and G bands of sp®
amorphous carbon and sp® graphite carbon, respectively. These
two peaks demonstrate the successful conversion of PVA into
carbon fiber during carbonization. Generally, the ratio of Ip/Ig
can express the crystallinity of materials after carbonization,
and the lower the ratio, the higher the crystallinity.** The ratio of
Iy, to I for CNF is 0.87, whereas for Ni/C it is 1.10. This suggests
an increase in material defects, favoring polarization loss. In
addition, the hysteresis curves of the samples were analyzed
using a vibrating sample magnetometer. The saturation
magnetization (Ms) and coercivity of Ni/C nanofibers are 14.78
emu g~ " and 80 Oe from Fig. 4(d). The Ms value of 58.6 emu g~ *
for bulk nickel far exceeds the counterpart of Ni/C nanofibers.*
It is due to two reasons: First, non-magnetic carbon makes the
saturation magnetization of Ni/C nanofibers smaller. Secondly,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XPS spectra of Ni/C nanofibers: the survey scans (a), Ni 2p
spectrum (b) and C 1s spectrum (c) of Ni/C nanofibers.

Ni/C nanofibers have more crystal defects, leading to lower
saturation magnetization. Furthermore, the coercivity of
massive nickel is approximately 0.7 Oe, which is lower than that
of Ni/C nanofibers. This difference is primarily due to surface
anisotropy, which is a result of the small size effect.'® Therefore,
grain size closely influences coercivity. The magnetic compo-
nent Ni provides adequate magnetic loss for composite mate-
rials, making it more diverse in loss mechanisms and better in
impedance matching compared to pure CNF.

The elemental composition and valence states of Ni/C
nanofibers were characterized using XPS, and the results are
demonstrated in Fig. 5. Fig. 5(a) displays the characteristic
peaks of Ni 2p, Ni Auger, and C 1s in the composite, while
Fig. 5(b)'s Ni 2p characteristic peak splits into two parts at
873.2 eV and 855.4 eV, corresponding to Ni 2p3,, and Ni 2p,,.
Moreover, we assign the peaks with combined energies of
869.0 eV and 851.9 eV to the 2p;/, and 2p4, of Ni** states. As
seen in Fig. 5(c), the binding energies of the three fitted peaks of
the C 1s spectrum are 284.8 eV, 286.3 eV, and 289 eV, allocated
to C-C/C=C, C-0O, and O-C=0, respectively.

The reflection loss (RL) generally expresses the simulated
microwave absorption performance. RL can be simulated using
the formula below.

Zin — 20
RL(dB) =201 1
(@B) = 2010|222 )
o
Zin = Z() &tanh W Hrér :| (2)
&r

where z;, denotes the input impedance of the absorbing mate-
rial surface, z, refers to the free-space impedance, d indicates
the simulated thickness of the sample, fis the frequency, and ¢
denotes the velocity of light, respectively. When the value of RL
is less than —10 dB and —20 dB, which implies that 90% and
99% of the incoming electromagnetic waves can be absorbed by
the material."”*®
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Fig. 6 presents RL curves and a 3D RL map for CNF-50%, Ni/
C-30%, Ni/C-50%, and Ni/C-70%. The figure clearly shows, at
a thickness of 2.5 mm, the RL of CNF-50% at 13.44 GHz is —26
dB, and the effective absorption bandwidth (EAB) is 6.52 GHz.
The minimum RL value of Ni/C nanofibers is —23 dB with a 30
wt% filling ratio, which corresponds to a simulated thickness of
4.5 mm, and the overall absorption performance of Ni/C
nanofibers is not very satisfactory at lower filling levels.

When the filling ratio is 50 wt% with a 3 mm thickness, the
smallest RL value reaches —30.6 dB, and EAB approaches 5.96
GHz, which performs better. When we further increase the Ni/C
nanofiber filling ratio to 70 wt%, we find the minimum RL value
(—22.8 dB) at 4 mm thickness for an effective absorption
bandwidth of 1.76 GHz, and the widest EAB (5.72 GHz) at 2 mm
thickness. Besides, the minimal reflection loss peak shifts from
high to lower frequencies with simulated thickness increasing,
which is in agreement with other reports.'**® It could be illus-
trated in terms of the quarter-wavelength match model:**

d = nx/4 = nc/af\/|e||u|(n =1,3,5...), (3)

where d symbolizes the thickness of the sample, frepresents the
frequency of the RL peak, and A is the wavelength of the
microwave. The absorption peaks' frequencies gradually
decrease as the thickness increases.
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Fig. 6 The RL curves, and 3D RL map between thickness of 2—-4.5 mm
of CNF-50% (a and b), Ni/C-30% (c and d), Ni/C-50% (e and f) and Ni/
C-70% (g and h).
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Complex permittivity (e, = ¢’ — j¢”) and complex permeability
(ur = w' — ju") are used to calculate simulated microwave
absorption performance. In general, the real part (¢, u') is
relevant to the storage capacity of electromagnetic energy, while
the imaginary part (¢”, u”) represents the electromagnetic
energy dissipation capacity.”” As the proportion of Ni/C nano-
fiber in paraffin wax increases, ¢ value and ¢’ value and
dielectric loss tangent (tan 6, = ¢”/¢') increase overall, as shown
in Fig. 7. Resonance peaks appear at multiple y’ and u” values at
different frequencies, and the filling amount does not affect the
w' and u” values and magnetic loss tangent (tan 6, = u"/u) of
the samples much, probably owing to the low Ni concentration
of the prepared Ni/C nanofibers. In comparison, ¢, ¢/, and tan
o, of pure carbon fibers are slightly larger than Ni/C nanofibers,
while ¢/, u” and tan ¢, are slightly smaller than Ni/C nanofibers.
Better electrical conductivity and, subsequently, stronger
dielectric loss, as well as the introduction of the magnetic
components, will reduce the dielectric loss and increase
magnetic loss capability. It is interesting to note that u” of CNF-
50%, Ni/C-70%, and part of Ni/C-30% and Ni/C-50% become
negative from around 8-9 GHz because the carbon fibers exhibit
good electrical conductivity, and some of the magnetic energy
liberated by the magnetic field that was induced internally in
the fibres in alternating electric fields cannot be offset by the
magnetic loss.”® On the basis of the free electron theory and the
Debye theory, the dielectric loss capacity generally comes
primarily from the conductivity loss and the polarization
relaxation process.****

The electromagnetic field of electromagnetic waves causes
induced currents due to the migration of free electrons within
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Fig. 7 Real (a) and imaginary (b) parts of complex permittivity, real (c)
and imaginary (d) parts of complex permeability, dielectric loss
tangents (e) and magnetic loss tangents (f) of Ni/C-30%, Ni/C-50%, Ni/
C-70%, and CNF-50%.
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the material. When the induced currents pass through the
material, the absorbing material produces the Joule effect,
which consumes the energy of electromagnetic waves in the
form of thermal energy, which is known as conductive loss.*®
Conductivity loss benefits from the three-dimensional cross-
linked network results from the PVA-based carbon fibers since
the electrons can hop between fibers.”” Polarization relaxation
processes could be generally divided into four types of modes.
Since ion polarization and electron polarization usually take
place in a high range of frequency, they are not considered in
our paper.”® What is more likely to occur in Ni/C nanofibers is
dipole polarization and interfacial polarization. Usually
confined to defects, dipoles cannot freely move like electrons in
an external electric field. Under high-frequency alternating
electric fields, dipoles cannot reorient quickly enough to
respond to the applied electric field. Therefore, dipoles must
absorb energy from the external environment to reorient and
polarize, resulting in a loss of electromagnetic wave energy.*
The appearance of dipole polarization can lead to frequency
dispersion behavior on ¢’ and ¢” curve, manifested as a decrease
in ¢ and ¢” with increasing frequency, as shown in Fig. 7(a and
b).** Interface polarization is the result of the accumulation and
uneven distribution of space charges caused by the different
dielectric properties of the electromagnetic components on
both sides of the interface. The different dielectric properties of
the electromagnetic components on both sides of the interface
lead to the accumulation and uneven distribution of space
charges, resulting in electromagnetic wave energy loss, which is
called interface polarization.**

In order to further illustrate the dielectric loss mechanism,
the ¢’ - ¢’ diagram is shown in Fig. 8. ¢ and ¢” have the following
relationship according to the Debye theory:*

2 — 2

s R = I
where ¢ represent the static permittivity and ¢, is relative
permittivity at infinite frequency. Each semicircle appearing in
the figure is to be considered as a polarization relaxation
process,* which is a good demonstration that the multiple
polarization relaxation within Ni/C nanofibers is one of the
significant components of dielectric loss. Ni/C nanofibers
exhibit more Cole-Cole semicircles than pure carbon nano-
fibers, which can be attributed to the greater polarization
between the interfaces of Ni nanoparticles, carbon fibers and
paraffin wax.

In addition to dielectric loss, Ni nanoparticles absorb elec-
tromagnetic waves through a magnetic loss mechanism. At low
frequencies, the magnetic losses are primarily eddy current
losses as well as natural resonance. Magnetic materials can
respond to external magnetic field changes and form eddy
currents. The corresponding loss is called eddy current loss,
and eddy current losses may be evaluated by the formula
below:* Cy = u” (') ">f '. When eddy current loss is dominant,
C, should not vary with f.** Natural resonance directly describes
the energy absorption of ferromagnetic materials with high
magnetization under an external anisotropic magnetic field.*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Attenuation constant (f) for Ni/C-30%, Ni/C-50%, Ni/C-70%, and CNF-
50%.

As shown in Fig. 8(e), C, fluctuates over the entire frequency
range, but there is still a relatively constant in a small range.
The low-frequency vibration peaks correspond to natural reso-
nances, while the high-frequency vibration peaks correspond to
exchange resonances.

The attenuation constant visually quantifies the intrinsic
loss capability of materials to incident microwave, and its value
can be calculated according to the following equation:*

\/wa non ot non ' ron "ot
: (uefue)Jr\/(usfus)zHMe +u'e)
(5)

where ¢ means speed of light and f represents frequency,
respectively. When the attenuation constant becomes larger, it
means that the material can attenuate more microwaves.

As shown in Fig. 8(f), with the increasing filling ratio of Ni/C
nanofibers, the attenuation constant gradually gets greater
overall, which is consistent with tan 6, and tan ¢,.. In the range
of 2-6 GHz, samples of Ni/C nanofibers and pure carbon fibers
have an approximate value. However, « values of Ni/C-30%, Ni/
C-50%, Ni/C-70%, and CNF-50% increase from 60, 91, 82 and 78
to 95, 176, 258 and 210 at 6-18 GHz respectively.

Though Ni/C-70% exhibits the best attenuation capacity, its
reflection loss is similar to or worse than Ni/C-50%, which could
be attributed to another significant factor: impedance match-
ing.*® Impedance matching affects the capacity of a microwave
to penetrate the absorber instead of reflecting. It can be
measured by the value of |Z;,,/Z,|. When |Z;,,/Z,]| value is close to
1, it indicates that more microwaves are accessing the absorber

o =
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wave absorption performance over all samples (e).

Table 1 Comparison of MA properties of Ni/C nanofibers and other
some magnetic carbon-based absorbers

Materials Minimum RL/dB EAB (GHz) Ref.

Fe-C NFs —44.00 1.50 39
FeNi/C NFs —24.80 4.40 40

Ni N@C —32.31 5.21 41
FeCo@CFs —37.70 2.80 42
FeCo/C composites —33.30 3.30 43
P-CNF/Fe —44.86 3.28 44
Co/N-C NFs —25.70 4.30 45
Fe;C/N-C NFs —33.40 4.80 46

Ni/C NFs —30.60 5.96 This work

to be faded. As shown in Fig. 8, the |Z;,/Z,| peak of Ni/C-30%, Ni/
C-50%,Ni/C-70%, and CNF-50% are in the range of 1.23-2.58,
0.85-1.33, 0.84-0.92, and 0.90-1.25, respectively. Compared
with Ni/C-30% and Ni/C-70%, the |Z;,/Z,| value of Ni/50%
approaches 1 over a wider frequency range.

Even though the attenuation constant is not optimal, it
explains why we achieve the best absorption performance. The
reflection loss achieves a minimum in the corresponding range
when the value of |Z;,/Z,| approaches 1, which is consistent with
our analysis in Fig. 9. As the filling amount of the fibrous Ni/C
composite goes up, the minimum reflection loss value first goes
down and then up. This is because the structure gradually
becomes more conductive, which makes dielectric loss worse
and makes impedance matching worse. The dual loss
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Fig. 10 Microwave absorption mechanism of Ni/C nanofibers.

mechanism of dielectric loss and magnetic loss makes Ni/C-
50% better at absorbing microwaves than CNF-50%. This is
because it can better match impedance and absorb microwaves.
Table 1 illustrates that while Ni/C nanofibers do not signifi-
cantly outperform similar types of magnetic carbon nanofiber
composites in terms of minimum RL, their wider EAB indicates
a greater potential for use in microwave absorption. Compared
with previously reported work on porous Ni/C nanofibers, this
work achieved significant improvement in EAB due to the
smaller size of Ni nanoparticles.”” The interface between more
Ni nanoparticles and carbon fibers enhances interface polari-
zation and increases the material's loss capacity.

As a result, the competent microwave absorption perfor-
mance of Ni/C nanofibers is largely due to the collaboration of
Ni nanoparticles and carbon fibers. Fig. 10 illustrates the
absorption mechanism. Firstly, one-dimensional Ni/C nano-
fibers have a high specific surface area, which can enhance the
multiple scattering effects of electromagnetic waves. Multiple
reflections of incident electromagnetic waves between the fibers
can produce interference phase cancellation, thereby
enhancing the loss. Secondly, the interconnection of Ni/C
nanofibers forms a three-dimensional conductive network,
and the long and abundant transport paths facilitate electron
transfer, thereby enhancing the conduction loss. Thirdly, the
defects on Ni/C nanofibers bind charges, forming polarization
centers and causing more energy loss in electromagnetic waves.
Lastly, the incorporation of magnetic Ni nanoparticles not only
enhances the magnetic loss and improves the impedance
matching of the composites compared to pure C nanofibers but
also generates interfacial polarization at the rich interface
between the Ni nanoparticles and the C fibers, which facilitates
the microwave absorption performance.

4 Conclusion

In brief, Ni/C nanofibers were successfully manufactured via the
integration of electrospinning and high-temperature carbon-
ization. The fiber diameter is about 300 nm, and Ni nano-
particles are homogeneously dispersed throughout the carbon
fiber, improving impedance matching. The electromagnetic
parameters

and microwave absorption properties were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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investigated by regulating the filling amount of the composite
with paraffin wax. The results indicate that when the filling ratio
is 50 wt%, there is optimal microwave absorption performance.
The RL is as low as —30.6 dB and the EAB is 5.96 GHz. This is
because of the combination of magnetic and dielectric losses, as
well as the network-like structure created by the Ni/C nanofibers
weaving together. It may suggest ideas for future microwave
absorbers.
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