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HIGHLIGHTS

e A novel FeCoNi carbon fiber (FeCoNi/CF) is obtained through an improved electrospinning technology, which greatly endows the

fiber with strong magnetic property.

e The FeCoNi/CF exhibits an enhanced electromagnetic loss capability due to the construction of one-dimensional magnetic FeCoNi

alloy.

® The designed one-dimensional FeCoNi/CF exhibits excellent performance, with a broad effective absorption band of 1.3 GHz in the
low-frequency electromagnetic field at an ultrathin thickness of 2 mm, which provides a great potential for practical application in

the future.

ABSTRACT Rational designing of one-dimensional (1D) magnetic
alloy to facilitate electromagnetic (EM) wave attenuation capability in
low-frequency (2—-6 GHz) microwave absorption field is highly desired
but remains a significant challenge. In this study, a composite EM wave
absorber made of a FeCoNi medium-entropy alloy embedded in a 1D
carbon matrix framework is rationally designed through an improved
electrospinning method. The 1D-shaped FeCoNi alloy embedded com-
posite demonstrates the high-density and continuous magnetic network

using off-axis electronic holography technique, indicating the excellent

magnetic loss ability under an external EM field. Then, the in-depth

analysis shows that many factors, including 1D anisotropy and intrinsic physical features of the magnetic medium-entropy alloy, primarily
contribute to the enhanced EM wave absorption performance. Therefore, the fabricated EM wave absorber shows an increasing effective
absorption band of 1.3 GHz in the low-frequency electromagnetic field at an ultrathin thickness of 2 mm. Thus, this study opens up a new

method for the design and preparation of high-performance 1D magnetic EM absorbers.
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1 Introduction

Continuous advancements in fifth generation (5G) wire-
less communication technology have catapulted the world
into an intelligent era, with a plethora of wireless devices
in widespread use. Despite benefiting much from 5G com-
munication, the increased electromagnetic (EM) pollution
at lower-frequency region (major concentrated at 4-6 GHz),
owing to the higher emission power and lower utilization,
has attracted extreme attention as compared to previous 4G,
which needs to be urgently solved [1-6]. Therefore, explor-
ing the microwave absorbers that can efficiently dissipate
EM wave into Joule heat has been regarded as a feasible
solution [7-9]. To obtain a desirable lower-frequency EM
absorption performance, two aspects are considered: (1)
component selection [10-16]; (2) structural engineering
[17-23]. Concerning the component selection, while main-
taining the comparable dielectric loss ability, magnetic
materials show a significant magnetic loss behavior, making
these materials the most promising choices [24-29]. Fer-
romagnetic metals have attracted more attention than other
magnetic oxides among the candidates in magnetic materi-
als due to the high magnetic loss ability resulting from the
largely saturated magnetization [30-34].

However, ferromagnets comprise magnetic metals (Fe and
Co etc.), which are easily oxidized, especially on nano- or
microscale, and thus degrade EM dissipation performance
over time. Even if the subsequent alloying method can
slow the oxidation phenomenon to some extent, the most
employed magnetic alloys generally consist of only two met-
als (low entropy magnetic alloy) and show poor stability
[35-39]. Designing a high- or medium-entropy magnetic
alloy with strong magnetic dissipation behavior is prefer-
able to address this issue, which, unfortunately, has been
largely ignored.

The effect of structure on the EM dissipation mechanism
is also critical in addition to component selection [40—42].
Recently, most of the absorbing materials are zero- or three-
dimensional or even have hierarchical structures. Although
previous studies have not identified which structure was ben-
eficial for magnetic or dielectric loss, the widely accepted
conclusion is that compared with other dimensional struc-
tures, particularly the zero-dimensional materials, 1D
structures would be a good candidate because of their the
advantages of lower percolation, longer dissipation path, a
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higher ratio of defect sites caused by the quantum-size effect,
and lower contacted resistance. Meanwhile, 1D magnetic
structure would increase the magnetic anisotropy and further
improve the magnetic loss processes [24, 26]. Numerous
1D materials have been investigated, such as magnetic met-
als, alloys or oxides [43—-45]. Unfortunately, developing 1D
high/medium-entropy magnetic alloys is still a challenge,
which hinders the development of high-performance EM
wave absorption materials.

In this work, the as-prepared FeCoNi nanoparticle
(denoted as FeCoNi NP) with a diameter of 200 nm was
directly encapsulated into fibers through the electrospinning
process. This approach significantly enhances the fibers’
the magnetic properties, bringing the advantages of higher
saturation magnetization and stronger magnetic coupling.
Furthermore, the medium-entropy design upgrades the
magnetic properties of the FeCoNi alloy at the atomic level,
due to the improved magnetic-domain movement. Thus, the
well-designed FeCoNi carbon fiber (denoted as FeCoNi/CF)
exhibits outstanding EM absorption performance under a
low-frequency electromagnetic field with the f reaching
1.3 GHz at an ultrathin thickness of 2 mm. These findings
confirm the effectiveness and practicability of the FeCoNi/
CF with artificially designed shape anisotropy, providing
new insight into the design of 1D magnetic EM absorption
materials with novel components.

2 Experimental Section
2.1 Synthesis of FeCoNi NP

FeCoNi NP was synthesized via a simple low-temperature
hydrothermal process. Typically, 4 mmol FeCl,-4H,O0,
3.2 mmol CoCl,-6H,0, and 0.8 mmol NiCl,-6H,0O were
dissolved in 30 mL deionized water and stirred for 10 min.
Then, 1.5 g NaOH was dispersed in 5 mL deionized water and
15 mL N,H,-H,0 (85 wt%) with sonication to form a mixture
solution. After that, the mixture was added dropwise to the
mixed salt solution prepared in the first step under vigorous
stirring. When the dropping process was done, the mixture
was immediately transferred into a Teflon-lined autoclave and
treated at 120 °C for 12 h. Finally, the sample was magneti-
cally separated and washed with deionized water and ethanol
several times. The obtained black magnetic powders were
finally vacuum dried in an oven at 60 °C overnight. FeCoNi
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NP with different atom ratios was synthesized with different
proportions of iron salts, cobalt salts, and nickel salts.

2.2 Synthesis of FeCoNi/CF

For the preparation of the electrospinning precursor solution,
2.6 g polyacrylonitrile (PAN) was dispersed in 14 mL DMF
with magnetic stirring at 60 °C for 1 h. Then 4.8 g of as-
prepared FeCoNi NP was added to the above solution, fol-
lowed by mechanical stirring to ensure uniform dispersion of
FeCoNi NP. After stirring for 24 h, the homogeneous precur-
sor solution was loaded into a plastic syringe with an 18G nee-
dle. The electrospinning was conducted by applying the volt-
age of 14.0kV at a collecting distance of 20 cm. The injection
speed was set at 0.45 mL h™'. The formed carbon fiber mats
were vacuum dried in an oven at 60 °C overnight. Next, the
as-prepared FeCoNi/PAN fiber was pre-oxidized in the air
at 240 °C for 1.5 h. And then the temperature rose to 330 °C
and kept for 0, 1, and 1.5 h, respectively. Finally, the fiber
was annealing in H,/Ar (5%) atmosphere at 700 °C for 2 h to
obtain the final FeCoNi carbon fibers, which were denoted as
FeCoNi/CF-1, FeCoNi/CF-2, FeCoNi/CF-3. Noticeably, all

the temperature ramping rate was set to 5 °C min~".

3 Results and Discussion
3.1 Synthesis and Characterization of FeCoNi/CF

Figure 1 shows the schematic representation of the FeCoNi/
CF preparation method. First, divalent metal salt ions (Fe’™,
Co?*, and Ni**) combined with OH™ to form the hydroxide
(Fe(OH),, Co(OH),, and Ni(OH),). Then in the presence of
the strong reductant hydrazine hydrate (N,H,-H,0), Fe**,
Co?*, and Ni** which were dynamically released from the
solid hydroxide were easily reduced to metallic FeCoNi
nuclei simultaneously due to the very approximate reduc-
tion potential (Fe/Fe?*, Co/Co?*, and Ni/Ni** redox pairs),
atomic radius and entropy value, respectively. Then, the
nuclei were gradually assembled into large FeCoNi crystals
in the hydrothermal environment to reduce surface energy.
The related chemical reaction equations were presented in
the Supporting Information. Of particular note, excessive
NaOH was required to further reduce the potential of three
redox pairs based on the Nernst equation (detailed provided
in Supporting Information).
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Subsequently, the FeCoNi NPs were dispersed into the
PAN, which was commonly used as the polymer matrix in
the electrospinning process. The charged precursor drop-
lets at the needle’s tip changed from a sphere to a cone
(“Taylor cones”) under an electric field, and then the jets
extended from the cone, eventually forming a PAN fiber
encapsulated within FeCoNi NPs. PAN fiber underwent
dehydrogenation and cyclization during the pre-oxidation
process, resulting in a more stable structure. The pre-
oxidation fiber was carbonized under 700 °C to form a
highly conductive carbon fiber encapsulating FeCoNi after
annealing in a flow of H,/Ar. The resulting carbon skeleton
shaped the FeCoNi nanoparticles into a microchain struc-
ture. Meanwhile, it also prevented the internal magnetic
particles from severe oxidation. In addition, with the pre-
oxidation time increasing, the mass of the pre-oxidation
fiber would decrease, affecting the carbon component in
the final fiber. Therefore, the magnetic-carbon ratio in the
final FeCoNi/CF could be adjusted by setting another pre-
oxidation time. It was worth noting that FeCoNi nanopar-
ticles were prepared by a hydrothermal reaction before
the electrospinning process. Different from the traditional
method of mixing metal ions into fibers and then reduc-
ing them under a high-temperature hydrogen atmosphere,
our improved electrospinning process greatly improved
the size of magnetic particles and the magnetic loading
rate, which were beneficial to the formation of the strong
magnetic fiber.

To characterize the microstructures and phase information
of FeCoNi NP and FeCoNi/CF, scanning electron micros-
copy (SEM), transmission electron microscopy (TEM), and
X-ray diffraction (XRD) were used (Fig. 2). SEM and TEM
images accompanied with element mapping co-revealed that
the ultimate sample showed a typically spherical structure
(about 200 nm in size) and comprised Fe, Co, Ni elements
uniformly (Fig. 2a-b), preliminarily proving that the FeCoNi
alloy had no phase separation during the formation. Figure
S1 displays the XRD pattern of FeCoNi NP which could
further help analyze the phase information. The XRD pat-
tern only exhibited three main peaks (20=44.9°, 65.3°, and
82.7°), corresponding to the (110), (200), and (211) planes
of a FeCo-type body-centered cubic structure, respectively
(JCPDS No. 49-1568). Therefore, Ni atoms were considered
to insert into the FeCo as interspace or displacement solu-
tion, not as split FeNi or CoNi phase.

@ Springer
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Fig. 1 Schematic illustration of the synthetic strategy for FeCoNi/CF composites

Figure 2c—e shows the SEM and TEM images of FeCoNi/
CF-1, which was comprised of a carbon fiber shell and its
wrapped FeCoNi NP. The fiber skeleton had a diameter of
about 1 pm, providing enough internal space for the FeCoNi
NP to be tightly packed. Besides, energy-dispersive spec-
troscopy (EDS) was also applied to prove that FeCoNi NP
was evenly distributed within the fiber, as shown in Fig. 2f.
The exhibited SEM image of FeCoNi/CF-1 and correspond-
ing elemental mapping revealed the dense and uniform dis-
tribution of Fe, Co, and Ni elements, suggesting the dense
packing pattern of FeCoNi inside fibers.

Figure 2g shows the XRD Rietveld spectrum of FeCoNi/
CF-1, which provided the phase information of FeCoNi
after encapsulating treatment. The three most prominent
diffraction peaks, (110), (200), and (211) (denoted with a
black circle symbol), corresponded to FeCo-type body-cen-
tered cubic structure (JCPDS No. 49-1568). Another set of

© The authors

peaks was fit to the (111), (200), and (220) crystal planes of
FeCoNi (denoted with a black diamond symbol). After 1D
encapsulation and heat treatment, FeCoNi could still main-
tain the original phase. Moreover, all the characteristic peaks
were sharp and clear, indicating the high purity and good
crystallinity of the FeCoNi/CF sample.

HRTEM images revealed a core—shell structure with a
thin graphitized carbon wrapping around the FeCoNi NP
(Fig. 2h). Previous studies showed that Fe, Co, and Ni were
found to be efficient catalysts for the formation of graphite
encapsulated nanocrystals of magnetic metal at elevated
temperature. The FeCoNi fiber consisted of localized gra-
phitic structures and their inner magnetic particles, which
enhanced the overall graphitization degree and led to an
enhanced electric conductivity [46—49]. Figure 2i shows
clear lattice fringes derived from the FeCoNi NP and gra-
phitized carbon. The interplanar spacings of two randomly

https://doi.org/10.1007/s40820-022-00920-7
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Fig. 2 a SEM, EDS mapping and b TEM images of FeCoNi NP. ¢, d SEM, e TEM, and f EDS mapping images of FeCoNi/CF-1. g XRD Riet-

veld spectrum of the FeCoNi/CF-1. h, i HRTEM images of FeCoNi/CF-1

selected crystal lattices were 0.20 and 0.34 nm, correspond-
ing to the (110) of FeCoNi alloy and (002) of graphitic car-
bon, respectively.

3.2 EM Wave Absorption Performance and Dissipation
Mechanism of FeCoNi/CF-1

EM wave absorption performance of FeCoNi/CF-1 was
investigated via a coaxial-line method. For comparison,

SHANGHAI JIAO TONG UNIVERSITY PRESS
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we also prepared pure carbon fibers (CF) without mag-
netic particles. All the preparation conditions remained the
same except for the absence of magnetic particles (Fig.
S2). In general, the EM wave absorption performance was
estimated by the reflection loss value (RL). Usually, an
RL value of less than —10 dB was considered a qualified
value with an absorption coefficient greater than 90%.
Nevertheless, the qualified RL value in lower-frequency
region (such as 2—-6 GHz) was smaller than —4 dB, since it
had difficulty in decoupling between impedance matching

@ Springer
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and EM wave attenuation in the lower-frequency region.
Besides the RL value, the thickness was required to be
smaller than 2 mm to satisfy the commercial application.
Figure 3a—b shows the three-dimensional (3D) absorption
coefficient value mapping of FeCoNi/CF-1 and CF as a
function of thickness ranging from 1 to 5 mm. Based on
the 3D absorption coefficient mapping image, we extracted
the case when the absorber thickness was located in the
commercial used value (2 mm), as presented in Fig. 3c. The
absorption coefficient of FeCoNi/CF-1 was significantly
improved within the entire 2-6 GHz band with the same
filling ratio compared with CF. The effective absorption
band (fg), where the RL value was greater than —4 dB,
was 1.3 GHz. The absorption coefficient of CF was about
zero, implying that almost no EM wave was lost. Further,
to prove the low-frequency performance superiority of our
as-prepared FeCoNi/CF-1, Fig. 3d and Table S1 summa-
rize the f; and thickness information of several common
composites from previous literature. However, the low-fre-
quency absorption performance of these materials system
was non-ideal compared with our as-synthesized FeCoNi/
CF-1. In addition, most materials display a narrow fg at
low frequency, or a relatively considerable f;; could only be
achieved at a larger thickness. For most EM wave absorb-
ers, this could be attributed to the poor decoupling degree
between impedance matching and EM wave attenuation in
the low-frequency region.

To investigate the EM wave absorption mechanism for
FeCoNi/CF-1 sample in the low-frequency region, several
factors could be summarized as follows: (1) designing the
FeCoNi NP into the 1D carbon framework can enhance the
shape anisotropy and promote the magnetic response; (2)
the introduction of FeCoNi into the carbon fiber can greatly
enhance the dielectric loss deriving from the enhanced elec-
trical conductivity.

To demonstrate the former view, we used superconduct-
ing quantum interference device magnetometry and a vec-
tor network analyzer to characterize the magnetic proper-
ties of FeCoNi/CF-1 (Fig. 3e). The magnetic hysteresis
loops showed that the saturation magnetization (M) value
of FeCoNi/CF-1 was 194.0 emu g~', with a corresponding
coercivity value (H,) of 107.4 Oe, demonstrating its desir-
able soft ferromagnetic nature. The relationship between
dissipation ability (4'") and saturation magnetization (M) is
expressed by the following formula:

© The authors

M2
s

Hi= GkH M+ bac M
where 4 and £ are the magnetostrictive coefficient and elastic
strain parameter, respectively. Constant a and b are deter-
mined by the composition of the material itself, and k rep-
resents the proportional coefficient. The formula suggested
that a large static saturation magnetization and a small coer-
cive force can contribute to higher magnetic permeability,
improving the material’s dynamic magnetic loss perfor-
mance in an altered electromagnetic field. For FeCoNi/CF-1,
the average level of u'' was 1.4, while the imaginary part
was above 0.2. However, CF had no magnetic components,
and the real and imaginary parts of the permeability were 1
and 0, respectively, which was unable to provide dynamic
magnetic loss (Fig. S3).

Generally, the magnetic loss of metallic composites can
be derived from four different scales, including domain
wall resonance, natural ferromagnetic resonance, eddy cur-
rent, and hysteresis loss. The hysteresis loss is neglectable
because it can only occur at extremely high external mag-
netic fields. The domain wall resonance, including domain
wall displacement and domain wall rotation, occurred near
its intrinsic resonant frequency, which was usually in an
ultra-low frequency (MHz level). Eddy current loss was usu-
ally considered to dominate in the high-frequency region
(8-18 GHz), because the calculated eddy current loss fac-
tor (Cozu”(y’)_zfl) remained a constant in this region.
At lower frequencies, natural ferromagnetic resonance dis-
sipation was caused by the inherent magnetic interactions of
different parts within a particle, which were coupled together
to form a complex magnetic dissipation network. For ferro-
magnetic crystals, owing to the existence of magnetocrys-
tal anisotropic equivalent field, natural resonance occurred
under the action of an external alternating magnetic field,
which was also the main source of our magnetic loss. To
better demonstrate that the magnetic properties of the fibers
can be greatly enhanced using our improved electrospin-
ning technique, the permeability of our as-prepared material
was compared with those in previous literature (Fig. 3f and
Table S2). It can be seen that the u’ and x4 of most mate-
rial in the previous research would not exceed 1.3 and 0.2.
Through our improved electrospinning process, the values
of u' and u"" were simultaneously promoted, which was ben-
eficial to decoupling between impedance and EM wave loss.
Through comparing our material with those of magnetic

https://doi.org/10.1007/s40820-022-00920-7
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Fig. 3 3D absorption coefficient value mapping of a FeCoNi/CF-1 and b CF as a function of thickness ranging 1-5 mm. ¢ The absorption coef-
ficient of FeCoNi/CF-1 and CF at a thickness of 2 mm. d Low-frequency electromagnetic absorption performance of common absorbers, as
concluded according to previous research. e Hysteresis loops and permeability of FeCoNi/CF-1. f Permeability comparison of related magnetic

materials, as concluded according to previous research

materials in some literature, the magnetic superiority of our
as-synthesized 1D FeCoNi/CF was further confirmed.

To further shed on the magnetic loss mechanism, the
micromagnetic simulation was used to explore the magnetic
loss lifting mechanism of FeCoNi/CF-1. Here a cylindrical
model with FeCoNi NP randomly dispersed was constructed
(Fig. 4a). A typical dynamic evolution process of magnetic
vortices was illustrated under different magnetic fields,
including extension, distortion, vanishing, formation, and
movement. Such coupling interactions vanished and reap-
peared frequently between two adjacent particles, resulting
in a dramatic variation in the interior magnetic moment.
The sample’s frequent variation could cause domain walls

to migrate, resulting in magnetic loss [21, 22]. Extra energy
from external fields was required to rebuild the dynamic
magnetic network during this construction and destruction

process of the magnetic coupling network, resulting in a

SHANGHAI JIAO TONG UNIVERSITY PRESS

phase lag between internal magnetic moments and external
fields. Besides, the magnetic moments marked with black
dotted lines appeared parallel or opposite, proving the exist-
ence of magnetic coupling. Consequently, the unique 1D
structure considerably boosted the magnetic loss capacity.
The use of high-density magnetic lines and coupling net-
works aided the enhancement of magnetic loss, resulting in
better EM wave absorption performance.

Further, off-axis electronic holography was first-time
used to evaluate the magnetic property of the as-synthesized
FeCoNi/CF (Fig. 4b—c). The reconstructed hologram showed
that the magnetic field lines radiated from one particle to the
other, forming a closed loop between two adjacent mag-
netic particles, demonstrating magnetic coupling. The fibers
exhibited integral magnetic line distribution rather than dis-
array distributions, implying compulsory assembly magnetic
interactions due to the dense packing of inner FeCoNi NP.

@ Springer
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Magnetic dissipation was further aided by the high-density
and wide range of magnetic coupling networks, resulting in
improved EM wave absorption performance.

Next, we discussed the effect on the electrical conductiv-
ity after introducing FeCoNi into the fiber. In addition, the
insertion of FeCoNi alloy also attributed to the dielectric
loss, as discussed as follows: As shown in Fig. 4d, the pure
CF showed the lower permittivity value, with both real and
imaginary parts below 10, which was due to the poor gra-
phitization degree. As a result, we observed the poor EM
absorption performance for the pure CF. After inserting
the conductive FeCoNi into CF, significant enhancement
could be observed for the FeCoNi/CF material system.

I;i’;to ion
d 40
FeCoNi/CF-1 -@ &' -0- &"
CF -9 & -9 &"
30} %9,
9
s 09000
E 20}
=
[ (= 78
% 10} 099990900000
29999000
Q-
0 99944333335
2 3 4 5 6
Frequency (GHz)

For example, the permittivity was greatly improved for the
FeCoNi/CF-1 sample, with the real part enlarged to 5 times
and imaginary part to 3 times. Raman spectroscopy was
used to detect the degree of graphitization of the carbon
fiber (Fig. 4e). D and G peaks were the Raman characteris-
tic peaks of C atom crystal, which were located near 1320
and 1585 cm™!, respectively, representing the crystal defects
of C atom and the in-plane stretching vibration of C atom
sp? hybrid, respectively. The I/l value of FeCoNi/CF-1
decreased to 1.25, compared with CF (1.28), due to the
increased G peak value which was derived from the excellent
graphite catalytic ability of FeCoNi. A lower Ijy/I; value can

reconstructed holograms of FeCoNi/CF-1

e
— FeCoNi/CF-1

— CF

Ip!lg=1.28

Intensity (a.u.)

1000 1500 2000
Raman Shift (cm'1)

Fig. 4 a Micromagnetic simulation of 1D axially distributed FeCoNi NP (The external magnetic field frequency is 6 GHz, and the diameter
of the microsphere is 200 nm). b Electron holograms of FeCoNi/CF-1 and corresponding stray magnetic field distribution. ¢ TEM image of
FeCoNi/CF-1 and the corresponding stray magnetic field distribution with recombination of different regions. d Permittivity of FeCoNi/CF-1

and CF. e Raman spectra of FeCoNi/CF-1 and CF
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result in a greater initial dielectric value, which can improve
the low-frequency EM wave absorption performance [49].

3.3 Performance of Other FeCoNi/CF Samples

To demonstrate the universality of the excellent absorb-
ing properties of as-prepared 1D magnetic fibers, we also
synthesized FeCoNi/CF with different magnetic-carbon
component ratios (denoted as FeCoNi/CF-2 and FeCoNi/
CF-3). Based on sample FeCoNi/CF-1, sample FeCoNi/
CF-2 and FeCoNi/CF-3 added another pre-oxidation pro-
cess stage, which aimed to regulate the magnetic-carbon
ratio in the final formed FeCoNi/CF by controlling the
mass of pre-oxidation FeCoNi. Figure 5a—b and d—e shows
the SEM and TEM images of FeCoNi/CF-2 and FeCoNi/
CF-3, respectively, which exhibited that FeCoNi/CF-2 and
FeCoNi/CF-3 had 1D fibrous structures encapsulated with
FeCoNi magnetic particles. The TEM image revealed that
the agglomeration of magnetic nanoparticles increased
from FeCoNi-2 to FeCoNi-3 as the heating treatment
time increased. The XRD patterns of FeCoNi/CF-2 and
FeCoNi/CF-3 exhibited similar peak shape as FeCoNi/
CF-1 (Fig. S4). It showed that the phase of the sample
main components can still be maintained under the vari-
able condition, proving the stability of the structure.
Figure S5 shows the 3D absorption coefficient value
of FeCoNi/CF-2, and FeCoNi/CF-3 within 2—-6 GHz as a
function of thickness ranging from 1 to 5 mm. Notably, the
EM wave absorption performance of FeCoNi NP was also
displayed to prove the superiority of 1D magnetic fiber.
We still extracted the thickness under 2 mm and depicted
it in Fig. 5c. The absorption coefficient of FeCoNi/CF-2
and FeCoNi/CF-3 was significantly improved compared
with that of CF and FeCoNi NP, which can be attributed
to the template construction of 1D magnetic anisotropic
fibers. The magnetic permeability of FeCoNi/CF-2 and
FeCoNi/CF-3 exhibited a slightly higher value compared
to FeCoNi/CF-1 (Fig. 5f), which might be attributed to the
higher magnetic-carbon ratio. The imaginary part of the
magnetic permeability of FeCoNi/CF was much higher
than that of FeCoNi NP, suggesting the superiority of the
1D structure. We tested the hysteresis loop of the above
samples and discovered that they had high static satura-
tion magnetization and good soft magnetic properties,
all of which resulted in excellent permeability (Fig. S6).

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

The permittivity is also listed in Fig. S7 which showed
a decreased trend when the carbon content of FeCoNi/
CF decreased, as the permittivity and conductivity were
positively correlated. In addition, when the pre-oxidation
time continued to extend, the carbon content in the fiber
continued to decrease, which would cause the dielectric
constant to drop to a lower level. A lower dielectric con-
stant was not conducive to the generation of excellent
absorbing properties. Therefore, the pre-oxidation time
cannot be extended indefinitely. From the perspective of
dimension construction of FeCoNi alloy, it was found that
the 1D form had a great improvement in both permittivity
and permeability, which further proved the advantage of
1D FeCoNi alloy.

3.4 Component Selection Engineering of FeCoNi/CF

Besides structure engineering, the component selection was
also utilized in this work. Generally, upgrading the magnetic
loss capacity intrinsically was essential. The magnetic prop-
erty of FeCoNi/CF was closely linked to its complex perme-
ability. Doping FeCo alloy with heterogeneous Ni elements
can considerably improve magnetic loss and storage ability.
Thus, electromagnetic parameters of 11 kinds of FeCoNi NP
with different proportions of Fe, Co, and Ni elements were
measured to validate this hypothesis (Fig. 6a—b). ICP analy-
sis was applied to identify the atomic ratio of Fe, Co, and Ni
in different samples. The results showed that FeCoNi with
different element ratios had different ' and u" values, cor-
responding to different intrinsic magnetic loss capabilities.
We extracted magnetic parameters and Ni content data at
6 GHz and discovered that the magnetic parameters reached
a maximum range when Ni content was in the middle range
(4%—-14%) (Fig. 6¢). This implied that adding Ni into FeCo
could improve intrinsic magnetism of the material, which
was obtained via ferromagnetic resonance and natural loss,
making a significant effect on the loss of electromagnetic
waves. Furthermore, larger magnetic parameters were ben-
eficial to stronger absorption performance under thinner
thickness, according to the calculation formula of reflection
loss.

The micromagnetic simulation was used to explain this
phenomenon. Figure 6d shows the simulated dynamic
magnetic response of individual FeCoNi microsphere with
three representative ratios (Fes,Cos,, FesoCoyNi,,, and
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Fe,,Co,Ni,;). The magnetic moments at the edge regions
vibrated more violently during a single period as the Ni
content increased, indicating more intensive energy dissi-
pation. Moreover, the Ni-rich particles showed a broader
magnetic-domain vibration region, demonstrating a broader
response to the alternating field. Such dynamic domain
movement can cause significant energy loss when interact-
ing with an electromagnetic field, resulting in an enhanced
magnetic loss.

FeCoNi/CF was an excellent magnetic-dielectric micro-
wave absorber, covering both magnetic loss and dielec-
tric loss, and the former dominated at low frequency. The
coupling degree between input impedance and EM wave
dissipation capability increased significantly as frequency
decreased, which would result in a poor EM wave absorp-
tion property. To solve the coupling issue between input
impedance and EM wave dissipation, magnetic materials
with excellent magnetic constant can regulate the input
impedance and EM wave dissipation ability greatly and
thus exhibit superior EM wave absorption performance

in the low-frequency region. Though structural design or
component regulating, higher magnetization which leads
to enhanced permeability was achieved for our as-prepared
FeCoNi/CF.

4 Conclusion

In summary, this study provides a unique FeCoNi alloy
confined in directionally extended CF, which allows the
enhancement of magnetic response and magnetic shape ani-
sotropy. Moreover, the FeCoNi alloy has enhanced magnetic
loss capacity due to the novel multielement metal alloying
method. In addition, the decorated 1D carbon fibers form a
3D conductive network in space, which contributes to the
conductive loss. Notably, such a 1D shape can be further
applied to other magnetic structures which require good
shape anisotropy. In a nutshell, this unique magnetic fiber
can inspire new designs of 1D magnetic EM wave absorp-

tion materials.
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