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Abstract: Non-stoichiometric carbides have been proven to be effective electromagnetic wave (EMW) absorbing materials. In this study,
phase and morphology of XZnC (X = Fe/Co/Cu) loaded on a three dimensional (3D) network structure melamine sponge (MS) carbon
composites were investigated through vacuum filtration followed by calcination. The FeZnC/CoZnC/CuZnC with carbon nanotubes
(CNTs) were uniformly dispersed on the surface of melamine sponge carbon skeleton and Co-containing sample exhibits the highest
CNTs concentration. The minimum reflection loss (RLy,) of the CoZnC/MS composite (Meomposice : Mparafin = 1:1, m represents mass)
reached —33.60 dB, and the effective absorption bandwidth (EAB) reached 9.60 GHz. The outstanding electromagnetic wave absorption
(EMWA) properties of the CoZnC/MS composite can be attributed to its unique hollow structure, which leads to multiple reflections and
scattering. The formed conductive network improves dielectric and conductive loss. The incorporation of Co enhances the magnetic loss
capability and optimizes interfacial polarization and dipole polarization. By simultaneously improving dielectric and magnetic losses, ex-
cellent impedance matching performance is achieved. The clarification of element replacement in XZnC/MS composites provides an effi-
cient design perspective for high-performance non-stoichiometric carbide EMW absorbers.

Keywords: electromagnetic wave absorption; three dimensional network structure; melamine sponge derived carbon; non-stoichiometric

carbide

1. Introduction

The accelerated advancement of contemporary techno-
logy has led to the widespread use of various electronic
devices, resulting in significant electromagnetic (EM) pollu-
tion [1-3]. The pollution not only causes electromagnetic in-
terference with electronic equipment but also poses substan-
tial harm to the human health [4]. Consequently, addressing
electromagnetic pollution has emerged as a pressing concern
[5]. To safeguard human health and electronic devices, the
development of electromagnetic wave (EMW) absorbing
materials is crucial. The materials are used to dissipate incid-
ent EWM or convert them into heat through interference ef-
fects, offering an effective solution to electromagnetic radi-
ation and interference issues [6]. Currently, research on en-
hancing electromagnetic wave absorption (EMWA) per-
formance has seen a significant progress in studies focusing
on metal carbide materials [7-12]. In the past decades, the
well-known magnetic metal carbides include Fe;C [13], Ni;C
[14], and Co;ZnC [15]. Although these materials possess
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dielectric loss and magnetic loss with multiple loss mechan-
isms optimized for impedance matching, as well as good
electrical conductivity, thermal and chemical stability, result-
ing in improved electromagnetic wave absorption perform-
ance, their ability to provide heterogeneous interfaces and de-
fects as stoichiometric ratio compounds is limited. Thus it is
also constrained to fulfil the requirements of strong absorp-
tion, wide bandwidth and minimum thickness [16]. Among
the various materials, Ni;ZnC,; and its composite counter-
parts have increasingly become a focal point of research. The
EMWA properties of the composite materials have been sig-
nificantly enhanced. Qi ef al. [17] reported that the
Ni;ZnC,,/CNTs (carbon nanotubes)/melamine sponge (MS)
carbon composite (filtrating time of 2 h) exhibited the min-
imum reflection loss (RL;,) value of —114.5 dB (1.3 mm)
and an effective absorption bandwidth (EAB) of 12.5 GHz at
a matching thickness of 1.9 mm. Ding et al. [18] embedded
bimetallic transition carbide nanoparticles Ni;ZnC,; in nitro-
gen-rich layered porous carbon nanosheets, and the RL,;,
value of the composite was —69.1 dB at 12.7 GHz, and the
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EAB was 6.5 GHz. Sun at al. [19] researched the RL,;, value
of the Ni;ZnC,+/Ni loaded puffed-rice derived carbon com-
posite reaches —39.9 dB at 8.6 GHz, while the widest EAB of
the composite can reach 9.9 GHz (8.1-18 GHz, 1.49 mm).

In this work, the element Ni of Ni;ZnC,; was substituted
with various elements (Fe, Co, Cu). The substitutions were
made on the surface of a three dimensional (3D) skeleton us-
ing both the sol-gel method and the immersion method, with
the aim of preparing composites exhibiting different magnet-
ic phases. FeZnC, CoZnC, and CuZnC precursors were cal-
cined under nitrogen atmosphere to obtain FeZnC/MS,
CoZnC/MS, and CuZnC/MS composites. A comparative
analysis was conducted on the morphology, structure, and
EMWA performance of FeZnC/MS, CoZnC/MS, and CuZnC/
MS composites. As anticipated, the composites loaded with
Fe, Co, and Zn all yielded sponge skeleton-loaded particles
and carbon nanotubes. However, when compared to Fe and
Cu, the CoZnC composites demonstrated superior EMWA
properties. The optimized impedance matching resulted in ef-
fective attenuation of the composites. The spongy hollow
carbon exhibits excellent impedance matching with free air,
significantly increasing the number of solid—air interfaces
and thereby enhancing EMWA performance. The inherent
benefits of spongy hollow carbon, including its lightweight
nature, large specific surface area, and adjustable dielectric
loss, are further underscored. The experimental concept of
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2.2. Characterizations

The phase, morphology and structure of the FeZnC/MS,
CoZnC/MS, and CuZnC/MS samples were observed by X-
ray diffraction (XRD) and scanning electron microscopy
(SEM). Raman spectrometer was applied to determine the
graphitization degree. Thermo Fisher ESCALAB 250Xi
spectrometer (Al K, X-ray source) was designed to get the X-
ray photoelectron spectroscopy (XPS) curves. Electromag-
netic measurements of FeZnC/MS, CoZnC/MS, and
CuZnC/MS toroidal rings were studied by vector network

Magnetic stirring
0.5 h with DMF to
get Al, A2, A3 liquid

Se—
Magnetic srirring 0.5 h
with DMF to get liquid B

substituting Ni with various metal elements is validated,
yielding an EAB absorbing material of superior performance.
This discovery offers a novel research approach for the ex-
ploration of other metal absorbing materials.

2. Experimental

2.1. Preparation of FeZnC/MS, CoZnC/MS,
CuZnC/MS materials

and

Instead of nickel acetate, iron acetate, cobalt acetate and
copper acetate were used as raw materials, respectively.
11.25 mmol of ferric acetate (cobalt acetate, copper acetate)
and 3.75 mmol of zinc acetate were dispersed into 125 mL of
N,N-dimethylformamide (DMF) and stirred for 30 min to
obtain liquid A. Meanwhile, 9 mmol of terephthalic acid
(PTA) and 2.125 mL of triethylamine (TEA) were dispersed
into 100 mL of DMF and stirred for 30 min to obtain liquid
B. Then liquid B was poured into liquid A and continued to
be stirred for 1 h to obtain FeZnC (CoZnC, CuZnC) precurs-
or solution. The precursor solution and MS were poured into
a filter for filtration, and after 1 h, the sample was taken out
and put into a tube furnace to 700°C at a heating rate of
5°C-min " at the N, atmosphere, and then annealed for 10 h
to obtain the FeZnC/MS, CoZnC/MS, and CuZnC/MS com-
posites. The synthesis process of FeZnC/MS, CoZnC/MS,
and CuZnC/MS is shown in Fig. 1.

.
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Schematic of the preparation of FeZnC/MS, CoZnC/MS, and CuZnC/MS composites. SEM: scanning electron microscopy.

analyzer (VAN, 3656D). According to the transmission line
theory, the RL values were made by Egs. (1) and (2) [20-21]:

Zn=2 'Iﬁtanh('@ \/,ursr) )]
\ & c
_ (Zin - ZO)
RL =20l ‘ Zin+2) @

where Z;,, ¢, and Z, represent the input impedance, velocity,
and impedance of the absorber in free space, respectively, u;,
&, and j represent complex permeability, complex permittiv-
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ity, and imaginary unit, respectively, f is the frequency of the
microwaves, and d should be the thickness of the absorber.

3. Results and discussion
3.1. Structural characterization

The XRD spectra of the synthesized samples are shown in
Fig. 2. The sharp diffraction peak at 44.7° and two small dif-
fraction peaks at 63.1° and 82.4° are shown in Fig. 2(a),
matching well with the (110), (200) and (211) lattice planes
of Fe (JCPDS No. 06-0696) [22]. In addition, characteristic
peaks of metal carbides such as FeC, Fe,C, ectc. are also
presented. The diffraction peaks at 43.9°, 52.1°, and 77.6° in
Fig. 2(b) can be pointed to the (113), (300) lattice planes of
monomeric Co (JCPDS No. 15-0806) [23]. The characterist-
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ic peaks at 42.8° and 51.3° in Fig. 2(c) can be attributed to the
(111), (220), and (311) lattice planes of Cu (JCPDS No. 04-
0836) [24]. From the XRD results it can be seen that the main
magnetic components are stemmed from the Fe, Co, and Cu
after the substitution of different metal elements. Raman
spectroscopy can be used to determine the degree of graphit-
isation of the material. The two Raman characteristic peaks at
1340 and 1580 cm ' are attributed to disordered carbon (D
band) and ordered carbon (G band), respectively (Fig.
2(d)—(f)). The D band and G band are correspondingly re-
lated to the vibrational modes of defects and sp” carbon atoms
[25]. It can be observed that the //Is (D peak value divided
by G peak value) values of FeZnC, CoZnC, and CuZnC
are close to each other, and thus the graphitizing degree is

(2 (b)
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Fig.2. (a—c) XRD and (d—e) Raman images of the FeZnC/MS, CoZnC/MS, and CuZnC/MS.

It can be seen from SEM images that all the three groups
of samples exhibit a typical 3D network structure, where the
sponge skeleton consists of microtubes with an average dia-
meter of 3 um and hollow spherical shell structures with a
diameter of 15 um, with carbon nanotubes as well as metal
particles growing on the surface (Fig. 3). The Co particles are
loaded on the sponge skeleton and catalyse the formation of a
large number of carbon nanotubes which are uniformly dis-
tributed on the surface of the sponge skeleton, forming a rich
interfacial structure (Fig. 3(b1)—+(b3)). For FeZnC/MS and
CuZnC/MS, the skeletal structure remains unchanged.
Although carbon nanotubes were also catalytically generated,
their number is significantly less than that of CoZnC/MS,
suggesting that the catalytic activity of Co surpasses that of
Fe and Cu. In fact, carbon nanotubes were not obviously
generated in the CuZnC system, which showed a heterogen-
eous structure of Cu particles bonded to carbon instead
(Fig. 3(c3)). On the one hand, the electronic structure of co-
balt atoms makes them highly active in catalyzing the de-

composition of carbon source. They can effectively promote
the cleavage of carbon source molecules to generate free car-
bon atoms. These free carbon atoms can subsequently re-
combine under appropriate conditions to form carbon nan-
otubes [26]. During the catalysis process, cobalt nano-
particles can provide good growth sites and facilitate the dir-
ectional growth of carbon nanotubes. In contrast, copper has
a lower catalytic activity and is less likely to effectively
cleave carbon source molecules. The interaction force
between catalyst and carbon atoms is also very important for
the growth of carbon nanotubes. The weak interaction force
between copper and carbon atoms is not conducive to the mi-
gration and reassembly of carbon atoms. On the other hand,
besides the existence of iron, detectable amount of Fe,C and
FeC can decrease the catalytic activity of the iron.
Transmission electron microscope (TEM) was used to fur-
ther characterise the micro-morphology and lattice informa-
tion of the material as shown in Fig. 4. Fig. 4(a) and (b)
shows the low resolution TEM image with a large number of
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5

carbon nanotube structures on the surface of the CoZnC/MS
sample and nanoparticles wrapped around the nanotube be-
ginnings. It is further observed from the high resolution TEM
image (Fig. 4(c) and (d)) that the nanoparticles have a lattice
plane spacing of 0.176 nm, which can be indexed to the (200)
lattice plane of Co, suggesting that the nanoparticles wrapped
around the tip of the nanotubes are Co monomers. The nan-

100 nm
L

Fig. 3. SEM images of (al-a3) FeZnC/MS, (b1-b3) CoZnC/MS, and (c1-c3) CuZnC/MS from low to high resolution.

otubes surrounding the Co particles correspond to the C ele-
ment. Based on energy dispersive spectrometer (EDS) map-
ping results, C (red region), Co (yellow region) and Zn (green
region) elements were uniformly distributed in CoZnC/MS
(Fig. 4(f)—(h)). TEM analysis verified the successful prepara-
tion of CoZnC/MS composites as well as the important role
of Co particles on the formation of carbon nanotubes.

100 nm

100 nm
L ===

Fig. 4. (a, b) TEM, (¢, d) high resolution TEM images, and (e-h) corresponding C, Co, and Zn EDS maps of CoZnC/MS

composites.
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The surface chemical compositions of Fe (Co, Cu)
ZnC/MS materials were further investigated by XPS, as
shown in Fig. 5. Based on the full XPS spectra of the three
composites (Fig. 5(a)), the C, O, N, Fe (Cu, Co), and Zn ele-
ments on the surfaces of the three groups of samples were
analysed and compared one by one. For the N s spectra
(Fig. 5(b)), the N 1s spectra was fitted as three different peaks
at about 398.2, 400.7, and 406.7 eV, representing pyridinic-
N, graphitic-N, and oxidized-N, respectively [27]. In this
work, triethylamine was used as a nitrogen-containing ligand,
with the nitrogen contained in the carbon material itself as the
source. For the O 1s spectra (Fig. 5(c)), the O 1s spectra have
two different peaks at about 529.7, 531.9 eV, representing
—OH, —COOH, respectively [28]. In addition, the character-
istic peak of CoZnC/MS sample at 533.6 eV corresponds to
C-0 peak and FeZnC/MS sample at 530.3 eV corresponds to
C=0 peak [29]. The C 1s spectra show similar spectra with
three major peaks at 289.1, 286.7, and 284.8 eV, which cor-
responds to C=0, C-N, and C=C, respectively (Fig. 5(d))
[30-31]. It can be observed in Fig. 5(f) that the Fe 2p spec-
trum consisting of six peaks is attributed to Fe’ (710.6 and

Int. J. Miner. Metall. Mater., Vol. 32, No. 3, Mar. 2025

724.8 V), Fe*" (713.1 and 726.7 V), and satellite peaks
(719.2 and 733.8 eV) [32]. The Co 2p spectra were com-
bined by Co° (779.6 and 794.9 eV), Co** (781.2 and 796.3
eV), and satellite peaks (788.3 and 804.7 e¢V), respectively
(Fig. 5(g)) [33]. On the other hand, the observed characterist-
ic Cu 2p peaks at 931.5 and 943.8 eV are consistent with Cu’,
whereas the peaks at 935.3 and 954.7¢V are associated with
Cu’" and the peaks at 942.8 and 963.1 eV belong to satellite
peaks (Fig. 5(h)) [34].

3.2. Electromagnetic parameters and EMWA perform-
ance

Electromagnetic parameters play a key role in revealing
the electromagnetic absorption properties of Fe (Co, Cu)
ZnC/MS samples. The real (¢') and imaginary (¢”) parts of
complex permittivity are shown in Fig. 6(a) and (b). The val-
ues of ¢ and &” for FeZnC/MS are higher than that of
CoZnC/MS and CuZnC/MS, which indicate that FeZnC/MS
has a larger dielectric energy storage capacity and dissipation
capability. FeZnC/MS has high &” values in the range of 2—
4 GHz, which suggests that the material possesses a high
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Fig. 5. (a) XPS full spectra, high-resolution XPS spectra of (b) N 1s, (¢) O 1s, (d) C 1s, (e) Zn 2p of the FeZnC/MS, CoZnC/MS, and
CuZnC/MS. High-resolution XPS spectra of (f) Fe 2p of the FeZnC/MS, (g) Co 2p of the CoZnC/MS, and (h) Cu 2p of the

CuZnC/MS.
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electrical conductivity, whereas too high conductivity leads
to the EMW reflection at the surface of the absorber [35].
Therefore, the dielectric constant obtained for CoZnC/MS is
rather more favourable for the absorption of EMW. The an-
gular tangent of dielectric loss (tand, = £” /&) of FeZnC/MS
is higher than that of CoZnC/MS and CuZnC/MS at low fre-
quencies, which suggests that FeZnC/MS has a stronger
dielectric loss capability at low frequencies (Fig. 6(c)). The
real (¢') and imaginary (u”) parts of the complex permeabil-
ity of Fe (Co, Cu) ZnC/MS samples are shown in Fig. 6(d)
and (e). It can be clearly seen that the x/ and x” values of
CuZnC/MS and FeZnC/MS are higher than that of the other
two samples respectively, indicating that the CuZnC/MS has
a better magnetic energy storage capacity, while FeZnC/MS
has a better magnetic dissipation capacity. After comparison,
the curve in Fig. 6(e) is located at the same place where the
peak value of ¢ corresponds to the trough value in &”, and
the trend is also observed for u'—¢’ and tand,(tand, =
M’ i ytand, in the mid-to-high frequency range. The phe-
nomenon suggests that the complex permeability of the
sample will respond to the dielectric transition, which may be
due to electromagnetic coupling effects [36]. It can be seen
that some imaginary part of permeability values are blew 0
for CuZnC/MS composite. According to Maxwell’s equa-
tions, the highly conductive component (spongy carbon) of
the composite promotes charge transfer and generates an in-
ternal magnetic field (Faraday’s law of electromagnetic in-
duction) in the presence of an alternating electromagnetic
field. The presence of this internal magnetic field cancels out
some of the magnetic losses generated by the composite as a
whole, resulting in a negative value of u’ [37]. At certain fre-
quencies, the phase-delayed nature of the material may lead
to a reverse flow of energy, which also contributes to the neg-

ative behaviour of the imaginary part of the magnetic per-
meability. For EMW absorbing materials, the values of tand,
and tand, = u” /i can reflect their dielectric and magnetic
losses to a certain extent, but cannot be proved to have excel-
lent wave absorbing properties, since the impedance match-
ing of the material must be satisfied firstly.

The 3D reflection maps and two dimensional (2D) RL of
the three composites are shown in Fig. 7 when the filling ra-
tio of the nanocomposites is 1:1. It can be clearly seen that
the RL of CoZnC/MS composite (Fig. 7(b)) is better than that
of FeZnC/MS (Fig. 7(a)) and CuZnC/MS (Fig. 7(c)) over the
whole frequency range, which implies that the substitution of
the Co element is more optimised for the EMWA perform-
ance. The result may be due to the richer microstructure
growth on the surface of CoZnC/MS composites, which is
conducive to the improvement of the impedance matching of
the materials. The RL;, value of CoZnC/MS composite at
11.12 GHz is —33.60 dB (1.20 mm), and the corresponding
EAB is 9.60 GHz (1.20 mm, 8.4-18.00 GHz). The RL,;, val-
ues for FeZnC/MS and CuZnC/MS are —14.00 dB and
—26.50 dB, respectively. In addition, the effect of different
paraffin filling rates of the materials on the performance of
EMWA is investigated (Figs. S1 and S2, see the Supple-
mentary Information). Under the paraffin filling ratios of 1:2
and 1:3, the permittivity of the optimum sample CoZnC/MS
is too large leading to the impedance mismatch of the materi-
al, and thus the performance is bad, and the RL values are all
above —10 dB.

Fig. 8 shows a plot of the calculated RL versus frequency
for all three samples at different thicknesses (1-3 mm). It is
well known that when the RL is equal to —10 dB, the EMW
absorption is considered to be 90%, and the frequency range
where the RL is less than —10 dB is considered to be the
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EAB. From the RL curves of the three samples, it can be seen
that the EMWA ability of FeZnC/MS and CuZnC/MS is rel-
atively weak. For CoZnC/MS, the dissipation ability to the
incident EMW is improved. The RL,,;, is as low as —32.70 dB
for a matched thickness of only 1 mm, which gives the ma-
terial a significant advantage for practical applications. The
impedance matching (|Z,,/Zy]) curves of FeZnC/MS,
CoZnC/MS, and CuZnC/MS composites with different
thicknesses are calculated and the results are shown in Fig.
8(a2)—(c2). The closer the value of |Z,,/Z,| is to 1, the better
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the impedance matching between the absorber and the EMW,
which means that more EMW enters into the absorber and at-
tenuates it. As a result of the magnetic nanoparticles and car-
bon nanotubes optimise the magnetic and dielectric losses,
the |Z,/Z,| curves show that CoZnC/MS is better than
FeZnC/MS and CuZnC/MS. CoZnC/MS has better imped-
ance matching than FeZnC/MS and CuZnC/MS.

In general, the dielectric loss consists of dipole polariza-
tion and interface polarization within the EMW band. The
multiple semicircles indicate the presence of multiple polar-
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ization relaxation processes under an alternating current elec-
tric field (Fig. 9(a)—(c)).

When the external electric field disappears, the dipole is
reoriented driven by thermal motion, which is a dipole polar-
ization relaxation process. According to the Debye dipolar
relaxation theory, the relationship between & and £” can be
written as Eq. (3) [38]:

[6' = (e.+8.) 21+ (") = [(s.— &) 2] 3
where e.and g represent the relative and static dielectric
constants, respectively. The Cole—Cole semicircle plot is
used to describe the Debye relaxation process, composed of
& and &”. In heterojunction materials, interfacial polariza-
tion and its relaxation process often occur, which is an en-
ergy loss caused by the lag of dipole orientation polarization
in the material behind the change of the electric field. With
the shape of the semicircle is determined by the dielectric re-
laxation time of the material and the correlation coefficient
between temperature and frequency. Each semicircle in the
plot represents a stage of Debye relaxation.

The Cole—Cole curves of all the samples possess a long
trailing tail, indicating the contribution of conductivity loss to
the EMWA properties. In general, the attenuation of EMW in

magnetic absorbers strongly depends on magnetic loss, in-
cluding hysteresis loss, eddy current loss (Cy), natural reson-
ance and exchange resonance [39]. For the prepared compos-
ites eddy current loss and natural resonance can be generated
from 2-18 GHz.

In the new type of composite material combining carbon
materials and magnetic materials, magnetic loss is mostly
caused by Cy, which is closely related to the conductivity
and thickness of the material. Under the action of an applied
magnetic field, an induced current is generated inside the ma-
terial, which leads to energy dissipation, known as eddy cur-
rent loss. Therefore, by adjusting the above parameters of the
material, the eddy current loss can be effectively controlled,
thereby affecting the overall magnetic performance of the
material. It can be expressed as Eq. (4) [40]:

Co=p'(W) " = 2muyd’o )
where y, and o represent the vacuum permeability and con-
ductivity, respectively. If the value of C, remains constant
with frequency, it means that eddy current losses account for
the main contribution to the magnetic loss [41]. The C, curve
of FeZnC/MS (Fig. 9(d)) fluctuates slightly in the range of
2-13 GHz and stabilize in the range of 13—18 GHz, which
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suggests that the main magnetic loss mechanisms of
FeZnC/MS nanocomposites are natural resonance and eddy
current loss in the range of 2—-13 and 13-18 GHz, respect-
ively. The C, curve of CoZnC/MS (Fig. 9(e)) decreases
sharply in the range of 2—-5 GHz and fluctuates in the range of
13-18 GHz, suggesting that natural resonance dominates the
magnetic loss mechanism in the low and high frequency
range. The C, curve of CuZnC/MS (Fig. 8(f)) fluctuates
throughout the frequency, indicating that the natural reson-
ance is mainly responsible for the magnetic loss.

The attenuation constant (a) of absorbing materials is
generally used to describe the characteristics of absorbers in
the process of absorbing and transmitting EMW. The lager o
of the absorbing material, the higher its absorption and scat-
tering effects on EMW, and it can better weaken the EMW
energy. The a of absorbing materials can be described using
the EM parameters, as shown in Eq. (5) [42]:

nf V2

c

Vieerse s e swer s o ey

The o value of all composites increases with increasing
frequency. The largest a values of CoZnC/MS composite in-
dicates that it exhibits a stronger electromagnetic wave atten-
uation capability. Table 1 summarizes the relevant paramet-
ers of Fe/Co/Cu-based EMW absorbers recently reported in
the literature. It can be seen from the comparison that the pre-
pared CoZnC/MS absorber combine the advantages of strong
loss and wide absorption bandwidth, and show excellent EM-
WA performance.

According to the study shown in Fig. 10, the electromag-
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Table 1. Recently reported Fe/Co/Cu-based EMW absorbers
and related performance parameters

Thickness/ RL,,,/ EAB/
Re

Sample mm B Gliz f.
FeNi/C 1.65 4020 550 [43]
Fe@C 3.00 ~37.70 7.50 [44]
Eeécé’l\?fgomted 1.70 2483 5.14 [45]
GO/Fes0, 120 ~33.00 3.00 [46]
C/Cu/NiP 1.70 4590 3.00 [47]
Febe:0,/biomass 2.06 ~30.41 245 [48]
Fe/C 2.50 2060 624 [49]
Co/Co(OH),@PCN  2.20 2580 7.10 [50]
Coo-Feos@C@void@C 2.11 2410 721 [51]
CoZnC/MS 1.20 ~33.60 9.60 This work

netic wave absorption mechanism of CoZnC 3D network-
structured hollow MS carbon composites is mainly affected
by the following factors: firstly, the unique hollow structure
of the composites optimises impedance matching and trig-
gers multiple reflections and scattering [52—58], which al-
lows the EWM to propagate over long distances in the con-
fined air space, and thus converts the energy into heat or oth-
er types of energy [59-68]. Secondly, CoZnC/MS has a large
number of interfaces between them, leading to interfacial po-
larization, which results in the attenuation of EMW energy.
Finally, based on the electromagnetic coupling effect, the at-
tenuation of electromagnetic energy is increased by the syn-
ergistic loss of the dielectric (MS carbon) and magnetic
(CoZnC) components, which leads to excellent EMWA
properties.

(e

O]
® § '

Conductive loss

- &

Magnetic eddy current

Transmitted EM waves

Fig. 10. EMW mechanism of CoZnC/3D network structure hollow MS carbon composite.

4. Conclusion

In this work, FeZnC/MS, CoZnC/MS and CuZnC/MS
composites were successfully synthesized on the 3D frame-
work MS by replacing Ni elements in Ni;ZnC,; with Fe, Co

and Cu elements through the sol-gel method and immersion
method, so that the composites were filled with Cu, Fe and
Co particles and carbon nanotubes. Compared with Fe and
Cu element substitution, the CoZnC composites have better
EMWA performance, which can be attributed to the excel-
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lent magnetic properties of Co and the dielectric properties of
MS improving impedance matching, so that EMW can enter
the material to be attenuated when the paraffin filling ratio is
1:1, the RL,,;, of the CoZnC/MS is —33.60 dB, and the EAB
is 9.60 GHz, which is a significant improvement in EAB
compared with Ni;ZnC,,/MS. In addition, the effect of dif-
ferent paraffin filling rates of the materials on the perform-
ance of EMWA is investigated with bad EMWA perform-
ance after reducing the fill ratio. This work increases the
magnetism of the composite by replacing weaker magnetic
metals in the raw materials with stronger magnetic elements,
optimizes impedance matching, and provides a new way for
preparing high-performance absorbing materials.
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