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1 Relevance summary

1. The Co powders with a network structure were
prepared by using corncobs as templates. This net-
work structure contributes to enhanced dielectric
loss, magnetic loss, and optimized impedance
matching, and so the Co network exhibits excellent
microwave absorbing properties at thin thicknesses.

2. The Co@C network with a core-shell structure
was prepared. However, compared with the reported
literatures, the carbon shell has an abnormal effect on
the microwave absorbing property, and the reason
was analyzed.

3. Two new criteria considering the effects of
sample thickness were proposed to evaluate the
microwave absorbing property.

2 Introduction

In the last several decades, increasingly severe envi-
ronmental pollution has attracted world-wide con-
cern. Different from some traditional chemical
pollution, such as water pollution [1], air pollution
[2], and solid waste pollution [3, 4], electromagnetic
pollution including electromagnetic interference
(EMI) and electromagnetic radiation (EMR) is a new
kind of physical pollution [5]. The EMI and EMR can
influence the normal operation of precision instru-
ments, and cause serious damage to people’s health
[6-8]. In order to solve the electromagnetic pollution
problem, two strategies, i.e., electromagnetic shield-
ing and electromagnetic absorption were usually
employed [9]. In these two methods, electromagnetic
absorbing materials play an important role because
they can eliminate the incident electromagnetic wave
radically by converting it to thermal energy. In
addition, due to the pressing needs of military
equipment, microwave absorbing materials have
become the key of stealth technique. Therefore, in
recent years, more and more attention has been paid
to the preparation of new microwave absorbers with
strong absorption, wide bandwidth, light weight, and
thin thickness [10, 11].

Dielectric loss and magnetic loss are the two main
loss ways for microwave absorbing materials.
Therefore, the microwave absorption performance of
a material mainly depends on its dielectric and
magnetic properties. Among various microwave
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absorbers, magnetic metal powders generally possess
both high dielectric loss and strong magnetic loss. In
addition, due to the high Snoek’s limit, magnetic
metal powders can still maintain excellent magnetic
properties at high frequencies, which is unattainable
for another often used magnetic material—ferrites
[12]. Therefore, magnetic metal powders were con-
sidered to be promising microwave absorbing mate-
rials. Up to now, a large number of magnetic metal
powers, such as Fe [13], Co [14, 15], Ni [16], FeNi
[17, 18], FeCo [19, 20], and NiCo [21] powders have
been prepared, and enhanced microwave absorption
was obtained by adjusting their morphologies,
structures, or compositions. However, for most
magnetic metal powders, the magnetic loss is much
stronger than dielectric loss [22, 23], which would
deteriorate the impedance matching between absor-
bers and free space, and then lead to most of the
incident microwaves reflected on the absorbers’ sur-
faces. Therefore, the magnetic metal powder absor-
bers usually suffer from high thickness and narrow
absorbing bandwidth, which restricted their practical
application [24]. Up to now, it is still a challenge to
optimize the microwave absorbing properties of
magnetic metal powders and improve their
practicability.

Among the common magnetic metals, cobalt is
more stable than Fe, and has larger saturation mag-
netization than Ni. Therefore, up to now, various Co-
based microwave absorbing materials have been
studied [25, 26]. In this paper, we developed two
strategies which are hopeful to optimize the micro-
wave absorbing property of Co powders. First, the Co
powder with a network structure was prepared by
using corncobs as templates. The network structure
can form a conductive network and enhance the
electron conduction, and further improve the dielec-
tric loss by the enhanced conduction loss [27]. Sec-
ond, the Co@C network with a core-shell structure
was constructed by coating a carbon layer on the Co
network. It is well known that carbon is an excellent
dielectric material. A large number of carbon-based
materials have been synthesized and they exhibited
outstanding microwave absorbing properties [28-30].
Recently, the combination of various carbon and
magnetic materials has become the main tendency of
microwave absorbing materials [31-35]. Therefore,
both the network structure and the carbon shell may
be helpful to balance the magnetic loss and dielectric
loss of Co powders, and then optimize the impedance

@ Springer



28650

matching. Based on the above structural design, a
new Co-based microwave absorber with strong
absorption, wide bandwidth, light weight, and thin
thickness is expectable.

3 Experimental
3.1 Preparation of Co and Co@C networks

The preparation route of the Co and Co@C networks
are illustrated in Fig. 1. First, 0.5 g spongy cores of
corncobs were submerged in 50 mL Co(NO3), etha-
nol solution (0.8 mol L =) for 5 h under room tem-
perature. Second, the spongy cores adsorbed Co**
were calcined at 700 °C for 2 h in air atmosphere, and
then at 500 °C for 1 h in a mixed atmosphere (volume
ratio, Ar:H, = 1:1). Through these two calcination
processes, the corncobs can be burnt out and the
absorbed Co** will form a Co network.
Hydrothermal and solvothermal techniques have
many advantages, for example, the morphology and
size of particles can be easily controlled. Therefore,
they were widely used for the preparation of various
nanoparticles [36, 37]. Here, the Co network was
coated with a carbon layer through a simple one-step
hydrothermal process by using glucose as carbon
sources. In this hydrothermal procedure, 0.2 g as-
prepared Co network was first dispersed in 40 mL

Fig. 1 Illustration of the
preparation route of the Co
and Co@C networks

Spongy center of corncobs

Carbon coating
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glucose solution (0.5 mol L 1), and then the solution
was maintained at 180 °C for 10 h in a Teflon-lined
autoclave. When the autoclave was cooled to room
temperature naturally, the prepared Co@C composite
powders were separated by a magnet, washed with
water and ethanol for three times, and dried at 50 °C
for 4 h in a vacuum oven. At last, the Co@C powders
were thermally treated at 500 °C for 2 h in a N,
atmosphere for the further carbonization of the car-
bon layer.

3.2 Characterization

The phase structures of the prepared Co and Co@C
powders were characterized by a X-ray diffractome-
ter (XRD, D8 Advance, Bruker, German) under CuKa
radiation. The carbon was determined by Raman
spectrum which was carried out on a laser Raman
spectrometer (inVia, Renishaw, UK) at laser excita-
tion of 532 nm. X-ray photoelectron spectroscopy
(XPS) was employed to determine the composition of
the elements through a multifunctional imaging
electron spectrometer (Thermo ESCALAB 250XI,
USA). The micro morphologies and structures of the
powders were observed by a field emission scanning
electron microscope (FESEM, NANO SEM430, FEI,
USA) and a transmission electron microscope (TEM,
JEM-2100, JEOL, Japan). The magnetic properties of
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the powders were measured by a magnetic property
measurement system (MPMS, XL, Quantum Design,
USA). The thermal behavior of the powders under air
atmosphere was characterized by an thermogravi-
metric—differential thermal analyzer (TG-DTA, DTG-
60H, Shimadzu, Japan) at a scan rate of 10 °C min !
from room temperature to 650 °C.

3.3 Evaluation of microwave absorbing
properties

The electromagnetic parameters (relative complex
permittivity and permeability) in 2-18 GHz of the
samples were measured by a vector network analyzer
(Agilent E5071C). For this measurement, the Co or
Co@C powders (30 wt %) were first homogeneously
mixed with a certain amount of paraffin, and then the
mixtures were compressed into coaxial rings with
thickness, inner diameter, and outer diameter of
20mm, 3.04 mm, and 7.00 mm, respectively.
According to the measured electromagnetic parame-
ters, the microwave absorbing properties of the
samples can be evaluated by the reflection loss (RL),
which can be calculated based on transmission line
theory as follows:

RL (dB) = 20lg|(Zs —1)/(Zin +1)| M
Zin = (e/2x)' tanh [ 2nfd /) () ] @

where Z;, is the normalized input impedance, c is the
light velocity in vacuum (3 x 10° m s™), f is micro-
wave frequency (Hz), d is the sample thickness (m), &,
(6, =¢ —je), and p (u=p — ju”) are relative
complex permittivity and permeability, respectively.

4 Results and discussion

The crystal structures of the prepared Co and Co@C
networks were determined by the XRD patterns as
shown in Fig. 2a. It is shown that both the Co and
Co@C powders exhibit three obvious characteristic
peaks at around 44.22°, 51.52°, and 75.85°, which can
be indexed to the (111), (200), and (220) crystal planes
of the face-centered cubic metal cobalt (PDF#
15-0806), respectively. No significant characteristic
peaks of carbon were found in the Co@C XRD spec-
trum, maybe due to the poor crystallinity of the
coated carbon layer. However, the existence of the
carbon in Co@C powders was certified by the Raman
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spectrum as shown in Fig. 2b. It is well known that
Raman spectrum is a very effective method to
determine the existence of different types of carbon,
and the D and G bands of Raman spectrum stand for
the vibration of sp> atoms of disordered graphite, and
the in-plane vibration of sp” atoms in a 2D hexagonal
lattice, respectively. It is shown in Fig. 2b that both D
and G bands appear at around 1350 and 1590 cm ™' in
the Co@C spectrum, indicating the existence of the
carbon layer. Meanwhile, there are no peaks in the Co
spectrum, which means the corncob templates were
burnt out completely in the oxidation calcination
process.

Figure 2c shows the XPS spectrum of the Co@C
network, which further certified the existence of
carbon in the Co@C network by the obvious C 1 s
signal peak. O 1 s signal peak was also found in the
XPS spectrum. The existing O in the Co@C network
can be ascribed to the residual oxygen-containing
functional groups in the carbon coating process (for
example, C-O and -OH as shown in Fig. 2d and
Fig. S1). Compared with the sharp peaks of C 1 s and
O1 s, the Co 2p signal peaks in Fig. 2c are very weak.
This can be explained by the limited detecting depth
of XPS, and it also can be concluded that the Co
network was coated by a carbon layer.

Figure 3a shows the microstructure of the corn-
cobs, from which it can be seen that the corncobs
possess a regular porous structure. Therefore, once
the corncobs were immersed in Co(NOj), solution,
Co”" can be absorbed in the walls of the pores easily
as shown in Fig. S2a. Figures S2b-f show the changes
of the corncobs absorbed Co** at different tempera-
tures under the oxidation calcination process. It is
shown that with the increased calcination tempera-
tures, the corncobs were first broken into pieces, and
then burnt up gradually. When the temperature was
increased to 700 °C, the corncobs were burnt out
completely, and only Coz;O4 networks were left. The
Co30;4 can be reduced to Co by H, in the reduction
calcination process, and Figs. 3b and c show that the
reduced Co shows a structure of coralloid network.
Compared with the Co network, the Co@C network
possesses a thicker diameter as shown in Figs. 3d and
e, due to the coated carbon layer. The core-shell
structure of the Co@C was further certified by the
TEM image shown in Fig. 3f, which clearly shows
that the Co network was coated with a uniform car-
bon layer with a thickness of about 80 nm.
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Fig. 2 XRD patterns a and
Raman spectra b of the Co and
Co@C networks, XPS
spectrum ¢ and the high-
resolution XPS spectrum of
Cls d of the Co@C network
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Fig. 3 SEM images of corncobs a, Co network b, ¢ and Co@C network d, e, and TEM image of the Co@C network
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TG technology is an effective method to reflect the
property changes of materials at different tempera-
tures, such as phase transformation, weight loss, and
thermal stability [38]. Figure 4 shows the TG curves
of the Co and Co@C networks under air atmosphere.
It is shown that the Co network begins to oxidize
significantly at about 300 °C, and the weight increase
trend to be stable at 650 °C. The total weight increase
of 36.10% is very close to the theory weight change of
36.20% (from Co to Co30,4), which means no impu-
rities exist in the Co network. For the Co@C network,
the TG curve first shows a drastic decrease at about
300 °C, which can be ascribed to the oxidation of the
coated carbon layer (from C to CO,). And then, the
curve increases in 400-650 °C, due to the oxidation of
the Co network. The total weight change shows a loss
of 9.68%, from which the carbon content in the Co@C
composite can be calculated to be 33.7% according to
Eq. (3) as follows:

1 — weightloss

Carbon(wt%) =1 — ( X 3Mc,), (3)

Mco,0,
where M is the relative molecular weight of Co3;04
(240.8 g mol™") and Co (58.9 g mol ™).

Figure 5 shows the magnetic hysteresis loops of the
Co and Co@C networks measured at room tempera-
ture. Both of the two samples exhibit representative
soft ferromagnetic characteristic. The saturation
magnetization (M) of the Co and Co@C networks are
192 and 82 emu g~ !, respectively. The smaller M, of
Co@C is owing to the presence of the nonmagnetic
carbon layer, which may be detrimental to the mag-
netic loss of the absorber. It is also found that the M
of the Co network is higher than most of the reported
Co-based materials [39-43]. Generally, the shape
anisotropy of magnetic materials can influence their
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Fig. 4 TG curves of the Co and Co@C networks under air
atmosphere
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Fig. 5 Magnetic hysteresis loops of the Co and Co@C networks
at room temperature

magnetization behaviors significantly, and one-di-
mensional (1D) morphology is beneficial to opti-
mized magnetic parameters [23, 44]. The Co network
is made up of a large number of 1D coralloid Co
particles, and this maybe the reason why it possesses
a very high M,. The excellent magnetic property of
the Co network is conducive to a strong magnetic
loss.

Figures 6a and b show the three-dimensional and
two-dimensional diagrams of the calculated RL val-
ues of the Co sample, respectively. It is shown that
the RL value changes significantly with the variable
microwave frequencies and sample thicknesses. At
the sample thickness of 2.34 mm, the RL reaches up
to — 54.74 dB, and the effective absorbing bandwidth
(EAB, RL is less than — 10 dB, meaning more than
90% of the incident microwave was absorbed) is
3.20 GHz (the RL values in Figs. 6a and b were
truncated to — 35.0 dB for clarity, and the corre-
sponding partial enlarged detail can be found in
Fig. S3). What is more, Fig. 6b exhibits that an
excellent microwave absorbing property for the Co
sample can be obtained just under a small sample
thickness. With a sample thickness of 1.35 mm, the
RL value reaches — 30.80 dB at 14.16 GHz, while at
the sample thickness of 1.45 mm, the EAB is up to
5.36 GHz (12.64-18 GHz). Compared with the out-
standing property of the Co sample, it is strange to
find that the Co@C sample exhibits a very poor
microwave absorption performance. Figures 6c and d
show that for the Co@C sample, the RL value of less
than — 10 dB can be obtained at some frequencies
only when the sample thickness is more than 5 mm.
This high thickness is almost meaningless for a
microwave absorbing coating, and so the Co@C net-
work is not appropriate as a microwave absorber.
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Fig. 6 Three-dimensional and
two-dimensional diagrams of
the reflection losses of Co a,
b and Co@C networks c,

d. The minimum RL value, the
largest effective bandwidth,
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The results of Fig. 6 indicate that the Co network
possesses an excellent microwave absorbing prop-
erty. However, far from optimizing the microwave
absorbing property of the Co network, the coated
carbon layer leads to serious performance degrada-
tion. This phenomenon appears contradictory to
many reported literatures, which confirmed the pos-
itive role of the introduced carbon shell [42, 45]. In
order to find out the reason of this phenomenon, the
electromagnetic parameters, which directly deter-
mined the microwave absorbing properties of the
samples, are analyzed in detail as follows.

Figure 7a shows the relative complex permittivity
of the Co and Co@C samples. It can be seen that both
the real part (¢') and imaginary part (¢“) of the per-
mittivity of Co sample are larger than that of Co@C
sample. As we know that the real part of the elec-
tromagnetic parameter represents the energy storage,
while the imaginary part stands for the energy dis-
sipation. Therefore, the dielectric loss capacity of
absorbers can be characterized by the dielectric loss
factor (tan o, = ¢”/¢'). Figure 7b shows the dielectric
loss factors of the Co and Co@C samples, which
exhibits that the Co sample has the higher dielectric
loss than Co@C. Generally, the dielectric loss is from
conduction loss and polarization loss. The conduc-
tivity of metal Co is better than amorphous carbon.

@ Springer

Therefore, the conductivity of the Co network will
decrease after the carbon coating. According to the
free electron theory, ¢’ = 6/(2mef) (¢ is the vacuum
dielectric constant, and ¢ is the electric conductivity
of the absorber) [46], the imaginary part of the per-
mittivity is proportional to the conductivity. There-
fore, the Co network has the higher ¢ and stronger
conduction loss [47]. In addition, some obvious res-
onance peaks appear at the ¢’ curve of the Co sample,
while the ¢" curve of the Co@C is almost flat, which
means the higher polarization loss of the Co sample.
Both the stronger conduction loss and polarization
loss of the Co sample lead to its higher dielectric loss
factor.

Similarly, both the relative complex permeability
and magnetic loss factor (tan J,, = ¢/ i) of the Co
sample were reduced when the nonmagnetic carbon
layer was introduced, as shown in Figs. 7c and d.
This is consistent with the result of the saturation
magnetization shown in Fig. 5. In addition, the
magnetic loss of the Co network is higher than some
other Co-based materials [39, 40]. This enhanced
magnetic loss may be beneficial to stronger micro-
wave absorption.

Besides the electromagnetic loss factors, the
microwave attenuation capability of an absorber can
be evaluated by the attenuation constant (o) as well,
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which can be calculated according to Eq. (4) as
follows:

27‘Cf
\/’ \/ "o " \/( "o ,8,)2 (8’ "y e ,2)
( )

As shown in Fig. 54, the « value of the Co sample
decreased significantly when the Co network was
coated with the carbon layer. This is consistent with
the electromagnetic loss factors shown in Figs. 7b and
d.

Based on the above, it can be concluded that the
carbon layer on the Co network caused the reduction
of the ability to dissipate microwaves, due to its
nonmagnetic property and lower dielectric property.
However, it is still inadequate to explain the poor
microwave absorbing property of the Co@C sample.
Many literatures reported that the introduced carbon
component can enhance the microwave absorbing
property of magnetic materials, mainly by adjusting
the impedance matching [48-50]. Therefore, if the
introduced carbon layer can improve the impedance
matching of the Co network, an enhanced microwave
absorbing property can still be expected for the Co@C
network. In order to characterize the impedance

1 1 1 0.0 1 1 1 1 1 L 1
12 14 16 18 2 4 6 g8 10 12 14 16 18

Frequency (GHz)

matching degree, a delta-function was usually used
which is described as follows [42, 51]:

Al = [sinh®(Kfd) — M| (5)

where K and M can be calculated by the following

equations:

an(i &) Psin[(3e + Om) /2]

K =
€CO80,C0S0,;

(6)

M= 44/ c0sd,.& cosdm

(1 €08, — &/c083y, ) + [tan (% — %)]Z(M/coséea’cosém)z
(7)

Equation (5) indicates that a smaller |Al value
represents a better impedance matching. Generally,
the |Al value needs to be less than 0.4 for a satis-
factory impedance matching [32]. As shown in Fig. 8,
the Co sample has a markedly better impedance
matching than Co@C, and the Co@C sample has a
small region of |Al< 0.4 only when the sample
thickness is bigger than 6 mm. This means it is not
always effective to improve the impedance matching
by introducing carbon component into magnetic
materials. the smaller difference
between dielectric loss and magnetic loss, the better

As we know,

@ Springer



28656

Fig. 8 Calculated |A| values of :
the Co a and Co@C b samples (2)
according to Eq. (5)

Thickness (mm)

Frequency (GHz)

the impedance matching [52]. In general, the mag-
netic loss is predominant for magnetic materials.
Therefore, when the carbon component is introduced,
it can balance the magnetic loss and dielectric loss, by
decreasing the magnetic property and keeping the
dielectric property almost unchanged, and then lead
to an optimized impedance matching. However, the
Co network in this study can form a conductive
network in the paraffin matrix, which is conducive to
an enhanced dielectric loss [27, 53]. It is shown in
Figs. 7b and d that the dielectric loss of the Co sample
is high enough and comparable to the magnetic loss.
Therefore, the Co sample itself has a good impedance
matching, and the introduced carbon layer will break
the balance between the dielectric loss and magnetic
loss, and then lead to the poor impedance matching
of the Co@C sample.

The loss mechanism of the Co network is further
analyzed as follows. It is well known that the
dielectric polarization loss is mainly from the polar-
ization of space charges, dipoles, ions and electrons,
in which the dipolar polarization usually plays the
main role in microwave frequency band. It is shown
in Fig. 7a that the ¢” curve of the Co sample exhibits
five polarization peaks, which can be described by
the Debye relaxation model as follows:

& — €x

o) = i+ 5y = € () 4 () (®)

where ¢, &, and 1 are relative permittivity at high
frequency limit, static permittivity, and relaxation
time, respectively. According to Eq. (8), the plot of ¢
versus ¢’ in each polarization peak should be a
semicircle, i.e., the Cole—Cole semicircle, whose
expression is shown as follows:

@ Springer

J Mater Sci: Mater Electron (2021) 32:28648-28662

8
Frequency (GHz)

(=) - (52 g

Figure 9a shows that there are five Cole—Cole
semicircles for the Co network, which are totally
consistent with the five polarization peaks in Fig. 7a.
The five semicircles indicate that multi-dielectric
relaxation processes contribute to the dielectric loss
[54]. In addition, we know that for the dipolar
polarization, each resonance peak of ¢” corresponds
to a descent stage of ¢, and it has been confirmed as
shown in Fig. S5. However, the ¢ also shows some
obvious peaks, especially at around 8 GHz, both
resonance and antiresonance peaks appear. This can
be ascribed to the vibration of atoms and electrons,
therefore, the atomic polarization and electronic
polarization may also play their roles on the dielectric
loss.

The magnetic loss can be caused by magnetic
hysteresis, domain-wall displacement, eddy current
loss, and natural resonance, among which only the
latter two are possible loss mechanism in the weak
EM field and microwave frequency band. The eddy
current effect can be judged by the value of (1) >f ",
which should be a constant if the magnetic loss is
from the eddy current effect. Therefore, it can be
concluded that the magnetic loss mechanism is
mainly from natural resonance, due to the drastic
fluctuation of the y(i)f " value as shown in Fig. 9c.

Figures 6b and 9b show that the minimum RL of
the Co sample moves toward a lower frequency with
increased thickness. This phenomenon is in line with
the quarter-wavelength cancelation model as shown
in Eq. (10), which shows that the t,, is inversely
proportional to the fp,.

44V lled

1,3,5,...), (10)



] Mater Sci: Mater Electron (2021) 32:28648-28662 28657
Fig. 9 The Cole—Cole 6
— .
semicircles a, reflection loss b, (a) o 7 e (b) 0
‘u//('u/)72f71 value c, and the 5k o 7.52-8.80 GHz ) . _
L]
relationship between matching # . % -10
.
. 4l ‘ " 2
thlckne?ss and peak frequency . . 14.16-16.08 GHz 1 &
according to the quarter- w o oo o £ 0 \ £
wavelength model d of the Co 3p ot "/' * 3 ¥
[ J ° &= ]
sample [d ¥ ] a —o— 1.5 mm 2.0 mm
2t \ 4:42:5.6 (;'HZO ® 30t ‘ —4--2.5mm 3.0 mm
5 7 4.0 mm -—<— 6.0 mm
16.88-18 GHz ,\,,-2_3,60 ity \ :
1 1 I L 1 I 40 1 1 I L 1 1 1
10 11 12 13 14 15 16 2
o
0.035
(©) (d)
0.030 |
B} - E
&~ 0025 =)
= | o 7]
= 0.020 [ e
{ =
h1 3 =
001512 ¢
0.010 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18

Frequency (GHz)

where t,, and f,, are the matching thickness and
matching frequency, respectively. The quarter-
wavelength cancelation model reflects the interfer-
ence effect of the two microwaves reflected from the
upper and lower surfaces of the sample. Figure 9d
displays the curve of t,, versus f, according to
Eq. (10). It is obvious that the peak frequencies at
different thicknesses shown in Fig. 9b are located on
the quarter-wavelength model curve, which confirms
the contribution of the quarter-wavelength absorbing
mechanism to the microwave absorbing property of
the Co network.

The RL and EAB are the two most commonly used
factors to evaluate the microwave absorbing prop-
erty. However, these two factors may be not reason-
able enough, because the sample thickness is not
taken into consideration. The high RL and EAB may
be meaningless if the sample thickness is very thick
for a microwave absorbing coating. Therefore, here
we present two new factors, agp/q (orr/s = RL/d)
and ogapss (2gapss = EAB/d), to characterize the
microwave absorbing property of the absorber in per
unit thickness. As shown in Fig. 10 and Table S1,
compared with most of the reported Co-based
materials [15, 39-41, 43, 55-65], the Co network in this
work exhibits higher ogy /s and agap/4, which means

Frequency (GHz)

it is a good candidate for the microwave absorbing
materials with strong absorption, thin thickness,
wide absorbing band, and light weight. The excellent
microwave absorbing property of the Co network is
from the strong conduction loss, dipolar polarization,
natural resonance, good impedance matching, and
the quarter-wavelength absorbing mechanism.

5 Conclusions

In conclusion, the Co powder with a network struc-
ture was prepared through a simple immersion—cal-
cination method by using corncobs as templates. Due
to the enhanced dielectric loss, magnetic loss, and
optimized impedance matching caused by the net-
work structure, the Co sample exhibits an excellent
microwave absorbing property. At the sample thick-
ness of 2.34 mm, the RL reaches up to — 54.74 dB,
and the EAB is 3.20 GHz. What is more, the Co net-
work shows strong and broadband absorption at
small thicknesses. At the sample thickness of
1.35 mm, the RL value reaches — 30.80dB at
14.16 GHz, while the EAB is up to 5.36 GHz
(12.64-18 GHz) at the sample thickness of 1.45 mm.
However, unlike most of the reported magnetic
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Fig. 10 Comparison of microwave absorption performance of the Co network with the reported Co-based materials

materials, the introduced carbon layer on the Co
network plays a negative role, and the Co@C network
shows a poor microwave absorbing property, due to
the decreased loss capability and deteriorated impe-
dance matching. Therefore, we made the Co powder
a promising microwave absorber with strong
absorption, wide absorbing band, and thin thickness
just by constructing a network structure, without
needing extra carbon decorating.
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