J Mater Sci (2019) 54:4024-4037

Electronic materials

@ CrossMark

Magnetic hollow mesoporous carbon composites
with impedance matching for highly effective
microwave absorption

Guozhu Shen'? @, Junzhao Ren' ®, Bin Zhao' ®, Buging Mei' @, Hongyan Wu' @, Xumin Fang® ®, and
Yewen Xu®*

"School of Physics and Optoelectronic Engineering, Nanjing University of Information Science and Technology, Nanjing 210044,
China
2Science and Technology on Near-Surface Detection Laboratory, Wuxi 214035, China

Received: 17 July 2018 ABSTRACT

Accepted: 31 October 2018 Lightweight hollow mesoporous carbon spheres (HMCSs) with large air/carbon
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7 November 2018 sized via a ‘polymerization—pyrolysis—etching’ route. The complex permittivity of

the HMCSs can be easily adjusted by carbonization temperature in the frequency

© Springer Science+Business  range of 2-18 GHz, which is in favor of designing absorbers in different frequency

Media, LLC, part of Springer range. The minimum reflection loss value of — 26.4 dBat 6.7 GHz with a thickness of

Nature 2018 5.0 mm and the maximum effective absorption bandwidth (less than — 10 dB) of
5.5 GHz can be gained for the HC-700/ paraffin composite with only 10 wt% HMCSs
and a thickness of 2.5 mm. To enhance the magnetic loss and improve the impedance
matching of the HMCSs, electroless plating methods are employed to deposit Niand
Fe nanoparticles on the HMCSs. Benefiting from the dielectric loss, magnetic loss and
impedance characteristic, the new lightweight Fe/HMCSs composite with 40 wt%
HC-Fe shows superior microwave absorption properties. The stronger reflection
loss can be obtained at all designed thicknesses, and the peak value of reflection loss
is less than — 20 dB at each thickness of greater than 1.2 mm. The minimum
reflection loss reaches — 49.7 dB at 13.0 GHz, and the effective absorption band-
widthis4.0 GHz with a thickness of 1.6 mm. This research is providing a new insight
in the preparation and design of lightweight microwave absorption materials.

Introduction detection technologies [1-3]. In order to resolve the
problems, considerable attention has been paid to
electromagnetic wave absorbing materials, which can

Nowadays, electromagnetic interference (EMI) and  convert electromagnetic energy into thermal energy

pollution are becoming more and more serious with or dissipate them via interference. Prominent

the fast development of telecommunication and
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absorbing materials are required to have the prop-
erties of lightweight and powerful absorption in a
wide frequency range. The electromagnetic wave
absorption property mainly depends upon the com-
plex permittivity, complex permeability and charac-
teristic impedance of absorbing materials. Carbon
materials with high dielectric loss have been paid
significant attention due to lightweight, tunable per-
mittivity and thermal and chemical stability [4-6].
However, carbon-absorbing materials with thin
thickness are difficult to meet the demand of strong
absorption in a wide frequency range because of the
poor impedance matching resulting from their high
complex permittivity and low complex permeability
[7]. Thus, they are usually composited with some
magnetic materials [8-12]. Currently, various mag-
netic carbon composites have been exploited and
designed to attenuate microwave, such as magnetic
carbon fiber [13-15], carbon nanotube [16-21], gra-
phene [22-24], porous carbon [25-27] and core/shell
carbon composites [28-30]. Among these carbon
materials, porous carbons are the most prospective
candidates of microwave absorption materials due to
easy fabrication and surface modification [31-33].
The porous carbon materials including microporous
carbon, mesoporous carbon and hollow carbon can
be easily prepared by hard or soft template method
[34-36]. The dynamic dielectric behaviors of the
porous carbon materials were also investigated by
many researchers in order to understand their
dielectric loss mechanism and evaluate their electro-
magnetic wave absorption properties. Compared to
the counterpart solid carbon particles, Zhou et al. [5]
thought that enhanced microwave absorption of
hollow carbon spheres resulted from well-matched
impedance together with multiple reflection induced
by the hollow structure. Xu et al. [37] concluded that
excellent microwave absorption properties of meso-
porous carbon hollow spheres are ascribed to the
matching of characteristic impedance resulting from
large carbon-air interface in the mesoporous shell
and interior void. The similar conclusion was also
made by Cheng et al. [38]. Microwave absorption
properties of ordered mesoporous carbon, disordered
mesoporous carbon and nonporous carbon studied
by Du et al. [39] showed that graphitization degree is
the primary factor affecting the microwave absorp-
tion and appropriate graphitization degree, pore
structure and degree of order played important roles
on microwave absorption. Huang et al. investigated

4025

the effect of pore morphology in carbon on dielectric
loss in the case of similar graphitization degree. The
results suggested that porous carbon with cage-like
pores indicated a better capacity of dielectric loss
than slit-shaped pores in the frequency range of
8.2-12.4 GHz [40]. However, to our knowledge, rare
reports on the synergistic effect between dielectric
loss and magnetic loss of hollow carbons decorated
by magnetic nanoparticles are available in recent
years.

Herein, we fabricated the monodisperse hollow
mesoporous carbon spheres (HMCSs) with tunable
complex permittivity by a one-pot and surfactant-free
synthesis method. In order to improve the magnetic
loss and impedance matching properties of the
HMCSs, electroless plating methods were employed
to deposit metal Ni and Fe on the HMCSs. The
dynamic dielectric and magnetic behaviors of the
HMCSs composites were discussed, and their
microwave absorption properties were investigated
in the frequency range of 2-18 GHz.

Materials and methods
Materials

Tetrapropyl orthosilicate (TPOS) was purchased from
Aladdin Industrial Corporation (Shanghai, China).
Formaldehyde solution was provided by Xilong
Chemical Co., Ltd. (Shantou, China), and other
chemicals were purchased from Sinopharm Chemical
Reagents Co., Ltd. (Shanghai, China). All chemicals
were used as-received state.

Experiment

The preparation of magnetic HMCSs composites
includes four steps: formation of SiO,@SiO,/RF (re-
sorcinol-formaldehyde resin) core-shell structures,
carbonization, removal of 5iO, by etching and elec-
troless plating nickel or iron on HMCSs. The prepa-
ration route is illustrated in Fig. 1.

Synthesis of HMCSs

HMCSs were synthesized according to the method of
Zhang [41]. In a typical synthesis, 13.84 mL of TPOS
and 12 mL of NH3-H,O (25 wt%) were added to the
solution containing 280 mL of ethanol and 40 mL of
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Figure 1 A schematic illustration of the preparation of HMCSs and their magnetic metal composites.

H,O under stirring at room temperature. After
15 min, 1.6 g of resorcinol and 2.24 mL of formalde-
hyde (37%) were added to the above solution, and
then, the system was kept stirring for 24 h. The
resulting brown solid product was collected by cen-
trifugation, washed with deionized water and etha-
nol and dried at 80 °C. The HMCSs were obtained by
carbonization of the above solid product at 700 °C,
800 °C and 900 °C under N, flowing for 5 h with a
heating rate of 2 °C/min and removal of SiO, via
hydrofluoric acid (10 wt%). These obtained HMCSs
were denoted as HC-700, HC-800 and HC-900
according to the carbonization temperature,
respectively.

Preparation of magnetic HMCSs composites

Here the sample HC-800 was selected as an example
to plate with nickel and iron based on measured
electromagnetic parameters of HMCSs. Electroless Ni
plating process is similar to Co plating as in our
previous work [25]. Previous to electroless plating,
400 mg of HC-800 was sensitized and activated by
5SnCl,/HCl and PdCl,/HCI solution, respectively.
Then, the sensitized and activated HC-800 was
immersed in 150 mL plating bath containing 3.75 g of
NiCl,-6H,0, 3.75 g of NaH,PO,-H,0, 4.50 g of Najs.
C¢Hs07-2H,0 and 6.00 g of NH,C], and the pH of the
plating solution was adjusted to 8.8 by NH3-H,O. Ni
deposition was performed in a beaker at 80 °C by
thermostat bath and stirred with a mechanical stirrer
for 30 min. The resultant magnetic composite was
separated by an external magnetic field, washed with
deionized water and vacuum dried at 60 °C. Finally,
heat treatment was conducted at 400 °C under argon
for 3 h in order to improve its magnetic properties.
0.952 g of Ni/HC-800 composite was obtained, and it
was denoted as HC-Ni.

@ Springer

For electroless Fe plating, as reported by Park [42],
400 mg of HC-800 was sensitized and activated as the
above Ni plating. 150 mL of Fe plating solution was
composed of 3.00 g of FeCl,4H,O, 1350 g of
KNaC4H4O4-4H,0, 3.00 g of NaOH, 2.25 g of NaBH,
and deionized water. Fe deposition was performed at
80 °C with mechanical stirring for 90 min. The
obtained 1.333 g of magnetic Fe/HC-800 composite
was collected and thermally treated as the above HC-
Ni and denoted as HC—Fe.

The samples HC-700 and HC-900 were plated with
Ni and Fe as the same as the above HC-800, and the
products were denoted as HC-700-Ni, HC-700-Fe,
HC-900-Ni and HC-900-Fe, respectively.

Characterization and measurement

The phase of the samples was inspected by X-ray
diffraction (XRD, Thermo ARL X'TRA) using Cu-Ka
radiation. The morphology and microstructure were
examined on transmission electron microscopes
(TEM, Phillips Tecnai 12 and FEI Tecnai G2 F30) and
field-emission scanning electron microscope (FE-
SEM, Hitachi SU-4800). The magnetic properties were
measured by a vibrating sample magnetometer (VSM
Lake Shore 7300). Nitrogen sorption isotherms were
obtained at 77 K on a Quadrasorb SI (Quan-
tachrome). Relative complex permittivity and per-
meability were measured using a vector network
analyzer (VNA, Agilent E8363C). For measuring the
electromagnetic parameters, the prepared HC-700,
HC-800 and HC-900 powders were homogenously
mixed with 90 wt% paraffin and the magnetic
HMCSs composites powders were mixed with
60 wt% paraffin, respectively, and then pressed into a
toroid with outer diameter of 7.0 mm and inner
diameter of 3.0 mm.
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Results and discussion
Structure and phase characterization

Figure 2 shows the XRD patterns of samples HC-Ni
and HC-Fe. Three diffraction peaks at 20 = 44.5°,
51.8° and 76.3° can be indexed to the (111), (200) and
(220) planes of fcc-Ni (JCPDS 04-0850) for sample
HC-Ni, indicating that Ni is the main phase. For
sample HC-Fe, not only Fe but also Fe;O, phase can
be found. The peaks at 20 =44.7° and 65.0° are
indexed to the (110) and (200) planes of bcc-Fe
(JCPDS 87-0721), respectively, and all other peaks can
be indexed to different planes of fcc-Fe;O4 (JCPDS
89-0691). Although the stabilizer KNaC4H,O¢-4H,O
is used in the Fe plating solution, Fe** ion is very
unstable, which is easy to be oxidized and form
Fe(OH); in basic solution [43]. The Fe(OH); is diffi-
cult to be completely reduced under the experimental
condition, so the Fe;O, phase is probably coming
from the decomposing of Fe(OH); under heat treat-
ment. Furthermore, clear carbon peaks were not
observed in the two samples, illustrating that the
prepared hollow carbon spheres are amorphous.
The morphologies and microstructures of sample
HC-800 and its magnetic metal composites were
investigated by TEM, HRTEM and SEM. The
monodisperse HMCSs with diameters of 300-680 nm
were successfully prepared as shown in Figs. 3a and
51 of the ‘ESI.” The hollow morphology and the radial
pore channels can be clearly observed, and the
thicknesses of the mesoporous shells are 50-90 nm
from the TEM image in Fig. Slb. The similar
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Figure 2 XRD patterns of HC-Ni and HC-Fe.
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morphologies from TEM can be observed for samples
HC-700 and HC-900 (not listed here). Figure 3b
shows the TEM image of HMCSs with Ni plating
(sample HC-Ni). It can be seen that Ni nanoparticles
are homogeneously distributed on the whole hollow
carbon particles. The same result is also confirmed by
the SEM image as displayed in Fig. S1d. It can be
observed that the surfaces of HC-Ni microspheres
are rougher than those of HC-800 (Fig. Sla), which
should owe to the coating of metal Ni. The
microstructure information of HC-Ni is shown in
HRTEM image in Fig. 3c. The measured interplanar
distance of 0.20 nm can well match with the d-spac-
ing of (111) planes of fcc-Ni. For sample HC-Fe, the
TEM images show that the HMCSs are not only
coated by nanoparticles but also thin flakes as shown
in Figs. 3d and S1g. The HRTEM images display that
the interplanar distances of 0.20 nm (Fig. 3e) and
0.25 nm (Fig. 3f) are corresponding to the d-spacing
of (110) planes of bcc-Fe and (311) planes of fcc-Fe;O,.
The results of microstructure are just consistent with
those of XRD.

The elemental composition of HC-Ni and HC-Fe
composites was acquired by scanning transmission
electron microscope (STEM) technology as shown in
Fig. 4. The results of elemental mapping clearly
indicate the hollow carbon shells with mesoporous
structure (Fig. 4b, e) and the homogenous deposition
of Ni (Fig. 4c) and Fe (Fig. 4f) on the HMCSs. Addi-
tionally, the presence of Ni in HC-Ni and Fe in HC-
Fe is also confirmed by energy-dispersive X-ray
(EDX) spectrometric analysis as shown in Fig. 52.

Nitrogen adsorption—desorption isotherms of these
HMCSs and their magnetic composites can be iden-
tified as a type IV isotherm with mesopore hysteresis
loop, as shown in Fig. 5a. These characteristic iso-
therms should derive from the mesoporous structure
of carbon shells. The BET specific surface areas (Sggr),
total pore volumes (Vore) and average pore sizes of
these samples are presented in Table 1. The Sggr and
Vpore of HC-700 and HC-800 are comparable; how-
ever, the Sgpr and Vpore of HC-900 dramatic increase
and the Sggr and Vor of HC-Ni and HC-Fe decrease
with metal coating on HMCSs. Moreover, as shown
in Fig. 5b, the pore size distributions derived from
adsorption branches by BJH model indicate that the
largest pore size (8.0 nm) can be obtained at the
carbonization temperature of 800 °C (HC-800). When
the carbonization temperature rises up to 900 °C, the
pore size drops to 6.1 nm, indicating the
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Figure 3 TEM images of HC-800 (a), HC-Ni (b) and HC-Fe (d), and HRTEM images of HC-Ni (c) and HC-Fe (e, f).

temperature-induced structural shrinkage. Com-
pared with HC-800, the HC-Ni and HC-Fe (Ni and
Fe plating on HC-800) show smaller pore diameter,
which can partly attribute to the magnetic metal
nanoparticles embedding into the mesopores and
interior voids in HMCSs.

Magnetic properties

The magnetic hysteresis loops of samples HC-Ni and
HC-Fe at room temperature with a maximum
applied field of 10 kG are presented in Fig. 6a. The
values of saturation magnetization (M;) are
16.6 emu/g for HC-Ni and 74.8 emu/g for HC-Fe,
respectively. The smaller M; values than those of
corresponding bulk materials (55 emu/g of Ni and
220 emu/g of Fe) are subject to nonmagnetic carbon
and nanosize of magnetic metal particles [44, 45]. The
coercivity (H,) is 53.2 G for HC-Ni and 114.3 G for
HC-Fe as shown in Fig. 6b. Generally, the strong
magnetic loss would profit from high initial perme-
ability (w;). The y; is related to the My and H, and
higher M, and lower H. are beneficial to the
improvement in the p; [46], which is predicting
higher magnetic loss of HC-Fe than that of HC-Ni.

@ Springer

Dielectric and microwave absorption
properties of HMCSs

Figure 7a, b shows the frequency dependence of rel-
ative complex permittivity (e, =¢ — j&’) of the
HMCSs/paraffin composites with 10 wt% of HMCSs
in the frequency range of 2-18 GHz. It can be
observed that the values of real part ¢ (Fig. 7a) and
imaginary part ¢ (Fig. 7b) gradually decrease with
the increase in frequency for each HMCSs composite.
The maximum values of ¢ and ¢” are 7.6 and 4.2 at
2.0 GHz for HC-700, 16.6 and 9.4 for HC-800 and 25.7
and 22.0 for HC-900. The minimum values of ¢ and ¢’
are 4.2 and 1.9 at 18 GHz for HC-700, 8.3 and 4.9 for
HC-800 and 11.3 and 8.1 for HC-900, respectively. It
can also found that both of ¢ and &” of the HMCSs
composites increase with the increasing carboniza-
tion temperature at each frequency point, which
should attribute to the higher degree of graphitiza-
tion of carbon at higher temperature [39, 47]. In order
to compare the dielectric loss properties of the
HMCSs composites, the variation in the dielectric loss
factor (tand, = ¢’/¢’) with frequency is shown in
Fig. 7c. It can be also found that the tand, increases
with the increasing carbonization temperature and
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Figure 4 STEM images of HC—Ni (a) and HC-Fe (d), and elemental mapping for C of HC-Ni (b) and HC—Fe (e) and Ni of HC-Ni

(c) and Fe of HC-Fe (f).
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Figure 5 N, adsorption—desorption isotherms (a) and pore size distribution curves (b) of the samples.

two dielectric loss peaks can be observed in each
curve. The two loss peaks in each curve locate in the
same frequency, suggesting the same dielectric loss
mechanism for the HMCSs composites. The dielectric
loss properties may be explained by the Debye
relaxation equation, which is provided in ‘ESI’
According to Eq. (2) in ‘ESI/ higher conductivity

should correspond to higher ¢, indicating high &’
partly resulting from the high degree of graphitiza-
tion of carbon at high temperature. To investigate the
dielectric loss mechanism of the HMCSs composites,
the curves of ¢ versus ¢’ are plotted as shown in
Fig. 8, where one relaxation process usually corre-
sponds to one semicircle (Cole—Cole semicircle). It
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Table 1 Surface areas, total pore volumes and pore sizes of the
samples

Samples  Sggt (m? g_l) Viore (em® g_l) Pore size (nm)
HC-700 979 1.446 5.5
HC-800 930 1.535 8.0
HC-900 1549 2.435 6.7
HC-Ni 348 0.5992 6.7
HC-Fe 157 0.3430 6.8

can be found that there are two semicircles in each
curve, which suggests that multiple relaxation pro-
cesses occurred in these HMCSs composites. Besides
conductivity loss, the dielectric loss behaviors are
also decided by polarization loss including ionic
polarization, electronic polarization, dipole orienta-
tion polarization and interfacial polarization. Because
ionic polarization and electronic polarization usually
occur very fast (107'°~10""% s), their contribution to
dielectric loss can be excluded. Thus, the multiple
relaxation processes should attribute to interfacial

J Mater Sci (2019) 54:4024-4037

polarization deriving from different conductivity
among paraffin, carbon and air in pores and dipole
orientation polarization resulting from abundant
bound charges accumulated by the defects and
residual groups in the low-crystalline carbon [40, 46].

On the basis of relative complex permittivity and
permeability, the reflection loss (RL) of the single-
layer absorber with a perfect metal-backed plate can
be deduced from the transmission line theory.
Zin — 1‘

RL (dB) = 201g >

(1)

where Z;, is the relative input impedance of absorber
at air/absorber interface, which is given by

Zin = \/?tanh (] ﬁ \ /urg,>
o

where d is the thickness of absorber, f is the frequency
and c is the velocity of light in free space. Figure 9
shows the planar RL maps of the HMCSs composites
with varied thickness from 0.5 to 5.5 mm. The three-

(2)
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Figure 7 Frequency dependence of real part (a) and imaginary part (b) of relative complex permittivity and dielectric loss factor (c) of

HC-700, HC-800 and HC-900 composites.
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and the frequency dependence of Modulus of Z;, —

dimensional (3-D) RL images and typical RL plots
with some specific thickness are also shown in Fig. S3
of ‘ESL.” For the HC-700 composite, the minimum RL
value is — 26.4 dB at 6.7 GHz with thickness of
50 mm and the maximum effective absorption
bandwidth (less than — 10 dB) reaches 5.5 GHz

1 of different HMCSs composites with a thickness of 2.5 mm (d).

(12.5-18 GHz) with thickness of 2.5 mm (Fig. S3b).
For the HC-800 composite, the minimum RL value of
— 179 dB at 12.2 GHz and the effective absorption
bandwidth of 4.1 GHz (10.7-14.8 GHz) with a thick-
ness of 2.0 mm (Fig. S3d) can be obtained. However,
there is not any RL value lower than — 10 dB for the
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HC-900 composite, indicating poor microwave
absorption performance. Although HC-900 compos-
ites have the highest dielectric loss factor among
these composites as shown in Fig. 7c, higher dielec-
tric loss cannot guarantee better microwave absorp-
tion in any frequency from the above RL results
because absorption property depends on not only
dielectric loss and magnetic loss but also impedance
matching at air/absorbers interface. For nonmagnetic
HMCSs composites, higher complex permittivity
could result in poorer impedance matching; thus,
most of the incident electromagnetic waves will be
reflected at the front surface of absorbers, rather than
transmitted into the absorber and attenuated by
absorbers. However, it is difficult to evaluate the
characteristic impedance of materials because it is an
imaginary number. Here the modulus of Z;, — 1 is
used to evaluate the RL properties of the composites
[37]. According to Eq. (1), the nonreflecting condition
is that the modulus of Zj, — 1 is equal to zero;
accordingly, strong absorption can produce when the
modulus of Z;,, — 1 is closer to zero. Here an example
of frequency dependence of the modulus of Z;, — 1
for these composites with thickness of 2.5 mm is
given in Fig. 9d. The result exhibits that the modulus
of Zi, — 1 of HC-700 composites closer to zero than
other two composites in high frequency range, pre-
senting that the characteristic impedance is matched
well in the high frequency range. For HC-800 com-
posites, better impedance matching is in the medium
frequency range. However, the modulus of Z;, — 1 of
HC-900 composite is far from zero in the whole fre-
quency range, implying poor microwave absorption
property. Moreover, as shown in Fig. 9a—c, the RL
peaks shift to low frequency with thickness increas-
ing for each composite. The location of RL peak is
related to the set thickness, frequency and electro-
magnetic parameters of absorbers. It can be deduced
by formula [48]

i ne
4 4fm\/ |87’:ur‘

where d,, is the matching thickness and 4., and fy, are
the wavelength and frequency in RL peak position,
respectively. Meanwhile, the formula can also
explain why RL peaks also shift to low frequency
with the increasing of modulus of ¢, for different
composite with the same thickness. The microwave
absorption properties of these composites are also
summarized in Table S1 of ‘ESIL’

i (n=1,3,5,...) (3)
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Microwave absorption properties
of magnetic HMCSs composites

In order to enhance the microwave magnetic loss, the
HMCSs are coated with magnetic metal Ni and Fe by
electroless plating method. Figures 10a, b, S4a and S4b
show the frequency dependence of relative complex
permittivity of the magnetic HMCSs/paraffin com-
posites with 40 wt% of magnetic HMCSs composites.
As shown in Fig. 10a, b, the values of real part ¢ and
imaginary part ¢’ of HC-Ni gradually decline with the
increase in frequency, whose results are similar to
those HMCSs/paraffin composites as shown in
Fig. 7a, b. However, for the HC-Fe composite, the
values of ¢’ increase slightly with the increase in fre-
quency. It can be also observed that the values of ¢
and ¢’ of HC-Ni composite are higher than those of
HC-Fe composite at each frequency point, which
mainly derives from the higher carbon content in HC-
Ni composite. According to the mass of the obtained
products and EDX spectrum in Fig. S2, the carbon
content is about 42 wt% in HC-Ni and 30 wt% in HC-
Fe. Therefore, the carbon content is 16.8 wt% in HC-
Ni/paraffin and 12.0 wt% in HC-Fe/paraffin com-
posite, respectively. The similar variation in ¢ and ¢’
of magnetic HC-700 and HC-900 composites with
frequency is also found from Fig. S4a and S4b of “ESIL’
Generally, the values of ¢ and ¢’ of the magnetic
HMCSs composites go up with the increasing car-
bonization temperature. However, an exception is
observed in the ¢ of the magnetic HMCSs/Fe com-
posites, where the values of ¢’ of HC-Fe are lower
than those of HC-700-Fe as shown in Figs. 10b and
S4b. Figure 10c shows the variation in tand, with fre-
quency. It is found that the HC-Ni composite displays
higher dielectric loss than HC-Fe composite and two
dielectric loss peaks can be observed in each curve.
The locations of two peaks are the same as those in
HNCSs composites (Fig. 7c), suggesting the similar
dielectric loss mechanism for both of the HMCSs
composites and magnetic HMCSs composites. Fig-
ures 10d, e, S4c and S4d display the frequency
dependence of relative complex permeability (i,
=y — ju’) of the magnetic HMCSs composites. It is
found that magnetic performances of the HMCSs
composites are obviously enhanced with introducing
of Ni and Fe particles as shown in Fig. 10d, e. The
values of real part ;' of HC-Ni composite decrease
from 1.16 at 2 GHz to 1.04 at 7.3 GHz and then go up
with fluctuation in the following frequency range. The
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Figure 10 Frequency dependence of relative complex permittivity (a, b), relative complex permeability (d, e), dielectric loss factor
(c) and magnetic loss factor (f) of HC-Ni and HC-Fe composites.

values of ;' of HC-Fe composite dramatically decline
from 124 at 2 GHz to 1.05 at 7.8 GHz and then
moderately decrease with fluctuation. The values of /'
of HC-Fe composite are higher than those of HC-Ni
composite before 10.0 GHz, and inverse result occurs
hereafter. The values of imaginary part y” of HC-Fe
composite are higher than those of HC-Ni composite
almost in the whole frequency range from Fig. 10e,
indicating stronger magnetic loss of HC-Fe composite.
The result is also confirmed by magnetic loss factor
(tand,, = ¢’/u') in Fig. 10f. Three obvious peaks can
be observed at 4.4 GHz, 11.4 GHz and 16.2 GHz in the
tand,, curve of HC-Fe composite, indicating strong
resonance absorption. It is well known that magnetic
loss mainly results from hysteresis, domain wall res-
onance, eddy current loss and ferromagnetic reso-
nance [49]. The hysteresis happens in strong field, and
the domain wall resonance usually occurs at MHz
frequency. Therefore, the two magnetic losses can be
easily excluded here. The contribution of eddy current
loss to u” is related to the electric conductivity (o) and
the diameter (d) of nanoparticles [50]. If x” derives
only from eddy current loss, the value of u"(u/)~*f "

(= 2mppd®s/3) should be a constant in the whole fre-
quency range [51]. Figure 11 shows the frequency
dependence of '()"*f"' of HC-Ni and HC-Fe
composites. It is found that the values of (1) *f ' of
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Figure 11 Frequency dependence of u(¢/)*f ' of HC-Ni and
HC-Fe composites.
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the two composites dramatically decline before
9.3 GHz and then slightly decline in following fre-
quency range. Two peaks can be observed for each
composite, confirming that the magnetic loss is caused
by not only eddy current but also ferromagnetic res-
onance. As observed from Fig. S4c and S4d, the
magnetic HMCSs carbonized at 700 °C and 900 °C
composites display similar frequency dependence of
W and " to HC-Ni and HC-Fe except for HC-900-Ni
composite with lower ;' values.

Figures 12 and S5 show the 3-D RL images with
projection planes of the magnetic HMCSs composites
with varied thickness from 0.5 to 5.5 mm and typical
RL plots with some specific absorber thickness. As
shown in Fig. 12a, b, the peak value of RL of HC-Ni
composite is larger than — 10 dB for each thickness,
indicating poor absorption property of the HC-Ni
composite. However, the HC-Fe composite displays
excellent microwave absorption property. The peak

(a)

Reflection Loss (dB)

Reflection Loss (dB)

J Mater Sci (2019) 54:4024-4037

value of RL is less than — 20 dB for each thickness of
greater than 1.2 mm. The minimum RL value reaches
— 49.7 dB at 13 GHz (as shown in Fig. 12d), and the
effective  absorption bandwidth is 4.0 GHz
(11.4-15.4 GHz) for the thickness of 1.6 mm. The
maximum effective absorption bandwidth reaches
4.3 GHz (12.3-16.6 GHz) with a thickness of 1.5 mm.
From Figs. 12c and S3a, it can be found that HC-Fe
composite reveals more excellent microwave
absorption property than HC-700 composite. The
complex permittivity of HC-Fe composite is compa-
rable to those of HC-700 composite as shown in
Figs. 7 and 10; however, the complex permeability of
HC-Fe composite is higher because of the introduc-
ing of magnetic Fe particles, resulting in higher
magnetic loss and better impedance matching.
Therefore, the excellent absorption property of the
HC-Fe composite derives from the synergistic effect
among dielectric loss, magnetic loss and impedance

3

(b) 1 —&— 1.0 mm
2'_ —e—1.5mm
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Figure 12 3-D reflection loss images (a, ¢) and typical reflection loss plots (b, d) with some specific absorber thickness of HC-Ni (a,

b) and HC-Fe (c, d) composites.
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matching. The frequency dependence of the modulus
of Zy, — 1 for the two magnetic composites with
thickness of 2.5 mm is also shown in Fig. 9d. The
result shows that the modulus of Z;, — 1 of HC-Ni
composite is far from zero in the whole frequency
range, indicating that the characteristic impedance is
not matched well. For HC-Fe composite, the modu-
lus of Z;, — 1 is very close to zero at 8 GHz or so,
indicating good impedance matching in the fre-
quency. However, as shown in Fig. S5, the HC-700-
Ni, HC-700-Fe, HC-900-Ni and HC-900-Fe compos-
ites show weaker microwave absorption than corre-
sponding HC-700 and HC-900 composites. The
minimum RL is — 13.6 dB at 18 GHz, — 12.3 dB at
115 GHz, — 31 GHz at 2 GHz and — 4.8 dB at
15.6 GHz for HC-700-Ni, HC-700-Fe, HC-900-Ni
and HC-900-Fe composites, respectively. The weak
reflection losses mainly derive from the poor impe-
dance matching of the magnetic HMCSs composites
with higher complex permittivity than corresponding
HMCSs as shown in Figs. 7 and 54.

Conclusions

In summary, monodisperse HMCSs with the diame-
ters of 300-680 nm and mesoporous shell thicknesses
of 50-90 nm have been successfully synthesized via a
‘polymerization-pyrolysis—etching’ route. The com-
plex permittivity results show that dielectric loss of the
HMCSs/paraffin composites increases with the
increase in carbonization temperature. However, the
HMCSs composite with the highest dielectric loss
factor does not show superior microwave absorption
property due to poor impedance matching at air/ab-
sorber interface. The minimum RL value is — 26.4 dB
at 6.7 GHz with a thickness of 5.0 mm, and the maxi-
mum effective absorption bandwidth less than
— 10 dB reaches 5.5 GHz (12.5-18 GHz) with a thick-
ness of 2.5 mm for the HC-700 composite. To enhance
the magnetic loss and improve the impedance match-
ing of HMCSs, electroless plating methods are
employed to deposit Ni and Fe nanoparticles on the
surface of HMCSs. The lightweight Fe/HMCSs com-
posite shows excellent microwave absorption prop-
erty. The peak value of RL is less than — 20 dB at each
set thickness of greater than 1.2 mm. The minimum RL
value reaches — 49.7 dB at 13.0 GHz, and the effective
absorption bandwidth is 4.0 GHz (11.4-15.4 GHz) for
the thickness of only 1.6 mm.
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