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Introduction

With the rapid development of electromagnetic
technology, the negative impact of electromagnetic
interference (EMI) on human production and life is thus

Handling Editor: Dale Huber.

ABSTRACT

Carbon materials have the potential to be excellent absorbing materials due to
their lighter weight, easy-to-control graphitization degree and good dielectric
properties. However, a single carbon material is often difficult to achieve the
ideal electromagnetic wave attenuation effect due to the imbalance of impe-
dance matching and the lack of magnetic loss. In this work, a simple solgel
method was used to control the hydrolysis reaction of tetraethyl orthosilicate
and the synthesis reaction of phenolic resin to prepare the core—shell precursor
of silica coated with phenolic resin/silica spheres. After high-temperature cal-
cination and pickling etching, hollow carbon spheres (HPC) with porous
structure were obtained. By adjusting the calcination temperature, the crys-
tallinity and dielectric properties of HPC can be easily adjusted. With an ultra-
low filling ratio of 5 wt%, HPC can obtain a wide-band effective microwave
absorbing performance of 573 GHz (2-18 GHz band) under an ultra-thin
thickness of 2.0 mm, which is an excellent absorbing agent with lightweight,
thin thickness, strong absorbing ability and wide absorbing band. Considering
the simple preparation scheme, HPC is expected to become one of the candi-
dates for high-efficiency microwave absorbers. The special hollow, porous
structure and suitable degree of graphitization are the main reasons for the
effective wave absorption of HPC.

also increasing [1-3]. Electromagnetic wave-ab-
sorbing material (EAM) is considered to be an effec-
tive way to solve the EMI problem because it can
convert electromagnetic wave energy into heat
energy loss through relaxation, resonance, etc., and
significantly absorb the incoming
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electromagnetic wave energy [4, 5]. Excellent EAM
needs to achieve effective absorption of electromag-
netic waves (broadband, strong absorption) at a low
filling rate to meet the requirements of lightweight
and low density for modern applications. However,
traditional magnetic EAM, such as ferrite and ultra-
fine metal powder, can only achieve better absorbing
effects at a higher filling rate [6-8]. The large pro-
portion greatly affects its application in the field of
wave absorption. In contrast, carbon materials have
the advantages of low density, good chemical sta-
bility and good corrosion resistance. At the same
time, they can obtain good wave absorbing ability
through strong interference under thinner thickness.
In addition, its dielectric properties are directly
affected by the degree of graphitization of the carbon
material itself, and the degree of graphitization can
be easily adjusted by controlling the crystallization
temperature to achieve the purpose of adjusting the
dielectric properties [9]. Therefore, carbon materials
are undoubtedly one of the candidates for excellent
EAM.

Traditional carbon-based EAMs such as graphite,
carbon black and carbon fiber have been proven to
have good absorbing ability due to their large
dielectric loss factor (tan 6.) [10, 11]. However, a
single dielectric property often leads to an imbalance
in impedance matching, a single electromagnetic
wave attenuation mechanism and limited absorption
bandwidth. In recent years, the emergence of new
carbon-based EAMs such as carbon nanotubes
(CNTs) and graphene nanosheets (GNs) has once
again proved the application potential of carbon
materials in the field of microwave absorption. Kong
et al. [12] assembled cobalt tetrapyridinopor-
phyrazine (CoTAP) on the surface of multi-walled
carbon nanotubes (MWCNTSs) as a shell via a coor-
dination bond. This kind of surface modification
resulted in heterostructure on the heterogeneous
interface, which enhanced the polarization loss and
reduces the surface reflection. At a thickness of
2.1 mm, the minimum value of the reflection coeffi-
cient and the corresponding frequency of the optimal
sample are — 54.7 dB and 9.8 GHz, respectively.
Compared with CNTs, graphene materials are often
used as the supporting matrix of other EAMs to
achieve an enhanced composite effect due to the
special microplate structure. Qu et al. [13] developed
a strategy for coupling hollow Fe;O,/Fe nanoparti-
cles with graphene sheets for high-performance
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electromagnetic wave-absorbing material. The uni-
form loading of magnetic nanoparticles improved the
impedance matching of single GNS and increased the
magnetic loss mechanism. At a lower filling ratio of
18 wt%, the minimal reflection loss values of the
composite could reach — 30 dB at the absorber
thickness ranging from 2.0 to 5.0 mm. However, the
expensive preparation cost and the characteristics of
easy agglomeration in the matrix limit the application
of CNTs and GNs. In view of the above situation,
carbon nanospheres are carbon-based materials with
good potential. The low cost of preparation, simple
and diverse preparation schemes have attracted
widespread attention to the research of carbon
nanospheres, and the roller effect brought by the
spherical structure also provides favorable conditions
for the uniform dispersion of carbon nanospheres in
the matrix. Wu et al. [14] provided a facile method to
development of bandwidth electromagnetic absorber
via loading magnetic quantum dots on the mono-
dispersed amorphous carbon sphere. At a filling ratio
of 30 wt%, the sample calcined at 700 °C can obtain
5.8 GHz broadband absorption at ultra-thin thickness
of 1.5 mm. Although the addition of magnetic com-
ponents enhances the microwave absorbing proper-
ties of carbon nanospheres, it also leads to an increase
in the filling rate (magnetic materials can only show
better magnetism at a higher filling rate) and an
increase in the weight of EAM. Therefore, it is still a
challenge to develop a lightweight, broadband car-
bon nanospheres EAM.

In this work, we introduced a new method for
preparing porous, hollow porous carbon spheres
(HPC). Using two solgel processes reacting in the
same alkaline environment, a core-shell precursor of
silica coated with silica/phenolic resin spheres
(510,@5i0,,PR) was prepared. By controlling the
calcination temperature, the PR was converted into
carbon with different graphitization degrees, and
then the SiO, soft template was etched away with HF
acid, and HPC with different dielectric properties
was obtained. The special porous and hollow struc-
ture greatly reduces the material density, thereby
reducing the filling rate, and provides a new channel
for electromagnetic wave transmission, which brings
excellent wave absorption performance to HPC. The
simple preparation process and the advantages of
ultralight materials provide a good application pro-
spect for the carbon nanospheres prepared by this
work.
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Experiments
Reagents and raw materials

The specifications of the chemical reagents and raw
materials used in this work are shown in Table 1.

Preparation of SiO,@SiO,/PR precursor

Ten milliliters of ethyl orthosilicate (TEOS) was
added to a solution containing 200 mL ethanol,
30 mL water, and 12 mL ammonia and stirred for
15 min. Then, 176 g resorcinol and 2.46 mL
formaldehyde were added to the solution and stirred
mechanically for 18 h at room temperature. After
centrifugation, washing with deionized water and
ethanol for three times and drying at 50 °C overnight,
the 5i0,@5i0,/PR precursor was obtained.

Preparation of HPC with different dielectric properties

Using a vacuum high-temperature tube furnace, the
precursor was heated to different temperatures at a
heating rate of 2 °C/min in an Ar atmosphere, and
the temperature was kept for 5 h. The calcined pro-
duct was soaked in a 15% HF acid solution for 3 h to
remove silica to obtain carbonized HPC. The samples
with calcination temperatures of 500 °C, 600 °C,
700 °C and 800 °C were marked as HPC-1, HPC-2,
HPC-3 and HPC-4, respectively.

Characterization

A scanning electron microscope (SEM, Hitachi, S-
4800) and a transmission electron microscope (TEM,
JEOL JEM-2100F) were used to observe the micro-
scopic morphology and crystal surface growth of
samples. A nitrogen adsorption and desorption

Table 1 Material specifications used in this work

Reactant Manufacture Purity %
Tetraethyl silicate Aladdin, China > 99.0
Anhydrous ethanol Nanjing Reagent, China > 99.5
Ammonia (25-28%) Aladdin, China >99.9
Resorcinol Aladdin, China 97.0
Formaldehyde (35—40%)  Nanjing Reagent, China 4 98.0
Hydrofluoric acid (40%)  Macklin, China > 95.0
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analyzer (Micromeritics Gemini VII 2390) was used to
obtain the nitrogen adsorption and desorption curve
of samples, and the BET and BJH models were used
to calculate the specific surface area and pore size
distribution, respectively. A Raman analyzer (Raman
spectra, HORIBA, LabRAM HR Evolution) was used
to obtain graphitization information of samples. In
addition, a Fourier transform infrared spectroscopy
(FT-IR, Nicolet, Nexus 670) and a high resistivity
meter (HRM, Jingge Electronic, ST2643) were used to
test the organic composition and resistivity of sam-
ples, respectively. The electromagnetic parameters of
samples were obtained by vector network analyzer
(VNA, Ceyear, 3672b), and the microwave absorbing
properties were deduced. When testing the electro-
magnetic properties, the sample and paraffin were
pressed into a ring with an outer diameter of 7 mm,
an inner diameter of 3 mm and a thickness of about
2 mm according to the mass ratio of 0.5:9.5. Accord-
ing to the measured electromagnetic parameters (real
and imaginary parts of complex permittivity: ¢ and
¢”), Egs. (1) and (2) are used to calculate the reflection
loss (Rr) of samples [15]:

Zin = Zo(pe/5)"tanh [j(2nfd () /) /] (1)
Ry (dB) = 2010g|(Zin — Zo)/(Zin + Zo)| (2)

where Z;, is the input impedance of the absorber, f is
the frequency of the electromagnetic wave, d is the
coating thickness of the absorber and c represents the
velocity of electromagnetic wave in free space, & (& =
¢ —jé¢") and p,(u, =/ —ju’") are the complex per-
mittivity and permeability, respectively. It is gener-
ally considered that the frequency band Ry < — 10 dB
is the effective absorption band (fg), which represents
the attenuation efficiency of electromagnetic
wave > 90% [16].

Results and discussion
Preparation mechanism and microstructure

Figure 1 shows the typical preparation process of
HPC. The preparation of the SiO,@SiO,/PR precur-
sor involves two solgel processes under alkaline
conditions: 1. Under alkaline conditions, OH™ attacks
the Si atoms in TEOS, causing nucleophilic substitu-
tion and breaking the Si-O bond, completing the
hydrolysis reaction; subsequently, the condensation



J Mater Sci (2021) 56:6830-6844

e

: SiCgH,,0, :
_______ i @iy, o
1 Sio, 1
Hydrolytic
condensation
e

------ 1
1 CeH0, 1 Sol-Gel Mechanical
"""" mixing

Drying

Centrifugalizatio!
+ —
Condensation
i 1
1 Phenolic resin
| 1
1 HCHO ! . pellets !

6833

r

1
1
1
1
1
1
1
1
1
1
1
a

High temperature
calcination

HF pickling

_________ 1 SIS BN ey
1 : Hollow porous carbon :

__________ a

Figure 1 The typical preparation process of HPC, including two kinds of solgel process, calcination and pickling treatment.

reaction occurs between the -Si-OH generated by the
hydrolysis, and the-S5i-O-Si- is formed, and the
water molecules are removed at the same time. As
the hydrolysis and condensation reactions proceed,
tiny, dispersed sol particles appear in the system.
These colloidal particles form a spatially open skele-
ton structure (gel) through Van der Waals forces,
hydrogen bonds or chemical bonds and are trans-
formed into SiO, particles. 2. Under alkaline condi-
tions, resorcinol and formaldehyde will undergo a
solgel reaction at a molar ratio of about 1:2, divalent
phenolic alcohols with different molecular structures
are first generated, and then intermolecular conden-
sation forms linear resol phenolic resin, which is
gradually transformed into PR. Due to the Van der
Waals force, the PR beads will be adsorbed on the
surface of the larger S5iO, particles in the system, and
the small SiO, particles generated by the subsequent
hydrolysis and condensation of TEOS will also be
adsorbed by the larger SiO, particles, and finally the
5i0,@Si0, /PR precursor is obtained. The prepared
precursor is calcined in an inert atmosphere at a high
temperature. During this process, the thermally
stable SiO, will not be affected, while the organic PR
will be transformed into partially crystalline carbon
to form SiO,@SiO,/C intermediate product. After HF
pickling, SiO, on the surface and inside is etched
away to obtain HPC. The degree of graphitization of
HPC can be adjusted by the calcination temperature.

A scanning electron microscope was used to
observe the microscopic morphology of the product
at each stage, as shown in Fig. 2. The prepared
5i0,@Si0,/PR precursors are nano-sized spheres of
uniform size, with a diameter of about 90-120 nm.

The spheres are closely connected under the action of
static electricity and agglomerate on a small scale, as
shown in Fig. 2a and b. Under the protection of inert
gas, high temperature will convert organic PR into
carbon, while SiO, with good thermal stability will
not be affected. Due to the decomposition of small
molecular substances in a high-temperature envi-
ronment, the spherical shell is partially recessed, and
the pattern-like structure on the surface of the nano-
spheres in Fig. 2d is the small SiO, particles without
recesses. After HF pickling treatment, the small 5iO,
particles and SiO, core on the surface of spheres react
with HF acid and escape in the form of SiF, gas,
leaving a porous, hollow structure composed of car-
bon, which is HPC. HPC maintains the apparent
morphology of the precursor, a small part of HPC is
broken due to high-temperature internal stress, and
the hollow structure can be clearly seen from the
broken spheres. As the calcination temperature
increases, the number of crushing HPC increases, as
shown in Fig. 2e-h.

Figure 3 shows the pictures of the products at each
stage under the transmission electron microscope.
The SiO,@Si0,/PR precursor exhibits a typical core—
shell structure. The large SiO, particles inside cannot
pass through the electron beam due to the solid
structure, and the color is darker, while the shell
composed of small SiO, particles and small PR par-
ticles has a lighter color due to the gaps between the
particles, as shown in Fig. 3a and b. The prepared
HPC shows a clear hollow structure, the diameter of
the nanospheres is about 110 nm, and the thickness
of the shell is about 7 nm. Such a thin shell thickness
and hollow structure help greatly reduce the material
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Figure 2 SEM images of a, b SiO,@SiO,/PR precursor; ¢, d SiO,@SiO,/C intermediate products, not pickled; e-h HPC-1, HPC-2,

HPC-3, HPC-4, respectively.

Figure 3 HRTEM images of
products in each stage. a,

b SiO,@SiO,/PR precursor;
¢ selected area electron
diffraction pattern of HPC-3;
d—f HRTEM images of HPC-3
in the scale of 1 pm, 50 nm
and 10 nm, respectively.

density, as shown in Fig. 3d—f. Because the surface
pore size is very small, it cannot be clearly found in
the TEM image, and it needs to be further charac-
terized by nitrogen adsorption-desorption (see later).
The obvious multi-wafer rings and lattice stripes
cannot be found in Fig. 3c and f, which proves that
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the HPC prepared by this work has a low degree of
graphitization.

Basic properties

Figure 4a shows the FT-IR spectra of the four sets of
samples and precursors. Among them, the absorption
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Figure 4 a Fourier infrared spectra (4000-450 cm™) and b Raman spectra (1000-2000 cm™) of products in each stage.

peaks at 3400 cm ™! and 1640 cm—' come from the
stretching vibration and bending vibration of -OH,
which are mainly caused by the unremoved water in
the sample. For the precursor, there are obvious
absorption peaks at 470 cm™, 808 cm™ and 1109 cm™,
which are the characteristic absorption regions of Si-
O. It is worth mentioning that, compared with the
standard FT-IR spectrum, the characteristic absorp-
tion region of Si-O has a redshift (moving to a high
wave number). This is because the carbon element
with high electronegativity creates attraction to the
outermost electrons of silica, which causes the elec-
tron density to change. When calcined at high tem-
perature and etched with hydrofluoric acid, the
absorption peaks of silica of all samples disappeared,
showing a typical FI-IR spectrum of inorganic sub-
stances. From the Raman spectra in Fig. 4b, the
degree of graphitization of carbon at different calci-
nation temperatures can be analyzed. It is known to
all that the peak near 1360 cm ™' corresponds to the
vibration of sp carbon atoms in disordered graphite
(called D band), and the peak near 1580 cm ™' corre-
sponds to the in-plane vibration of sp® carbon atoms
in the two-dimensional hexagonal lattice (called G
band) [17]. The ratio of D band to G band (Ip/Ig) is
often used to evaluate the degree of graphitization of
carbon materials [18, 19]. According to the peak area
fitting results, it is found that the Ip/Ig of the samples
calcined at 500-800 °C is 1.80, 1.63, 1.55 and 1.38,

respectively. With the increase in the calcination
temperature, the Ip/Ig of the sample decreases,
indicating an increase in the degree of graphitization.
Since the dielectric properties of highly crystalline
carbon are much better than those of amorphous
carbon, this increase in crystallinity indicates that
HPC prepared at high calcination temperatures may
have better dielectric properties.

For porous materials, nitrogen adsorption and
desorption tests can be carried out to obtain infor-
mation about pore properties, pore size distribution
and BET specific surface area. Figure 5 shows the
isothermal nitrogen adsorption and desorption
curves of the four groups of samples. Each group of
samples exhibits a long and narrow hysteresis loop,
showing a certain nitrogen adsorption capacity,
which is a characteristic of porous materials. How-
ever, due to the small number of pores, the area of the
hysteresis ring is also small, which is not a charac-
teristic of typical microporous or mesoporous mate-
rials. The BJH pore size distribution model also
proves this point. The sample has a small number of
pores, and the pore size is mainly distributed in the
range of micropores and mesopores. The average
pore width calculated by BJH model is 6.44 nm,
8.16 nm, 8.61 nm and 9.19 nm, respectively. In addi-
tion, the maximum pore volume of HPC-1, HPC-2,
HPC-3 and HPC-4 is, respectively, 0.55cm’/g,
0.83 cm®/g, 1.26 cm®/g and 1.12 cm®/g, indicating
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Figure 5 Nitrogen adsorption desorption curve and BJH pore size distribution model of samples; the BET specific surface area of each

sample is also shown in figures.

that the increase in calcination temperature will
increase the number of pores first and then decrease.
This is because the heat treatment at higher temper-
ature will produce stronger internal stress, and the
complete spherical structure of hollow carbon
spheres is more likely to collapse, break and form
more holes under the effect of internal stress. The
change trend of the BET specific surface area is the
same. The BET specific surface areas of the four
groups of samples are 360.34 m*/g, 384.24 m®/g,
456.11 m*/g and 439.24 m?/g, respectively. Such a
large specific surface area can provide more
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scattering and reflection points for electromagnetic
wave conduction [20] and significantly improve the
electromagnetic wave attenuation efficiency.

Dielectric properties

Since carbon materials are typical non-magnetic
materials, only the influence of the dielectric prop-
erties of HPC on its microwave absorbing properties
will be discussed here. The complex permittivity of
each sample was measured using the coaxial method,
as shown in Fig. 6a and b. It is well known that the
real part represents its storage capacity for
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electromagnetic energy, and the virtual part repre-
sents its attenuation capacity for electromagnetic
energy [21, 22]. For HPC, as the calcination temper-
ature increases, both ¢ and ¢ increase significantly.
This is because a high calcination temperature is
conducive to the improvement in carbon crystallinity,
which improves the energy storage capacity and loss
capacity of HPC. It is worth mentioning that the ¢
and ¢’ curves of HPC-3 and HPC-4 have some sig-
nificant peaks. According to the free electron theory,
if the dielectric loss of the absorbing material mainly
comes from the conductance loss, the ¢ and ¢’ curves
will be a decreasing curve with increasing frequency
[23]; if there is polarization phenomenon, the curve
will show multiple undulating peaks [24]. The
appearance of these peaks signifies the existence of
polarization, and the aggravation of this electric dis-
persion phenomenon is conducive to the expansion

of the effective bandwidth. In addition, two

T
10 11 12 13 14 15 § 10 12 14 16 18 20 22
Real part of permittivity (')

Real part of permittivity (¢ )

HPC-2, HPC-3 and HPC-4, respectively, showing the intensity of
the dipole polarization of each sample.

significant relaxation peaks can be observed in the ¢’
curve. In the microwave band, the contribution of
electron polarization and ion polarization to the
polarization phenomenon is very small and generally
ignored; thus, these relaxation peaks often come from
the relaxation phenomenon caused by the polariza-
tion of the dipole.

For dipole polarization, the Cole-Cole model can
be used to characterize the degree of dipole polar-
ization. ¢ and ¢’ can be derived using the Debye
relaxation equations [25, 26]:

{ =t f@nffaz (3)
no__ anr(es - 300)

© T 1+ (2nf)*z2 @
(¢ — £00) (")’ = (& — £x0) (5)
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where ¢, is the static dielectric constant, ¢, is the
optical permittivity at high frequency limit and  is
the relaxation period. According to Eq. (5), a Cole-
Cole circle model with ¢ as the X-axis and ¢” as the
Y-axis can be drawn, as shown in Fig. 6c—f. Each Cole
semicircle represents a Debye dipole polarization
phenomenon. The number and radius of the Cole
semicircle reflect the degree of polarization of the
dipole. HPC-1 does not show obvious Cole circles.
With the increase in the calcination temperature, the
number and radius of Cole circles increase signifi-
cantly, reflecting the significant increase in dipole
polarization. Taking HPC-3 as an example, when ¢’ is
large (low frequency), the Cole curve is a straight
line, and the dielectric loss of this section is domi-
nated by conduction loss; when ¢ is small (middle
and high frequency), two significant semicircles
appear in the Cole curve, and the dielectric loss in
this section is dominated by polarization loss. The
position of the semicircle is consistent with the
position marked by the box in Fig. 6b, which confirms
that the two resonance peaks come from the dipole
polarization.

Using the dielectric loss factor (tand,, tand, = ¢’ /¢')
can more intuitively analyze the changes of dielectric
loss capability of samples, as shown in Fig. 7a. The
tand, of HPC increased greatly with the increase in
calcination temperature. Among them, the tand, of
HPC-1 and HPC-2 decreased with increasing fre-
quency, while the tand, of HPC-3 and HPC-4
increased with increasing frequency. Since dielectric
loss is often divided into conductance loss and
polarization loss, it is necessary to discuss the pro-
portion of conductance loss and polarization loss in
dielectric loss for pure dielectric carbon materials.
According to Debye theory [20]:

T o

(6)

8//(0)) = Sp + & = (85 - ?w)m+%—w
where ¢, and ¢”. represent polarization loss part and
conductance loss part, respectively, o is the angular
frequency, o is the electrical conductivity and 7 is the
relaxation time. According to Eq. (6), a nonlinear
equation is used to fit the test results, and the fitted
conductance loss and polarization loss are shown in
Fig. 7b and c. The conductance loss shows a
decreasing trend with the increase in frequency, and
the polarization loss shows an increasing trend with
the increase in frequency. With the increase in the
calcination temperature, the conductivity loss and
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polarization loss of HPC are significantly enhanced.
The change of tand, with the frequency change trend
comes from the compensation effect of polarization
loss on conductance loss in the middle- and high-
frequency regions.

Moreover, the complex permittivity of a material at
high frequencies has a corresponding relationship
with its static resistivity. According to the free elec-
tron theory [27]:

p=1/rnf"e (7)

where p is the resistivity and f is the electromagnetic
field frequency corresponding to a value of ¢’. The
decrease in resistivity is conducive to the enhance-
ment of the material’s dielectric loss capability. Fig-
ure 7d shows the measured resistivity of each
sample. As the calcination temperature rises, the
resistivity of the sample decreases significantly. This
is because a higher calcination temperature is bene-
ficial to increase the degree of graphitization of car-
bon materials and promote carriers migration. The
decrease in resistivity corresponds to the increase in
dielectric loss, which confirms the view of free elec-
tron theory.

A good EAM needs to take into account impedance
matching and electromagnetic wave attenuation, that
is, to allow electromagnetic waves to enter the
material to the greatest extent and efficiently attenu-
ate electromagnetic wave energy. Through Egs. (8-
11), the impedance matching and attenuation char-
acteristics of samples can be characterized [22, 25]:

Z0 - Zin

- ZO + Zin (8)
Ko
Zin =
Ve 9)
Zo= [P (10)
€0
o= varf
c

> \/(#//8// _ ,u’s’) + \/(H//Sl/ _ u18/)2+(#/8// + 'ullgl)z
(11)
where R represents the reflection coefficient, Z, rep-
resents the impedance of air, Z;,, represents the wave
impedance at interface, y is the vacuum permeabil-
ity, &g is the vacuum permittivity and c represents the

speed of light in a vacuum. Figure 7 e and f, respec-
tively, shows the samples’ « and impedance
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Figure 7 a Dielectric loss factor (tan ¢,) of samples; b, ¢ conductance loss part and polarization loss part of dielectric loss fitted by Debye
theory of samples; d measured resistivity of samples; e, f attenuation constant & and impedance matching ratio of samples.

matching ratio with frequency. As the frequency
increases, « and impedance matching ratio gradually
increase, which indicates that the prepared HPC may
obtain good absorbing performance in the middle-
and high-frequency regions. It is generally believed
that materials with an impedance matching ratio
higher than 0.3 can effectively allow electromagnetic
waves to enter and attenuate electromagnetic wave
energy [25]. Although HPC-4 has a higher « than
HPC-3, its absorbing performance may be limited
due to poor impedance matching (the impedance
matching ratio in 2-10 GHz < 0.3).

Wave absorbing performance

According to Egs. (1) and (2), the R; of samples is
derived, and the three-dimensional representation
model of R; of each sample is drawn as shown in
Fig. 8. HPC-1 has almost no absorbing properties,
while HPC-2 has certain absorbing properties only

under a large thickness. In comparison, HPC-3 and
HPC-4 have very excellent absorption performance:
HPC-3 has an Rppin of — 23.35 dB at 3 mm and an fg
of 573 GHz at 2 mm; HPC-4 has an Ry, of —
14.36 dB at 2.2 mm and an fg of 4.11 GHz at 1.5 mm.
Interestingly, in the three-dimensional model, HPC-3
and HPC-4 have multiple dual regions with excellent
absorbing properties—reversed islands. Most of
these reversed islands are concentrated in the quar-
ter-wavelength region. As a typical interference
absorbing material, when the matching thickness
reaches a critical value (> 3/4 L), there will often be
more than two absorption peaks due to the interfer-
ence and cancellation phenomenon of the incident
electromagnetic wave and the reflected electromag-
netic wave [28]. On the whole, HPC-3 has the best
absorbing performance, thanks to its moderate
impedance matching characteristics and electromag-
netic wave attenuation ability.
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Figure 8 a—d Three-dimensional representation of the values of reflection loss for HPC-1, HPC-2, HPC-3 and HPC-4, respectively.

Figure 9 shows the R, under different thicknesses,
two-dimensional representation models of Ry, fg
under different thicknesses and quarter-wavelength
regions of HPC-3 and HPC-4. From Fig. 9a, ¢, e, g, it
can be seen that as the material thickness increases,
the corresponding absorption frequency band moves
to the low-frequency direction. This movement can

be explained by the quarter-wavelength equation
[29]:

b = 1C/4fm (o) *(n = 1,3,5,...) (12)

where t,, is the matching thickness and f,,, represents
the frequency corresponding to the complex perme-
ability and complex permittivity. In addition, it can
be seen from Eq. (12) that larger electromagnetic
parameters are beneficial to reduce the matching
thickness. The increase in the calcination temperature
increases the permittivity, which is beneficial to the
preparation of thin-layer wave-absorbing materials.

@ Springer

By controlling the thickness of the absorbing layer,
HPC can obtain absorbing performance in multiple
frequency bands, and the application range is very
flexible. Combining Fig. 9a, b, e, {, it can be seen that
the measured Rpnn is basically consistent with the
position of the quarter wavelength (1/41) derived
from the electromagnetic parameters, which proves
that the excellent matching characteristics at 1/44
contribute to the improvement in the absorption
strength. Figure 9d and h shows the fg of HPC under
different thicknesses. Under the thinner thickness
less than 3 mm, HPC has excellent absorbing
properties.

Figure 10 shows the possible electromagnetic
attenuation mechanism of the HPC prepared in this
work in the paraffin matrix. When the incident elec-
tromagnetic wave enters the coaxial ring sample and
contacts with HPC, the special hollow structure
makes the inner and outer layers of the HPC shell be
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the same air layers, and the impedance matching is
greatly improved, which allows more electromag-
netic waves to enter the material and cause loss
instead of reflecting off on the surface of the material.
The special porous structure and higher specific
surface area provide more scattering and reflection
points for electromagnetic wave conduction, which
greatly improves the attenuation efficiency of elec-
tromagnetic waves. The appropriate degree of

graphitization enables HPC to have good dielectric
loss capability. Among them, free carbon and lattice
defects can be used as the center of dipole polariza-
tion to promote the occurrence of dipole polarization;
and the large m bond electrons in carbon atoms can
migrate between carbon particles to form micro-cur-
rent, which will consume electromagnetic wave
energy in the form of thermal energy. Moreover, the
heterogeneous interface between HPC and the
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Table 2 Performance comparison of HPC with other carbon-absorbing agents reported in recent years

Absorber Absorber content (wt%) Matching thickness (mm) Rimin (dB) fe (GHz) References
rGO/ZnO 15 2.4 — 542 6.7 [24]
CNTs/Fe;0,4/ZnO 30 2.5 — 409 2.4 [32]
Fe;04/C 40 2.4 — 453 2.3 [33]
Porous Fe;0,/C 71.5 3.0 — 3175 5.12 [34]
C@Fe;04@Fe 50 1.5 — 40 5.2 [18]
C/Fe/Fe;04 QDs 30 1.5 — 262 5.8 [14]
rGO/Ni 20 2.7 - 59.7 4.8 [35]
HPC-3 5 2 — 2335 5.73 This work
HPC-4 5 1.5 — 14.36 4.11 This work

paraffin matrix will accumulate a large amount of
charge due to the Maxwell-Wagner effect, resulting
in interface polarization [30, 31]. The synergy brought
by the special hollow, porous structure and the rea-
sonable degree of graphitization are the main reasons
for HPC to obtain excellent wave absorbing
performance.

Table 2 shows the comparison between HPC pre-
pared in this work and some carbon-absorbing
materials reported in recent years. With an ultra-low
filling ratio of 5 wt%, HPC can achieve broadband
absorption at a thinner thickness. In addition, most
carbon-based absorbing agents are combined with
other absorbing agents to obtain enhanced absorbing
performance, which not only increases the cost of raw
materials and the difficulty of preparation, but also
reduces the lightweight advantage of carbon-based
absorbing agents. Compared with this, by construct-
ing a special porous and hollow structure to enhance
the absorbing performance of the carbon-based
wave-absorbing agent, it undoubtedly has a better
application prospect.

Conclusions

In summary, this work provides a simple solution for
preparing hollow and porous carbon nanospheres
using SiO, as a soft template. The prepared HPC has
a particle size of about 100 nm and a shell thickness
of less than 10 nm, and its dielectric properties can be
easily adjusted by controlling the calcination tem-
perature. The special hollow and porous structure
not only greatly reduces the density, but also
improves the impedance matching, and provides a
new channel for the transmission of electromagnetic

@ Springer

waves. The larger specific surface area also improves
the attenuation efficiency of electromagnetic waves to
a certain extent. With an ultra-low filling ratio of
0.5:9.5, HPC can obtain an effective bandwidth of
5.73 GHz at a thickness of 2 mm. It is a lightweight
and efficient electromagnetic wave absorber. Con-
sidering the low preparation cost and simple prepa-
ration scheme, HPC is expected to become one of the
candidates for high-efficiency electromagnetic wave
absorbers. Moreover, the hollow and porous struc-
ture can promote the electromagnetic wave attenua-
tion ability of materials, which also provides a new
idea for improving the performance of absorbing
agent.
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