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1 Introduction

In recent years, there has been growing interest of
microwave. Meikap et al. [1-6] systematically studied
the influence of microwave pretreatment on the rhe-
ological properties of coal-water slurries. And in the
field of electromagnetic (EM) absorption, research on
microwave absorbing materials (MAM) has mainly
focused on room temperature materials [7], while
little research has been done in the field of medium
and high temperatures. Generally, MAMs at medium
and high temperature include materials based on
carbon, SiC, and ceramic. Wen et al. [8] fabricated
5i0,/CNTs composites by mechanical mixing, which
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In this work, 5iO,/CNTs nano-composites were synthesized by the modified
Stober method for exploring the microwave absorbing performance at gradient
temperatures. The SEM results show that the as-prepared SiO, particles have
spherical morphology, with a diameter of 100 nm, and the carbon nanotubes in
the powder are interlaced. With increasing temperature, more and more SiO,
spheres were seen to attach to the carbon nanotubes, and the increase in con-
ductivity was ascribed to the increase in carrier concentration. Ascribed to the
enhanced conductivity and the increasing interface between the SiO, particles
and the carbon nanotubes, the real and imaginary parts of the complex per-
mittivity were seen to gradually increase, contributing to the improving atten-
uation. Hence, the sample tested at 400 °C exhibited optimal microwave
absorbing performance with a minimum reflection loss (RL) of — 9.76 dB and a
bandwidth (RL < — 4 dB) of 4.1 GHz at a thickness of 2 mm, which basically
covers the entire 8.2-12.4 GHz (X-band).

showed non-ideal microwave absorption perfor-
mance (RL < — 5 dB) at low-carbon nanotube filling
rate and low thickness at 400 °C. Mu et al. [9-11]
systematically studied the wave absorbing perfor-
mance of S5iC;¢/SiC composites with different fillers at
X-band and 400 °C. A reflection loss of SiC; fabric
samples, which exhibits an absorption bandwidth of
82-124 GHz (RL< —8dB) at a thickness of
3.4 mm, was observed. A composite material based
on Ti3SiC, was prepared by Liu et al. [12] through a
hot-pressing sintering method. The material showed
a minimum RL of — 12 dB and a bandwidth of about
2 GHz at 400 °C. The conductivities of these above-
mentioned materials are so low at 400 °C that they
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cannot provide sufficient conductivity loss, which
contributes to enhancing the microwave absorbing
performance. The performance is not ideal under low
thickness conditions, and the preparation process is
relatively complicated.

Carbon materials mainly include carbon black,
carbon nanotubes (CNTs), and graphene, which have
the advantages of high conductivity, perfect quantum
tunneling effect, large specific surface area, low
density, and excellent temperature resistance.
Although carbon materials possess high conductivity
loss performance, the high value of the real part of
the permittivity results in poor impedance matching
[12] with the free space. This is because a large
number of electromagnetic waves are reflected from
the surface of the material due to the skin effect.
Therefore, carbon materials are usually composited
with low-permittivity materials or magnetic materials
to reduce the real part of the permittivity and
improve the impedance matching. In addition, the
imaginary part of the complex permittivity repre-
sents the ability to attenuate electromagnetic waves.
Researchers generally rely on polarization relaxation
phenomena to increase the imaginary part of the
dielectric of the sample to enhance the absorption of
electromagnetic waves. SiO, is an ideal wave-trans-
parent material which possesses good chemical sta-
bility, high-temperature resistance, and excellent
electrical insulation properties. Therefore, SiO, can be
used as a candidate material for improving the
impedance matching of carbon materials, and can
also be used at medium and high temperatures due
to its excellent high-temperature stability.

Hence, in this work, we used the modified Stober
method [13] to grow SiO, pellets on carbon nan-
otubes in situ, to form SiO,/CNTs composite mate-
rials.  Polarization relaxation and electronic
conductivity from the CNTs contributes to the
dielectric loss, while the attached SiO, can also
enhance the interfacial polarization loss as well as the
impedance matching. Finally, the sample testing at
400 °C shows optimal microwave absorbing proper-
ties with absorption bandwidth of 4.1 GHz over
X-band (RL < — 4 dB) at a thickness of 2.05 mm and
the best RL,,;, values of — 9.76 dB at a thickness of
2.4 mm.
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2 Experimental procedure

The SiO,/CNTs nano-composites were synthesized
by the modified Stober method and the schematic as
shown in Fig. 1. In a beaker, 200 mL ethanol, 20 mL
TEOS, 10 mL deionized water, and 9 mL ammonia
were added, to which a mass fraction of 1% of acid-
ified carbon nanotubes was added. Then, the
obtained mixture was placed in a water bath at 40 °C
and magnetically stirred at a speed of 220 r/min for
6 h. After the hydrothermal reaction, the precipitate
was collected by centrifugation, washed with deion-
ized water and ethyl alcohol three times, and then
dried in an oven at 60 °C for 24 h. At last, the as-dried
5i0,/CNTs powders, containing a binder of sodium
silicate aqueous, were pressed to obtain samples of
22.86 mm (length) x 10.16 mm (width) x 4.32 mm
(thickness), named SCNT. Vector network analyzer
(VAN) was used to investigate microwave absorbing
properties of the SCNT at X-band, a heating furnace
and a circulating cooling water tank were used to
heat the sample and cool VAN respectively. The
heating process is to heat the sample at 5 °C/min and
the temperature is kept at the test temperature
(100 °C, 200 °C, 300 °C, 400 °C) for 10 min, then
cooled to room temperature.

The reaction equation for preparing SiO, by the
Stober method is shown as follows:

Hydrolysis reaction : Si(OC,Hs), + 4H,O
— Si(OH),+4C,H50H (1)

Condensation reaction : Si(OH), — SiO, | +2H,O
(2)

Comprehensive reaction : Si(OC,Hs), + 2H,0
— 510, | +4C,HsOH (3)

The morphology of the sample was observed by
scanning electron microscopy (S-3400 N, Hitachi,
Japan). An X-ray diffractometer (Cu Ko radiation,
Advanced D8, Bruker) was involved in identifying
the phases of the samples. Raman spectra were
obtained from a Lab RAM HR800 spectrometer
(Jobin-Yvon, Longjumeau, France). A resistivity
measuring instrument (FT-351) and a high-tempera-
ture test box were combined to test the resistivity of
the absorbent. The electromagnetic parameters of the
samples, at different test temperatures, in the X-band,
were measured through the network analyzer (Agi-
lent, N5244A, America), and the reflection loss was
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calculated according to the transmission line theory
(Fig. 1).

3 Results and discussion

The SEM micrographs of the SCNT samples are shown
in Fig. 2. It can be observed that S5iO, and CNTs are
well mixed (as shown in Fig. 2a and b). The SiO, pellets
are unbroken and uniform in size, with a diameter
about 100 nm. The carbon nanotubes are dendritic,
with a particle size equivalent to that of the SiO, pellets.
Figure 2c and d are the high-magnification images of
Fig. 2a and b, respectively. In order to improve the
nucleation rate of silicon balls on the carbon nan-
otubes, the carbon nanotubes were artificially acidified
to obtain surface defects. As we expected, a part of the
5i0; particles had grown on the CNTs.

Figure 3 presents the XRD pattern of the SCNT
sample. The XRD pattern shows that there is a unique
dispersion peak at 20°-30°, indicating that the syn-
thesized SiO, particles have an amorphous structure.
However, the characteristic peaks of carbon nanotubes
near 26° were obscured by the dispersion peaks.

In order to further analyze the structure of carbon
tubes, the Raman spectrum of the SCNT sample was
tested at 400 °C, as shown in Fig. 4. The peaks at
1350 cm™! and 1580 cm™! correspond to the peak D
and peak G of the carbon material, respectively. The
peak D represents amorphous carbon or graphite with
defects, and the peak G is derived from graphitized
carbon with good symmetry and order in the sample.
The ratio of the peak intensities of peaks D and G,
namely Ip/Ig, is usually used to represent the degree
of graphitization of carbon-based materials. The ratio
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Fig. 1 SiO,/CNTs sample preparation flow chart
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of the SCNT sample is 0.574, indicating that the carbon
nanotubes have a higher degree of graphitization.

Figure 5 shows the real part of the complex per-
mittivity (¢/) and the imaginary part of the complex
permittivity (¢”) of the SCNT sample at different test
temperatures. It can be seen from Fig. 5a that as the
test temperature increases, the complex permittivity
gradually increases. The ¢’ reaches a minimum value
and is only 6.4-5.25 in the range of 8.2-10.4 GHz
when the test temperature was 25 °C. As the test
temperature rose to 400 °C, ¢ reached the maximum
value with 14.8-11.8 in the X-band. Similarly, it can
be found from Fig. 5b that ¢ was lowest at 25 °C, i.e.,
1.0-0.6 at 400 °C, the value of imaginary parts of the
complex permittivity could reach a value of 2.6.

The trend of complex permittivity can be explained
by the Debye theory, which usually demonstrates the
process of the absorber interacting with the electro-
magnetic field and judges the polarization category of
the materials. The complex permittivity can be
expressed by the following equations [14, 15]:

& —&
£ = oo+ 4
1+ (2nf)’2 @
27f (65 — €0o)
Si'leltzx = f S 2002 (5)
1+ (2nf)°t
1
/"
— 6
2 — & 1
¢ = ‘glr/elax + Sg = nfT(SS . ) + (7)

2npf

where ¢, ¢, f, and p represent the static permittivity,
high-frequency permittivity, frequency, and resistiv-
ity, respectively. 7 is the relaxation time related to
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Fig. 2 a, b SEM images of the SCNT powder samples and ¢, d the corresponding high-magnification images
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Fig. 3 XRD pattern of SCNT sample

temperature [16], o(T) is the conductivity related to
temperature T, which can be written as follows:

1
T= %e% (8)
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In the above two equations, E is the activation energy,
k is the Boltzmann constant, v is the frequency of the
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Fig. 5 a The real part of complex permittivity and b the imaginary part of complex permittivity of SCNT samples at different test

temperatures

lattice vibration, T is the absolute temperature, and g,
is the pre-referential factor.

According to Eq. (4), the real part of the complex
permittivity is inversely proportional to the relax-
ation time 1, causing an increase of €. And according
to Eq. (5), as the temperature increases, the relaxation
time 1t decreases, polarization no longer lags behind
the change of electric field and can be established
completely, which increases the polarization loss of
the material, causing an increase of &.,,”. Figure 6
shows the change in resistivity of the sample at dif-
ferent test temperatures, which can be verified by the
Arrhenius relationship between conductivity and
temperature in Eq. (9). It is known the carrier is
sensitive to the temperature and the intrinsic carrier
concentration would increase when the temperature
rises, contributing to the enhanced conductivity. So
conductivity loss (&) would also improve based on
the Eq. (6) [17]. The €” is determined by both the &,.
'and &.1,;’’, as shown in Eq. (7). As the test tempera-
ture increases, the ¢,’and ¢, both increase, and so
does the ¢”. To sum up, the real and imaginary parts
of the complex permittivity increase with the increase
of the test temperature.

Therefore, the leading factor for the increase of the
¢’ in Fig. 5b is that the conductivity loss, ¢,”, increa-
ses with the increase of temperature, and the polar-
ization loss, &.,”’, demonstrates the relaxation peak
at the shaded part of Fig. 5b.

Based on Egs. (4 and 5) we can obtain Eq. (10):

O il
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Fig. 6 Resistivity of SCNT sample as a function of temperature

Figure 7 shows a Cole—Cole curve with the ¢ as the x-
axis and the ¢’ as the y-axis. If the relaxation polar-
ization phenomenon occurs, it can be observed in the
Cole-Cole curve, where each semicircle corresponds
to a polarization process [18]. It can be seen from
Fig. 7a—e that a semicircle appears in all samples,
which represents a polarization process, while the
straight line represents the conductivity loss [19].
Generally speaking, in the range of 2-18 GHz, the
polarization mode of the sample generally includes
ion displacement polarization, electron displacement
polarization, and interface polarization [20]. Different
polarization modes correspond to different relaxation
times, and the polarization effect will only occur if
the frequency reciprocal is greater than the relaxation
time. The interface polarization takes a long time,
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Fig. 7 The ¢’—¢ curve of SCNT material at different test temperatures: a 25 °C, b 100 °C, ¢ 200 °C, d 300 °C, e 400 °C, and f the

dielectric loss tangent

generally in the range of 107'°-102 s and the recip-
rocal of interface relaxation time is found to be
comparable to the relaxation peak at 10.5 GHz. Based
on Egs. (5) and (8), it can be seen that as the tem-
perature increases, the relaxation time decreases, and
the interface polarization loss of the sample increases
slightly; thus, as the temperature increases, the
higher relaxation peak. Figure 7f shows the dielectric
loss tangent (tan J,) curves which have been

calculated from ¢”/¢'. The higher is the value of tan J,,
the stronger is the dielectric loss ability of the mate-
rial to electromagnetic waves. It can be seen from the
Fig. 7f that the sample tested at 400 °C shows the
optimal microwave absorbing performance.

It is known that the microwave absorbing proper-
ties of materials are determined by attenuation
characteristics (¢) and impedance matching, which
can be calculated by the following equations [21, 22]:
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(12)
where f defined as the frequency, ¢ the speed of light,

and Zy (Zw = /1o /er%0) is the wave impedance of
the medium. The sample in this work is non-mag-
netic, so ¢/ =1 and u” =0 in the Eq. (9). The closer
the value of | Z,, / Zy | is to 1, the better are the
impedance matching characteristics.

Figure 8 illustrates the attenuation characteristics
and impedance matching of the SCNT sample. It can
be seen from Fig. 8a that the as-prepared sample has
the largest attenuation constant at 400 °C, which is
attributed to the highest dielectric loss at 400 °C. The
peaks around 10.5 GHz, at different test tempera-
tures, are caused by the interface polarization loss
described above.

It can be observed from Fig. 8b that the impedance
matching of the sample is the best at 25 °C and the
worst at 400 °C. The above analysis indicates that the
complex permittivity of the sample increases as the
test temperature rises due to the enhanced conduc-
tivity. The higher conductivity would generate cur-
rent under the incidence of electromagnetic waves on
to the surface of a material due to the skin-effect;
thus, a large number of electromagnetic waves can-
not enter the absorbent and be reflected, which will
make the impedance matching characteristics worse
[23].
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The reflection loss graphs of the SCNT samples at
different test temperatures are shown in Fig. 9. The
absorption peaks of the SCNT samples at different
test temperatures are all at 8.2 GHz. As the test
temperature increases, the minimum RL value of the
sample gradually decreases, and the loss capability
gradually increases. When the test temperature is
400 °C, the reflection loss of the sample reaches the
highest value, and the absorption bandwidth is also
significantly broadened. Furthermore, at 25 °C, an
absorption peak appears for the sample with a
thickness of about 4 mm, while at 400 °C, the sample
with a thickness of 2.4 mm has good absorption
performance. The electromagnetic microwave
absorption performance of the sample is character-
ized by calculating the reflection loss. According to
the transmission line theory, the electromagnetic
wave reflection loss equations are as follows [24, 25]:

Zin _ZO
RL = 20log|——~ 13
o8 Zin+ 2y (13)
2nfd
Ziy = Zo, /%tan []wa/ﬂy?'r] (14)
T

where Z;, is defined as the input impedance of the
absorber, Z, is the impedance of free space, c is the
speed of light, &, is the complex permittivity, and p, is
the complex permeability.

When the test temperature of SiO,/CNTs com-
posites is 400 °C, the impedance matching is poor
while the attenuation constant is the largest. It is
generally believed that the attenuation constant plays
a greater role in the absorption performance of the
sample at a low thickness [25]. Therefore, the reflec-
tion loss of the sample to electromagnetic waves is
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Fig. 8 a Attenuation constant and b impedance matching as a function of frequency, for SCNT at different test temperatures
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Fig. 9 Reflection loss graphs of SCNT samples at different test temperatures a 25 °C, b 100 °C, ¢ 200 °C, d 300 °C, and e 400 °C

still better than other test temperatures, and the
absorbing performance is greater at low thickness.
Figure 10 represents the maximum bandwidth and
RLpyin of the sample at the optimal matching-thick-
ness of various test temperatures. As shown in
Fig. 10a, with — 4 dB as the benchmark, the sample
tested at 400 °C reaches a maximum bandwidth of
4.1 GHz at a thickness of 2.05 mm, covering almost

the entire X-band, and the minimum RL value is —
7.1 dB. At 400 °C, the thickness of the SCNT sample
is 2.4 mm, the minimum RL value is — 9.76 dB, and
the maximum absorption bandwidth is 2.49 GHz. Its
comprehensive absorption performance was still
better than other test temperatures. In summary, the
SCNT sample performs best at 400 °C.
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4 Conclusion

In this work, the SiO,/CNTs composites were syn-
thesized by the improved Stober method. The aver-
age particle size of amorphous SiO, was 100 nm, and
the SiO, spheres were attached to the CNTs. The ID/
IG ratio was 0.574, indicating a high degree of
graphitization of carbon nanotubes. With test tem-
perature rising, the conductivity of the as-prepared
sample increased due to the enhanced electrical
activity. Moreover, the complex permittivity
increased with the increase in the test temperature,
which is ascribed to the increase in conductivity.
Finally, due to the excellent dielectric loss, the sample
testing at 400 °C showed optimal microwave
absorbing properties with absorption bandwidth of
4.1 GHz over the X-band (RL < — 4 dB) at a thick-
ness of 2.05 mm and the best RL,;, values of — 9.76
dB at a thickness of 2.4 mm.
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